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This paper presents a recent study of a damaged generic trapsrt model as part of a NASA research
project to investigate adaptive control methods for stabity recovery of damaged aircraft operating in off-
nominal flight conditions under damage and or failures. Aeralynamic modeling of damage effects is performed
using an aerodynamic code to assess changes in the stabilityd control derivatives of a generic transport
aircraft. Certain types of damage such as damage to one of theings or horizontal stabilizers can cause
the aircraft to become asymmetric, thus resulting in a couphg between the longitudinal and lateral motions.
Flight dynamics for a general asymmetric aircraft is derived to account for changes in the center of gravity that
can compromise the stability of the damaged aircraft. An iteative trim analysis for the translational motion
is developed to refine the trim procedure by accounting for tle effects of the control surface deflection. A
hybrid direct-indirect neural network, adaptive flight con trol is proposed as an adaptive law for stabilizing the
rotational motion of the damaged aircraft. The indirect adaptation is designed to estimate the plant dynamics
of the damaged aircraft in conjunction with the direct adaptation that computes the control augmentation.
Two approaches are presented: 1) an adaptive law derived fra the Lyapunov stability theory to ensure that
the signals are bounded, and 2) a recursive least-square ninetd for parameter identification. A hardware-in-
the-loop simulation is conducted and demonstrates the efééiveness of the direct neural network adaptive flight
control in the stability recovery of the damaged aircraft. A preliminary simulation of the hybrid adaptive flight
control has been performed and initial data have shown the ééctiveness of the proposed hybrid approach.
Future work will include further investigations and high-fi delity simulations of the proposed hybrid adaptive
flight control approach.

[. Introduction

Aviation safety research concerns with many aspects of salfable flight performance and operation of today’s
modern aircraft to maintain safe air transportation forttgeling public. While air travel remains the safest motle o
transportation, accidents do occur in rare occasions #raedo remind that much work is still remained to be done
in aviation safety research. American Airlines Flight 58ustrates the reality of hazards due to structural fadure
of airframe components that can cause a catastrophic lossndfol> Not all structural damages result in a loss
of control. The World War Il aviation history filled with marstories of aircraft coming back home safely despite
suffering major structural damage to their airframes. Régethe DHL incident involving an Airbus A300-B4 cargo
aircraft in 2003 further illustrates the ability to maimia controlled flight in the presence of structural damage and
hydraulic loss

In damage events, significant portions of the aircraft®dgnamic lifting surfaces may become separated and as
a result this may cause the aircraft’s carefully designedereof gravity (C.G.) to shift unexpectedly. The combined
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loss of lift, mass change, and C.G. shift can manifest in atalde, off-nominal flight condition resulting from the
aircraft being out of trim that can adversely affect the ibilor an existing flight control system to maintain the
aircraft stability. In some other instances, aircraft'sda@ed structures may suffer losses in structural rigiditymay
develop elastic motions that can potentially interferdnaih existing flight control system in an unpredictable manne
Moreover, the load carrying capacity of damaged structorag also become impaired and therefore can potentially
result in excessive structural loading on critical liftisgrfaces due to flight control inputs by the unaware pilous/h

in a highly dynamic and difficult off-nominal flight envirorent with many uncertainties caused by damages to the
aircraft, the inner-loop flight control must be able to copghveomplex and uncertain aircraft responses that can
greatly challenge an existing flight control system.

Flight control of damaged aircraft in off-nominal flight aditions poses significant technical challenges in many
areas of disciplines including aerodynamics, structuyakdhnics, flight dynamics and control, as well as human fac-
tors. Thus, a comprehensive investigation from the aiténéégrated system perspective is needed to research and
develop adaptive flight control technologies that can bel useetrofit conventional flight control systems in order
to enable aircraft to achieve safe flight objectives. Thisyprehensive investigation would provide an integrated
approach to damage effect physics-based modeling andationlsafety-of-flight assessment, flight control and re-
covery, and adaptive system verification and validatiormBge effect physics-based modeling generates a knowledge
base for understanding the behavior of damaged aircrdfiqpeance in the areas of flight mechanics, aerodynamics,
and structural dynamics to address system interactions@rarious sub-systems such as aircraft dynamics, airframe
structures, engines, and flight control actuators. Usiiggkhowledge base, flight mechanics of the damaged vehicle
can be evaluated by flight simulation to assess classes dadgiathat can be recovered with different types of flight
control effectors. On-board modeling provides state assents of damaged aircraft in-flight that can be used to aide
pilot’s decisions and control. Adaptive flight control is idtical technology that enables damaged aircraft to recove
post-damage flight stability. Research in neural netwodpéide flight control provides a possibility for developing
an effective damage adaptive control strategy that cantddaglamaged aircraft to changes in the vehicle stability
and control characteristié<sEmergency flight planning and post-damage landing teclymedcare also investigated
to aide pilots with an intelligent decision support systendentify a suitable landing site, flight path planning unde
a reduced flight envelope, and ultimately a safe landing i@t strategy. While adaptive flight control has been
much researched, it has not been universally adopted irvthtam industry due to a number of software and stability
issues that are inherent with any adaptive flight contralesys Certification of these adaptive flight control systems
is a major hurdle that needs to be overcome. Thus, reseasactaptive system verification and validation is needed in
order to develop stability and certification requirementsfew adaptive flight control methods.

This paper focuses on the flight mechanics and the adapt diontrol of damaged aircraft. The damage nature is
primarily due to changes in the aerodynamic configuratiohefvehicle brought about by various modes of damage
that include airframe and flight control surfaces. Some ebéhtypes of damage can cause a rapid loss of vehicle
stability and control resulting from a significant loss df tiapability and/or a loss of control power. A flight dynamic
model for a damaged aircraft is developed to account fopuardamage effects including changes in aerodynamics,
mass, inertias, and C.G. A trim analysis is presented toleraapid estimation of new trim states to maintain
the aircraft flight conditions. Damage adaptive flight cohtnethods are developed to enable stability recovery of the
damaged aircraft. Research in the adaptive reconfiguradii €ontrol provides a method of risk mitigation for centai
types of damage. Recent advances in neural network, didegtiae flight control provide a foundation for much of
this research.*! 12 A hybrid direct-indirect adaptive control method is propd$o extend the current capability of the
neural network adaptive flight control. The hybrid adapteatrol includes an indirect adaptive law that performs an
on-line estimation of plant dynamics of the damaged aitcrhé stability of this indirect adaptive law is establidhe
by the Lyapunov stability theory. An alternative approazhlso presented whereby a recursive least-square method
is used for the parameter identification process.

[I. Damage Effect Modeling

A twin-engine transport-class generic aircraft is chossm alatform for the damage effect modeling. We will
refer to this notational aircraft as a Generic Transport MG TM). Fig. 1 is an illustration of the GTM. Damage
to an aircraft airframe and/or control surfaces can causaiticraft to be out of trim, which consequently can lead to
dynamic upsets of the aircraft flight states. Understantliegaircraft aerodynamic characteristics during a damage
event is critical to developing flight control strategiesttoe stability recovery of a damaged aircraft. In order &eas
the damage effects on the GTM, aerodynamic modeling is pagd to estimate the aerodynamic coefficients, and the

20f24

American Institute of Aeronautics and Astronautics



stability and control derivatives of the damaged GTM foli@as damage configurations under consideration. Damage
aerodynamic characteristics will then be incorporateal anflight dynamic model of the damaged aircraft that will be
used to develop adaptive flight control strategies. A cdiatodity study can be performed using the flight dynamic
model to determine which damage configurations are coabigland those that cannot be controlled.

