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ABSTRACT

Real-time Predictive Control of Constrained Nonlinear Systems Using the IPA-SQP
Approach

by

Hyeongjun Park

Co-Chairs: Jing Sun and Ilya V. Kolmanovsky

Model Predictive Control (MPC) is an effective control method that has been used
for a diverse set of applications. Specifically, MPC for linear systems with quadratic
cost functions is considered a mature technology. For nonlinear systems whose un-
derlying dynamics are fast, however, the computational complexity of the numerical
optimization has emerged as one of the main challenges in MPC applications.

An integrated perturbation analysis and sequential quadratic programming (IPA-
SQP) algorithm has been developed to address the computational burden and to meet
the real-time computation requirements in nonlinear MPC (NMPC). A parametric
neighboring extremal (PNE) approach has also been developed. It provides a closed-
form neighboring extremal (NE) solution for systems subject to initial state variation
where a control sequence and a set of parameters are optimized.

Motivated by the effectiveness of the IPA-SQP and PNE approaches and by their
possibilities of extending methodologically, this dissertation primarily focuses on de-

velopment of methodological extension to the IPA-SQP and PNE approaches to deal
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with adaptive MPC (AMPC) and minimum-time MPC problems, respectively. An
indirect AMPC algorithm is developed to effectively integrate adaptation and con-
strained dynamic optimization. The AMPC algorithm based on IPA-SQP facilitates
fast updates of the control sequence when model parameters change. A method-
ological extension to the PNE approach has been developed for minimum-time MPC
which is of interest due to its ability to improve robustness to model uncertainties
and disturbances, satisfy constraints, and provide automatic control refinements near
the target.

This dissertation also focuses on challenging real-time applications of the TPA-
SQP algorithm. A novel optimization-based power management controller (PMC) is
developed, analyzed, and tested on a physical test-bed platform with multiple power
sources and loads. The development of model predictive controllers for spacecraft
applications is also presented. A conventional linear quadratic MPC (LQ MPC) for
spacecraft relative motion maneuvering is developed. The LQ MPC, however, does
not enable the direct handling of nonlinear constraints. Hence the IPA-SQP MPC
approach is applied to solve the NMPC problems arising in spacecraft relative motion

maneuvers.
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CHAPTER I

Introduction

1.1 Motivation

Model Predictive Control (MPC) is an effective control method that has been used
for a diverse set of applications [2, 3, 4, 5]. In the MPC framework, a cost function is
minimized over a prediction horizon, subject to system dynamics and pointwise-in-
time state/input constraints. By solving the optimization problem, a control sequence
is calculated at each sampling time instant. The first element of the obtained control
sequence is applied to the system, and the procedure is repeated at the next sampling
time instant [6, 7].

MPC provides several advantages over other control methods [6]. It has a flexible
framework. It can be used for various systems from those with relatively simple
dynamics to more complicated ones. Specifically, MPC can deal with multi-variable
and hybrid systems, and the constraints can be systemically enforced. In addition,
MPC recomputes the control action at each time instant based on measured output,
which leads to a form of a feedback law that is able to compensate for unmeasured
disturbances.

Most MPC applications have been reported for systems with slow response time
and abundant computational resources [2, 5]. MPC for linear systems with quadratic

cost functions is especially considered a mature technology [8]. For nonlinear systems



whose underlying dynamics are fast, however, the computational complexity of the
numerical optimization has emerged as one of the main challenges in using MPC.

To reduce the online computational effort, several methodologies and numerical al-
gorithms have been proposed. One of the proposed methodologies is using model com-
plexity reduction techniques [9, 10, 11]. Model complexity reduction can be achieved
by focusing on dominant dynamics using the time scale decomposition of dynamics of
different components [10, 11], the regional linear approximation of nonlinear models
[12, 13], and other techniques [14]. Model complexity reduction techniques, how-
ever, may degrade closed-loop performance and cause instability because of model
uncertainties [15].

Explicit MPC has also been proposed [16, 17] to address computational complex-
ity. Explicit solutions to MPC problems are obtained offline [16, 18] so that the
resulting explicit control law can be stored for online use [19]. Explicit MPC ap-
proaches have an advantage in that they also do not require real-time optimization
solvers to be implemented online. At the same time, large memory may be required
to store the solution. This can cause issues, especially for problems with a long
prediction horizon or many states [14, 19].

Thus real-time optimization solvers for MPC are beneficial in applications when
the model may be changing online, when a long prediction horizon is necessary, and
when strong nonlinearities in systems and/or constraints are present [14]. Several
numerical algorithms [20, 21, 22, 23, 24, 25, 26] have been developed for real-time
implementation of nonlinear MPC (NMPC) problems. In Section 1.2, the detailed
overview for the proposed numerical algorithms is provided.

To address the computational burden and to meet the real-time computation re-
quirements in various applications, an integrated perturbation analysis and sequential
quadratic programming (IPA-SQP) algorithm has been developed and applied to solve

a constrained NMPC optimization by Ghaemi et al. [27, 28, 29, 30]. It combines the



solutions derived using perturbation analysis (PA) and sequential quadratic program-
ming (SQP) in a single unified framework to solve the discrete-time optimal control
problem with an initial state perturbation. Thus the IPA-SQP algorithm updates
the solution to an MPC problem at time ¢ by considering it as a perturbation to the
solution at time (¢ — 1). The basis for the IPA-SQP algorithm is the neighboring
optimal control theory extended to discrete-time systems with constraints [31]. The
IPA-SQP corrects the solution derived on the basis of neighboring optimal control
theory using SQP updates. The merged PA and SQP updates represent efficient
predictor-corrector style updates, thereby yielding a fast solver for real-time nonlin-
ear MPC problems [14]. The IPA-SQP approach has been implemented and validated
through several simulations and experimental applications. These include regulating
the output voltage of a DC/DC converter [1] and controlling a model ship to follow
a pre-specified path [14]. A parametric neighboring extremal (PNE) approach has
also been developed for simultaneous control trajectory and parameter optimization.
It provides a closed-form neighboring extremal (NE) solution for systems subject
to initial state variation where control input sequence and a set of parameters are
optimized.

Motivated by the effectiveness of the IPA-SQP and PNE approaches and by
their possibilities of extending methodologically, this dissertation primarily focuses
on developing methodologies to deal with adaptive MPC (AMPC) and minimum-
time MPC problems by means of the IPA-SQP approach and PNE approach. This
dissertation also focuses on challenging real-time applications of the IPA-SQP algo-
rithm. Specifically, an optimization-based power management controller (PMC) is
developed, analyzed, and tested on a physical test-bed platform. The development
of model predictive controllers for spacecraft applications is also presented in this
dissertation. A conventional linear quadratic MPC (LQ MPC) for spacecraft relative

motion maneuvering is developed. The LQ MPC, however, does not enable the direct



handling of nonlinear constraints. Hence the IPA-SQP MPC approach is applied to
solve the NMPC problems arising in spacecraft relative motion maneuvers. The sim-
ulation results with a nonlinear thrust constraint using IPA-SQP MPC demonstrate
that the IPA-SQP algorithm can effectively handle the nonlinear constraint. The LQ
MPC has also been applied to spacecraft rendezvous/docking and debris/obstacle
avoidance maneuvering. The simulation results are reported.

In the rest of this chapter, background and literature review on NMPC, numer-
ical algorithms proposed in the literature, IPA-SQP, AMPC, minimum-time MPC,
and new applications are discussed at a high level, followed by a summary of key

contributions. The dissertation outline is provided in the final section.

1.2 Background and Literature Review

1.2.1 Nonlinear Model Predictive Control

Linear MPC techniques and theory are quite mature [6, 7]. They have been
successfully implemented in many applications, mainly in the petrochemical industry.
There are excellent survey papers on important issues such as stability and online
computation [32, 33]. Most systems, including those arising in control applications
for aerospace, marine, and automotive vehicles, are, however, nonlinear. The interest
in using NMPC has been therefore increasing to deal with such nonlinear systems in
practice.

The current state of NMPC is well-covered in recent survey articles [8, 34]. There
are two main challenges in designing and implementing NMPC [8, 34, 35]. One is
choosing the problem setting to guarantee the stability of the closed-loop system of
NMPC. Several theoretical approaches have been developed to achieve closed-loop
stability (see the review and survey papers [32, 34] and references therein). The

other issue is computing the optimal control input in real time. The need to obtain



the optimal control solutions online with negligible computational delay makes the
real-time implementation of NMPC problems numerically challenging.

To improve the computational efficiency, several strategies have been proposed.
Reference [15] gives a good overview on the categorized approaches such as model
complexity reduction [10, 11], explicit MPC [16, 17|, fast NMPC algorithms |20,
36, 37], and decentralized and hierarchical MPC [38, 39, 40, 41]. This dissertation
focuses on developing fast numerical methods and algorithms to solve optimal control

problems arising in real-time implementation of NMPC.

1.2.2 Numerical Methods and Algorithm for NMPC

There have been many recent studies that address the computational challenges
for real-time implementation of NMPC. Overviews of studies on efficient numerical
methods and algorithms for NMPC can be founded, for example, in [20, 21]. The SQP
and interior point (IP) methods are the dominant approaches for the development of
numerical algorithms that solve nonlinear optimal control problems arising in NMPC
20, 22, 42, 43, 44, 45].

Reference [20] provides an excellent overview, specifically, on online optimization
algorithms for NMPC. For instance, a Newton-type solver has been developed by
Li and Biegler [46, 47]. In this algorithm, only one SQP iteration at each sampling
time is implemented so that the computational efficiency is improved. At the level
of the model, approximation by linearization is used in the algorithm; however, the
approximation is valid in the vicinity of the nominal trajectory for nonlinear models,
and it might have problems in convergence [47, 48]. The closed-loop stability of the
resulting system has been proven for the open-loop stable process [23]. Diehl et al. [49,
50] have proposed the real-time iteration scheme that restricts the online computation
load to one SQP type iteration in each sampling time. This scheme solves efficiently

a nonlinear optimization problem by an SQP method tailored to the direct multiple



shooting structure. This approach exploits the complete solution from the problem
at the previous sampling time without any modification, so called the initial value
embedding as proposed in [50]. The early termination and warm starting approach
can reduce computational loads. The convergence, however, may not be guaranteed
under disturbances and significant nonlinearities [48]. Reference [37] addresses the
closed-loop stability and derives error bounds for this algorithm. On the other hand,
as an IP type approach, Ohtsuka [24, 35] has developed an algorithm on the basis of
the continuation and generalized minimum residual (continuation/GMRES) methods.
This algorithm is based on IP-type treatment of inequality constraints with the fixed
path parameter. In this approach, an original continuous-time optimization problem
is discretized over the horizon, and a ‘two point boundary value problem’ (TPBVP)
is obtained to determine the control input sequence based on necessary conditions for
optimality. Instead of solving this TPBVP explicitly, the derivatives of the control
input sequence with respect to time are determined by a continuation method. Then
control updates reduce to a linear equation involving Jacobian. GMRES is used to
solve the linear equation and determine the optimal control sequence. Hence, only
one linear system is built and solved for one Newton-type iteration by the proposed
algorithm, leading to a predictor-corrector path following method. The algorithm,
however, may fail because of discretization errors. Error bounds for this algorithm
have been established in [35].

