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This study examines the altitude-hold flight mode transition problem for tail-sitter unmanned aerial vehicles (UAVs) between hovering and level flight. The problem is significantly challenging because of the complicated nonlinear aerodynamics of tail-sitter UAVs during the transition process. To address this problem, this article proposes a minimum snap trajectory generation method and a model predictive control (MPC)-based tracking strategy. First, the generated trajectories are highly applicable, satisfying the dynamic constraint. Second, MPC tracks full states by solving a finite-horizon optimization problem at each step, yielding the optimal future behavior based on the system model. A numerical simulation was conducted in which the altitude changed by less than 1.4 m during the entire transition process.
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INTRODUCTION
Unmanned aerial vehicles (UAVs) with Vertical Take-off and Landing (VTOL) differ from fixed-wing UAVs in that they do not require a runway for takeoff and landing, and possess the ability to hover in mid-air. This versatility enables their wide application across various fields [1–4]. A tail-sitter is a hybrid UAV that combines the agility of a VTOL with the endurance of a fixed-wing aircraft, allowing for longer flights and heavier payloads. In tail-sitter UAVs, thrust is provided exclusively by propellers. The predominant propulsion architectures comprise single- [5, 6], dual- [7, 8], and quad-propeller [9, 10] configurations, which exhibit significant differences in flight-dynamics characteristics, control strategies, and system complexity. The single-propeller configuration minimizes the number of propulsion units, thereby reducing structural mass and maintenance costs. However, it must generate additional anti-torque in hover to counter the main propeller’s reaction torque; moreover, flaps and other aerodynamic control surfaces are largely ineffective at such low dynamic pressure, so low-speed control authority is limited, making it difficult to reject gusts and other external disturbances. The dual-propeller configuration employs two counter-rotating propulsion units that cancel reaction torque in hover and place the propellers ahead of the wing so that the propeller slipstream energizes the control surfaces to produce pitch and yaw control moments. Nevertheless, design analyses often do not fully account for how slipstream characteristics vary with rotational speed and their impact on control-surface effectiveness, potentially leading to degraded controllability across a complex flight envelope. In contrast, the quad-propeller configuration, arranged as two counter-rotating pairs, not only inherently cancels reaction torque in hover but also enables direct control of all three body-axis moments via differential thrust, thereby providing unified control during hovering, transition, and level flight, reducing the complexity of attitude-control algorithms, and improving the robustness of the flight-control system.
The transition from hovering to level flight has consistently posed a challenge for VTOL UAVs with wings. Traditionally, an aircraft with wings has to conduct the transition from vertical to level flight by “jumping” [5]. Even the most experienced pilots will inevitably encounter an obvious increase in altitude, as with the famous Pugachev’s Cobra Maneuver [11]. As our understanding of aerodynamics deepens and control technology develops, it becomes possible for an autonomous UAV to maintain a certain altitude during the transition from hovering to level flight. Maintaining a constant altitude during the mode transition has several advantages: (1) The less altitude rises, the less energy is required to land; (2) the smaller space required for the transition makes it suitable for working in cluttered environments; (3) for certain tasks (e.g., surveillance), the UAV needs to operate at a constant altitude.
However, the altitude-hold transition is still a challenging subject. Many studies have been conducted to reduce the altitude variation during the transition process through nonlinear optimization [12–14]. The challenges of altitude-hold transitions for tail-sitters arise from the highly nonlinear aerodynamics caused by significant variations in the angle of attack (AoA). The large flight envelope makes the modeling of tail-sitters a difficult and expensive task. Moreover, even when a model is established, finding the necessary inputs to operate the tail-sitter during flight is challenging due to the range of forces that affect the aircraft’s acceleration within the flight envelope. For this reason, tail-sitter control usually adopts a cascaded structure [7, 12, 13, 15]—the altitude and speed are controlled separately from the attitude, which divides the transition flight into two phases: transition and level flight. This structure simplifies the design of the outer loop, but limits its bandwidth [9]. In contrast, this study employs a manifold-based model predictive controller for trajectory tracking, wherein the UAV’s rotation matrix in 3-D space is mapped from the manifold to a Euclidean space. Compared with prevailing cascaded control architectures, this approach yields higher trajectory-tracking control bandwidth.
