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An eftort was conducted to invest igate the improved performance of a closed-loop G-seat system. The Air
FOrce and Navy are currently using C-seats in several training and lighter simulators. These devices are all open-loop
systems and exh ibit  excessive time delays. While these seats exhibit good sustained cucing capability, their
performance is marginal in producing overall acceleration cues. Because of sluggish response characteristics , vi rtually
none of the seats can give al propr iate accelerat ~ou onset cries and be in synchr on ii. ati on w ith current visual systems.
conventional C-seat comp onents were obta ined as well as advanced, position feedback metal bellows , and a
c)oscd’kx p l neu inatk contro l system was designed and developed. l’he open. and closed4oop performance of this
system was evaluated and the contribution of each compqncnt in the C-seat hardware was analyzed. Transfer
functions were developed for the pneumatic control system.
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SUMMARY

Problem
The Air Force ’s first generation C-seat , currently installed in four separate training / research

simulators employs an open-loo p 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 charact eristics , virt ually none of the seats could give appropriate
acceleration onse t cues and be in synchronization with current visual systems.

One complete channel of C-seat hardware , the servo valve , tubing , pneum atic 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 perfon stance of the system was improved.
Fle ctr o-pncumatic transducers (CONOFLOW valves), pneumatic booster relays , plastic tubing, needle
valves, and metal air bellows like those utilized in the Air Force’s six C-seats were evaluated. A special
p o t e n t i o m e t e r  feedback/metal air bellows assembly was evaluated for improved performance.
Compen sation circuitry was optimized for closed-loop contro l of the valve-bellows system.

Results
The valve-bellows assembly was evaluated in both the opens- and closed-loop configuration . In the

open-loop confi guration , the valve-bel lows arrangement closely m atched the C-seat hardware in the Air
Force’s current G-seat systems.

In the open-loop configuration , the pneumatic systetis acts like a low-pass filter. Althoug h the
pneumat ic booster relay improved the rise time and fall time of the metal bellows, it did not improve the
ini t ia l  respon se time of the system. In the open•loop configuration , the optimum arrangement included a
needle valve (between the e)eclro-pneumalic 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 l40ms to 9Oms and the fall t u ne improved commensurate ly ; the rise time , however , was not as good
as with the booster relay in the systens.

The position feedback bellows-val ve configuration resulted in the output voltage leading 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-hoop system. In general , the closed-loop system responded 20%’ faster with a ten times faster rise
time for a step input and 3Q0/~ faster with almost one and one-hal f times faster ramp rise time for a ram p
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 7Sms lag.

Conclusions
An improved pneumatic control system for the C-seat has been demonstrated. In its present

open-loop con figuration , the Air Force ’s C-seat performance can be improved by (a) minimi z ing 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 closed-loop , position feedback bellows was evaluated in a
pneumatic control system like that  pre sently in the Air Force ’s C-seats. The closed-loop system
demonstrated an improved perfor mance over the ope n -loop system.

The position feedback technique is only one of many ways to improve the performance of the C-scat
system. It is ant i cipated that the work described in this report will foster an interest in further  developing
responsive pneu matic control systems for C-seats.
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I. INTRODU’TION

The G’seat has become an important  p art ot ’ the tota l  r i i i h i t a t  t iv itig t ra inin g simulat ion enviro n ment .
Recent Air Force and Navy simulato n pro curei t t ent s  h ave speci fied the ( ;-se am as part of the tr a in in g s~ sten ) .
The C-seat is that  special device which rep laces the pilot ’s seat in s a l iv ing t ra in ing  simulator and b vt rt ue of
its geometry and drive philosss phv . stimulates pr iI1ci Ioal l~ the tacti le and pressure receptors ot ’ tb pilot ’s
hack. but t ocks , and thirth s. The ctsneept ot ’ a C-seat is not new (Johns ont . 1958) . R ecently ,  th e A m Force
I~~s renewed the interest in thes e devices ssith the development ot ’ t he C-seats I~ o I t he Advanced Sinn ul a t  ot
tot Pilot Training (ASPI ) and the S i t t tu la to r  tor A ir-to-A n Ctot t th at  (SAAC). Favorable con t t n en ts  have been
received on the ut i l i t y  ot ’ t hese G.~e~tç Sn a rL.  I “176 . Waters & Grun ik e. 1976). although stome I t iss i t at ions
Itave been iden litl e d wi th  respect to their  p er t t ot -niance (( ;~~I1l & Albery . 1977) .

