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ABSTRACT

This paper proposes an accurate mathematical model and a fault-tolerant control system (FTCS) with an adaptive neural
network (ANN) observer that considers structural damage of an aircraft. Structural damage causes substantial variations in
aerodynamic coefficients and mass properties. Due to these variations, the mathematical modeling of a damaged aircraft becomes
highly challenging. Moreover, since the aircraft flight control system has a fixed architecture, changes in the aircraft model may
lead to instability. In order to accurately model damaged aircraft, a new uncertainty term and a damage severity coefficient have
been defined as damage parameters. Based on the proposed model, an FTCS is developed, which combines an ANN observer
with a modified nonlinear dynamic inversion (NDI) controller. The ANN observer is utilized for real-time estimation of damage
parameters. Afterwards, the dynamic inversion control law is reconfigured based on the estimated damage parameters. The
simulation results demonstrate the impact of the uncertainty parameter on the flight control system and verify the effectiveness
of the proposed method under damage to the vertical tail.

Keywords: Fault-tolerant control; Nonlinear dynamic inversion controller; Adaptive neural network observer; Vertical tail da-

mage; Damage parameters.

INTRODUCTION

The vertical tail is one of the most essential aerodynamic surfaces in an aircraft. Its primary control function is to maintain the
directional stability of the aircraft and prevent yaw oscillations. Therefore, any structural damage to the vertical tail has severe consequences
on aircraft flight dynamics (Miao et al. 2020). Aviation accident investigations have demonstrated that structural damage to the fuselage
and control surfaces poses the most critical safety risk to aircraft. Aviation accident reports have shown that the most significant danger
to aircraft safety is structural damage to the fuselage and control surfaces. For example, Japan Airlines Boeing 747 Flight 123 suffered a
sudden depressurization during flight and crashed in a mountainous area due to a vertical tail fracture, killing 520 people. In another
similar instance, an American Airlines Airbus 300 lost its vertical stabilizer. As a result of this incident, the aircraft crashed, and 265
people died (Board 2001). There are many such cases in which damage to the aircraft’s tail, wing, or engine has caused fatal accidents.

One effective method to eliminate or reduce the effects of faults is to design a fault-tolerant control system (FTCS). In FTCS,
the controller ensures the system stability and proper performance by detecting the fault (Zhang and Jiang 2008). The FTCS can be
classified into two primary categories: passive and active (Abbaspour et al. 2020; Fourlas and Karras 2021; Zhang and Jiang 2008).
A passive FTCS employs a fixed control architecture designed to maintain stability against predefined system faults. In contrast,

active fault-tolerant control systems (AFTCS) operate based on faults occurring in the system. In AFTCS, a fault diagnosis (FD)
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unit identifies both the location and magnitude of faults. Also, a supervision unit determines the appropriate modifications to

the control structure and parameters to compensate for system faults; hence, a key advantage of AFTC schemes is their ability to
maintain nominal performance without apparent degradation (Abbaspour ef al. 2020).

Generally, in the case of FTCS with structural damage, research work includes damage modeling and the design of a reconfigurable
controller. Fault modeling of a damaged aircraft is particularly significant in FTCS design. Bacon and Gregory (2007) have derived the general
equations of motion for an asymmetric damaged aircraft. This paper clearly demonstrates the differences in equations of motion between
damaged and healthy aircraft, and changes in terms of inertia moments and aerodynamic coefficients. In the papers by Hugo (2017), Li
and Liu (2012), and Wang et al. (2016) , the effect of structural damage has been specifically investigated on aerodynamic coefficients and
stability derivatives. Li and Liu (2012) employed a linear estimation approach to model vertical tail damage in aircraft. The paper by Wang
et al. (2016) similarly focuses on vertical/horizontal tail damage modeling and its effects on stability derivatives. In this study, the damaged
area of the vertical tail is parameterized, and a nonlinear relationship is established between this parameter and stability derivatives. In
the paper by He ef al. (2020), the modeling of damaged aircraft is considered challenging due to abrupt variations in system parameters.
The study models structural damage to aerodynamic surfaces (such as wings or tails) as a disturbance term in the aircraft’s equations.

On the other hand, numerous studies in the FTCS literature have investigated controller design methodologies under structural
damage conditions. In the studies by Asadi and Ahmadi (2020), Jjaz et al. (2019a; b), and Li et al. (2023), FTCS design has been
developed using robust control methodologies. Li et al. (2023) propose an FTCS framework addressing nonlinear wing damage
effects. The presented FTCS integrates incremental nonlinear dynamic inversion (NDI) with L, adaptive control. In Asadi and
Ahmadi’s (2020) article, the design of a nonlinear robust control scheme integrated with NDI control law to enhance stability and
flight quality of a model aircraft experiencing left wing damage. Many studies have employed adaptive control methods to design
FTCS (He et al. 2020; Miao et al. 2020; Lee et al. 2024; Li et al. 2025; Wang et al. 2016). Wang et al. (2016) propose an AFTCS based
on model reference adaptive control (MRAC) for aircraft with vertical tail damage. The study focuses on damaged aircraft modeling
using a damage degree coefficient. The controller reconfiguration is implemented as a hybrid linear quadratic regulator-MRAC
architecture, with the specific configuration being determined by the damage modeling approach employed. Miao et al. (2020)
use an approach similar to Wang et al. (2016), estimating the damage parameter via an adaptive control law through minimization
of a cost function. The aircraft modeling specifically examines horizontal tail fracture effects on stability derivatives. In He et al.
(2020), a reconfigurable NDI control structure is proposed for damaged aircraft attitude control. The architecture combines an
unknown input observer and a dynamic inversion control law, where fault parameters are estimated as disturbance terms. Lee et al.
(2024) present a data-driven FTCS design using sparse online Gaussian process regression to stabilize a wing-damaged aircraft.
Based on the proposed method, an NDI controller is introduced to compensate for uncertainties in structural damage conditions.

A literature review of control approaches based on research in damaged aircraft (such as the articles in the previous paragraph)
shows that the adaptive control design methods demonstrate more effective compensation for structural damage compared to robust
control methods, while requiring less modeling information. This advantage has made adaptive control increasingly attractive
to researchers. Nevertheless, this approach requires more extensive computations (Zhang et al. 2018). Also, among nonlinear
control methods in FTCS, NDI has been widely employed in numerous studies (Ahmadi et al. 2019; Asadi and Ahmadi 2020;
Li et al. 2023). The parameters of this model-based controller are derived from the system model. Consequently, when integrated
with an effective FD unit, the parameters adapt appropriately to damage conditions.

