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Abstract: This paper proposes a new method of detection and reconstruction of the incipient fault of
fixed-wing actuators based on an adaptive sliding-mode observer. First, a mathematical model of a
fixed-wing aircraft is derived under certain assumptions, considering nonlinear terms and system
disturbances. Second, by introducing a nonsingular coordinate transformation, the incipient faults are
separated from the disturbances. For a subsystem with no disturbances, the Luenberger observer can
estimate the incipient fault. For a subsystem with disturbances, the sliding-mode observer is robust
against these disturbances. The Lyapunov stability theory guarantees dynamic error convergence and
system stability. The evaluation function was designed to realize residual evaluation and threshold
judgment. Third, based on the concept of equivalent output injection, an adaptive sliding-mode
observer method is proposed to reconstruct actuator faults precisely under the condition of the
uncertain system structure. The design steps of the proposed reconstruction method are introduced
in the form of a linear matrix inequality problem, which provides an effective method for calculating
the design parameters. Finally, the simulation results of the De Havilland DHC-2 “Beaver” aircraft
demonstrate the correctness and effectiveness of the proposed method.

Keywords: fault reconstruction; fault detection; actuator fault; linear matrix inequality; observer

1. Introduction

Fixed-wing unmanned aerial vehicles (UAVs) are widely used in geological mapping,
resource surveys, environmental monitoring, meteorological observations, and other fields
because of their long flight ranges, large cruising areas, fast flight speeds, and high flight
altitudes [1]. However, most UAVs in daily life do not consider fault diagnosis or fault-
tolerant control, even if simple fault detection and recovery strategies are applied. These
simple strategies cannot effectively ensure the flight safety of UAVs [2]. Fixed-wing UAVs
often perform long-term tasks through remote control in poor working environments [3].
In doing so, they are affected by various types of interference and damage, which lead
to different faults for these vehicles, such as voltage control faults, actuator lock-in-place
physical aging, structural damage, leakage, and fatigue. These faults inevitably affect the
performance of UAVs [4]. Therefore, the reliability, stability, and safety of fixed-wing UAV
flight are extremely important. Consequently, fault detection of actuators for fixed-wing
aircraft has important practical significance and has drawn considerable research attention
in recent years [5,6].

In fault detection, abrupt faults have received extensive attention; however, incipient
faults have often been ignored [7]. In particular, the incipient faults caused by wear and
tear in the mechanical structures of actuators have not been studied thoroughly. If incipient
faults are not detected and warnings are not issued in time, these faults may expand and
lead to catastrophic consequences [7,8]. Actuator jamming, voltage control faults, structural
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damage, and other abrupt faults have obvious effects on system performance. Because
these abrupt faults are clearly different from disturbances, appropriate thresholds can be
selected to detect abrupt faults [9]. Traditional observers, such as unknown input observers,
Luenberger observers, and sliding-mode observers (SMOs), can deal with these faults
effectively. In a previous study, a sliding-mode control assignment scheme with linear
variable parameters was devised for actuator faults. When an actuator fails, the sliding
mode first starts and then redistributes control signals to other actuators [10]. Traditional
Luenberger observers and SMOs have been designed to manage system uncertainties and
abrupt actuator faults [11]. A neural network sliding-mode observer has been designed for
the fault detection and estimation of actuators [12]. In linear time-delay systems, adaptive
observers are used to detect abrupt actuator faults, and this method can be applied to
nonlinear systems [13]. In the case of system interference, extended state observer (ESO)
approaches have been devised to detect actuator faults [14]. In the last decade, almost
all methods have assumed that the original system is linear, and they have mainly dealt
with obvious and serious faults. For the situation in which the system described by the
Takagi-Sugeno fuzzy method has a time delay and external disturbance, a fuzzy description
learning observer was proposed to realize the simultaneous reconstruction of the system
state and an abrupt actuator fault [9-15]. Higher-order sliding-mode unknown input
observers have been proposed to detect abrupt actuator faults and provide the necessary
analytical redundancy [16,17]. SMOs are designed to realize the simultaneous detection of
actuator faults and sensor faults when the hypothesis is established, whereas an adaptive
observer was designed to estimate the sensor faults after the assumptions had been properly
relaxed [18]. However, the various methods mentioned above are aimed at abrupt actuator
faults. Therefore, it is necessary to detect incipient faults to maintain system stability, which
was the inspiration for the present study. In this study, a new adaptive SMO was designed
to detect and reconstruct incipient actuator faults.

An incipient fault is a fault that has little impact on the system in the initial stage and
can hardly be detected [19]. However, it can grow slowly over time and has a serious impact
on the system. Because the effects of faults on the system can be reflected by the symptoms
caused by faults, the symptoms caused by faults are divided into significant symptoms and
minor symptoms [7,8,20,21]. Incipient faults almost develop gradually in the process of
low speed and low frequency, and can hardly be detected in the early stage, which is easy
to be covered by the changes of a time-varying process [19-22]. The term “incipient fault”
has two meanings: one refers to the incipient stages of other faults, and the other refers to
minor or potential faults that have no obvious symptoms. Timely and effective monitoring
of small faults with only minor abnormal signs that may endanger the safe operation of
the system is often called incipient fault diagnosis [22]. Generally speaking, according to
the time performance of faults, they can be divided into three categories: incipient fault,
sudden fault, and intermittent fault [23]. In addition, according to the location of the fault,
it can be divided into actuator fault, process fault, and sensor fault. UAVs are often affected
by noise, airflow interference, and vibration signals. Regardless of the number of faults
or their severity, they start as incipient faults. Because these incipient faults are difficult
to find in the initial stage, there have been not a lot of convincing or effective attempts at
incipient fault diagnosis in academia. However, incipient faults can cause serious problems,
although they develop slowly and are tolerable when they first appear. It seems that it
is necessary to detect incipient faults to maintain system stability [23]. UAVs are often
affected by noise, airflow interference, and vibration signals. Therefore, it is very difficult
to detect and reconstruct incipient faults with disturbances, which was the starting point of
this study.

