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SECTION I

INTRODUCTION AND SU MMARY

CONTROL SYSTEM CONCEPT

A fluidic thrust vector control (FTVC) system was designed, fabricated, and

tested to stabilize ejection seats in accordance with the performance criteria
q defined in a previous contract (Reference 1). The control system includes a

rate sensor, amplifier, lag-lead compensation, position-controlled servo-

actuator , and a vernier rocket. The measured dynamic response of the

control system closely matched the theoretical specifications for stable

attitude control of the seat. This attitude control is significantly different

from the pitch damping control which is obtained with the same vernier

rocket in the STA PA C mechanical control system. The breadboard system
met or exceeded the performance requirements of time constants , gain,

f ’s bandwidth, torque, slew rate, deflection angle, and attitude reference bias.
The hardware was tested on a hydraulic rate table without rocket firing.
This hardware is now ready for hot gas bench tests and seat launching tests .

A picture of the hardware is shown in Figure 1. This hardware is a bread-
board feasibility demonstrator and is considerably larger than a properly

packaged unit would be. The bulk of the unit is manifolding which is flexible
enough to take different numbers of amplifiers. The memory capacitor
piston is large enough to obtain memory time constants up to 40 sec. How-
ever , this hardware is an effecti ve design tool and it fits on the ESCAPA C
seat in place of the STAPAC system.
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The system is very rugged. It can withstand a long shelf life because it con-
V sists primarily of empty fluid lines running through steel and aluminum.

There is a minimum of moving parts. The actuator shaft and the piston

capacitor are the only sliding or rotating contacts. In the future the piston

capacitor will be replaced with a diaphragm or bellows to increase the shelf

life reliability.

A block diagram showing how the control system interfaces with the seat in

an outer control loop is described in Figure 2. The 6BIA S term is an atti-

tude reference which can be set to obtain a desired pitch attitude. This

setting is made with a fixed orifice in the breadboard hardware; an electro-

magnetic valve could be used for variable settings.

The schematic of the fluidic circuit is shown in Figures 3a and 3b. Note that the

rate signal bypasses the capacitor to achieve attitude control in combination

with rate damping. Note also the three-stage fluidic servovalve with posi-
tion feedback. The pressure signal for position feedback is obtained from

a slot in the actuator shaft.