The performance of AFTCS critically depends on the accuracy of the FD unit integrated into their design architecture; thus,
consequently, a precise FD design with online fault detection capability is essential for effective AFTCS implementation (Abbaspour
et al. 2020). Observer-based FD approaches are classified into three main categories: model-based approaches, knowledge-based
approaches, and combined model-knowledge-based approaches (Abbaspour et al. 2020). Model-based FD methods can detect
faults with minimal computational load, making them suitable for real-time applications. However, their diagnostic accuracy
depends on the precision of the system’s mathematical model. Various model-based approaches, such as the Kalman filter,
Heo observer, and sliding mode observer, have been utilized for observer design. Conversely, knowledge-based approaches are
independent of the system model representation. However, knowledge-based approaches require substantial training datasets for

effective implementation (Abbaspour et al. 2020). Various artificial intelligence approaches have been employed for fault detection
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(Abbas et al. 2024; Abbaspour et al. 2017; Akhtar et al. 2024a; b; Talebi et al. 2008). To leverage the advantages of both FD-based
approaches and mitigate their dependency on model accuracy and computational resources, a hybrid method combining these two
techniques is proposed. Talebi et al. (2008) proposed an integrated neural network (NN) with a nonlinear observer to design an
FD system addressing both sensor and actuator faults in satellite systems. Abbas et al. (2024) introduced an extended Kalman filter

(EKF) approach to enhance the accuracy and response speed of an adaptive NN (ANN) observer. They subsequently developed

an EKF-based fault detection system for sensors in nonlinear systems by integrating the ANN observer with a nonlinear observer.

Based on previous discussions, the primary challenge in FTCS design relates to accurate modeling of structural damage.
The flight dynamics of structurally damaged aircraft are highly nonlinear and coupled in a flight envelope. In numerous studies,
nonlinear effects are incompletely modeled, and motion coupling is neglected by disregarding changes in the center of gravity
location and inertia moment matrix. Another crucial challenge is preventing severe degradation of control system performance
following structural damage. The main idea proposed in this paper to address these challenges is as follows:

+ In practice, changes in the center of gravity location and inertia matrix are modeled as an additive uncertainty term in the
moment equations of the aircraft. Also, the impact of damage on aerodynamic and stability derivatives is considered using a
damage severity coeflicient based on Wang et al. (2016).

« Areconfigurable control law is proposed through integration of an ANN observer with an NDI controller. The FD unit employs
an active approach combining NN algorithms with an EKF for real-time estimation of damage parameters. Subsequently,
the aerodynamic and stability derivatives in the NDI controller are updated based on the identified damage parameters. This
method enables an aircraft to maintain structural damage resilience with minimal performance degradation across the entire
flight envelope without gain scheduling.

This study extends the damaged aircraft model by incorporating both an uncertainty term and a damage severity coefficient.
Simulation results highlight the critical role of uncertainty in system instability, revealing limitations of damage models that account
only for the damage coefficient (e.g., Wang et al. [2016]). Furthermore, in contrast to sensor fault characteristics (as discussed
in Abbas et al. [2024]), structural damage is associated with strongly nonlinear and highly transient dynamics. Accordingly, the
identification of these damage parameters using an ANN observer and its integration with the NDI controller is of significant
interest. Within this framework, the controller is reconfigured online based on the estimated damage information.

To implement the proposed methodology; this paper is structured as follows: the second section presents an overview of the proposed
FTCS based on structural damage. The damaged aircraft modeling and governing nonlinear equations of motion are presented in the
third and fourth sections, respectively. The fifth section elaborates on the vertical tail damage parameter identification method using
an ANN algorithm, while the sixth section designs the NDI controller for damage adaptation. To validate the effectiveness of the

proposed method, numerical simulations are performed on a Boeing 747’s 6-DOF model. Finally, the concluding remarks are provided.

METHODS

Active fault-tolerant control system structure
Figure 1 illustrates the overall architecture of the AFTCS for vertical tail damage scenarios. The proposed architecture comprises three
main components: 1) aircraft model (including aircraft dynamics, actuators, and sensors); 2) reconfigurable NDI; and 3) FD unit based

onan ANN algorithm. In subsequent sections, each of the FTCS components will be analyzed specifically for damage in the vertical tail.

Modelling of damaged aircraft

In a physically symmetric aircraft with a conventional configuration, the nonlinear differential equations of motion are
defined about the center of gravity in the body fixed coordinate system, with the cross-product inertia terms /, and / neglected.
Structural damage compromises the aircraft’s initial geometric symmetry, altering its weight, center of mass location, inertia matrix,
aerodynamic coeflicients, and stability derivatives. Consequently, reformulation of the 6-DOF aircraft equations of motion becomes
necessary. Before presenting the equations, the body fixed coordinate system is defined as shown in Fig. 2. In this coordinate
system, the OX axis points toward the nose, OY toward the right wing, and OZ downward.
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Figure 1. Overall diagram of proposed FTCS.

Source: Elaborated by the authors.

Figure 2. Body fixed coordinate system.

The 6-DOF model consists of two components: kinetics and kinematics. The kinetic branch describes all forces and moments
acting on the aircraft, while the kinematic branch characterizes relative motion variables. Under structural damage, the kinetic

branch (force/moment equations) is expressed as follows (Bacon and Gregory 2007).

Force equations

w=qw—1rv—(q° + r?)Ax + (pq — M)Ay + (pr + @)Az + g sin6 — Zﬂ{x W

v =ru—pw— (pq+)Ax— (p* + r2)Ay + (qr — p)Az — g cos 6 sin g — & )

m
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W = pv — qu + (pq + @)Ax + (qr + p)Ay — (p* + q%)Az — g cos 6 cos ¢ —Zn]:Z 3)

where ¢, 6 and y are roll, pitch, and yaw angles, @ = [P g 7]7 represents angular velocity about body axes, 5= [Ax Ay Az]”
denotes center of mass displacement,and V, = [u v w]T is the velocity at arbitrary point A. m is the aircraft mass, g is gravitational
acceleration, and the terms Xf,, ny ,and Xf, include the sum of aerodynamic, propulsive, and gravitational forces along body axes.

As evident, the shifted center of mass introduces new angular velocity and acceleration terms in the force equations.

Momentum equations
In Equations (4)-(6), the order of the highlighted terms has been changed during typesetting.

