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DEPARTMENT OF THE ARMY

U § ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS. VIRGINIA 23604

This report was prepared by the Lockheed-California Company in
accordance with the requirements of Contract DA 44-177-AMC-232(T),
initiated by the U. S. Army Aviation Materiel Laboratories, Fort
Eustis, Virginia.

This report represents the evaluation of the performance of a
mechanical servo-actuator under loading conditions simulating

the cyclic and collective pitch control functions of the Lockheed
XH-51A rigid rotor helicopter.

This Command concurs with the contractor's conclusions that the
currently designed mechanical servo-actuator is inferior to the
hydraulic servo in performance, primarily because of excessive
hysteresis and high force threshold. High noise level during
operation was noted. The use of the currently designed servo-
actuator for helicopter flight control systems is not practical
until design improvements can be made and demonstrated.

This Command concurs in the recommendations that the research
program for the application of this type of mechanical servo
design principle for flight controls be continued.
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A prototype mechanical servo-actuator wvas tested under simulated loads
to determine its suitability for use in povering flight control systems
for helicopters. Tests included frequency response, step response,
threshold, nysteresis, endurance, and emergency operation, and vere
compared vith similar tests of a typical hydrsulic servo. Recommen-
dations are made v garding design changes for further investigation.
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This report pertains to work performed under U. 8. Aviation Materiel
Laboratories (USAAVLABS)* Contract DA L4-177-AMC-232(T) dated 30 June 1964,
by the Lockheed-California Company as prime contractor and the Curtiss Divi.
sion of Curtiss-Wright Corporation as subcontractor. Mr. M. B. Sslomonsky
of USAAVLABS served as the authorized representative of the Contracting
Officer for this program.

The test article was designed and built by Curtiss-Wright under the direc-
tion of John 8. Perryman, Chief Project Engineer of the Curtiss Division.
The Lockheed effort was directed by O.A. Knuusi, R & D Enginver, Flight
Contrcl Systems Department; the testing was done at the Lockheed Rye Canyon
Research Center by W. R. Sage, Senior Research Engineer, Vehicle Systems
Laboratory, with the assistance of R. E. Colvin, Curtiss-Wright Design
Engineer. The report was prepared by 0. A. Knuusi and W. R. Sage of the
Lockheed=California Company as coe-authofs.
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This report discusses the results of a test program performed by the
Lockheed-California Company under an USAAVIABS contract to evaluate the
performance of a mechanical scrvo-actuator under loads simulating a heli-
copter flight control system. The mechanical servo tested was designed
and fabricated by Curtiss-Wright to a design specification prepared under
this contract.

The test item was subjected to a series of tests including force threshold,
resolution, frequency response, step response, and endurance, and the re-
sults were compared to similar tests of a typical hydraulic servo.

The performance of the mechanical servo indicated that two characteristics
needed correction: excessive dead-band and high force threshold. After
completion of the scheduled test program, the mechanical servo was re-
turned to Curtiss-Wright for investigation of possible design changes.

The mechanical servo wvas modified by Curtiss-Wright aid returned to
Lockheed=California. One day of testing indicated that the changes made
by Curtiss-Wright had reduced the dead-band to 10 percent of its former
value and had reduced the force threshold at nulil by 2% percent. These
performance changes were made by compromising the load-holding function
of the spring clutch.

Curtiss-Wright also submitted propcsal layouts of an improved design
wvhich would provide an irreversible screv jack for the braking function
and sizple linkages to replace the imput and output gear trains of the
previous design.

It is concluded that the mechanical servo as presently configured does
not perform well enough under the test conditions to match the perfor-
mance of the hydraulic servo, primarily because of excedsive hyst¢ vesis
and high-force threshold. High noise level during operation under heavy
loads was also noted.

Retest of the modified unit and a study of proposed design changes indi-
cate that significant improvement in performance can be achieved from a

redesigned servo.

Further testing of an improved design under conditions more representa-
tive of actual service is considered necessary to more completely evalu-
ate the potentiai use of mechanical servos in flight control systems.




The results of the test program indicate, in zeneral, that the prototype
mechanical servo will perform the tasks for " nich it was designed but not
as wvell as the hydraulic servo to which it was compared. The principal
areas in wvhich the mechanical servo appears to be inferior to the hydrau-
lic servo are:

l. PForce Threshold. The force required to provide an initial
output of the mechanical servo against typical loading was
approximately 5 pounds as compared to 1/4 pound for the
hydraulic actuator.