The damage effect aerodynamic modeling is performed usimgrtex-lattice code developed at NASA Ames
Research Centér.This computational fluid dynamics modeling is capable ofidigpcomputing the aerodynamic
characteristics and control sensitivity of the damaged GilM to various flight control surface inputs. The damage
effects are modeled as partial losses of the left wing, lefizontal stabilizer, and vertical stabilizer, as showikig.

1. Wing loss represents one of the critical modes of damaaégita current focus of the research.

Fig. 1 - Generic Transport Model
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Fig. 2 - Aerodynamic Coefficients Due to Wing Lossat 12° andg = (0°

Fig. 2 shows the damage effect due to wing loss for the dam@déd. The effect of wing loss can be seen as a
significant source of loss of lift capability of a damagedwift as the lift coefficient can be reduced by as much as
25% for up to a 50% span loss of one of the wings. Changes inittleimg moment coefficient are also a result of
the wing loss. Changing lift and pitch moment causes theafirto be out of trim that leads to the inability for the
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flight control system to hold altitude and flight path angleor®bver, the aircraft lateral motion becomes a factor as
a significant side force and yawing moment develop withoytaileron or rudder input. This lateral motion causes
the longitudinal and lateral motions of the damaged ait¢oatouple, resulting in changes in the angular rates. The
stability of the damaged aircraft can be regained if suffic@ntrol powers are still available to overcome the rgllin
and yawing moments as well as to retrim the aircraft in thehpéixis.
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Fig. 3 - Control Derivatives Due to Wing Lossat= 12° andg = 0°

For an ideal symmetric aircraft, the aileron deflection @&ehe roll control with insignificant contribution to the
lift and pitching moment coefficients. The effect of wingdasuses the aileron deflection to induce a change in the lift
coefficient as well as a change in the pitching moment coefftsias seen in Fig. 3(a)-(b). The abrupt changes in the
lift control and pitch control derivatives are due to the giete loss of one of the ailerons for a wing loss that extends
beyond 25% span. The consequence of this is that the damageadtavould exhibit a pitch-roll coupling when the
ailerons are deflected asymmetrically. To maintain a traestthe flight control must compensate for the unwanted
pitch motion with the elevators. The situation is similar fioe elevator control as the effect of wing loss introduces
a change in the side force coefficient and a change in the gamoment coefficient as seen in Fig. 3(c)-(d). Thus,
a deflection of the elevators would result in a pitch-yaw dimgpthat must be compensated within the flight control
system by adjusting the rudder control accordingly. Beeafsthe asymmetry, the general motion of a damaged
aircraft is coupled in all the three axes. As a result, anyptda flight control strategy must be able to effectively
handle this cross-coupled effect.

[ll.  Flight Dynamics of Asymmetric Aircraft

The longitudinal motion of a symmetric aircraft is typigaymmetric with respect to the aircraft fuselage ref-
erence line. The lateral motion is uncoupled from the lardjital motion owing to the aircraft symmetry. For a
damaged aircraft, the symmetry may no longer be preserveendéng on the nature of the damage such as wing
damage. The asymmetry of the damaged aircraft thus causdsripitudinal motion and lateral motion to couple
together. Furthermore, the C.G. is shifted away fromuthez plane. The motion of an asymmetric damaged aircraft,
therefore, must be understood in order to evaluate any ftightrol design. To this end, we consider an asymmetric
aircraft with a C.G. offset from some reference locationta® in Fig. 4. The reference location is a fixed point
located at the coordinate, yo, zo) on the aircraft which may be taken as the original C.G. of th@amaged aircraft
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in order to maintain the same coordinate reference frame.Q.6. of the damaged aircraft can move relative to this
fixed reference point.
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Fig. 4 - C.G. Shift Relative to Reference Point O

The damage effect resulting from a wing loss creates a l&d@r shift in the pitch axig than in the other two
axes as shown in Fig. 5. This results in an additional rolimament that the flight control must be able to compensate
for using the available control surfaces in order to maimthe damaged aircraft in a trim state.
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Fig. 5 - C.G. Shift due to Wing Loss

A. Linear Acceleration

To understand the effect of the C.G. shift, the standardteansof motion for flight dynamics of a symmetric aircraft
must be modified to allow for the asymmetry. Assuming a flatkhemodel for a rigid body aircraft, the force vector
in the body-fixed reference frame of the aircraft is

dv d
FB—mE—i-E(wx/rdm)—W (1)
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T T
whereW = mg[ —sind codsing coFcosp } is the gravitational force vectowy = { p oq T } is the

aircraft angular rate vectar,= r + Ar is the position vector of the reference location suchthathe position vector

T
of the C.G. and\r = [ Az Ay Az } is the displacement vector from the C.G. to the referencatiog.
The aircraft mass is assumed to undergo a change so that

m=m"+ Am (2)

wherem* is the original mass of the aircraft addn < 0 is the mass change due to damages.
Assuming that the change in the mass of the aircraft is itesteous, the force vector then becomes
dv dw dAr
FB—ma—I—mEXAr—l—mwXT—W (3)
where d{ﬁ“ is the speed of the C.G. relative to the reference locatioistwis assumed to be small relativextcand
therefore may be neglected.
Transforming from the body-fixed reference frame to thetiabreference frame yields

F=Fp+mwxv 4)
Expanding Eq. (4) gives
X =m(u+ ¢Az — Ay — rv 4+ qw + gsind) (5)
Y =m (0 — pAz + Az + ru — pw — gcoFsing) (6)
Z =m (W + pAy — ¢Azx — qu + pv — gcoFCcosp) @)

The angular acceleration terms appearing in Egs. (5)-€/aaesult of the C.G. shift. Thus, the linear acceleration
of an asymmetric aircraft is coupled with its angular acadlen.

B. Angular Acceleration

We consider the angular momentum vector in the body-fixezteeice frame

HB:/[rx(wxr)]dm—i—/(rxv)dm (8)
Expanding this expression yields
Hp =Iw+mAr xv (9)

wherel is the mass moment of inertia matrix with respect to the eafee frame at the reference location.
The time rate of change in the angular momentum gives rideetaioment equation in the inertial reference frame

dHp

d d
M = +w><HB:Id—(':+mAr><d—;’—i—wxlw—i—mwx(Arxv) (20)

Expanding Eq. (10) results in the following moment equation

L = Ipap — Loy — Lozt + Loypr — Lezpg + (Izz - Iyy) gr+ I, (T2 - q2)
+m(qv+7"w)A$+m(’u}—qu)Ay_m(r[}+7au)AZ (11)

M = _Imyp + Iyyq - Iyzi‘ + Iyzpq - Izqu + (Imz - Izz)pr + Iacz (p2 - TQ)
—m(w+ pv) Az + m (pu + rw) Ay + m (4 — rv) Az (12)

