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Preface

This report is the culmination of a one year research effort at the Air Force Institute of
Technology (AFIT) and a five month longitudinal handling qualities investigation conducted
as a Test Pilot School (TPS) test management project (TMP). I'm extremely grateful for the
unique opportunity to not only research an area of interest to the flying qualities
community, but to also actually conduct the flight testing.

Most of the flight test results were published in a technical letter report,
AFFTC-TLR-93-38, to fulfill USAF TPS curriculum requirements. However, some pilot
ratings and analysis were removed from early drafts of that report during technical
coordination. Pilot rating variability is inevitable in any handling qualities investigation
and this experiment was no exception. The challenge for the researcher is to identify the
reasons for it. This report documents all the flight test results and provides more analysis of
those results.

I would like to recognize several individuals whose talents and contributions made this .
research not only possible, but a truly rewarding experience. First, I'd like to thank my
advisor, Dr. Brad Liebst. His advice lead to the selection of a handling qualities research
project. I'm also deeply indebted to Mr. Dave Leggett of the Flight Dynamics Lab for
sponsoring the project. He was instrumental in defining the research objectives and
gathering the financial support to make it all happen.

I'm also deeply indebted to many people at Edwards Air Force Base, especially the
other members of the HAVE GAS test team, Capt Don Watrous, Capt Dave Deary, and Capt
Dan Sheridan. Their talents and hard work made the flight test planning, execution, and
reporting go smoothly. I'd also like to thank LTC Dan Gleason and LTC Ron Johnston of the
USAF TPS for their guidance. LTC Gleason provided valuable assistance throughout the

entire joint AFIT/TPS program. LTC Johnston's personal involvement in the project assured




all the flight test assets came together at Patuxent River Naval Air Station on a three day
holiday weekend. I'd also like thank Mrs. Mary Shafer and Mr. Ed Schneider of the NASA
Dryden Flight Research Center. Mrs. Shafer's assistance and experience with handling
qualities investigations were highly appreciated. Mr. Schneider's professional instruction in
the F-18 Hornet was also highly appreciated. His experience brought both rookie project
pilots up to speed in the probe and drogue air refueling task in minimum time.

I wish to thank several other flying qualities experts who provided advice and support
for this project. Several individuals of Calspan Advanced Technology Center were involved
to various degrees in the project. I'd like to thank Mr. Mike Parrag, Mr. John Ball, Mr. Arno
Schelhorn, and Mr. Charles Chalk for their advice. Mr. Chalk's handling qualities
experience was especially helpful early in the project. In particular, I'd like to thank Mr.
Lou Knotts, Mr. Jeff Peer, and Mr. Eric Ohmit for their support. Mr. Knotts and Mr. Peer
served as safety pilots during the inflight evaluations and their advice and handling
qualities experience were invaluable. Mr. Ohmit programmed the flight control laws in the
NT-33A and assisted with the handling qualities investigation. I'd also like to thank Mr.
Dave Mitchell of Hoh Aeronautics for his advice and support through out the project.

I wish to thank many people at Patuxent River Naval Air Station for supporting the
flight test program. CDR George Hill, LCDR Raymond Griffith, Lt Mark Andreas, Lt Sean
Brennan, Lt Dennis Fitzgerald, Lt Steve Rauch, Lt Timothy Summers, Lt Jonathan Wilcox,
PO Brian Barth, PO George Hoy, PO Tim Meyer, ENS Chris Kipp Mr. Rob Mattedi, Mr.
Dave Wright, for the S-3A support. LCDR Steve Senteio, Lt Larry Eggbert, Mr. Jim Lewis,
Mr. Cornelius Stripling for supporting flight test operations at the Naval TPS,

Finally, I'd like to thank my wife, Dee Dee, for her support throughout the joint

AFIT/TPS program. Her sacrifices made it possible for me to realize my dreams. Thank you.

Michael J. Taschner
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Abstract

This investigation examines the suitability of conventional, rate command/attitude
hold (RCAH) and attitude command/attitude hold (ACAH) response-types for the probe and
drogue air refueling task. Longitudinal handling qualities data were collected using the
NT-33A variable stability aircraft to support the development of a mission-oriented flying
qualities military standard (MIL-STD).

Data from a 1974 handling qualities investigation involving conventional response-
types in the probe and drogue air refueling task were analyzed using the Bandwidth and
Dropback criterions to determine trends and correlation with pilot commentary. Flight
control laws were then developed to achieve twelve new superaugmented cenfigurations and
to replicate two of the previous conventional configurations. The NT-33A analog variable
stability system (VSS) simulated a relaxed static stability (RSS) fighter and the NT-33A
programmable digital flight control computer simulated the desired response-types (RCAH,
ACAH, and conventional). The pitch attitude and flight path bandwidths for the
superaugmented aircraft were chosen to investigate a range of bandwidths spanning the
Level 1 and Level 2 handling qualities bandwidths from the previous investigation. Pitch
acceleration per pound of stick input was held constant among all but one of the
configurations and so control sensitivity varied with pitch attitude bandwidth.

The handling qualities of the fourteen configurations were evaluated for suitability in
the probe and drogue air refueling task during eight flight test sorties. Data consisted of
pilot commentary, handling qualities ratings using the Cooper-Harper rating scale, pilot
induced oscillation (PIO) tendency ratings, and turbulence ratings. Most RCAH
configurations were suitable for the task. Handling qualities of RCAH extended bandwidth

and conventional response-types were similar and, in general, superior to the RCAH




response-types. An improperly mechanized trim system hindered the evaluation of the
desired ACAH response-types. The basic characteristics of the ACAH response-type
appeared favorable for the probe and drogue air refueling task and warrant further
investigation. The Bandwidth criterion supplemented with frequency response based control
sensitivity metrics can be used to predict handling qualities for small amplitude
compensatory tracking tasks. Configurations with handling qualities deficiencies were
characterized by any one of the following: excessive gain at the pitch attitude and flight
path bandwidths, excessive phase delay, low bandwidth, or a gain margin limited pitch

attitude bandwidth.




A HANDLING QUALITIES INVESTIGATION OF
CONVENTIONAL, RATE COMMAND/ATTITUDE HOLD, AND
ATTITUDE COMMAND/ATTITUDE HOLD RESPONSE-TYPES

IN THE PROBE AND DROGUE AIR REFUELING TASK

I. Introduction

1.1 Motivation

The acceptance of the F-16 Fighting Falcon into the Tactical Air Force (TAF) marked a
significant milestone in aviation history. This was the first of a new breed of operational
aircraft to realize the performance advantages offered by a relaxed static stability (RSS)
airframe coupled with a multiple-redundant full-authority fly-by-wire (FBW) flight control
system (FCS). To the fighter pilot, the F-16 is not only highly maneuverable and extremely
agile, it's also amazingly easy to fly. But the F-16 has to be easy to fly. The high demands of _
the single-seat fighter mission absolutely require an aircraft with superb flying qualities. On
a typical F-16 sortie, the fighter pilot is not only flying the aircraft, he's clearing the flight
path, maintaining formation, clearing the visual arena, monitoring the radar, monitoring
the radio, monitoring the radar warning receiver for threat Ainformation, monitoring fuel
status and engine performance, navigating, and updating the inertial navigation system,
monitoring weapon status, to name just a few. All of this and more must be done skillfully to
accomplish the real mission-getting into valid weapons parameters and employing ordnance.
Prior to the F-16, this workload was usually split between the pilot and the weapon system
officer (WSO). The pilot concentrated on flying while the WSO operated the avionics.
Obviously, for one man to accomplish the mission by himself, the workload required to

manually fly the aircraft has be reduced to a minimal level.




