Adaptive Failure Compensation for Aircraft Tracking Contro | Using
Engine Differential Based Model

Yu Liu, Xidong Tang and Gang Tao Suresh M. Joshi
Department of Electrical and Computer Engineering Mail Stop 308
University of Virginia NASA Langley Research Center
Charlottesville, VA 22903 Hampton, VA 23681

Abstract— An aircraft model that incorporates independently  patterns. An algorithm based on multiple model adaptive re-
adjustable engine throttles and ailerons is employed to develop configuration control approach was presented and illesirat
an adaptive control scheme in the presence of actuator failures by simulation results of the F/A-18 aircraft during carrier

This model captures the key features of aircraft flight dynamics . . . .
when in the engine differential mode. Based on this model an landing. In [12], an F-16 fighter aircraft subject to asymmet

adaptive feedback control scheme for asymptotic state trackg ~ fiC actuator failure was discussed, including system ningel
is developed and applied to a transport aircraft model in the and control system design. The problem was formulated as

presence of two types of failures during operation, rudder g nonlinear disturbance rejection problem in the presence
failure and aileron failu_re. Si_mulation results_ are presented to of actuator failures and simulation results using an F-16
demonstrate the adaptive failure compensation scheme. . .

aircraft model were discussed. In [6], fault-tolerant coht
Keywords: Actuator failures, adaptive compensation, aircraffystem design against stuck actuators was investigatad usi
flight control, engine differentials, tracking. an iterative learning observer that provides informatibthe
system state estimates and fault compensation transiggs.
performance of the controller design was evaluated using an
F-8 aircraft model.

Effective compensation of control component failures is In this paper, we present a failure compensation scheme
crucial for aircraft flight safety. Considerable researe@s h based on an adaptive control approach that can utilize the
focused on the design of control systems that can providemaining (functioning) controls to achieve desired perfo
safe performance when failures occur. In [5], an emergengyance in the presence of uncertain system failures. To com-
flight control system that can utilize engine thrusts to mapensate for aircraft failures such as rudder failure or magi
neuver an aircraft was developed and tested on an MDalfunction, asymmetric engine thrusts may be inevitably
11 airplane. In [7], a propulsion controlled aircraft desig needed [10]. For the design of such control schemes, an
by H-infinity model matching was introduced. In [1], anaircraft model with independently adjustable engine ttsrus
indirect adaptive LQ controller was developed for aircrafis necessary. In [8], we derived such an aircraft model and
control, which is able to implicitly reconfigure the controlused it to develop an adaptive failure compensation control
law using on-line estimates of the changed aircraft dynamicscheme using engine differentials for steggulation. In this
so that the failures in the pitch control channel or theaper, we shall use this aircraft model to develop an adaptiv
horizontal stabilizer can be accommodated. In [2], sever#ilure compensation control scheme for stateking, and
multivariable adaptive control algorithms for flight casitr apply the scheme to a transport aircraft model. We shall
reconfiguration were presented with a failure charactdrizeconsider two simulation cases representing realisticestes
by a locked left horizontal tail surface. An adaptive coliéro in which the rudder or an aileron are stuck at unknown
was used to compensate this failure. In [13], a direct adapti constant values at unknown time instants.
reconfigurable flight control algorithm was presented. An on The paper is organized as follows. In Section 2, we
line adaptive neural network was applied to regulate thererrdescribe an engine differential based aircraft flight dyizam
between the plant model and the actual aircraft, and applinodel. In Section 3, we develop an adaptive compensation
cation of this control approach to a tailless advanced fightgcheme that is able to handle uncertain actuator failurds an
aircraft was demonstrated. In [9], an algorithm for airtrafguarantee asymptotic state tracking. In Section 4, we apply
failure detection and compensation was presented, whighis compensation scheme to a transport aircraft model and
incorporated multiple model adaptive estimation methodgresent simulation results to illustrate the effectivenefsthe
In this approach failures are detected by a bank of paralletheme.