PERFORMANCE RESULTS

The dynamic performance requirements were defined in a previous study

(Reference 1) using simulations of seat trajectorien and a linearized stabil-

ity analysis of seat response. Table 1 lists the major parameters and

compares the design goals and measured values. Note that the actuator is

• f considerably larger and more powerful than required. The controller gains

and time constants are very close to the design goals. The actuator and

~ 
~~~

• rate sensor response are slightly lower than the design goals causing the
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TABLE 1. CONTROL SYSTEM PERFORMANCE

Parameter Goal Measured

Deflection Angle (deg) +45° +45°

Slew Rate (deg/sec) 700 750

Torque (in-lb ) 40 250

System Gain (at 1 rad/ sec) 2. 75 2. 63

Lag Time Constant (sec) 2 . 5 2. 7

Lead Time Constant (sec) 0. 1 0. 12

Actuator Bandwidth (Hz ) 16 12. 5

Rate Sensor Time Delay 0. 010 0. 012
(sec)

Outer Loop (Seat) Phase 60 45

Margin (deg)

seat phase margin to be lower than the goal. However , the load and linkage

hysteresis and backlash are included in the measured values . Therefore ,

the seat phase margin of 450 is sufficient to maintain seat stability .

In order to get a better feeling for the comparison of the dynamic design
t goals and the measured values , consider the system transfer functions .

The ideal control system tra nsfer function for stable control is:

-
~~

— (S) 2 .5

12
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I
where

q = Seat pitch rate (deg/sec)

5 = Thrust deflection angle (deg)

I Indicates ideal

S = Laplace transform of frequency (ra d /sec)
2. 5 = Gain at 1 rad/sec

The S in the denominator indicates the integrator that is necessary to obtain

atti tude control from the rate sensor. The numerator term cancels out the

integrator at 10 rad/sec to allow rate damping to occur at high frequency

for stability (Reference 2).

The practical control sys tem has sensor and actuator dynamics which must

be designed for ideal performance. The measured trans fe r function of the

breadboard system is

~~ (S) = 2 13e 0 012S 0. 12S + 1 1
5 . 2 . 7 S + 1  S/ 7 8 + 1m

2.13 = Gain at 1 rad/sec

where the time delay is caused by the rate sensor , the 2. 7 sec lag approxi-

mates an Integrator , and the 1/78 second lag is caused by the actuator.

Frequency response plots were measured with the complete control system.

They are compared with the ideal control law in Figure 4. The res ponses

are closely matched within the required specifications in the frequency range

of interest. If thes e dynamics are added to the seat dynamics, the closed

loop system will be stable (Reference 2) . The negative slope in the gain

13
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1
curve provides attitude control during the short flight time of the seat. At

I frequencies below 0. 1 Hz , the real control system memory will leak off ,

but the seat flight will have been long finished. The high end of the fr equency

range is the frequency at which the seat cannot respond fast enough to con-

trol forces . Therefore, beyond that frequency it does not matter that the

control system is not ideal. The 25 deg error in phase shift at 5 Hz causes

the drop in phase margin in the outer (seat) loop.

I Ii
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SECTION U

CONTROL SYSTEM DEVE LOPMENT

CONTROLLER LOGIC CONCEPT

The fluidic controller (Figure 3b) is of a unique signal summing design which

produces gain and the lag-lead signal shaping by combining a straight-through

signal and a lagged signal in the jet summing amplifier. The lag time con-

stant depends on the resistance Ro (amplifier output port resistance), Ri 1
(summing amplifier input port resistance), and the size of the spring-piston
capacitor (C). The apparent lead time constant depends mostly on the resis-

tances and Ri 2 (summing amplifier input port resistance).

In essence, the lag-lead characteristics of the controller are obtained by
additively summing the straight-through signal and the lagged signal in the

jet summing amplifier. The straight-through path provides the high fre-

quency gain with the resistance R L set to provide the desired gain. The lag

path is set (Ro, Ri 1 and C) to provide the desired lag corner frequency so

that at steady state the unattenuated lag path and straight-through path signals

combine to vector the jet summing amplifier to provide the desired d. c.

gain.

As the input signal frequency increases, the lag path attenuates to produce

the desired controller gain and phase lag characteristics . As the frequency
increases to higher values , the lag signal is attenuated so that for all prac-
tical purposes it disappears , leaving only the straight-through signal. As

It
16

V •_••~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~ -1-___ - _~~Li. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V _ - V _ VV_
~•L U 1PFVJL~~ l~.

Is



I
I

p4

this process develops , the phase lag decreases and the gain attenuation
stops with the gain holding constant at the preset high frequency gain. The

use of this unique circuit allows the lag and lead characteris tics to be
adjusted without interacting with each other , as is the case with conventional

passive circuitry . Also, the lag-lead characteristics can be generated with-

f out causing the d. c. gain attenuation common to passive conventional circui ts .

Although only four fluid amplifiers are shown in the schematic (Figure 1),

the controller was built to take six amplifiers to allow for a significant

flexibility in controller gain.

FTVC system d. c. gain is a vital factor in fluidic controller design. An

FTVC gain at 0. 1 rad/ sec (considered close to d. c. gain) of 5 deg rocket

motor/deg/sec inertial rate is acceptable with the controller compensation

at

C(S) - 
0. lOS + 1

- 4. O S + 1

This would presumably yield a 1.0 rad/sec gain of 2. 5 deg rocket motor/deg/

sec inertial rate. Figure 5 shows the projected dynamic responses of the
NADC FTVC using the vortex rate sensor with a 1.56 gpm flow (transport
time = 0.011 sec), feasibility controller with the referenced compensation,

and the predicted modified servoactuator (1500 psig operation) driving the
simulated rocket motor load. From Figure 1 it is seen that , to obtain a
1.0 rad/ sec gain of 2. 5 deg/deg/sec , a d.c . gain of 9.95 deg/deg/sec is
needed instead of the presumed 5 deg/deg/sec. Based on the SRC vortex

t rate sensor (VRS) gain at a 1. 56 gpm flow, a controller d.c. gain of about
2, 600 is required to meet the theoretical performance requirements. Al-

though this is considered quite difficult, the breadboard feasibility model
NA DC controller design is targeted at this goal.

17
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BREADBOARD FTVC PRELIMINARY TEST

I
An initial test was conducted on a breadboard FTVC consisting of the config-

I uration shown in Figure 3. The vortex rate sensor was modified to mani-

fold to the controller. The servoactuator was the production ACH 1O4A 1002

1 (0. 81 cu in/rad)  vane actuator driving the simulated vernier rocket motor

load through a 1:1 gear ratio (not yet changed to the 0.405 cu in/rad actua-

tor).

The breadboard FTVC was mounted on a servoed rate table and powered