The F-16 is now joined by several other modern high performance operational aircraft
such as the F-18 Hornet, Tornado, and Mirage 2000, as well as experimental aircraft such
as the X-29A, FBW Jaguar, Experimental Aircraft Program (EAP), European Fighter
Aircraft (EFA), and Rafale A Demonstrator. Like the F-16, each of these aircraft also utilize
a full-authority FCS to modify the vehicle's dynamics so key dynamics of the effective
aircraft as presented to the pilot depend primarily on the controller dynamics. Often the
equivalent vehicle is of very high order and has dynamics that no longer correspond to those
of a conventional aircraft, differing in kind as well as degree [MMJ84, p.2). Recent advances
in digital multi-mode FBW FCSs, now make it possible to go one step beyond
stabilizing/controlling the aircraft to actually optimizing the aircraft/flight control system
(AFCS) dynamics so the pilot has the best response characteristics (response-type) for each
individual mission task rather than a composite average for the mission as a whole. Aircraft
designers will undoubtedly incorporate this new flexibility into future fighters and design
task tailored flight control systems (TTFCS) that achieve some best output response to the
pilot's input, thereby minimizing the pilot's control-centered workload. In addition, TTFCSs
may make it possible to accomplish entirely new tasks which are not possible with
conventional aircraft dynamics. Finally, a TTFCS may provide effective vehicle dynamics
that are insensitive to a wide variety of different pilot techniques. However, a key question
needs answering. What response-type does a pilot prefer for a given task? While the new
flight control technology can provide mission-task-oriented flying qualities characteristics
bordering on absolute optimum, someone must be able to define just what that is [MJMS86,

p.531].

12 Objectives

The overall objective of this project was to examine the suitability of three different

response-types for accomplishing a selected mission task element (MTE), in this case, probe




and drogue air refueling. Flying qualities engineers from the Flight Dynamics Lab are
interested in handling qualities research to support a future mission-oriented flying
qualities military standard (MIL-STD). The current flying qualities military standard,
MIL-STD-1797A, contains little design guidance for other than conventional response-types
and little specification compliance criterion for performance of operational tasks.

The probe and drogue air refueling task was selected as the MTE for several reasons.
First, probe and drogue air refueling is a militarily important operational task. The Navy
and Marine Corp's ability to simultaneously refuel several fighters from one strategic tanker
or buddy refuel from another tactical aircraft during Operation Desert Storm using probe
and drogue air refueling generated considerable interest within the Air Force. At the time
this project was getting started, several studies were underway to determine the feasibility
of retrofitting USAF fighters to have a probe and drogue air refueling capability. Although
the decision was made not to retrofit USAF fighters, a probe and drogue air refueling
capability for the F-16 was recently demonstrated.

There were other good reasons for the probe and drogue air refueling task. Several
recent handling qualities experiments have investigated the suitability of various response-
types for the flared landing task, but little work has been accomplished for other tasks.
Limited conventional response-type probe and drogue air refueling handling qualities data
for were available for analysis and the USAF NT-33A variable stability aircraft could again
be modified with an air refueling probe to collect more data with other response-types.

Finally, probe and drogue air refueling is essentially a small amplitude compensatory
tracking task and allows for linear flight control system design and analysis. The flight
control system design techniques taught at both AFIT and USAF TPS were directly
applicable.

The response-types evaluated were selected after a review of the literature. The rate
command/attitude hold (RCAH) response-type was selected because several aircraft

currently use this response-type for air refueling. MIL-STD-1797A design and specification
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guidance for this response-type is limited. The attitude eommapd/attitude hold (ACAH)
response-type was selected because it potentially offers a high level of precision in pitch and
flight path control and was untested in the task. Two conventional response-types from the
previous investigation were selected for reevaluation. One configuration served as a
baseline “good” conventional aircraft and the other offered another look at a high dropback

configuration.

1.3 Methodology

A simple methodology was used to accomplish the above objectives.

1. A literature review was accomplished to determine what work in this area had been
previously accomplished. Major topics of interest were longitudinal equations of motion,
response-type characteristics, handling qualities metrics, flight control system design, and
handling qualities experiment design.

2. Configurations from a previous Calspan handling qualities investigation that
involved probe and drogue air refueling were modeled in SIMULINK™ and analyzed with
the Bandwidth and Dropback criterions. This analysis was compared with the flight test
results (pilot commentary, handling qualities ratings, pilot induced oscillation (PIO)
tendency ratings) to determine correlation and trends.

3. Preliminary work was accomplished with simple models to determine the feasibility
of competing flight control system architecture's. One simple architecture was selected for
detailed flight control systems analysis and handling qualities predictions. Several
refinements to this architecture were made prior to flight test. Refinements included
updating the NT-33A model to the best available and modeling the variable stability system
(VSS) filters. Additionally, two conventional response-type configurations from the previous

probe and drogue air refueling experiment were remodeled for flight testing.
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4. All configurations were flight tested in the probe and drogue air refueling task. Data
collected during flight test included pilot commentary, handling qualities ratings using the
Cooper-Harper rating scale, PIO tendency ratings, and turbulence ratings.

5. The flight test data were analyzed to determine trends and correlation with the

handling qualities predictions.

1.4 Assumptions and Limitations

Several assumptions and simplifications were made to keep the designs as simple as
possible and yet still achieve the desired response-types. All flight control system designs
were point designs based on linearized longitudinal equations of motion! valid for one flight
condition and a medium fuel state. Sensitivity of the flight control system gains to changes
in flight condition and fuel state were not evaluated. Consequently, gain scheduling was not
used. Any changes to the equations of motion necessary to account for the addition of the air
refueling probe to the NT-33A were assumed negligible and were not made. Although it is
possible to model a hybrid digital and analog FCS using SIMULINK, all configurations were
modeled in the continuous time domain. First order filters were used to model the anti-
aliasing filters. Computational time delay was modeled with a first order Padé
approximation. Turn compensation was not incorporated into any of the designs and
consequently the task was accomplished in wings level flight. Gust responses were not
evaluated analytically and flight conditions were adjusted to minimize the effects of
turbulence. None of these assumptions and limitations restrict the results of this
longitudinal handling qualities investigation, however, they are considerations necessary in

the complete design of a flight control system.

1The only exception was a nonlinear center stick breakout force.
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Il. Literature Review

2.1 Introduction

The starting point for this project was a literature review. Major topics of interest were
equations of motion, response-type characteristics, handling qualities metrics, flight control
system design, and handling qualities experiment design. The first three of these areas will
be discussed here as background information. The last two areas will be discussed later
during the flight control system design (Chapter 4) and handling qualities experiment
design (Chapter 5).

Most of the literature reviewed was written by handling qualities specialists from
Arvin Calspan Advanced Technology Center, and Systems Technology Incorporated (STI).
Calspan reports were primarily documentation of inflight handling qualities research
performed in the Total Inflight Simulator (TIFS) or the NT-33A variable stability aircraft.
STI reports involved not only empirical studies of previous han&ling qualities experiments,
but also analytical studies which were tested in ground-based motion simulators such as the
Air Force Wright Aeronautical Laboratories (AFWAL) Large Amplitude Multi-mode
Aerospace Research Simulator (LAMARS) or the NASA Langley Research Center (LaRC)
Differential Maneuvering Simulator (DMS) or Visual/Motion Simulator (VMS).

Much of the material was published in the 80's and early 90's and is recent enough to
not be in MIL-STD-1797A.

2.2 Longitudinal Dynamics

2.2.1 Sign Conventions The sign convention used (in this study) for control surface
deflections conforms with the AIAA recommended practice [AIAA92, p.35). This convention,
based on the right hand rule, is widely recognized and fairly widely used in the literature.

This sign convention is summarized in Table 2.1 and depicted in Figure 2.1.

21




Table 2.1. Sign Convention for Control Surface Deflections

Sign Convention for Control Surface Deflect.io-ns
Surface Symbol Sign Direction!
Elevator S, + trailing edge down
Aileron S, + —
Rudder 8, + trailing edge left

Figure 2.1. Sign Convention for Control Surface Deflections (HH70, p.114]

The sign convention for pilot control inputs (used in this study) conforms with that
published in [HH70, p.xxvil. Positive control inputs produce positive moments about all

three axes. This convention is summarized in Table 2.2.

IThe ailerons move in opposite directions. A positive deflection f - each aileron is
trailing edge down and the total aileron deflection is a combination of the individual aileron

deflections: 8, = (84, -84, )/2.