LD = Z Momenty + Lyyq + L, — Lypr + L,pq — (I, — Ly )qr — (r* — )1, —

(4)
m(pv—qu+w—gcosOcos@)Ay— (pw—-1ru—v+ gcosOsing)Az
Lyq = Z Momenty, + Lyyp + Ly;7 — 1,,pq + Liyqr — (L — L)pr — (0% — 31, — “
5
m(qu —pv—w+ gcosBcosp)Ax— (qw —rv — it + gsin 6)Az
I, 1 = Z Moment, + I,,p + Iyzq — Lyqr + Iyzpr - (Iyy - Ixx)pq - (q2 - pz)lxy - ©)

m(qu — pv — v + gcos0sin @)Ax — (rv — qw — u — g sin 0)Ay

where I

xx°

I,, and I__ are the principal inertia moments, 7 is the product of inertia moment. Also, ZMoment,, ZMoment , and
ZMoment, represent the sum of aerodynamic, propulsive, and gravitational moments about the body fixed coordinate axes.

The highlighted terms in Eqs. 1-6 demonstrate the differences between the equations of motion for damaged and undamaged
aircraft. If =0 and /,, =1 = 0 are assumed, the equations reduce to those of an undamaged aircraft. These equations clearly
reveal the increased dynamic complexity and motion coupling in damaged aircraft. Undoubtedly, solving such equations with

intricate nonlinear terms presents significant challenges.

Vertical tail damage modeling

The previous section examined the global effects of damage on the force and moment equations of the aircraft. Uncertainties
and stability derivative variations are now simultaneously incorporated into the dynamic equations. Accordingly, for vertical tail
damage, force and moment equations are first simplified, then augmented with a novel uncertainty term, while stability derivatives

are reparametrized using a damage coeflicient.

Modeling uncertainties of damage

Achieving flight control system adaptability with damage-induced uncertainties and their resulting motion coupling is nearly
impossible. Research has proposed various solutions to this challenge, all sharing a common approach: simplifying the problem by
neglecting certain uncertainties, such as center of mass shifts and inertia matrix variations. This study incorporates the following
simplifying assumptions to simplify the force and moment dynamic equations:
A partial failure in the vertical tail leads to changes in the aircraft’s mass (m,) by Am, and the displacement of the center of

mass along the body fixed X and Z axes; consequently:

m=m,; +Am (7)
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Ay =0 (8)

« Despite damage to the vertical tail, the aircraft configuration remains symmetric about the XZ plane (Fig. 2), and it can be

assumed that:

Ly = Iy, =0 ©)

According to the above assumptions and based on Egs. 4-6, the uncertainty terms are defined as follows:

8, =—(my + Am)(pw —ru — ¥ + g cos O sin p)Az (10)
6, = —(my + Am)((qu —pv—Ww + gcosfcosp)Ax — (qw —rv — U + g sin G)Az) (11)
63 = —(my + Am)(qu — pv — v + g cos 0 sin @) Ax (12)

The terms 6, J,, and 6, are defined as uncertainties arising from damage to the vertical tail. In fact, these parameters represent

the rotational moments generated due to shifts in the aircraft’s center of mass position and are modeled as additive terms in the

. . . N . fotAfe ftaf
momer}t E(Al;latlons. Furthermore, by incorporating the assumptions into Egs. 1-3, the expressions Z—m Tam = Q=Y
and ) 372~ =¢ represent the aircraft’s linear accelerations, which are directly measured using accelerometers.

>

As stated, the most significant changes due to vertical tail damage occur in the moment equations (Eqs. 4-6). These equations
will form the basis for modifications to the control system.

Damage stability derivatives
To analyze the impact of damage on stability derivatives, the damage severity must be quantitatively characterized, or, in other
words, the damage must be modeled based on the amount of structural fracture. Figure 3 shows the geometric representation of

structural damage for a conventional vertical tail.
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Source: Elaborated by the authors.

Figure 3. Geometric parameters of a damaged vertical tail.
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Definition 1

Damage severity coefficient (1): the ratio of lost effective area to all effective areas of the vertical tail. According to this definition,
the damage severity coefficient (u) takes values in the range u € [0,1], where u = 0 indicates an undamaged flight condition, and
1 =1 represents complete tail loss.

Referring to definition 1 and using the damage geometry (Fig. 3), the damage severity coefficient is expressed as follows (Miao
et al. 2020):

(13)

(celw) + ¢, () 248
M —

b
(Ct + Cr) 7

The parameters c, ¢,, and b represent the vertical tail tip chord length, vertical tail root chord length, and height of the vertical
tail, respectively. c, (1) denotes the tip chord length of the damaged vertical tail, and b (1) represents the height of the damaged
vertical tail. The parameters c, (1) and b (u) are calculated as follows (Wang et al. 2016):

b Vout

201 — W, + 2uc,
ct(u)=\/( weet2uer o (14)

_ (Ct + Cr).u

=— (15)
(¢t + e (W) e

b(u)

where §,

Vout

= %(ct + ¢,)b is the exposed area of a trapezoidal vertical tail.
Using Egs. 13-15, the stability derivative C ; can be modeled in terms of the y, allowing modification of other stability

derivatives. The relationship between the derivative Cop and u is expressed as follows (Wang et al. 2016):

do\  Sver (W)
Cyp, (W) = —€C,, (W) (1 ¥ @) 05— 16)
wing
(b—bw)*
21 #
(Svref - Svout + (1 - 'u)Svout)
Clav (W =
(17)

2
(b — b('u)) B2 2
Svref - Svout + (1 - M)Svout tan A%
= Lt | 4

2+

2

b
where g =+/1— M2, M is the Mach number, S is the vertical tail reference area, A = 3 is the vertical

ving 18 the wing area, §

vref e
tail aspect ratio, /l¢/ is the half chord sweep angle, and ¢ and « is the design factor. Now, other lateral-directional stability

derivatives can also be defined in terms of C, - (w) (Roskam 1971; Wang et al. 2016):
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z,cosa — l,sina
C, (W) = ( - ™ - ) Cyp, 1) (18)
l,cosa + z,sina
Crp, () = — (b—> Cyp, ) (19)
w
—l,sina + z, cosa
Cyp, (W) = 2 ( — ) Cyp, (10 (20)
w
2 \2
Cy,, (W) =2 <E> Cyp, W) (21)
2 . —l,sina + z, cosa
Cny,, () = — b (I, cosa + z, sina) ™ Cyg, (W (22)
Cyr,, (w) = E (I, cosa + z, sin a)Cyﬁu (M) (23)
—2 . .
G, ) = P (I, cosa + z, sina)(—1, sina + z, cos a)Cyﬁv (M) (24)
w
2 .
oy () = -5 (by oS @ + 2, 5in @)*Cy (1) 25)

w

The control input derivatives C;; and Cns also vary with the u. The values of these derivatives under damaged conditions
r T

are assumed as follows:

Crs, (W) = W ns, (26)
Cyp, ()
Cis, (W) = Gy, (= 0) lor (27)

Summary of nonlinear equations for damaged aircraft

In this paper, the proposed model consists of 6-DOF equations of motion represented as first order nonlinear differential
equations based on fault parameters. The selected model applies to various flight control systems with structural damage.