A common feature of the above algorithms is that they perform one iteration in
each sampling time, i.e., they do not solve optimization problems at each sampling
time to convergence, but instead, force early termination to save computation time.
The resulting state trajectories may be deteriorated for systems with large uncer-
tainties and significant nonlinearities. Constraint violation can also be possible after
one iteration while it could be avoided when the optimization problem is solved to

convergence [25, 48].



To avoid the convergence issues of the early termination approaches, the advanced
step controller has been developed by Zavala and Biegler [25, 51]. In this algorithm,
a complete Newton-type IP procedure is iterated to convergence. It uses the cur-
rent control action to predict the future state and solves the future optimal control
problem using the IP type procedure in advance at the current sampling time. The
approach exploits the parametric property of the optimization problem and approxi-
mates the optimal solution. The feasibility-perturbed SQP (FP-SQP) algorithm has
been proposed by Tenny et al. [52]. The algorithm maintains all intermediate iter-
ations feasible and uses a suboptimal control approach to reduce computation time
[48]. Bock et al. [26] have proposed a multi-level real-time algorithm. The algorithm
solves one condensed QP at the lowest level and a linear MPC form at the base
level. The nonlinear constraint residuals are then evaluated on the next two interme-
diate levels. The computational efficiency is achieved since these level iterations are
cheaper than one full SQP iteration. Reference [53] has the results that guarantee
the optimality and closed-loop stability for this algorithm.

As compared to the above algorithms, the unique feature of IPA-SQP is that it
uses neighboring extremal updates in the predictor step to improve computational
efficiency. Neighboring extremal control has been studied in [31, 54, 55]. Biiskens
and Maurer [56] have studied sensitivity of the discretized optimal solution with
parameters. Fast updates are calculated as a function of parametric uncertainties
when active sets change because of disturbance [57]. Wiirth et al. [48] have proposed
a different method uses neighboring extremal updates for real-time NMPC. In their
method, if the neighboring extremal update is not fulfilling optimality criteria, an
efficient adjoint-based method is exploited until the feasibility and optimality criteria

are satisfied. In the next section, the features of IPA-SQP algorithm are introduced.



1.2.3 IPA-SQP Approach

The TPA-SQP algorithm combines the complementary features of PA and SQP
for solving constrained dynamic optimization problems [27, 28, 30]. The PA is an
approach to predict a change in the optimal solution when some of the parameters,
such as the initial conditions, are changed. The PA provides closed-form solutions;
however, because of its approximate nature, it does not guarantee successive opti-
mality when the algorithm is applied repeatedly as necessary in constrained dynamic
optimization problems. The SQP, on the other hand, is a standard optimization ap-
proach to solve constrained optimization problems. It achieves local optimality by
applying quadratic programming (QP) iteratively. To correct the solution towards
satisfying necessary conditions, SQP updates based on linearization and quadratic
cost approximation can be applied. Through the synergetic integration of PA and
SQP algorithms into IPA-SQP, the optimal control sequence at each sampling instant
t with the observed state x(t) is calculated using the optimal control sequence from
the previous sampling instant (¢ —1). The IPA-SQP achieves successive optimality for
each MPC update by using a special PA and SQP formulation to perform iterations
and achieve computational efficiency. It can be shown that the IPA-SQP has the
linear computational complexity of O(N) as compared to SQP of O(N'5) to O(N?),
where N is the prediction horizon of the MPC problem [14]. Moreover, the IPA-SQP

incorporates the following special features:

1) The IPA-SQP efficiently computes the approximation of the optimal solution

by taking advantage of backward recursive updates.

2) When active constraints are not changed by the perturbation, dz(t) = z(t) —
x(t—1), in the initial state, the closed-form PA solutions can be derived, thereby
leading to very efficient computations. If the perturbation dx(t) in the initial

state causes changes in the activity status of constraints, the perturbation dz(t)



is divided into smaller sub-variation perturbation so that the PA solution can
be applied to each one [27, 28]. It has been shown in several applications that

a good trade-off between efficient computation and accurate optimization can

be achieved [1, 14, 28].

In Chapter II, the detailed IPA-SQP algorithm, including a flow chart illustrates
the main steps of the IPA-SQP algorithm [1] and the key equations involved, will be
described.

A PNE algorithm applicable to simultaneous control trajectory and parameter
optimization has also been proposed by Ghaemi et al. [30] (see also Gao et al. [58]
for an application to ship path following). In Chapter IV, the detailed derivation is
introduced. This dissertation develops solutions within the IPA-SQP framework for
AMPC and the PNE approach for minimum-time MPC problems. It also explores
several important applications of the IPA-SQP algorithm. To provide a context for the
dissertation work, in the following subsections, background and literature review are
provided for AMPC, minimum-time MPC, shipboard power management controllers,

and MPC for spacecraft relative motion maneuvers.

1.2.4 Adaptive Model Predictive Control

Compared to a substantial amount of research on conventional MPC, progress on
adaptive MPC (AMPC) for systems with constraints has been limited. AMPC has
been identified as a vital research direction by Morari [59].

There are several challenges in the development of rigorous approaches to AMPC
and in associated computations. In particular, the ‘separation principle’ used for most
certainty equivalence designs in indirect adaptive control may not hold in general
class of nonlinear systems [60, 61]. In addition, the control law does not have a
closed-form solution and has to be computed numerically in MPC. Furthermore,

since the parameter identification is intertwined with the feedback loop, the closed-



loop performance of AMPC depends on both estimation and optimization, as well as
their interactions. Finally, the predictive constraint enforcement based on an adaptive
model requires special care.

Early developments in AMPC have been in the area of the generalized predictive
control (GPC) [62, 63, 64, 65], for which general state and output constraints have
not been treated. More recent work on AMPC includes, for example, linear AMPC
considered in [66], and AMPC using multiple linear models in [67, 68, 69, 70]. For
nonlinear systems, the development of AMPC solutions has generally proceeded in two
directions. Several of the approaches rely on the argument of parameter convergence
to apply the ‘separation principle’. For example, [71] shows that under appropriate
assumptions, there must exist a finite time period when the persistent excitation
condition is satisfied (during which period the trajectories are assumed to be bounded)
and, therefore, parameter convergence is achieved. In [66], additional constraints are
included to ensure persistent excitation for online parameter identification. In [72], a
different approach is taken to design an Input-to-State Stable (ISS) control Lyapunov
function to provide robust stabilization for the closed-loop system without adaptation,
and at the same time to ensure asymptotic stability with parameter adaptation for
a class of unconstrained nonlinear systems. Another approach to integrating the
adaptation into MPC is by ensuring sufficient ‘robustness’ while the estimation is still
in progress. This is the approach taken, for instance, by [60, 73, 74, 75], where a set
valued description of parameter uncertainty is adapted, and a robust min-max MPC
is implemented for the identified parameter set. While this approach can deal with
constraints, the underlying min-max feedback MPC problem can be computationally
prohibitive to solve, especially in real-time.

The approach pursued in this dissertation is motivated by the need to integrate
optimization-based control solutions with online parameter identification algorithms

for hybrid propulsion systems arising in aerospace, marine, and automotive domains.
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These systems involve multiple heterogeneous power plant and load networks, have
stringent safety and self sustainability requirements, and are expected to operate
in wide range of conditions over their long life cycle. Moreover, they require fast
sampling given their fast dynamics, yet they have limited on-board memory and
computing power due to cost and space constraints. Consequently, efficient AMPC
algorithms are necessary to handle real-time optimization, physical and operational
constraints, and online identification and adaptation.

An indirect AMPC algorithm based on the IPA-SQP framework is proposed in
Chapter IIT aimed at developing efficient algorithms to integrate adaptation and op-
timization. Exploring the structure of the neighboring extremal solution, parameter
updates are treated, together with updated initial conditions as the states are evolv-
ing, as perturbations in the MPC problem formulation. The TPA-SQP framework is

used to derive an algorithm for a fast computation/update of the control sequence.

1.2.5 Minimum-time Model Predictive Control

Minimum-time optimal control problems have been well studied, see e.g., [31, 76,
77, 78, 79]. In simple cases, such as for a double integrator with control constraints,
a feedback law can be computed explicitly. In more general cases, obtaining a closed-
form solution for a feedback law is a challenging task and a minimum-time open loop
(feed-forward) trajectory is generated numerically by applying either direct methods
(such as the direct shooting method, penalty function method, and SQP) or indirect
methods (such as the multiple shooting method and collocation method), see e.g.,
[80, 81]. To provide robustness to unmeasured uncertainties and disturbances, open-
loop control can be augmented with a feedback stabilizer to the computed open-loop
trajectory. References [82, 83] developed another approach to minimum-time control
for linear systems in discrete-time based on set theoretic techniques.

Applying MPC philosophy to minimum-time control involves recomputing the

11



open-loop state and control trajectory subject to pointwise-in-time state and control
constraints, terminal state constraint, and the current state as the initial conditions.
The computed control trajectory is applied open-loop till the next time instant when
it is recomputed. As in traditional MPC, see [6], by recomputing the minimum-time
control based on updated state information, robustness to unmeasured disturbances
and uncertainties is improved.

Many spacecraft and airplane control problems can be formulated as the minimum-
time control problem. Some of them have been solved using MPC. For instance, the
low thrust orbital maneuvering and for hypersonic vehicle guidance problems are
solved in [84, 85]. The basic MPC strategy solves the minimum-time optimal control
problem over a horizon and obtains the optimal control as a function of time as a
vehicle progresses along its trajectory. The detailed procedure to formulate a problem
for minimum-time MPC is provided in Chapter V. In these applications, minimum-
time MPC has been used to improve robustness to unmeasured disturbances and
uncertainties. For instance, the ability to perform Earth-to-Mars low thrust orbital
transfers despite thrust errors and perturbation forces has been demonstrated in [84].
Additionally, the finite-time convergence of the minimum-time control is advantageous
for applications that involve way-point following. In hypersonic vehicle applications,
way points have to be reached in minimum time subject to exclusion zone and control
input constraints (see [85]).