Kalman filters and a reconfiguration algorithm is used to

redistribute control commands to the non-failed surfaces. Il. ENGINE DIFFERENTIAL BASED MODEL

In [3], @ new parametrization for the modeling of control

effector failures in flight control applications was propds As described in [8], a nonlinear aircraft dynamic model
including lock in place, hard over and loss of effectivenessm body-axis coordinate system which incorporates engine

I. INTRODUCTION
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differentials can be described by the force equations whereA(? and B® are zero matricesd?), A®, B! and

) _ B@ are of the same forms as in the literature [4], and the
m(i+ qw —rv) = X —mgsind + (T, + Tr) cose (1l.1)

matrices
m(v+ru —pw) =Y + mgcosfsin ¢ (1.2) 0 0 0 0 0 0 0
. . s 2 0o TV =y
m(w+pv—qu) = Z+mgcosf cos p— (T +Tr)sine (11.3) A %}; 1:1/0 8 8 B9 | 723; 77;?;.
and moment equations 0 0 0 0 0 0 v
. . . 0 0 00 0 O 0
Lp+ Lo+ (1 —1y)qr+1s.qp = L+I(T—Tg) sine (11.4) (1713)
Lg+ (I, — L)pr + L.(r —p?) = M (1.5)  represent the effect of engine thrust differentials, tisatfi

the left and right engine thrusts are equal, these matriees a
L+ I.p+ (Iy — In)qp — Ip.qr = N + (T, — Tr)cose  zero. See [8] for details of this model.

(1.6) We note that this aircraft model is different from standard
wherem is the mass of the aircraft., v andw are the body- models used in most of the literature [4] that assume equal
axis components of the velocity of the center of mass;  engine thrusts and aileron angles. This engine differentia
andr are the body-axis components of the angular velocitgased model in which the two engine thrusts and the ailerons
of the aircraft. X, Y and Z are the body-axis aerodynamicare taken into account separately captures the essential
forces about the center of mads. M and NV are the body- dynamics of the aircraft in the engine differential mode,
axis aerodynamic torques about the center of massid¢  and is capable of coping with some actuator failures such as
are the Euler pitch and roll angles of the aircraftepresents rudder failures or engine failure, which cannot be achieved
the angle between thrust and bochaxis. I; are the moments without using engine differentials. Therefore it is delsiea
(or products) of inertia in body axeg.is the gravitational to develop an adaptive control scheme for aircraft actuator
force per unit massl, andTx are the left and right engine failure compensation using engine differentials.
thrusts, and is the distance between engines and plane.

By applying the linearization procedure around the equi- [1l. ADAPTIVE FAILURE COMPENSATION
librium point of interest, we can obtain the linearized eift

model with engine differentials. For this purpose, theestat In this section, we shall first formulate an actuator failure
and control vectors of the Iineaﬁzed model are ' compensation problem for linear systems, and then develop

an adaptive failure compensation scheme for closed-loop
x=[u w qg 06 v r p ¢ ¢ ]T (I.7)  stability and asymptotic tracking of the system state \deis
U = [6 6, 6. 0a a 5T]T (11.8) in the presence of certain actuator failures.

r r

l

where the notationd” has been dropped froniz and U A, Problem Formulation
for simplicity of presentation. Thusu( v, w) represent the

velocity perturbations along each axis and {, r) are the Consider the linear time-invariant system

angular velocity perturbations about each axis.¢ v) are i = Ar+ Bu. x € R". w e R™ (.1
the pitch, roll and yaw angle perturbations, afdé,,, dq, , ’ ’ ’
o, are the deflection perturbations of the elevator, the lefthose actuators: = [uy,us,...,u,,]T may fail during

and right ailerons and the ruddéy, andd;, are the left and system operation. A typical failure model is
right throttle perturbations.