The nonlinear equations in body axis coordinate system, assuming a flat earth and considering « = % and g = 5, are expressed
as follows (Sadati et al. 2007):
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p = (Izzlaero + Iy, Ngero n Ixz(lxx - Iyy + Izz)pq + [Izz(lyy - Izz) - IXZZ]QT') iy (28)
Lixlzz — Ixzz Lyxlzz — Ixz2 !
: 1 2 2 ’
q= I [Maero + p1(lyz — Iiy) + L, (r* = p)] | + 82 (29)
yy
. <Ileaero + LexNgero " [Ixx(lxx - Iyy) + Ixzz]pq =Ly, (Ixx - Iyy + Izz)qr> L5 (30)
- 3
Ixszz - Ixzz Ixxlzz - Ixz2
3 = + psi +1[ i ']+1[Y T in 8] (31)
f=-rcosa+psina — mg siny siné — cosf cosasinf
¥ = ina + )t + [-L + 1+ L [-Tsina] (32)
a=q— (rsina +pcosa)tanf mV cos mg cosé cosy mV cos B sina
= (rsina + pcosa) — gtan B cos & cos
cosf p %4 4 (33)
+L+Tsina[_ ) tt 1+ Yt
v sinétany +tanf v any cosé cos

1 T
y =W[Lcos$—mg cosy — Y cos B siné] +W[sin$sinﬁ cosa + sina cos €] (34)

X= W[L sin& + Y cosé cos B] + T[sin & sina — cos € sin f cos ] (35)
o1 | _
V=E[—D+Yslnﬁ—mgsmy+Tcosﬁcosa] (36)

The first three equations govern the aircraft’s rotational dynamics, where / e and 7, represent the aerodynamic moment

aero’ m
contributions to the aircraft’s rotational motion equations. The second set of three equations represents the equations governing
the aircraft’s motion relative to the velocity vector. Here, a, f and & are the angle of attack, sideslip angle, and bank angle about
the velocity vector, respectively. The third set of three equations describes the rotation of the velocity vector relative to the inertial
frame. In these equations, y is the flight path angle, y is the velocity vector angle (measured from north), V is the aircraft speed,
and L, D, and Y are lift, drag, and side forces. Additionally, &;, &5, and §3 represent uncertainties due to vertical tail damage,

modeled using Eqgs. 4-6, 10-12, as follows:

I I
5’ .z Xz 53 (37)

501 +

Ixxlzz - Ixz Ixxlzz - Ix22
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1
vy
I I
5% = 25+ ——— 6, (39)

Ixxlzz - Ixz Ixszz - [xz

Fault diagnosis
Real-time identification of fault parameters constitutes a fundamental aspect of adaptive FTCS. The FD unit comprises an
estimator (implemented as an observer), which computes the fault parameters y (or Cyﬂ), 81> 83, and (Sé. This section describes

the fault detection process using an ANN algorithm for a damaged aircraft.

ANN observer

Damage in the vertical tail of aircraft is a nonlinear and unpredictable behavior, making neural NN observers a suitable
candidate for fault estimation. Similar to direct NN modeling processes, an ANN observer estimates damage parameters based

on nonlinear observer outputs and accelerometer/sensor measurements as follows (Abbaspour et al. 2017):

@) = f(2@®) + g(2@®)u® (40)
9(©) = h(2®) + M(¢) (41)

where £(t) represents the nonlinear observer’s state vector and M (t) denotes the NN observer at time t, defined as follows (Abbas
et al. 2024):

M; () = Wi(©) a(4; () L;(D))

(42)
or

m
j=1

1
where W;(t) and 4;(t) represent the NN input weights at time ¢, and ¢ =

_,—x
T:_x denotes the sigmoid activation function. From
the ANN structure, [;(t) can be defined as follows:

L(t) = [Mj(t —1),..,M;(t —m1),e;(t — 1), ..., e;(t — n1)]” (43)

where 7is the step size, m and n are selected based on the system’s required speed response, and the ANN observer is continuously
updated using both observer and NN outputs to detect deviations. ¢, (¢) is deviation of estimated damage parameters from actual

values of them. Also, B;(k) = Z Viasjei(k — j + 1) is the bias, where k is the kth sampling instant.
=1
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NN weight updating
For rapid FD, NN weights should be tuned. This study employs an EKF-based adaptive parameter adjustment algorithm. The
EKF updates the NN weight parameters online with a fast-convergence learning rate. The EKF update parameter can be expressed

as follows:

(k) = [W;(k), 241 (k) ---.li,aH,(k)]T (44)

The NN weight parameters are updated according to the following EKF-based algorithm as follows (Abbas et al. 2024):

(k) = ¢i(k—1) + n; K;(I)[y; (k) — 9:(k)] (45)
K;(k) = P;(k) H;[H] (k) P;(k) H; (k) + Ri(k)]_l (46)
Pi(k + 1) = P;(k) — K;(k) H] (k) P;(k) (47)

where K (k)is the Kalman gain, 7, is the learning coefficient, P (k) represents the state estimation error covariance, and R (k) is the

noise covariance. To compute R,(k), a recursive method is employed as follows (Abbaspour et al. 2017):
Ri(k) = Ri(k — 1) + [e?(k) — Ri(k — 1] /k (48)

Also, H (k) is the partial derivative of X; with respect to {;, expressed in terms of the observer’s input as follows:

- h'a(Z;(k)) & =W,
yi(k) = {R'Wi (KM (k — o' (Z;(k)) & = Ay 49)

