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Ultimately, the analysis presented in this report leads to an assessment of design
requirements that affect outer-loop control, both directly and indirectly. Also it resultsin
commentary on aspects not currently covered by such requirements and offers
suggestions for other analyses or experimentations that may be useful.

1.2 Background

The carrier landing is a magjor design issue for Navy aircraft. Precise control of flight
path and speed must be made within the narrow time and space bounds of the final
approach leg. Simultaneously, the aircraft often requires high performance at other
extremes of the envelope. While these design factors can force the use of complex
displays and flight control systems (FCS), there are some basic airframe and engine
attributes still needed. In general, these airframe and engine factors relate to outer-loop
control. Moreover, they are not amenable to easy solution by clever FCS design because
of the prevailing influence of basic lift, drag, and thrust characteristics." Outer-loop
control requires “muscle’ because it deals with changes in flightpath and the
accompanying applied forces to make them.

It is convenient to establish a smple scheme for defining the relationship among the
pilot, the aircraft, and the total flight task when viewing outer-loop control. This can be
effectively done using a feedback control system loop structure. Figure 1-1 diagrams
such a structuring of manual control as applied to an aircraft.

This assumes that flight control systems are tied to basic control surfaces, i. e., they produce
roll, pitch, and yaw moments only. Outer-loop characteristics can be altered if flight controls
are extended to force-producing controls such as flaps, speedbrake, or engine thrust.

e I-I i
" Robert Heffley Engineering 1 December 1990

M— |



RHE-NAV-90-TR-1 Page 3

task represented by total closed-loop system

<= pilot | vehiclemml>-

4 inner-loop 2\

command, cockpit N\ outer-loop
outer-loop + : controller | yehicle state_
command * outer-loop inner-loop \ (airframe, |inner-log
control control endine ' oot P
h technique technique F?} S ’ ae
\- inner-loop I
. outer-loop J

Figure 1-1. Schemefor Portraying the Pilot-Vehicle-Task System.

The benefits of this kind of scheme are that all the components—pilot, aircraft, and
task—can be viewed in a common mathematical framework. The scheme induces the
engineer to quantify some aspects not often viewed in strictly engineering terms, namely,
those concerning the pilot and the task.

For the carrier landing task the outer-loop states are glideslope, angle of attack, and
lineup. The inner-loop states are pitch attitude, thrust, and bank angle. Controls for the
inner-loop states are the traditional set consisting of longitudinal-stick, lateral-stick and
throttle. Controls for the outer-loop states can be equated to the inner-loop state
commands (attitude command, thrust command, and bank angle command). This
provides a neat “partitioning” of the pilot and aircraft and simplifies many aspects of the
total task (carrier landing) system.

Just as a practical consideration, outer-loop flying qualities need to be partitioned
from inner-loop features. This would permit the handling of aircraft with advanced FCS
configurations without dealing with their complexity. The analysis techniques used here
make this feasible, especially the use of pitch-constrained equations of motion to describe
the aircraft and the inner-loop functions of the pilot.

Though the “outer-loop” control tasks of glideslope, angle-of-attack, and lineup are
crucial, existing flying qualities specifications or design standards only partialy address
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them. One important objective of this report is to examine in detail the factors that
determine outer-loop flying qualitiesin order to set design requirements better.

1.2.1 Current Standards and Philosophies

There is not a clear structuring of inner- and outer-loop flying qualities characteristics
for use in aircraft design. This is true both in MIL-F-8785C (Reference 1) and in the
current MIL-STD 1797A specification for flying qualities of piloted airplanes (Reference
2). Sectionsthat deal with inner-loop features, e. g., short-period dynamics, include some
aspects of flightpath and speed control. The sections of MIL-STD 1797A that address
explicitly outer-loop control contain only general background information and do not
offer much specific guidance for carrier aircraft, especially concerning speed (or angle-
of-attack) control.