In our study, we consider a steady-state rectilinear wings- ui(t) = wi, t > t;, i € {1,2,...,m}, (1n.2)
level flight condition as the equilibrium point. For this
steady-state flight condition, the derivatives of all tatbe
angular velocity components,(q, ) and the roll angles at
the equilibrium point are all zero, that is,

wheret; is the unknown failure time instant and is the
unknown failure constant [11]. An example of such actuator
failures is when an aircraft control surface (such as thdeud
or an aileron) is stuck at some unknown fixed position at an

[ W ¢ 0 v ¢ p ¢ ¥, ; =0 (1.9)  unknown time instant.
Po = o =To = o =p =0, =0, (11.10) The control objective is to design an adaptive state feed-
back control signal to be applied to the actuatorsuin
wherex, andU, are determined as to ensure closed-loop signal boundedness, and asymptotic
Zo=[tp wo 0 8, 000 0 0]T tracking:lim;_, oo (x(t) —z4(t)) = 0, wherex4(t) is a desired

T state trajectory, in the presence of unknown actuatorrtzslu
Uo:[(seo 6tlo 6t,,~0 6alo 6aro 57‘0 ] (”ll)

By applying the linearization around this equilibrium ppin B- Adaptive Compensator Designs

we can obtain the linearized aircraft model as In the presence of actuator failureg}) can be expressed
A(l) A(Q) B(l) B(Q)
i = [ a4 ;1;)5} z+ [ 3 %4*)3} U, (I1112) _
Ay, Asls B:Ys B u(t) = v(t) + o(a — v(t)), (1.3)
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wherev(t) € R™ is the applied control input vector, = R™*!, are the parameters updated from the adaptive laws
[y, Uz, ..., Um]T is the failure vector, and represents the

failure pattern and is defined as K; = —TyzelPb;, i=1,2,...,m (11.10)
;\4 _ J— . T . —

o = diag{o1, 09, . .., om} (I11.4) /?1 = —vyrqe Pb;, i=1,2,....m  (ll1.11)

0, = —\ielPb;, i=1,2,...,m, (11.12)

with o; = 1 if the ¢th actuator has failed, that is; = u;,
and o; = 0 otherwise. The failures are assumed to ocCufherel’; = I'7 >0, v =~ >0, \ >0, b; is the ith
instantaneously, i.eq; are piecewise constant functions ofcolumn of B, i = 1,2,...,m, and P = PT > ( satisfying
time. There ar&™ possible combinations of actuator stateglll.7). T;, ~;, and \; denote the design parameters for the
(each actuator is either normal or failed), and there®Ste-1  adaptive laws. This adaptive actuator failure compensatio
possible failure patterns that constitute a set denoted.by scheme has the following desired properties:
The system (Ill.1) can then be rewritten as Theorem 3.1: The control law (I1l.9), updated from
. _ (1.10)—(111.122) and applied to the system (lll.1) subjec
#(t) = Az(t) + B(I — o)v(t) + Bo. (I1-5) to the actuator failures (11.2) under Assumption 3.1, en-
For our adaptive control design for actuator failure compersures that all closed-loop system signals are bounded and
sation, the following assumption is needed: lim;—, oo (#(t) — xa(t)) = 0, for any failure patterrv € %

Assumption 3.1: (A, B) is known and stabilizable, and With uncertain parameters.
there exists a non-empty sEtof “recoverable” failures such Proof: For Q@ = Q + PBR™'B” P, using (11l.7), we obtain
thatrank[B(I — )] = rank[B] Vo € ¥. ¥ is a subset of.. T _

Remark 3.1; This assumption characterizes the built-in ~ £(A+BK)+(A+BK)" P =-Q <0. (11.13)
redundancy needed for failure compensation as well asell th S that at time th tuator fail
failure patterns that can be accommodated. This condision j uppose tha _a |.m 'er_e arep .< m.ac_ uator af" ures,

: ) ; that is, u;(t) = @, @ = i1,02,--+,0p, {01,02,..., Ip} C
needed for the existence of a (fixed) failure compensatio P F .
controller that can achieve the desired performance wh ’2""’m}2 and that actuator failures happen at time
the system and failure parameters &newn. The adaptive nstantsty,, With ¢, <te41, k=1,2,...,N.
From the condition of Assumption 3.tank[B(I —o)] =

control design for unknown failure parameters is developed } .
based on the same condition. For instance, when the aircrﬁ?flk[B]’ Vo € L, it follows that for eachy € %, there exist

rudder fails during flight, this condition can still be sl constant matrices(, € R™*" and s, € R™*™" such that

so that the aircraft can be controlled by the remaining

actuators and the failure can be accommodated (which is

demonstrated in the simulation in Section 4.2). O Therefore, for eaclr, there are constark,, satisfying
For asymptotic tracking, we first present a desired hominal

design for the system (lll.1) without any actuator failuresP[A+ B(I —o)K,|+[AT + (I —0)K," BT]P = —Q < 0,

