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Abstract


Traditional multirotor UAVs (unmanned aerial vehicles) are inherently underactuated, with coupled position and attitude control, which limits their maneuverability in specific applications. This paper presents a fully actuated quadrotor design based on a swashplateless rotor mechanism. Unlike existing fully actuated UAV designs that rely on servo-driven tilt mechanisms, this approach minimizes additional weight and simplifies the structure, resulting in a more maintainable system. The design, modeling, and control strategies for the quadrotor are presented. Furthermore, we propose a decoupled control method to address the need for both fully actuated and underactuated modes. The control architecture employs parallel attitude and position control structures and decouples the two subsystems using a nonlinear dynamic inversion (NDI) method. A compensation module is introduced to address the constraints imposed by the maximum rotor deflection angle and the corresponding feasible force set. This compensation module actively adjusts the attitude to mitigate the saturation of the required thrust, effectively overcoming the impact of rotor deflection angle limitations on trajectory tracking performance. The approach facilitates seamless switching between fully actuated and underactuated modes, enhancing the system’s flexibility and robustness. Simulation and flight experiments demonstrate the effectiveness and performance of the proposed design.
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1. Introduction


Multirotor unmanned aerial vehicles (UAVs) have found widespread application in fields such as post-disaster rescue [1], area search [2], military reconnaissance [3], target encirclement [4] and urban air mobility [5]. Traditional multirotor UAVs typically use fixed rotors aligned perpendicularly to the platform, achieving control through differential thrust. This configuration inherently couples position and attitude control, limiting maneuverability and preventing independent control over orientation and translation. Such limitations reduce effectiveness in complex scenarios, like navigating confined spaces while maintaining precise orientation, as required in search and rescue missions. To overcome these constraints, fully actuated UAVs that enable decoupled position and attitude control have attracted substantial research interest.



One widely adopted approach to improving multirotor UAVs for fully actuated control is to modify the original coplanar rotor configuration by fixing each rotor at a predetermined tilt angle. Such designs, often referred to as tilted-rotor UAVs, extend the control capabilities beyond those of conventional underactuated multirotor UAVs [6]. Other designs used ring-like rods to permit gradual tilt adjustments, facilitating shifts between traditional multirotor and fully actuated modes [7]. However, these fixed-tilt designs led to thrust inefficiencies, as the fixed angles caused opposing horizontal thrust components, resulting in energy losses and diminished maneuverability.



To improve flexibility, servo mechanisms were introduced for dynamic rotor tilting, partially decoupling position and attitude control. Some designs employed servos to tilt coaxial rotors along specific axes, allowing for independent translational control along the x-axis [8]. Other configurations permitted rotors to tilt along single axes, achieving limited decoupling and enhanced control [9,10]. More advanced fully actuated systems included designs like a quadrotor with a parallelogram structure, enabling rotor tilt along both x- and y-axes for more versatile control [11]. As UAV configurations advanced, practical applications such as robotic arm integration drove further innovation. These applications require stable control under environmental disturbances, leading to the development of robust controllers for fully actuated UAVs equipped with multi-degree-of-freedom robotic arms [12,13]. While servo-based designs offer greater control flexibility, the added weight of servos and tilting mechanisms significantly reduces flight range and payload capacity, limiting their practicality for extended missions.



In response to these challenges, an approach using a swashplateless rotor mechanism has emerged as a potential solution for achieving fully actuated control in multirotor UAVs. Paulos and Yim first introduced this mechanism [14,15] and applied it in a coaxial rotor system [16,17], later improving it by adding flapping hinges and developing comprehensive dynamic and kinematic models. Subsequent improvements, such as integrating teetering hinges [18], simplified the design and reduced mechanical complexity. Researchers applied this mechanism to single-rotor UAVs [19], while Qin [20] further improved the swashplateless system by eliminating dead zones in a bi-copter UAV, achieving nearly fully actuated control. However, it was still operated as an underactuated system.



This paper introduces a fully actuated quadrotor, as shown in Figure 1, which achieves decoupled position and attitude control using a swashplateless rotor mechanism. The main contributions of this work are summarized as follows:




	
A novel fully actuated quadrotor design: A quadrotor UAV configuration is proposed based on a swashplateless rotor mechanism, enabling independent control of position and orientation. Unlike conventional fully actuated designs that rely on servo-driven tilt mechanisms and complex linkages, the proposed design replaces standard propellers with swashplateless rotors, resulting in a lighter, simpler, and more maintainable platform with minimal structural modifications.



	
A decoupled control framework combining nonlinear dynamic inversion and disturbance estimation: A parallel control architecture is developed to decouple position and attitude dynamics using nonlinear dynamic inversion (NDI), replacing the traditional cascaded control structure. To further enhance robustness against model uncertainties and external disturbances, extended state observers (ESOs) are integrated to estimate and compensate for lumped disturbances in both attitude and position loops.



	
An attitude compensation strategy for constraint handling and mode switching: An attitude compensation method is proposed to address the force constraints imposed by the maximum rotor deflection angle. This method actively adjusts the target attitude to ensure that the required force remains within the feasible set, mitigating the impact of maximum rotor deflection angle on tracking performance. The strategy enables smooth switching between fully actuated and underactuated modes, improving control flexibility in complex flight tasks.









