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ABSTRACT

The EA-6B aircraft was designed and built in the late 1960s by the Grumman

Aerospace Corporation for the United States Navy and Marine Corps to be used as a

tactical electronic warfare (EW) platform.- High losses of U.S. attack aircraft to surface-

to-air missiles (SAMs) in Southeast Asia led to the requirement for a carrier-based

tactical aircraft capable of providing EW siipport in the forrn of electronic jamming in

support of strike aircraft. The EA-6B became the aircraft that fulfilled the EW

requirement. Forty years, have passed since the introduction of the EA-6B and the

demand for the tactical EW capability continues to increase. Meeting these requirements

has taken a toll oh the aircraft's wing fatigue life, and has produced a shortage of the

aircraft's Automatic Flight Control System (AFCS) computer.

The replacement computer contracted to cpirect the current problem of the aging

analog AFCS computer is an up-to-date digital flight control corriputer (Model EA-6B

Aircraft Program, 1995). The implementation of this computer will allow greater

processing power and should be used to the full extent of its capability. An, up-to-date

flight control computer will cost less to repair, be readily replaceable, and will improve

mission readiness and safety of flight. \

This thesis will build a case to use the additional processing power of the replacement

digital flight control computer to improve flying qualities through a Control

Augrrientation System (CAS) that should have the effect in the following areas;
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1. Limit accelerations during flight and thereby control the current problem of Fatigue

Life Expenditure (FLE).

2. Improve flying qualities, specifically in the landing configuration with an emphasis to

improve shipboard operations. With the current SAS the aircraft demonstrates less

than satisfactory flying qualities in all axes (lateral, directional, and lorigitudinal) and

configurations.

3. Limit Angle of Attack (AOA) in certain abnormal configurations, that are commonly

encountered in the EA-6B, due to the aging airffame. The configuration that is

particularly dangerous iis the no slat-flaps down approach. This approach requires the

pilot to maintain AGA precisely. The consequences of slowing one degree ,

(equivalent to approximately 2 KIAS) below the recommended approach AGA will

result in an uncontrollable pitch up (longitudinal instability) and subsequent departure

from controlled flight (mandatory ejection criteria in this configuration) (EA-6B

NATGPS Flight Manual, 1997). \

4. Improve departme resistance by limiting angle of attack and controlling side-slip.

Jamming pods are on all wing stations when the airplarie is in the normal

configuration. Departures that develop into spins frequently result in loss of the

aircraft due to large inertia, forces, caused by the weight of the stores carried on the.

wings stations, which can not be overcome by the aerodynamic forces required for

recovery.
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-  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 qualities were obtained during actual flying qualities test

flights performed by the author, and developmental test flights peiformed at the Naval Air

Warfare Center Aircraft Division. The handling quality and stability flight tests were not

performed specifically for the Control Augmentation System development effort but the

data obtained during these tests,were not affected. However, the flijght control

description, contained in Chapter 2 and appendix A, was developed in support of the

control augmentation system development. The research, results and conclusions, and .

recommendations presented are the opinion of the author, and should not be construed as

an official position of the United States Department of Defense, the United States Navy,

the Naval Air Systems Command; or the Northrop Grumman Corporation.
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CHAPTER 1: INTRODUCTION

BACKGROUND

The EA-6B Prowler is the only airborne tactical electronic warfare (EW) platform

flying today in support of the United States Armed Forces. Until 1998 the United States

Air Force (USAF) operated a fleet of EF-11 lA Raven aircraft that was also capable of

providing tactical EW support. With the retirement of the EF-111 A, the capabilities of

the aging EA-6B have become more important than ever before. The retirement of the

EF-111A and the increased global instability has created the largest demand for EW ,

support in our history. This demand has taken a toll on the airplane and.the components

that are required for basic airworthiness. Specifically, Fatigue Life Expenditure (FEE)

with respect to the center wing section has exceeded initial design requirements which

will result in the majority of airframes reaching 100% FEE by 2005. The problem of

limited fatigue life has been compounded by Congress demanding that the EA-6B

maintain responsibility for the EW mission imtil 2015. Additionally, the current flight

control system computer has receritly corne under great scrutiny due to the high cost of

repair, shortages of replacement units, and a recent rash of non-pilot-initiated flight

control movements which may have been a causal factor in the recent loss of an aircraft..

An effort to improve aircraft reliability and flight safety has been focused on replacing the

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

(FCC)(ModelEA-6B Aircraft Program, 1995); ,



This thesis will build a case to implement a Contrpl Augmentation System (CAS)

which will provide the capability to. control FLE, improve mission readiness and s^ety,

and improve the aircraft's flying qualities. /

STATEMENT OF THE PROBLEM

The importance of this aircraft has resulted in it being added to the highly

distinguished list of "National Assets". Current Rules Of Engagement (ROE) require the

EA-6B hot only to be airborne, but it must be established on station before any other

aircraft may proceed into an area where a SAM battery may exist. To flilly understand

the need for the CAS, the problem statement must be broken down into four areas,

namely, mission readinesSj safety, flying qualities improvement, and FLE.

Mission readiness has been impacted by the failure of the current ANC,. and has been

identified as the.number one impact on EAt6B mission readiness (COMVAQWING?AC,

DTG 271819 Z Sep 00). Without the EA-6B airborne, no other aircraft today are allowed

to fly in an area of hostility or where the possibility of hostility exists. To emphasize this

point, "no aircraft" implies all aircraft from all U. S..services (Army, Navy, Airforce,

Marines) that are involved in any mission, Additionally, "no aircraft" implies all NATO

aircraft that are flying iii support of U. S. Operations. Therefore, mission readiness has a

much larger implication when it is kiiowh that no a.ircraft can attack targets without the

EA-6B airborne. The U. S. fighter-attack aircraft total inventory consists of

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

current inventory of the EA-6B, a mere 100, is required to support any orie of 7,000 strike



aircraft. The numbers speak for themselves and the new flight cohtrol. computer is

needed to ensure the mission readiness of the entire force.

Safety must be addressed with respect to AFCS due to an increase in the amount of

reports of non-pilot induced flight control inputs. The author has actually been at the

controls of an EA-6B when the aircraft began rolling right and left lateral stick inputs did

not affect the right roll. Control of the aircraft was regained by actuating the AFCS

emergency disconnect to remove the AFCS from the control loop. The seriousness of the

any aircraft responding differently thari commanded does not heed fhrther explanation as

to what the outcome may be, but it is hypothesized that the recent loss of an EA-6B may

have been caused by this very problem. A well developed CAS is needed to eliminate

aircraft attrition caused by AFCS nialfunctions.

Flying qualities improvement is a hard case to sell when the aircraft has been flying

this way for forty years. A case can be built for CAS as a flying qualities improvement

project by saying that the CAS will reduce the time to train new aviators. The EA-6B

maintains the highest percentage of student disqualification during initial earner

qualifications (Lucas J. B., 2000). An attempt to correct this probldm was initiated by

sending only these pilots that had the best landing grades during the advanced jet trajning

phase to become EA-6B fleet replacemerit pilots . However, the disqualification numbers

still remain high. This lugh disqualification rate has required that 40% of the training a

new EA-6B pilot receives is focuised on landing the airplane. The carrier qualification

stage of training where the student does nothing but land the airplane requires 2 long;



months out of the total of 6 months of training. Additionally, if the student disqualifies at

the carrief the time to finish this training is normally doubled, resulting in 6 more imonths

of training with the hope that the extra trairiing will prevent the student from

disqualifying a second time. The author has performed a flying qualities eyaluatioh and

the results are imsatisfactory for the training and the EW mission. Additionally, the

initial developmental test report aliso cited unsatisfactory flying quality results (Luecke M.

A., 1971). The CAS will improve flying qualities and thereby reduce the time and cost to

train student Naval Aviators. The emphasis of this thesis is to .build a case that a CAS

system is needed to correct flying quality deficiencies that produce level II flying

qualities. ' :, . .

The problem of limited wiiig fatigue life is a direct result of Congress not

appropriating money for the development of a replacement platform. In other words, the

design fatigue life for an airplane that was supposed to be in service for 30 years has

fulfilled the original design objective. The result of no replacement airplane in

development brings the need of operating this aircr^ for 25 years more than the original

design requirement. Iii an attempt to achieve this new objective, administrative load

factor limitations have been placed on the airplane which are less than the design load

factor hmitations. The EA-6B FEE problem has become such an important issue that the

pilots flying the airplane are very cautious not to exceed the administrative limits, so

cautious that in the opinion of the author^ pilots are not training effectively and as a result

are more susceptible to the threats which require dynamic flight maneuvers to defeat.
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The CAS will allow flight control strategies to be implemented that will allow limiting

the load factor that the pilot can command. This will, allow pilots to train more

effectively and control the problem of FLE at the same time.

MISSION OF THE EA-6B AIRCRAFT

The mission of the EA-6B aircraft is to provide airborne tactical EW in support of air

or ground, operations with the purpose of denying, degrading, or destroying enemy radar

and communications systeins. However, this mission description does not explain what

the airplane has to be capable of to be effective. It is the author's opinion that the EA-6B

community and the people responsible for the acquisition of weapons systems to

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

planning for the fhture. The emphasis has always been on improving the mission systems

of the aircraft, not improving the aircraft. Accomplishing this mission requires the EA-

6B to be well within range of SuriFace to Air,Missiles (SAMs), and enemy fighter aircraft.

As a result of these threats, the pilot must train to or actually defend against these threats.

This requires dynamic maneuvering, and elevated load factors and angles of attack.

Additionally, the airplane is operated in the most demanding environment that an aircraft

can encounter during the landing on an aircradft carrier. The task of landing aboard an

aircraft carrier results in pilot workload so high that any pilot compensation for poor

handling qualities is unacceptable. With a reduced capability of ,defending against 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 digital data transmission across data busses and the incorporation of

sophisticated high speed computers into avionics architecture has provided the

opportunity for new methods of controlling aircraft. However, these "new methods" of

controlling aircraft are not imrhune to failure and subsequent redesign due to surprises

found during actual flight test. As flight control systems have become more coihplex, the

open-loop aircraft response have been found to be completely different than the closed

, loop system, which contains the pilot as an operator. With the possibility of differences

between the open loop and pilot in the loop response following control law developrhent

produces risk which must be understood. As a restilt of these differences of aircraft; n

response caused by the pilot in the loop, extensive studies and writings ha.ve been

completed in the area of Handling Qualities Ratings (HQR). A well developed HQR

scale is needed to accurately identify, flying quality deficiencies. The HQR rating sca.le

that the author is most fanuliar with and will be discussed herein is the Cooper-Harper „

rating scale. A description of a CAS,,;various control strategies, and what mechanization

may be used to implenient the control strategy will be discussed. Finally, a complete

flight control description of the EA-6B has been developed and contained in appendix A

to provide a starting point for cpntrol tysfem erigineers to help with developing a plan for

6



a CAS implementation;, A portion, of the flight control system description will be

presented in this section to show that the CAS may be implemented by using the SAS

actuators and the series control systeni already in place, , .

EVOLUTION OF AIRCRAFT AUGMENTATION

Early in the historical development of aircraft, when a design exhibited stability or

control deficiencies, attempts were made to correct them by modifying the external shape

. or size of aircraft components, such as tails, wings and control surfaces, or by adding

control system "gadgetry" such as bob-weights, springs, arid dampers. This philosophy

continued to the later part of World War II when the technologies needed to augment the

aircraft's basic dynamics were developed sufficiently to allow safe implementation. As

an example, v^ous forms of the flying wing from Northrop's YB-49 had some defieient

flying qualities which decreased its effectiveness as a bombing platforin. One of the

augmentation devices used in the development of the YB-49 included fully powered,

irreversible control surfaces; However, this presented more problems by eliminating the

feedback to the pilot of the actual surface moveirienf. To provide this aerodynamic feel to

the pilot, an artifieial feel system was incorporated which changed its characteristics with

airspeed. This was accomplished,by means of a Q-bellows system where dynamic

pressure expanded or contracted a bellows which in turn moved a lever that altered

command gearing. The end result was a change of control feel to the aircraft response to

,  give the pilot a feel of the changing airspeed (Neal T. P. and R. E. Smith 1970); The

lesson to be learned here is that, the Q-bellows system was developed as a result to fix the



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

feel. This "gadget" is more complicated dian a bob-weight, but just as the Q-bellows

system, the bob-weight is usually incorporated well after the aircraft has flown and is

primarily used to, change the control feel to correct or improve a deficient flying quality.

These early augmentation concepts were extended to the development of the Stability

Augmentation System (SAS), which is currently the only augmentation implemented in

the EA-6B. Early attempts at jet fighter designs, which exploited the power of the jet

engine, displayed many undesirable handling quality characteristics that had to be

overcome by pilot skill, minimization of exposure (i.e. accelerating quickly through the

transonic region), or avoidance of certain flight conditions (i.e. high angle of attack). The

inability of the pilot to avoid these characteristics somietimes resulted in the loss of both

the pilot and the aircraft. To improve the aircraft's flight characteristics without

significantly altering the extemal shape of the aircraft, powered control surfaces were

employed to allow the modification of the aircraft's motions without depending entirely

on the pilot. This augmentation required the addition of sensors to detect aircraft motion,

and the use of these measurements to alter the surface's movement without the pilot's

perception. These systems, in the form of pitch and yaw dampers, were the earliest forms

of the SAS employed oh some of the Century series fighters, the F-4, F-5, A-4 and still in

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

The SAS ultimately proved to be of limited utility due to its low authority with respect

to the pilot's conimands. This necessitated the development of higher authority systems,



such as CAS, which not only augmented the basic aircraft's stability through the use of

feed-backs to the surfaces, but augmented the pilot's inputs to improve his ability to

command the aireraft. The CAS was very suceessful in the F-15, and YF-17, however;

they did require a complex mechanieal systern. A natiiral evolution of this design was to

replaee the mechanical systems with electrical hardware. This led to the development of

the Fly-By-Wire (FBW) implementation of eontrol systems. By replacing the mechanical

linkages with electrical signals,,a reduction in weight, size and complexity was achieved.

In addition, the power of these high authority contrOl systems provided a large amount of

flexibility to alter the basic characteristics of the aireraft.

CONTROL AUGMENTATION PROJECT CASE STUDY

This seetiOn eites several examples Of Wghly augmented aircraft designs which

experienced handling qualities deficieneies early in their flight test programs. The

author's intent of citing these examples is to provide examples of instances in which

aircraft have exhibited flight eontrol system design deficiencies, and hopeftilly illustrate

the fact that handling quality problems have not been isolated events nor is their existence

intuitive to designers during the developmental phase. Flight control design and the

aceompanyihg handling characteristics are fairly mundane topics, and it is often high

performanee and state-Of-the-art avionics breakthroughs that sell aircraft. For the purpose

of this discussion, the following examples have shown that most new designs have

experienced incidents or aeeidents ealised by unforeseen deficiencies in the closed loop

design. These examples were chosen randomly to emphasize the risk that is assoeiated
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with modifying the EA-6B's cbntrol system characteristics to achieve a change in the

resultant aircraft closed loop dynamics.

EFFECT OF TIME DELAY

Time delay between a pilot input and the aircraft response is a very insidious

characteristic that can be disastrous. This characteristic is insidious due the small amount

of time delay that is required to produce adverse handling qualities. Time delays as small

as i 00 milliseconds have resulted in PIQs during high gain tasks such as in-flight-

refueling and carrier landings (Tischler M. B. 1990). Time delays are not only found in

augmented or FBW systems, they may also be found in purely mechanical systems where

actuator response is sluggish. Additionally, effects of time delay can be pilot dependent

due to the technique (i.e. aggressiveness) used during the task.

The YF-17 was Northrop's entry into the United States Air Force (USAF) light weight

fighter competition in the early r970' s. The YF-17 pitch control system consisted of a

niechanical connection between the stick and the horizontal tail actuator. In addition to

the mechanical linkage, a CAS actuator,was, als|o used to augment the aircraft's response

by commanding an electrical signal to. the horizontal tail. This CAS actuator had a

limited authority when compared to the authority of the control stick. An electrical

measurement of the pitch stick position Was used to augment the feedback commands,

and these combined electrical signals were sent to the CAS actuators. The open loop

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 Qualities, Buffalo New York,
Flight Research Group, Veridian Engineering, 1999.

However, by examination of figure 2 it can seen that the closed loop response w^ much

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

landing. This arrangement required the addition of prefilters into the pilot's command

path in order to modify the aircraft's resultant response. The prefilter used in the YF-17

produced an excessive time delay of 200 milliseconds 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 in-flight simulator. Cooper-Harper ratings of 9 and

10 (10 being uncontrollable) were obtained and Pilot-Induced-Oscillations (PIO) were

experienced by all pilots. Following this event the prefilter was remoyed and replaced

11
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Figure 2; YF-17 Closed Loop Pitch Rate Response

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

with another less complex filter. As a result the time delay was significantly reduced and

Cooper-Harper pilot ratings were reduced to 2.

Similarly, the F/A-18 was a derivative of the original YF-17 aircraft, and developed in

response to the U.S. Navy's Naval Advanced Combat Fighter (NACF) requirement. This

aircraft was a joint development effort by McAir and Northrop. As part of the

development concept it was decided to incorporate fly-by wire technology, and to further

push this technology to include the use of a digital processor, rather than an analog

computer, as was used in the YF-16. At this time, experience with digital FEW systems

was limited, and the F/A-18 development laid the ground work for subsequent digital

systems. However, early versions of the F/A-18 were plagued with flying quality

problems during high gain tasks such as in-flighf refueling and carrier landings which

12



were a direct result of time delay. The contributing factor that led to the time delays were

again caused by pre-filters in the control stick command path (Hutchinson, K. T. 1999).

Finally, the space shuttle flight control system was; developed using a time history

boundary that placed an upper and lower limit on the vehicles pitch rate response. This

criterion allowed considerable time delay (200 milliseconds) in pitch rate response which

was employed to satisfy a pitch oyershbot requirement spelled out in the flying, quality

specification. This is a prime example of design engineers not understanding the

fundamentals of the closed loop response. This tiraie delay contributed to the Pilot

Induced Oscillation (FIG) that occurred on the S"" flight which ne^ly resulted in the loss

of the prototype (Hutchinson, K. T. 1999);

EFFECT OF RATE LIMITING

When a control actuator is commanded to move faster than it is capable of moving,

that component is said to be moving at its rate limit. Augmented aircraft are more

vulnerable to rate limiting problems due to the fact that the surfaces are being driven

harder. They are no longer being commanded by the pilot alone, but are also being

commanded by feed-backs and FCCs.

The JAS-39 Grippen is the latest Swedish fighter developed by Saab-Scania Aircraft

Company. This aircraft is a delta winged aircraft .with a closely coupled canard. The

development of the flight control system occurred exclusively during ground simulation.

As a result, the control of the resulting system used for early flights required considerable

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



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

pilot from demanding more rate than the 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 exceeding the capability of the actuators. The last

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

as shown below in figure 3. As a result of a rate limited surface during the sixth flight the

pilot's lateral control was cut out and resulted in loss of roll control and subsequent out of

control flight into the terrain.