B(I — 0)K, = BK, B(I — 0)k, = Br.  (lll.14)

The nonadaptive nominal controller is (111.15)

andk, satisfying B(I — 0)kqrq(t) = Brrg(t). In addition

u(t) = Kz(t) + £ra(t), (1.6)  there exists constart= [01,02,...,0,]T € R™, whered;,

where K = —R-'BTP ¢ R™ " is an optimal LQ gain i # 1,12, ...,1p, are solutions of the following equation
with P satisfying the Riccati equation

ing a S onti=— Y b, (1I1.16)

ATP+ PA—PBR'BTP+Q=0 (n.7) iy iz,eip =iz, ip
for some chosenxn matrixQ = QT > 0 andmxm matrix andé; = 0, for i = 41,49,...,i,, such thatB(I — o) =

R = RT > 0, and the reference input;(t) € R™ and Bo.
Kk € R™*™r are chosen for some desired system trajectory. From (111.5), (111.8), and 1.9, we have
With this nominal controller, the closed-loop system is . .
i(t) = (A+ BK)x(t)+ Brry(t), based on which, we define €(t) = Az(t) + B(I — o)(Kxz(t) + Ara(t) + 0) + Bou

the desired state trajectony;(¢) from the reference system —(A+ BEK)x4(t) — Brry(t)
Fa(t) = (A + BE)za(t) + Brra(t). (11.8) =Az(t)+B(I - 0)(Kow(t)+rora(t) +0)+ Bou
_ . —(A4+BK)z4(t)—Brrq(t)+B(I—o0)[(K — Ky)z(t)
Define the tracking erroe(t) = x(t) — z4(t). As the new (= Ko )ra(t) + (0 — 0)] (111.17)

adaptive failure compensation scheme for asymptotic state
tracking, the feedback control law is With equations (111.14) and (111.16), the dynamic equation

o(t) = f(m(t) ¥ Ara(t) + 0, (I11.9) for tracking error can be simplified as
where K = [K1,Ks,...,K,|T € R™", i = é(t) = (A+BK)€(t)+B€I—U)[(K—Ka)$(t)
[R1, B2,y hm]T € R™ ™ and @ = [01,0s,...,0,]T € +(k — Ko)ra(t) + (6 — 6)]. (11.18)



With the adaptive laws (111.10)—(111.12), a Lyapunov func-we can conclude that € L2 N L>®, K € L™, & € L™,

tion candidate can be chosen as
V=2¢"Pet+ > (K- K)'T; (K - K;)

1#£01,02,...,0p
+ DIk

v MR — i)+ N
i#01,02,.. 7p

7;7£Z‘177;27~~~7ip
for each time intervalty, tx41), K =0,1,..., N, with ¢, =
0 andtyy1 = oo, where K; is theith row of K, andk; is
theith row of .. The time-derivative o in each(ty,, tx11)
is
V = ¢"[P(A+ BK)+ (A" +
+2¢"PB(I—0)[(K—

+2) " (Ki—K)'T

'_ﬁz

+ K"B")Ple
Ko)a(t)+(R—ro)ra(t) + (9 0)]