2. Hysteresis, or dead-band. The mechanical servo, as tested,
indicated a total dead-band of apprcximately 2 degrees, or
2.7 percent of total amplitude, as compared to 0.3 percent
for the hydraulic actuator.

3. Resolution. The capability of the mechanical servo to re-
spond to small increments of input against a load propore
tional to displacement was inconsistent, especially under
high loads.

b, Noise lLevel. The mechanical servo operation was very noisy
against high loads, compared to the hydraulic servo. Ade
mittedly, most of the noise was generated by the flexible
shaft connection between the electric motor and the servo,
but since the intended application of the servo is based on
the use of a flexible-shaft power drive, the noise problem
is a real one.

It is therefore concluded that the use of a mechanical servo-actuator of
this type in helicopter flight control systems is not practical until de-
sign improvements can be made and demonstrated.



It is recommended that research programs for the application of mechani-
cal servo design principles to flight control systems be continued, for
the following reasons:

1. The basic principle of utilizing mechanical power directly
without converting the energy to other media has obvious
advantages (weight saving, space saving, high reliability)
which should be considered in any trade-off study of powered
control systems.

2. The reliability of mechanical components shculd be less
afiected by high-temperature enviromment than hydraulic
or electrical comgponents.,

3. The performance discrepancies noted in this evaluation are
of a nature which can be corrected by rational evaluation
of the causes and by redesign of the components to minimige
or eliminate the problem areas.

This investigation was limited to the evaluation of a single mechanical
actuator operating against simulated loading but with no attempt to pro-
vide facilities for pilot evaluation of a multi-axis mechanical system.
We therefore recommend that a followeon program be considered to evaluate
the performance of mechanical servc-actuators in a three-axis (pitch,
roll, and 1ift) helicopter control system installed on a whirl tower
which will provide more representative dynamic loading and will include
provisions for pilot evaluation of the system. The proposed program will
require three servo-actuators, one each for the pitch and roll cyclic
control and one for collective pitch (1ift) control.

It is recommended that the mechanical. servo-actuators prosured for such
a program be designed to correct or minimize the deficiencies noted in
the evaluation of the prototype actuator and that the reliability, ser-
viceability, weight, and structural integrity of the actuators be ade-
quate for installation in a flying vehi-le.



The use of mechanical servo-actuators in flight control systems has been
proposed and investigated in earlier studies (References 1 and 2). The
results have generally indicated that performance under specific load
conditions needs further study but that mechanical systums can be exe
pected to show significant savings in overall weight and have a potential
advantage in achieving high reliability under adverse envirommental con-
ditions. The realization of high-quality performance of specific control
functions requires intensive testing of hardware designed Tor the purpose.

This program was established to evaluate the performance of a mechanical
servo-actuator under loading conditions simulating the cyclic and collec-
tive pitch control functions of the Lockheed XH-51A rigid rotor helicopter.
The work statement specified the preparation of a deaign specification for
the mechanical servo-actuator, the fabrication of a prototype actuator,

the preparation of a test procedure, the fabrication of a test fixture,

the performance testing of both the mechanical servo-actuator and an
equivalent hydraulic servo-actuator, and the preparation of a test report.



BASIS FOR DESIGN OF TEST ITIM

In order to have an equitable basis for evaluation of a mechanical servo-
sctuator, the design specification (see Appendix) was besed on the require-
ments of the cyclic and collective piteh control functions of the Lockheed
XH-51A rigid rotor helicopter. This vehicle presently uses three hyd-aulic
servos for these functions. The two cyclic control servo-actuators operate
against high-rate springs which transmit forces proportional to actuator
displacement to the swash plate and in turn to a contrcl gyro, the pre-
cession of which modulates the blade pitch angle. The collective pitch
actuator controls the vertical displacement of the gyro with referevnce to
the rotor plane, whi~h requires it to operate against the mass of the swash
plate, gyro, and associated linkage.

The three hydreulic actuators all have the same net piston area, but the
stroke of the collective actuator is 4.35 inches as compared to 2.03 inches
stroke for the cyclic actustors. In order to have a single mechanical
servo design perform both control functions, a compromise was necessary.
The design specit'ication shown in the Appendix required that the mechanical
servo accept input displacements and provide output displacements for

both functions, but the output force requirements were dbased on the cyclic
control loading.