N = _Imzp - Iyzq + Izzi' + Izqu - IszT + (Iyy - Iwm)pq + Imy (q2 - p2)
+m (0 — pw) Az — m (4 + qw) Ay + m (pu + quv) Az (13)
Equations (11)-(13) indicate that the C.G. offset effadfivcreates additional moments on the aircraft. Cross
coupling in both the linear and angular accelerations agsgnit. Thus, the longitudinal and lateral motions of the

aircraft are generally coupled and the aileron or elevadormoanded input therefore will affect the aircraft motion in
both stability axes.
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C. Aerodynamic and Propulsive Forces and Moments

Assuming that the engine thrust vector is aligned withatkexis of the aircraft, then the forces and moments due to
aerodynamics and the propulsion are

X =0rThaz + (CF + ACL) QSsina — (Cf) + ACp) QS cos acos 3 (14)
Y =(Cy +ACy) QS — (Cp + ACp) QSsin (15)

Z=—(C] +ACL)QScosa— (C}, + ACp) QSsinacos 8 (16)
L= (C; +AC)QSe (17)

M = (C}, + ACw) QSE + 51T rmaz (2e — 20) (18)

N = (C} + ACy,) QS + darTmarye + 07 Tmazyo (19)

where(z., +y., z.) are the centers of thrust and the subscript * denotes the famd moment coefficients for the
undamaged aircraft evaluated at the reference location.

We assume that the left and right engines produce the samerambthrust with a combined maximum thrust
equal toT,,., and are symmetrically positioned with respect to the aftduselage reference line. Theér where
0 < 67 < 1is the throttle position corresponding to a desired totgjima thrust, andar where—% < dar < %
is the throttle differential position difference that réésun a desired engine differential thrust equal to the éefgine
thrust minus the right engine thrust. The incremental ckamgthese coefficients due to damages are defined as

AC = ACy + ACqa + ACs03 + ACsd (20)

T T
WhereAC = | ¢, ~Cj Cp—Cj Oy —Cy Ci—Cf Cn—Ch Co—Ci | 6=1]6, 6. 5 |
is the flight control surface deflection vector, the subdstip 3, andd denote the derivatives, and the subscript 0
denotes the coefficientsat= 0 and3 = 0.

IV. Trim Analysis

The aerodynamic forces on asymmetric aircraft include azen side force component that is generally not
experienced on symmetric aircraft. For a steady flight, itie force equation becomes

mgcodsing + (Cy + ACy) QS — (C}, + ACp) QSsin3 =0 (21)

The side force trim for the asymmetric aircraft can therefoe accomplished by trimming the aircraft at a non-zero
bank anglep with zero sideslip anglg. However, this would result in a limitation in the bank angleoordinated
turn maneuvers. Another side force trim approach is to thiendircraft level with zero bank angfebut at a non-zero
sideslip angles3. In either case, the aircraft would have to be trimmed in hbéhlongitudinal and lateral directions
simultaneously by searching for the steady state solutidys. (14) to (16) withp = 0 or 5 = 0. The trim analysis
thus computes the trim values for the angle of atiackank angles or sideslip angles, and engine throttle position
or as functions of the aileron deflectiop, elevator deflection., and rudder deflectiod. for a given aircraft Mach
number and altitude. We assume that the engine thrustsevill/mmetric at all times so that = 0.

If an undamaged symmetric aircraft has a magsand is flying wing-level, i.e.¢* = 0, with zero control surface
deflection at the original trim angle of attaak, sideslip anglg* = 0, and trim throttle positiod;. correspondingto a
lift coefficientC} , drag coefficienC?7,, and side force coefficielt;. = 0. Then for small changes in the aircraft mass
and aerodynamic coefficients, we can determine the incrahteim angle of attack, bank angle, and throttle position
to maintain approximately the same trim airspéédnd flight path angle* by taking small but finite differences of
Egs. (14) to (16) and setting them to zero, thus resulting in

AdrT s+ (ACL + CL oA+ Cp gAB 4+ Cps0) QS sina+(Cr, + Cp oAa+ CrL gAB + CL s0) QS cos o™ A
— (ACp + Cp,nAa+ Cp gAB + CD,55) QScosa® 4+ (Cp + Cp,nAa+ Cp gAB + CD755) QSsina*Axa
—mgcos (Y + a*) Aa — Amgsin (7" + o) =0 (22)
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(ACY + CY,QAOé + CyﬁAﬁ + Cyﬁ(s) QS — (CD + CD7(¥A04 + CD,ﬁAﬁ + Cyﬁ(s) QSAp
+mgcos (v +a) —sin(v* +a*) Aa]Ap =0 (23)

— (ACL + CL_QAOL + CL_ﬂAﬁ + CL_’(s(S) QS cos o + (CL + CL,aAa + CL_ﬂAﬂ + CL755) QS sin o Ax
— (ACp 4+ Cp,aAa+ Cp Al + Cpsd) QSsina™ — (Cp + Cp,oAa+ Cp gAB + Cp,s8) QS cos o™ A
—mgsin (7" + a*) Aa + Amgcos(y* +a*) =0 (24)

To find the trim bank angle at zero sideslip angle, we/sgt= 0 in the equations above. Equation (24) then is a
guadratic equation in terms dfa whose solution can easily be computed as

2
Aa:—2—ba+ <%) —2 (25)
with
a=(Cpasina® —Cp4cosa™)QS (26)
b=1[(CL+CLs6 —Cpgq)sina®™ — (Cp +Cpesd+ Cpq)cosa™] QS —mgsin (v* + a*) (27)
c=—[(ACL + Cps6)cosa” + (ACp + Cp,s6) sina™] QS + Amgcos(y* + o) (28)

From Eqg. (23), we now find the trim bank angle

—(ACy + Cy,o Ao+ Cy756) QS
mg [cos (v* + a*) — sin (7* + a*) Aa]

A = (29)

Finally, the incremental trim throttle position can be sahdirectly from Eq. (22).

Trimming the damaged aircraft with bank angle will resultineduced bank angle limitation. This would poten-
tially affect the aircraft’s turn capability. Moreover ghaircraft will not fly wing-level which would not be acceptab
for alanding approach. Therefore, the damaged aircrafbedrimmed alternatively with the sideslip angle. This will
enable the aircraft to maintain a level flight but the congnathority of the rudder control surface will be reduced sinc
it has to compensate for the non-zero sideslip angle. Tdrotita trim sideslip angle, we sét¢ = 0 in the Eq. (23)
and solve Egs. (22) to (24) simultaneously.

In examining Eq. (23) withA¢ = 0, it is noted that if the undamaged aircraft is in a cruise pta&tsa minimum
drag, then the trim sideslip angle for the damaged aircraiftccbe large if the damage develops a significant side
force. Typically, it is not advisable to fly the aircraft at gl sideslip angle because of the stability issue. Dependin
on the extent of damages, an effective trim approach may bdhat uses a combination of the trim bank angle and
sideslip angle.

In cases where the rudder control power is insufficient dwatoages, then the engine differential thrust throttle
positiondar could be used to provide an additional control effectorito the aircraft in yaw. Using engine differen-
tial thrust for yaw control requires examining the issueaiged with a slow engine response relative to the resgonse
of typical flight control surfaces. While in theory the engitihrust can be used to trim the aircraft in yaw, often by
the time the engine thrust is adjusted differentially todberect trim value, the aircraft may have reached a differen
dynamic state due to the loss in airspeed and or altitude iflttmage condition is severe enough to cause the aircraft
performance to rapidly deteriorate in its flight envelopec8use of the time scale difference between traditionéitflig
control surfaces and engines, engine actuator dynamicshawcounted for in the overall flight control strategy.

