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Design and Piloted Simulation of a Robust Integrated Flight
and Propulsion Controller
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A robust integrated flight and propulsion controller is designed for an experimental short takeoff and vertical
landing aircraft configuration, using the method of 7> loop-shaping. The aircraft model used in the study is based
on the Harrier airframe with the Pegasus engine replaced by a thermodynamic simulation of a Rolls-Royce Spey
power plant, to allow the incorporation of advanced engine control concepts. The controller follows a two-inceptor
strategy to command flight-path angle rate and velocity along the flight path, while simultaneously keeping several
airframe and engine variables within specified safety limits. The centralized integrated flight and propulsion control
system is evaluated in piloted simulation trials. Results indicate that level 1 or 2 flying qualities are achieved over
the low-speed powered lift region of the flight envelope.

Nomenclature
e = error signals
G(s) = plant transfer function matrix
K(s) = H> loop-shapingcontroller
SPLIT = engine thrust split, 0-1 dimensionless
u = control inputs
Vi = velocity along the flight path, kn
z = controlled variables
a = aircraft angle of incidence, deg
¥ = flight-path angle, deg
v = flight-path angle rate, deg/s
n = elevator position, —15 to +15 deg
n-RCS = pitch reaction control system position, —15 to +15 deg
0 = pitch angle, deg
G = maximum singular value

I. Introduction

HE development of systematic methods for the integration of

flight and propulsion controls over the low-speed, powered-lift
flightenvelopeis a key technical requirement for currentand future
short takeoff and vertical landing (STOVL) aircraft.! Successful
application of integrated flight and propulsion control (IFPC) tech-
nologiesoffers the potential to achieve significantly improved flying
qualities, while simultaneously prohibiting violation of operational
constraints dictated by engine safety considerations.

This paper presentsresults from the second phase of a program of
researchcarried out at Leicester University,in collaborationwith the
Defence and Evaluation Research Agency (DERA), on the design
of IFPC systems using H* robust control techniques. Results from
phase one of the program, on IFPC design for the VAAC (vectored
thrust aircraft advanced flight control) Harrier aircraft, are given in
Refs.2-4. For the second phase of the study, a new simulationmodel
of an experimental STOVL aircraft configuration was developed at
DERA Bedford to investigate the incorporation of more advanced
engine control strategies within an IFPC framework. Preliminary
results from this phase of the program are presented in Refs. 5
and 6. This paper presents details of the full IFPC design process
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for an experimental STOVL aircraft, from formulation of system
performance specifications to piloted simulation trials.

The paperis organizedas follows. SectionII describesthe STOVL
aircraftmodel produced for this study at DERA Bedford. Section III
outlines the performance requirements for the IFPC system. In
Sec. IV, the design of a centralized IFPC system using the tech-
nique of H*® loop-shapingis described. Sections V and VI discuss
the setup of the piloted simulation trials and the correspondingcon-
troller evaluationresults. Finally, Sec. VII offers some conclusions.

II. DERA Bedford Spey-Wem Simulation Model

The aircraft simulation model used in this study has been devel-
oped at DERA Bedford in order to investigate the problems and
opportunities associated with the integration of flight and propul-
sion control systems for STOVL aircraft. The airframe model used
in the simulation is based on the nonlinear DERA Bedford Harrier
T.Mk4 Wide Envelope Model (WEM). This model has been used
extensively in the VAAC Harrier research program’ and has been
established through flight trials as being an accurate representation
of the real aircraft. To fully explore the possibilitiesfor advanceden-
gine control under an IFPC system framework, the original Pegasus
engine previously included in the WEM has been replaced with a
high-fidelity thermodynamicmodel of the Rolls-Royce Spey engine,
producedby DERA Pyestock. The Spey is a two-spoolreheated tur-
bofan engine with the same basic architecture, for the purposes of
control, as the EJ200, which is used to power the Eurofighter.? As
shown in Fig. 1, both the compressor and the turbine are split into
low-pressure (LP) and high-pressure (HP) stages and are connected
by concentricshaftsthatrotateat differentspeeds. Each combination
of compressor, shaft, and turbine is called a spool.

