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ABSTRACT
This paper proposes a novel integrated robust control framework tailored for folding-wing aircraft during large-angle morphing 

maneuvers. The morphing process induces severe nonlinearities, strong coupling between wing kinematics and vehicle dynamics, 
and significant time-varying shifts in the center of gravity and aerodynamic characteristics, posing substantial challenges to flight 
stability. To address these issues, a two-time-scale hybrid control architecture is developed: a robust sliding mode controller 
(SMC) governs the fast inner-loop attitude dynamics to counteract model uncertainties and disturbances, while a well-tuned 
proportional-integral-derivative (PID) controller manages the slower outer-loop trajectory variables, such as altitude and velocity. 
A high-fidelity multi-body dynamic model is derived from first principles using Newtonian mechanics, fully accounting for 
morphing-induced inertial and aerodynamic variations. Extensive closed-loop simulations validate the approach, achieving stable 
transitions with altitude errors within ± 1.5 m, velocity errors below ± 1.8 m·s-1, and settling times under 50 seconds – even under 
± 20% perturbations in aerodynamic coefficients. To the best of the author’ knowledge, this is the first implementation of a hybrid 
SMC–PID strategy specifically designed for large-scale rigid-body wing reconfiguration, offering a practical and theoretically 
grounded pathway toward deployable morphing aircraft systems.
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INTRODUCTION

Morphing aircraft can adaptively alter their aerodynamic configuration to enhance flight performance across diverse flight 
phases and mission profiles (Bai et al. 2020; Umar et al. 2025; Dai et al. 2021; Liu et al. 2019; Nie and Zhou 2021; Peng et al. 
2019; Takarics et al. 2020; Zhen et al. 2017; Zhu et al. 2017). These aircraft offer multi-objective adaptability, resulting in a wider 
flight envelope and higher combat effectiveness compared to conventional fixed-wing aircraft (Moorhouse et al. 2006). Recent 
research has explored various morphing strategies and control co-design approaches, such as the simultaneous stochastic redesign 
of autopilot, powerplant, and tail surfaces for performance enhancement (Özgür et al. 2025; Yesilbas et al. 2025), active rotor 
morphing for helicopter control energy savings (Oktay and Sultan 2014), and minimum-energy control for tiltrotor aircraft 
(Oktay 2014). Optimization techniques such as simultaneous perturbation stochastic approximation have also been employed to 
co-design morphing mechanisms and proportional-integral-derivative (PID) controllers for quadcopters (Kose et al. 2023) and 
vertical take-off and landing (VTOL) unmanned aerial vehicles (UAVs) (Kocamer et al. 2025). 

This paper focuses on the modeling and control design for folding-wing aircraft, a specific class of morphing aircraft in which 
the wing-folding process involves significant rigid-body motion of the wing structure. As wing configurations and aerodynamics 
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vary on a large scale, substantial variations in the dynamic response and kinetic parameters occur. In addition, the folding-wing 
aircraft takes a long time to reach a new equilibrium flight state without active control. Consequently, the flying qualities and flight 
safety of the folding-wing aircraft may deteriorate significantly. Therefore, a robust flight controller is needed to guarantee stability 
and smoothness during the morphing process. During the wing-folding process, the aircraft’s configuration and aerodynamics 
undergo large-scale variations, leading to substantial changes in kinetic parameters. Furthermore, the folding-wing aircraft requires 
considerable time to reach a new equilibrium flight state without active control. This can lead to significant deterioration in flying 
qualities and safety during the morphing process, necessitating a robust flight controller to ensure stability and a smooth transition.

Current research on controllers designed to ensure a smooth and stable wing transition is primarily based on gain-scheduling 
control methods, in which controller parameters are varied according to the changing aerodynamics and structural properties 
during the morphing process (Apkarian et al. 1995; Wu et al. 2013). However, this approach cannot guarantee global stability and 
robustness due to imprecise aerodynamic modeling in the transition phase and the strong coupling between mass distribution and 
wing configurations (Yue and Wang 2013). Similarly, model predictive control (MPC), while effective for constrained optimization, 
faces substantial computational demands when applied to the high-dimensional, nonlinear models required for folding-wing aircraft. 

