Proceedings of the

44th IEEE Conference on Decision and Control, and
the European Control Conference 2005

Seville, Spain, December 12-15, 2005

MoB10.5

Fault Tolerant Control of a Civil Aircraft Using a Sliding Mode
Based Scheme

Halim Alwi and Christopher Edwards

Abstract— This paper presents a sliding mode control scheme
for reconfigurable control of a civil aircraft. The controller is
based around a state-feedback sliding mode scheme where the
nonlinear unit vector term is allowed to adaptively increase
when the onset of a fault is detected. Compared to other
fault tolerant controllers which have been implemented on
this model, the controller proposed here is relatively simple
and yet is shown to work across the entire ‘up and away’ flight
envelope. Unexpected deviation of the switching variables from
their nominal condition triggers the adaptation mechanism.

I. INTRODUCTION

The safety of aircraft passengers has been and will continue
to be an important issue in the commercial aviation industry.
The increasing importance of Fault Tolerant Control (FTC)
has helped stimulate a growing body of research work in the
area. A recent paper by Zhang & Jiang [16] provides good
insight, classification and a bibliographical review of FTC
in general — especially so-called ‘active’ FTC [9]. In terms
of flight control applications, a survey paper by Huzmezan
& Maciejowski [5], describes the latest development in this
sub-area. The papers by Hess & Wells [4] and Shtessel et al
[10], represent some of the most important recent research
in the field of flight control using sliding mode techniques.
The insensitivity and robustness properties of sliding modes
to certain types of disturbance and uncertainty [2], [13]
make it attractive for applications in the area of flight control
and fault tolerant control. The work by Hess & Wells [4]
argues that sliding mode control has the potential to become
an alternative to reconfigurable control and has the ability to
maintain the required performance without requiring fault
detection and isolation (FDI). This represents a so-called
‘passive’ approach to FTC [9]. Alternatively Shtessel et al
[10] use sliding mode ideas with online reconfiguration of
the sliding surface boundary layer to control the aircraft in
the presence of faults.

In this paper, a sliding mode controller is designed for
application to a large passenger transport aircraft. The
design of the switching surface uses a new idea inspired
from the sliding mode literature and the design includes
integral action to incorporate a tracking requirement [2].
A novel adaptive gain is used in the nonlinear part of
the control law which reacts to the occurrence of a fault
and attempts to keep the switching function as close as
possible to zero thus maintaining tracking performance. If
total failure of an actuator is detected a switch is made to
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a ‘back-up’ control surface (in this case the stabilizer) and
the linear component of the control law remains unchanged.

II. SLIDING MODE CONTROLLER DESIGN

Consider the nth order linear time invariant system with m
inputs subject to so-called matched uncertainty given by

Ep(t) = Apxp(t) + Bpu(t) + Bpé(t, u, xp) (D

where 4, € R"™" and B, € R™*™ with 1 < m < n. The
function £(¢, u, x,) is assumed to be unknown but bounded
and generally represents any uncertainty in the system, but
in the context of this paper, models the effect of actuator
faults. Without loss of generality it can be assumed that
the input distribution matrix B, has full rank. Define a
switching function s : IR" — IR"™" to be

s(t) = Sprp(t) 2)

where S, € R™*" is of full rank and let S be the
hyperplane defined by S = {z,, € R" Sprp, =0} Ifa
control law can be developed which forces the closed loop
trajectories onto the surface in finite time and constrains the
states to remain there, then an ideal sliding motion is said to
have been attained [2]. Furthermore the surface can always
be designed so that S, B, = I,,. The selection of the sliding
surface is the first part of any design. The second aspect is
the synthesis of a control law to guarantee that the surface
is reached in finite time and subsequently maintained. The
one that will be used as a starting point here is essentially
the unit vector controller of Ryan & Corless [12]. Consider
the uncertain system from (1) and suppose

