
JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS

Vol. 23, No. 3, May–June 2000

Accommodating a Class of Actuator Failures
in Flight Control Systems

R. A. Hess, ¤ W. Siwakosit,† and J. Chung‡

University of California, Davis, Davis, California 95616

A technique for the design of � ight control systems that can accommodate a set of actuator failures is presented.
As employed herein, an actuator failure is de� ned as a change in the parametric model of the actuator that can
adversely affect actuator performance. The technique is based on the formulation of a � xed feedback topology
that ensures at least stability in the presence of the failures in the set. The � xed compensation is obtained from
a loop-shaping design procedure similar to quantitative feedback theory and provides stability robustness in the
presence of uncertainty in the vehicle dynamics caused by the failures. System adaptationto improve performance
after actuator failure(s) occurs througha static gainadjustment in the compensator followed by modi� cation of the
system pre� lter. Precise identi� cation of the vehicle dynamics is unnecessary. Application to a single-input/single-
output design using a simpli� ed model of the longitudinaldynamics of the NASA High-Angle-of-Attack Research
Vehicle is discussed. Non-real-time simulations of the system, including a model of the pilot, demonstrate the
effectiveness and limitations of the approach.

Introduction

T HE requirements that will accompany the design of future,
high-performance aircraft, whether inhabited or uninhabited,

will likely include some ability to automaticallyrecon� gure the air-
craft � ightcontrolsystemto accommodatecontroleffectorfailure(s)
and/or damageto the airframeitself.The adventof uninhabitedcom-
bat air vehicles1 ¡ 4 will certainly increase research activity in this
area, as will recent emphasis on airline safety.5 Thus, the design of
recon� gurable or restructurable� ight control systems is of continu-
ing importance to the research community. Recon� gurable control
systems are those possessing the ability to accommodate system
failures automatically through on-line self-modi� cation. Recon� g-
urable control is a challenging design problem, as it usually entails
failure detection, system identi� cation, and on-line controller re-
design. A sampling of this research can be found in Refs. 6–15.

The design philosophy to be discussed herein will be applied to
the problem of failure of one or more of the actuators that drive the
thrust/aerodynamic effectors in a � ight control system, for exam-
ple, elevatorand thrust-vectoringnozzles.Attention will be focused
on maintaining stability and performance in the presence of these
failures. The � ight control scenario to be examined assumes that
the human pilot is controlling the vehicle when failure occurs and
will resume control after recon� guration is completed. Although
actuator failures constitute only a subset of possible damage that
can occur to a � ight vehicle, the ability to accommodate such dam-
age in a � ight control system is pertinent for the following reason:
The control effectors that the actuators drive are powerful force and
moment producers.Thus, if a design methodologycan provide sta-
bility and performancerobustness in the presence of failure of these
devices, there is reasonable hope that it can serve as a candidate
recon� gurable design methodology for other classes of problems,
for example, airframe damage.

Conceptually,the designapproachto be discussedis considerably
less complex (and admittedly less mathematically sophisticated)
than others that have been proposed (e.g., Refs. 6–15) in that much
of the � ight control system remainsunchangedin the presenceof the
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actuator failure. This design philosophy was pursued for simplicity
and for its reliance on proven frequency-domaindesign techniques.
It may be hyperbole to refer to the adaptive formulation employed
here as a recon�gurable control system; however, for the sake of
brevity, this will be done.

Approach
Design Preliminary Considerations

The researchto be describedwill � rst concentrateon ensuringthat
the aircraft stability and command augmentation system (SCAS) is
as robust as possible to the effects of actuator failure(s). This im-
plies requiring at least stability in the presence of the failures to
be considered and will depend on the existence of redundant aero-
dynamic/propulsive control effectors, that is, effectors that provide
control authority comparable to that of the effector(s) whose actua-
tor(s) has failed. Although the existence of redundanteffectorsmay
seem to be a signi� cant requirement, the recon�guration technique
being discussed is intended to accommodate complete as well as
partial failure of actuators. An important part of the design proce-
dure for the undamaged aircraft is the inclusion of software rate
limiters, whose purpose is to improve system performance when
actuator saturation occurs. The design and utility of such software
rate limiters have been discussed in the literature.16