Given these challenges associated with model uncertainties, strong parameter variations, and the lack of global stability 
guarantees in existing gain-scheduling- or MPC-based approaches, this paper proposes a practically implementable, two-loop 
integrated robust flight controller that uniquely leverages the complementary strengths of sliding mode control and PID control. 
The key novelty lies in the explicit separation of control responsibilities based on time-scale dynamics and model fidelity: the sliding 
mode controller (SMC) handles the highly uncertain, fast-changing inner-loop dynamics during morphing, while PID regulates 
the slower, more predictable outer-loop flight-path variables. The field has seen advancements in diverse morphing strategies 
(Apkarian et al. 1995; Peng et al. 2019) and robust control methods for handling parameter variations (Bai et al. 2020; Nie and 
Zhou 2021; Zhen et al. 2017). However, a control strategy explicitly designed for the two-time-scale challenge of large-angle, rigid-
body morphing remains underexplored. This work addresses this gap by proposing a novel hybrid SMC-PID architecture. Its core 
novelty lies in the explicit, principle-based allocation of robust SMC to the fast, uncertain inner-loop dynamics and stable PID to 
the slower outer loop, ensuring smooth and stable transitions despite significant model uncertainties arising from the morphing 
process. In addition, an application is presented for a hybrid robust control framework specifically tailored to the longitudinal 
dynamics of folding-wing aircraft undergoing large-angle wing reconfiguration.

Longitudinal model of the folding-wing aircraft

Modeling by Newtonian mechanics
The folding-wing aircraft is a multibody dynamic system during the wing-folding process. Newtonian mechanics is used to 

model the multibody dynamics of this aircraft. The wing of the folding-wing aircraft consists of an inner wing and an outer wing. 
The inner wing is fixed on the fuselage of the aircraft, and the outer wing can be folded upward around its shaft, which is parallel 
to the fuselage axis by 60° using an actuator. Its configuration is shown in Fig. 1.

Source: Elaborated by the author.

Figure 1. Configuration of the folding-wing aircraft.
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Source: Elaborated by the author.

Figure 2. Coordinate systems.

The center of gravity (CG) of the folding-wing aircraft changes along the fuselage axis due to the movement of the outer wing. 
In this paper, origin of the body coordinate system b b b bo x y z is set at the CG of the morphing aircraft in the wing fully extended 
wing configuration, and the ground coordinate system is denoted as g g g go x y z . The folding-wing aircraft structure can be divided 
into the fuselage, inner wing, and outer wing, whose CG is expressed as ic  ( i =1,…, n), as shown in Fig. 2.

The momentum p  and moment of momentum H in the body coordinate system b b b bo x y z can be expressed as:

                                                                 	 (1)

where S is the static moment vector, m is the mass of the whole aircraft, im  represents the mass of each part of the morphing 
aircraft, and I is the moment of inertia about the centroid of the aircraft, that is: 
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The origin of the body coordinate system does not always locate at the CG of the folding-wing aircraft during the wing-folding 
process. According to the dynamics of multibody systems (Shabana 2020),

                                                                                              	 (3)
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                                                                                        	 (4)

By Eqs. 2 and 3, the dynamic equations of the folding-wing aircraft in vector form can be expressed as:

                                                                       

 	 (5)

                                                

 	 (6)

In Eq. 6, F and M are the force and torque vectors acting on the aircraft, ω represents the rotational angular velocity of 
the body coordinate relative to the ground coordinate, and S is the static moment vector. A detailed list of all symbols and their 
units is provided in Tables 1 and 2.

Table 1. Roman symbols.

Symbol Description Units

α Angle of attack rad

αc Angle of attack command rad

αα Power of α  loop switching gain function -

αq Power of q  loop switching gain function -

βq Switching gain -

δe Elevator deflection rad

ε Boundary layer thickness -

θ Pitch angle rad

ωα Parameter of α  loop switching gain function -

ωq Parameter of q  loop switching gain function -

ω Angular velocity rad·s-1

Source: Elaborated by the author.

Table 2. Greek symbols.

