Active fault-tolerant control system against partial

actuator failures

Y.M.Zhang and J.Jiang

Abstract: A novel approach for integrated fault detection, diagnosis and reconfigurable control
systems design against actuator faults is proposed. The scheme is based on a two-stage adaptive
Kalman filter for simultaneous state and fault parameter estimation, statistical decisions for fault
detection, and activation of controller reconfiguration. Using the information from the fault
detection and diagnosis scheme, the reconfigurable feedback controller is designed automatically
based on an eigenstructure assignment technique. To eliminate the steady-state tracking error, a
reconfigurable feedforward controller is also incorporated using a command generator tracker
technique. The following fault types and input signals are considered: abrupt and incipient, single,
multiple and consecutive faults, constant and arbitrarily varying reference inputs. The effective-
ness and the superiority of the proposed approach are demonstrated using an aircraft example.

1 Introduction

Over the last two decades, the growing demand for
reliability, maintainability, and survivability in aerospace
systems and industrial processes has drawn significant
research in fault detection and diagnosis (FDD) [1-6].
Such an effort has led to the development of many FDD
techniques, although unfortunately, little attention was paid
to fault-tolerant control (FTC) until the mid 1980s [7, 8].
More recently, the fault-tolerant control problem has
started to attract more attention [9-14].

A fault-tolerant control system (FTCS) is a control
system that possesses the ability to accommodate for
system failures automatically and to maintain overall
system stability and acceptable performance in the event
of component failures. Generally speaking, fault-tolerant
control systems can be classified into two types: passive
and active. However, only an active FTCS against different
degree of actuator failures is considered in this paper. In an
active fault-tolerant control system, faults are detected and
identified by a FDD scheme, and the controllers are
reconfigured accordingly on-line in real-time. Through
FDD, unforeseeable faults can be dealt with. Typically, a
FTCS consists of three parts: a reconfigurable controller, a
FDD scheme, and a control law reconfiguration mechan-
ism. Key challenges are to design: (a) a sufficiently robust
controller which is reconfigurable, (b) a FDD scheme with
high sensitivity to faults and low sensitivity to distur-
bances, and (c) a reconfiguration mechanism which can
recover the pre-fault system performance as much as
possible. This paper will focus on the development of a
new approach to such fault-tolerant control systems.
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Existing reconfigurable controller design methods can
be classified as: linear quadratic regulator (LQR) [8, 15,
16]; eigenstructure assignment (EA) [17]; adaptive control
[18, 19]; pseudo-inverse [20]; model following [15, 21];
multiple-model [19, 22]; and neural networks and fuzzy
logic [10, 14]. However, almost all of these methods
assume that a perfect FDD result is already available,
and a perfect post-fault model of the system is known.
This is seldom the case in practice. Therefore, it is highly
desirable to develop new techniques to integrate the FDD
scheme and reconfigurable control law in a coherent
fashion without any pre-assumption of the knowledge of
the post-fault system. During the design process, the
random measurement noises, uncertainties, impreciseness
and time delay of FDD in the system should all be taken
into consideration. Ideally, to perform the controller recon-
figuration, the FDD scheme should provide detailed infor-
mation on the post fault system as accurately as possible,
and the controller should be able to achieve the optimal
performance with the limited amount of information. The
main objective of this paper is to show an interesting way
to integrate FDD and FTCS to tolerant actuator failures.

The proposed approach uses a two-stage adaptive
Kalman filter for simultaneous state and fault parameter
estimation. The fault detection, diagnosis and activation of
the controller reconfiguration are carried out based on
statistical decisions. An on-line automatic reconfigurable
controller design is based on both feedforward and feed-
back strategies. Fig. 1 depicts the general structure of this
scheme.