I1€(, xp, w)|| < Ellull + alt, zp) 3)

where 0 < k& < 1 is a known constant and «a(-) is a
known function. The proposed control law is given by
u(t) = wi(t) + un(t) where the linear component is given
by

w(t) = _(Spo)il (SpAp — ®Sp) wp(t) “4)

where ® € IR™*™ is any stable design matrix. The
nonlinear component is defined to be

un(t) = —p(taxp)(Spo)_l Hizzgl\

for s(t) 0 (5)

where P, € IR™*™ is a symmetric positive definite (s.p.d.)
Lyapunov matrix for ®. It will be assumed S, has been
chosen so that S,B, = I,,. The function p(t,z,), which
depends only on the magnitude of the uncertainty, is any
function satisfying

p(t,xp) = (Kllwl +a(t,z,) +9) /(1= k) (6)
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where 77 > 0 is a design parameter. In the above formulation
the parameter k in (3) could model the effect of an actuator
fault: consider

&p(t) = Axp(t) + Bu(t) — BKu(t) + B{(xp,t)  (7)

with K = diag(k1, ..., k) where the k; are scalars which
satisfy 0 < k; < 1 and ((x,,t) represents purely state
dependent uncertainty. These scalars model a decrease in
effectiveness of a particular actuator: so if k; = 0 the ¢th
actuator is working perfectly whereas if k; > 0 some level
of fault is present. Since by assumption k; < 1 this excludes
the possibility of the actuators failing completely (this issue
will be addressed in detail separately later in the paper). If
k = max{ki,...,kn} < 1 then the model of the faulty
system given in (7) can be expressed in the more usual
form of (1) and the controller can overcome completely the
effect of the actuator faults.

In the majority of implementations and indeed in most of the
published literature, the gain p(-) from (6) associated with
the unit vector component in the control law, is fixed or a
function of the states/outputs and the overall control signal.
Notable exceptions are [15] and the references therein. Here
the gain will be allowed to be adaptive. Furthermore because
only faults in certain channels are going to be considered, a
slightly different structure to that in (6) will be considered.
This is facilitated by the choice of S, for which S, B, = I,
which effectively decouples the components of the sliding
surface and associates with each a particular control input.
As shown earlier, in (6) the denominator has the term (1—k)
and consequently as £k — 1 (and the effectiveness of the
actuator becomes zero) arbitrarily large gains p(-) in (6)
are required to maintain sliding. In a fault free situation it
is not necessary and indeed is not advisable to have a large
gain on the switched term — therefore ideally the term p(-)
should adapt to the onset of a fault and react accordingly.
Here the proposed control structure has the form

u; = Liay () — (pilt) + m)sign(si () ®
where the 7); are positive constants and the gains p;(-) in
each of the control channels are assumed to satisfy

pi(t) = aiD(si (D)) = Bips(t),  pi(0) >0 (9)

where «; and [3; are positive constants, L; is the ith row of

L=—(SpB,) ' (S,4, — ©S,) (10)

and s;(t) is the ith component of s(¢t) = Spx(t). The
function D : IR — IR is the dead-zone function

D(Z)_{o if |2] < e

z — sign(z)e otherwise
where € is a positive scalar. This adaptation scheme is
different to the one in [15]. The choice of the design
parameters will be discussed later. If & is chosen as a
diagonal matrix, P, from (5) is also diagonal and so the
control law in (8) is identical to the control law in (4)-
(6) except the gains p;(-) act independently in each control
channel. The following lemma shows that providing the

uncertainty £(-) is bounded, the gain functions p;(-) are
also bounded.