Symbol Description Units
c Wing chord m
cα Sliding surface slope of α  loop -
cq Sliding surface slope of q  loop -
CL Lift coefficient -
CD Drag coefficient -

Continue...
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CM Pitch moment coefficient -
CL0 Lift coefficient at aero lift -
CD0 Drag coefficient at aero lift -
Cm0 Pitch moment coefficient at aero lift -
CLα Lift coefficient relative to the angle of attack -
CLV Lift coefficient relative to the airspeed -
CLq Lift coefficient relative to the pitch rate -
CLαe Lift coefficient relative to the derivative of the angle of attack -
CLδe Lift coefficient relative to the elevator deflection -
CDα Drag coefficient relative to the angle of attack -
CDV Drag coefficient relative to the airspeed -
Cmα Pitch moment coefficient relative to the angle of attack -
CmV Pitch moment coefficient relative to the airspeed -
D Aerodynamic drag N

DH Altitude PID derivative gain rad·s·m-1

DV Velocity PID derivative gain N·s·(m-1·s)

Δff Uncertainty of pitch rate dynamics -

Δfs Uncertainty of α  dynamics -
F Aerodynamic force N
g Gravitational acceleration m·s-2

H Moment of momentum N·m·s
Hc Altitude command m
H Altitude m
I Moment of inertia kg·m²

IH Altitude PID integral gain Rad·(m·s)-1

IV Velocity PID integral gain N·m-1

L Aerodynamic lift N
Lq Bound of pitch rate dynamics uncertainty -
Lα Bound of α loop dynamics uncertainty -
M Torque N·m
MA Aerodynamic torque N·m
Mα Mach number -
MT Thrust torque N·m

My-δe Pitch torque in addition to the elevator Nm

ΔM Pitch torque uncertainty Nm

ΔMmax Pitch torque uncertainty bound Nm
N Coefficient of the approximate differentiator Hz
p Momentum N·s

PH Altitude PID proportional gain rad/m
PV Velocity PID proportional gain N·(m-1·s)
q Pitch rate rad·s-1

qc Pitch rate reference command rad·s-1

S Static moment kg·m
S* Static moment component in the axis of the body coordinate kg·m
S Laplace operator -
Sq Sliding surface of q  loop -
Sα Sliding surface of α  loop -
T Thrust N
Tc Thrust command N
V Airspeed m·s-1

Vc Speed command m·s-1

V* Airspeed in the axis of the body coordinate m·s-1

Source: Elaborated by the author.

Continuation.
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Only the longitudinal responses in the wing-folding process are considered. By simplifying Eq. 4, 

                                                                            

	 (7)

In Eq. 7, V is the airspeed and S is the static moment. Their subscripts represent the components of the vectors on each axis 
of the body coordinate system.

The force and torque on the left side of the equation can be simplified by ignoring the second-order small terms. Consequently, 
they are expressed as:
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where α is the angle of attack, θ is the pitch angle, Tϕ is the angle of engine installation, , ,D L T are drag, lift, and thrust, and 
,A TM M are the torques generated by the aerodynamics and thrust.

Longitudinal aerodynamic model
The wing-folding process causes unsteady aerodynamic forces, which are difficult to calculate precisely. Therefore, an engineering 

approximation of unsteady aerodynamics based on recent research is used.
Yue and Wang (2013) demonstrated that drag, lift, and pitch moment coefficients under different folding angular velocities 

exhibit only minor deviations from steady-state values and vary approximately linearly with the wing-folding angle. This finding 
implies that dynamic responses caused by unsteady aerodynamics during wing folding can be reasonably neglected for control 
design purposes. 

Building upon this quasi-steady assumption, the longitudinal aerodynamic coefficients during the wing-folding process are 
modeled as linear interpolations between the fully extended and fully folded configurations. This approach provides a computationally 
efficient yet sufficiently accurate representation for control design purposes, expressed as:

                                                            

 	 (9)

where 0DC , 0LC and 0mC are the drag, lift, and pitch torque coefficients at aero lift, q is the pitch rate, c  is the wing chord, and 

DC ∗ , LC ∗ , mC ∗  ("*" represents the subscripts "

Please replace the corresponding original text with the text below. 

 

where 0DC , 0LC and 0mC are the drag, lift, and pitch torque coefficients at aero lift, q is 

the pitch rate, c  is the wing chord, and DC  , LC  , mC   （“*” represents the subscripts 

“ ,  ,V , q , e ”）are the drag, lift, and moment non-dimensional coefficients of 

each variable, respectively 

 

") are the drag, lift, and moment non-dimensional coefficients 
of each variable, respectively. A detailed list of all symbols and their units is provided in Tables 1 and 2.