Design Philosophy
The philosophy behind the design approach rests on the es-

tablished tenet that careful application of frequency-domain loop-
shaping techniques can provide a SCAS (with � xed compensator)
that exhibits stability and performance robustness in the presence
of signi� cant uncertainty in the dynamics of the vehicle being con-
trolled.An attempt to extend thisapproachto encompassuncertainty
brought about by actuator failures would likely produce compen-
sators with unacceptably high bandwidth. However, reducing the
requirements on the compensator to providing stability and per-
formance robustness for the undamaged vehicle and only stability
robustnessfor the damaged vehicle can offer a signi� cant reduction
in required system bandwidth. Creating an adaptive system with
a modest amount of recon� guration capability would allow some
of the performance robustness, lost in the failures, to be regained.
Thus, the approach to be discussed will distribute the responsibility
for accommodatingactuator failures between a � xed compensation
element or elements and a relatively simple adaptive system.

Design Framework
Figure1 isa diagrammaticrepresentationof thedesignframework

to be pursued. Note that full-envelope design is the goal. One be-
gins with a set of healthyaircraftmodels (i.e., thosewith undamaged
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Fig. 1 Framework for recon� gurable � ight control system design.

actuators) at the � ight conditionsrepresentativeof the vehicle’s op-
erational envelope. To this set is appended the failed aircraft mod-
els, that is, those with damaged actuators. Performance goals for
the healthy aircraft are established that ensure satisfactoryhandling
qualities with no tendencies for pilot-inducedoscillations.Analyti-
cal means addressing these latter design constraints are available.17

Failure detection will not be addressed in what follows. It will be
assumed that the failure of an actuator(s) will be detected, either by
health monitoring of the devices themselves or through anomalies
in the vehicle response to command inputs. The nature of the fail-
ures and the particular actuator(s) involved will not be assumed to
be known. Finally, the design and simulation utilize a simple per-
turbation model of the aircraft. This simpli� cation was felt to be
warranted in this study because a SCAS, albeit one with damaged
actuators, will always be in operation, thus mitigating the effects of
trim changes that could occur with actuator damage.

Predesign Technique
A quantitative feedback theory (QFT) predesign technique

(PDT)18 is employed and � ight control laws (compensation ele-
ments) are created with the PDT that attempt to 1) meet the per-
formance goals for the undamaged aircraft, 2) ensure stability for
the damaged aircraft, and 3) minimize the necessity of dynamic
recon� guration, that is, that requiring changes in the dynamic com-
pensationelements of the SCAS. The possibilityof gain scheduling
with � ight condition is included with the aim of reducingcontroller
bandwidths. Finally, and if necessary, a formal QFT design can be
undertakenin which the approximatecontrol laws obtainedwith the
PDT are evaluated and modi� ed, if necessary.18 Note that, as with
anyQFT design,stabilitycanbeguaranteednot just for thosefailures
that are explicitly included in the failed set, but for any failures that
exhibit dynamics with magnitude and phase characteristicsthat fall
within the boundsde� ned by the members of the original failure set.

Adaptive Logic
Although the � nal QFT design will ensure satisfactory handling

qualities and immunity to pilot-induced oscillation (PIO) for the
healthy aircraft, only stability will be sought with the damaged
aircraft. Hence, an adaptive system is created for the purpose of
recoveringas much performanceas possibleunder conditionsof ac-
tuator failure. Concentratingon a single-input/single-output(SISO)
system [or a single loop of a multi-input/multi-output (MIMO) sys-
tem] for the purposes of exposition, the adaptive logic consists of

two parts. The � rst part is simply a static gain that multiplies the
compensatorobtained from the PDT approach(that emulatesa QFT
design). The multiplicative term is adjustedbased on the system re-
sponse to a test input. The ability of a single, variablegain to ensure
stabilityof the pilot/vehiclesystems is a result of the PDT approach.
The second part of the logic involvesa recon� guration of the SCAS
pre� lter as a lead-lag element with parameters also dependent on
the system response to the test input. This recon�guration recoups
SCAS bandwidthlost when stability is maintainedthroughthe static
gain variation just described.