+ZZ m—/@ 77 m

101,82, ,0p 111,02, ip
+2) A0 - 0)
1#£01,82,..,0p

= "[P(A+ BK) + (A" + K" B")Ple

+26TPB(I—J)[(K—Kg)x(t)—|—(/%—m,)rd(t)+(é—6')]
—QZ (Ri—Ki)TxeTPbi — QZ (RL — Hi)T’I“deTPbi
141 ,52,...,0p 141 ,82,...,0p
—QZ (éz — Qi)eTPb¢7
i£i1,i,..ip
For the considered actuator failure pattern, thatj&;) =
U, 05 = 1, 1 = d1,09,...,0p, usmg the fact thatB(I —
O)K—Ko) =2 isi) i i, i (K; — K;)T and the commu-
tativity property of the matrix trace operator, i.€%(XY) =
Tr(Y X), the following equalities hold:

e"PB(I-0)(K—Ky)a(t) = Y (K;—K;)"ze" Pb;,
P01 452500 yip

" PB(I-0)(k—ko)ra(t) = Y (i — ki) rac” Ph;,
T701 452, 0eyip

e"PB(I-0)(0—0) = Y (6;—0;)e" Pb;.

i#01,02,..0p

So the time-derivative oV in each(t,tx+1) is simplified

as

V =—-eTQe <0, (111.19)

where (111.13) is used for the last equality. It follows that

L2NL>®, andK; € L™ andf; € L™ for i # i1,ia, ..., iy,

whereiy, iq, ..., 4, are the indexes of failed actuators.
From (111.20)—(111.12), we have

{r;lf{l, I Ko, ... ,F;}f(m} — —2¢"PB,

1z 1z 1z T
|:'-)/1 K1,7Yo K2y-- s Y Km| = —Tqd€ PB7

[A;lél,Aglég,...,A;jom} — _¢TPB, (I1.20)

and§ € L. For the nominal design (Ill.6)A + BK is
asymptotically stable such that;(¢) € L with a bounded
reference input4(¢). Hence we conclude that(t) € L,
so doesv(t). Furthermore, since(t) € L™ andiy € L,
given thate(t) € L?, we also havéim; .., e(t) =0. O

The physical meaning of state tracking for the aircraft
dynamic model linearized at an equilibrium point,(U,) is
that the operation of the aircraft follows a desired traject
in a neighborhood of the equilibrium point. When we apply
this adaptive failure compensation scheme to aircraft ffligh
control, we want the aircraft to maintain the desired trajec
tory that was originally set for the nominal case of no falur
even if unknown actuator failures occur. Theorem 3.1 gives a
solution to the problem of state tracking. The stabilizapil
and rank condition in Assumption 3.1 characterizes the
system redundancy condition needed for actuator failure
compensation. As shown in next section, it is satisfied for
the rudder or aileron failure case and the system state is
able to track the desired trajectory asymptotically, which
implies that the aircraft can maintain the desired perforcea
under normal as well as failure conditions. Assumption
3.1 also requires the knowledge df and B. However, it
may be noted that, if the actual system matrix given by
A, = A+ A (wheredA is the parameter error) is such that
(A, +BK)"P+P(A,+ BK) < 0, the asymptotic tracking
and signal boundedness of Theorem 3.1 will still hold. (This
condition basically implies that the nominal LQ regulator
used for generating the desired trajectory is designed to be
robust to parameter uncertainties). Further researcheidate
in order to investigate robustness of the adaptive scheme to
model errors, and to relax the requirement of knowledge of
A and B.

IV. APPLICATION TOFLIGHT CONTROL

In this section, we demonstrate application of the adaptive
failure compensation technique to a transport aircraft by
presenting some simulation results for trajectory tragkim
the presence of unknown rudder and aileron failures. We
shall first describe the aircraft model used in simulatiord a
then present the simulation results.

A. Aircraft Model for Smulation Study

For our simulation study, we use a transport aircraft model.
The airplane flies at a velocity of 774 ft/sec and an altitude
of 40 kft. The linearized dynamic model is