with hydraulic fluid supplied from a remote test bench. The vortex rate

sensor supply was orificed down from the main high pressure supply to

provide a 2 gpm VRS power flow. Since the 2 gpm power flow was selected ,

the SRC rate sensor transport lag was approximately 0. 011 sec, and the

VRS gain factor driving the controller input fluid amplifier was estimated

to be 0. 007 to 0. 009 psid/deg/sec. The fluidic controller was operated at

a supply differential pressure of about 160 psid with supply pressure tuning

orifices on all but the power amplifier. The servoactuator was operated at

a 1300 psid supply pressure differential. The total supply flow for this

breadboard FTVC was estimated at 6 gpm.

The breadboard FTVC was set up to provide a d. c. gain of 9. 95 deg (rocket

- 
rnotor)/deg/sec rate. Actually the gain was 6. 63 deg/deg/sec since the

rocket motor was directly geared to the servo. Since the proper motion

ratio was to be added later , all test data at this point were multiplied by

1. 5 to permit comparison with design goal performance.

I
I
1. 
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Figure 6 shows the measured dynamic res ponse of the breadboard FTVC

I compared with the theoretical FTVC. The breadboard controller compen-

sation as measured is approximated by the function

I C(S) = 
0 . 1 7 + 1

I
so that the resulting 1.0 rad/ sec gain is abou t 1.0 deg/deg/ sec instead of

I the desired 2. 5 deg/deg/sec . Since the lag time constant was too large, the

value of the capacitance was reduced. Stiffer springs were made for the

I spring-piston capacitor to reduce the capacitance value. The apparent lead

time constant was also too large; therefore, the orifice resistance RL was

I increased to move the apparent lead out to a higher frequency. The bread-

board FTVC gain in the 5 to 10 Hz region was less than the design goal (see

Figure 3b). This is primarily due to the fact that the unmodified servoactu-
ator driven at a 1300 psid supply differential has only a -3 dB bandwidth of

about 9 to 10 Hz as compared to the desired 14 to 20 Hz, -3 dB bandwidth.
The servo bandwidth was increased when the modified vane actuator was

installed.

The zero input signal noise was 0. 5 deg/sec peak-to-peak. This was con-

sidered quite good since the controller d. c. gain was approximately 1200

psid/psid.

It is concluded that the selected FTVC fluidic mechanization concept is prac-

- 
tical. The initial test results were very good; they indicate that the desired

- 
dynamic performance can be obtained with appropriate time constant adjus t-

ments. Further testing was conducted after the modifications to the servo-

actuator were accomplished and checked out.

20
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FTVC FINAL TEST RESULTS

The FTVC operates from a 1500 psig hydraulic supply, using a total supply
flow of 6. 48 gpm. The servoactuator operates directly from the 1500 psig

supply pressure with the vortex rate sensor and fluidic controller using

lower level supply pressures . These supply pressures are determined by

the orifices in the supply lines which dis tribute to the VRS and fluidic con-

troller.

The testing was targeted at measurement of FTVC nominal performance

characteristics, and little effort was available for off-nominal performance

investigation. All tests were conducted with the FTVC supplied with MIL-

H-5606 oil from a standard hydraulic test bench. Tests requiring an angu-

lar rate input used a servoed rate table. Figure 1 shows a photograph of

the FTVC mounted on the test rate table. A special vortex rate sensor

manifold was used to orient the vortex rate sensor in the yaw plane (sensor

would be in the pitch plane for tactical operation) so that the FTVC mounting

to the rate table would provide the minimum load on the table. The FTVC

system was tested for basic performance characteristics such as steady

I state gain , noise, dynamic response, transient response, and null stability .

The results of these tests are discussed below .

I
Steady State Gain

I
Steady state gain was measured by applying a very low frequency sinusoidal

I input angular rate and recording rocket motor position versus angular ra te

on an X-Y plotter. Since the rate table angular deflection was limited by

I the slack in the hydraulic supply hoses from the test bench , the input rate

1 
22
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had tobe limited to +45 deg/sec . Since the lowes t programming frequency was

0. 010 Hz , the recorded gain fa ctor was about 98. 8 percent of the steady state

gain factor. Figure 7 shows the measured gain factor at 0.01 Hz as 4. 00

deg (rocket motor)/deg/sec (inertial rate). At  steady state conditions , the

gain factor would be 4. 05 deg/deg/sec.

Since the test FTVC used a 1:1 drive between the rocket motor and the

servoactuator, the FTVC gain fac tor for a system using the required 1. 5:1
drive between the rocket motor and servoactuator (needed to obtain +450

rocket for ±30° servo) would be 6. 075 deg/deg/sec. This compares favor-

ably with the design goal steady state gain of 6. 57 deg/deg/sec.

Using the measured steady state gain , the gain distribution throughout the

FTVC was calculated. Preliminary FTVC testing showed that the vortex

rate sensor gain and the hydrofluidic servoactuator gain, as opera ted in the

FTVC system, was 0. 0088 psid/deg/sec and 0. 72 deg/psid , respectively.

The fluidic controller steady state gain was calculated to be 703 psid/psid.

The operation of the breadboard fl uidic controller was considered good , and

the fact that this operat ion was obtained with a controller gain in excess of
700 was considered a significant accomplishment.

Noise and Null Stabili1~y

From the steady state gain testing (Figure 7), the FTVC noise in terms of

rocket motor jitter was estimated to be 7. 5 deg (peak-to-peak). By moni-

toring the government furnished equipment (GFE) vortex rate sensor output

with the FTVC at null (no input angular rate), It was observed that the rate

sensor noise , as displayed In an X-Y plotter , was equivalent to about

23
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ROCKET POSITION (deq )
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V NOTES :

1. MIL—H-5606 OIL at 100°F-140°F
V 2. SUPPLY PRESSURE 1500 psl g

3. SUPPLY FLOW 6.48 GPM

4. INPUT RATE PROGRAJIMING• FREQUENCY 0.01 Hz

V 

Figure 7. NA VAIR Breadboard FTVC--Steady State Gain
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1. 80 deg/sec input rate (peak-to-peak) . If the ra te sensor noise were ampli-

fied by the fluidic controller and if no other noise generators were in the

system , the noise as displayed by the servoactuator would be 7. 29 deg (peak-

to - peak) . Since the FTVC noise reflected in terms of input angular rate was

equivalent to 1. 85 deg/sec , it was concluded that the GFE vortex rate sensor

was the primary cause of FTVC system noise. The effect of FTVC system

noise on FTVC tactical performance is not known at this time. It is specu-

lated , however, that the noise would have no adverse effects on FTVC con-

trol capability . The GFE VHS has a noise level approximately two to three

times greater than current Honeywell vortex rate sensors that were fabri-

cated using new techniques which were unavailable to the GFE VHS.