The Air Ftorcc cur ten t lv towns six (6) ( .seats and is in the process of procurin g sIxteen ( 16 )  additional
C-seats for re t r o t l t t i n e  int t o F-4l ’ trainers. The six C-seats are located in three simulator la c ri t t ies .  Two of
the seats are in the ASPT at Wi ll i ams AFI3 . Al i/o na ’. Iwo are i i i  the SAAC at Luke Al :li . Ar i/o na’. one C-scat
was in the F41- Weapon S steni s Training Sen (WSTS) ~ l S at Luke AFB . Ari t ona. hut has r ceentl~ beets
sent to Wi lli ams AFB . Ari / ons a: and the sixth seal is at th e NA SA/Ames Research Ccntcr. Moife t t  Field.
California. This sixth C-seat was fablic ated h~ AS I )/ ENI T.  Wright-Patterson AI :B. Olno. at Wright-
Patterson. and then deliver ed to N ASA/Ames where it is undergoi n g evaluation. The sixteen C-seats
currently beitsg procure d tot F-4 F trainers will also include a C-suit arid seat shaker.

Fiv e of t h e  six C -seat s’ stems hav e been operationa l since early 1975 : the Ames C-seat has been
operational since 1976 and has been use d in a KC- I 3 S motion study (Mac E ar land.  Griffin. & l’)eBerg. 1976)
on the Flig ht Simulator for Advanced Aircraft  (F SAA) and is cune nt h ~ installed in the Ames SO-I . a
six-degree-o f-freedo m research sins ulat or.

All six of these C-seats. itt addit ion to the sixteen t inde r pr ocur ement. have three common properties
which are the subject of this report : (a )  th ey are open-loop pneumatic s stems. th )  they are all p at te n se d
after the ASPI seat which was designed for research app lications with much hui lt ’in t i exihi lit . and fe )  they
are relatively slug~islr wit h respect It) resl)oflSe .

II. ORJ F CI’tVE

The objectiv e of this studs was to investigate and to improve the engin e ering pert orris ance cliarac-
teristies of the ASPT-type pneumatic C-seal . The ASPI C-seats (F igure  1) are for the T-37b aircraft
simulation wh ereas the other lIve seats (and sub sequently . the sixteen follow-on sy stems) are for the F-4 E
aircraft trainers. The ASPI seat diffe rs fr ottt the others in the nutn bc r of seat pan cells (16 for ASPI. 14 for
i-4F. seats) and in the backrest drive software. In most other respects. the seats are identical in that they
employ the same pneumat ic control valves , metal air bellows, and drive philosop h ies . The ASPI C-seat
development has been documented (Kron . 1975).

Ill . APPROACH

The approach taken to meet the objective of inip roving t h e  perf onnanec character i stic s of the
pneumatic G-seat was first a component-by-component eva luation. The ke~ elements of the C-seat control
loop were isolated and evaluated it idividua l ly for their contributions to the overall pctl t ot’IssaIsce. These
elements include (a) the eleetr o-pneun satic tr ansdu cer . or CON OFIOW valve I F ignte ~ ). (b )  t h e  I uet:tl au
bellows (Figure 3). and fe ) the booster relays and tiexible tubing .
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The (s R~ (‘ + I )  I ’a eb ,o r ru t t he detionr inat or ~~ ~~~~~~~ -~ t tu i i e t  untis as k’ad corirpeit sat isiru to
decrezu se’ phase’ Iag~ t Ir e (s R n (‘

~ + I I l’ae’tor iht liii’ flUnle’r att ) r of et l u u li t i o ut 4 tiunet ionts as lag compensati on
to cancel sotut the eI’l’ects t o t  a ixk  iii the iopeti.IiooI) eketrolonleunnatie Iratisdiuce’r-hcllows s~ sten ii . I~ith lag
_inr d lead cttnii l5.’ ns JtIout are conl lgured to inseune stabi l i ty ot th e sy steni t , Relative stability is achieved with a
gain unargili oh’ I 2,tb .rn,l :u ph ase margin ol’ 80’ ( l:igures I 3 and 141,

it ,- over-all trtursh’er l’unetiont for (lie feedhaek-inieonpsorateel trans,tueer-hellows s~ stein is:

(R4/R ç) 11 ~ I0~ ~ 
.770s 

~‘. 
+ .1) (4)

Vt(s)
(s + ~3 - S + 2 3 )  (s t 3.S + ~~~) (s + 24 ,1) (s + 8’),i)

tt’lIt ’u ,’ R0 is ss’Ie,-t , ’d lu ) t  overal l s~ 5 Ieih1 ga iI )~ 1-ug iures 15 and 16 shtosv inagnittude response versus angular
I r et I us’nl e % ,iii,l h°Ii.ise ’ respootise versus angular freshtuetic\ . resp ectively -

I ig une s I 7 , I S , -arid I’) are response data for open-loop and elosed’Ioop systems, Raitip and Step
i t tp tu t s  so etc app lied t’sor tooth loaded and trniloade,h bellows, Ito etieh iristan ee the itoptut sign al and or u t p t ut
resp,onses ,ot’ the Iouiet unriatte (;-cuueinig s~-stenn are recorded: the input sigtoal is t l is’ lower section of ttte
re’ctnrditrg t’;iI’e’r ju st tIre ou tpu i t respourse is the tipper SC~ t I0Ih oh ’ the ree tor d ing pa~~r. The results are’ sliosvii
in l ab-tIes I and -~ :rnd deinsonstrate that ne~autive feedback usin g lead and lag eornpeuisation has ituprovesl
Ihe respson se ,ol ’ the s~ stetii , l’he coniipkte feedback C-seat system diagram is depicted in I:igure 20.