In addition to using the engine differential thrust as a oorgffector, other flight control surfaces can be used in
an overall control redundancy design strategy. This ingatsbn would examine the control effectiveness of a vasiou
combinations of flight control surfaces. For example, wipgikers can be used for roll control and the wing flap
extension or deflection can be used for pitch control. Sontbexfe control surfaces may have different time latency
characteristics such as wing flaps versus spoilers. In thea@nd stability analysis, actuator dynamic model ofslo
systems should be included in the overall flight dynamic ninde

The trim analysis shows that upon damage, the damagedfainarald have to be retrimmed with a new trim
angle of attackx = o* + Ac«, new bank angle = A¢ or new sideslip angl&é = Ag, and new throttle position
dr = &5 + Adr. The trima, ¢ or 3, anddr are all functions of the flight control surface deflectibas well as the
aircraft damage configuration. In general, the stabilitgt aontrol derivatives needed to retrim the damaged aircraft
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are not known. Thus, it is necessary that these parametétemtified in flight by a parameter identification process.
Assuming that the effect of damage on the aerodynamics castlmated, then a trim strategy is to initially retrim the
damaged aircraft with zero control surface deflection birggd = 0 in Egs. (22) to (24). Then, using the inner-loop
rate-command-attitude-hold (RCAH) control, the controfface deflection for the damaged aircraft can be obtained.
This allows the trim values to be refined. Depending on thereadf damage, the trim refinement may be repeated
until the damaged aircraft becomes completely trimmed.

V. Damage Adaptive Flight Control

Most conventional flight control systems utilize extensjan-scheduling in order to achieve desired handling
qualities. While this approach has proved to be very sufuleslse development process can be expensive and often
results in aircraft specific implementations. Over the paseral years, various adaptive control techniques haae be
investigated. Damaged aircraft presents a challenge to the conventiaght fiontrol systems because the aircraft
dynamics may deviate from its known dynamics substantihllyto a significant degradation in the flight performance
of the damaged aircraft. This makes it difficult for the camv@nal flight control systems to cope with changes in
the stability and control of the damaged aircraft. Adapflight control provides a possibility for maintaining the
stability of a damage aircraft by means of being able to duieklapt to uncertain system dynamics. Research in
adaptive control has spanned several decades, but chedlém@btaining robustness in the presence of unmodeled
dynamics, parameter uncertainties, or disturbances daw/#ie issues with certification, verification and validati
of adaptive flight control software prevent it from being iepented in flight control systenisAdaptive control laws
may be divided into direct and indirect approaches. Indiagaptive control methods provide the ability to compute
control parameters from on-line neural networks that estinplant parametefsParameter identification techniques
such as recursive least squares and neural networks haveibeg in indirect adaptive control methdfdn recent
years, model-reference direct adaptive control usingalewatworks has been a topic of great research intet&sts.
Lyapunov stability theory has been used to establish rolkgstof neural network adaptive control to ensure that
adaption laws for neural network weight updates are asyticptty stable.

In the current research, we adopt the work by Rysdyk and €4lis develop a neural network adaptive con-
trol with dynamic inversion for damaged aircraft. The adapflight control is able to provide consistent handling
qualities without requiring extensive gain-schedulingemplicit system identification for a damaged aircraft. This
particular architecture uses both pre-trained and onléaening neural networks, and reference models to specify
desired handling qualities. Pre-trained neural networksuged to provide estimates of aerodynamic stability and
control characteristics required for model inversion. le-learning neural networks are used to compensate for
errors and adapt to changes in aircraft dynamics. As a resuisistent handling qualities may be achieved across
flight conditions and for different damage configurationa.akchitecture of the neural network adaptive flight control
is shown in Fig. 6. Furthermore, we will extend this architee to include an indirect adaptive control element that
provides an on-line estimation of the true plant dynamidse &stimation approach is provided by an adaptive law
based on the Lyapunov stability analysis. In addition, vee abnsider a recursive least square method for the on-line
estimation.
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Fig. 6 - Direct Neural Network Adaptive Flight Control Ar¢bcture
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A. Linearized Plant Dynamics

First, we need to arrive at a linear dynamics of the damagetbéii for the feedback linearization control. To maintain
airspeed and altitude, the damaged aircraft has to be radnusing the trim method above. The damaged aircraft
stability must be recovered by the RCAH controller. Thigulesin control surface deflections necessary to maintain a
desired angular rate command. To design a linear RCAH cltertrave want to eliminate the linear acceleration terms
in Egs. (11) to (13) corresponding to the uncompensated gadhaircraft dynamics of linear motion resulting from
damages. Combining Egs. (5) to (7) with Egs. (11) to (13)dgel

Lowp — LiyG — Loo? + Lypr — Loapg + (Lo — Lyy) qr + Iy (7’2 - q2)
+m (qu + rw) Az — mpvAy — mpwlAz = (Cf + AC)) QSe  (30)

- I_myp + I_yyq - jyzfa + Iyzpq - Iqur + (Izm - Izz)pr + Iwz (p2 - 72)
— mquAz + m (pu+ rw) Ay — mqwAz = (Ch, + ACy,) QST+ 61T mas (2e — 20)  (31)

- _mzp - I_yzq + I_zzi' + Iwzqr - IszT + (Iyy - Iwm)pq + Iacy (q2 - p2)
— mrulx — mroAy +m (pu+ qu) Az = (C:; + AC_'n) QS+ 0rTmazyo  (32)

where A A A A
AC’[ =AC + CyTZ — CzTy L cos 6 cos (bTy — cos 6 sin (bTZ (33)
c c QS c c
_ A A A A
ACy, = ACm—CmTZ +C Tx‘i‘@ 0059C05¢Tx +Sin9TZ (34)
C c QS c c
AG, = AC, +C 2 — 0,28 _ 9 (o5 gsin gL + sin g 2L (35)
c c QS c c

whereC;, C,, andC, areX, Y, andZ force coefficients normalized to the dynamic pressure fQ}8e
The linear dynamics of the damaged aircraft is computedrsalizing Egs. (30) to (32)

- d
(T + AT) d—f = (£ + Af) @+ (£ + Af) o+ (g° + Ag) 8 (36)

T T
where@ = [ Ap Aq Ar } is the angular rate vectos, = [ Aa AB A¢ Adr } is the trim parameter

vector, and

Cip Cig Cir
£/ =QSe| iy Chg Cio
Crp Cng Can

ACf'l_,p AC’lyq AC’Z,T vAYy + wAz —vAzx —wAzx

Afl = QSE ACtm,p AC(fn.,q Acm,r + m —UAy UAI + ’LUAZ —’LUAy

Acn,p A(_jn,q Acn,r _’U/AZ —’UAZ ’U,A(E + ’UAy
G, Cis 0 0
f; = Q5S¢ C;';z,oz + %@ C:;z,ﬁ + Z%nsam/i chzo 0 Tbngz zcgzo
* Trmaz,a 1 * Trax,3 1 Trnaw 1
R L Cipgt~gs% 0 88

AC,, AC sz ACLs AC s,
AfQ = QSE Aém@ Aémﬁ AC‘W AC‘[@T
AChno ACns ACLs ACs,
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Cs.  Cls.  Cis,
g =QS5¢c| Crs. Crs. Cns,
noa  Cno. Chs,
Aélyga Aélygc AC’[_’(;T
Ag = QSE Aémﬂga Aémyge AémﬁT
AC, 5, AC,s5, AC,s,

Equation (36) is the angular acceleration equation of thigasetric aircraft which can be written in a state-space

form as .

whereF; = i*_lfl*, Fy; = i*_lf;, G = i*_lg*, AF, = 1! (fl* + Afl) —F{, AF; = I (fQ* + Afg) —F5, and
AG=1I"!(g"+Ag) - G.

