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Abstract: This paper proposes an adaptive fault-tolerant attitude control strategy based on
the Immersion and Invariance (I&I) methodology for a Coaxial Tilt-Rotor (CTR) eVTOL
aircraft. The CTR-eVTOL, equipped with two pairs of CTR modules and a rear rotor,
exhibiting strong nonlinearity, underactuated, and strong coupling characteristics, faces
significant challenges in maintaining stable attitude control when subjected to a Loss Of
Effectiveness (LOE) fault. To address this, the proposed Fault-Tolerant Control (FTC)
strategy integrates the I&I adaptive methodology to compensate for the torque losses induced
by the LOE fault. Specifically, an 1&I-based adaptive update law is designed to estimate the
unknown faulty coefficient. The closed-loop system's asymptotic stability is theoretically
proven using the Lyapunov method and LaSalle's invariance theorem. Real ground bench

experiments with comparative controllers validate the effectiveness and superiority of the

proposed FTC strategy.
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1. Introduction

In recent decades, electric Vertical TakeOff and Landing
aircraft (eVTOL) have found extensive applications across
diverse domains, such as payload transportation, surveillance,
and military operations [1-3]. Among various eVTOL
configurations, the Tilt-Rotor (TR) eVTOL has garnered
significant attention due to its merits of faster response, higher
agility, and greater flight speed [4,5]. Specifically, the Coaxial
Tilt-Rotor (CTR) eVTOL, as illustrated in Figure 1, was
introduced in [6], featuring two sets of coaxial rotor modules
and a rear rotor. This special design provides advantages over
single-rotor structures [7,8], including higher cruising speeds
and a more compact structure. In addition, this configuration
strengthens the control redundancy of the CTR-eVTOL,
guaranteeing the controllability of the aircraft even in the
event of rotor's total failure. In practical application, actuator
faults are unavoidable in CTR-eVTOL operations, potentially

causing degraded tracking performance or even severe

accidents [9]. As a result, developing a robust fault-tolerant
control scheme is imperative for boosting the CTR-eVTOL's
safety.

In recent years, numerous research has been conducted
on Fault-Tolerant Control (FTC) approaches. For example,
Xian et al. [10] focused on a servo stuck fault scenario in a
tilt-rotor Unmanned Aerial Vehicle (UAV), designing an
observer to precisely estimate the specific parameters related
to the stuck fault and offering a novel perspective on fault
handling for this type of aircraft. Guo et al. [11] proposed an
observer-based PD position controller and an observer-based
sliding mode control attitude controller to achieve trajectory
tracking for a UAV suffering with propeller damage. Nan et al.
[12] designed a nonlinear model predictive controller to
stabilize and control quadrotors during complete single-rotor
failure.

Adaptive control technology has been applied to address
the actuator faults in aircraft. Chen et al. [13] proposed a

robust nonlinear controller which combines the sliding-mode
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control technique to address the rotor faults. Wang et al. [14]
regarded rotor faults as lumped external disturbances and
developed an ASMC, effectively addressing rotor faults in
multi-rotor  aircraft. However, the classical adaptive
controllers always require the Linear Parameterization
condition and will lead to the singularity problem in the
controller [15]. To overcome the aforementioned issues, an
Immersion and Invariance (I&I)-based adaptive control
strategy was first researched in [16]. The I&I adaptive
controller can simplify the stability analysis by introducing
cross terms in the Lyapunov function [17]. Furthermore, it
introduces a cross term between the parameter estimates and
the plant states, which enhances the convergence performance
of the parameter estimation. The 1&I adaptive controller has
then been further developed by many researchers and applied
in various fields, such as aircraft control. In [18], an I&I-based
adaptive control methodology is designed to compensate for
the parametric uncertainties of a quadrotor to realize the
position tracking. An I&I-based adaptive attitude controller is
proposed for the tilt-rotor aircraft, where an adaptive update
law is specially designed to compensate for the uncertainties

of damping coefficients [19].