The main contributions of this work are as follows.
	A minimum snap altitude-hold transition method is proposed for quadrotor tail-sitter UAVs. Guaranteeing minimum snap during the transition saves more energy and makes it easier for the vehicle to meet the control input constraints.
	Compared with the existing works, we adopt an MPC-based global controller to track the full dynamic model. Its predictive nature, which exploits the information about the future reference trajectory, contributes to a higher control bandwidth for trajectory tracking.
	The numerical simulation validates the effectiveness of the proposed method for the tail-sitter UAVs.

The rest of this article is organized as follows. The flight dynamics of the tail-sitter are presented in Section Flight Dynamics. Section Trajectory Generation and Tracking of Altitude-Hold Transition provides a thorough explanation of our strategy for addressing the altitude-hold transition problem for quadrotor tail-sitter UAVs. Section Simulation Results presents the numerical simulations and discusses the results. Finally, Section Conclusion concludes this article.
FLIGHT DYNAMICS
This section presents the flight dynamics model of the tail-sitter, which serves as the foundation of our trajectory generation method. In Section Vehicle Equations of Motion, the translational and rotational dynamics of the tail-sitter are introduced. The aerodynamic model is presented in Section Modeling of Aerodynamics.
Vehicle Equations of Motion
In the present work, the tail-sitter UAV (SWAN K1 PRO) is utilized to validate our proposed altitude-hold transition method, as shown in Figure 1. The SWAN K1 PRO is developed by HEQ UAV Technical Company in Shenzhen, China. The vehicle’s mass and wingspan are 1.3328 kg and 1.085 m, respectively. It lacks control surfaces, relying solely on the four propellers on the fuselage to generate all torques and forces. The inertial frame Oxyz is defined as North-East-Down (NED). The body frame Obxbybzb is defined as Front-Right-Down (FRD). O is the origin of the world coordinate frame, while Ob is the center of gravity of the vehicle.
[image: Diagram of a drone with coordinate axes shown. The body axes \((x_b, y_b, z_b)\) are marked in blue and world axes \((x, y, z)\) in black. Vectors \((\boldsymbol{D}, \boldsymbol{L})\) are shown with angle \(\alpha\). Velocity \(\boldsymbol{v_a}\) is depicted with its components \((v^B_{ax}, v^B_{ay}, v^B_{az})\). Point \(O_b\) represents the drone's body center.]FIGURE 1 | The tail-sitter UAV SWAN K1 PRO and coordinate frames.The states of the tail-sitter UAV are denoted by xfull=p,v,R,ω. p∈R3 and v∈R3 are the vehicle position and velocity in the world-fixed reference frame, respectively; ω∈R3 is the angular velocity in the body frame. R∈SO(3) denotes the rotation matrix from the body frame to the inertial frame; The inputs for the tail-sitter in terms of force and torques are ufull=f,τ, where f and τ∈R3 denote the thrust and control moment vector produced by four propellers, respectively.
Within these definitions, the translational and rotational dynamics of the quadrotor tail-sitter UAV can be described by the following equations:
ṗ=v(1)
v̇=g+1mfRe1+Rfa(2)
Ṙ=Rω(3)
Jω̇=τ+Ma−ω×Jω(4)
Where g=(0,0,9.8)T is the gravitational acceleration; and m is the vehicle mass. e1=(1,0,0)T, e2=(0,1,0)T and e3=(0,0,1)T are the unit vectors. fa∈R3 and Ma∈R3 are the aerodynamic force and moment in the body frame, respectively, and will be introduced in Section Modeling of Aerodynamics. J∈R3×3 is the inertia tensor matrix of the vehicle about the body frame with the center of gravity as the origin. The notation ⋅ converts a 3D vector into an antisymmetric matrix. In this study, the direction of thrust is assumed to align with the xb. In a situation where propellers are installed at a fixed angle, it only requires a simple transformation using a constant matrix.