Under ideal situations, the plant dynamics of an undamagethft is assumed to be known. However, for a
damaged aircraft, the plant dynamics become uncertairesgtdbility and control derivative matricas'; , AF,, and
AG are usually unknown. Consequently, the flight control ndedse able to adapt to the uncertain plant dynamics
of the damaged aircraft. The angular acceleration vegtof the damaged aircraft may be written as the sum of an
ideal angular acceleration vectr of the undamaged aircraft and a differential angular acatt® vectorAw due
to damage as

©=wi+Aw (38)

The ideal, undamaged aircraft plant dynamics can be written

where the stability and control matrices for the undamagredsdt F1, F», andG are assumed to be known.

B. Direct Neural Network Adaptive Control

The goal of the adaptive flight control is to be able to fly thendged aircraft whose handling characteristics is
specified by a reference model. The control adaptation mastbte to accommodate damages using the available
flight control surfaces. A reference model is used to filteat® command vectav,. into a reference angular rate
vectorw,, and a reference angular acceleration vegtgrvia a first-order model

wherew,, = diag(wy, wq, wr) is the frequency matrix.

The reference frequency parameters must be chosen aggisetyin order to obtain a good transient response that
satisfies position and rate limits on the control surfacesgé&fin. For transport aircraft, typical values of the refare
model frequencies,, w,, andw, are 3.5, 2.5, and 2.0, respectivélyn cases when the reference model is over- or
under-specified, the parameters of the reference modelrawtjusted. The tuning of the reference model parameters
can be performed using an adaptive-critic approach to ertbat the flight control can track the reference model in
order to achieve desired handling qualittés.

The reference model angular rate vecetqy are compared with the actual angular rate oupt form a tracking
error signak, = w,, — @. A pseudo-feed back control vectag is constructed using a proportional-integral (PI)
feedback scheme to better handle errors detected from theat®, pitch rate, and yaw rate feedback. The error
dynamics, defined by proportional and integral gains, mesfalst enough to track the reference model, yet slow
enough to not interfere with actuator dynamics. The issub thie integrator windup during a control saturation is
addressed by a windup protection which limits the integratd@s current value when a control surface is commanded
beyond its limit. The pseudo-control vectay is computed as

t
u. = Kpw, + KI/ wedT (42)
0
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In order to ensure low-gain error handling performance gifter dynamics is designed with natural frequencies
that match the reference model frequencies in the rollhpéod yaw axes. A damping ratio is chosen wjih= ¢, =
¢ = 1/+/2. These frequencies and damping ratio are incorporatedhstproportional and integral gains as

K p = diag(2¢,wp, 2C,wq, 26rwr) (42)
K;= diag(wg,wg,wf) (43)

A dynamic inversion is performed to obtain an estimatedmostirface deflection commaado achieve a desired
angular acceleration vectar; using the known plant dynamics of the undamaged aircraft feg). (39) as

6 =G (wy—Fi0 — Fyo) (44)

assuming thaB is invertible.
In order for the dynamic inversion control to track the refese model angular acceleration rate vecigy, the
desired angular acceleration vectay is set to be equal to

‘-‘.-’d = wm + Ue — Uad (45)

whereu,, is an adaptive control augmentation designed to canceheudynamic inversion error, so that in an ideal
setting, the desired angular acceleration tajeis equal to the reference model angular accelerationwates the
tracking error goes to zero asymptotically.

Because the true plant dynamics of the damaged aircrafkisawn and is different from the undamaged aircraft
plant dynamics as can be seen from Eq. (37), a dynamic imvevsil result from the control surface deflection
This error is equal to

e=w—wy=w—F,&0—Fyo —Gé (46)

Comparing with Eq. (37), we see that the dynamic inversiooreran also be expressed in terms of the unknown
plant dynamics due to the damage effects

e = Aw = AF1& + AFy0 + AGé (47)
Substituting Eq. (45) into Eq. (46) results in
€= W — U+ Uy (48)
Combining Eq. (41) with Eq. (48) yields

e=Ae+B(u,y—¢) (49)

n

The adaptive control augmentation veatqy, is based on a neural network adaptation law by Rysdyk and&€ali
that guarantees boundedness of the tracking error and ofetfneork weights using a single-hidden-layer sigma-pi
neural network

wheree = { Jy wedr  we } and

A 0 1
-K; —-Kp

., = WIB(Cq,Cy, Cs) (50)

whereg3 is a vector of basis functions computed using a nested Kkamgroduct withC1, Cs, C3 as inputs into the
neural network consisting of control commands, sensortfaek] and bias terms.

The network weight3V are computed by an adaption law, which incorporates an atlaptgainl’ > 0 and an
e-modification termy, > 0'# according to the update law

W = —T (8e"PB + 11 |[e" PB| W) (51)
where the matri®P solves the Lyapunov equatioh P + PTA = —Q for some positive-definite matriQ and the
norm is a Frobenius norm.
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The e-modification term provides a robustness in the adaptaw'* The update law in Eq. (23) guarantees the
stability of the network weights and the tracking error. eof of this update law using the Lyapunov method is
provided by Rysdyk and Calisé.Solving for the matrix® with Q = I, the update law can be rewritten as

W =T (BV + u[[V]| W) (52)

where

1 I
V= inK; I+K;")+ 5/0 wldrK;! (53)

VI. Hybrid Direct-Indirect Adaptive Control Concept

While the direct neural network adaptive law has been ektelygesearch and has been used with good successes
in a number of applications, the possibility of high gain tohdue to aggressive learning can be an issue. Aggressive
learning is characterized by setting the learning Falbégh enough so as to reduce the dynamic inversion errorlsapid
This can potentially lead to a control augmentation comnthatimay saturate the control authority. Moreover, high
gain control may also excite unmodeled dynamics of the glaattcan adversely affect the stability of the adaptive
law. To address this issue, we are considering a modific&tidime present direct adaptive law to include an indirect
adaptive law that provides an opportunity to perform anioa-estimation of the plant dynamics of the damaged
aircraft explicitly. We call this approach as a hybrid diredirect adaptive control concept. The indirect adagptiv
law will provide an estimated plant dynamics that will be dise the dynamic inversion. If successful, the control
command will result in a smaller dynamic inversion errorlsatthe learning of the direct adaptation neural network
can be reduced. An architecture of the proposed hybrid agapdntrol concept is shown in Fig. 7. In the current
study, we are developing some initial indirect adaptivesl&r the on-line estimation of plant dynamics based on the
Lyapunov stability theory and also the well-known recuedast-square method. Future research still remains ahead
to rigorously investigate this proposed concept followgdhtyh-fidelity simulations.