The fact that the minimum-time feedback control possesses finite time stability
and robustness properties is easily seen in continuous time. The cost-to-go function,
V(x), under appropriate assumptions, satisfies the Bellman equation, V(t) = —1,
leading to finite-time convergence of V' (z(t)) to 0 and x(t) to xr, where zr denotes
the target state (e.g. a way point) for the minimum-time control [84]. If the pertur-
bations do not destroy the property, V(t) < e <0, it is shown in [84] that finite-time

convergence is maintained despite these perturbations. The minimum-time MPC
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solutions represent an approximation to the minimum-time feedback control.
To generate the minimum-time MPC law, however, a fast nonlinear optimizer is
necessary in real-time implementation. In this dissertation, a methodology using the

PNE approach for minimum-time MPC is developed.

1.2.6 Real-time Optimization for Shipboard Power Management

Shipboard integrated power systems (IPS) have been investigated as the key en-
abling technology in ship electrification for applications including warships and high
value commercial ships [86, 87]. They provide electrical power for both the propulsion
system and service loads, and rely on power management control (PMC) strategies
to coordinate the power sources and loads for efficient and safe operation. The goals
of PMC strategies are to achieve efficient and robust operation and to meet vari-
ous dynamic requirements in diverse and sometimes adverse conditions. Moreover,
effective PMC strategies are expected to provide improved fuel efficiency, enhanced
response speed, and superior reliability in real-time [88]. To accomplish this, PMC
must deal effectively with nonlinear system dynamics and stringent constraints to
protect and operate the components involved. In addition, PMC must be flexible and
easy to tune in order to manage trade-offs and re-balancing performance attributes.
Several approaches have been proposed for shipboard PMC with IPS. An automatic
rule-based expert system is proposed for the reconfiguration of shipboard IPS to en-
hance survivability of naval ships in [89]. In [90], an automated self-healing strategy
is investigated by solving an optimization problem with constraints using a linear
programming algorithm. In [91], a decentralized control approach using an intelligent
multi-agent system for shipboard power systems is proposed.

A number of research groups have developed shipboard PMC strategies using
the real-time optimization framework. For example, a fast reconfiguration algorithm

based on zone selection differential protection schemes is reported in [92]; however,
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[92] provides no evidence that the algorithm can be implemented in real time. In other
studies, real-time simulation results are reported. For instance, in [93], using the small
population-based particle swarm optimization method, a fast intelligent reconfigura-
tion algorithm is implemented on a real-time simulator. Reference [94] pursues a
methodology that exploits time scale separation to achieve real-time optimization of
a shipboard IPS. By solving a two-level simplified optimization problem, the real-
time computational efficiency is achieved and validated on a real-time simulator.
Most studies for PMC strategies in the optimization-based framework demonstrate
the real-time feasibility using real-time simulations. To the author’s best knowledge,
however, no study has demonstrated optimization-based PMC strategies with test

results on a physical platform.

1.2.7 MPC for Spacecraft Relative Motion Maneuvers

Autonomous spacecraft relative motion maneuvers, including rendezvous and dock-
ing, are important and difficult parts of modern spacecraft missions. Examples
of spacecraft relative motion maneuvering problems and solutions can be found in
(95, 96, 97] and references therein.

For instance, to recover a tumbling/out-of-control satellite that may exhibit com-
plicated motion, a transport vehicle has to approach the International Space Station,
and it has to avoid debris/obstacle appearing on the spacecraft path. The rendezvous
and docking problems lead to control problems with pointwise-in-time and terminal
constraints imposed on both state and control variables. For instance, the approach-
ing spacecraft must maintain its position within a Line-of-Sight (LOS) cone from the
docking port on the target platform [98, 99, 100, 101]. In addition, terminal trans-
lational velocity of the spacecraft must match the velocity of the docking port to
ensure soft-docking [99, 102]. Collisions with debris/obstacle emerging on the space-

craft path must be avoided, and the spacecraft fuel consumption must be minimized
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in addition to satisfying constraints during the maneuvers.

Spacecraft rendezvous and docking problems have received significant attention
in the literature, see [99, 101, 103, 104, 105, 106] and references therein. Various
approaches have also been proposed for spacecraft rendezvous and docking based on
variants of the MPC framework [107]. An MPC strategy with a variable horizon has
been developed in [108]. In this strategy, auxiliary integer variables are introduced to
represent the state of the mission at a given time (specifically whether a prescribed
‘box’ around the docking port is reached or yet to be reached) and the problem is
treated as a mixed integer programming problem where the objective function is
the weighted sum of fuel consumption and maneuver time. In [99], the strategy is
extended to obtain failure-safe trajectories. In [109], a ‘rubber band” MPC controller
is proposed. In [110], the authors propose an application of MPC to spacecraft
navigation in proximity of a space station. For guidance to the neighborhood of the
space station, an unconstrained MPC is used while a constrained spacecraft attitude
controller maintains the LOS between the space station and the spacecraft.

The available spacecraft computing power is restricted in most spacecraft missions,
including not only nanosats and cubesats but also high end spacecraft. Therefore,
the MPC solutions to spacecraft relative motion control problems must have low

computing effort in order to be feasible.

1.3 Contributions

This dissertation deals with methodologies for AMPC and minimum-time MPC
that can be developed by exploiting the IPA-SQP and PNE approaches, and with
specific applications that require real-time implementation of NMPC using the IPA-
SQP approach. The contributions of this dissertation include both the development
of methodological extensions to the ITPA-SQP approach to AMPC and minimum-
time MPC and the specific applications of MPC using IPA-SQP algorithm. The
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contributions are summarized as follows:

1) As a methodological extension to the IPA-SQP framework, an indirect AMPC
algorithm is developed to effectively integrate adaptation and constrained dy-
namic optimization. The AMPC algorithm based on IPA-SQP facilitates fast
updates of the control sequence when model parameters change [111]. Thus

IPA-SQP enables computationally efficient implementation of AMPC.

2) The conditions for the existence of a NE solution have been derived in the
parametric optimal control problem to guarantee applicability of PNE in special
cases. The obtained conditions provide insight into assumptions that are needed

in future analysis of NE solution existence in more general situations.

3) A methodological extension to the PNE approach has been developed for minimum-
time nonlinear MPC problems. To achieve this, the minimum-time MPC prob-
lem is transformed to make the PNE algorithm applicable. The existing re-
sults on PNE cannot be directly applied to the minimum-time MPC since the
time horizon does not stay constant over time. A time scaling transformation,
therefore, is employed to obtain a fixed end time problem, with the terminal
time appearing as a multiplicative parameter in the dynamic equations of the
continuous-time model. The model is then converted to discrete-time, and an
optimization problem is obtained where both the control sequence and the time
horizon, now appearing as a parameter, have to be optimized. A double inte-
grator system is used to evaluate the effectiveness of the minimum-time MPC
approach by means of PNE, and to demonstrate the improved robustness in
closed-loop control with minimum-time MPC versus executing an open-loop
trajectory. The simulation results on a nonlinear system corresponding to a
hypersonic glider model show computational advantages of performing control

updates using the PNE approach over an application of MATLAB fmincon
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solver [112].

A novel PMC for a shipboard power system that successfully uses the IPA-SQP
approach for NMPC in real-time has been developed, analyzed, and tested on
the simulation model, the Opal-RT real-time simulator, and the physical test
bed [113]. An optimization-oriented model is derived for MPC design from the
transient power management model (TPMM) [114], which is a low-order simu-
lation model of the physical test bed of the shipboard power system. The per-
formance of the IPA-SQP-based MPC controller is analyzed using the TPMM
as the virtual test bed through both non-real-time and real-time simulations.
The developed controller is implemented on the physical test bed to evaluate its
performance in several proposed operational scenarios. This is the first reported
result that demonstrates an optimization-based PMC strategy with test results

on a physical shipboard platform.

Model predictive controllers have been developed and analyzed for spacecraft
relative motion maneuvering [107, 115, 116, 117, 118]. A linear quadratic MPC
(LQ MPC) coupled with dynamically reconfigurable linear constraints has been
developed in this dissertation. This LQ MPC approach is feasible for imple-
mentation on-board of the spacecraft as it reduces to an online solution of QP
for which effective numerical solvers exist. The LQ MPC, however, does not
enable the direct handling of nonlinear constraints such as that on the 2-norm
of thrust command relevant to single thruster spacecraft configurations. Hence
IPA-SQP MPC approach developed in this dissertation is applied to solve the
NMPC problem arising in spacecraft relative motion maneuvers. Simulation re-
sults on an example of spacecraft proximity maneuvering demonstrate that the
nonlinearities in the problem, such as in the thrust constraints, can be handled

effectively using the TPA-SQP algorithm. The results also show the poten-
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tial for fuel efficiency improves with the IPA-SQP as compared to conventional
thrust command saturation strategy augmented to the LQ MPC approach. The
computation time with the IPA-SQP is reduced as compared to an application
of MATLAB nonlinear programming solver fmincon. The LQ MPC has been
applied to other examples, such as docking to a rotating platform and debris
collision avoidance, and demonstrated through simulations its capability of ef-

ficient maneuvers.

Most of the results outlined above have been documented and published or
submitted in archived journals and/or referred conference proceedings [107, 111,

112, 113, 115, 116, 117, 118].

1.4 Dissertation Outline

The dissertation is organized as follows:

In Chapter II, an overview of the IPA-SQP algorithm is provided. This chapter
includes the detailed algorithm description and overview of key equations involved in
the algorithm.

Chapter III presents an AMPC algorithm that integrates a parameter estimation
with the MPC based on the IPA-SQP approach. The AMPC algorithm is derived
within the IPA-SQP framework to facilitate fast updates of the control sequence when
model parameters change. The detailed algorithm derivation is provided, along with
discussions on the performance and implementation.

Chapter IV introduces the PNE framework and its derivation. It is shown that the
NE solution satisfies the first-order optimality conditions for the auxiliary ‘linearized’
problem. The conditions on existence of an NE solution are derived for PNE in a
special case.

In Chapter V, a minimum-time MPC problem is considered. By employing a time
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scaling transformation and cost regularization, it is shown that the problem becomes
amenable to the application of the PNE approach. Simulation results for a double
integrator system and for a hypersonic vehicle model are demonstrated.

In Chapter VI, a PMC for a shipboard power system is developed. The shipboard
power system and its control objectives are described, and the simulation model
is introduced. Then, the MPC problem with constraints is formulated to design
the PMC, considering various operational requirements and constraints. Simulation
results with the TPMM on a real-time simulator are reported and analyzed. The
experimental results on the physical test bed are presented and analyzed.

Chapter VII presents predictive controllers based on LQ MPC and on IPA-SQP
for spacecraft relative motion maneuvers. First, the LQ MPC and the IPA-SQP MPC
are compared in a spacecraft proximity maneuvering example with nonlinear thrust
constraints. It is shown that the IPA-SQP algorithm handles the nonlinear constraints
directly while directionality-preserving scaling has to be applied to the output of the
LQ MPC controller. Computation time and solution accuracy of the IPA-SQP MPC
are compared with the results by fmincon function of MATLAB. The IPA-SQP algo-
rithm has much lower computing time at the same level of accuracy versus fmincon.
The results of L MPC on spacecraft applications such as rendezvous/docking and
debris avoidance maneuvers are also reported.

