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Accepting Performance Degradation in Fault-Tolerant Control System Design

Jin Jiang, Senior Member, IEEE, and Youmin Zhang, Member, IEEE

Abstract—A novel fault-tolerant control system design technique
has been proposed in this paper, which blends the multiple-model
principle with the unavoidable performance degradation due to
faults in actuators, sensors or system dynamics. The number of
models employed depends on the characteristics of the system, the
nature of the failures considered, and the physical limits of system
variables. The achievable performance under various component
failures are represented in the form of reference models, known
as performance reduced reference models. These models are used
to synthesize a set of controllers. Under a specific fault condition,
proper controller and revised control system command input are
selected automatically to achieve desired performance. A simula-
tion example of an aircraft subject to different type of failures has
been used to illustrate the design process and to demonstrate the
effectiveness of the method.

Index Terms—Fault detection and diagnosis (FDD), fault-tol-
erant control systems (FTCS), multiple-model, performance
degradation, reconfigurable control.

1. INTRODUCTION

O improve safety and reliability of safety-critical systems,

the importance of fault-tolerant control systems (FTCS)
becomes increasingly apparent, and significant amount of re-
search has already been done in this area [1]-[5], [8]. However,
there are still many open issues yet to be resolved satisfacto-
rily [8]. This paper examines one of these issues as how to deal
with different levels of achievable performance in the presence
of various faults under given potential system performance lim-
itations. This is a challenging problem, as different faults may
affect the system differently. Consequently, different levels of
performance have to be considered in different fault scenarios.
Even though it is a common sense to accept a certain de-
gree of performance degradation in the presence of system com-
ponent failures, the fault-tolerant control system design which
considers the fault-inflicted physical constraints for maintaining
achievable performance has mostly been ignored until recently
[9]. In this recent work, two reference models are used: one
for the normal system operation and the other for the system
under contingencies with actuator failures, respectively, where
the magnitude of the fault is estimated and controller is reconfig-
ured accordingly. Although a very important concept has been
presented therein, it soon becomes evident that a twin model
approach is not comprehensive enough to represent all potential
system malfunctions. Different faults in a system can exhibit
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distinctive characteristics; a single performance reduced model
cannot simply represent all of them. Naturally, a multiple-model
approach offers a logical extension to the concept in dealing
with multiple type of faults in actuators, sensors and system dy-
namics, which could not easily be done under the framework of
[9] because of the difficulty faced when estimating on-line all
fault parameters associated to different types of failures in actu-
ators, sensors and system dynamics. By representing each fault
type with a separate model, it has been shown that the overall
fault handling capability for different types of fault occurred in
the control system can be enhanced considerably. The control
system performance also becomes less conservative, because
each controller only needs to deal with a single fault scenario.
Furthermore, the same failure type but at different severities
may be represented by different performance reduced models
under the very same framework.

The objective of this brief paper is to present an approach to
incorporate performance limitations under different fault condi-
tions using multiple-model technique. The current work differs
significantly from that of [9] as a completely different control
structure is used, in which the controller for each failure scenario
is designed individually. Under the assumption that all potential
faults in the system can be represented in terms of a finite set of
models, a performance reduced reference model is synthesized
for each failure scenario with due consideration of system per-
formance limitations. There are three unique advantages asso-
ciated with the current approach: a) it can handle multiple type
of faults; b) it is able to isolate faults quickly by performing a
simple statistical test on the multiple-model residuals; and c) it
results in a less conservative control system for a specific fault
situation by using the corresponding performance reduced ref-
erence model.

To determine the multiple reference models, one has to have
the knowledge of the system performance requirements, avail-
ability of redundancies, and underlying physical limitations of
the actuators. These quantities impose the ultimate performance
limit for systems under component failures. Itis crucial to embed
these limits into the performance reduced reference models and
also to modify the system input command accordingly so that the
physical limits of the system are not violated either during tran-
sients or at steady-state. Based on multiple reference models, the
corresponding fault-tolerant control system is synthesized using
model reference approach. In this paper, the performance degra-
dation is reflected in the reduction of the stability margins, the
reduced level of dynamic performance and scaling back of the
operational magnitude at the steady-state.

The main contribution of this paper is to introduce a new
methodology to deal with potential performance limits in a
system with different type of component failures. An aircraft
example is used to illustrate the concepts, design procedures,
and simulation studies.