In the fault detection and diagnosis module, both the
actuator fault parameter and the system state variables are
estimated via the two-stage adaptive Kalman filter [23].
On-line fault detection and diagnosis schemes are used to
activate the control reconfiguration mechanism. Based on
the up to date information of the post-fault system, an
eigenstructure assignment technique is employed to design
a reconfigurable feedback controller. To achieve steady-
state tracking even in the presence of faults, a reconfigur-
able feedforward controller is also designed using the
command generator tracker technique [24].
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Fig. 1 General structure of proposed fault-tolerant control system

2 Modelling of actuator faults through control
effectiveness

Actuators are the work-horses in a control system. They
represent the links between the control commands issued
by the controller and the physical actions performed to the
system. For this reason, actuators are often known as final-
control-elements, and they interact with the manipulated
variables of the system directly. In practical systems,
controllers and actuators are often located physically in
different parts of the system. Depending on applications,
actuators can be valves, solenoids, motors, etc. In the case
of an aircraft, the actuators are often in the form of
hydraulically-driven control surfaces. The objective of
such control surfaces is to provide incremental lift force
to control the aircraft. This can be achieved through
deflecting appropriate flaps located in the different parts
of the aircraft. For example, the flapped portion of the tail
surface is known as an elevator, yaw control can be
achieved by a flap on the vertical tail called the rudder,
and the roll motion can be controlled by flaps towards the
tips of the wings, known as ailerons. An example of such
control surfaces is shown in Fig. 2.

During normal operation, the actuators would operate
exactly as directed by the controller. We say that these
actuators are 100% effective (in executing the control
commands). When faults occur in actuators, such as partial
loss of a control surface, or pressure reduction in hydraulic
lines, in the case of an aircraft, partial blockage of a control
valve in process control, or voltage reduction/amplifier

¥ of
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1ett elevator
Jok

ok

left aileron

Fig. 2 Conrrol surfaces in an aircraft
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saturations in electrical servo systems, the actuators would
not be able to fulfill the control commands completely. In
such cases, we say that the effectiveness of the actuators
has been reduced.

This observation provides us with a possible way to
quantify the severity of the actuator faults. This can be
done through introduction of a parameter known as the
reduction of the control effectiveness factor [23], which
represents the loss of the one-to-one relationship between
the control command (controller output) and the true
actuator actions. Therefore, the actuator faults can be
defined as any abnormal operation of any element in the
actuator subsystem such that the control command from
the controller output cannot be delivered to the manipu-
lated variables entirely. An illustration is shown in Fig. 3.

We assume that the fault-free system can be described by
the following model:

Xk+1 :Axk +Buk +W%

Vi = Cxy M
Z, = ka + Vk )

where x,€R” is the system state, uke.‘Rl is the input,
v € NP represents those system outputs that will track the
reference inputs, z, € R corresponds to the measurements
used in the Kalman filter, w; is a zero-mean white
Gaussian noise sequence with covariance O} representing
the modelling errors, v, is a zero-mean white Gaussian
measurement noise sequence with covariance Ry, and the
initial state X, is a Gaussian vector with mean X, and
covariance Pj.

The system with actuator faults modelled by control
effectiveness factors can then be written as:

Xpp = AX; +B{uk + Wy )
ith control ith manipulated
signal variable
——— jth actuator system —
ul, ur
up, = U, 100% effective

u;'n = (1-y) u’;: 100v/% reduction in effectiveness
Fig. 3. Modelling of actuator failures by control effectiveness factors
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where the post-fault control input matrix B relates to the
nominal constant control input matrix B and the control
effectiveness factors y;, i=1,..., I, in the following way

0 ¥ . '0
Bl =BTy, . Ty= Tk 3)
o 0 .- y;{

where y;, =0, i=1,..., [, denotes the healthy ith actuator
and y;=1 corresponds to total failure of the ith actuator.
Naturally, 0 <y, <1 represents partial loss in control
effectiveness. Due to the fact that the control effectiveness
factors are parameters located between the controller
command and the actuator actions, such modelling can
be viewed as multiplicative faults in nature.