Chapter VIII provides conclusions and discusses future research plans.
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CHAPTER II

IPA-SQP Algorithm

The IPA-SQP approach, developed for nonlinear MPC in [27, 28, 29|, combines
the solutions derived using perturbation analysis (PA) and sequential quadratic pro-
gramming (SQP). This approach updates the solution to the optimization problem at
time ¢ by considering it as a perturbation to the solution at time (£ — 1) using neigh-
boring optimal control theory extended to discrete-time systems with constraints [31],
and then corrects the results using one or more SQP updates. The merged PA and
SQP updates exploit the sequential form of predictor and corrector steps, thereby
yielding a fast solver for nonlinear MPC problems [14]. In this chapter, an overview
of the IPA-SQP algorithm developed by Ghaemi et al. [14, 27, 28, 29, 30, 119] is

provided for a self-contained presentation.

2.1 Perturbation Analysis Solution for Discrete-time Opti-

mal Control Problem

The generic optimization problem associated with MPC is formulated over a re-

ceding horizon. Specifically, at a sampling instant ¢, we consider an optimal control
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problem minimizing a general cost function with z € R” and v € R™,

t+N—-1

J(x(-) ul)) = @t + N) + Y Llx(k), ulk)), (2.1)

k=t

subject to

vk +1) = f(x(k),u(k)), f:R"™ — R",
z(t) = xy, v, € R",
C(x(k),u(k) <0, C:R"™ =R, k=t . t+N—1,
C(x(k)) <0, C:R"— R, k=t,...,t+ N,
where C' and C' denote the mixed state-input constraints and pure state constraints,
respectively, and z; is the state at the sampling instant t. We assume that the
functions L, f, ®, C, and C are twice continuously differentiable with respect to
their arguments.

Let (2°(-),u°(+)) be the optimal solution of the optimization problem by (2.1) -
(2.2). The solution (z°(-),u%(+)) is referred to as the nominal solution in the context
of the neighboring extremal (NE) analysis a The Hamiltonian function [120] is defined

as

H(k) =L(x(k),u(k)) + AT (k + 1) f (x(k), u(k)) 23)
+ 1T (k) CUx(k), u(k)) + AT (k)C(x(k)),

where A(k) is the sequence of co-states associated with f(x(k),u(k)) (i.e., the dynam-
ics of system), pu(k) and ji(k) are the vectors of Lagrange multipliers, and C*(x(k), u(k))
and C%(z(k)) denote vectors consisting of the active constraints.

Before proceeding, we define compact notations for partial derivatives as follows:

G (k) = %G(k), Ga(k) := % (%G(k})) ,
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where the subscript letters a and b denote the variable with respect to which the
partial derivative is taken, i.e., H, and H, denote the partial derivative of H with
respect to x and wu, respectively. Since the nominal solution (z°(+),u°()) is optimal,

the following necessary optimality conditions are satisfied [42]:

Ak)=Hy(k), k=t,..t + N —1,

Hy(k) =0, k=t, ...t +N—1,

At 4+ N) = ®,(z(t + N)), (2.4)
p(k) >0, k=t ...t +N—1,

(k) >0, k=t, ...t + N.

The NE solution [31] approximates the optimal state and control sequences for
the perturbed initial state so that the necessary conditions (2.4) for optimality are

maintained to the first order. Consider the following optimization problem (see |1,
14, 28]):
min 6%J, (2.5)

ox(+),0u(-)

where

62 = %5$T(t+ N) (%(H N) + 9 (Ce™(t+ N)a(t + N))> Sx(t + N)

ox
1 BN oz (k) Hoo(k) Hyo(k) oz (k)
+3 :
2 Z Sulk) || Huwlk) Huu(k) | | su(k)
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subject to

ox(k +1) = fo(k)ox(k) + fu(k)ou(k), (2.6)
x(t) = oy, (2.7)
Co(x(k), u(k))dz(k) + CH(x(k), u(k))du(k) = 0, (2.8)
Co(x(k))dx(k) = 0, (2.9)

where dz; is defined as dx; == x(t) — z(t — 1).

The solution to the problem (2.5) - (2.9) can be proceeded as follows:
Before providing the NE solution, we introduce an approach because of the singularity
problem when C?(k) is not full rank at some time instant & (see [29]). To avoid the
singularity issue, we propose the constraint back-propagation approach. When C%(k)
has dependent rows, it can be transformed through linear similarity transformation

into the following form

Co(k
«(¥) , (2.10)
0
for some C%(k) with independent rows. Hence, (2.8) can be decomposed into
Co(a(k), u(k))dz (k) + Cy(x(k), u(k))du(k) =0, (2.11)
Co(x(k))oxz(k) = 0, (2.12)

for appropriately defined C%(z(k),u(k)), C*(z(k),u(k)), and C%(z(k)). Equation

xT

(2.12) can be expressed as

Co(x(k)) (folk — 1)6x(k — 1) + fulk — Dou(k — 1)) =0, (2.13)
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using (2.6). The constraint (2.13) is the results of back-propagating the constraint
(2.9) to the sampling time (k — 1).
We now define matrix sequences Cy(-), Cu(-), Cu(+), Cu(+), and S(-) using the

following backward recursive equations. Define

Cot+ N) := C*(x(t + N)), (2.14)

S(t+ N) =, (t+N)+ % (Co"(z(t+ N))a(t + N)), (2.15)

and at sampling instant k& let

Cong(k) == Culk) : (2.16)

Ca(k + 1) fulk)

g i= rank(Caug(k)).

At each sampling instant k, there is a matrix P(k) that transforms matrix Cyue(k)

into the following form

Ca(k) Ca(k)
Co(k + 1) fu(k) 0

where the matrix C(k) € R™*™ has independent rows. By defining

Cz (k)
Pk) |
I'(k) == Co(k + 1) fu(k) : (2.18)
Cs (k)

and assuming that 7y is the number of rows of matrix I'(k), I'(k) can be partitioned
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into a block matrix as I'(k) = | . We then obtain
Ce(k)
ég(k) - { ITkXTk OTkX(Wk—rk) :| F<k) € Rrkxm7
éz(k‘) = [ ()(%_rk)xrk ](vk—rk)x(wk—rk) :| F(k) € R(’Yk*rk)Xm.
By defining
Z11(k) = Hyo(k) + [y (k)S(k + 1) fu(K),
Zon(k) = Z1y(k) = Hua (k) + £, (k)S(k + 1) fu(K), (2.19)
Zas(k) = Hyu(k) + fu (k)S(k + 1) fu(k),
-1
~aT
Cu(k) 0
. Zn (k)
S(k) = Zi(k) — | Zia(k) C*T(k) | Ko(k) | : (2.21)
Cz (k)
T({t+ N):=0,

(2.22)

(k)T (k
Zia(k) O™ (k) | Ko(k) ul )TO( = :

where Zyy(k) > 0 for k € [t,t + N]. Hence, T'(k) = 0 for k € [t,t + NJ, but we
keep T'(+) in the equations to compare the form of the NE solution with that of the
solution by the SQP approach in the next section. Using S(t + N) and T'(t + N)
as the terminal conditions for backward iteration, we calculate the matrix sequences

described above. We then obtain the explicit relation between the state and input
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variations of the perturbed solution as

Su(k) = { Lo ] Kok) Zﬂ(k)ém(f:) + fu (k)T (k+1) | (2.23)
Co(k)ox(k)

0x(k +1) = fa(k)ox(k) + fu(k)du(k),

dx(t) = dxy.

When d§z; is large and causes activity status changes in the constraints, dx; is
divided into smaller segment and the NE solution is applied to each segment. Details

in handling changes in the activity status of constraints are addressed in [14, 27, 28].

2.2 Sequential Quadratic Programming Based on Active Set

Method

In this section, the SQP method is formulated for the problem (2.1) - (2.2) before
introducing the IPA-SQP approach in the next section. The SQP method presented
in this section extends a method in [121] to the cases with inequality constraints.

We consider a feasible initial guess of the state x(-), control input u(-), sequence
of co-states A(+), and vectors of Lagrange multipliers p(-) and fi() associated with the
inequality constraints in (2.2) and the necessary optimality conditions (2.4). Since

the initial guess is not an optimal solution, the optimality condition,
H,(k) =0, (2.24)

may not be satisfied. The inequality constraints at the sampling time k are treated
as the equality constraints when they are active during the active set iteration. The

corrections 0x(k) and du(k) are obtained as the solution of the following equality
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constrained quadratic programming (QP) problem for the linearized system [14, 122]

t+N—1

min HI(E)ou(k) + 6T 2.25
sl | kz:; (k)ou(k) (2.25)

subject to

dz(t) =0,
(2.26)
Cy(@(k), u(k))dz(k) + Cy(2(k), u(k))du(k) = 0,
C%(z(k))dz(k) = 0.
The solution of the QP subject to the constraints in (2.26) is given by
sty [ 10| ot | 2050 EOTER | g
Cy(k)ox(k)

ox(k +1) = folk)ox(k) + fu(k)ou(k),

dx(t) =0,

where Ko(k), Zao(k), Z21(k), Z11(k), and S(-) are defined in (2.19), (2.20), and (2.21).
Moreover, the matrix 7'(+) is calculated using the following backward recursive equa-

tions

T({t+N):=0,

(2.28)
fa (R)T(k +1) + Hy(k)

0

= | Zua(k) CeT(k) | Ko(k)

Using the solution of QP in (2.27), the active set method is implemented to deal with

constraints (see [42, 123] and reference therein). At a time instant k, we first find the
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minimum value of « that satisfies

C(z(k) + adz(k), u(k) + adu(k)) = 0,
(2.29)

or C(x(k) + adx(k)) =0,

where 0 < a < 1, and dx(k), du(k) are calculated from (2.27). If there exists such «
that satisfies (2.29), then the corresponding inactive inequality constraint is added to
the set of active constraints (i.e., the working set). At the next iteration the problem
(2.25) is solved with the initial solution z(k) + adz(k) and u(k) + adu(k).

If @ does not exist, the signs of Lagrange multipliers p(k) and ji(k) are examined.
If all the Lagrange multipliers are nonnegative, it means the necessary optimality
conditions are satisfied. If Zas(k) > 0, then we have reached a local optimal solu-
tion. On the other hand, if there are negative Lagrange multipliers, one inequality

constraint with a negative multiplier is deleted from the set of active constraints.