2. System Architecture and Mechanical Design


Figure 2 illustrates the physical configuration of the fully actuated quadrotor. The UAV follows a standard quadrotor layout, with a 450 mm diagonal carbon fiber frame and a rotor span of 259 mm. The rotor system is designed with a maximum tilt angle of   40 °  , ensuring adequate clearance to prevent interference with the arms during startup or when the rotors are at their maximum tilt. To mitigate the risk of damage, the distance between the rotor center and the arm is set at 95 mm.



2.1. Swashplateless Rotor System


The swashplateless rotor mechanism enables the generation of both thrust and control moments through cyclic pitch variation. Unlike conventional swashplate systems, which require active control via mechanical linkages and servos, the swashplateless design passively adjusts the blade pitch through inertial effects. This passive approach eliminates the need for additional actuators, simplifying the mechanical structure and reducing system weight.



As illustrated in Figure 3a, the rotor assembly consists of two blades—one designated as positive and the other as negative—each mounted on the rotor hub with passive hinges inclined at   45 °  . These passive hinges allow the blades to respond independently to variations in rotor speed, utilizing inertial effects to induce differential thrust. This self-regulating blade motion forms the basis for cyclic pitch control.



The cyclic pitch control mechanism is governed by the inertial response of the blades to periodic rotor speed variations. When the motor undergoes periodic acceleration, the blades momentarily experience a phase lag due to their inertia. This lag results in an asymmetric pitch adjustment: the positive blade increases its pitch angle, thereby generating higher thrust, while the negative blade decreases its pitch angle, producing lower thrust. This differential thrust distribution creates a moment that tilts the propeller disk, thereby modulating the direction of the thrust vector, as shown in Figure 3b. A detailed analysis of this mechanism is provided in [20,23].



To actively control the tilt of the propeller disk, a sinusoidal modulation strategy is applied to the motor’s throttle command [20]. The throttle command U is defined as


  U = A + B sin ( γ − C ) ,  



(1)




where A represents the base throttle required to maintain a steady rotor speed, B is the amplitude of the modulation, determining the magnitude of cyclic variations,  γ  denotes the current angular position of the rotor, measured by the magnetic encoder, and C represents the angular position where motor acceleration begins.



A data-driven modeling approach is adopted to characterize the thrust and tilt angle behavior of the swashplateless rotor. This methodology aligns with established modeling practices for aircraft utilizing similar rotor mechanisms [19,20,23].



To accurately model the rotor dynamics, a two-step approach is adopted: (1) The approximately linear mapping between the control inputs A and B and the corresponding thrust T and deflection angle  α  is analyzed; (2) Interpolation techniques are employed to model the deflection lag angle  δ , capturing its nonlinear behavior. This combined approach provides a more accurate representation of the rotor’s dynamic behavior, accounting for both linear and nonlinear components.



As shown in Figure 4a, a linear relationship exists between the thrust T and the base speed A when the deflection angle  α  is zero, which can be modeled as


  T =  k A  · A +  b A  ,  



(2)




where   k A   and   b A   are parameters obtained through linear fitting.



As shown in Figure 4b, thrust T decreases as the deflection angle  α  increases, preventing a direct mapping of thrust   T i   to the base speed A. To compensate for this thrust decay, an exponential decay function is introduced, modeled as


  d  ( α )  = exp  ( −  k d  ·  α 2  )  ,  



(3)




where   k d   is an experimentally determined decay coefficient.



The control input B represents the amplitude of the throttle modulation, while the deflection angle  α  is approximately proportional to the ratio   B / A   [19,20], modeled as


  α =  k α    B A   ,  



(4)




where   k α   is a constant determined through experimental data. The actual azimuth angle of the thrust vector, denoted by  β , is given by


  β = C + δ ( A , B ) ,  



(5)




where  δ  is a lag angle dependent on the values of A and B, and it can be calibrated using experimental data.



Adjusting A, B, and C, the propeller disk’s tilt angle  α  and azimuth angle  β  can be precisely controlled, allowing for fine adjustments in the thrust vector direction.




2.2. Avionics


The overall architecture of the avionics system is illustrated in Figure 5. The onboard system consists of a CUAV Nora+ [24] flight controller running a custom PX4 v1.15 firmware, a RaspberryPi 4B [25] as the onboard computer, and a NOKOV [26] motion capture system providing accurate position and attitude feedback via Wi-Fi. A radio module using the CRSF protocol is connected to the flight controller for remote control. Communication between the onboard computer and the flight controller is realized via the MAVLink protocol.



Each propulsion unit includes a magnetic encoder (MT6835) that measures the real-time angular position of the rotor shaft. These signals are read through the SPI interface by the custom-designed Throttle Signal Modulation (TSM) module, which also receives control instructions from the flight controller via UART. The TSM module synthesizes sinusoidal throttle signals according to Equation (1), and sends motor commands to the 4-in-1 ESC using the DShot600 protocol. The ESC then drives the brushless motors to achieve the desired periodic modulation.



This modular design, with signal processing offloaded to the TSM, significantly reduces the computational burden on the flight controller and ensures reliable high-frequency execution (10 kHz) of rotor control. The magnetic encoder provides 21-bit resolution and operates at 10 kHz, allowing nearly 100 angular updates per revolution at hovering speeds, enabling fine-grained closed-loop speed control.