Design of the integrated flight controller
The folding-wing aircraft exhibits strongly nonlinear and time-varying behavior during morphing, compounded by model 

uncertainty arising from the quasi-steady aerodynamic approximation. To address this, an integrated flight control architecture 
grounded in time-scale separation is introduced – a principle that enables optimal allocation of control effort according to system 
dynamics and model reliability.
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The integrated flight control system is divided into outer loop and inner loop subsystems according to the time-scale separation 
principle. The inner loop, comprising the angle-of-attack (α) and pitch-rate (q) control channels, operates at a much faster timescale 
and is subject to significant unmodeled aerodynamic effects. Hence, SMC is employed in this loop to provide guaranteed robustness 
against bounded uncertainties – a core innovation of the design. In contrast, the outer flight-path loop, which commands altitude 
and velocity, evolves slowly and is less sensitive to high-frequency morphing-induced disturbances; thus, a well-tuned PID controller 
suffices and offers simplicity and ease of implementation. This hybrid SMC-PID structure represents a pragmatic yet theoretically 
sound solution that balances robustness, performance, and engineering feasibility. 

In this paper, the integrated control design is analyzed based on a speed- and altitude-holding task. The overall controller 
structure is shown in Fig. 3.

Source: Elaborated by the author.

Figure 3. Overall controller structure.

Sliding mode control design for q  loop
The q loop dynamic equation of the folding-wing aircraft can be modeled as the following nonlinear affine system. A detailed 

list of all symbols and their units is provided in Tables 1 and 2.

                                                                                
 	 (10)

where ( )e tδ  is the elevator deflection input, ( , )ff q t  is the nonlinear drift term in the pitch-rate dynamics, and ( )fg t  is the 
input gain function for pitch rate. ( , )ff q t and ( )fg t are calculated from the flight states, structure, and aerodynamic parameters 
of the folding-wing aircraft, and they can be expressed as follows:

                                                                 

 	 (11)

eyM δ− stands for the pitch torque generated by the whole aircraft in addition to the elevator. According to the preceding 
analysis, 

eyM δ− includes the uncertainty of the unsteady aerodynamics, which can be expressed as: 

                                                                                  
e ey yM M Mδ δ− −= + ∆  	 (12)

where 
eyM δ− is the nominal value of 

eyM δ− and M∆ is the bounded uncertainty (Yue and Wang 2013) . It satisfies maxM M∆ ≤ ∆ , 
where maxM∆ is a positive constant representing the uncertainty bound.
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The integrated control design problem is described as follows. Given a real-time commanded reference profile ( )cy t , a sliding 
mode control law is designed such that the system tracks the reference with bounded error despite modeling uncertainties. 
Therefore, the main task of the q  loop controller is to force the output signal q  to track the given reference command cq . This 
means the tracking error ( ) ( ) ( )ce t q t q t= −  should asymptotically approach zero:

                                                              
lim ( ) lim ( ) ( ) 0, 0ce t q t q t t

t t
= − → ∀ >

→∞ →∞
 	 (13)

The sliding surface is chosen t qs  as:

                                                                                        q qs e c edt= + ∫  	 (14)

where qc  is a positive constant, representing the sliding surface slope and determines the convergence rate.
Therefore, the dynamics of the system on the sliding surface are derived as follows.

                                                                  
 	 (15)

Rewrite the function ( , )ff q t considering the uncertainty: 

                                                                              ( , ) ( , )f f ff q t f q t f= + ∆  	 (16)

where ( , )ff q t  is the nominal value of ( , )ff q t  and ff∆  is the bounded uncertainty, which meets the following bound (Yue 
and Wang 2013):

                                                                                           f qf L∆ <  	 (17)

and qL  is a positive bound of the pitch rate dynamics uncertainty: 

                                                            	 (18)

Employ the following feedback control law

                                                       
 	 (19)

where qβ  is a positive definite switching gain function, designed to dominate uncertainty, and ( )sat ⋅ is the saturation function defined by:
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and ε  is the boundary layer thickness (a positive constant), which determines chattering reduction.
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The last term in Eq. 19 provides robustness against uncertainties through discontinuous switching action, and the other terms 
represent the equivalent control that cancels nominal dynamics.