Table 2.2. Sign Convention for Pilot Control Inputs

Sign Convention for Pilot Control Inputs
Control Symbol Sign Direction
Elevator Stick Force Fy + aft
Elevator Stick Deflection 5, + aft
Aileron Stick Force Fy + right
Aileron Stick Deflection Ogs + right
Rudder Pedal Force Fp + right?
Rudder Pedal Deflection - + right2

222 Three Degree of Freedom Equations of Motion The three degree of freedom,
linearized longitudinal equations of motion for an aircraft are developed in [MAGT73,

p.203-307]. The equations are based on the following assumptions:

1. The airframe is a rigid body.

2. The earth is fixed in space.

3. The mass and mass distribution of the aircraft is constant.

4. The XZ plane is a plane of symmetry.

5. The disturbances from the steady flight conditions are small enough
so that the sines and cosines of the disturbance angles are approximately the
angles themselves and one, respectively, and so the products and squares of
the disturbance quantities are negligible in comparison with the quantities

themselves.

6. The aerodynamic trim forces are essentially symmetrical about the
XZ plane, so there are no appreciable lateral forces or moments induced by

longitudinal perturbed motions (u, w, q).

7. The flow is quasisteady.
8. Variations of atmospheric properties, such as density or speed of

sound, are considered negligible for the small altitude perturbations of

interest.

2Right rudder pedal forward.




9. Effects associated with rotation of the vertical relative to inertial
space are considered negligible; furthermore, the trim body axis pitching
velocity, Q,, is assumed to be zero.

10. X,=X,=2,=2,=0.

11. In the steady flight condition, the flight path of the aircraft is
horizontal, vo =0.

Under these assumptions the longitudinal equations of motion, referenced to stability
axes, are [MAG73, p.298]

(S-Xu) —Xw 4 u Xg‘_ _Xu .Xw 5,
-Z, (s-z,) Ups |wl=|25, -2, -Z, ug
-M, -(Mis+M,) s(s-Mq) 8| M5, -M, —[(M,,-,—%:—)a+}v!w] we
2.1)
where
80=¢q 2.2)
and (inertial terms of Z equation of Eqn 2.1)
a, =w-Upg=-Up(¥)=—-h (2.3)

The auxiliary relations, Eqn 2.2 and Eqn 2.3, are needed to convert the motion
variables of Eqn 2.1 to the quantit'ss sensed by flight instruments such as rate gyros,

accelerometers, and altimeters. If wind gusts are neglected, then Eqn 2.1 reduces to

(s-x,) -X, g u] [Xs,

-Z, (s-2,) Ues {w|=| 25, [5.] 2.4
M, -(Mjs+M,) s(s-M,){8] |M;
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Although Eqn 2.4 can be modeled in SIMULINK, it's easier to work with a state-space

representation. Switching from the Laplace domain to the time domain gives the following

state-space representation
[w] [ zZ, 0 Uo Z,
0 0 0 1 0
a| |(M,+MzZ,) o (M,+MU,) (M, +M;Z,)
.d. L X, -8 0 X,
Finally, substituting
w=Usa
X
X, = ﬁ:
M
My =72
M .
M, =T,-;l
in Eqn 2.5 gives
-, - - z
a Z, 0 1 -
) _ 0 0 1 0
Q| |(Mg+MsZ,) 0 (M, +M;) (M, +M,;Z,)
| 4 | i X -g 0 X,

& Q& o &8

-

- -

f Q o©

(2.5)

(2.6)

2.7

Eqn 2.7 is the form of the aircraft equations of motion used during the preliminary

design studies of this project. The longitudinal dimensional stability derivatives (stability

axis system) are defined and related to nondimensional stability derivatives as described in

Table 2.3.
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Table 2.3. Longitudinal Dimensional Stability Derivatives (Stability Axis System)

(MAG73, p.294]
Longitudinal Dimensional Stability Derivatives
(Stability axis system)
Quantity Dimensional Nondimensional
Definition | Unit
X, & = B(Cp -Cp,)®
X, Xy - B2 ¢y -Cp,)
2
n_ | & | o | =,
U
z, o r P (CL=Cr )
z, = r B -C1, —Cp)
2
Z, & T - (-Cr, )
1 Ue
Mu 7:; ft—sec pf”c (CM +CM,, )
. 2
M, - v B (Ca,)
2
M, ¥ t 5 (Cu,)
2
M, 7:;%% é‘- prU - (Cn,)
”2
i . Ue
M, I % = EF—(Cu,)
—1 2
Mse 7&;% rad-sec? pglv - Cn 8, )
hsd

Prior to flight test, a best available state-space description of the USAF NT-33A
variable stability aircraft was obtained and used for the final designs. This body axes state-

space description was of the form

3The thrust gradient terms are neglected here in the interest of symmetry and

consistency.

4For C; =0, as in subsonic flight, and C;, =W/|pU 2S/2), as in trimmed flight for
L.

Y0=0,Z, =-2g/U,.
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.-

] : z To z
'f z, ~{f-sin8, 1 i a T}:-
0 N 0 0 1 0 6 . 0 (5.]
N e
q (Ma"'Mlizu) -8M; sind, (Mq +Md) (Mu +L{l'vzu) q (MG, +M|iz$,)
8] | Xq -g 080 -Wo X, Ju] Xs, ]
2.8)
where Eqn 2.2 still holds and Eqn 2.3 becomes (body axes)
a, =w-Upg+(gsin8y)0 2.9

The stability derivatives in Eqn 2.8 are now referenced to a body axis system other
than the stability axes. The stability derivative transformation relationships between body
axes and stability axes are discussed.in Appendix A. Eqn 2.8 was derived in a similar
manner to the derivation of Eqn 2.7 starting with the Laplace domain equations of motion
given in [Tep69, p.C-1].

2.2.3 Two Degree of Freedom Equations of Motion This study is primarily concerned
with the short term response of fighter type aircraft. The short term response (short period _
response) is characterized primarily by changes in angle of attack and pitch attitude, with

little change in forward airspeed. By assuming the variation in forward velocity is zero, Eqn

2.7 simplifies to
' z 0o 1 Zs
a ' a 7
0= 0 0 1 0|+ 0 5] (2.10)
il |(Mg+MsZ,) 0 (M, +M)|q (Ma, +M.bza.)

Note 0 and q decouple and 6 can be removed leaving

a zZ, 1 o %5:_
[d]=[(M¢ +MyZ,) (Mq +Md)[q]+ (Ms, +M.aZs,) [5.] 2.11)




Eqn 2.11 will be used in Chapter 4 to determine realistic values for stability
derivatives (M, M, M) to simulate a RSS fighter.

2.3 Flight Control System Evolution

The previous section described the equations of motion for a conventional aircraft.
However, the task-tailoring of vehicle dynamics today is primarily accomplished by the
flight control system. In an effort to better understand the reasons for augmenting an
aircraft's dynamics, it's worthwhile to review the evolution of the jet fighter flight control
system. Much of this background information is from [MAP90, p.14-15).

2.3.1 Conventional Aircraft America's first generation jet fighters were relatively
simple conventional aircraft with very limited performance by today's standards. The
simplest of these aircraft incorporated reversible, mechanical flight control systems
consisting of cables, pushrods, bellcranks, etc.. The pilot felt tl;e airloads on the control
surfaces (feedback) and this helped limit his tendency to over control the aircraft. Higher
performing aircraft used power-boosted, reversible flight control systems somewhat
analogous to power steering used in cars today. The pilot had direct command of the control
surfaces, but controlled the aircraft response indirectly through the aircraft dynamics. No
vehicle output feedbacks were used (except by the pilot).

232 Stability Augmentation Systems By the late 50's, the second generation jet
fighters, capable of supersonic flight, became operational. The push for higher performance
dictated the use of hydraulic actuators to position the control surfaces. Since this
irreversible system gives the pilot no feedback, an artificial feel system had to be included so
the aircraft would not be over-controlled (and subsequently over-stressed). Higher
performance also required fundamental changes in the aircraft shape such as thin swept
surfaces (with associated poorer lift curve slopes), smaller all-movable tails, area-rule

fuselages, etc.. These changes often resulted in handling qualities deficiencies that were




corrected by limited-authority stability augmentation systems (SAS). Aircraft modal
characteristics were improved by feedback of selected aircraft responses to the control
actuators. The SAS altered, but did not add, significant FCS dynamics (other than the feel
system) and the pilot still primarily commanded control surface deflections directly and the
aircraft response indirectly. The aircraft was typically designed to have good handling
qualities at flight conditions representative of the primary mission and acceptable handling
qualities elsewhere.

