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' A1rcraft Program 1995) The 1mplementat10n of this computer wrll allow greater

: processrng power and should be used to the full extent of i 1ts capabrhty An up-to-date

ABSTRACT

' The EA-6B aircraft was de51gned and bullt in the late 196OS by the Grumman

, Aerospace Corporatlon for the Umted States Navy and Manne Corps to be used as a

,:_tactlcal electromc warfare (EW) platform Hrgh losses of U. S attack a1rcraft to surface—
to-air m1ss1les (SAMs) in Southeast A51a led to the requlrement for a carrler-based '

tactical alrcraft capable of prov1d1ng EW support in the form of electronlc Jammmg 1n

""support of strrke arrcraft The EA-6B became the a1rcraft that ﬁllﬁlled the EW

requlrement Forty years have passed since the 1ntroduct10n of the EA—6B and the '

,,demand for the tactrcal EW capablllty contmues to increase. Meetmg these requlrements

has taken atoll ¢ on the alrcraft’s wmg fat1gue l1fe and has produced a shortage of the
a1rcraft’s Automat1c thht Control System (AF CS) computer

The replacement computer contracted to correct the current problem of the aging -

g analog AFCS ‘computer is an up-to date drgltal ﬂlght control computer (Model EA-6B

ﬂlght control computer will cost less to repalr be readily replaceable and w111 improve
mission readmess and safety of ﬂlght ‘ |

: Thrs thes1s w111 bu11d acase to use the add1t1onal processmg power of the replacement ‘
d1g1tal ﬂlght control computer to 1mprove ﬂyrng quahtles through a Control |

Augmentatlon System (CAS) that should have the effect in the followmg areas:-

v



1. Limit accelerations during flight and thereby control the current problem of Fatigue

Life Expendrture (FLE) » B : L i . L |
2, Improve ﬂyrng quahtles, spec1ﬁcally in the landmg configuration w1th an- empha51s to :
improve shlpboard operatlons ‘With the current SAS the a1rcraft demonstrates less ,
than satrsfactory ﬂymg qualrtres‘rn all axes (lateral, dlrectlonal, and longitudinal) and - -
: conﬁguratlons | . | - |
3. | L1m1t Angle of Attack (AOA) 1n certam abnormal conﬁguratlons that are commonly
‘ encountered in the EA-6B, due to the agmg a1rframe The conﬁguratlon that i 1s
’ ‘partlcularly dangerous is the no slat-ﬂaps down approach Thrs approach requrres the
pilot to maintain AOA prec1sely The consequences of slowmg one degree ,
" (equivalent to approxrmately 2 KIAS). below the recommended approach AOA will
result in an uncontrollable prtch up (longltudlnal 1nstab111ty) and subsequent departure
from controlled ﬂlght (mandatory gjection cr1ter1a in thls conﬁguratron) (EA-6B
NATOPS Flrght Manual 1997) :
4. Improve departure res1stance by lrmrtlng angle of attack and controlhng srde—shp
J arnmrng pods are on all wmg stations when the alrplane is'in the normal .
! ~ | . conﬁguratron Departures that develop into spms frequently result in loss of the
, alrcraft due to large inertia. forces caused by the weight of the stores carried on the.'
* wings statlons, which can not ,be overcome by the ‘aerodynarnrc forces requlred for .

récovery.-



PREFACE

The information-contained-within this thesis with respect to control strategies was
obtained from an historical research of control law implementation in previous aircraft
References to EA- 6B handling qual1t1es were obtained durmg actual ﬂymg qua11t1es test
ﬂlghts performed by the author and developmental test flights performed at the Naval Air
Warfare Center A1rcraft Division: The handlmg qua11ty and stablllty ﬂlght tests were e'not -
performed spe01ﬁcally for the. Control Augmentatlon System development effort but the
data obtained durmg these tests, were not affected However the ﬂlght control
description, contamed in Chapter 2 and appendlx A was developed in support of the
control augmentatlon system development The research résults and conclusmns and .
recommendat1ons presented are the op1n1on of the author. and should not be construed as
an ofﬁc1a1 posmon of the Umted States Department of Defense the Un1ted States Navy,

the Naval A1r Systems Command or the Northrop Grumman Corporatlon
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CHAPTER 1: INTRODUCTION |

BACKGROUND

The EA-6B Prowler is the only a1rbome tactical electromc warfare (EW) platform
ﬂylng today in support of the Unlted States Armed Forces. Untll 1998 the United States
- Air Force (USAF ) operated a fleet of EF 111A Raven aircraft that was also capable of
provrdmg tactical EW support Wlth the retlrement of the EF-11 1A, the capabllltles of
- the aging EA-6B have become more 1mportant than ever before. The retirement of the
EF-111A and the mcreased ‘global instability has created the largest vdemand for EW
support in-our hlstory ThlS demand has taken a toll on the alrplane and the components '
- that are required for bas1c airworthmess Spec1ﬁcally, Fatlgue Llfe Expendlture (FLE)
th respect to the center w1ng sectlon has exceeded 1n1t1al des1gn requlrements which
. wrll result in the ma_]orlty of airframes reachmg 100% FLE by 2005 The problem of .
11m1ted fatigue life has been compounded by Congress demandmg that the EA-6B
- maintain respon51b111ty for the EW m1s51on until 2015. Addltlonally, the current ﬂlght
control system computer has recently come under‘great scrutiny due to the hlgh cost of
repair shortages of replacement units and a recent rash'of non-pilot-initiated ﬂight
control movements whlch may have been a causal factor in the recent loss of an aircraft..
An effort to improve aircraft reliab111ty and flight safety has been focused on replacmg the

current analog flight control computer with an up to date digital Flight Control'Computer

(FCC) (Model EA-6B Aircraft Program, 1995). .




ThlS thes1s wrll bu1ld a case to 1mplement a Control Augmentatlon System (CAS) 2 |
WhICh w111 provrde the capablhty to control FLE 1mprove mrssron readmess and safety,

-and improve the a1rcraft?s ﬂymgquahtres; sl

, STATEMENT OF THE PROBLEM -

The 1mportance of thrs arrcraft has resulted in it bemg added to the hlghly
‘. drstlngu1shed hst of “Natronal Assets” Current Rules of Engagement (ROE) requ1re the -
~‘ EA-6B not only to be a1rbome but it must be establlshed on statlon before any other ‘
) a1rcraft may proceed mto an area where a SAM battery may ex1st To fully understand |
the need for the CAS, the problem statement must be broken down mto’\four areas, |
| namely, mission readmess safety, ﬂylng q'ualltres 1mprovement and FLE.
M1ss1on readmess has been 1mpacted by the failure of the current AN C and has been
‘ 1dent1ﬁed as the. number one 1mpact on EA-6B mission readmess (COMVAQWINGPAC

“,DTG 271819 Z Sep 00) Wrthout the EA-6B a1rbome no other arrcraft today are allowed‘ '

- to ﬂy in an area of host111ty or where the poss1b111ty of host111ty ex1sts To emphas1ze th1s R

point, “no airctaft” 1mp11es all a1rcraft from all U S services (Army, Navy, Alrforce :
' Marmes) that are mvolved in any mlss1on Add1t10nally, ‘no arrcraft” 1mpl1es all NATO
alrcraft that are ﬂyrng ini support of U S operatrons Therefore m1ss1on readiness has a

much larger 1mp11cat10n when it is known that 1o aircraft can attack targets wrthout the

. .,EA—6B a1rbome The U. 8. ﬁghter—attack arrcraft total 1nventory consrsts of

approximately 5,000 alrcraft. NATO forces aircraft total approx1mately 2,000. The

current lnventory of the EA-6B, a mere 100, is required‘ to support any one of 7,000“strike S




aircraft. The nurnbers~speak for themselves 'andvthe new ﬂight'control.computer is

needed to ensure the missionlread‘iness of the entire force. | |

3 Safew must be addresse_d w1th respect to AFCS due to an'increase in 'the amount' of -
reports of non;pilot in‘duce‘d ﬂight control inputs. Thé author has actually been at the .‘

| controls of an EA-6B When‘rthe aircraft began‘ rolling' right and left late'ral vstick inputs did A

\ not affect the right roll. Control of” the a1rcraft was regalned by actuatmg the AFCS

emergency dlsconnect to remove the AF CS from the control loop The seriousness of the S

any a1rcraft respondlng d1fferently than commanded does not need further explanation as |
to what the outcome may be, but it is hypothe51zed that the recent loss.of an EA-6B may
have been caused by th1s very problem A well developed CAS is needed to el1m1nate
‘a1rcraft attrition caused by AFCS malfunct10ns .

Fly1ng qualltles 1mprovement is a hard case to sell when the a1rcraft has been ﬂylng
thi,s‘vyay.for forty years. A case can be-built for CAS asa ﬂymg‘qualitles improvement ;
proj ect by saying- that the CAS ‘vvilllzreduce the time to train new aviators.i "The EA—6B |
maintains the highest percentage of student d1squa11ﬁcat10n durmg 1mt1a1 carrier
qualiﬁcatlons (Lucas J. B 2000) An attempt to correct thls problem was 1mt1ated by
sending only these pilots that had the best landrng grades durlng the advanced jet trammg‘
lphase to become EA-6B fleet replacement pllOtS However, the dlsquahﬁcation numbersl ‘
E st111 remain hlgh Th13 high d1squa11ﬁcat10n rate has requ1red that 40% of the tralmng a
new EA-6B pilot recelves is focused on landlng the alrplane The carrier qualification -

stage of training where the studenti does nothmg but land the alrpla_ne requlres 2 long :



'mo.nths out of the total of 6 months of training. Addltlonally, if the student dlsquahﬁes at
- the carrier the time to ﬁmsh thls tralmng is normally doubled resultlng in 6 more months :
of tralmng w1th the hope that the extra tralmng w111 prevent the student from |
Ldlsquahfymg a second t1me The author has performed a ﬂylng quahtles evaluatlon and
' .the results are unsatlsfactory for the tralmng and the EW mission. Add1t10nally, the

"1n1t1al developmental test report also c1ted unsatlsfactory ﬂylng quahty results (Luecke M. -

- A.,1971). The CAS wﬂl 1mprove ﬂylng qua11t1es and thereby reduce the t1me and cost to | -

train student Naval Av1ators ‘The emphasis of thlS thesis i is to bu11d a case that a. CAS ’
system is needed to correct ﬂymg quality deﬁclenc1es that produce level I ﬂylng‘
qualities. |
The problemﬁofi limlted:wlng ‘fatig.ue 11fe 1s adirect'result of Congress :not«:'l“
appropriating money for the:development ot‘ a replacernentiplatform. In othet words, the
design fatigue life for an alrplane that yvas”supp’ofsed to be» in seryice for 30 years has )
fulfilled the original ‘desi'gn‘ objective. The result of no replacement airplanefin' '
~ development brings the need of operating this' aircraft for25 years more than the original
.design requirement In an attempt to 'achi\ey;e’ th‘i‘svneyv}‘obj ective, administrative load
. factor 11m1tatlons have been placed on the‘alrplane wh1ch are less than the de51gn load
~ factor 11m1tat10ns The EA-6B FLE problem has become such an 1mportant issue that the
pilots ﬂymg the alrplane are. very cautlous not to exceed the adrnlnlstratlve 11m1ts SO
4 cautlous that in the opinion of the author prlots are not tralmng effectlvely and as a result

© are more susceptlble to the threats wh1ch requlre dynarmc ﬂ1ght maneuvers to defeat.




. The CAS will allow ﬂight control strategies to'be implemented that will allow limiting
the load factor that the pllOt can command. This will allow pilots to tram more

effectlvely and control the problem of FLE at the same time, ’
MISSION OF THE EA76B“A~IR"CRAFT |

The mission of thelF;A-6B aircraft is to‘pro‘vide: airborne tactical EWm support of air
or ground operations with the ‘purpose of 'denying, deérading, or destroying enemy radar
and communicatlons systems However thrs ‘mission descrrptlon does not explam what
the alrplane has to be capable of to be effectlve Itis the author s op1n10n that-the EA-6B

community and the people res_ponsrble for the acqulsltron of weapons systems to‘

‘accomplish this mission have'not taken the airplanes’ capabilities into account when

' ~planmng for the future "The emphasrs has always been on 1mprov1ng the mission systems ‘

' 'of the aircraft, not 1mprov1ng the aircraft. Accomplishlng thrs mission requires the EA-

| | 6B to be well w1th1n range of Surface to A1r Mlss1les (SAMs), and enemy ﬁghter aircraft.
As aresult of these threats the prlot must tram to or actually defend agalnst these threats
This requlres dynam1c maneuverlng, and elevated load factors and angles of attack
Addltronally, the a1rplane is operated in the most demandlng env1ronment that an a1rcraft
can encounter durrng the landmg on an aircraft carrrer The task of landing aboard an‘
, aircraft carrier re"sults_. in p110t workload so hlgh that any prlot compensatlon for poor “
handliné qualities is unacceptable.l" ‘With a reduced capability of ;defendiné agai_nst threats

' or landing the aircraft after the mission, the overall misSion capability of this platform is

‘ reduced. |




CHAPTER 2: REVIEW. OF THE LITERATURE -

| _‘GENERAL |
The invention of d1g1tal data tr‘.ansmlssron‘ across data busses and the 1ncorporat10n of
soph1st1cated hlgh speed computers 1nto avionics archltecture has prov1ded the
o opportumty for new methods of controllln;g‘ a1rcraft However, these dnew methods™ of -
: controlllng a1rcraft are not 1mmune to fa1lure and subsequent redes1gn due to surprlses
| found dunné actual ﬂlght test. As ﬂléht control systems have become more complex the
open-loop aircraft response have been found to be completely d1fferent than the closed
| “ loop system »wh1ch contains the pllot asan operator.. Wlth the poss1b111ty of drfferences ‘
.. between the open loop and pllot m the loop response followmg control law development 'L _ S
» produces nsk wh1ch must be understood As a result of these dlfferences of alrcraft L
, response caused by the p1lot tn the loop, extens1ve studres and vvrltmgs have been ‘ o ‘f:“' .
J completed in the area of Handlmg Qualltres Rat1ngs (HQR) A well developed HQR
_‘ scale is needed to accurately 1dent1fy ﬂylng quallty deﬁ01en01es The HQR ratmg scale .
- that the author is most farmllar w1th and will be dlscussed herem is the Cooper-Harper ) '
rat1n‘g scale. A descnptlon of ‘a CASV ~various control strategres and what mechamzatronli'
may be used to. 1mplement the control strategy will be dlscussed Flnally, a complete -

ﬂlght control descnptlon of the EA- 6B has been developed and contamed in appendlx A

:

to prov1de a startmg po1nt for control system englneers to help w1th developmg a plan for-




a CAS 1mplementatron A portron of the ﬂrght control system descrrptlon w111 be

presented in thrs sectlon to show that the CAS may be 1mplemented by us1ng the SAS

actuators and the serres control system already in place

‘EVOLUTION OF AIRCRAFT AUGMENTATION

Early in the hrstorlcal development of a1rcraft when a desrgn exhibited stability or

control deﬁcren01es attempts were made to correct them by modrfyrng the external shape

.or srze of arrcraft components such. as tarls wrngs and control surfaces or by addrng

control system gadgetry” such as bob-welghts sprrngs and dampers This phllosophy

i _contlnued to the later part of World War II when the technologres needed to augment the |

alrcraft’s basrc dynamrcs were developed sufﬁc1ently to allow.safe, rmplementatlon. As

- ‘an example various forms of the ﬂymg w1ng from Northrop s YB- 49 had : some deﬁcrent

ﬂyrng qualltles which decreased 1ts effectlveness asa bombrng platform One of the

augmentatron dev1ces used in the development of the YB-49 1ncluded fully powered

~ ,1rreversrble control surfaces: However this presented more problems by ellmmatlng the

A

_ feedback to the p110t of the actual surface movement To provrde thls aerodynamrc feel to
.the pllot an art1ﬁ01al feel system was 1ncorporated whrch changed its charactenstrcs with
- arrspeed Th.lS was. accomplrshed by means of a Q bellows system where dynamlc
A pressure expanded or contracted a bellows whrch in turn moved a lever that altered
) command geanng The end result was a. change of control feel to the alrcraft response to »
give the pllot a feel of the changmg a1rspeed (Neal T. P and R E Smlth 1970) ‘The

.'lesson to be leamed here is that the Q bellows system was developed asa result to fix the




' problem that fully powered irreversible control'system presented with respect to pilot

feel This ° gadget” is more compllcated than a bob—welght but just as the Q-bellows

system the bob-werght is usually mcorporated well after. the alrcraft has ﬂown and is :

-primarily used to. change the control feel to correct or 1mprove a deﬁc1ent ﬂymg quahty.‘

These early augmentatron concepts were extended to the development of the Stabrllty

.Augmentatron System (SAS) which is currently the only augmentatlon 1mplemented in
'the EA 6B Early attempts at Jet ﬁghter desrgns, wh1ch explorted the power of the Jet

. engme drsplayed many undesrrable handlmg qualrty charactenstlcs that had to be

: overcome by pllot sklll mlnlmlzatlon of e exposure (i.e. acceleratlng quickly through the .
."transomc regron) or avordance of certaln ﬂ1ght condrtrons (1 e. h1gh angle of attack) The '* '

. inability of the pllot to avord these charactenstrcs sometlmes resulted in the loss of both

the pllot and the’ a1rcraft To 1mprove the arrcraft’s ﬂlght charactenstlcs without

’ 51gn1ﬁcantly alterrng the external shape of the arrcraft powered control surfaces were - " -

employed-to allow the modiﬁcatiOn of the aircraft’s motlons W1thout dependmg entirely

. e P

-on the p110t “This augmentatron requrred the addltlon of sensors to detect a1rcraft motlon

.‘.'

~and the use of these measurements to alter the surface s movement w1thout the pllot’
: perceptlon These systems in the form of p1tch and yaw dampers were the earhest forms -
of the SAS employed on some of the Century series ﬁghters the F- 4, F-5, A-4 and strll in’

T use today in the EA-6B (Hutchmson K. T. 1999)

' The- SAS ultimately proved to be of hmlted ut111ty due to 1ts low authorlty w1th respect o

to the pilot’s commands. This necessrtated the development of h1gher authorrty systems, o




such as CAS, wh1ch not only augmented the ba31c a1rcraft’s stabthty through the use of

feed-backs to the surfaces but augmented the pilot’s 1nputs to 1mprove his ab111ty to
‘ command the aircraft. The CAS was very successful in the F-15, and YF-17; -however; .'

they dld require a complex mechanical system A’natural evolution of this design was to

replace the mechamcal systems with electrlcal hardware This led to the development of
. the Fly-By-W1re (FBW) 1mplementat10n of control systems By replacmg the mechamcal
11nkages w1th electncal s1gnals a reductlon in welght size and complexrty was ach1eved
In addltrong the power of these hlgh authortty control syste‘m(s provrded a large ‘amount of
" ﬂexibility' to "alter‘th'e 'basic characteristics of the aircraft, | o
CONTR()-L’AUGMEI\I:TATl:();Ni PRo.'Iii‘Cr CASE'TsTUDY

This sectton cites several exarnples of h1ghly augmented 'a1rcraft des1gns which

‘expenenced handlmg qualltles deﬁc1enc1es early in the1r ﬂlght test programs The.
author S 1ntent of c1t1ng these examples isto prov1de examples of 1nstances in wh1ch
a1rcraft have exh1b1ted ﬂlght control system de51gn deﬁc1enc1es and hopeﬁ.llly 111ustrate
the fact that handhng quahty problems have not been isolated events nor is their ex1stence

intuitive to des1gners during the developmental phase F hght control desrgn and the

‘ accompanyrng handhng charactensucs are fairly mundane top1cs, and it is often h1gh

‘ performance and state-of the-art avionics breakthroughs that sell alrcraft For the purpose.

B - of this dlscusswn the followmg examples have shown that most new desrgns have

experienced 1nc1dents or acc1dent‘s caused by unforeseen deﬁmencles in the closed loop‘

: design.f These examples were _chosenvrandomly-to emphalee the risk that is associated




. with modifying the EA-6B’s control 's'ystem characteristics to achieve a change inthe

resultant aircraft closed ,loop dynamics. -

" EFFECT OF TIME DELAY
Time delay between a pilot input and the ai'rcraft response is a very insidious

characterlstlc that can be disastrous ThlS character1st1c is insidious.due the small amount

of time delay that is requ1red to produce adverse handling qua11t1es Time delays as small a

- as 100 milliseconds have resulted in PIOs-durmg high gain tasks such as 1n-ﬂ1‘ght-

refuelmg and carrier landmgs (Trschler M B 1990). Time delays are not only found in

¥ ‘augmented or FBW systems they may also be found in purely mechanlcal systems where ‘

actuator response is sluggish. Addltlonally, effects of time delay can b‘e pilot dependent
due to the techmque (i.e. aggressweness) used dunng the task |
The YF 17 was' Northrop ] entry into the Umted States Alr F orce (USAF) llght welght

o .ﬁghter competition 1n the early 1970’s The YF 17 pltch control system cons1sted of a.

; ‘mechanical connectlon between the st1ck and the horrzontal tail actuator In addition to
the mechanical lmkage a CAS actuator was also used to auément the alrcraft’s response
| by commanding an electncal s1gnal to. the honzontal tall ThlS CAS actuator had a
limited-authority when compared to the authority of the control stlck _An electncal ”
measurement of the pitch stick posrtlon was used to augment the feedback commands
and these combmed electncal' s1gnals were sent to the CAS actuators. The :open*-loo,pV |

response to a step input‘as shown below in figure 1'would indicate that this arrangement

.. would be sufﬁcient.
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Figure 1: YF 17 Open Loop Pitch Rate Response

Source: Hutchinson, K. T., Augmented Aircraft Handling Qualltles, Buffalo New York,

 Flight Research Group, Vendlan Engineering, 1999.

However, by examination.of figure 2 it can seen that the closed loop response was much -

different and continued to get worse as the aircraft proceeded closer to the ground during

. landing, This arrangement required the addition of preﬁlters into the pilot"s command
path in order to modlfy the a1rcraft’s resultant response. The preﬁlter used in'the YF-17
produced an excessive time delay 0of 200 mllhseconds between a step input and the pitch

‘rate response Prior to the first ﬂight this configuration was evaluated during approaches

and landings in the USAF NT-33A 1n-ﬂ1ght simulator. Cooper-Harper ratings of 9 and
10 (10 being uncontrollable) were obtamed and Pllot-Induced Osc1llat10ns (PIO) were

experienced by all pilots F ollowmg this event the preﬁlter was removed and replaced

11
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Figure 2: YF 17 Closed Loop Pitch Rate Response
Source: Hutchmson K. T. (1999) Augmented Aircraft ‘Handling Quahtles Buffalo New
- York, Flight Research Group, Vendlan Engineering.
with another lesscomple)i ﬁlter. As e result the time delay was significantly reducerl and
Cooper-Harper pilot ratings vi/ere reciucec_l to 2 '

Similarly, the F/A—l 8 wasa derivative of tiie original YF-17 aircraft, and developed in
response to the U.S. NaV)‘/’s I;iaval Advanced Combat Fighter (NACF) requirement. This -
aircraft was a joint development effortit)y McAir and Northrop. As part of the
development concept it was deoided to incorporate' ﬂy'-'by i)vire technology, nnd to further
push this~ technoloéy to includev the use ofa digital prooessor,- rather than an analog
computer, as was used in the YF-16. At this time, experience with digital FBW systems
wais limited, and the F/A-18 development iaid the ground work for subsequent digital

systems. However, early versions of the F/A_v-18'were plagued with ﬂying quatlity

\ problems during high gain tasks such as in-ﬂight refueling and carrier landings whicn |




were a d1rect result of time delay The contrlbutmg factor that led to the time delays were

- agam caused by pre-ﬁlters in the control st1ck command path (Hutchmson K T. 1999)

' Fmally, the space shuttle ﬂlght control system was; developed usmg a ) time hlstory
liboundary that placed an. upper and lower 11m1t on'the. vehlcles p1tch rate response This
' _Acntenon allowed considerable tlme delay (200 mllhseconds) in pltch rate response whlch
. was employed to satrsfy a prtch overshoot requrrement spelled out in the ﬂymg quahty
spec1ﬁcat10n Thrs isa prlme example of des1gn engmeers not understandlng‘ the
fundamentals of the closed loop response Th1s trme delay contrlbuted to the Pllot ' . ‘

' Induced Oscrllatlon (PIO) that occurred on the 5‘h ﬂlght wh1ch nearly resulted in the loss - _ ‘

- of the prototype (Hutchlnson K T 1999)
- EFFEcr OF RATE LIMiTlNG |
| When a control actuator is ‘commanded_ to move.,\faster thanlit is capable of moving,

that component 1s said to be-movlng at 1tsrate limit. ‘-A'u‘g_mented aircraft are more
,vulnerable to rate llmiting problems“due to the fact that .tlhe' surt‘aces are‘ be‘ing:driv‘en
)h'arder. 'l“hey a‘re‘no longer being commanded by the pilot alone, but are alzsmo~ belng.

commanded by feed-bicks and FCCs ' | |

The J AS-39 Grrppen is the latest Swedlsh ﬁghter developed by Saab Scama Alrcraft

Company Th1s alrcraft isa delta w1nged alrcraft w1th a closely coupled canard. The

‘ development of the ﬂlght control system occurred exclusrvely during ground simulation.
3 As a result,' the control of the res’ultmg system used for earlya flights requlred conslderable

-pilot'compensation. Several problems existed with the first flight version of the control -

13



laws, and including, the use of low‘rate limits in the pilot’s command path to prevent'the

pilot from demanding more rate than't,he feed-backs required; considerable lateral motion

resulting from lateral gusts, an excessively high augmented roll mode time constant and

short period responses and the‘locking out of pilot commands in one axis when the other.
axis demanded a control surface rate exceedmg the capab111ty of the actuators. The last

feature was the major contnbutmg factor to an accident that destroyed the first prototype, .