Inspired by the I&I technique [16,17], an I&I-based
Attitude Fault-Tolerant Control (IIAFTC) strategy for the
specific CTR-eVTOL configuration is proposed, enabling
precise attitude tracking under a Loss of Effectiveness (LOE)
fault. The contributions of this paper are twofold:

(1) In contrast to existing works [11,13,14] that only
estimate or compensate for lumped disturbances induced
by rotor faults, the proposed IIAFTC strategy achieves
accurate estimation of the actual LOE faulty coefficient
of the faulty rotor. This coefficient directly characterizes
the rotor's degradation degree, which is critical for three
key aspects: 1) enhancing attitude control precision by
quantifying fault impacts; 2) accelerating transient
response via targeted compensation; 3) supporting
post-fault logical decision-making. Leveraging this
estimation, the proposed strategy precisely calculates and
compensates for the fault's impact on the attitude control
system, thereby achieving attitude control under LOE
faults.

(2) Ground bench experiments are conducted to validate the
effectiveness of the proposed strategy, covering 30%,
70%, and 100% LOE fault severities. Comparative tests
against the traditional adaptive controller and adaptive

further demonstrate its

sliding mode controller

superiority.

2. Model of the CTR-eVTOL Under a Rotor's LOE Fault

This paper presents two coordinate systems, specifically

the body-fixed frame B and the inertial frame FE , as
depicted in Figure 1.
The Euler angles are denoted by 1= [¢,0,1] ", where

¢, 0,and 9 represent the roll, pitch, and yaw angles of the

CTR-eVTOL, respectively. The vector v= [v,,v,,v.]"

denotes the velocity of the CTR-eVTOL's center of gravity
(CoG) in the inertial frame E .Throughout this study, s*,
c* ,and t* denote sin(*), cos(*), and tan(¥) ,
respectively. The symbol 0, represents an mXn zero

matrix, while I, signifies an n-dimensional identity matrix.
For a matrix A€R™ " | A" denotes its transpose, and

Am (A) represents the smallest eigenvalue of A .

%S

Figure 1. The schematic of the CTR-eVTOL with reference

frames.
2.1. Attitude Model of the CTR-eVTOL
The Euler angular velocity is obtained as:
n=[609] =T w,

where w= [p,q,7] " denotes the angular velocity in the

body-fixed frame. The transformation matrix T, is

represented as [20]
1 0 -s0
T.=|0 c¢p sopch |. (1)
0 -s¢ coch

Based on Newton's second law, the rotational dynamic
model of the CTR-eVTOL without rotor fault is written as

=TT (wXJw+T+7e+D,) —T,'T,7, 2

where the term 7 is the control torque and the term D,

denotes the drag torque. The torque generated by the servos is
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given as T, = [0,7.+7,0] ", where 7, and 7, are the

rotational torques caused by the right and left servos,

respectively. The inertia matrix J=T, IT, , with
I, 0 -1,

I=| 0 I, O
7Izz 0 Iz
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(b) Fitting results of the thrust and torque.

Figure 2. Measurements and fitting results of the CTR

module.

The thrust and torque of rear rotor 5# are related to its
PWM signal P;(1050us ~1950us) as:

Fy=cp(Ps—1050)%,  75=c;5 (P —1050) 2, 3)

where c;s andc;s are the thrust and torque coefficients of
the rotor 5# , respectively.

Considering the coupling effect between the upper rotor
and the lower rotor due to the downwash effect in a CTR
module, the thrust and torque coefficients of the upper rotor
are different from those of the lower rotor. Then, we measured
the thrust and torque of the CTR module under varying PWM
signals using our self-built platform, as shown in Figure 2(a).
Based on the measured data, the quadratic surfaces are
constructed to fit these data in order to establish a precise
CTR thrust and torque model that accounts for the coupling
between upper and lower rotors. Subsequently, the thrust
F.,c=1lr and torque 7.,c=1I,r of a single CTR module

are modeled as

F.(P,,P,) = ¢;, (P, —1050)2 + ¢4 (P, —1050)2,

F, F,

Te (Puan) = Cpy (Pu - 1050) 7 — Cid (Pd - 1050) 2, (4)

Tu Td

where the terms P, and P, represent the PWM signals of

the upper rotor and the lower rotor in one CTR module,

respectively; the parameters c;, and c, are the thrust and
torque coefficients of the upper rotor, while the parameters
¢y and ¢, are the thrust and torque coefficients of the
lower rotor. By using least squares method, the coefficients
are determined as c;, =0.8402X107°, ¢;,;,=1.059 X107°,
c—=1.024 X107, and ¢;;=0.9325 %1077, as shown in

Figure 2(b).