The thermodynamic model of the Spey allows the control law
designer full access to engine parameters such as inlet guide vane
angle (IGVA), fuel flow rate, and exitnozzle area (ENOZA). The en-
gine thrust is vectored through four nozzles similar to the standard
Harrier. Total thrust and high-pressure bleed flow to the reaction
control system (RCS) are scaled to match Pegasus performance,
and no duct losses are modeled in the rotating nozzles. The effect of
high-pressurebleed flow (to the RCS) on the engine operating point
is modeled, and the effect of front/rear thrust split on engine perfor-
mance is assumed to be negligible. To increase the design difficulty,
the front pair of nozzles have been moved forward and downward
to displace the center of thrust from the center of gravity and intro-
duce thrust/pitching momentinteractions. The thrustfrom frontand
rear nozzle pairs can also be modulated and vectored independently.
Representative nonlinear actuation systems including both rate and
magnitude limits have been placed on all control motivators. The
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Fig.1 Schematic of the Spey engine.

model offers a six-degree-of-freedan nonlinear simulation over a
flightenvelopefrom —20to 250 kn. Linearizedmodels for controller
design purposes can be generated over the full flight envelope.

III. Control Law Requirements

The control law requirements for the Leicester University IFPC
system design, detailed in Ref. 9, can be summarized as follows.
The study focuses on the control of the longitudinal axis only. The
pitch-axis controller follows a two-inceptor strategy. In this scheme
fore/aft displacementof the center stick produces a changein flight-
path angle rate 7, and displacement of the left-hand inceptor de-
mands aircraft velocity along this flight path V¢. Functional speci-
fications for each inceptor are given as follows:

1) The first is the flight-path maneuver demand. The right-hand
pitch control law will command y and should actively hold flight
pathwith the stick centered. Stick displacementwill producea flight-
pathrate demand up to amaximumof £3 deg/s. Flight-pathdemands
should aim to be decoupled from axial maneuvers, with a maximum
of *£2 kn transient speed change during any flight path maneuvers
between +30 and —20 deg.

2) The second is the flight-path velocity demand. Left-hand in-
ceptor displacement will demand velocity parallel to the flight path
Vt. Movement of the left-hand inceptor should obtain the fastest
velocity magnitude response possible to arrest high descentrates in
the hover and improve the handling qualities of the aircraft. Velocity
demands should be decoupled from flight-path maneuvers for ve-
locity changes of up to £30 kn. A maximum transientof £0.3 deg
in flight-path angle is allowable during any velocity maneuver.

In a performance limited situation (e.g., maximum engine thrust
is reached) the controller should prioritize satisfaction of flight-
path demands over velocity demands. In addition to the preceding
performance specifications, the following aircraft and engine limits
are to be respected at all times:

1) Incidence boundary control is the first. To protect against ex-
treme incidence angles, which can lead to lateral/directional insta-
bility, an incidence boundary of + 12 to —6 deg is specified. In addi-
tion, maximum use of wing lift is desirable at all times to conserve
fuel and engine life—the VAAC Harrier generally flies at a nomi-
nal angle of incidence of 6 deg during steady flight with transients
within the preceding boundary acceptable during maneuvers.

2) Engine limits are the second. To protect engine components
from dangerousoverstressand overtemperatureand to ensure avoid-
ance of surge conditions, the following set of engine limits are to
be respected during maneuvers, with priority being given to the
first four variables (shown in Fig. 1): a) LP spool speed (NLPC)

<102%, b) HP turbine stator outlet temperature (T10) <1430 K,
¢) HP compressor surge margin (HPSM) >10%, d) LP compres-
sor surge margin (LPSM) >10%, e) HP spool speed <101%, f)
HP compressor outlet temperature <810 K, g) combustion cham-
ber pressure <2300 kPa, h) jet-pipe temperature <2200 K, and 1)
reheat fuel/gas ratio <0.055.

