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NOTICE

When U.S. Government drawings, specifications, or other data are used
for any purpose other than a definitely related Government
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manufacture, use. or sell any patented invention that may in any way
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Laboratory (AFSC), Brooks Air Force Base, Texas 78235. Mr. William
B. Albery, Simulation Techniques Branch, was the principal
investigator.

This report has been reviewed and cleared for open publication and/or
public releasc by the appropriate Office of Information (OI) in
accordance with AFR 190-17 and DoDD 5230.9. There is no objection
to unlimited distribution of this report to the public at large, or by
DDC to the National Technical Information Service (NTIS).

This technical report has been reviewed and is approved for publication.
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SUMMARY

Problem

The Air Force's first generation G-seat, currently installed in four separate training/research
simulators employs an open-loop pneumatic control system. Because of relatively low bandwidth servo
control valves and long hose lengths, some of these systems have excessive time delays. While these seats
exhibit good sustained cueing capability, their performance is marginal for producing overall acceleration
cues. Because of sluggish response characteristics, virtually none of the seats could give appropriate
acceleration onset cues and be in synchronization with current visual systems.

One complete channel of G-seat hardware, the servo valve, tubinig, pneumatic booster relay, and metal
air bellows was evaluated. By employing position feedback in the metal air bellows and lead-lag
compensation circuitry in the pneumatic control loop, the performance of the system was improved.
Electro-pneumatic transducers (CONOFLOW valves), pneumatic booster relays, plastic tubing, needle
valves, and metal air bellows like those utilized in the Air Force’s six G-seats were evaluated. A special
potentiometer feedback/metal air bellows assembly was evaluated for improved performance.
Compensation circuitry was optimized for closed-loop control of the valve-bellows system.

Results

The valve-bellows assembly was evaluated in both the open- and closed-loop configuration. In the
open-loop configuration, the valve-bellows arrangement closely matched the G-seat hardware in the Air
Force's current G-seat systems.

In the open-loop configuration, the pneumatic system acts like a low-pass filter. Although the
pneumatic booster relay improved the rise time and fall time of the metal bellows, it did not improve the
initial response time of the system. In the open-loop configuration, the optimum arrangement included a
needle valve (between the electro-pneumatic transducer and the bellows) which was bled to the atmosphere.
The booster relay was removed. With the needle valve in the system, the initial response time improved
from 140ms to 90ms and the fall time improved commensurately; the rise time, however, was not as good
as with the booster relay in the system. :

The position feedback bellows-valve configuration resulted in the output voltage ieading the input
voltage at low frequencies and the magnitude response resulting in a band-pass filter with a low resonant
frequency. Negative feedback with both lead and lag compensation improved the response of the
closed-loop system. In general, the closeddoop system responded 20% faster with a ten times faster rise
time for a step input and 30% faster with almost one and one-half times faster ramp rise time for a ramp
input.

The effect of hose length between the bellows and valve was also evaluated with the finding that a
15-foot hose resulted in a 35ms lag and a 43-foot hose in a 75ms lag.

Conclusions

An improved pneumatic control system for the G-seat has been demonstrated. In its present
open-loop configuration, the Air Force's G-seat performance can be improved by (a) minimizing the hose
length between the control valve and bellows and (b) bleeding to atmosphere some of the supply and
exhaust air between the valve and bellows. A closeddoop, position feedback bellows was evaluated in a
pneumatic control system like that presently in the Air Force’s G-seats. The closed-loop system
demonstrated an improved performance over the open-loop system.