Additionally, the YF-22 was destroyed during the later stages of the, -

demonstration/validation flight test program due to a combination of rate limit and pitch

command gain being abruptly changed with the movement of the landing gear. The

incident began when the pilot retracted the landing gear, which increased the stick

sensitivity and activated the thrust vectoring. During this occurrence close to the ground,

the horizontal tail surfaces began. to move at their rate limit. The occuirence of the rate

limiting and the large increase in pitch command sensitivity caused by the gain change

and thrust vectoring combined to Cause the pilot to couple with the motions of the aircraft

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

pilot interpreted the resulting oscillations as a failure, of the flight control system and

elected to let the aircrkft to pancake onto the runway (Hutchinson, 1999).
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CONTROL AUGMENTATION SYSTEM

The Control Augmentation System was the natural follow-on to the Stability

Augmentation System (SAS) during the development of augmented flight control

systems. The main reiason for the development of the CAS was due to the development

of less stable (i.e. more maneuverable) aircraft where the augniented system required

more authority to produce the desired aircraft dynamics. The EA-6B has a large stability

margin and is maneuverable, however not nearly as nimble as a current day fighter, so

why implement a CAS in the EA-6B? . ;

G2> ?•

A

>0

,  Figure 5: Stability Augmentation System Block Diagram ;

Source: Hoh R. H and Mitchell D. G., A Functional Requirement for the Flight Control
System, Bristol Pennsylvania, Taylor and Francis Inc, .(1996).

To answer this question the simplified control system block diagrams of a SAS and a

CAS, and the, output due to pilot,input transfer functions may be compared. Figure 5

represents a simplified SAS block diagram. \\$ere C is the closed loop response of the

aircraft, Fs represents the pilot's input, D is an external,disturbance to the aircraft, K

represents the feed back gain, Gi represents any stick gearing and dynamics, G2 ,



represents the dynamics of the main power actuator, coritrol surface and aircraft, and G3

represents a combination of any feedback compensation. The feed back gain (K) can be

fixed as in simple dampers or can vary with flight conditions such as a Q-Bellows system

as described earlier. The characteristic of this block diagram the author would like to

bring attention to is the output due to pilot input transfer fimction as shown below in

equation (1);

C  G1G2

Fs 1 + KG2G3
(Equation 1)

Gi
A-

K

03

Figure 6: Control Augmentation System Block Diagram

Source: Hoh R. H and Mitchell D. G., A Functional Requirement for the Flight Control
System, Bristol Pennsylvania, Taylor and Francis Inc, (1996).

If the value of gain K were increased, the transfer function would decrease, which means

the system would respond less to the pilot's inputs as the gain is increased. The CAS can

be represented by the block diagram as shown below in figure 6. In this figure, C is the

closed loop response, D is the external disturbance, K represents the error feedback gain,

Gi represents the stick gearing and dynamics as well as any feedforward dynamic

17



compensation, G2 represents the actuator, surface and aircraft dynamics, additional

compensation (i.e. lead/lag filters).necessary for the error signal, and G3 represents the -

combination of the sensor dynamics. The output due to pilot input transfer fimction is

shown below in equation 2!

n  -C ̂  KG1G2 (Equation 2)
i^s 1 + KGiGi

Again, increasing the value of K, now results in the tr^sfer function approaching a value

of G1/G3, not zero. The result is a masking of the aircraft's dynamics so the resulting.,

response looks more like the combination of the control system characteristics. The

advantage of the CAS over the S AS is that the error feedback gains must be kept small in

the SAS system or the pilot's comm^d authority will be reduced. While CAS gains can

be increased to desired levels., The faqt that the feedback gains must be kept small in the

SAS is obvious when examining the EA-6B iflight control system. In the longitudinal, ,

control axis alone there are four bob-wei^ts at various locations, three feel spring

mechanisms, and an eddy ciiirent damper.. It is the author's opinion that dmng the

design of this airplane, a control system engineer could not have known ,ahead;Of time

that all these "gadgets" would be needed, and therefore they were implemented due to

reports of less than desirable handling qualities. These "gadgets" help to change the

control feel which then causes the pilot to shape the control input, but the handling

qualities that brought these "gadgets" into the control system are still there, just less :

noticeable (TischlerM. B., 1990). , ;
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CONTROL LAW STRATEGIES

There are many control strategies utilized on aircraft equipped with a CAS. Some

longitudinal exaniples 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 mechanization to a,chieve the desired dynamic

characteristics.

Control law strategies each have their advantages and disadvantages. For example, the

F/A-18 is a "g" command system in the cruise configuration (CR). A characteristic of

this system is an auto trim system where changes in airspeed result in no change in pitch

trim (i.e. zero stick position corresponds to 1 g). An obvious advantage of this system is

that the pilot can begin an acceleration to supersonic speeds to effect an air to air intercept

without giving any attention to trimming the aircraft. This will allow the pilot to have

more spare capacity to perform other tasks such as arming weapons and working the

radar. An obvious disadvantage to this type of control strategy is that the airspeed is free

to wander without producing any cues to the pilot. In the F/A-18 this problem is

n compounded by the fact that the cockpit is extremely quiet. Because of this negative

characteristic of apparent neutral longitudinal stability the F/A-18 has control logic that

resiilts in an apparent positive longitudinal static stability gradient above 12 degrees

AOA. This characteristic prevents a stall from occurring if the pilot was distracted and

the aircraft was allowed to continue to decelerate! The basic control strategies chosen by
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the author to be implemented in tlie EA-6B will be discussed in chapter 5 and will be

implemented through the use of feedback and proportional plus integral control.

FEED-BACK CONTROL

Feed-back control modifies the aircraft dynamics through the me^ureihents of the

aircraft's motion. Using these measurements, commands to the actuator are determined

which then directs the control surface to move appropriately to augment the result^t

motion. The original aircraft dynamics, described by its frequency, damping ratio, or

time constant, can be changed to new values by feeding back an appropriate aircraft

response through a gain to the control surface. For example, AOA feed-back can be used

to stabilize an unstable aircraft by feeding ADA back to the elevator or horizontal

stabilizer (Neal T. P; and R. E. Smith,. 1970). In the case of the EA-6B, with the engine

thrust line below the center of gravity, changes in power result iri pitch attitude changes

which ultimately correspond to changes in ADA and an apparent longitudinal instability.

Using feed-back control can generate better HQR's by using AOA feed-back to help with

maintaining a desired AOA.

PROPORTIONAL PLUS INTEGRAL CONTROL

The use of a proportional plus integral control is commonly used to force the aircraft's

response to follow and rhaintein a specific level of response to an input. To better

understand the effect of the proportional plus integral control the output of the integral

20
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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", then 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.

m.

t

Figure 8; Block Diagram, Input, and Resulting Output of a Proportional 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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Figure 8 represents the effect of adding a proportional path in pjirallel with the integrator

shown below. Given the same type, of input, it is shown that as long as the input is

applied, the output consists of an output irhmediately proportional to the input magnitude

and is a result of the proportional gearing. Over time.the output ramps up at a rate

proportional to the gain used by, the integral path. This proportional plus integral control

arrangement is useful.in the impldnientation of control systems where the designer wants,

the vehicle to follow the input to the system with no steady state error. For exmnple, if.

the pilot commands a load factor of 2'm a load factor conmand system, the result will ,

cause the aircraft to move to the load factor of 2, ̂ d remain at that level and will riot be

affected by external disturb^ces.' Figure 9 below, represents a block diagrarn of a

proportional plus integral controller. ^ .

PILOT
COMMAND ■. A

•' k : -
AIRCRAFT

S

-FEEDBACK SIGNAL*

Figure 9: ProportionaTPlus Integral Control System

Source: Hob R. H and MitcheU D. G (1996X A Functional Re.quiremerit for the Flight ;
Control System, Bristol Pennsylvania, Taylor and Francis Inc. ' ,

The error quantity "e" is the value that results when the feedback signal is subtracted

from the pilot input. If this signal were normal acceleration, the closed loop system.

would result in an aircraft that would'appear to the pilot to resporid with a steady normal
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acceleration for a constant value input. When the input is removed the load factor

becomes 1 and remains constant.

HANDLING QUALITIES

"During flight profiles where zero indicated airspeed resulted, a very objectionable

arid unpredictable aircraft response in pitch and roll frequently occurred and normal

accelerations varied between 4 and negative 3. The loss of EA-6B BuNo 156480

prevented completion of the Navy's evaluation of the post stall gyration and spin

characteristics testing" (Luecke M. A., 1971). Is this a flying quality deficiency? Not in

the EA-6B. The above flight characteristic is expected following a maneuver that results

in ail indication of zero airspeed. What about in the V-22 Osprey? Absolutely this is a

handling quality deficiency in the V-22. Zero airspeed maneuvers are the fundamental

flight characteristic that the airplane was designed to perform. In other words, handling

quality ratings can only be assigned to a task if there is a task that is required for the

aircraft to accomplish the mission it was designed for.

A task may be as simple as holding a heading or as complex as the entire approach and

landirig phase of flight. Even a specific task can Vary by the amount of precision

required. For example, on Combat Air Patrol (CAP) it is only necessary to hold a general

heading, but on short final of an instrumerif approach, very tight heading control is

required. Taslcs are described as "high gain" when great precision is required as is during

, a carrier approach and landing. , ^ ; /
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A handling quality evaluation deals strictly with the closed loop characteristic (i.e.

Pilot-in-the-Loop). Operi loop characteristics should be observed and commented on

during the evaluation to gain more information about the aircraft response. Additionally,

the open loop characteristic may help imderstand why the pilot was doing what hfe/she

was to compensate for the aircraft response. The characteristic responses of an aircraft

(dynamic modes of motion) are only one variable in the loop. Control feel characteristics

and pilot technique are also Very important. The control system characteristics such as

movement, forces, friction, and free-play, haye.an obvious effect on the pilot's opinion of

the flying qualities (USNTPS Flight Test Manual 103,1997). Less obvious is the effect

of variations iri the evaluation pilot's aggressiveness. Individual pilot smopthness and

aggressiveness may also affect overall h^dling qualities ratirigs. In studies of highly

augmented control systems, , it,was, found that pilot ratings varied over a large range,

depending on how aggressively the task was flown. It is important to dvi^uate the aircraft

using inputs representative of those that are.required to perform the mission. A pilot with

recent experience in the particular mission is usually the ;best judge pf .what those inputs

should be (Cooper, G.E. and Harper, R.P 1969).

When evaluating aircraft handling qualities, two key factors must be considered,

performance and workload. Performance is the precision of aircraft control attained by

the pilot. Workload is the amount of effort and attention, both physical and mental, the

pilot must provide to attain that level of performance. Pilot compensation is the measure

of increased workload a pilot must supply to maintain a level of performance due to less
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favorable or deficient handling qnalities. 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.

HANDUNG QUALITIES RATING SCALE
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Figure 10: Cooper-Harper Handling Qualities Rating Scale

Source: Cooper, G.E. and Harper, R.P, Use of Pilot Rating in the Evaluation of Aircraft
Handling Qualities, NASA Technical Note D-5153, Moffett Field, California, Ames
Research Center, 1969.
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Figure 11: Aircraft Hook to Eye (H/E) Value , .

Source: "Aircraft Recovery Bulletin No. 10-1OD For All Arresting Gear and Optical ,
Landing Systems", Patuxent River, Maryland, Naval Air Systems Command
Headquarters, 18 Nov 1997 (NAYAIRWARCENACDIVLKE-4.8.10.4B).,

To answer these questions effectively, ,a set of task tolerances must be agreed upon. For

example, landing an airplane on an airpraft carrier requires very precise angle of attack

control for the following reason. The approach angle of attack corresponds to the correct

hook-to-eye distance between the aircraft tailhook and the pilot's eye as shown below in

figure 11. This allows the pilot to fly the glideslope that is intended to fly. The

difference of one degree angle of attack in the EA-6B can change actual hook touch down

point by as much as 40 feet (i.e. 1 deg.nose down = landing 40 feet long and vice versa).

So the task of AOA maintenance may have tolerances of +/- 'A degree desired and +/-1

degree as adequate due to the arresting gear cables being separated by 40 feet.
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After performing the task the test pilot will use the Cooper-Harper rating scale to

answer the questions on the left side of the scale, working from the bottom up. This will

lead to a general category of handling qualities. If the task tolerances were developed

with realistic, and mission representative values, the results of the test should lead the test

pilot to the handling quality rating category without question. The test pilot must then

decide on the final numerical rating using the three descriptions. The area of a handling

quality evaluation that is open to pilot opinion is between deficiencies that warrant

improvement (HQRs' 4, 5. or 6) and those that require improvement (HQRs 7, 8, or 9).

For example, the test pilot may be able to perform a task within adequate tolerance levels

however, he/she may decide that the workload to obtain this performance is not tolerable.

This example would put the handling quality dieficiency 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 control system is needed and was

developed by the author to determine the capiabilities and restrictions that the current

flight control system will place on the CAS implementation. The main emphasis of the

following control system description is to show that the current flight control system

configuration will readily ailow the implementatioii of a CAS without major modification

of the current flight control system. The EA-6B flight control system will allow the

implementation of a CAS through the series path of control to control flight control

surface movement. The series control system allows manual flight control inputs to be
27 .
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Figure 12: , Pilot Inputs in a ,Series Control System

Source: Organizational Maintenance Manual, Principles of Operation, Automatic Flight
Control System AN/ASW-41, NAVAIR pi-85ADC-2r27.1.1, Change 5,, 15 February
1995., .

made by the pilot and inputs to be made by the stability augmentation actuator as seen

below in figure 12. By examining the figure, it is shown that when the pilot moves the

control stick, these movements are transferred to the valve of the main actuator by

pivoting the walking beam about the S AS actuator attach point. Additionally, this control

system arrangement allows the stability augmentation actuator to make inputs tiiat are,

commanded by the flight control computer through control laws to shape the resulting

aircraft motion. Figure 13 illustrates the effect when the stability augmentation, actuator

is commanded by.the FCC..; . n
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SA5 actuator .

Figtire 13 : SAS Actuator Inputs in a Series Control System

Source: Organizational Maintenance Manual, Prineipies of Operation, Automatic Flight
Control System AN/ASW-41, NAVAIR,01-85ADC-2-27.1.1, Change ,5,15 Februaiy

• 1995. - n -
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In this situation the walking beam,now pivots abput the pilot's attach point; these

movements are transferred to the valve of the main actuator to move the control surface,

but not the control stick; This is a simplified example, however the following partial

flight control description shows that the EA-6B's current flight control system contains a

series path in all axes which \yill allow the implementation of the CAS.

The EA-6B, depicted in figure 14, is a four-place, twin-engine, all weather, electronic

warfare airplane manufactured by Northrop Grumman Aerospace Corporation which

incorporates a hydraulically powered, irreversible flight control systeni.

3 Rudder
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Figure 14: EA-6B Ali^LANE

Source: EA-6B NATOPS Flight Manual, NAVAIR 01-85ADC-1, Interim change No. 72,
dated 15 July 1997. .
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The primary flight control surfaces, also depicted in figure 14, consist of a horizontal

stabilizer, rudder and tipper wing surface spoilers (flaperons). Cockpit controls and

displays are presented in figures B-1 land B-2. A conventional center stick and rlidder

pedals are linked directly to the respective control surface actuators by a system of push-

rods, linkages and bell-cranks to provide pitch, roll and yaw control. The stabilizer

actuator, the flaperon auto-pilot actuator, and the rudder actuator consist of electro-

hydraulic tandem power control cylinders which direct control surface movement in

response to mechanical commands from the pilot or the stability augmentation system.

Control deflection characteristics are shown in table C-1. Electrical commands froni the

Automatic Flight Control System (AFCS) or a combination of electrical AFCS

commands and mechanical pilot inputs ma^y be used to command the airer^'s flight

control surfaces. Electrical flight control system requirements are shown in table C-2.

The lateral control system also includes four mechanical tandem typq flaperon hydraulic .

actuators (two in each wing) which receive mechahical-only lateral inputs through the

flaperon auto-pilbt actuator arid eoniriiand the appropriate flaperon,deflection. Control

stick and rudder pedal inputs position ari input slide valve on the respective actuator to

command the associated control surface deflection, and a proportional follow-up linkage

holds the control surface fixed relative to the pilot's control deflection. Each control

surface actuator is powered Ijy 3000 jpsi hydraulic pressure from tvvo independent

systems, the flight and the combined primary systems. A more complete description of

the EA-6B hydraulic systeni is presented in appendix E. In addition, extended rudder

throw and stabilizer travel are provided for takeoff, landing and spin recoveiy whenever

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

Flight Manual, 1997).
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ARTIFICIAL FEEL

Artificial feel is provided in all three axes though the use of mechanical devices. The

longitudinal system incorporates a double-acting burigee (two-gradient feel spring), a g-

sensing positive bob-weight, pitchraccelcratiori-sensing positive and two negative bob-

weights, and a leaf spring and eddy-ciirrent damper. Control feel in the lateral axis is

provided!by a double-acting bungee ̂ d an eddy-current damper. A cam and roller

device loaded by two extension' springs provides the artificial feel in the directional axis.

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

(EA-6B NATOPS Flight M^ual, 1997).^ ̂ ;

AUTOMATIC FLIGHT CONTROL SYSTEM (AFCS)

The automatic Flight Control System (AFCS) is an electromechanical system designed

to provide automatic control and damping about the.airplane's pitch, roll and yaw axes.

The AFCS incorporates electromechanica.1 error sensing, coupling, and amplifying stages,

to provide two-axis stability-augmentation (pitch and yaw), three-axis attitude control and

automatic flight-path control. The i^CS consists of an AFCS servo system and the

airplane flight control system and is designed to provide elecfrohydraulic and miechanical

coupling to deflect each control surface. The AFCS servo system is designed to provide

electromechanical hydraulic, power amjplification of shaped error or correction signals for

each aiiplane control axis. Each axis flight control system (i.e. hydraulic power actuator

and control linkage) is proportionally driven by the output of the respective AFCS servo

signals or through linkages from the pilot's m^ual inputs. The AFCS operating modes.
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are manually selected via the auto-pilot controller depicted in figure B-1, and provide

varying degrees of airplane control.

1. Manual mode rAuto-ollot swltch OFFh No Stability augmentation is provided, and

pilot control displacements are the only inputs to the control surface actuators to

command surface deflection. ; ^

2. Stabilitv-AiipmcntationYSTAB AUGYmode: Designed to automiatically damp out

oscillations in the pitch and yayy ̂ es arid provide turn coordination by positioning the

stabilizer and rudder proportionately to airplane pitchy roll, and yaw rates.

3. Auto-nilot tAUTOI mode: The basic hands-off operating mode of the AFCS

designed to provide attitude hold (pitch, bank and heading hold), altitude hold, Mach

hold, and the capability to couple the AFCS to Automatic Carrier Landing System

(ACLS) pitch and roll commands through the AN/ASW-25 data link. The control

stick incorporates auto-pilot disengage switches in the column that cause the AFCS to

revert to the STAB AUG mode whenever the stick is grasped. Wheri 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

transmitters. Air Data Computer (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-l) disconnects
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electrical power from all AFCS circuits when niomentarily actuated. AFCS emergency

discormect 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 stabilizer actuator, located at the top center of the fuselage near the

stabilizer leading edge, consists of a power valve shuttle, two tandem-mounted power

pistons, an electrohydraulic servo valve, a parallel-mode solenoid valve and a series-

mode solenoid valve as depicted in figure 15.

Electrohydraulic
Servo Valve

Series Mode

Solenoid Valve

Parallel Mode

Solenoid Valve

Return"

Combined System
Hvdraiilir, Prpcciirp

i
t

E*

Return

Power Valve

Shuttle

Actuating
Cylinders

Flight System
Hydraulic ^  Actuating

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 the primary flight control

actuators in that it has provisions for a manual mode, a parallel and a series mode of

operation associated with the AFCS.