In the past decade, several studies have been conducted on incipient fault detection.
Because adaptive fault-tolerant control can reduce the effects of initial faults, a scheme for
constructing an unknown input observer was proposed [24]. An incipient fault detection
method based on SMO was also presented, which considers physical structure aging [25].
Further, an incipient fault detection method based on neural networks was proposed for a
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class of nonlinear systems [23]. Inspired by the closed-loop fault diagnosis method [26], an
incipient fault detection and estimation method for high-speed trains was introduced [27].
The designs of an SMO and a Luenberger observer for incipient fault detection were de-
scribed. Under certain conditions, the original system was converted into two subsystems
via decoupling. The Luenberger observer was designed for one subsystem with no dis-
turbance, whereas the SMO was designed for the other subsystem with disturbance to
ensure the sensitivity of the entire system to the incipient fault. In this scheme, the system
residuals were only sensitive to incipient faults; therefore, they could detect faults in a
manipulator system [14].

However, the research on incipient fault detection of actuators for fixed-wing UAVs
is limited at present. The incipient fault characteristics of such actuators are not obvious,
and fixed-wing UAVs are out of the direct control of humans; in addition, their high flight
speeds and complex working environments make it difficult to detect incipient faults.
Inspired by the previous literature [7,14], this report proposes a correlative robust adaptive
SMO to detect and reconstruct incipient actuator faults. By considering the advantages of
the combination of an adaptive observer and SMO, the robust detection of incipient faults
can be realized, which solves the problem that the previous method [14] cannot reconstruct
such actuator faults. This feature represents an innovation of the present study. The main
contributions are as follows: First, a nonsingular transformation matrix was designed
to decouple an original system with incipient faults and disturbances, and a Luenberger
observer and SMO were designed for the decoupled system. The concept of equivalent
output injection was introduced into the SMO to estimate the influence of uncertainty on
the system. Second, a residual evaluation function was derived for residual evaluation
and threshold judgment. Third, based on the uncertainty and unstructured system, an
adaptive rate was designed, and the concept of equivalent output error was incorporated
to realize actuator fault reconstruction. Finally, the design problem of the adaptive SMO
was expressed as a set of linear constraints, which were transformed by the Schur lemma
many times and solved by the linear matrix inequality (LMI) technique.

The remainder of this paper is organized as follows: Section 2 describes the mathe-
matical model of a fixed-wing aircraft. Section 3 introduces the robust fault detection and
fault reconstruction method of the actuator fault for the system model, proves the stability
of the proposed method using Lyapunov analysis, and discusses the accessibility of the
designed sliding surface. Section 4 describes some simulation conditions and presents and
discusses the mature aircraft model simulations performed in this study. Finally, Section 5
summarizes the conclusions and topics for future work.

2. Problem Formulation

When a fixed-wing aircraft flies in the atmosphere at a high speed, aerodynamic forces
and aerodynamic moments are generated owing to the interaction with the air. In addition,
under the action of these aerodynamic forces and aerodynamic moments, the gravity and
thrust of the aircraft cause elastic deformation of the fuselage, leading to changes in the
aerodynamic characteristics of the aircraft. The elastic deformation increases the difficulty
of aircraft space motion and flight control technology research. In addition, the mass of the
aircraft will change during flight, and the inherent properties of the earth itself will affect
the nonlinear and complex relationships among the aircraft aerodynamics, aircraft shape,
and flight parameters [28]. For the convenience of this study, the following reasonable
assumptions were made.

A fixed-wing aircraft is a complex multi-input multioutput system. By using the six-
degree-of-freedom kinematic equation of three centroid motions and three angular motions,
the motion state of the aircraft at any moment can be solved. Based on the definitions of the
relevant parameters and aircraft coordinates, the aircraft motion is defined by the dynamic
equation and motion equation [28]. The equation of state of the aircraft is obtained through
many derivations and calculations, including the force, kinematic, moment, and navigation
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equations presented in (1), (2), (3), and (4), respectively. Figure 1 provides a schematic
diagram of the aircraft parameters, and Table 1 lists the respective parameter definitions.

Figure 1. Schematic diagram of aircraft parameters.

Table 1. Parameter definitions.

Parameter Meaning
Fum Measurement reference frame
Fs Stability reference frame
Fr Special body-fixed reference frame for the “Beaver”
Fw Flight-path reference frame
Fy Vehicle-carried vertical reference frame
Fx Total external force along Xp
Fy Total external force along Yp
F, Total external force along Zp

Force equations:

u:vr—wq—gsinG—i—%
z'J:—ur—i—wp—Q—gcosﬂsinqb—i—% @
W =uq—vp+gcoshcos+ =

Kinematic equations:

) = gcos¢ —rsing
¢ = p+ (rcos + gsin¢) tan 6 )
= ﬁ(rcomp—i—qsincp)

Moment equations:

p=(c1r +cap)g+czL+ 4N
q = cspr —ce(p* —1%) + c7M 3)
i’ = (Cgp — Cz?’)b] + C4L + C9N

Navigation equations:
Xg = V cos jicos ¢
Yo = Vcospsing (4)
i = Vsin U

Here, x = [u, v, w, ¢, 0, P, p, 9, 7, Xg, Yg, h]T is the state vector and 6= [4,, Jr, &, ‘519] T
is the control vector. Table Al (see Appendix A) lists the specific meanings of the aircraft pa-
rameters, and Table A2 (see Appendix A) presents the parameter definitions for the dynamic
mathematical model. In Table A2, the dimensional derivative parameters of the aircraft can be
consulted, and the specific values of these parameters are given in the simulation section. For
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an aircraft with an actuator fault, the dynamic mathematical models of the longitudinal and
lateral directions can be described as follows:

{ X1a() (1) = Ay *1a1y (t) + Braqyraqry (t) + Diay fa(t)

Yiay(t) = Crgyx(t) ®)

In this study, the system satisfied the Lipschitz condition. Under the simultaneous
influence of the nonlinear term and system disturbance, the system differential equation
can be expressed as follows:

(6)

y(#) = Cx(t)
where {x;5, x;} € x € R", {uyy, u;} € u € R",andy € R" are the system state, input vector,
and output vector, respectively, and {A;;, A;} € A, {Bjs, Bj} € B, {Cy, C;} € C, and
{Dy4, D;} € D are known matrices. The pair (A, C) is observable. C and E are the known
constant matrix with full rank, respectively; ¢(x, t) is the known nonlinear continuous term;

fa=1ar far - f' ]T is the actuator fault; and ¢ (t) represents the lumped uncertainties
and disturbances experienced by the system.