Lemma 1: Consider the faulty system represented by (1)
with the control law in (8); then provided the uncertainty is
bounded, each of the components p;(¢) remains bounded.
Proof

From the decoupled structure it follows that

(pi(t) + mi)sign(s;) + &(t, v u)  (11)

where it has been assumed that ® = diag(—¢1,... — ¢m,)
and the ¢; are positive scalars. Suppose (¢, x,u) remains
bounded so that

55 = —si —

|€:i(t, x, )| < pmaz,i = const fori=1...m (12)

Define

where the scalars p; > 0 for ¢+ = 1...m and the «; are
the scalars from (9). Clearly V'(+) is positive definite with
respect to s. Taking derivatives along the trajectories and
substituting from (11) and (9) gives

Vo= Z ( — ¢ipis; — pimi|si| — pipilsi| + pisi&
i=1

2 (pult) = prnasi) (@iDli) — Bip) )

Qg

Then from (12) it follows

(13)

m
vV < Z (— bipis; — pinilsi| — pipilsil + pilsilpmas,i
i—1

2 0i(0) = pras N eD(s) = Bip) ) (%)
If |s;| > € then D(|s;|) = |s;| — ¢ and so substituting in
(14) and simplifying terms yields

V<3 (- omist = panlsil = Z(pult) = pmas )+ Bup))
=1

Notice by construction p;(t) > 0 and so (e + B;p;) > 0.
Therefore for |s;| > ¢ and p;(t) > pmaq,; it follows V < 0
and so p;(t) and |s;| remain bounded. u

III. FTLAB747 V6.1/V6.5

The FTLAB747 software running under MATLAB has
been developed for the study of fault tolerant control and
FDI schemes. It represents an extensive first principles
mathematical model of a Boeing B747-100/200 where the
technical data and the underlying differential equations have
been obtained from NASA. The software was originally
developed at Delft University by van der Linden [14]
and Smaili [11], and later modified for use in terms of
fault detection and fault tolerant control by Marcos &
Balas [7]. The capabilities of this software as a realistic
platform to test FTC and FDI schemes is demonstrated by
its subsequent use by many researchers: Ganguli et al [3],
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Maciejowski & Jones [8], and Zhou et al [17], have all used
the software for their work.

In this paper only longitudinal control is considered. This
is similar to the scenario considered in [3]. The controller
is designed for an ‘up and away’ [3] flight envelope and the
main objective is to obtain smooth tracking of flight path
angle (FPA) and true airspeed (Vi4s). The nominal fault-
free sliding mode controller has first been designed using
a linear model which is obtained from FTLAB747. The
linearization obtained from FTLAB747 has been obtained
based around an operating condition of 300,000 Kg, 184 m/s
true airspeed, and an altitude of 4000m at half maximum
thrust. The result is a 4th order model associated with
pitch rate ¢, true airspeed Vi,s, angle of attack o and
pitch angle 0. For design purposes the flight path angle
(6 — «) has been used as a state instead of 6. The four
individual engine thrusts have been aggregated to produce a
single control input. The two other inputs represent elevator
deflection and stabilizer deflection. In the following state-
space representation, the three inputs have been individually
scaled which results in

- —0.6803  0.0002 —1.0490 0
4 | —0-1463 00062 6726 —9.7912 | o
= | 1.0050 —0.0006 —0.5717 0
| 00050 00006 05717 0
- 15539 0.0154 —1.5760
B 0 1.3287 B 0
By = | 00398 —00007 | 0= _0.0308 | 19
0.0398  0.0007 0.0398

where the states represent pitch rate (rad/s), true airspeed
(m/s), angle of attack (rad) and flight path angle (rad)
respectively. The inputs associated with B, are elevator
deflection (rad) and total thrust (N) (scaled by 10°). The
vector by, is the distribution matrix associated with the sta-
bilizer. In normal operation the aircraft would be controlled
using the thrust and elevator, however in the event of an
elevator failure, the stabilizer will be used as ‘back-up’.
The controlled outputs are

0 0
Cp = 1

0 1
010 0 } an
which represent flight-path angle and true airspeed.