IV. Robust Centralized IFPC System Design

For the purposes of controller design, a linear representation of
the Spey-WEM model (omitting lateral/directional airframe states)
was generatedat the 80-knlevel flight trim pointof the STOVL flight
envelope. At this flight conditionpropulsionsystem generatedforces
and moments have largely taken over control from the aerodynamic
effectors as the aircraft approaches the hover flight phase, and the
aircraft is longitudinally unstable. The resulting state-space model
of the integrated airframe and engine systems, plus actuators, has
35 states and is of the form

X = Ax + Bu, y =Cx + Du
The control inputs are given by u =[n, n_RCS, front nozzle posi-
tion (FNOZ), rear nozzle position (RNOZ), SPLIT, main fuel flow
(MFF), ENOZA, IGVA], whereas the vector of outputs y includes 8
airframe and 19 engine variables.Based on the performancerequire-
ments detailedin the preceding section, the vectorof controlled vari-
ables z was chosen as z =(y, V¢, o, NLPC, T10, HPSM, LPSM).

The angle of incidence a was includedin z to explicitly minimize
deviations from its trim point during maneuvers. In Ref. 9 the four
engine variables NLPC, T10, HPSM, and LPSM were identified as
having the most critical effect on the overall structural integrity of
the engine and are thus included explicitly in z for the purposes of
control.

The controllerdesign procedureused in this study is based on H*
robust stabilization combined with classical loop shaping, as first
proposed by McFarlane and Glover in Ref. 10. The resulting H*
loop-shapingdesign method is essentially a two-stage process. First,
the open-loop plant is augmented by (generally diagonal) weight-
ing matrices to give a desired shape to the singular values of the
open-loop frequency response. Then, the resulting shaped plant is
robustly stabilized with respect to coprime factor uncertainty using
‘H*™ optimization. A particular implementation structure'' for H®
loop-shaping controllers is shown in Fig. 2. With reference to this
figure, the weighting matrix W,(s) is chosen to add integral action
and ensure reasonable roll-off rates for the open-loop singular val-
ues around the desired crossover frequencies. The scalar weighting
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Fig.3 Open-loop singular values after robust stabilization.

matrix k is then used to adjust control actuation requirements to
respect the various effector rate and magnitude limits. In this con-
figurationthe nonlinear Spey-WEM aircraftmodel is assumedto be
scaled so as to be approximately normalized with respect to maxi-
mum allowableinputsignals. The scalar matrix W, is used to priori-
tize airframe controlled variables (which must achieve specific han-
dling qualities characteristics) over engine quantities (which have
simply to be limited within certain values). This step is crucial to
our integrated control strategy because the centralized controller
must allow certain engine variables such as compressor temper-
atures and pressures to deviate from their nominal values during
flight-path maneuvers. Tight control of all engine variables corre-
sponds to demanding complete decoupling of these variables from
large dynamic thrust changes. The resulting controllers would in-
evitably produce seriously degraded thrust response characteristics
in nonlinear simulation caused by actuator saturation. The tradeoff
between satisfaction of performance specifications and respecting
limits on safety critical engine variablesis thus explicitly built into
the controllerdesign process, via selection of the various weighting
functions. For the controller discussed in this paper, the weighting
matrices were chosen as

k =diag(.1, .1, .24, .24, .24, 2, 2, .2)
Wy =[(s +2)/s] X Igxs
W, =diag(1, 1, 1, 1/200, 1/800, 1/200, 1/500)
The second stage of the H* loop-shaping design method involves
the use of H™ optimization to robustly stabilize the shaped plant

againsta particular type of uncertainty description, based on stable
perturbationsto each of the factors in a coprime factorization of the

plant. For a plant G(s) with normalized left coprime factorization!?
G =M~'N, a perturbed plant model can be written as

G, =M+ A)THN + Ay)

where Ay and Ay are stable unknown transfer functions that repre-
sent the uncertaintyin the nominal plant model G. This arrangement
removes the usual restriction included in other uncertainty models
for the nominal and perturbed plants to have the same number of
unstable poles. The objective of robust stabilizationis then to com-
pute a feedback controller that stabilizes the family of plants G ,. A
bound for the size of the uncertainty in G, can be defined as