However, the above model is not suitable for direct
estimation of the control effectiveness factors. An alter-
native representation of (2) is as follows

1

U
Xy = A% + Bu — [byyp byyi ... byl +wp (4
t
or, more compactly
Xy = A+ Buy + Dy(u)y, + wE ®)
where Di(uy) is defined by
Dy(u;) = BU; (6)
and
1
—u; 0 .. 0 V/l(
. 2
0 —u2 . 0 Yk
Uk = . . ¢ . . ’ yk = . (7)
S T

The objective of FDD is to determine the extent of the
loss in the control effectiveness, y;, so that an on-line
automatic reconfigurable controller can be synthesised
accordingly; therefore, the estimation of y; in a recursive
form is highly desirable. In the absence of the knowledge
of their true values, the control effectiveness factors can be
modelled as a random bias vector:

,{ 7p =0,k <k fault-free

Vi1 = P T W 7 # 0,k > ke with fault ®

where kr denotes unknown time instant when reduction of
the control effectiveness occurred, w} is a zero-mean white
Gaussian noise sequence with covariance Q}, and the
initial state p, is a Gaussian vector with mean J, and
covariance P}.

Consequently, the combined state and control effective-
ness model has the following form

Xep1 = A% + Bu + Dy (wp)y, + wi
Per1 = % + W, {yk:07k<kl’

9
Y #F 0 k= ke ©

Y = Crxk
Z, = CXk + Vi

Such actuator fault modelling has unique advantages
over some existing techniques where only either normal or
complete failure have been considered [11].
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3 Fault detection, diagnosis and reconfiguration
mechanism

3.1 Adaptive state and fault parameter
estimation

To carry out on-line controller reconfiguration in the event
of actuator failures, it is necessary to determine the control
input matrix B{c in (2) on line. This matrix can be obtained
through the estimated control effectiveness factors §,=

[4 2947 by

B/ =Bu-T1) (10)
where
o 0
~ 0 2., 0
. T._I
0 0 /s
and
=i k )
o= X B i=l..b kxzky  (12)
J=k—N,+1

where N, is the length of the smoothing data window, and
kp is the time at which the fault has been detected. The
purpose of the above moving window average for esti-
mated 7, is to reduce the model uncertainties in determin-
ing the post-fault system model. .

To achieve reconfigurable control, both the system states
and the control effectiveness factors are needed. One way
to solve this problem is to estimate both x; and y, [23].
This leads to a simultaneous state and parameter estimation
problem. The structure of the filter is depicted in Fig. 4. A
more detailed description of the filtering algorithm is
represented in Table 1.

Remark: With the integrated FDD and reconfigurable
control structure illustrated in Fig. 1, it is important to
note that the input signal used in the filter is a closed-loop
system signal, which is obtained at the controller output,
ie.

u, = Kfarwardrk + Kﬁzedbackﬁk{k (13)

3.2 Fault detection and isolation scheme

To perform fault detection and isolation, the following two-
stage statistical hypothesis tests have been developed. In
the first stage, the statistical quantities of the system under
the normal operation, such as mean values and variances,
are determined, and then the same quantities during the
continuous system operation are calculated. By defining an
appropriate statistical detection variable to accentuate the

u -
—_— state X X
z___,| estimator

residual coupling

r equations

compensator

fault parameter
estimator =
(with forgetting factor technique)| 7

Fig. 4 Simultaneous estimation of states and control effectiveness
Jactors
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Table 1; Two-stage adaptive Kalman filtering algorithm

Consider the following system:
Xier 1 = AXg+ Buge+ Dipie+ Wi
Pkt 1=Vt Wh
Zi= CXk+ Vi

with wi=A10, QXL wi= N0, QY; vi=N10, Rd; Xo=N1Xo, PE); 7o=N1jo, Pt

1. Control effectiveness factor estimator

P 1= Prase

iy

-

P)};+1|k = 21?9;(“;%(61’() + Q};
i=1 Pk

a1k 1= Prear 1kt L 1Fir 1 — Hig 11 Praid
Ly 3 = Phoric Hia 1k Hier ik Pl 1 Hew it S