MIL-STD 1797A correctly identifies 1/Tq,” as the primary influence in flightpath
response, but establishes values only indirectly.® It does not give rationale for why 1/T g,
a time response feature, should be scaled with nz,, an outer-loop control sensitivity

factor. Nor doesit say why 135 kt should be used as the scale factor. It will be seen that
some current carrier aircraft have values considerable lower than this limit.

MIL-STD 1797A and MIL-F-8785C address speed control only in terms of speed
stability. Neither document recognizes that Navy aircraft (nor most current military
aircraft) do not use a speed reference, but angle of attack instead. While these
specifications bound the short-period dominant mode seen in angle-of-attack (a)
response to elevator, this mode is not particularly relevant to the outer-loop control
situation. It especially does not relate to loose regulation of angle of attack.

Speed damping is one aspect of speed control that current design requirements do not
address in any way. This parameter, 1/Tq,, can be characterized as the speed-damping

counterpart to heave damping, 1/Tg,. One simulation experiment that focused on this
feature showed a high sensitivity of pilot rating (Reference 3). It will be shown that

2]Jqu is a parameter frequently referred to in this report. It and others are defined in the glossary at the
end of the report as well asin the body of the report itself.

3Minimum 1T is computed based on aminimum nz, and an airspeed of 135 kt.
(Min (UTgp) = min(nzg)- g/V =2.5g/rad - 32ft/sec2 / 228ft/sec = 0.35 sec’1)
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1Tqq relates to the speed-stability factor found in current specifications, 1 g V. Also
1/Tq, may have more fundamental effects on successful manual control of flightpath and

Speed.

There is no requirement for an adequate level of flightpath control power or authority
in either of the flying-qualities specifications. Although it may be more correctly viewed
as a performance feature. Yet, the design requirements that most effectively address
outer-loop control at this time fall under a performance classification, namely, the Navy
Vpa criteria. These criteria cover several factors that shall be introduced shortly and later

analyzed in depth.

No design requirement addresses explicitly outer-loop control factors for the lineup
task, although one should not necessarily view this as an oversight. Kinematic
relationships strongly constrain lineup control features (lateral flightpath response), at
least for coordinated turns. So long as the existing flying qualities requirements
adequately cover turn-coordination quality, there may not be a need for additional
requirements. Unfortunately, those turn coordination requirements in both MIL-STD
1797A and MIL-F-8785C are difficult to interpret in direct physical terms'. They might
be better stated with respect to the relationship between turn initiation (bank angle) and
resulting lateral flightpath (heading response or y-velocity response). But this will not be
discussed further in this report.

Because of limits imposed by the contract covering this study, the subject of outer-
loop control in the horizontal-plane is not be addressed here other than to define its role
in the total carrier landing task. Also, for the longitudinal axes, there is no consideration
of the use of auxiliary flightpath and speed controls such as direct lift control or
speedbrake modulation. Although, there will be some general conclusions drawn based
on the analyses that can be applied to these other controls.

1.2.2 Navy Approach Speed Criteria

The current criteriathat define the approach speed, V pa, combine to set several flying

qualities and performance characteristics for Navy carrier aircraft (such as are given in
References 4 and 5). The Navy approach speed criteria are closest to an explicit outer-

4Specifically, the roll rate oscillation limitations, bank angle oscillation limitations, and
sidedlip excursion limitations as given in Section 3.3.2 of MIL-F-8785C.

—
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loop control requirement for carrier aircraft. These criteria address not only stability and
control and performance, but also flying qualities, visibility, safety margins, and engine
response. Therefore they are worthy of scrutiny in this study.

The Navy Vpa criteria combine in a synergistic way and appear to have worked

effectively for nearly 30 years. But, the variety of effects are sufficiently complex and
interactive to impede a clear understanding by engineers and pilots alike.

One purpose of this report is to present background for Navy approach speed criteria
and to analyze their effects on aircraft design, flying qualities, and performance. The
author presents a brief historical sketch followed by a discussion of each component of
the criteriain basic engineering terms. This prepares the way for development of an audit
trail between airplane design features and mission performance consequences for carrier
aircraft. The analysis of approach speed criteriais finaly tied to actual Navy aircraft so
that maximum use can be made of historical data.

