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Abstract—This paper presents an advanced fault-
tolerant control (FTC) framework tailored for the
ATLANTE Remotely Piloted Aircraft (RPA), aimed at
enhancing safety and reliability by addressing critical
flaperon faults in aircraft control systems. The proposed
FTC system combines two sophisticated approaches,
Extended State Observer (ESO) and Nonlinear Dynamic
Inversion (NDI), where ESO autonomously detects and
estimates flaperon faults, supplying precise fault details.
Leveraging these estimates, a robust control law is
developed using the NDI technique, which compensates
for faults by effectively managing the aircraft’s complex
nonlinear dynamics. This ensures precise control and
stable performance under fault conditions. The
effectiveness and feasibility of the proposed FTC
framework are validated through comprehensive
numerical simulations, designed to replicate various fault
scenarios. The results demonstrate the system’s
robustness and fault tolerance, highlighting its potential to
significantly improve the operational safety and reliability
of the ATLANTE RPA. This framework offers a
promising solution for fault management in advanced
unmanned aerial systems.

Keywords—Extended State Observer, Nonlinear
Dynamic Inversion, Fault-Tolerant Control, Trajectory
Tracking

I. INTRODUCTION

The operational reliance on Unmanned Aerial Systems
(UAS) for critical missions, such as those performed by the
ATLANTE tactical Remotely Piloted Aircraft System
(RPAS) [1], [2], necessitates unparalleled levels of safety and
reliability. These aircraft exhibit complex, nonlinear
dynamics—including aerodynamic stalls, actuator saturation,
and significant cross-coupling—which complicate control
design and can amplify the impact of system faults. Flaperon
faults are especially critical, as they directly compromise both
lift and roll control, posing a severe threat to flight stability.
This paper addresses this specific vulnerability by developing
a dedicated fault-tolerant control (FTC) framework for the
ATLANTE RPA, aiming to enhance its resilience against
flaperon failures.

The foundation of effective FTC rests on robust Fault
Detection and Diagnosis (FDD). A significant body of
research leverages advanced observers for this task. Sliding
Mode Observers (SMOs) are widely recognized for their
robustness, enabling precise fault reconstruction in various
scenarios, from oscillatory failures [3] to Linear Parameter-
Varying (LPV) systems [4]. Adaptive SMOs further enhance
this capability for real-time fault diagnosis [5]. Parallel to this,
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the Extended State Observer (ESO) framework has proven
highly effective, capable of estimating and compensating for
the combined effects of actuator faults and external
disturbances, as demonstrated in quadrotor applications [6].
Further diversifying the field,Kalman Filtering techniques
and data-driven approaches have been successfully applied.
The Extended Kalman Filter (EKF) has been used for direct
fault reconstruction in complex platforms like hex-rotor
UAVs [7], while constrained Kalman filters effectively detect
sensor and actuator faults by monitoring dynamic property
changes [8]. Neural networks and statistical methods, such as
adaptive RBFNN [9] and TFP-NARX modeling [10], provide
additional powerful data driven fault detection capabilities.
Other notable FDD strategies include subspace predictive
control for real-time fault management [11] and online
strategies using EKF-updated MLP networks [12].

Building upon FDD, the core of FTC lies in the control
methodology. Research can be broadly categorized into
several powerful strands. Adaptive and Robust Control
techniques are prominent, with adaptive backstepping being
integrated into FTC to handle model uncertainties and
actuator faults for trajectory and flight-path control [13], [14].
The sliding mode control (SMC) paradigm, prized for its
inherent robustness, has been extensively applied across
various platforms and failure modes, including fault-tolerant
control for Blended Wing-Body (BWB) aircraft [15], attitude
control using synthetic jets [16], trajectory tracking for
multirotor aircraft with PID surfaces [17], and specialized
applications in engine and braking systems [18], [19].