Pk+1\k+1=(l_ L%’(+1Hk+1\k)Pk+Hk

where
A §I : i ol T
Y () i
Pk|k = ekak|k(ek)
i=1
1 e > Omax
b= - 0<pf=1
Pk i Omax ~~ %min i< Pie =
g | min + T g Ok = Fmax
max

2. State estimator
Kyeq k= AR g+ Bug

Riet 16=Kict 1k + Wi Pk — Vier 1k Pk

Pryw=AP% AT+ Qk

B E T T
Py 1= PEy 1kt Wi Pl Wi = Viep ik Pl i Vier e
Riet 11k 1= Kb 1kt Lr1Zop1 — CRiqpid
7 B T B T 1
L%, 1=P% 1 CT(CPY 1k €+ Rieyn)

P2+11k+1 =(’— l¢+1c)P)l((+‘I|k

where the residual vector and its covariance matrix are given as

Frr1=2ks1— CRiqp 1k
81 1= CPXaCT + Rics 1
3. Coupling equations
— AVt Di
View 1k= Wi Pk (Pl ™"
His 16= CVier ik

x
Ve k1= Vier 1k = Lk tHie ik

4. Compensated state and error covariance estimates

Kiet 11k 1=Riw 11k+1F Vier 1k+1 P 11k

F=3.4 T
Pt ke 1=PErake1+ Vs ke Pkt Vs ke

deviation in the statistical quantities from their normal
values, the detection and isolation of the reduction of
control effectiveness can be achieved recursively.

Stage 1: Under the normal condition we have
~ NG, 0%) (14)

where ykeéﬁ is the estimate of the reduction of control
effectiveness, which can also be used as the residual vector
for fault detectlon and ji5,=[Rs B3 uy,] and
0'2 _dlag[ava ayg .-+ o%] are the mean and variance,

respectlvely These values are obtained fori=1,..., ! from
_ 1 M
By = FUZ; ¥ (15)
M
0%) N1 Z: #yo (16)

The sample size N, is chosen to ensure the sufficiency in
statistics.
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Stage 2: Define the following moving window based
statistical quantities:

A Y
Hy = — »
Ny Sy
B 1 . N
=y - EM‘_NZ — 9l )]
2 l k

5 >

P
= — hg]
Ny = 1SR K
1 ; ; .
— o2 s N2 5V on
= = Gl — GV — 2] 09)

1 k o
> - #y;{]z

=7 _
7 N, =1+

1 ;
2 -
o5 1 +N 1 [285«“;;; . — Gz N,)

]
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where si:)”)};,Nz — 9% and N, is the length of the moving
window.

Consequently, a fault in the ith actuator is declared at
time % if the following detection index

2 2
o’ a2
. 31 b/ .
d;‘:cr_zk-no; -1, i=1,...,1{ (20)
%o i

' @D

where Hy = {no significant reduction in the effectiveness of
the ith actuator}, H;= {there is significant reduction in the
. effectiveness of the ith actuator}. Here, ‘significant reduc-
tion’ is a design parameter and should be reflected in the
selection of the threshold #'. The selection of the window
length, N,, and the threshold, #', represents some trade-off
between the probability of false alarm and the probability
of missed detection.

3.3 Activation of reconfiguration process

Once the fault is declared, to design an effective reconfi-
gurable control system, the accurate estimation of the
reduction of the control effectlveness is required to form
the new control input matrix B[ in (10). Since it is
important to design reconfigurable control laws based on
the accurate parameter estimates, the activation of the
reconfiguration process should only take place when the
consecutive fault parameter estimates satisfy the following
smooth condition:

A=l =5 <8 Vi=1,....L k=k, (22
The threshold &' is also a design parameter. The time
instant at which the above threshold is exceeded for the
first time is referred to as the controller reconfiguration
time, kz.