Historical Sketch

The Navy approach speed criteria consist of several parts, the most notable of which
is the "popup” maneuver. The popup is a large-amplitude pitchup aimed at gaining a
given height change within a specified time. Other conditions support the popup,
including visibility, safety, and the ability to sustain the altitude gain through use of the
engine.

Most of the Navy approach speed criteria stem from a 1953 McDonnell Aircraft
Corporation report based on flight experience with both the USAF XF-88A and Navy
XF3H-1 fighter aircraft (Reference 6). It was found that pilots needed to use higher
approach speeds than those previously based on 1.1 Vs> This report proposed a set of
rational criteriato account for (i) speed loss due to potential energy increase, (ii) induced
drag, and (iii) thrust variation. It defined an analytical speed prediction method in terms
of afixed-throttle pitch up maneuver nearly identical with the current popup maneuver.

During the next few years the Navy, NACA, RAE, and the airframe contractors
collected operational and experimental data (References 7 through 15). Determination of
minimum acceptable approach speed was the objective of several research and flight test

>Stall speed with approach power setting.
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activities.

In 1959 Mr. Jack Linden drafted a BuAer memo (Reference 16) discussing the need
for the Navy to consider a more realistic minimum speed criteriathan simply 1.3 Vs.® He
recommended the McDonnell method described in the Shields report and cited flight test
experience from NASA Ames Research Center (Reference 10). Any method of approach
speed selection needed to consider a multitude of features, including altitude control,
visibility, stall proximity, stability and control, engine response, and use of speedbrake.
The 1961 VAX Request for Proposals, the design competition resulting in the A-7
airplane, implemented recommendations from the Linden memo.

Beginning in 1964, NATC began a series of flight test evaluations applying the "step-
up" or "popup" maneuver to several fleet aircraft. These included the F-4B, F-8C’, A-4E,
RA-5C, and A-3B.2 These actions developed test methods evolved rules defining
maneuver performance. There were some notable interpretations of how the magnitude
of the pitch-up should b% set and what should occur following the required altitude
change. References 17 through 22 reported this series of flight tests. NATC
subsequently tested the A-7, the first aircraft designed with these criteria (Reference 23).
Severa memoranda and papers concerning this testing documented and discussed the
criteria then being developed, applied, and refined (References 24 through 28).

The minimum approach speed issue became especially crucial around 1967 with two
aircraft, both having fan engines and the accompanying long lag in thrust response. One
of these aircraft was the F-111B, a large and heavy carrier-based design with a
guaranteed minimum approach speed of 113 kt at its maximum landing gross weight of
56,000 Ib. The other aircraft design with interesting properties was the Royal Navy F-
4K, a Phantom airframe using Rolls Royce Spey engines instead of the origina J79
conventional turbojet engines (References 29 and 30). Neither design survived as a
carrier-based aircraft, and the respective minimum approach speed issues of each passed
from the scene.

®The current minimum speed criterion at that time, January 1959.

"With and without DLC.

8standard wi ng version of the A-3 (i. e., without the cambered |eading edge modification).
°0One major issue was whether the peak angle of attack change was based on the maximum D

g based on the static margin from CLmax or on the "available" margin which could be
obtained in an actual pitchup maneuver. The former became therule.

—
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The Navy maintained the Vpa criteria through the 70's and 80's with designs that

were generally not lacking good carrier approach flying qualities. These included the F-
14, S-3, and F/A-18 (Reference 31).

Summary of Approach Speed Criteria

The design criteria that most directly affect outer-loop flying qualities are
summarized below. (Section 4 states them fully and gives a detailed analysis.) In
general, the approach speed must be fast enough to meet al the following minimum
conditions:

(i) Longitudinal acceleration (waveoff): Level-flight acceleration of 5 ft/sec2 within
2.5 seconds.®

(i) Sall margin: Approach speed greater than 1.1 V gpp (power on).