A. State-feedback Control Laws

Integral action has been included to add a tracking facility.
The uncertain faulty system from (7) has been augmented
with integral action states z,. € IR? satisfying

& () = r(t) — Cpap(t) (18)
where the differentiable signal r(¢) satisfies
#(t) =T (r(t) = Trey) (19)

with T' € IR?*? a stable design matrix and r,..y is a constant
demand vector. Augmenting the states from (7) with the
integral action states and defining x = col(x,., ;) it follows

&(t) = Ax(t) + Bu(t) + Byr(t) + B&(t, z,u)  (20)

where

|0 =G, |0 | Is

=l ] e=la] me[B] e
If the pair (A4,, Bp) is controllable and (4,, By, C}) does
not have any invariant zeros at the origin then (A, B) is
controllable [2]. The proposed controller seeks to induce a
sliding motion on the surface S, = {# : Sz = 0} where
S € IR**5. The linear component of the control law from
(4) is modified slightly to give w;(x,r) = Lx + L,r with
gains defined as

L =
L, =

—(SB)"}(SA - ®5)
—(SB)~' (5B,)

Details of the modifications are given in [2]. The first step
in the design is the selection of the sliding surface matrix
S. This has been chosen using a modified version of the
quadratic cost function approach of [13] described in the
appendix. Here the weighting matrix has been chosen as
Q = diag{0.5,0.5,5,20,1,1}. This results in

—0.652 0.008
0.000 0.753

(22)
(23)

0.204
0.000

—0.001
—-0.119

—0.569

0.000 0.000

S = { —0.889 }
The poles associated with the reduced order sliding motion
are {—0.7079, —0.3522+0.3479¢, —0.1581}. Choosing the

stable matrix ® = —1I5 yields

I = —0.204 0.001 0.777 —0.009 0.104 1.168
o 0.000 0.119 0.110 -0.867 3.517 7.371

L. — —0.2035 0.0013

T 0.0001 0.1190

from (22) and (23). The Lyapunov matrix P, = %IQ. The
pre-filter matrix from (19) has been designed to be

r_ [ —0-2400 0
= 0 —0.1250

The nominal controller (using the elevator) has fixed gains
p1(-) = 0.1 and pa(-) = 0.05. In the simulations the dis-
continuity in the nonlinear control term has been smoothed
by using a fixed scalar 6 = 0.01 in the denominator (see
for example chapter 3 in [2]). The initial fixed gains for
the ‘back-up’ controller (using the stabilizer) are given by
Pstab,l = 0.4 and pgap,2 = 0.05. Here the smoothing
parameter is chosen as 445 = 0.1. The larger value of ;45
is used to accommodate the smaller positional movement
and lower rate limits of the stabilizer. In this paper, only the
gains in the elevator channel are allowed to adapt: the gains
associated with the thrust channel are fixed as above. The
adaptation parameters are ai; = 1000 and 8; = 5 and the
tolerance € = 0.0001. When employing the adaptive gain
for the nominal controller from (8) the upper and lower
limits for p;(t) are p; = 0.7 and p; = = 0.1.

As can be seen from (6) as £ — 1 the inequality cannot
hold for finite values of p(-). In the case of total failure
k = 1 and an alternative control surface (in this case the
stabilizer) must be employed. The input distribution matrix
associated with this ‘back-up’ surface by, from (16) replaces
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the first column of the existing input distribution matrix B,
in (16). However bg; can be uniquely decomposed as

bst = B\ + by, b, € R

where A € IR? and b, € N(B,) i.e. the null-space of
B,,. The differential equations associated with the aircraft
system with thrust and horizontal stabilizer as inputs are

i = Az(t) + BRu(t) + byui (t) + B(E() + fa(t)) (24)

where R=[ XA ey | withey =] 0 1 ]Tandbaisan
augmented version of b, to account for the integral action
states. The scalar uq (¢) is the first component of u(¢) and
fa(t) represents the effect of the failed actuator. Thus (24)
effectively replaces (1) during an elevator failure scenario.
Using the same control law as before provided p(-) is large
enough to overcome the effect of R then sliding will still
be achieved and the sliding motion will be governed by

#(t) = (I — B(SB)™'S)Az(t) + (I — B(SB)™S)baus (t)

In this particular case b, # 0 and represents unmatched
disturbances/uncertainy and so the sliding motion will be
affected by the change in actuator. At the design phase, the
effect of u; has been minimized in an Ly [6] sense: for
details see the appendix.