The null stability of the breadboard FTVC was difficult to evaluate due to

the short duration (0. 50 sec). one-shot mission requirement of the FTVC.

Therefore , the only evaluation that could be made was based on null stabil-

ity during the FTVC bench testing in which the FTVC was operated for long

periods of time. In order to set up the breadboard FTVC for testing such

factors as steady state gain and dynamic response, it was found that a rela-

tively stable oil temperature condition was necessary to adjust the FTVC to

a null condition (rocket motor in mid-position with zero angular rate input).

The FTVC null would change if the oil temperature was changing (either

increasing or decreasing). The major changes appeared to be when the oil

temperature was warming up from room temperature (about 70°F) to the

approximate 100°F to 140°F test oil temperature. A brief investigation was

conducted and it was observed that the GFE vortex rate sensor output signal

changed significantly as the oil temperature changed. Since the vortex rate

sensor signal is amplified by a 700 gain controller, it Is easy to see that
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FTVC null stability is highly dependent upo n vortex rate sensor null stabil-

ity. However, long-term null stability is not too important due to the short

mission life (0. 50 sec) of the FTVC.

V ’1~ null offset at time of operation which is different than that at time of cali-

bration would affect the accuracy of the 6B~~ S setting. The limited scope of

testing did not permit us to test allowable VRS null offset limits which do not

adversely affect the 8
~~AS signal .

It is believed that the null stability characteristics of the GFE VRS are signif-

icantly influenced by the fabrication methods used. For example , the pick-

off assembly is a three-piece mechanical assembly. The pick-off is in two

pieces with the blade clamped between the two-piece sink by small screws.

The current Honeywell fabrication technique is to electroform the pick-off

assembly on a sink base plate. This provides a one-piece unit  with no possi-

bility of leakage across the pick-off ports . Since this fabrication technique
has been in use , VHS null stability has been vastly improved. Also , the new
pick-off assembly fabrication technique has allowed the use of four- and

eight-port pick-offs. The use of additional ports over the old sty le two-port
pick-off allows variations in signal ports to be averaged which in turn fur ther
improves null stability . It is believed that , if the current  fabrication tech-
niques had been available at the time the GFE vortex rate sensor was buil t .
the null drifts and offsets due to oil temperature change observed during
this test program would not have occurred or would have been minor.
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Dynamic Response

Figure 8 compares the breadboard FTVC dynamic response with the design

goal response. Driving torque limitations of the available servoe~i ra te

table had a considerable influence on the ability to obtain test data at the

higher frequencies. This was due to the fact that the hydra ulic power hoses

from the test bench had to be directly connected to the FTVC because the

hy draulic joint in the rate table was of small size and produced an excess-

ively large pressure drop at the 6. 49 gpm flow rate used by the FTVC. As

a resul t , these power supply hose connections added a significant loading to

the servoed rate table making the desired input rate signal amplitude diffi-

cult to maintain over the frequency spectrum of interest.

It is believe d that the test servoed rate table torque limita tions resulted in

considerable distortion of the angular rate wave shape delivered by the rate

table. As a result , the BAFCO frequency analyzer used to determine ampli-

tude ratios and phase lags had difficulty in computing the resultant amplitude

ratios and phase lags with normal fidelity . This situation is believed to be

the cause of scatter in the points of the measured frequency response.

Even with the scatter in measured frequency response points , the measured

respons e is considered to be in reasonable compliance with the design goal

response.

Transient Response

Figure 9 shows the FTVC system transient response for a simulated outer

loop type of test. For this test the 9BLAS adjustment was set so that a 20

deg ang ular position change of the table (simulates the seat) would cause the

1’
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rocket motor to drive to its mid-position. An approximate 20 deg ~ngular

I travel was marked off and a stop was installed to stop the table. For the
I purposes of the test, the table was then backed up 20 deg and turned suddenl y

I 
by hand into the stop. The results of this transient response test are shown

In Figure 9. Approximately 0. 250 sec was the time to turn the table 20 deg.

The rocket motor came off its stop and was within 4 deg of mid-position

when the table had turned through 20 deg. If the table travel was exactly

20 deg, it would appear that the 20 deg 6BIA S adjustment was in error by 4

deg (based on the definition of 9BIp~S~
. Since the test had to be conducted in

a somewhat cursory manner, the angle measurement was not precise. In

any event , this transient motion test demonstrates the principle of the

short-term attitude control capability of the breadboard FTVC.

Figure 9 also shows the decay of the fluidic controller signal after the table

motion ceased. This decay transient appears to have a time cons tant of

about 2. 2 to 2. 3 sec which is in reasonable agreement with the controller

design goal lag time constant of 2 . 5 sec. The presence of fluidic noise

from the VRS (discussed previously) is also seen on the signal decay tran-
sient.
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I SECTION III

I
HYDHOFLUIDIC SERVOACTUPtTOH DEVELOPMENT

I
I SERVOA CTUATOR CONCEPT

I The hydrofluidic servo represents a new concept in hydromechanical servo

design. The substitution of hy draulic fluid amplifiers and flowing fluid for

the numerous mechanical parts , common to conventional servos , is expected

to provide significant advantages in the areas of reliabili ty, environmental

hardness, and unit cost.

Figure 10 shows a block diagram of the basic servo concept. The servo

consists of a proportional , stream deflected , vented summing fluid ampli-

fier cascade, actuator , and fluidic position feedback transducer. The input

signal is provided by any compatible signal interface module. This module

can be mechanical to fluidic , electrical to fluidic , pneumatic to fluidic , or

a fluidic sensor/controller unit. All fluidic control elements operate with

hy draulic fluid obtained from any convenient hydraulic power source. The

key component of the servo loop is the summing flui d amplifier cascade.

Input signal injection, signal amplification, actuator driving, and position

feedback signal summing functions are all performed with this single control

element which has no moving parts. The input signal is a differential pres-

sure supplied by the signal interface device.
7

I
I
1 
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NIPLIFIER CASCADE I ________________

OPE RATOR 4 I C E  ~~~ 