Hi(k) =
9% |,
¢ §i=¢i(k—1) h'W; (k) y; (k —j)a'(Zi(k)) i = Aia+j

where
a b
200 = ) A (OMik =)+ ) Ay Reile = 1) )
j=1 =1

The flowchart of updating ANN gains using EKF is shown in Fig. 4. The ANN employs online learning, meaning it is not pre-

trained on fixed data but continuously adapts and updates its parameters during aircraft flight.
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Initializing the EKF parameters
yO’ PO:! RO? CO? KO
Updating parameters, N )
1 Update P;(k) and R, (k) using Egs. 45-48
— T,
P.(k+1) =P, (k) - K, (k) H (k) P, (k)

R,(k) =R, (k- 1)+ [e (k) - R, (k- 1))k

Online updating of thelEKF gain using Ep. 46 ‘ H;(k) = 6};—;]()
b lg=gik-1)
K, (k) = P, (0 H,TH'®) P,(R) H, (0 + R, (0 +——  [wo(z:00) &= w
: . = LW Rk = Do’ (Z,(k)) G = Ay 5
l R'W; ()3 (k = Do’ (Z;(K)) G = Ay.as
wsm | G =G 0= D -0 K, (0 Dy, (0 -5, (0] q. 49 ¥

=[w, k), 4, B).... A, ., O]

Updating of the NNl weigths using Eq. 42

m
Mi(k +1) = Wo <Z ViMi(k —j+1) + Bi(k)) L MO,
j=1

Source: Elaborated by the authors.

Figure 4. Overall block diagram of updating ANN gains using EKF.

Estimation of damage parameters in aircraft

This subsection presents the design process of the proposed FD strategy for the vertical tail damage parameters. To simplify
and to keep the AAN observer stable, the following assumptions are considered:

All state variables are measurable or observable.

The magnitudes of C s, §;, &, and &4 are bounded.

The modeling uncertainties are bounded.

The state functions f'(x(¢)) and 4 (x(¢)) are differentiable with respect to the estimated state X:

0
A(t) = of (51)
ox| .
X=X
dh
C(t) = a ) (52)
X=X

where A4 (f) is an n X n matrix and C (¢) is an n X r matrix. Consequently, the following equations can be derived by expanding
f(x(#)) and £ (x(¢)) with respect to X:

fG) = f(X) = A[Dx(t) + 0(% x) (53)
h(x) — h(x) = A[®)x(t) + I'(X x) (54)

where 0(%,x) = o(||x®)|) and I'(z,x) = 0(]|x(t)|]) contain higher-order terms of the state estimation error %(t) = x(t) — £(t).
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There exist positive real numbers I, > 0 and [ > 0 such that and satisfy the uniform bounds

o 0|l < Ielix@Oll
ot 0l < Irllx@l

The symmetric matrix P () satisfies the following property:

.Blln < P(t) < len

(55)

(56)

(57)

where B, and $, are positive real numbers, and P (%) is the solution to the following Lyapunov equation:

ATP(®) + P(OA+P(t) = —Q

where Q is a positive definite symmetric matrix.

(58)

Under these assumptions, the ANN’s stability can be guaranteed, and its proof is fully demonstrable.
Vertical tail damage causes significant changes in aircraft lateral force. According to Eq. 2, these effects are measurable through

lateral accelerometer outputs. Consequently, the accelerometer readings provide pilots with direct awareness of damage occurrence

The lateral aerodynamic force acting on the aircraft is calculated as follows:
Y=a,xm
Y =qSC,

Cy = Cyﬁﬁ + Cysré‘r

where a, is the lateral acceleration, g is the dynamic pressure, and C is the lateral force coefficient. Direct measurement of C,

(59)

(60)

(61)

C >

81> 63> and §5 using sensor modules is infeasible. To initialize the NN observer, the nonlinear observer utilizes gyro outputs

(p, g, r) and lateral accelerometer data (ay) as follows:

Cy— iy, 8
Cyp = % (€2)
Leo(Le = L + 1)pq + [1,(I, — I,) — lxzz]qr> )

8' L Izlaero + Ixznaero
1=P— 2 2
Isz - Ixz IXIZ - Ixz
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ar . Lzlaero + IxNaero [Ix(lx - Iy) + Ixzz]pq —Iy, (Ix - Iy + Iz)qr
53 =1 — 2 + 2
Isz - Ixz Isz - Ixz

(64)

The ANN observer, by learning these estimated parameters and adapting to their initial values, can perform fault detection

and isolation of damage parameters (based on the equation in the previous subsection) (Fig. 4).

NDI controller
Dynamic inversion is a powerful approach that directly accounts for the system’s nonlinearities. This controller utilizes the

system’s internal model and input dynamics to cancel out the system’s nonlinearities, enabling subsequent application of a single

linear controller for system regulation. Consequently, this approach eliminates the need for gain scheduling across the flight
envelope. The simplicity of dynamic inversion architecture enables flexible control design for all flight regimes, making it a preferred

method for aircraft flight control under damage conditions (Tol et al. 2016).

The NDI controller, despite its advantages, is only justifiable when there is sufficient time scale separation between the outer
loop and inner loop dynamics, and also requires accurate model identification. To address these challenges, with particular
emphasis on the damage problem, several solutions have been proposed in the article:

o The multiple time scale decomposition approach isolates rotational dynamics by assuming their substantially faster response
compared to translational dynamics. This paradigm necessarily treats control surfaces as the dominant moment-generating
mechanisms, which constitutes a valid assumption for conventional aircraft (Ahmadi ef al. 2019).

o The use of system identification algorithms reduces the controller’s dependence on the system model. In this approach,
unknown parameters (damage) are estimated, and the controller dynamically adapts to parameter variations.

During structural damage, the momentum (rotational) and force (translational) equations governing aircraft dynamics are
changed, while the position and attitude equations remain unchanged (He et al. 2020). The most significant changes following
vertical tail damage occur in the momentum equations. Consequently, designing the inner loop of the control system becomes

very important.