(iii) Visibility over the nose: pilot can see stern waterline when intercepting 4° GS at
600 ft altitude.

(iv) Handling qualities. Can satisfy MIL-F-8785C stability and control requirements.

(v) Time to make glidepath correction (popup maneuver): Using pitch attitude only,
transition to a new glidepath 50 ft higher in 5 sec without exceeding half the
available load factor.

(vi) Engine acceleration: For a step throttle commands equivalent to + 3.86 ft/sec2,
achieve 90% of the acceleration in 1.2 sec.

There have been several variations on the above requirements over their existence,
beginning about 1960. For example, the popup maneuver once consisted of a 50 ft
altitude change starting and ending in level flight. Another variation allowed 7 seconds
but required a recapture of the glideslope within that time."* Also, the available load

oMl itary thrust and speedbrake retraction are generally assumed.

YUThis procedure introduced a pilot-in-the-loop aspect to the criterion, something which
unfortunately is often viewed as being too subjective. The Navy eventually returned to the
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factor has been also interpreted as that obtainable in a dynamic maneuver rather than
based on the static lift coefficient. The current requirements evolved, in part, to
accommodate flight test procedures.

1.3 Technical Approach to Examining Outer-Loop Control Factors

The technical approach to examining outer-loop control factors that is to be used here
consists of: (i) Examine existing aircraft with respect to the carrier landing task. (ii)
Model and analyze the components of the pilot-task-aircraft system. (iii) Itemize the
outer-loop control factors that are actually covered. And, (iv) recommend steps to fill
gaps in existing requirements. These steps are carried out with the aid of an analytical
tool that simplifies and emphasizes the outer-loop control aspects, namely the use of
constrained-pitch-attitude dynamics. This tool will be introduced in the following
subsection.

First, a comprehensive description of the carrier landing task serves as the basis for
the analysis that will follow. There are several perspectives for viewing the task. These
include the sequence of events leading to the final approach leg, the parameters that
define performance of the final approach and landing task, and guidance information that
the pilot uses.

It is also instructive to have a view of various existing Navy carrier aircraft in terms
of their outer-loop flying control parameters in the PA (Power Approach) configuration.
A survey of several current and past aircraft designs provides aframe of reference.

Each part of the pilot-task-aircraft system is then analytically examined. To the
greatest extent possible, this is done using consistent mathematical terms across the total
closed-loop system. As a rule, linear ordinary differential equations model the total
system except for “limiter” nonlinearities’? on some control and display elements. Yet,

more “open-loop” five-second popup criterion. Later this report will describe how the open-
loop popup maneuver omits an important ingredient in the array of desirable outer-loop
control factors.

2A limiter in acontrol system context is simply the maximum authority achievablein terms
either of the amount of the input (control) available or of the output (state-variable response)
that can be obtained.
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these nonlinearities do not invalidate the linear analysis technique.

Next the math model is analyzed to expose the primary features. The author
distinguishes between those features mainly related to the physical aircraft design and
those that describe the outer-loop state variable response. Thisis simply the differencein
an engineer-centered point of view and a pilot-centered one.

Conclusions are summarized in terms of (i) outer-loop control factors and (ii) impli-
cations for some supporting inner-loop characteristics. ~ Recommendations for

experimental verification of the analysis results follow these conclusions.

Combined Pilot-Vehicle-Task System

As afirst step to constructing an audit trail of outer-loop control factors, one must
consider the combined PVT system. Severa studies have analyzed the pilot-in-the-loop,
References 32 through 37, for example. These studies have progressed from an emphasis
on inner-loop aspects to one on mainly the outer-loop. This report draws upon these
earlier approaches but tries to minimize the analytical complexity.

Figure 1-2 shows the set of components that described the total vehicle system
dynamics in the carrier landing task. This includes the elements which represent inner-
loop control, outer-loop control, and displays.