4 Design of reconfigurable feedback and
feedforward controllers

Eigenstructure assignment (EA) and the linear quadratic
regulator (LQR) are among the most popular controller
design techniques for multi-input and multi-output
systems. The advantage of EA is that if the specifications
are given in terms of the system eigenstructure, the
eigenstructure can be achieved exactly for the desired

. stability and dynamic performance. Therefore, EA is
used for the reconfigurable control system design. Fig. 5
shows the configuration of the proposed integrated FDD
and reconfigurable control scheme.

4.1 Reconfigurable feedback control design via
eigenstructure assignment

Since the stability and the dynamic behaviour of a closed-
loop system is governed by its eigenstructure, in the
context of fault-tolerant control, to recover the perfor-
mance of the pre-fault system, the eigenstructure of the
reconfigured system should be as close to that of the pre-
fault system as possible.
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Fig. 5 Integrated FDD and reconfigurable control configuration

4.1.1 Desirable eigenvalues and eigenvectors: Due
to the reduction of the control effectiveness, the system
with actuator faults has become

Xpp = Ax; + ZA?-,{uk + wi

The first objective of the reconfigurable control system
design is to synthesise a feedback controller so that

)‘if = A(A + EiK[eedback) = /’Li = /l(A + BKnarmal)v
i=1,...,n (23)

where K, ma 1S the feedback control gain matrix in the

. fault-free system, and Kjcqpack represents the desired new

feedback control gain matrix. A(-) denotes the eigenvalues
of the system.

By definition, the closed- loop eigenvectors of the recon-
figured system, {v/, i=1,..., n}, will satisfy

(A +B kaeedback)vif = }‘ifvif (24)
or
= ('lzf[ _A)_Ié{ Kfeez/backvzf (25)
E; w;

The other objective is to synthesise the feedback gain
matrix Kpeqpace Such that the closed-loop eigenvectors of
the reconfigured system v{ are as close to the correspond-
ing eigenvectors of the pre- -fault system v; as possible.
Because of the Varlatlons in system dynamics due to the
faults, in general, v/ does not lie in the same subspace as
v;. However, a ‘best possible’ choice for an achievable
eigenvector vf can be obtained by projecting the desired
elgenvector v; onto the subspace spanned by the columns
of E; = (}I — A)"'Bf. Then, (25) can be rewritten as

vi = Ew; (26)
where
w; = Kfeedbackvz[ (27)

To determine v/ by projecting v, onto the achievable
subspace, the following least squares minimisation proce-
dure is employed

minJ(v/) = min{(v/ — v Wv] —v,)}
- Vi)TWi(EiWi - v},
i=1,....,n (28

= min{(E,w;

The solution to this optimisation leads to
= E/WIWE)EIW]v, 9)
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Substituting (29) into (26), the most desirable closed-loop
eigenvector v/ is given as
v/ = EE W wE) ETW], (30)

where W, e """ is a positive definite weighting matrix.
Suggestions about how to choose the weighting matrix W;
are given in [17]. The solution to this projection problem
exists as long as the eigenvalues of the closed-loop system
are different from those of the open-loop system.

4.1.2 Calculation of reconfigurable control gain
matrix: Consider the following equation describing the
closed-loop reconfigured system

Xp1 = (A + B{Kfeedback)xk ‘ (3D

To simplify the procedure in calculating the matrix
Kieeaback> a linear transformation matrix

Q=[B] @] e j" (32)

is chosen, where ® € R~ ig an arbitrary matrix such
that rank(Q) =n.

