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Robust Variable Structure Controller Design
for Fault Tolerant Flight Control

Dohyeon Kim and Youdan Kim
Seoul National University, Seoul 151-742, Republic of Korea

A model following control scheme is proposed that possesses fault detection and isolation capabilities as well
as a fault tolerance property. The proposed model following controller is designed based on a variable structure
control (VSC), and the scheme does not require the parameter estimation process for reconfigurable control. The
main idea of the proposed algorithm stems from the fact that the nonlinear control of VSC counteracts external
disturbances. The proposed algorithm is shown to be very useful for the case of control surface damage in aircraft,
where the parameter change and external fault signal satisfy the matching conditions. The nonlinear control action
that suppresses the fault effect can be used to determine how serious the damage is. Numerical results show the
applicability of the proposed algorithm.

Nomenclature K, = gain for output error feedback
= system matrix L, = stability derivative of roll moment
system/output matrix of the model to be followed with respect to a
gain parameter for discontinuous control input M = basis of left annihilator of C,

input matrix
bounding function of || (£)||

Mgit, Myyd, Mele

signals to be monitored to diagnose control
surface damage

output matrix N, = stability derivative of roll moment
partitioned matrices of CTT with respect to a

ratio of lateral elevator location to aileron p(x, 1) =m Xn matrixi.e. AA =Bp

location from the body c.g. r = yaw rate

fault effect vector, px + hu + f Sa» Sry Sy, S = areas of aileron, rudder, vertical fin, wing
state error, x — X, s = sliding variable

output error, y — y,, T = transformation matrix

sliding gain, for example, (GC,)™'G t, = time at which sliding motion starts
feedforward gain to construct B,, i.e. B,, = BF, Uy = discontinuous control input

actuator fault vector Ueq = equivalentcontrol

sliding surface matrix u(t) = input vector

acceleration of gravity Vr = total velocity of the aircraft

m Xm matrix i.e. AB =Bh x(t) = state vector

state feedback gain to construct A,, i.e. Y, = stability derivative of side force with respectto a
A,=A-BK B = sideslip angle

gain for outputerror feedback r = m Xn arbitrary matrix
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4 = gain parameter for K,

Ve = path angle of the aircraft at trim point
AA = uncertainty/nonlinearity in system matrix
AAuy, AAy = AA caused by aileron/rudder damage

AB = uncertainty/nonlinearity in input matrix
AB,, AB.y = A B caused by aileronfrudder damage

o = width of boundary layer

[oX = aileron deflection

[eX = rudder deflection

&, 6, 6 = ratios of damaged area of aileron/

rudder/elevator to their total areas
¢! = ratios of damaged area of aileron/rudder
to the overall wing area

0, = pitch angle of the aircraft at trim point

—A; = real part of ith eigenvalue of reduced-order
matrix A,

lmin = min{li }

u, o = conversion parameters of the moments of inertia

P = bound for uncertainty and disturbance

¢ = roll angle

I. Introduction

AULT tolerant control methodologies can be divided into two
categories: passive fault tolerant systems and active fault tol-
erant control systems.! A control system that possesses enough ro-
bustness to cope with possible fault occurrence can be considered
as a passive fault tolerant control system.?~> An active fault tolerant
control system, however, is defined as a control system that has the
ability to accommodate fault by reconfiguring the control structure.
Active faulttolerantcontrol proceduresinclude the fault detection
and isolation process and the control redesign (reconfiguration)
process. The control redesign problem has been a challenging
issue during the last decadeS~!* Previously proposed methods
include the gain scheduling pseudoinverse method,® feedback
linearization, "' knowledge-based systems,' and the eigenstruc-
ture assignment technique.!? A few recent works have utilized the
linear model following method.!*!* However, the performances of
the existing control reconfiguration methodologies depend on the
accuracy of system identification that must be performed online.

In this study, we propose a fault tolerant model following control
law based on the variable structure control (VSC) scheme. The pro-
posed method does not require the control redesign process while
it does possess the ability to detect and to isolate possible control
surface damage.

