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Abstract 
Modern mechanical and aerospace systems increasingly operate autonomously in environments characterized 
by nonlinear dynamics, uncertainty, and safety constraints. In such settings, estimation and control methods 
based on nominal models and single-point trajectory predictions are often insufficient for safe and reliable 
operation. This dissertation adopts a set-theoretic perspective, in which the system state, uncertainty, and 
admissible behavior are represented by sets rather than point estimates. This viewpoint characterizes all states 
consistent with the dynamics, disturbances, control limits, and measurements, enabling bounded uncertainty 
descriptions and control laws with safety assurances under unknown-but-bounded disturbances. 

The dissertation develops an integrated framework combining set-theoretic reachability analysis, set-
membership state estimation, and Model Predictive Control (MPC). The first part addresses reachable-set 
computation for nonlinear systems using zonotopes and constrained zonotopes. A Taylor-series-based 
propagation framework with bounded linearization error is developed to compute outer and inner 
approximations given the state and input constraints. These methods are applied to hypersonic atmospheric 
re-entry, where safe reachable tubes are used as constraints within linear time-varying, nonlinear, and tube-
based MPC formulations. The framework is then extended to low-thrust spacecraft in two-body and cislunar 
environments using direct nonlinear Taylor expansion and state-dependent coefficient parameterization for 
reachability-informed station-keeping about cislunar periodic orbits. 

The second part considers estimation and control under bounded uncertainty for spacecraft rendezvous and 
proximity operations. Ellipsoidal and zonotopic set-membership filters are integrated with MPC for linear time-
varying relative dynamics. A hybrid zonotopic set-membership filters are integrated with MPC for linear time-
varying relative dynamics. A hybrid zonotopic set-membership Kalman filter is further developed for 6-DOF 
proximity operations under mixed stochastic and unknown-but-bounded uncertainty. The method bounds the 
Lagrange linearization remainder using zonotopes, derives a gain that accounts for both stochastic covariance 
and set-valued uncertainty, and supplies state estimates for MPC-based trajectory guidance. 

The final part extends MPC to cooperative robotic systems, including multi-rover lunar exploration under 
communication and terrain constraints, aerial-ground docking of a micro aerial vehicle on a mobile platform, 
and real-time quadrotor trajectory tracking with online zonotopic safe-corridor enforcement. Together, these 
developments demonstrate that set-theoretic reachability and set-membership estimation complement 
predictive control by enabling uncertainty-aware estimation and safety-critical control for mechanical and 
aerospace systems. 
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