1. Manual mode of operation (AFCS OFF'): Designed such that pilot inputs alone

control the power valve shuttle which directs pressure to the actuator pistons. The

hydraulic pressure moves the pistons and the stabilizer, to which they are

mechanically linked. For constant-velocity stick inputs, the stabilizer is designed

to move at a constant speed. When the stick input stops, the power valve shuttle

retums to neutral and thie stabilizer movement stops.,,

2. Series ihode of oneratiori tSTAB AUG or AUTO eneagedk Input signals from

the AFCS are designed to be used independently or combined with manual pilot

inputs to control stabilizer movement. The STAB AUG and AUTO modes

automatically damp oscillatiohs about the pitch axis by programming stabilizer

deflections proportionately in response to pitch rates. This programmed

movement of the control surface is not transmitted to the control stick. The

series-mode solenoid valve is energized from &e AFCS auto-pilot controller,

porting flight hydraulic system pressure to the electrohydraulic servo valve. The

servo valve directs movement of the power valve shuttle, which produces a

corresponding stabilizer deflection relative to DC electrical signals from the

AFCS amplifier or manual longitudinal stick inputs. When operating in the series

mode, control surface displacement is not reflected at the control stick. In manual
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and stability-augmentation (STAB AUG) flight modes, the control stick applies a

mechanical input to the stabilizer 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.

Two hydraulic check valves located at both the combined and flight hydraulic

system pressure ports on the stabilizer actuator permit free flow to the actuator, but

prevent back-flow.

3. Parallel mode of operation (ACLS engaeedl: Designed such that input signals

from the AFCS alone control stabilizer movement. Both series-mode and

parallel-mode solenoid valves are energized. Flight hydraulic system pressure is

ported to the elCctro-hydraulie servo valve, which drives the power valve shuttle

relative to DC electricai signals from the AFCS. In the parallel mode, the control

stick and linkages follow the motion of the control surface. To override the AFCS

in this mode, a longitudinal stick force of 24 lbs is required to overpower the

lockout actuator. Rate switches are incorporated to sense and prevent a hard-over

failure, and if necessary, revert the actuator back to the series mode of operation.

A hard-over signal, if not corrected immediately, could cause an uncontrollable

Condition in the longitudinal control system response.,

A stabilizer shift mechanism mechanically progr^s the stabilizer position with flap

deflection, and is designed to minimize the effects of flap trim changes, provide extended

stabilizer throws when the flaps are extended, and provide maximum control and reduce
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the possibility of overstress under all flight conditions. The normal travel.of the

horizontal stabilizer is 1.5° leading edge up to 9.6° leading edge down. When the flaps

are extended or ASSIST SPIM RECOVERY is selected, the stabilizer travel increases to

1.5° leading edge up to 24° leading edge down, as illustrated in table C-1. In both

configurations, the longitudinal control stick deflection ranges fi:om 4.0 inches forward to

7.8 inches aft. When the stabilizer shifts to extended throws, the stabilizer position

indicator, located on the integrated position indicator (IPI) on the left side of the pilot's

instrument panel (figure B-2), presents a symbol of a stabilizer. The word CLEAN is

displayed on the stabilizer position indicator when normal stabilizer travel is available.

The stabilizer position indicator is powered by the essential 28 VDC bus through the

CAUTION LT circuit breaker on the forward left circuit breaker panel. Restricted

stabilizer travel at low speed may result in inadequate pitch control and extended

stabilizer travel at high speed may cause structural failure. If the horizontal stabilizer

disconnects, the stabilizer may deflect full leading edge up, full leading edge down, or

float free in an intermediate position (NAYAIR 0I-85ADC-2-4, Change. 14,1996).

FLAPERON AUTO-PILOT ACTUATOR

The flaperon auto-pilot actuator depicted in figure 16 is a hydraulic servo unit

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

AFCS). The actuator is designed to transmit orily mechanical inputs to the flaperon

hydraulic actuators in each wing.

36



1. Manual mode of operation (AFCS OFFV.The solenoid valve is de-energized 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 (AFGS engaged - STAB AUG. AUTO, or ACLSk

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 moyement.

AFCS signals drive the actuator piston rod and output lever, commanding the appropriate

flaperon deflection. Manual pilot inputs generate an electrical signal based on the relative

motion between the input and output levers. This manual pilot input signal is combined

with the AFCS signal and converted to a mechanical movement, which in tum, actuates

the flaperons via the flaperon hydraulic 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

schematic of a flaperon hydraulic actuator is presented in figure 17. Pilot or AFCS

generated mech^ical commands are introduced through a load relief bungee and direct

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

beink 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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Figure 17: FLAPERON HYDRAULIC ACTUATOR

Source: Organizational Maintenance Manual, Flaperon Control System, Description and
, Principles of Operation, NAVAIR 01-85ADC-2-4, Ch^ge 14,1 April 1996.

angle between 0° arid 60°. AUTO mode selected, the AFCS provides heading hold or will

maintairi any selected A ball-lock detent pemiits disengagement of the flaperon auto-pilot

actuator in the event of an actuator malfunction. The AFCS may be manually overridden

by applying a lateral stick force of 25 lbs (NAVAIR 01-85ADC-2-4, Change 14,1 April

i996).V;/- '\ ^ ■ , ^ . , ■■■■ ■ '■

RUDDER ACTUATOR

The tandem-type hydraulic rudder actuator is powered by both the flight and primary

combined hydraulic systems. Displacement of the rudder pedals positions an input slide

valve, which directs hydraulic pressure to the appropriate side of t\vo tandem-mounted

power pistons, which generate the corresponding rudder surface deflection. A

proportional follow-up linkage maintains the rudder position relative to the pilot's pedal.
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deflection. The rudder actuator, depicted in figure 18, is designed to operate in two

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

1. Manual mode of Operation CAFCS OFFl: Pilot input alone controls the power valve,

directing hydraulic pressure to the two tandem-mounted power pistons which are

mechanically linked to the rudder. For constant-veloeity pilot inputs, the rudder

deflects at a constant speed. When the pilot input stops, the power valve shuttle

returns to neutral and the rudder stops.
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VALVE

SERVO
RAM@

MANUM INPUT

=®
PISTON

^RUOOEB AaUATOR 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 eenter eonsole (figure A-1). Input signals from the AFCS may then be used

independently or combined with mechanieal 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 flight controls, depicted in figure 14, consist of DC electrically controlled,

hydraulically actuated semi-Fowler type, slotted, trailing edge flaps and leading edge

slats. Wing tip speed brakes are AC electrically controlled, hydraulically achiated and

consist of a set of split trailing-edge surfaces at the tip of each yving, outboard of the flaps.

The nose wheel steering (NWS) system provides directional control and shimmy damping

through a DC electrically controlled nose wheel steering button ori the control stick, as

depicted in figure B-1. The wheel brakes are mechanically controlled by toe pressure and

incorporate a DC electrically controlled anti-skid system. The NWS and wheel brake

systems are hydraulically actuated and desired to provide directional control while the

anti-skid system is designed to increased high-speed braking effectiveness. The primary

and secondary flight control surface deflection limits are presented in table C-1.

Electrical power for the secondary flight controls and trirn system is provided by any AC

generator and transformer-rectifier (T/R) combination, or an emergency ram air turbine

(RAT) driven AC generator and emergency transformer-rectifier. The primary and

secondary flight control system electrical power requirements are outlined in tables C-1

and C-2, and a more detailed description of the EA-6B electrical system is provided in

appendix E; Additional discussion of the isecondary flight control systems is presented in

appendix F (EA-6B NATOPS Flight Manual 1998).
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SUMMARY,, V? ■;'■ ■ ■

The evolution of aircraft augmentation has occurred over a time period of only sixty ,

years. During this period the technology has progressed from powered flight control

surfaces used to overcome high dynamic pressure during high speed flight to controlling

unstable aircraft and producing handling qualities in these aircraft which are better than

ever. However, the great advances and successes in the area of augmented flight control

systems have not come without failure, and have resulted in the loss of aircraft and in

some instances loss of life: The reason for this is simple. The control system design may

be very different when the complex variable of the pilot is used to close the loop. The

author feels it is important to understand this limitation and the risks thkt it poses.

The CAS was discussed and compared to the SAS to demonstrate the advantages of

using such a system in the EA-6B. Control strategies to implement the CAS in the EA-

6B are many but in the author's opinion the problems with the EA-6B's flying qualities,

can be corrected using two basic types of control. The proportional plus integral control

will provide a path to implement a normal acceleration command system in the CR

configuration and should be implemented to reduce FEE which will result in more '

efficient pilot training, and improve various oftier flying qualities issues that will be

discussed later. In the PA configuration the use of feedback control can be used to further

stabilize the EA-6B in the longitudinal and lateral/directional axis to eliniinate unwanted

aircraft motions, Additionally, the EA-6B's flight control system was discussed to help

understand limitations and capabilities just tln-ough examination. The control system as it
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is designed does allow the implementation of the CAS through the use of the stability

augmentation actuators and the series control system already in place in all control axis.

Finally, handling qualities and how they are rated using the Cooper-Harper rating scale

were discussed. Handling quality evaluations and ratings are very important and are

required to accurately determine which tasks result in deficient handUng qualities. Even

more important than the HQR for the task is a thorough and accurate description of the

compensation required to maintain a predetermined level of performance; The

compensation is the key that will help determine what aircraft response or control system

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

help to form control laws to correct the deficient flying quality. ,
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CHAPTER 3: METHODOLOGY

GENERAL

This section will discuss the author's, methodology used to develop a case to

implement a CAS into the EA-6B to improve flying qualities. First, a flying qualities

evaluation was conducted and Cooper-Harper ratings were giyen for.each task evaluated.

The flying qualities evaluation consisted of both shore-based and, shipboard flight tests

where 22.0 flight hours were flown and 70 shipboard approaches and landings were

made. This evaluation was not conducted to determine flying quality deficiencies to be

corrected by a CAS, however the data obtained from this test did not affect, tKe results.

Following the flying quality evaluation, pilot compensation comments were reyiewed and

based on this iiiformation a plan for a stability evaluation in both the longitudinal and

lateral-directional axis was develojied. Additionally, a review of the flying qualities and

stability flight test report prefomied on the prototype in 1971 was conducted (Luecke,

1971). The results of the stability evaluation were used to,support or discoimt the

author's theories of what EA-6B stability characteristics may be adversely affecting the

task in question^ The longitudinal and lateral/directional stability evaluation was

performed in accordance with the procedures outlined in the Stability and Control Flight

Test Manual 103 (USNTPS Flight Test Manual 103,1997). Ultimately a good

vmderstanding of the task, what makes the task difficult to maintain at a desired

performance level, and identifying the stability characteristics that may be influencing this
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adverse characteristic will be all the informatiori needed to form a plan to shape the

aircraft's dynamic response with a CAS.

HANDLING QUALITIES EVALUATION

, The first step used to develop a strategy to execute a h^dling qualities evaluation was

to determine what tasks the pilot must perform to accomplish the mission for which the

aircraft was designed. This was a very easy task due to the author being a EA-6B pilot

who already has a good understanding of both the tasks and tolerances required to

perform the mission. The tasks and tolerances used for the handling qualities evaluation

are shown below in table 1.

Table 1: TASKS AND TOLERANCES

Phase Task Desired/Adequate
Tolerance

Cruise Configuration

Level Flight Altitude Control +/- 50 feet/ +/r ICQ feet

Maneuvering, Flight G Control +/- 0 g / +/- .5 g

Power Approach

Gear and Flap -
Transition

Altitude Control +/- 50 feet/ +/-100 feet

Downwind Airspeed Control ±2 kts / ±5 kts

Heading Control ±2°/±5°

Altitude Control ±50ft/±75.ft

Base ADA Control ±'A unit /,±1 unit

Roll Attitude ±l°/±3°

Final Heading Control ±l°/±2°

Cehterline Capture +/-10feet

ADA Control ±14 unit / ±1 unit.

! Glideslope Capture ±14 ball/±1 ball ,

Touchdown Centerline Capture ±5ft/±10fl

Waveoff'Bolter,- AOA Control ±14 unit / ±1 unit

Approaches at
Altitude

Rate of Descent Control ±50 fpm / ±100 fjjm

Heading Control ±r/±3°.

AOA Control ±14 unit / ±1 unit
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Upon completion of the handling quality evaluation the Cooper-Harper HQR's and

compensation required to perform a task were used by the author to focus on particular

longitudinal and lateral-directional stability characteristics. Additionally, research of

previous stability tests were used to forrh an opinion of which stability characteristics

may be generating less than desired handling qualities. .

LONGITUDIN^ STABILITY EVALtfATION

Tests that are addressed in the "USNTPS Fixed Wing Stability and Control Theory

and Flight Test Teehhiques Manual," (USN Test Pilot School, 1997) were conducted in

accordance with the procedures therein: The data obtained from this evaluation was

qualitative in nature., For example, the non-maneuvering static stability test was

performed as if data were going to be taken,; however only trends of data were recorded

(i.e! the variation in stick force with respect to airspeed was shallqw indicating apparent

weak longitudinal stability). The main goal of this evaluation was to uncover the major

stability contributors that produced HQR's which must be corrected. This information

was then used to better understand or foimulate hypotheses of why certain tasks produce,

higher pilot workload. The goal was to provide enough information to help control law

developers pinpoint areas to concentrate on. ',

NON-MANEUVERING STATIC STABILITY

Non-maneuvering static stability, as indicated by the variatiomof longitudinal stick

force with airspeed, was qualitatively measured in the PA configuration. The stick forces
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during this test were estimated. Evaluating the gradient of the static longitudinal stability

was performed by trimming the aircraft to the desired airspeed, and without re-Uimming

the control stick was displaced small increments both forward and aft to stabilize the

aircraft at a new airspeed. Following a longitudinal 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 activated stall warning and to 30 knots faster

than the desired trim airspeed. Finally, the aircraft was returned to the trim airspeed and

the open loop response was observed to assess phugoid and gust sensitivity

characteristics.

MANEUVERING LONGITUDINAL STATIC STABILITY

Maneuvering static stability, as indicated by the variation of longitudinal stick force

with normal load factor, was qualitatively measured in the CR configuration. Again stick

forces were estimated and the qualitative impression of the maneuvering static stability

gradient was recorded. To begin the test the aircraft was trimmed to the desired test

airspeed. Because the thrust line was below 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 pitching moment caused by the effects of thrust. The maneuvering static stability

test was conducted by increasing the throttles to full thrust, rolling the aircraft to a desired

bank angle and adjusting the attitude and normal acceleration to maintain the desired

airspeed. When the airspeed and load factor were stable the longitudinal stick force was
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noted. This test was repeated in '/4 load factor increments up to limit load factor of 5.5.

Dynamic maneuvering stability or sudden pulls was evaluated at ekch load factor before

moving on to the next stabilized point. The dynamic maneuvering stability test was

conducted by abruptly inputting a longitudinal step input to achieve the desired load

factor. The resulting longitudinal stick force was noted.

SHORT PERIOD RiESPONSE AND DAMPING

.  The short period response as indicated by the variation of normal acceleration with

time was meastxred in the cruise configuration following a sinusoidal longitudinal control

input. Prior to performing the test a continuous sinusoidal stick input beginning with a

. low frequency input, and increasing to high frequency input was performed. The

frequency that produced the largest aircraft longitudinal response during sinusoidal stick

pumping was recorded as the aircraft's best response frequency. With this information

the test was performed with a sinusoidal stick input at the best respoiise frequency

followed by releasing the control stick at the trim position and then recording the riormal

acceleration overshoots (above arid below a load factor, of ,1) and the tirne between thein.

The time betyveen the overshoots describes the half period of the aircraft's observed -

natural frequency response and the number of overshoots give ari estimate how well the

short period response is damped/

<=^7====L== (Equations)

1
7t + In

Di
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The equation used by the author to quantify the damping ratio (Q is shown in equation 3,

where D\ and Di are the magnitude of the load faetor overshoot above and below the load

faetor of 1 for ,a seeond order system (USNTPS Glass Notes, 1992).

PHUGOID PERIOD AND DAMPING

The phugoid eharaeteristie as indicated by the variation of airspeed with time was

measured in both the PA and CR configurations. The phugoid was measured by first

trimming the aircraft to the desired airspeed. With the aircraft stabilized at the trim

airspeed, the aircraft was decelerated with an aft longitudinal input to achieve an airspeed

slower than the trim speed. Once stabilized at this new airspeed the control stick was

placed in the trim position and the open loop response of the aircraft was observed.

Specifically, the period, number of overshoots, and magnitude of overshoots were all

recorded. The magnitude of overshoot was determined by recording the peak airspeed

before the motion of the aircraft reversed. The period was measured from the time of

zero vertical velocity at the peak slow airspeed to zero vertical velocity at the peak fast

airspeed. The time between peaks defines the phugoid half period. The phugoid

damping ratio was obtained by using the magnitudes of peak airspeed deviations above

and below the initial condition trim airspeed using equation 3.

FLIGHT PATH STABILITY

The flight path stability as indicated by the variation in airspeed with flight path angle

was meaisured in the PA configuration. The test was performed by stabilizing the aircraft
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at the final approach airspeed with trim and power setting and then holding the

appropriate longitudinal input to achieve the new desired airspeed. With the aircraft

stabilized at this out of trim airspeed the vertical velocity change for a period of 30

seconds was recorded. The test was performed in 5 knot increments to 15 knots above

trim airspeed and 10 knots below trim airspeed. The flight path angle (y) is described by

equation 4 where ROD is the observed rate pf decent and TAS is the test true airspeed .

(USNTPS Class Notes, 1992). ; ' ̂  ^ . - ;

y ¥ Sin
-1 ROD

TAS
(Equation 4)

LATERAL/DIRECTIONAL STABILITY EVALUATION

The lateral/directional evaluation is much more, complex than the longitudinal

evaluation because the lateral/directional motions of the aircraft are coupled in two axes ,

(roll and yaw) while the longimdinal motion is restricted to a single axis (pitch). It is this

inter-relationship or coupling that makes it very difficult to coriclude from die aircraft

motion on the effect of a single stability derivative. As a result of this last statement there

may be an attempt of improving roll control sensitivity (roll rate per pound of lateral stick

force) because the pilot complains of sluggish aircraft response to lateral inputs. ,

However, the, sluggish roll response may have really been caused by adverse yaw which

produced a side slip, and caused the dihedral force to oppose the commanded roll. The

lateral-directional stability evaluation was conducted without a side-slip indicator. Due to
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the complexity of the laterai-directiohal stability problem, the test should be repeated with

side-slip indication.

ADVERSE YAW

Adverse yaw as indicated by a perceived yaw away from the direction of roll was

evaluated in the CR and PA configurations. The spoiler configuration used for roll

control on the EA-6B led the author to believe that the aircraft would possess pro-verse

yaw due to the drag caused by the spoiler during roll commands. Before the actual test

was conducted the S AS was turned off and the open loop response of the aircraft was

observed; With the SAS off, the aircraft most defmitely exhibited,adverse yaw following

a roll command. In fact the adverse yaw was such that heading control within 5 degrees

was impossible, With the SAS on, the test was conducted by inputting an abrupt step roll

command, while visually observing the aircraft's yaw motion wi^ respect to a visual

reference point on the ground, and the heading indicator.