The position feedback technique is only one of many ways to improve the performance of the G-seat
system. It is anticipated that the work described in this report will foster an interest in further developing
responsive pneumatic control systems for G-seats. \
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PREFACE

This study was initiated by the Advanced Systems Division, Air Force Human
Resources  Laboratory (AFHRL), Wuaght-Patterson AFB, Ohio, under project 6114,
Simulation  Techniques for A Force Trammg: task 611419, Motion and  Foree
Simulation. Ms. Patricia Knoop was the project scientist. The research was performed at
the Advanced Systems Division with Mr. Witliam B. Albery as principal investigator. Mr.
Erick D. Hunter performed the evaluation and analysis of the hardware deseribed in this
report. The ettort was conducted during the peniod trom 1 July 1975 to 30 March 1977,
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G-SEAT COMPONENT DEVELOPMENT

1. INTRODUCTION

'3
The G-seat has become an important part of the total military flying training simulation environment.
Recent Air Force and Navy simulator procurements have specitied the G-seat as part of the training system. 3

The G-seat is that special device which replaces the pilot's seat in a flying training simulator and by virtue of
its geometry and drive philosophy. stimulates principally the tactile and pressure receptors of the pilot’s
back. buttocks. and thighs. The concept of a G-seat is not new (Johnson. 1958). Recently. the Air Force
has renewed the interest in these devices with the development of the G-seats for the Advanced Simulator
for Pilot Training (ASPT) and the Simulator for Air-to-Air Combat (SAAC). Favorable comments have been
received on the utility of these G-seats (Stark. 1976: Waters & Grunzke. 1976). although some limitations
have been identified with respect to their performance (Gum & Albery. 1977). E

The Air Force currently owns six (6) G-seats and is in the process of procuring sixteen (16) additional
G-seats for retrofitting into F-4F trainers. The six G-seats are located in three simulator facilities. Two of
the seats are in the ASPT at Williams AFB. Arizona: two are in the SAAC at Luke AFB. Arizona: one G-seat
was in the F4E Weapon Systems Training Set (WSTS) =18 at Luke AFB. Arizona. but has recently been
sent to Williams AFB. Arizona: and the sixth seat is at the NASA/Ames Research Center. Moffett Field.
California. This sixth G-seat was fabricated by ASD/ENET. Wright-Patterson AFB. Ohio. at Wright-
Patterson. and then delivered to NASA/Ames where it is undergoing evaluation. The sixteen G-seats
currently being procured for F4E trainers will also include a G-suit and seat shaker.

Five of the six G-seat systems have been operational since early 1975: the Ames G-seat has been
operational since 1976 and has been used in a KC-135 motion study (MacFarland. Griffin. & DeBerg. 1976)
on the Flight Simulator for Advanced Aircraft (FSAA) and is currently installed in the Ames SO-1. a
six-degree-of-freedom research simufator.

All six of these G-seats. in addition to the sixteen under procurement. have three common properties
which are the subject of this report: (a) they are opendoop pneumatic systems. (b) they are all patterned
after the ASPT seat which was designed for research applications with much built-in flexibility. and (¢) they
are relatively sluggish with respect to response.

Il. OBJECTIVE

The objective of this study was to investigate and to improve the engineering performance charac-
teristics of the ASPT-type pneumatic G-seat. The ASPT G-seats (Figure 1) are for the T-37B aircraft
simulation whereas the other five seats (and subsequently. the sixteen follow-on systems) are for the F-4E
aircraft trainers. The ASPT seat differs from the others in the number of seat pan cells {16 for ASPT. 14 for
F4E seats) and in the backrest drive software. In most other respects. the seats are identical in that they
employ the same pneumatic control valves, metal air bellows. and drive philosophies. The ASPT G-seat
development has been documented (Kron. 1975).

1. APPROACH

The approach taken to meet the objective of improving the performance characteristics of the
pneumatic G-seat was first a component-by-component evaluation. The key elements of the G-seat contral
loop were isolated and evaluated individually for their contributions to the overall performance. These
elements include (a) the electro-pneumatic transducer. or CONOFLOW valve (Figure 2). (b) the metal an
bellows ( Figure 3). and (¢) the booster relays and flexible tubing.




Figure 1. ASPT G-seat. uncovered.