The space envelope and the orientation of input and output connections for
the mechanical servo were dictated by the desire to duild a unit suitable
for possible future installation in the XH-51A vehicle control system.
However, it was recognized that any future program for airplane instslla-
tion would require additional units and probebly redefinition of functional
requirements, so that overall length, weight, and details of linkage con-
nections vere compromised in the interests of expediency.

The location of the power input connection was specified to accommodate a
relatively straight flexidle shaft for the transmission of power from the
existing hydrsulic pump ped on the XH-51A transmission st 63CO rpm.

The design specification is included in this report as the Appendix.



DESCRIPTION OF TEST ITEM

The mechanical servo-actuator wvas designed and dbuilt by the Curtiss
Division of the Curtiss-Wright Corporation to the requirements of the
design specification (see Appendix). The input and output lever travel
is limited by fixed stops to total angular displacement of 75 degrees.
The output lever, 90 degrees displaced from the input lever, moves in
phase vith the input lever except for the dead-band required to energize
the spring clutch.

The operation of the mechanical servo can best be described by reference

to Figure 1. The power input, at 6300 rpm, is transmitted through a worm
gear and spur gearing to two cylindrical drums which rotate at 180 rpm.
Spring clutches, geared to the output elements, have a small clearance to
the drum surface and normally bear agsinst an internal cylindrical steel
surface to provide a brake to hold the output load. Angular motion of the
input lever is transmitted and amplified by a gear train to the end of one
of the spring clutches. When the spring clutch contacts the rotating drum,
the self-energizing clutch transmits the available torque of the rotating
drum to the output lever through reduction gearing. The clutch releases

as soon as the output has moved to & position commanded by the input signal.
When the clutch is energized, the output moves at a rate proportional to
the power input rpm, regardless of the rate of the input armm. Consequently,
an input command at a rate slower than maximun results in a "stair-step"
output response, since each time the output catches up with an increment

of input command, the clutch releases until re-energized by continuing
motion of the input. The gear ratio betwee: the input shaft and the spring
clutch is 11.6; consequently the input or output rate corresponding to

the 180-rpm drum speed is 15.5 rpm. At th s =ate, full travel (75 degrees)
requires 0.8 second.

Both the input lever and the output lever have attachment holes to provide
the required linear travel for the two losdiug conditions (cyclic and
ccllective) within the 75-degree travel limit.

The mechanical servo includes provisions for manual override in the event
of power feilure or clutch release failure. The input and output shafts
are concentric and normally move in phase. The input shaft motion required
to energize the servo clutch is approximately one degree. The input
torque is transaitted to the input gear train through a preloaded spring
bungee. In the event of power failure, the spri.g tungee permits con-
tinued motion of the input lever, vhich is transmitted to the output lever
by a pin wvhich normally is in the center of . slotted hole. Motion of
this pin relative to the output also releases one of a pair of clutch
springs wvhich normally trsnsmits power to the output shaft. The input
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shaft thus drives the output shaft in direct retio with the input bungee
torque (20 to 30 inch-pounds) end the friction of the overrunning output
clutch edded to the loed.

A servo failure causing the output to continue motion without an input
command would result in e phase differential dbetween input and output;
congequently the aforementioned pin would release the output drive cluteh
and connect t .: output load directly to the input.

A more detailed description of the mechanical eervo-actuator and its
components appears in Reference 3.



DESCRIPTION OF TEST FIXTURE

A test fixture was designed and fabricated for the performance of the tests
prescribed by Reference 4. The fixture included mounting provisions for
both the mechanical servo and the hydraulic servo, an output loading dbell
crank for the application ~f both spring loads and inertia loads as speci-
fied by Reference 4, a hydrsulic actuator controlled by an electro-
hydraulic transfer valve to provide the required programmed inputs, and

a d.c. electric motor as the power source. A 3-foot flexible ghaft vas
provided to transmit power to the mechanical servo. A flywheel to simulate
the inertia of the XH-51A ro%tor was provided but was not used, as it would
require too much time to stop the flywheel in the event of malfunction of
the mechanical servo-actuator.

Instrumentation included a iinear potentiometer to read input amplitude, a
force transducer to read input load, a rotary potentiometer to read outpnt
amplitude, a strain gauge on the load bell crank to reed output load, and
a becharnel Sanborn recorder (Model No. 154=100 BP) to plot the values of
the above four parameters as a function of time.