1063-6536/$20.00 © 2006 IEEE



IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 14, NO. 2, MARCH 2006 285

The paper is organized as follows: The basic concept and
overall structure of the proposed FTCS based on multiple-model
for handling different type of faults are presented in Section II.
The procedures for designing performance reduced reference
models and input command adjustment are also covered in this
section. In Section III, the synthesis of a set of reconfigurable
controllers is examined with the use of the above reference
models to deal with the system performance limitations for each
failure mode. Simulation results are presented in Section IV
to illustrate the proposed scheme, followed by conclusions in
Section V.

II. BASIC CONCEPT AND OVERALL STRUCTURE OF THE
PROPOSED SCHEME

A. Faults and Their Models

Faults are those system malfunctions, which could lead to
undesirable consequences if left unattended. In practice, faults
may occur in actuators, sensors and system dynamics. There-
fore, all three type of faults have been considered in this paper.
As mentioned in the previous section, a natural way to repre-
sent different fault conditions is to employ a multiple-model
approach. Each fault type can be represented by one or more
models depending on the nature and severity of the fault.

Assume that a finite set of /N models is used to represent the
system under the normal and the (N — 1) failure modes. Thus,
the system can be represented as:

x() = (A + AAX(8) + (B + AB)u(t) + w(t)

= A;x(t) + Bju(t) + w(t) ()
a(t) = (O + AC)x(t) + v(t)

=Cx(t)+v(t) j=0,...,N—1 )

where x € R™ is the state vector; z € R"™ is the measurement
vector; u € R! is the control input vector, and w € R™ and
v € R™ are the independent random processes with means w
and v and covariances () and R, respectively. The initial state
is assumed to have mean X, and covariance Py, and to be in-
dependent from w and v. Furthermore, AA;, AB; and AC;
(j =1,...,N — 1) represent the fault-induced changes in the
system dynamics, actuators and sensors, respectively. They are
null matrices for j = 0, which represents the normal condi-
tion. The subscript 7 denotes quantities pertaining to the model,

m; € M. M = [mg,m1,...,mny_1] is a set containing
system models for all the conditions. Matrices A;, Bj, and C}
(j =1,...,N — 1) correspond to the jth post-fault model of
the system.

B. System Performance Limitations in the Presence of Faults

In practice, the expected system performance in the presence
of a fault can be significantly different from that under normal
operation. With limited system redundancies, the performance
generally has to be scaled back to avoid reaching the physical
limits of some system components. Generally speaking, there
are two types of performance in a control system corresponding
to transients and steady-state conditions, respectively. Using an
aircraft as an example, the transient performance may include

items such as the maneuvering capabilities, the achievable ac-
celeration, or the radius of a turn. In other words, they are associ-
ated with the dynamic aspects of the aircraft. On the other hand,
the steady-state performance relates largely to the equilibrium
points in different flight conditions, such as the cruising speed
and altitude, the weight of the payload, etc. The steady-state op-
erating condition is often related to the system command input.
Consequently, both the dynamic properties and the command
input should be considered in the design of FTCS in the pres-
ence of failures in the system. In the current work, the achiev-
able performance under these conditions includes both aspects:
1) the dynamic part is dealt with through the use of performance
reduced reference models and the model reference control ap-
proach, and 2) the steady-state part relies on the adjustment of
the level of the control command inputs.

C. Determination of Multiple Performance Reduced Reference
Models

To capture and specify the characteristics of the handicapped
system under each fault scenario, a corresponding “perfor-
mance reduced reference model” needs to be synthesized.
These models will represent the desirable dynamic behaviors
of the closed-loop system under specific fault conditions.
To handle different type of faults, different models are often
needed. Several models may even be needed for a single failure
type if the characteristics of the system changes significantly
at different fault severities. In particular, the dynamic behavior
of the post-fault system is governed by the characteristics of
the designed reference model, which takes into consideration
of the allowable performance limits under a given fault condi-
tion without violating the physical constraints in any system
variables.

Assume that a reference model of the system under the
normal condition is represented by:

S __ Amm m._./
xy =Ag'xg" + By'rg

¥§' = Cxy @

where x3" € R is the state vector of the reference model;
yir € RP" is the output vector; and rj € R!" is the com-
mand input vector. The above model, known as the desired ref-
erence model, specifies the desired dynamic characteristics of
the system under the normal condition.