Another major category involves Model-Based
Reconfiguration and Control Allocation. Here, Nonlinear
Dynamic Inversion (NDI) and its incremental variant (INDI)
are key tools for managing nonlinear aircraft dynamics.
Research spans from INDI for trajectory control [13] to online
model identification and reconfiguration for structurally
damaged aircraft [20], [21]. Restructurable guidance systems
using EKF and Nonlinear Inverse Dynamics (NID) can
stabilize damaged aircraft in gusty conditions [22]. For over
actuated systems, adaptive control allocation methods are
vital, dynamically redistributing control effort among healthy
surfaces post-fault [23], [24]. Predictive Control strategies
also offer a powerful model based approach, with studies
exploring multiple model predictive schemes [25] and Model
Predictive Control (MPC) for accident prevention [26], while
probabilistic verification frameworks help select optimal
configurations under severe faults [27].

The development of these advanced systems is
underpinned by rigorous Aircraft Modeling and Simulation
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principles [28]- [31] and is validated through sophisticated
simulation environments [32]-[35] that incorporate realistic
elements like turbulence [34], [36], [37]. Virtual simulation
platforms are essential for developing models for future real-
time platforms [33], while comprehensive reviews of flight
simulation techniques support realistic testing environments
[32]. The journey toward real-world implementation also
demands attention to certification and experimental
verification, as addressed in work on certifiable control for V-
tail aircraft [38], [39] and standardized procedures [40].
Within this context, the integrated ESO-NDI framework
presented in [41] offers a streamlined and effective solution
for fault-tolerant attitude tracking. This paper builds directly
upon this approach, tailoring and rigorously evaluating the
ESO-NDI combination to address the specific, critical
challenge of flaperon fault tolerance in the ATLANTE RPA.
Our contribution is the demonstration that this framework
provides robust fault estimation and stable angular rate
tracking, effectively managing the complex, multi-axis
dynamics impaired by flaperon faults.
The main contribution of this paper lies in developing a Fault
Tolerant Control (FTC) framework integrating an Extended
State Observer (ESO) for flaperon fault estimation with a
Nonlinear Dynamic Inversion (NDI) controller for
compensation. The proposed method is validated on the
ATLANTE Remotely Piloted Aircraft (RPA) using nonlinear
dynamic inversion under varying fault conditions. The paper
is organized as follows Section II presents the mathematical
modeling of the aircraft dynamics. Section III describes the
methodology, including the design of ESO and NDI
controllers. Section IV provides simulation results and
analysis, and Section V concludes the study with future
research directions.

II. MATHEMATICAL MODELING

The dynamic model of the ATLANTE RPA is governed by
force and moment equations

« Along the X-axis:
-mg sin + X7 +X, = m(U- RV + QW)

* Along the Y-axis:
mg cosf sing + Yp+ Y, = m(V+ RU — PW)

« Along the Z-axis:
mg cosf cosd + Zr+ Za=m(W— QU + PV )
The moment equations about the body axes,

« About the X-axis:

Lr+ La= (I~ Iy)qr — Ixzpq + Ikp — Lk
» About the Y-axis

Mt + Ma=—(I.— L)pr + La(p*— 1) + Iyq
* About the Z-axis:

Nt+ Na= 7(Ix - Iy)pq + Ixzqr + LI — Ixzp
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Fig. 1. Aerodynamic and propulsive forces and moments

Fig. 2. Linear speeds and angular rates

Fig. 1 and Fig. 2 illustrate the aerodynamic and propulsive
forces and moments, as well as the linear velocities and
angular rates of the Atlante RPA, which are critical for
implementing fault-tolerant control through ESO and NDI.

Aerodynamic Forces (X5, Ya, Za) Act along body frame
X,Y,Z axes. Propulsive Forces (X1,YT,Zr) Thrust along
X,Y,Z axes. Roll Moments (La,Lt) Affect roll about X-axis.
Pitch Moments (Ma,Mr) Influence pitch about Y -axis. Yaw
Moments (Na,Nt) Control yaw about Z-axis.

Linear Velocities (U,V,W) Velocities in X,Y,Z directions.
(p,q,r) Roll, pitch, yaw rates about X,Y,Z axes [41].

These illustrate the Atlante’s nonlinear dynamics, critical
fof Managing flaperon faults via ESO and NDI.