2.3 TIPA-SQP Approach

In this section, we review how the perturbation analysis and SQP are unified to
achieve fast convergence and to obtain an accurate optimal solution for the perturbed
problem, given the nominal optimal solution. The TPA-SQP algorithm [14, 28] com-
bines the computational advantages of the PA approach in predicting the solution
and the ability of the SQP to further correct it.

Comparing the two optimization problems (2.1) and (2.25), we note that the
solution to the problem (2.25) is identical to that of (2.1) if we set H,(k) = 0 and

dx(t) = dxy in (2.27) and (2.28). Based on this observation, the following formulation,
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which merges the two optimization steps into one, is proposed:

suiy=—[ 1 o] Kt Za(pall) + SIOT 1)+ HE) |
Co(k)ox(k)

0x(k +1) = fa(k)ox(k) + fu(k)ou(k),

dx(t) = dxy.

The correction du(-) calculated using (2.30) compensates for the initial state pertur-
bation dx;, and it corrects the solution to enforce H, (k) = 0 condition. Through this
combination, a more computationally efficient algorithm is obtained as compared to
SQP.

The flow chart Figure 2.1 illustrates main steps of the IPA-SQP algorithm to
obtain the NE solutions and to deal with changes in the activity status of constraints.

It is shown in [28] that (2.30) yields local quadratic convergence rates similar
to the conventional SQP. At the same time, due to integration of the NE-based
prediction, the computing time and effort are typically similar to the NE algorithm.
For instance, they tend to increase linearly rather than cubically in the horizon length,
N. Examples considered in [28, 119] and references therein confirm that the method is
computationally faster than the conventional SQP algorithm for discrete-time optimal
control problems. In particular, a comprehensive computational benchmark analysis
for a ship steering problem with a rather long prediction horizon (N = 140) was
reported in [14], and substantial computation time reduction, without compromising
performance, was demonstrated compared to SQP algorithm. Experimental results
of TPA-SQP MPC were obtained at the sampling time of 100 us for a full bridge
DC/DC converter in [1].
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Step 1. Seti =0,
Sxi(t) = x(t) — x(t — 1),
xt(k) = x" (k; x(t)),
ut(k) =u (k;x(t), k € [t, t + N]

>¢

Step 2. Calculate 6x* (k) and su‘(k) applying
PA to the nominal solution xi(k) and ul(k)
for initial state perturbation §x'(t)

¥

Step 3. Find the smallest o; € [0,1] :
perturbation a;8x/(-) changes the status
of the constraint at least at one instant

ufﬂ(') = uf(') T+ ai&u%(')
) =21 () + a8x'() | Yes
SxM(t) = (1 — a))6xt(t)
X)) = x1(t) + o 8x(E)

i=i+1

Step4. 0 ;<1

No [€
)

\
Step 5. ult1() = ul (") + Sul ()
XM =x1()+ 6x' ()

Sxi(t) =0,
i=i+1, r
SQP update

Figure 2.1: Flowchart of the IPA-SQP algorithm [1].

30



CHAPTER III

Adaptive Model Predictive Control

In this chapter, an approach and a specific algorithm to integrate a parameter
estimation with the receding horizon model predictive control are proposed. This
adaptive MPC algorithm is developed based on the IPA-SQP framework. It is shown
that an algorithm can be derived in the IPA-SQP framework to perform MPC updates
when model parameters are changed. The detailed algorithm derivation is presented,
along with discussions on the performance and implementation. An example based on
the nonlinear dynamics of an inverted pendulum on a cart is included to demonstrate

the effectiveness of the proposed algorithm.

3.1 Problem Formulation

Consider a typical adaptive control problem where the system state equations and

constraints are described by
2k + 1) = f(k),ulk),0), (3.1)

and
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with z € R",u € R™, and 0 € RP being the state, input, and parameter vectors, re-
spectively. The functions f and C' are assumed to be twice continuously differentiable
with respect to all their arguments. Note that both system dynamics and constraints
can depend on the plant parameter, 8, which captures changes and uncertainties in
the physical system and in the constraints. If the parameter 6 is known, a receding

horizon optimization problem can be formulated to minimize a general cost function,

t+N—-1

J(x(),u(-),0) =P(z(t+ N)) + Z L(z(k),u(k), ), (3.3)

k=t

with respect to the control sequence u(-) over the prediction horizon [t, t+ N]|, subject
to the dynamic equation (3.1) and the mixed state and input constraints (3.2). When
the plant parameters 6 are unknown, they are assumed to be estimated with appro-

priately designed adaptation/online identification algorithms, leading to AMPC.

3.2 Indirect Adaptive MPC in IPA-SQP Framework

We seek to develop computationally fast AMPC algorithms that can effectively
integrate adaptation and constrained dynamic optimization. Towards this end, we
extend to the adaptive case the computational framework IPA-SQP developed for
non-adaptive and nonlinear MPC. The IPA-SQP described in Chapter II provides
a general framework for efficient computation of optimal solutions when some of
the problem parameters, such as the initial condition, are changed. This problem
formulation naturally applies to AMPC where the parameters are updated through
an online identification mechanism. In this section, we develop the AMPC algorithm
using the IPA-SQP framework, and explore the properties of the resulting AMPC
scheme.

We consider the indirect AMPC where the adaptive control scheme is designed

using the certainty equivalence principle. Namely, the adaptation is performed by
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combining a separate estimation algorithm that provides an estimate 0, at time t for

0 and then computing the MPC control action by minimizing the cost function

t+N—-1

T(xo(),u(-), 00) = (ot + N)) + > Llwi(k), uy(k),6;), (3.4)

subject to the dynamic equation for the estimated plant model

~

zy(k +1) = f(x:(k), us(k), 6r), (3.5)

and estimated constraints

A~

O(xo(k), us(k), 6;) <0, (3.6)

for k € [t,t + N — 1] until the next time when the parameter 6, and information on
states are updated. In (3.4)-(3.6), x;(k) and w(k) denote the prediction of z(k) and

u(k), respectively, using information available at time ¢, and z(t) = x(t).

3.2.1 Neighboring Extremal Solution for AMPC

Assume that the adaptive law for updating the parameter vector 0, takes the form
of
ét = ét,1 + ht(fﬂ, u, étfl), (37)

or

5ét = ét — ét,1 = ht(:c,u, étfl). (38)

The AMPC algorithm is based on the following NE solution
NE solution for AMPC: The control and state sequences u,(-) and x;(-) can

be predicted as:
ur(k) = w1 (k — 1) + du(k),

xi(k) = xi_1(k — 1) + 0x(k)

(3.9)
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for k € [t,t + N — 1], where

i1 = [Ut_l(t — 1), Ut_l(t) cee ,U,t_l(t + N — 2)],

X1 = [ZL‘t_l(t — ].), Zlft_l(t) s ,It_1<t + N — 2)]

are the control and state sequences resulting from the MPC optimization at the
previous sampling time (¢t — 1). The correction terms du(k) and dx(k) are calculated

| Su(k) = Ki(k)dx(k) + Ko(k)s0,,

) (3.10)
ox(k+ 1) = fo(k)ox(k) + fu(k)ou(k) + f300;

where f() denotes the partial derivative of the function f with respect to the corre-
sponding variable (-) along the solution x;_1,u;_;. The time-varying gains K; (k) and

K, (k) are defined as:

Zo1 (k)
Ki(k) =- { I 0 ] Ko(k) € Rmxm, (3.11)

Ce(k)
Ky (k) :_L o]f%(l«) S (3.12)

Ca(h)

where .
Ko(h) = Zoo(k)  Cyt (k) | (3.13)
cok) 0

and C'* denotes the vector of active constraints, and C’(‘f) refers to partial derivative
of the active constraints with respect to the appropriate variable. Zy;,7 = 1,2, 3 are
matrices calculated through a backward-in-time iterative procedure, as defined in the

next subsection in the derivation of the algorithm.

Remark 3.1. It should be noted that the assumptions of Zyy being positive definite

and C¢ being of full row rank are made for the AMPC algorithm. These assumptions
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are typically satisfied if local optimum is achieved at the time instant (¢ — 1) and the
constraints involve the control input w explicitly. For state-only constraints where
C% =0, Ky in (3.11) and (3.12) will be singular and the algorithm cannot be applied
directly. The constraint back propagation algorithms presented in [124] and Chapter
IT can be used to modify the AMPC algorithm and avoid singularity in (3.13), at the

expense of additional computational complexity.

3.2.2 Derivation of NE Solution for AMPC

We now formally derive the AMPC algorithm and define the matrices used in
(3.11)-(3.13). Consider the ‘certainty equivalence’ optimization problem defined by

(3.4)-(3.6). The Hamiltonian for the optimization problem is defined as

A~

H(k) =L(z(k), u(k),0;) + NT(k + 1) f(x(k), u(k), ;)

~

+ 1T (B)C(x(k), u(k), by), (3.14)

with A denoting the sequence of co-states and p denoting the Lagrange multipliers.

Let JT*() = xt—l(')a U*() = ut—l(')? )‘*() = At—l(')a ILL*(> = Mt—l(') be the opti-
mal solution obtained at (¢ — 1). Assuming that the Karush-Kuhn-Tucker (KKT)

optimality conditions hold, it follows that

0 A

A (k) = o H (@™ (k) w”(k), A" (k + 1), 47 (K), 6r-1), (3.15)
%H(m*(k‘), w(k), N (k + 1), 5 (k), 6,_1) = 0, (3.16)

for all k € [t,t + N — 1] and

AMt+N) = a%@(x*(t + N)). (3.17)
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Considering the change in the initial condition dz; and the parameter estimate 50, as
the perturbations in the optimization problem formulation, we can write (3.15)-(3.17)

in the perturbation form:

SA(K) =Hoo(k)52(k) + Hyu(k)5u(k) + FX(R)SA(k + 1) + O (k)op(k)

+ H,;(k)ob,, (3.18)

Houo (k)0 (k) + Hyu(k)ou(k) + fE(E)SNE+1) 4+ CT(k)ou(k) + H, 4(k)o6, = 0, (3.19)

for ke [t,t + N —1] and
OA(t + N) = Dy, (t + N)ox(t + N). (3.20)
Writing the model equations and constraints in the perturbation form, we have

Sx(k + 1) = fo(k)ox(k) + fu(k)ou(k) + f;(k)6,, (3.21)

Co(k)ox(k) + Co(k)ou(k) + C§ (k)66; = 0. (3.22)
Assume that 0A(k + 1) takes the form of
oAk +1) = S(k+ Déx(k + 1) + T(k + 1)86,, (3.23)
we have, from dA(t + N) = .. (t + N)ox(t + N), that
S{t+ N)=o,,(t+N), T+ N)=0.
Using (3.23) in (3.18), we have

ONk) = Z11(k)ox + Zyo(k)Su(k) + Zys(k)60; + CT (k)ou(k), (3.24)
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where