F w,o,0

W Af
w K : . - 3 -
_We | S+’z} Wiy, ~We Fpeh =5 ﬁ:r)ﬂ,(HAf) oy, 8)—2 Aircraft L%
n S
Uad

E w,a,d

Fig. 7 - Hybrid Direct-Indirect Neural Network Adaptive ght Control Architecture

A. Indirect Neural Network Adaptive Control

We would like to estimate the unknown plant matrices usirigealr-in-parameter neural network approach as

AF, = W23, (54)
AF, = W3, (55)
AG = W{ Bs (56)

where the hat symbol denotes the estimated plant matrice8 an3,,, 35 are some neural network architectures that
may not be necessarily the samedfor the direct adaptation neural network.
The error dynamics now can be expressed as

é¢=Ae+BW'8-BW.3 & —-BW!3 o - BW]Bs;6 — BAe (57)
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whereAe < ¢ is the residual error from the estimation of the plant mafic
We now propose the following adaptive laws for the estimatbW,,, W, andW

W, =T,8,xe'PB (58)
W, =I,8,0e¢'PB (59)
W5 =I's850e’ PB (60)

wherel',, ', I's > 0 are the adaptation gains.

The proof is as follows:

We assume, @, 0,6 € L. We then letW = W* + W, W, = W* + W,,, W, = W% + W, and
W; = W5 + W where the asterisk symbol denotes the ideal weight matticeancel out the residual errdre
and the tilde symbol denotes the weight deviations.

The ideal weight matrices are unknown but they may be asswmestant and bounded to stay withinde
neighborhood of the residual errare so that

A= sup HW*TB ~WTB,0 - WTB,0 — WiTBs6 — AsH (61)

w,o,0

We define the following Lyapunov function

W'w  WIW, WIWwW, WIW;
_ T w w o o F)
V=e Pe+tr< =+ = + T + T ) (62)
whereP > 0 and tr(A) denotes the trace of a matrx.
The time derivative of the Lyapunov function is computed as
: WI'W  WIW,  WIW, WIwW
V =é"Pe + e Pé 4 2tr TRRATALLSRAL: AL SRAT RAL (63)
r T I's Ts
Substituting Egs. (57) and (51) into the above equatiordgiel
V = —eTQe + 2¢"PB (W*T + WT) B —2TPB (W:,T + VV}Q) B &
—2."PB (W;T + VVZ) 8,0 —2¢"PB (W;;T +WT) 856 — 2¢"PBAe
- - N WIW, WIW, WIwW
+2tr | ~WTBe"PB — yWT [T PB| (W' + W) =222 4 e e D020 (6a)
'y I's T's
We note that ttAB) = tr (BA) , so that
TPBW'3 — tr (eTPBWTﬁ) —tr (WT,@eTPB) (65)
TPBWIB & =tr (eTPBvaﬁww) —tr (Wzﬂw&eTPB) (66)
TPBWIB, 0 =tr (eTPBva ,@,a) —tr (v”vZﬁc,aeTPB) (67)
TPBWY 3,6 = tr (eTPBVV5T 558) =t (VV5T ,BéseTPB) (68)

Also, by completing the square, we have

15

2t [~ W ([T PB|| (W* + W) = ~2u e PB] <HWT W

2
) (69)
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SinceW,, = W, W, = W, andW; = W, Eq. (64) then becomes

)

* 2 *
V < —e"Qe+2e"PBA — 24" PB]| (HWT +W|| - HW

otr | W Wo _ B,oe'PB | + WL Wo _ B,o0e’'PB | + WF Ws _ Bs6e"PB (70)
T, Iy Ls
Since||B|| = 1, we establish that
e"Qe < p(Q) | (71)
e"PBA < p(P)|le] [|A] (72)
w ||? =12
e |5 <o el | 73)

wherep (Q) andp (P) are the spectral radii & andP.
In order to guarantee th&t < 0, we require that the trace operator be equal to zero, thuftiresin the adaptive
laws in Eqgs. (58) to (60). In addition, we also require that

p(P)
2p(Q)

The time rate of change of the Lyapunov function is thentijrizegative and therefore it would guarantee that the
signals are bounded. We note tkat, o, d € L, bute € L5 since

lell > CNEILAR (74)

oo

/OO o Qedt < p<Q>/°° lel2dt <V (0) — V' (t — oc) +2p (P)/ INE”
0 0

0
00 W N 2
~2u0®) [ el <H -+ w| -
0

W*
2

2
) dt < oo (75)

Utilizing Eq. (74), we have

2
dt < oo (76)

v<tﬁoo>sv<o>—2up<P>/O°°|e|| W

T

Thus, the value of” ast — oo is bounded. Therefore, we establish tHWH -0, HW‘,,H — 0, HW,H -0,
andHV'VgH — 0 imply |le|| — 0 ast — oo. This means that the adaptive laws will result in a convecgef the

T
estimated\F;, AF,, andAG to their steady state values. In practice, the injguts [ or 6T [sT must be

sufficiently rich that contain enough frequencies to capalkthe plant dynamics. In order for the on-line estimation
to converge the their correct values, the inputs need to leesaspent excitation (PE) class of signals such that ifgher
existag, a1, Ty > 0 ther?

o] < /t+To T
ol < o (1)p" (1)dr <yl (77)
t

We can also “robustify” the adaptive laws similar to Eq. (5@)etter handle unmodeled dynamics and distur-
bances by adding an e-modification téfrto Egs. (58) to (60) as

W, =T, (B,2e"PB — 1, ||’ PB||W,,) (78)

W, =T, (B,0¢"PB — 115 ||e" PB|| W) (79)

W5 =Ts (,BéﬁeTPB — s ||e”PB] Wg) (80)
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in which case the time rate of change of the Lyapunov fundticomes

2

V< 2u||eTPB||H—+W o, |lePB| | W

2 2

~ 250 [ PB| o 7P| | e 4w, (e

‘+w

The effect of the e-modification is to increase the negatiwe trate of change of the Lyapunov function so that
as long as the effects of unmodeled dynamics and or distaesato not exceed the value16f the adaptive signals
should remain bounded. The e-modification thus makes thgimddaw robust to unmodeled dynamics so that the PE
condition may not be needéd.