The adaptive logic is implemented as follows: After detection of
a failure, a test square-waveinput is applied to the SCAS (with pilot
inputs eliminated). A simple classi� cation technique is employedin
which responsesare � rst characterizedas oscillatory(positiveover-
shoot) and nonoscillatory(negative overshoot, that is, no overshoot
and sluggish response). Based on this classi� cation, the static gain
term is varied until the responses meet a percent overshoot (PO)
criterion, for example, POmin ·PO ·POmax. The time from the ini-
tiation of each pulse of the square wave to the response variable’s
achieving its maximum value is used to determine the form of the
pre� lter lead term. As just described, the recon� guration formula-
tion appears very ad hoc in nature. However, it is based on relatively
simple, time- and frequency-domain relationships that can be ex-
amined in real time as part of the adaptive logic.

Simulation
Non-real-timeandpilotedsimulationcompletethedesignprocess

outlinedin Fig. 1. In the formersimulationcategory,realisticmodels
of pilot tracking behavior should be included.

Example
Design Overview
Predesign Technique

A brief example of a SISO system can be offered that demon-
strates the design procedure. Figure 2 shows the former NASA
High-Angle-of-AttackResearch Vehicle (HARV). For the purposes
of this example, attention is focused on longitudinal pitch control
with redundant effectors consisting of the elevator (stabilator) and
pitch-thrust vectoring. For brevity’s sake, only a single � ight con-
dition is employed here. Thus, the performanceboundsone � nds in
a typical QFT design are not employed. Figure 3 shows the pitch-
rate � ight control system diagram and pilot-loop closure for pitch-
attitude tracking.

The predesign technique can be brie� y summarized as follows.
The compensator Gc(s) is chosen as

Gc(s) = x c / s ¢ 1ê
£
(q / uc) j nom ¢ (s /15 x c + 1) p

¤
(1)

where x c is the crossover frequencyof the SCAS loop transmission
q / qe, (q / uc) j nom is the q to uc transfer function for the undamaged
vehicle, and p is the excess of poles over zeros in (q /uc) j nom with
the transfer functions de� ned in Fig. 3.

The minimum crossover frequency is the found for which 1) the
variation in j (q /qc)( j x ) j is satisfactory for the undamaged vehicle

Fig. 2 NASA HARV.
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Fig. 3 Pitch-rate SCAS and pilot/vehicle system.

given uncertainty introduced by considering different � ight condi-
tions and/or by errors in the vehicle model; 2) rejection of constant
disturbances injected at the actuator inputs is minimized, thus min-
imizing the effects of nonzero null failures of the actuators; and 3)
q /qc is stable for all actuatorfailures considered.Pre� lter dynamics
F(s) are then selectedto yieldpredictedlevel one handlingqualities
with no PIO susceptibility for the undamaged vehicle. Care must
obviouslybe taken in employing Eq. (1) if (q /uc) j nom is unstableor
possesses right-half plane zeros (neither of which occurred in this
example). In the former case, x c must be greater than the real part of
the unstablepole with the most positive real part, and pole-zerocan-
cellation with the plant must be avoided, whereas in the latter case,
x c must be less than the real part of the nonminimum phase zero
with the most positive real part, and again, pole-zero cancellation
with the plant must be avoided.