Zi(k) = Hyo(k)+ f1(k)S(k+1)f(k),
Zio(k) = Hyu(k)+ f7 (k)S(k+ 1) fu(k), (3.25)

Zig(k) = Hz(k)+ £ (k)S(k+1)f3(k) + fr (F)T(k + 1),
for all k € [t,t + N — 1]. Similarly, we can express (3.19) as

Zo1 (k)02:(K) + Zaa(k)Su(k) + Zaz(k)60, + C™ (k)Spu(k) = 0, (3.26)
where

Z21<k) = Z;FQ(k>7
Zpp(k) = Huu(k)+ fy (k)S(k+1)fu(k), (3.27)

Zos(k) = H,4(k) + fu (F)S(k+1)f3(k) + fu (B)T(k +1).
Note that from (3.26) and (3.22)
Zo1 (K)Sx(k) + Zaa(k)ou(k) + Zas(k)86, + CT (k)ou(k) = 0,

C2(k)ox (k) + Co(k)du(k) + C2(k)56; = 0. (3.28)

Assuming Za (k) > 0 and C%(k) is of full row rank, and defining Ky(k) in (3.13), we

Z21<k) ] { Z23(k) ] A )
(k) + 56, | . (3.29)
Ce(k) Ca(k)

have
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Using (3.29) in (3.24), we have

Zo1 (k)
oK) = | 2ulb) - | Zuthy Coray | Kl S ()
Ci (k)
(3.30)
ZQg(k') ~
+ Zlg(kﬁ—{zm(k) C;T(k)}Ko(k) 60
Cg (k)
Therefore, by defining S(k) and T'(k) as
i 1 _ ZQl(k) ]
S(k) = Zu(k) = | Zia(k) CT(k) | Ko(k) , (3.31)
- - Ci (k)
I 1 _ Zos(k) _
T(k) = Zis(k) = | Zip(k) CoT(k) | Ko(k) , (3.32)
- : | GiR)

we can compute all the matrices defined earlier in (3.11)-(3.13) and formulate the
gains in the predictor-corrector controller form specified in (3.11) and (3.12). This

completes the derivation of the AMPC algorithm described in Section 3.2.1.

3.2.3 AMPC with IPA-SQP

Similar to the non-adaptive case, successive application of the NE solution requires
the assumption that H, = 0 at the previous time step, which cannot be guaranteed
with the NE solution alone. The IPA-SQP algorithm thus incorporates additional
iterations at each time step. After the first iteration at time ¢ using the extended NE
solution, since no new update of ; is expected before the next sampling time (¢ + 1),

the same IPA-SQP updates as delineated in Chapter II and [28] can be applied.

Remark 3.2. Note that the NE solution is derived under the assumption that active
constraint set is not changed by the perturbations. If the perturbations of dx; and

00, are large enough to result in change of active constraint set, these cases can be
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treated with the same extended algorithm as developed in [119].

3.2.4 Properties of AMPC

As with all other indirect adaptive schemes [125], the behavior and properties of
the closed-loop adaptive control system depend on both the control and parameter
adaptation algorithms. The certainty equivalence principle based design assumes the
adaptation law §ét is ‘well-behaved’ in the sense that the measured observation error
is converging and the parameter error is reducing. Examples of such ‘well-behaved’
adaptive algorithms include gradient, projection, and least squares algorithms [126].
For general nonlinear AMPC problems with constraints, since closed-form solutions
for the optimization are in general not attainable, closed-loop stability and perfor-
mance analysis is difficult. This is also the case for the AMPC algorithm derived in
Section 3.2.

In a special case where the system is linear, the cost is quadratic, and constraints
are not imposed, however, we can obtain the closed-loop stability for AMPC:

Consider a linear system described by the transfer function

y=Gy(2)u (3.33)
where
G ( ) bn—lzn_l + bn—ZZn_2 + s + blz + bO
Z) =
P 2 12" az +ag
a;,b;, 1=20,---,n — 1 are unknown parameters to be estimated.
Let

Zp(Z) = bn_lz”_l —I— bn_gz”_2 —+ .- —I— blz + bo,
(3.34)

Ry(2)=2"+an 12" '+ + a1z + ap.
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Then (3.33) can be expressed as

1+ 0, 1(2)]y =0T, 1(2)u, (3.35)
where a;(z) = [2*1, 272, .., 2 z*i]T, and
92 = [an—la Ap—2, . .. 7a0]T ) 9; = [bn—h bn—27 s 7bO]T

are the unknown parameter vectors. Putting (3.35) in the form:

y(t) = 6,7 6(1), (3.36)
where 0% = [6;7, HZT]T, and
o(t) = [u(t—1),u(t=2),...,u(t—n), —y(t—1), —y(t—2),...,—y(t—n)]" .

The adaptive laws for estimating on-line the vector ¢ can be found. (See [125, 127].)
Consider a gradient algorithm for the nth-order plant, we obtain the following

adaptive law
O,(t +1) = 0,(t) + Ve(t)o(t),

IORRACL0,
() = T

(3.37)

where ¥ = UT > 0 is the adaptive gain matrix and m?(t) = 1+¢* (¢)é(t). In addition,

the adaptive law that estimates 0* satisfies [125]:
1) 6,(t) is bounded.
2) €(t), 0p(t), (Bp(t) = B(t — 1)) € Lox
3) e(t), (0,(t) — b,(t —1)) € L.
4) €(t) > 0 ast — oo.
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5) 10,(t) — 0,(t —1)| = 0 as t — oco.

Here £, norm is defined as

|2l £ sup [2(2)],
>0

where i € Z, and we say that x € L, when ||z||« exists, and the £, norm is defined

as
0o 1/p
|||, £ (Z Ifﬂ(i)|p> , 1<p<oo.
i=0

We also consider the exponentially weighted Lo norm defined as

¢ 1/2
[EAEES (Z /8”‘”93T(i):v(i)> :
i=0

where 0 < 8 < 1is a constant. The detailed properties on the L£45 norm can be found
in [125].

Then we obtain the following result using the adaptive law (3.37) and its proper-
ties. For simplicity of the exposition, we consider the simple case of regulation. The
results can be extended to the more general case of tracking by following the same

procedure in [125] to augment the controller properly.

Theorem 3.3. Consider the linear system (3.33). If the AMPC algorithm is used to

minimize the quadratic cost function

J=a"(t+ N)Ssz(t+ N) + i (y*(k) +yu(k)), (3.38)

k=t

where Sy = Sf(t) satisfies the discrete-time algebraic Riccati equation for the esti-
mated system (At, B, C) with Q = CTC and R =, then, the closed-loop system is
stable while y(t) — 0 ast — oo. Here the unknown parameters in the transfer function
of the linear system (3.33) are estimated using the adaptive law (3.37). (Ay, By, O) is

the observer canonical state-space realization of the transfer function with estimated
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parameters at the time instant t and (/Alt, Bt) 15 assumed to be controllable.

Proof Consider an infinite-horizon LQ problem minimizing a cost function
Ty =" (k)Qi(k) + u” (k) Ru(k), (3.39)
k=t

where Q = CTC, R = ~, and the estimated system is

Pk +1) = Aji(k) + Buu(k),
(3.40)
g(k) = Ci(k), k € [t, 00).

For existence of the LQ solution, we assume that the system is stabilizable and (flt, )
is observable where Q = CTC (see [128]). The discrete-time algebraic Riccati equation
for the problem by (3.39)-(3.40) is

P, = A{PA, — (AT B.B)(R+ B P,B) (B PA) +Q, (3.41)

and P; is a unique positive definite matrix [128].

The optimal solution of the infinite-horizon L(Q problem is
ui (k) = Fyz(k), k € [t, 00), (3.42)

where
Ft = —<R + B;I‘Ptét)_légpt/it. (343)
Let Sy = P, then the finite-horizon LQ problem, which minimizes
t+N—1

Jo=dT(t+ N)Spa(t+N)+ > (#7(k)Qi(k) + u” (k) Ru(k)) (3.44)
k=t
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has the optimal control

us(k) = F(k)a(k), k=t,...,t+ N —1, (3.45)
where
F(k)=—(R+ BIP(k+1)B)'BIP(k + 1) A, 50
3.46
P(k+1) = ATP(k)A, + AT P(k)B,F(k) + Q, P(N) = S;.
Since P(t + N) = S; = P, Pt +N —1) = Pt+N —-2) = ... = P(t) = P,

and the optimal solution is the same as that of the infinite-horizon L) problem by
(3.39)-(3.40).

It can be shown that, if (At,ét) is controllable, (At, C) is observable, and Sy is
the solution of the discrete-time algebraic Riccati equation (3.41), then A, + B,F(t) is
asymptotically stable [129]. Hence, the closed-loop system #(t+1) = (A;+B,F(t))2(t)
of the finite-horizon L.Q) problem is asymptotically stable and g(t) — 0 as t — oo for
frozen parameters, i.e., stability of the estimated plant is guaranteed.

We now show that the output y(t) — 0 as t — oo. To do that, we follow 4 steps
as in [125].

Step 1. Develop state error equations. Assume that the state space form (A, B, C') of

the linear system at time instant ¢ is

z(t+ 1) = Azx(t) + Bu(t),

(3.47)
y(t) = Cx(t).
The state observer at time instant ¢ is
e(t +1) = Aée(t) + Buu(t) — Ly(Ceé(t) — y(t)), (3.48)

where I:t can be chosen so that At — ﬁtC = A, where A, is a constant stable matrix.
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Since (121,5, B, C ) is the observer canonical form, this can be easily achieved [125].

Let e, 2 2 — é be the observation error, then
eo(t +1) = (Ay — LiC)eo(t) + bay — Byu(t), (3.49)

and

y(t) = Cey(t) + Cé(t). (3.50)

We consider the control input in (3.45)
u(t) = F(t)é(t). (3.51)

Hence, the developed state error equations are as follows:

et +1) = A (t)é(t) + LiCey(t),
eo(t +1) = Ageo(t) + Oay(t) — Byu(?),

(3.52)
y(t) = Ceo(t) + Oé(t),

u(t) = F()e(t),

where A.(t) = A, + B,F(t) is asymptotically stable at each time instant ¢, §, 2
Oy — 0 = (1, lnss .. d0) s Oy 2 Oy — 0F = |br, b, . .. ,BO]T.
Step 2. Establish exponential stability for the homogeneous part of (3.52).

