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Abstract

As Urban Air Mobility (UAM) operates in complex and unpredictable environments, robust control strategies are
crucial for handling model uncertainties, external disturbances such as urban wind gusts and potential actuator
faults. To address these challenges, this paper proposes a Disturbance Observer-based Adaptive Nonsingular
Terminal Sliding Mode Control (DOB-based ANTSMC). The proposed strategy utilizes a Disturbance Observer
to effectively compensate for uncertainties and disturbances, while employing an adaptive law to mitigate
chattering in the control input. Simulation results demonstrate that the proposed method achieves superior
tracking performance and robustness compared to PID and Super-Twisting Algorithm (STA).
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1. Introduction

Recently, Urban Air Mobility (UAM) has emerged as a next-generation transportation system with the
potential to overcome the limitations of conventional road transportation systems and significantly im-
prove the efficiency of urban mobility. Notably, tiltrotor eVTOLs have emerged as a key UAM platform
by combining VTOL capabilities with high-speed cruising efficiency [1]. However, their nonlinear aero-
dynamic coupling and limited control redundancy make them highly vulnerable to attitude degradation
under actuator faults, especially compared to conventional UAVs [2].

Moreover, when operating in complex urban environments, they are exposed to unpredictable distur-
bances, such as sudden wind gusts between buildings, alongside unexpected actuator faults that can
cause a severe loss of control. Therefore, designing robust and fault-tolerant control (FTC) strategies
is essential [3], 2]. Sliding Mode Control (SMC) has been extensively studied in the aerospace field
due to its strong robustness against model uncertainties and external disturbances [1, 4]. However,
conventional SMC has two major limitations. First, the discontinuous nature of the control input in-
duces high-frequency oscillations, known as chattering, which can cause actuator wear and degrade
system stability. Second, it generally guarantees only asymptotic convergence, meaning the system
state cannot reach the final equilibrium point in finite time [5].

Various approaches have been proposed to overcome these limitations. For instance, higher-order
sliding mode control (HOSMC) mitigates chattering but often requires higher-order derivatives, thereby
amplifying measurement noise and increasing tuning complexity [5, 6l [7]. Other chattering reduction
techniques frequently result in a trade-off between robustness and tracking accuracy [5, 8]. Alter-
natively, Terminal Sliding Mode Control (TSMC) guarantees finite time convergence but is inherently
limited by a singularity problem near the equilibrium point [9]. While Non-singular Terminal Sliding
Mode Control (NTSMC) overcomes this limitation [10], suppressing large-amplitude disturbances with
a single controller requires excessively high switching gains, leading to chattering [4].
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Integrating a Disturbance Observer (DOB) mitigates this issue by actively estimating and compensat-
ing for lumped disturbances, allowing the switching gain to remain relatively low [11]. Nevertheless,
the application of DOB-based adaptive NTSMC to tiltrotor eVTOLs under combined urban wind gusts,
aerodynamic uncertainties, and actuator loss-of-effectiveness scenarios has underexplored.

This paper proposes a Disturbance Observer-based Adaptive Nonsingular Terminal Sliding Mode
Control (DOB-based ANTSMC) strategy. The proposed control architecture integrates three key
mechanisms: First, a nonsingular terminal sliding surface eliminates the singularity problem of con-
ventional TSMC and ensures rapid finite time convergence. Second, an adaptive law adjusts the
switching gain in real time based on the error state, maintaining robustness while minimizing chat-
tering without prior knowledge of disturbance upper bounds [8]. Third, a DOB actively estimates and
compensates for sudden environmental disturbances and actuator loss of effectiveness (LOE), sig-
nificantly reducing the control effort required from the switching control term and enhancing overall
robustness [11].

The main contributions of this paper are summarized as follows:

» A DOB-based ANTSMC framework is designed and applied to a quad-tiltrotor eVTOL operating
in environments subject to urban wind gusts and aerodynamic uncertainties.

» Through the combination of the DOB and the adaptive law, finite time convergence is achieved
while effectively suppressing chattering, even without prior knowledge of the disturbance upper
bounds.

» The FTC performance under an actuator loss of effectiveness (LOE) scenario is verified via nu-
merical simulations, and its mathematical stability is strictly proven based on Lyapunov theory.