2.3. Weight


The fully actuated quadrotor designed in this work has a total mass of   1.8  kg  , which is comparable to the weight of mainstream 10-inch quadrotors. The weight of the major components of the UAV is summarized in Table 1.



The swashplateless rotor components are fabricated from PETG material using 3D printing, with each rotor weighing   35  g  . Compared to the weight of mainstream 10-inch propellers and their mounting fixtures, which weigh approximately   25  g  , the cyclically variable deflection rotor adds only a small increase in weight. Although additional components such as the magnetic encoder, the TSM module, and the motor mount raise the overall weight by approximately   158  g  , or about   8.68 %   of the total UAV weight, this increase is relatively small compared to the weight increase in fully actuated designs based on servo-driven mechanisms. Moreover, by optimizing the structure and materials of the motor mount, the additional weight can be further reduced.



This design eliminates the need for complex mechanical systems and additional servos, providing a lightweight solution for generating both thrust and moment in a fully actuated quadrotor.





3. System Modeling


To facilitate understanding of the mathematical derivations and notation throughout this section, the following convention is adopted for coordinate transformations and symbolic representation. A rotation matrix from frame   F B   to frame   F A   is denoted by   R B A  , where the superscript indicates the destination frame and the subscript denotes the source frame. Standard axis-based rotation matrices, such as    R z   ( θ )   , are used to denote a rotation of angle  θ  about the z-axis of the relevant frame. Similar definitions apply to    R x   ( · )    and    R y   ( · )   .



To describe the dynamics of the fully actuated quadrotor UAV, three coordinate frames are defined: the body frame, the hub frame, and the rotor frame, as illustrated in Figure 6. The body frame, located at the UAV’s center of mass, has its x-axis pointing forward, y-axis to the right, and z-axis downward.



Each hub frame is attached to the rotor’s central hub, located at the intersection of the motor shaft and the rotor’s teetering hinge. The position of the hub frames relative to the body frame is given by    s i  =   [ l cos  (  ζ i  )  , l sin  (  ζ i  )  , h ]  T   , where l is the lateral distance from the UAV’s center of mass, h is the height offset, and   ζ i   is the rotation angle of each hub frame relative to the body frame (   ζ 1  = 45 ° ,  ζ 2  = − 135 ° ,  ζ 3  = − 45 ° ,  ζ 4  = 135 °  ). The rotation matrix from the body frame to the hub frame is as follows


   R  H i  B  =  R z   (  ζ i  )  .  



(6)







The rotor frame is aligned with the rotor disk and tilted relative to the hub frame by the azimuth angle  β  and tilt angle  α . An initial rotation around the z-axis by  β  achieves this orientation, followed by a y-axis rotation by  α 


     R  P i   H i      =  R z   (  β i  )   R y   (  α i  )  .     



(7)







The complete transformation from the body frame to the rotor frame is then given by


   R  P i  B  =  R  H i  B   R  P i   H i   .  



(8)







The thrust vector generated by each rotor in the body frame is defined as


   f i  = −  T i   R  P i  B   e 3  ,  



(9)




where   T i   represents the thrust and   e 3   is the unit vector along the z-axis.



The torque exerted by each rotor is given by


     τ i     =  (   s ^  i  +  σ i   k τ  I )   f i      



(10)




where the notation   · ^   denotes the skew-symmetric matrix associated with a vector,  I  is the identity matrix,   k τ   is an empirically determined proportionality constant, and   σ i   indicates the rotor’s rotation direction (   σ 1  = 1  ,    σ 2  = 1  ,    σ 3  = − 1  ,    σ 4  = − 1  ).



The UAV’s net force  f  and net torque  τ  are the sums of the individual rotor contributions


    f    =  ∑  i = 1  4   f i       τ    =  ∑  i = 1  4   τ i  =  ∑  i = 1  4   (   s ^  i  +  σ i   k τ  I )   f i  .     



(11)







The dynamics of the UAV are described by the Newton–Euler equations. Let the UAV’s position in the world frame be represented by  p , and its attitude by the rotation matrix    R B W  ∈ SO  ( 3 )   , with  ω  denoting the angular velocity in the body frame. The UAV dynamics are then expressed as


       m  p ¨        J  ω ˙       =      m g  e 3        − ω × ( J ω )      +      R B W    0     0   I         f     τ     +      d 1       d 2       



(12)




where m is the UAV’s total mass, g is the gravitational acceleration, and  J  is the   3 × 3   positive-definite inertia matrix. The terms   d 1   and   d 2   represent external disturbances acting on the UAV.




4. Controller Design


In many mission scenarios, quadrotors must alternate between fully actuated and underactuated modes to meet diverse flight requirements. Fully actuated control is crucial for tasks such as target search and tracking, where precise attitude adjustments are required to maintain sensor alignment. In contrast, underactuated flight is more energy-efficient and suitable for transitions or low-demand phases. This necessitates a control strategy capable of smoothly switching between modes.



However, trajectory tracking performance is often limited by the maximum allowable rotor deflection angle, which constrains the feasible set of thrust directions. To address this, a hybrid control approach is required—one that combines the maneuverability of fully actuated systems with the efficiency of underactuated configurations. Given the differences in control input structures and actuation capabilities between the two modes, designing a unified framework that can handle both remains a key challenge.