{ x(t) = Ax(t) + Bu(t) + ¢(x,t) + Dfa(t) + E9p(t)

Assumption 1. The known nonlinear term, {(x, t), satisfies the Lipschitz condition in x, and vy is
the known Lipschitz constant.

16(x, ) =&(&t) [<ylx—2], Vx £ e R @)

Assumption 2. f, satisfies the following constraints:

| fa [I< pa and || (t) [|< € ®)

Assumption 3. rank(CE) = rank(E).

Under the previous assumptions, two nonsingular matrices can be found to decouple
the system. After applying transformation matrices, system (6) can be changed into the
following two subsystems:

{ X1 = Arxy + Asxo + Q181 (Q 7, t) + By (u+ fa) + Eryp )
1 =Cixq
{ Xy = Asxy + Agxo + Qo8 (Q1x, t) + Bo(u + fa) (10)
Y2 = Cyxo
where ® = [§R1§R2]T and Q = [Qle]T are the nonsingular matrices. A;; € R™7,

A, € Rrx(n—r), A; € R(n—r)xr, Ay € R(n—r)x(n—r), By € R™™ B, R(n—r)xm, C; € R,
Cy € Rp=r)x(n=r) " — [xlxz]T, X1 € R, xp € R" 7", & € R, & € Ry = [ y2],
y1 ER,yp € RPT.

The matrix transformations in (9) and (10) are formulated as follows [29]:

-1 A1A2 . 31 -1 _ C1 0 o E1
o= [ pone [ <[5 & ce- ]

Remark 1. System (9) has both actuator faults f, and unknown disturbances ¢, whereas (10) only
includes actuator faults f, without unknown disturbances ¢. The system can be decoupled through
such transformations.
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3. Adaptive Robust Fault Detection and Reconstruction Method

This section presents the design of the proposed robust fault reconstruction method
for the actuator faults of fixed-wing aircraft. First, a synthetic observer was designed for the
interference estimation and fault detection of the unknown system. An adaptive SMO was
proposed to address the problems of fault detection and reconstruction. The fault signals
were accurately reconstructed using the concept of equivalent output injection. Second,
considering that the system structure cannot be completely decoupled from a fault, the
reconstruction method of the actuator fault (RAF) was constructed to estimate the state
quantity and faults. The stability of the observer was analyzed using an LMI solution.
Finally, an actuator fault reconstruction approach was developed to reconstruct the actuator
fault and all state quantities. Figure 2 shows the diagnosis block diagram.

Actuator Sensor

e ===

I
I
‘ Synthetical Observers ‘ |
I
|

| By

Fault Detection Scheme M’
Result |
P - |
Sliding Mode Observers !
@ I
IAF |
I

I |
4 !

I
Fault Estimation ﬁlb

Result

|
|
|
|
: Fault Isolation Scheme ~———1p
|
T
|
|
|
|

Figure 2. Block diagram of the proposed robust fault diagnosis method.

3.1. Actuator Fault Detection

The detection of actuator faults (DAF) is the first step in determining if a fault has
occurred. When a significant change in residuals is observed, it is possible that a fault has
occurred. If the adaptive state estimator is directly designed for the original system, when
the gain of (13) is significantly large, the residual will be within the chattering range or below
the preset threshold. Therefore, incipient actuator fault detection is difficult. By analyzing
the two subsystems after the transformation matrix, a synthetic observer comprising SMOs
and the Luenberger observer was constructed in this section to simultaneously detect faults
and estimate disturbances.

3.1.1. SMO Design

Assumption 4. The minimum phase condition (see [30]).

Lemma 1. In the case of Assumption 4, pair (A4, C4) is detectable, and there exist matrices Ly,

such that Ay — LoCy is stable; furthermore, the following Lyapunov equation is applicable [31]:
(As = LoCs) " Po + Po(As — LoCa) = Qo an

where Py and Qp are symmetric positive definite matrices.
For (9), the proposed SMO is designed as follows:

%1 = A2y + Agko + &1 (T7'%,t) + Bru +w
+(A1 = A})C (v — 1) (12)
h=0C%
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. T .
V] =€ P1€1 + E{Ple‘l

where A7 € R”" and wq can be defined by

— Pia=%) e
w1 = (“ El ” €+77]) le(xlfﬁl)H if X1 X1 75 0 (13)

where 771 is a positive scalar, determined using (28), and P; is the Lyapunov matrix of Aj.
For (10), the proposed observer is:

3;52 = Ay + Az, + Cz(T_le, t) + Bou + Lo(yz — }/Az) (14)
P2 = Cyfp

where Ly is the gain of the Luenberger observer.
Based on (12) and (14), the corresponding error dynamic equations can be expressed
as follows:

61 =% — %1 = Aje; + Ager + & (T L, t) — &(T7 18, 1) + Eyp — wy (15)

€)= Xy — 3.22 = (A4 — LOC4)€2 + §2(T’1x, t) — (:Q(Tilf, t) (16)

3.1.2. Stability Analysis

Proposition 1. If there are matrices A] < 0, Py = POT >0,P =P >0, and aq and ap satisfy
(17), the error dynamics are asymptotically stable:

B I + %Plpl P Ay

A= <0 17
APy Tl + L PPy + al 17

where 1, = AﬁTpl + PlAS, o4 > 0, ap > 0,11, = (A4—L0C4)TP()+P0(A4—L0C4),
112 _112
8 = w72 Q1 + w2 Q712

Proof of Proposition 1. From (15), V; becomes

18
= e{ (AiTpl + ]114%)61 + 26{131 (él (Q_lx, t) -1 (Q_lf, t)) + 2€{P1E11/) + 26{P1A2€2 — 26{131101 18
Similarly, the derivative of V; together with (16) can be obtained:
V2 = é2TP062 + E%P@(.Q (19)
= eI (Po(As = LoCa) + (As — LoCa) Py )e2 +2e] P (&2 (Q 1%, 1) — &(Q 12, 1))
From (13), it is easy to obtain el Jw; = (||E1[|¢ 4+ m1) | J1ex])-
Therefore, under Assumption 1,
2e] PiEvy < 2| Eqlll|¢ll[[Prer|| < 2[|Eq||€]|Pre | (20)
Thus, (1), (18) and (19) can be respectively simplified as follows:
~ 12
Vi<elThe + 43¢l PiPies + a7z Q71 llea||* 4 2¢T Py Ages — 2171 || Prey | 1)

12
<ef (Il +4 PiP)er + a7 Q7Y le2* + 2¢f P Age

. . T 1 1,2
Vy = el Pyey + 5 Pyer < ezT(H +072P0P0)62 + 062’)%2”@ U le2ll? (22)
2
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Then, combining (21) and (22), we can obtain:

V = Vl =+ Vz
< ef (Th +zPiPy)er +e3 (T +5; PoPo + alu—r)e2 +2e] PiAses

T

-[a]s]
() ()
From Proposition 1, it can be deduced that [e; ¢;] g # 0and V < 0; furthermore, the
error dynamics in (15) and (16) are asymptotically stable.