2. Dynamics Modeling
2.1 Quad-tiltrotor eVTOL Flight Dynamics

Table 1 — Specification of Quad-Tiltrotor eVTOL

Specification Mass Wing Area Ly Ly I
Value 40 [kg] 1.885[m?] 8.2[kg-m?] 9.9 [kg-m?] 19.724 [kg-m?]

NED

Figure 1 — Configuration of Quad-Tiltrotor eVTOL
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The force and moment equations, incorporating aerodynamic effects and rotor thrusts, are defined
as in Equations (1)-(6).

= %PVZSCX‘F(Tfl + Ty + Ty3 + Tp4) cos(§) (1)

= %pvzscy (2)

F = %PVZSCZ + (Tr1 + Tra+ Ty3 + Tya) sin(C) (3)

M, = ;pV2SbC1 + (Ty2 — Ty1)sin(8) Sy, , + (Tya — Ty3)sin(8) Sy, , + (=Ty1 +Typ + T3 — Tya)cos(8)  (4)
M, = %szSCmc - (Tpy + Ty)sin(8)8, . — (Tp3 + Tya)sin(£) 6 (5)

M, = %PVszCn + Ty — Tyo — Tyz + Tya) sin(§) (6)

Here, p denotes the air density, V is the flight speed, S is the wing area, and { represents the rotor
tilt angle. In addition, 7y; and 7,; denote the thrust and reaction torque of the i-th rotor, respectively.
The nonlinear dynamic model of the quad-tilirotor eVTOL is derived from its aerodynamic and dy-
namic parameters. Subject to external wind gusts, aerodynamic uncertainties, and actuator LOE
faults, the system dynamics can be expressed in the following control-affine system:

X=f(x) +glx)u(r) +d(1) (7)

where f(x) represents the nominal nonlinear system dynamics, and g(x) is the control effectiveness
matrix. The term d(¢) denotes the lumped disturbance, accounting for aerodynamic uncertainties,
urban wind gusts, and actuator LOE faults. State vector x and the control input vector u are defined
as follows:

x:[u,v,w,p,q,r,(]),e,l//]T (8)
u= [Sthra 5aila 8@1@7 5rud]T (9)

2.2 Actuator LOE Fault Model

Due to long-term operation or unexpected physical damage, a LOE fault may occur, where a specific
rotor motor fails to generate the commanded thrust 7.;. The actual thrust Ty; generated by the rotor is
modeled as follows:

Ty = niTei (10)

where 1); is the effectiveness factor of the rotor. 1; = 1 indicates a healthy, nominal state, while
0 < n; < 1 represents a partial loss of thrust fault. In this study, focusing on longitudinal control,
we consider a scenario with simultaneous faults occurring in the forward rotors 7y, and Ty,. This
condition results in an abrupt loss of the pitching moment M,, inducing a severe nose-down instability.
Consequently, this fault acts as a critical internal disturbance that significantly degrades overall control
performance.

3. DOB-based ANTSMC Framework

This section proposes an integrated control framework to achieve robust longitudinal attitude control
of the quad-tiltrotor, even in the presence of the lumped disturbances defined in Section 2. The pro-
posed controller consists of two components: a linear DOB that estimates disturbances in real-time,
and an Adaptive NTSMC designed to compensate for estimation errors and system nonlinearities.



DOB-based Adaptive NTSMC for FTC of Quad-tiltrotor eVTOL

Adaptive NTSMC

® Quad — Tiltrotor | |

1 b
* Ao ST Dynamics
/
»
{ !
! DOB ]

Figure 2 — Block diagram of the DOB-based ANTSMC
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Figure 3 — Structure of the proposed DOB

Handling disturbances using an SMC alone requires excessively large switching gains, which in-
evitably induce severe chattering and impose physical strain on the rotor actuators. To prevent this
and maximize control robustness, this study integrates a DOB within the control loop to estimate and
actively compensate for disturbances in real time. Crucially, DOB offers the significant advantage of
effectively suppressing time-varying disturbances while maintaining the normal performance of the
baseline control system in the absence of disturbances.