Let’s assume that the eigenvalues of this system are repre-
sented as:

Ag = diag [AY, A9, ... A0 ] 4

In the presence of a fault, based on failure models repre-
sented in (1) and (2), it is expected that the eigenvalues of the
performance reduced reference models would shift toward the
imaginary axis to reflect the loss of system dynamic perfor-
mance. This can be achieved by simply selecting a mode degra-
dation matrix, ¥;, j € {1,..., N — 1}, for each fault condition.
Suppose that the eigenvalues of the performance reduced refer-
ence model under each fault condition are related to those under
normal condition by:

Aj=w"4, j=1,....N-1 3)



286 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 14, NO. 2, MARCH 2006

N\

Reference Model
and Controller Set

\ {KX" j=0,...N-1}

XM

I

I' | Command | T
Governor

\

Reconfiguration

Feedforward u" L u

Mechanism
A
FDDdecisionT | X
IMM-based
Fault Detection & Diagnosis
(FDD)
Actuator |W System V Sensor
sFaults l , Faults l ,Faults
- a 7
7 Vi Y z
Agﬁdgx/orse Syﬁfl/;éme S;nsp/l's
/ 7 /
, Feedback s
u* X
Controller Set
[K/."vj:O ..... N-1}

\

Fig. 1. Overall structure of the proposed FTCS.

where
w; = diag ], 04, ..., Vi ©)

and! > 1,Vi=1,....n"j=1,...,N —1.
The transfer function matrix of the reference model for the
system in the failure mode j can then be obtained as:
Ti(s) = Cg* (Is¥; — A7) ™ By
m — m\—1 - m
=Cy' (Is— v Ay') ' By

J

Hence, a set of performance reduced reference models can be
obtained as:

X7 = AT 4 Bl

yir=Crxy', j=1,....N-1 (®)
where A7 = Wj_lAm, BT = %_136”, cr =0y, g =
1,...,N—1.

The matrix triplets { A7*, BT*,CI",j = 1,..., N—1} specify
the characteristics of the system with achievable performance
under various fault conditions. By choosing different values in
the diagonal elements of ¥;, various dynamic characteristics
and different levels of performance reduction can be accommo-
dated. The selection of each element in ¥; is application depen-
dent and needs certain engineering insights into system perfor-
mance limitations under different fault conditions.

Once designed, these performance reduced reference models
will be used as the reference models in FTCS design and imple-
mentation for achievable performance.

D. Command Input Adjustment

To ensure that all system variables are within the safe operating
range and that all of the control effectors are free from saturation
in the event of failures, one has to make appropriate adjustments
to the level of control commands as well. A command governor is

used just for this purpose. Essentially, it performs two functions
to determine: 1) which output variables the closed-loop system
should follow; and 2) what is the appropriate reduced level of
command inputs for a given fault scenario. A similar scheme
as in [9] is tailored to the current control structure.

E. Overall Structure of the Proposed FTCS

Based on the above description, the overall configuration of
the proposed FTCS can be depicted in Fig. 1, which includes
the following modules: 1) an interacting multiple-model (IMM)
based fault detection and diagnosis (FDD) [10], 2) multiple
performance reduced reference models and the associated
controllers, 3) a reconfigurable control mechanism, and 4) a
command governor.

A significant portion of the design involves the synthesis
of reconfigurable controllers. These controllers depend on
the system failure models (1), (2) and the corresponding per-
formance reduced reference models (8). The details of the
controller design is the subject of the next section.

III. CONTROLLER DESIGN WITH ACHIEVABLE PERFORMANCE

A. Control System Synthesis

For the purpose of reconfigurable controller design, the
system models (1), (2) are represented alternatively in the
discrete domain as follows:

xj(k+1) = Fjx;(k) + Gju;(k) + w;(k)
y;(k) = HYx;(k)
Z(k):HJX](k)+VJ(k) _]ZO,N—I (9)
where an additional equation is added to represent those ele-
ments in the system output y; (k) which are being regulated.
Under the normal operation, the system is represented by ma-
trices {Fp, Go, Ho}. Once a fault occurs, the system will be