A0 4O B @

0= |4 4 [e0+ | T i |umov
A, AL By B

whereA(? and B are zero matrices, and®), A4, B

and B® are of the same forms as in [8], and

x:[qu@vrpd)zb]T

which implies thatk; € L>, #; € L™ andd; € L™ for U=[6. 6, 6 ba 6a, 6017,
i =1y,19,...,4p, becauseB can be represented by a linear 0 0 00 0 0 0
combination ofb;, i # iy, 42, ..., %p. ) 0.001  0.001 0 O . 0 08 —07
: . : _ A®) =] -0.001 -0001 0 0|,B® =] 0 —05 06
The functionV is not continuous at,, £ =0,1,..., N, 0 0 0 0 0o o 0
and only has finite value jumps at those time instants. So 0 0 0 0 0 0 0
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The non-zero terms il (®) and B(®) represent the engine (l)g&/ ]
thrust differential effect. The basic units used in this eiod_og ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
are ft! sec _and crad (0'01 radlan)' . ° y—azxci)s veloéi?y xszve(%olid) gr?d desilrg% xds%ggshedﬁg/sec)l\?g tim(al?gec) 200
We consider two types of constant actuator failures: rudc o5
failure and aileron failure. The rudder failure is denoted a_ I
U6 (t) — UG(tf) t > tf’ (|V2) _10 Zb b b ‘ ‘0 léO 140 160 180 200

roll angle Xg =@ (solid) and deSIred Xy (dashed) (deg) vs. time (sec)
0 T T

wheret; is the failure time instant. It represents the rudd

stuck in its position at instarit;, and cannot be moved. The™®®

aileron failure we consider is -1t w w w I : : : : =

0 20 40 60 80 100 120 140 160 180 200
yaw angle X=W (solid) and desired X4o (dashed) (deg) vs. time (sec)

Us(t)=0 t > ty, (IV.3)
which indicates that at failure time instang, the right Fig. 1. System statess = v, v5 = ¢, z9 = ¢ (Case I).
aileron angle drops to zero and is stuck from then on. The~3
failure patterns satisfy Assumption 3.1. OB :
B. Simulation Results % _ 20 40 _éo .8‘0 _160 120 140 160 1éo_ 200

left engine throttle éu (solid) and right engine throttle 6" (dashed) (ft/secz) vs. time (sec)
In this subsection, we present the simulation results f 1 ; ;

the asymptotic tracking ofc4(t) by x(¢) to demonstrate _(1’3” *********************************************************** ]

the performance of the system with the adaptive failu %520 60 80 100 120 140 160 180 200

compensation scheme described in Section 3.2. For left aileron 6a| (solid) and right aileron éar (dashed) (deg) vs. time (sec)
simulation, the values of andr; were chosen ag; = 1, o4f ‘ ‘ ‘ ‘ ‘ ]
0.2 B
and 1
:8§L\ Il Il Il Il Il Il Il Il ]
k =10.7344 0.6842 1.5974 —0.5817 —0.7853 l]T ‘0 20 40 60 80 100 120 140 160 180 200

rudder angle Er (deg) vs. time (sec)

that is,r; = r € R is a scalar, which leads to the final _ _
values of the desired states: Fig. 2. Control signalsds;, 6¢r, 641, dar, andd, (Case I).

2 =[4 106 0 1 0 0 0 0 —1.8]" . , _ ,
immediately after its occurrence by the adaptive controlle
This trajectory represents a steady state flight conditiofThe other states can also converge to the desired trajector
in which the aircraft is climbing with a 4 ft/sec velocity after rudder failure, but are not shown in the figures due to
perturbation along the-axis, a -1.06 ft/sec velocity per- the limitation of space). The initial transients (before th
turbation along thez-axis, a pitch angle of 1 crads (0.57 fajlure occurs) are because of the adaptive system response

degrees), and a yaw angle of -1.8 crads (-1.0 degree). Tigen the system is first turned on with some arbitrary initial
initial value of the state vector is zero, i.e., the airplangalues of the adaptive control gains.

is in steady wings-level flight. The physical meaning of . :
state tracking is that the aircraft flies from one steadyestat. Case (1)) SySte”.‘ performances with adaptllve compensa-
flight condition to another steady state flight condition hehi tion scheme and aileron failure (IV.3). The_: fa|!ure Instant
closely following a reference state-trajectory. The choic ts = 20 seconds and the param_eter_ setting is the same as
of the reference trajectory (in particulat, and ry) in this Case (I). The results are shown in Figures 3 and 4.
paper was arbitrary, the main purpose being demonstrat';z
of the adaptive scheme. For the controller design, we chot 0,%,&; ]
Q = Iy and R = diag(2,6,6,2,2,2}. 02 - - s -