An essential feature of VSC is nonlinear feedback control with
discontinuityon the switching surfaces.!>~!7 The controlis designed
to drive the system to the predefined sliding surfaces and then to
constrain the system state to remain there. The motion in the slid-
ing surface, known as sliding motion, can be described as a low-
order unforced system and is invariant to the parameter variation
and external disturbances within the input channel. This inherent
invariance enables fault tolerant performance in the face of control
surface damage that satisfies the matching conditions without online
(damaged) system identification. Recently, Shtessel and Tournes'®
and Shtessel et al.'” designed a reconfigurable flight control sys-
tem utilizing this invariance of VSC. The designed system achieves
tracking performance after damage in the control surfaces without
violating actuator limits.

The methodology proposedin this paper adopts the model follow-
ing scheme, which minimizes bumps in the control reconfiguration
stage, with VSC. Therefore, with the help of the invarianceproperty,
the method removes the toil of system identification, and, thus, the
time required to cope with the faults is reduced. It is also clear that
the parameters of VSC may be updated to improve the effectiveness
of fault tolerant control when system identification is possible. In
additionto utilizing the invariance property, the algorithmin this pa-
per also makes use of the nonlinear control action to reconstructthe
effects of control surface damage. This fault reconstructionconcept
has lately been introduced in VSC observer schemes,2*?! although
they are much different from the algorithm in this paper. Because
the methodology proposed in this paper is in the form of model
following control, the sliding variables are computed from the out-

put errors, which reflects the effect of the control surface damage.
Hence, the comparison of nonlinear control action and the adequate
set of signals enable diagnosis of control surface damage.

The paperis constructedas follows. In Sec. II, a model following
control scheme based on VSC is developed. The proposed control
system satisfies the reaching condition and has the ability to re-
construct a certain set of faults. Section III describes modeling of
the control surface damage. The result of a numerical simulation is
given in Sec. IV to demonstrate the applicability of the proposed
methodology.

II. VSC-Based Model Following Control
Problem Statement
Consider a system described by

x(1) =[A+ AA(x, )]x(t) + [B + AB(x, t)Ju(t) + Bf(r) (1)

y(1) = Cx(1) )

wherex(f) € R" is a state vector, u(t) € R™ is a control input vector,
y(t) € R? is an output vector, and f(t) € R" (r <m) represents the
possible added-form actuator fault with bounded magnitude. The
matrices A, B, and C are real matrices with appropriatedimensions,
and variations AA and A B denote uncertainty and nonlinearity in
the plant and input parameters. We give the following assumptions.

Assumption 1: The pairs (A, B) and (A, C) are controllable and
observable, respectively.

Assumption 2: There exist matrix functions p(x, t) and h(x, u, t)
that satisfy the following matching conditions:

AA(x,t) = Bp(x,t) 3)
AB(x,u,t) = Bh(x,u,rt) 4)

The physical meaning of this condition is that the variations and
disturbances come through the input channel.

Assumption 3: The effects of uncertainty and disturbance are all
bounded; there exists a known non-negative scalar p such that

llpx +hu+ fll <p 5)

where || || denotes an induced norm.
The reference model to be followed is described as

X, (1) = Apx, (1) + B,r(t) (6)
Ym(t) = me(t) M

If the system described by Egs. (1) and (2) follows the reference
model selected as a nominal healthy closed-loop system, it can be
said that the fault tolerant control objective is achieved. From this
viewpoint, it is natural to choose the model system matrices as

A, =A—-BK ®)
B, = BF; ©)

where K is the state feedback gain chosen by considering system
stability and performance, and F is the feedforward gain to track
the command input.