The nominal linear model of the longitudinal pitch dynamics, denoted as P,(s), and the Q-filter Q(s),
which is designed for sensor noise filtering and the practical implementation of the nominal model’s
inverse P, !(s), are defined as follows, respectively:

_ 6 _ CM&E
Pn(s) - 861e - Iyysz (1 1)
2
a)n
Qls) = 52+ 2 @, + 2 (12)

Based on the structure shown in Fig. 3, the DOB actively estimates the disturbance using P, ! (s) and
O(s) to generate a direct compensation input for the system. Accordingly, the disturbance estimate d
and the required control input upop to reject this disturbance are formulated as follows:

d=Q(s) (P, (5)6(s) ~uc(s)), upop=—d (13)
Through this compensation mechanism, the DOB actively rejects the majority of the lumped distur-
bances. Consequently, the baseline controller only needs to handle the estimation error d =d —d and
any residual uncertainties. This significantly reduces the required switching gain, thereby alleviating
chattering while preserving robustness.
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3.2 Adaptive NTSMC Design

To overcome the singularity problem inherent in conventional TSMC and ensure finite time conver-
gence, the sliding surface of the proposed SMC is designed as follows, defining the tracking error as
e=6—0,, [10].

s:e+;|é]p/qsign(é)+/ledt (14)

Here, B >0 and A > 0, and p and ¢ are positive odd integers satisfying 1 < p/q < 2. Taking the
time derivative of the sliding surface and defining the nonlinear term as I' = ;2 ¢|(”/4)"!, the system
dynamics are expanded as follows.

s=é+Té+Ae=e+T(F(x)+Gi(x)u—i+d(t))+Ae (15)

The total control input required to force the system states onto the sliding surface s = 0 consists of
the sum of the equivalent and adaptive control input.

U = Ueq + Uadaptive (1 6)

Here, the equivalent control input is designed to guarantee system stability using the nonlinear sys-
tem matrices derived from the model. The adaptive control input is designed to compensate for
model uncertainties and disturbances, incorporating adaptive gains /; based on the state variables
as follows:

lteg=G1(x) ' (F—F(x) —T"'e—~T"'le —T"'Ksign(s)) (17)

Uadaptive = =G ()C)il (ilO +i:ll ‘X‘ + ilz‘X|2) Sign(s) (1 8)

To prove the stability of the proposed controller, the following Lyapunov candidate function V is de-
fined [8].
1
- h2 (19)
2 IZ(') Yi
where h; = h; — h; represents the estimation error of the adaptive gains, and 7; is a positive adaptive
gain constant. Differentiating V with respect to time and substituting the previously designed control
input u results in the following:

2

. ~ ~ ~ 1.2

V =—K|s|+Td(t)s =T (ho + hi|x| + ha|[*) |s| =} yh ihi (20)
i=0

Using the assumed upper bound of the disturbance |d(t)| < ho + h |x| + ha|%|?, the inequality can be
rewritten as

. ~ ~ ~ 1~ =x
V < —K|s|+T(ho+ hy|x| + ha|2]*)|s| — T'(ho + hu|x| + ha|%]?)[s| — Z?h ihi
0 1

(21)
~ 1 x ~ 1 x ~ A
= —K|S| + hy <F|S| — ho) +h <F|x||s| — ]’11> +hy <F|X|2|S’ — hz)
Y h Y2
To guarantee negative definiteness while preventing parameter drift near the sliding surface, the
adaptive laws are defined as follows:

2 I if >
hO _ Y |S| I ’S| =€ (22)
0 if [s| <€
A I if >
b [Tl it e 9
0 if |s| <€
A |2 i >
b [TRPH] > o4
0 if |s| <e
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Where ¢ > 0 represents the boundary layer width. Substituting these adaptive laws into the Lyapunov
derivative, the complete cancellation of the estimation error terms occurs for |s| > €.

V < —K|s| <0 (25)

Consequently, since V < 0 is guaranteed outside the deadzone (|s| > €), it is mathematically proven
that the proposed controller ensures robust stability, driving the state variables to the boundary layer
of the sliding surface within a finite time.