DTHEDRAT. EFFECT

Dihedral effect as indicated by increasing lateral stick force with increasing side-slip

was evaluated in the PA configuration. The test was conducted by placing the aircraft in

a Steady Heading Side Slip (SHSS) and increasing side-slip through rudder pedal input in

one quarter increments. As the rudder input was increased, the lateral stick input was

increased to niaintain the steady heading condition. This is an indication of positive

dihedral effect.
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CHAPTER 4: RESULTS AND CONCLUSIONS

LONGITUDINAL FLYING QUALITIES EVALUATION

LOAD FACTOR CAPTURE RESULTS

Load ifactor capture was evaluated in confi^atipn CR during break turns, simulated

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

rate of approxirnately 4 per second during aggressive maneuvering, consistently produced

overshoots of the target by 1.5 and would have resulted in overstressing the aicrcraft if a

visual scan of the "g- meter" was not maintained. Initial stick forces following the

longitudinal input were very heavy as compared to the steady state stick force at the

desired load factor. Steady state longitudinal stick force gradients of approximately 6 Ihs

per imit of load factor did not prevent normal acceleration capture overshoots, in fact they

seemed to produce oscillations around the target load factor caused by the required

control shaping inputs to compensate for the changing stick force as the load factor

increased. The high steady state stick force per load factor was objectionable in that

holding 30 poimds of stick force at a load factor of four was fatiguing and resulted in poor

load factor maintenance for extended periods of time. Load factor capture within ± 1

during aggressive maneuvering was not possible (HQR-7). The imprecise load factor

capture during a defensive break tum 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 the aircrew to adequately train to aggressively maneuver the

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

Analysis of Imprecise Load Factor Capture

The results of the dynamic and static longitudinal stability evaluation conducted by the

author resulted in the following observations;

1) Sudden pulls resulted in substantially higher stick 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 deflections than,

stabilized points at the same load factors (350 KIAS and 10,000 ft MSL).

3) Short period response was characterized as being lightly damped (350 KIAS

and 10,000 ft MSL).

Review of the flight test data and previous flight test results led the author to make the

following conclusions as to why load factor capture in the EA-6B is imprecise:

1) The fact that the sudden pull longitudinal stick force at the target load factor is

.  substantially higher thari the longitudinal, stick force at the stabilized condition

has the following effect: during aggressive maneuvering following an abrupt

longitudinal input, the resulting load factor is substantially lower (more than 2

times) than the steady state load factor with the same longitudinal stick force. .

As shown in figure 19 a sudden pull longitudinal input while targeting a load

factor of 3 results, in 30 lbs of stick force. However, during stabilized

maneuvering stability tests, a load factor of 5 only results in 25 lbs of
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longitudinal stick force.; illiere are two effects that this characteristic of

varying control feel will have. First, if a sudden longitudinal input of 30 lbs

was .input, the pilot will observe ah initial, load factor of 3. The load factor

will be maintained by rhairitaining the.sanie control feel or stick force. Doing

so will result in the steady state load factor being almost twice the initial load

n  factor. This characteristic of varying of longitudinal stick force, and poor load

factor maintenance due to the high forces was observed by the author during

' , the handling quality, evaluation. The second effect of higher sudden pull

longitudiiial stick force than, the steady state longitudinal stick force results in

:  the pilot observing the load factor response of the airCraft diiring the abrupt ,

. . ; input and then adjusting .the input. The adjusting input would require an

increase in aft longitudinal inpiit because the resulting load factor did not

reach the desired value. .This control shaping or additional longitudinal input

will definitely result in a much higher than desired steady state load factor if

not closely monitored by the pilot.

2) The same argument can be made for the variation of control stick deflection

between the sudden and steady state longitudinal inputs. Sudden longitudinal

inputs resulted in larger stick deflection than the steady state stick deflection at

. the same load factor. If the pilot inputs a step longitudinal input, as would be

made during an aggressive defensive maneuver, and the input was held at that
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Figure 19; EA-6B BUNO 156478 MANEUVERING LONGITUDINAL STABILITY IN
CONFIGUj^TION CRUISE

Source: Luecke M. A, ENG/EA-6B-RTR-71-001, 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 (Lueeke, M. A., 1971).

3) Finally, the characteristic of the short period response (figure 20) being lightly

damped, where the calculated damping ratio {Q determined from equation 4 to

be 0.372, did cause load factor overshoots and most likely contributed to the

poor load factor maintenance. As a result of the lightly damped short period

response, imprecise load factor capture will occur when inputs are made at the

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

LOAD FACTOR CAPTURE CONCLUSIONS

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

perform its mission effectively.

55



1.5

^
N
z

0.5

0

0  1 2 3 4 5 6

Number of Overshoots

Figure 20: EA-6B BUNO 163892 DYNAMIC LONGITUDINAL STABILITY

Precise load factor capture is needed to prevent aircraft overstress during a SAM launch

or any defensive maneuver where the pilot'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 possible structural damage. Additionally, imprecise load

factor capture 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

deficiency of imprecise load factor capture is well known by all who fly the EA-6B. This

deficient handling quality has resulted in the EA-6B community limiting the allowable

load factor below the flight manual limit by a factor of 1.5. This administrative load

factor limit was placed on the aircraft due to the high number of aircraft overstresses that

occurred during normal training missions (Breslauer M. D., 1999). Looking back at the

flight control description, it is not surprising that the stick forces during aggressive

maneuvering vary so much. A review of the longitudinal control system feel shows a

double-acting bimgee (two-gradient feel spring), a g-sensing positive bob-weight, pitch-
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acceleration-sensing positiye and two negative bob-weights, a leaf spring, and an eddy-

current damper. It is the author's opinion that all this gadgetry was used to mask the poor

flying qualities in the longitudinal axis.

A possible solution to correct the flying quality deficiency of imprecise load factor

capture would be to implement a CAS. Implementation of the CAS and use of a control

loop that feeds back normal acceleration with a proportion plus integral control

mechanization would allow the implementation of a load factor command system in the

CR configuration. This system could be implemented in many ways, however there must

be something added to the current flight control system that will either measure the

control stick position or force. With a control stick position sensor, the load factor

command systeni could be implemented where a control stick deflection would

correspond to a load factor. Additionaily, the control loop could provide logic to limit

load factor to prevent the pilot from overstressing the aircraft. The fact of changing

control feel during aggressive maneuvering however will still exist if all the contrbl

system gadgetry remains in place. Correcting the problem of imprecise load factor

capture in the area where an overstress is most likely to occur, will not be affected by this.

Finally, the lightly daniped short period response would be corrected as a result of the

load factor command system being implemented. The FCC Will continuously ihonitpr the

normal acceleration feed-back and automatically adjust the horizontal, tail input. This

would provide an increase in the short period damping.
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ALTITUDE MAINTENACE RESULTS

Altitude maintenance was evaluated in configuration CR at 25,000 ft MSL and 0.7

IMN while performing noraial mission duties such ̂  monitoring navigation and radar.

The longitudinal stick forces \yere trimmed to zero with the aircraft stabilized at the

desired indicated Mach number. While performing the normal mission duties, altitude

deviations of +/- 200 feet were routinely observed. Maintaining altitude within +/-100

feet required small (apiproximately 14 inch) longitudinal inputs approximately every 30

seconds (HQR-4). Altitude deviations will prevent the pilot from performing normal

mission duties resulting in reduced mission effectiveness.

Analysis of Altitude Deviations

Review of the flight test data obtained by the author and previous flight teist results led

to the following conclusions about why altitude maintenance in the EA-6B is imprecise:

1. The phugoid period and damping observed during the stability evaluation was

characterized as being very lightly damped (7 overshoots) with a period of

approximately 60 seconds, as shown in figure 21. This stability characteristic is

most likely the major contributor of poor altitude maintenance handling quality

deficiency. With a phugoid period of approximately 60 seconds, the peak altitude

deviations would occur at approximately 30 second intervals, as seen during the

handling qualities altitude maintenance task evaluation. Additionally, once the

correction has been input the phugoid period will begin again following 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 another contributing factor, because

friction in the longitudinal control system will result in poor control surface

centering due to the friction holding the control linkages in a position other than

desired. The EA-6B longitudinal control system does have friction of

approximately % of a pound.

ALTITUDE MAINTENANCE CONCLUSIONS

Altitude deviations during normal mission tasks are more of a nuisance than a flying

quality deficiency, however this will be corrected as a result of incorporating a CAS and

implementing a load factor command system in the CR configuration. A load factor

command system characteristic results in phugoid suppression due to the system

maintaining a load factor of 1 in the neutral 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-absoiute centering of the control stick caused by friction. A possible solution to

compensate for the poor control stick centering would be to incorporate a control stick

force sensor. Zero control stick force would command the flight control surfaces to the

neutral stick free trim position and would negate the poor centering due to fnction.

AOA MAINTENANCE DURING APPROACH RESULTS

AOA maintenance during approach was evaluated in the power approach

configuration during approaches to landing at the field and to the earner. The importance

of evaluating this task during shipboard approaches is due to the disturbance of airflow

around the ship just prior to the aircraft coming aboard. This disturbance is known as the

"burble" and can be thought of as ̂  area of turbulence or disrupted free stream airflow..

During field approaches, the aircraft was tnmmed to the appropriate AOA during the

wings level downwind phase. During the approach turn phase the AOA seemed to

wander +/-1 degree without pilot input (Open loop response). Attempting to maintain the

desired AOA require continuous small longitudinal inputs of approximately 14 inch and 1

pound. The AOA wandering continued during the vrings level final approach phase., .

During shipboard approaches the sine AOA wandering charaeteristic existed, however at

the "in-elose" position (approximately 1,000 feet aft of the ship), AOA excursions seemed

to be more abrupt and the variations increased in rhagnitude (+/- 2 degrees) without pilot

input. Attempting to correct the abrupt AOA variations resulted in larger than desired

glide-slope deviations., Maintaining AOA within +/-1 unit was not possible within a

tolerable pilot workload (HQR-7). Imprecise AOA maintenance resulted in poor glide-
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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 characteristic will result in poor boarding

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

Analysis of Imprecise AOA Maintenance

Review of the flight iest data obtained by the author and previous flight test results led

to the following conclusions as to why AOA maintenance by the EA-6B is imprecise:

1) The longitudinal static stability test conducted revealed that the non-m^euvering

static stability gradient of the aircraft in this configurjation is neutral. The change in

aft longitudinal stick force between the initial condition trim speed and stall warning

was only 1 and Va, pounds and the stick force did not change between 115 and IQO

KIAS. Previous EA-6B prototype testing also revealed this longitudinal stability

characteristic, as shown below in figure 22. The apparently neutral longitudinal static

stability gradient is definitely a stability characteristic contributing to the imprecise

AOA maintenance. This apparently neutral longitudinal static stability characteristic

is amplified during shipboard approaches when flying through the "burble", where the

extemal disturbances are amplified and produce large abrupt AOA excursions.

2) Finally, the longitudinal control system friction in the test aircraft was as much as Vt.

of a pound. Flight control system fiiction could also be another contributing factor,

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

Source: Lueeke M. A., ENG/EA-6B-RTR-71-001, Naval Air Warfare Test Center
Aircraft Division, Patuxent Wver, Maryland, 1971.

centering due to the fiietion holding the eontrol linkages in a position other than that

desired, resulting in a change in trim airspeed.

AGA MAINTENANCE EVALUATION CONCLUSIONS

Precise AO A maintenance is required for many reasons which include proper hook to

eye distance, proper hook touch down geometry, and proper arresting gear engaging

speed. Additionally, easy AOA maintenance is required because landing aboard an

aircraft carrier is such an intense pilot workload task. The approach to the carrier is also

complicated by the ship centerline is continuously moving, caused by both heavy seas and

the geometry of the angle deck with respect to the forward translation of the ship.

Additionally, glide-slope control is imperative for obvious reasons, and this task is

complicated due to AOA deviations caused by extemal disturbances (i.e. gusts and
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Figure 23: EA-6B BUNO 163892 FLIGHT PATH STABILITY PA CONFIGURATION

"burble"), poor control feel caused by a very shallow gradient of apparent longitudinal

stability, and a large amount of control system friction. An evaluation of the flight path

stability is shown below in figure 23. The flight path stability is not a contributing factor

to poor AOA maintenance, however the characteristic of the EA-6B's flight path stability

shows that imprecise AOA maintenance will result in poor glide-slope control.

Examining figure 23, indicates that any airspeed deviations from approach speed results

in the aircraft rate of decent increasing. A change in approach speed is directly related to

a change in approach AOA, The deficient AOA maintenance flying quality results in

poor glide slope control because all AOA deviations correspond to a change in airspeed

and thereby cause an increased rate of decent. This characteristic increases the propensity

for the aircraft to deviate below the intended glide-slope and, as stated previously, may
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have disastrous results arid is most definitely a cdntributing factor to poor landing

performance by student Naval Aviators.

Imprecise AO A maintenance is ̂  unacceptable flying quality deficiency for the

carrier landing task. In the author's opinion this is most definitely a contributing factor to

the high disqualification rates for-student aviators under training. Again the CAS can be

used to correct this problem by artificially increasirijg the static stability through a feed

back control strategy where AO A is fed back to the horizontal stabilizer. With this

control strategy implemented, the control loop will continuously command ̂ e horizontal

stabilizer to maintain the desired AOA. This type of control strategy would also

compensate for the turbulence encountered when flying through the "burble", However,

as with correcting the imprecise load factor capture and altitude maintenance, ,

implementmg ah AOA feed back loop will not solve the problem in its entirety. That is,

feeding back AOA will not stabilize the airplane due to the shallow longitudinal stability

control stick force gradient. The open loop response of the aircraft will appear stable

because the commanded AOA will be maintained by the control loop, however, with the

pilot in the loop, small longitudinal stick inputs will not be noticed by the pilot due to the

shallow longitudinal stability stick force gradient., This will result in an unintentional

commanded AOA which will be,different than the desired. As with the load factor

command system, stick sensors, either force of position will be needed to determine the

commanded AOA, and due to the high control system friction, the author recommends

using force sensors. Control stick force sensors will correct the problem of control
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system friction by commanding AOA on a schedule with the longitudinal stick force.

Force sensors will correct the poor control stick centering due to friction by the FCC

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

control stick position, Finally, the shallow apparent longitudinal stability gradient could

also be corrected by scheduling AOA with longitudinal stick force. , This will allow

control law developers to change the apparent longitudinal stability gradient.

AOA feedback will also allow an avenue to limit the AOA in various configurations.

As stated in the abstract, abnormal configuration approaches do occur. The configuration

that is most dangerous is the no slat-flaps dovm 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 below its approach speed (approximately 1 Vi knot), the

airplane becomes longitudinally unstable and imcontrdllable. The nose will violently

pitch up and cannot be controlled \vith forward longitudinal control inputs. With the

CAS and AOA command system implemented in the power approach configuration, logic

can be used to identify this configuration and limit the allowable AOA command from

the pilot's input.

ALTITUDE MAINTENANCE DURING CONFIGURATION CHANGE RESULTS

Altitude maintenEuice was evaluated during configuration changes in the normal

landing pattem and during instrument approaches. The airplane is nomially configured

from the cruise configuration to the power approach configuration at an airspeed of

approximately 250 knots. The importance of configuring the aircraft at this airspeed is
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due to its high stall speed and the low load factor that is available (load factor of 2 is

available at 45,000 pounds) in the cruise configuration at normal landing gross weights.

The normal configuration change is accomplished by lowering the landing gear and

placing the flaps to the full down position. The initial aircraft response is to "balloon", as

indicated by a positive vertical velocity of approximately 500 feet per minute. The initial

"ballooning" tendency can be cbnipensated for.by a forward longitudinal stick input of

approximately 5 pounds. Immediately fbllowing the forward longitudinal input the

vertical velocity builds up very rapidly in the negative direction. The; open loop response,

(controls rernain free) results in a negative vertical velocity of over 4,000 feet per minute

and a nose down pitch attitude of 30 degrees. The open loop response observation was

terminated due to safety, however, the vertical velocity would have continued to increase

in the same hose do\yn direction. During the closed loop evaluation following the initial

"ballooning" correction, aft longitudinal stick forces built to approximately 30 pounds ,

and altitude deviations in excess of +/- 200 feet were routinely observed. Compensating

for the large change in the longitudinal stick force during the configuration change by

trimming did not correct the problem due to the slow trim respohse. Diuing instniment

approaches under actual instrument conditions the configuration change was very

disorienting., Altitude maintenance within +/- 200 feet during configuration changes from

cruise to power approach configuration was not possible with a tolerable pilot workload

(HQR-7). Abrupt altitude deviations during configuration changes will cause pilot .
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disorientation and subsequent yertigo during actual instrument condition approaches and

may result in subsequent flight into the terrain.

Analysis of Abrupt Altitude Deviations With ConiHiguration Change

. Review of the flight test data obtained by the author and the EA-6B flight control

description led to the following cqnclusions about why abrupt altitude deviations occur

during configuration changes in the EA-6B:

1) A stabilizer shift mechanism mechanically programs the stabilizer position with flap

deflection, and is designed to minimize the effects of flap trim changes, to provide

extended stabilizer throws when the flaps are extended, and to provide maximum ,

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

author's opinion, large longitudinal trim changes, and excessive nose down pitch

attitudes are caused by improper gearing of the stabilizer shift mechanism which

leaves the aircraft in an out-pf-trim condition following the configuration change.

2) The abrupt altitude deviations are most likely being caused by the large variation of .

longitudinal stick force following a configuration change from cruise to power

approach! During the initial gear and flap transition a small amount of forward input

is required to compensate for the initial increase in lift or. "ballooning" caused by the

flap transition. Immediately follovring the small forward input a very large aft input

was required and built so rapidly that the trim system could not trim out forces

:  quickly enough. The initial "ballooning" tendency is most likely caused by the initial

increase in lift caused by the transition of the flaps iand slats. The large nose down .



pitching moment is most likely caused by the flaps extending, which produces a large'

nose down pitching momeiit. .

ALTITUDE MAINTENANCE EVALUATION CONCLUSIONS

Altitude maintenance during configuration changes must be easy during high pilot

workload tasks such as flying an instrument approach.during actual instnuhent

conditions. The USNTPS specification for aircraft flying qualities specifically states that

pitch trim changes in excess of 10 pounds are unsatisfactory. The effect of a large pitch

trim change during reconfiguring the aircraft is complicated during formation approaches.

The author has seen many formation instrument approaches and during the configuration

change of the formation the large pitch trim changes frequently result in both aircraft

fighting 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 wingman to become

detached from the lead aircraft. This is a very dangerous situation due to both aircraft

being so close following a lost sight situation.