MANA ]Il <€

where € is then the stability margin. The optimal robust stabilization
controller K, (s) is thus the controller that maximizes this stabil-
ity margin for a given shaped plant. This controller can be com-
puted explicitly by solving two Ricatti equations, thus avoiding the
iterative procedures required in general H* optimization. It has
also be shown theoretically that for € > 0.25 1) the original loop
shapes are largely preserved, thus retaining the desired nominal
performance,'’ and 2) the closed-loop system will have good ro-
bust performance properties.!! For our design the controller K, (s)
gave a value of € equal to 0.252, thus guaranteeing closed-loop sta-
bility for coprime factor uncertainty of at least 25%. Finally, the
constant prefilter K (0) W, is formed to ensure zero steady-state
tracking error, assuming integral action in W,. The order of the re-
sulting H® loop-shaping controller is then equal to the order of
the shaped plant plus the weighting functions, i.e., 51 states. The
open-loop singular values of the resulting system after robust sta-
bilization (W, GW, K, ) are shown in Fig. 3. From the figure we
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see that the singular value loop shapes correspond to the classical
requirements for tracking performance and robustness—high gain
at low frequencies and gentle roll off around crossover. Also, the
achieved bandwidths correspondto the maximum rate limits for the
various control effectors. Performance properties of the controller
just described were initially examined via PC-based frequency do-
main and nonlinear time-domain simulations (see Ref. 6 for further
details). The level of performance indicated by this analysis pointed
to general satisfactionof the specifications setoutin Sec. I1I, and thus
subsequent formal evaluation of the IFPC system was conducted at
DERA Bedford, as described in the following section.

V. Piloted Simulation Trial

Piloted simulation trials were conducted on DERA Bedford’s
Real Time All Vehicle Simulator (RTAVS). RTAVS is a fixed-base
simulator with an immersive, backprojected, outside world display
with a field of view of +135 deg/—45 deg vertically by £135 deg
horizontally. The aircraft simulation models are run on PCs with
a networking facility that allows large models to be spread over
several processors, or a series of aircraft models to be flown in
separate cockpits in the same outside world environment, or both.
The cockpit and instrumentation for this trial was representative
of a generic fast jet. A dual linear throttle was used with the stick
and rudder forces being simulated by springs. The head-up display
(HUD) used for the trial is shown in Fig. 4. This display included
a pitch attitude indicator, velocity vector diamond, thrust split and
front, and rear nozzle angle indicators.

The Spey-WEM model and integrated control law were auto-
coded from the MATLAB®/Simulink'> environment into C-code
and then linked with the RTAVS code to provide executable soft-
ware for the simulator. Stick shaping and a variable rate limit were
addedtothe y andthe V¢ demands,respectively.The y demand limit
was applied by scaling the maximum stick deflections to 3 deg.
The executable code calls the same FORTRAN modules (aerody-
namics, engine, and RCS system) as the original Simulink diagram.
Finally, the pilot inputs to the Spey-WEM model were mapped to
the cockpit, and the aircraft states were mapped to drive the outside
world view and the HUD.

The aim of the trial was to investigate the flying qualities and
robustness of the integrated flight and propulsion controller for the
Spey-WEM model. The simulator was piloted by three members
of DERA Bedford’s Flight Management and Control Department.
Each of the pilots has extensive experience in the design and test-
ing of advanced control laws for modern STOVL aircraft. To test
the flying qualities of the IFPC system, a series of maneuver tasks
were performed at and about the 80-kn design point, as described

in the next section. The controller design specifications limited y
to =3 deg/s for full fore and aft stick deflection, but gave no rate
limit on V't demands. A rate limit of 10 kn/s was implemented on
the demand from the pilot’s left-hand inceptor. This value was cho-
sen as a compromise between providing adequate response to V¢
demands while minimizing the coupling into y and height. As the
controller was designed for longitudinalmotion only, the lateral and
directional states of the model were fixed at zero. This allowed a
direct evaluation of the longitudinal motion of the aircraft without
the additional pilot workload involved in lateral/directional control.