Traditional cascade controllers are insufficient for such fully actuated platforms, where position and attitude control must be decoupled to fully exploit the system’s capabilities. To this end, a novel control architecture is developed, as shown in Figure 7, featuring parallel position and attitude control loops coordinated by an attitude compensation module. This structure supports hybrid mode control while maintaining robustness and precision in both actuation regimes.



In the proposed control framework, the reference position   p r   and current position  p  are processed by the position controller to compute the required force   f r  . When   f r   exceeds the feasible set constrained by the maximum rotor deflection angle   α max  , the attitude compensation module adjusts the reference attitude   Ω r   to a modified target   Ω d  , ensuring that the corrected force command   f d   remains within the admissible range.



The attitude controller then uses   Ω d   and the measured attitude  Ω  to generate the required torque command   τ d  . The feasible force   f d   and torque   τ d   are subsequently passed to the control allocation module, which computes the low-level control input  u , including rotor speeds and modulation parameters necessary for actuation.



4.1. Attitude Compensation


In complex environments, the required net force   f r   and torque   τ r   may exceed the system’s feasible set  M , particularly during large-angle maneuvers or under strong disturbances. This results in rotor deflection saturation, causing the actual generated force and torque to deviate from the control demands, which degrades trajectory tracking and overall flight stability.



To address this, an attitude compensation strategy is introduced to ensure that the corrected force command   f d   remains within the feasible set. As shown in Figure 8, when   f r   lies outside  M , the compensation module actively adjusts the target attitude   Ω r   to a new orientation   Ω d  , such that the thrust direction (denoted by the unit vector   r = −  R B W   e 3   ) is rotated toward the direction of   f r  , thereby bringing the force into the feasible set   M ′  . A corresponding force correction is also applied to ensure   f d   satisfies the actuation constraints.



The compensation procedure involves two steps: adjusting the reference attitude   R r   to   R d   and modifying   f r   to obtain   f d  . The adjusted attitude is computed via a rotation about a unit axis  m  by an angle n:


   R d  =  R m   ( n )   R r   



(13)




where the rotation matrix    R m   ( n )    represents a rotation by an angle n about the unit vector  m , and is computed using Rodrigues’ formula [27]


   R m   ( n )  = I + sin  ( n )   m ^  +  ( 1 − cos  ( n )  )    m ^  2   



(14)







The unit rotation axis  m  is defined as


  m =    r   ×    R B W   f r     ∥ r   ×     R B W   f r   ∥      



(15)







The rotation angle n is the adjustment required for   f r   to enter the feasible set, defined as the difference between the current angle   α r   and the maximum allowable tilt angle   α ¯  


  n = max  { 0 ,  α r  −  α ¯  }  , n ∈  [ 0 , π ]   



(16)




where   α ¯   is the maximum allowed tilt angle, and   α r   is the angle between  r  and the required net force   f r  


   α r  = arccos     r  R B W   f r     ∥   R B W   f r   ∥       



(17)







Once the target attitude is adjusted, the force   f r   is projected to remain within  M . The corrected force command   f d   is defined as


   f d  =      f r     , if   f r  ∈ M            f  r , x      tan  α ¯    tan  α r            f  r , y      tan  α ¯    tan  α r           f  r , z          , if   f r  ∉ M       



(18)







This control approach requires    α r  ,  α ¯  ∈  [ 0 ,  π / 2 )    to ensure the thrust direction maintains a negative component along the body z-axis, i.e.,    f z  ≤ 0  . This condition can be satisfied through input constraints or appropriate reference generation.



As shown in Figure 9, the control mode depends on the relationship between   f r   and  M : (1) Underactuated mode:    α max  = 0  , lateral forces are fully compensated by attitude adjustment (  n =  α r   ). (2) Fully actuated mode:    α max  > 0  , and    f r  ∈ M  , no compensation is needed (  n = 0  ). (3) Hybrid mode:    α max  > 0  , and    f r  ∉ M  , requiring partial compensation (  n =  α r  −  α max   ).



This control framework supports dynamic switching between modes by configuring   α max  , and is compatible with both fully actuated and traditional underactuated UAVs. It also enables coordinated operation in heterogeneous formations. By avoiding explicit switching logic in control allocation, the method reduces implementation complexity while ensuring smooth transitions and maintaining robust performance across varying flight regimes. This strategy prioritizes position tracking accuracy at the expense of exact attitude tracking, which is acceptable in many tasks where position performance is critical—such as flying in obstacle-dense environments.




4.2. Attitude Control


The attitude controller is designed to ensure that the UAV accurately tracks the desired attitude trajectory while maintaining stability and robustness in the presence of model uncertainties and external disturbances. The attitude tracking error is defined as    e Ω   =  Ω  −   Ω d   , where   Ω d   denotes the desired attitude command.



Based on the system dynamics, the second-order error dynamics can be written as


    e ¨  Ω  = Υ + Θ  ( ϖ +  τ d  )  +  Δ 1  ,  



(19)




where   τ d   is the control torque to be designed,   Δ 1   is the lumped unknown disturbance, and


    Υ    =   R ˙  Ω  ω −   Ω ¨  d  ,      Θ    =  R Ω   J  − 1   ,      ϖ    = − ω × J ω .     