A function generator (Hewlett-Packard Model No. 202A) was provided to
program the amplitude and frequency of the input signals.

Auxiliary instrumentation included a strohoscope to monitor power input
rpm, a temperature indicator to monitor servo body tempersture, spring
scales and torque wrenches for direc: force measurements, and 0.00l-inch
division dial gauges for precise reading of small smplitudes.



IEST PROCEDURE AND RESULTS

MECHANICAL SERVO-ACTUATOR

The mechanical servo-sctuator, Curtiss-Wright Corporation Part No. 173410,
Seriesl No. 1, wvas mounted in & loading test fixture as per Figure 2 and as
shown in Figuiees 3 through 7.

Twvo types of lceds were separately attached to the actuator - cyclic and
collective. The cyclic loeds consisted of three different spring loads
being individually applied. These springs were alternately attached to the
output arm of the mechanical servo-sctuator at s radius of 2.178 inches.
The eprings had the following rates:

l. Heavy Spring - 510 pounds per inch.

2. Medium Spring - 155 pounds per inch.

3. Light Spring = 47 pounds per inch.
The collective loeds consisted of four different loading configurations
vhich were alternately attached to the output arm of the mechanical servo
actuator at a radius of 3.622 inches. The loading configurations con-
sisted of the following springs and masses:

1. 50-pound/inch spring and 20-pound mass.

2. 50-pound/inch spring and 4O-pound mass.

3. 10-pound/inch spring and 20-pound mass.

Lk, 10-pound/inch spring and 4O-pound mass.

Figure 8 shows a dimensional relationship of the load bell crank and the
attached 20-pound and 40O-pound masses.

The variation in loading was provided in order to determine whether the
magnitide of the load had a significant effect on performance.

After the mechanical servo-actuator was mounted in the test fixture, the
collective loading configuration of 10-pound/inch spring and 20-pound
mass vas attached to the actuator. During the preliminary manual opera-
tion of the actuator, the output loading arm encountered a mechanical

10
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stop on the test fixture which caused the 63500-1pm {nput power flexible
cable to break. Since this was an initial checkout of the actuator, the
input pover source wvas running at only 3000 rpm when the flexible cable
failed.

The mechanical servo-actuator vas thzn operated in the "emergency” manual
pover mode. During the initial clockwise motion of the output am, a
failure occurred within the actuator. At the time of the failure, the
10-pound/inch collective load spring vas extended approximately 2 inches
and the input force load transducer vas indicatirg e force of 100 to

120 pounds.

Disassembly of the mechanical servo-actuator by Curtiss-Wright Corporation
personnel revealed that the bungee spring T-bracket had broken. The
T-bracket vas replaced and the actuator remounted in the test fixture. A
relief valve was added to each of the input hydraulic cylinder lines to
limit the input for:e to the mechanical servo-actuator to approximately

70 to 80 pounds. Also the input hydrsulic cylinder was attached to the
input erm 1.562-inch redius attachment point for all further cyclic and
collective tests. After these changr .ere made, the following operational
tests were perform:~ with the input power applied at 6300 rpm.

Cxclic load - Force Threshold Test

Force threshold is defined as the minimum input torque required to cause
motion of the output arm of the mechanical servo-actuator. The applied
input torque was measured by a standard laboratory-type torgie wrench.
The output motion of the actuator output arm was determined by placing
e 0.,001-inch division dial gauge against the output arm vertical connecting
rod. With the 510-pound/inch load spring attached, the output arm vas
moved from neutral to 0.25=, 0.,50- and 0.90-inch stroke positions, both
clockwise (CW) and counterclockwise (CCW). At each of these stationary
output stroke positions, the force threshold was measured in both clock-
vigse and counterclockwise directions. This test was also repeated
following the endurance cycling test. The results of the tests are
tabulated in Table 1.

It wvas noted that the force threshold varied from 10 to 20 inch-pounds
vhen the output arm stroke was being increased and from 9 to 18 inch-pounds
vhen decreasing the output arm stroke. In general the output arm motion
vas smooth or in small step increments (0.003 to 0.070 inch) when the
stroke was being increased; however, the output arm motion was in definite
steps varying from small steps of 0.030 inch to large steps of 0.600 inch
vhen decreasing the output stroke. The only apprecisble chunge noted after
the endurence cycling was that the output arm motion was noted to change
to larger steps.