~~~ 
:::~ lI f ACTUATOR

• COP~4AND SIGNAL 
V P

r POSITIONj . ERROR SIG t~AL (J ET DEFLECT I ON ANGLE) SENSOR

P
0 • CASCADE OUTPUT PRESSURE

- C ASCADE OUTPUT FLOW

• PO5ITIOU FEEDBACK SI (NAL

I
Figure 10. Servoactuator System Diagram

p

The position feedback signal is a differential pressure supplied by the actu-

ator position feedback transducer. The error signal, which drives the
I actuator, is the summing fluid amplifier power jet deflection angle. This

jet deflection angle is produced by the summation of control stream thrust
I vectors acting on the summing fluid amplifier power jet.

- Figure 10 shows that this concept has eliminated the numerous moving parts

r common to conventional servo loop mechanizations and has replaced them

w ith dynamic pressure functions. The actuator and position feedback trans-

ducer remain as the only moving parts in the servo loop. This simple servo
I loop mechanization allows a wide variety of performances to be obtained

1 32
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f rom the same servo by va rying the servo supply pressure levels. The

overall performance capabilities obtained , however , will be determined by

the operating supply pressure and the type of hydraulic fluid used.

PRINCIPLES OF OPERATION

The basic operation of the hydrofluidic servoactuator is described from
Figure 11. With a supply of pressurized hydraulic fluid applied to the servo-
actuator and the fluidic controller , power jet and control jet flows are estab-
lished in the summing fluid amplifier cascade. Power jet flow not used by
the fluid amplifier receiver ports is vented to a common return line so that

the supply flow remains unchanged whether the servo is re-positioning the
actuator or holding a load position. It is important to note that the hydro-
fluidic servoactuator requires a stead y state power flow for operation and
is inoperative when the supp ly flow is cut off.

The input signal to the hydrofluidic servoactuator is supplied by the fluidic

controller. This signa l, applied to the command ports of the summing

fluid amp lifier cascade, produces an error signal in the form of power jet

deflection angles in the various stages of the cascade. The cascade delivers

an output flow rate to the actuator resulting in an actuator angular velocity

proportional to the error signal. Actuator rotation causes the fluidic feed-

back transducers , built into the actuator shaft , to produce a differential

33
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pressure signal proportional to actuator angular position. This feedback

signal , applied to the feedback ports of the summing fluid amplifier cascade ,

generates a feedback control thrus t vector which reduces the cascade power

jet deflection angles to zero (null). The cascade output flow rate is reduced

to zero and equa l static pressures are developed at the actuator ports so

that the actuator assumes the angular position commanded by the input signal.

When the actuator is subjected to a change in external load , the accompanying

shaft deflection causes the fluidic pos i tion feedback transducer to generate

an output signal which causes the summing fluid amplifier cascade to pro-

duce an outpu t differential pressure to resist the loa d change. The magni-

tude of the actuator position chang e with respect to the magnitude of the load

change is determined by the fluidic feedback loop gain. This servo stiffnes s

or torque gradient is a measure of the servo’s positional accuracy.

PERFORMANCE REQUIREMENTS

An analysis was conducted to establish a set of performance requirements

for the servoactuator. The analysis included computer simulations to inves-

tigate the sensitivity of the man/seat  trajectory characteristics to actuator

slew rates . In addition , a geometric study was conducted to establish the

layout and phasing of the control system hardware on the bottom of the

ejection seat.

Sensitivity studies were conducted for two “worst case” launch condit ions

which were established under a previous contract. The launch conditions

included the following:
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Low High
Initial Condition Speed Speed

Velocity V ft/sec 45 1000
0

Position Angle 6~ deg 0 19

Angle-of-Attack o’o 
deg -90 16.6

Pitch Rate q deg/sec -250 213

cg Offset Xcg in 0 0

Zcg in 0 0

Slew Rate

The simulation results indicated that the reduction of the slew rate require-

ment from 3000 deg/sec to 700 deg/ sec did not change the trajectory perfor-

mance. This reduction to slew rate was possible because of a change in the

initial conditions . The 3000 deg/sec requirement was established with a

two-inch low cg offset. This was later deemed unrealistic , but the actuator

slew rate requirement was not reevaluated.

Torque

Torque requirement was also established for the servoactuator. The compu-

ter simulation data for a 700 deg/sec slew rate limit condition indicated that

the maximum acceleration torque occurs between 0. 250 and 0. 260 sec after

the seat leaves the rail under the high-speed launch. During this time, the

motor acceleration peaks at 138 . 900 deg/sec 2 and the motor inertia de-

creases to 0. 000573 slug ft 2 . The torque required to cause this condition

is 16.7 in-lb.
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Efforts to obtain torque information from McDonnel-Douglas (Long Beach)

for the friction and thrust misalignment components of recent STAPAC hard-

ware were unsuccessful. References 2 and 3 therefore were used to estab-

lish a friction torque of 5. 9 in-lb and a thrust misalignment torque of 14. 8

in-lb . The latter results from a peak thrust of 742 lb at a nozzle offset of

0. 020 in.