Let us define the errors between the model and the plant state as

e(t) =x(1) — xu(1) (10

e (1) =y(1) —yu(t) = Ce(t) (1

Differentiating Eq. (10) with respect to time and substituting
Eqgs. (1), (2), (6), and (7) into the resulting equation yield

ée=(A+AA)x+ (B+AB)u+ Bf — A,x, — B,r
= A(x —x,) + Bu+ BKx,, — B,,r + B(px + hu + f)

=A,e+ Bu+ BKx — B,,r + B(px + hu + f) (12)

Reaching Control
If it is possible to design a control law that makes the error dy-
namics described by Eq. (12) be stable even with the faults, then
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the system describedby Eq. (1) has a fault tolerant property. VSC is
more useful for this purpose than any other reconfiguration strategy
because it may assign desired characteristics to the transient error
dynamics in addition to its inherent robustness. The space in which
transient error lies is defined to be in the sliding mode, whose de-
sign is frequently called the sliding surface (or hyperplane) design.
In this paper, a new sliding surface design scheme is proposed in
the subsequent section.
Let us denote the sliding mode as

s(t) = Gey(t) = GClx(t) —x,(1)] =0 V>t  (13)

where ¢, is the time at which the sliding motion starts and the m X p
matrix G is selected for GCB to be nonsingular. By the definition
of the sliding mode, the velocity of s(¢) should also be zero,

$(t) =Gé (1) =GCeé(t) =0 W >1, (14)
By the use of Egs. (12-14), the equivalentcontrol can be obtained as
U = —(GCB)'GC[A,,e + BKx — B,,r + Bd] (15)
where
d; =px+hu+ f (16)
Substituting u.q into Eq. (12) yields
¢ =[I - B(GCB)"'GC][A,e + BKx — B,r + Bd[]
=[I — B(GCB)"'GC]A,e 17)

Therefore, gain matrix G should be selected in considerationof the
eigenvalues of the [/ — B(GC B)"'GC]A,, matrix. The procedure
for designing sliding surface G will be summarized in the next
section.

To reach the designed sliding mode, a number of control strate-
gies can be used: relays with either fixed- or state-dependent gains,
linear feedback with switched gains, and widely used unit-vector-
type controls. In this paper, a simple control structure is proposed
as follows.

Lemma: A control in the form of

u(t) = —Kx, + Ke, + K,,r +u, (18)
where
K., =-y(GCB)™'G, K, =(GCB)"'GCB, = F;
si7])

s

uy; =a(GCB)™'||GCB||sgn(s), sgn(s) =sgn

S

and a and y are scalar parameters, satisfies the reaching condition
of

%[%(STS)} <0 (19)

under Assumptions 1-3
Proof: Using Egs. (12-14), we obtain

sTs =s"Ge,
=s"GC[A,e + Bu+ BKx — B,r + Bd,]
=s"GC[Ae + BK,Ce + Bd; + Bu,]
=s"{GC[A — yB(GCB)'GCle + GC(Bd; + Bu,)}
=s"{GC(A—yle+ GCB(d; + u,)}

=e"C'G"GC(A — yDe +s"GCB(d; + u,) (20)

If (A — y I) is negative definite, Eq. (20) becomes
sTs = —e"CTG"GC Q" Qe + s GCBd; + as” ||GC Bllsgn(s)
<IIsllIGCBIllld,|l + allGC Blls" sgn(s) (21)

By consideration of the Assumptions, the preceding inequality can
be written as

sTs <||GCB||[plls]| + as”sgn(s)] 22)

Hence, the reaching conditionis achieved by selecting a sufficiently
large value of a, thatis,a < —p. a

During the sliding motion, the high-frequency chattering of dis-
continuous control can be present around the switching surface.
This chattering behavior of the actuator could result in continuous
saturationor excitationof high-orderdynamics. This continuoussat-
uration is especially hazardous in aerospace applications because it
may cause pilot-inducedoscillations >> To overcome this chattering
problem, several methods replacing the discontinuous control with
a nonlinear continuous one have been suggested. In this paper, a
simple saturating control is adopted as

1 it s>08
sat(s/8) = {s/8 if  |s| < S (23)
-1 if s<-6

where the positive scalar dis a design parameter that depends on the
system. Within the boundary layer or —6 < s < 6, control is linear,
whereas it is identical to the original relay outside the boundary
layer. With this control, the system is driven to the boundary layer
(near the sliding motion), not to the exact sliding surface s =0. As
a result, chattering is removed; however, invariance is degraded at
the same time.