. as shown below in figure 3. As a result of arate limited surface dunngthesmth ﬂlght the

pilot’s lateral control was cut out and_‘-resulted in loss of roll control and subsequent outof
control flight into the terraln
Addltlonally, the YF 22 was destroyed durlng the' later stages of the

demonstratlon/vahdatlon ﬂrght test program due to a comblnatlon of rate 11m1t and p1tch

‘ command gam bemg abruptly changed w1th the movement of the landlng gear The

mmdent began when the pllot retracted the landmg gear wh1ch mcreased the stlck

sens1t1v1ty and actrvated the thrust vectonng Durmg this occurrence close to the ground

the honzontal ta11 surfaces began to move at thelr rate 11m1t The occurrence of the rate

limiting and the‘large increase in pitch command 'sensitivity caused by the gain ch‘an'ge ‘

and thrust vectormg comblned to cause the pllot to couple w1th the motlons of the alrcraft '

and perpetuate the rate 11m1t1ng of the control surfaces as shown below in ﬁgure 4. The

o pllot 1nterpreted the resultmg osclllatlons as a failure of the ﬂlght control system and

elected to let the arrcraft to pancake onto the runway (Hutchlnson 1999)




Flgure 3 T1me Hlstory of the Loss of Control of the Grlppen

- Source: Hutchmson K T, Augmented Axrcraft Handhng Quahtles Buffalo New York ‘
thht Reseaxch Group, Ver1d1an Englneerlng, (1 999)
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Flgure 4 Tlme Hlstory of YF-22 Loss of Control Event

Source: Hutchmson K T Augmented A1rcraft Handlmg Quahtles Buffalo New York,
. F11ght Research Group, Verldlan Engineering (1999)
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CONTROL AUGMENTATION S'YSTEM‘ ,
The Control Augmentatlon System was the natural follow-on to the Stab111ty

Augmentatlon System (SAS) durrng the development of augmented ﬂ1ght control

systems The main reason for the development of the CAS was due to the development y o

. of less stable (i.e. more maneuverable) alrcraft where the augmented system requlred
more authorlty to produce the de31red aircraft dynam1cs The EA- 6B has : a large stabrhty
‘ margln and is maneuverable however not nearly as mmble asa current day ﬁghter SO

why 1mplement a CAS in the EA-6B‘7

o

e R

- ; ':‘? F 1gure 5 Stabrhty Augmentatlon System Block Dlagram ‘_;

N _Source Hoh R. H and Mltchell D G, A Functronal Requ1rement for the F lrght Control
* System, Brlstol Pennsylvama, Taylor and Francls Inc (1996) . g :

o To answer this questron the s1mp11ﬁed control system block dragrams of a SAS and a

o VCAS and the output due to pllot input transfer functhIlS may be comp ared Frgure >

‘ ‘represents a s1mp11ﬁed SAS block dlagram Where C is the closed loop response of the
o a1rcraft Fs represents the pllot’s mput D 1s an extemal dlsturbance to the a1rcraft K

. ‘"represents the feed back gam G1 represents any stlck gearrng and dynarmcs G2 o




:represents the dynamrcs of the mamv power actuator control surface and aircraft, and G;
represents a combmatlon of any feedback compensat1on The feed back gain (K) can be
fixed as in simple dampers or can vary vinth ﬂight condltions such asa Q- Bellows system
as described earher The characterisuc of thls block dlagram the author would 11ke to
bring attention to is the out.putlvduelto pilot 1nput transfer function as shown l)elow in

equation (1): |

C GiG:2

= Equation 1)
Fs ‘_l-l-KGst (Bquat )

Figure 6: Control Augmentation System Block Diagram |

" Source: Hoh R. H and Mltchell D. G., A Functional Requirement for the F hght Control
System, antol Pennsylvama, Taylor and Francis Inc, (1996)

If the value of gain K were increased, the transfer ﬁinction would 'decr‘ease, iyh_ich means
- i:he system would respond less to the pilot’s inputs as the gain is increased. "The CAS Acan
" be relpresent'ed~ by the block diagram as shown below inuﬁgure 6. In this figure, C is the
closed loop response, D is the enternal disturbance, Krepresents the error feedback gain,

G repreésents the stick gearing and dynamics as well as any feedforiivard dynamic
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P

» compensatron G, represents the 'actuator surface and a1rcraft dynamrcs addltlonal |
A_vcompensatlon (ie. lead/lag ﬁlters) necessary for the error srgnal and G3 represents the
:'combmatron of the sensor dynamrcs The output due to pllot input transfer functlon is
shoWn below rne_quatwn 2 SRR IR l
. ‘r* 1 +‘1‘<G'zc;3
: ‘Agam mcreasmg the value of K | now results in the transfer funct1on approachmg a value :
sof Gl/G3, not zero. The result 1s a maskrng of the afrcraft’s dynamrcs SO the resultmg
v ‘response looks more hke the comblnatron of the control system charactenstlcs The

- advantage of the CAS over the SAS 1s that the error feedback gams must be kept small in .

T the SAS system or- the pllot’s command authonty will be reduced Whrle CAS gams can

' be mcreased to des1red levels The fact that the feedback galns must be kept small in the
- SAS is obv1ous when exammmg the EA-6B ﬂrght control system In the longltudmal ‘ ‘j, | .- :
: control axis alone there are four bob-werghts at varlous locatlons three feel sprlng
mechanisms- and an eddy eurrent darnper.:, It 1s the;author E op1n1on that dunng the
- design of this- alrplane a control system englneer couldl not have known aheadlof trme l
. that all these gadgets” would be needed and therefore they were 1mplemented due to
reports of less than des1rable handlmg qualrtres These “gadgets” help to change the
control feel whrch then causes the prlot to shape the control 1nput but the handhng

‘,‘.

. quahtles that brought these “gadgets” 1nto the control system are st111 there Just less

notrceable (T1sch1er M. B, 1990)

o (Equationr2) o h



(CONTROL LAW STRATEGIES
There are many contro‘l strategies utilized on‘aircraft equipped vvith a CAS. S‘ome o
long1tud1na1 examples include Angle of Attack (AOA) command rate command attitude
command and “g” command or load factor command In general these’ systems use a
combination of feed-backs and control law”me,chamzatlon to a,chleveﬂthe de31red -‘dynla,mic
- :characteristics S .
Control law strategles each have thelr advantages and dlsadvantages For example the
" F/A—18 isa “g”‘command system in the cruise conﬁguratlon (CR) A characteristic of |
this system is‘an auto'tnm system where changes m a1rspeed result in no change in pitch
tnm (i.e. Zero stick pos1t10n’corresp‘onds to l g). An obvious advantage of th1s system is
e " '.that the pllot can begin an acceleratlon to supersomc speeds to effect an air to air intercept
w1thout g1v1ng any attentlon to tnmmrng the alrcraft This will allow the pllot to have
more spare capaclty to perform other tasks such as armmg weapons and vvorkmg the
liradar An'obvious dlsadvantage to this type of control strategy is that the airspeed is free
to wander without producmg any -cues to the pllot In the F/A-18 th1s problem is -
‘:.compounded by. the fact that the cockplt is extremely qulet Because of thlS negatxve
. charactenstlc of apparent neutral longltudlnal stablhty the F/A-18 has control log1c that ‘
-results i in an apparent positive longltudlnal static stability gradlent above 12 degrees
L AOA ThlS charactenstlc prevents a stall from occurnng if the pllot was distracted and

‘the a1rcraft was allowed to contmue to decelerate The basrc control strategles chosen by ‘




* the author to be irnplemented in the EA-6B will be discussed in chapt'er 5 and will be

‘implemented through the ‘_use of feedback and proportional plus 'rntegral control..

FEED-BACK CONTROL |
| Feed-back control modifies the‘a'irc‘raft dynamics through the measurernents of- th“e‘
aircraft's rnotion. Usmg these mea“surernents,;. comrnands ‘to lthe actuator are deternrined -
which .then'di'r-ects the control' surface to move appropriately to augrnent ‘the rréSUItant' ‘
métion. The origina-liaircraft dynam1cs described by. 1ts "frequencsf, darnping' ratio, or
time constant can be changed to new values by‘feedmg back an approprlate alrcraft

| 'response through a gam to the control surface F or example AOA feed-back can be used

\ "_ to stablllze an unstable alrcraft by feedlng AOA back to the elevator or horlzontal

stablhzer (Neal T. P. and R. E Smlth 1970) In the case of the EA 6B w1th the engine

| thrust line below the center of gravrty, changes in power result in pltch attltude changes

| which ultrmately correspond to changes 1n AOA and an apparent longltudmal instability.

" Using feed-back control can generate better HQR’s by usmg AOA feed back to help with

. mal_ntalmng a desired A_OA.

PROPORTIONAL PLUS INTEGRAL CONTROL

The use of a proportlonal plus 1ntegral control is commonly used to force the a1rcraft’
-~ response to follow and marntam a speclﬁc level of response to aninput. To better

understand the effect of the proport10na1 plus 1ntegral control the output of the 1ntegra1
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Figure 7: Block Diagram, Input, and Resulting Output of an Integral Control System

Source: Hutchinson, K. T. (1999), Augmented Aircraft Handling Qualities, Buffalo New
York, Flight Research Group, Veridian Engineering. _ .

function is shown below in figure 7. First, it is shown from the output that if the area of
input “b” is not equal and opposite to the input “a”, theri a steady output from the
integrator will result. Second, the slopes of the output will be equal to the value of the

integrator gain (K) times the input magnitude.

Flgure 8: Block Diagram, Input, and Resulting Output of a Proportlonal Plus Integral
Control System : ‘

Source: Hutchinson, K. T. (1999), Augmented Aircraft Handling Qualities, Buffalo New
York, Flight Research Group, Veridian Engineering.
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. "COMMAND -

o F1gure 8 represents the effect of addmg a proportlonal path in parallel wrth the mtegrator :
. shown below G1ven the same type of 1nput 1t lS shown that, as long as the 1nput 1s

' applled the output cons1sts of an output 1mmed1ately proportlonal to the input magmtude

and isa result of the proportlonal geanng Over t1me the output ramps up ata rate ‘

' ’ _proport1onal to the gam used by the 1ntegral path Thls proportlonal plus 1ntegra1 control: C
. 'arrangement is useful in the 1mplementat1on of control systems where the des1gner wants,{“ t
. the vehlcle 1o follow the mput to the system w1th no steady state error | For e;(ample 1f o
© - the prlot commands a load factor of 2 1n a load factor command system the result wrll
o cause the aircraft to move ,tao.the_:loa‘d factor of 2, and remain at that leyel and wrll not h,e'
affected by e'x'ter'nal‘ dlsturbances Flgure 9‘Vbe)_lo_w, represents a b‘lock 'dlagrarn of a s S

- proportional plus integral controller.lf}'—‘i';"" S

Pl S

Sy

—3 AIRCRAFT -

- j.,F'EE’DBAcK‘ ‘SI‘GNAL‘

F1gure 9: Proportlonal Plus Integral Control System

i Source Hoh R H and Mltchell D G (1996) A Functional Requlrement for the thht

Control System Brlstol Pennsylvama, Taylor and Francis Inc."

- The error quant1ty “e” isthe value that'results when the feedback ,signal is subtracted
'- from the prlot mput If thrs signal were normal acceleration, the closed loop system

C would result in an a1rcraft that would appear to the pllot to respond witha steady normal :



acceleration for a constant value input. When the input is removed the load factor

becomes 1 and rernains constant. .
| HANbL'INC QUALITIES
“Dunng flight proﬁles ‘where Zero. mdlcated alrspeed resulted, a very Ob_] ectlonable
and unpredrctable arrcraft response in p1tch and roll frequently occurred and normal
uacceleratlons vaned between 4 and negatlve 3 The loss of EA-6B BuNo 156480
. prevented completlon of the Navy s evaluatlon of the post stall gyratlon and spm |
»4 ‘ characterlstlcs testmg” (Luecke M A 1971) Is thls a ﬂymg quahty deﬁclency? Not in .
.- the EA-6B. The above ﬂlght characterlstlc is expected followmg a, maneuver that results
in an 1nd1catlon of zero alrspeed What about in the V22 Osprey" Absolutely thls isa.
handllng quahty deﬁclency in the V-22 Zero a1rspeed maneuvers are the fundamental
flight charactenstlc that the arrplane was de31gned to perform In other words handhng
quahty ratmgs can only be assrgned to a task if there isa task that is requlred for the
2 "i K alrcraft to accomphsh the mlssmn 1t was des1gned for |
A task may be as s1mple as holdln;g a headmg or as complex as the entlre approach and
‘ landlng phase of ﬂlght Even a spemﬁc task can vary by the amount of precls1on
;' requlred For example on Combat Alr Patrol (CAP) it is only necessary tohold a general
headlng, but on short ﬁnal of an 1nstrument approach very tlght headlng control is-

requlred Tasks are descrlbed as “hlgh gam when great pre01s1on is requlred as 1s durlng

a ,J,acarner»approach andlandmg.,,. S




A handlrng kquahty evaluatlon deals strrctly with the closed loop characterrstrc (i.e.
Prlot-m-the-Loop) Open loop charactenstrcs should be observed and commented on
' during the evaluation to gam more 1nformat10n about the aircraft response. Addltronally,
" the open loop charactenstlc may help understand why the prlot was do1ng what he/she
was to compensate for the alrcraft response The characterrstlc responses of an a1rcraft
(dynamic modes of motlon) are only one varlable ln the loop. Control feel characteristics _ |

‘and pilot te'chnique are also very important. The‘control system "characterlstics such as

o movement forces frrctlon and free-play, have an 0bv1ous effect on the pilot’s op1n1on of |
| . the ﬂyrng qualrtres (U SNTPS thht Test Manual 103 1997) Less obv1ous is the effect
- of varlatlons in the evaluat1on prlot s aggressweness Indlvrdual prlot smoothness and
aggress1veness may also affect overall handhné qual1t1es ratmgs In. studres of hlghly
' ‘augmented control systems 1t was found that pllot ratlngs varled over a large range =
y dependmg on how aggresswely the task was ﬂown It is 1mportant to evaluate the arrcraft '
T usmg 1nputs representat1ve of those that are. requlred to perform the mrss1on A pilot with
" recent experlence in the partlcular mlss1on '1s'usually the best Judge of ,what those 1nputs (
should be (Cooper G E. and Harper R P. 1969) | ’
When evaluatlng alrcraft handhng quahtres, two key factors must be cons1dered
performance and workload. Performance is the precrsmn of arrcraft control _attarned by.
-:A'the p_ilot. Workload ls the amount"of effort and attention, both phySical and mental,ithe
pilotmust:provide to attaln _that level-of perf_(')rmance. Pilot compensatlon is the measure, '

of increasedwarkload a pilot must supply to maintain a level of perforrnance due to less o




favorable or deficient handling qualities. The total workload is the sum of workload due

to compensation and workload due to the task (Cooper, G.E. and Harper, R.P 1969).

The Cooper-Harper rating scale shown below in figure 10 requires the pilot to answer the

yes-no questions on the left side of the scale, working from the bottom up.

HANDLING QUALITIES RATING SCALE

PILOT R

ADEQUACY FOR SELECTED T4RK OR ARCRAFT N DEMANDS ON THE PILOT
RCOWRED OPERATIONY . cwmwmce IN SELECTED TASK OR AEQUIRED OPERATION® RATING
G-collonv Pitnt compantation nat & factae foe
Highty dessrable dosired performence
Good - . Rilel conpeasation not 8 lactof for
Qgrgidis s PETTOIMANCS .
Fair — Same muaw Minimal pilot COMPENsation required K¢
unplaasent deficiencies detired perdormance
T Minoe but aanaying Desired oertormance noutres modenw o
deteiencles ” ot compensstion .
3 DGL‘?QW Modetately cbjectioncbla Adoquale performance requires e -

Ww""“ aglicioncies c bie pliot comp
Very chjsclionadde but AJeqQuate perlormance requires extensive G
tolarable deficiencies pilot comparnantion

. ADBQUEIR PErfOrmance N anainable win

Major genciencies i et abio pilot Lo

Deficl ControtalAily ot n question

m:;:g:;‘m Major deficienclas m prital mmoemaloon s fcq.med

Intense pilot compensation s required 10
Major del retem controt
C I imorovement : Conteod will b 1081 das g acrre peirtwon of
1 controngcie? [ mamdatery Major deticrdncue required operaion @

L Pruist dacisions I

Coopertacser sl NARA THD-S1KY

L] o 5 or

» Figure 10: Cooper-HaIpef Handling Qualities Rating Scale

‘Source Cooper G.E. and Harper, R.P, Use of Pilot Ratlng in the Evaluation of Aircraft
Handling Qualities, NASA Technical Note D-5153, Moffett Field, Cahfomla, Ames

' Research Center, 1969 .
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Hock To .Itnmp ('I 1R}

Flgure 1 1: A1rcraft Hook to Eye (H/E) Value »

" Source: “Alrcraft Recovery Bulletm No lO lOD For All Arrest1ng Gear and Opt1cal o
‘ Landing Systems”, Patuxent River, Maryland, Naval Air Systems Command e

E Headquarters 18 Nov 1997 (NAVAIRWARCENACDIVLKE—4 8.10. 4B)
To answer these questlons effectrvely, a set of task tolerances must be agreed upon. For :
: -examnle landing an‘alrplane‘ on an alrcraft carrler redurres very nremse angle of attack
control for the followrng reason; The anproach angle of attack corresponds to.the correct
‘ hook—to -eye d1stance between the a1rcraft ta11hook and the pilot’s eye as shown below 1n .
ﬁgure 11. Thrs allows the p1lot to fly the glldeslope that is intended to ﬂy The .
dlfference of one degree angle of attack in the EA-6B can change actual hook touch down 3
point by : as much as 40 feet (1 e. 1 deg.nose down = landrng 40 feet long and vice versa)
So the task of AOA maintenance-may ha\;e tolerances of +/- l/z degree desired and f/— 1

degree as adequate due to the arresting gear cables being separated by 40 feet. = -

26




, After performmg the task the test prlot will use the Cooper-Harper ratlng scale to

~ answer the questions on the left side of the scale workmg from the bottom up. Thrs will
‘lead toa general category ofﬂhandhng quahtres If the task tolerances were developed

: with realrstrc and mrss1on representatrve values the results of the test should lead the test

, pilot to the handling quality rating category without“qu'estion. The test p1lot must then

decide on the f'mal numerical ratlné us1ng the three descrlptions. The area of a handling -

" quahty evaluatron that is open to prlot oprmon is between deﬁcrencles that warrant

1mprovement (HQRs’ 4 5 or 6) and those that requrre 1mprovement (HQRs’ 7,8, 0r9).

For example the test pllot may be able to perform atask within adequate tolerance levels
‘ however, he/she may dec1de that the workload to obtain this’ perfo.rmance is not tolerable.

N :This example would put the handling duality ‘d'eﬁciency into the :category that requires

' vice warrants improvement.
" DESCRIPTION OF THE EA-6B FLIGHT CONTROL SYSTEM
." GENERAL

: A complete ‘description of the EA-6B’s ﬂight c'ontrol system is needed and was

) developed by the author to determine the capabrhtles and restrrctrons that the current
flight control system w1ll place on the CAS 1mplementatron The main emphasrs of the
followmg control system descrrptron is to show that the current ﬂ1ght control system
conﬁguratlon will read1ly allow the 1mplementat10n of a CAS without major modification
of the current ﬂrght control system The EA-6B flight control system wrll allow the
1mplementat10n ofa CAS through the series path of control to control ﬂlght control

surface movement. The series control system allows manual flight control 1nput_s to be
27 ‘



Filatinputs

SF%H . ““ ‘ , - "V- ‘ . - ‘ N
.o Sping e . C e RN S e
, : E‘ ?0%___%:: Surface movement
o . Pnat . Main (Power) g d.e to stick mput
: Poant Lo Actuator )

. SASacmatar

Frgure 12 Prlot Inputs ina Senes Control System

A Source Organizatlonal Mamtenance Manual Pnnmples of Operatlon Automatic Flight
* Control System AN/ASW-41 NAVAIR 01 85ADC-2-27.1.1, Change 5,15 February
1995 . ' .

- made by the pllot and mputs to be made by the stab111ty augmentatlon actuator as seen
: ‘below in figure 12; By examrmng the ﬁgure 1t is shown that when the prlot moves the
control stick, these movements are transferred to the valve of the main actuator by
A . pivoting the walkmg beam about the SAS actuator attach pomt Addrtlonally, this control
' ‘system- arrangement allows the stabrhty augmentatlon actuator to make 1nputs that are,
' commanded by the flight control computer through control laws to shape the resultrng :

' a1rcraft motron Frgure 13 111ustrates the effect when the stab111ty augmentatlon actuator

BN commanded by the FCC
C Pr ‘-'\APwol
? A _Pomt
@ 3 L___J&, Surfaoe movement
—. Main (Power) duetu 8AS anut .
e SASrpms o Actustor .- ‘ <
SAS acnator T

Frgure 13 SAS Actuator Inputs 1n a Senes Control System B

Source Organrzatlonal Marntenance Manual Pnncrples of Operatlon Automatlc Flrght .
- _Control System AN/ASW-41 NAVAIR 01- 85ADC-2 27.1.1, Change 35, 15 February
-1995. ST
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In rthis situation‘the Walking bearri,now pivots about- the pilot’s attach noint; these g

- movements are transferred to the valve of the main actuator to move the’ control surface )

but not the control stlck Thls isa s1mp11f1ed exarnple however the followmg part1a1
| ﬂight control description' shows that the EA—6B?s c‘urrent ﬂlght control system contalns ajv L
, s'ériés path in all axes which will allow the impier’nent'ation"of the cAs:‘. S
| The EA—6B deplcted in ﬁgure 14 1s a four-place twrn—engme \all weather, electronlc
N warfare a1rplane manufactured by Northrop Grumman Aerospace Corporatlon whrch |
1ncorporates a hydraullcally powered 1rrever51ble ﬂrght control system.

s » l’ Rudder . =
N [ / /WingTip

Horizontal '

Flaperons ‘

Nose wheel /

Flaps

Figure 14: EA-6B AIRPLANE

Source  EA-GB NATOPS thht Manual NAVAIR 01 85ADC 1, Interlm change No 72,
dated 15 July 1997 :



- The prlmary ﬂrght control surfaces also deplcted in figure 14, consrst ofa horrzontal
‘stablllzer rudder and upper wing surface spoilers (flaperons). Cockp1t controls and .

drsplays are presented in figures B- 1 and B- 2 A conventional center stick and rudder

| pedals are linked d1rect1y to the respectlve ‘control surface actuators by a system of push- _

' rods, linkages and bell- cranks to prov1de pitch, roll and yaw control. The stab1l1zer o

. actuator the ﬂaperon auto-pllot actuator and the rudder actuator con51st of electro- :
hydrauhc tandem power. control cyllnders whrch direct control surface movement m

’ response to mechamcal commands from the pllot or the stab111ty augmentatlon system -
Control deﬂectlon characterrstlcs are shown in table C-1. Electncal commands from the - )

Automatlc Flight Control System (AFCS) ora combination of electncal AF CS

P commands and mechamcal prlot 1nputs may | be used to command the arrcraft’s ﬂrght

_ ~ control surfaces Electrrcal ﬂrght control system requ1rements are shown i in table C-2.
_The lateral control system also 1ncludes four mechanical tandem type ﬂaperon hydrauhc N
actuators (two in each w1ng) which | recerve mechamcal-only lateral 1nputs through the
ﬂaperon auto-pilot actuator and cb‘rrirhand the appropriate flaperon deflection. Control .
stlck and rudder pedal mputs posrtlon an 1nput slide valve on the respectlve actuator to
command the assoc1ated control surface deflection, and a proportlonal follow-up linkage
" holds the control surface fixed relatlve to the pilot’s control deﬂectlon “Each control
‘surface actuator is powered by 3000 psi hydrauhc pressure from two 1ndependent i
systems, the ﬂlght and the combined primary systems " A-more complete descnptlon of
the EA-6B hydrauhc system is presented in appendlx E. In add1t10n extended rudder
throw and stablllzer travel are prov1ded for takeoff landing and spin recovery whenever .

- the flaps are extended or the ASSIST SPIN RECOV sw1tch is actuated (EA—6B NATOPS o

L Flrght Manual, 1997)




- ARTIFICIALFEEL

Art1ﬁc1al feel is prov1ded in all three axes through the use of mechanrcal devrces The .

‘ 10ng1tud1na1 system 1ncorporates a double-actmg bungee (two-gradrent feel sprmg) a g- ‘

- sensmg posmve bob-welght p1tch-acceleratron-sensmg positive and two negatlve bob- | A‘

. werghts and’ a leaf spring and eddy-current damper Control feel in the lateral axis is.

B prov1ded bya double-actlng bungee and an eddy—current damper A cam and roller
, devrce loaded by two extensron sprmgs prov1des the artrﬁcral feel in the d1rect10na1 axis. .
‘A Fllght control system schematrcs for each axis are presented in ﬁgures B-3 through B-5

'(EA -6B NATOPS thht Manual 1997) , N
- WW
- The automatlc Flrght Control System (AFCS) is an electromechamcal system desrgned '
. to prov1de automatrc control and darnprng about the alrplane s p1tch roll and yaw axes.
- The AFCS 1ncorporates electromechamcal error sensrng,— couphng, and amphfymg stages |
to prov1de two-ax1s stab111ty-augmentatlon (pltch and yaw) three-axrs attltude control and

, automatic ﬂlght-path control The AF CS con51sts of an AF CS servo system and the -
arrplane ﬂrght control system and is desrgned to prov1de electrohydraullc and mechamcal . ' |
- couplmg to deﬂect each control surface The AFCS servo system is desrgned to provide .
’ 'electromechamcal hydrauhc power ampllﬁcatlon of shaped error or correctron signals for
o each a1rp1ane'control axis. Each axis ﬂrght control system (l e. hydrauhc power actuator :
and control lmkage) is proportronally dnven by the output of the respectlve AF CS servo

srgnals or through lrnkages from the pllot’s manual inputs. The AFCS operatmg modes
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‘ are manually selected via the auto-pllot controller, depicte'd'in ~ﬁgure B-1, and provide :

varymg degrees of arrplane control

Manual mode (Auto-mlot SW1tch OFF) No stablhty augmentatlon is provrded and

- pllot control drsplacements are the only 1nputs to the control surface actuators to

a Acommand surface deﬂectlon

A Stabrhtv-Augmentatron ( STAB AUG) mode Desrgned to automatlcally damp out p

oscrllat1ons in the prtch and yaw axes and provrde tum coordlnatron by posrtromng the .

stablllzer and rudder proportronately to alrplane prtch roll and yaw rates.

Auto-mlot ( AUTO) mode The basrc hands off operatmg mode of the AF CS

| ,desrgned to prov1de attltude hold (prtch bank and headrng hold) alt1tude hold Mach i
N hold and the capablhty to’ couple the AF CS to Automatlc Camer Landrng System N
I‘ (ACLS) p1tch and roll commands through the AN/ASW-25 data llnk The control
| » strck 1ncorporates auto-pllot drsengage sw1tches in the column that cause the AFCS to .
e Tevert to the STAB AUG mode whenever the st1ck is grasped When the st1ck is’ :
R released the AUTO mode resumes operatlon |
| An AF CS and an AFCS / AIR DATA CMPTR 01rcu1t breaker are located on the aft
' mam c1rcu1t breaker panel and can secure electncal power to the Arr Nav1gat10n o
‘ Computer (ANC) Stablhzer Trrm Actuator Lateral and Normal Accelerometer -
: transmltters A1r Data Computer (ADC), and Auto-ptlot controller In addrtron the .‘ .
yellow and black barber poled AF CS emergency drsconnect swrtch located ona Junctlon

box 1mmed1ately below and to the nght of the control st1ck grip (ﬁgure B 1) d1sconnects '



electrical power from all AFCS circuits when momentarily actuated. AFCS emergency
disconnect switch actuation also returns all switches and pu"shbuttons on the auto-pilot
control panel to the OFF position (NAVAIR 01-85ADC-'2-14, Change 3, 1 December

1990).