The total minimum torque required at the vernier motor is the sum of these

components , or 37. 4 in-lb. Good servoactuator design practice should in-

clude a significant safe ty factor to eliminate marginal torque performance.

Rotation Angle

The total motor rotation angle of 90 deg is the system requirement. In-
creased forward rotation of the nozzle ($ ROCKE T> +450) could cause inter-

ference between the motor exhaust and the legs of the occupant. Increased

aft rotation increases the slew ra te requirements while not significantly

improving the trajectory performance during ejection.

As indicated below, the neutral position 
~~ROCKE T = 0) of the current

STA PA C motor is perpendicular to the recessed bottom seat surface.

PRELIMINARY TEST RESULTS

Inspection of the servoactuator performance indicated that a modified

ACH1O4A Hydrofluidic Servoactuator could be used. To provide information

for potential modifications, a production model ACH1O4A Hydrofluidic Servo-
actuator was obtained. This servoactuator was directly coupled to the

37
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simulated vernier rocket motor by 1:1 gearing. Dynamic response ari d

scale factor tests were made at supply differential pressures up to 2500 psi.

Fluid amplifier assembly flow gain data and feedback transducer gain data

were extracted to permit a more accurate prediction of potential modified

servoactuator performance at high operating pressure. Gear train backlash

m d  motor bearing play of the assembly were also included.

Figures 12 through 15 show the servoactuator scale factors , slew rates , and

estimated stall torques for the various supply pressures tested. Figure 16

shows the dynamic responses obtained at the various supply pressures . The

stall torque was estimated on the basis of the nominal maximum pressure

generated at the actuator and the actuator nominal displacement.

The results of these experiments show that a wide variety of performance

capabili ty can be obtained with the servoactuator, depending upon the supply

pressure used. During the testing there was no external leakage from the

actuator; thus , the sealing process for the fluid amplifier assembly is sa tis-

factory for operation at supply pressures up to 2000 psig. The tests also

indicated that j i t ter  (noise) was only about 1. 2 percent of the actua tor stroke

at any pressure tested. This is considered good since the rocket motor

jitter includes the servoactuator jitter . gearing backlash , and rocket motor

bearing play.

SER VOACTUATOR DESIGN

The preliminary test results indicated that it should be feasible to modif y

an existing production actuator design for compatibility with the vernier

rocke t motor positioning application.
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Al )  ( -x a m)n a t i o n  of the servoC c t u C l t o r  test data indicated tha t  1500 psig suppl y

p r c — - 4 u r e  was zi good operating condition to USe as a basis for the modifica-

tion a n a ly s i s .  Pr imary  reasons were that the supply flow was only about

3 . 44 gpm as compared with approximately  6 gpm as indica t ed in Reference 1

and that the servoactuator  response bandwi dth (based on -3 dI~ im pl i tude

c r i t e r i a )  was abo ut 14 Uz.  This is about equal to that  required for the

escape sys tem. A review of the vane ac tua tor  assembly desi gn indicated

th at  the integral fluidic position feedback t ransducer  fea ture  could not be

retained if the vane actuator  stroke was incre ased from the current  +30 deg

stroke to the +45 deg required at the rocket motor. However , the +45 deg

stroke at the rocket motor could be obtained by usin g a 1.5:1 gear ratio (or

linka ge) between the actuator  and the rocket motor. Therefore , i t was

decided to retain the integral  fluidic position feedback feature in the vane

actua tor assembly and plan on using a 1. 5:1 gear up ratio between the actu-

ato r and the rocket motor.

The test data (Figure 14) indicated that  for a suppl y pressure of 1500 psig

the resulting servoactuator slew rate was 234 deg/sec . The 1.5: 1 gear up

co uld increase  this to 351 deg/ sec .  If the vane a c t u a t o r  disp laceme nt was

reduced from the current  0. 81 in 3 / r a d  to 0.0405 i n 3 / rad , the slew ra te at

the rocket motor would be increased to 702 deg/sec . This would be in

com pli ance wi th  the design goal. This a pproach would provide an es t imated

stall torque of about 162 in-lb which is well above the 37. 4 in-lb requi re-

ment .  In I dd lUo n , the reduction in vane actuator  disp lacement would in-

crc~ — e  the servoactuator open loop gain by 6 d13 so tha t the bandwidth  of

the modified servoactuator would be in the neighborhood of 20 Hz.  I t  was

therefore concluded that the production design ACH 1O4A Ily drofluidic Servo-

a( tu l tor could be modified by reducing the vane actuator  volumetric
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I di splacement .  This could be (lone by building a modified ac tua tor  body an d

\ ‘ ) r a ’~ sha ft  asse mbly and subst i tu t ing these parts for the equivalent parts on( the on-hand  A C I I 1O4 -\ 1 00 2  I lvdrof lu id ic  Servoactuator .  This approach would

c ss e nt ia l lv  resul t  in a production proven servoactuator  and would reduce

des n and fabr ica t ion  costs over those required for a completely new vane

ac t uat o r  assembly.