Sliding Surface Design

Design of sliding surfaces is equivalentto prescribing a reduced-
order dynamics of the system on the sliding surface, which is the
transientdynamicsof error. The design techniquesfor state feedback
are mainly due to Refs. 23 and 24. Sliding surface design techniques
for output feedback VSC are under development?~%" In this paper,
a simple algorithm modified from Ref. 25 is used. Let us start with
the dynamics extracted from Eq. (12). Note that the other terms in
Eq. (12) have no effect after reaching sliding motion, which can be
seen in Eq. (17):

é =A,e+ Bu (24)
e, =Ce (25)

Consideran orthogonal transformationby setting z =T'e, where the
transformation matrix 7" is defined so that

0
TB = |:B21| (26)

Partitioning z as| z/ zI'|, where z; € R*~" and z; € R™, yields

21 =Anz + Az, 2 =Anz + Apzy + Bou (27)

e, =[C1 Glz (28)

where

[All A12

=TA,T", c Gl=cr”
A, Azj [C1 G

The sliding dynamics can be written as
s =0=GCe =GCIZI + GCZZZ (29)
Therefore, Eqs. (27) and (28) can be written as

21 =(An — ApFC)z (30)
e, =, — C,F)Cz 3D

where
F =(GCy)™'G (32)
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As we can see, the sliding surface design is to assign the eigenvalues
of (A, — A, FC)) to the desired values under the constraint of
FC,=1,.

The solution of Eq. (32) can be obtained as

F=C;"+rM" (33)

where CZ_L is the left inverse of C,, M is the basis of the left annihi-
lator of C», thatis, MTC, =0, and I is an m X p arbitrary matrix.
The design procedure can be summarized as follows.
1) Find T such that (AH —Ap FC’I) has the desired spectrum,

where
A=A - A12C2_L, ¢ =M"C,

2) Compute F using Eq. (33).
3) Find G using the relation G(1,, - C, F) =0.

Fault Reconstruction
The control of Eq. (18) with Eq. (23) yields the error equation:
¢ =[A—-yB(GCB)'GCle + B(d; + u,) (34)

The transformation of £ =T e with matrix 7 defined in Eq. (26)
yields

E=T[A-yB(GCB)'GCIT"é + TB(u, +dy) (35)
By partitioning & =[&, &]", Eq. (35) can be written as

& =An& + Aps, & =AY & + ALE + By(ug +dy)

(36)
where
|43, A3, | =[4s  Anl+ B[K — y(GCB)'GCITT (37)
The sliding variable and its derivative can be written as
s =GCi& + GG5 (38)
§ =GC& + GGy, 39)
Equation (38) can be rewritten as
& =(GC)(=GCi& +9) (40)
and Eq. (30) becomes
§ = GC& + GCr4
=[GCi(A = ALFC)) + GC, (43, — A5, FC))]é&
+(GC AL + GCLA3,)(GCy)'s + GCyBo(uy +d)
=[GCi(A = ALFC)) — GO, (43, — A5, FC))]&
+{(alOIGC,B,IIT + (GC Ay, + GC,A3,)(GCy) ' s
+GC,yByd, (41)

Equation (41) governs the dynamics of sliding variable s in the
boundary layer and can be simplified as
§ =Ls+ M& + Nd, (42)

where

L =(@/§IGCB I + (GC Ay, + GCr43,)(GCy)™!
M =[GC\(A,) — ApFCy) — GC, (A3, — A3, FC)]
N =GC,B, (43)

We propose the following simple theorem modified from Ref. 26.