Figure . CONOFLOW valve electro-pnenmatic transducer
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A CONOELOW wvalve, booster elay and flexible tubing, like those used m the curtent Goseats were
obtamed. In heuw of the conventional metal an bellows (Frpure 4) a special metal bellows with 4 potent
ometer unbedded (Ligure 3) was developed. The posiion teedback bellows was then evaluated m
conjunction with  the CONOFLOW  valve, booster relay, vanving lengths of tubing, and dead lag
compensation ety

IV, DISCUSSION OF WORK PERFORMED

tach component mn the Geseat control system was evaluated and a mathematical analyyis of the open
and closed doop system was performed. The fist component evaluated was the CONOFLOW valve

The CONOFLOW walve, or electropnenmatic ttansducer (Figure 2), a8 a toree-balance device which
converts an electnical signal nto a corresponding ppeumatic pressure. This transducer s an oft-the shelt
iem which s designed tor commercial purposes and not tor Geseats. The CONOFLOW valve uses o
repulated, 25 pa doy aw source and outputs Q1S psi depending on the electueal output signal

the current that flows through a 445 mH coil sets up a magnetie tield which pushes the coil out ot
permanent magnetic core (Fure S) A lever, which s posttioned over an exhaust nozzle, s attached o ths
moving nductor. When the cotl moves out of the core, the lever moves towand the nozzle and the rate ot
exhausting aie decreases. The exhausting air causes a ditterence i pressure between the two chambers: Two
duphragms which separate these two chamberns distend and push a preumatic valve open. The opentae of
this valve causes an output pressure which s approxmmately hinear with respect to the mput current through
the mnductor (Kron, 1973)

The posinon teedback metal bellows (Figure 6) s a pressute-actuated device. The mam body of the
bellows i the capsule which consists of stamless steel washers welded together o torm a convoluted
avlinder: The spnng constant ot the bellows s proportional to the number ot convotutions This expent
mental metal bellows has a spring constant of approximately S ibs/in. The metal bellows used w the cunent
Gaseats have a spang constant of approximately 12 Ibs/in. The smaller sping constant tor the epaenmental
bellows was chosent tor two teasons. (@) since feedback would be emploved tor control of the bellows, o
hagher spong constant did not have to be relied on tor better position contiol, and (b) the smaller sprng
constant bellows should display fonger fife sinee it has more convolutions than the convendtonal bellows

The bellows has one pacumatic port which is both o filhing port as well as a venting port. When
pressunzed, the bellows has an upward stroke; whoen depressunzed, the bellows has a downwand strtoke The
wiper arm of a 10,000-0hm hncar potentiometer totlows the excursion of the bellows faceplate The
bellows and  potentiometer  coupled  together constitute a pneumatic-to-electiieal - tansdueer The
CONOELOW valve and the bellows (pneumatic-tolectiical transducer) can be fumped tosether (o form g
voltage transter function, \'uut (bellows) \'m (valve). This transter tunction was determmed expenmentally
tor a closed-loop system analy sis

Thiee experunental condittons of transient behavior were analvzed e the openloop s (o
determune which method was the most pronmusing to inprove the response of the overall svstem Al
methods were evaluated tor the inflation and deflation eveles and employed 43 feet of tubing connectad
between the CONOFLOW valve and the bellows. A 10-pound weight was used as a bellows Toad and both
Tposive-going” and “negative-going” step wnput were applicd to the valve. The output wesponse ton cach
case was recorded.

the fust setup was simply o CONOPLOW valve and the bellows connected with 43 teet o tubing
The second setup utilized m addition a one-to-one pneumatic booster welay . which s an ott-theshelt wem
used on the ASPT Geseat and connected between the valve and bellows

The booster relay was added to the ASPT Geseats towstie rapud exhausg oy ele tne and (o dampen
pressure oscllations (Kron, 1975) The booster relay also uses a 23 pstar supphy - The thd setup utnlived a