I)esign I)etails

I The vane diameter  and the ac tua tor  body chamber d iameter  necessary  to

reduce the actua tor disp lacement from a theoretical 0. 81 in 3 /ra d to 0.405

in 3 /rad were determined.  The results indicated tha t a new a c t u a t o r  body is

required.  This bod y would have the same dimensions except that  the chamber

- diameter  would be red uced from

4-0.002 +0 . 0022 . 00O o~~~~ 
to 1 . 62 0 o o ~~i

The va ne diam et er wo uld be r educ ed f rom

+0.0 03 +0 . 003l .988 o ooi to j
~~

6o8 o 001

1 The modified vane - shaf t  assembly can be modified b y using on-hand  parts

afld assembli ng a new vane - sh af t  assembly .

\l i nor changes were made to the vane contour to provide the surfaces for

• th e vane to stop on the actuator  body abutments it  the +30 deg travel limits .
L I~C ( a u s e  the vane diameter  is reduced from that  of the production actuator ,

i slightly d i f ferent  vane contour is necessary . These contour changes could
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be machined at the same tim e that the vane diameter is machined to the re-

[ 
duced dimension. For future production , the modifications would be included

in the die casting mold to eliminate machining and to reduce cost. Actuator

body, vane, a nd vane-shaf t  assembly design sketches were revised according
- to the desired modifications.

- Operating at a 1500 psig supply pressure with reduced vane ac tua tor  displace-

ment , the operational characteristics of the modified hy drofl uidic servo-
- ac tua tor  driving the vernier rocket motor through a 1.5:1 linkage ( 1 .5  deg

roc ket motor/ deg actuator shaft) are predicted to be as follows :

1~ 
. Supply Flow - 3. 44 gpm

- 
• Command Port Pressure Level - 300 psig

o . Scale Factor - 0. 825 deg rocket motor per psid

• Slew Rate  - 702 deg/sec at rocket motor

• Stall Torque - 160 in-lb at rocket motor

-- • Dynamic Response - -3 dB at  approximately 14 lI z

- FINAL TEST RESULTS

- A surplus ACH1O 4A 1002 I ly drofl uidic Servoactuator was obtained and supplied

to the program for modification purposes. The modification consisted of
I r educing the vane actuator assembly volumetric displacement from 0. 80 Cu

I in / r ad  to 0. 40 cu in / rad .  This was accomplished by fabricating a new vane

actuator body, reducing the vane diameter of the vane-shaft  assembly , and

I
I
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reducin g the height of the rubber insert  portion of the vane sealing means .

I These modified par ts were exchanged for the production part s in the surplus

se rvoactuator.

The basic description and operating principles of the servoactuator are give n

I in Reference 6. I)esign goal performance character is t ics  for scale factor ,

stall  torque , slew rate , a nd dyna m ic response we re meas u red fo r the 1500

I 

ps ig operating conditi ons . The modified actuator  was bench tested to evalu-

ate performance under nominal conditions . These results , compared with

the desi gn goal characteristics , a re shown in Table 2. Usuall y servoactu-
I a tor characteristics are specified for a no-load condition. In this case , all

I tests were performed with the servoactuator dri vi ng the simulated vernier

rocket motor through a 1:1 gear train.

The test data for several parameters need fu r ther discussion. The servo

scale facto r is influenced to some degree by the command port pressure

level since the command jet flow in the summing amp lifie r cascade assembly

contributes to the load impedance of the buil t- in fluidic position feedback

t ransducer. Therefore , increasing or decreasing the command port ambient

I pressure level from nominal can increase or decrease the apparent  position

fe edback ga in of the t ransducer  resulting in a decreased or increased servo

scale fact or. Also, manufac tu r ing  tolerances on the feedback t ran sducer

can cause the same situation , even though the command port ambient  pi -es-
- 1 sure is at nominal value.

A t  the high slew ra te  of the actuator , it is very difficul t to obtain an accurate
- measurement  over the limited stroke of the servo. Scope pictures indicated

a slew rate of 470-500 deg/ sec. Thus the rocket slew rate will  meet speci-

fications with the 1.5:1 gear ratio.
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TA BLE 2. MO1)IFIEI) ACH1O 4A (NA VAIR )  HY DROFLUIDIC
SERVOACTUATO R TEST RESULTS (Servo Driving

L Simulated Vernier Rocket through 1:1 Gearing)

Test Parameter  1)esign Goal/Predicted Measured Result

Supply Pressure 1500 psig 1500 psig

Suppl y Flow 3. 40 gpm 3. 25 gpm

Command Port 25~~C P~ (375 psig) 400 psig
Pressure Level

Scale Factor 0. 55 deg/psid 0. 52 deg/p.sid

Linearity 7”~~C Stroke 7% Stroke

Hys tere3is 4~~~~C Stroke 1. 53% Stroke

Threshold Determined by Load Less than Output
- Breakout Friction JitterActua tor Ji tter

( a t  Rocket)  1.5% Stroke 1.6% Stroke

Full Stroke Signal +55 psid +62. 5 psid

Stroke +30 deg +32. 5 deg

Stall Torque 240 in-lb 268 in-lb

Torq ue Gradient 1300 in-lb /rad  1284 in- lb / rad

Slew Hate 468 deg/sec 470-520 deg/sec

-3 dB Bandwidth 14 Hz 12. 5 Hz

:\5 Manufactur ing  Within 10 deg of 10 deg
Null Offset Mid-position at  0 ~P

The torque gradient (output stiffness) measurement requires that there is no

mounting flexure of the torque measurement appa ratus .  The measurement

was made with a lever arm attached to the simulated rocket moto~ and a

large spring scale. It cannot be certified that there was no mounting struc-

ture flexure. Thus, the torque gradient measurement is probably better

than the measured value.
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Figures 17 and 18 show the servoactuator scale factor measurement and the

se r voact ua tor loaded dy namic response as indicated in Table 1. The dy n amic

respons e show n in Figure 18 is compared with the idealized loaded servo -

actuator  response as used in the computer simulation. The computer simu-

la tion neglects the real-l ife factors of load dynamics (inertial , fr ict ion ,

backlash , etc. ). The dynamic response plot was made with signif icant  in-

put signal level; us ually the input signal level is held to 10 percent. Based

on this plot, the loaded servo -3 dB bandwidth was 12. 5 Hz.