A possible solution to correct this deficiency might be to maintain the load factor

command system, that was recommended for the cruise configuration, through the flight

control logic until the flaps have made the full transition. Additionally, an AO A blend

could be implemented that would command an AOA at some predetermined airspeed that

would correspond to the zero or nearly zero longitudinal trim position. This control

system logic would then recognize that the configuration change occurred normally and
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then flow directly into the AOA command system to improve ADA 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 ship. The importance of evaluating this task aboard

an aircraft carrier is due to two characteristics-that are not found at the field. The first is

the fact that the center-line of the angled deck is continuously moving as the ship moves

forward. Secondly, the task of landing an aircraft aboard a carrier is a much higher gain

task than a field landing, due to the increased precision of the task. These two

characteristics alone make the task difficult and deficient flying qualities vvill just

compound an already complicated task. During field landings, centerline maintenance

was somewhat difficult due to an appearance of a hesitation of the aircraft to make small

bank angle changes during centerline corrections. Due to this hesitation, many times the

correction to centerline was over controlled, because too much angle of bank was

commanded. 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 approaches, the lateral inputs doubled in frequency and the workload

of centerline maintenance was so high that scanning of the glide-slope and AOA were

degraded. Centerline maintenance within -t-/-10 feet was not possible with a tolerable
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pilot workload (HQR-7). Imprecise centerline mainten^ce results in a degraded scan of

AOA and glide-slope deviations whieh ̂ e likely to result in frequent wave-off and

possible ramp strikes.

Analysis of Imprecise Centerline Maintenance

The lateral/directional stability evaluation revealed the following characteristics:

1) The airplane exhibited ah app^ehtly positive dihedral effect during steady heading

side-slip maneuvers. This characteristic was indicated by a linear increase of the

lateral stick foree into the side-slip.

2) During abrupt lateral step inputs of approximately 1 inch, apparent adverse yaw was

indicated by the aircraft yawing away from the direction of roll. This was observed

by monitoring both the heading indicator and a ground reference.

Review of the flight test data obtained by the author and previous flight test results

(Lueeke M. A., 1971) led to following eonclusion about why centerline maintenance in

the EA-6B is imprecise:

1) The adverse yaw characteristic combined with the positive apparent dihedral effeet is

rhost likely the cause of the initial bank angle hesitation noted during the handling

qualities evaluation. The adverse yaW may have been caused by the increase drag on

the high wing, thereby producing a side-slip. The side-slip causes the apparent

positive dihedral effect to coimter the commanded roll. This is most likely the cause

of over controlling centerline corrections. The initial ihput does not produce the
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desired roll command, and the hesitation results in an additional roll command and

causes the over-control correction..

CENTERLINE MAINTENANCE EVALUATION CONCLUSIONS

As explained earlier, the lateral/directional stability problem is a difficult one to

analyze. However, the CAS provides various ways to correct this deficient flying quality.

The problem may be as sirnple as feeding back side-slip to the rudder to better coordinate

the turn. Many augniented airplanes incorporate an Aileron Rudder Interconnect (ARI)

and the use of thq FCC to schedule rudder input with lateral stick input in different

amounts for varying airspeed and configurations. As with the previous longitudinal

examples, additional sensors niay be needed to provide the. necessary information to the

FCC.- .' -' •'

Finally, no departure or high angle of attack testing was conducted by the author, but if

side-slip can be minimized, the aircraft could maintain a full stall without the fear of .

departure or spin. It is well documented that when the wing of ah aircraft is stalled, there

rhust be a force to begin the foiling and yawing motion required; to develop a spin.

Additionally, it is well documented that every EA-6B that has entered into a spin has been

lost. The inability to recover the aircraft fi-om a spin is thou^t to be caused by the large

yaw inertia due the heavy jamming pods being loaded on the outboard wing stations.

Further testing will be required to complete this objective, but it should be noted that at

high endu^ angles of attack, the rudder may become less effective arid may not be

suitable to accomplish this l^t obj ective. A possible solution, if the rudder effectiveness



becomes limited, would be to use the CAS to limit the amount of AOA that may be

commanded by the pilot. This will prevent the situation where rudder ineffectiveness

might occur. ^ n

SUMMARY ;

The current AFCS computer in the EA-6B is going to be replaced due to

maintainability and reliability issues Avith the AFCS computer. Replacing this computer

will definitely correct these problems. Because of the increased processing power of the

new FCC and because the current flight control system is mechanized with a series path,

a CAS can be implemented without major aircraft modifications. Flight control law

development will have to be completed to provide the aircraft with the basic function of

stability augmentation that exists currently, as a result of replacing the AFCS computer.

The deficient flying qualities have been well documented by the fleet traming

squadron, original prototype testing, and the most recent flying quality evaluation

conducted by the author. Changing the dynamics of the aifplane to;correct the deficient

flying qualities will require additional flight control law development and possibly

additional sensors. The result of this effort will improve the flying qualities of the

aircraft, produce an easier aircraft to. fly, and ultimately lead to an increase of its mission:

effectiveness. Improved flying qualities will most likely reduce the time to train student

Naval Aviators and subsequently reduce the cost of training. Improved flying qualities

will also enhance aircrew training with the implementation of the control strategies

recommended by the author. Finally, such an improved system is likely to reduce aircraft
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losses due to spin entry sinee eyery EA-6B that has entered into a spin to date has heen

lost. The cost of implementing a CAS capability has heen estimated at 80 million dollars

for the development, test, and implementation into the entire fleet of EA-6Bs' (Appendix

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

replacing an aircrew is priceless.
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CHAPTERS: RECOMMENDATIONS

Based upon the research performed during the course of this thesis, the author

concludes that the technology to incorporate a CAS to correct the deficient flying

qualities in the EA-6B exists. Based upon the extensive personal EA-6B flight,

experience (fleet pilot and test pilot) of the author, and the dociunentation of the EA-6B's

deficient flying qualities, the CAS should be incorporated in the EA-6B with the

replacement of the current AFCS computer and should include control law development

to improve flying qualities. Specific recommendations are as follows:

1) Investigate the feasibility of incorporating a CAS in the current EA-6B

configuration. It would be required to:

a) Define EA-6B stability augmentation actuator limitations

b) Determine the types of control stick sensors required in a CAS to.

. correct the deficient flying qualities discussed in chapter 4

c) Determine the effects of control system fiiction on the choice of

control stick sensors chosen to correct deficient flying qualities

d) Define EA-6B flight control actuator limitations

2) Investigate the feasibility ofthe development of the control laws to necessary

to correct the deficient flying qualities described in chapter 4.

3) Investigate the feasibility of developing control laws to limit die AOA .in

certain abnormal configurations.
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DESCRIPTION OF THE EA-6B FLIGHT CONTROL SYSTEM

GENERAL

The EA-6B, depicted in figure A-1, is a four-place, twin-engine, all weather, eleetronie

warfare airplane manufactured by Northrop Grumman Aerospace Corporation which

incorporates a hydraulically powered, irreversible flight control system.
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Wing Tip

Nose wheel

r__i

Flaperons

~ Flaps

Slats

Flaps

Slats
Flaperons

0

m
rw

Horizontal

Wing Tip

Figure A-1; EA-;6B AIRPLANE

The primary flight control surfaces, also depicted in figure A-1, consist of a horizontal

stabilizer, rudder and upper wing surface spoilers (flaperons). Cockpit controls and

displays are presented in figures B-1 and B-2. A conventional center stick and rudder
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pedals are linked directly to the respective control surface actuators by a system of

pushrods, linkages and bellcranks to provide pitch, roll and yaw controL. The stabilizer

actuator, the flaperon autp-pilot actuator, and the rudder actuator consist of

electrohydraulic tandeni power control cylinders which direct control surface movement

in response to mechanical cohimarids from the pilot. Control deflection characteristics

are shown in table C-1, Electrical conunands from the Automatic Flight Control System

(AFCS), or a combination of electrical AFCS commands and mechanical pilot inputs.

Electrical flight control system requirements are shPwn in table C-2. The lateral control

system also includes four mechanical tandem type flaperon hydraulic actuators (two in

each wing) which receive mechanical-only lateral inputs through the flaperon auto-pilot

actuator and command the appropriate flaperon deflection. Control stick and rudder

pedal inputs position an input slide valve on the respective actuator to coriimand the

associated control surface deflection, and a proportional followup linkage holds the

control surface flxed relative to the pilot's control deflection. Each control surface

actuator is powered by 3000 psi hydraulic pressure from two independent systems; the

flight and the combined primary systems. A more complete description of the EA-6B

hydraulic system is presented in appendix D. In addition, extended rudder throw and

stabilizer travel are provided for takeoff, landing and spin recovery whenever the flaps are

extended or the ASSIST SPIN RECOV switch is actuated.

ARTIFICIAL FEEL

Artifical feel is,provided in all thf^e axes through the use of mechanical devices. The

longitudinal system incorporates a double-acting bungee (two-gradient feel spring), a g-

sensing positive bob-weight, pitch-acceleration-sensing positive and two negative bob-

weights, and a leaf spring and eddy-current damper. Control feel in the lateral axis is
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provided by a double-acting bungee and an eddy-current damper. A cam and roller

device loaded by t\vo extension springs provides the artificial feel in the directional axis.

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

TRIM SYSTEM

Trim controls depicted in figure A-1 drive irreversible electromechanical trim

actuators in each axis, the longitudinal and lateral trim is actuated through a conventional

five-position switch located on the control stick grip which is spring-loaded to the off

(center) position. Longitudinal trim varies the neutral position of a feel bungee at two- .

speeds; stabilizer displacement at a rate of approximately 1° per second during manual

and stability augmentation (STAB AUG) operation and approximately 1/20° per second

during auto-pilot (AUTO) operations. Lateral trim repositions the flaperon feel device to

a new no-load position. With the AUTO mode selected, the manual trim button on the

control stick grip is deactivated, and the longitudinal and lateral trim functions are

performed automatically. Directional trim is controlled by a switch located on the pilot's

left console and is available in all operating modes. The rudder trim switch provides

directional trim by varying the neutral position of a mechanical linkage. 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-l . A LAT/LONG TRIM ACT circuit breaker

and a RUDDER TRIM circuit breaker located on the forward main circuit breaker panel

in the forward cockpit provide.a means of interrupting electrical power to the respective

trim systems.
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AUTOMATIC FLIGHT CONTROL SYSTEM (AFCS)

The automatic Flight Control System (AFCS) is an electromechanical system designed

to provide automatic control and damping about the airplane's pitch, roll and yaw axes.

The AFCS incorporates electromechanical error sensing, coupling, and amplifying stages

to provide two-axis stability-augmentation (pitch and yaw), three-axis attitude control and

automatic flight-path control. The AFCS consists of an AFCS servo system and the

airplane flight control system and is designed to provide electrohydraulic and mechanical

coupling to deflect each control surfaeci The AFCS servo system is designed to provide

electromechanical hydraulic power amplification of shaped error or correction signals for

each airplane control axis. Each axis flight control system (i.e. hydraulic power actuator

and control linkage) is proportionally ,dfiyen by the output of the, respective AFCS servo

signals of through linkages from the pilot's manual inputs. The AFCS operating modes

are manually selected via the auto-pilot eoritrdllef depicted in figure B-1, and provide

v^ing degrees of airplane control.

1. Manual mode CAuto-pilot switch OFFV. No stability augmentation is provided, and

pilot control displacements are the only inputs to the control surface actuators to

command siirface deflection.

2. Stabilitv-Aiipmentation (STAB AUGf mode: Designed to automatically damp out

oscillations in the pitch and yaw axes and provide turn eoprdinatioii by positioning the

stabilizer and rudder proportionately to airplane pitch, foil, and yaw rates.
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3. Auto-pilot (AUTOVmode: ^ The basic hands-off operating mode of the AFCS

designed to provide attitude hold (pitch, bank and heading hold), altitude hold, Mach

hold, and the capability to couple the AFCS to Automatic Carrier Landing System

(ACLS) pitch and roll commands through the AN/ASW-25 data link. The control

stick incorporates auto-pilot disengage switches 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 Aecelerometer

transmitters. Air. Data Computer (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-I) disconnects

electrical power from all AFCS circuits when momentarily actuated. AFCS emergency

disconnect switch actuation also retums all switches and pushbuttons on the auto-pilot

control panel to the OFF position.

SECONDARY FLIGHT CONTROLS

Secondary flight controls, depicted in figure A-1, consist of DC electrically

controlled, hydraulically actuated semi-Fowler type, slotted, trailing edge 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 shimmy damping through a DC electrically controlled nose wheel steering

button on the control stick, as depicted in figure BtI. The wheel brakes are mechanically

controlled by toe pressure and incorporate a DC electrically controlled anti-skid system.

The NWS and wheel brake systems ̂ e hydraulically actuated and designed to provide

directional control while the anti-skid system is designed to increased high-speed braking

effectiveness. The primary and secondary flight control surface deflection limits are

presented in table C-1. Electrical power for the secondary flight controls and trim system

is provided by any AC generator and transformer-rectifier (T/R) combination, or an

emergency ram air turbine (RAT); driven AC generator and emergency tr^sformer-

fectifier. The primary and secoridary flight control system electrical power requirements

are outlined in tables C-1 and C-2, and a more detailed description of the EA-6B

electrical systern is provided ,in appendix E. Additional discussion of the secondary flight

control systems is presented in appendix F. . :

PRIMARY FLIGHT CONTROL SYSTEM

LONGITUDINAL CONTROL SYSTEM

Longitudinal control is provided by an electrohydraulic mechanical control systern. A

schematic of the longitudinal flight control system is presented in figure B-3.

Horizontal Stabilizer Control System

The horizontal stabilizer control system is an irreversible mechjanical systehi powered

by, ah electrohydraulic tandem power control cylinder and consists of a control stick

liriked.to the stabilizer actuator through a system of linkages, pushrods and bellcrariks.
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The stabilizer is the all-mbvable type consisting of intercphnected right and left hdves

that rotate as a unit in response to fore and aft manual control stick inputs and to AFCS

electrical signals introduced at the stabilizer actuator. Both flight and primary combined

hydratxlic system pressure drives the power pistons to command horizontal stabilizer

movenient; The longitudinal control system also incorporates a nonlinear stick-to-

stabilizer gearing ratio in both the flaps up and flaps down configurations, as depicted in

figure A-2, which is <

deflectiori at the more sensitive are^ of maneuver control..
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Figure A-2: EA-6B LONGITUDINAL STICK-TO-STABILIZER GEARING

Artificial longitudinal control feel is provided by a double-acting bimgee, a g-serising,

s, and a

leaf spring, and eddy-current damper.
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Horizontal Stabilizer Actuator

The horizontal stabilizer actuator, located at the top center of the fuselage near the

stabilizer leading edge, consists of a power valve shuttle, two tandem-mounted power

pistons, an electrohydraulic servo valve, a parallel-mode solenoid valve and a series-

mode solenoid valve as depicted in figure A-3.
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U-

^  Actuating
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Figure A-3; STABILIZER ACTUATOR

The horizontal stabilizer actuator is uriique in reference tp.the primary flight control

actuators in that it has provisions for a manual mode, and a parallel and series mode of

operation associated with the AFCS. . . .
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3. Manual mode of operation (AFCS OFF^: Designed such that pilot inputs alone

control the power valve shuttle which directs pressure to the actuator.pistoiis. The

hydraulic pressure moves the pistons and the stabilizer to which they are mechanically

linked. For constant-velocily stick inputs, the stabilizer is designed to rriove at a

;  , constant speed. When the stick input stops, the power valve shuttle returns to neutral

and the stabilizer movement stops.

4. Series mode of operation ("STAB AUG or AUTO engagedl: Input signals from the

AFGS are designed to be used independently or combined with manual pilot inputs to

control stabilizer moyemerit. The STAB AUG and AUTO modes automaticeilly damp

oscillations about the pitch axis by programming stabilizer deflections proportionately

in response to pitch rates. This pfograriuned movement of the coritrol surface is not

transmitted to the control stick. The series-mode solenoid valve is energized froiti the

AFGS auto-pilot controller, portirig flight hydraulic system pressure to the

electrohydraulic servo valve, llie servo valve directs moveineiit of the power valve

shuttle, which produces a corresponding stabilizer deflection relative to DG electrical

signals from the AFGS amplifier or nianual loiigitudinal stick inputs. When operating

in the series mode, control surface displacement is hot reflected at the control stick.

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

applies a mechanical input to the stabilizer hydraulic actuator's input slide valve to

generate control surface movernent. The control surface deflection is held in a fixed

relationship to the pilot's control deflection by a proportioiial folldw-up linkage. Two

hydraulic check valves located at both the combined and flight hydraulic systeih

pressure ports on the stabilizer actuator, permit free flow to the actuator but prevent r

backflow.
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5. Parallel mode of operation (ACLS engaged'): Designed such that input signals from

the AFCS alone control stabilizer movement Both series-mode and parallel-mode

solenoid valves are energized. Flight hydraulic system pressure is ported to the .

electrohydraiilic servo valve, which drives the power valve shuttle relative to DC

electrical signals from the AFCS. In the parallel mode, the control stick and lifdcages

follow the motion of the control surface. To override the AFCS in this mode^ a

longitudinal stick force of 24 lbs is required to, overpower the lockout actuator. Rate

switches are incorporated to sense and prevent a hardover failure, ahd-if necessary,

revert the actuator back to the,series mode of operation. A hardover signal, if not

corrected immediately, could cause ah imcontrollable condition in the longitudinal

control system response.

A stabilizer shift mechanism mechanically progreims the'stabilizer position with flap

deflection^ and is designed to minimize the effects of flap trim changes, provide exterided

stabilizer throws when the flaps dre extended, provide maximum control and reduce the

possibility of overstress under all flight conditions.: The normal travel of the horizontal,

stabilizer is 1.5° leading edge up to 9.6° leading edge down; When the flaps are extended

or ASSIST SPIN RECOVERY is selected, the stabilizer travel increases to 1.5° leading

edge up to 24° leading edge down, ias illustrated in figure 2. In hoth configurations, the

longitudinal control stick deflection ranges from 4.0 ihches forward to 7.8 mches aft.

When the stabilizer shifts to extended throws, the stabilizer position indicator, located on

the integrated position indicator (IPI) On the left side of the pilot's instrument panel

(figure B-2), presents a symbol of a stabilizer. The word CLEAN is displayed on the

stabilizer position indicator when normal stabilizer travel is available. n The, stabilizer

position indicator is powered by the essential 28 VDC bus through the CAUTION LT

circuit breaker on the forward left circuit breaker panel. Restricted stabilizer travel at low
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speed may result in inadequate pitch control and extended stabilizer travel at high speed

may cause structural failure. If the horizontal stabilizer discormects, the stabilizer may

deflect full leading edge up, full leading edge down, or float free in an intermediate

position.

CONTROL SYSTEM FORCES

The stabilizer control system is irreversible and incorporates conventional artificial

feel to simulate inflight stick loads through a double-acting bungee (two-gradient feel

spring), positive and negative bob-weights, and a leaf spring and eddy-current damper.

The control stick incorporates auto-pilot disengage switches in the column, so the stick

grip 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

A-4.
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ppuble-Actihg Bungee

. The double-acting bungee (two-gradient feel spring) is designed to provide three

cHaracteristics:

"  . 1. . Stick force proportional to stick deflection. ;

2. A greater breakout force gradient (approximately 7.16 lbs/in) near stick neutral to

ensure reasonable speed stability, about trim. . , .

, 3. A lower gradient in the more fonvard and aft istick positions (approximately

1.61 lb/in. beyond +1.15 inches of stick travel from neutral). -

The longitudinal breakout force required to initiate control surface movement at all ;

attainable flight conditions is designed at 1.1 lbs, and the fdrce reqiiired to actuate the

control stick auto-pilot disengage s^tches is designed to be 1.1 ±0.2 lbs.