This control law consists of continuous and switching components to reduce the amplitude of the switching control. Combined 
with the saturation function, it mitigates chattering in the closed-loop system (Khalil 2008). The saturation function creates a 
boundary layer of thickness ε  around the sliding surface, within which the control action becomes continuous linear feedback, 
effectively reducing high-frequency oscillations while maintaining robustness.

To prove that Eq. 14 is asymptotically stable under the control law in Eq. 19, the Lyapunov function is chosen as:

                                                                                         
21

2q qV s=  	 (21)

Its derivative is:

                                                        

 	 (22)

This indicates that the system is stable under the control law in Eq. 19. Moreover, the dynamics of the system on the sliding 
surface can be dominated by the qβ , as f qf L∆ −  is a small perturbation. In that case, the convergence rate of the state toward 
the sliding surface is: 

                                                                                         
 	 (23)

Therefore, it is possible to improve the response speed and quality of the system by designing qβ  without sacrificing stability. 
An appropriate convergence rate can reduce system chattering. The ideal convergence rate is designed such that the speed of the 
state point moving toward the manifold is large when far from the manifold and asymptotically zero when near it (Boiko 2008). 
Based on this idea, the sliding mode gain qβ  is designed as:

                                                                                   

2 1

2
q

q

q
q qs

α

α

ω
β

−
=  	 (24)

where qω is a positive gain and ( )0.5,1.0qα ∈ . They are tuned to achieve optimal trade-offs between response speed, stability 
margins, and control effort. The sliding mode gains were selected to satisfy the robustness condition q f qf Lβ > ∆ − while 
minimizing chattering.

Consequently, the control law for q  loop is:

                                                       
	 (25)
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Sliding mode control design for α  loop
Theα loop dynamic equation of the folding-wing aircraft can be modeled as the following nonlinear affine system:

                                                                                 
 	 (26)

where ( , )sf tα  is the nonlinear drift term of the angle-of-attack dynamics, and ( )sg t  is the input gain function of the angle-of-
attack dynamics:

                                                        

 	 (27)

According to the preceding analysis, L  includes the uncertainty from unsteady aerodynamics in the wing-folding process. 
Rewriting the function ( , )sf tα  to account for uncertainty:

                                                                               ( , ) ( , )s s sf t f t fα α= + ∆  	 (28)

where ( , )sf tα  is the nominal value of ( , )sf tα  and sf∆  is the bounded uncertainty, which meets the following bound:

                                                                                         sf Lα∆ <  	 (29)

and Lα  is a positive bound of α loop dynamics uncertainty.
Using the same method, the α loop-sliding surface sα  is chosen as: 

                                                                                      
s e c edtα α= + ∫  	 (30)

where cα  is the sliding surface slope of α  loop. Its derivative is:

                                                           

 	 (31)

Employing the same feedback control law, the following expression is obtained:

                                                     
 	 (32)
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Proportional-integral-derivative control design for the flight-path control loop
The outer loop of the flight control system is the flight-path controller, whose dynamic response is slower than that of the 

inner loop and is slightly influenced by the time-varying factors. Therefore, the outer-loop controller is built based on the 
classic PID control method. The structure of the outer-loop controller is shown in Fig. 4, where cH and cV are altitude and 
speed command signals.

Source: Elaborated by the author.

Figure 4. Structure of the outer loop controller.

The foundation of the outer-loop controller is to generate the angle-of-attack command α and thrust command cT  according 
to the reference signals of altitude and speed. Thrust and the angle of attack influence the speed and altitude directly. Therefore, 
the transfer functions of the PID controller are:
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 	 (33)
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 	 (34)

where cα , cT are the angle-of-attack and thrust command signals, HP , HI , HD , VP , VI , VD are the controller parameters to be 
designed, N  is the coefficient of the approximate differentiator, and S  is the Laplace operator.

Closed-loop simulation and verification
For the above integrated flight controller, the parameters are adjusted according to performance. The specific control system 

parameters are shown in Tables 3 and 4.

Table 3. SMC parameters.

ωq αq cq ωα αα cα
12 0.9 1 3 0.65 0.1

Source: Elaborated by the author.

Table 4. PID parameters.

PH IH DH PV IV DV
0.01 0 0.08 30 0 50

Source: Elaborated by the author.
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After specifying the control parameters, the closed-loop flight simulation of the folding-wing aircraft is required to verify the 
effectiveness and robustness of the control system.