From the assumption that (A4,, B,) is controllable, we have F(t) € Lo since the
solution of the discrete Riccati equation, P, = P! > 0, exists and P, € L,,. Hence,

A.(t) € L. Using (éa(t) — O (t — 1)) : (éb(t) — Oyt — 1)) € L, guaranteed by the
properties of the adaptive law, we have (F(t) — F(t — 1)), (Au(t) — At — 1)) € Ls.
Therefore, we have that A.(¢) is a uniformly asymptotically stable matrix. Since A, is

a constant stable matrix, the exponential stability of the homogeneous part of (3.52)

follows.
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Step 3. Use the properties of the Lop norm and the Bellman-Gronwall (B-G) Lemma
(see [125]) to establish signal boundedness.
For simplicity, we denote ||(-);||25 for some 0 < 8 < 1 with ||-||. Applying Lemma

3.3.2 and 3.3.3 in [125] to (3.52), we obtain

2] < ellCeoll,
lyll < cllCeol| + cll|] + ¢, (3.53)

[lull < ell2l] + cllyll + ¢,

where ¢ > 0 denotes any finite constant, then

lyll < dllCel + ¢,
(3.54)

[lul| < ¢f|Ce|| + .

We now relate the term Ce, with the estimation error € by using the equation in

(3.52) to express as

Ce, =C(zI — AO)_l(éay — ébu)

[Zn—l Zn—2 cee 1] _ _
= 0,y — Gyu).
det(zI — A,) (6ay = Oru)

(3.55)
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Here we take A, such that det(zI — A,) = 2". Then

Cep =do(t—1)y(t—1) — bo(t—1)u(t—1)
S+ ay(t—2)y(t—2) — by (t—2)u(t—2)

+ g (t—3)y(t—3) — by(t—3)u(t—3)

+ Gp (t—n)y(t—n) — by (t—n)u(t—n)
— oty (t—1) — Bo(tyu(t—1)

+ (ao(t—1) = ao(®)y(t—1) = (Bo(t—1) = bo(#) )u(t—1) (3.56)

+an(t)y(t—2) = bi(t)u(t—2)

T (@r(t=2) = () y(t=2) = (Bi(t=2) = by () u(t—2)

+ Gy () y(t—n) — by (Hu(t—n)

4 (G (=) — Gt () y(t—n) — (zSn_l(t—n) - (t)> u(t—n)

= — 0, ()o(t) + 11,

where

ri = Golt = 1) = ao(t) y(t = 1) = (bo(t = 1) = bo(t)) w(t — 1)

(@t —2) — @)yt —2) — (51(15 —9)— 131@)) ult —2)

(e (=) = ana () y(t = ) = (bua (= 1) = bua (1)) ult = ).
In the adaptive law in (3.37), the normalized estimation error satisfies the equation

em® = 0, (t)p(t),
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that can be used in (3.56),
Ce, = —em?* + 11, (3.57)

From the definition of m% £ 1+ [[u||* + [|y||*, we can show that my is a normalizing
signal in the sense that ¢/my, m/my € L, for some 0 < § < 1. From the expression

of 7, and the normalizing properties of my, we obtain
[Ceo(®)|] < clle@ym(tymg ()] + el (Bp(t) — p(t — 1))my]]. (3.58)
Using (3.54) and (3.58) and in the definition of my, we have the following inequality,
mi(t) < clle®mEym (Ol +11(8p() = Oyt = 1))myl| + e,

or

mi(t) < cllg(ms (1)l + ¢,

where g2(t) 2 &(t)ym?(t) + |0,(t) — 6,(t — 1)]? and g € L£,. We can show m; € Lo
using B-G Lemma. We can also establish boundedness for the rest of the signals using
the properties of the L5 norm.
Step 4. Convergence of the tracking error to zero.

Since all signals are bounded as shown in Step 3, we can establish that |Ce,(t)| €
Lo and |Ce,(t)] — 0 as t — oo using the same procedure in page 523 of [125]. In
(3.52), we also have

e(t+1) = A(t)é(t) + L,Ce,(t).

Then, é(t) — 0 ast — oo since A.(t) is uniformly asymptotically stable and |Ce,(t)| —
0 as t — oo. Finally, from y(t) = Ce,(t) + Cé(t), we conclude that y(t) — 0 as

t — 0. OJ

Remark 3.4. In general cases that the reference signal is y, whose internal model
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Q.2 i
Qr(z)yr = 07

we consider the tracking error e;(t) = y(t) — y, at time instant ¢. Using

Z Z
O AC IO
Ry(2) Ry(2)Qr(2)
where ()1(z) is an arbitrary monic Hurwitz polynomial of degree ¢ and u = gigzgﬂ,

we can also show the closed-loop stability. (See [125] for the detailed proof.)

Note that Theorem 3.3 implies that Sy is time-varying and needs to be recom-
puted online from the discrete Riccati equation for the estimated system to preserve
stability. We also note that the preceding stability result does not require parameter
convergence. On the other hand, it does not address constraints. In fact, the algo-
rithm proposed in Section 3.2.1 enforces constraints in the certainty equivalence sense,
and the effects of uncertainties and parameter errors on the constraints, namely, the
possibility of loss of feasibility during adaptation, are not considered. Such extensions

will be pursued in future work.

3.3 AMPC for an Inverted Pendulum on a Cart

An example, based on the nonlinear dynamic model of the inverted pendulum
on the cart in Figure 3.1, is now considered. The state of the dynamic model is
T = [r1, T, w3, w4)7, where x; and x, are the position and velocity of the cart,

and x3 and x4 are the angle and angular velocity of the pendulum, respectively, with
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Figure 3.1: An inverted pendulum on a cart.

respect to the vertical direction. Based on the model given in [130], we have:

T = X,

. gOsinzgcosxs — l0x]sinzg 4 u

= (M + 0) — 0 cos? x3 ’

by = (3.59)
b = g(M + 0) sin z3 — 1022 sin w3 cos T3 + u cos T3

[(M +0) — 16 cos? x5

where u denotes the control force produced by an actuator in the horizontal direction.
0 represents the mass of the pendulum ball, [ is the length of the massless rod, and
M is the mass of the cart. The discrete-time model of the system is obtained by
sampling (3.59) at 10 Hz with 7' = 0.1 sec.

We consider a stabilization problem where the objective is to control the angle
and angular velocity of the pendulum with the unknown mass 6 to zero subject to
control constraints on the actuator. In the simulations, the values of § = 0.05 kg
(unknown to the controller), M = 2 kg, and [ = 0.5 m are used. The control force is

constrained so that

—1.2 <u(t) <1.2. (3.60)
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Figure 3.2: Simulation result of the AMPC applied to the inverted pendulum dynam-
ics.

The incremental and terminal cost functions are defined as
L=2"Qr+u"Ru, ®=a2"5,

where we choose Q = diag(1,1,1,1), R = 10, and Sy = 500 x ). The prediction
horizon is chosen as 10 steps in this example.

The closed-loop response is shown in Figure 3.2 with é(O) = 0.35. As these plots
demonstrate, AMPC is able to drive the angle and angular velocity of the inverted
pendulum to the desired equilibrium, while the parameter estimate 0 converges. The
control constraints are satisfied. Figure 3.3 compares the responses of three closed-
loop systems: (i) MPC applied to the plant model with § = 0.05 when the parameter
estimate § = 6 = 0.05 is accurate (Case A); (ii) MPC applied to the plant model

with § = 0.05 when the parameter estimate § = 0.35 is inaccurate (Case B); and
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Figure 3.3: Simulations compare three different responses: Case A: with perfect infor-
mation of 0, Case B: with wrong initial estimate and without adaptation
of 6§, Case C: with wrong initial estimate and with adaptation of 6.

(iii) AMPC applied with the initial parameter estimate of §(0) = 0.35 (Case C). The

weight matrices and other parameters are the same between these three controllers.

In all three cases, the control constraints are satisfied. The response is improved

with AMPC and it approaches to that of the MPC with known 6 even though the

parameter is not converging due to the lack of persistent excitation.
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CHAPTER IV

Parametric Neighboring Extremal Algorithm

In this chapter, an overview of the PNE algorithm developed by Ghaemi et al.
[30] for the MPC problem with adjustable parameters is provided. In addition, new
theoretical aspects of the PNE are explored on the NE solution of the MPC prob-
lem with parameters (Theorem 4.1) and conditions for existence of the NE solution

(Theorem 4.4).

4.1 Overview of the Parametric Neighboring Extremal Al-

gorithm

4.1.1 Problem Formulation
The receding horizon optimization problem with adjustable parameters, at a sam-
pling instant ¢, minimizes a general cost function,
t+N—-1

J(@(-),ul-),p) = @@t + N),p) + Y L((w(k), u(k),p), (4.1)

k=t
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subject to

ek + 1) = f(e(k), u(k),p), £+ R oy RY
z(t) =z, 2 € R",

(4.2)
C(z(k),u(k),p) <0, C:R"™™ " R k=t,...,t+N—1,

C(z(k),p) <0, C:R"™ = RI, k=t,...,t+ N,

where z(-), u(-), and p are state sequence, control sequence, and an adjustable pa-
rameter vector, respectively. The parameter vector, p, are included as optimization
variables, which differentiates this problem from the one treated in the previous chap-
ter where parameters where not adjustable.

Let 2°(+), u%(+), and p° be the nominal optimal solution of the problem by (4.1)-

(4.2). To simple expositions, let

The Lagrangian function is defined as

'C(w(>’ u(-),p, A()’ :u()v ﬂ())

t+N—1
=o(t+N)+ Y L(k)
k=t
t+N—1
+ AT (2 — 2(t) Zmﬂ f(k) —z(k+1))
t+N—1 t+N
+ Z TCa + Z M Tca
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We also define the Hamiltonian function as follows:

H(x(k), u(k),p, A(k + 1), u(k), i(F))

= L(k) + A(k + 1)" f(k) + " (F)C* (k) + " (k)C* (k).

Then, using the Hamiltonian function H(z(k),u(k),p, \(k + 1), u(k), ii(k)) the La-

grangian function is expressed as

L(x()7u()7pa/\<)7u<)7ﬂ()>
=®(t+ N)+ A 2 — ANt + N)Tw(t +N) + a(t + N)TC*(t + N)

t+N—-1

+ ) (Hk) = Mk) 2 (k) - (4.3)

The nominal solution (z°(-),u°(-),p°) is optimal and is assumed to satisfy the
following first order necessary optimality conditions implied by the KKT theorem
[42],

Lo (@), p M) =0, k=t,...,t+N, (4.4)
Lo (@), p M) =0, k=1t,... t+N—1, (4.5)
Ly(x(-),p,A(+)) =0 (4.6)

k) = Hy(k), k=t,--- ,t+N—1, (4.7)
Mt + N) =&, (t+ N)+ it + N)'Ct + N), (4.8)
Hy(k)=0, k=t,--- ,t+ N —1, (4.9)
®,(t+N)+j(t+ N)'Co(t+ N) + zf H,(k) =0, (4.10)
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where (4.7) and (4.8) are derived from (4.4), (4.9) is derived from (4.5), and (4.10) is
derived from (4.6).