Appendix A gives the vehicle and (healthy) actuator dynam-
ics, taken from Ref. 19. In addition, characteristics of the cockpit
force/feel system to be included in the pilot/vehicle simulation are
given. Also note that rate and amplitude limiting were included in
the actuator models. Appendix B lists the actuator failure charac-
teristics. A set of 35 combinations of actuator failures de� ne the
damaged vehicle set. This set includes the undamaged or healthy
aircraft. It must be emphasized at this juncture that, with the excep-
tion of zero values for the gains KE and KT (null failures of the
actuators) the parametric variations indicated in Appendix B do not
representrealisticmodels of speci� c actuatorfailuremodes.Rather,
they represent a convenient means of introducing signi� cant mag-
nitude and phase variations in the linear description of the actuator
dynamics for the sake of exposition. Figure 4 shows the Bode dia-
grams of the transfer functionsq /uc from Fig. 3 with the 35 failures.
Note the 20-dB variation in magnitude and the phase variation at
10 rad/s exceeding 270 deg. Compensation and pre� lter elements
Gc(s) and F (s) were obtained using the PDT of Ref. 18 ensuring
that thecriteriadescribedearlierwere satis� ed.This meantpredicted
level one handling qualities and no predicted PIO tendencies with
the undamagedaircraft and stabilitywith the damaged aircraft,with
the potentialof crossover-frequencyvariation(througha multiplica-
tive gain) stabilizing the SCAS. The handling and PIO predictions
were accomplishedusing the pilot modeling proceduredescribed in
Ref. 20. The resulting G c(s), and F (s), and x c were

Gc(s) =
¡ 20.2[s2 + 2(0.35)1.12s + 1.122][s2 + 2(0.6)20s + 202][s2 + 2(0.69)30s + 302]

s(s + 0.493)[s2 + 2(0.606)21.14s + 21.142](s + 37.5)3
, F (s) =

0.3s + 1
0.1s + 1

, x c = 2.5 rad/s

(2)

The complexity of Gc(s) is due to the PDT that involves inversion
of the plant dynamics (including actuators) as indicated in Eq. (1).
Simpli� cation of Gc(s) is possible, but was not pursued herein.
Figure 5 shows the Bode diagram of G c(s). Because j G c( j x ) j does
not increasebeyond the 2.5 rad/s crossoverfrequency,a modest cost
of feedback is involved.18

Software Rate Limiters and Control Distribution Matrix
The software rate limiters will be discussed only brie� y herein.

These devices have shown promise for improving performance in

Fig. 4 Bode plots of transfer functions of vehicle plus actuators with
actuator failures.

the presence of actuator saturation under normal operation,16 and
have thus been includedas part of the SCAS design.For their imple-
mentation the software limiters require a control distributionmatrix
K that distributes the single pseudocontrol uc to the two actuators,
one commanding stabilator position and the second commanding
pitch thrust nozzle position. For rate limiter implementation, each
row ofK containsonly a singlenonzeroentry equal (or proportional)
to the magnitude of the rate limit of the actuator that it affects. In
the relatively simple example here, K is thus chosen as

K =

µ
1

1

¶
(3)

The software limiters are implemented so that the maximum rate
command to either actuator does not exceed its rate limit, here
60 deg/s for either actuator as indicated in Appendix A. Note that
the differentiating s in Fig. 3 is always subsumed into the strictly
proper Gc(s).

Fixed Compensation
Figure 6 shows the SCAS loop transmissions (q / qe in Fig. 3) for

the 35 failures on a Nichols chart. Note that closed-loop stability is
in evidence. For comparison, curve a in Fig. 7 is a similar diagram
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Fig. 5 Bode plot of PDT compensator Gc(s).

Fig. 6 Nichols chart plot of SCAS loop transmissions for damaged
aircraft.

Fig. 7 Nichols chart plot of SCAS loop transmissionsfor a)undamaged
aircraft, b) damage not in modeled set, and c) damage outside bounds
of modeled set.

for the undamaged aircraft. Figure 8 demonstrates the extreme vari-
ation in closed-loop behavior of the SCAS that occurs with failed
actuators. Here, the SCAS step responses (q –qcp from Fig. 3) for
all the failure cases are shown. By contrast, Fig. 9 shows the step
response for the undamaged aircraft.

Adaptive Logic
As alluded to in the preceding section the adaptive logic that

de� ned the recon� gurable system was predicated on real-time ex-

Fig. 8 SCAS step responses (q–qcp ) for damaged aircraft.