4. Simulation
4.1 Simulation Setup and Scenarios

To validate the performance of the proposed DOB-based ANTSMC framework, flight simulations
were performed using a 6-degree-of-freedom (6-DOF) quad-tiltrotor dynamic model in the MAT-
LAB/Simulink environment. The physical parameters of the aircraft used in the simulation correspond
to the specifications detailed in Table 1. To objectively evaluate the performance of the proposed
method, a conventional PID controller and a Super-Twisting Algorithm (STA)-based SMC were se-
lected as comparative baselines [12, 13].

To replicate the uncertainties likely to be encountered in actual urban flight environments, aerody-
namic parameter uncertainties and an urban wind gust model were introduced as baseline distur-
bances across all simulations. Additionally, to verify the FTC capabilities of the proposed controller,
the following two simulation scenarios were established:

» Scenario 1: Evaluates the nominal tracking performance in the presence of time-varying dis-
turbances and model uncertainties throughout the entire flight.

» Scenario 2: Under the same disturbance conditions as Scenario 1, this scenario assumes
a simultaneous 30% loss of effectiveness in the two forward rotors at + = 30 s, which directly
impacts the longitudinal control.

4.2 Results and Discussion

The simulation results under complex disturbances and actuator fault conditions are presented in
Figs. 4—6 and Tables 2-3.

Fig. 4 illustrates the simulation results for Scenario 1, which involves urban wind gusts and model
uncertainties. Regarding pitch angle tracking, all three controllers successfully follow the reference
trajectory. Notably, the proposed ANTSMC exhibits the most stable response and the lowest error
amplitude. Furthermore, the comparison of the ruddervator control inputs demonstrates that the STA
exhibits severe high-frequency chattering, whereas the ANTSMC generates a smooth control action
while maintaining strong robustness. In the sliding surface plot, the ANTSMC rapidly converges to
the sliding manifold and remains stable, whereas the STA exhibits a slower convergence rate with
minor chattering.

Regarding the disturbance estimation performance of the DOB, a comparison between the actual
disturbance d and the estimated disturbance d shows an estimation error during the initial transient
response period (¢t ~ 0 ~ 15s). This error is attributed to the temporary discrepancy between the
nominal model and the actual plant dynamics during reference maneuvering. However, after ¢ ~ 20 s,
the DOB accurately tracks the wind gust profile. This active compensation provides the basis for
maintaining the switching gain of the ANTSMC at a low level.

Fig. 5 presents the simulation results for Scenario 2, where an actuator fault is introduced at r = 30 s,
in addition to the disturbance conditions of Scenario 1. Even at the exact moment of fault occurrence,
the ANTSMC minimizes error fluctuations and rapidly recovers to the reference trajectory within a
finite time. This rapid recovery is achieved by immediately compensating for the loss of pitching
moment induced by the fault, which is facilitated by combining the active disturbance compensation
of the DOB with the adaptive law.

Fig. 6 compares the phase portraits of the STA and the proposed ANTSMC. While the trajectory
of the STA exhibits a broader path during its convergence to the origin (e = 0,¢ = 0), the ANTSMC
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Figure 4 — Simulation results of PID, STA and ANTSMC (Scenario 1)
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Figure 5 — Simulation results of PID, STA and ANTSMC (Scenario 2)
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Figure 6 — Phase Portraits of the Tracking Error

converges to the origin rapidly and stably. This substantiates that the Lyapunov stability theory proven
in Section 3 is mathematically valid in the numerical simulations as well.

To quantitatively compare the tracking precision and control efficiency of each controller, the Root
Mean Square Error (RMSE), Mean Absolute Error (MAE), and Total Variation (TV) were computed.
The corresponding performance metrics are defined as follows:

N—1

1 ¥ —
MAE:N;W, TV:;|M1'+1_W| (26)

Table 2 — Quantitative Performance Comparison (Scenario 1)

Performance,  RMSE [deg] MAE [deg] TV [deg]
Controller w/o DOB | w/ DOB | w/o DOB | w/ DOB | w/o DOB | w/ DOB
ANTSMC 0.0468 | 0.0368 | 0.0343 | 0.0183 | 1304.65 | 1606.10
STA 0.1258 | 0.0556 | 0.0420 | 0.0199 | 2986.28 | 3844.32
PID 0.2234 | 0.1332 | 0.1817 | 0.0621 | 324.09 | 334.20