Modeling of Aerodynamics
The present study uses an analytical aerodynamic model to determine the aerodynamic forces and moments of an aircraft. Generally, these forces and moments can be described as a set of functions depending on the AoA α and the sideslip angle β.
The aerodynamic force fa is modeled in the body frame as follows:
fa=−cos⁡α0sin⁡α010−sin⁡α0−cos⁡αDYL(5)
where L, D, and Y are the lift, drag, and side force produced by the fuselage and wings, respectively. L, M, and N are the rolling, pitching, and yawing moments, respectively, along the body axes xb, yb, and zb. Hence, the aerodynamic moment vector Ma can be modeled as:
Ma=L,M,NT(6)
According to Etkin and Reid [16], the aerodynamic forces and moments can be parameterized as:
L=12ρV2SCL, D=12ρV2SCD, Y=12ρV2SCYL=12ρV2SbCl, M=12ρV2Sc̄Cm, N=12ρV2SbCn(7)
where V=va is the magnitude of the air speed, ρ is the density of the air, S is the reference area of the wing, c̄ is the mean aerodynamic chord, and b is the span of airplane. It should be noted that va=v−w, where w is the wind velocity. CL, CD, and CY are the lift coefficients, drag coefficients, and side force coefficients of the vehicle, respectively, while Cl, Cm, and Cn are the rolling, pitching, and yawing moment coefficients, respectively. Each set of non-dimensional numbers is exclusively linked to the aircraft’s shape and attitude.
The total aerodynamic force fa in Equation 5 can be rewritten as:
fa=12ρV2SCα,β(8)
where
Cα,β=Cxα,βCyα,βCzα,βT(9)
Cxα,β=−CDα,βcos⁡α+CLα,βsin⁡α(10)
Cyα,β=CYα,β(11)
Czα,β=−CDα,βsin⁡α−CLα,βcos⁡α(12)
Based on the air velocity with respect to the body frame vaB=RTva=(vaxB,vayB,vazB)T, the AoA α and the sideslip angle β can be calculated as:
α=arctanvazBvaxB(13)
β=arcsinvayBV(14)
Since the airframe is symmetric with respect to the xbObzb plane, it can be concluded that:
CLα,β=CLα,−β,∀α,β(15)
CDα,β=CDα,−β,∀α,β(16)
CYα,β=−CYα,−β,∀α,β(17)
Computational fluid dynamics (CFD) are used to obtain the aerodynamic parameters. Details of the CFD method and simulation results can be found in our previous work [17]. Figure 2 shows an example of the surface pressure on the tail-sitter.
[image: Two images of an aircraft model showing static pressure distribution. The left image shows the front view, while the right image shows the rear view. Color scale on the left indicates pressure values in pascals, ranging from blue (low pressure) to red (high pressure).]FIGURE 2 | The surface pressure distribution of the tail-sitter UAV calculated by CFD. Left is the top; right is the bottom. (AoA = 10° and airspeed = 8 m/s).TRAJECTORY GENERATION AND TRACKING OF ALTITUDE-HOLD TRANSITION
In this section, we introduce a strategy that addresses the altitude-hold transition problem for quadrotor tail-sitter UAVs. Section Minimum Snap Trajectory Generation provides a method to handle the altitude-hold transition problem as a trajectory generation problem. To track the trajectory, Section Global Controller for the Tail-Sitter presents a controller, which is a global controller for the tail-sitter based on MPC.