Therefore, Proposition 1 shows that the error dynamics system is asymptotically stable.

Because (17) is not easy to solve directly using MATLAB, it can be changed into the LMI
feasibility problem in (24) by using the Schur complement [32]:

(23)

X+XT P P4, 0

P1 —lX]I 0 0
Al 0 N p | <0 (24)
0 0 P(] —0621

where N = Al Py + PyAy — C[YT — YCy +al, X = P Aj,and Y = PyLy, and &7 and a; are
positive scalars. U

3.1.3. Reachability Condition Analysis
In (16), ex(t) can be written as

ex(t) = fy eMmboC =) (&(x, 1) — §(2, 1) )dT + el A~ LCilley (0)

_ e - (25)
< 075, [1Q71 o e 00D [lea(T) [|dT + coe %0t |2 (0)|

where by and ¢y can be obtained using || e(44~LoCa)t || < coe=bot, A = A4 — LyCy. Applying
the Gronwall-Bellman inequality [33] to (25) yields

Il ea(t) [I< co || e2(0) || @22l Q =00}t (26)
The sliding-mode surface is
¢ = {(e1,e2)|er = 0} (27)

Proposition 2. If the LMI formulated in (24) is solvable and the gain ¥ is expressed as in (28), the
state error dynamics (15) and (16) can be driven to the sliding-mode surface:

m= (A +75,Q7 e+ (28)
Proof of Proposition 2. (18)(1) is written as follows under Assumption 2:

Vi <2||Pey ||| Azl lleall + 2] Pre [ |Eq [ £ + 2[| Prex [ vg, Q[ [lezl| — 2] Pres || (I1Ev ][ + 11)
< 2[|Preq || (A2l + 7&, 1Q D lleall = 71) < =272 Pres |
< =212/ ViAmin (P1)
(29)
Therefore, (29) satisfies the reachability condition [4].
When the fault occurs at time ¢ Iz e, becomes

&2 = (A= LoCoer + (82(Q ' t) —2(Q7'%,t) ) + Baf (30)
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In general, it can be simply determined whether a fault occurs by comparing the
residual characteristics with the threshold value. In this study, we used the following
logical relationships to determine the occurrence of faults:

;)| > Jin = fault occurs = alarm (31)

()|l < Jin = no fault occurs = no alarm (32)

w1 = [ o ]% )

where the residual signal r can be expressed as y — 7, J;(t) is the residual evaluation
function, and Tj is the evaluation time window of finite length. []

Proposition 3. For the nonlinear faulty system in (9) and (10), the above evaluation function,
lJ-(t)||, and observer (12), when ||J,(t)|| exceeds Jy,, the occurrence of a fault can be determined.
The threshold, [y, can be expressed as follows:

k(@+ILIIDI: )€l
A—ky +

t+Ty _ —
T = /t (ks _ "(’7+|L||D|¢1)) | C || e (o-bom)t | dT (34)

co—bor1

+[IDl[hy
where by and ¢( can be obtained from (26) and ¢ is a constant bound.

Proof of Proposition 3. Under Assumptions 1-3, applying the triangle inequality, the
upper bound on the norm of x can be written as follows:

[ x(t) || < eM | x(0) || + [y et
<M x(0) ||+f

V&) —g(xt) + Ly | dr
~(
< eMet oy [y et7T) || x(7) -
) —

t
(), u(m) = f&D | +ILAI¢HdT a5

0 &(7) || T+(|\L||1P)fZA”
<eMety et | x(7) —2(0) [ dr+ (|| L[| ;) et Pde
Using (26), (35) has the following form:
ot
H i‘(t) HS boCOE_)\t+b0’y/ H x(T) ” e—A(t—T)dT+ bo H H lpl( _e—/\t) (36)
JO

Considering (9), the residual signal » can be obtained. Therefore, based on the selected
evaluation function in (31), the evaluation threshold is as follows:

1
KCrH LD Il 2 ]2
h A(_THLHHDW )
T = /t ke — U1 o 1 ICl e—(co—bom)T dt (37)
+||D|[¢,

It should be noted that this is a worst-case estimate of the possible effects of the
estimation error norm in the fault-free case. [

Remark 2. From Lemma 1, ],(t) is close to zero before an actuator fault occurs. Based on (26)
and (30), ], (t)is treated as a residual to detect actuator faults. From (26), when (6) is healthy, J,(t)
tends to be zero. However, when (6) has actuator faults, a threshold, [y, can be selected. After fault
detection and alarm signals were generated, an adaptive reconstruction strategy was initiated to
reconstruct the unknown fault. Table 2 summarizes the steps of actuator fault diagnosis.
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Table 2. Actuator fault diagnosis steps.

Step Description

Step 1 Set the rr}atching conditions of the system and make relevant
assumptions

Step 2 Establish the system model, and make it meet certain conditions

Step 3 Calculate the nonsingular transformation matrix to decouple the
system model

Step 4 Design the observer according to the transformed form of the system
Based on the establishment of the error equation of state estimation, the

Step 5 evaluation function and threshold are obtained according to the
theoretical knowledge in Chapter 3

Step 6 Calculate relevant parameters according to the LMI algorithm

Step 7 Use the calculated relevant parameters to substitute them into the

observer algorithm for actuator fault diagnosis

3.2. Actuator Fault Reconstruction

This section describes the actuator fault reconstruction performed after DAF. The
difference between the reconstruction actuator method and most fault diagnoses is that
the reconstruction actuator method can detect and isolate actuator faults and provide
detailed information regarding them. Therefore, it is particularly suitable for incipient
fault diagnosis, which is difficult to detect. In this section, when the system uncertainty is
unstructured, a new adaptive SMO-based reconstruction actuator method can be designed.