VI. Discussion of Results

Pilot comments and ratings using the Cooper-Harper scale'* for
variousdemandson y are shown in Table 1. Time historiesof various
aircraft states, engine variables, and actuators for 10-deg doublets
on y at both 60 and 100 kn (with V¢ changing from 60 to 100 kn at
t =80 s.) are shown in Figs. 5-8. The y demand signals from the
stick were not recorded but consisted of demands correspondingto
10 or 20-degdoubletsin all cases. The most common pilot comment
for demands on y was that at 60 or 80 kn the response was good but
perhapsa little sluggish. At speeds of 100 kn or greater, the response
became somewhat unpredictable. At all three speeds the coupling
of ¥ demands into V't was satisfactory, as pilots would generally
not comment on V' variations of less than 2 kn. At 80 kn the three
pilots had no difficulty in acquiring desired flight-path angles, but
the response was a little sluggish; this led to Cooper-Harper ratings

Table 1 Piloted simulation trial results for Gammadot demands
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Fig.4 HUD for the Spey-WEM simulation trial.
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(CHRs) of 3, 3, and 2 for this task. Throughout the maneuver a was
held to variations of approximately *1 deg. Figure 7 shows the four
internal engine variables that were controlled explicitly within hard
limits. The limit for each variableis shown in each figure as a dashed
line. NLPC and the LP and HP surge margins are all maintained
within their respective limits. However, T10 transiently exceeds its
maximum allowable value during the gamma maneuver at 100 kn.
At this flight condition the CHR rating from each pilot shifted from
level 1 to level 2, demonstrating that the achieved performance re-
quired some improvement. The different robustness characteristics
of the controller for speeds below and above the design point arises
from the change in control effectiveness of the front and rear noz-
zles as the aircraft accelerates from jet-borne toward wing-borne
flight. These results indicate the need for controller scheduling at

higher speeds to retain desired handling qualities over the full flight
envelope.

Pilot comments and CHRs for demands on V¢ are shown in
Table 2. Time histories of aircraft states, engine variables, and ac-
tuators for 10 and 20 kn doublets on V't are shown in Figs. 9-12.
The general view of the pilots was that the response to V¢ demands
was excellent, but the resulting coupling into y and altitude was
too large. This coupling became worse for larger V¢ steps as the
aircraft moved away from the 80-kn controller design point. For
both 10- and 20-kn doublets pilot 1 commented on the sharpness
of the V't response and tracking. Comments of “no compensation
required” and “nothing to do but set throttle” led to a CHR of 1 for
both tasks. However, the pilot did comment that these ratings did
notreally consider the y interactions.Pilots 2 and 3 both noted the
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good speed control but also considered the y interactions when giv-
ing theirratings. This led to CHRs of 2 and 3 for 10-kn demands and
CHRs of 3 and 4 for 20-kn demands. The poorerratings were a result
of the coupling of V¢ demands into y and therefore height. Both
pilots 2 and 3 also noted a slight overshootin V. Figure 9 shows
that the V't response appears to have a time delay of around 0.8 s.
Examination of the actuator time histories showed that this delay
mostly resulted from the dead band (3 deg) of the nozzle actuators
resulting in a 0.5-s delay in nozzle reaction to controller demands.
Additionally, it was found that the size of the delay depends on the
initial nozzle position. Figure 9 also shows the y response to the
V't changes. There is significant coupling into ¥ with a maximum

drop of greater than 1 deg for 10-kn demands and greater than 2 deg
for 20-kn demands. Unexpectedly, this coupling into y is negative
for both positive and negative speed changes, leading to height re-
ductions of approximately 4 and 8 m, respectively. Improvements
in the level of y interaction could be achieved by reducing the rate
limit on V't below its current value of 10 kn/s. Alternatively, fu-
ture designs could control a blend of 7 and y, thereby explicitly
controlling flight-path angle rather than just flight-path angle rate.
Figure 10 also shows the o and 0 response to the demands in V.
The variationsin a are larger than for the 7 demand tasks butare still
below the maximum incidence limit of 12 deg. The 0 variation for
the V¢ demand was again greater than that caused by the y demand,
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Table 2 Piloted simulation trial results for V¢ demands

\%3 Gamma
Pilot demand, kn demand, deg CHR

Pilot comments

1 80+ 10 0 1 Snappy V't response

1 80+ 20 0 1 Slightcross coupling with theta
Nothing to do but set throttle
Ratings didn’t really consider the

gamma interactions

2 80+ 10 0 2 A little overshoot

2 80+ 20 0 3 Coupling into gamma

3 80+ 10 0 3

3 80+20 0 4 A little overshoot

Increased coupling
with gamma
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butstill small enough to be acceptableto the pilots. Figure 11 shows
that for 10-kn demands on V¢ none of the engine limits were ex-
ceeded, but the 20-kn doublet maneuvers caused the T10 limit to be
broken.

