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Abstract

Introduction: Quadrotor unmanned aerial vehicles (UAVs) are highly
nonlinear, underactuated, and strongly coupled systems whose performance
is sensitive to physical parameter uncertainties. Among these uncertainties,
mass variation is especially important because it directly affects the altitude
dynamics, since the vertical acceleration depends on the ratio between the
applied thrust and the vehicle mass. In practical missions, the quadrotor
mass may change due to payload variation, battery replacement, mounted
equipment, or modeling errors. Therefore, designing a stabilizing controller
that does not require exact prior knowledge of the vehicle mass is essential
for improving flight reliability and robustness.

Methods: In this study, a nonlinear mathematical model of the quadrotor
is first derived using the Newton—Euler formulation. The model includes
translational and rotational dynamics and is represented in a twelve-state
nonlinear state-space form. Then, a nominal integrator backstepping
controller is designed for altitude and attitude stabilization under the
assumption that all physical parameters are known. To handle unknown
mass uncertainty, the nominal controller is extended into an adaptive
integrator backstepping controller.

Findings: Numerical simulations show that the proposed controller drives
the quadrotor altitude and the roll, pitch, and yaw angles to their reference
values with zero steady-state error and no overshoot in the attitude
channels. Benchmarking against non-adaptive integrator backstepping,
PID, MPC, and SMC under identical mass uncertainty shows that the
proposed scheme, unlike its non-adaptive counterpart, eliminates the steady-
state altitude error (final altitude of 0.998 m versus 0.626 m) and is the only
controller that reconstructs the unknown and even time-varying mass
online; under a +50% mass variation it is the only method that fully reaches
the altitude reference (ITAE of 3.85 versus 17.43 for SMC).

Conclusion: The proposed robust adaptive integrator backstepping
controller provides an effective solution for quadrotor stabilization in the
presence of unknown mass uncertainty. By combining Lyapunov-based
adaptive estimation with integrator backstepping control, the method
guarantees boundedness of closed-loop signals and improves robustness
against mass variations, making it suitable for quadrotor applications
involving payload changes or uncertain modeling conditions.
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