HORIZONTAL STABILIZER ACTUATOR

The horizontal stébilizer aclcuétor, located;t the.tof) qénter of the fuselég‘e near the
stabilizef leading edge, conéists ofa i)ov&;er valve shuttle, two tandem-mounted power
pistons, an electrohydraﬁlic servo valve, a parallel-mode solenoid valve and a series-
mode solenoici valve as depicted in figure 15.

Combined System __ | <4— Return

Hvdraulic P : .
Electrohydraulic varanie Precre Po\g}elr t\t,lzlve
Servo Valve ~ u
Series Mode Actuati
" Solenoid Valve ‘ C;ﬁi?;l;i
Parallel Mode —"]
Solenoid Valve
Return—> .
Flight System A
Hydraulie - Actuatin
4+—"Y 24
Piston

Figure 15: STABILIZER ACTUATOR

Source: Organizational Maintenance Manual, Stabilizer Control System, Description and
Principles of Operation, NAVAIR 01-85ADC-2-4, Change 14, 1 April 1996.
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" The horizontal stabilizer actuator is unique in reference to thé primary :ﬂight control.
actuators in that it has provisioris for a manual mode, a parallel and a series mode of

operatlon assoclated ‘with the AF CS

| 1. Manual mode of oneratlon ( AF CS OFJ De81gned such that p110t mputs alone
| : control the power valve shuttle wh1ch d1rects pressure to the actuator prstons The
‘ 4 hydrauhc pressure moves the plstons and the stabrhzer to which they are .
mechamcally lmked For constant-velocrty stick mputs the stabilizer is de81gned
| to move at a constant‘ speed. When the st1ck mput stops, the power valye shuttle'
A' returns to neutral and the stablhzer movement stops | | “

2. Senes mode of operatlon ( STAB AUG or AUTO enga,qed) Input 51gnals from

fthe AFCS are desrgned to be used mdependently or combmed w1th manual pllot

| mputs to control stablhzer movement The STAB AUG and AUTO modes :
automatlcally damp osclllatrons about the p1tch axis- by programmmg stablhzer
‘deﬂectlons proportlonately m response to p1tch rates. This programmed o

" movement of the control surface is not transmltted to the control stick. The :
series;mode solenoid r/alve is energized from the AFCS auto-pllot controtler‘,“,
porting ﬂiéht hydraulic_,:sys\te‘r:n pre'ssure to:the electrohydraulic ‘s,ervo \'I'aTve. ‘The
servo valve dtrects movement of the power valve shuttle which p:roducesa "

: correspondlng stablhzer deﬂectlon relatlve to DC electncal 51gnals from the |
AFCS amphﬁer ot manual longltudmal stlck mputs When operatmg. in the series

mode,‘..control surface drsplacement is not reflected atthe control stlck. In manuali
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and stabrhty-augmentanon (STAB AUG) ﬂlght modes the control stick applres a.-
- ‘mechamcal 1nput to the stablhzer hydraulic actuator’s 1nput slide valve to generate
‘ control surface movement The control surface deﬂectlon is held in a fixed |
relatlonsh1p to the p1lot’s control deﬂectlon by a proportlonal follow—up lmkage -
Two hydrauhc check valves located at both the combmed and ﬂrght hydrauhc
: ‘system pressure ports on the stab1lrzer actuator permlt free ﬂow to the actuator but. _:
, prevent back-ﬂow _ | |

| | , ) Parallel mode of operat1on jACLS engaged) Des1gned such that mput s1gnals

. from the AF s alone- control stablhzer movement. "Both senes-mode and
o 3 L parallel;mode solenold valves are energized. thht hydraullc syster‘n‘pressure is -
ported to the electro-hydrauhc Servo valve which dnves the power valve shuttle i
relat1ve to DC electncal s1gnals from the AF CS In the parallel mode the control
: stlck and lmkages follow the motlon of the control surface To overrlde the AF CS
1n this mode, a longltudmal st1ck force‘ of ,24, Ibs is requlred to overpower the
lockout ac‘t"uator\. Rate switches are incorporated '.to sense and preven.ta hard'-over '
fallure land if necessary, revert the actuator back to the series mode of operation.
A hard-over sxgnal if not corrected 1mmed1ately, could catlse an nncontrollable
r:‘co'ndltron 1n the 10ng1tud1na1 control system response. | | -
A stab111zer‘ Shlft mechamsm mechamcally programs the stablllzer po51t1on with flap

deﬂectlon and is des1gned to m1n1m1ze the effects of ﬂap tr1m changes prov1de extended.:

stablhzer throws when the ﬂaps are extended and prov1de max1mum control and reduce




the possrbrlrty of overstress under all ﬂrght condltrons The norrnal travel of the '

horizontal stablhzer is 1. 5° leadmg edge up to 9.6° leadmg edge down When the ﬂaps ‘

" are. extended or ASSIST SPIN RECOVERY is selected the stabllrzer travel mcreases to

" L 5° leadmg edge up to 24° leadlng edge down as 111ustrated in table C 1. In both

conﬁguratrons the longltudmal control strck deﬂectron ranges from 4.0 mches forward to
7.8 1nches aft When the stabrhzer shrfts to extended throws the stabrhzer posrtron ‘
, ‘ ‘ 1nd1cator located on the 1ntegrated posrt1on 1ndlcator (IPI) on the left srde of the pllot’

~1nstrument panel (ﬁgure B 2) presents a symbol of a stabrllzer The word CLEAN is

L d1splayed on the stablllzer posmon mdrcator when normal stabrlrzer travel is avallable

o The stablhzer posrtron 1ndlcator is powered by the essentlal 28 VDC bus through the o
B CAUTION LT crrcurt breaker on the forward left crrcult breaker panel Restrrcted o
stabrlrzer travel at low speed may result in madequate prtch control and extended |
stabrhzer travel at high speed may cause structural farlure If the hotizontal stablhzer
dlsconnects the stabilizer may deﬂect full leadlng edge up, full leadmg edge down, or

ﬂoat free in an 1ntermed1ate posrtron (NAVAIR 01- 85ADC-2-4 Change 14 1996)

" * FLAPERON AUTO-PILOT ACTUATOR N

‘The ﬂaperon auto-pllot actuator deprcted in ﬁgure 16isa hydraullc Servo unit
desrgned to operate in two modes manual mode or series mode (assocrated with the

AF CS). The actuator is des1gned to transrmt only mechanical 1nputs to the ﬂaperon

- hydraulic actuators in each'wmg.




1. Manual mode of operatlon (AF CS OFF) The soleno1d valve is de-energlzed and no

‘ hydrauhc fluid is ported to any portlon of the actuator. The senes-hnk cylmder
contams two sprmg-loaded prstons desrgned to clamp the two halves of the senes-lrnk

_ rod together to form a rrgrd lrnk Lateral control st1ck inputs are transferred directly
through the 1nput lever and the series lmk to the output lever.

2. Series mode of operatlon (AFCS engaged STAB AUG AUTO or ACLS)

The ﬂaperon auto-prlot actuator receives, 1nput srgnals from the AFCS whlch are used

| 1ndependent1y or combined with manual control stick 1nputs to direct ﬂaperon movement
AFCS signals dr1ve the actuator piston rod and output lever, commandmg the app_ropnate
flaperon deﬂection. Manual pilot inputs generate an.)electrical signal based on the relative
motion between the 1nput and output levers. This:manual pilot input siénal is combined

" with the AFCS signal and converted toa mechamcal movement, which in tum actuates
the ﬂaperons via the flaperon hydraullc actuators (NAVAIR 01- 85ADC-2-4 Change 14,

1 April 1996)..

FLAPERON HYDRAULIC ACTUATORS " .

Two identical, purely hydro_-mechanical; flaperon actuators are mounted in each wing
and' directly control the flaperon movement in response to mechanical inputs. -A'
schematlc ‘of a ﬂaperon hydrauli'c‘ actuator is preeented in flgure 17. l’ilot or AFCS |
generated mechanical commands are introduced ’through aload relief bungee and diréct

- hydraulic pressure to two tandem-mounted power-pistons. '
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Figure 16: FLAPERON AUTO-PILOT ACTUATOR
Source: Organizational Maintenance Manual, Flaperon Control System, Description and
Principles of Operation, NAVAIR 01-85ADC-2-4, Change 14, 1 April 1996.

The power pistons are mechanically connected to the flaperons and are powered by both
flight and primary combined hydraulic pressure to ensure complete operating capability is
retained if either system fails.

In manual and stability-augmentation (STAB AUG) flight modes, the control stick

applies a mechanical input to the flaperon hydraulic actuator’s input slide valve to

generate control surface movement. The control surface deflection is held in a fixed
relationship to the pilot’s control deflection by a proportional follow-up linkage. With
bank angle between 5° and 60°. Automatic heading hold is inhibited when the ACLS

mode switch is placed in the HDG OFF position, and the auto-pilot will hold any bank
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Flgure 17 FLAPERON HYDRAULIC ACTUATOR

Source Orgamzatlonal Mamtenance Manual Flaperon Control System Descnptlon and
. rPrm01ples of Operatlon NAVAIR 01- 85ADC-2-4 Change 14, 1 Aprll 1996.

angle betWeen 0° a'.nd"60°.AUT‘O"mode seleeted the AFCS' provides heading ho‘ld orwill .

maintain any selected A ball lock detent permrts dlsengagement of the ﬂaperon auto-pllot‘ oo

actuator 1n the event of an actuator malfunctlon The AFCS may be manually ovemdden =
‘ by applylng a lateral stlck force of 25 lbs (NAVAIR 01 85ADC-2 4 Change 14 1 Apr11

3 1996)

RUDDER ACTUATOR K

| The tandem-type hydrauhc rudder actuator is powered by both the ﬂlght and prlmary
' combmed hydrauhc systems Dlsplacement of the rudder pedals posmons an 1nput slide
‘valve whlch d1rects hydrauhc pressure to the appropnate side of two tandem-mounted
_power prstons whrch generate the correspondmg ruddervsurface deﬂectlon A'

. proportlonal follow-up lmkage mamtalns the rudder pos1tlon relatlve to the pllot’s pedal




+ deflection. The rudder actuator, depi,éted in figure 18, is designed to operate in two

modes; manual mode or series mode (associated with the AFCS).

1. Manual mode of operation (AFCS OFF): Pilot input alone controls the power valve,
directing hydraulic pressure to the two tandem-mounted power piétdns which are
mechanically linkéd to the rudder. For constant-velocity pilot inputs, the rudder
deflects at a constant speeci. >When the pilot input stops, the power valve shuttle

. returns to neutral and the rudder stops.

ELECTRO-
HYDRAULIC

VAt
~

MANUAL INPUT

P —

RUDDER ACTUATOR ASSEMBLY

Figure 18: RUDDER ACTUATOR

Source: Organizational Maintenance Manual, Rudder Control System, Description and
Principles of Operation, NAVAIR 01-85ADC-2-4, Change 13, 1 February 1995.

2. Series mode of operation ( AFCS engaged — STAB AUG, AUTO, or ACLS): The

series-mode solenoid valve is energized from the AUTO PILOT controller located on
the center console (figure A-l). ‘Input signals from the AFCS may then be used -
independently or combined with mechanical control stick inputs to command rudder

movement (NAVAIR 01-85ADC-2-4, Change 13, 1 February 1995).
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SECONDARY FLIGHT CONTROLS

Secondary ﬂrght controls deplcted in ﬁgure 14 consist of DC electrically controlled
‘ hydraullcally actuated semi-Fowler type slotted trailmg edge ﬂaps and leadmg edge
slats. Wlng tip speed brakes are AC electrlcally controlled hydrauhcally actuated and
| consrst of a set of spht tralhng-edge surfaces at the t1p of each wmg, outboard of the ﬂaps
The nose wheel steerrng (N WS) systern proyldes d1r_ect10nal control and shimmy damping
' througha DC electric':ally controlled' nose wheel :stee-rin.g.bvutton on the control stick as
' deprcted in ﬁgure B-1. The wheel brakes are mechamcally controlled by toe pressure and
incorporate aDC electrlcally controlled ant1-sk1d system The NWS and wheel brake
_ r systems are hydrauhcally actuated and de51gned 0 provrde dlrectronal control while the
antl-skrd system is desrgned to 1ncreased hrgh-speed braklng effectlveness The primary
and secondary ﬂlght control surface deﬂection limits are presented in table C- 1.
Electrical power for the secondary ﬂlght controls and tr1m system, is prov1ded by any AC
| generator and transformer-rectlﬁer (T/R) combmatlon or an emergency ram air turbme
(RAT) dr1ven AC generator and emergency transformer-rectlﬁer The pnmary and -
- secondary ﬁlght control system electncal power rerlulrements are outlmed in tablés C-1
and C-2, and a more detalled descnptlon of th‘e EA76B electncal _system is provided in

appendix E. Additional discussion of the secondary flight control systemns is presented in

appendix F-(EA-6B NATOPS Flight Manual 1 998). .




| SUMlV[ARY .

The ‘evolution of arrcraft augmentatlon has occurred over .a tlme period of only 51xty
years Dunng thlS perlod the technology has progressed from powered ﬂlght control |
surfaces used to overcome hlgh dynarmc pressure durmg hlgh speed ﬂlght 6 controlhng
. unstable a1rcraft and producmg handhng quahtres in these ‘aircraft wh1ch are better than
. ever .However the’ great advances and successes in the area of augmented ﬂlght control
systems have not come_:w1thout‘fa11u:r;agé have resulted in t_he loss ot: avllrcraftand in ,

. ,some :in'stances loss of life. The :reason for thls is simple‘ ‘ The control system design may
be very dlfferent when the complex varlable of the p110t1s used to close the loop The
"author feels itis 1mportant to understand th1s 11m1tat10n and the nsks that 1t poses -

The CAS was dlscussed and compared to the SAS to demonstrate the advantages of
“using: such a system in the EA-6B Control strategles to 1mplement the CAS in the EA-
~ 6B are many but in the. author s oplnlon the problems w1th the EA=6B’s ﬂymg qua11t1es
l can be corrected us1ng two basic types of control The proportlonal plus 1ntegral control.
will prov1de a path to 1mp1ernent a normall, acceleratlon 'command system in the CR ‘ .
| conﬁguratlon and shouldv bve. 1mplemented to reduce" FLE which w111 reSult‘in morer e
efﬁcrent pllot training, and 1mprove varrous other ﬂymg dualltles 1ssues that w111 be
N . discussed later In the PA configurauon the use: -of feedback control can be used to further:

. stabilize the EA-6B in the longltudmal and 1atera1/d1rect10na1 ax1s to ehmmate unwanted

. a1rcraﬁ motions. Addltlonally, the EA-6B’s flight control system was d1scussed to help :

understand 11m1tat10ns and capab111t1es Just through examlnatlon .The control system as 1t

¢




is designed does allow thc;, implementatign qf the CAS through the use of the stability
aligmenta‘;ion actuators and vthe éerieg control system élregdy in plaée in all cont;bl a);is.
l;inally, handling quaiities ;s.nd"how- fhey é.fe rated using the Cboper-Hafper raﬁng scale
“were disc{}ssed. Handlihg q'uélity- evaluations and ratings are very importanf ar'xd‘;afe ’
reqltiiredv to accurately determine which taSI;s result in deficient handling: qualities. Even
‘'more impprtant:.than the HQR:fbr tﬁé_ task isa thorough and acéuratjc' deécriptibn of the
compensation ;equired to maihtain a,i)fedetermined levellof pprformance; The
compensation is the key that Will he‘lp detepmihe whé.t éirc;aft response or coﬁtrol Sysfeﬁ

characteristic may be causing the unwanted aircraft motions and this information will

help to form control 1av§/s to correct the“deﬁcientﬁyihg quality. B




o _l_‘CFlAPTER 3 i&&ﬁﬁpnomci -

| GENERAL . |

Thrs.sectron w111 dlscuss the‘author S. methodology used to develop a case to k

= 1mp1ement a CAS 1nto the EA—6B to- 1mprove ﬂyrng quahtres Flrst a ﬂymg qualrtres
. evaluatlon was conducted and Cooper-Harper ratrngs were grven for each task evaluated o
N f. The ﬂymg qualrtres evaluatlon consrsted of both shore based and shlpboard ﬂrght tests
- 'where 22.0 ﬂrght hours were ﬂown and 70 shrpboard approaches and landmgs were
made Thrs evaluatlon was not conducted to determme ﬂymg quahty deﬁcrencres to be
‘corrected by a CAS however the data obtalned from this test d1d not affect the results

: : Followrng the ﬂymg quahty evaluatlon pllot compensatron comments’ were revrewed and . :
based on this 1nformat10n a plan for a stab111ty evaluatlon in both the: longltudmal and
lateral drrectronal axts was developed Addltronally, a revrew of the ﬂylng quahtles‘ and
stabrlrty flrght test report preformed on' the prototype in 1971 was conducted (Luecke

. 1971) The results of the stabllrty evaluatron were used to support or- drscount the
author S theorres of what EA-6B stabrlrty charactenstrcs may be adversely affectrng the

task in questron The 10ng1tud1nal and lateral/dlrectronal stablhty evaluatron was

performed in accordance w1th the procedures outlined in the Stabrhty and Control Fllght A

.Test Manual 103 U SNTPS Flrght Test Manual 103 1997) Ultlmately a good
_understandrng of the task, what makes the task dlfﬁcult to mamtarn at a des1red

performance level and 1dent1fymg the stabrhty charactenstlcs that may be mﬂuencrng thls




adverse characteristic will be all the inf_‘ormation needed to‘form a-plan to shape the '

- aircraft’s dynamic response w1th a CAS

'HANDLING QUALITIES EVALUATION

The first step used to develop a strategy to execute a handhng quahtles evaluatron was '

to determme what tasks the p1lot must perform to accompllsh the mlssron for whlch the

: a1rcraft was desrgned Th1s was a very easy task due to the author belng a EA-6B pllot

§ who already has a good understandmg of both the tasks and tolerances requlred to

perform the mission. The tasks and tolerances used for the handllng qualltles evaluatlon .

are shown below in table l

Table 1: TASKS AND TOLERANCES

Phase Task = ..~ "Desired/Adequate
. . Tolerance
'| Cruise Configuration : : o - ' s "
Level Flight Altitude Control | +/- 50 feet/ +/- 100 feet
Maneuvering Flight | G Control +-0g/+-5g -
Power Approach I o o
Gear and Flap Altitude Control +/- 50 feet/ +/- 100 feet
Transition B e ‘
"Downwind Airspeed Control ~ +2 kts /5 kts -
' | Heading Control |20/ £5°
Altitude Control +50 ft /75 ft
Base ' | AOA Control £Y% unit / £1 unit -
: | Roll Attitude +1°/4£3°
Final - | Heading Control +1°/£2°
' . | Centerline Capture +/- 10 feet
AOA Control ' +% unit / £1 unit .
» - Glideslope Capture +% ball / +1 ball
Touchdown - Centerline Capture +5 ft /10 ft
Waveoff/Bolter.. | AOA Control +Y unit / £1 unit
Approaches at Rate of Descent Control +50 fpm /£100 fpm
Altitude . Heading Control *+1°/43° B
AOA Control +Y unit / £1 unit




-, AUpon completron of the handhng qualrty evaluatlon the- Cooper—Harper HQR’s and
» compensatlon requrred to perform a task were used by the author to focus on partrcular |
- longitudinal and lateralfdrrectlonal stab111_ty characterlstrcs. Addltlonally? research of |

.' , previous‘s'tability 'te‘stsvwerteus'ed to | form an opinion of which stability ch'aracterist‘ics-. ‘

may be generating less than:desired» handljné"qualities. T

¥

) LONGITUDINAL STABILITY EVALUATION -

Tests that are addressed in the “USNTPS leed Wlng Stab111ty and Control Theory |
' and thht Test Techmques Manual » (U SN Test Pilot School 1997) were conducted in -
. accordance with the procedures therem The data obtalned from th1s evaluatlon was

. :‘qualltatrve in nature For example the non-maneuverlng static stablhty test ‘was :

' l‘performed as 1f data were gomg to be taken however only trendsl of data were recorded
(i e ‘the variation- in stick force wrth respect toalrspeed was shallow 1nd1cat1ng apparent =
- 'weak longltudrnal stablhty) The mam goal of this evaluatlon was to uncover the maj or’ . -
' 1 | stablhty contnbutors that produced HQR’s whrch must be corrected Thlsw 1nformat10n
‘was then used to better understand or formulate hypotheses of why certaln tasks produce
) hrgher pllot workload. The goal was to proylde enough mformatlon _to heTp control taw ‘

*_developers pinpoint areas to concentrate on.

- NON-MANEUVERING STATIC STABILITY'
' Non-maneuvering static stability, as indicated by the variation:fof longftudinal stick

force wtth airspeed; rwas‘ qualitatively measured in the PA conﬁg"uration.v- The stick fovr‘c'es‘ -




during this test were estimated. Evaluating the gradient of the static longitudinal stability
was performed bytrimrning the aircraft to the desired airspeed, and without re-trimming
the control stick was displace‘ti small increments both forward and aft to ‘stabiﬂlize the
aircraft ata ‘neu'/ airspeed. Followihg a longitudinall control stick displacement and
stabilized at the new airspeed, the control position was held and the stick force was noted.
This test was repeated to the airspeed which activuted stall Waming and to 30 krrots faster
. than the desired trim airspeed. Finally, the aircraft was returned to the trim airspeed and
the open,loop response was observect to assess phugoid and gust sensitivity

characteristics.

MANEUVERING LONGITUDINAL STATIC STABILITY

Maneuvermg static stab111ty, as 1ndlcated by the varratlon of longltudlnal stick force |
with normal load factor was quahtatlvely measured in the CR conﬁguratlon Again stick
forces were estimated and the qualitative impression of the maneuvering static stability
érédient'was recorded. "t“o begin the test the aircraft was trimmed to the desired test
airspeed. Because the thrust lsi“ne was helow the center of gravity, the airplane had to be
trimmed at this airspeed with the throttles at full thrust. Trimming the aircraft at full
thrust corrected the trim position of the control stick for the thrust effects, or additional
nose up p1tch1ng moment caused by the effects of thrust. The maneuvermg static stab111ty
test was conducted by increasing the throttles to full thrust, rollmg the aircraft to a desired
bank angle and adjusting the attitude and normal acceleratlon to nramtam the desired

airspeed. When the airspeed and load factor were stable the longitudinai stick force was
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" noted. Th1s test was repeated in- ‘/z load factor 1ncrements up to 11m1t load factor of 5. 5
Dynamlc ’maneuvenng stab111ty ‘or sudden pulls was evaluated at each load factor before' '
| movrng .on to the next stablhzed pomt The dynam1c maneuvermg stabrhty test was ..
conducted by abruptly mputtrng a longrtudmal step 1nput to ach1eve the desrred load

factor The resultmg longrtudmal stlck force was noted

B SﬁoRT PERIOD RESPONSE AND DAMPING

" short period 'r'evspons‘er is damped. :

The short perlod response as 1nd1cated by the vanatron of normal acceleratlon w1th
tlme was measured 1n the crulse conﬁguratron followrng a slnusordal 10ng1tud1na1 control ' )
- 1nput ’P'rror to performlng the test a‘}contmuous s1nuso1da1 st1ck 1nput begrnmng wnh a |
'low frequency 1nput and mcreasmg to, hlgh frequency 1nput was performed The

frequency that produced the largest alrcraft longltudlnal response durmg-smusoldal stlck |
' pumpmg was recorded as the arrcraft’s best response frequency Wrth this 1nformat10n |
the test was performed wrth a smusoldal stick 1nput at the best response frequency

followedvby releasrng the control stlck at the trim posmon and then recordmg the normal
acceleratlon overshoots (above and below a load factor of 1) and the tlme between them

The trme between the overshoots descnbes the half penod of the arrcraft’s observed |

- natu'ral frequency r'esponse and the ‘number of overshoots give an‘estimate how well the

o (Equation 3)




The equation used by the author to quantlfy the dampmg ratio (€) is shown in equatron 3,
where D; and D, are the magnitude of the load factor overshoot above and below the load

factor of 1 for,a second order system (U SNTPS- Class Notes, 199’_2).

PHUGOID PERIOD AND .'DAM]‘E"ITI:\Ié
The phug01d charactenstlc as 1nd1cated by the vanatlon of alrspeed w1th time was

" measured in both the PA and CR conﬁguratlons The phug01d was measured by ﬁrst
trimming the aircraft to the desired a1rspeed. Wlth the alreraft stablhzed at the trim
airspeed, the aircraft was decelerated with an aft longitndinal input to achieve an'arrspeed
slower than the trim speed. Once stabilized at this new atrspeed _th‘e control stick was
placed in the trim position and the' open loop response of the aircraft was observed.
Specifrcally, the period, number of overshoots, and‘magnitude of overshootS‘were all
recorded' The .magnitude of 'oyershoot was determined by recording the peak airspeed :
before the motion of the alrcraft reversed. The penod was measured from the: time of
Zero vertlcal ve1001ty at the peak slow airspeed to zero vertlcal veloclty at the peak fast

" airspeed. ‘The time between peaks deﬁnes the phug01d half penod The phug01d

damping ratio was obtamed by us1ng the magmtudes of peak a1rspeed deviations above

and below the initial condition trim airspeed usmg equatlon 3.