III. METHODOLOGY

(Bhe proposed methodology integrates fault detection and
control reconfiguration into a unified framework. Initially, the
ATLANTE RPA’s dynamic model is simulated using force
and moment equations. The Extended State Observer (ESO)
detegts and estimates actuator faults, while the Nonlinear
Dynamic Inversion (NDI) controller compensates for these
faults to maintain stable flight. The complete process from
system initialization, fault detection, and controller adaptation
is summarized in Fig. 3.

M#)commences at the “Start” node, initiating the aircraft
control simulation. The first step, “Initialize Simulation”
establishes the necessary initial conditions, parameters, and
configurations for the simulation environment. This ensures
the system is ready to model the aircraft’s dynamic behavior
ac¢fyately before proceeding to subsequent stages. In the next
phase, the “Model System Dynamics” step simulates the
aircraft’s physical behavior, incorporating force and moment
equations. Following this, the process reaches a pivotal
debfion node, “Fault = 0?”, which evaluates whether the
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aircraft is operating without faults. This decision determines
the control strategy, splitting the flowchart into two paths:
normal operation using NDI or fault-tolerant control using
FTC with ESO. If no faults are detected (Fault = 0), the
system follows the left path for normal operation. The “Apply
NDI Controller” step implements Nonlinear Dynamic
Inversion to control the aircraft under standard conditions.
The subsequent “Tune Controller Gains” step adjusts the
controller parameters to optimize performance. The “Check
for angular rates tracking” decision node then assesses
whether the aircraft’s angular rates (roll, pitch, yaw) are
tracking the desired reference values accurately.

Inttialize
Simulation

Model System
Dynamics including
fault

Yes No

Fault Detection with
ESO

Apply FTC using
NDI

Apply NDI
Controller

No No

Tune controller l Tune Controller
Gains Gains

heck for angular rates
tracking

yes

End

Fig. 3. Flowchart of Methodology

A successful track (“Yes”) directs the process to the “End”
block. If tracking fails (“No”), the process loops back to
“Tune Controller Gains” for further adjustments, forming an
iterative refinement loop. If faults are detected (Fault not 0),
the system follows the right path for fault-tolerant control.
The “Fault Detection with ESO” step employs an Extended
State Observer to estimate the nature and magnitude of the
faults, providing critical data for fault mitigation. Next, the
“Apply FTC using NDI” step activates a fault-tolerant
controller that adapts NDI principles to maintain control
despite faults. The “Tune Controller Gains” step adjusts the
controller parameters to optimize performance under these
fault conditions. The second “Check for angular rates
tracking” decision node checks if the angular rates are
tracking correctly. If successful (“Yes”), the process
terminates at the “End” block. If tracking is unsuccessful
(“No”), the process loops back to “Tune the Controller
Gains” for additional tuning, ensuring robust fault handling.
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A. NDI Control law design for fault-free system

The design of the Nonlinear Dynamic Inversion (NDI)
controller begins with the rotational dynamics of the aircraft,
derived from the moment equations in Section II. For a fault-
free system, the dynamics of the angular rate vector w =
[P g 7r]" are governed by:

® = Fi(m) + Gi(0)uc 7

where:

« F; ( ) is the nonlinear state-dependent
representing inherent rotational coupling effects

« G;(w) is the control effectiveness matrix

« u.=[Lr Mg Nr]Tis the vector of control moments
(roll, pitch, yaw) in N-m

« o and o4 represent angular rates and desired angular

term

rates Specifically, the nonlinear function Fi(®) is

defined as:
(ly-I;)ar+Ixzpq
IX
(- 1)Pr=Iy (p>—r?)
Fiw)=  |Pe=s ®)
l (Ix-1y)pa-Lear J
IZ
The control effectiveness matrix is given by:
=0 0
I X I, 0 0
Gi(w) =[0 + 0 G0 I, 0] (9
Y 0 0 1,

N

[0 0 EJ

The control objective is to track a desired angular rate profile
d(t). desired trajectory and its derivative are specified as:

wg() =
0.1 0.1
0.5 ]sin(O.lt),co‘d(t) I 0.5 ] 0.1 cos(0.1t) (10)
—-0.1 —-0.1

The tracking error is defined as:

an

The angular-rate tracking error e represents the difference
between the desired angular rate o4 and the measured angular
rate .