AREAS OF INTEREST

a N
inner-loop <‘ outer-loop J{ display
e
‘ ‘ ‘ l
® | ~ FCs, q d I ball
—— > pitchmoment §—p~ Lift,drag J— FLOLS ——
: eqn ! ! |
| | | 1

|
‘ ‘ Y ‘ ;
ar o T u ' AOA
— Engine > Lift, drag - ADD ——
| | |
|
| | | ‘
|
|
| \ \ ;
& | FCS f 1 kinematics, Y centerling || | 9eK
roll moment egn yaw moment egn dropline

Figure 1-2. Topology of Carrier Landing Aircraft System
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Some blocks in the above diagram will be described in explicit analytical termsin the
short introductory technical overview of the next subsection, namely the aircraft-related
outer-loop components (aerodynamic lift and drag).

1.4 Introductory Technical Overview

The following is a brief overview of severa fundamental ideas and physical
relationships. It isan initial application of the technical approach that illustrates how the
PVT system can be modeled with each component in consistent mathematical terms. The
purpose is to present a simple statement of concepts that will be developed later in more
detail. A natural progression follows from (i) the task considerations, (ii) the implied
relevant dynamic response features, and (iii) the contributing physical characteristics.

1.4.1 Implications of the CV Approach Task

The task of the pilot in a manual CV approach is to arrive at the deck at the desired
point, aircraft attitude, and speed. To do this, the pilot must follow a path prescribed by
the FLOLS glideslope at a speed indicated by the a display. The correct attitude is a
natural result of good stabilization on flightpath and speed. The pilot performs the task
starting at the roll-out onto final about 3/4 nm behind the ship (about 25 seconds before
touchdown).

Figure 1-3. Range of Interest for CV Approach Task.

Therefore, thisis a space- or time-bounded task with two primary controlled
variables. Flightpath error is proportional to the angular error indicated by one of
five discrete Fresnel lens cells referenced to arow of datum lights. The pilot sees
speed error in terms of a head-up display of angle of attack relative to an on-speed
reference.
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1.4.2 Dominant Features of Aircraft Response

Equations of Motion

Given the above task considerations, the aircraft response can be viewed in simple
terms of two states and two controls. The relevant states are flightpath angle, D g, and
angle of attack, D a; and the controls are attitude, D g, and thrust-to-weight ratio, D T/W.
In order to avoid several complications involving range dependence and quantization
nonlinearities, D gand D g are selected in favor of the more explicit quantities of FLOLS
meatball error and indicated a error.

The math model used to describe the aircraft and FCS can typically vary greatly in
form and degree of complexity.

The basic equations of motion consist of "trimmed" x-force and z-forces:
ax= Du = SX/m = XuyDu+XwDw + gDT/W (1)
az=-VDy = SZ/Im = ZyDu+ZwDw - hgDT/W )

and the auxiliary relationships:
Dw/V = Da = Dq - Dg (©)]

or, combining these relationships in matrix form:

ds-2) Zuv aVxD &Za. mon DO 4
&w  (s-X)H Du " Ba-g DWW “)
The determinant of the left side (characteristic) matrix, D 2 is:
D =(s-Zu) (s-X) - XwZy & (s+1/Tg) (s+1/Te)" (5)
BThe symbol D is used both for the determinant of the characteristic equation (the
denominator of any transfer function) as well as to denote an incremental state variable or
control variable suchasD a or Dg. The distinction should be self explanatory in all cases.
“The factors appearing here follow the conventions described in Reference 38 and used
widely by the aircraft flying qualities community.
e gl I-I i
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Key numerators are similarly obtained and consist of

g
Nq = -Zyls-Xu+ZyXq-9) 1 Z,] = 9V - Ny (s+1/Ty) (6)
g
Ny = OV (Zu-Xyh+hs) = 2@V)2-1+Ty9 (D
NZ =D - NZ =82 - Xys- ZygVv 8
a _ g 9
Now = = Noy, ©

where Dy/Dqg(s) = NZ (/D (), o0r Da/DT/W(s) = Nrj\lN /D (9, ec;

for example,

»0
99 -Zw (s+ 1Th1) (s+ Ythi) ;
— = » 1
q(s) (s+ UTq1) (s+ UTq2) (s+ UTq1) (Tqzs+ 1) (10
washout lag

Reference 38 contains a comprehensive general treatment of the equations of motion
and transfer functions for aircraft and flight control systems. However, the reader of this
report will find that the above equations are uncomplicated and suffice for the purposes
of the analysis performed here.