2.3.3 Command and Stability Augmentation Systems The 70's saw the introduction
of third generation jet fighters. Small light-weight reliable computers and. sensors were
incorporated into full-authority command and stability augmentation systems (CSAS).
Added FCS dynamics between the control stick and control surfaces made it possible to vary
the response to a pilot input independently of the modal (aircraft) dynamics. The pilot
directly commanded aircraft response variables (subject to limitations on bandwidth and
control authority) not actual control surface deflections. For instance, The F-16 sidestick
controller commands normal acceleration longitudinally and roll rate laterally over a wide
range of the flight envelope (cruise gains). Both responses were recognized as important to
the fighter pilot when performing the fighter mission.

The CSAS not only stabilizes the aircraft, it also provides desirable response-types and
Level 1 handling qualities over a much wider range of the flight envelope. Often, substantial
logic is employed in the flight control system to produce the desired response-types.

Another important FCS feature was the capability for carefree handling through the
use of FCS limiters. Pilot's could now use bang-bang type control inputs while maneuvering
against an adversary without worrying about over-stressing the aircraft or departing
controlled flight.

2.3.4 Task-Tailored Flight Control Systems The TTFCS is really an extension of
CSAS. A TTFCS (usually a digital multi-mode FBW FCS) allows the pilot to switch modes so

as to directly command the response variable deemed appropriate for the task. Of course,
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the fundamental question of TTFCS design is just what response variable does the pilot
prefer to command for a given task.

Third generation fighters such as the F-16 already incorporate very limited capability
TTFCSs. The F-16 for instance, changes from primarily a g command response-type (cruise
gains) to primarily a RCAH response-type for landing. Whether these two response-types
are optimum response-types for air combat and power approach and flared landing,
respectively is very debatable.

An excellent summary of existing TTFCSs is given in [MMHJ87, p.5-9]. Both [MAM90]
and [MAP90] document recent task tailoring efforts for ultra precision approach and
landing systems and enhanced fighter maneuverability, respectively. Both of these studies
involved considerable analysis and manned simulations of several response-types in either
the NASA LaRC VMS or DMS. Some of the response-types tested were very unconventional.
For instance the X—1T control, a form of direct force control (DFC), was an attempt to allow
the pilot to directly shape the maneuver trajectory independently of speed [MAP90, p.10-12].
With these response-types the pilot commanded curvature longitudinally and torsion .

laterally.

2.4 Response-Types

The response of a highly augmented aircraft to a pilot input depends on the nature of
the feedbacks and feedforwards used in the FCS. The intent of defining response-types,
however, is to catalog generic input/output characteristics rather than to define the FCS
structure [Hoh88, p.1]. Some common response-types currently in use are conventional or
AOA command, g command, rate command/attitude hold (RCAH), and attitude
command/attitude hold (ACAH). Other response-types such as flight path commandAlight
path hold (GCGH), flight path rate command/flight path hold (GDCGH), and x—7 control

have been tested in ground based motion simulators.
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The generic characteristics of the three response-types flight tested in this study are
discussed below. Most of this material is from [Hoh88, p.2-4], [AGA91, p.22-25] and [HMS6,
p.30-44]). Generic frequency response amplitude asymptotes and time histories for
conventional, RCAH, and ACAH response-types are shown in Figure 2.2. The corresponding
approximate transfer functions for attitude, flight path, and AOA to a pitch control input

are given in Table 2.4.

Figure 2.2. Generic Characteristics of Conventional, RCAH, and ACAH Response-Types
[AGA9], p.24]

The important characteristics of these three response-types as they pertain to

precision flight path control are discussed in more detail in the following subsections.
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Table 2.4. Approximations for Attitude, Flight Path, and AOA to Pitch Control Input

[HM86, p.36)3:4
Approximations for Attitude, Flight Path, and AOA to Pitch Control Input
Response-Type 0/8,, Y/8s a/d,,
Conventional | (1/1'0l )(1/1-02) My, YT, (1/1-0‘ ) | M;

[rorliwon] | [porltsoq) [&ep 0]
RCAH K, M;, (I/Tq ) K Mg YT, (]/Tq ) | KM 5, (I/Tq xgﬂ ’”P]
Mol | Tyl | O7mJm e’

ACAH KoM KeMs, YT KOM&.[CP"“P]

o] o] | G fym, o]

2.4.1 Conventional Response-Type It's possible to achieve a conventional response-
type from any configuration by feeding back pitch-rate and AOA, assuming adequate
elevator control power. There are several important observations to be made regarding the
generic characteristics of the conventional response-type for precision flight path control.

The short period and phugoid modes are well separated and easily identified. The
phugoid mode is typically lightly damped, with an oscillation that occurs at constant AOA.
The flat region of the 6/3,, frequency response between 1/T92 and o,, leads to pitch-rate
overshoot in the time domain (step elevator input). Augmenting the short period frequency
increases this flat stretch and the pitch rate overshoot. Too much augmentation results in
excessive dropback.

The v/8,, frequency response is K/s over a long stretch between the phugoid mode

and the short period mode. The flight path response lags the attitude response by 90° at

SNotation: Ky, Ko, My, . YTo, - Gains, (1) - (s+4), [¢.0] = [5* + 20 +0?)
4The factor YT, was missing from the conventional response-type v/5,, transfer
function in [HM86] and was added here.




frequenciumuchabovcl/f., and is in phase with the attitude response at frequencies

much below 1/1‘3’ . The following approximation applies

ys) 1 :
CAR Toa+l (2.12)

A low value of 1/Tp, will lead to a large lag between 8 and v. The v/5,, frequency
response is not affected by 1/Ty, because pitch rate overshoot increases exactly proportional
to a decrease in 1/T,, . This is a result of the above mentioned flat stretch between 1/Tg, and
o,, in the 6/3,, frequency response. This region is increased as 1/Ty, is decreased,
resulting in a compensating effect (i.e., the lack of flight path response to an attitude change
is exactly compensated by a more rapid initial attitude response). This characteristic is
unique to the conventional response-type and indicates the need for pitch-rate overshoot
depends on the magnitude of 1/1‘,’ . A more fundamental and direct approach would be to
concentrate on the need for a K/s 7v/5, frequency response in the region of piloted
crossover.

It is important to understand that a K/s response implies that two conditions must be
satisfied: the amplitude plot should have a slope of -20 dB/decade, and the phase should be
-90°. An excellent way to determine the extent of the region of K/s is to note where the
phase curve departs from approximately —90°. It is also important to note that the crossover
model predicts equally good pilot ratings for a pure gain controlled element in a continuous
tracking task.

The af8,, frequency response is a constant amplitude at all frequencies below the
short period frequency. The conventional response-type is essentially an AOA command
response-type. The response to a step stick input is essentially a second order response in
AOA.

The parameter l/Tez is directly dependent on the aircraft lift-curve slope, Cy, , and is

related to the control anticipation parameter (CAP) specification parameter n/a as follows
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n U 1 (2.19)
a g T.,,

2.42 Rate Command /Attitude Hold Response-Type There are important differences
between the conventional response-type and the RCAH response-type for precision flight
path control.

The flat region of the 8/, frequency response is no longer defined by the lift curve
slope (i.e. 1/Tg, ) but by the augmentation zero 1T, .

The v/8,, frequency response changes from K/s to K/s2 (between 1/Ty, and YT,
when 1T, >>1Tg ). In this case, poor handling qualities can be expected for tasks
requiring direct and therefore precise control of flight path such as precision landing, air
refueling, close formation flying, etc..

The AOA time response to a step stick input looks like either a step or a ramp
depending on whether the y/3,, frequency response in the region of crossover is K/s
(conventional response-type like), or X / 82 (RCAH). The shape of the AOA time response is
an indicator of the /8., frequency response characteristics in the region of crossover.