FLIG}iT PATH STABILITY

The ﬂlght path stablllty as indicated by the vanatlon in alrspeed w1th ﬂlght path angle

was measured in the PA conﬁguratlon The test was performed by stablllzmg the a1rcraft



: at the final approach airspeed with tnm and power setting and th‘en.holding the
appropnate longltudmal 1nput to achreve the new desned a1rspeed W1th the alrcraft
.stablhzed at thls out of tr1m alrspeed the vertlcal velocrty change fora perrod of 30

. seconds was recorded The test‘ was performed 1n 5 knot 1ncrements to 15 knots above

© trim alrspeed and 10 knots below tr1m a1rspeed The ﬂlght path angle (y) is descnbed by g

Hequatlon 4 where ROD is the observed rate of decent and TAS is the test true a1rspeed oo

: (U SNTPS Class Notes 1992)
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- *LA"TERAL/DIRECTIONAI_; STABILITY pmﬁmoﬁ |
N ~.Th‘e [ateraUdirectional evatuation is ,much'morekcompl‘en than the lon‘gitudihal
- :‘ evaluation because the‘iateral/directronal'motions o% the? arrcraﬂ are coupledin two aies '
' '(roll and yaw) while the longltudlnat motron is restrrcted to a s1ngle axis (pltch) It is thls .
. rnter-relatlonshrp or couphng that makes it very dlfﬁcult to conclude from the alrcraft |

o motlon on the effect of a smgle stab111ty derlvatlve As a result of this last statement there

- may be an attempt of i 1mprovmg roll control sens1t1v1ty (roll rate per pound of lateral st1ck - '

force) because the p110t complams of slugglsh alrcraft response to lateral 1nputs
' However the slugglsh roll response may have really been caused by adverse yaw wh1ch ‘E
‘ produceda s_1de,s11p, and caused‘ ,the dlhedral force -to‘oppose the commanded roll. '['h_e ,

. _rlateral-directiona_l stability evaluation was conducted witheut a side-slip'indicator. t'Dlue to -




- ' the complexity of the 1ateral-directronal stability problem, the -test should be repeated with
 side-slip findication. "
ADVERSE YAW

Adverse yaw as 1nd1cated by a percelved yaw. away from the direction of roll was

evaluated in the CR and PA conﬁguratlons The sp01ler conﬁguratlon used for roll

: control on the EA—6B led the author to beheve that the alrcraft would possess pro-verse

: .‘ yaw due to the drag caused by the sp011er durmg roll commands Before the actual test

‘was' conducted the SAS was turned off and the open loop response of the a1rcraft was
observed Wlth the SAS off the a1rcraft most deﬁmtely exhlbrted adverse yaw followrng ‘
a roll command In fact the adverse yaw was such that headrng control within 5 degrees
was 1h1possrble ‘With the SAS on, the test was conducted by 1nputt1ng an abrupt step roll :
'command wh11e v1sually observmg the a1rcraft’s yaw motlon w1th respect toa v1sua1

reference pornt on the ground and the headmg 1nd1cator

- DIHEDRAL EFFECT

| Dlhedral effect as 1nd1cated by 1ncreasmg lateral st1ck force with i mcreasrng s1de-s11p

- was evaluated in the PA conﬁguratlon The test was conducted by placing the a1rcraft in

; a Steady Headlng Slde Slip (SHSS) and i mcreasmg srde-sllp through rudder pedal input in
.one quarter 1ncrements As the rudder 1nput was 1ncreased the lateral strck 1nput was
mcreased to nigintain the steady heading condrtron This is an 1ndlcat10n of posmve

” drhedral effect:




CHAPTER 4: RESULTS AND CONCLUSIONS

' LONGITUDINAL FLYING QUALITIES EVALUATION

LOAD FACTOR CAPTURE RESULTS .
" Load factor capture. was evaluat‘ed, in‘conifiguration CRvduring' break turns, simulated

: 30 degree dive weapon delivery profiles, and aerobatics.» Targeting a‘load factor onset

-7 rateof approxrmately 4 per second durmg aggress1ve maneuvering, con51stently produced,

overshoots of the target by 1 5 and would have resulted in overstressmg the a1crcraft ifa
" visual scan of the “g- rneter” was not rnalntained. Initial stick forcesfollowrng the

' longitudinal input were very heavy as compared' to the steady state sticl{ f;orc”eat the -
desired load factor. Steady state longltudinal stick force gradients of approx1mately 6 lbs
per unit of load factor did not prevent normal acceleratlon capture overshoots in fact they
' seemed‘to produce oscillations around the target load factor caused by the required
control shaping in’puts‘ to compensate for the changing stick force as the': load factor
increased. The high‘ steady state stick force per load factor was obj‘ectionable in that
holding 30 pounds of stick force at'a load factor of four was fatigumg and resulted in poor -
‘load factor maintenance for extended perlods of time Load factor capture within + +1
during aggressive maneuvering was not possible (HQR-;7). The.impreclse load factor
capture duririg a defensive break turn in a‘visual engagement or during SAM defensive

~ maneuvering will result in aircraft structural damage. Additionally, imprecise load factor -
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. capture will not allow thie aircrew to adequately train to aggressively .‘maneuver the

aircraft, for fear that the maneuver will result in aircraft overstress.

Analysis of Imprecise' i,bda Fac‘to:r:" Capture L
The results of the dynamrc and static longrtudmal stabllrty evaluatron conducted by the
author resulted in the followrng observatrons o
1) Sudden pulls resulted in substantlally hlgher stlck forces than stabilized points
| at'the same load factors (350 KIAS and 10,000 ft MSL).
2) Sudden pulls resulted in somewhat larger control stick deﬂectrons than
stab1l1zed pomts at the same load factors (350 KIAS and 10, 000 ft MSL).
3) Short perlod response was characterrzed as berng hghtly damped (350 KIAS -
and 10,000. ft MSL). |
| " Review of the ﬂrght test data and prev1ous ﬂlght test results led the author to make the
| vfollowmg conclus1ons asto why load factor capture in the EA-6B is 1mprec1se
- 1) The fact that the sudden pull longltudmal stlck force at the target load factor is
. '- substantrally higher than the 10ng1tud1na1 st1ck force at the stab111zed condrtron‘

' has the followmg effect durrng aggressrve maneuvermg followmg an abrupt :

longltudmal 1nput the resultmg load factor is substant1ally lower (more than 2 -
tlmes) than the steady state load factor w1th the same longltudmal st1ck force. _
As shown in figure 19 a sudden pull longrtudmal 1nput while targetmg a load

: factor of 3 results in 30 lbs of strck force However durmg stabrllzed |

maneuvering stability tests, a load factor of 5 only results in 25 lbs of
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, longrtudrnal strck force There are two effects that thlS characterrstrc of

varymg control feel wrll have Frrst 1f a sudden longrtudlnal rnput of 30 lbs , o

- was. 1nput the pllot w1ll observe an 1n1t1a1 load factor of 3 The load factor o ' l
' v > |
|

- will be maintained by‘r’n‘aintam,l_ng the.same control feel or stick force. Domg

50 vvill reSult in the steady state loa'd' fact'or"bei'ng almost' t'wice the initial load

factor ThlS charactenstrc of varylng of longltudmal st1ck force, and poor load‘ -

factor mamtenance due to the hlgh forces was observed by the author dunng

s'r

; ‘the handhng quahty evaluatlon The second effect of hlgher sudden pull

longrtudmal strck force than the steady state 10ng1tud1nal stlck force results in.

. the prlo’t observmg the load factor. response of the a1rc‘raft durlng the abrupt o

A 1nput and then adJustmg the 1nput The adjustmg 1nput would requrre an
1ncrease in aft longrtudmal 1nput because the resultmg load factor d1d not

o "reach the desrred value ThlS control shapmg or addltlonal longltudlnal mput .

'wrll deﬁmtely result 1n a much hlgher than des1red steady state load factor 1f

“'not closely momtored by the prlot

The same argument can be made for the varratlon of control stlck deﬂectlon S

B between the sudden and steady state longltudmal mputs Sudden longrtudmal

y 1nputs resulted m larger strck deﬂectron than the steady state st1ck deﬂectron at

" . the same load factor If the p110t 1nputs a step longltudmal 1nput as would be

< made dunng an aggresswe defensrve maneuver, and the 1nput was held at that
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Figure 19: EA-6B BUNO 156478 MANEUVERING LONGITUDINAL STABILITY IN
.' CONFIGURATION CRUISE ‘ ‘

Source: Luecke M. A, ENG/EA-6B-RTR-71-00 1‘,' Naval Air Warfare Test Center Aircraft
Division, Patuxent River, Maryland, 1971.

position, the final steady state load factor would again be almost 2 times the.

initial (Luecke, M. A., 1971). -

3) Finally, the characteristic-of the short pefi(;d response (ﬁghre 20) being lightlyA
damped,'w,here the calcufated damping ratio © determiﬁed from equation 4 to

- be 0‘.372', di(i cause load }aétor ovefs-hocl)ts‘ and most likely contributed to the
poor. load fgctpr maint_ehaﬁc;e. Asa resﬁlt of the lightly damped short period
reéponse,- imprecise lbad_factor capture wi_ll 6ccur when inputs are made at the- '

aircraft’s best response frequency (USNTPS Class Notes, 1997).

LOAD FACTOR CAPTURE CONCLUSIONS

In summary, precise load factor caipfure is required for the EA-6B to be able to .

perform its mission effectively.
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Figure 20: EA-6B BUNO 1.63 892' DYNAMIC LdNGITUDINAL STABILITY
Premse load factor capture is needed to prevent a1rcraft overstress during a SAM launch
or any defensive maneuver where the pltot s main-concern is evading the incoming"
missile or enemy. If load factor capture is imprecise, this situation will most likely result
in an aircraft overstress and poseible strut:tural damage. Additienally, imprecise load
factor capttire will reduce the effectiveness of pilot training in that the pilot must be more
aware of aircraft load factor than the training objective at hand. The handling quality
deﬁ01ency of imprecise load factor capture is well known by all who fly the EA-6B. This
deﬁc1ent handhng quality has resulted in the EA-6B community limiting the allowable A
" load factor below the ﬂlght manual limit by a factor of 1.5. ThlS adm1mstrat1ve load
factor limit was nlaced on the aircraft due to the high number of aircraft overstresses that
occurred during normal training mtésidn’s (Breslauer M. D., 1999). Looking back at the
flight control description, it is not surprieing that the stick forces during aggressive -
maneuvermg vary SO much A rev1ew of the longitudinal control system feel shows a

double-acting bungee (two-gradlent feel spring), a g-sensing positive bob-weight, pltch-




acceleratlon-sensmg posrtrve and two negat1ve bob-we1ghts a leaf sprmg, and an eddy-
current damper Iti is the author $ oprmon that all th1s gadgetry was used to mask the poor‘
| flying. qualrtles in the long1tud1nal axrs E | | ,

A possrble solutlon to correct the ﬂymg qualrty deﬁcrency of rmprec1se load factor
capture wouldv be to rmplement a CAS. Implementation otT the CAS and use of a control-
loop that kfeeds_ back normal'acceleration with a-proportion plus lntegral ,”clontroll

mechanization would allow the impl"ementation‘ of aload factor command system in the

- CR conﬁguratlon This system could be 1mp1emented in many -ways, however there must S

‘be‘ somethmg added to the current ﬂlght control system that w111 e1ther measure the
control stick posrtlon or force \lVrth a control strck posrtlon sensor the load factor
command system could bellmplemented where a ‘control st1ck deﬂectlon would‘ |

: correspond toa load factor Add1tlona11y, the control loop could prov1de logic to‘ limit
load factor to prevent the prlot from overstressmg the a1rcraft The fact of changrng
(control feel durmg aggressrve maneuvermg however wlll still exrst if all the control
system gadgetry remains in place Correctmg the problem of 1mprec1se load factor ‘

' . xcapture m' the area ‘where an overstress is most lrkely to occur, w111 not be affected by this.:

Flnally, the llghtly damped short penod response would be corrected asa result of the

~ load, factor command system being 1mplemented The FCC w111 contmuously monitor the

normal acceleratlon feed-back and automatrcally adjust the horizontal tail 1nput Th1s

would provrde an 1n6rease in t‘he‘ short perlod dampmg.




" ALTITUDE MAINTENACE RESULTS

Altltude mamtenance was evaluated in conﬁguratron CR at 25 OOO ft MSL and 0.7 N -
- IMN whlle performmg normal rrhsswn duties. such as momtonng nav1gat10n and radar o
The longltudmal stlck forces were trrmmed to Zero w1th the alrcraft stabilized at the " .
desrred 1ndlcated Mach number Whrle perform1ng the normal mission dutles altltude
dev1at10ns‘of +/- 200 feet were routmely observed Marntalmng altltude wrthln +/- 100
‘ feet requlred small (approx1mate1y Y 1nch) long1tud1na1 inputs approx1mately every 30
| seconds (HQR—4) Altltude devratlons w111 prevent the pllot from performmg normal

a

mission duties resultlng in reduced mission effectlveness L

‘ Analysrs of Altltude Dev1atlons o o

” Rev1ew of the ﬂlght test data obtamed by the author and prev1ous ﬂlght test results ledl |
to the followmg concluswns about why altltude mamtenance in the EA-6B is 1mprec1se o
1. The phugord penod and damplng observed durlng the stablhty evaluatron was
. characterlzed as bemg very hghtly damped (7 overshoots) witha penod of
B approx1mately 60 seconds, as shown in ﬁgure 21 Th1s stabrhty charactenstlc is
most hkely the maJ or contnbutor of poor altitude mamtenance handlmg quallty
‘ deficiency. Wrth a phugo1d perlod of approxrmately 60 seconds ‘the peak altitude
ldevratlons would occur at approx1mate1y 30 second 1ntervals as seen dunng the |
. handhng quahtles altltude maintenance task evaluatlon Additionally, once the
'correctlon has been 1nput the phug01d penod w111 begm agaln followmg the next

external or pilot induced disturbance.
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" Figure 21: EA-6B BUNO 163892 PHUGOID IN CONFIGURATION CRUISE
: 2 . Flight control system friction.could also be anothe; contributing factor, because
friction in th'e‘ lonéitudinai control systerﬁ will rcéult in poor control surface
cer;tc;ing due to the friction ﬂolding the control linkages' in a position oﬁer than
desired. Thé iEA,—6B longitudinal control system does have friction of

approximately % ofa pound. |

ALTITUDE MAINTENANCE CQNCLUSIONS

Altitude deviations during normal rﬂission tasks are more of a nuisance than a flying '
“quality deficiency, howeVgr this will be corrected as a result of incorporating a CAS and
implementiﬁg a load factor ‘command system in the CR conﬁguratioq. A load factor
command systgm chgracteristic results iﬁ phugoid suppression due to the system
_ maintaining aload factor ;f 1 in the ﬁéutral stick free position. However, due to control

system friction, the neutral stick free position may change between control inputs due to
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the non-absolute centermg of the control stick caused by fr1ct10n A poss1ble solution to
'compensate for the poor control st1ck centermg would be to incorporate a control stlck
- force Sensor. Zero control stick force would command the ﬂlght control surfaces to the -

neutral stlck free trim pos1t1on and would negate the poor centermg due to ﬁrctlon

AOA MAINTENANCE DURING APPROACH RESULTS ‘

AOA mamtenance dunng approach was evaluated in the power approach

i‘_conﬁguratlon durmg approaches to’ landmg at the ﬁeld and to the carrier. The 1mportance

- ' vof evaluatlng th1s task durmg shlpboard approaches is due to the dlsturbance of a1rﬂow

,around the sh1p just prior to the aircraft comlng aboard This dlsturbance is known as the
“burble” and can be thought of as an area of turbulence or dlsrupted free stream alrﬂow ]
Durmg field approaches the arrcraft was trlmmed to the appropnate AOA durmg the |
wings level downwlnd phase Durmg the approach turn phase the AOA seemed to’ : |
wander +/- 1 degree w1thout pllot 1nput (open loop response) Attemptmg to mamtam the
des1red AOA require contmuous small longltudmal 1nputs of approxrmately ¥z 1nch and 1 'l
pound. The “AOA wandering continued 'during the wings level final approach phase.., -
Durlng sh1pboard approaches the same AOA wandermg charactenst1c ex1sted howeuer at

: the “in- close” pos1t10n (approxrmately 1 ,000 feet aft of the sh1p) AOA excursions seemed‘ o
to be more abrupt and the vanatlons 1ncreased in magnitude (+/- 2 degrees) w1thout p1lot |
input Attempting to 'correct the abrupt AOA vanatlons resulted in larger than des1red

o ' glrde-slope devratrons Mamtammg AOA w1th1n +/- 1 umt was not poss1ble within a a -

E tolerable p1lot workload (HQR-7) Impreclse AOA malntenance resulted in poor gllde-
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slope maintenance and, in the author’s opinion, created a workload level that was too
high for the task of landing on the carrier. This cha;aéteristic will result in poor boarding

rates, increased wave-off, and possible aircraft ramp strikes.

Analysis of Imprecise AOA Maintenance

- Review of the ﬂlght test data obtamed by the author and prev1ous ﬂxght test results led
to the following conclusmns as to why AOA mamtenance by the EA-6B is imprecise:

1) The longitudinal static stability test conducted reyealed that the non-maneuvering
static stability gradient of the aircraft in this ’conﬁgur_atién is neutral. The eh;cxnge in
aft léngitudinal stick force between the initiél condition trim speed and stali warning
was onl)ll 1 and % pounds and the stick force did not change between 115 and 100
KIAS. Previous EA-6B prototyi)e testing also ievealéd tﬁis longitudinal stability
characteristic, as shown below in figure 22. The apparently neutral longitudinal static
stability gradient is definitely a stability characieristic contributing to the impre(‘;ise
AOA maintenance. This apparently neutral longitudinal static stability characteristic
is amp‘ljﬁed during shipboard ;ipproaches when flying through the “burble”, where the
external disturbaﬁces are amplified and produce large abrupt AOA excursions. |

2) Finally, the longitudinal control system friction in the test aircraft was as much as %
of a pound. Flight co;lterlv systém friction could also be another contributing factor,

because friction in the longitudinal control system will result in poor control surface
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Flgure 22: EA-6B BUNO 156478 STATIC LONGITUDINAL STABILITY IN
‘ CONFIGURATION POWER APPROACH . ‘

Source: Luecke M A, ENG/EA 6B- RTR-71 001, Naval Air Warfare Test Center
A1rcraft D1v1s1on Patuxent RlVCI‘ Maryland 1971 '

centermg due to the friction holdmg the control lmkages ina posmon other than that

desired, resultlng ina change in trim airspeed.

 AOA MAINTENANCE EVALn}xTroN CONCLUSIONS

Precise AOA maintenance 1s required Ior vrnany' reasons Vyhich inclttde proper hook to L
eye drstance, proper hook touch down geometry, and- proper arrestlng gear engagrng

- speed. Addltlonally, easy AOA mamtenance is requlred Because landlng aboard an
mrcraft camer is such an 1ntense pilot vyorkload task The approach to the carner 1s .also ‘ E

_' 'complicated hy the sfiip ’c‘enterlvine"is contInuonsly moving, caused by “b‘oth heavy seas and L
the geometry of the angle deck with respect to the forward translatlon of the sh1p

Addltronally, g11de-slope control is 1mperat1ve for obv1ous reasons, and thrs task is

comphcated due to AOA deviations caused by external dls‘turbances (i.e. gusts and
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Flgure 23 EA-6B BUNO 163 892 FLIGHT PATH STABILITY PA CONFIGURATION
“burble”), poor control feel caused by a very shallow gradlent of apparent longrtudmal
stab111ty, and a large amount of control system fnctlon An evaluatlon of the ﬂlght path
stab111ty is shown below 1n ﬁgure 23 The ﬂlght path stablhty is not a contrlbutmg factor
to poor AOA malntenance however the charactenstlc of the EA—6B’S ﬂlght path stab111ty
shows that 1mprec1se AOA mamtenance w111 result in poor ghde slope control
Exam1mng figure 23 1nd1cates that any alrspeed devratlons from approach speed results

in the alrcraft rate of decent 1ncreasmg A change in approach speed is d1rect1y related to

a change in approach AOA, T‘_he deﬁclent AOA malntenance ﬂyrng quallty results in

poor_ﬂglide' slope control “becauseh all AOA deviations correspond to'a change in airspeed

and thereby cause an increased rate of decent. This characteristic increases the ‘p'ropensity ‘

R for the aircraft to déviat'e below the Intended glide-slope and,,as»stated previously, may




" have _di:sastmus results and is most definitely a contributing factor to poor landing
. performance by student Naval Aviators.

Imprecrse AOA mamtenance is an unacceptable ﬂymg quahty deﬁcrency for the

carrier landlng task. In the author s oprmon thls is most deﬁmtely a contrrbutmg factor to -

. the high d1squa11ﬁcat10n rates- for student av1ators under tralmng Agaln the CAS canbe

. used to correct thrs problem by artlﬁclally 1ncreasmg the static stabrhty through a feed

L back control strategy where AOA is fed back to the horlzontal stabrhzer With thlS

\ 'control strategy 1mp1emented the control loop wﬂl contmuously command the honzontal A

stablhzer to maintain the desired AOA Th1s type of control strategy would also
‘ compensate for the turbulence encountered when ﬂyrng through the “burble” ‘ However
as w1th correctmg the unpre01se load factor capture and altltude malntenance ) .
‘ 1mp1ement1ng an AOA feed back loop w111 not solve the.problern in 1ts entlrety That 1s
. feedlng back AOA w111 not stablhze the alrplane due to the shallow longltudlnal stab111ty
' control stlck force gradlent The open loop response of the alrcraft w111 appear stable

because the commanded AOA w111 be malntamed by the control loop, however with the

. pllot in the loop, small longrtudmal strck 1nputs wrll not be notrced by the prlot due to the

| shallow longltudmal stab111ty strck force gradlent ThlS w111 result in an unmtentlonal
commanded AOA whrch w111 be dlfferent than the desired. As with the load factor
*command system stick sensors elther force or posltron will be: needed to determtne the l

- :commanded AOA and due‘to the h1gh control system fr1ct10n the author recommends

usmg force sensors Control strck force sensors w111 correct the problem of control




system friction by comr'rianding AOArona schedule with the longitudinal stick force.
Force sensors will correct the poor control stick‘.‘c’entering due to friction by the FCC

. commanding the trim AOA when the longltudlnal stick force is zero, regardless of the

control stlck pos1t10n Fmally, thé shallow apparent longltudmal stablhty gradlent could -

also be corrected by schedul_mg AOA w1th longltudrnal stick force.  This will allow
control law develop)ers‘ to vch‘a'nge the apparent‘longitudinal stability gradient. ‘

.AOA feedback willlal‘so allous; an"avenue.to lirnitvt‘he AOA in various conﬁgurations.
As stated in the abs'tract; abnormal conﬁguration’ approaches do occur. ‘The configuration
that is rnost dangerous is the no slat-ﬂaps down configuration. The’ﬁnal approach AOA
of 13 degrees is required to minimize' the approach speed, 'however if the aircraft is
allowed to decelerate one degree b’eIoluv "i,t.s approach» speed (approxImately 1% knot); the
airplane hecomes longitudinally" unstable and uncontrollable. The nose will violently |
pitch up and cannot be controlled w1th forward 10ng1tud1na1 control 1nputs With the
CAS and AOA command system unplemented in the power approach configuration, logic
can be used to identify this conﬁguratlon and limit the allowable AOA ‘command from

the pilot’s input.-‘ ~

ALTITUDE MAINTENANCE DURING CONFIGURATION CHANGE RESULTS‘

Altltude malntenance was evaluated during conﬁguratlon changes in the normal
landing pattern and during 1nstrument approaches The alrplane is normally conﬁgured
from the cruise conﬁguratlon to the power approach conﬁguratxon at an a1rspeed of

approx1mate1y 250 knots The 1mportance of configuring the aircraft at this a1rspeed is
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- due to its h1gh stall speed and the 1ow load factor that is avarlable (load factor of 2 i is
available at 45 000 pounds) in the crulse conﬁguratlon at normal landmg gross werghts

. The normal conflguratlon change is accompllshed by lowenng the landmg gear and
placmg the ﬂaps to the full down posmon "The 1mt1al a1rcraft response is to “balloon as
mdlcated by a posrtrve vertlcal veloclty of approx1mately 5 00 feet per mmute The 1mt1a1
“balloonmg” tendency can be compensated for. by a forward longltudlnal st1ck mput of
approx1mately 5 pounds Immedlately followmg the forward longltudmal 1nput the |

vertlcal velocrty blllldS up very rap1dly m the negat1ve d1rect10n The open loop response

(controls remam free) results ina negatlve vertlcal veloc1ty of over 4 000 feet per minute . -

and a nose down p1tch att1tude.of 30 degrees. The open loop response observatlon was

_ termmated due to safety,. however the vert1ca1 velocrty would have contmued to mcrease sl

s

~in the same Nnose down dlrectlon Durmg the closed loop evaluatlon following’ the 1mt1a1
,-'.“balloomng correctlon aft longrtudrnal st1ck forces bullt to approx1mately 30 pounds
and altltude dev1at10ns in excess of +/-'200 feet were rout1nely observed Compensatmg
I'for the large change in the longltudmal stick force dunng the conﬁguratlon change by '
5 . tnmmmg d1d not correct the problem due to the slow trim response Durmg 1nstrument | .‘ '
' approaches under actual 1nstrument condltlons the conﬁguratlon change was very] ‘
' ‘dlsonentlng A1t1tude mamtenance wrthln +/- 200 feet dunng conﬁguratron changes from , ' _
crulse tol power approach conﬁgura_tron was not possrble with atherable p1lot W°‘1F1°«ad, '

... (HQR-7). Abrupt~altitude deviations during configuration changes-\Will cause pilot |




disorientation and subsequent yertigo during actual instrument condition approaches and -

| may result in subseqUent ﬂight into the terrain. )
Analysns of Abrupt Altltude Devnatlons Wlth Configuratlon Change

_ Rev1ew of the ﬂ1ght test data obtamed by the author and the EA-6B ﬂlght control
- descnpt1on led to the followmg conclus1ons about why abrupt altltude dev1at10ns occur
dunng conﬁguratlon changes 1n the EA-6B | | .

1) A stab111zer sh1ft mechamsm mechamcally programs the stab1hzer posmon with ﬂap

deﬂect1on and is de51gned to m1mmlze the effects of flap tnm changes, to prov1de :

) 'exten,ded stab1l1zer,throws when the ﬂaps-are extended, and to pr_ovxde maximum |

control and reduce the possibility of overstress under all ﬂight conditions. In the

.author S oplmon large longltudmal trlm changes‘ and excesswe nose down p1tch .

att1tudes are caused by 1rnproper geanng of the stablhzer shift mechamsm whlch

' leaves lthe a1rcraft 1n an out-of—trlm condltlon followmg the‘conﬁguratlon change." ‘

2) The abrupt altltude dev1atlons are most likely be1ng caused by the large varlat1on of .

longltudmal st1ck force followmg a conﬁguratlon change from cruise to power

_ approach. Durmg the 1mt1al gear ‘and flap -transmon a small amount of forward 1nput‘

is requ1red to compensate for the 1n1t1al 1ncrease in 11ft or “balloomng caused by the

' vﬂap transmon Immedxately followlng the small forward 1nput a very large aft 1nput o

. 'was requlred and bu11t S0 rap1dly that the tr1m system could not tr1m out forces

' :’qu1ckly enough The 1mt1al “balloomng tendency is most likely caused ‘by the 1mtia1' o

increase in 11ft caused by the transrtlon of the flaps and slats “The large nose down
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" pitching rnoment is most li:l{ely- c'aused'hythe_ flaps extending, which p'ro.duces,'a large Co

nose down pitching moment. - R

ALTITUDE MAINTENANCE EVALUATION CONCLUSIONS

Altitude maintenance dunng conﬁguration changes must be easN during high pilot
workload tasks such as ﬂylng an mstrument approach during actual mstrument ‘
cond1t10ns The USNTPS spec1ﬁcat10n for aircraft ﬂymg quahtles spec1ﬁcally states that -
p1tch tr1m changes in excess of" lO poundsare unsatlsfactory The effect of a large pitch |
"trim change during reconﬁguring the alrcraﬁ is complicated during formatlon approaches.
“The author has seen.many formation i‘nstrument approaches and durin_g the conﬁguration
change of the formation the large pitch trim changes 'frequentlyresult in both aircraft |
ﬁg’hting-to maintain altitude ‘and'doing‘ so 180 degrees out of phaSe-'with each other. This'
situation has resulted in near aircraft collisions and caused the,uvingrnan to become-
| detached from the lead‘aircraft. This is a very dangerous situatio\nldue to both aircraft
being so close following a lost sight situation. |

_ A possible solution to correct this deﬁciency rnight be to r'n_aintain the load factor
" command .syste‘rn, that was recomrnend'ed for the cruise configuration, through the flight
control:logic until the ﬂaps hayevrnade the full transition. Additionally, an AOA blend
could he implernented that would command an AOA at sornc prcdetemrined airspeed that
would correspond to the nero or nearly« Zero longitudinal trim positio‘n.i This 'clontrol

“system logic would then recogrlize that the c'onﬁguration change occurred normally and
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then flow directly into the AOA command system to improve. AOA maintenance, as

previously discussed.