(20)







To achieve accurate tracking and disturbance rejection, a control law based on NDI is employed


   τ d  =  Θ  − 1     ν Ω  − Υ −   Δ ^  1   − ϖ ,  



(21)




where   ν Ω   is the virtual control input, and    Δ ^  1   is the estimate of the lumped disturbance obtained from ESO. The virtual input is designed as


   ν Ω  = −  e  Ω 1   −  K 1    e ˙   Ω 1   −  K 2   e  Ω 2   ,  



(22)




with    e  Ω 1   =  e Ω   , and    e  Ω 2   =  K 1   e  Ω 1   +   e ˙   Ω 1    .   K 1   and   K 2   are positive definite gain matrices.



To estimate   Δ 1  , an ESO is constructed based on the error dynamics


        z ˙  1  =  z 2  ,         z ˙  2  = Υ + Θ  ( ϖ +  τ d  )  +  Δ 1  ,      



(23)




where    z 1  =  e  Ω 1    , and the extended state is defined as    z 3  =  Δ 1   . The ESO is given by


         z ^  ˙  1  =   z ^  2  +  L 1   (  z 1  −   z ^  1  )  ,          z ^  ˙  2  = Υ + Θ  ( ϖ +  τ d  )  +   z ^  3  +  L 2   (  z 1  −   z ^  1  )  ,          z ^  ˙  3  =  L 3   (  z 1  −   z ^  1  )  ,      



(24)




where    z ^  i   denotes the estimates of the states, and   L i   (  i = 1 , 2 , 3  ) are the ESO gain matrices. With appropriate gain design, the estimation error can be bounded [28] as


  ∥  Δ 1   ( t )  −   Δ ^  1    ( t )  ∥   ≤    Δ ¯  1  .  



(25)







By incorporating the ESO-based disturbance estimate into the control law, the controller enhances robustness and maintains high tracking accuracy under external disturbances and model uncertainties.




4.3. Position Control


The position controller is designed to enable accurate trajectory tracking in three-dimensional space. The position tracking error is defined as    e p  = p −  p d   , where  p  is the current position of the UAV in the inertial frame, and   p d   is the desired position. Considering the UAV’s translational dynamics, the second-order error dynamics can be expressed as


    e ¨  p  = g  e 3  −   p ¨  d  +   1 m    R B W   f r  +  Δ 2  ,  



(26)




where   f r   is the control force to be designed, and   Δ 2   represents the lumped uncertainty, which includes model mismatches, external disturbances   d 2  , and force allocation errors.



The NDI-based control law is adopted


   f r  = m     R B W   ⊤    ν p  − g  e 3  +   p ¨  d  −   Δ ^  2   ,  



(27)




where    Δ ^  2   is the estimated disturbance from ESO, and   ν p   is the virtual control input defined as


   ν p  = −  K 3   e p  −  K 4   e v  ,  



(28)




where   e v   is the velocity error and   K 3  ,   K 4   are positive definite gain matrices.



To estimate   Δ 2   in real time, an ESO is constructed based on the position error dynamics


        z ˙  1  =  z 2  ,         z ˙  2  = g  e 3  −   p ¨  d  +   1 m    R B W   f r  +  Δ 2  ,      



(29)




where    z 1  =  e p   , and the extended state is defined as    z 3  =  Δ 2   . The ESO is given by:


         z ^  ˙  1  =   z ^  2  +  L 4   (  z 1  −   z ^  1  )  ,          z ^  ˙  2  = g  e 3  −   p ¨  d  +   1 m    R B W   f r  +   z ^  3  +  L 5   (  z 1  −   z ^  1  )  ,          z ^  ˙  3  =  L 6   (  z 1  −   z ^  1  )  ,      



(30)




where    z ^  i   (  i = 1 , 2 , 3  ) are the estimated states, and    L 4  ,  L 5  ,  L 6    are the observer gain matrices. Proper design of these gains guarantees that the estimation error is bounded [28]:


  ∥  Δ 2   ( t )  −   Δ ^  2    ( t )  ∥   ≤    Δ ¯  2  ,  



(31)




where    Δ ¯  2   is the upper bound of the estimation error.




4.4. Control Allocation


The objective of the control allocation is to distribute the desired total force   f d   and torque   τ d   across the four rotors by calculating the motor command parameters A, B, and C, as previously defined in Equation (1). To achieve this, a cascaded control allocation strategy is designed.



According to Equation (11), the contribution of reaction torques is omitted due to the small magnitude of   k τ  , which can be considered negligible. Under this assumption, the mapping between the total desired force and torque in the body frame and the individual rotor forces is given by


       f d       τ d      =     I   I   I   I       s ^  1      s ^  2      s ^  3      s ^  4           f 1       f 2       f 3       f 4      .  



(32)







The thrust vectors for each rotor,    f i  =   [  f  i 1   ,  f  i 2   ,  f  i 3   ]  ⊤   , can be determined by applying the pseudoinverse of the control allocation matrix. With these vectors, the required tilt angles and thrust magnitudes for each rotor are calculated as follows


     α i     = − arccos  −    f  i , 3     ∥   f i   ∥      ,       β i     =  arctan 2  (  f  i , 2   ,  f  i , 1   ) ,       T i      =   ∥   f i   ∥ .      



(33)







Using these tilt angles and thrust magnitudes, the motor control commands A, B, and C are subsequently calculated based on experimental mappings.



As the tilt angle  α  increases, the thrust generated by the UAV experiences a decay effect, as defined by Equation (3). To compensate, an adjusted thrust   T ′   is calculated to represent the required thrust under a zero-tilt condition, defined by


   T ′  =   T  d ( α )    .  