Applying Q to (31) will lead to a new set of state
variables X, € R"™:

=07lx, (33)
Thus (31) becomes:
Xpp = A+ BfKﬁeedbackQ)ik (34

where 4=Q7'4Q and B{=Q"'B{= j[I,/O The corre-
sponding eigenvectors are related by ¥/ =Q~ v, =[s;/gl-

Clearly, the ecigenvalues, eigenvectors and the system
matrices will satisfy

(A + B[ Kppeapaa@V] =¥, i=1,....0n (33
5) can be rearranged as

35) b ged
1 = AV = Bl Koot ¥/, i=1,....n  (36)

From the special structure of B, (36) becomes:

A{II—AH ‘ —Ay, [i:] _ [II]K " kQ[ :I
S5 YA | ) B ) Eiiy I

€0

where

. [f‘” /_“2] — 040
Ay | An

The first matrix equation in the partitioned form can be
written as

- - si .
Ol —4,)s; — Apg, = K/eedbackg[g:l i=1...,n

Further, by letting
4, = [211 ;112]
(38) becomes
) + Koo ¥ = s, i=1,....n  (39)
or, in a compact form
[4, + KpoeapactQVy = S (40)
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where V= v ¥ ... ¥1e @ and S=[is, Ms, ---
j. sn] c (glxn X

Finally, the desired feedback gain matrix can be obtained
as follows:

KfEedback - (S A I )(QVf)_ (41)

4.2 Reconfigurable feedforward controller

Since the feedback control can only guarantee the dynamic
behaviour of the system, a reconfigurable feedforward
controller is needed to achieve steady-state tracking of
the reference input. For this reason, a feedforward control
law based on a command generator tracker (CGT) [24, 25]
is developed in this paper for discrete systems. The basic
principle of the CGT is to make the system outputs to track
the command inputs via proper design of a feedforward
controller based on the model-following principle.

For the system described in (1) and (2), suppose that the
desired behaviour of a plant is described by

X, = A"X" + B™r
k+1 k k ( 42)

y;:’ = mer + Dmrk

where x7 € R"", r,e R and y?' € R?".
The problem of determining the solution for perfect
tracking can be formulated as follows: find a control

sequence uy that forces the command tracking error e, to
zero for all k>0, if eg=0.

&=y, —Yr=[C 0][Xk]_[cm Dm]["f]: ‘

uy Yy
(43)
where the matrix C, is chosen so that
r, =y, =Cx; (44)

The condition under which the command tracking error
approaches zero asymptotically will be called perfect
tracking. If the resulting system state and control trajec-
tories are denoted by x} and ujf, then, xz‘ and uf will
satisfy

* X}t m " XZI
yr=[C o]l Li=[c" D] (45)
uy v
and the plant dynamics

x§ = Ax} + Buf (46)

If the signal to be tracked is the command input, the
above reference model can be chosen as an identity model,
i.e.

Vi =1y 47
therefore, the identity model can be described by
A" =1, B"=0, C" =0, D" =1 (48)

With the assumption [25] that the ideal plant state x} and
control trajectories uf are linear combinations of the states
and inputs of the reference model as follows:

xF = S)1X; + Sporp + O(ry) 49)

uf = Sy x; + Spre + O(xy) (50)

where Sj; are constant feedforward gain matrices, if we
restrict r; to step inputs, then O(r;) =0 for all £>ky. In
this case, the perfect tracking problem becomes one of
determining solvable expressions for all §;; matrices based
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on the identity model given in (48). The solution for the
plant state x} and the control input u# can be found as

xf = ®pry (51

uf = @pry (52)

where Sj, = D2, S22 =P>, and O are given by

-1
A—1 B
{ c O:I fault-free
q)z[q)n cDlz]z . -1
0, @y a—1 B with fault
C, 0
(53)

To incorporate the feedback into the design, define

X=X —XF, O =w —uf, § =y, — ¢ (54
then:
. Ax, + Bu,  fault-free
k1 = A% »f ; (55)
X, + B u,  with fault

The state feedback control law for (55) is given by

v W = Kieaback Xk = Kieeavack X5 — XF) (56)

From the definition of @ in (54) and combining with
(56): .

we = uf + U = uf + Keegpaok (X — XF) (57)

Substituting (51) and (52) into (57), we have

= 0y ~ Kipapack @12)0% + KppeapackXe (58)
e —
feedforward feedback

Note that this control law consists of a feedback part and
a feedforward part. The feedforward part is a function of
the feedback gain matrix.