represented by one of the models in the set {F;,G;,H;,j €
{1,...,N — 1}}.
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TABLE 1
FAULT MODES AND FAULT-INDUCED CHANGES
Modes & Faults Aj /AA‘7 Bj/ABj Cj /ACJ
—3.5980 0.1968 —35.18 0 14.65 6.538
Normal (j=0) Ao —0.0377 —0.3576 5.8840 0 Bo— 0.2179 —3.087 C 0 0 10 O
071 0.0688 —0.9957 —0.2163 0.0733 =] —0.0054 0.0516 °“lo 0o 0 1.0
0.9947 —0.1027 0 0 0 0
Dynamic fault (j=1) 0.7196 —0.0394 7.0360 O ro —3.2690 7
0.0075 0.0715 —1.1768 O |0 1.5435 .
50% loss of rudder AAi=| 0138 01991 0.0433 0 ABi=| 5 _0.0258 ACy =1[0]
control surface E— 0 0 0 0 0
Actuator #1 fault (j=2) [ :g?ggg 8 1
50% loss of AAs = [0] ABo= : ACy = (0]
; D 0.0027 O
effectiveness in aileron 0 0
Actuator #2 fault (j=3) [ 8 _fgigg 1
50% loss of AAs =[0] AB3= * AC3 = [0]
. . 0 —0.0258
effectiveness in rudder 0 0
Sensor fault (j=4) - T 0 0 —05 0
50% loss of effectiveness AAy = 0] ABy = [0] ACi=l 4 o o o
in sideslip angle sensor

The corresponding discrete multiple reference models can be
described by:

x'(k+1) = F"x}" (k) + G;”r;(k)

J
yo(k) = Hrx(k), j=0,....,N—-1 (10)

Based on the system models (9) and the multiple reference
models (10), the design objective of the above FTCS is to syn-
thesize a set of control gains {K]", K;‘ , K;',j =0,...,N —
1} to meet the design performance with the following control
signals:

u;(k) (11

J

~K¥x;(k)+ KX"x7(k) + K5r(k)
- N

-

=
feedback reference model  feedforward

B. Determination of Reconfigurable Control Gains

To implement the above control system, one has to deter-
mine the control gains for each system mode systematically.
The principle of the multiple-model based FTCS is to make the
selected system variables follow the outputs of the respective
reference models during the normal and under the fault con-
ditions, i.e. to force the error e;(k), j = 0,...,N — 1, to be
zero at the steady-state under each condition. The error signal
is defined as

ej(k) =vy;(k) -y} (k) = Hx;(k) — H"x}'(k)  (12)

Based on the similar derivation as in [9] for a single perfor-

mance reduced reference model case, the multiple-model recon-

figurable control gains specified in (11) can be determined as
follows:

K7 =

me 21 KX 11
Kr' 22 KX 12

stabilizing feedback controller

13)

where the control gains K;‘ and K;/ are functions of the
feedback control gains K;‘ and the constant gain matrices .S J]-“l,
k,l=1,2,7=0,...,N — 1, are calculated by

Sit =@ S (F" = 1) + @2 H" (14)
12 _gllgll m

S =¥ St (F — 1) + ®°H]" (16)

S =o' SHar (17)

and gain matrices ®%', k,l = 1,2;j = 0,..., N — 1, are given

- $)-[%" 5T

It should be noted that the stability and dynamic performance
of the designed FTCS are mainly governed by the feedback
control gains, K7, j = 0,..., N — 1. In principle, any control
system design technique can be used to determine these gains
so long as the synthesized controllers can stabilize the post-fault
systems to achieve satisfactory dynamic performance. In view
of the advantages offered by eigenstructure assignment (EA)
technique, a feedback controller can be designed to achieve
the desired stability and dynamic performance with a specified
eigenstructure. Hence, the EA technique as developed in [7]
is used herein. For the interest of space and also to avoid
repetition, details on the EA technique are omitted.

Furthermore, it should be pointed out that if switching occurs
rapidly among multiple controllers, even for a bank of stable
systems, the overall stability of the closed-loop system will not
be guaranteed. Investigation of such stability issue within the
stochastic framework of the IMM structure is beyond the scope
of this brief paper and it remains an open problem for future
research. However, the fault occurrence is usually a rare event
in a well-engineered system. Therefore, one would not expect
frequent switching any way in a FTCS.