Table 3 — Quantitative Performance Comparison (Scenario 2)

Performance,  RMSE [deg] MAE [deg] TV [deg]
Controller w/o DOB | w/ DOB | w/o DOB | w/ DOB | w/o DOB | w/ DOB
ANTSMC 0.0447 | 0.0366 | 0.0308 | 0.0179 | 1330.71 | 1628.17
STA 0.1258 | 0.0556 | 0.0422 | 0.0201 | 3884.20 | 4495.28
PID 0.2487 | 0.1333 | 0.2040 | 0.0620 | 320.06 | 329.09

Tables 2 3, and Fig. 7 present the overall quantitative comparison results, with Fig. 7 visually high-
lighting the significant RMSE reduction achieved by applying the DOB. The analysis indicates that
the proposed ANTSMC achieved the highest tracking precision in both scenarios. In Scenario 1, the
ANTSMC reduced the RMSE by approximately 72.4% compared to the PID controller and by 33.8%

8
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Figure 7 — RMSE Comparison of Controllers (Scenario 1 & 2)

compared to the STA. In Scenario 2, it reduced the RMSE by approximately 72.5% compared to the
PID, demonstrating exceptional FTC performance.

Notably, the RMSE and MAE of the ANTSMC were nearly identical between Scenario 1 and Sce-
nario 2. This is interpreted as the complementary action of the proactive disturbance compensation
by the DOB and the compensation of residual uncertainties by the adaptive law, which effectively
suppresses any degradation in control performance despite the fault occurrence.

Regarding control efficiency (TV), although the PID controller recorded the lowest TV among the
three controllers, its significantly higher RMSE and MAE illustrate a clear trade-off between tracking
precision and control effort. In contrast, the ANTSMC reduced the TV by approximately 63.8% com-
pared to the STA in Scenario 2 while simultaneously achieving the highest tracking precision. This
confirms its ability to maximize tracking performance while minimizing the actuation effort exerted on
the rotor actuators.

5. Conclusion

This paper proposed a DOB-based ANTSMC framework to ensure the flight safety and reliability
of quad-tiltrotor eVTOL aircraft operating in urban environments. The proposed control architecture
overcomes the limitations of conventional methods by integrating three core mechanisms. First, by
designing a nonsingular terminal sliding surface, the singularity problem inherent in traditional TSMC
was eliminated, and finite time error convergence was guaranteed. Second, a DOB integrated into
the control loop estimated and actively compensated for lumped disturbances—such as aerodynamic
uncertainties, urban wind gusts, and actuator LOE faults—in real time. Third, by introducing an adap-
tive law that adjusts in real time according to the tracking error, chattering was effectively mitigated
while maintaining robustness, even without prior knowledge of the disturbance upper bounds.

The effectiveness of the proposed method was verified through MATLAB/Simulink-based longitudinal
flight simulations. Under a complex scenario involving urban wind gusts and a 30% loss of effective-
ness in the forward rotors, the proposed DOB-based ANTSMC demonstrated exceptional tracking
precision and FTC performance, reducing the RMSE by approximately 72.5% compared to the PID
controller under the same DOB conditions. Furthermore, when compared to the STA, the proposed
method reduced the TV of the control input by approximately 63.8%. This confirmed that the pro-
posed framework can effectively maintain tracking performance while minimizing the actuation effort
required by exertion on the actual rotor actuators.

The results of this study can be utilized as a core control technology to realize the safe urban flight
of UAM vehicles, even under complex weather conditions and unexpected system faults. In future
work, we plan to extend the proposed longitudinal control framework to lateral and directional (Lat-
eral/Directional) dynamics and apply it to a full 6-DOF flight model to verify its fault-tolerant perfor-
mance during 3D complex maneuvers and transition flight phases. Additionally, subsequent research

9
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will involve Processor-in-the-Loop (PIL) simulations and actual flight tests to validate the computa-
tional efficiency and real-world applicability of the proposed control strategy on an embedded flight
controller.
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