5 Simulation example and performance
evaluation

The effectiveness of the proposed scheme is demonstrated
in this Section through a longitudinal vertical takeoff and
landing (VTOL) aircraft model [26].

5.1 Simulation example

The linearised model of the aircraft for a typical loading
and flight condition at an airspeed of 135 knots can be
described as

x(f) = A.x(t) + B,u(?)

z(t) = C x(¢t) (59)

where x =[u v ¢ 07, u=[d.. &,]". The states are: horizontal
velocity, u, vertical velocity, v, pitch rate, g, and pitch
angle, 0; the control inputs are: blade angle of collective
pitch control, ., and blade angle of longitudinal cyclic
pitch control, d,, where the collective pitch control is
achieved by changing the pitch angle of all the main
rotor blades by the same amount (collectively) through a
hydraulically-driven actuation system. This includes
mechanical linkages, hydraulic drivers, the rotors, as well
as the coupling to achieve the blade angle adjustment, and
the cyclic pitch control is achieved by changing the pitch
angle of the tail rotor blades individually to cause a
pitching moment to the aircraft. Any abnormal operations
among any of the above elements are considered as
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actuator faults, which could prevent the control commands
from executing perfectly at their manipulated variables, i.e.
the pitch angles of the blades. Under the normal flight
condition, the matrices 4., B. and C, are given as follows:

F-0.0366 . 0.0271  0.0188 —0.4555
0.0482 —1.01 0.0024 —4.0208
A= 1 01002 03681 —0707 1420
L 00 0.0 1.0 0.0
C 04422 0.1761
3.5446 —7.5922
Be=1 55 4.49
L 00 0.0
100 0
c_|o1 oo
0010
lo 1 1 1

Taking into consideration possible random noise in the
system and representing the system in the discrete domain,
we have:

Xpi| = AX; + Buy + Wy 60)
Zppr = CXppy + Vi
where the sampling period 7=0.1s is used, and 4 =T,
B=([¢ " dr)B,, C=C,.

Parameters used in the simulation are as follows.
0% =diag{0.01%, 0.01%, 0.01%_ 0.01%}, Q" =diag{0.0013,
0.001%}, R=diag{0.1%, 0.1%}, xo=[20 10 8 17/,
yo=[0 0]". Initial parameters of the two-stage Kalman
filter are %Xo=Xo, Jo=70, Po=10l, P4=10I, Qi =0,
07 =0’, and R,=R. C, is chosen as

c_[r o000
"Tlo1 0o

5.2 Fault scenarios and reference inputs

The performance of the FDD and reconfigurable controller
depend, to some extent, on the test scenarios used. In order
to achieve a fair evaluation, several test scenarios for
different types of fault and reference input have been
considered.

5.2.1 Fault scenarios: To simulate different types of
actuator impairment, five comprehensively designed fault
scenarios were used, as shown in Table 2. These scenarios
include reduction of the control effectiveness in a single
actuator (scenario 1), asynchronous reductions of the
control effectiveness in both actuators (scenario 2), gradual
reduction in one actuator followed by an abrupt reduction
in the other actuator (scenario 3), two consecutive reduc-
tions in one actuator followed by a reduction in the second
actuator (scenario 4), and gradual reduction followed by
abrupt reduction in one actuator, and then by another
reduction in the second actuator (scenario 5). The design
of such complex test scenarios is to ensure that the
performance of the proposed scheme is evaluated as
completely as possible.
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Table 2: Test fault scenarios

Scenarios Reduction of ke, s
control effectiveness 0 5 10 125
1 actuator 1 0% 0% 0% 0%
actuator 2 0% 75% 75% 75%
2 actuator 1 0% 95% 95% 95%
actuator 2 0% 0% 75% 75%
3 actuator 1 0% 0—> 959radualoy 95%
actuator 2 0% 0% 0% 75%
4 actuator 1 0% 50% 95% 95%
actuator 2 0% 0% 0% 75%
5 actuator 1 0% 50— 95oredual, 95%
actuator 2 0% 0% 0% 75%

5.2.2 Reference inputs: To demonstrate the effec-
tiveness of the proposed scheme for tracking different
reference inputs even in the presence of actuator faults,
three types of reference input have been considered: (i)
constant, (ii) constant with abrupt and incipient changes,
and (iii) arbitrarily varying inputs.