C=Wd— O

v =g+ Kpe + Ka(wg—m)

(12)

The pseudo—control input v represents the desired angular
acceleration.

Kp
1+ Kq

e+

e=0 (13)

Substituting the pseudo—control from Eq.(12) into the
closed—loop dynamics yields the first—order stable error
dynamics shown above, ensuring exponential convergence
of the tracking error to zero.

®» =Fi(0) + Gi(®)uc (14)

The aircraft’s angular—rate dynamics are modeled by F;(w),
which includes the nonlinear aerodynamic and inertial
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effects, and'Gl((n ),the control effectiveness 'matrlx that maps f; =Ly(0y — ®) (20)
the control inputs uc to the angular accelerations.

Gains L1, L» are tuned to ensure convergence, enhancing fault
detection reliability. A fault injection mechanism simulates
actuator degradation and disturbances across three control
This control law enables precise tracking of desired angular ~ channels to evaluate ESO robustness:

uc =Gy (g + Kpe + Kq( 6g-00)- Fy(w)) (15)

rates under nonlinear dynamics. 1) No Fault (t(k) < ZOS)Z A(Z,k) — [0;0;0],
fosc=[0;  0; 03]
Table shows the parameter values [6] 2) Ramp-Up (20 < t(k) < 30s):
Loss factor 4. = 0.5-( ‘9229 A(l)=[Aa];
TABLEI Oscillatory disturbance,
AIRCRAFT PARAMETERS [6] t(k)-20

fosc=[30;30;30]-sin(27- 0.5 (t(k)—20)) ( T)
3) Sustained Fault (t(k) > 30s): A(:,k) =[0.5;0.5;0.5],

Parameter Value Oscillatory disturbance,

Nass() ST0kg fosc=[30;30;30] - sin(2w - 0.5 - (t(k) — 20))
Gravity(g) 9.81m/s? The fault term fi includes (I —A) uctf,gc modeling loss of
Inertia(Ix) 1342kg m> effectiveness and disturbances.

Inertia(ly) 1386kg m? )

Tnertia(Iz) 1952kg- m? C. NDI Design for faulty system

Product of Inertia(Ixz) 51kg'm? The NDI controller cancels nonlinearities in the angular
Thrust (FTX) 600N rate dynamics [41], using the nonlinear dynamics F;(w) and
Thrust (FTY) 200N control matrix Gi(w) defined in Section III-B. The control law
Thrust (FTZ) 150N is:

Roll Moment (LT) 171Nm w.= G Y(v-F.(w) — £ 21
Pitch Moment (MT) 149Nm e~ G (v-Falw) =) @)
Yaw Moment (NT) 206Nm

Forward Speed(u) 37.5m/s Where f; is the ESO fault estimate, and pseudo-control v:

v = dg + Kp(wg — 0) + Kg(6-0)K; [ (wg — )dt
22
B. Design of Extended State Observer @2)
Flaperon faults in the ATLANTE RPA affect roll, pitch,
and yaw rates (o = [p,q,r]7), which are measured by onboard ~ with diagonal gainsK,, Kq, K; tuned via trial-and-error.
sensors, but actuator faults (fa = [fap,fag,far]") are not directly  Desired rates are:

measurable.
The angular rate dynamics under faulty conditions are 0.1 0.1
modeled as: wq(t) =10.05(sin(0.1t), wq(t) | 0.05 [ 0.1 cos(0.1t) (23)
® = F1(0) + Gi(0)(uc+ fa) (16) —01 —01
where Fi(®) and Gi(o) are as defined in Egs. (8) and (9), The final control low is,
and uc= [L1,Mr,N1]" represents the commanded control
moments ue = Gy~ (Wg + Kp(wq — ) + Kq( 63g-0)
The ESO augments the state as, z =[w? fI]T with t ~
dynamics: +Ki [y(@q — w)dt — Fy(w)- f) @4
Z.:[Fl((u) + Gl(w)(u, + fa)] a7 IV. SIMULATION RESULTS
0 The fault-tolerant control (FTC) framework, combining
The ESO estimates 2 =[3T  £7]T: 5 Nonlinear Dynamic Inversion (NDI) an('i Extctnded State
Observer (ESO), was evaluated through simulations for the
:[ F1(®) + G1(@®)(u. + f;)] Loy — ®) (18) ATLANTE RPA under flaperon faults introduced at t = 20
0 m seconds, as described in Section III-B. The fault injection

includes a multiplicative loss of effectiveness (A) and
oscillatory disturbance (fysc), with a ramp-up phase (20 <t <
30 seconds) and sustained fault (t > 30 seconds). In Fig. 4

where w, is the measured angular rate, and L=[LT L%]Tis
the observer gain matrix. The implementation involves:

1) Initialize: ®= wp, f= 0 the roll, pitch, and yaw rates closely follow their respective

2) Compute Fi(®), Gi(®) desired  trajectories, indicating  effective  tracking

performance. The NDI controller ensures smooth responses

G=F1(®) + GL(®)(uc + £ )+ Li(0y — ®) (19)  with minimal deviation, demonstrating good control

authority and stability across all rotational axes.
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Angular Rate Tracking
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Fig. 4. Angular rates

Control moments in Fig. 5 reflect dynamic fault responses.
Roll moment (L) fluctuates between 60 N-m and -20 N-m,
stabilizing near 10 N-m, while pitch moment (M) varies
between 80 N'm and -60 N-m, adjusting significantly at t =
40 seconds. Yaw moment (N) remains between 20 N-m and
-20 N-m, indicating minimal effort for yaw stabilization.

NDI Control Inputs
Control Moment - Roll
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v
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&
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Zaf——
0
r
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o s 0 s w 2 0 3 w [ E]
Tima (5)

Fig. 5. Control inputs

Fault estimation in Fig. 6 demonstrates ESO accuracy. Roll
fault (fp) spikes to 600 N-m at t = 25 seconds, with the
estimate tracking closely despite minor post-spike
oscillations. Pitch fault (fy) reaches 150 N-m, and yaw fault
(fr) drops to 600 N-m, both accurately estimated with slight
overshoot.

Fault Estimation (ESO)
Roll Fault (f, )
800 22
w0 : — -
o 40 i Eutmate
Em i
ALy | —— A 78 T2 2 2 2 T2 e N
3200
o
oo
s
o s P s W » e 6w

Time (s)
Pitch Fault (1, )
800 L

&0 —— e
w00 Esimoted)

T w
| S S— R AV VAN |
720
= oo
00
0
o B w1 2 0 om e s W
Time (s)
Yaw Fault (1)
w00 .
a0 —
o 4w E————
£
= AL
720 f
= a0
00 !
0
o s ™ P

Fig. 6. Faults Estimated vs True
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Estimated angular rates in Fig. 7 align closely with actual
rates, with minor deviations post-fault, confirming ESO’s
precision. Fig. 8 shows the control inputs under fault
conditions. When the fault occurs around t = 20s, both the
commanded (uc) and effective (uc + fa) inputs exhibit sharp
variations and oscillations as the controller reacts to actuator
degradation.

Angular Rate Estimation (ESO)
RollRate (5)
| -

o — Actual
St ! e - timaea |
g ) -

2o
 oas|
ey
21 . e O
o 5 0 15 2 2 E) F 3 I 50
Time (s)
Pitch Rate
005 —— o T T
o — Actual
_ o e ~ — Estmated
3 o J N
£ A
v N
005 = L L L L n L \/\.’W\/\/\
o 5 0 15 2 2 E) 5 3 . E
Time (s)
Yaw Rate (1)
01 T T T T ——
e
005 - -~ Estmated
g "
I =
T | =
005 - | =
04 e T < . .
o s o s 2 2 0 E @ I E)
Time (s)

Fig. 7. Rates Estimated vs True

The NDI controller increases its control effort to counteract
the reduced actuator effectiveness, while the ESO estimates
the fault influence, leading to the eventual stabilization of the
control moments.