Inner loop controller

To apply the dynamic inversion control method, aircraft nonlinear dynamics can be formally expressed as follows:

x=fx)+g@u (65)
y=Cx (66)

where x, u, and y define system states, control inputs, and system outputs, respectively. f(x) represents the state function and g(x)
represents the control input function. According to Eq. 65, the NDI control law is presented in the following form (Slotine and
Li 1991):

u=g' - f)] (67)

where v is a linear control law implemented as a first-order system with gain K:

v=x=K(x—x,) (68)
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As an example, the aircraft’s fast dynamics are given in Eq. 69. In this equation, the variables p , ., and r, represent the roll
rate, pitch rate, and yaw rate commands, respectively, which are derived using the control law as follows:

Da Ky 0 0]rpc—p
da|=[0 K; O|ac—q (69)
Ta 0 0 K. |Llle—T

Also, the rotational equations of aircraft (Eqs. 28-30) can be arranged by combining both linear and nonlinear terms as Eq. 70:

P fp () 8,4 5;
H = fa@)|+g(x)|8e]| | + |62 (70)
7 fr(x) S 83

where x = [B,a,V,&,7,p,q,7] is the system state vectorand u = [§, 6, &,]"is the aircraft control inputs. By making changes
to Eqgs. 28-30, the following expressions for the elements of f(x) and g(x) are obtained:

fp (%)
qur(x): fq(x) =
fr(x)

[ Iziaero + LezAgero n Ixz(lx -1, + IZ)PCI + [Iz(ly - Iz) - Ixzz]qr ]
Isz - Ixz2 Isz - Ixz2 D)
1
I_ [Mgero + pr(; —I,) + Ixz(r2 - pZ)]
y
Ixzzaero + Ixﬁaero n _Ixz(lx - Iy + Iz)qr + [Ix(lx - Iy) + Ixzz]pq
I A A L1, — I.,* |
Ls, 0 0
gx)=(0 Ms, O (72)
0 0 Ns,

~

The aerodynamic moments (lggo» Maero and fger) are classically computed from aircraft linear stability and control
characteristics in Roskam (1998) and by using Eqs. 18-27, can be detailed as follows:

5 _ b b

laero = qsb <C10+CZB'B + G oy P+ G5y + Gy 00 + Clg.r67") (73)
. _ c
Maero = qSC (Cm0+Cmaa + G, A + Cmgeé‘e) (74)
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_ b b
Agero = qSh (Cn0+CnBﬁ + Cnp ﬁp + Cnrﬁr + Cn5a6a + Cngr6r> (75)

Here, the control system is assumed to receive angular rate derivative commands (9., §. and 7,) and computes the requisite

control surface deflections (J,, , and J,) according to Eq. 67:

pal [H&] [61
u=g1t| [qa| =[] = |52 (76)
fa] [f(0)] 103

By substituting Eqs. 69, 71 and 72 into Eq. 76, the control input u for achieving a linearized system is obtained.

Outer loop controller
In this control loop, the controller is designed to regulate the attitude states (¢, 8 and ) using the fast dynamics states as

control inputs. Similar to the inner loop, the attitude control equations are expressed in the following matrix (Roskam 1998):

¢ 1 singptanf cos@tan|e
=10 cos @ sing 0 (77)
P 0 singsecO cosgsech|lY
where x = [, 6, y] represents the aircraft attitude state vector. and the functions fw oy and 9,0, ar€ defined as follows:
foop =0 (78)

1 sinptanf cosgtan®
Jooyp = 0 cos @ sin ¢ (79)
0 singsecf cosq@secH

where ¢, 6 and y angles are measured by the navigation system. The slow dynamics, analogous to the inner loop case, are given
in Eq. 80:

(éd K(p 0 0 Pc— @
0a|=|0 Ko 0]|0.—0 (80)
val [0 0 Kyllye—w

¢, 0 and y represent the commanded attitude angle inputs, while ¢4, 64, and v, denote the desired dynamics of the outer

loop. Here, the control system is assumed to receive ¢, §, and ) and compute angular rates for sending angular rates (p, g, and r)

to the inner loop. These are derived according to Eq. 67 as follows:

®
J. Aerosp. Technol. Manag., v18, e2426, 2026


https://creativecommons.org/licenses/by/4.0/deed.en

Fault-Tolerant Control System Based on Adaptive Neural Netwark Observer with Structural Damage in Aircraft

Pc Pa
qc =g;5¢ 0,4 (81)
Te lpd

where g , is defined according to Eq. 79.
Controller reconfiguration

Using fault information provided by the FD unit, the closed-loop control system’s performance can be improved by online
controller adjustment. Therefore, the objective is to modify the NDI control law according to Eq. 76. Specifically, by assigning
values to the uncertainties §;, §;, and §5 and adjusting the qur(x) and g(x) matrices according to in the inner control loop, the

control law is updated.

Stability derivatives update

The first step in adapting the control law to damage conditions is updating the stability derivative values. According to Egs.
71 and 72, the aerodynamic moments and undergo modifications. Therefore, according to Eqs. 73 and 75, modifications are
required for lateral/directional stability derivatives (C, , C L C 1 c , Cnp, C"r) and control input derivatives (C, 5 C, (5r). Referring
to Egs. 18-27, these derivatives are adjusted based on the Cyﬂ(y)which is estimated by the ANN observer.

Damage uncertainty quantification
The quantification of damage-induced uncertainties, combined with the stability derivative corrections, yields a comprehensive
control law accounting for damage effects. By estimating uncertainties §;, §;, and §5 using the ANN observer and substituting

their values into Eq. 76, The inner control loop is updated, and the control law is adapted to damage conditions.

RESULTS

Numerical simulation

To evaluate the damage modeling methodology and the proposed FTCS, the simulations are presented in two separate parts.
The first part considers the impact of §' on the baseline control system’s output. In the second part, the proposed FTCS performance
is compared with both A conventional NDI controller and an adaptive NDI (ANDI) controller. The purpose of this section is to
demonstrate performance improvements over Miao et al. (2020) and Wang et al. (2016) in both damage modeling and control branches.

The control system’s performance is simulated using the Boeing 747’s 6-DOF model (Roskam 1998). The selected model
represents the aircraft’s behavior in steady-state flight at a speed of 205 m-s and an altitude of 6,096 m (20,000 ft). The initial trim
conditions are presented in Table 1, while Table 2 contains the physical aircraft specifications, and Table 3 lists the control surface

deflection limits.

Table 1. Trim states.

State Value Unit State Value Unit
a 0 deg 4 205 g

0 deg y 8] deg

U 0 deg X 0 deg

P 0 d% 1) 0 deg

q 0 d? 0 2.5 deg

r 0 dﬂ 7 0 deg

S

Source: Elaborated by the authors.
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Table 2. Physical parameters aircraft.

Parameter Value Unit
M 288781.72 kg
N 510.96 m2
b 59.74 m
c 8.32 m
I 24675900 kg-m?
[yB 44878600 kg-m?
IzB 67384100 kg-m?2
Isz 1315100 kg-m?

Source: Elaborated by the authors.