The force Fiop= [Fo,F,]" represents the thrust

produced by the rotors in the body-fixed frame. The force

F,., and control torque 7T in (2) of the CTR-eVTOL are

derived as
F,, F.sa, + Fisa
F, -F.ca,— Fca;,— F
T, | = -F.ca,l,+ Fieoyl, — 7,80, — T80y » (5)
T F.ca,l; + Fecoyl; — F5l, — F,sa,l, — Fisal,
Ty ~F.so,l,+ Fisoyl, + 75+ 7,con + Ticoy

where the terms F,., F;, 7,.,and 7, represent the command
thrust of the right CTR module, the command thrust of the left
CTR module, the command torque of the right CTR module,
and the command torque of the left CTR module, respectively;
the terms l,, I;, l,,and [, are the geometric parameters of
the CTR-eVTOL shown in Figure 1; o, and «; are the tilt
angles of the right and left CTR modules. Furthermore, F;.,
F.=F+F;

Tr— T3 —T1, Fl:F2+F4,and T =—Tg —To.

7., F,, and T, are expressed as

2.2. Model of the CTR-eVTOL Under an LOE Fault

As one of the most common types of faults in aircraft
systems [21], a rotor's LOE fault is considered in this paper.
For instance, aging and abrasion of the rotor will cause
unexpected changes in its thrust and torque performance,
ultimately resulting in LOE faults. The fault model of an LOE

fault in the rotor i# is designed as
F/=Q-T)F, .=0—-T)™, (©6)

and 7;(:=1,2,3,4)
generated by the

where the terms F; represent the
command thrust and torque of the rotor 3
control allocation; the terms F; and 7, are the actual thrust
and torque under an LOE fault in the rotor 7 , and the
unknown parameter ;€ [0,1] (:1=1,2,3,4) represents

the faulty coefficient of the rotor i# . For instance, the case
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I, =0 indicates that the rotor is healthy, and the case I';=1
indicates that the rotor is completely damaged. It is worth
noting that the faulty coefficient I'; is unknown.

Then, by replacing F; and 7; in the force/torque
model (5) with F; and 7, , the model of the CTR-eVTOL
under an LOE fault of the rotor i# is derived. Extracting the

control torque from model (5), the following expression is

obtained:
Ty -F.ca,l,+ Feoyl,— .80, — T80y
Ty | = | Frea,l; + Fieoyly — F5l, — Fosa,l, — Fisayl,
Ty -F.sa,l,+ Fisayl,+ 15+ 7.ca, + 1cq ™
71-\1‘61"

where the tilt angles «; are defined as oy = a4 =0, and

o = a3 = oy ; the matrices &; are defined as

(-1 f“ctﬁsai + (-1) ‘L co;
*lhsai+lfcai s
(-1 lsa; + (-1) " eea;

where the term 7" = quot (i, 2) +1, and the coefficients ¢,
Cif1 = Cyp3 — Ctd/cfd and
Cif2 = Cifa= Cp/Cp, . The term F,

thrust of the rotor i# generated by the control allocation

are expressed as

represents the control

method.

Then, substituting the LOE fault torque model (7) into
the attitude dynamic model (2), the following fault model of
the CTR-eVTOL under an LOE fault in the rotor «# is

derived as
ﬁ:fn+gn(T*Fz’5i)a ®)
where the nonlinear functions

fo=T;'J (wXJw+7,+D,) —T;'T,7,

9
g, =TT, ®

with the term I, F}d,; representing the impact caused by the
LOE fault.

Assumption 1. The faulty coefficient T; is considered as a
constant after LOE fault occurrence [17], and this constant is
unknown.