Fig. 9 SCAS step response (q–qcp ) for undamaged aircraft.

aminationof thepitch-rateresponseq(t ) to a square-wavecommand
injectedas shown in Fig. 3, with pilot inputs excludedfrom the sys-
tem. Based on the bandwidths of q /qc for the failed systems with
the � xed compensation of Eq. (2), the duration of each pulse of
the square wave was selected as 4 s, with the � rst 2 s of the re-
sponse to each pulse examined in the adaptive system. The static
multiplying term included in Gc(s) was (1 + K D ) where K D was
initially zero. K D was then varied in the followingmanner: If the re-
sponse to the square-wave pulse indicated negative overshoot, then
K D was increased. If the response indicated an overshoot, K D was
decreased. A negative overshootwas de� ned as no overshoot and a
value less than the commanded value 2 s from the initiation of the
square-wavepulse. The adaptive logic was such that changes in K D

were inversely proportional to the amount of overshoot (positive or
negative) as follows:

K D(0) = §0.1

K D1 (kT ) = KD [(k ¡ 1)T ] § 1

j 0.05 ¢ PO j

Kd (kT ) = §min
©
ê
ê K D1 (kT ) êê , 1.2 ¢ j K D[(k ¡ 1)T ]j

ª
(4)

with the + or ¡ sign dependent on whether a positive or negative
overshootwas in evidence.Equation (4) implies that after the initial
0.1 value, changes in K D were relatively small early in the adaptive
procedure.This was done for the following reason: It is possiblethat
large turbulence disturbances could mask the nature of the q-step
response of the vehicle. Thus, a K D change of incorrect sign could
occur early in the adaptation. If this incorrect change were large
enough, the SCAS could be destabilized. The overshoot criterion
that determined whether recon� guration was to be initiated, and, if
initiated, when it should be terminated was

¡ 5% · PO · 10% (5)

Selection of POmax and POmin was based on the desire to allow K D

variation to providemost of the transient response improvement for
the SCAS.

The pre� lter recon� guration was employed to improve the tran-
sient response characteristicsof q / qcp beyond that obtainable with
variation in the SCAS compensatorgain (1 + K D ) alone. It involved
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Fig. 10 De� nition of q response effective time constant.

� rst removing the pre� lter of Eq. (2) when a failure had been de-
tected, that is, setting F (s) = 1.0. After the � nal K D value had been
obtained, a new pre� lter was inserted in the system, given by

F 0 (s) =
[(TM /4)s + 1]2

(0.1s + 1)2
(6)

where TM is the effective time constantof the q response. In Eq. (6),
TM was the time after recon� guration when the response variable
q achieved its maximum value within the duration of any pulse of
the square-wave input (or 2.0 s, whichever was smaller). This TM

de� nition is shown in Fig. 10 positive and negative overshootcases.
Equation (6) was obtainedby � rst approximating the bandwidth x B

of q /qc as

x B ¼ 4/ TM (7)

Two simplezerosfor thepre� lter F 0 (s) were thenplacedats = ¡ x B .
The F 0 (s) given by Eq. (6) implies ampli� cation of the pilot’s com-
mand in the frequency range beyond4/ TM . This ampli� cation is at-
tributableto the severenatureof the failuresin themodeledset,many
of which introduced large, serial time delays in the SCAS. Thus, the
characteristics of F 0 (s) are a necessary part of the price to be paid
for recon� gurationwith the present scheme. Note that the impact of
this ampli� cation will be a function of q /qc with failed actuators.

Simulation
Pilot Model

The ef� cacyof thedesign techniquejustoutlinedwas investigated
in a non-real-timesimulation.A realisticpilotmodel was included20

with dynamics based on the undamaged vehicle. A crossover fre-
quencyof 1.5 rad/s was selectedas representingaggressivetracking
behavior. The pilot model took the form

Yp(s) =

2.5 ¢ 105 ¢ e ¡ 0.2s

[s2 + 2(0.146)14.1s + 14.12][s2 + 2(0.778)28.9s + 28.92]
(8)