Theorem: Let (A;; — A1, FCy) be A, and the real parts of the
n-m eigenvaluesbe {—A;, —A,, ..., =4, _, }. Here Ay, is defined
as the minimum value of {4, 45, ..., 4, -, }. Then, we have the
following:

1) For some real 7, |le?!|| < y e~ min’
2) Here ||&,(¢)| is bounded by b(#) after a finite period of time,
where b(t) is the solution of the following equation:

b(t) = —ab(1) + 75| A(GC) | (44)

where A, < A, and b(0) > 0.
Proof: Because part 1 is obvious, consider part 2. The insertion
of Eq. (40) into Eq. (36) yields

& =A8+An(GCy) s (45)

which has the solution of
t
E(1) = e™E(0) + / e TDAL(GC,) s dr (46)
0

Therefore,

AIZ(GCZ)_I ” lIs|l d=

47)
Because ||s|| <& in the boundary layer, Eq. (47) can be written as

t
el < ye =& )] + f ye fmn¢ =0
0

t
&l < ye & Ol + 76 / y e~ min1=)

0

An(GCy)™! || de

(48)
The solution of Eq. (44) is

t
b(t) = e ™'b(0) + y5/ g Hmin(t =)
0

Ap(GCy)™!|de  (49)

Therefore, comparison of Eqgs. (48) and (49) shows ||& ()|l <b(?)
after a finite period of time, with 5(0) > 0 and A4, < Ay a

Consider Eq. (42) again. If fault or parameter variation repre-
sented by d occurs at a certain time, the perturbed sliding variable
moves toward the sliding surface. After that, the dynamics of the
sliding variable is governed by Eq. (42) inside the boundary layer.
Aftera sufficient time period, & in Eq. (42) has a small value whose
norm is bounded by (y &/ 4,,)||A12(G C,) 7! ||. Because the values &
and y are naturally very small and 4,, can be made to be large, the
effect of & might be negligible thereafter.

Therefore, we can approximate Eq. (42) as

§= Ls + Nd, (50)
The steady-state value of the sliding variable is then
ss~ —L7'Ndy, (5D
or
d; =~ —N7'Ls (52)

Hence, monitoring the sliding variable enables the reconstruction
of the fault that can be characterizedby Eq. (16) and Assumption 2.

III. Control Surface Damage Model

The linear equation of aircraft lateral motion is

B Yg gcos, Y, Y, ]
B Vr Vr Vr Vr
) cos ¥, sin y,
bl 0 coste sinze
p cos 6, cos 6,
i uLg + oy Ng 0 uL,+ o N, upL,+ N,
uNg + oLg 0 uN,+ oL, uN, + oL,
b Yy Yo
VT VT
¢ &
X + 0 0 5 (53)
p uLs + oyNs, uLs + o Ns, "
r

,U]\JgH + C72L5“ ,UN@_ + szL@.

where the state vector consists of the sideslip angle S, the roll angle
¢, therollrate p, and the yaw rate r. Inputs are the ailerondeflection
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. and the rudder deflection J.. All of the notations used for the
elements are in standard fashion, in accordance with Ref. 28. The
stability derivatives Y,, L,, and N, are defined in the traditional
manner; the subscript e attached to the path angle and the pitch
angle denotes trim values. The coefficients u and o; are related to
the conversion of the moment of inertia from the body axis to the
stability axis,

JJ!

= 54

H Jx‘]z - sz ( )
JJ!

= Z Xz 55

“ Jx‘]z - sz ( )
JLJ!

= X - XZ 56

i Jx‘]z - sz ( )

In the preceding equations, the moments of inertia in the numerator
are measured in the stability axis of the system, whereas those in
numerator are measured in body axis.?®

Consider the parameter variations for the case in which some
parts of a control surface are damaged. The changes of system and
input matrices can be modeled by analyzingthe stability and control
derivatives. References 29 and 30 deal with this interesting topic.

If the aileron is damaged, the changes of system matrices can be
formulated as

KIM AND KIM

0 Ys5./Vr
0
0 /JL@ + CT]N@.

0 /JN@. + CTZL@.