To examine the effect of simultaneous demands on V¢ and 7,
additional pilot tasks involving demands on y during both steady
climbing and steady descending flight were performed. These tasks
were performed by only one pilot, and no CHRs were recorded.
Comments from the pilot together with analysis of the trial data
confirmed, however, that similar handling qualities were attained,
with maximum coupling of V¢ demands into y of the order of
1.5degduringbothsteady climbingand steady descendingflight. V ¢
demands were tracked to a good level of accuracy, and the variation
in anever exceeded 1 deg. Variations in 6 were approximately 3 or
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4 deg during 20-kn velocity changes. However, both the T10 and
NLPC engine limits were exceeded for 20-kn steps during climbing
flight. The 20-kntask duringdescendingflightalsoexceededthe T10
limit but to a lesser extent, and the other limits were preserved. The
final task performed was simultaneous demands on y and Vt. The
controller tended to accelerate the aircraft toward the V¢ demand
before satisfying the y demand. As flight path would normally be
given priority over V¢, this indicates the need for an explicitmethod
of prioritizing the demands on the controller.

During the course of the workup to the trial and during the trial
itself, a problem with the FNOZ and RNOZ became evident. In the
standard Harrier aircraft both front and rear nozzles are fixed at the
same angle. However, for the current study the nozzle angles were

allowed to vary independently. In general it was found that during
a maneuver the front and rear nozzle angles would transiently vary
independentlyand then return to the same value as another trim state
was reached. However, after large demands in V¢ or 7, especially
at higher than design speeds, the controller sometimes trimmed the
aircraft with the nozzles at different angles. This can be seen in
Fig. 8 where the front and rear nozzles come to rest approximately
5 deg apart. Once the nozzles had splitin a steady flightregime, they
tended to drift further apart over time with the result that they began
to oppose each other. Although this effect was noted more often
after V't or y tasks at higher than design speeds, it also occasionally
occurred at the 80-kn design point after attempting to level out or
descend after a steep climb. This demonstrated that the nozzle angle
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drift is not merely a robustness issue. The cause of this behavior is
the subject of current investigation by the authors.

The design choice of limiting the values of the engine parameters
T10, NLPC, HPSM, and LPSM by including them as controlled
variables proved to be quite successful at both the 80-kn design
speed and at 60 kn. The variable T10 was seen to occasionally ex-
ceed its limit at 80 kn, but this could probably be addressed by
tightening its control via adjustment of the H> weighting func-
tions. The additional engine variables detailed in Sec. III, which
were not controlled directly, also generally stayed within their re-
spective limits. However, at speeds of 100 kn or greater the strategy
was less successful, with some variables transiently breaking their
limits during maneuvers. This indicates the need for an additional
nonlinear control scheme to guarantee hard limits, for example, by
using a multimode switching strategy as in Ref. 15. For implemen-
tation purposes IFPC systems also generally need to be partitioned
into lower-order subcontrollers, as discussed in Refs. 14 and 16.
The development of general partitioning methods for centralized
‘H* loop-shaping controllers is the subject of current research by
the authors.

VII. Conclusions

Anintegratedflight and propulsion control system was developed
for a STOVL aircraft concept, based on the WEM model of the
Harrier airframe with a Rolls-Royce Spey engine power plant. The
IFPC system was designed using the method of H® loop-shaping
and was required to fully integrate the aircraft airframe and engine
subsystems by 1) making optimal use of various propulsion system
effectors for aircraft maneuvering control and 2) taking account of
limits on safety critical engine variables as part of the overall two-
inceptor control strategy. Robustness and handling qualities char-
acteristics of the IFPC system were evaluated in piloted simulation
trials. Level 1 flying qualities were attained for maneuversin V¢ and
y at the 80-kn design speed. Controllerrobustnessand performance
at lower speeds was good with no change in the CHRs. At speeds of
100 kn or greater, the y response became less predictable, and the
CHRs were typically increased to give level 2 flying qualities, indi-
cating the need for a suitable scheduling strategy to retain desired
handling qualities over the full flight envelope.
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