Bob-weights

The g-sensing positive bob-weight is located at the base of the control stick on the

control linkage aft of the.pilot's seat and is designed to provide a maneuvering force

gradient of approximately 3.15 Ib/g. The desired maneuvering gradients for the system,

using the EA-6B's limit load factor of i5.5, are shown in table A-l. Piteh-acceleration-

sensing positive and negative bob-weights, both forward and aft of the center of gravity,

are designed to provide dynamic pitch damping for the stabilizer control system and a ,

pitch acceleration sensing coefficient, B„ps, of approximately 15.1

ft-lb/rad/see^.
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Table A-1: EA-6B MANEUVER GRADIENTS

Gradient MIL-F-8785C Limits (Ib/g) EA-6B

Maneuver Gradient (Ib/g)

Maximum Gradient (24b/(n/d))' < Fs/n < (56/(nL-I))
* to a limit of 28.0

12.45

Minimum Gradient •The higher of (21/(nL-l))
and 3.0

4.25

Note: (1) Data from reference 2, Grumman Aerospace Corporation Report, ENG/EA6B

RPT-92-001, Aprill992.

A vertical bob-weight, located at the sloping bulkhead, is designed to compensate for

variations in stick force per g with stick position introduced by imbalances in the linkage

assembly and the balance weight at fiiselage station 524. Another balance weight of 4:2

lb, located at fuselage station 534.0, is combined with the aft control system linkage and

designed to de-couple the control system from the 18 Hz stabilizer bending mode by

reducing overall gain of the linkage motion per unit fuselage motion.

Leaf Spring and Eddy-Current Damper

The leaf spring and eddy-current damper provides stick rate damping designed to

minimize the effects of coupling between control system and airplane natural frequencies.

The damper assembly is designed to gerierate lead to the control system to provide the

required stick force compensation to die stabilizer for the short period mode. The

damping assembly consists of a linear feel spring grounded through an eddy current

damper and is designed to generate dahiping forces proportional to the control stick

velocity (approximately 0.456 Ib/in/sec). The eddy-current damper, located on the

cockpit floor forward of the control stick, is a magnetic-rhechahical device designed to

produce a resisting torque proportional to the stick velocity. If the damper locks, the

, system can be overridden, but if the damper breaks free (free-wheels), the velocity of fore
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and aft stick inputs is unrestricted. Abrupt longitudinal stick inputs can disengage the

esddy-current damper, however, moving the stick fore and aft through the detent should

reset the damper.

LONGITUDINAL TRIM SYSTEM

Longitudinal trim is provided by forward and aft movement of the conventional five-

position trim switch located on the control stick, as depicted in figure B-1. The trim

switch is 115 VAC elbctrically operated and spring-loaded to the off (center) position.

For airplanes incorporating AFC 745, the trim switch provides inputs to a trim relay box

which requires 28 VDC to energize the associated nose up or nose down relays. The trim

switch controls a two-speed, irreversible, electromechanical stabilizer trim actuator which

is mechanically linked (in series) to and varies the neutral position of the stabilizer

control system artificial feel bungee. The stabilizer trim actuator also receives inputs

from the AFCS. The actuator consists essentially of one high-speed and one low-speed,

115 VAC, 400 Hz, single-phase motor, a gearbox, and a 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 trimming and low speed for automatic trimming. For

manual operation (AFCS OFF or STAB AUG ON), longitudinal trim is designed to

provide a stabilizer displacement rate of approximately 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

displacement rate of approximately 1/20° per sec. The trim limits with flaps UP are 3/4°

leading edge up to 9° leading edge down, and 1/2° leading edge up to 22° leading edge

down with flaps DOWN. In the event of a trim switch malfunction, occasionaluse of the

AFCS AUTO mode will assist the pilot in overcoming excessive stick forces resulting
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from attitude, configuration, or airspeed changes.. The stabilizer trim gage, located on the

pilot's lower instrument panel as depicted in figure B-2, indicates horizontal stabilizer

trim position from 3 units nose down to 12 imits nose up. The letter N on the trim gage

represents the neutral position of the stabilizer surface (3° leading edge down) in the flaps

down configuration. The trim pointer is positioned by a DC motor, which is driven by a

signal generated by the stabilizer position transmitter. The LAT/LONG TRIM ACT

circuit breaker located on the forward main circuit breaker panel in the forward cockpit

provides a means of interrupting electrical power to the longitudinal trim system.

STABILIZER SHIFT MECHANISM

The stabilizer shift mechanisni consists of a cable and drum assembly mourited on a

shaft extending from the flap gearbox in the right wing root. Stabilizer travel is increased

for takeoff, landing and spin recovery whenever the flaps are extended by the normal or

emergency niethod, or when the ASSIST SPIN RECOV switch is actuated. As the flaps

extend to the 20° or 30° position; the drum rotates and the cable unwinds, increasing the,

horizontal stabilizer travel to 1.5° leading edge up to 24° leading edge down and

extending the rudder throw to ±23°. The flap gearbox is designed to handle loads up to

the breaking strength of the cables; however,, if the stabilizer shift cable fails, cycling the ,

flaps/slats in either direction may result in a split flap condition due to possible

entanglement of the cable with the flap drive linkage. The ASSIST SPIN RECOV switch

allows selection of extended stabilizer throw for maximum control surface deflection

without lowering the flaps. The guarded switch, located on the forward right edge of the

throttle quadrant (figure B-1), electrically energizes a selector valve to port primary

combined hydraulic fluid to a shift cylinder. The cylinder automatically shifts the

stabilizer and rudder control surfaces into the extended throw authority. Operation of the



ASSIST SPIN RECOVERY system with the flaps down can result in damage that will

prevent reselection of cruise control throws. In addition, operation of the ASSIST SPIN

RECOV switch results in a nose-up pitch (hands off) which may overstress the aircraft if

actuated during accelerated manCiivers, or when operaiting at minimum airspeeds, may

pitch the aircraft up into stall or heavy buffet. An assist spin recovery battery has been

incorporated into Block 89 airplanes to provide emergency DC power to the assist spin

recovery circuit and the yaw rate indicator when no other DC source is available,

LATERAL CONTROL SYSTEM ,

Lateral control is provided by an electrobydraulic mechanical control system. A

schematic of the lateral fli^t control system is presented in figure B-4.

FLAPERON CONTROL SYSTEM

The flaperon control system is an irreversible mechanical system powered by left and

right flaperon hydraulic actuators through an electrobydraulic tandem-type flaperon auto

pilot actuator. The flaperon control system consists of a control stick linked to the

flaperon auto-pilot actuator and flaperon hydraulic actuators through a system of linkages,

pushrods and bellcranks. The left and right flaperon tandem-type hydraulic actuators are

powered by either the flight or primary combined hydraulic system pressure, and translate

lateral stick movement into flaperOh control surface deflection. There are two, flaperon

surfaces on each wing separated at the wing fold, and each flaperon surface is deflected

by its respective flaperon hydraulic actuator. The flaperon autorpilot actuator is powered

by the flight hydraulic system only and responds to mechanical inputs as well as electrical

commarids from the AFCS to direct left and right flaperon movement through the



flaperoh hydraulic actuators. Stick movement left of neutral results in upward deflection

of the left flaperons while the right flapefons remains flush with the wing, ̂ d viee versa.

The maximum flaperon deflection is 51° except as liniited by aerod5mamic hinge

moments and available actuator power. Full flaperon deflection corresponds to ±4.5

inches of lateral eontrol stick displacement, which is limited by stop-bolts attached to the

pedestal. The lateral stiek-to-flaperon gearing ratio shown in figure A-5 is designed to be

essentially linear relative to stick position, and lateral artifieial feel is provided via a

double-acting bungee, tod an eddy-current damper.
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Figure A-5: EA-6B LATERAL STICK-TO-FLAPERON GEARING

Flaperon Auto-pilot Actuator

The flaperon auto-pilot actuator depicted in figure A-6 is a hydraulic servo unit

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

AFCS). , ^ n
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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 fAFCS 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 oneration (AFCS engaeed - STAB AUG, AUTO, or ACLSI:

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.



AFCS signals drive the actuator piston rod and output lever, commanding the appropriate

flaperon deflection. Manual pilot inputs generate an electrical signal based on the relative

motion between the input and output; levers. This manual pilot input signal is combined

with the ̂ CS signal and converted to a mechanical movement, which in tum, actuates

the flaperons via the flaperon hydraulic actuators. , , . ,

Flaperon Hydraulic Actuators ;

Two identical, purely hydro-niechanicai, flaperon actuators are rnoimted in each wing

and directly control the flaperon movement in response to mechanical inputs. A

schematic of a flaperon hydraulic actuator is preserited in figure A-7.
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Figure A-7: FLAPERON HYDRAULIC ACTUATOR

Pilot or AFCS generatied mechanical commands are introduced through a load relief

bungee and direct hydraulic pressure to two tandem-mounted power pistons. The power,
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pistons are mechanically connected to die flapcrons and arc powered by both fli^t 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 conttol 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. Witli

AUTO mode selected, the AFCS provides heading hold or will maintain any selected

bank angle between 5° arid 60°. Autoiriatic heading hold is inhibited when the ACLS

mode switch is placed in the HDG OFF position, and the auto-pilot will hold any bank

angle between 0° and 60°. A ball-lock detent permits disengagement of the flaperon

auto-pilot actuator in the event of an actuator malfunction. The AFCS may be manually

overridden by applying a lateral stick force of 25 lbs.

CONtROL SYSTEM FORCES

The flaperon control system is irreversible and incorporates a conventional artificial

feel system using a double-acting bungee and an eddy-current damper.

Double-Acting Bungee

The double-acting, single gradient spring bungee is designed to provide an initial

lateral preload and a linear force-gradient over the displacement range of the stick as

depicted in figure A-8. The lateral bungee is similar to the longitudinal burigee but

produces a lower magnitude force. The desired lateral breakout force is 1.1 lb.
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Eddy-Current Damper

The eddy-current damper is designed to provide lateral stick rate damping similar to

the lohgitudinal damper.

LATERAL TRIM SYSTEM

Lateral trim is provided by left and right movement of the conventional five-position

trim switch located on the control stick. The trim switch is 115 VAC electrically

operated and spring-loaded to the off (center) position. The trim switch controls an

irreversible electromechanical linear-type actuator, which repositions the flaperon feel

bimgee to a hew no-load position. Total flaperon deflection through use .of the trim

switch is 9° up at a rate of approximately 1.2° per second. The latereil trim indicator,
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located on the forward base of the control stick as depicted in figure B-1, is calibrated in

three units left and right of zero (neutral) and is mechanicaliy operated. Dtiririg auto-pilof

(AUTO) operations, the trim switeh on the control stick is deactivated and lateral trim

fimetions are performed automatically. The LAT/LONG TRIM ACT circuit breaker

located on the forward main circuit breaker panel in the forward eoekpit provides a means

of interrupting eleetrieal power to the lateral trim system. On a;iiplanes incorporating

AFC 745, a trim relay.box assembly is installed in the trim circuitry between the trim

switeh and the trim actuator and is designed to reduce the electrical shock hazard to the

pilot. The trim relay box; assembly requires 28 VDC power to energize the right or left

wing down relays and complete the circuit supplying 115 VAC power to the trim

actuator. .. ' ; ,

FLAPERON POPUP SYSTEM

The flaperon popup system is selectable by the pilot through the flapeiron popup

ARM-OFF switeh located on the pilot's left console as depicted in figure B-1. The

system is designed to reduce lift and shorteh^ound roll after landing by eommanding

symmetric deployment of the flaperons. With ARM selected, the flaperoris are driven to

the 41° trailing edge up position by combined secondary hydraulic pressure when the left

wqight-on-wheels switeh is actuated and the throttles are reduced to idle. The system also

requires the wings to be spread and locked for the flaperon popup to function. With the

flaperons in the popup position, lateral control stick movement is limited to ±1 inch from

neutral as a small amount of asymmetric deflection is retained for eontrbl in erosswinds.
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DIRECTIONAL CONTROL SYSTEM

DirectionaVpohtrol is pi-jbyided by^ electro-hyciraiilicmechamcarcontool system. A

schematic of the directional flight control, system is presented in figure B-5,

RUDDER control SYSTEM : ,

The conventional rudder control system, is an iireversible, mechanical system powered

by^ electro-hydraulic tandem-type rudder actuator.. The rudder-pedals are linked

directly to the control surface actuator tlubugh a system of linkages, pusluods ̂ d ,cables

to, provide yaw control. A mdder pedal adjustment handle, depicted in figure B-1, , - =

permits the pedals to be adjusted in 1 inch increments from 4 inches forward to 5 inches

aft from tieiitral. The rudder actuator responds to mechanical commands from the pilot

via rudder pedal displacernents and electrical commands from the AFCS to control ruiider

deflection. The directional control system is designed to provide a linear gearing of

rudder deflection with pedal displacement, as depicted in figure-A-9. ,

Rudder Actuator ;

The tandem-type hydraulic rudder actuator is powered by both the flight and primary

combined hydraulic systems. Displacement of the rudder pedals positions ̂  input slide ,

valve, which directs hydraulic pressure to the appropriate side of two tandem-mounted

power pistons, which generate the corresponding rudder surface deflection; A ,

proportional follow-up linkage rriaintmns the rudder position relative to the pilot's pedal

deflection. The rudder a;ctuator, depicted in figure Ar 10, is designed to operate in two

modes; manual mode or series mode (associated with the AFCS).
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1. Manual mode of operation (AFCS OFF): Pilot input alone controls the power valve,

directing hydraulic pressure to the two tandem-mounted power pistons which are

mechanically linked to the rudder. For constant-velocity pilot iriputs, the rudder

deflects at a constant speed. When the pilot input stops, the power valve shuttle

returns to neutral and the rudder stops

2. Series.mode of operation (AFCS engaged - STAB AUG. AUTO, or AGLSk The

series-mode solenoid valve is energized from the AUTO PILOT controller located on

the center console (figure Arl). Input signals from the AFCS may then be used

independently or combined with niech^cal control stick inputs to command rudder

movement.

23° Rudder Stop Actuator

The 23° rudder stop actuator is a single-acting actuator requiring normal 3000 psi

primary combined hydraulic system pressure. The actuator is designed to restrict rudder

movement to 23° left or right of neutral ■mth flaps d.own arid weight off wheels; The

rudder is mechanically shifted by a cam stop mechanism that is actuated in turn by the

stabilizer shift cable as the flaps deflect, providing extended rudder throws for landinjg.

On deck with weight oii wheels, the 23° rudder stop system is de-energized and the stops

are removed. In this situation, if the flaps are extended, rudder deflection + 3 5° is

available.

ASSIST SPIN RECOVERY SYSTEM

In the clean configrrration, extended rudder throw of ±35° is available through

actuation of the ASSIST SPIN RECOV switch, which electrically energizes a selector

valve to port primary combined hydraulic fluid to a shift cylinder. The cylinder



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: R1JDDER 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° . - . ±1.9 inches

ASSIST SPIN RECOVERY ON + 35° ± 2.9 inches

Flaps Up and AUTO Mode + 4° N/A

Flaps Down (20° or 30°) and
AUTO Mode

±10° N/A

Flaps Down (20° or 30°) and
Weight on Wheels

±35° ± 2.9 inches

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 (stability augmentation) in the AFCS is designed to

correct for adverse yaw while rolling the aircraft, and for an out-of-trim condition in

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

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

rudder corrections are fed automatically to eliminate adverse yaw and coordinate turns.

The movement of the rudder is not transmitted back to the rudder pedals, and the only

evidence of augmentation is improved aircraft stability.

CONTROL SYSTEM FORCES

, The directional control system is irreversible and incorporates a cam and roller deyiee

ioaded.by two extension springs that produce resistive forces at the rudder pedals

proportional to pedal displacement. The mechanism is designed to provide a decreasing

force ̂ adient with pedal deflection as depicted in figure A-11. The designed directional

breakout force is approximately 12.0 lbs.
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DIRECTIONAL TRIM SYSTEM

Directional trim is provided by a rudder trim switch located on the pilot's left console

which controls an irreversible, electromechanical linear-type actuator that varies the

neutral position of the mechanical linkage. The trim switch, depicted in figure B-1, is

115 VAC electrically operated and spring-loaded to the off (center) position. Full trirn

corresponds to rudder travel of 4° either side of neutral in the flaps up configmatibn, and

6° either side of neutral in the flaps down configuration:. Manual rudder trim is available

in both AFCS modes of operation (STAB AUG and AUTO). The rudder trim gage,

located on the pilot's lower instrument panel as depicted in figure B-2, indicates rudder

position fi-om 4 units left to 4 units right. A DC electrical signal generated by a position

transmitter drives the pointer on the indicator. The RUDDER TRIM circuit breaker

located on the forward main circuit breaker panel in the forward cockpit provides a means

of interrupting electrical power to the directional trim system. -

AUTOMATIC FLIGHT CONTROL SYSTEM (AFCS)

There are five operating modes of the AFCS:

1. Stability Augmentation

2. Attitude Hold

3. Altitude Hold

4. MachHold - ,

5. Automatic Carrier Landing System (ACLS)

Each mode is manually selected by the pilot via the AUTO PILOT controller located on

the center console as depicted in figure B-1. The AUTO PILOT controller consists of

three solehoid-held ON-OFF, ACLS-NORM-HDG OFF, and AUTO-STAB AuG toggle

switches, and two solenoid-held ALT and MACH square pushbutton switches. Electrical
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signals corresponding-to the selected rnode of operation are transmitted to the Air

Navigation Computer (ANC), and AFCS interlocks are set to prevent selection of

incompatible functions. All AECS modes are integrated into the primary flight eontrol

system; A spin recovery mode is also rnanually selectable by the pilot through the-

ASSIST: SPIN RECOVERY switch, located on the throttle quadrant, as depicted in figure

•b4 ^ ~ '' , V

GENERAL .

The AFCS is an eiectfomechanical system designed to provide two-axis stability

augmentation, three-axis attitude control,- and Mach or altitude hold- Airplane motion is

deteeted by error sensors, in each axis which send .electrical control sign^s to the ANC.,

The AFCS eonsists of positioning-type servpsystems, the ANC, a rate ̂ dscope

assembly, and normal and lateral accelerometers.. "

AIR NAVlGATtON COMPUTER (ANC)

The ANC is an electronic and eleetromechariical analog si^al processpr which

couples, shapes and amplifies stability augmentation and automatic flight control signals

to actuate the rudder, fiapbron autb-pilot ̂ d stabilizer actuators and the stabilizer trim

aetuator. tlie cdmputer is designed to acbept pitch, roll and yaw rate signals, acpeleiption

si^ais, and cofitrpl surface/actuator ppsitiori signals front the AFCS and provide output.,

signals tp the appropriate actuators, tp corrimand control surface rnpvement. The ANC

also;|receive:t iriputs frorn aiixiliary subsystems such as the Attitiide-Heading Reference

System (AHRS), Course Attitude Data Transmitter (CADT), and Air Data Computer ,

(ADC). n V,- '



RATE GYROSCOPE

The rate gyroseope, consisting of a miniature rate gyroscope in each axis, is designed

to detect and measure airplane pitch, roll and yaw rates and supplies this rate data to the

ANC for 3-axis damping. The rates of change sensed by the fate gyroscope provide error '

signals to the ANC. " , •

NORMAL AND LATERAL ACCELEROMETERS

The normal arid lateral accelefotneter transmitters are designed to generate im

acceleration error signal proportiorial to the vertical and lateral aceeieration of the

airplane, respectively. The norrrial acceleration error signal is processed in the ANC with

altitude arid Mach error signals to produce an altitude or Mach hold vertical path damping

signal which is supplied to the stabilizer Und flaperon auto-pilot actuators. The normal

acceleration rate signal is ̂ so used in the ANC as the g-eommand reference signal. The

lateral aceeieration error signal is used for turn coordination and to conipensate for

adverse yaw. Yaw arid roll rate signals frorii the g^oscope coupled,with the lateral

acceleration error signal from the lateral accelerometer transmitter are used by the ANC ,

to generate a control sigrial to hold or command a change in the rudder position. Pitch

and roll rate sisals from the rate gyroscope are used by the ANC to gerierate eontroT

signals to hold or command a change in the stabilizer and flaperori positions.