Remark 1. It is reasonable to assume the faulty coefficient as
an unknown constant for certain degradation scenarios such
as rotor aging and abrasion [17]. For multi-stage LOE fault
scenarios with a piecewise-constant faulty coefficient, the
proposed IIAFTC strategy theoretically enables re-estimation
of the faulty coefficient T

maintaining applicability.

at each new stage, thus

Sensor

J - F;
FTC >z )
t [ .
L (F’ +h )5" Fault Impact T 1&1
F. o calculation 8 Adaptive Law
Control Attitude

Allocation Control

Reference Ma

Figure 3. The schematic of the IIAFTC strategy.
3. IIAFTC Strategy Design

The control objective of this paper is as follows: For a
CTR-eVTOL with strong nonlinearity, underactuated nature,
and strong coupling characteristics, under an LOE fault with
an unknown faulty coefficient I';, design an adaptive control
input 7 in Eq. (8) to ensure that the actual attitude 7 tracks
the desired attitude 74 and accurately estimates the faulty
coefficient I .

Then, the IIAFTC strategy is designed based on the
attitude dynamic model (8) in the presence of an LOE fault in
the rotor i#  with unknown faulty coefficient I, . By
applying the proposed IIAFTC strategy, the unknown faulty
coefficient I'; can be accurately estimated when system
meets the persistent-excitation condition [15], and the desired
attitude m; can be accurately tracked under an LOE fault.
And the control allocation is designed which considers the

coupling effect in CTR module.
3.1. Control Allocation

Considering this characteristic and the distinct dynamic
behaviors of the rotors and servos, two constraints are
designed as o, =y =« and F,+ Fy=F,+ F3. Then, the
control allocation law is solved as

Fy= W,a —arctan (ﬁ),
Fy = ((cypa+ cop) L, A — 2¢ip,8aB — 27, c0C45,
-2l,caB +21,7,80) [ (41, (cipa + cip)),
F,= ((eya+ i)l A+ 2¢ip08aB + 274c00444
~21,caB +21,7,80) / (41, (cyra+ cp)), (10)
Fs= ((ea+ i)l A—2cp08aB — 214c004
+2l,caB —2l,7,80) / (41, (cia+ cipn))s
Fy= ((eypa+ cip)ls A+ 2¢,8aB + 274ccy),
+2l,caB —2l,7,80) [ (4, (cia+ cipa))s
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where  the terms A and B satisfy expression is obtained:
A: (79+F5lb)/(lfca 7lh8a) and B:T¢*Ct5F5/Cf5; the . I’ . 8ﬂ
coefficients ¢y, = ¢u/cp and ¢y = Ca/cpy . According to Li=Li—Li+ de, " 15)
the above control allocation, the tilt angle « is exclusively + g (Fo+ Gu7 —Tignbi —fla + ayéy),

utilized for adjusting the component forces F,, and F, .
Hence, the proposed control allocation diminishes vibrations
arising from adjusting the tilt angles o, and oy, and extends
the mechanical lifespan of the servos.

Remark 2. In addition, the designed two constraints have
considered the energy consumption problem. Under the
designed two constraints, the inefficient internal force
cancellation problem is avoided by not performing differential
a, F oy ), as described in [7]. Therefore, the

analytical control allocation by adding the designed two

tilting (i.e.,
constraints optimizes the energy consumption to a certain
extent.

3.2. Adaptive Attitude Controller

To achieve attitude tracking under an LOE fault, an
attitude designed based I&I
methodology. Let 7, denote the desired attitude angle,

adaptive controller is

which has a second-order continuous derivative. The

associated tracking errors e, and ey are defined as
follows:

& =11 (11a)

ew =€, T aye,, (11b)

where o, = diag (a¢,a0,aw) is a positive definite diagonal

matrix. Substituting the attitude dynamic model (8) into the

time derivative of (11b) yields

€, = €4, — Oy e,. (12a)

an="Jn+ gy (T —TiF0,:k0) — N+ ayé,. (12b)
Define the estimation error f‘l as

L,=T,—T,+ (e, ea), (13)

where I'; is the estimate of the faulty coefficient I';, and [

is an auxiliary function. After differentiating (13) with respect

to time, we have

ox . 9B, a3 .
I,=I,—-TI.+ de,, e,+ 36.1,,8'1"' (14)

Then, substituting dynamic model of the error system

(12a) and (12b) into the above equation, the following

Oean

where the term &; = F; 8,k . It is desired for the estimation
error to asymptotically converge to zero, thus the adaptive

update law is designed as

. 0. 08 e .
= He,,e" e (f,,+g,,‘r nd+a,,e,,)