. ASPT seat pan metal air bellows, fully expanded
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Figure 5. Schematic of CONOFLOW valve electro-pneumatic transducer.
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3 needle valve located between the CONOPFLOW and the bellows to continuously bleed some of the an
!
supplicd to the bellows: Output pesponse data tor each of the thiee expenmental condinons are recorded
Lable 1and bgure 7
tabic 1 Open-Loop Transducer Bellows Response
Step Input, 43 toot Hose, 10-pound Weight
Device Connected Tramsport Rise Fan
Between Valve Lag (ms) Yime (ms) Time (ms)
and Bellows t t t
! lay r t
Booster Relay 140 0 DIVA
Without Booster
Relay 140 030 1220
Bleed Valve 20 10 oo
Unloaded steady state system esponse data were recorded with astnusordal tepat trom 01 He 1o 20 |
He o however, the svaem respontse was ather nonhinear. A needle valve sl 1o that used on the ASPL |
Goseats was mstalled ot the end ot e 43 oo, V8 el muner diameter plastic hose between the
CONOFLOW valve and bellows. By adjusting the amount ot bleed, nonhneanties were alleviated . In
addition, greater amphtudes of signal and staller phase Tags were observad (Figae 8). Steady state anplitade
{ and phase data were recorded by frequency sweepuy the opeadoop systent wath a siuosordal mput signal
| Frequency esponse plots were comstineted (Bignres 9 and 10)0 Also transient behavior ot the sy stem was
’, recorded for astep mput (Bgare 11)
{
“' With these two methods, steady state and transient analysis, an appronimate voltage transter tunction
|J of the CONOELOW valve bellows system was tormulated
0708 4
| Oe
{ . (WR]
{ Gis) S S | a3 |
l " !, \-\
) |
The ¢ Y tenm s tansport lag which contributes only (o phase lag stnee its magnitade s unity at all j
trequencies. The il esponse o transport lag s caused pramandy by the compressiility: of the ane and |
possibly by the modulation ot the wner walls ot the tubing. Thas tne detay can be edaced by g |
1
' the frose fength between e beltoss aid CONOELOW vahve |
Fhe three tactors i the denontmatoc of equatton U are the poles of the systeme They cause the hagh ‘
Prequeney oll-oft The entie system essentially acts ke a low pass filter i an open-loop contipuation
With this approximate model a teedback contigiation was designed o mprove phase response
CEigue 12) The design contiguration shown has the tollowing opendoop gam equation
g 070s (s v D
"y I8¢ v M)
GO H(s) e i B e et b (-
3 S ) AN SR T S R AT 0 S T e
44 44 o)
whiere Gestos the traaster teaction ot the vabvebellows svstem (hquation 1) and Hs) s the anster
tunction of the lead-lag compensation.
(R (R >
g wmen - (8 Ry Oy % )
H(s) (R1) |R\_). e T e ()
s Ry € v D
13
{
f .
e —————————— S + e, - N — -




£

. Lo

TR A

“indut dajs 01 smojj2q jo duewopad doopusdg , aunsiy

SANOO3S — 3JNIL

310AD
NOILV14NI

(LHOIIM ‘g7 0+ '3SOH L4 €v)
AV13d ON ‘3318 HIIM @ —— —~—
AVY134 H31SO08 ON —— —

AV134d H31S008 H1IM  ———

NOISHNOX3 SMO1138

31V1S AQV3lS

1NdNI

\T\

s - - o p—— g

14




Sinusoidal Input Signal

(1 Hz)

Output Signal Without Bleed

(330ms Phase Lag)

Output Signal With Bleed

(240ms Phase Lag)

Figure 8. Effect of needle valve bleed on bellows response.
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The (s Ry ¢ + 1) factor in the denominator of equation 3 functions as lead compensation to
decrease phase lag: the (s Ry €, + 1) factor in the numerator of equation 3 functions as lag compensation
to cancel out the effects of a pole in the open-loop electropneumatic transducer-bellows system. Both lag
and lead compensation are configured to insure stability of the system. Relative stability is achieved with a
gain margin of 12db and a phase margin of 80° (Figures 13 and 14).