Magnetic heading, roll angle, and pitch angle are also processed in the ANC to provide

the hold or. actuate signals used by the stabilizer of flaperon auto-pilot actuatofs. The

control stick includes sensing switches, which are actuated by stick motion to conunand
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the airplane's control snrfaces via the: AFGS mechanical linkage. Pitch and roll control

forces applied to the control stick are transmitted to the airplane's control linkage via a

transducer. A linear position transducer also transmits the stabilizer position signal to the

ANC and AFCS when the stabilizer actuator is operating in the parallel liiode.

Automatic disengagement of all AFCS modes except Stability Augmentation occurs

when the pitch and roll outputs provided by the CAINS and AHRS do not agree with

each other as well as the attitude drivirig the Attitude Direction Indicator (ADI). If any .

pitch and roll attitude comparison does not agree, a disengagement input is sent to the

AUTO PILOT controller, the ADI OFF FLAG is displayed ̂ d the ATTD REF light

illuminates on the Caution Lights pariel. AFCS modes can be manually disengaged using

the AUTO-PILOT controller, the AFCS emergency discoimect switch, control stick force

inputs, arid the AFCS and AFCS / AlR DATA CMPTR circuit breakers located on the aft

main circuit breaker panel. In the event of imcoi^anded control inputs after the auto

pilot controller ON-OFF switch has been secured, electrical power, from the auto-pilot

must be removed by pulling the AFCS circuit Ijre^ers or deploying the emergency RAT

and securing the generators. ,

STABILITY AUGMENTATION MODE

;  Stability augmentation is selected on the AUTO PILOT controller by placing the QN-

OFF switch to ON with the AUTO-STAB AUG switch in STAB AUG. In this mode, the

pilot flies the airplane using control stick and rudder pedal inputs while the AFCS

provides pitch damping, yaw damping, and tum coordination. The two-axis damper is



designed to automatically reduce airplane motion in the pitch and yaw axes by positioning

the stabilizer and rudder proportionately to airplane pitch, roll and yaw rates, respectively.

In this mode, the stabilizer is actuated proportionately in response to pitch rates and the

rudder is positioned proportionately in response to roll and yaw rates. Pitch, roll and yaw

rate signals from the rate gyroscope are processed with signals generated in the ANC to

provide the signals to control the surface positions of the airplane via the electro-

hydraulic flight control actuators. Tum coordination is accomplished by automatically

positioning the rudder through the rudder actuator in response to airplane lateral

acceleration.

ATTITUDE HOLD MODE

Attitude hold mode is the basic automatic pilot operating mode of the AFCS and is

engaged by setting the AUTO-STAB AUG switch to AUTO on the AUTO PILOT

controller 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 attitude reference selected

by the vertical reference (VERT REF) switch and the AC operating voltage of the AFCS

is within limits. In this mode, the AFCS is designed to provide three-axis damping and

attitude hold. The yaw axis is controlled in the same manner as described in the stability

augmentation mode. The 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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. established reference attitude. The pitch attitude rate is derived from a pitch rate jgyro in

the rate g>Toseope and the displacement signal is generated from the external navigational

aids system. These signals .are used to position the stabilizer, via the stabilizer actuator

and position transducer. Automatic pitch trim is accomplished by repositioning the

cockpit control column and linkage to establish the trimmed stabilizer position. The

AFCS senses the sustained electrically held surface position and repositions the cockpit .

control column and linkage through the electromechanical stabilizer trim actuator,

thereby eliminating the requirement for a sustained electrical input. If the airplanes pitch

attitude exceeds the 25° nose up or 60° nose down limit, the AFCS automatically retums

the airplane to the nearest pitch limit. In the roll axis, the AFCS operates in roll attitude

or heading hold mode. Roll attitude hold is accomplished in the sarhe manner as pitch

attitude hold, where the flaperons are positioned as a furietion of the roll rate signal from

the rate gyroscope and the heading error signal from the external navigational aids

system. For the AFCS to assume the roll attitude hold configmation, the bank angle must

be between 5° and 60° with the ACLS-NORM-HDG OFF switch in the NORM position.

If the bank angle is less than 5°, the airplane is automatically leveled and the heading hold

mode is engaged. The reference heading is maintained by commanding bank angle as a

function of heading error; The heading error signal is generated in the external

navigational aids system. Positioning of the flaperons is accomplished by the flaperon

auto-pilot, actuator, which positions the flaperon hydraulic actuators through the AFCS

linkage. With the ACLS-NORMrHDG OFF swtch in the HDG OFF position, the AFCS

maintains any bank angle between 0° and 60°, in the same manner described above. If
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the airplane's roll attitude exceeds 60° angle of bank in NORM or HDG OFF, the AFCS

automatically returns the airplane to the 60° roll attitude limit. Longitudinal or lateral

control stick forces of 1.1 ±0.2 lbs actuate the stick disengage switches which revert the

AFGS to the STAB AUG mode, dviring which manual trim may be accomplished. When

the control stick force is released, the AUTO mode is re-engaged and the AFCS maintains

, a constant pitch attitude and a constant bank angle or heading depending on the existing

bank angle at the time.

There is no automatic disengagement in the AUTO mode upon failure of the attitude

reference system input. Therefore, manual disengagement of the AUTO mode is. required

if an OFF FLAG appears on the ADI pr EADI. However, on airplanes incorporating AFC

778, if the Digital Signal Data Converter (DSDC) fails and primary is selected as the

attitude reference, the AFCS will disengage in AUTO, the EADI ATTITUDE FAIL will

be displayed, the ATTD REF caution light will illuminate and the master caution light

will flash. In addition, the AUTO mode should be secured prior to switching into or out

of primary (PRI) or Secondary (SEC) on the VERT REF switch to prevent abrupt or

xmexpected attitude changes during a change in the reference signals to the AFCS.

ALTITUDE HOLD MODE

Altitude hold mode can be manually selected by the pilot only after selectihg AUTO

with the AUTO-STAB AUG switch to satisfy the AFCS interlock fimctions. The altitude

hold mode is engaged by pressing the ALT pushbutton on the AUTO PILOT controller.

The ALT and MACK pushbuttons are mutually exclusive and selection of the ALT

pushbutton automatically disengages Mach hold, if activated. Airplane static and impact
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pressure from the pitot-static system and temperature from the tQta.l-temperature probe are

processed in the Air Data Computer (ADC), which confrols the altitude hold function.

Clutches in the ADC are activated by the altitude hold pushbutton to establish the

reference altitude. Automatic (barometric) altitude hold is acpomplished by commanding

pitch attitude proportional to displacement and fate deviations from the reference altitude.

Also, sustained altitude errors are corrected by integration of the displacement errors.

The displacement signal from the external navigational aids system, along with the

normal acceleration rate signal from the normal accelerometer transmitter and the

integrated displacement signal ̂ e combined and used to command airplane pitch attitude

to reduce pressure altitude errors. These error signals are sent from the ADC to the

AFCS, which commands the stabilizer actuator to position the stabilizer. Again, control

stick forces of , 1.1 ±0.2 lbs iriterrupt the altitude hold function, but the altitude hold mode

is re-engaged when the control stick forces are released.

MACH HOLD MODE

Mach hold mode can be manually selected by the pilot only after selecting AUTO ydth

the AUTO-STAB AUG switch to satisfy the AFCS interlock functions. The Mach hold

mode is engaged by pressing the MACH pushbutton on the AUTO PILOT controller.

The ALT and MACH pushbuttons are mutually exclusive and selection 6f the MACH

pushbutton automatically disengages altitude hold, if activated. The Mach hold function

is also controlled through the ADC by processing static and impact pressure from the

pitot-static system and temperature from the total-temperature probe. The Mach hold

pushbutton activates clutches in the ADC to establish the reference Mach riuihber. Mach:

hold is then accomplished by commanding airplahe pitch attitude to reduce Mach error in

the same marmer as altitude error is reduced in the altitude hold mode. The displacement



signal is supplied to the AJFCS from the external navigational aMs system. Sustained

Mach errors are corrected by inte^ation of the displacement error, and vertical path

damping is provided through integration of the normal accelerometer transmitter. Again,

control stick forces of 1.1 ±0.2 lbs interrupt the Mach.hold functiori, and the Mach hold

mode is re-engaged when the control stick forces are released.

AUTOMATIC C Al^ER LANDING SYStEM f ACLS) MODE

The ACLS is designed to provide an automatic coupled AFCS approach capability by

interfacing the ASW-25 Data Link with the AFCS and the Approach Power Compensator

(APC). The ACLS mode can be rnanually selected by the pilot only after selecting

AUTO with the AUTQ-STAB AUG switch to satisfy the AFCS interlock functions. The

- ACLS mode.is selected by placing the ACLS-NORM-HDG OFF switch to ACLS on the

AUTO PILOT controller, as depicted in figure B-1. In the ACLS mode, aircraft carrier-

based radars transinit glidepath data to the AFCS via the AN/ASW-25 Data Link. If the

switch does not hold in the ACLS position, it indicates that not all of the pre-engagement

requirements iare met. The ACLS controls and displays are illustrated in figures B-(5 and .

B-7. ; n

The ASW-25 data link provides the capability to receive signals from the SPN-42 / 46

system, decode them, provide control signals to the AFCS, provide position signals to the

ADI / EADi arid ARI, and, display system status on the ACLS discrete message indicator

(DMI) lights illustrated in figure B-7. Norinal data link operation requires the data link

power ON, the proper UHF data link frequency dialed into the thumbwheels ori the pilot's

instrufnent panel, and a known address set in the decoder box located in the forward right

equipment bay. All ACLS and Instrument Canier Landing System (ICLS) confrols ai"e

presented in figure B-6.
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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 aircraft carrier to obtain and/or maintain glidepath.

The carrier's landing radar systerh, AN/SPN-42 or 46, tracks the airplane and the radar

computer coihpares present airplarie position with the optimum approach profile. The

airplane position is then corrected to the desired glidepath using commands from the ,

Navy Tactical Data System tr^smitted over UHF data link to ftie airplane's ASW-25

data link receiver. The ASW-25 data link receiver then directs pitch and roll commands

to the AFCS. Upon selection of ACLS, the shipboard generated pitch arid roll commands

are transmitted to the Air Navigation Computer (ANC) via the AN/ASW-25 Data Lirik,

and the stabilizer actuator enters the parallel mode of operation. With ACLS mode

COUPLED, shipboard generated pitch and roll commands are fransmitted to the ANC via

the data link which in trim commands the appropriate control surface deflection to effect

the proper aircraft response. Stabilizer movements are commanded by iriput signals from

the AFCS, and the corresponding stabilizer motion is transmitted through mechanical

linkages to the control stick. In this mode, the auto-pilot input signal is designed to

command a maximum stabilizer travel of ±7.8°.

The ASW-25 data link also transmits ACLS discfete messages, which are displayed on

, the pilot's instrument panel, as depicted in figure B-7. These messages provide

information relative to the progress of the approach, as well as azhnuth and glideslope

deviations displayed by crossbars on the pilot's ADI /.EADI and ARI. When an operable

AN/SPN-41 is available on the aircraft carrier, iridependent heading and glideslope

signals are displayed on the ADI / EADI and ARI, providing manual ICLS approach

capability, through the AN/ARA-63 receiver. The ACLS DATA LINK — MON switch,

located on the pilot'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 dunng an approach.

In the event of an excessive flight-path error, a waveoff signal from the ACLS

disengages the ACLS control and reinstates airplane flight control to the AFCS.

Automatic disengagement of the ACLS mode is designed to occur when auto-pilot

command signals exceed normal operating inputs or when the stabilizer actuator servo

ram receives a hardover signal causing the main ram to actuate a rate switch. Either

automatic disengagement causes the AFCS to revert to the STAB AUG mode. On

aircraft incorporating AFC 778, if the 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 lbs 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 stick fails to move with pilot pitch inputs, the ACLS mode can

be disengaged and normal stick movement restored through application of rapid fore and

aft stick inputs of approximately 50 lbs at the stick grip. The ACLS mode can also be

manually disengaged using the AFCS emergency disconnect switch located below and to

the right of the control stick grip.

APPROACH POWER COMPENSATOR (APO

The approach power compensator (APC) is designed to maintain an airspeed that will

result in a constant average AOA. the APC is engaged using the APC power switch

located on the pilot's left console (figure B-l), and automatically sets the throttles at the

calculated thrust required to maintain 17 units ADA, regardless of previous settings. The

throttle setting is dependent upon airplane gross weight, bank angle, flight-path angle, and

selected temperature setting. The APC uses accelerations measured perpendicular to the
117



glidepatK, AO A error,, and stabilizer position inputs to control throttle movement. The

APC system is also damped to prevefit excessive throttle movements when flying through

heavy, turbulence. The system is designed to disengage when the throttle friction lock

lever is moved forward out of the OFF position, STBY or OFF is selected with the APC

power switch, or the weight-bn-wheels switch is actuated. The APC is also designed to

manually disengaged when 8-12 lbs of forward or aft force is applied to the throttles. If

throttle control is not relinquished after attempting to disengage the APC by normal

methods, a force of 35-55 lbs applied to the throttles manually overrides the system and

damages the APC actuators. , " , /

SPIN RECOVERY MODE

The spin recovery mode is initiated by selecting, ASSIST with the guarded ASSIST

SPIN RECOVERY switch located on the throttle quadrant (figure B-1). The spin

recovery system provides an altemate method of increasing stabilizer and, rudder throws

in the clean configuration. Nomially (SPIN RECOVERY switch OFF), the stabilizer '

shift mechanism limits stabilizer travel from 1.5° leading edge lip to 9.6° leading edge

down and rudder displacement to ± 4°. Selecting ASSIST electrically energizes a selector

valve, which ports primary combined hydraulic fluid to a shift cylinder. The cylinder

automatically shifts the tail control surfaces into an extended throw of 1.5° leading edge

up to 24° leading edge down for the stabilizer and ± 35° for the rudder. Activation of the

spin recovery mode eliminates the directional stability augmentation authority, ensuring

full rudder deflection is available for spin recoyeiy regardless of the STAB AUG switch

position. In Block 89 airplanes, an assist spin recovery battery provides an emergency

DC power source to activate the assist spin recovery circuit and power the yaw rate

indicator. ; ' ' \
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MODE DISENGAGEMENT

On airplanes 163884 and subsequent or airplanes modified with AFC 639, the attitude

hold, altitude hold, Mach hold„and ACLS rriodes are designed to automatically disengage

if the pitch and roll attitude data supplied by the Carrier Aircraft Inertial Navigation .

System (CAINS), synchro or digital,"of AHRS does not agree witii the attitude reference

inputs being transmitted to the Attitude Direction Indicator (ADI), The primary and

secondary pitch and roll outputs from the CAINS and AHRS, respectively, ̂ e formatted

by the CADT to obtain separate X, Y, and Z synchro lines which drive the ADI and are

sent to the A/D converter.. Any discrepancy in pitch or roll data between the CAINS,

AHRS, and the ADI source results in disengagement of the AFCS input between the

ANC and the AUTO PILOT controller. Relay logic is also designed to raise the ADI

OFF flag, illuminate the ATTD to Ught and cause the MASTER CAUTION light to

flash.
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Table C-l:EA-6B FLIGHT CONTROL SYSTEM CHARACTERISTICS

Control surface

TravelLimits

(from neutral) Control Actuation

Horizontal Stabilizer

Flaps Up
Flaps Down or ASR-ON
ACLS

1.5° LEU to 9.6° LED

1.5° LEU to 24° LED
±7.'8° '

Mechanical /

Electrical
Flight & Primary

Combined

Hydraulic

Horizontal Stabilizer Trim

Flaps Up
Flaps Down

3/4° LEU to 9° LED

1/2°UEU to 22° LED

115VAC Electric

28VDC ,

(AFC745)

115VAC Electric

28VDC

(AFC745)

Flaperons 51°Up„ Mechanical and

Electrical

Flight & Primaiy
Combined

Hydraulic,

Flaperon Trim 9° Up 115 VAC Electric 115 VAC

Electric

Rudder

Flaps Up
Flaps Down
ASR-ON

Flaps Up in AUTO
Flaps Down in AUTO

±4°- ,

n  ±23°

+35°'

±4°

. .. ±10° n '

Mechanical and

Electrical

Flight & Primary
Combined

Hydraulic

Rudder Trim

Flaps Up .
Flaps Down ,

±4°

± 6° •'
115 VAC Electric .  115 VAC

Electric

Flaps
Normal

Emergency
20° or 30° 28VDC Electric

115VACand

28VDC Electric

Secondary
Combined

Hydraulie

Slats 27° . . 28VDC Electric

Secondary
Combined

.Hydraulic

Speedbrakes ;-60° " n 28VDC Electric

Primary
Combined

Hydraulic

Nose wheel Steering •  ; . ' •' ± 60° ' n 28VDC Electric

Secondary
Combined

, Hydraulic,

Flaperon Popup 41° Up 28 VDC Electric

Secondary
Combined

Hydraulic

23° Rudder Stop ±23° 28VDC Electric

Primary
Combined

Hydraulie
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Table C-2: EA-6B FLIGHT CONTROL SYSTEM ELECTRICAL

.  Component Control Actuation

Stabilizer and Rudder

Trim Indicators

28 VDC Electrical 28 VDC Electrical

Flaperon Trim Indicator Mechanical Mechanical

Emergency Flaps and Slats 115 VAC and 28 VDC

Electrical

115 VAC and 28 VDC

Electrical

Assist Spin Recovery 28 VDC or

ASR Battery (Block 89)
Primary Combined

l^draulics . .

Anti-Skid 28 VDC Electrical Secoridary Combined
Hydraulics

AFCS, 115 VAC and 28 VDC

Electrical

Flight and Primary
Combined Hydraulics

AFCS Emergency
Disconnect

Mechanical Mechanical

Caution Lights Panel . 28 VDC Electrical 28 VDC Electrical

Isolation Valve 28 VDC Electrical Flight Hydraulics

Emergency RAT .  Mechanical ,  Primary Combined
Hydraulics and

Pneijmatic 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
Indicator

;; Mechanical .
(Direct Reading Gage)

Pneumatic

ASW-25 Data Link 28 VDC Electrical 28 VDC Electrical

ACLS Warning and
Indicator Lights

28 VDC Electrical 28 VDC Electrical
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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

independent systems, the flight hydraulic system and the combined hydraulic system.

Both hydraulic systems power the tandem-type flight control actuators, and either system

alone is capable of delivering sufficient hydraulic pressure to the flight controls for

maneuvering the aircraft throughout the flight envelope, except at high IMN where

aerodynamic hinge moments and available actuator power become the limiting factors. .