(34)







By substituting   T ′   into Equation (2), A is obtained. Given the proportional relationship between  α  and   B / A  , experimental data fitting is used to compute B for each combination of A and  α . Subsequently, lookup tables are used to obtain the phase lag   δ ( A , B )  , enabling calculation of C according to Equation (5). This completes the control allocation, mapping desired thrust and tilt angles to motor commands A, B, and C.





5. Simulation Results


To verify the effectiveness of the proposed attitude compensation strategy, a simulation was designed in which a fully actuated quadrotor UAV tracks a circular trajectory. The results were compared with and without the incorporation of the attitude compensation module under identical conditions. The simulation constructs a scenario where the UAV needs to adjust its target attitude upon reaching the maximum deflection angle in order to maintain trajectory tracking accuracy. The simulation is divided into two distinct scenarios: the first involves adjusting the maximum deflection angle limit to create a mode-switching scenario, while the second scenario triggers the maximum deflection angle limit using highly dynamic trajectory commands, thereby creating an attitude compensation scenario. These two scenarios are designed to validate the effectiveness of the proposed attitude compensation strategy for fully actuated quadrotors.



In the simulation, the radius of the circular trajectory is set to 1 m, and the UAV’s initial position is    [ 0 ,  0 ,  0 ]  ⊤  . The initial attitude is also    [ 0 ,  0 ,  0 ]  ⊤  , and the attitude reference remains constant throughout the simulation. The UAV starts from rest with an initial velocity of    [ 0 ,  0 ,  0 ]  ⊤  . The physical parameters of the UAV used in the simulation are listed in Table 2.



The controller parameters are configured as follows. For attitude control, the proportional gain vector is    K 1  =  [ 5 ,  5 ,  5 ]    and the damping gain vector is    K 2  =  [ 2 ,  2 ,  3 ]   . For position control, the gains are    K 3  =  [ 15 ,  15 ,  3 ]    and    K 4  =  [ 1 ,  1 ,  3 ]   . The ESO gains for the attitude loop are    L 1  =  [ 15 ,  15 ,  15 ]   ,    L 2  =  [ 75 ,  75 ,  75 ]   , and    L 3  =  [ 125 ,  125 ,  125 ]   ; for the position loop, the ESO gains are    L 4  =  [ 45 ,  45 ,  45 ]   ,    L 5  =  [ 675 ,  675 ,  675 ]   , and    L 6  =  [ 3375 ,  3375 ,  3375 ]   .



5.1. Mode-Switching Scenario


By dynamically adjusting the maximum allowable rotor deflection angle    α max   ( t )   , the fully actuated quadrotor is capable of switching between fully actuated and underactuated modes. To evaluate the performance of the proposed control strategy under different modes and assess the smoothness of transitions, a simulation is conducted using a time-varying deflection angle limit. The reference trajectory is a circular path of radius 1 m, described by    p r  =   [ cos  ( t )  ,  sin  ( t )  ,  0 ]  ⊤    m. The deflection limit    α max   ( t )    (in degrees) is defined as


   α max   ( t )  =      10 ,     0 ≤ t < 10  s ,       ( 60 − t ) / 5 ,     10 ≤ t < 60  s ,       0 ,     60 ≤ t < 70  s ,       ( t − 70 ) / 5 ,     70 ≤ t < 120  s ,       10 ,     t ≥ 120  s .       



(35)







Figure 10 presents the simulation results. The shaded areas denote the UAV’s operating mode: blue for the fully actuated mode, red for the hybrid mode, and green for the underactuated mode.



Initially, with    α max   ( t )  = 10 °  , the system operates in the fully actuated mode. The rotor deflection angles   α i   remain within limits, enabling the UAV to generate the required lateral forces through tilt, while maintaining its attitude close to the reference. As    α max   ( t )    decreases, the rotors gradually reach their deflection limits, and the UAV transitions into the hybrid mode. In this region, the required force   f r   can no longer be directly achieved by rotor deflection alone. The attitude compensation mechanism is activated to adjust the orientation dynamically, thereby maintaining trajectory tracking performance. During this phase, the required attitude adjustment angle n increases as compensation becomes more prominent.



When    α max   ( t )  = 0 °  , the UAV enters the underactuated mode, in which all rotor tilt angles are fixed at zero. The system reverts to a standard quadrotor configuration, relying entirely on attitude changes to redirect the thrust vector. Although this requires larger attitude changes, the UAV remains capable of tracking the trajectory with high accuracy through continuous orientation adjustments.



For comparison, simulations without the proposed attitude compensation strategy show significantly degraded performance in the hybrid and underactuated modes. In the hybrid region, the inability to generate sufficient lateral thrust leads to increased position error and trajectory deviation. In the underactuated region, the tracking error diverges due to the lack of compensatory control authority.



These results demonstrate that the proposed control framework ensures stable and accurate tracking across all three modes. By continuously adapting the target attitude and projecting the required force within the feasible set, the control strategy achieves smooth transitions and robust performance throughout the mode-switching process. This capability is essential for real-world missions where the system must operate under varying actuation conditions while ensuring safety and task completion.




5.2. High-Maneuverability Flight Scenario


To simulate real-world missions such as high-speed target tracking or emergency obstacle avoidance, it is essential to evaluate the trajectory tracking performance of the UAV when the rotor deflection angles approach their physical limits in high-maneuverability scenarios.