It is important to note that the fundamental pitch attitude and flight path responses
are significantly different for the conventional response-type and the RCAH response-type.
It is therefore not appropriate to apply the lower order equivalent system (LOES) criterion
to the RCAH response-type, since the LOES method is based on a conventional relationship
between attitude and flight path. If 1/Tg_ is approximately equal to 1/T, , the response-type
becomes conventional like in the region of piloted crossover. However, the phugoid mode
may be completely suppressed due to the pitch-rate feedback which is not characteristic of a
conventional response-type.

2.43 Attitude Command /Attitude Hold Response-Type The generic characteristics
of the ACAH response-type are dramatically different from either conventional or RCAH

response-types.
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As the name implies, the 6/5,, frequency response is constant out to the “dominant
mode”, ®’. The response to a step stick input is essentially a second order response in 0.

The v/3,, frequency response has the desired K/s above 1/Tg, and K below 1/Tg, . The
response is clearly non-conventional, and a LOES approach to define parameters to plot on
the CAP boundaries would be inappropriate.

The shape of the AOA time response is a step, with some overshoot. This is convenient
in that it is possible to determine if the v/3,, frequency response has the right shape from
an examination of the alpha time history to a step stick input.

The ACAH response-type has more phase margin at frequencies below l,lTe2 than
either the RCAH or conventional response-types, and hence might be expected to be the best
response-type for precision flight path control.

2.44 Selecting the Proper Response-Type Studies have shown that certain generic
response-types enhance the ability of the pilot to perform one or more elements of the
aircraft mission. Therefore, an important first step in the design of a flight control system is
to properly match the response-type to the MTE. An example of the advantages and
disadvantages of several response-types for the precision landing MTE is given in Table 2.5.

In many cases, the selection of a response-type which is not the best one for the task
produces acceptable, but not desirable flying qualities. Prior to FBW aircraft, it was not
possible to develop task-tailored flight control systems, and the pilots simply learned to live
with less than optimum flying qualities for some tasks. One of the prime advantages of the
new technology is the possibility for tailoring the flying qualities to the piloting tasks. An
example of how the choice of the proper response-type can affect flying qualities was
demonstrated in [BCS84]. During this investigation, a washout prefilter was added to some
of the RCAH configurations converting them to ACAH configurations. Handling qualities
ratings for the flared landing task improved dramatically from Level 2 and Level 3 to Level

1 just by changing response-types (see [Hoh88, p.18]).
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Table 2.5. Qualities of Response-Types for the Precision Landing MTE [AGA91, p.22]

Qualities of Response-Types for the Precision Landing MTE

Response-Type | Advantages [ Disadvantages
Conventional | *Well accepted flare sLightly damped phugoid mode.
characteristics. «Requires trimming to ci o
airspeed during the approach.

*AOA sensing required - gust
sensitivity problems.

RCAH *No trimming required to *Not as desirable for flare.
accomplish airspeed changes . .
during the approach. Not Level 1 if l/Tq > I/Te’ .
*Tendency to float in flare.

*Tendency for airspeed control
problems during the approach
(associated with division of

attention).
ACAH *Highly desirable flare *Requires trimming during
characteristics. approach.
GCGH *Highly desirable flare *Requires trimming during
characteristics. approach.
*May result in excessive speed

bleedoff for unpowered approach
in windshear.

*Sensing requirements more
complex than for ACAH.

2.5 Handling Qualities Metrics

Requirements for short-term (short-period) response have received a great deal of
attention recently [MH90, p.20]. Since FBW aircraft are capable of unconventional
responses and MIL-STD-1797A requirements were developed from flight test experience
with conventional responses, many alternative criteria have been developed to predict flying
qualities for modern aircraft. All have some degree of success in predicting handling
qualities if properly applied. Ideally, it would be nice to have one stand alone criteria that
predicts all. Unfortunately, no such criteria exists. In the past decade, the applicability of

these competing criteria has become clearer and are outlined in [MH90, p.20-23].
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Recommendations from Mitchell and Hoh for short term pitch response criteria are shown

Table 2.6.
Table 2.6. Short Term Pitch Response Criteria [MH90, p.23]
Short Term Pitch Response Criteria
Response-Type Specification and Criteria for Design | Criteria Not Applicable
Design Criteria Guidance Only
Conventional |Bandwidth (or CAP) |w,,Ts,, Neal-Smith, |TPRS
plus Dropback Nichols chart
Boundaries
RCAH Bandwidth plus CAP, TPR, ‘DcpTo, , None
Dropback Neal-Smith, Nichols
chart Boundaries
ACAH Bandwidth None Dropback, CAP, TPR,
©4pTe, , Neal-Smith,
Nichols chart
Boundaries
GCGH Bandwidth None Dropback, CAP, TPR,
04pTe, , Neal-Smith,
Nichols chart
Boundaries

Since this study involves unconventional response-types, handling qualities metrics
were selected other than the MIL-STD-1797A preferred forms (CAP or MIL-F-8785C
criteria) developed for classical aircraft. This is consistent with the current literature (see
(HM86, p.56-58] and [Hoh88, p.3-5]) and no attempt was made to use LOES matching.

Handling qualities specification for precision tracking with aircraft attitude is best
accomplished with frequency based criteria [Hoh88, p.7). These criteria emphasize features
directly related to the piloted loop closure. Time domain criteria have been found to be more

appropriate for use with lower frequency tasks such as pursuit tracking, gross flight path

5Transient peak ratio (TPR).
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control, etc.. Most time domain criteria for attitude control are based on a step or boxcar
input. Such inputs emphasize the mid and low frequency characteristics, at the expense of
the response in the region of piloted crossover, which tends to be suppressed to the origin
(the initial response). Other disadvantages of time domain criteria include the sensitivity of
rise time to variations in the step input, atmospheric disturbances, and initial conditions as
well as trying to estimate phase delay from the effective transport time delay which is also
suppressed to the origin.

For the above reasons, the Bandwidth criterion was selected as the most applicable
handling qualities metric for the response-types flight tested in this study. The Bandwidth
criterion was supplemented with an STI modified Gibson Dropback criterion for the RCAH
and conventional response-types for reasons to be discussed shortly. These two handling
qualities metrics are discussed next.

2.5.1 Bandwidth Criterion The bandwidth criterion was developed as a generally
applicable method to predict flying qualities for small amplitude, precision, closed-loop
tracking tasks. It has been applied successfully to unconventional modes (such as wings
level turns) and attitude control regardless of the response-type used. Most of the discussion
below is from [Hoh88, p.5-6], [AGA91, p.30-32]), [MAM90, p.35], and (HMHS82). Each
refarence contains background material or variations of the Bandwidth criterion not found
in the others. The Bandwidth criterion has evolved since it was first developed and the
variations of the Bandwidth criterion discussed here are either the latest versions published
in the literature or were recommended by Mitchell (per phone conversations in 1992).

Classically, bandwidth is a term used to describe the ability of an electrical network or
a servomechanism to follow a range of input frequencies. In that context, it is defined as the
frequency where the output magnitude is 3 dB less than the input magnitude (0.707 ratio).
A good system will have a high bandwidth, and a poor one will have a low bandwidth
relative to the maximum input frequency it is designed to follow. In most cases, the upper

bandwidth limit is set by system stability considerations.
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The bandwidth frequency used as a flying qualities criterion is defined somewhat
differently from the classical definition [Hoh88, p.5]. The Bandwidth criterion is an
application of the crossover model developed by McRuer and Ashkenas. In this model, the
pilot is treated as an element of a closed-loop system for compensatory tracking tasks. The
Bandwidth criterion is based on the premise that the maximum crossover frequency a pure
gain pilot can achieve, without threatening stability is a valid figure of merit of the
controlled element (similar to a servomechanism).

Physically, the bandwidth is a measure of the frequency below which the pilot can
follow commands, and above which he cannot. The characteristic frequency of the effective
commands depends on the task, and so the bandwidth boundaries are task dependent.

Bandwidth is defined as the frequency where the phase margin is 45° or the gain
margin is 6 dB. The phase margin criterion is based on pilot describing function data which
shows that tracking with 45° of phase margin is representative of full attention, but less
than maximum effort. A gain margin limit of 6 dB was selected based on experience which
has shown that a lesser value tends to result in a PIO prone aircraft. Bandwidth is intended
as an effective aircraft dynamic measure, relating the lead equalization required from the
pilot to exert tight closed-loop control [MM88, Sup 3, p.6l.