Minimum Snap Trajectory Generation
The essence of the altitude-hold transition can be regarded as an optimal boundary value problem (OBVP) that considers only the initial and final states, which can be expressed as follows:
min∫0TpstTpstdt(18)
s.t.t∈0,T(19)
ps−10=s0,ps−1T=sf(20)
ṗt<Vmax,p̈t<amax(21)
Where T is used to denote the temporal duration of the trajectory, and p(s)(t) means that we minimize the s-th derivative of position p. Vmax and amax are the maximum speed constraint and maximum acceleration constraint, respectively. s0, sf∈Rs×3 are the constant boundary conditions. p[s−1]∈Rs×3 is defined by:
ps−1=p,ṗ,…,ps−1T(22)
In practice, minimizing snap (s=4) optimization roughly corresponds to reducing the required control moment [18]. This increases the likelihood that the control input limits are satisfied and that the trajectory is feasible. Thus, the minimum snap trajectory is utilized in this work. Traditionally, an unconstrained OBVP for trajectory generation can be solved using Pontryagin’s Maximum Principle (PMP). The MINCO (minimum control) trajectory class [19] utilizes optimality conditions to directly calculate an OBVP. If the transfer time between the two points is prescribed a priori, the minimum control effort trajectory can be derived in closed form from the structure of the problem, without solving an optimal control problem. Specifically, for a system controlled by the s-th derivative of position, the trajectory is a polynomial of degree 2s−1 with respect to time, where the expression for a 3-D trajectory is denoted by:
pt=cTρt,t∈0,T(23)
where c∈R2s×3 are the coefficients of (2s−1)th-degree polynomials, ρ(x)=(1,x,x2,…,x(2s−1))T. To acquire the matrix c, we establish a linear system:
Ac=b(24)
where A∈R2s×2s and b∈R2s×3 are:
A=H000GM(25)
b=s0T,sfTT(26)
H0, GM∈Rs×2s are defined as:
H0=ρ0,ρ̇0,…,ρs−10T(27)
GM=ρT,ρ̇T,…,ρs−1TT(28)
The matrix A is nonsingular and banded for any T>0. Using the MINCO trajectory class Equations 18–21, can be recast as an unconstrained optimization problem with respect to the decision variable T. Substituting the optimal T∗ into Equation 24 and solving then yields a minimum-snap trajectory.
Leveraging the differential flatness property, several recent studies [20, 21] for multirotor UAVs have explicitly incorporated attitude, angular-velocity, and control-input constraints already at the trajectory generation phase. The underlying reason is that, for multirotors, both the system states and the control inputs can be expressed as closed-form functions of position and a finite number of its time derivatives, thereby enabling the trajectory optimization to be cast as a second-order cone program (SOCP) and solved efficiently. In contrast, in the differential flatness mapping of a tail-sitter UAV, the attitude must be obtained by numerically solving nonlinear algebraic equations, making it difficult to derive a closed-form expression in terms of the decision variable T. Consequently, attitude cannot be included directly in the optimization as a function of T, nor can angular-velocity and control-input constraints be explicitly handled as convex constraints at the planning stage, which hinders the formulation of the problem as an SOCP. Nevertheless, this does not imply a deficiency in the feasibility of the proposed trajectory-generation method: we implicitly bound the states by imposing a maximum-speed constraint and a maximum-acceleration constraint, and we implicitly constrain variations in the control inputs by minimizing the second time derivative of acceleration (snap). A substantial body of prior work [9, 22, 23] has shown that enforcing constraints on velocity and its finite-order derivatives (equivalently, on higher-order derivatives of position) at the planning stage suffices, to a large extent, to ensure dynamic feasibility. In addition, during the trajectory tracking phase, control-input constraints will be explicitly enforced (see Section Global Controller for the Tail-Sitter).
Global Controller for the Tail-Sitter
The system Equations 1–4 is a cascaded structure; that is, the input torque, τ, only affects the angular velocity. The attitude of the UAV is then calculated through the angular velocity, and the current speed and position can be determined through the attitude of the UAV. Due to this cascaded dynamics, the angular velocity dynamics Equation 4 can be tracked separately. In this work, the angular velocity of the tail-sitter is tracked by three decoupled proportional–integral–derivative (PID) controllers in the autopilot. The Coriolis term, ω×Jω, and the aerodynamic moment, Ma, are both regarded as unknown disturbances and are compensated for in a feed-forward way. With a well-designed PID controller, the vehicle’s angular velocity can be achieved instantaneously. Thus, in terms of controller design, the tail-sitter’s states and inputs can be simplified as follows:
x=pTvTRTT(29)
u=fωTT(30)
Based on Equations 29, 30, we utilize the same controller as in our previous work [17], which is derived from Model Predictive Control (MPC). MPC is a common and powerful trajectory tracking method in robotics. Generally, we can design MPC to track the trajectory of a model whose states are all in Euclidean space (such as the unicycle model). This is because all system states are flat vectors, and by calculating their error’s norm, we can quantify the tracking error. However, for the dynamic model shown in Equations 1–4, the tail-sitter’s states contain the rotation matrix R∈R3×3, which is not in Euclidean space but on a non-vector, curved manifold. This makes it difficult to quantify the rotation matrix error δR. Inspired by [24], the rotation matrix R can be projected into Euclidean space via mapping:
θ=LogR∈R3(31)
where Log(⋅) is the logarithmic map proposed by [25], which is defined as:
LogSO3R=ϕ2⁡sin⁡ϕR32−R23R13−R31R21−R12(32)
where ϕ satisfies cos(ϕ)=12(tr(R)−1).