V. SUMMARY OF RFSUL’FS

A complete ch ann el ot C-seat h ardwar e consisting ot ’ the elec t ro- p i ietuina t ie transducer , needle val v e ,
lieMble tubjuig. pnerun iiatic booster retav , and m etal air bellows was evzittuaced itt both tire snpen. toid
closed-loo p configuration.

In (Its’ open -loop conhIgumtion. the valve-bellows closely rnalehed the cu rrent C-seat system hard-
ware, The system acts like a low~pass filter , The booster relay tends to iunpr,ove tIre rise arid fall little ,of the
bellows hut h s  no appareilt effect on the initial response tirile of the svsteni, It was foun d that  in the
tope ui-I o ,op e tonl I gur at i , n _ the eop ti mtu tn arrangemenl it cltided a nwedle vats-c between the eleet ropneturiiat u~’
trjrtsducer and bellows, Wit h no booster relay tuns i tile needle valve bleed, this’ in i t ia l  response time oh’ the
syslen i u nprov ed fron t I4Orns to 9Oiits Althoug h I lie t eedle valve improved (lie fall time , the rise t m ite os-as
riot as good as ss’ith the booster relay in (lie sy ste m , The efl’eet of hose length betwee n the transducer and
t h e bellows so-as also evaltua t e d. As expeetesl. th e h,onoge r lioss’ lentgtlis inttr oduc ed aslditional delay in to the
soste nt u , witi t a 35nnn s bug for a I S’foot hose and a 75ms lag for a 43.foot hose,

The syste’nit svas th en evaluated in a ctosesl-loop conti gu ra tion . In general. (he pos ition feedback
bellows-valve eorit’jt~tural ion resulted its a better per l’orns ing system compared to the open-hoop con-
tlguralion. The closed—loo p system resulted itt the output voltage leadin g the input voltage at frequencies
below ~ I It arid the magnitude response resulting it - i a hand-pass lIter with a resonan t frequency arotutid 4
I it, Negative feedback with both lead t it id big conripensal ion t i iiproved the response of the closed-loop -

‘

syslcIfl , For a step input ,  the c-hosed-loop system slemons tr a ted 2~ ’ - faster response times lintel tens limes
laster rise limes , For a ram p input , the chosed ’Ioop system sle’tuonstrated 3O’~- faster response tit h es and Ot is’

and one-hal f tittoes faster ram p rates.

It us anticip at ed that the work described in this report sviII t’osler an interest in the snni iulator
e’omfliut lity for the furlher development of a r110re responsive ptiettniatic C-seat control s~ ste’tt n , I’lre Air
i-or ce is eurr en lhy under eoni tr t t e’t (F33657.78-C-O I I efl with (lie h:r tinikhino Institut e Researc h t a h ,o r alorie s
(Philad elphia. PM for the developm ent oh’ art improved eleetrupnetinnalic transducer aii,l a eIosed~loop
pneu m atic control sy st em lot C-seals ,

- 
- ____ _-
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Open—Loop System Response w it h Step I t’iput
(No weIght , 43 foot hose)
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Cl o s ed— L o o p  Sy s t em  w i t h  St ep  i n p u t
(No we’ I ghi t  , 43 foo t  hose’ )

I’’gure 17, Open timid e’Ioscd.loo1i system res~mn~ to step input (ti n weighfl,
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Open—Loop System Response with Step Input
(10—pound weight , 43 foot hose)

t 
- 

7Oons ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

lag
/-4-—+-- / -i—~~ ~~~~~~~~~~~~~~~~~~ 

t ~7$ms
- ‘ - - r i ~se- - - - - - - - -  -

- - 1 I I - ‘

“-

Closed—Loop System Response with Step Input
(10—pou nd weIght , 43 foot hose)

Figure 18. Open and cIos~d4oop system responde to step input (10-pound weight),
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lab/ u ’ 2, Tran sducer Bellows System Response
Step Input . Bleed Valve , 43 foot Hose

No Wsteht 10-pound Weigh t
Sys te m t

iag 
(ml) t n. (ms) 

~~~ 
(ms) t

1 
(mi)

Ope mr-l oop 75 720 t)Ø 770
- I (‘hosed-Loop toO 60 70 75

14,/n It 3, Transduce r Bellows System Response
Ramp Input , liked Valve , 43 foot h oses

No We ight I 0-pound W,ight
Syst em 

— 
Ram p Ra mp

i1 (no,) Ra t . (V/S) t
111 tms) Rat. (V~S)

Open-I oop I 30 I 0 I 30 0) I S

(‘hosed-loop 80 15 .6 100 14. 6
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