TABLE 1
FORCE THRESHOLD TEST RESULTS

Output Stroke Applied Force to Input Amm Motion of

Rirection Inches  Direction  Torque, in.-ib  Output Arm, in.

510-Pound/Inch Cyclic 8pring

Neutral 0 Ccw 11 Smooth
cow 11 030 steps
cw 25 cw 18 Smooth
cow 9 .060 steps
cw .50 Ccw 18 Smooth
cow 10 .060 steps
o .90 ov 20 .030 steps
coW 16 .10 steps
CCw 25 Ccw 11 .20 steps
CoW 11 015 steps
ccw .50 CcwW 12 3 steps
ccw 12 Smooth
CCwW 0 oW 1 A gteps
CcCw 18 Smooth
10=Pound/Inch Spring and 20-Pound Mass Collective Lced
cw 0l oW 8 Smooth
ccw 10 Smooth
cw b (o } 10 Smooth
cow 13 003 steps
W 1.0 cw 10 Smcoth
cow 8 .030 stepo
cw 2.0 Ccw 13 Smooth
cowW 7 040 stepe
After Endurance Test, 510-Pound/Inch Cyclic Spring
Neutral 0 Ccw 10 Smooth
cow 1k Smooth
oW 25 oW 12 .030 stepe
covw ) 060 steps
Ccw .50 cw 10 OTO steps
cow 11 .3 stepe
(5] .90 Ccw 17 050 steps
(oo} 18 .6 steps
cow .25 oW 10 .25 steps
CCW 16 .020 steps
CCd «50 cw 11 o steps
cow 1k 025 steps
ccw .90 cW 9 6 stepe
cow 16 015 steps
10-Pound/Inch Spring and 20-Pound Mass Collective Loed
cw 2.0 CcwW 9 Smooth
cCW T LOU0 steps

|
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Crelie losd - Mesolution Test

Resolution is defined as the minimum input motion required to cause motion
of the output arm. The input motion was measured by placing a 0.00l-inch
division dial gauge against the force load transducer which wvas directly con-
nected to the mechanical servo-actustor input arm 1.562-inch-redius
attachment point. The output motion of the actuator output ary: wvas measured
by placing a 0.001-inch division dial gauge against the output am vertical
connecting rod. The input hydraulic cylinder rod was moved by means of a
manually rotated screv drive.

Prior to starting these measurements, the mechanical servo-actuator wvas
noted to have a dead-dand stroke of ¢0.050 inch as measured at the 2.326-
inch-redius attachment point of the input arm. This {s equivalent to
approximately 2.5-degree total dead-band rotation of the input shaft.

To eliminate the effect of the dead-band, the input arm vas slovly rotated
in one direction until the ocutput arm moved. At this point, the input am
motion to cause a second output arm motion was measured and recorded.
Measurements vere made with each of the attached load springs at neutral
and at strokes of 0.25, 0.50 and 1.00 inch,both clockwise and counter-
clockvise. It wvas noted that as the output load arw stroke was increused,
the resulting output arm motion was created as varying step changes instead
of as a smooth motion. The cyclic loed spring (510-pound/inch) test was
repeated after the endurance cycling test. Results of these tests are
tabulated in Table 2. No apprecisble change wvas noted after the endurance
test.

_clclic Load - Maximum Ratec Test

The mechanical servo-actuator wvas operated by applying e square-wave elec-
trical signal to the servo loop of the input hydraulic cylinder. Only the
light spring (47-pound/inch) cyclic load condition rate test appeared valid
as the relief valves were opening vhen the medium (155-pound/inch) and the
heavy (510-pound/inch) spring rate tests were performed.

After the completion of tl.e endurance cycling test, the maximum rate test
vas rerun using the heavy (510-pound/inch) spring. The input was manually
rotated via a 10-inch lever arm attached to the input shaft. Results of
these tests are tabulated in Table 3.

Cyclic = Rrequen s st

The mechanical servo-actuator vas cycled sinusoidally at output amplitudes
o ¢0.05, $#0.10 and $£0.50 inch. The frequency was varied from O.l1l cps to a
maxinum of 10 cps, depending on the capability of the actuator. The basic
Yimitation to obtaining the higher frequencies was the previously mentioned
hydraulic relief valves. Frequency response measurements were made using
each of the three lcd springs. After the endurance cycling test, the
frequency response test was performed using the heavy (510-pound/inch)
spring at en amplitude of ¢0.10 inch. This test was repeated with the
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hydraulic relief valves installed (R.V. IN) and without hydreulic relief
valves installed (NO R.V.) at frequencies ranglig from 0.1 cps to 8 cps.
The results of these tests are presented in Pigures 9 through 19.