AB =ABy=( —1) (60)

The assumption that the longitudinal and lateral motions are de-
coupled is no longer valid if the elevator is damaged. Once an el-
evator on one side operates with less surface area, it produces less
moment than the otherelevatorabouttheroll axis of the aircraft. This
moment can be modeled as a disturbance term added to Eq. (53):

0

0
uLs, + 01N,
HUNs, + &L,

(61)

chlcv =da(1 - Ce) 5g

where d,, is the ratio of the lateral elevator location to the aileron lo-
cation from the body centerof mass, &, is the ratio of the damaged el-
evator area to the total elevatorarea, and 9, is the elevator deflection.

Note from Egs. (57-61) that the parameters’ change due to the
control surface damages do not satisfy Assumption 2. However,
for conventional aircraft, those variations approximately satisfy the
matching conditions. This is because the values of 1 are much larger
than those of ; for most aircraft.

-1 -1
Ls + oyN. Ls + o1Ns, Lg 0 uL, O L Ls Lg; 0 L, O
AAaﬂ:BpaﬂzB(g;—l)N & toiNg pLs +oilNs uLp uL, ~Bl@—n| "o B »
N@, + CTzL@, /JN@. + C72L5r 0 0 0 0 N@, N@. 0 0 0 0
(62)
ABy =Bhy =B (& - 1) bo (63)
aill — aill — 0 0
-1
Ls + oyN, Ls + o;N; Lg+o;Ng 0 uL,+ N, L, + oN,
AAnyy = Bpoy~ B (Cr,_l).ua, O1lNg, HLgs T 01N HLp * 01 Ng HL, T O1N, H O
uNs, + ooLs, uNs + oL uNg+ oLy 0O uN,+ oL, uN,+ oL,
-1
L Ls, Lg 0 L, L,
. B (C,’—l)[ a a,} [ p , } )
Ns, N Ng 0O N, N,
0 0 0 0 01
ABrud = Bhrud =B (Cr - 1) (65)
0 0 0 0 01
AA=AAyu=( - 1) L. 0 uL. 0 (57)
Hip K Therefore, the FDI and fault tolerantcontrol algorithmdevelopedin
0 0 0 O Sec. II can now be applied to the control surface damage problem.
The d; are
A
Ys,/Vr 0 dp)ar = parx + hgu = (& = D ppax + (& — Dhgau
0
AB=ABu=&=D\ /L oN. 0 (58) = (& = DS/ (S, + S)Ipanx + hpau ) (66)
Ns, + ®»Ls, 0 A
H 2 (df)rud = PrugX + hrudu = (C,{ - l)pErudx + (Cr - l)hErudu
where the factor g, is the ratio of the damaged area to the total aileron =& — D{(S,/S,) PrraaX + hprqit} (67)
area and ¢ is the ratio of the damaged area to the overall wing.”
Similarly, the rudder damage can be described by the following , [
matrix with & and ¢’ @p)aey = faey =da(1 = &) 0 (68)

AA=AA = - 1)

Y/ Vy 0 Y,/Vr Y, /Vy
0 0 0 0
(59)
ulg + o Ng 0 uL,+ N, pL,+ N,
uNg+oLg 0 uN,+ oL, uN,+ oL,

where S,, S,, S, and S, denote areas of aileron, vertical fin, wing,
and rudder, respectively.
Let us define the signals as

My = {[Sa/(Sy + S)IPeanx + hpau} (69)

Myyq é {(Sr/Sv)pErudx + hErudu} (70)
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A &
Mee = da 0 (71)
Therefore, if the signals m , m, 4, and m, were to be monitoredin
flight and compared to the shape of the signal produced by Eq. (52),
then the kind of damage could be detected whereas the quantity of
damage could be diagnosed by way of the ratio of the signal being
monitored and the computed signald; ~ —N~'Ls.