In this experiment, the UAV follows a circular trajectory of radius   1  m   at constant altitude. The reference trajectory is defined as    p r  =   [ cos  ( ω  ( t )  )  ,  sin  ( ω  ( t )  )  ,  0 ]  ⊤  m  , where the angular velocity   ω ( t )   varies over time to impose increasing maneuverability demands:


  ω  ( t )  =      1 ,     0 ≤ t < 10  s ,       1 + 0.02 ( t − 10 ) ,     10 ≤ t < 50  s ,       1.8 ,     50 ≤ t < 70  s ,       1.8 − 0.02 ( t − 70 ) ,     70 ≤ t < 110  s ,       1 ,     t ≥ 110  s .       



(36)







This time-varying   ω ( t )   ramps up from   1   rad / s    to   1.8   rad / s    and then returns, simulating a dynamic, high-demand trajectory. As the angular velocity increases, the required lateral force grows, pushing the rotor deflection angles   α i   toward their maximum limits. Once these limits are reached, the UAV transitions from the fully actuated mode into the hybrid mode. Figure 11 shows the simulation results. The shaded areas indicate the UAV’s current control mode: blue for the fully actuated mode and red for the hybrid mode.



During the low-speed phase, the rotor deflection angles remain below saturation, and the UAV operates in the fully actuated mode. Rotor tilting alone suffices to generate the necessary control forces for precise trajectory tracking while the attitude tracks the reference orientation.



As maneuverability increases with rising   ω ( t )  , the required lateral force eventually exceeds the capacity provided by rotor deflection alone. When   α i   reaches   α max  , the system transitions into the hybrid mode. At this point, the attitude compensation module becomes active, dynamically adjusting the attitude command to maintain tracking performance. The compensation angle n increases, enabling the UAV to redirect the thrust vector toward the desired force direction.



Without the attitude compensation strategy, rotor deflection saturation leads to unmitigated control input limits, resulting in large position tracking errors. In this case, the UAV cannot generate sufficient lateral force, and tracking performance degrades significantly, particularly during aggressive maneuvers.



In summary, this experiment confirms that the proposed control framework effectively maintains stable and accurate trajectory tracking across both fully actuated and hybrid modes in high-maneuverability scenarios. The attitude compensation strategy not only mitigates the limitations imposed by rotor deflection saturation but also ensures robust performance in dynamic and demanding flight tasks.





6. Flight Experiments


Flight experiments were conducted to validate the fully actuated capabilities of the UAV. These experiments were designed to showcase decoupled control of position and attitude. The tests covered attitude response and trajectory tracking.



6.1. Attitude Tracking


To evaluate the capability of the control system to decouple position and attitude, the first experiment commands the UAV to perform a pitch angle maneuver while maintaining a fixed spatial position. The UAV is initialized at the origin with zero velocity and attitude, and its position reference is held constant throughout the flight. At   t = 8  s  , the pitch angle command   θ r   is ramped to   10 °  , held steady for   8  s  , and then returned to   0 °  . No changes are made to the desired position or yaw angle, ensuring that only the pitch is perturbed.



The flight data shown in Figure 12 demonstrate the UAV’s stable position-holding behavior during the attitude maneuver. The actual position  p  in all three axes remains nearly constant, and the position error   e p   remains within ±  0.04   m despite the large angular excursion. This confirms that the system effectively decouples translational and rotational motion. The attitude response closely follows the commanded pitch angle   θ r  , with fast transient behavior and negligible overshoot. The roll and yaw angles remain near zero, validating the isolation of the pitch channel. The attitude tracking error   e Ω   stays bounded within ±  0.8 °  , indicating accurate and well-damped control.




6.2. Trajectory Tracking


In this experiment, the quadrotor was tasked with tracking the “8” shape trajectory while maintaining a horizontal attitude in fully actuated mode. The goal of this experiment was to demonstrate the trajectory and attitude tracking performance. The experimental results, shown in Figure 13, illustrate the quadrotor’s trajectory tracking and attitude maintenance capabilities under the proposed control method. The reference trajectory is defined as


         p  r , x    ( t )      =      0 ,     t ≤ 15       cos  0.157 · ( t − 5 )  ,     t > 15             p  r , y    ( t )      =      0 ,     t ≤ 15       sin  0.314 · ( t − 5 )  ,     t > 15             p  r , z    ( t )      = − 2.5        



(37)







The UAV tracks the trajectory with high precision. The position components   x , y , z   closely match their references and the position error   e p   remains within ±  0.05   m for the entire 60 s flight. Despite the continuous motion, the UAV maintains a nearly level attitude and the attitude error remaining small. This confirms that the system can reject disturbances and internal dynamics while maintaining both orientation and trajectory tracking.



The results confirm that the fully actuated UAV, under the proposed control strategy, is capable of accurate trajectory tracking during dynamic flight without excessive actuator effort. The controller maintains stable and coordinated behavior, and the rotor modulation parameters exhibit regular patterns consistent with the vehicle’s motion. No saturation or instability occurs, validating the robustness and efficiency of the control law in nominal flight conditions.