Control Inputs (Commanded vs Effective)
Roll Control nput
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i . . . ) ) 4 !
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. 2 ﬂ\ﬂ\v/,\r‘
Eop . EEAVAVA VAN VAR
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h s ) W w e s ®

2
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Fig. 8. Control inputs under fault

This behavior demonstrates the controller’s capability to
maintain effective control performance despite actuator
faults. Post-fault recovery Figs. 9-12 highlights FTC
effectiveness. In Fig. 9, roll rate (p) tracks the desired rate
accurately before t = 20 seconds. At t = 20 seconds, the fault
causes an overshoot, with the roll moment (L) spiking to 200
N'm in Fig. 10. FTC activation induces high-frequency
oscillations in L, peaking around 200 N-m, as the NDI
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controller compensates for the fault’s impact. By t = 35
seconds, p converges to the desired rate, and L stabilizes,
demonstrating robust recovery. The pitch rate (q) tracks well
pre-fault, but diverges at t = 20 seconds.

Angular Rate Tracking with NDI
Roll Rate (p)

ool o —
N P g
: .
H S

005 e

o S

h S w w m s wm s e s =
Time (3
pitch Rate
005 - (L]
— - Actual

_ T e ==
5 -,
3 e

- s N . ]

o E
ime
Yaw Rt 0
o ow Rt () .
P

oo - )
3 o
3 ok
- WY

wos| . -

. -
01 =T

o s o s )

Fig. 9. Rates under fault tolerant control

L(Nm)

Fig. 10. Roll control input

The pitch moment (M) in Fig. 11 spikes to 200 N-m, followed
by high-frequency oscillations post-FTC activation,
reflecting dynamic fault compensation. By t = 50 seconds, q
achieves near-perfect tracking, and M stabilizes, indicating
effective FTC response.

Pitch Moment ()

—AWWWWY

M (Nm)

Fig. 11. Pitch control input

115

The yaw rate (r) undershoots at t = 20 seconds, with the
yaw moment (N) in Fig. 12 spiking to 200 N-m. Post-FTC, N
exhibits high-frequency oscillations, similar to L and M, as
the controller counters the sustained fault (t > 30 seconds). By
t = 40 seconds, r converges, and N stabilizes, confirming the
framework’s ability to manage yaw dynamics under faults.

These results validate the NDI-ESO framework’s
robustness in tracking desired angular rates, accurately
estimating faults, and ensuring stable recovery under flaperon
faults across diverse flight conditions.

Fig. 12. Yaw control input

V. CONCLUSION

The Fault-Tolerant Control (FTC) system for the
ATLANTE Remotely Piloted Aircraft (RPA) effectively
mitigates flaperon faults through the integration of Nonlinear
Dynamic Inversion (NDI) and Extended State Observer
(ESO), as detailed in Section IIl. The ESO accurately
estimates angular rates (o = [p,q,r]") and flaperon faults (f2),
enabling rapid fault detection under the fault injection
mechanism described in Section III-B . The NDI controller
ensures precise tracking of desired roll, pitch, and yaw rates,
with control inputs exhibiting transient spikes up to 200N -
m that settle with damped oscillations, demonstrating robust
fault compensation. Simulation results in Section IV validate
the system’s stability and tracking accuracy, confirming its
efficacy in managing flaperon faults across diverse flight
conditions.

Future work will focus on enhancing the robustness and
real-world applicability of the proposed FTC system through
experimental validation on a physical aircraft under realistic
disturbances. Further developments include extending the
ESO for multi-fault estimation, refining the NDI for adaptive
control allocation, and integrating advanced techniques such
as adaptive control, model predictive control, and neural
network— based fault prediction. These enhancements aim to
ensure efficient, reliable, and fault-resilient operation in
complex flight conditions.
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