During these tests, the moticns of the signal input arm and the output loed
bell crank were recorded on a Sanborn recovder. The magnitude of each of
the corresponding amplitude traces was mecasured, and the Amplitude Matio,
expressed in decibels (DB), vas determined by using the following equation:

- Output Q}Iitge
Matio = 20 1081, Tnput Amplitude

Figures 9 through 19 also show the phace lag in degrees between input and
output.

ic - Step Re gse ¢

The mechanical servo-actuator was operated at maximum rate with output steps
of 0.10, 0.25 and 0.50 inch for each of the three cyclic loed springs. Fol-
loving the endurance cycling test, the heavy (510-pound/inch) spring vas
attached to the output arm, and the actuator vas subjected to a step re-
sponse test. Incremental steps of 0.10 inch and 0.25 inch vere applied
vithout the hydreaulic relief valves installed. The time constant wvas de-
termined for each step condition,and the results are tatulated in Tetle L.
The time constant is defined as the time in seconds for the output ara to
travel 63 percent of its full step travel. Also, since the input step
motion of the input hydraulic cylinder is not s true square-wave step, the
tabulated time constant is the difference in time for the input hydresulic
cylinder and the cutput a:m of the actuator to reach their respective 63-
percent points of total travel.

Collective - e e d Tests

The 10-pound/inch load spring and the 20-pound mass were attached to the
output arm. The force threshold measurements vere made at strokes of 0.01,
1.00, 2.00 and 3.60 inches. After completion of the endurance cycling tests,
the force threshold measurement wvas aade only at the 2.00-inch stroke. Re-
sults of thege tests are tabuiated in Tadble 1.

ectd ve - tion lect!

Regsolution vas measured using the same technique as described in the cyeclic
load section. Measurements vere made with the 10-pound/inch spring and 20-
pound mass and with the 50-pound/inch spring and 20-pound mass attached to
the output arm. Strokes of 0.01, 1.00, 2.00 and 3.60 inches were used.
After completion of th~ endurance cycling tests,a resolution measurement vas
made only at the 2.00-inch stroke position with the 10-pound/inch spring and
20-pound mass attached. Results of these tests are tabulated in Taedble 2.

Maximum rate tests vere performed as described in the cyclic loed section
for each of the four loeding conditions. After the completion of the en-
durance cycling test, a maximum rate test wvas rerun with 10-pound/inch
spring and 20-pound mass attached to the output arm of the mechanical
servo-sctuator. The input arm of the actuator vas manually moved for this
one test. Results of thegse tests are tabulated in Tsble 3. It was noted

Amplitude
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Output

TABLE 2

=30 ON TE

Arm Stroke Direction

of Input Motion M'g. in. Output Arm Motion, {n.

Direction Inch
Neutrai o} Cw
olo f
cw «25 Ccw
cow
Cw 50 cw
ccw
cw 1.00 Cw
cCow
cCow 25 cw
CcCow
Cw oso w
ccw
cCow 1.00 cw
ccw
Neutral 0o ow
cow
cw .25 cw
ccw
cw .50 cw
cow
cw 1.00 o
cow
cow 25 cw
cow
cow .50 cw
cow
covw 1.00 cw
Neutral 0 oW
covw
cw 25 cw
ccw
cw .50 cw
cow
cw 1.00 cw
cow
cow 25 cw
cow
cCw N cw
ccow

Minimum Input

Cyclic - LT-Pound/Inch Spring

+0005 Smooth
.0003 Smooth
.0005 001 steps
.0015 Smooth
.001 .002 steps
.002 .003 steps
.0005 Smoo*h
.00k .008 steps
.0007 Smooth
.0003 Smooth
.0007 .001 steps
.001 Smooth
.001 .003 steps
.0007 Smooth
155-Pound/Inch Spring
.0005 Smooth
.0005 Smooth
.001 Smooth
.00k .00T steps
.001 +005 steps
.00k .010 steps
.002 .00k steps
Chattering, cennot measure
.001% 002 steps
.001 Smooth
.002 .00k stepe
.0035 .008 steps
.00k .008 steps
Chattering, cennot measure
510-Pound/Inch Spring
001 Smooth
.001 Smooth
002 002 steps
01k 015 steps
.009 Chattering, cannot
measure
.020 030 steps
Chattering, cannot measure
.010 ObS steps
.0035 007 steps
003 Approx. Chattering
.005 012 steps
.003 Approx. Chattering
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TABLE 2 (Cont.)