95 7. (16)

Then, substituting the adaptive update law (16) into the

dynamics (15) of the estimation error yields

z - 85 5
]-—‘i* 8edngn€iri Fz (17)

Then, to realize the convergence of the estimation error

I, , the auxiliary function is designed as

B=-K,(&g,) e, (18)

where K, is a positive scalar. The control torque 7 is

designed in the following two parts
r=7.+ (0. +B)E, (19)
where

Ta=0y (- (kyy+ ) e, — kpzes,— f,+14),  (20)

with Ky, = diag (ks1,k01,ky1) and ke = diag (ks2, ko2, ko)
are positive-definite diagonal matrices. In (19), the term
(f‘,;+ﬁ)£,- is calculated by the fault impact calculation

module to compensate for the LOE fault. Compared to [13],
[14], [22], and [23], the proposed strategy extracts and

estimates the faulty coefficient I;  from the lumped

disturbances (F, + ﬁ) & caused by an LOE fault, achieving

quantitative evaluation of the severity of rotor faults rather
than estimating the lumped disturbances.

Theorem 1. Considering the CTR-eVTOL's attitude dynamic
(8) under an LOFE fault in rotor i# , and utilizing the control
torque (19) and adaptive law (16), then the tracking errors

and are asymptotically stable in the sense that
e, —0, ey, >0 as t—oo. (21)

Proof of Theorem 1. Based on Assumption 1 and substituting

(18) into (17), the following dynamics of the estimation error
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f‘i is obtained as

T,=-K,(g,&) gnt:T. (22)

By substituting control torque (20) into (12b), the

dynamics of the tracking errors is formulated as
€in =K1 €y — kns€an +T.gn&:, (23)

In order to verify the convergence of parameter

estimation error, let denote the following nonnegative

function:

1=~

According to the definition of

gn&i= [€sr€0,€4)  €R*' | and substituting the dynamic

(22) into the time derivative of function (24), the following

expression is obtained as

VI‘ =-K, (gnﬁi) Tgngif‘?

. (25)
=K, (2 +e+e2)?<0.

It is concluded that f‘L g,&: € L. Then, it is obvious that

the estimation error f‘l is bounded. To verify the

convergence property of the whole closed-loop system, define

a Lyapunov function candidate as follows:

1 1 1 ~
V,= Eefkm e,+ §e;,,e,," + §k51K;1P?, (26)

where k2 = Apin (Kp2) . Taking the time derivative of (26), we
have

V,=—e, kyé, + eiméa, + k' K,'T,T,
== enT a,e, — e;nkvﬁedn + e;nrign &
—ky* (gnﬁi)TgnﬁiF?
<-e, a,e,— kel eum+ emlig,&:
~k3'(g,8) 9,817
1 1. ~
=- enTanen - 5k26;nedn - §k21 (gngz‘) Tg,,&-r?
1 - _ -\ (26)
- 5 (ert—lrnedn - Ze;nrzgngi + k21 (gﬂgz) Tgngzrg)
1 1. ~
=- enTanen - 5’626;"64" - §k21(g7l£i) Tgﬂéir‘%
1/ % _1 \T/ L _1 -
- 5 <k22 edn - k2 2 gn §1F1> <k22 edn - k2 2 gn §1F1>
< T 1 T 1., T 2
— en anen - §k2ednedn7 §k2 (gW£1) gnsiri

=0

Then, based on LaSalle's invariance theorem, all the
trajectories of the close-loop system converge to the following

invariant set:
M= {(e,,,ed",fi>:e,7 =0, es, =0, gnﬁ,-f‘i =0}. (27

Hence, the closed-loop has a stable equilibrium at
le),€dn] " = [0341,035,] " € RE. That means the result in (21)
is proved.

Remark 3. As shown in (16), compared with the traditional
adaptive method, the dynamics of the estimation error
designed by the I&I methodology is not only related to the
state of the system, but also related to the estimation error
itself. This characteristic enhances the robustness and

transient response performance of the CTR-eVTOL system.