It should be noted that we have so far assumedahat, & € L. Suppose thab, o, 5 ¢ L., the adaptive laws
in Egs. (58) to (60) will become unstable becadser, andé are unbounded. Therefore, we must modify the adaptive

laws to handle unbounded signals by a normalization mettwd.note thato (1 -+ &:T&)fl € L, since

w
lim ————— =0 82
o= 1+ 07w (62

Therefore, the normalized adaptive laws for unboundecdadsgghould be

W =T, (1+67@) " (B,0e"PB — i, [[e"PB|| W.,) (83)

W, =T, (1+070) " (B,0¢"PB — i, " PB| W,) (84)
. T\ 1 -

Wi =T5(1+8'8)  (8,8¢"PB — yis || PB| W) (85)

B. Recursive Least-Square Parameter Identification

While the indirect adaptive laws above provide a computaiionethod for on-line estimation of the plant dynamics,
it would be incomplete to not consider the well-known lesgtrare method which is equally robust in parameter
identification process. If the dynamic inversion error imshiow can be estimated, then we should be able to apply a
recursive least-square method to determine the weighiceaW,,, W, andW;. Suppose the estimated dynamic
inversion error can be written as

e=®"0+ Ace (86)

T
where®” = { wl wI wil } 0 = [ B,& B,o Bsd } , and Ae is the computational error in the
estimated dynamic inversion errerwhich may contain noise resulting from the on-line demxatomputation oo
since
é=w-—F,&—Fyo—Gd (87)

wherew is the estimated angular acceleration which may be sulgedrhputational errors.
One method of computing is to use a backward finite-difference method

W; —Wi—1

At

@; = (88)

to estimatey at thei-th time step, but this method can result in a significantréfrat is either too small or too large.
Another approach is to colleatnumber of data points which will be used to generate an at &asmooth curve

in time using a cubic or B-spline method. This curve is thdfedintiated at their knots to find the estimated derivative

values. In either case, the derivative computation willadtice an error sourcie. If the error is unbiased, i.e., it can

be characterized as a white noise about the mean value,ltedaast-square method can be applied to estimate the

plant dynamics.
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We consider a minimization of the following cost function

é— <1>T0H2dT (89)

t
J (W, W, , Ws) = /
0

Our objective is to find recursive least-square adaptive lanvW ,,, W, andW . To minimize the cost function,
we compute the gradients with respects to the weight matribes resulting in

aJT /t T T
9~ _ [ o(e—a"9) dr=0 (90)
5~ ), 0(e-%)

The recursive least-square formula using the gradienteddsh
$=RO (éT - 0%) (91)

where '
R =-R#'R (92)

To show this, we see that from Eq. (90)

t t
/ 00T drd = / 0e"dr (93)
0 0
Let .
R!= / 00" dr >0 (94)
0
Then, differentiating Egs. (93) and (94) results in
R!'&+R & =0&" (95)
R~ =060" (96)
Also, we have ' '
RR'=I=RR !+RR'=0 (97)

Substituting Eq. (96) into Egs. (95) and (96) and solving@oandR yield the recursive least-square adaptive
law. The matrixR . is called the covariance matrix and the recursive leaséggiormula has a very similar form to the
Kalman filter where Eq. (92) is a differential Riccati eqoatfor a zero-order plant dynamics. We will show that the
recursive weight update law is stable and results in bousigtils as follows:

We let® = ®* + & with the hat and tilde symbols denoting ideal weights andyivedeviations, respectively.
Then, the error dynamics can be written as

¢<Ae+BWT3_-B& 6+BA (98)
We choose the following Lyapunov function
L=V +tr (q}TRflq}) (99)

whereV is the Lyapunov function for the direct neural network adaptontrol and we have established thak 0.
The time rate of change of the Lyapunov function is computed a

L=V+u(26"R®+ & RS (100)
The weightsP can be shown to converge to the ideal weight$ so that
& — —ROOTD (101)
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Substituting Eq. (101) into Eqg. (100) results in
i=v-8"90"® <0 (102)

Thus, the recursive least square weight update law is stable

In practice, the recursive least-square method can be osestitate the plant dynamics either continuously or
discretely at every, data samples. Continuous time estimation requires solviedlifferential equations (91) and
(92) at each time step. On the other hands, the discretesaimgling estimation provides more flexibility in that the
estimation can be executed after a specified number of datésgmave been collected. This would ensure that the
signals contained in the sampled data are sufficiently a@ntble an accurate convergence. Another advantage of the
recursive least-square method is that it provides an optimiae filtering to minimize noise effects in the estimation
of the plant dynamics. The discrete-time recursive leasasgiformula is

D, =8, 1 +Ryp_10; [éf - 05‘51@—1} (103)

1
Ri=Ry1 — N 'Ry_16; (I + /\719ka—1¢91@) 0) Ry (104)

T
wherek denotes the update cycle that repeats ewatgta samplesp; = { wi. WI = Ws, is the weight
matrix atk-th update cycle) is a forgetting factor that can be used to discount past dath,

” T
- T ~, T T T
Whn—nt1 — wkn—n+1F1 - o'knfn+1F2 - 6kn—n+1G

;T ~, T T T S T
) Wi, — WipnaoFl —0p o F5 — 81 nioG
Ez _ kn—n+2 n—n+ . kn—n+2 n—n-+ (105)

~ AT
=T ~T T T w1 T
Win — wknFl - UknFQ - 6knG

~ T T T 3T T
wknfnJrl/gw o'kn—n+160' 6kn7n+1/65

~ AT
wkn—n+2/ag o-gnfnJrQﬂZ 6kn—n+2/6§ (106)

o L
VII. Control Simulations

The neural network adaptive flight control for damaged afitds evaluated in a medium-fidelity simulation test
environment. The flight simulator is a fixed-motion simutatquipped with a pilot station, programmable displays,
and al20° field-of-view visual system as shown in Fig. 8. Pilot commarmlits are received through a control stick,
a rudder pedal, and a throttle quadrant. Flight controlgmi includes a flight dynamics model of damaged aircraft
as developed herein. Simulations are performed at a 30 ldadrey.

The damaged GTM is evaluated with various wing loss confijauma. Fig. 9 shows the angular rates of the
damaged GTM with and without the neural network adaptivéfl@pntrol. The neural network control augmentation
can be seen to quickly adapt to the changing dynamics of tmadad GTM. The roll, pitch, and yaw rates are quickly
brought to zero to stabilize the damaged aircraft. In cabtraithout a neural network control augmentation, the
aircraft rates are changing rapidly, particularly in thi agis. A rapid increase in the pitch attitude can resulthia t
damaged GTM reaching its stall angle of attack that wouldeethe aircraft in a dangerous situation.

Fig. 10 shows the control surface deflections correspontditite neural network control augmentation. The right
aileron is commanded to move substantially to correct fagfaturning rolling moment resulting from a left wing
damage. A maximum aileron limit &° is nearly reached. Thus, it is possible that for certain dgszenarios, the
control augmentation will not be able to stabilize the daethgircraft due to the control power limitation. In such
situations, other types of control surfaces must be consitte provide additional control authorities for stalalion.
Optimal control allocation approach must be incorporatéol ihe neural network adaptive flight control to maximize
the control effectiveness of all the available control auities.
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Fig. 8 - Flight Simulation Test Environment
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Fig. 9 - Rate Control with and without Neural Network Adapiat
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Fig. 10 - Control Surface Deflection

To evaluate the hybrid adaptive flight control with the irdiradaptive law and the recursive least square method,
a simulation was performed in MATLAB environment. A damagafiguration corresponding to a 30% loss of the
left wing is selected. A step input pitch doublet is simuthtd@he tracking performance of the three control laws is
compared in Fig. 11.
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Fig. 11 - Pitch Doublet Tracking Performance
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Fig. 12 - Tracking Error Norm