Output Ara Stroke Direction Minimum Input
Direction inch of Input Motion Req'd, in. Output Arm Motion, in.
cov 1.00 o Overshooting motion, cannot measure®
(o0 | Chattering, cannot measure
Collective loed - 10-Pound/Inch Spring and 20-Pound Mass
cvw .0l oW .0005 Smooth
cow .001 Smooth
v 1.00 cw .001 Tends to keep moving
cow .0015 .008 steps
Ccw 2.00 o .001 Tends to keep moving
cow .0015 .010 steps
(o} 3.90 o .008 Tends to keep moving
cow 004 .020 steps
50-Pound/Inch Spring and 20-Pound Mass
cw .01 cw .0005 Smooth
cow 0025 Smooth
cow -0015 020 'tC”
o 2.00 o +001 Chattering cannot
measure
Cceow Overshoot motion, cannot measure
cw 3.90 o Chattering, cannot measure
ccw Overshooting motion, ~annot measure
After Endurance wcling Test - Cyclic - 510-Poun’/Inch Spring
cw 01 .002 Smooth
CCH .001 Smooth
cw 25 o 002 .003 steps
ccw .005 007 steps
o .50 oW .003 .006 steps
cow .018 .0LO steps
cw 1.00 oW .005 .005 s.eps
cow Overshooting motion, cannot measure
cow .25 o .006 .010 steps
cow .001 .00k steps
ccw .50 cw .005-.020 0015- -050 ltepl
CcCwW .005 Chattering cannot
measure
ccw 1.00 cw Overshooting motion, cannot measure
cow Chattering, cannot measure
Collective Load - 10-Pound/Inch Spring and 20-Pound Mass
o 2.00 ow .001 Smooth
Ccd .002 .00‘0 .te”

#Was unable to move input am to edge of dead-band area without the output
arm moving sufficiently to cause the input arm to be in the dead-band aree

again.
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TABLE 3

%

Total

Servo- Load Output  Stroke, losd Rete,
Actuator  Type loed Condition Motion In. In/8ec
Mech. Cyelic 47-1b/in. Spring o 1.90 2.00
(R.V. cow 2.54
installed)

Mech. Cyclic 510-1b/in. Spring cw 1.76 2.50-4.16

(After ccW 1.59-2.78
Erdurance
Test )

(Manual
Input)

Ryd. Cyclic L7-1b/in. Spring Retruct 1.75 3.16
Extend 3.13

(Manual 155-1b/1in. Spring Retract 1.70 3.29

Input) Extend 3.33
510-1b/in. Spring Retract 1.70 2.77

mend 201.

Mech. Collective (10-1b/in. Spring) cw 3.96 b.52
(20-1b Mass) cow 6.62

(R.V. (10-1b/in. Spring) oW b.62

installed) 40-1t Mass) covw 6.62
50-1b/in. Spring) CW b.22
(50-1b/in. Spring) COW k.22
(40-1b Mass) oW 7.3h
Mech. Collective glo-lb/m. Spring) ow 6.20

(After 20-1b Mass) CCW 11.7
Endurance
Test)

Ryd. Collective (10-1b/in. Spring)  Retract 3.95 3.35
(20-1b Mass) Extend 3.53
(R.V. (10-1v/1in. Spring) Retract 3.29
installed) 140-1> Mass) Extend 3.4
(50-1b/1in. Spring) Retract 3.19
(20-1v Mass) Ext =nd h.29
(50-1b/4in. Spring) Retract 3.14
(20-1b Mass) Extend k.29

*The motion of the output loed arm be.. crank was recorded on a Senborn re-
corder and the maximum retes vere determined by measuring the slopes of

the recorded traces.