5.3 Simulation results and performance
evaluation

5.3.1 Constant reference inputs: Fig. 6 presents the
outputs of the proposed scheme under the conditions of a
constant reference input ;=[5 5]” and in test scenario 2.
In scenario 2, consecutive partial actuator faults have been
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Fig. 6 Ouput responses for scenario 2

a Output response y;
b Output response y»
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considered, where a 95% reduction of control effectiveness
in the first actuator and a 75% reduction of control
effectiveness in the second actuator occurred at k=35s
and k=10s, respectively. For comparison purposes, the
system outputs if there were no fault and the ones without
the controller reconfiguration are also presented.

As can be seen, both the dynamic and steady-state
performance of the system have been completely recovered
with reasonably small transients. The outputs of the recon-
figured system track the reference input even in the
presence of the faults. Without reconfiguration, however,
the performance of the closed-loop:system becomes totally
unacceptable.

For any FDD and reconfigurable FTCS there are detec-
tion and reconfiguration delays. It is highly desirable in
FTCS to reduce these delays as much as possible. Using
the developed integrated FTCS design the detection and
reconfiguration delays are small. The detection and recon-
figuration times are listed in Tabie 3. )

Fig. 7 presents the time history of the detection index.
The estimation of the reduction of control effectiveness for
the two actuators is shown in Fig. 8. Note that the
estimation is represented by the percentage in the reduction
of the control effectiveness. It can be seen that prompt and
accurate estimation have been obtained. Fig. 9 demon-
strates the time history of the closed-loop control signals,
from which one can easily see how the closed-loop control
signals have changed automatically to compensate for the
faults.

5.3.2 Time-varying reference inputs: To show the
ability of the proposed scheme to recover the pre-fault
performance even with an arbitrarily varying reference
input, the results of scenario 3 are illustrated in Figs. 10
and 11. The reason for selecting scenario 3 is to show the
system performance under more complicated fault situa-
tions, where both abrupt and incipient faults, and both
single and multiple faults, have been simulated. It can be
observed that satisfactory FDD and reconfiguration perfor-
mance have also been obtained in this case. Without
reconfiguration, however, the system performance is
completely unacceptable.

Table 3: Detection and reconfiguration time

Actuator number ke, s kp, s kg, s
1 : 5.0 5.4 5.4
2 10.0 10.3 10.7
6
1.8x10 actuator 1: with reconfiguration
1ext08{ | actuator 2: with reconfiguration

Fig. 7 Detection index for scenario 2
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6 Conclusions and comments

An integrated fault detection, diagnosis and reconfigurable
control system design approach in the framework of
discrete-time stochastic systems has been proposed in
this paper. The proposed scheme is based on a two-stage
adaptive Kalman filter for the state and fault parameter
estimation, the robust statistical decisions for fault detec-
tion, diagnosis and activation of the controller reconfigura-
tion, and an on-line reconfigurable feedback control law
synthesis based on an eigenstructure assignment technique.
Effective tracking of the reference input has been achieved
using the command generator tracker with a reconfigurable
feedforward control law. Simulation results have demon-
strated the effectiveness of the proposed technique.

It should be pointed out that an alternative way to
achieve command tracking is to use a proportional-integral
(PI) control structure [12]. Compared with the PI control-
ler, in addition to its simpler structure, the feedforward
control offers faster reaction and smoother response in the
event of the fault, and it has the ability to completely reject
any known disturbances. In this paper, only actuator faults
have been considered, although the scheme could be
extended to deal with sensor and system component
faults, as long as all fault parameters can be represented
by a bias vector y;, which can then be estimated by the
two-stage adaptive Kalman filter.
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