Simulation of the wing-folding process
Three different trim points are simulated; they are 3000mH = , 0.6Ma = ; 5000mH = , 0.9Ma = and 8000mH = ,

1.3Ma = . At each trim point, the folding-wing aircraft is initially in straight-and-level flight, and its outer wing folds upward 
from 0° to 60°. Its dynamic response is shown in Fig. 5.

Source: Elaborated by the author.

Figure 5. Simulation result of the wing folding process.

In Fig. 5, foldθ is the wing-folding angle, q is the pitch angular velocity, and ( )∆ ⋅ means the increment relative to the initial 
trim value of each flight parameter.

The results show that after the morphing phase, the flight parameters approach a stable state within a short time (10 to 30 seconds), 
while speed and altitude are maintained at their initial values. Consequently, the integrated flight control system guarantees the global 
stability of the closed-loop system during the wing-folding process. Moreover, during the morphing phase, the pitch angular velocity 
varies within the range of -28 10× deg·s-1, the angle of attack varies within the range of -14 10× deg, and altitude and speed vary within 
the ranges of -16 10×  m and -29 10×  m·s-1, respectively, which are all minor changes. Therefore, the wing-folding movement has a 
negligible impact on flying qualities and safety under the regulation of the flight control system. The proposed integrated controller 
successfully achieves its primary objective: a smooth and stable transition from the unfolded to the folded configuration. 
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Verification of the robustness of the control system
As the effect of unsteady aerodynamics during the wing-folding process is ignored, the multibody dynamic model contains 

uncertainty. This uncertainty is represented by adding parameter perturbations when verifying the robustness of the control 
system. It is assumed that the perturbations of the force and torque coefficients are as follows.
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 	 (35)

where C′ is the perturbation value and C  is the nominal value.
The same simulation is run at the trim point 8000H = m, 1.3Ma = . The results are shown in Fig. 6.

Source: Elaborated by the author.

Figure 6. Simulation result of robustness verification.

In the presence of aerodynamic parameter perturbations, the integrated control system guarantees the stability of the 
closed-loop system during the wing-folding process. The response of the flight parameters is nearly identical to that with 
nominal parameters and reaches a steady state in finite time. This robustness verification conclusively demonstrates that the 
hybrid SMC-PID architecture effectively compensates for model uncertainties, fulfilling the core robustness requirement for 
practical morphing aircraft control.
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CONCLUSION

This paper develops an SMC algorithm for folding-wing aircraft to address the modeling uncertainty arising from unsteady 
aerodynamics during the wing-folding process. A nonlinear dynamic model of the aircraft is established using Newtonian mechanics, 
accounting for multibody dynamics, shifting CG, and time-varying aerodynamic characteristics. Based on time-scale separation, 
the integrated flight control system is partitioned into inner (fast) and outer (slow) control loops, allowing sliding mode control 
and PID control to be applied to each layer, respectively. The principal contribution of this work is the novel integration of these 
two control paradigms into a single, cohesive framework specifically designed for the unique challenges of large-scale morphing.

Closed-loop simulations demonstrate that the proposed integrated flight controller effectively ensures a smooth transition of 
the folding-wing aircraft from the unfolded to the folded configuration while maintaining the required robustness of the flight 
control system. Specifically, simulation results show that during the wing folding process:
•	 Altitude regulation error is maintained within ± 1.0 m under nominal conditions and ± 1.5 m under perturbed conditions
•	 Velocity regulation error is kept within ± 0.1 m·s-1 under nominal conditions and ± 1.8 m·s-1 under perturbed conditions.
•	 Pitch-rate variations are bounded by ± 0.03 deg·s-1 under nominal conditions and ± 0.06 deg·s-1 under perturbed conditions.
•	 Attitude settling time after morphing completion is less than 25 seconds, and altitude settling time is less than 50 seconds 

across all tested trim conditions.
The controller demonstrates robustness to ± 20% aerodynamic coefficient uncertainties with less than 25% degradation in 

regulation performance.
The switching gain design in the SMC effectively reduces chattering while maintaining robustness. The PID outer loop 

successfully regulates flight-path variables, with steady-state errors approaching zero due to integral action. This work provides a 
practical and theoretically sound solution that paves the way for the real-world implementation of advanced folding-wing aircraft.
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