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Model predictive control (MPC) has been widely applied to the process industry in the past
decades, and it has kept evolving and showing great potential in robotics, automobile, power
electronics, aerospace, and various industries. The major challenge of MPC comes from
solving the arising optimization problems at every sampling instant. This thesis explores novel
numerical optimization methods that enable the use of MPC to control applications with high
sampling rates, complex and large-scale dynamics, and resource-limited hardware. This thesis
consists of seven chapters.

Chapter 1 describes the motivations, backgrounds, and goals of this thesis.

Chapter 2 formulates the continuous-time MPC problem and gives the discretized form of
the MPC problem, which is used throughout the thesis. The discretized MPC problem is
obtained by using the so-called reverse-time discretization method, which leads to a well-
structured discretized MPC problem so that succinct descriptions of the proposed methods in
the remaining chapters can be achieved. Since the inequality constraints in this thesis are
transferred into barrier functions under the framework of the interior-point method, the basics
of numerical optimization and the interior-point method are introduced in this chapter.

Chapter 3 presents a simple iterative method that combines first- and second-order
approaches for linear MPC. Approximate value functions requiring only first-order derivatives
and incorporating fixed second-order information are employed, which leads to a method that
splits the MPC problem into subproblems along the prediction horizon, and only the states and
costates (Lagrange multipliers corresponding to the state equations) are exchanged between
consecutive subproblems during iteration. The convergence is guaranteed under the framework
of the majorization-minimization principle. For efficient implementation, practical details are
discussed, and the performance is assessed against both first- and second-order methods with
two numerical examples. The results indicate that the proposed method can obtain a
moderately accurate solution with a small number of cheap iterations.

Chapter 4 presents a highly parallelizable Newton-type method for NMPC by exploiting the
particular structure of the Karush-Kuhn-Tucker (KKT) conditions. These equations are
approximately decoupled into single-step subproblems along the prediction horizon for
parallelization. The coupling variable of each subproblem is approximated to its optimal value
using a simple, efficient, and effective method at each iteration. The rate of convergence of the
proposed method is proved to be superlinear under mild conditions. Numerical simulation of
using the proposed method to control a quadrotor shows that the proposed method is highly
parallelizable and converges in only a few iterations, even to high accuracy. A comparison of
the proposed method's performance with that of several state-of-the-art methods shows that it




is faster.

Chapter 5 presents an efficient implementation, which is called ParNMPC, of the highly
parallelizable method under the framework of the primal-dual interior-point method. The
implementation details of ParNMPC are introduced, including a framework that unifies search
direction calculation done using Newton's method and the parallel method, line search methods
for guaranteeing convergence, and a warm start strategy for the interior-point method. To
assess the performance of ParNMPC under different configurations, three experiments
including a closed-loop simulation of a quadrotor, a real-world control example of a laboratory
helicopter, and a closed-loop simulation of a robot manipulator are shown. These experiments
show the effectiveness and efficiency of ParNMPC both in serial and parallel.

Chapter 6 presents an efficient Jacobi optimization method for NMPC by exploiting the
temporal sparsity of the KKT matrix and lower-layer problem-dependent sparsity. The NMPC
problem is solved by the Jacobi method, in which the temporal couplings of either the state or
costate (Lagrange multiplier corresponding to the state equation) equations are ignored so that
the lower-layer sparsity is preserved. Convergence analysis indicates that the convergence of
the proposed method is related to the prediction horizon and regularization. To demonstrate its
efficiency of the proposed method, we concentrate on NMPC of partial differential equation
(PDE) systems. The NMPC problem to be solved is formulated by discretizing the PDE system
in space and time by using the finite difference method, which results in a large-scale and
sparse problem. A lower-layer Jacobi method is proposed to exploit the lower-layer sparsity
(spatial sparsity of the PDE-constrained NMPC problem). A numerical experiment of
controlling a heat transfer process shows that the proposed method is two orders of magnitude
faster than the conventional structure-exploiting Newton's method.

Chapter 7 summarizes the contributions of this thesis and gives an outlook for future
research.
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