Furthermore, δR can be formulated as:
δR=Rr⊟R=LogRTRr(33)
where Rr is the rotation matrix on the reference trajectory, and R is the actual rotation matrix. The error of the rotation matrix is represented as a 3D vector, and calculating its norm can track the attitude of the vehicle.
Next, we construct the MPC objective function to ensure optimal performance of our control strategy. Benefiting from the differential flatness of quadrotor tail-sitter UAVs, the UAV’s reference 12-state can be determined from a time differentiable curve at any given moment. Therefore, according to Equations 29, 30, 33, the error of the states and inputs can be represented as:
δx=δpTδvTδRTT∈R9δu=δfδωTT∈R4(34)
δp=pr−p∈R3(35)
δv=vr−v∈R3(36)
δR=Rr⊟R=LogRTRr∈R3(37)
δf=fr−f∈R(38)
δω=ωr−ω∈R3(39)
Where the subscript r represents the value on the reference trajectory, and no subscript represents the actual value. Therefore, we can construct an MPC as an optimization problem:
δuk*=argminδuk∑k=0N−1xrk+1−xk+1Qk2+δukPk2 s.t. δxk+1=I+ΔtFxkδxk+ΔtFukδuk+ΔtFwkδwkumin≤urk−δuk≤umax(40)
where N is the receding horizon, Qk and Pk are positive diagonal matrices, umin and umax denote the actual input constraints, Fx, Fu, and Fw are the Jacobians of the error-state dynamic model δẋ with respect to δx, δu and δw, respectively. The δw=wr−w, where w is the wind velocity in the environment, and wr is the wind velocity used in trajectory optimization. The objective function should be as small as possible so that the states of the trajectory are well tracked and the trajectory inputs are as smooth as possible. Finally, the optimal control of a trajectory is:
u*=ur−δu*(41)
To obtain Fx, Fu, and Fw, we take the derivative of the state error with respect to time to obtain the error dynamic model:
δṗ=δv(42)
δv̇=1mfrRre1+Rrfar−fRe1+Rfa(43)
δṘ=A−TδR−RrTRω+ωr(44)
Where far and fa are the aerodynamic forces on the reference trajectory and actual trajectory, respectively. A(⋅):R3→R3×3 represents a map [25]:
AδR=I+1−cos‖δR‖‖δR‖⌊δR⌋‖δR‖+1−sin‖δR‖‖δR‖⌊δR⌋2‖δR‖2(45)
See Supplementary Appendix SA for the proof of Equation 44.
Linearizing Equations 42–44:
δẋ=Fxδx+Fuδu+Fwδw(46)
where
Fx≈0I001mRr∂far∂vaBrRrT∂δv̇∂δR00−ω−12δω+12K(47)
Fu≈00Rre100I+12δR(48)
Fw≈0−1mRr∂far∂vaBrRrT0(49)
∂δv̇∂δR≈Rr−aTe1−1mfa+1m∂far∂vaBrRrTva(50)
Where the matrix K and the proof of Section Global Controller for the Tail-Sitter are given in Supplementary Appendix SB.
In conclusion Equation 40, can be seen as an optimization problem with an inequality constraint that can be solved by the Powell-Hestenes-Rockafellar augmented Lagrangian method (PHR-ALM) [26]. The controller structure is shown in Figure 3.