Figure 19 shows the scale factor of the servoactuator when driven from the

breadboard VSR / Controller unit. The servo scale factor is increased over

that shown in Figure 19 and the command port ambient pressure level is

250 psig as compared to 400 psig. This is the characteristic discussed

earlier.

The increase in scale factor indicates an apparent reduction in servo posi-

tion feedback gain. This could imply that the servo loop gain is reduced ,

assuming tha t forward loop gain (cascade flow gain) remains relatively

constant , and that the servo bandwidth would be somewhat reduced . Prelim-

inary dynamic response tests of the FTVC system do not indica te  that  to be

the case. Servoactuator bandwidth in the FTVC configuration appears to be

essentially the same as that obtained during bench testing. It is believed

that the reduced command port ambient pressure level reduces feedback

transducer load impedance with a resulting decrease in feedback gain. At

the same time , the reduced feedback jet flow (in the jet summing amplifier

stage) improves the jet deflection sensitivity to the extent that there is an

increase in forward loop gain (cascade flow gain) which offsets the feedback
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g a i n  reduction.  Servo open loop gain is , th erefore , essentia lly unchanged

a nd the servo closed loop response is essentiall~ unchanged. Since the over-

all servo performance , other than null offset , apparentl y is unaffec ted , the

phenom ena was not investigated.

In summary, a comparison of the test results and the predicted or design

goal characterist ics  indicates that the modified servoactuator is in general

complianc e with the design goal performance. The performance parameter

test data are considered to be in full compliance with the contract require-

ments.

—
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The following general conch - io n - - ar e  l i - a w n  based on the l i m i t e d  scope

breadboard FT\ ( ’ sys~~-m ?c - t  -

1. The breadboard VT~~( —.vs te m demons t ra ted  reasonable comp li-

a nce with the design goal control law.

2. The feasibil i ty model hy drofl uidic servoactuator  demonstra ted

close correlation between design goal/predi cted p e r f o r m a nc e

and measured performance. A t  the -3 dil b a n d w i d t h , the hy d ro-

fluidic servoactuator bandwidth was about 1.5 Hz less than design

goal when driving the simulated rocket motor load. It is esti-

mated  that  an increase  in supply pressure from 1500 psig to about

1700 psig would probably inc rease the bandwid th  to design goal

req uirements .

3. The performanc - e of th e breadboard  fluidic controller demonstrated

that it  is p r a c t i c a l to bui ld  high ga in  fluidic controllers and tha t

fluidic lag-lead networks can provide the desired degree of short-

term memory need~-d for I - T V ( ’  application. The test data obtained

on the breadboard fluidic controller have provided valuable design

information which can be used to improve the controller design and

significantly reduce its physical size.
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4 . The Gl- ’E vortex r ate  sensor demonst ra ted  that  f lu id i c  i n e r t i a l  r a t e

I sensors have sufficient  basic performance capabil ity for the FTV C

appl ication. The off-desi gn performance observed at  t imes (null

I offset and noise) with the GFE vortex rate sensor is considered to

be pr imar i ly  due to the type of fabr icat ion techniques used to con-

I s t ruct  the ra te  sensor . New fabrication techniques which have been

developed since the GI - ’E vortex rate sensor was bui ld  could signif-

1 ic -an t l y alleviate the observed null shift  and noise character is t ics

of the vortex rate sensor. It would be highly desi r able to replace

the GFE vortex rate sensor with a sensor of the same general de-

sign performance but built  using the new , available fab rication

techniques .

A follow-on program should be under taken  to conduct more precise

laboratory testing before at tempting to conduct flight tests under

controlled conditions. The program would consist of the following

general  items:

• R ep lac e the GF E vortex rate sensor with a s imi la r  design

b -j u g Uae’  I in I I on ev w e l l  ‘ s I TT. \ S ~nd I lY S•\ S p i o g  l~~lfl1 5 -

h a t  VU S u -~ea 1( O S  f l ow t a t e  and has b e t t er  n u l l

st ab i l i t \  -

• \ d ap t  the existing STA PA C II rocket motor assembly to the

l a n e a db o a r d  I-’TV( and check out FTVC performance with the

req uired rocket motor dri ve configurat ion.
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• \dd a gas genera tor / accumula tor  h y dra ulic power supply to

I the breadboard F~V r V C  a nd check out FTVC performance with

this type of power uni t .  Of ext remely  s igni f icant  interest

I w(c -.I ld be s t a r t - u p  condition t rans ients . A precise definition of

these con d it A ons  is needed prior to conduct ing any controlled

fli ght  tests.

• Conduct  simulated e cape system outer loop tests including a

I live rocket-f i r ing in the laboratory . These tests are needed

to provide performance data which could be vital  to insuring a

I successful  fligh t test demonstration of FTVC feasibility .
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