For our simulation study, we examine two cases: ( y-axis velocity x,=v (solid) and desired x . (dashed) (ft/sec) vs. time (sec)
system responses with adaptive failure compensation w Og ‘ ‘
failure (1V.2) and (I) system responses with adaptiveuial -o. 5&//, .

compensation with aileron failure (1V.3). o 50 100 150 200 250 300
roll angle Xg =@ (solid) and desired Xy (dashed) (deg) vs. time (sec)
Case (I) System performances with adaptive o ‘ ‘

compensation scheme and rudder failure (IV.2). The failu-os- 8

300

instant ist; = 5 seconds.I'; ({ = 1,...,6) are chosen _;| ‘ ‘ ‘ . i
as [0'01 0.01 0.01 0.06 0.01 0.01 0.01 0.04 008] 0 yza?wangleox ljJ(s%hd)ar?gdesnegox (dgghed)%ggg)vsléﬁne(sle?:()) 200
vi and A; (i = 1,...,6) are chosen as

[0.01 0.05 0.05 0.02 0.02 0.01]. These design Fig. 3. System statess = v, zs = ¢, xg = 1 (Case ).

parameters were chosen by trial and error. Some selected
states and control signals are shown in Figures 1 and 2,In summary, in this study we simulated some typical
which demonstrate how the rudder failure is accommodatedrcraft motions for realistic rudder and aileron failurene
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I I I I I I I I
40 60 80 100 120 140 160 180

0 20
left engine throttle éﬂ (solid) and right engine throttle 61r (dashed) (ﬂ/secz) vs. time (s

200
ec)

I I I I
100 120 140 160 180

2 20 40 60 80
left aileron 6a| (solid) and right aileron éar (dashed) (deg) vs. time (sec)

0.41 b
0-3&// 1
_0A27 L L L L L L L L L ] [2]
0'40 20 40 60 80 100 120 140 160 180 200
rudder angle 6r (deg) vs. time (sec) (3]
Fig. 4. Control signalsd;;, d¢r, 641, dar, andd, (Case ).
[4]
(3]

ditions. The failure uncertainties are characterized by th
failure value and failure time instant: both are unknowrhi t
adaptive controller. Simulation results indicate the igbibf [6]
the adaptive compensation scheme to accommodate unknown
actuator failures and to maintain the desired performance
regardless of whether a failure has occurred or not, and th
value of the failure. This objective cannot be achieved with
a fixed controller. We can see from the simulation results [8]
that the engine differentials and ailerons, which charaete
the system redundancy mentioned previously, make the main
contribution to the failure compensation so as to achieee th (9]
control objectives. The same goal cannot be achieved withou
using engine differentials.

[10]

V. CONCLUDING REMARKS

A dynamic model of aircraft with independently adjustable [11]
engine throttles and ailerons was considered for failura-co ]
pensation in the presence of rudder or aileron failure. This
model captures the key features of aircraft flight dynamics
when in the engine differential mode and facilitates thell®
development of an adaptive failure compensation approach
to handle actuator failures using functioning actuatoet th
can be of types different from the failed actuators. An
adaptive actuator failure compensation scheme was prdpose
which guarantees closed-loop signal boundedness as well
as asymptotic state tracking in the presence of unknown
actuator failures occurring at unknown time instants. Sim-
ulation results obtained for a large transport aircraft aiod
indicate that the adaptive scheme can provide satisfactory
performance in the presence of rudder or aileron failures,
i.e., the functioning actuators automatically and seashfes
take over for the failed ones.

Several important and challenging issues need to be ad-
dressed in future research. First, robustness of the adapti
scheme to model errors, and relaxation of the requirement of
knowledge of the system matrices, need to be investigated.
In addition, the effects of actuator nonlinearities indhgd
output and rate saturation, as well as actuator dynamiesl ne
to be addressed. Also, extensions of the adaptive scheme
to model reference state and output tracking, as well as to
nonlinear aircraft models, should be addressed.
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