LATERAL DIRECTIONAL FLYING QUALITIES EVALUATION

CENTERLINE MAINTENANCE RESULTS

Centerline maintenance was evaluated in the ' power approach configuration during
landings at the field and aboard the sh1p The importance of evaluating this task aboard
an aircraft carrier is due to two cjhareicteristiqs— that are not found at the field. The first is
the fact that the cente;'-line of the anglea deck is continuously moving as the éhip moves
forward. Secondly, the task of landing an aircraft aboard a carrier is a much hi_g“hgr gain
task than a field landing, due to the increased precision of the task These two B
characteristics alone make the task difficult and deﬁcienf flying qualities will Just |
compound an already complicated task. bming field landings, centerline maintenance
was somewhat difficult due to an appearance of a hesitation of the aircraft to rﬁake small
bank angle changes during cepterline corrections. Due to this hesitation, many timgs the
correction to centerline was over controlled, because too much angle of bank was
commé.nded. This resulted in an overshoot of the centerline and the same over correction
. back to centerline. The result was continuous roll commands all the way to touch down.
.During ship-board aﬁproéches, the lateral inputs doubied in frequency and the workload

of centerline maintenance was so high that scanning of the glide—slope_ and AOA were

degradéd. Centerline maintenance within +/- 10 feet was not possible with a tolerable




B pilot workload (HQR—7) Imprecrse centerhne mamtenance results ina degraded scan of
{AOA and ghde slope devratlons wh1ch are lrkely to result in frequent wave-off and

possrble ramp strrkes.

| ‘Analysyis.of Im'pre'cise C,enterli?ne' Maihtenance

= ‘ The lateral/d1rect10na1 stabrhty evaluat1on revealed the followmg characterlstlcs

| 1) The a1rplane exhlbrted an apparently pos1t1ve d1hedral effect durmg steady headmg i
s1de-shp maneuvers ThlS characterlstrc was 1nd1cated by a llnear increase of the .-
B lateral st1ck force into the s1de-shp .
‘2) Durmg abrupt lateral step 1nputs of approxrmately 1 inch, apparent adverse yaw was
- : 1nd1cated by the a1rcraft yawmg away from the d1rect1on of roll Th1s was observed
) by' momtonng both the headmg 1ndlcator and a ground reference -
- Rev1ew of the ﬂrght test data obtalned by the author and prev1ous ﬂlght test results
t (Luecke M Ak 1971) led to followrng conclusmn about why centerhne mamtenance in
‘ ‘the EA-6B is 1mprec1se | | | . ,
: 1) The adverse yaw characterrstrc cornblned w1th the posmve apparent d1hedra1 effect is

o . most 11kely the cause of the initial bank angle hes1tatlon noted dunng the handhng

'qualltres evaluatron The adverse yaw may have been caused by the increase drag on’ B

the hlgh wing, thereby producmg a s1de-s11p The s1de-sllp causes the apparent

- positive drhedral effect to ‘counter the commanded roll. Tlus is most llke_ly the cause x

of ‘o‘ver controlli'ng centerlinie corrections.” The i,n'itialﬂin'put does not produce the
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- desired roll command, and the ‘hesitation results i an addltional roll command'an/d

* . "causes the over-control correction. . -

' CENTERLINE MAINTENAN&E EyALuATION CONCLUSION'S
As explamed earlier, the lateral/dlrectronal stabrhty problem isa difficult one to
“ analyze However the CAS provrdes varlous yvays to correct this deﬁcrent ﬂymg qual1ty .
 The problem may be as 51mp1e as feedlng bacl( side-slip to the rudder to better coordlnate !
the turn Many augmented alrplanes mcorporate an Aileron Rudder Interconnect (ARI)
‘ and the use. of the FCC to schedule rudder mput w1th lateral strck 1nput in dlfferent
amounts for varyrng a1rspeed and conﬁguratlons As w1th the prev1ous longltudlnal
lexamples addrtlonal sensors may be needed to provrde the, necessary 1nformat1on to the
Fcc.ﬂ' RS | “ |
F1na11y, no departure or h1gh angle of attack testmg was conducted by the author but 1f :
s1de-sllp can be minimized, the a1rcraft could maintain a ﬁ111 stall w1thout the fear of
' :‘departure or spin. It is well documented that vyhen the’ wmg of an arrcraft is stalled there
: "must be a force to begln the rollmg ‘and yayllrng motlon requrred to develop a sp1n

Addltlonally, itis well documented that every EA-6B that has entered mto a spln has been(

- ‘lost The 1nab111ty to recover the a1rcraft from a spin is thought to be caused by the large .~ -

'yaw 1nert1a due the heavy j Jammmg pods be1ng loaded on the outboard wmg statlons
K Further testlng w111 be requlred to complete thrs objectlve but 1t should be noted that at
' _.xh1gh enough angles of attack the rudder may become less effectrve and may not be

N sultable to accomphsh th1s last obJectlve A poss1ble solutron 1f the rudder effectlveness S




becomes. hmlted would be to use the CAS to- llmlt the amount of AOA that may be
'commanded by the prlot Th1s w1ll prevent the 51tuat10n where rudder 1neffect1veness
mrght occur. - |
’ SUMMARY
The current AF CS computer 1n the EA-6B is gomg to be replaced due to
marntamabrhty and- rehab111ty 1ssues w1th the AF CS computer Replacmg thrs computer
-will deﬁnrtely correct these problems. : Because of the increased processmg power of the
. new FCC and because the 'current tlight control 'Systern is r'nechanized vvith a eeﬁes path', '
; a CAS can be 1mplemented w1thout maj or a1rcraft modlﬁcatlons Fllght control lavv ‘
' development vv111 have to be completed to prov1de the atrcraft w1th the basrc function of
, stabrhty augmentatron that exrsts currently, asa result of replacrng the AF CS' cornputer
The deficient ﬂylng quahtles have been well documented by the ﬂeet trammg
‘squadron ongmal prototype testlng, and the most recent ﬂymg quallty evaluatlon E 4‘
conducted by the author. Changmg the dynarmcs of the arrplane to correct'the deﬁci"enti
’ 'ﬂymg qualities wrll requlre addltlonal ﬂlght control law development and possrbly
addltronal sensors. The result of th1s effort wﬂl 1mprove the ﬂymg qua11t1es of the
a1rcraft produce an easier aircraft to‘ ﬂy, and ultlmately lead to an 1ncrease of its m1ss10n
'effectlveness Improved ﬂymg quahtles will most lrkely reduce the time to tram student
- Naval Aviators and subsequently reduce the cost of tramlng Improved ﬂymg quahtres
: will also enhance aircrew tralnlng‘wrth the 1mplementat10n of the control strategres

* recommended by the author. Finally, such an improved system is likely to reduce aircraft
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losses due to spin entry since every EA-6B that has entered into a spin to date has been
lost.- The cost of impllementing‘a“'CAS capability has been estimated at 80 million dollars
for the development, test, and imblqmentation into the entire ﬂeét of EA-6Bs’ (Appendix

G). The cost of replacing one EA-6B is aﬁproximately 75 million dollars. The cost of

replacing an aircrew is priceless.




: ’CHAPTE'R’ 5: '.RECOMMENnATroN‘Sj""
Based upon the research performed dunng the course of this thesis, the author : ‘

concludes that the technology to 1ncorporate a CAS to correct the deﬁclent ﬂymg

quahtles in the EA- 6B ex1sts Based upon the extenswe personal EA-6B flight

L experrence (ﬂeet prlot and test pllot) of the author and the documentatron of the EA-6B’ -

deﬁc1ent ﬂyrng qual1t1es the CAS should be 1ncorporated in the EA-6B w1th the.

o replacement of the current AFCS computer and should mclude control law development.

to rmprove ﬂyrng qualltres Specrﬁc recommendatrons are as follows
1) Investlgate the feas1b111ty of 1ncorporat1ng a CAS -in the current EA-6B
conﬁguratron It would be requrred to
) a) Deﬁne EA-6B stab1lrty augmentatron actuator 11m1tat10ns
b) Deterrmne the types of control st1ck Sensors requrred inaCASto.-
" correct the deﬁc1ent ﬂyrng qua11t1es d1scussed in chapter 4 |
c) Determme the effects of control system frrctlon on the chorce of
control stick sensors chosen to correct deﬁc1ent ﬂyrng quahtres
d) Define EA-6B ﬂrght control actuator hmrtatrons |
2) Investrgate the feasibility of the development of the control laws to necessary
to correct the defrclent ﬂyrng qualrtres descrlbed in chapter 4.

3) Investigate the feasibility of developing control laws to 11m1t the AOA in

" certain abnormal configurations. -




 REFERENCES

15



S 2000

REFERENCES

‘, Arbuckle P D Abbot K H Abbot T, S and Schutte, P C (1998), Future ﬂlght
- decks. Proceedzngs of the 21 s " Congress. Melbourne, Australla Intematronal Courcil
of the Aeronautlcal Smences ’ SR : :

2 Blllmgslea w. B LCDR USN (2000) Interv1ewed at Naval A1r Warfare Center

L _‘ ‘Alrcraft D1v131on Patuxent Rlver MD

.- Breslauer, M J LCDR USN (1999) Interv1ewed at Naval A1r Warfare Center :
Alrcraft D1v151on Patuxent Rlver MD R < e

4. Cooper G E and Harper R P, The Use of leot Ratmg in the Evaluatzon of Azrcraft L
‘ [-Handlmg Qualztzes NASA Techmcal Note D 5153 Moffett F 1e1d Callforma, Ames T
Research Center Aprll 1969 ] SRS . C L

S0 COMVAQWINGPAC Naval Message “OAG EA-6B Fleet Safety Concems” Naval
o A1r Statron Whldbey Island DTG 271819 Z Sep 00. - N S

. chkerson M C and LaSaxon V M “Measures of ment for advanced m111tary

’ '.,av1omcs A user’ s perspective on. software utility”?, NATO. AGARD CP-439 Software o

Engmeermg and Its Applzcatton to szonzcs pp-1-1- to 1 14 1988

2 EA 6B Prowler Reprlnted from the World Azrpower Journal Aerospace Publzshzng
'Lzmzted 1988. ' o _ X , R

. EA 6B NAT OPS Flzght Manual NAVAIR 01 85ADC 1 Intenm change No 72 4 o
dated 15 July 1997 . . SR

9. Grumman Aerospace Corporatlon “ENG/EA6B-RPT-92 001” Apnl 1992

‘ 10 Hoh R. H and M1tchell D.G, 4 F unctzonal Requzrement for the Fllght Control

" System, Brzstol Pennsylvama Taylor and Fran01s Inc 1996

11 Hutchlnson K T., “Augmented Airctaft Handllng Quahtles” Buffalo New York
thht Research Group, Vendlan Engmeermg, 1999 EPRTRRR

o 12 Lucas T B LT USN Fleet Replacement Squadron Semor Landmg Slgnals Oﬁ'lcer

Interv1ewed at Naval A1r Warfare Center Alrcraft D1v1sron, Patuxent R1ver MD; .



?

o 13 Luecke M. A “ENG/EA-6B RTR—71 001” Naval A1r Warfare Test Center A1rcraft

D1v181on Patuxent Rlver Maryland 1971. .

« ::14 Model EA-6B A1rcraft Program, Engmeermg and Log1st1cs Trans1t10n Support
(PELTS) Contract N00019-94:D-0005, Report No.: PELTS-ENG-19 EA-6B -

Techmcal Report for the Engzneerzng Invesngatzon into Incorporatmg the SAF CS zn S

FleetAzrcraft (CDRL #EOOI) 7 -June 1995

15 NASA Techmcal Note D 5 153 The Use of leot Ratzng in the Evaluatzon of Azrcraft,

Handlzng Qualltzes of l Apr 69

i 16 Neal T P. and R.E. Smlth An In-Flzght Investtgatzon to Develop Control System v
. Deszgn Criteria for Fighter Azrplanes AFF DL-TR—70 74, erght Pattteson AFB,
Ohlo Air Force thht Dynam1cs Laboratory, 1970 '

.:17 Orgamzatlonal Malntenance Manual Stabzltzer Control System Descrzptzon and
Prtnczples of Operatzon NAVAIR 01 85ADC-2—4 Change 14, 1 Apr11 1996

v18 Orgamzatlonal Malntenance Manual Flaperon Control System Descrtptzon and
Prtnczples of Operatzon NAVAIR 01 85ADC-2-4 Change 14,1 Apr11 1996.

19, Orgamzatlonal Mamtenance Manual Rudder Control System Descrzptton and . .
4 Prznczples of Operatlon NAVAIR 01 85ADC 2-4, Change 13 1 February 1995.

- 20.- Orgamzatlonal Malntenance Manual Descnptlon Automatzc Fltght Control System o

" AN/ASW-41 and Automatic Carrler Landzng System NAVAIR 01- 85ADC 2 14
Change 3, lDecember 1990 wo

21, Orgamzatlonal Mamtenance Manual Descrzptzon Automatzc Flzght Control System
‘ AN/ASW 41, NAVAIR 01- 85ADC 2 14, Change 5 15 February 1995

22 Orgamzatlonal Mamtenance Manual Pnnc1p1es of Operatlon Automatlc F. lzght
1 995

23 Productlon Deta11 Spe01ﬁcat10n for ngztal Fi lzght Control System for F:1 4 Weapon
System AS- 5742 1St September 1999 - :

24 Tlschler M B (1990) System Identzf cation Methods for Alrcraft Flzght Control
' Development and Valzdatzon Padstow England T.J. Press

‘)25 USNTPS Class Notes Azrplane Dynamzcs Patuxent R1ver Md USN Test Pllot
~ School, 1992 ‘ . L Y ‘

A

. Control System AN/ASW 41, NAVAIR 01 85ADC 2 27. 1 1 Change 5,15 February '



26. USNTPS Class Notes, Static Stabzlzty and Control, Patuxent River Md, USN Test
Pilot School, 1997

27. USNTPS Class Notes, Dynamzc Systems Analysis, Patuxent Rlver Md, USN Test
Pilot School, 1993.

28. USNTPS Speciﬁcation Flying Qualities of F ixed Wing Piloted Aircraft, USN Test
Pilot School, Pautuxent River Md, of Sept 95.

29. USNTPS Flight Test Manual 103 (FTM 103) F ixed Wzng Stabzlzty and Control
" Theory and Flight Test Techniques Manual, of Jan 97. o




APPENDICES




DESCRIPTION OF THE EA-6B FLIGHT CONTROL SYSTEM -
GENERAL

The EA-6B, depicted in figure A-1,isa fouf—place, tWiné.e‘ngine,‘ all weather, electronic
warfare airplane fnanufactured by Northrop Grumman Aerospace Corporation which

.incorporates a hydra}ulically powered, irreversible ﬂighf control system.

Rudder ‘

Wing Tip

Horizontal

Figure A-1: EA-6B AIRPLANE

. The primary flight control surfaces, also depicted in ﬁgufe A-1, consist of a horizontal
stabilizer, ruddef and upper win'g\:surface spoilers (flaperons). Cockpit controls and

displayé are presented in figures B-1 and B-2.. A conventional center stick and rudder
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«pedals are hnked drrectly to the respectrve control surface actuators by a system of -
‘pushrods hnkages and bellcranks to provrde pitch, roll and yaw control The stabrlrzer
actuator, the ﬂaperon auto-prlot actuator ‘and the rudder actuator consrst of
electrohydrauhc tandem power control cylrnders which dlrect control surface movement
in response to mechamcal commands from the pllot Control deﬂectlon characterrstlcs
aré shown in table C-1. Electrlcal commands from the Automatic Flight Control System
“ .(AF CS) ora combrnatron of electrrcal AF CS commands and mechanical prlot 1nputs
. Electncal flight control system requ1rements are shown in table C-2 The lateral control
: system also includes four mechamcal tandem type ﬂaperon hydraulic actuators (two in
,' each wing) which receive mechamcal only lateral 1nputs through the ﬂaperon auto-pilot
'Iactuator and command the approprrate ﬂaperon deflection. Control stick and rudder :
: ‘pedal 1nputs posrt1on an 1nput slrde valve on the respectlve actuator to command the
' ass001ated control surface deflection, and a proportlonal followup lmkage holds the '
| control surface ﬁxed relatrve to the prlot’s control deﬂectron Each control surface
g 'actuator is powered by 3000 psr hydraullc pressure from two mdependent systems; the
| ﬂlght and the combined primary systems ‘A more complete descnptron of the EA-6B
' hydraullc system is presented in appendlx D. In add1t10n extended rudder throw and
stabrhzer travel are provrded for takeoff landmg and sp1n recovery whenever the ﬂaps are

'extended or the ASSIST SPIN RECOV swrtch is actuated

3 ARTIFICTAL FEEL o

Artifical feel is. provrded 1n all three axes through the use of mechamcal devrces The
, longrtudmal system 1ncorporates a double-actmg bungee (two gradrent feel sprlng), a g- »
sens1ng pos1t1ve bob-we1ght prtch-acceleratron-sensrng posrtrve and two negatlve ‘bob-

weights, and a leaf sprrng and eddy-current damper Control feel in the lateral axrs is
C K 81 "



_ provrded by a double-acting bungee and an eddy-current damper A cam and roller -

device loaded by two extensmn springs provides the artificial feel in the d1rect10na1 axis.

Flight control system schematics for each axis are presented in figures B-3 through B-5.

TRIM SYSTEM

Trim controls depicted in ﬁ»gure A-Al drive irreversible electromechanical trim
actuators in each axis. The longitudindl and lateral trim is actuated through a conventional
five-position switch located on the cdn’rrol stick grip which is spring-ioaded td the off
(center) position. Longrtudinal trim varies the neutral position of a feel bungee at two- .
speeds; stabilizer displabement at a rate of épi)roximately 1°-per second during manual
and stability augmentation (STAB AUG) operation and approximately 1/20° per second
during auto-pilot (AUTO) dperations.' Lateral trim .repositions the flaperon feel device te -
anew nd-load position. With t}ie AUTO rnode selected, the manual trim button on the |
control stick grip is deactivated, and the_longitudinél and lateral trim functions are
perfr)rm_ed automatically. Directional trim is controlled by a switch located on the pilot’s
left console and is available irr all dberafing modes. The rudder trim switch provides
-directionul trim by varying the neutral position of a mechanical lirrkdge. The stabilizer
and rudder trim gages are located on the pilot’s lower instrument panel, as depicted in
figure B- 2 The flaperon trim indicator is mounted on the forward side of the control
stick.grip adapter as presented in ﬁgure B-1. ALAT/LONG TRIM ACT cucurt breaker
and a RUDDER TRIM circuit breaker located on the forward main circuit breaker panel

in the forward cockpit provide,é means of interrupting electrical power to the respective

trim ‘systems.




AUTOMATIC FLIGHT CONTROL SYSTEM ‘(AFCAS)‘

"The automatic\f‘light Corrtrol .Sys'tem (AFCS) is an electromechanicallsystem desi'grred'
“to provide automatic control an“d dmping about the airplane’s pitch,.roll and yaw axes.
The AFCS incorporates electromechamcal error sensmg, couplmg, and amphfylng stages '
to provrde two-axis stability-augmentation (pltch and yaw) three-ax15 attltude control andf .
automatic‘ 'ﬂjght—path cor\ltr‘ol.‘ The AFCS. consists of-an AF)CS“‘selrvo system and the ‘
airplan_e dight control, system and is designed to provide electrohydraulic and mechanical
v couphng to deﬁect each contro'l'surface;' The AFCS sewo"system is designed to proyide .-
electromechamcal hydrauhc power amphﬁcat1on of shaped error or correction signals ; for
each alrplane control axis. Each axis flight control system (r ey hydrauhc power actuator
and control lrnkage) is proportlonally drlven by the output of the respectlve AFCS Servo -
: srgnals or through hnkages from the pllot’s manual 1nputs The AF CS operatlng modes
are manually selected via the autofprlot controller deplcted in ﬁgure B-1, ‘and provide

varying degrees of Lairplarie control.

. 1 Manual mode (Auto-mlot switch OJ No stablhty augmentatlon is prov1ded and
. pilot control dlsplacements are the only 1nputs to the control surface actuators to
command surface deflection.

2. Stabrhty-Augmentatron (STAB AUG) mode: Desrgned to automatrcally damp out -

osclllatlons in the p1tch and yaw axes and prov1de tum coordmatlon by posmonmg the '

" stabilizer and rudder proportionately to airplane pitch, 'roll, and yaw rates.




3. Auto-pilot ( AUTO) ‘mode: The basic hm&s-off operating mode of the AFCS
designed to provide attitude hold (pitch, bank and heading hold), altitude hold, Mach
hold, and the capability‘ to cpﬁple the AFCS to Automatic Carrier Landing Systefn
(ACLS) pitch and roll commands throﬁéh the AN/ASW-25 data .link. The control
stick incorpbrates auto-pilot disengage sv;Jitéhes in the column that cause the AFCS to
revert to the STAB AUG mode whenever the stick is grasped. When the stick is
released, the AUTO mode resumes operation.

An AFCS and an AFCS / AIR DATA CMPTR circuit breaker are located on the aft
main circuit breaker panel and can secure electrical power to the Air Navigation
Computer (ANC), Stabilizer Trim Actuator, Lateral and Normal Accelerometer \

4 transmitteré, Aif. Data- Compufer (ADC), and Auto-pilot controller. In addition, the

yellow and black barber poled AFCS emergency disconnect switch located on a junction

box immediately below and to the right of the control stick grip (figure B-1) disconnects
electrical power from all AFCS circuits when momentarily actuated. AFCS emergency
disconnect switch actuation also returns all switches and pushbuttons on the auto-pilot

control panel to the OFF position.
SECONDARY FLIGHT CONTROLS

Secondary flight controls, depicted in figure Ail, consist of DC electrically
controlled, hydraulically actuated semi-Fowler type, slotted, trailing edgé flaps and
leading edge slats. Wing tip speed brakes are AC electrically controlled, hydraulically
actuated and consist of a set of split trailing-edge surfaces at the tip of each wing,

outboard of the flaps. The nose wheel steering (NWS) system provides directional
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control and shrmmy dampmg through a DC electrlcally controlled nose wheel: steermg

| button on the control st1ck as deplcted in ﬁgure B- 1 . The wheel brakes are mechamcally
controlled by toe pressure and 1ncorporate aDC electrrcally controlled antr-skld system
"The NWS and wheel brake systems are hydrauhcally actuated and des1gned to prowde

. d1rect1onal control whlle the ant1 sk1d system 1s desrgned to mcreased hlgh-speed brakmg

‘ effectrveness The pnmary and secondary ﬂlght control surface deflection limits are

' presented in table C 1. Electrrcal power for the secondary ﬂlght controls and tr1m system
is provrded by any AC generator and transformer-rectlﬁer (T/R) comblnatlon, or an .

: ‘-emergency ram air turb1ne (RAT). dnven AC generator and emergency transformer-
rectlﬁer The prlmary and secondary ﬂlght control system electncal power requlrements ‘
- are outllned in tables C-1 and C-2, and a more detailed descrlptlon of the EA-6B c
electncal system is provrded in appendrx E. Addltronal dlscussron of the secondary ﬂrghtl ,

n control systems 1s presented in appendlx F.
' PRIMARY FLIGHT CONTROL SYSTEM,
- LoNGITUDINAL CONTROL SYSTEM -

Longltudmal control 1s provrded by an electrohydrauhc mechamcal control system. A

‘ schematlc of the longltudmal ﬂlght control system 1s presented in ﬁgure B 3
' Hori\zontal' Stabillzer-Contrjolfsyst"ern "

The horrzontal stab111zer control system is an 1rrevers1ble mechamcal system powered .

- by an electrohydrauhc tandem power control cylmder and cons1sts of a control stlck

' lmked to the stabrlrzer actuator through a system of lmkages pushrods and bellcranks
r ‘ L 8‘5-J : A



" \The stabrhzer is the all—movable type cons1st1ng of 1nterconnected rlght and left halves
) ﬂthat rotate asa umt in response to fore and aft manual control stlck 1nputs and to AFCS
electrlcal signals 1ntroduced at the stablhzer actuator Both flight and pnmary combmed

‘hydrauhc system pressure drives the power plstons to command horizontal stablhzer g
movement The longltudmal control system also 1ncorporates a nonhnear stlck-to- '

- vstablhzer gearlng ratlo in both the ﬂaps up and ﬂaps down conﬁguratlons as deplcted in

. » ﬁgure A-2 whrch is de51gned to prov1de 1ncreased st1ck motlon per umt stablllzer |

L deﬂectlon at- the more sens1t1ve areas of maneuver control
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Art1ﬁc1a1 longltudmal control feel is prov1ded by a double-actlng bungee, a g-sensmg L

pos1t1ve bob-welght prtch-acceleratlon-sensmg positive and negatlve bob-welghts, and a

leaf spring, and eddy-current damper o



Horizontal Stabilizer Actuator .
The horlzontal stabilizer actuator, located at the top center of the fuselage near the
' stabilizer leadmg edge con81sts ot’ a power wvalv‘e shuttle two tandem;monnted power -
. pistons, an electrohydraulic ‘ser\{o.‘valve, a"parallel-mode solenold.valve and‘a series-

mode solerioid valve as depicted in figure A3,

Com.bined‘,System ’

B _ Hydraulic Pressure. —3 T}i{ e .-
S S ‘ Power Valve

Electrohydraulic ’ Shuttle -

_ Servo Valve -

ot N . o \ ‘ f =
Series Mode

Solenoid Valve Actuating

Cyllnders

Parallel Mode /
Solenoid Valve .