When the system uncertainty is unstructured, (6) can be expressed as

Ax(t) + Bu(t) + &(x, ) + Dfa(t) + (1)

(1) =
38
{ y(t) = Cx(t) 38)
_ A1 Az Dy e . . )
Assume that A = {A3 AJ ,D = [Dz] ,and if C = [01,], it is possible to find a

nonsingular transformation matrix as follows:
T
T, = [NCT c} (39)

In doing so, CTC_1 = [O Ip] , N, € R"™("=P) and the columns span the null space of C.

Assumption 5. The matrix pair (A, C) is detectable, such that A-LC is stable; thus, for any M > 0,
the Lyapunov equation in (40) has a unique solution S > 0:

(A-LO)'J+J(A-LC) = -M (40)

where | = []]2% }ﬂ and M = [

Assumption 6. There is an arbitrary matrix F that satisfies the equation

M, M,
MI M|

DT =FC (41)

Lemma 2. Under Assumptions 5 and 6, the following two equations can be obtained [34]:
(@) D1+ J7 oDy = 0 (b) Ay + ][ 2 As is stable.
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3.2.1. SMO Design

-1
By introducing a transformation matrix in this form, U = [gl] = [I"O p N I I 2} , (38)
2 4

can be changed into the system:

{ x(t) = Ayx(t) + UZ(U tx, t) + Byu(t) + Uy(t) + Dy fa(t) )
y(t) = Cux(t)
where
— J— -1 -1 —1 -1
_ A A [+ A A= AT o+ I (A= AsTU)
Ay = |20 22| = (43)
A3 A As As—As] ]
_[B1] _ [Bi+ ] 2B2
Pu= [Bz] a { B, #)
_[D1] _ [Di+ ] eD2] _ [0
Pu = [Dz} - [ D, D2 )
Cu = [0I,] (46)
System (42) can further be expressed as follows:
X1 = A1x —I—Eﬁ(z + U1§(T_1x, f) —l—?ﬂl(t) + U1l[)(t)
Xo = A3z + Ayzy + Uzg(Tilx, i‘) + Bzu(t) + D2fa + Uzl[)(l‘) (47)
y=x2
For (47), the SMO can be constructed as follows:
fl :lel —|—Zzy + ulg(T_le, t) + Elu(t)
Xy =A3z1 + 2422 + Uz@(T*lg?, t) —|—§2u(t) (48)
+(Ag—Ao)(y —9) +ws
y=%
and (1)
]/7]/ . A
ws = (I D2 | Pa*”h)uh(oy_w ify—9#0 (49)
0 ify—9=0

where J is a small positive scalar that reduces the effect of chattering. #; is a positive scalar,
and Jo is a symmetric positive-definite matrix.

By defining the state estimation errors, e; = x; — £1 and e; = x, — %, based on (47)
and (48), the corresponding error dynamic equations can be written:

e = Arey + Uy (E(U ' x, 1) — E(U'%, 1)) + Upp (50)

ey = Ager + Azep + Uo (E(U 1 x, t) — E(U 1%, 1)) + Dafa + Upp — w3 (51)

3.2.2. Stability Analysis

Proposition 4. For (42), under Assumptions 1,2, 5, and 6, if Jo = ]OT >0/ = ]1T >0,AY,
Z, v, and positive scalars aq and g satisfy (51) and (52), and the LMI feasibility problem has the
solution in (54). With the prescribed Heo disturbance attenuation level \/u > 0, the error dynamics

is asymptotically stable:
JiD1+ D> =0 (52)
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®1 + In—p A;;]O J1 J2
JoAs O+ I 0 Jo
<0 53
sz Jo 0 _le
re;  Ally zG, ZG ZGq ZGy 0 7
JoAs Oy 0 Jo 0 0 Jo
Gzt 0o -—ul, O 0 0 0
GIzT P 0 —ul, 0 0 0 | <0 (54)
GIzt 0 0 0 —aql, 0 0
1 p
Gzt o 0 0 0 —aq1, 0
) Jo 0 0 0 0 —aply
| H e sup 122 < 5 5)
plboll ¥ 2
The adaptive fault estimation algorithm is given by
f=viCey (56)

where
0, =A] Av+ AT 1 pAs + - 7 ! 57
1=A1h+hAr+Az]; + A3+ al(hh + )22 ) + (a1 + a0) vz ln—p (57)
T 1
Oy = AgJo + JoAo + 07010]0 (58)
@3 = A{G{Z" + ZG1A1 + AJG, 21 + ZGoAs + (a1 + &) Vilup + Iy (59)

O=Y+Y +1, (60)

0
IP

1DT

Gy = (I, — DD%) [I”OP}, G, = (I, — DD") {

} , D" =(D'D)"
where D7 is the generalized inverse of D. The linear matrix equality in (52) is difficult to
solve directly, so it becomes a minimization problem [35].

In actuator fault reconstruction, the adaptive method in (54) is proposed to solve the
problem and to obtain an accurate solution.

Proof of Proposition 4. From (52), D1 + J; LDy, = 0is equivalent to (50) and can be
written as follows:
1 2]D=0 (61)

Under rank [D

0} = rank[D], (62) can be rewritten as

i 1] =0, —D(MD'D) D) 62)

where ) denotes the design matrix. Substituting J; = Q(I, — DD") [Ino p} and

J» =Q(l, — DD™") {0 into (53) and using the Schur complement, (54) can be proven.

Iy
For the following function:

V =Vi(er) + Va(ea) = ef ier + €3 Joeo (63)



Aerospace 2023, 10, 422 13 of 27

where [, = [h 0} is a new coordinate and [y = —]ZT]fTb + J5.