After recon� guration, the pilot model gain was adjusted so as to
maintain the original 1.5 rad/s crossover frequency. This is equiv-
alent to limiting pilot adaptation to the recon� gured dynamics (or
damaged dynamics in the case where no recon�guration is allowed)
to a change in gain. In practice, it would be advisable to reduce
the pre� lter gain (say by 50%) as part of the recon� guration so
as to minimize the possibility of PIO tendencies. Gain reductions
such as this have been linked to the elimination of PIOs in some
pilot-in-the-loopsimulations.21

Tracking Task
The pitch-attitude tracking task of Fig. 3 was simulated wherein

the pilot closed a pitch-attitude loop, with qcp serving as the pilot
command to the SCAS. A pseudorandomsum of sinusoidsprovided
the tracking command h c . The root-mean-squarevalue of this com-
mand was 5.7 deg (0.1 rad). In addition, turbulence was included

in the simulation by injecting a random pitch-rate disturbance with
an rms value of 0.57 deg/s (0.01 rad/s) into the vehicle pitch-rate
response.During recon� guration, no pilot inputs were allowed. Af-
ter recon� guration, the pilot model resumed tracking the sum of
sinusoids command as just described.

Simulation Examples
System performance was evaluated for each of the 35 failures.

Space permits only a discussion of two of the most extreme cases.
Figure 11 shows the pilot/vehicle tracking performance for the un-
damaged vehicle. Figure 12 shows the performance after recon�g-
uration for a failure in which the thrust nozzle actuator fails com-
pletely (in the null position) and the stabilatoractuatorsuffersa 50%
reduction in effectivenessor steady-state gain. Figure 13 shows the
performance without recon� guration. As mentioned earlier, when
no recon� guration was allowed, the pilot/vehicle crossover fre-
quency was still adjusted to maintain the 1.5 rad/s crossover fre-
quency after failure. This permitted a fair comparison with the
tracking performancewhen recon�guration was allowed. Figure 14
shows the recon�guration responses to the failure of Fig. 12, and
Fig. 15 shows the corresponding increments in, and � nal value
for, K D . Figure 16 shows the pilot/vehicle tracking performance
following a failure in which the thrust nozzle actuator has again

Fig. 11 Pilot/vehicle pitch-attitude tracking performance for undam-
aged aircraft.

Fig. 12 Pilot/vehicle pitch-attitude tracking performance for damaged
aircraft after recon� guration: thrust actuator failed completely, stabi-
lator with 50% effectiveness.

Fig. 13 Pilot/vehicle pitch-attitude tracking performance for aircraft
damaged as in Fig. 12 but no recon� guration.
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Fig. 14 Recon� guration responses for aircraft damaged as in Fig. 12.

Fig. 15 KD variation during recon� guration of Fig. 12.

Fig. 16 Pilot/vehicle pitch-attitude tracking performance for damaged
aircraft after recon� guration: thrust actuator failed completely, stabi-
lator with added 0.2-s delay.

failed completelyand the stabilatoractuatorhas a damaged-induced
0.2 s added time delay. In this case, when no recon� gurationwas al-
lowed, thepilot/vehiclesystemwas unstable.Before recon� guration
for the two cases just presented, the q –qc responses of the damaged
vehicles were sluggish and highly oscillatory, respectively. In the
recon� gurations for these two failures, TM in Eq. (6) was 2.0 s. In
the � rst of the recon� gurations, the elapsed time from beginning to
end of recon�guration until the � nal K D value was obtained was
12 s, whereas for the second, the time was 36 s. The average recon-
� guration time for all 35 con� gurations was 25.2 s, with the longest
being 68 s. This average did not include those cases (11 in number)
for which no recon� guration was necessary, that is, the damaged
vehicle was found to meet the overshoot requirements of inequal-
ity (5). Performancewas always found to improve with the adaptive
system when recon�guration was found to be necessary.