7. Conclusions


This paper presented a fully actuated quadrotor UAV design featuring a swashplateless rotor mechanism, which enables independent control of position and orientation without relying on complex servo-driven tilting structures. By replacing conventional fixed-pitch rotors with swashplateless units, the proposed design achieves full actuation with minimal structural modifications, maintaining mechanical simplicity and lightweight characteristics. To accommodate the demands of different flight tasks, a decoupled control framework was developed. This framework employs nonlinear dynamic inversion (NDI) method to decouple position and attitude control into parallel structures. Extended state observers were integrated to estimate and compensate for lumped disturbances and model uncertainties, thereby enhancing the system’s robustness. Additionally, an attitude compensation strategy was introduced to address the force saturation problem caused by the maximum rotor deflection angle, allowing the commanded thrust to remain within the feasible set. This strategy enables seamless switching between fully actuated and underactuated modes. The effectiveness of the proposed design and control approach was validated through simulation and flight experiments.
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Figure 1. The fully actuated quadrotor UAV. 
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Figure 2. Components of the fully actuated quadrotor UAV. The platform adopts a 450 mm wheelbase carbon fiber frame and uses the CUAV Nora+ as the flight controller. A Raspberry Pi 4B is used as the onboard computer for high-level tasks. A customized Throttle Signal Modulation (TSM) module is employed to bridge the flight controller and the 4in1 ESC, enabling periodic modulation of motor throttle signals. The propulsion system consists of brushless motors and swashplateless rotor mechanisms mounted at each corner. 






Figure 2. Components of the fully actuated quadrotor UAV. The platform adopts a 450 mm wheelbase carbon fiber frame and uses the CUAV Nora+ as the flight controller. A Raspberry Pi 4B is used as the onboard computer for high-level tasks. A customized Throttle Signal Modulation (TSM) module is employed to bridge the flight controller and the 4in1 ESC, enabling periodic modulation of motor throttle signals. The propulsion system consists of brushless motors and swashplateless rotor mechanisms mounted at each corner.



[image: Actuators 14 00223 g002]







[image: Actuators 14 00223 g003] 





Figure 3. Propulsion system of the fully actuated quadrotor UAV. (a) Structure of the rotor assembly. One positive blade and one negative blade are connected to the teetering hub via lag-pitch hinges, which are mounted at approximately   45 °   relative to the blade plane. The teetering hub is further connected to the central hub through a teetering hinge. The SUNNYSKY 4006 KV740 motor [21] is used for actuation, with an MT6835 [22] magnetic encoder providing absolute angular position feedback. (b) Working principle. The rotor starts accelerating at position C. Due to inertia, the pitch angle of the positive blade increases while that of the negative blade decreases, causing the rotor disk to tilt around the teetering hinge. After a lag angle  δ , the disk reaches its maximum deflection angle  α  at position  β , resulting in a change in thrust direction. 
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Figure 4. Thrust mapping for the swashplateless rotor. (a) Thrust mapping under   B = 0   condition. (b) Thrust decay compensation. 
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Figure 5. Avionics architecture of the fully actuated quadrotor UAV. The RaspberryPi 4B receives external pose feedback from the motion capture system over Wi-Fi and communicates with the CUAV Nora+ flight controller via MAVLink. The TSM module receives control commands via UART and encoder feedback via SPI, then generates sinusoidal throttle signals sent to the ESC through the DShot600 protocol. Each of the four rotor units contains a magnetic encoder and a motor, forming a closed-loop control system for thrust vectoring. 
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Figure 6. Coordinate system of the fully actuated quadrotor UAV. (a) The body frame and hub frames for each rotor, with hub frames aligned based on the quadrotor structure. (b) The rotor frame aligned with the rotor disk, which is oriented relative to the hub frame by an azimuth angle  β  and a tilt angle  α . The orientation is achieved through an initial rotation around the z-axis by  β , followed by a rotation around the y-axis by  α . The dashed circular outlines represent the approximate rotor planes, while the three dashed lines depict the progression of the x-axis: purple for   X H  , orange for the rotated X-axis after  β , and blue for   X P  , the rotated x-axis after  α . 
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Figure 7. Control architecture of the fully actuated quadrotor UAV. 
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Figure 8. Attitude compensation strategy for adjusting the UAV’s orientation. (a) No compensation required; (b) Before compensation; (c) After compensation. 
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Figure 9. Control modes of the fully actuated quadrotor UAV. (a) Underactuated mode; (b) fully actuated mode; (c) hybrid mode. 
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Figure 10. Simulation results of the fully actuated quadrotor in a mode-switching scenario. 
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Figure 11. Simulation results of the fully actuated quadrotor UAV in a high-maneuverability flight scenario. 
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Figure 12. Experiment result of pitch adjustment while maintaining a fixed position. 
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Figure 13. Experimental result of trajectory tracking. 
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Table 1. Weight of individual components of the UAV.
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	Component
	Weight (g)





	Frame
	305



	Motor
	71



	Swashplateless Mechanism
	35



	ESC
	32



	TSM
	8



	Magnetic Encoder Module
	2



	Battery
	526



	Flight Controller
	102



	Avionics
	403










 





Table 2. UAV Physical Parameters.
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	Parameter
	Value





	Mass m
	   1.8  kg   



	Inertia    I  x x   ,  I  y y   ,  I  z z    
	   0.0286 ,  0.0303 ,  0.0658  kg ·  m 2    



	Arm length l
	   0.225  m   



	Rotor vertical offset h
	   − 0.05  m   
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