The estimated faulty coefficient T, + (3 is used to compensate

for the LOE fault and theoretically guarantee the stability of

the system. In fact, according to (22), the system satisfies the

persistent-excitation condition [15], thus it is concluded that
the estimated faulty coefficient T, will converge to T;.

In summary, when an LOE fault occurs in one rotor, the
proposed IIAFTC strategy enables compensation for the
torque losses caused by the LOE fault based on the 1&I
adaptive law. A control allocation is developed according to
the special configuration of the CTR-eVTOL. Collectively,
these components constitute the IIAFTC strategy, and the

corresponding algorithm is summarized as in Algorithm 1.

Algorithm 1. I&I-based Attitude Fault-Tolerant Control
Strategy.

Algorithm 1 1&I-based Attitude Fault-Tolerant Control
(ITAFTC)
Input: Predefined desired attitude 74, physical parameters

of the CTR-eVTOL (e.g., m, I, l;, ,, and [,), control
gains (k,;, k2, o,, K,).

Output: PWM signals for all actuators.
Initialization:

Set initial estimation of faulty coefficient f‘l =0, stabilize
the CTR-eVTOL on the ground bench.
1. At each sampling step, collect measured 7 and

w from the IMU; compute 7=7T, 'w, via
transformation matrix T, (Eq. (1)).

2. Compute tracking errors e,
(11a) and (11b).

3. Calculate auxiliary function 3 from Eq. (18).

and ey, from the Eq.

4. Update I‘, using the 1&I adaptive law.
5. Compute the control torque 7 by using the updated
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faulty coefficient f‘l
6. Solve for rotor thrusts F; and tilt angle « via Eq.
(10).
7. Map rotor thrusts to PWM signals P,

established thrust model (Egs. (3)-(4)).
8. Output PWM signals to rotors and servos, and return to
Step 1 for the next sampling cycle.

using the

4. Experimental Results

In this section, ground bench experiments are first
implemented on a CTR-eVTOL to validate its attitude
tracking performance under a rotor LOE fault, and a real-time
flight experiment is then conducted in an indoor environment.
The physical parameters of the actual CTR-eVTOL aircraft
are listed as follows: m=0.979%g , [;=0.078m ,
,=0.24m [,=0.151m [,=0.0142m
I,= 4.11-10%kg-m? , 1,=6.3-10%kg-m>
I1,=9.85-10%kg-m?,and I,,=0.54-103kg - m?>.

Two comparative methods, involving an adaptive
controller and an ASMC, are implemented in ground bench
experiments to demonstrate the superiority of the proposed

ITAFTC strategy. The control parameters for the adaptive
control (AC), ASMC controller, and the control gains &k, ,
k,» , and ¢, are tuned using the Ziegler-Nichols Tuning
Rules [24]. The objective function for control parameter
tuning is the root mean square error (RMSE) of the tracking
errors. Then, the parameter K, is adjusted to ensure rapid
convergence of the estimation error of the faulty coefficient
I’ while limiting overshoot to within 5% and avoiding
high-frequency oscillations. The detailed control parameters
of  the ITAFTC strategy are  provided  as:
k,, =diag(36,35,5), k,.=diag(1.0,1.0,0.2), a,=
diag(5.4,6.2,5.0),and K,=0.1.

Ground bench experiments of attitude tracking are
conducted on a testbed. The incorporated onboard autopilot is
equipped with an 80 MHz ARM processor and a six-axis
inertial measurement unit, ensuring precise data acquisition
and rapid response. Given the discrepancies between the
mathematical models and the actual CTR-eVTOL system on
the testbed, the CTR-eVTOL's initial task is to stabilize its
attitude. Subsequently, an attitude tracking experiment is first
conducted for the roll angle ¢ : the reference signal in the roll
channel is set to 20°, while the reference signals for the pitch
and yaw channels are set to 0°. At 14.48s, a 100% LOE
fault is injected into the rotor 2# and the experimental
results in the roll channel are shown in Figure 4(c). Then, the
same maneuver in the roll channel is executed by using AC

and ASMC controllers, respectively. Similarly, experiments in

the pitch and yaw channels are conducted, as shown in
Figures 5 and 6. A 100% LOE fault is injected into the
CTR-eVTOL during these experiments.