Each system is powered by two 3000 psi engine-driven hydraulic pumps; one piimp

driven by each engine. The flight hydraulic system powers one side of the tandem-type

flight control actuators, an isolation valve and the AFCS. The combined hydraulic

system is separated into primary and secondary systems by the isolation valve designed to

reduce the possibility of losing combined system pressure due to ifailure in any one of the

utility system components. The primary combined hydraulic system powers the other

side of the tandem-type flight control actuators, the emergency RAT, assist spin,recovery

system, vvdng tip speed brakes, and 23° rudder stops. The secondary combined hydraulic

system provides power for operation of the flaps, slats, landing gear, flaperon popup,

wingfold, wingfold locks, nose wheel steering, hook retract, strut lock ̂ d normal wheel

brakes. Flight and combined hydraulic system bootstrap reservoirs, pressurized by the

engine-driven pumps, supply fluid for each system. A wheel brake accumulator is

incorporated into the combined secondary hydraulic system for operation of the auxiliary

wheel brakes, the aft extensible equipment platform, and the fadome. The auxiliary brake

accumulator is charged using a hand pump or electrically-driven pump, both operated

frorn either the cockpit or the' nose wheel well. An auxiliary brakes gage, located oh the

lower center portion of the pilot's instfumerit panel (figure B-2), indicates the number of
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auxiliary brake applications available. Four hydraulic pressure gages are incorporated in a

single unit located on the pilot's instrument panel (fi^e B-2) and are powered by the

right main 26 VAC bus. The upper two side-by-side gages are identified as FLT and

indicate the pressure output of the two engine-driven puntps for thie flight hydraulic

system. The lower two side-by-side gages are identified as COMB and indicate the.

pressure output of the two engine-driven pumps for the combined hydraulic system. A

HYD S YS caution light on the caution lights panel, located on the lower center, portion of

the pilot's instrument panel (figure B-2), is designed to illuminate when either the flight

or combined hydraulic system pressure falls below 1400 ± 100 psi. The HYD SYS

caution light does not provide an indication of a single pump failure within either system.

The loss of a single hydraulic pump, will be displayed on the respective hydraulic

pressure indicator, but will not present, any flight control degradation. However, failure

of one pump may result , in; failure of the other pump in the same (FLT or COMB) system

due to the common hydraulic fluid reservoir. In the event of a flight or combined

hydraulic system failure, the remaining operating system will assume full demand for the

stabilizer, rudder and flaperpn actuators while fiie normal landing gear, normal flaps/slats,

normal brakes, anti-skid, flapefon popup, and nose wheel steering systems will be

inoperative. If the flight hydraulic system fails, the sjpring-loaded isolation valve will

automatically cut offhydraulic pressure to the combined secondary hydraulic system,

ensuring all available cprhbindd hydraulic pressure is supplied to the primary flight

controls. However, loss of flight hydraulic system pressure will not autoniatically

disengage the AFCS. Therefore, the AUTO PILOT ON-OFF switch located'on the Auto

Pilot controller oii the center console (figure B-1) rnust be turned OFF to prevent

uncommanded inputs to the flight control system caused by surges in pressure in the ,

failed flight hydraulic system. A flight or combined hydraulic system failure requires use
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of emergency landing gear extension, emergency flaps/slats, and auxiliary brakes. The

emergency flaps/slats are electrically controlled and actuated using the emergency

flaps/slats switch located on the throttle quadrant inboard of the throttles as depicted in

figure A-1. Auxiliary brakes are selected by rotating the brake selector handle, located on

the lower left portion of the pilot's instrument panel (figure B-1), 90° clockwise. With

auxiliary brakes selected, the brake selector valve ports brake accumulator hydraulic

pressure to the brake control valves and the anti-skid system is de-energized. If eleetrical

power is lost to the isolation valve with normal flight hydraulic pressure available, the

isolation valve opens, energizing the combined seeondary system and its assoeiated utility

systems. A eomplete hydraulic system failure renders all flight controls inoperative.

During a dual engine failure or flameout (engines windmilling), a minimum airspeed of

140 KIAS is required to generate sufficient hydraulic pressure to maintain control of the

aireraft.
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EA-6B ELECTRICAL SYSTEM

The EA-6B electrical system, depicted below in, figure Erl, consists of two engine-

driven 30 KVA 115/200 volt AC generators, two 100-ampere transformer-rectifiers, and a

24 volt DC, 0.33 ampere-hour battery. Emergency electrical power is provided by a r^

air turbine (RAT) driven 2.5 KVA AC generator and 50-^pere emergency transformer-,

rectifier, and has a minimum operating airspeed of 110 KIAS. The emergency RAT is

mechanically controlled via a handle located inboard of the pilot's left console, depicted

in figure A-1, and hydraulically positioned into the airstream above the left wing. In the

event of a combined hydraulic systeni failure, the RAT accumulatpr is designed to

provide a single extension of the ̂ T pneumatically. The electrical power requirements

for the secondary flight controls, AFCS, and trim systems are presented in table C-1 arid

C-2. n ' , . n n

The electrical power requirements for the secondary flight controls, AFCS and trim

isystems ban be met by any generator and transformer-rectifier combination through a

series of AC contactors. In the event of a duial generator failure, all secondary flight,

control systems except speed brakes, nose wheel steering, flaperori popups, anti^skid,

emergency flaps/slats, and AFCS will be available on emergency RAT power. In Block

89 airplanes, the assist spin recovery battery provides emergency DC power to the assist

spin recovery circuit and the yaw rate indicator when ho other DC source is available.

137



L
E
r
r

D
C
 T
R
A
N
^
G
B

A
N
D
 H
O
L
D

l
:
3

O
C
E
M
E
R
C

T
R
A
M
S
F
f
n
 R
E
L
A
Y

V
O
L
T
A
G
E

R
E
G
U
L
A
T
O
R A
C
 E
M
E
R
G
E
N
C
Y

T
R
A
N
S
F
E
R
 R
E
L
A
Y

E
X
T
 P
W
R

C
O
N
T
A
C
T
O
R

M
V
A
C

T
R
A
N
S
F
O
R
M
E
R

~
r
H
K
-
i

I
 ■

-

R
tO

H
T

D
C

 T
R

AN
SF

ER
A

N
O

H
O

LO
B

E
L

A
Y

' 
RI

GH
T 

1 
AC

 
1

1 f
NC

l»«
 ]

 S
TA

RT
ER

 
CS

O 
qe

nE
RA

'O
rI

m
^m

m
m

 
itS

V
A

C

M
 V

A
C

C
O

N
TR

O
L

M
AI

N
 C

IR
C

U
IT

 e
W

EA
KE

R

N
O

T
E

AL
L 

RE
LA

YS
 A

ND
 C

O
NT

AC
TO

RS
SH

OW
N 

IN
 N

OR
M

AL
 O

PE
RA

TI
NG

 C
O

NO
IT

O
H

IF
 E

IT
HE

R 
G

EN
ER

AT
O

R 
FA

IL
S 

O
R 

IS
 S

M
UT

DO
W

N 
TH

E 
EN

TI
RE

 A
C 

LO
AD

 IS
AU

TO
M

AT
IC

AL
LY

 T
RA

NS
FE

RR
ED

 T
O 

Tf
€

R
EM

AI
M

N
G

 G
EN

ER
AT

O
R

IF 
EI

TH
ER

 T
HE

 L
EF

T 
OR

 R
IG

HT
 T

RA
NS

FO
RM

ER
 -

RE
Cn

FI
FR

 F
AI

LS
 T

HE
 E

NT
IR

E 
DC

 L
OA

D 
IS

AU
TO

M
AT

IC
AL

LY
 T

RA
NS

FE
RR

ED
 T

O 
TH

E
O

TH
ER

 t
ra

n
s
fo

rm
e

r 
- 

H
EC

TI
FE

R

IF
 B

O
TH

 G
EN

ER
AT

O
R

S 
O

R
 T

iR
s 

FA
IL

TH
E 

RA
M

 A
IR

 T
UR

BI
NE

 iR
AT

) M
US

T 
BE

O
EP

LO
YE

D 
TO

 P
O

W
ER

 T
HE

 E
SS

EN
TI

W
.

AC
 A

N
D

 O
C 

BU
SS

ES

R
IG

H
T

O
E

N
G

R
A

T
O

R
S

W
IT

C
H

Fi
gu

re
 E

-1
; 

EA
-6

B 
EL

EC
TR

IC
AL

 S
YS

TE
M



APPENDIX F

139



SECONDARY FLIGHT CONTROL SYSTEM

WING FLAP AND SLAT SYSTEM

The semi-Fowler type, slotted, trailing edge wing flaps iand leading edge slats are

actuated by the flap selector lever located to the right of the. throttles as depicted in figure

B-1. The flaps and slats are. DC, electrically controlled and hydraulieally actuated by the

•secondary combined hydraulic system. Both the flaps and slats are divided at the wing

fold and can not be hydraulieally actuated unless the wings are spread and locked and the

wing lockpin switch is energized. Moving the flap selector lever actuates electrical

switches that control the hydraulic motors and hydraulic brakes for the flaps and slats.

The central flap gearbox located in the right wing root transmits torque through a series of

spanwise torque shafts and offset gearboxes, driving a series of reversible screw jack

actuators to extend and retract the flaps. The flaps are supported by a hinge and carriage

assembly on rollers and guided bh contour tracks in the wing trailing edge. At the same

time, the central slat gearbox located in the left wing root extends qr retracts the slats in a

similar fashion. The slats are fully extended to 27° whenever the 20° or 30° flap position

is selected and are guided by rollers in the wing leading edge. Flap and slat positions are

indicated on the Integrated Position Indicator (IPI) on the pilot's instrument panel. The

flap and slat gearboxes each have a hydraulic and an emergency AC electric-drive motor

attached. An emergency flap switch, located on the throttle quadrant as depicted in figure

A-1, energizes the 115 VAG emergency flap and slat motors for extension or retraction in
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the event of hydraulic motor failure or flight or combined hydraulic system failures. Four

circuit breakers (c/b's) provide an additional means of securing 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 I's position.

SPEEDBRAKE SYSTEM

Wing tip speedbrakes consist of a set of spUt 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 pririiary combined hydraulic system. The speedbrake switch, located on

the inboard face of the right throttle (figure B-1), permits selection of any intermediate

position: Single tandem-type hydraulic cylinders,in each wing tip deflect the surfaces via

flow regulators to a maximum included angle of 120°. An electric synchronization

system automatically retracts the speedbrakes if the surfaces become asynimetric by more

than 8°. Speedbrake position is displayed on the IPI on the pilot's instrument panel as

illustrated in figure B-2.

NOSE WHEEL STEERING fNWSt SYSTEM

The nose wheel steering system is designed to provide directional control and shimmy

damping through a DC electrically controlled nose wheel steering button on the control

stick grip, as illustrated in figure B-1. Nose wheel steering is controlled through rudder

pedal deflection and is activated only when the weight-on-wheels switches on the right

main landing gear are closed. The nose wheel steering systern will power 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 system
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operation. Nose wheel steering is automatically engaged when the arresting hook is

extended as soon as the right main gear weight-on-wheels switches are actuated. The

relationship between rudder pedal deflection and nose wheel angle is presented in figure

F-1.

CM .

I  1 I II  I I 1 1 \ \ 1 t I I

1  1.5 n 2

Pedal Position (in)

Figure F-1; EA-6B NWS SYSTEM PEDAL-TO-NOSE WHEEL GEARING

WHEELBRAKE CONTROL SYSTEM

The main wheel brakes are hydraulically powered multiple disk brakes designed to

provide directional control and braking capability during ground operations, and

incorporate an artificial feel system to simulate pedal forces. A brake selector handle,

located on the left side of the pilot's instrurnent panel (figure B-1), allows selection of

normal, auxiliary or emergency/parking brake operation. The normal brakes are powered

by the secondary combined hydraulic system.. The auxiliary and emergency/parking

brakes are powered by a hydraulic brake accumulator that is charged by a hand-pump or
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via an electrically motor-driven hydraulic pump; both located to the right of the pilot's

seat and in the nose wheel well. Accumulator pressure is displayed on an auxiliary brake

cycle indicator (figure B-2), located on the pilpt's lower instrument panel, in number of

brake cycles remaining. The wheel brakes are actuated by convention^ toe-operated

pedals, which provide a direct input to the brake control valves which meter hydraulic

pressure to the brakes.

ANTI-SKID CONTROL SYSTEM

The anti-skid system is used in conjunction with the normal brake system and is

desigiied to increase high-speed braking effectiveness. The system is activated using the

anti-skid switch located on the pilot's left console as depicted in figure B-1. The anti

skid system is DC electrically controlled and incorporates an ANTI-SKID light on the

caution lights panel (figure B-2) which indicates failures within the anti-skid control box

or a brake release signal that exceeds 3.5 seconds. The system is deactivated whenever

the auxiliary brakes are selected or the parking brake is set. If the anti-skid system is

inoperative, normal wheel brakes will still be available. Multiple failures withiri the anti

skid system can result in loss of braking capability for either or both main gear wheels

with or without illumination of the ANTI-SIQD light. Therefore, the anti-rskid switch

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 aircraft sensors to augment
commands to the aero actuator surfaces.

EA-6B AFCS is considered the number one fleet readiness concehi, 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 Working Group). The ANC is a 40-year-old analog
computer design. Many of the ANC cornponents are obsolete, making support of the.
ANC increasingly difficult. The numerous failure modes associated with the ANC have
resulted in uncornmanded 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 thbse factors, the reliability, maintainability and
readiness of this item are expected to continue to decade.

Based on information available from a previous program to update the EA-6B ANC' 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 (SAFCS CP-1780/ASW-50)' and
the Digital Flight Control System (DFCS AN/ASW-59)l The 9/28/00 RFI (Request for
Information) release seeking candidates to upgrade the EA-6B AFCS is servirig as the
vehicle to provide additional alternatives which will be considered.

The SAFCS 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 comprised 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 implementation 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 Ae 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 applicable to the latest anticipated
EA-6B requirements.
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The F-14 DFCS is manufactured by BAE SYSTEMS, Rochester, UK. The digital design
is capable of satisfying the existing ANC functionaiity. The F-14 DFGS is nearing
completion of the production progr^, which will replace the legacy AFCS in the F-14
aircraft. The DFCS has achieved a MTBF of an excess of 1000 hours for the system.
The F-14 DFCS consist of 3 Flight Control Computers (FCCs) and a Digital Control
Panel (DCP). For an ANC upgrade, oiie FCC and a DCP \yill meet the requirements.
The DFCS computer is composed of two independent channels that cross monitor each
other. This provides a more direct and dependable me^s of detecting computer failures
compared with the single charmel approach of the SAFCS. The dual charmel iiitefnal
architecture of the DFCS provides the potential for, integration with the dual Embedded
GPS/INS (EGIs) on the EA-6B mrcraft.;: Integration with the EGIs would eliminate the
need for the existing, unreliable, 3-^is gyro unit and provide an increased level of system,
safety. The DFCS system designers have incorporated a robust BIT, which not only
increases system integrity but also reduces meiintenance costs by greatly assisting
faultfmding by the maintainers. • ; ; .

Both the SAFCS and DFCS are corisidered to be COTS! However, some modifications
for both units will be necessary to meet the unique platform requirements that are being
proposed. The .2 imits are approximately the same size and weight and share similar
power and cooling requirements. The SaIfCS software is, written in JOVIAL and is
documented against 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 been a key design driver. TTie DFCS computers are
modifications of the Eurofighter Flight Control Computers. The Eurofighter program
should guarantee the availability of parts over its 15-year production program, which
minimizes the impact of parts obsolescence.

Both options will require a level of noh-reCurring development. Because the SAFCS was
integrated and flown in the EA-6B as pait of the PELTS contract, its' non-recurring
efforts are envisioned to be less than that of thb DFCS. Against this, the anticipated unit
price of the SAFCS is on the order of $90K, whereas the anticipated unit price for a
DFCS coniputer 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 Comparative Test (FCT) ̂ program. Although the DFCS was
manufactured in the UI^ the integration, effort was performed at NAS PAX River, MD,
under the Integrated Product Team concept. DFCS has also supported combat operations
over Kosovo. . ;

Conclusion n

In conclusion, the Standard Automatic Flight Control Systein (S AFCS) and the Digiteil;
Flight Control System (DFCS) are both potential candidates to replace the existing Air
Nav Computer (ANC). It will be essential that all proposed replacements, including
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identifying the reliability improvements 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 wiA a safe and reliable system that will increase the confidence the
pilots and maintainers have with the EA-6B flight control system, while significantly
increasing aircraft availability, improving performance and decreasing operating costs

Specification Sheet
Standard Automatic 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

Implementation . EA-6B , ,
MTBF Grumman presented 1306 for EA-6B.
MFIWF 2000 .

Obsolescence Risk E-2C FST Reports Low Risk
Computer Language JOVIAL
Satisfy ANC requirements Yes. - ; ,
-Unanticipated Problems ? Not a idrop.in replacement for E-2C.

Aging Sensors
E-2C required wiring change and AFC. .

Install Time unknown

Support Costs Reasonable ? Yes .

Digital Flight Control System (DECS AN/ASW-59)

Manufacturer BAE U.K.

Cost $80M Total (732 FCCs/215 DCPs) (Note 1) ' L
Estimated Cost per unit $50 K
BIT - n Yes -
Implementation F-14
MTBF Greater th^ 1000 (Note 2) :
Obsolescence Risk Minimal

Computer Language ADA
Satisfy reqiiirenients Yes
Unanticipated Problems Tailoririg existing library functions/algorithms to
implement the EA-6B control laws . . • .

Aging Sensors
Install Time 15 Man Weeks with. Checkout (note 1)
Support Costs Reasonable? Yes

Note 1 This includes the non-recurring costs for developing a 3-cornputer solution, to
meet a requirement of significantly greater functionality than the EA-6B.
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Note 2 This is for a 3 computer (plus DCP) solution. A single computer would exhibit an
MTBF of greater than 3000 hours.

References:

Model EA-6B Aircraft Program, Engineering and Logistics Transition Support (PELTS),
Contract N00019-94-D-0005, Report No.: PELTS-feNG-19; EA-6B Technical Report for
the Engineering Investigation into Incorporating the SAFCS in Fleet Aircraft (CDRL
#E001),7*''Junel995. , ,

Production Detail Specification for Digital Flight Control System for F-I4 Weapon
System, AS-5742, P* September 1999.

The FCT (Foreign Comparative Test) is a congressionally mandated effort that supports
U.S. policy of encouraging international armaments co-operation and helps reduce overall
DOD acquisition 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:.

Any item available in the commercial market
Any preyiously developed item in use by the US or cooperative foreign government
Any item of supply needing only minor modifications to meet DoD requirements

Risks'^

1. FCT projects are scrutinized at higher levels within the US Navy and OSD.
2. Mission performance trade-offs at Using NDI.
3. Logistics Support
4. Product Modifications

5. Concern over continued product availability

Rewards

1. Higher level of scrutiny can be used to advantage by:
Showing vendor OSD support
Knowing fimds will not be taken by financial raids
Having confidence that your program is specifically approved by Congress.
Federal Acquisition Streamlining Act has provisions for NDI to establish and maintain
alternative supply sources.
2. Quick response to operator needs ,
3. Elimination or reduction of research and development costs,
4. Application 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, Strategic 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] Fore ward; available From Microsoft
IntemetExplorer:http://www.acq.osd.mil/sts/fet/site.htm/Intemet

Maj. Stan L. Vanderwerf, USAF, "How to Use FCT (Foreign 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.aeq.osd.mil/sts/fct/site.htm/;Intemet.
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