The control logic that has been used here is that the elevator
gain py (+) is allowed to adapt according to (9) to account for
faults in the elevator. However if p;(-) becomes too large
— indicating the potential onset of total elevator failure —
then the control signal is switched from the elevator and
directed to the stabilizer. Here the switch to the ‘back-up’
horizontal stabilizer occurs if pq(-) exceeds p; = 0.7.

IV. SIMULATIONS

The controller is designed for longitudinal axis control in
the ‘up and away’ flight envelope [3]. The settling time
when there is no failure should be 20sec for FPA and 45sec
for V,qs. If a failure occurs, the tracking requirement is
30sec for FPA with no difference in the V;, tracking. These
specifications are taken from [3]. The simulations presented
in this paper are all based on the full non-linear model. For
the ‘up and away’ flight condition, the elevator is used to
track FPA demands. As in [3], this paper only considers
elevator failures. In such a situation the alternative control
surface which can be used is the stabilizer.

A. Controller simulation - no failures

In this section, simulations are presented for the nominal
controller designed as described in §III-A. The simulation
covers the entire ‘up and away’ flight region. A series of 3
degree FPA and 10m/s V;,s, commands are issued during the
simulation to take the aircraft through the entire envelope.
Figure 1 shows the results associated with the controller
designed for the elevator and thrust, whilst Figure 2 shows
the performance with the stabilizer as the control surface
(together with thrust). In these responses the adaptive gain
in each channel has been fixed throughout the simulation.
Figures 1-2 show that both the controllers are able to

maintain satisfactory tracking performance over the range of
the ‘up and away’ flight region even though these conditions
become increasingly far away from the nominal trimmed
flight condition. Figure 2 shows that the ‘back-up’ controller
(using the stabilizer) is also stable and able to maintain
tracking albeit with a slower response to FPA to avoid the
lower position and rate limits of the actuator.

B. Controller simulations - changes in effectiveness gain

This section shows how the controller with an adaptive
gain p(t) as defined in §II copes with different percentages
of faults as modelled in (7). The ‘effectiveness gain’ has
been implemented as a simple unknown gain between the
output of the controller block and the actuator dynamics.
Figure 3 shows comparisons of the adaptive gain controller
with k; = 0,0.5,0.6,0.7,0.8,0.9. Overall FPA tracking is
still possible even at a 90% fault. Figure 4 shows that at
60% failure, the gain reaches the maximum allowable set
gain (p;=0.7). Thus at this point it would be possible for
a warning signal to be sent to the pilot or an automatic
change to the ‘back-up’ controller could be initiated.

C. Elevator total failure simulations

This section shows the results of nonlinear simulations
when the elevator develops floating and/or lock type actua-
tor failures [3]. These simulate total failure of the elevator
and therefore require stabilization of the aircraft using the
‘back-up’ controller which uses the (horizontal) stabilizer.
The failure is set to occur during the climb (pitch up)
manoeuvre at 10sec for both failure scenarios [3]. To
simulate a floating actuator type of failure, the elevator
signal is replaced with the angle of attack [3]. This simulates
the ineffectiveness of the elevator to provide a moment
and therefore the aircraft is unable to perform a pitch
manoeuvre. Figure 5 shows that FPA tracking performance
is slightly degraded and the response to a command is much
slower. Figure 7 shows that the failure is detected at 10.44
sec when the adaptive gain reaches its maximum set value.
Some peaks can be seen in the stabilizer signal (Figure 6)
after activation due to the sudden change of control signal,
but this stabilizes after a few seconds. Once the controller
is switched to the stabilizer, that surface is used for the
remainder of the simulation. To simulate lock failures, the
elevator position is held at its value at 10sec. Fig 8 shows
that, as before, the FPA tracking is slightly slower. Failure is
detected at 12.45 sec and the stabilizer is activated (Figure
10). A peak occurs in the stabilizer signal but disappears
after a few seconds (Figure 9). Overall tracking performance
is maintained.