During the system operation, the most appropriate controller
will automatically be selected based on the decision of the FDD
scheme. Furthermore, for on-line implementation of (11), the

11 12
ol 9!

! Fi—-I G
o2 g2

(18)
H 0
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TABLE 1I
REFERENCE MODELS UNDER THE NORMAL AND THE FAULT CONDITIONS

Reference Models AT BT Eigenvalues of A7
[ —10.0 0 -10.0 0 7 10.0 5.0 05
Mode 0 Normal 0 -0.7 4.5 0 —5.48 0 _16 0
(RMO: j = 0) 0 —-05 —0.7 0 0 0 Com4iLs
i 1 0 0 —05 | 0 0 : :
r —2.0 0 —2.0 0 7 r 20 1.0 7 —01
Mode 1 Dynamic fault 0 -0.14 0.9 0 —1.0960 0 _2'0
ode (RM1: j = 1) 0 -—01 -0.14 0 0 0 014 0.0
0.2 0 0 —0.1 | i 0 0 | : :
—5.0 0 —5.0 0 r 50 25 7 0167
Mode 2 Aileron fault 0 -—-0.1167 0.75 0 —0.9133 0 7'5 0
(RM2: j = 2) 0 —0.1667 —0.2333 0 0 0 0175 410,349
0.3333 0 0 —0.1667 L 0 0 | ) ’
—3.3333 0 —3.3333 0 3.3333 1.6667 01925
Mode 3 Rudder fault 0 —-0.7 4.5 0 —5.48 0 _3'333
ode - (RM3: j = 3) 0 -0.125 —0.175 0 0 0 0437 40,703
0.25 0 0 —-0.125 0 0 i -
—10.0 0 -10.0 0 10.0 5.0 05
Mode 4 Sensor fault 0 -0.7 4.5 0 —5.48 0 7160
ode (RM4: j = 4) 0 —-05 —0.7 0 0 0 07445
1 0 0 -0.5 0 0 i ’
state variables of the system and those of the reference models, TABLE III
and the command inputs are all needed. In cases where only COMMAND INPUTS UNDER THE NORMAL AND THE FAULT CONDITIONS
a subset of the system state variables are measurable, the es- Inputs\Modes| 0 12 3 4
timated state variables from the IMM estimator in the FDD Sideslipangle| 30 0.7 0.3 06 1.5
module can be used. If this is the case, (11) can be alternatively Bankangle | 80 2.0 40 10 40

written as:

19)

u;(k) = K %(k|k) + K7 x"(k) + K5r's(k)
where the state variable x;(k) in (11) is now replaced by its
estimate X(k|k) = Zj»v:_ol X (klk) - pj(k) from the IMM es-
timator, where (k) denotes the mode probability for the jth
model. Details on the IMM state estimator can be found in [10].

IV. AN ILLUSTRATIVE EXAMPLE

To demonstrate the effectiveness of the proposed approach
over that in [9], the same illustrative example is chosen. The
system involved is an F-8 aircraft model initially used in [6].

A. Aircraft Model

The linearized model of the aircraft under the normal condi-
tion can be described as

x(t) = Apx(t) + Bou(t)
z(t) = Cox(t) (20)
where the state and the input vectors are x = [p 7 3 ¢]7 and
u = [6, 6,], respectively, with p representing the roll rate,
r the yaw rate, 3 the sideslip angle, ¢ the bank angle, §, the
aileron deflection, and é,. the rudder deflection.

The discrete version of the system takes on the form of (9)
with parameters given in Table I. It should be pointed out that
only two out of four state variables, sideslip and bank angle, are
measurable. For simplicity, these two variables will be desig-
nated as the controlled variables that will follow the command

inputs under all simulations considered. Hence the output ma-
trices, H]’»',j 0,...,N — 1, become

0 010

Yy __
Hj = Ho 00 0 1

:COZ|: :|, ]ZOI,N—I

B. Fault Scenarios, Performance Reduced Reference Models
and Adjusted Command Inputs

1) Fault Scenarios: In this section, it is assumed that there is
a single failure among actuators, sensors or aircraft dynamics.
All faults are simulated to occur at tz = 8 sec. The specific
faults are: 1) a system dynamic fault as a result of a partial loss
of the rudder control surface, 2) a fault in either one of the two
actuators, and 3) a fault in sideslip angle sensor. Therefore, there
are total of 5 possible operating modes. In practice, if additional
fault scenarios or the same fault type but with different severi-
ties need to be considered, more fault modes would have to be
included in the model set.