R

Fligtit System ... |
. Hvdraulic Préssure”

Actuatlng
Plston

Frgure A 3: STABILIZER ACTUATOR -
The honzontal stablhzer actuator is- umque in reference to the prlmary ﬂlght control {

actuators in tha_t it has provisions for a ma_nuaklp'mode, and a parallel and series mode of .

operation associated with the AFCS -




Lo

o 3 Manual mode of operatlon gAF CS OFF) Desrgned such that pllot 1nputs alone

- 'control the power valve shuttle wh1ch d1rects pressure to the actuator plstons “The -
' hydraullc pressure moves the plstons and the stablhzer to whlch they are mechamcally'
. ‘ linked. For constant-velocrty strck 1nputs the stablhzer is de51gned to move ata -
- . constant speed When the stlck 1nput stops the power valve shuttle returns to neutral
‘and the stablhzer movement stops - ” |

_7 4. Ser1es mode of operatlon ( STAB AUG or AUTO engaged): Input 31gna1s from the

. AFCS are de51gned to be used 1ndependently or comblned w1th manual pllot 1nputs to .
control stabilizer movement The STAB AUG and AUTO modes automatlcally damp ‘

| oscﬂlatlons about the pltch axis by programmmg stablhzer deﬂectrons proportlonately

transmltted to the control stlck The senes-mode solenord valve i Is energlzed from the: (‘
AFCS auto-pllot controller portrng ﬂlght hydrauhc system pressure to the o ',
‘electrohydrauhc servo valve. The servo valve dlrects movement of the power valve
: shuttle which produces a correspondmg stablhzer deﬂectron relatlve to DC electncal -
- srgnals from the AF CS amphﬁer or manual longltudrnal stlck mputs When operatmg'
- in the series mode control surface dlsplacement is not reﬂected at the control st1ck
~ In manual and stablhty-augmentatlon (STAB AUG) ﬂlght modes the control strck
:' applres a mechamcal 1nput to the stablhzer hydraullc actuator’s 1nput slide valve to -
| generate control surface movement The control surface deﬂectlon is held in a ﬁxed B
relatlonshlp to the pllot s control deﬂectlon by a proportlonal follow-up 11nkage Two 3
' . hydrauhc check valves located at both the combmed and ﬂrght hydraullc system -
o ‘pressure ports on’ the stablhzer actuator perm1t free ﬂow to the actuator but prevent

C : backﬂow.

‘in response to pltch rates Th1s programmed movement of the control surface 1s not . .



5. Parallel mode of operat1on (ACLS engaged) Desrgned such that 1nput srgnals from

the AF CS alone control stablhzer movement Both senes-mode and parallel-mode
: solenord valves, are energlzed thht hydraulrc system pressure is ported to the .
electrohydrauhc Servo valve, whrch drlves the power valve shuttle relatrve to DC
electrical srgnals from the AFCS. In the parallel mode the control stlck and lmkages |
' ‘follow the motlon of the control surface To ovemde the AF CS in thls mode 2
- 'longrtudmal strck force of 24 Ibs is requrred to; overpower the lockout actuator Rate »
switches, are 1ncorporated to sense and prevent a hardover fallure and. 1f necessary,
- revert the actuator back to the series mode of operatron A hardover srgnal 1f not
L v:corrected 1mmed1ately, could cause an uncontrollable condrtlon in the longltudmal
control system response | | |

A stabrllzer shlft mechanlsm mechamcally programs the stablllzer posrtlon w1th ﬂap

_ deﬂectlon and is desrgned to mlmmlze the effects of flap trim changes provrde extended o

stabllrzer throws when the ﬂaps are extended provrde maxrmum control and reduce the

B poss1b1hty of overstress under all ﬂrght condrtrons The normal travel of the horrzontal

e , stabrhzer is 1. 5° leadlng edge up t09. 6° leadmg edge down. When the ﬂaps are eanded o

s or ASSIST SPIN RECOVERY is selected the stablllzer travel 1ncreases to 1 5° leadlng

| , edge up to 24° leadmg edge down as 1llustrated in ﬁgure 2 In both conﬁguratlons the :

o longrtudmal control stlck deﬂectron ranges from 4 0 mches forward to 7 8 mches aft.

When the stablllzer shrfts to extended throws the stabrlrzer pos1tlon mdrcator located on
' lthe 1ntegrated posrtlon 1nd1cator (IPI) on the left s1de of the pllot s 1nstrument panel
(ﬁgure B 2) presents a symbol ofa stablllzer The word CLEAN is dlsplayed on the C

stabrhzer posrtlon mdrcator when normal stablllzer travel is avallable The stab111zer

B pos1tron mdlcator is powered by the essentlal 28 VDC bus through the CAUTION LT

| ')01rcu1t breaker on the forward left c1rcu1t breaker panel Restrlcted stablhzer travel at low
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speed may result in 1nadequate pltch control and extended stabilizer travel at high speed
may cause structural fallure If the horizontal stabilizer disconnects, the stabilizer may
deflect full leading edge up, full Leadmg edge down, or float free in an intermediate

position.

CONTROL SYSTEM FORCES

The stabilizér control system is irreversible and incorporates conventional artificial
feel to simulate inflight stick loads through a double-.acting. bungee (twq-gradient feel
spring), positive and negative bob-weights, and a leaf spring and eddy-current damper.
The control stick incorborates auto-pilot disengage switches in the column, so the stick
gﬁp moves to a slight degree independent of the control stick. The variation of

longitudinal stick force with stick deflection at various trim settings is illustrated in figure

ST i ; . : ; !
: i
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. . T =
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FigureA-4: EA-6B LONGITUDINAL CONTROL FEEL-
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I)ouble-ACtiiig Bunge‘e BT

The double-actlng bungee (two-gradlent feel sprlng) is des1gned to provrde three
' charactenstlcs |

B 'u‘l"'.' X . Stlck force proportlonal to stlck deﬂectlon

2.0 A greater breakout force gradrent (approx1mate1y 7 16 lbs/m) near stlck neutral to - o

' Aensure reasonable speed stab111ty about trlm
.3 A lower gradlent 1n the more forward and aft Sthk posrtrons (approxrmately

1 61 1b/1n beyond +1 15 mches of stick travel from neutral)

R The longltudlnal breakout force requlred to 1n1t1ate control surface movement at all

) ‘attamable ﬂlght condltlons is de31gned at 1 1 lbs and the force requlred to actuate the _

o ::‘“’", ~control stlck auto-pllot dlsengage swuches is: desrgned to be 1 1+0. 2 lbs B

; Bob-weights .

_ The g-sensmg posmve bob-welght is located at the base of the control stlck on the l

) control lmkage aft of the pllot’s seat and is des1gned to. provrde a maneuvermg force

‘ gradlent of approxunately 3 15 1b/g The des1gned maneuverlng gradlents for the’ system S

- usmg the EA-6B’s 11m1t load factor of 5 5 are shown in table A- P1tch-acceleratron- o

B sensmg posmve and negatrve bob-welghts both forward and aft of the center of gravrty, B

- are desrgned to provrde dynarmc p1tch dampmg for the stablhzer control system anda =~

p1tch acceleratlon sensmg coefﬁclent Bnps, of approxrmately 15. 1

ft-lb/rad/sec




Table A-1: EA-6B MANEUVER GRADIENTS o

| Gradient - e MIL-F-878SC Limits (lb/g) T EA-6B R
e o Maneuver Gradient (Ib/g)
Maximum Gradient . . (240/(0/&x))" < Fs/n < (56/(n.-1)) o 12.45
L : - : ‘ - . *toalimit 0f 28.0 .-
, Minimum Gradient . ‘ The higher of 21/(n-1)) | =~ 425 -
o . and3.0 - B

' Note (1) Data from reference 2, Grumman Aerospace Corporatlon Report ENG/EA6B

. RPT-92 001, Aprll 1992

A vertical bob-welght located at the sloplng bulkhead is de51gned to compensate for -

varlatlons in stlck force perg w1th Sthk posrt1on mtroduced by imbalances in the linkage

' assembly and the balance welght at fuselage statlon 524 Another balance welght of 4:2
‘ lb located at fuselage statlon 5 34 0 1s comblned with the aft control system l1nkage and
. designed to de-couple the control system from the .18 Hz stablllzer bendmg mode by

o : reduclng overall garn of the llnkage motion per unit fuselage motlon

' Leaf Spring and E'ddy-,Current D‘amp'er :

The leaf sprlng and eddy-current damper provrdes stick rate dampmg de31gned to

- mlmmrze the effects of couphng between control system and a1rplane natural frequencles.
C- = The damper assembly is desrgned to generate lead to the control system to prov1de the -
;Arequlred stlck force’ compensat1on to the stablllzer for the short perlod mode The

"damplng assembly consrsts ofa lmear feel sprmg grounded through an eddy current

damper and is designed to generate damplng forces proportional to the control st1ck

‘ veloc1ty (approx1mately 0. 456 lb/m/sec) The eddy-current damper located on the
o 'cockp1t ﬂoor forward of the control strck isa magnetlc-mechamcal device des1gned to

. produce a res1st1ng torque proportlonal to the st1ck ve1001ty If the damper locks the

,system can be overndden but 1f the damper breaks free (free-wheels) the veloclty of fore'v




' and aft stick 1nputs is unrestricted Abrupt long1tud1na1 stick 1nputs can disengage the
: eddy-current damper however, mov1ng the stlck fore and aft through the detent should

- reset the damper.

~ LONGITUDINAL TRIM SYSTEM

-Longitudinal trim is 'provided By-iorward and aft A‘movement'of' thevconventionai five-
positidn trim switch lo'cated on the control stick as depicted in ‘(ﬁgure B-1. The trim
switch i is 115 VAC electncally operated and spnng-loaded to the off (center) pOSlthIl
) For alrplanes mcorporating AF C 745 the frim sw1tch provides inputs to'a trlm relay box
which requires 28 VDC to energize the associated nose up or nose down relays The tnm
switch controls a two- speed 1rreversrb1e electromechamcal stablhzer trlm actuator which
is mechamcally linked (in series) to and varies the neutral posmon of the stablhzer -
control system art1fic1al feel bungee. The stabihzer trim actuator also receives inputs
from the AFCS. The actuator consrsts essentially of one hlgh-speed and one low-speed

115 VAC, 400 Hz, smgle-phase motor a gearbox, and 2 threaded power screw The two
motors drive through a planetary gear system to obtain a two-speed rate of power screw
motion; high speed for manual trimrnmg and low speed for automatrc trimming, For -
manual Aoperatilon (AF CS OFF or STAB AUG‘ON); longitudinal_ trim is designed to
provide a stabilizer di'splac'ement rate of approXimatelyv 1° per sec. However, during auto-
pilot (AUTO) operations, the trim ’switch on the control stick is,deactivated and
longitudinal trim functions are performed automatically at a decreased stabilizer
I» dlsplacement rate of approx1mately 1/20° per-sec. The tnm limits w1th flaps UP are 3/4°
leading edge up to 9° leadmg edge down and 1/2° leading edge up to 220 leadmg edge
down with flaps DOWN. In the event of a trim swﬂch malfunctron occasional use. of the -

AFCS AUTO mode will ass1st the pllot in overcommg excessive stick forces resulting
93




from attltude conﬁguratlon or alrspeed changes The stabrhzer trim gage, 1ocated on the
pilot’s lower 1nstrument panel as deplcted in ﬁgure B 2, indicates horizontal stabilizer

: trim pos1t1on from 3 units nose down to 12 umts nose up. The letter N on the tr1m gage

o represents the neutral posmon of the stab1hzer surface (3° leadmg edge down) in the ﬂaps

down conﬁgurat1on “The trim pornter is pos1t1oned by a DC motor which is dnven by a
- .’ s1gnal generated by the stabilizer pos1t10n transmltter The LAT/LONG TRIM ACT
.c1rcu1t breaker located on the forward main c1rcu1t breaker panel in the forward cockplt

provrdes a means of 1nterrupt1ng electncal power to the longltudlnal trlm system

-STABILIZER SHIFT MECI-IANISM Co

The stablhzer shift mechamsm cons1sts of a cable and drum: assembly mounted ona
shaft extendlng from the flap gearbox in the nght w1ng root. Stablhzer travel is mcreased ,
for takeoff, landing and spin recovery whenever the ﬂaps are extended by the normal or
emergency method, or when the ASSIST SPIN RECOV switch i is actuated. As the ﬂaps
" extend to the 20° or 30° posmon the drum rotates and the cable unw1nds 1ncreasmg the '
honzontal stab111zer travel to 1.5° leadmg edge up to 24° leadlng edge down and : : -
extending the rudder throw to +23° -The ﬂap gearbox is desrgned to handle loads upto’ ’ '
the: breakmg strength of the cables, however 1f the stab1hzer sh1ft cable fa1ls cyclmg the
.ﬂaps/ slats in erther d1rect10n may result in a spht flap condltlon due to poss1ble , "
j entanglement of the cable w1th the ﬂap dr1ve lmkage The ASSIST SPIN RECOV sw1tch
~ allows selection of extended stab1lrzer throw for maximum control surface deﬂectlon a

'w1thout lowermg the ﬂaps The guarded sw1tch located on the forward nght edge of the ,
' throttle quadrant (ﬁgure B- 1) electncally energ1zes a selector. valve to port pnmary
combmed hydraulic fluid to a shift cyhnder “The cyllnder automatrcally shifts the

'stab111zer and rudder control surfaces into the extended throw authonty Operatron of the -
o ‘ ) o4 : -




| ASSIST SPIN RECOVERY system with' the flaps down can result in damage that w111
prevent reselectlon of crulse control throws In addltlon operat1on of the ASSIST SPIN
RECOV swrtch results ina nose-up p1tch (hands oft) whlch may overstress the aircraft 1f

‘ actuated dunng accelerated maneuvers or when operatmg at minimum alrspeeds may |

pitch the aircraft up mto stall or heavy buffet An ass1st spin recovery battery has been

mcorporated 1nto Block 89 a1rplanes to provrde emergency DC power to the a351st sp1n

' recovery c1rcu1t and the yaw rate 1nd1cator when no’ other DC source is avallable

. LATERAL CONTROL SYSTEM ., _

Lateral control is provlded ‘by an electrohydraulic mechanical _control ksystem‘. A

" schematic of the lateral ﬂight control system is presented in'ﬁgure’B-4.r :

FLAPERON CONTROL SYSTEM

| The flaperon control system is an irreverslble mechanical system powered by left and "
| _right ﬂaperon hydraulic actuators through an electrohydraulic tandem—type ﬂaperon auto-

~ pilot actuator The flaperon control system con31sts of a control stick llnked to the ‘ .

flaperon auto-pllot actuator and ﬂaperon hydrauhc actuators through a system of hnkages -

| pushrods and bellcranks The left and nght flaperon tandem-type hydraullc actuators are

' powered by either the ﬂlght or pnmary comblned hydrauhc system pressure, and translate

lateral stick movement mto ﬂaperon control surface deﬂectron There are two ﬂaperon
surfaces on each w1ng separated at the w1ng fold, and each ﬂaperon surface is deﬂected |

by its respectlve ﬂaperon hydrauhc actuator The ﬂaperon auto-p1lot actuator is powered

by the ﬂlght hydrauhc system onIy and responds to mechamcal 1nputs as well as electrlcal

commarids from the AFCS to dlrect left and nght ﬂaperon movement through the




‘ ﬂaperon hydrauhc actuators. Stlck movement left of neutral results in upward deﬂectlon
of the left ﬂaperons while the nght ﬂaperons remains flush w1th the w1ng, and v1ce versa.
- The max1mum ﬂaperon deﬂectlon is 5 1° except as hmlted by aerodynamlc hmge
" moments and avallable actuator power. Full ﬂaperon deflection corresponds to +4 5
“ inches of lateral control stlck dlsplacement wh1ch is limited by stop-bolts attached to the 1
- | pedestal The lateral stlck-to-ﬂaperon gearmg ratlo shown in ﬁgure A-5 is des1gned to be g
- 'essentlally hnear relatlve to stick posmon and lateral art1ﬁc1a1 feel 1s provrded viaa - N

_ ‘double-actlng bungee and an eddy-current damper
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Flaperon Auto-pllot Actuator
The lﬂaperon autofpilot actuator‘depict'e'd.in figure A-6 is a hydraulic s'er\;o-unrt'- "

designed to operate in two modes; manual .mode or series mode (associated with the

AFCS).
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Figure A-6: FLAPERON AUTO-PILOT ACTUATOR

The actuator is designed to transmit only mechanical inputs to the flaperon hydraulic
actuators in each wing.

1. Manual mode of operation (AFCS OFF):  The solenoid valve is deenergized

and no hydraulic fluid is ported to any portion of the actuator. The series-link cylinder
contains two spring-loaded pistons designed to clamp the two halves of the series-link rod
together to form a rigid link. Lateral control stick inputs are transferred directly through

the input lever and the series link to the output lever.

2. Series mode of operation (AFCS engaged — STAB AUG, AUTO, or ACLS):

The flaperon auto-pilot actuator receives input signals from the AFCS, which are used

independently or combined with manual control stick inputs to direct flaperon movement.
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) he . ) n}‘-tn - ;, ' . -
AFCS s1gnals dr1ve the actuator plston rod and output lever commandlng the approprrate .

ﬂaperon deflection. Manual pllot mputs generate an electr1cal 51gnal based on the relatlve.' e

‘ motron between the 1nput and output Ievers Thrs mariual pllot 1nput s1gna1 is combrned -
w1th the AF CS s1gnal and converted to a mechamcal movement which in tum actuates ‘
the ﬂaperons v1a the ﬂaperon hydrauhc actuators o .

v

| Flaperon Hydraulic Actuators -

= Two 1dentlca1 purely hydro-mechamcal ﬂaperon actuators are mounted in each wmg

- and drrectly control the ﬂaperon movement in response to mechamcal 1nputs A

schematrc ofa ﬂaperon hydrauhc actuator is presented in figure A-7

" FLIGHT SYSTEM =
PRESSURE
- RETURN

FOLLOW-UP
. " LINKAGE ©
: " PILOT OR . e . .
“ . AUTO-PILOT ® BUNGEE 1O T COMBINED
. INPUT _ [ SYSTEM-~
DIFFERENTIATING \ : PRESSURE
LEVER S oo

P

" Figure A-7: FLAPERON HYDRAULIC ACTUATOR . -

P110t or AF CS generated mechanrcal commands are 1ntroduced through a load rehef

, bungee and drrect hydraulrc pressure to two tandem-mounted power prstons The power L

o8 -



prstons are mechamcally connected to the ﬂaperons and are powered by both ﬂrght and
pnmary combmed hydraullc pressure to ensure complete operatmg capablllty is retamed' -
if either system falls B T |

In manual and stab111ty-augmentatlon (STAB AUG) ﬂlght modes the control strck

. appliesa mechamcal 1nput to the ﬂaperon hydraullc actuator’s 1nput sllde valve to

: generate control surface movement The control surface deflection is held i ina ﬁxed
relatlonshlp to the pllot’s control deﬂectlon bya proportronal follow-up lmkage Wrth " -
'AUTO mode selected the AF CS provrdes headmg hold or will malntaln any selected

bank angle between 5° and 60° Automatlc headmg hold 1s 1nlnb1ted when the ACLS

mode switch is placed in the HDG OFF posmon and the auto-pllot will hold any bank
angle between 0°. and 60° A ball lock detent penmts dlsengagement of the ﬂaperon ‘
auto-pllot actuator in the event of an actuator malfunctlon The AF CS may be manually i

' overrrdden by applymg a lateral stlck force of 25 lbs

.. CONTROL SYSTEM FORCES ~ -
. The flaperon control system is irreversible and incorporates a conventional artiﬁcial P

; f"e‘el system using ‘a double-acting‘bungee' and an eddyfcurrent,damper.:

" i

’ '“Double-Actmg Bungee .
. The double-actlng, smgle grad1ent sprlng bungee is desrgned to prov1de an initial,
lateral preload and a linear force-gradlent over the dlsplacement range of the stick as

| dep1cted in figure A-8. The lateral bungee is s1mllar to the longltudmal bungee but . -

g produces a lower magmtude force The desrgned lateral breakout force is 1. 1 lb
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Figure A-8: EA-6B LATERAL CONTROL FEEL *~

Eddy-Current Dam‘per .
The eddy-current damper is designed to provide lateral stick rate damping similar to

the lorfgitudinal-damper.

'LATERAL TRIM SYSTEM

Lateral trim is prov1ded by left and right movement of the convent10na1 ﬁve—posmon
Atmm switch located on the control stick. The trim switch is 1 15 VAC electncally
operated and spnng-loaded to the off (center) pos1t10n The tnm sw1tch controls an
T 1rrevers1b1e electromechamcal 11near-type actuator Wthh reposmons the ﬂaperon feel

bungee to a new no- load posmon Total ﬂaperon deﬂectlon through use of the tr1m

switch is 9° upat a rate of approximately 1.‘2‘," per second. The lateral trim indicator,
| 100 ' ‘




S actuator.

located on the forward base of the control Stlcl( -as deplcted in: ﬁgure B- 1 is cahbrated in’

- three umts left and nght of zero (neutral) and 1s mechamcally operated Dunng auto-pllot
1 ‘(AUTO) operatlons the tnm sw1tch on the control st1ck is deactlvated and lateral tr1m

) ‘functlons are performed automatlcally The LAT/LONG TRIM ACT circuit breaker
located on the forward main circuit- breaker panel in the forward cockplt prov1des a, means |
- ofi 1nterrupt1ng electr1ca1 power to the lateral tr1m system On alrplanes 1ncorporat1ng
AFC 745, a trim relay box assembly is 1nstalled in the trlm c1rcu1try between the tnm
switch and the tnm actuator and is des1gned to reduce the electrlcal shock hazard to'the
pllot The frim relay box: assembly requlres 28 VDC power to energ1ze the nght or left

w1ng down relays and complete the c1rcu1t supplymg 115 VAC power to the tnm ‘

i

FLAPERON PorUP SYSTEM

The ﬂaperon popup system is selectable by the p1lot through the ﬂaperon popup
' . ARM- OFF sw1tch located on the p1lot’s left console as deplcted in ﬁgure B-1. The

E system 1s des1gned to reduce lift and shorten ground roll after landlng by commandlng

o \symmetnc deployment of the ﬂaperons W1th ARM selected, the ﬂaperons are driven-to.

ithe 41° traxllng edge up posrtlon by combmed secondary hydrauhc pressure when the left -

- we1ght-on-wheels switch i is actuated and the throttles are reduced to 1d1e The system also

: requ1res the w1ngs to be spread and locked for the ﬂaperon popup to ﬁmctlon W1th the o |
A ﬂaperons in the popup pos1t10n lateral control stlck movement is hmlted to +1 1nch from

K neutral asa small amount of asymmetrlc deﬂect1on is retamed for. control 1n crosswmds -

A
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Dlrectlona1 control s pr0v1ded by an electro-hydrauhc mechamcal control system A ‘

h _,,: ' schematlc of the d1rect10na1 ﬂrght control system is presented 1n ﬁgure B 5

s

RERIES RUDDst c'oNTROi; SYSTEM Sere W

The conventronal rudder control system is an 1rrevers1ble mechamcal system powered ;

T ‘by an electro-hydrauhc tandem-type rudder actuator The rudder pedals are 11nked

o dlrectly to the control surface actuator through a system of lmkages pushrods and cables R
to provrde yaw control A rudder pedal adJ ustment handle deplcted in ﬁgure B 1 -
‘perm1ts the pedals to be adjusted in 1 1nch 1ncrements from 4 1nches forward to 5 1nches,
' ':‘aft from neutral The rudder actuator responds to mechamcal commands from the pllot '
. via rudder pedal dlsplacements and electncal commands from the AF CS to control rudder'f:: :
s deﬂectlon The dlrectlonal control system is de81gned to prov1de a llnear geanng of

' rudder deﬂectron w1th pedal dlsplacement as deprcted in ﬁgure A-9 :

' _Rudder Actuator S

The tandem—type hydrauhc rudder actuator 1s powered by both the ﬂlght and prlmary
s ' comblned hydraulrc systems Drsplacement of the rudder pedals posrtlons an 1nput slrde : .
) valve whlch dlrects hydraulrc pressure to the appropnate s1de of two tandem-mounted . .
- power prstons wh1ch generate the correspondrng rudder surface deﬂectlon A ’,
proport1onal follow-up hnkage malntalns the rudder posrtlon relatlve to the pllot’s pedal o
édeﬂectron ‘The rudder actuator deprcted in ﬁgure A-10 is de31gned to operate 1n two " i

modes; manual mode or series mode (assocrated w1th the AF CS)

v 'f'-:? 102 . : " A “‘ )
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Manual mode of operatron 1AF CS OFF) Pilot 1nput alone controls the power valve

drrectmg hydrauhc pressure to the two tandem-mounted power plstons whrch are
- mechamcally linked to the rudder For constant-veloclty pllot inputs, the rudder
deflects at a constarit speed When the prlot 1nput stops the power valve shuttle
returns to neutral and the rudder stops o ‘
2. Serres mode of operatlon (AFCS enoaged STAB AUG AUTO or ACLS) The

senes-mode solenord valve is energlzed from the AUTO PILOT controller locatedon - -
the center console (ﬁgure A -1). Input s1gnals from the AF CS may then be used
1ndependently or combmed with mechamcal control stick inputs to command rudder 3

mOVement

23° Rudder Stop Actuator .

The 23‘5 rudder stop actuator is a slnéle;actiné actuator reduirlng normal 3000 psi
prlmary combined hydrauhc system pressure The actuator is de51gned to restrict rudder
‘ movement to 23° left or rlght of neutral w1th ﬂaps down and welght off wheels The - |
' rudder is mechamcally shrfted by a cam stop mechamsm that is actuated in turn by the

stablhzer shrft cable as the ﬂaps deﬂect provrdmg extended rudder throws for landrng

) - Ondeck w1th welght on wheels the 23° rudder stop system is de-energrzed and the’ stops ‘ '

‘are removed In this s1tuat10n 1f the flaps are extended rudder deﬂectlon + 35° is' .

: avallable.
ASSIST SPIN RECOVERY SYSTEM' .

In the clean conﬁguratlon extended rudder throw of +35° is. avarlable through
‘ actuatron of the ASSIST SPIN RECOV sw1tch whrch electrlcally energrzes a selector ‘

' valve to port pnmary comblned hydraullc fluid to a shlft cyllnder The cylmder
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automatically shifts the stabilizer and rudder control surfaces into the extended throw

authority. Selecting the ASSIST SPIN RECOVERY switch ON deactivates the

' directional stability augmentation system authority, thus making full rudder deflection

‘available for spin recovery, regardless of the STAB AUG switch position. The RUD

THRO caution light on the caution lights panel illuminates whenever rudder throw
exceeds 4° in the flaps up configuration. Rudder surface travel limits and corresponding

flap position are illustrated in figure A-9 and summarized in table A-2.