C T2 A 1 T i T B
20 \ ——Ref ! t=14.12s
2 ——AC | 100%LOE
< 10 I
= o L] 518
0 -
‘ : R V- ‘
02468 t(s) 10 12 14 16 18 20
(a) Adaptive controller.
C T T Aaa T T T T T ]
7 =R vy t=13.91s | I
S 1ol [=—asMc 100%LOE ! J
"% I| 440 |
0 I
1 L 1 L A L L ]
02468 t(s) 10 12 1471 16 18 20
(b) ASMC controller.
201 = ] : ‘ —I‘{ef b
= t=14.48s i ——IIAFTC
L 10F 100%LOE 1 E
~ ! o
: : 0.99
0 1 L 1 11 T L
02468 t(s) 10 12 14 T 18 20

(¢) IIAFTC strategy.
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02468 t(s) 10 12 14 16 18 20

(d) Faulty coefficient estimation of the [IAFTC strategy.
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(e) PWM signals of the ITAFTC strategy.

Figure 4. Experimental results of attitude tracking for ¢ .
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[ . i
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02468 t(s) 10 12 14 16 18
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(c) ITAFTC Strategy_ ASMC 4.400, 3.140, 2.24°
RMSE
foor i VAT VA ] ITAFTC  1.28°(]3.0%),1.17° ({17.0%), 1.11° (1 12.6%)
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Figure 5. Experimental results of attitude tracking for 6.
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Figure 6. Experimental results of attitude tracking for .

Table 1. Comparison results of experiments.

Max offset
ITAFTC  0.99° (|77.5%), 1.00° (168.2%), 1.61° (|28.1%)
AC 5.18°,5.63°,5.21°

Critical performance indices, including settling time,
RMSE, and the max offset induced by an LOE fault, are
summarized in Table 1. The designed IAFTC strategy
exhibits enhanced transient performance and stability in the
presence of an LOE fault. For instance, in the direction ¢ ,
the maximum offset of the proposed strategy is 0.99°, which
is 77.5% less than that of the ASMC, and the RMSE decreases
by 17.0% in direction 6 . Furthermore, the estimated faulty

coefficient I, can converge to its true value I, as

illustrated in Figure 4(d), which is consistent with the
theoretical results in Theorem 1.

The above quantitative comparison demonstrates that the
CTR-eVTOL equipped with the proposed IIAFTC strategy
presents superior attitude tracking performance compared to
other methods.

To further verify the effectiveness of the proposed
strategy under partial LOE faults, ground bench experiments
are conducted with gradually increasing partial LOE faults
(30%, 60%, 100%). The attitude tracking and faulty
coefficient estimation results are shown in Figs. 7-9, where
the yellow area indicates a 30% LOE fault injected into rotor
2# , the pink area indicates a 60% LOE fault, and the red area
indicates a 100% LOE fault. The experimental results
demonstrate that the proposed IIAFTC strategy realize the
estimation of the faulty coefficient and achieve attitude

stabilization under multi-stage LOE faults.
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(b) Faulty coefficient estimation of the IIAFTC strategy.

Figure 7. Experimental results under partial LOE fault for ¢ .
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Figure 8. Experimental results under partial LOE fault for 6.
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Figure 9. Experimental results under partial LOE fault for ).

5. Conclusions

Under an LOE fault in one rotor, a nonlinear rigid-body
dynamic model of the CTR-eVTOL is developed, explicitly
accounting for the coupling effects between the upper and
lower rotors within each CTR module. Based on the unique
configuration of the CTR-eVTOL, an IIAFTC strategy is
designed to compensate for the impact of LOE faults. This
strategy ensures the convergence of the estimation error for
the faulty coefficient and enables accurate attitude tracking
with RMSE < 1.3°. The strategy outperforms traditional
adaptive controllers with a 10.5% reduced RMSE and
adaptive sliding mode controllers with a 3.0% reduced RMSE
in the roll channel. In addition, ground bench experiments
with gradually increasing partial LOE faults are also
conducted. Currently, the strategy targets single-rotor LOE
faults. Future work will focus on handling simultaneous faults

and conducting outdoor flight validation.
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