The Bandwidth criterion currently consists of two parameters, bandwidth (wgw) and
phase delay (t ). Originally, the Bandwidth criterion consisted of just one parameter, wgy .
However, efforts to develop the Bandwidth criterion as a generalized criterion for highly
augmented aircraft, showed pilots were also sensitive to the shape of the phase curve at
frequencies beyond the bandwidth frequency. This is defined by the phase delay parameter,
T, For large values of phase delay, the phase curve drops off more rapidly than for small
values. Physically, phase delay is a measure of the behavior of the aircraft as the pilot
increases his crossover frequency. Large values of phase delay :mean there is a small margin
(range of frequencies) between ncrmal tracking at 45° of phase margin and instability. The

inevitable pilot commentary for an aircraft with large phase delay is that it is PIO prone.
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Phase delay, (t,), is typically (but not always) close to the equivalent time delay, (t,)
calculated from LOES.
The Bandwidth criterion parameters are depicted in Figure 2.3.
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Figure 2.3. Bandwidth Criterion [MH90, p.25]

The pitch attitude bandwidth (@ zw, ) for rate response-types is the frequency at which
the phase margin is 45° or the gain margin is 6 dB, whichever frequency is lower. In order
to apply this definition, one first determines the frequency for neutral stability (;g9) from
the phase portion of the pitch attitude frequency response. The next step is to note the
frequency at which the phase margin is 45°. This is the bandwidth frequency as defined by
phase, Wpw hase * Finally, note the amplitude corresponding to w,5, and add 6 dB. The
frequency at which this value occurs on the amplitude curve is the bandwidth frequency as
defined by gain, wgw in* Pitch attitude bandwidth, Wpw, , is the lesser of mgy hase and
©OBW,,,, - If, opw, = 08w, the aircraft is phase margin limited. If apw, =Wpw,,» the

aircraft is gain margin limited; the aircraft is driven to neutral stability when the pilot
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increases his gain by 6 dB (a factor of 2). Gain margin limited aircraft may have a great deal
of phase margin, ®,,, but increasing the gain slightly causes ®,, to decrease rapidly. Such
aircraft are characterized by frequency response amplitude plots which are flat (shelf like),
combined with phase plots which roll off rapidly. Gain margin limited aircraft tend to be
PIO prone. However, most aircraft are phase margin limited.

The pitch attitude bandwidth (wpy,) for attitude response-types is simply
©pw, =0pw,,,, [MAM, p.35].

The pitch attitude phase delay parameter (¢ ) 18 calculated using

ADP20

1, =180 _ gec (2.14)
Po 120 (20,99)

The term AD2am,q, is the difference in phase between @9y and 2w,g,. If the phase
curve is nonlinear in this region, t© po 18 determined using a linear least squares fit.

For tasks where flight path control is also important, such as formation, air refueling,
and landing, it is necessary to specify the bandwidth for both pitch attitude and flight path
[AGA91, p.30]. If the v/, response does not involve significant equalization, the pilot is -
more likely to control v directly (parallel) rather than through 0 (series) [HM86, p.32]. The
definition of flight path bandwidth (mgm' ) differs slightly from pitch attitude bandwidth.
Flight path bandwidth is defined only by the frequency for 45° of phase margin,
©pw, =Wpw,,, [MAM, p.35]. In addition, there is no phase delay requirement.

The primary advantages of Bandwidth criterion are that it applies to all response-
types, and hence is ideal for highly augmented aircraft, and is easily calculated from a
frequency response of the higher order system (HOS). On the negative side, the calculation
of bandwidth from flight test data requires a Fast Fourier transform on data which contains

sufficient power at the frequencies of interest.
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2.5.2 STI Dropback Criterion The Dropback and Nichols Chart Boundaries were
developed by Gibson as design guidelines for highly augmented fighter aircraft. Dropback,
as it is used in this study is a slightly revised definition from that proposed by Gibson (and
adopted in MIL-STD-1797A). Most of the STI Dropback criterion material discussed below
was taken directly from [MH90, p.22-43). The STI Dropback criterion is shown in Figure
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Figure 2.4. STI Dropback Criterion for Conventional and Rate Response-Types [MH90, p.24]

Dropback is applicable to conventional and rate response-types and is a measure of the
mid-frequency response to attitude changes. Excessive dropback results in pilot complaints
of abruptness and lack of precision in pitch control; complaints common also to aircraft with
excessive values of pitch attitude bandwidth. This commonalty of piloting problems led to an
analysis of handling qualities data to determine the applicability of the Dropback criterion.

High dropback cases occur for all values of bandwidth, though they are usually
clustered at very high bandwidths (cases with low values of 1, and wpy, =gy ’,_.) and
very low bandwidths (cases that typically have high opw hase but are gain-margin-limited

due to excessive 1 Pe ). The Dropback criterion has successfully identified these aircraft (poor
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handling qualities due to abruptness) that otherwise have acceptable bandwidths according
to the Bandwidth criterion. In fact, dropback has been so successful at identifying poor
aircraft that Mitchell and Hoh recommended removing the upper limits on bandwidth and
replacing them with a limit on dropback [MH90, p.27]). However, dropback alone is not
sufficiently discriminating, since HQRs below the dropback limit may be Level 1, 2, or 3. In
other words, the Dropback criterion is not a stand-alone criterion for good handling
qualities, some other criteria must also be applied. It does however, expose bad handling
qualities.

The difference between Gibson's and STI's Dropback criterions is in the definition of
the dropback parameter. Each has it's advantages and disadvantages. Gibson's dropback
parameter, DB/q, is less susceptible to low-frequency responses than the STI dropback
parameter, Drb/q. However, it is strongly influenced by time delay. Since dropback is a
proposed limit on excessive mid-frequency abruptness, it is desirable to use a parameter
that is not strongly affected by time delay, which is separately accounted for by Ty -
However, the parameters used in the STI Dropback criterion are also time domain based,
and are subject to many of the fnadamental shortcomings of measurement such as what to
do if the input is not a pure step, how to account for low frequency (phugoid) motions, how
to define a steady-state pitch rate, etc..

All of the work to date on dropback has focused on aircraft that fit the definition of
conventional or rate response-types; the Bandwidth criterion, however, has been
successfully applied to all response-types. Removal of an upper limit on bandwidth therefore
implies that a dropback-like criterion will be needed for attitude response-types. Since
attitude response-types have a limited useful range of MTEs, and since the possibility of
producing an attitude response-type is restricted to modern advanced control system

schemes, there is very little experimental data for such systems. Therefore, it is difficult to
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verify if an attitude equivalent to dropback is required, and impossible to define what such a
criterion would look like8,

The Bandwidth criterion currently does not identify this high dropback phenomena
and as such requires another parameter to characterize mid-frequency abruptness. Just as
the phase delay parameter was incorporated into the Bandwidth criterion to account for
sensitivity to the shape of the phase curve, another parameter is required to account for
sensitivity to abruptness. The Dropback criterion has successfully fulfilled this need for rate
and conventional response-types. However, the current form does not work for attitude
response-types and it's time domain nature is not ideally suited for use with flight test data.

2.5.3 Control Sensitivity It's possible to achieve both Level 3 and Level 1 flying
qualities at the same value of bandwidth, simply by varying control sensitivity. A primary
weakness of MIL-STD-1797A is the lack of adequate specification for control sensitivity. The
following material is from [Hoh88, p.7-8] and [MH90, p.43-46].

Even the most experienced and perceptive test pilots can be and have been fooled by
varying control sensitivity. Excessively high control sensitivity looks like low damping, is _
therefore PIO prone, and will receive comments to that effect (few if any, pilots will isolate
the problem as excessively high control sensitivity). Similarly, excessively low control
sensitivity will receive comments related to an overly sluggish response.