Table A-2: RUDDER SURFACE TRAVEL LIMITS

Flap Position / Stab Aug Mode |- Rudder travel from neutral | . Rudder Pedal
' .Displacement

Flaps Up +4° + 0.3 inches
Flaps Down (20° or 30°) - ‘ +.23° . .. |.  £1.9inches
ASSIST SPIN RECOVERYON | “+35° - ¢ + 2.9 inches
Flaps Up and AUTO Mode : . x4 ‘ N/A
Flaps Down (20° or 30°) and +10° ’ N/A
AUTO Mode : .
Flaps Down (20° or 30°) and ‘ + 35° + 2.9 inches
Weight on Wheels ' :

Directional artificial feel is provided by a mechanical linkage unit consisting of a cam and
roller device loaded by two extension springs.
The rudder interconnect system (stablhty augmentatlon) in the AFCS is de51gned to

correct for adverse yaw whlle rollmg the alrcraft and-for an out-of-trim condition in

steady turns. An acceleration dev1ce is-used to sense roll, adverse yaw, and long-term

lateral acceleration. Yaw oscillations are automatically damped by rudder applications
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, kproportior'lal to the roll and yaw rates. In'the STAB AUG and AUTO modes, the AFCS

* rudder correctlons are fed automatxcally to ehmmate adverse yaw and coordinate turns.

The movement of the rudder is not transmltted back to the rudder pedals and the only |

evidence of augmentatlon is 1mproved a1rcraft stab111ty

CONTROL SYSTEM FORCES . -

. The directional control system is irreversible dnd liﬁcorporétes a cam and roller def(ice
Yldaded,by two extension springs that produce resistive forces at the rudder pedals
bfoportional to bedal displacement. The mechanism is designed to prdvide a deereasing
force gradient. w1th pedal deflection as deplcted in ﬁgure A-11. The designed d1rect10nal

breakout force is approx1mately 12.0 Ibs.
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DIRECTIONAT: rmM'SYsTEM.*zv L

D1rect1ona1 tnm is prov1ded by a rudder tr1m sw1tch located on the p1lot’s left console‘
which controls an 1rrevers1ble electromechamcal lmear-type actuator that varles the -
‘neutral posmon of the mechamcal hnkage The trim sw1tch deplcted in ﬁgure B-1,is
115 VAC electncally operated and sprmg-loaded to the off (center) posmon F ull tnm " -
corresponds to rudder travel of 4° elther s1de of neutral in the ﬂaps up conﬁguratlon and

- 6° e1ther side of neutral i the ﬂaps down conﬁgurat1on Manual rudder tr1m is. avallable

" in both AFCS modes of. operatlon (STAB AUG and AUTO) The rudder tr1m gage

" located on the pllot’s lower 1nstrument panel as dep1cted in’ ﬁgure B-2 1ndlcates rudder

- Jpos1t10n from 4 umts left to4 un1ts r1ght ‘A DC electncal s1gna1 generated by a p051t1on

transrmtter dnves the pomter on the indicator. The RUDDER TRIM 01rcu1t breaker '

* located on the forward mam c1rcu1t breaker panel 1n the forward cockplt prov1des ameans

Vof 1nterrupt1ng electncal power to the d1rect1ona1 tr1m system

‘ AUTOMATIC FLIGHT CONTROL SYSTEM (AFCS)

. , “

' There are ﬁve operatmg modes -of the AFCS:

1, Stab111ty Augmentatlon
2. Atitude Hold |
‘3.’ A1t1tude Hold
4. Mach Hold ‘
‘ 5. -Automatic Camer Landmg System (ACLS) ,

n Each mode is manually selected by the pllot v1a the:AUTO PILOT controller located on

> ;,the center console as deplcted in ﬁgure B-1. The AUTOPILOT controller consists of
three solenord-held ON—OFF ACLS-NORM—HDG OFF, and AUTO STAB AUG toggle

sw1tches and two soleno1d-held ALT and MACH square pushbutton sw1tches Electncal
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g | SIgnals correspondmg to the’ selected mode of operatlon are transmltted to’ the A1r
L , Nav1gat10n Computer (AN C), and AFCS 1nterlocks are set to prevent selectlon of
mcompatlble functlons All AF CS modes are 1ntegrated 1nto the prlmary ﬂlght control o
"‘system A sp1n recovery mode is. also manually selectable by the pllot through the |
- : ASSIST SP]N RECOVERY swrtch located on the throttle quadrant as deplcted in ﬁgure
- B 1

o lG_ENERA'Ij R

The AF CS is an electromechamcal system de31gned to prov1de two-ax1s stabrhty
o ;'augmentauon, three ax1$ attltude control and Mach or. altltude hold A1rplane motlon is
- detected by error sensors 1n each ax1$ whlch send electncal control s1gnals to the ANC
' "The AFCS consrsts of posmonmg-type servosystems, the AN C a rate gyroscope ‘ |

o assembly, and normal and lateral accelerometers

- )AIR NAVIGATION COMPUTER (ANC)

The AN C 1s an electromc and electromechamcal analog s1gnal processor Wthh
e . l: lcouples shapes and ampllﬁes stab111ty augmentatlon and automatlc ﬂlght control 31gnals
o to actuate the rudder, ﬂaperon auto-p1lot and stablllzer actuators and the stab1hzer tr1m 4

e actuator The computer 1s de51gned to accept p1tch roll and yaw rate s1gnals acceleratlon '

L s1gnals and control surface/actuator pos1t10n s1gnals from the AFCS and prov1de output Lo -

* s1gnals to the approprlate actuators to command control surface movement The AN C
O also recerves mputs from aux111ary subsystems such as the Att1tude-Head1ng Reference R

L System (AHRS) Course Attltude Data Transmltter (CADT) and A1r Data Computer c 1

X A'.‘f‘f ‘_‘(ADC)




'RATE GYR()SCOPE' ~ i "

The rate gyroscope consrstlng of a m1n1ature rate gyroscope in each ax1s is de51gned o

10 detect and measure alrplane p1tch roll and yaw rates and supplles th1s rate data to the

- .AN C for 3-ax1$ damplng The rates of change sensed by the rate gyroscope prov1de error B

'Slgnals to the ANC S R : S R
| NORMAL ANn LATERAﬂ’ACCELEROMETERS -

: The normal and 'later:al accETerometer transmitter's{are »designed to generate an~ ‘
_acceleratlon error s1gnal proportlonal to the vertlcal and lateral acceleratlon of the

o alrplane respectlvely The normal acceleratlon error s1gna1 is processed in the AN C with

» altltude and Mach erTor s1gnals to. produce an altltude or Mach hold vertlcal path damplng

,-~ :51gna1 whlch is supphed to the stablllzer and ﬂaperon auto-pllot actuators The normal .

acceleration rate s1gnal-1s also,used-ln the ANC as the g-command reference 31gna1. “The

llateral acceleration error signal is used fof turn coordination arid to compensate for
adverse yaw. ‘Yaw and roll rate s1gnals from the gyroscope coupled w1th the lateral

‘ acceleratlon error s1gna1 from the lateral accelerometer transmitter are used by the AN C

T to generate a control”mgnal to hold or command a change in the rudder pos1t10n.~\ Pitch -

and roll rate s1gna1s from the rate gyroscope are used by the AN C to generate control
.8 s1gnals to hold or command a change in the stablhzer and ﬂaperon pos1t10ns

Magnetlc headlng, roll angle and p1tch angle are. also processed in the ANC to prov1de
:the hold or actuate s1gnals used by the stablhzer oF ﬂaperon auto-pllot actuators The

,control stlck mcludes sens1ng.swrtches;' whlch a‘r_ewac_tuated ‘by stick motion to command
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L the alrplane s control surfaces vid the AFCS mechamcal hnkage P1tch and roll control

 forces apphed to the control stlck are transmltted to the airplane’s control 11nkage v1a a-

J,transducer A l1near pos1t1on transducer also transmlts the stab111zer pos1t1on s1gnal to the S

: ANC and AF CS when the stablhzer actuator is, operatmg in the parallel mode
Automatlc dlsengagement of all AF CS modes except Stablhty Augmentat1on oceurs
".when the p1tch and roll outputs prov1ded by the CAIN S and AHRS do not agree w1th

. 'Aeach other as well as the attltude dr1v1ng the Att1tude Dxrect1on Ind1cator (ADI) If any

L pltch and roll attrtude comparlson does not agree a dlsengagement 1nput 1s sent to the

AUTO PILOT controller the ADI OFF FLAG is d1splayed and the ATTD REF hght .

1llummates on the Caut1on nghts panel AF CS modes can be manually d1sengaged using .

D the AUTO-PILOT controller the AF CS emergency dlsconnect sw1tch control st1ck force RN

L ‘mputs and the AF CS and AF CS / AIR DATA CMPTR 01rcu1t breakers located on the aft

' main c1rcu1t breaker panel In the event of uncommanded control 1nputs after the auto-

A : pllot controller ON-OFF sw1tch has been secured electncal power from the auto-p1lot

‘ must be removed by pulhng the AFCS 01rcu1t breakers or deploylng the emergency RAT

e Aand securmg the generators

: STABILITY AUGMENTATION MODE

Stablhty augmentatlon 1s selected on the AUTO PILOT controller by placmg the ON-

o OFF sw1tch to ON with the AUTO STAB AUG swrtch in STAB AUG In this mode the

\p1lot ﬂ1es the a1rplane us1ng control st1ck and rudder pedal 1nputs wh11e the AF CS

2 _“prov1des p1tch dampmg, yaw dampmg, and turn coordmatlon The two-ax1$ damper is . T
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designed to automatically r_educe airplane motion in the pitch and yaw axes by positioning
the stabilize;r_ :;lnd rudder prdportioﬁately to airplané pitch, roll and yaw rateé, fespectivély.
In this mddé, the stabiiizer is actuated proportionafely in response to pitch rates and the
rudder is positioned proportionafely in response to roll and yaw ?atés. Pﬁqh, roll and yaw
rate signals from the rate gyroscope are processed with signals geﬁerated in the AN C.to
provide the signals to control fcﬁ,e surface positions of tﬁe airplane via the electro-
hydraulic flight control actu‘a'tors; Turn cQordmétion is accomplished by automatically

- positionii;g the rudder through the rudder actuator in reéponse to airplane lateral

acceleration.

ATTITUDE HOLD MODE

Attitude hold mode is the basic»automa;tic pilot (;pérating mode of the AF CS and is
engaged by setting the AUTO-STAB AUG switch to AUTO on the AUTO PILOT
cbntfoller with the ON-OFf‘ switch ON. The AUTO mode is designed to remain engaged
only if the pitch and roll modules are properly aligned with the attitpde reference selected
by the vertical reference (VERT REF) switch and the AC operating voltage of the AFCS
is within limits. In this mode, the AF CS is designed to provide three-axis damping and.
attitude ﬁold. The yaw axis is controlled in the same manner as described in the stability
augmentation mode. Thg pitch axis is controlled by maintaining the reference pitch
attitude, which is limited from 25° nose up to 60° nose down, while providing continuous .
. automatic pitch trim. Pitch trim attitude is achieved by commanding stabilizer

positioning proportional to the pitch attitude rate and displacement signal from an
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- establish'ed reference Aattitude. ";l“he pltch attitu'de rate‘ 1s derived from‘ arpitch rategyrom
N the rate gyroscope and the drsplacement srgnal is generated from the extemal nav1gat10na1 1 |
. ‘_‘ aids system. These s1gnals are: used to posmon the stablhzer via the. stablhzer actuator . - — , \
* and posrtlon transducer Automatlc p1tch tr1m is accomphshed by‘ rep051t10n1ng the :
cockplt control‘column and 11nkage to establlsh the’trlmrned stablllzer posmon "Fhe
AF CS senses the sustained electncally held surface position. and reposrtlons the cockpif .
control column and hnkage through the electromechamcal stablhzer trim actuator
R Jthereby ehrmnatmg the requlrement fora sustarned electrrcal mput If the alrplanes prtch
B attltude exceeds the 25° nose up or 60° nose down limit, the AF CS automatlcally retums -
. the alrplane to the nearest pitch limit. In the roll ax1s the AF CS operates in roll attitude
or headlng hold mode Roll attltude hold is accomphshed in the same manner as prtch
| attitude hold where the ﬂaperons are pos1t10ned asa functlon of the roll rate s1gna1 from .
‘the rate gyroscope and the heading error 31gnal from the external nav1gatronal a1ds

.. system For the AF CS to assume the roll attitude hold conﬁguratlon, the bank angle must

o be between 5° and 60° with the ACLS-NORM-HDG OFF swrtch in the NORM posxtlon

If the bank angle_ is less than 5°, the alrplane is automatlcally leveled and the headmg hold

N mode is engaged. The reference heading is rnaintained by Ccommanding banldarigle asa

R functlon of headmg error.. The headlng error s1gna1 is generated in the external

‘ ‘n nav1gatlonal aids system Pos1t10n1ng of the ﬂaperons is accompllshed by the ﬂaperon ‘

: , auto-pllot actuator, wh1ch posmons the ﬂaperon hydrauhc actuators through the AFCS

lmkage Wlth the ACLS—NORM-HDG OFF sw1tch in the HDG OFF pos1t10n the AF CS

_ maintains any bank angle between 0° and 60° 1n the same manner descrlbed above If
| BTV '



the arrplane s roll attrtude exceeds 60° angle of bank in NORM or HDG OFF, the AFCS
automatrcally returns the a1rp1ane to the 60° roll attrtude limit. Longrtudmal or lateral |
control stlck forces of 1. 1+O 2 lbs actuate the stick dlsengage sw1tches which revert the
AF CS to the STAB AUG mode, durmg whrch manual trim may be accomphshed When
the control stick force is released, the AUTO mode is re-engaged and the AFCS malntarns
a _cOnstant pitlch‘ attitude _and a constant bank angle-or heading depending on the ex1st1ng

bank angle at the time.

There is no automatrc d1sengagement in the AUTO mode upon fallure of the attrtude
. reference system 1nput Therefore, manual dlsengagement of the AUTO mode s, requlred
if an-OFE FLAG appears on the ADI or EADL However on alrplanes 1ncorporatmg AFC
778, if the Digital Srgnal Data Converter (DSDC) fails and prlmary is selected as the |
attltude reference the AFCS will dlsengage in AUTO the EADI ATTITUDE FAIL w111

' be dlsplayed the ATTD REF cautlon hght wrll 1llumlnate and the master caut1on lrght
‘w111 flash. In add1t10n the AUTO mode should be secured prlor to sw1tch1ng 1nto or out

of prlmary (PRI) or Secondary (SEC) on the VERT REF switch to prevent abrupt or

unexpected attltude changes durmg a changc in the reference srgnals to the AF CS

ALTITUDE HOLD Mom«i

Altitude hold mode can be manually selected by the pilot only after selectmg AUTO
with the AUTO STAB, AUG sw1tch to satrsfy the AF CS 1nterlock functions. The altitude
“hold mode is engaged by pressmg the ALT pushbutton on the AUTO PILOT controller
The ALT and MACH pushbuttons are mutually exclusrve and selection of the ALT -