V. CONCLUSIONS

This paper has presented a sliding mode control scheme
for reconfigurable control of a civil aircraft. As in the work
of [3] only longitudinal control with a fault and/or failure
occurring in the elevator channel has been considered. The
controller is based around a state-feedback sliding mode
scheme and the gain associated with the nonlinear term is
allowed to adaptively increase when the onset of a fault is
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detected. Compared to other FTC schemes which have been
implemented on this model, the controller proposed here
is simple and yet is shown to still work across the entire
‘up and away’ flight envelope. It is not scheduled across
any variables and its structure remains fixed (except for the
adaptive gain associated with the nonlinear switching term).
Unexpected deviation of the switching variable from its
nominal condition initiates the adaptation mechanism. Total
failure can also be detected from the switching function and
has in this example been used to trigger the use of a ‘back-
up’ control surface. A range of realistic fault scenarios have
been considered and the results of simulations using the full
nonlinear aircraft model have been presented.
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APPENDIX

Consider the problem of minimising for system (20) the
quadratic performance index

J= % /t e Qu(t) dt

s

(25)

where () is a s.p.d matrix and ¢ is the time at which the
sliding motion commences. It is assumed that the system in
(20) is already in regular form [13] so that
A Are 0
A = B =

[ Az Az By
where A;; € R™™ "™ and By, € IR™*™. Also assume the
matrix ) from equation (25) has a block diagonal structure
Q = diag(QTQ1,Q1Q2) where Q1Q; = 0 and the matrix
QTQ2 € R™*™ is nonsingular. It follows that

1 o0
/= 5/ 21 (1) Q1Q1a1 (t) +a2(8) Q2 Qaa (1) dt (26)
ts
where © = col(x1,22) and z; € IR". Because of the
assumption of regular form, the differential equation con-
straint (20), whilst sliding, may be written as

&1(t) = Ay (t) + Araza(t) 27
where Mz, + x5 = 0. The hyperplane design problem can
therefore be viewed as one of choosing an appropriate M
and thus can be interpreted as a standard linear quadratic
regulator (LQR) problem. Details can be found in [2].
However as argued in [1] (page 114), the LQR problem
can also be posed as an LMI optimization: i.e. Minimise
trace(X 1) subject to

A X + XAr{l — Ao N — NTATQ (QlX — QQN)T <0
Q1 X — Q2N —I
(28)
where N = M X. In the ‘back-up’ case the sliding mode
will be affected by the unmatched uncertainty in (24). In

regular form this equation can be represented as
$1(t) = (All — A12M)(E1(t) —+ b1u1 (t) (29)
where b; is a sub-vector of b, from (24). The objective is to
minimize the effect of u; on the performance of the system
in equation (29) in an Lo sense. Under the constraint that a
common Lyapunov function for both the LQR and the L,
gain problems is sought, from the Bounded Real Lemma
[1], the Lo gain between x; and wu; is less than ~ if
AnX 4+ XAT — AN -N"AL, b X
br —~I 0
X 0 -1
The formal overall optimization problem used here is given
by the following:

<0 (30)

Minimise (a;trace(Z) + a27y) subject to

-7 I,
I, —-X

in addition to (28) and (30). Here a; and as are positive
scalars which determine the relative weighting between the
LQR and £, problem. This represents a convex optimiza-
tion problem in terms of X, Z, N and « and can be solved
using standard LMI packages. The matrix which determines
the hyperplane is computed as M = NX ! and finally

S=[M I, ] (32)

For the approach adopted in §II this matrix must then be
scaled to ensure SB = I,,,.

}<0, X, Z>0 (€2))
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