The control sensitivity should be specified over the band 6f frequencies where the pilot
is most sensitive to the aircraft response. Since, by definition, the pilot is operating in the
crossover region, the gain in this region should be specified. Recent work suggests the gain
at the bandwidth frequency is a logical choice. Using this definition of control sensitivity,
good correlation was obtained by crossplotting |6/F,| omy V& OB%, using data from two

experiments (see [Hoh88, p.17]). This data indicates the proper control sensitivity depends

8A possible dropback criterion suggested by Mitchell and Hoh is a crossplot of

© peak [Oss V8. pear [0, [MHI0, p.39].

2-24




on bandwidth, with increasing bandwidth resulting in a requirement for decreasing control
sensitivity and vice versa. Additionally, recent work has shown that aircraft with excessive
control sensitivity also often exhibit excessive levels of dropback (see [MH90, p.46]. More
data are required to set separate requirements for control sensitivity.

In the next chapter, all the ideas presented here (and more) were applied to the data
from a previous handling qualities experiment in an effort to characterize acceptable (and
unacceptable) conventional response-type dynamics for the probe and drogue air refueling
task.
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III. An Analysis of a 1974 Calspan Experiment

3.1 Introduction

In an effort to determine the important characteristics for the probe and drogue air
refueling task, a previous handling qualities experiment was analyzed using modern
handling qualities metrics. Both bandwidth and dropback trends for the configurations
flown in a 1974 Calspan experiment [BCC74] were determined and plotted. These results
were then compared with the pilot commentary with good correlation. .

Since the probe and drogue air refueling task involves a high degree of precision pitch
attitude and flight path control, both the pitch attitude and flight path bandwidths were
evaluated. Control sensitivity was evaluated in terms IO/F"lﬂu. , and a natural extension of
this idea |y/F.,| opm

A great deal of emphasis is placed on pitch attitude control as if it's a means to an end.
While it's true pilot's learn to use pitch attitude as a surrogate cue for flight path, ultimately
pilot's are concerned with flight path when performing tasks in close proximity to another
aircraft or the ground!. The need for good flight path control is essential. Data from both the
Calspan and HAVE GAS experiments support that idea.

3.2 Calspan Experiment Design

In 1974 Calspan conducted a large two phase investigation of longitudinal flying
qualities for fighters. The first phase of the investigation looked at the effect of evaluation
technique and flight phase on flying qualities assessment. The probe and drogue air
refueling task was chosen as one of the flight phases and handling qualities data in the form

1Pitch attitude is important during landing to aveid dragging the tail on the runway.
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of pilot commentary and ratings were collected. Unfortunately, details of the task, desired
and adequate task performance criteria, and actual success rates were not documented.

Although the second phase of the investigation involved criteria development, little
analysis of the probe and drogue air refueling data was accomplished other than a
discussion of the pilot commentary and no criteria development was attempted. The last
conclusion from the first phase of the investigation was a recommendation to analyze the
experiment in terms of the closed loop parameters developed in [NS70] (the Neal-Smith
criterion) and the open loop parameters developed by Chalk, et al. for MIL-F-8785B. No
published references were found indicating this analysis was accomplished.

The configurations evaluated in the probe and drogue air refueling task were a subset
of the configurations used in the Neal-Smith handling qualities investigation. A total of
fourteen conventional response-type configurations were evaluated by one pilot (Pilot A)
during twenty-four blind evaluations2. Four basic short-period configurations were used to
provide a baseline range of aircraft dynamics (configurations 1D, 2D, 4A, and 5A). Seven
other configurations were developed by adding a first order lead or lag compensation in the
command path (configurations 1B, 2A, 1E, 4D, 5D, 2J, and 5E). The added dynamics
effectively shaped the pilot's stick force input and significantly altered the aircraft's short
term response. Three additional configurations, with extreme combinations of {,, and ,,,
were also flown using stick position commands (configurations 9, 10, and 11)3.

Table 3.1 lists the aircraft flight control system (AFCS) dynamics and pilot ratings for
the probe and drogue air refueling task. The configurations are ranked ordered from best to
worst based on the Cooper-Harper handling qualities ratings and PIO ratings assigned for

each configuration. For convenience, the actuator dynamics are not included in Table 3.1.

2During a blind evaluation, the pilot is unaware of the configuration being evaluated.

3For these configurations the feel system is modeled in the command path.
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Table 3.1. AFCS Dynamics and Pilot Ratings for Air Refueling Task [BCC74, p.44)

AFCS Dynamics and Pilot Ratings for Air Refueling Task
Conf | [Gep®ep] ®/3) HQR | PIOR
1B [0.7,22] | (2)/(5) 1 1
2D [0.72, 4.5} - 1,12 L1,1
2A [0.72,45) | (2)/(5) 25 1
1 (1.0, 3.3) - 2.5 1
1D (0.7, 2.2] - 45,4,2 | 2,151
4A [0.29, 4.5) - 3,45 1,2
4D [0.29,4.5] | (=)/(2) 4 2
BA (0.18, 4.7} - 46,5 | 2,22
10 (1.1,2.3] - 6,4 3,15
9 (1.7,2.3] - 565 | 2,22
5D (0.18,4.71 | (=)/(2) 8 4
2J [0.72, 451 | (e)/(0.5) 8 45
5E (0.18,4.7] | («)/(0.5) 9 5
1E [0.7,2.21 | (=)/(5) 10 5

As can be seen in Table 3.1, there is nearly a one for one relationship between the
handling qualities ratings and the PIO ratings. The Level 1 configurations all had good
short period dynamics or marginal short period dynamics augmented with lead dynamics.
The Level 2 configurations all had marginal short period dynamics. The Level 3
configurations were primarily marginal short period dynamics further degraded by lag
dynamics. It's clear the additional dynamics significantly altered the handling qualities. For
instance, configuration 1D augmented with lead dynamics was the best configuration
(configuration 1B, HQR =1) and configuration 1D augmented with lag dynamics was the
worst configuration (configuration 1E, HQR =10). Handling qualities cannot be predicted

from the short period dynamics alone.
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3.3 Analysis of Calspan Experiment

The fourteen configurations were modeled in SIMULINK for analysis with the
Bandwidth and STI Dropback criterions (and other selected control sensitivity parameters).
Modeling the fourteen configurations required several calculations to convert the
parameters published in [BCC74, p.44] into a transfer function gain (control gearing and
elevator effectiveness) and to extend the published short period dynamics to include other
resp.onses of interest. The NT-33A data required to calculate elevator effectiveness are in
Appendix B. The state-space realizations of transfer functions used to model the short
period dynamics and flight control system dynamics are in Appendix C. Finally, the actual
modeling of the fourteen configurations is documented in Appendix D.

MATLAB® M-files were written to automatically calculate all the parameters of both
criterions. Because only short period dynamics were published (and modeled), the STI
Dropback criterion was applied without incorporating the effects of the phugoid response.

3.3.1 Bandwidth Criterion Analysis Table 3.2 lists the Bandwidth criterion
parameters for the Calspan configurations. Both wpgw hase and ©pw in 8T€ listed for
comparison with one another.

For the basic configurations, the magnitude of wgw hase is close to, but larger than
©,,. Addition of lead compensation in the command path increased both wgw hase and
@ BW,,,, - Addition of lag compensation in the command path decreased both wgw hase and
OBW,,,, » and usually decreased OBW,,,, substantially. Similar effects on ®pw, are also
observed. Lag compensation also increased phase delay to excessive levels.

These characteristics are shown graphically in Figure 3.1. The proposed Category A
boundaries depicted in Figure 3.1 are from [MH90, p.48].
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Table 3.2. Bandwidth Criterion Parameters for Calspan Configurations*

Bandwidth Criterion Parameters for Calpsan Configurations
Conf 0pw,,, OBW e, ©pw, Tpe ©pw,
(rad/sec) | (rad/sec) | (rad/sec) (msec) (rad/sec)

1B 9.67 444 4.44 186 . 1.56
2D 10.56 6.27 6.27 19.0 2.17
2A 12.87 8.36 8.36 19.1 3.28
11 5.23 3.86 3.86 56.6 1.18
1D 6.33 2.70 2.70 184 111
4A 7.07 5.13 5.13 199 3.23
4D 1.08 3.54 1.08 142.2* 129
BA 6.19 5.10 5.10 215 3.79
10 4.39 2.64 2.64 574 0.80
9 521 2.92 2,92 54.1 0.58
6D 0.61 4.01 0.61 139.0* 1.45
2 2.29 1.02 1.02 1213 0.38
5E 112 3.39 112 159.3* 0.46
1E 2.27 1.90 1.90 1189 0.88

Except for configurations 4A and 5A, the data are generally in good agreement with
the STI proposed bandwidth boundaries. These two configurations, as well as the high
bandwidth configuration 2A, are flagged as high dropback cases and will be discussed
subsequently in both the bandwidth and dropback analysis.