pushbutton automatically dlsengages Mach hold, if actlvated A1rplane static and impact




~~~~~

. pressure from the p1tot-stat1c system and temperature from the total-temperature probe are-

B processed in the A1r Data Computer (ADC) whlch controls the ltitude hold function.

Clutches in the ADC are actrvated by the alt1tude hold pushbutton to establlsh the
»reference altitude. Automatlc (barometnc) a1t1tude hold is accomphshed by commandmg
pltch attltude proportlonal to dlsplacement and tate dev1at10ns from the reference altitude.

. .Also sustamed alt1tude errors are corrected by 1ntegrat10n of the d1splacement errors

o The dlsplacement srgnal from thie external nav1gatrona1 ards system along w1th the -

normal acceleratlon rate srgnal from the normal accelerometer transmltter and the
1ntegrated dlsplacement srgnal are comblned and used to command alrplane p1tch attltude
' 'to reduce pressure altrtude errors. These error s1gna1s are sent from the ADC to the

AFC CS whlch commands the stablhzer actuator to position the stabrhzer Again, control - .
-stick forces of 1.1+0.2 lbs 1nterrupt the alt1tude hold funct10n but the alt1tude hold mode

s re-engaged when the control stlck forces are released

,' MACH HOLD MOD*EV

| Mach hold mode can be manually selected by the p1lot only after selectmg AUTO w1th_ -
B the AUTO STAB AUG sw1tch to satlsfy the AFCS 1nterlock functlons The Mach hold :
mode is engaged by pressing ‘the MACH pushbutton on the AUTO PILOT controller

o The ALT and MACH pushbuttons are mutually exclusive and selectron of the MACH

" - pushbutton automatlcally drsengages altltude hold if actrvated The Mach hold functlon S

b 1s also controlled through the ADC by processmg statrc and 1mpact pressure from the

' prtot-statlc system and temperature from the total-temperature probe The Mach hold

L pushbutton actrvates clutches in the ADC to establlsh the reference Mach number Mach e N

hold is then accomphshed by commandmg alrplane pltch attltude to reduce Mach error in -

. the same . manner as altltude error is reduced in the altltude hold mode The drsplacement
o S 1 14




: s1gnal is supphed to’ the AF CS from the external navrgatlonal a1ds system Sustamed
, IMach eITorS are corrected by integration of the dlsplacement error, and vertlcal path
‘ dampmg is prov1ded through 1ntegrat10n of the normal accelerometer transmitter. Agaln
B control stick forces of 1. 1+0 2 lbs 1nterrupt the Mach hold funct1on and the Mach hold

mode is re-engaged when the control stlck forces are released

AUTOM'ATIC CARRIER L’ANI)ING ‘SYS‘TEM‘ (ACLS) MODE |

The ACLS is des1gned to prov1de an automatrc coupled AFCS approach capabrhty by
1nterfacmg the ASW 25 Data L1nk w1th the AF CS and the- Approach Power Compensator

. (APC) The ACLS mode can be manually selected by the prlot only after selectmg

"AUTO w1th the AUTO STAB AUG sw1tch to satlsfy the AF CS 1nterlock functlons The
. ACLS mode is selected by placmg the ACLS-NORM HDG OFF sw1tch to ACLS on the
AUTO PILOT controller, as deprcted in ﬁgure B 1. In the ACLS mode aircraft carrier-
- based radars transm1t ghdepath data to the AFCS v1a the AN/ASW-25 Data Llnk If the
: '. sw1tch does not hold in the ACLS pos1t10n it 1nd1cates that not all of the pre-engagement
ﬁ 'requlrements are met The ACLS controls and d1splays are illustrated in ﬁgures B 6 and .
B-7.. S | ' :

The ASW 25 data lmk provrdes the capablhty to recelve srgnals from the SPN-42 / 46
, system, decode them provrde control srgnals 10 the AF CS, prov1de position s1gnals to the '
. ADI/ EADI and ARI and display system status on the ACLS d1screte message 1nd1cator
(DMI) llghts 1llustrated in ﬁgure B-7. Norrnal data link operatlon requlres the data link
power ON, the proper UHF data link frequency dlaled 1nto the thumbwheels on the pllot s
71nstrument panel and a known address set in the decoder box located in the forward nght
‘equlpment bay. All ACLS and Instrument Carner Landmg System (ICLS) controls are

o presented in ﬁgureB 6 ‘ o
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. . 'The ACLS is a closed-loop system designed to use pulse—coded KU-band information - -

and Ka-band ‘interrogation from the“air:craft carrier to obtain and/or maintain glidepath.
- The camer s landing radar system AN/SPN -42 or 46 tracks the alrplane and the radar
: ‘computer compares present a1rplane posmon ‘with the optlmum approach proﬁle The
-al'rplane position is then corrected to‘the desrred glidepath using commands from the
Na\?y Tactical Data System transmitted over UHF data link to the atrplane’sb ASW-25
- data link receiver. The ASW-25 data lmk recéiver then directs p1tch and roll commands
to the AFCS. Upon selectlon of ACLS, the shrpboard generated pltch and roll commands
are transmltted to the Air Navigation Computer (AN C) via the AN/ASW-25 Data Lmk
and the stabilizer actuator enters the parallel mode of operation. Wlth ACLS mode
COUPLED shipboard generated p1tch and roll commands are transmltted to the ANCvia' - | o

'A the data link whlch in turn commands the appropnate control surface deﬂectlon to effect

the proper aircraft response. Stabilizer movements are commanded by 1nput s1gnals from
- the AF CS and the correspondlng stabilizer motlon is transmltted through mechamcal

linkages to the control stick. In this’ mode the auto-pllot 1nput 51gnal is des1gned to
- 'command a max1mum stablhzer travel of +7 82 o
The ASW-25 data hnk also transrmts ACLS dlscrete messages, whlch are displayed on

: the pllot’s instrument panel as deplcted in ﬁgure B-7. These messages prov1de .
information relative to the progress of the approach as well as azimuth and glideslope
dev1at10ns d1splayed by crossbars on the p110t s ADI / EADI and ARI. When an operable
AN/SPN-41 is avallable on the alrcraft carrier, 1ndependent headlng and ghdeslope ‘
signals are d1splayed on the ADI / EADI and ARI, providing manual ICLS approach
. ‘capablhty through the AN/ARA-63 receiver. The ACLS DATA LINK MON switch,

. located on the prlot’s instrument panel (ﬁgure B- 6) allows SPN-41 or SPN-42
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information to be selected on either the ADI/ EADI or ARI and does not affect ACLS
control if switched du’ringan approach.

In the event of an excessive ﬁight—path error, a waveoff srgnal from the ACLS
disengages the ACLS, control and reinstates airplane flight contrcl to 'tne AF CS.
Automatic disengagement of the ACLS mode is designed to occur'when auto-pilot
command signals exceed normal operating 1nputs or when the stabrhzer actuator Servo .
ram receives a hardover s1gna1 causmg the main ram to actuate a rate swrtch Either
automatlcdlsengagement causes the AFCS to revert to the STAB AUG mode. On
aircraft incorporating AFC 778, if thie DSDC detects an internal or catastrophic failure,

" the AFCS is designed to disengage if in AUTO or ACLS. The ACLS mode is manually
disengaged by applying : a control stick force of 10 Ibs in pitch or 7 lbs in roll, which cause
the AFCS to revert to and remain in the STAB AUG mode. If the AFCS fails to revert to
STAB AUG or the control strck falls to move w1th pllot pitch inputs, the ACLS mode can
be disengaged and normal stick movement restored through appllcatlon of rapid fore and
aft stick 1nputs of approx1mately 50 1bs at the stick- gnp The ACLS mode can also be
manually dlsengaged using the AF CS emergency dlsconnect switch located below and to

the right of the control stick grip. -

'APPROACH POWER COMPENSATOR (APC)

The approach power compensator (APC) is des1gned to malntam an a1rspeed that will
result in a constant average AOA. The APC is engaged usmg the APC power sw1tch
located on the pilot’s left console (figure B-1), and automatically sets the throttles at the

calculated thrust required to maintain 17 units AOA, regardless of lprevious settings. The
throttle setting is dependent upon alrplane gross ‘weight, bank angle, ﬂrght-path angle and

) selected temperature setting. The APC uses acceleratlons measured perpendxcular to the
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ghdepath AOA error and stablhzer posrtlon mputs to control throttle movement “The
APC system is'also damped to prevent excessrve throttle movements when ﬂymg through
heavy. turbulence The system 1s de31gned to d1sengage when the throttle friction lock

; | lever is moved forward out of the OFF posrtlon STBY or OFF is selected with the APC- |
. power’ sw1tch or the welght-on-wheels sw1tch is actuated The APC is also desrgned to |
: manually d1sengaged when 8 12 lbs of forward or aft force is apphed to the throttles If :
,throttle control is not rehnqulshed after attemptlng to dlsengage the APC by normal
methods a force of 35 55 Ibs apphed to the throttles manually overndes the system and

: damages the APC actuators
 SPIN RECOVERY Momii 4

The spm recovery mode is 1mt1ated by selectmg ASSIST w1th the guarded ASSIST
~ SPIN RECOVERY sw1tch located on the throttle quadrant (ﬁgure B- 1) The spm

B recovery system prov1des an altemate method of i 1ncreasmg stabilizer and, rudder throws -

~in the clean conﬁguratlon Normally (SPIN RECOVERY sw1tch OFF), the stablllzer ’

shrft mechamsm 11m1ts stabilizer travel from 1 5° leadmg edge up to 9. 6° leadmg edge

" down and rudder d1splacement to: + 4° Selectmg ASSIST electrrcally energlzes a selector 1 S

| valve which ports pnmary comblned hydraullc fluidtoa sh1ft cylrnder The cylmder
‘.automatlcally shifts the tail control surfaces mto an extended throw of 1.5° leading edge
| ‘ up to 24° leadmg edge down for the stablllzer and * 35° for the rudder. Actlvatlon of the |
spin recovery mode ehmmates the d1rect10nal stablllty augmentatlon authonty, ensurlng )
full rudder deflection i is available for spm recovery regardless of the STAB AUG sw1tch ,
'posrtlon In Block 89 arrplanes an a351st spln recovery battery provrdes an emergency

DC power sourceé to actlvate the assrst spm recovery ‘circuit and power the yaw rate

indicator.

| /,_j,_;11_8_:..fx



MODE DISENGAGEMENT

. On alrplanes 163 884 and subsequent or alrplanes modrﬁed wuh AFC 639 the attrtude S
hold altltude hold Mach hold and ACLS modes are desrgned to automatrcally disengage
if the pltch and roll attrtude data supphed by the Carrler A1rcraft Inertlal Navrgatlon .
- ~System (CAINS) synchro or drgltal of AHRS does not agree w1th the attrtude reference ‘
‘ 1nputs bemg transmrtted to the Attrtude Drrectlon Indrcator (ADI) The prlmary and .' :
' secondary p1tch and roll outputs from the CAINS and AHRS respect1vely, are formatted .
L :by the CADT to obtarn separate X, Y; and z synchro 11nes wh1ch drive the ADI and are
‘ o sent to the A/D converter Any drscrepancy in p1tch or roll data between the CAIN S,
‘AHRS and the ADI source results in dlsengagement of the AFCS 1nput between the -
IAN C and the AUTO PILOT controller Relay logrc is also desrgned to rarse the ADI
_ OFF ﬂag, 1llum1nate the ATTD REF 11ght and cause the MASTER CAUTION hght to
- flash. | " ' |
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Table C 1: EA-6B FLIGHT CONTROL SYSTEM CHARACTERISTICS

Travel Limits

Control surface (from neutral) Control Actuatlon
Horizontal Stabilizer - e : :
Flaps Up ‘ 1.5° LEU t0 9.6° LED Mechanical / Flight & Primary -
Flaps Down or ASR-ON 1. 5° LEU to 24° LED ‘Electrical "~ Combined
ACLS = : 47, 3° o O | . Hydraulic:
Horizontal Stabilizer Trim 115VAC Electric | 115VAC Electric
Flaps Up . . :3/4° LEU 0 9°. LED. o P
* Flaps Down - 12 LEU © 22° LED - 28VDC . 28VDC
) ‘ (AFC745) - . (AFC745)
|. - S Flight & Primary - |
Flaperons 51° Up . Mechanical and Combined
K ' : ' Electrical - Hydraulic .
Flaperon Trim 9° Up g 115 VAC Electric | 115 VAC
3 , ‘ Electric
Rudder o o
FlapsUp k40 X I A
Flaps Down S +23° Mechanical and | Flight & Primary
'ASR-ON - G350 - Electrical ‘Combined
“Flaps Up in AUTO R LR ' Hydraulic
. “Flaps Down in AUTO S 4100 ‘
Rudder Trim T ' S
Flaps Up . C k40 115 VAC”Eléctr‘ip‘ . 115VAC
" Flaps Down . “+6° - o "-Electric
Flaps o R , o E
~ Normal . .20°0r30° . ‘ 28VDC Electrlc . Secondary
Emergency - .+ | ‘115VACand Combined
~ | 28VDC Electric . Hydraulic
. 1~ .7 .| . Secondary
Slats 270 28VDC Electric | . Combined
Lo ‘ .Hydraulic
‘ . : ' . Primary
Speedbrakes © e 2600 . 28VDC Electric | - Combined
e S Hydraulic
| ' A . o cot . Secondary
Nose wheel Steering ©£60° - 28VDC Electric Combined
' : B .Hydraulic
R SO A ' Secondary
‘Flaperon Popup 41° Up 28VDC Electric | . Combined
: ' . ‘ " Hydraulic
o e © .}  Primary
1 23° Rudder Stop #23° 28VDC Electric | " Combined

- - Hydraulic




Table C-2: EA-6B F LIGHT CONTROL SYSTEM ELECTRICAL

REQUIREMENTS. ° ,‘
" - Component ‘Control Actuatlon
| Stabilizer and Rudder - " 28 VDC Electrical " 28 VDC Electrical -
| Trim Indicators o e C
‘Flaperon Trim Indicator - Mechanical ~ Mechanical -
Emergency Flaps and-Slats 115 "'VACand 28 VDC ~ 115 VAC and 28 VDC
. SRR ( o Electrical - o Electrical o
.| Assist Spin Recovery » 28 VDC or. Primary Combined -
N ' 'ASR.Battery (Block 89) - Hydraulics . ..
| Anti-Skid - ' 28 VDC Electrlcal | Secondary Combined -
o : Hydraulics
TAFES 115 VAC and 28 VDC Flight and Primary
' . " Electrical - Combined Hydraulics . .
'AFCS Emergency L Mechamcal Mechanical T
Disconnect ) . ' L
‘Caution Lights Panel - | 28 VDC Electrlcal 28 vDC Electncal
'| Isolation Valve ', 28 YDC Ele.ctrlcal' thht Hydrauhcs
' | 'Emergency RAT .- Mechanical . anary Combined -
L AN Hydraulics and
L N " Pneumatic back-up -
.| Integrated Position Indicator- - 28 VDC Electrical ‘: 28 VDC Electrical
| Hydraulic Gages 26 VAC Electrical - 26 VAC Electrical .
| Auxiliary Brakes ' . Mechanical Auxiliary Hydraulics .
| Auxiliary Brake Cycle . ...Mechanical - - - Pneumatic - . .
Indicator - ' .~ (Direct Reading Gage) S '
ASW-25 Data Llnk : . » 28 VDC Electrical - 28 VDC Electrical
ACLS Warning and -~ - - .28 VDC Electrical . - 28 VDC Electrical

. | Indicator Lights -

Cwo
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EA-6B HYDRAULIC POWER SUPPLY SYSTEM

- The EA—6B hydraulic system: illustrated below in, figure D-1, is composed of two- |
'mdependent systems the flight hydrauhc system and the combined hydrauhc system
- Both hydraulic systems power the tandem-type flight control actuators, and either system
alone is capable of dellvenng sufficient hydraulic pressure to the flight controls for
maneuvering the aircraft throughout the flight envelope except at hlgh IMN where
' aerodynamic hinge moments and available actuator power become the limltmg factors. :
Each system is powered by two 3000 psi engine-driyen hydraulic purnps' one pump lv
dnven by each engine. The ﬂlght hydraulic system powers one side of the tandem-type
- . ﬂlght control actuators an 1solat10n valve and the AFCS. The combined hydrauhc
system is separated into pnmary and secondary systems by the 1solat10n valve desrgned to
| reduce the poss1b111ty of los1ng comblned system pressure due to fallure in any one of the
, 'utihty system components The primary comblned hydrauhc system powers the other
: side of the tandem-type ﬂlght control actuators the emergency RAT, ass1st spm recovery
system, wing tip speed brakes, and 23° rudder stops. The secondary combmed hydraulrc ‘ |
system prov1des power for operat1on of the flaps, slats landing gear, ﬂaperon popup,
. wingfold, wingfold locks, nose wheel steering, hook retract strut lock and normal wheel
. brakes.. Flight and combined hydraulic system bootstrap reserv01rs pressunzed by the
fengine-dri,ven pumps, supply fluid for each system. A wheel brake ac_cumulator is
incorporated into the combined secondary hydraulic system for operation of the auxiliary
wheel brakes, the aft extensible equipment platform, and the radome. - The. auxiliary brake
accumulator is 'charged using a hand‘pinnp‘ or electrically-driven pump‘, 'both operated :
* from either the cockpit or the'nose wheel well. An auxiliary brakes gage, located on the

, ,. lower center portion of the pilot’s instrument panel. (figure B-2), indicates the number of
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' aux111ary brake apphcatrons avarlable Four hydraulrc -pressure gages are 1ncorporated ina
_, smgle unit located on the. pllot’s 1nstrument panel (ﬁgure B- 2) and are powered by the

- .nght‘malnr 26 VAC bus. The upper two side-by-side gages are 1dent1ﬁed as FLT and
indicate the preSSure output. of the two engine-driveh pumps for'the'ﬂight hydraulic
system "The lower two s1de-by-s1de gages are 1dent1ﬁed as COMB and 1nd1cate the.
pressure output of the two engme-dnven pumps for’ the comb1ned hydrauhc system A

'HYD SYS caution light on the cautlon 11ghts panel located on the lower center pOI'thI‘l of
the pllot’s 1nstrurnent panel (ﬁgure B 2) is- des1gned to 1llum1nate when elther the ﬂlght
_ ‘- or combined hydrauhc system pressure falls below 1400 + 100 ps1 The HYD SYS

"cautlon 11ght does not prov1de an 1ndlcat10n ofa s1ng1e pump fallure wrthm elther system.
- The loss of a smgle hydraullc pump will be dlsplayed on the respectlve hydrauhc
pressure indicator, but w1ll not present any ﬂlght control degradatlon However fallure )
of one pump may result 1n fallure of the other pump in the same (F LT or COMB) system ‘
due to the common hydraullc ﬂu1d reserv01r In the event ofa ﬂlght or comblned

| hydraulic system fallure the remalmng operatlng system will assume full demand for the
stabilizer, rudder and ﬂaperon actuators wh11e the normal landlng gear normal ﬂaps/slats, ‘
| normal brakes, anti- sk1d ﬂaperon popup, and nose wheel steerrng systems w111 be
1noperat1ve If the ﬂrght hydrauhc system falls the sprlng-loaded isolation valve w111
automatrcally cut off hydrauhc pressure to the combmed secondary hydrauhc system
ensuring all available combmed hydrauhc pressure is: supplled to the prrmary ﬂlght

| controls. 'However, loss of ﬂrght hydraullc system pressure w111 not automatlcally 3

3 d1sengage the AFCS Therefore the AUTO PILOT ON-OFF sw1tch located on the Auto

| .PllOt controller on the center console (ﬁgure B- 1) must be turned OFF to prevent
uncommanded inputs to the ﬂlght control system caused by surges in pressure in the '

N falled ﬂlght hydrauhc system A ﬂlght or combined hydrauhc system fallure requlres use
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of emergency landing gear_extensioh, emefgency flaps/slats, and auxiliary brakes. Tﬁe
emergency flaps/slats are electrically contfolled and actuated using the emergency
flaps/slats switch located on the throttle quadrant' inboard of the throttles as depicted in
figure A-1. Au).(iliary brakes are selected by rotating the brake selector handle, located on
the lower left portion of the pilot’s instruﬁient panel (figure B-1), 90° clockwise. With
auxiliary brakes selected, the brake selecfor valve ports brake accumulator hydraulic
pressure to the brake control valves and the anti-skid system is de-energized. If electrical
power is lost to the isolation valVé w_ith normal flight hydraulic pfessﬁre available, the
isolatioﬂval_ve opens, energizing the combined éecondary system and its associated utility
systems. A complete hydraulic system failure renders all flight controls inoberative. |
During a dual engine failure or flameout (engines windmilling), a minimum airspeed of |
1140 KIAS is required to generate sufficient hydraulic pressure to maintain control of the

aircraft.
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S c2.

EA-6B ELECTRICAL SYSTEM -

The EA—6B electncal system deprcted below in, ﬁgure E-l con51sts of two engme- ‘
driven 30. KVA 115/200 volt AC generators two 100 ampere transformer—rectrﬁers and a-

24 volt DC 0.33 arnpere-hour battery Emergency electrical power is prov1ded by a ram »

air turbme (RAT) dnven 2.5 KVA AC generator and 50-ampere emergency transformer- .

rectlﬁer -and has a minimum operatmg arrspeed of 110 KIAS. The emergency RAT is
mechamcally controlled v1a a handle located 1nboard of the prlot’s left console depicted
in ﬁgure A-l and hydraullcally pos1tloned into the a1rstream above the leﬁ wing: In the
event of a combmed hydrauhc system fa11ure the RAT accumulator is de51gned to

provide a smgle extenswn of the RAT pneumatlcally The electncal power requlrements

© for the secondary ﬂlght controls, AFCS, and-trlm systems are hpresented in table C-1 and

The electncal power requlrements for the secondary ﬂlght controls AF CS and trim

B systems can be met by any generator and transformer-rectlﬁer combmatlon through a

" series- of AC contactors In the event of a dual generator farlure all secondary ﬂlght

: _control systems except speed brakes, nose . wheel’ steermg, ﬂaperon popups antl-skld
Aemergency ﬂaps/slats and AFCS will be avallable on emergency RAT power In Block

89 a1rplanes the assist spin recovery battery prov1des emergency DC power to the assist

spin recovery. circuit and the yaw rate mdrcator when 't no ‘other DC soprce is avallable.
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. APPENDIX F



, SECQNDARY FLIGHT CQNTROL SYSTEM -

: WING FLAP AND SLAT SYSTEM

‘ The semi- Fowler type slotted tralhng edge wing ﬂaps and leadlng edge slats are

“ - : ' actuated by the ﬂap selector lever located to the nght of the. throttles as deplcted in ﬁgure
i B 1. The ﬂaps and slats are DC electrlcally controlled and hydraullcally actuated by the
: }secondary comblned hydrauhc system. Both the ﬂaps and slats are d1v1ded at the wing
“ fold and can not be hydrauhcally actuated unless the wings are spread and locked and the
- y 'wlng lockpln sw1tch is energrzed Movrng the ﬂap selector lever actuates electrrcal
sw1tches that control the hydrauhc motors and hydrauhc brakes for the ﬂaps and slats

- The central ﬂap gearbox located in'the r1ght w1ng root transnuts torque through a series of

" . \

” spanw1se torque shafts and offset gearboxes dnvrng a senes of revers1b1e screw Jack ‘
. actuators to extend and retract the ﬂaps The ﬂaps are supported by a hlnge and carrlage :
' ,assembly on rollers and gurded on contour tracks in the w1ng trallmg edge At the same
B _' | tlme the central slat gearbox located in the left wlng root. extends or retracts the slats ina
. ,’ : srmllar fashron The slats are’ fully extended to 27° whenever the 20° or 30° ﬂap pos1t10n

o ‘is selected and are gulded by rollers in the wing leadmg edge Flap and slat pos1t10ns are

1ndlcated on: the Integrated Posmon Indlcator (IPI) on the pllot’s 1nstrument panel The

ﬂap and slat gearboxes each have a hydrauhc and an emergency AC electrlc-dnve motor

‘ attached An emergency ﬂap sw1tch located on the throttle quadrant as. dep1cted in ﬁgure

A-1 energrzes the 1 15 VAC emergency ﬂap and slat motors for extens1on or retractlon in - :




the event of hydraulic motor failure or flight or combined hydraulic syStem failures. Four

circuit breakers (c/b’s) provide an additional means of ‘sécuring electrical power to the

flaps and slats; FLAP and SLATS c/b’s on the forward left circuit breaker panel, and

EMERG FLAP and EMERG SLAT c/b’s on the pedestal forward of ECMO 1’ position.

SPEEDBRAKE SYSTEM

| Wing tip speedbrakes consist of a set of split trailing-edge surfaces at the tip of each
wing as depicted in figure A-1. The speedbrakes require AC and DC power and are _
actuated by the primary combined hydrauhc system ‘The speedbrake switch, located on

the inboard face of the nght throttle (figure B-1), perm1ts select1on of any 1ntermed1ate

* position. Smgle tandem-type hydrauhc cyhnders in each wmg tip deflect the surfaces via

flow regulators to a maximum included angle of 120°. An electric synchromzatlon
system automat1cally retracts the speedbrakes if the surfaces become asymmetnc by more
than 8°. Speedbrake position is d1sp1ayed on the IPI on the pilot’s instrument panel as

illustrated in figure B-2.

NOSE WHEEL STEERING (NWS) SYSTEM

The nose wheel steering system is designed to Inrovide directional control and shimmy
damping’through a DC electrically controlled nose wheel steering button on the control
stick grip, as 111ustrated in ﬁgure B-1. Nose wheel steerlng 1s controlled through rudder
pedal deﬂectlon and is activated only when the welght-on-wheels switches on the nght
main landing gear are closed. '.Th_e nose wheel steering systern w111 powe_r the lower strut

barrel up to approximately 60°.either side of centered using secondary combined

. hydraulic pressure and requires the NWS button to be depressed throughout systern ‘
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operation. Nose wheel steering is automatically éngaged when the arresting hook is
extended as soon as the right main géar weight-on-wheels switches are actuated. The

relationship between rudder pedal deflection and nose wheel angle is presented in figure

F-1.

b
P

70 80

P

60

Nose Wheel Angle (deg)

10 20 30 40 50
N

0

0 0.5 1 s 2 2.5 3
’ Pedal Position (in)

Figure F-1: EA-6B NWS SYSTEM PEDAL-TO-NOSE WHEEL GEARING

WHEELBRAKE CONTROL SYSTEM

The main wheel brakes are hydraulically ‘;;owered multiple diék brakes designed to
provide directional éontrol and ‘rbreilkling capability &uring éro@d opera‘;ions,. and |
incorporate an artificial feel system to simulate pedal forces. A brake selector handle,
located oﬁ.the léﬁ side of the pil.ot’s instrument panel (figure B-1), allows selection of
normal, auxiliary or err‘lerge'r;C);/I;atking brake operation. The normal brakes are powered

" by the secondary combined hy‘dréuli‘cl system.. Thé auxiliary and eﬁergenqy/pmhng

brakes are pdwered by a hydraulic brake accumulator that is charged by a hand-pump or
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via an electncally motor-dnven hydrauhc pump, both located to the nght of the pilot’s
seat and in the nose‘wheel well Accumulator pressure 1s d1sp1ayed on an auxiliary brake
cycle ’mdl‘cator (figure B—2),‘located on'the p1lo‘t_’sylower mstrument banel, in number of -
brake cycles \remaining'..' The ‘wheel brakes are actuated by conventlonal toe-operated
pedals, whit:h provide a direct lnput to the brake control valyes which'meter( hydraulic

 pressure to the brakes.

ANTL-SKID CONTROL SYSTEM '

The anti- sk1d system is used in conjunct1on with the normal brake system and is

o des1gned to 1ncrease high- speed brakmg effectlveness The system is act1vated using the

ant1—sk1d switch located on the pilot’s left console as deprcted in ﬁgure B-l The anti-
sk1d system 1s DC electrrcally controlled and 1ncorporates an ANTI SKID light on the
_caution lights panel (ﬁgure B-2) wh1ch indicates failures within the anti-skid control box B
ora brake release signal that exceeds 3. 5 seconds. The system is deactlvated whenever
the auxrhary brakes are selected or the park1ng brake is set., If the anti-skid system is
1noperat1ve, normal wheel brakes w111 still be avallable Multlple farlures within the anti-
skid system can result in loss of braklng capabllrty for erther or both mam gear wheels

with or without illumination of the AN TI-SKID light. Therefore the antl-skld sw1tch '

must be placed OFF should loss of braking occur, ’
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EA-6B AFCS UPGRADE

The EA-6B AFCS (Automatic Flight Control System) provides the aircraft with Stability
Augmentation (SAS) as well as standard Auto-pilot modes. These functions are
accomplished through the use of the AN/ASW-41 Air Navigation Computer (ANC). The
ANC uses position, attitude, and rate feedback from alrcraft sensors-to augment
commands to the aero actuator surfaces. ‘

EA-6B AFCS is considered the number one fleet readiness concern, with a MFHBF -
- (Mean Flight Hours Between Failure) of 200.23 hours, as reported by a 10/4/00 LMDS
" query. Furthermore, it was voted the number one fleet safety concern by the 1999 and
+.2000 SSWG (System Safety Worklng Group) The ANC is a 40-year-old analog
computer design. Many of the ANC components are obsolete, making support of the ,
ANC increasingly difficult. The numerous failure modes associated with the ANC have -
resulted in uncommanded flight control inputs and are among the most compelling safety
situations taxing aircrew. Many of the ANC- components are obsolete, making support of
the ANC increasingly difficult. Due to these factors, the reliability, malntarnablhty and
readiness of this item are expected to continue to degrade

“Based on information available from a previous program to update the EA-6B AN C' and
information obtained during the F-14 AFCS retro-fit program?, the Program Executive
. -Office Tactical Aviation (PEO(T)) are aware of at least two possible replacements for the
- ANC; the Standard Automatic Flight Control System (SAF CS CP- 1780/ASW-50) and
. the Digital Flight Control System (DFCS AN/ASW-59) The 9/28/00 RFI (Request for
- Information) release seeking candidates to- upgrade the EA-6B AFCS is servrng as the
vehicle to provide additional altematlves wh1ch w111 be con51dered '

The SAF CS was presented to PMA 234 management on 2/3/98 by Northrop Grumman to
replace the existing AFCS in the EA-6B. BAE North America (previously Lockheed
Martin) is the manufacturer of the SAFCS. The SAFCS is predicted to achieve a MTBF
. of 1306 hours. It is currently installed on E-2C aircraft and is supported by CASS. The

. SAFCS is compnsed of a digital- computer that uses a BIT (Built In Test) to simplify .

-~ diagnostics and produce significant savings in labor. It also provides flexibility for future
configuration modifications. SAFCS 1mplementat10n has been flight demonstrated on the
EA-6B. In 1998, Grumman presented the requirements for the implementation and ‘

- demonstration phase (DEM/VAL Program) for Pelts just prior to the decision to fund for
the scheduled 1.5-year retrofit program, which did not proceed. Many lab efforts have

~ been completed for the SAFCS and many of the algorithms have been thoroughly .

scrubbed. However, not all of the SAFCS effort is applrcable to the latest antlclpated

e 'EA-6B requirements. -
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n "The F 14 DFCS 1is manufactured by BAE SYSTEMS Rochester UK The d1g1tal des1gn
R capable of satrsfymg the ex1st1ng ANC functlonahty The F-14 DFCS is nearing

completion of the productlon program, which will replace the legacy AFCS inthe F-14
aircraft.. The DFCS has achieved a MTBE .of an excess of 1000 hours for the system.

... The F-14 DFCS consist of 3 Fl1ght Control Computers (FCCs) and a Digital Control
i Panel (DCP). For an ANC upgrade one FCC:and a DCP will meet the requirements. -

The DFCS ‘computer is composed of two independent channels that cross monitor each *

_ other. This provides a more direct and dependable means of detecting computer failures
‘compared with the single channel approach of the SAFCS. The dual channel internal

architecture of the DFCS provides the potential for Jintegration with the dual Embedded .
GPS/INS (EGIs) on the EA-6B aircraft. Integratlon 'with the EGIs would eliminate the -

- need for the existing, unreliable, 3-axis gyro unit and provide an increased level of system )

safety. The DFCS system de81gners have mcorporated a robust BIT, which not only
increases system integrity but also reduces mamtenance costs by greatly a351st1ng

s ‘ faultfmdmg by the maintainers. -‘

,7
i

Both the SAF CS and DFCS are cons1dered to be COTS However some mod1ﬁcat10ns

- for both units will be necessary to meet the unique. platform requirements that are being .-

proposed The 2 units are approximately the same size and welght and share similar
power and cooling requirements. The SAFCS software is wrltten in JOVIAL and is

+ "documented agamst earlier software development standards and ‘practices. The DFCS
.. software is written in Ada and developed to the latest military software standards. For

both systems, parts obsolescence has.beena key design driver. . The DFCS computers are

' ~ modifications of the Eurofighter thht Control Computers. : The Eurofighter program

should guarantee the availability of parts over its 15-year productlon program, wh1ch
m1n1m1zes the 1mpact of parts obsolescence - : ‘

Both optlons will requlre a level of non-recurnng development. -Because the SAFCS was -
integrated and flown in the EA-6B as'part of the PELTS contract, its' non-recurring S
efforts are envisioned to be 1ess than that. of the DFCS. Agamst this, the antrcrpated unit

o - price of the SAFCSis'on  the order of $9OK whereas the ant101pated unit price for a

DFCS computer is on the order of $50K The SAFCS is a domestic product. The DFCS - :
is manufactured in the UK. This enabled the program to offset its funding issues through .

-~ the use of the Foreign Comparatrve Test (FCT) program. Although the DFCS was
- manufactured in the UK, thé intégration effort was performed at NAS PAX River, MD,
" under the Integrated Product Team concept. DFCS has also supported combat operatlons '
_over Kosovo ) : S C : ’

Conclusnon ', :

- In conclus1on the Standard Automatrc thht Control System (SAFCS) and the Dlgrtal e
" .Flight Control System (DFCS) are both potential candidates to replace the existing Air

Nav Computer (ANC). It will be essential that all proposed _replacernents including




: 1dent1fy1ng the rehabrlrty 1mprovements that could be made to the existing ANC, be
- evaluated and scrutinized for reliability and redundancy of the system. The goal is to.

provide the fleet with a safe and reliable system that will increase the confidence the

* ‘pilots and maintainers have with the EA-6B flight control system, while significantly
: mcreasmg alrcraft availability, i 1mprov1ng performance and decreasmg operating costs

‘ Speclficatlon Sheet
Standard Automatlc Flight Control System (SAFCS CP-1780/ASW-50)

Manufacturer BAE North America (Formerly Lockheed Control Sys)

" Cost for Program - Unknown °
* ‘Estimated Cost per unit’ $90 K .

BIT Yes

Implementatlon EA—6B :
» MTBF Grumman presented 1306 for EA-6B.

. MFH/VF - 2000 .

. Obsolescence Risk - E-2C FST Reports Low Rrsk
. Computer Language: JOVIAL

- Satisfy ANC requirements ~ Yes. .
‘Unanticipated Problems ? - Not a drop 1n replacement for E-2C. o

- Aging Sensors .
. E-2C required w1r1ng change and AF C.

- Install Time unknown -
, Support Costs Reasonable ? Yes -

N (

| Dlgltal Fllght Control System (DFCS AN/ASW-59)

: ,Manufacturer BAEU. K ‘ ‘ ’
.Cost $80M Total (732 FCCs/215 -DCPs) (Note 1)

Estimated Cost per unit $50K

- _BIT. .. ' . . Yes

Irnplementatlon - F 14 -

' MTBF Greater than 1000 (Note 2

Obsolescence Risk ~ Minimal

Computer Language ADA

Satisfy requirements Yes . . ‘

Unantlcrpated Problems : Tarlonng exrstmg hbrary functlons/algonthms to

- 1mp1ement the EA-6B control laws .

Agmg Sensors

" Install Time 15Man Weeks w1th Checkout (note 1)

Support Costs Reasonable‘7 Yes -

' Note 1 Th1s mcludes the non-recurrmg costs for developmg a 3-computer solutlon to
‘meeta requrrement of srgmﬁcantly greater functlonahty than the EA-6B. ’




Note 2 This'is for a 3 computer (plus DCP) solutlon A smgle computer would exhibit an
MTBEF of greater than 3000 hours., :

Referenbes'
Model EA-6B A1rcraft Program, Engineering and Log1strcs Transition Support (PELTS),

Contract N00019-94-D-0005, Report No.: PELTS-ENG-19; EA-6B Technical Report for
the Engineering Investigation into Incorporatlng the SAFCS in Fleet Alrcraﬁ (CDRL

- #E001), 7™ June 1995.

Production Detall Speclﬁcat1on for D1g1tal Flight Control System for F- 14 Weapon
System AS- 5742 1St September 1999. t

The FCT (Forelgn Comparat1ve Test) isa congressmnally mandated effort that supports
U.S. pohcy of encouraging international armaments co-operation and helps reduce overall
DOD acqulsltlon costs by facilitating procurement of foreign NDI (Non Developmental -
Items)*: EA-6B FCT peculiar Risk arid Reward considerations are not cited herein.

- However, some of the common platform FCT risks and rewards are identified below.

‘ NDI"is identified by Congress as:. A

Any item “available in the commer01al market - :
Any prevrously developed item in use by. the US or cooperatlve foreign govemment
Any item of supply needmg only minor modlﬁcatlons to meet DoD. requlrements

1. FCT projects are scrutinized at hiéher levels within the US Navy and OSD.

2. Mission performance trade-offs at us1ng NDIL
3. Logistics Support o

4. Product Modifications

5. Concern over continued product availability
Revvards

1. Higher level of scrutmy can be used to advantage by

Showing vendor OSD suppoit :

Knowing funds will not be taken’ by ﬁnanmal raids '

Having confidence that your program is speclﬁcally approved by Congress

Federal Acquisition Streamlmmg Act has* prov151ons for NDI to establrsh and maintain
alternative supply sources. . :

2. Quick response to operator needs- , .

3. Ellmmatlon or reduction of research and development costs

4. Apphcatron of State-of the-Art technology -
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5. Reduction of technology cost and schedule risks.
6. Cost could be mitigated since cost is regarded in DOD as an independent variable.
7. DoD 5000.1 supports FCT usage.

Legal Language

A J&A (Justification and Authorization) should be used as in F-14 Sole Source.
Milestone Decision Authority must consider cooperative opportunities.

DFARS subpart 225.872 waives the Buy American Act. Ref DFAR sub 225.
Life cycle cost, effectiveness and suitability should be used for all components.’

George R. Schneiter, Director, 'St'rategic and Tactical Systems OUSD(A&T), Ofﬁce of the
Under Secretary of Defense Acquisition and Technology, Foreign Comparative Testing
Program, Handbook 1999, [Magazine On Line]Foreward; available From Microsoft
InternetExplorer:http: [Iwww. acq osd. mll/sts/fct/51te htm/Internet

Maj. Stan L. Vanderwerf USAF “How to Use FCT (Forelgn Comparative Test) in
Your Program,” Program Manager Magazine, [Magazine On Line] (Defense Systems
Management College Press July-August 2000), p.10; available from Microsoft Internet
Explorer: http://www.acq. osd mil/sts/fct/site. htm/ Internet.’ A
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