Of interest is the simulation of a failure that was not a member
of the modeled set. As mentioned earlier, the only constraint here
is that the diagram of the loop transmission q / qe of the unmodeled
failure must lie within the bounds of the loop transmissions of all
of the modeled cases on the Nichols chart. Curve b in Fig. 7 shows
one such unmodeled failure that meets this criterion. In this failure
the thrust nozzle actuator fails completely, the steady-state gain of
the stabilator actuator increases by 50%, and the undamped natural
frequency of the actuator is reduced from 30 to 10 rad/s. Figure 17
shows the tracking performance of the pilot/vehicle system with

Fig. 17 Pilot/vehicle pitch-attitude tracking performance for damaged
aircraft not in modeled set, no recon� guration required.

Fig. 18 Pilot/vehicle pitch-attitude tracking performance for damaged
aircraft assuming actuator health monitoring.

this failure. In this instance, the criterion of inequality (4) was met
without recon� guration, and so the SCAS and pre� lter dynamics
remain unchanged. The tracking performance is seen to be quite
satisfactory.

Also of interest is the simulationof a failure in which the resulting
loop transmission is neither among the modeled set nor within the
boundsof the modeled set in Fig. 6. One such failure was studied in
Ref. 22 and represents a case in which the position feedback loop
of the actuator was opened. With this failure the actuator dynam-
ics are those of a velocity rather than a position servomechanism.
Thus, an additional integrationis introducedinto the loop. This fail-
ure was implemented on the stabilator actuator here. The resulting
loop transmission is shown as curve c in Fig. 7, where it is seen
to violate the bounds from Fig. 6. As the Nichols chart indicates,
the linear SCAS was unstable with this failure and recon� guration
was not possible. This example indicates one important limitation
of the methodology, that is, failures falling outside the bounds of
the modeled set may not be successfully recon� gured.

The failure just described could be accommodated within the
current methodology with suf� ciently fast actuator health moni-
toring. Actuators exhibiting signi� cant input/output abnormalities
(e.g., the 90-deg phase lag of the velocity servomechanism here)
could be taken off-line. This removal would then correspond to one
of the failure models (K E =0) and could be successfully recon�g-
ured. To demonstrate this, the failure with the open position loop on
the stabilator actuator was again simulated. Now, however, 2 s af-
ter the failure (simulating the detection time of a health monitoring
system) the stabilator actuator was taken off-line with the stabilitor
frozen at the angle achieved 2 s after the failure. The adaptive al-
gorithm was then initiated. Convergence was achieved in 68 s with
K D =2.219, and TD =2.0 s. Figure 18 shows the tracking perfor-
mance after recon� guration.Without recon�guration for this failure
but with the stabilator actuator taken off-line, the pilot/vehicle sys-
tem was unstable.

Utility of Software Rate Limiters
Because the software rate limiters have been included in the de-

sign methodology,and becauseno signi� cant rate limiting occurred
in the 35 failure con� gurations simulated, a simulation involving
arti� cially low actuator rate limits was conducted. These limits
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of 10 deg/s oneach of theactuatorswere consideredto be the charac-
teristics of healthy, undamaged actuators. One of the failure modes
considered earlier was again simulated in which the thrust actuator
failed completely and the stabilator actuator provided 50% effec-
tiveness. For the purpose of exposition, the pilot/vehicle response
to a step pitch command rather than the sum of sinusoids was in-
vestigated after recon� guration had occurred. Figure 19 shows the
response of the undamaged system. Figure 20 shows the responses
of the damaged system without and with recon�guration. Note the
improved performance with recon� guration. Figure 21 shows the
stabilator rate limiting occurring after recon� guration. This is not
rate limiting in the normal sense, however. The actuator is merely
being driven by the software limiter up to its maximum rate, but no
more.16 For the recon�gured case, K D =0.743, TM =2.0 s, and the
elapsedtimefrombeginningto endof recon� gurationwas 44 s. As in
the earlier examples, the pilot gain was adjusted to yield a 1.5-rad/s
crossover frequencyafter failures. The caveat here, however, is that
this gain adjustment was made on the linear system, that is, where
rate limiting was absent. Note that when the software rate limiters
were removed in the recon� gurable design the pilot/vehicle system
was unstableafter recon� guration.This emphasizes the importance
of including the software limiters in the control architecture.