Table 3. Control surfaces deflection limits.

Control surface Deflection limit Unit
Aileron -35 <da <35 deg
Elevator 24 < de <10 deg
Rudder -35<dr<35 deg

Source: Elaborated by the authors.

To evaluate the performance of both the FD unit and control methods, specified fault parameters are injected into the aircraft’s
nonlinear model. Due to aircraft energy loss following damage, the damage uncertainty parameters are considered to have negative
values (8,4, < 0)across different y values. Based on the ANN observer architecture, three separate ANN observers are designed to
detect damage parameters. Each ANN consists of an input layer with two nodes, a hidden layer with a sigmoid activation function,
and an output layer. The initial weight parameters for each ANN observer are provided in Table 4.

Table 4. Initial parameters of ANN.

Parameters ANN for C ANN for & ANN for &5 ANN for &%
P, 50 X lgyg 50 X lgyg 50 X lgyq 50 X lgyq
R, 2 X 10°% 2 X 10° 2 X 10° 2 X 10°%
Go = [Wo Ay Az, )" [2,0.3,1T [2,0.3,1T [2,0.3,1T [2,0.3,1T
n 0.7 0.4 0.4 0.4

Source: Elaborated by the authors.

In all simulations, a second-order linear command filter compliant with MIL-STD-1797A has been implemented to satisfy input

commands and maintain flight quality requirements. Also, the controller gains for the control loop design are defined as follows:

K; = 2¢wy, (82)
K, = w? (83)

where K| denotes the outer loop gain, K, the inner loop gain, ¢ the damping ratio, and w,, is the natural frequency. These
parameters are specified in Table 5.
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Table 5. Controller setting parameters.

Parameter Value Unit
c 0.707 -

rad

3 i

@n sec
d

K, 4.242 rad
sec

rad

9 il

LS sec

Source: Elaborated by the authors.

Figure 5 demonstrates the performance of the baseline controller under nominal conditions (fault-free). The reference inputs
for the specified maneuver are defined as follows:

0deg0<t<10sec
¢(t) =< 5deg 10 <t < 20 sec
0deg 20 <t <60sec

6(t) =2.5deg0 <t <60sec

P(t) =0deg 0 <t <60 sec

(84)

(85)

(86)

As shown, when a 5 deg step command is applied as a roll input, the response curves accurately track the reference input, and
both roll and yaw angles ultimately converge to steady-state values.

=8 — — —
o 4 / \ — — —Ref
REA-) / No fault
S 0 : r A r T T —>
(0] 10 20 30 40 50 60
Time (sec)
'g’ oo — — —Ref
R S B - - No fault
> 0.057 T T r : T —>
(0] 10 20 30 40 50 60
= Time (sec)
Q5
2]
>0
[«]
e
5 T T T T T >
a O 10 20 30 40 50 60
5 Time (sec)
2 0.1
> 0
0]
S0 ; ; . . . —>
I 0 10 20 30 40 50 60

Time (sec)

Source: Elaborated by the authors.

Figure 5. Performance of the NDI controller in fault-free conditions.
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Effect of structural damage parameters on system output

As outlined in the introduction, a key contribution of this paper is the development of the damaged aircraft model that takes

into account both y and &', comparing it with the methods developed in Miao et al. (2020) and Wang et al. (2016), where modeling
was performed considering only the u parameter. Hence, the effects of §;, 85, 3, and y are analyzed, and the baseline controller
outputs without the FD unit are demonstrated.

Figure 6 presents simulated control system outputs for different y based on Wang et al. (2016). Following damage initiation at
t = 14 sec, adverse effects on y gradually manifest in the simulation results. With progressive vertical tail damage, both the y and
p deviations exhibit increasing divergence from the zero equilibrium. However, the ¢ demonstrates negligible sensitivity, showing

only minor deviation from the reference trajectory at y = 0.9.

A
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[
| ‘
o J : \/ e ——— = _
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: — — —Ref
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o)) u
ﬁ 14 i - —u=09
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1
0-7 — e >
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y
(5
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Q | \! ———u=0.29
g 0 : ’: \ /o
A= i \ /
e v
5 —! . . . . —>
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Source: Elaborated by the authors

Figure 6. Impact of  on the NDI controller performance. (a) outer loop; (b) inner loop (§' = 0). Fault is injected at t = 14 s.

Figure 7a demonstrates the combined effects of damage parameters y and ' on roll and yaw angles (proposed method). This
flight scenario incorporates progressively increasing ¢ values while maintaining a constant §' parameter. As structural damage

progresses, the ¢ and y deviations increase relative to the reference trajectory. The most significant difference, and in fact, the
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initial manifestation of instability in the system, is the steady state error in the final value of . As damage progresses, the deviation
of y from its initial equilibrium increases, and the output tends toward instability around g = 0.55. For this reason, adding an FD
unit to the control system is essential for real-time damage identification.

A notable observation in Fig. 7, compared to Fig. 6, is the pronounced effect of the §' parameter on the stability of the control
system’s output. This conclusively demonstrates the inadequacy of damage modeling in Miao et al. (2020) and Wang et al. (2016)
, which rely solely on the parameter .

A
a
(a) N iy
— — —Re
Fr—j\ k=01
— H Zo
24 [ | fi-05s
kel [ |
< o [ |
2 I \\\
L |
o J i A ' ——e
0 10 20 30 40 50 80
Time (sec)
A
0O ok g e e e B i St
1
a5 | — —Refo
S ! — =0.1
g 1 =03
2 v 4 =0.55
s -1 ;o
1
1
1.5 : . : : : S
0 10 20 30 40 50 60
Time (sec)
5
I -0
o) [Io =03
@ M u =055
o O Sy s s
5] \
e 1 |/
S . I
a ! |
1 v
54 ; 1 . ' i . . >
0 10 20 30 40 50 60
J Time (sec)
0.5
1
ey 1
Q f | e
3 D'—\f\" YA 7 —
> ‘ p=01
5-0.5 u=0.3
z i) u =055
o It
1
-1 T L T T T T —>>
0 10 20 30 40 50 60
Time (sec)

Source: Elaborated by the authors.

Figure 7. Performance of the NDI controller without the FD unit. (a) outer loop; (b) inner loop (8' = 2.5 deg/s).
Fault is injected at t = 14 s.