The above considered fault modes and the fault-induced
changes in the system matrices are listed in Table I, with the
fault-induced changes {AA;, AB;,AC;,j = 1,...,4} being
highlighted by under bar with respect to the normal system
matrices {Ag, Bo, Co}.

As can be seen from Table I, the actuator faults result in re-
duced values in the corresponding columns of the control ma-
trix B, the sensor fault is represented also by a reduction in the
corresponding row of the measurement matrix C, and the loss
of control surface is reflected as the changes in both A and B
matrices.
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Fig. 2. Step responses of the reference models with different input levels.

2) Synthesis of Performance Reduced Reference Models and
Adjustment of Command Inputs: In view of the above fault sce-
narios and the physical limits of the actuators, four reference
models have been synthesized based on the techniques in Sec-
tion II-C. The details of these models are presented in Table II.
For completeness, the reference model for the normal operation
has also been included.

By comparing the eigenvalues of the performance reduced
models with those under the normal condition, it becomes
evident that the system dynamics of the performance reduced
models are much slower. This reflects the philosophy of the
current approach, i.e. to reduce the performance demand ac-
cordingly whenever there is a loss of control effectiveness due
to actuator or control surface fault. However, in the case of a
sensor fault, an attempt has been made to maintain the original
system performance by using the estimated states in feedback
control.

Furthermore, to meet the steady-state performance specifica-
tions, the levels of the command inputs are also adjusted based
on a command governor technique. In this example, the desired
command inputs under different fault conditions are shown in
Table III.

To further illustrate the characteristics of the performance re-
duced reference models with the revised command inputs, the
step responses are shown in Fig. 2. These responses provide a

5
— Response with reduced performance
------ Response without reduced performance
4 — — Reference trajectory with reduced performance
B I\
ES g I e e TR
Q
=)
% 2 4 Boundary of admissible ouput
a response under the fault condition
g R
S 1A
7]
0 400 4 ea e eeeemeecececoeneceecnoaocleeaeceeaeoa
0 5 tF 10 15 20 25 30 35 40
Time (s)
12
— Response with reduced performance
""" Response without reduced performance
10 — — Reference trajectory with reduced performance
D 8 N
R=A
<
261 /
~ / Boundary of admissible output
c / response under the fault condition
S L
[an]
2 4
0 5 tF 10 15 20 25 30 35 40
Time (s)
Fig. 3. Output responses under the dynamic fault.

visual illustration of the information in Tables II and III. Since
there are 5 modes in total, there are 5 corresponding curves to
represent the expected dynamic and steady-state performance.
Different command input level is used in each mode. Since dif-
ferent reference model is designed for different fault condition,
the shape of the response in each case is different. However, the
mode shape under the normal (Mode 0) and sensor fault (Mode
4) conditions is the same since the same reference model has
been used in these cases, except that the input level has been re-
duced in the sensor fault case.

C. Simulation Results and Performance Evaluation

1) System Performance Under Dynamic Faults: In this case,
the performance of the aircraft is examined under two condi-
tions: with and without considering the performance limitations.
The results are shown in Fig. 3. The reference trajectories for
the normal and the fault conditions are also overlaid in the fig-
ures to demonstrate the command following capability. When
the performance limitation is considered, the outputs of the air-
craft can follow the desired reference trajectories satisfactorily
in both the pre-fault and the post-fault intervals through an au-
tomatic controller switching. Before the occurrence of the fault,
the two system outputs have followed the desired reference tra-
jectories specified by the desired reference model (RMO), with
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the command input set at [3, ¢] = [3.0, 8.0] deg. After the fault
is detected, the system outputs start to follow the revised ref-
erence trajectories governed by the performance reduced ref-
erence model (RM1) at the level of [3,¢] = [0.75,2.0] deg.
Smooth transitions in reconfigured output responses have been
obtained. It is evident that the design objective with the spec-
ified performance reduction has been satisfactorily achieved.
However, if no performance limitation is considered, the out-
puts simply cannot follow the specified reference trajectories
after the fault occurrence as illustrated.