[image: Diagram showing a control system loop with blocks labeled MPC, PID, and Vehicle Dynamics. Arrows indicate signal flows: \(f_{cmd}\) and \(\omega_{cmd}\) from MPC to PID, \(\tau\) from PID to Vehicle Dynamics, and feedback \(p\), \(v\), \(R\) to MPC.]FIGURE 3 | The global controller structure.SIMULATION RESULTS
This section demonstrates our methods’ ability to generate and track an altitude-hold trajectory. The Ryzen R5-5600G CPU (3.9 GHz) and 8 GB of RAM are utilized to run the simulation. In terms of the MPC controller, horizon N is set to 10 and step size Δt is set to 0.1. In practice, the MPC takes 0.15s on average to compute the optimal commands. The angular velocity command ω is tracked by three PID controllers, with each comparing the respective angular velocity command with its actual values and calculating a normalized control torque τ at 400 Hz.
Figure 4 shows the 3-D trajectory with a maximum speed of 12 m/s, and the corresponding flight states are detailed in Figure 5. First, the vehicle transitions from hovering to level flight and accelerates to a maximum speed of 12 m/s. Then, the vehicle performs a backward transition by decelerating from level flight to a hovering state. As can be seen in Figure 5, the altitude error remained within 1.4 m during the entire flight, with the entire path being approximately 150 m. The maximum altitude error occurred at the end of the trajectory, as the vehicle transitioned from level flight to a hovering state. The pitch angle of the UAV increased, and the direction of the thrust fcmd became gradually perpendicular to the UAV’s velocity, resulting in a gradual climb of the UAV. Overall, the tracking performance is satisfactory for both altitude and pitch angles.
[image: A 3D graph showing the simulated trajectory of an aircraft with a color gradient path indicating speed in meters per second, from 2 (blue) to 10 (red). An orange dashed line represents the reference path. Axes are labeled in meters, with the x-axis from 0 to 150, y-axis from 0 to 150, and z-axis from -50 to 80. A yellow arrow indicates the direction of motion.]FIGURE 4 | An altitude-hold transition trajectory.[image: Three graphs display data over time from zero to thirty seconds. Graph (a) shows altitude in meters, with a solid blue and dashed yellow line indicating simulation and reference data. Graph (b) shows pitch in degrees, also comparing simulation and reference data. Graph (c) depicts snap in meters per second to the fourth power, displaying a solid blue line with multiple peaks.]FIGURE 5 | States of the altitude-hold transition simulation. (a) altitude, (b) pitch, (c) integration of snap.Figure 6 shows the simulated control inputs for the altitude-hold transition. Figure 6a shows the angular velocity time-domain response when tracking the command. It is easy to observe that the PID controller exhibits no overshoot and has fast tracking. Figure 6b shows the thrust command to the autopilot in the real world.
[image: Two line graphs are shown. Graph (a) depicts angular velocity (ωy) in degrees per second versus time, with blue for actual and yellow for commanded values, exhibiting fluctuating patterns up to 35 degrees per second. Graph (b) shows commanded force (f_cmd) in newtons versus time, beginning at 13 N, dropping between 5 to 15 seconds, and then rising to over 12 N by 30 seconds. Both graphs span a time range of 0 to 30 seconds.]FIGURE 6 | Control inputs of the altitude-hold transition. (a) angular velocity calculated from MPC and actual angular velocity, (b) thrust calculated from MPC.CONCLUSION
In this study, an altitude-hold flight mode transition strategy for quadrotor tail-sitter UAVs is proposed. For the proposed strategy, the altitude-hold transition is transformed into a trajectory generation and tracking problem. An optimal condition is utilized to generate a minimum snap and altitude-hold trajectory. Then, we take advantage of the differential flatness property of the tail-sitter UAVs to mitigate the complex nonlinear dynamics of the wings and fuselage. Moreover, a global controller based on MPC is adopted to track the trajectory. Simulation results indicate that the altitude error remained within 1.4 m during the entire flight, with the entire path being approximately 150 m. The AoA variation is approximately 80°, and the overall strategy performance is acceptable. The proposed strategy is universally suitable for all tail-sitter UAVs that utilize a quadrotor to control their attitude.
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