The overall transter function for the feedback-incorporated transducer-bellows system is:

S 5 —T10s .
|R4/RS) 1.2 x 107 ¢ (s + .1) (4)

Vo (s)

Vi(s)

(s +§35 +23) (s 3.5 +23) (s +242) (s + 89.1)

where R s selected for overal) system gain. Figures 15 and 16 show magnitude response versus angular
frequency and phase response versus angular frequency, respectively.

Figures 17, 18, and 19 are response data tor open-loop and closed-loop systems. Ramp and step
mputs were apphlied tor both loaded and unloaded bellows. In each instance the input signal and output
responses of the pneumatic G-cueing system are recorded; the input signal is the lower section of the
recording paper and the output response is the upper section of the recording paper. The results are shown
in Tables 2 and 3 and demonstrate that negative feedback using lead and lag compensation has improved
the response of the system. The complete feedback G-seat system diagram is depicted in Figure 20.

V. SUMMARY OF RESULTS

SSRGS S

A complete channel of G-seat hardware consisting of the electro-pneumatic transducer, needle valve,
{ flexible tubing, pneumatic booster refay, and metal air bellows was evaluated in bath the open- and
| closed-loop configuration.

i In the open-loop configuration, the valve-bellows closely matched the current G-seat system hard-

| ware. The system acts like a low-pass filter. The booster relay tends to improve the rise and fall time of the
bellows but has no apparent effect on the initial response time of the system. It was found that in the
open-loop configuration, the optimum arrangement included a needle vaive between the electropneumatic
transducer and bellows. With no booster relay and the needle valve bleed, the initial response time of the
system improved from 140ms to 90ms. Although the needle valve improved the fall time, the rise time was
not as good as with the booster relay in the system. The effect of hose length between the transducer and
the bellows was also evaluated. As expected. the fonger hose lengths introduced additional delay into the
system, with a 35ms lag for a 15-foot hose and a 75ms lag for a 43-foot hose.

The system was then evaluated in a closed-loop configuration. In general, the position feedback
bellows-valve configuration resulted in a better performing system compared to the open-loop con-
figuration. The closed-loop system resulted in the output voltage leading the input voltage at frequencies
below 5 Hz and the magnitude response resulting in a band-pass (ilter with a resonant frequency around 4
Hz. Negative feedback with both lead and lag compensation improved the response of the closed-loop
system. For a step input, the closed-loop system demonstrated 20% faster response times and ten times
faster rise times. For a ramp input, the closed-loop system demonstrated 30% faster response times and one
and one-half times faster ramp rates.

] It is anticipated that the work described in this report will foster an interest in the simulator
[ community for the further development of a more responsive pneumatic G-seat control system. The Air

Force is currently under contract (F33657-78-C-0119) with the Franklin Institute Research Laboratories
(Philadelphia, PA) for the development of an improved electropneumatic transducer and a closed-loop
pneumatic control system for G-seats.
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Open-Loop System Response with Step Input
(No weight, 43 foot hose)

Closed-Loop System with Step Input
(No weight, 43 foot hose)

Figure 17. Open and closeddoop system response to step input (no weight),
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Figure 18. Open and closeddoop system responde to step input (10-pound weight).
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Figure 19. Open and closeddoop system response to ramp input.
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Table 2. Transducer Bellows System Response
Step Input, Bleed Valve, 43 foot Hose

No Weight 10-pound Weight
System tiag (ms) ¢ o (ms) tag (M) . (ms)

Open-Loop 75 720 90 770

Closed-Loop 60 50 70 75

Table 3. Transducer Bellows System Response
Ramp Input, Bleed Valve, 43 foot Hoses

No Weight 10-pound Weight
System Ramp Ramp
'I“ (ms) Rate (V/S) t'“ (ms) Rate (V/S)
Open-Loop 130 10 130 9.25
Closed-Loop 80 15.5 100 145
28
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