As can be seen, the hybrid adaptive control with the indiagletptive law is able to improve the tracking perfor-
mance of the direct neural network adaptive control. Theliosed direct adaptive control with the recursive least
square parameter identification actually outperforms llo¢ghdirect and hybrid adaptive control approaches as the
tracking error is significantly reduced as seen in Fig. 12 @&éntrol surface deflections to achieve this pitch maneu-
ver are shown in Fig. 13. The elevator deflection for thistpitaneuver is nearly saturated. The direct neural network
adaptive control produces more overshoot than the hybigtag control and the recursive least square approach.
The left rolling moment is compensated by the right ailengpuit and the adverse yaw is compensated by a small
rudder input. For this simulation, the actuator dynamigsosincluded in the study.
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Fig. 13 - Control Surface Deflection
21 0f24

American Institute of Aeronautics and Astronautics



VIIl. Discussions

The current research in the damage effect aerodynamic ingdwehs focused on single damage sites. Multiple
damage sites can also exist in a damage event. The next sepniamge effect aerodynamic modeling is to generate
a predictive capability for multiple damage sites. An agmtowould be to conduct CFD modeling for representative
multiple damage patterns. These modeling results are caupa single damage site models and a learning system
can be developed to establish a surface response mappivgdremultiple and single damage sites. Using this
damage surface response mapping, damage effects for amggrdamage pattern can be rapidly estimated.

In the current adaptive flight control research, only triadil control effectors that include ailerons, elevatars]
rudder are used. In severe damage situations, these cefiraiors may not be sufficient to stabilize and maintain
good handling qualities of the damaged aircraft. Therefang adaptive flight control method must include a control
allocation strategy that utilizes other potential congffectors that are otherwise not used in a conventionaltfligh
control system. These control effectors can include endiffierential thrust for yaw control, wing spoilers for roll
control, and wing flap extension or deflection for pitch cohtResearch in the areas of control redundancy design and
reconfigurable control will be conducted to investigatémpt control allocation strategies for these control effes.

The issues of time-scale separation due to actuator dysaamécimportant for systems with different time latency
such as engines and flaps and thus will be an area of adapgiiedbntrol research.

Damage effects can present a serious challenge to conmehtiight control systems because the aircraft flight
dynamics may deviate from its nominal flight dynamics sutits#ly as result of the degradation in the flight per-
formance of the damaged aircraft. This makes it difficult foe conventional flight control systems to cope with
changes in the stability and control of the damaged airck&ftile neural network adaptive control offers a promise
of being able to adapt to changes in flight dynamics of damagerhft, rigorous validation by simulations and flight
testing will be pursued to explore areas of concern in thealegtwork adaptive flight control. One of the unresolved
concerns is the learning characteristics of a neural n&twbthe dynamic inversion error is large due to a large dis-
crepancy between the true and nominal plant dynamics usi idynamic inversion control, the learning rate must
be set sufficiently high in order for the neural network toueelthe error rapidly. As a consequence of the aggressive
learning, the neural network tends to generate high gaitralsignals that may not be dynamically achievable. This
potentially can cause a number of problems including cda&uiration, load constraints during flight being exceeded
excitation of unmodeled dynamics, and others. One potestlation is to introduce the proposed hybrid adaptive
control that incorporates an explicit parameter identificabased on an adaptive law derived from the Lyapunov
stability method or a recursive least-square method tones#i the true plant dynamics, which would be used for the
dynamic inversion control rather than the nominal plantatyics. This approach potentially offers a way to reduce
the dynamic inversion error that the neural network has togmnsate for.

Integrated flight dynamics modeling is another area rebetirat addresses interactions among many types of
physics problems during flight. An integrated flight dynasmgodel will be developed to include an aeroservoelas-
ticity interaction model of a flexible-body vehicle dynamieith a propulsion model and its actuator dynamics. This
integrated model will capture the combined effects of thdo6rigid body dynamics, structural dynamics of airframe,
and propulsion model. Post-stall aerodynamics can bededin the aerodynamic coefficients and derivatives which
can influence the flutter margin and the aerodynamic damgititeairframe.

Structural interaction with a flight control system is aiéi to any flight control developmett?° Elastic de-
flection and mode shapes can adversely contribute to theleedtability and control, resulting in problems such as
flutter, control reversal, structural frequency interactivithin the flight control bandwidth, and others. Research
in the area of aeroservoelasticity is very important foraatbing the knowledge of damage adaptive flight control.
Recent advances in fluid-structure interaction modelinggusoupled computational fluid dynamics-finite element
method provide a predictive capability for aeroservo@aaftects on the stability and control of damaged aircthift.
New adaptive flight control methods will need to observe apgycstructural load constraints imposed on a damaged
airframe. The resulting adaptive flight control methodgef@re would be more dynamically achievable. Aeroser-
voelastic frequency interaction with a safety-criticagffit control system will be investigated in order to develap a
integrated approach for dealing with potential issues Witfin frequency signals from elastic modes injecting in® th
frequency bandwidth of the rigid-body aircraft dynamicesBarch in aeroservoelastic filtering and structural iden-
tification for flight control will provide methods for assésg the elastic contribution of the airframe and developing
adaptive flight control methods that can effectively filtert @anwanted structural resonant modes within the flight
control bandwidth.
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IX. Conclusions

This paper has presented recent results on the modelingptcend simulation of damaged aircraft as part of
the aviation safety research at NASA. The damage effecdgaeomic modeling has been performed to provide an
understanding of the control and stability of an asymmelaimaged aircraft. The effects of aerodynamic and control
coupling in all the three stability axes are revealed fromrttodeling results. A 6-dof flight dynamics of asymmetric
aircraft is derived in order to account for the effect of thenter of gravity shift resulting from the damage. An
approach for trimming the damaged aircraft for the tramsta motion is presented. The trim procedure provides
initial estimates of the trim values for the angle of attamkgle of sideslip, and engine thrust. The influence of the
control surfaces on these trimmed values is then accountdolyfadjusting the initial trim values with the control
surface deflections obtained from the flight control. A hghtirect-indirect neural network adaptive flight control
concept has been proposed to provide an opportunity to &stiptant dynamics in conjunction with the current direct
adaptive control augmentation strategy. The on-line edton of the plant dynamics is provided by an adaptive
law derived from the Lyapunov stability theory and the resowe least-square method. The adaptive flight control is
designed to track a reference model that specifies desiretlihg characteristics for a class of transport aircrafte T
feedback control augmentation uses a proportional andriatecheme to handle errors in the roll, pitch, and yaw rates
A control simulation of the direct adaptive control law igfoeemed in a flight simulator to assess the stability recgver
of a damaged generic transport model using the neural ne@daptive flight control. The results of the simulation
show that the direct neural network control augmentatidreste is able to stabilize a damaged aircraft. In the near
future, a control simulation of the hybrid adaptive conteat’ will be conducted to investigate the potential benefits
offered by this proposed scheme in reducing the possilaifityigh gain control in the present direct adaptive control
strategy. Moreover, adaptive flight control research vdifance the knowledge in the area of integrated flight control
with propulsion and airframe effects in order to addressrattions between vehicle dynamics, propulsion dynamics,
and structural dynamics that may be present. The assumptiogid-body aircraft flight dynamics no longer holds
true as the aircraft will have to be treated as an elastic bdHis will give rise to challenges in developing adaptive
flight control that can handle aeroservoelastic effectsaofi@ged aircraft.
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