R.V. = Relief Valve
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TABLE 4

%
Output  Tine Constent, Sec

L ticn ep Stroke, Inches t ch.
Cyclic Condition

k7-Pound/Inch Spring 10% 0.1 CW/Ret. .013 .010
Mech. (R.V. In) coW .022
yd. (¥o R.V.) y] | .25 CW/Ret. 006 012
cow 011
50% 50 N/Ret. .010 .020
CoW .020
115-Pound/Inch Spring 10% .1 CW/Ret . .015 .008
Mech. (R.V. In) cow .015
Ryd. (¥o R.V.) 5% .25 CW/Ret. .007 .018
cow .022
50% .50 CW/Ret.. .007 .020
cow .031
510-Pound/Inch Spring 10% 5 { CW/Ret. (-).008 015
Mech. (R.V. In) cow .030
Mo ('O ’o'o) 5’ 05 W/’Qto (-).WZ 0018
ccow .010
50% .50 CV/Ret .010 019
oW .010
510-Pound/Inch Spring 10% .1 o 012
(¥o R.V.) cow .025
(After Endursnce Test) 25% .25 o~ .025
cow Ob2
10-Pound/Inch Spring 10% A CW/Ret . .005 .018
QO'PO\M h” m 0050 .018
5% 1.0 CW/Ret. .010 .028
COW/Ext . .0kO .021
50% 2.0 CW/Ret . .025 .032
COW/Ext . .005 .015
Mech. (Mo R.V.) 104 A o .022
(After Endurance Test) (10"} .028
10-Pound/Inch Spring 10% M CW/Ret. .015 .0C%
LOo-Pound Mass COW/Ext. .055 .005




TABLE 4 (Cont.)
Output  Iime Constant, Sec

C tions Ste troke, Inches Motion Mech. Hyd.
Cyclic Condition
5% 1.0 CW/Ret. (-).030 030
OCW/Ext . .030 .028
50% 2.0 O/Ret . 015 .0ko
COW/Ext. .015 015
50-Pound/Inch Spring 10% b W/Ret. (-).010 .012
20-Pound Mas- COW/Ext . .025 .010
25¢ 1.0 CW/Ret. (-).005 022
OCW/Ext. .025 017
50% 2.0 CW/Ret . .015 03
OOW/Ext . .020 .018
s0-Pound/Inch Spring 10% M CV/Ret . .005 028
OOW/Ext . .03 015
5, 100 ﬂ/m. (-).010 .020
OCOW/Ext. .010 015
508 2.0 CV/Ret. .030 .0kO
COW/Ext.  .015 .018
WOTES: W = Clockvise
cow - Countercleckwise
Ret. - Retraction
Ext. - Extension
(-) - Denotes that output rete of mechanicel servo-actuator

vas faster than the rate of the input hydreulic cylinder.
Ay, - Relief Valve

k) g



Actuator housing surface reached +175°PF at
end of cycling period. Noted chattering

noise on the counter-clockvise rotation of
the actuator. Intermittent noise on clock-
vise end of load - possidbly bearing noise.

Replaced input power flexible shaft during
this run. Housing stayed below +120°F

Punctioned normally.

Output CCW stroke started to become
shorter after approximately 14.0 cycles.
Housing temperature wvas +157°FP. Removed
from test fixture and disassembled. Fourd
btonded joint of Delrin gear (P/N 173428)
and hudb (P/N 173427) hes failed alloving
Delrin gear to come out of mesh. Repaired
Joint by adding a locking pin betwveen the
hub and pinion plus 1/4 in. washer to
prevent pin from coming out. Next, riveted
Delrin gear to hudb with 4 aluminum rivets.
Reassembled unit and remounted in test
fixture. Still unadle to cycle actuator
It ves disassembled agailn, but
could not £ind any reason for malfunction-
ang. Decided to reassemble and continue
cycling with the lower amplitudes only.

Unit chatters dut able to obtain full
amplitude. Housing surface temperature
reached & maximu» of +127°P.

Punctioned normally.

Punctioned the same as before - full
stroke but chatters. Housing surface
temperature reached +1L3°P,

Functioned normally.

lio change, although oil is starting to
leak out of the front seal - seeps only.

Output
Cycling No. of Stroke PFreq.
Sroup No. Cycles Inch CPS
l-a 200 2.0 1
1-b 1000 1.0 .5
during run.
l’c m 005 S.O
2'. QW 200 -1
properly.
2-b 1000 1.0 5
2-c L0OOO .05 5.0
3-b 1000 1.0 5
3-¢ L0oO .05 5.0
b-d 1000 1.0 .5
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