4Phase delays marked with an asterisk were determined using a least squares fit and

are slightly lower than the values obtained using Eqn 2.14.
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Figure 3.1. Bandwidth Criterion Analysis of Calspan Experiment

The three gain margin limited configurations (4D, 5D, and 5E) all have excessive
phase lag and very low pitch attitude bandwidth. Pilot comments indicated configuration 4D
could not be controlled precisely and there was a tendency to bobble the aircraft before
getting to the drogue. Filot comments indicated configurations 5D and 5E were extremely
prone to PIO and totally unacceptable for the task. Both configurations exhibited poor pitch
attitude control that deteriorated rapidly under tight control near the drogue. Two other
configurations (2J and 1E) also had excessive phase lag and low pitch attitude bandwidth.
Pilot comments for these configurations were similar to those of configurations 5D and 5E.
Experience with these configurations indicate low pitch attitude bandwidth, excessive phase
delay, and wpw, =0pw i ©dUALE to poor handling qualities.

Pilot comments for the medium bandwidth configurations (1D, 9, 10, and 11) indicated
slow initial responses and a fair to poor ability to trim. Several hookups involved one to two
oscillations near the drogue. The prevailing comment was an inability to make a fine

correction near the drogue which gave a feeling of lack of precise control. Performance was
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dependent on the level of pilot aggressiveness. Attempts to exert tight control near the
drogue resulted in undesirable motions (PIO tendencies).

Configuration 11 plotted in the Level 2 region of Figure 3.2. This configuration was
evaluated only once in the probe and drogue air refueling task and was rated Level 1. Pilot
comments for configuration 11 were similar to those for configurations 1D, 9, and 10 except
for comments on how aggressiveness affected the handling qualities (for which there were
no comments). Pilot comments for configuration 11 in HUD tracking tasks by the same pilot
indicated the slow initial response was more objectionable for these tasks and the aircraft
was rated Level 2.

Pilot comments for the higher bandwidth Level 1 configurations (1B and 2D) were
favorable. The key comments were an ability “to think the airplane right into position® and
the ability to make a fine correction near the drogue at will. The initial response for
configuration 2D was a little rapid resulting in a tendency to bobble the aircraft slightly on
some hookups, but was considered a minor objection.

Other comments made by Pilot A were also significant for determining desirable
vehicle dynamics. Configurations 1B and 2D gave Pilot A a feeling of precision that allowed
him to look directly at the drogue throughout the approach and center the probe in the
drogue. Attempts to do this with many of the other configurations resulted in overcontrol
near the drogue and so the tanker became the primary reference during evaluations of poor
handling configurations.

Flight path bandwidth analysis is accomplished by crossplotting Calspan experiment

flight path bandwidths against pitch attitude bandwidths. Results are shown in Figure 3.2.
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Figure 3.2. Pitch Attitude and Flight Path Bandwidths for Calspan Experiment

Regions of Level 1, 2, and 3 handling qualities can be identified based on bandwidths.
Excluding the high dropback configurations (24, 4A, and 5A), the general bandwidth trend
is clear. Level 3 aircraft have low values of pitch attitude and flight path bandwidths, Level
2 aircraft have medium values of pitch attitude bandwidth and low values of flight path
bandwidth, and Level 1 aircraft have higher pitch attitude and flight path bandwidths,
possibly in the right combination.

The three high dropback configurations all had high values of flight path bandwidth.
At first it would appear that high flight patix bandwidth is to be avoided. However, closer
inspection reveals why both wgw, and @ BW, are high for these configurations and also why
the Bandwidth criterion fails to identify the poor handling qualities.

Both configurations 4A and 5A had low values of short period damping ({,, =0.29 and
{,p =0.18, respectively) and received pilot comments of oscillatory initial and final
responses. In terms of frequency response, the phase contribution of a lightly damped

second order system (i.e. short period) is little phase lag until near o)/m,p =1 followed by
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considerable phase lag (a rapid change of -180° in the vicinity of w/w,, =1). Likewise, the
magnitude of the 6/F,, and Y/F,, remains high in the region around w/w,, =1 (in the
region of piloted crossover). This behavior happens slightly before Z6/F,, =-180° and at
£v/[F,, =-180° for configurations 4A and 5A as can be seen in Figures 3.3 and 3.4.

10'
Frequency (rad/sec)

Frequency (rad/sec)

Figure 3.3. 8/F,, Frequency Response Comparison for Selected Calspan Configurations

For these lightly damped configurations, £6/F,, =-135° occurs at a frequency only
slightly less than the well damped configuration 2D (5.1 rad/sec for both configurations 4A
and 5A versus 6.3 rad/sec for configuration 2D). Certainly nothing that stands out as
QOBW e is still large. The frequency where £6/F,, =-180° for configurations 4A and 5A is
much less than that for configuration 2D. But, because the slope of IO/F,,I is changing at a
rate of approximately 40 dB/decade in this region, wgw pain 0CCUTS only slightly below ;g
and still above wpw hase * According to the Bandwidth criterion, both aircraft are phase

margin limited with good bandwidth. Also, because the phase doesn't roll off quickly after

39




crossing -180°, the phase delay is low. The Bandwidth criterion parameters all indicate a
good aircraft and the pilot comments and ratings all correctly indicate a bad aircraft.

Frequency (rad/sec)

©

Frequency (rad/sec)

Figure 3.4. v/F,, Frequency Response Comparison for Selected Calspan Configurations

The conventional response-type flight path bandwidth is affected somewhat differently
by low short period damping ratio. Instead of a reduction in bandwidth, there's a sizable
increase. Again, the lightly damped short period contributes little phase lag until near
w/w,, =1. As {,, decreases, the frequency where £v/F,, =-135° (i.e. ® BW, ) increases.

These trends are easily quantified using the short period approximations for a
conventional aircraft. The influence of o,,, {,, and ]/1},2 on wpy, and ©BW, for a phase
margin limited conventional response-type (with no added flight control system dynamics)
can be determined to a first order approximation by a truncated Taylor series expansion of

the equations £0/F,, = £vY/F,, =-135°. The results are

3-10




2,2 '
_o | M [F S e 1
Opw, =0y n + 6 o To, +1 3.1
4, [16¢
II)BW1 S0, —‘—;L*"—tzee--&l 3.2)

As {,, goes to 0, both wpy, and @pw, g0 to ©,,. For a fixed value of {,,, ©BwW, varies
linearly with o,,. For a conventional response-type, high flight path bandwidth according
to the Bandwidth criterion equates to low damping and large ®,, . This result is unique for a
conventional response-type in that RCAH and ACAH response-types (superaugmented)
require larger {’ to satisfy MIL-F87242 flight control system stability margins. As will be
shown in the next chapter, ACAH response-types can achieve high flight path bandwidths
according to the Bandwidth criterion with larger {’.

Clearly, the Bandwidth criterion predictions of a pilot's ability to control pitch attitude
and flight path (i.e. high © BW, and © BW.,) with a lightly damped aircraft are incorrect. The
pilot doesn't really have good control of pitch attitude and better control of flight path, he
has worse, much worse. The physical interpretation of bandwidth as a measure of the
frequency below which a pilot can follow commands and above which he cannot, breaks
down.

Configuration 2A had good short period dynamics [C,p,o),p] but incorporated lead
compensation. This configuration was only evaluated once in the probe and drogue air
refueling task and was given a Level 1 HQR. However, pilot comments indicated the aircraft
was sensitive. Evaluations with configuration 2A in other tasks indicated the initial
response was fast, approaching abrupt. The qualitative effect of lead compensation in the
region of piloted crossover is the addition of gain <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>