0 Jo
Combined with (50), the time derivative of V; can be expressed as follows:
. .T Ty :
Vi=ehier+e e

_ _ 64
=2el Uy (E(U 1 x, t) — (U2, t)) +ef (AlTh + ]1A1)el +2el iUy ()

Similarly, the derivative of V', together with (51) can be written as

Vo =e; Joea +e; Joez
=2el JoUp (E(UMx, t) = Z(U 1%, t)) + el (AlJo + JoAo)ex + 2e] JoAsey (65)
+2el JoDa fa + 2eX JoUayp — 2¢] Jows

As the forms

jut 5] =t o=t 5 =t (66)
and
1gU ) —g(U'%, 0 < ellell (67)
exist, if ¢ > 0, then
2XTy < %XTX +eYTy (68)

Combining (65)—-(68), it has

V= Vl + Vz (69)
=el [Ty e1 + el [Tpex + 2el JoAser + 2eT JyUryp + 2el ol
If p = 0, then
T T
: el 01 Aj fo} {61]
V< 70
- Lz] LOAEB 0, | |e @0
e Alj - .
Under (53), if < 0,then V < 0; thatis, when t — 0, ¢ — 0.
JoAzs O

If ¢ # 0, to achieve robustness to disturbance, the performance index can be intro-
duced [36]:

Y 2 2
= [ el = )t )
As V(o0) > 0, V(0) = 0. Then, (72) becomes

=[5 lel® = ulpll® + V)dt - [5° Vat

11771 0 0 e
<y [e;][()l o”e;] dt @2)
P 0 0 —u P

Under (53), then T < 0; that s, ||e|[, < /|||, Therefore, the detection indicator has
been constructed. UJ

3.2.3. Reachability Condition Analysis

The sliding-mode surface is defined for the error dynamics (50) and (51) as follows:

¢ = {(e1,e2)|e2 = 0} (73)
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Proposition 5. For the designed observer (48), if the LMI formulated in (54) and gain 11 from (49)
Error! satisfying (75) are solvable, the state error dynamics in (50) and (51) can be driven to the
sliding-mode surface in finite time and remain on it:

m =l As |l e+vee+x+m (74)
where || e ||[< e and 7 is a scalar.

Proof of Proposition 5. For the Lyapunov candidate function as W(ey) = el Joea, the
derivative of the Lyapunov function W with respect to time is as follows:

W =e} (Al Jo + JoAo)es + 2¢] JoAzer + 2¢] JoUn (&(U1x, t) — E(U %, 1)) 75)
+2el JoDa fa + 2eX JoUayp — 2¢] Jows

As AlJo + JoAo <0, ||e|| < ¢ can be written as

W <2e] JoAser + 2¢5 JoUn (G(U ' x, 1) — (U 1%, £)) — 2(/[ D2l pa + 111) [ Joea |
+2¢X JoDa fa + 2e1 JoUnyp
< 2([Joez2| ([ As][ller || +vfllexll + [[D2lloa + x — ID2llpa — m
=2|lJoe2|[ (| Aslle + vre+ x —111)

(76)

If (75) exists, then W can be expressed as
W < =2l Joeall < 21720/ WAmin(Jo) (77)

where Anin(Jo) is the smallest eigenvalue of J.

Under Proposition 5, a sliding motion is achieved and e, = e, = 0 represents perfect
sliding. The error dynamics in (51) can be rewritten as (79). Because the discontinuous
vector in (49) can only be approximated, the error dynamics cannot slide perfectly on
surface ¢ [28,37]:

0= Ase; + W (E(U 'x,t) = E(U %, 1)) + Dafa + Untp — wieg (78)

where w3, is the equivalent output error injection.
Define ﬁz = D;” W3eq- Then, (79) can be expressed as

fo—fo=—Dftp(e(ux,t) —(U'%,t) ) - Df Aser — D5 Uy (79)
As |l e2< /i || ¥ ||2, computing the norm of (80) yields

| fa _]?a H2§(\/170maX(D2+A3) + \/ﬁ”f‘TmaX(D;r) ""TmaX(D;r)) 2

(80)
=(vViB1+B2) [ ¥ [I2
where B1 = 0max (D5 Az) + rf(fmax(D;) and B = 0max(D5 ).
If there is a small A = (,/7iB1 + B2) || ¢ |2, then f, can be written as
: Dy Jo(y — 9)
- D2l —9) )
S = =91+

where v is the adaptive rate, 1 = O'maX(D;_Ag) + 'ygamax(D;), and By = U'max(D;_). O

From (64), the actuator fault estimation is related to the system uncertainties and
A. Generally, it is impossible to accurately estimate actuator faults in the presence of
unknown disturbances. However, when y is sufficiently small, the proposed method can
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effectively maintain the shape of the fault signal. By minimizing y, the robustness of the
proposed observer to the unknown signal can be enhanced, and the ideal accuracy of the
fault estimation can finally be obtained. Table 3 summarizes the steps of actuator fault
reconstruction.

Table 3. Actuator fault reconstruction steps.

Steps Description

Set system matching conditions and make relevant assumptions

Step 1 based on fault detection

Step 2 Calculate the tensor matrix and transform the output matrix in
the system model

Step 3 Calculate the nonsingular transformation matrix to further
decouple the system model
Design the observer algorithm according to the transformed

Step 4 model

Step 5 The idea of solving the problem is converted into LMI form, and
the observer parameters are calculated by the LMI algorithm

Step 6 Reconstruct actuator faults through adaptive fault reconstruction

In the following section, a simulation is used to verify the performance of the proposed
method. It is worth noting that the simulation in this study uses the longitudinal model of
fixed-wing aircraft, and this method is also applicable to the lateral model of fixed-wing
aircraft, so the method proposed in this paper is universal.

4. Simulation Results

This section may be divided by subheadings. It should provide a concise and pre-
cise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

As shown in Figure 3, a De Havilland DHC-2 “Beaver” aircraft with Air Canada
number 1244 was used as the simulation object to verify the overall performance of the
proposed adaptive fault detection and fault reconstruction method [38]. Fixed-wing aircraft
have been extensively studied from flight control design to fault reconstruction. Under
certain flight conditions and disturbances, the control response relation of the aircraft
motion equation includes the actuator of the input unit and the sensor of the output unit.
Thus, the importance of actuator fault diagnosis and reconstruction is critical. Figure 4
shows the basic control-response relationship for “Beaver”, and Table 4 lists the relevant
parameter values.

Figure 3. The model of De Havilland DHC-2 “Beaver” aircraft.
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Figure 4. Basic control-response relationships for “Beaver”.

Table 4. “Beaver” parameter definitions.