To show how the closed-loop control signals react to the fault
by adapting to new values to satisfy the physical limits of the
system, the closed-loop control signals and the associated com-
mand inputs are illustrated in Fig. 4. It can be seen that, com-
pared with the closed-loop control signals under the normal con-
dition, the control signals in both control channels have been
reduced accordingly after the occurrence of the fault. However,
significantly larger control signals would have been used if the
performance limitation had not been considered. This is highly
undesirable or even physically unrealizable, since the required
control signals in both channels would have exceeded the max-
imal control limits, i.e. [0,1.5] for the aileron channel and [0,4]
for the rudder channel. These limits are calculated based on a
100% variation around the magnitude of the control signal at
the steady-state for each control channel.
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Fig. 5. Output responses under the aileron fault.

2) System Performance Under Aileron Faults: The re-
sponses of the system in the presence of an aileron fault are
illustrated in Fig. 5. For comparison purpose, system responses
under the normal condition are also shown. The corresponding
control signals are illustrated in Fig. 6. It can be seen that sat-
isfactory responses have been obtained. Since the performance
reduction has been considered, significantly reduced control
signals in both channels are required for the aircraft to follow
the performance reduced reference trajectories, as compared
to the case where no performance limitations were imposed.
Without due respect to the physical limitations, the magnitude
of the control signals could exceed the allowable limits, or
worse still, it could exceed the actuator saturation limits if a
more severe aileron fault had occurred.

3) Robustness Against System-Model Mismatch: In prac-
tice, one of the concerns in using multiple-model approach
is the robustness with respect to system-model mismatch
(modeling error) since the actual fault may be different from
any models in the pre-designed model set. To evaluate the
robustness of the developed FTCS, different levels of mismatch
have been considered for each fault mode. In this section, only
the robustness analysis of the aileron fault with the mismatch
ranging from —50% to 50% is reported, for the interest of space.
Behaviors of FDD and closed-loop tracking performance with
respect to the desired reference trajectories are analyzed. For
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Fig. 6. Control signals under the aileron fault.

the FDD performance, only the performance index of correct
isolation is shown.

The average output tracking error and the percentage of cor-
rect fault isolation versus different levels of fault modeling er-
rors are shown in Fig. 7(a) and (b), respectively. The average
output tracking error is defined based on the following perfor-
mance index

2
where the output tracking error at each time instant is calculated

as:

ref (k)_yplani(k)

| Ya i ||
desirea k. < kF
ref .
P o
| ydegradsd(k)_yp (k)H k> kF
||y;:£raded(k)|| -

where ygi{: ireq (k) denotes the desired reference response gen-
erated on-line by the corresponding reference model associated
with the command input for the normal operating condition at
time %, and ygzgrﬂ,ded(k) denotes the output of the degraded
reference model corresponding to one of the fault conditions
with the corresponding reduced command input. y?!*"* (k) de-

notes the output of the closed-loop system before and after the
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Fig. 7. Robustness analysis of modeling errors under the aileron fault.

fault occurrence. M denotes the total data point used in the
simulation.

To demonstrate further the transient behavior of the reconfig-
ured system with respect to the robustness against system-model
mismatch under different levels of mismatch, time responses of
the two worst cases (—50% and +50% mismatch) versus that
with no system-model mismatch are plotted in Fig. 8.

As expected, in general, the tracking performance deterio-
rates as the system-model mismatch increases. However, as can
be seen from Fig. 7(a), the average tracking errors are less than 2
in the range of —50% to +50% mismatch. Furthermore, as can
be seen from Fig. 7(b), the correct fault detection and isolation
have been achieved for all cases in the considered range of the
mismatch. The effects of mismatch between faults and pre-de-
signed model can also be shown in time domain as in Fig. 8,
where system outputs are compared. As can be seen, mismatch
does lead to more transients, but nevertheless, the effect is rela-
tively small at the steady-state.

V. CONCLUSION

A new design method for fault-tolerant control systems with
explicit consideration of achievable performance has been pro-
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mand inputs are also adjusted accordingly to avoid potential ac-
tuator saturation at the steady-state condition. Simulation results
have demonstrated the effectiveness of the proposed method-
ology using an aircraft example and shown that if the perfor-
mance limitations had not been considered, actuator saturation
would have occurred.
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