Performance of the proposed FTCS

In subsequent simulations, the performance of the proposed FTCS (NDI + EKF) is evaluated in comparison to conventional
NDI and ANDI controllers. It should be noted that the control structure of the adaptive method, compared to Wang et al. (2016),
combines NDI controllers with MRAC. The simulations demonstrate the sufficient performance of the proposed method compared

to the Wang et al. (2016) control approach.
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To evaluate the proposed method, a damage scenario is considered as follows:

nand &' are zero 0 <t < 14 sec

Injected It: de 87
njected fau ,u=0.4and6’=—1£14§t$605€c (87)

First, the tangible impact of damage on the accelerometer output is analyzed. As shown in Fig. 8, the accelerometer output

values are compared between undamaged and damaged conditions; any deviation serves as a warning indicator for damage

occurrence in the vertical tail. In the fault detection process, the ANN observer is estimated y (o variations applied to Cyﬁ) and

8', as illustrated in Fig. 9.

— T >
0.4 \ 141 15 18

O O
® @

Y — — —No fault
7 Under fault

ay (ft/sec?)
o

L4
® &

-1.8% : T T T T
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Source: Elaborated by the authors.

Figure 8. Comparison of the lateral accelerometer output in undamaged and damaged conditions. A fault is injected at ¢ = 14 sec.

A
O —17 — — —lInjected fault
) | ANN
Q —
2 [
, >-0.51 | 0 g] ‘
< |
0.6 = | ¥ 5 e
' — — —Injected fault N 1415
— ANN T
T | 0 e e e e e e e e p : x = >
® 0.7 f 0 20 40 60
N | Time (sec)
= |
= 0.8 A
g |
[ O——7 — — —Injected fault
o) ANN
0.9 — . . . . —> Q
0 10 20 30 40 50 80 N
Time (sec) 30'5_ -O'ETL M
g .
= 7 1415186
< L

0 20 40 60
Time (sec)

Source: Elaborated by the authors.

Figure 9. Performance of the ANN observer in damage parameter estimation. A fault is injected at ¢ = 14 sec.
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Figure 10a shows a comparative analysis of reference input tracking between the baseline controller (without the FD unit) and the

proposed method. The proposed FTCS eliminates yaw angle deviation (and steady state error) from the reference trajectory following

damage occurrence. Also, the roll angle deviations are reduced from the reference trajectory compared to the NDI controller.
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Figure 10. Performance comparison of control methods. (a) outer loop; (b) inner loop: proposed FTCS vs. NDI
and ANDI. Fault is injected at t = 14 s.

Figures 10 and 11 clearly demonstrate the superior performance of the proposed FTCS over the ANDI controller. The most

significant difference is observed in the control surface deflections shown in Fig. 11. Accordingly, the aileron and rudder actuators

in the ANDI method exhibit severe oscillations (in other words, relatively high control effort). These undesirable oscillations are

similarly observed in 7 as shown in Fig. 10b. Furthermore, Fig. 11 demonstrates that the rudder actuator in the adaptive method

approaches its negative deflection limit, indicating this controller’s marginal stability when operating under damage conditions.

It should be noted that the oscillations in the ANDI method are due to increasing adaptive gains. These gain variations occur

due to the abrupt and severe nature of the structural damage in the vertical tail. In fact, due to the inherently nonlinear nature of
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Figure 11. Comparison of control surfaces deflections: proposed FTCS vs. NDI and ANDI controllers.

Fault is injected at t = 14 s.

structural damage and the abrupt variations in aerodynamic coefficients and derivatives in the aircraft dynamic model, pronounced

nonlinear transient dynamics are induced, which significantly challenge the adaptation mechanism. Consequently, to compensate

for the resulting aircraft model mismatch, the ANDI controller adopts high adaptive gains and rapidly updates its parameters,

which ultimately leads to oscillatory behavior in the system response.

Figure 12 examines the effect of damage parameters on 6. As evident in the simulation results, when the fault occurs at ¢ = 14

sec, adverse effects manifest in variations of 6. The empennage damage induces a steady state error in the NDI controller’s response.

With the integration of the FD unit into the control system, the ANN observer has successfully estimated ¢ and §'; consequently,

the steady state 6 error has been eliminated. A notable observation is the presence of undesirable oscillations in elevator control

surface deflections with the ANDI controller.
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Figure 12. The damage effect on pitch angle and elevator deflection.
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DISCUSSION

The simulation results demonstrate that considering both p and 8’ provides a more realistic representation of structural
damage and improves FTCS performance. The proposed ANN-based NDI controller maintains accurate reference tracking while
significantly reducing oscillations in the aircraft states and control surfaces after damage. Compared with the conventional NDI
and ANDI approaches, the proposed method shows greater robustness under abrupt structural damage by continuously updating
the control law based on the estimated fault parameters. These findings indicate that integrating reliable fault estimation with
configurable control can effectively enhance the stability and safety of damaged aircraft, although the performance still depends

on the accuracy of the observer and the aircraft model.

CONCLUSION

This paper investigates the modeling and control of an aircraft under vertical tail structural damage. Damage modeling was
accomplished by defining both a damage severity coeflicient (¢) and a damage uncertainty term (&'). 4 and §' represent the extent
of physical damage in the tail and changes in mass properties, respectively. To mitigate damage effects, an AFTCS based on the NDI
control law was developed. Fault parameters were estimated using an ANN observer, and the control law was updated based on estimated
parameters (without gain scheduling). Fault scenarios in a roll maneuver were simulated for the Boeing 747’s 6-DOF model. In the
simulations, the proposed FT'CS was compared with a conventional NDI control method and a model reference adaptive NDI method.

Based on the simulation results, (i) the damaged aircraft model exhibits significant dependence on the &', with this parameter
demonstrating a substantial impact on yaw angle variations and causing instability in the system; (ii) the proposed method achieves
complete yaw angle reference tracking (zero steady state error) post-damage while simultaneously reducing roll angle deviations
from the reference trajectory; (iii) undesirable severe oscillations in rudder and aileron actuators, as well as in roll rate and yaw
rate, are eliminated. Notably, all control methods discussed in this paper possess distinct advantages and limitations.

One of the main challenges in FTCS is its integration with other fault types, such as actuator and sensor faults. This results
in a more complex mathematical model, increasing the dependency of both the fault detection unit and controller on the system
model. Such dependency reduces fault detection and isolation accuracy. To address this issue, future work can focus on control
methods with predictive capabilities for future states and on enhancing the fault detection unit through data-driven approaches.

In these methods, the NN algorithm can play a critical role in fault isolation and uncertainty decoupling.
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