IV. Numerical Simulation and Verification

Consider an F-16 aircraft in steady-state pull-up motion.”® The
system can be written as

B —0.322 0.0612 0.298 —0.948]| | B

ol _ 0 0.0930 1 0.310 ¢

P —62.5 0 -3 1.99 p

# 7.67 0 —0.262 —0.629 r
0.0003  0.00002

0 0 5,
-0.645 0.126 ||s&

—0.0180 —0.6667

Because the model is acquired by the numerical linearization of a
nonlinear model, the (2,2) element has a nonzero element that is
not expected in algebraic linearization. The measured outputs are
selected to be the sideslip angle and two angular rates.

The reference model is constructed by using the linear quadratic
method, which yields

| 528 —-1.2631 -0.8921 —0.5381
T 18.0291 —2.9473 —0.1677 —7.3834

26.7187

_ [-84.2926 12719
r= 25.7248 —16.2008

21.6319]

The sliding surface that is designed according to the procedure in
Sec. Il is

G 0 —0.2463  0.9692
T 1-0.9999 —0.0116 10.4117

Thus, the dynamics in the sliding motion, or transient error dynam-
ics, is governed by the eigenvalues as

—3.5645
MA, —ARFC) = —1.4359

With these results, the reaching controllaw proposed by the Lemma
can be designed. In this particular numerical example, the parame-
ters are set to be ¥y =10 and a = —1. For the saturating control as
in Eq. (23), §=0.001 is used for each sliding variable.

Let us first consider the rudder damage case. Assume that the
damage occurs at 2 s with the value of ¢, =0.8, which corresponds
to a20% loss of the rudder surface. Figure 1 shows the performance
of the fault tolerant model following control system. The reference
input to the model is a step sideslip angle with a magnitude of
0.1 rad. In spite of the damage occurring at 2 s, the outputs of the
plant follow the reference model well after a short transient period.
The control input to the plant can be seen in Fig. 2. The nonlinear
control componentis activated at 2 s to make up for the rudder loss.

Figures 3 and 4 verify the FDI capability of the proposed al-
gorithm. The shape of the signal m,4 has the same shape of
d;~ —N~!'Ls after a short transient period. Therefore, the detec-
tion can be achieved, and as predicted in Eq. (67), the ratio of the
two signalsis (& —1).

Consider the elevator damage case. The elevator deflection is
assumed to be a sine wave, and it acts as a disturbance, as seen in
Eq. (61). The model following performance shown in Fig. 5 verifies
the robustness of the proposed algorithm. The coupling effect of
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Fig.1 Model following performance (rudder damage case).
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Fig.2 Control input history (rudder damage case).
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Fig.3 Monitored signal and computed fault effect, first element (rud-
der damage case).
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Fig. 4 Monitored signal and computed fault effect, second element
(rudder damage case).
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Fig.5 Model following performance (elevator damage case).
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Fig.6 Control input history and assumed elevator deflection (elevator
damage case).

the elevator damage is well damped by the nonlinear control as
seen in Fig. 6. Figure 7 shows the relation between the monitored
signal d,[8, 0]” and the computed signal d; ~ —N~'Ls. It can
be concluded that fault diagnosisis possible because the monitored
signal multipliedby 1 — £, =0.2is almost the same as the computed
signal, even though the matching condition is not exactly satisfied
in this case. The small errors between the two signals come from
this discrepancy.

1 T T

Monitored
signal

Time(sec)

Fig. 7 Monitored signal and computed fault effect (elevator damage
case).

V. Conclusions

The model following control scheme based on VSC developed
in this paper satisfies the reaching condition and has the ability to
reconstruct a certain set of faults. With the help of the invariance
property,the work of systemidentification can be avoided, and, thus,
the time required to cope with the faults is reduced. The proposed
algorithm can also reconstructthe effects of control surface damage
by analyzingnonlinear control action. The comparison of nonlinear
control action and the adequate set of signals enable diagnosis of
control surface damage. The proposed algorithm would be a useful
alternativeto the existing fault tolerant control schemes that mostly
require a precise parameter estimation process. The applicability
of the algorithm proposed has been shown with the F-16 aircraft
with controlsurface damages. While maintainingsatisfactorymodel
following performance, the algorithm successfully diagnosed the
damages that occurred in the aircraft.
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