Parameter Value
Wing span b 14.63 m
Wing area S 23.23 m?
Mean aerodynamic chord ¢ 1.5875 m
Wing dihedral 1°
Wing profile NACA 64 A 416
Fuselage length 9.22m
Max. take-off weight 2280 kg
Empty weight 1497 kg
Max. power 450 Hp at n = 2300 RPM, p, = 26"Hg
The dimensional derivative parameters of the aircraft are as follows: L, = —5.4022,

Lsy = —7.2976, M; = —3.0292, X, = 5.4534 M;, = —10.6, X, = —0.0389, X7 = 0.7489,
Ny = —0.552, and N5, = —2.6058. Using this model, the correlation coefficient matrix was
calculated to be

—0.0384 54145 —04084 —9.7766]

A = | 00085 12882 0.9764 00022
00124 —67753 —3.0292 0

0 0 1 0 |

07271 —1.6888 100 0]

B | 01104 —03645| . _ 10 1 0 0

~10.6009  2.2471 0010

0 0 000 1]

After selecting the faults to be injected from the failure mode library, the fault injection
experiment is started. The experimental procedure is as shown in Figure 5. To simulate
faults, a flight control simulation model was designed, as shown in Figure 6.

g v
Start the
YES — Enable
 fault Injection L gl pealth
injection fault

system monitoring

NO, +

YES .
End evaluation collection

Figure 5. Fault injection flow chart.
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Module

Beaver Aircraft
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Aerodynamic

Model

2

Speed Control

r System

Figure 6. Flight control simulation model.

The simulation module consists of four parts: a longitudinal linearization model of an
aircraft, an altitude control unit with a stability enhancement algorithm, a speed control
unit, and a fault simulation module. The microvariation of the control input on the elevator
drive motor involved in simulation case 1is shown in Figure 7. In the simulation performed
in this study, the time of fault was consistent; however, to improve the readability of this
article, the timeline is slightly adjusted in the displayed graphs. The linearized longitudinal
state matrix of the “Beaver” aircraft was input into the flight control simulation model
to collect the vertical velocity (Figure 8) and flight track of the aircraft under fault-free
conditions (Figure 9) and the vertical velocity, altitude, and flight track of the aircraft under
the fault condition (Figures 10-12, respectively). In comparison, when the fault signal is
added at 50 s, there will be slight fluctuations in the vertical velocity and altitude control
of the aircraft. It can be seen from the flight track chart that the pitch angle of the aircraft
increases slightly, and the altitude also increases.

0.25

0.20

0.15

0.10

0.05

Fault Index Amplitude

0.00

-0.05
0 10 20 30 40 50 60 70 80

Time(s)

Figure 7. Fault signal in case 1.
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Figure 8. Vertical velocity under fault-free conditions.
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Figure 9. Altitude under fault-free conditions.
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Figure 10. Flight track under fault-free conditions.
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Figure 11. Vertical velocity under fault condition.
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Figure 12. Altitude under fault condition.
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Here, the detection and estimation of actuator element and gain faults are discussed to
verify the proposed method. In addition, the robustness of the method to model uncertain-
ties and disturbances is confirmed. We compare the performance of the proposed method
with those of previously reported methods to verify its effectiveness.

The performance of the proposed method is evaluated via the simulation of actuator
process and gain failures.

In the following simulation, we utilized E=[1 1 0 0] T x(0) =10, 0,0, 0]7, and

Z(x,t) = [sin(xp) 0 sin(xy) O]T. To transform the original model, the nonsingular
transformation matrices ® and Q were calculated as follows:

[0.7071 —-0.7071 0 0 O 07071 07071 0 0 O
07071 07071 0 0 O 07071 —-07071 0 0 O
R = 0 0 1 0 0, Q = 0 0 1 0 0|. Then,
0 0 010 0 0 010
L 0 0 0 01 0 0 0 01
[—0.8345 4.7076 —1.9559 0.1513 0 51616 —0.2495
05162 —4.7460 0.5847 0.1513 O —-51713  0.3134
QAQ! = | 0.7804 —0.4508 —0.5519 0 0| QB = [—0.1993 —2.605 |. In
—0.7071  0.7071 0.1369 0 0 0 0
0 0 1.0093 0 0 0 0

the simulatio_n, the system disturbance is assumed to be bounded as || ¢ || < ¢with ¢ = 1.5
and v = 1. By solving the LMI feasibility problems with the YALMIP toolbox, the following
parameters were obtained:

a1 = 1.6022, j = 0.0025, P, = 0.0038, P, = [0.0106 —0.0483 0]
19.454 813.02 0

Py = |813.02 3.6131 0 |, F=
0 0 3.6131

—2620.7 1086.7 —0.1082 0.0088
15425 —21695 —0.0064 0.0095

42.0899 —1.4076 15.8202 1.4011
24884 17884 11792 1.3974
0.3604 0.0645 0.9257 0

0 0.5047 0 0.9255

Ly =

Case 1: Actuator aging fatigue may cause incipient faults. The trend of incipient faults
is slow. To simulate an incipient fault, it is preferable to choose the microvariation of the
control input on the elevator drive motor as the simulation object. The system disturbance
was selected as (f) = 0.02 x sin(300¢), corresponding to high-frequency interference. The
incipient faults occurring in the input channel of the system B; = D; were considered.
Figures 11-13 show the detection of the fault f,, = 0.03 x e*0%7 with t > 10's via the
proposed method with v = 60, k = 5 and 6= 0.01.

1¥—/
0.9 .

08

Altitude(km)

0.7

06

0.5
0 10 20 30 40 50 60 70 80

Time(s)

Figure 13. Flight track under fault conditions.
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If there is no actuator fault in the system according to Remark 2, the evaluation
function J, approaches zero. ], is close to zero before 10 s. When an actuator fault occurs,
the evaluation function J, deviates from zero, as shown in Figures 13-15 demonstrate that
J» exceeds the threshold function Jy;, at approximately 10.15 s, which is the time at which
the actuator fault occurs. Therefore, an actuator fault is detected and an alarm signal is
generated. The convergence of the evaluation function shows that the proposed method is
accurate for fault estimation of the actuator and that the adaptive reconstruction method is
accurate for actual fault estimation.

0.8

0.6

0.2

044 01

O r
8 10

Fault Detection

0.2

i, . B

0 5 10 15 20 25
Time (s)

Figure 14. Evaluation function and threshold.
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Figure 15. Actual fault and its estimation with DAF.