Response Shapes

The following plots show two sets of flightpath and a responses, one set for a pitch-
attitude step and the second for athrust step.

Consider first the response of flightpath angle and angle of attack to an instantaneous
step pitch attitude change. Figure 1-4 shows that D g follows D q with a short-term lag,
Tqp, then washes out with a slower time constant, Tq;. The short-term amplitude

approaches unity and the long-term amplitude is nearly zero, but depends upon the
numerator factor 1/Th;.

The angle of attack response is simply the mirror image of flightpath angle since D
a=Dqg-Dg Angleof attack responds first with attitude, decays with Tq, and finally
increases again more slowly with Tq;.
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a. Flight Path Response—Attitude Primary
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Figure 1-4. Flightpath and Airspeed Response to Attitude Change.

- " Robert Heffley Engineering 1 December 1990
'1'_";._'.:



RHE-NAV-90-TR-1 Page 15

Next consider the use of thrust (normalized with aircraft weight), D T/W, and note the

very different response shapes. Fightpath slowly increases without washout while a
correspondingly decreases.

a. Flightpath Response—Thrust Primary
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Example Case 120 kt, -3.5°
instantaneous Dg= 0 and DT/W =1

2 1

E flight path angle builds with

& speed-damping lag, To1

1]

Lo}

%

ol 0.5+ .

0 I I I I
0 5 10 15 20 25
Time (sec)
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Figure 1-5. Flightpath and Airspeed Response Dueto Thrust Change.
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1.4.3 Aircraft Design Features

The physical factors that determine the above response relationships are few and
confined to mass, thrust angle, and aerodynamic lift and drag. The lift and drag
information necessary for the analysis performed in this report consists only of trimmed
values as typified by the kinds of plotsin Figure 1-6.

‘ CL
ol max |
operating point
15+ . i
trim CL | CcLa
-
O 1 _ ]
05! L / trima |
0 1 1 1 1 1 1
-10 -5 0 5 10 15 20 25
Angle of Attack, a
2 o
operating point
15 (on frontside) //\ max L/D |
' Coc.  (Co/CL=Cog)
O 1
L % i
/ |
O 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Cb

Figure 1-6. Summary of Key Aerodynamic Data.
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The aerodynamic parameters that must be extracted from these plots include, C., Cp,

ClLa, and 1 Cp/1 C_ at the operating point as determined from flight condition. These, in

turn, yield the following quantities representing aspects of the outer-loop response:

XU = -rVSCD/m = -Zg/V CD/CL

11
Xw = rSV(C.-Cpy)/2m =g/V - (1-Cp,/CL) =gV (1-ny,) (12
Z, = IVSC_/ m = -2gV (13)
ZWJr = -rVS(C_,+Cp) / 2m (whereZ\,\,Jr,ZaJr , Nz, aebasedontrim C ;) (14)
Zrw = -hg (15)
Xtw = 0 (16)
Nza = (CLatCp)/CL» C/CL (17)
Ty, = OV (Ng2-1)/ng » gV Ny (18)
1/TO|1 =gV 2, +UTy = gV: 2n,-g- 19/ 1V (29

Thislist will be presented in amore complete form in Section 3.

The math model thus derived is suitable for describing the flightpath and a response
while neatly sidestepping the matter of inner-loop response. Such features as the short-

period or control surface motions simply do not intrude.

- " Robert Heffley Engineering 1 December 1990
'1'_";._'.:



RHE-NAV-90-TR-1 Page 18

THISPAGE ISINTENTIONALLY BLANK

e I-I i
~~ Robert Heffley Engineering 1 December 1990

M— |