Fig. 19 Pilot/vehicle pitch-attitude tracking performance for undam-
aged aircraft, with actuator rate limiting of 10 deg/s.

Fig. 20 Pilot/vehicle pitch-attitude tracking performance for aircraft
damaged as in Fig. 12, with actuator rate limiting of 10 deg/s, without
and with recon� guration.

Fig. 21 Stabilator rate after recon� guration.

Discussion
The relative long adaptationtimes with a numberof the failures in

which recon�gurationoccurreddeserves some comment.The adap-
tive logic for changing K D is quite rudimentary,and no attempt was
made to improve the speed of convergencefor this study. Although
the requirement of SCAS stability in the event of failure eliminates
the necessityof very rapid recon� guration,improvementis certainly
warranted in this area and is currently being pursued. Note, how-
ever, that SCAS performance is improving at each iteration of the
adaptive logic. The process could be terminated prematurely by the
pilot if he/she so desires. Finally, the longer adaptation times were
typically associated with the most severe of the actuator failures in
which pilot/vehicle instabilityresultedwhen no recon� gurationwas
undertaken.

The extension of the technique discussed herein to MIMO sys-
tems is straightforward in theory. Test inputs would be alternated
between control loops in the MIMO application, with the obvious
penalty being increased adaptation times. As mentioned earlier one
disadvantageof the methodology lies in the high-frequencyampli-
� cation of pilot inputs created by the recon�gured pre� lter F 0 (s).
Reference 23 discusses a MIMO application in which the feedback
topology is changed from that of Fig. 3 and in which the adaptation
is made much more quickly. The possibility of biodynamic feed-
back through the control effector is a concern in these cases,24 as is
the possibility that the recon� gured pre� lter may increase the dele-
terious effects of damaged actuatorswherein the damage affects the
rate limit of the device.Finally, althoughthe recon�gurationscheme
allows recapture of much of the performance lost through actuator
failure, it is doubtfulwhether the methodologycan providelevelone
handlingqualities for all the failures in the cases that were modeled.

Conclusions
1) A QFT-based loop shaping design technique can offer an ap-

proach to recon� gurablecontrolsystemswhen combinedwith adap-
tive logic that recovers performance lost in the failure.

2) If a class of failures can be de� ned, compensators can be de-
signed to maintain stability in the presence of these failures. Iden-
ti� cation of system dynamics in the presence of the failures can be
avoided.

3) The primary disadvantagesof the approach are a) the iterative
and time-consumingexaminationof vehicleresponsecharacteristics
in the adaptation process and b) the fact that failures outside the
bounds of those considered in the class may not be amenable to
successful recon� guration.

Appendix A: Nominal Vehicle Model
Nominal � ightconditionat altitudeof 30,000ft andMachnumber

of 0.6

Çx(t) = Ax(t) + Bu(t), x(t) = [a (t ) q(t )]

where a is angle of attack,deg; q is pitch rate, deg/s; d E is stabilator
angle, deg; and d TV is thrust vector angle, deg and

A =

µ
¡ 0.5088 0.994

¡ 1.131 ¡ 0.2804

¶
, B =

µ
¡ 0.9277 ¡ 0.01787

¡ 6.575 ¡ 1.525

¶

The actuator descriptions are, for the stabilator,

302 / (s2 + 42.4s + 302)

where the amplitude limit is §30 deg and the rate limit is 60 deg/s.
The thrust vector is

202 / (s2 + 24s + 202)

where the amplitude limit is §30 deg and the rate limit is 60 deg/s.
The cockpit force/feel system dynamics are written

252 / (s2 + 35s + 252)
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Appendix B: Actuator Failure Models
In the case for the stabilator

302 / (s2 + 42.4s + 302) ¢ K E e ¡ s Es

0 · K E · 1.0, 0 · s E · 0.4 s

and for the thrust vector

202 / (s2 + 24s + 202) ¢ KT e ¡ s T s

0 · KT · 1.0, 0 · s T · 0.4 s

There are 35 actuator failures created by varying KE , KT , s E , and
s T .
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