Figures 1619 present the trajectories of the state variables and their estimated val-
ues. These results demonstrate that the proposed method can accurately estimate the
states. Further, the proposed method can avoid the influence of system interference and
accurately reconstruct actuator faults. Minimizing the coefficient value of the proposed
method improves the robustness of unknown signals and achieves the desired actuator
fault reconstruction and state variable accuracy.
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Figure 16. Actual fault and its estimation with TOMFIR.
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Figure 17. State x1 and its estimation.
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Figure 18. State x2 and its estimation.
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Figure 19. State x3 and its estimation.

Case 2: In this case, an actuator gain fault (partial fault of the actuator control input)
occurs. When the aircraft flight control system is unloaded, it is easily disturbed by the
external airflow during flight, and the driving voltage cannot be accurately located on
the reference voltage, which leads to small jumps and faults in the control input. This
type of fault is minor, causing a very small number of faults, and is not easily detected.
Partial faults and weak jumps of the control inputs were simulated in Simulation 2. The
disturbance was selected as ¢(t) = 0.02 x sin(300¢), corresponding to high-frequency
interference. Consider the incipient faults occurring in the input channel of the system.
Figures 20 and 21 show the detection of the fault f,, = —0.3¢(t — 8) with t > 8 s via the
proposed method, with v =42, k = 1.5 and 6= 0.02.

0.06 T T T T T T T T T

Actual x,

0.05 b
= = = Estimation X,

0.04 b

0.03 b

0.02 b

0.01 b

State x,

0
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———

-0.03 [, :

L L L L L

-0.04 : : : 5
0 20 40 60 80 100 120 140 160 180 200

Time (s)

Figure 20. State x4 and its estimation.

Time (s)

Figure 21. Evaluation function and threshold.
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According to the second part of the theory, if there is no fault, the evaluation function
Jr approaches zero. In this case, J; is close to zero before 8 s. When an actuator fault occurs,
the evaluation function |, deviates from zero, as shown in Figure 20. Figures 20 and 21
demonstrate that J, exceeds the threshold function, Jy;, at 8.2 s. The convergence of the
evaluation function shows that the proposed method can accurately estimate actuator
faults, while the adaptive reconstruction method can accurately estimate actual faults.

The proposed method is verified using two fault examples, and the simulation results
are compared with those obtained using the existing methods. For the incipient fault
detection of closed-loop control systems, the total measurable fault information residual
(ToMFIR) was proposed for the first time [39], which can collect comprehensive fault in-
formation in a closed-loop system. The ToMFIR consists of two parts: output residuals
collected at the system output and controller residuals collected at the controller output.
The output residuals represent the fault information for which the controller cannot com-
pensate, and the compensated fault information exists in the controller residuals. In [39],
an improved ToMFIR-based incipient fault detection and estimation method was proposed
and applied to a high-speed railway vehicle suspension system. Although the improved
ToMFIR method considered the system disturbance and utilized a more general frame-
work, the incipient fault estimation method developed in this study removes the fault
type limitation in [39]. The incipient fault estimation methods were used to estimate the
faults of typical fixed-wing aircraft actuators, as shown in Figures 15 and 22. The detection
time, mean square error (MSE), and robustness of the methods to uncertainty were inves-
tigated. Table 5 summarizes the results of comparing the effectiveness of adaptive fault
detection and fault reconstruction with that of the method reported in [39]. Comparisons
of Figure 14 with Figures 15 and 22 with Figure 23 reveal that the proposed method can
match the actual actuator values more closely than the previous approach and thus has
better estimation performance.

1 T !
Actual f
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[0} A
e
=2 1
= i
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Figure 22. Actual fault and its estimation with DAF.

Table 5. Performances of the adaptive fault detection and reconstruction method and ToMFIR [26,39].

Adaptive Fault Detection and

Criteria Reconstruction Method ToMFIR
Detection time of case 1 10.15s -
Detection time of case 2 8.2s -

MSE of case 1 5.6921 x 10~4 4.1245
MSE of case 2 2.9911 x 10~* 3.5828
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Figure 23. Actual fault and its estimation with ToMFIR.

5. Conclusions

A robust fault detection and reconstruction method is proposed for a fixed-wing
UAV model, which is represented by a nonlinear system with modeling and measurement
uncertainties. Many previous studies have assumed that the state of the system can be
measured and that the fault function is an additional term, which is different from the
current approach. The method developed in this study focuses on fault detection and
reconstruction of multiplicative actuator faults. Most component and actuator faults can be
represented as multiplication faults, which the proposed method can detect and reconstruct.
The developed method utilizes a Luenberger SMO and a robust adaptive strategy, which
can simultaneously estimate the system state, generate residual signals, evaluate residual
and reconstruct faults, and realize incipient fault detection and reconstruction. Finally, a De
Havilland DHC-2 “Beaver” aircraft with Air Canada number 1244 was taken as an example
to verify the effectiveness and robustness of the proposed method.

In the future, we will consider applying this method to more types of aircraft models
and extend the fault detection and reconstruction method to the sensor.
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Appendix A

Table Al. Aircraft parameter definitions.

Parameter Meaning Units
B Sideslip angle rad
p Roll rate rads~!
0% Yaw rate rad s~!
¢ Back angle rad
¥ Yaw angle rad
0 Pitch angle rad
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Table Al. Cont.

Parameter Meaning Units
v True airspeed ms !
Attack angle rad
q Pitch rate rads~!
Oa Deflection of ailerons rad
Oy Deflection of rudder rad
Oe Deflection of elevator rad
of Deflection of flaps rad
fa Actuator fault of aircraft

Known distribution matrix of

D4, Dy actuator faults

Table A2. Model parameter definitions.

Variable Definition
X1d B, o, v ¢ 9]
X; [V, q, 9]T
Hid [0a, 0y]
M 7 [0 O]
B ap+Ypy Yy—1 gcosOp/Vy 0O
Ay Lg Ly L, 0 0
Ng Np Ny 0 0
0 1 tan 6 0 0
0 1 1/ cos by 0 0
Bu L L N or
Ysy Lsy Lsy, O O
Cia 5D identity matrix
Xy Xu + gcosyy 0 —gCos vy
Al —Zy ~Zy +gsinyy/Vp 1 —gsinyy/V
My — MyZy My — My(Zy —gsinyy/Vy) My+My —Mysinyy/V
0 0 1 0
B {Xéd —Zsg Mg — MaZsg 0} !
Xoy —Zsp Mgy —MuZs, O
G 4D identity matrix
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