The NE solution [31] is the first-order correction that approximates the optimal
state and control sequences for the perturbed initial state, that is it maintains nec-
essary conditions satisfied up to the first-order terms. We now demonstrate that the
NE solution can be computed from necessary conditions for a ‘linearized’ problem,
where the second-order variation of the Hamiltonian function of (4.1) is minimized
subject to the linearized dynamic equations and constraints:

min  §%J, (4.11)
6a(), du(’), op

where,
52j—1 dx(t + N) Oy (t+ N) Ppp(t+ N) dx(t+ N)
2 5p Bor(t + N) Bos(t + N) 5p
v | O(R) ' Hoo(k) Hou(k) Hop(k) | | S2(K)
+ % ; du(k) | | Huo(k) Huu(k) Hip(k) | | Su(k) | - (4.12)
| Hiyo (k) Hypu(k) Hip () 5p
subject to
dx(k+1) = fo(k)dx(k) + fu(k)du(k) + fp(k)op, (4.13)
dx(t) = dxy, (4.14)
Co (k)6 (k) + C2(k)u(k) + C2(k)p = 0, (4.15)
Ca(k)ox(k) + Cp(k)dp = 0, (4.16)
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where

Py (t+ N) =P (t+N) + % (At + N)TC,.(t + N)), (4.17)
Dot + N) =, (t + N) +§p(ﬂ(t+N)TCx(t+N)), (4.18)
Doy (t + N) _@pm(t+N)+% (a(t+ N)TCy(t + N)) | (4.19)
Boy(t + N) =, (t + N) + (% (At + N)TC,(t + N)), (4.20)

and all the partial derivatives are computed at the nominal solution.

Theorem 4.1. The NE solution of Problem (4.1) satisfies the first-order optimality
conditions in the problem of minimizing the second-order variation (4.11) subject to
linearized constraints (4.13)-(4.16).

Proof: We assume that the point (z(-),u(:),p, A(-), u(+), i(+)) is a regular KKT
point of Problem (4.1) which satisfies the linear independence constraint qualifica-

tion (LICQ) condition [42]. Consider perturbations:

2(-) + 0z (), ul-) + dul-), p+dp,

AC)+0AC), () +0oul-), ) +opa().

Assume that t = 0 to simplify the presentation without loss of generality. By using
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the first order approximation, (4.7)-(4.10) are expressed as

Ak +A(K) = Hy (k) + Hyo (k)02(k) + Hyw (k)Su(k) + Hop(K)op

+ Ho\A(k + 1) + Houdu(k) + Hyopdfu(k), k=0,... ,N—1, (4.21)
AN) NN ) = By (N)+ Do (N)SL(N )+ @y (N)p+ Bor (N)INN) + 6 (N)

RN CIN) + A (3(NY C3N)) 82(N)

5 (BN CHN) B+ - (BN CHN) ) (4.22)
H,(k) + Hyp(k)ox(k) + Hyu(k)ou(k) + Hyp(k)op + HurdA(k + 1)

+ Hu,ﬁ,u(k) + Hu,ﬁ,u(k) =0, k=0,..., N-—1, (4.23)

Q,(N) + Cpy(N)IZ(N) + D,y (N)Ip + Ppr(N)IA(N)

+ENT RN 5 (V)T C(N) 8(N)

2 (BN CRN) 8+ L (BNYC30) Sm(Y)
2_: )+ pr Yoz (k) + Hpu(kz)éu(k‘) + pr(k)5p
+ HopoAk + 1) + Hydu(k) + Hp0a(k)] = 0, (4.24)

r(k+1)+dx(k+1)
= f(k) + fo(k)ox(k) + fu(k)ou(k) + f,(k)dp, k=0, ..., N —1, (4.25)

z(0) + 0x(0) = xo + dxo. (4.26)
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Hence, the NE solution satisfies the following equations:

SNk) = Hoo(k)02(E) + Hyu(k)ou(k) + Hop(k)op + fL(R)SN(k + 1)

+ CU (k) op(k) + Co (k) ou(k), k=0,..., N—1, (4.27)
AN) = (0aa) + 2 (VYT CEN) ) ()
#(®aV) + 51 (RON)TCHN)) ) -+ CEN)TOR(N), (4.28)

Hoo(k)6z(k) + Hyp(k)ou(k) + Hup(K)op + f1(K)SA(Kk + 1)

+ et (R)Su(k) = 0, k=0,..., N—1, (4.29)
(0l) 4 - (RNVCE) ) S
(B0 + 3 @) ) b
S e (B100(0) + Ho(K)5(8) + Ho ()6 + £ (19A(5 4 1)
0 + Co(k) op(k) + Co(k)Tou(k)] = 0, (4.30)
Sk + 1) = fo(k)Se(k) + fulk)ou(k) + fo(K)op, k=0,...,N—1,  (431)
52(0) = b, (4.32)

We now consider the minimization problem (4.12) subject to linearized constraints

(4.13)-(4.16) where t = 0. The Lagrangian function of (4.12) is defined as

= 52T + 6M(0)T (60 — 62(0))

ME+ DT (fo(k)oz + fu(k)ou(k )+ fo(k)op — dz(k + 1))
k=0
s Su(k) C(k) + > opu(k) C(k). (4.33)
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The Hamiltonian function is

A (5 (k), su(k), op, 5A(k + 1), 6p(k), 5(k))

Sulk Hoo(k) Huu(k) Hop(k) | | Su(k)

N—-1

1
2

k=0

op Hy, (k) Hpu(k) Hpp(k) op

+ Ok + 1) (fo(B)dx (k) + fu(k)du(k) + f,(k)dp)
+ Su(k)TC(k) + 6p(k) T C(k). (4.34)

Then, the Lagrangian function (4.33) is expressed using the Hamiltonian function

(4.34),
1 dx(N)
2| 4

+ oA (0)T 820 — SAN)TSz(N) + Sa(N)TC(N) + S (H(E) — SA(k)T52(k)).

(I)ll(N) @12(]\7) 61](N)

D91 (N)  Pga(N) op

ZI—I

—_

B
Il

(4.35)

The first order necessary optimality conditions from KKT conditions are,
57 £002(), 800,65, 8XC). 04 (). 87()) = 0, (4.36)
557 S92, 800,69, 8XC). 04 ). 87 () =0, (4.37)
51527 S02(5,8uC) 5. 0XC). 34 ). 07()) = 0, (4.38)
Sa(k +1) = fo(k)ox(k) + fulk)oulk) + £,(k)op, k=0, ... N — 1, (4.39)
52(0) = 6. (4.40)
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Then, the following equations are obtained

SAK) = Hop (K)62(k) + Hyu(R)Su(k) + Hop(k)Sp + £T(R)A(k + 1)
+ CU (k) op(k) + Co(k)Tou(k), k=0,...,N—1,
NN) = (®alN) 4 - (AN CEN) ) ()
(@) + 45 (BN C0) ) 69+ CENYTO),
Hoo(k)6z(k) + Hyp(k)ou(k) + Hup(K)op + f1(K)SA(Kk + 1)
+ et (R)Su(k) = 0, k=0,..., N—1,
0u(N) + - (BN V) ) 52()
(B0 + 3 @) ) b

N-1

+Z oo ()0 (k) 4+ Hyy (k)0u(k) + Hyp(k)op + f7(k)OA(k + 1)

+ Co k) 5p(k) + C (k)T 5R(K)] = 0,

ox(k +1) = fo(k)ox(k) + fu(k)ou(k) + f,(k)op, k=0,...,N —1,
dz(0) = dxy.

Equations (4.27)—(4.32) and (4.41)—(4.46) are the same.

4.1.2 Computation of the NE Solution

(4.41)

(4.42)

(4.43)

(4.44)
(4.45)

(4.46)

As we decomposed the linearized constraints in Chapter II (see (2.11)-(2.13)), the

constraints (4.15) and (4.16) can be expressed

C(k)ox(k) + C(k)du(k) + CP(k)dp = 0,

Ca(k)dz(k) + C2(k)op = 0,

where C%(k) is of full row rank.
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Assume t = 0 and let §4(N) := 67i(N) and C¢(N) := C%(N). Define

511(N) = (I)m(N) + 4o (ﬂ(N)TOa(N)) )

Tia(N) = @y (N) + 5 ((N)'CEN))
Note that the NE solution satisfies (4.41)—(4.46). Equation (4.42) can be written as
SA(N) = S11(N)dx(N) + Tio(N)dp + CHN)T5u(N). (4.49)
Assume that 0A(k + 1) at the sampling time (k + 1) is represented as
oMK +1) = Syy(k + 1)dx(k + 1) + Tio(k + 1)dp + C(k + 1)Tou(k +1).  (4.50)
Equation (4.41) can be written as

SA(k) =H,o (k)0x(k) + Hayu(k)Su(k) + Hyp(K)op
T STk + 1) + (k) (k) + Co (k)T S (k)
= oo (k)02 (k) + Ho(k)0u(k) + Hop(R)Sp + C2(k) S(k) + C2(k)T 0pa(R)
TR Sk + D)(fo(k)02(R) + Fu(k)ou(k) + f,(k)3p) + Tialk + 1)dp

+ Ck + DTS5k +1)). (4.51)
Define

Zn(k) = Hop(K) + fy (k) Zu(k + 1) fo(K),
Z1a(k) := Hap(k) + f7 (k) Zu1(k + 1) fp(F),
Zy3(k) := Hyu (k) + L (k) Z11(k + 1) fu(k),

(4.52)
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and

Ce(k) N
P | Ca(k)
(k) := C;(k+1)fu(k)] = ;
L Ca(k)
Ca(k)
P) | aw
A(k) = Calk+0)fp() +Cotk+1) | | = |
Ca(k)

Then, we obtain

SA(k) =Zua(K)S (k) + Zia(k)du(k)

+ [Zia(k) + f7 (k) Tra(k + 1)]op + Co(k)"S7(k) + Ci (k)dp(k).

Equation (4.43) is expressed

(4.53)

(4.54)

(4.55)

[Huo(k) + fulk)" S1a(k + 1) fo (k)]0 (k) + [Huu(k) + fu(k)"Sia(k + 1) fu(k)]ou(k)

+ [Hup(k) + fu(k)"Sua(k + 1) fp (k) + fu(k) Tia(k + 1)]0p

+ fulk) Co(k + 1)3ji(k + 1) + Co(k)du(k) = 0.
Define

Zs1 (k) == Z13(k)T,

Zs3(k) == Huu(k) + f (k) Su(k + 1) fu(k),

Zsa(k) = Hyp(k) + fu (k)Su(k + 1) f, (k).
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Then, we obtain

Z33(k3)511/(]{?) + ég(k’)T(S/jL(k') = —Z31(k3)5$(k3) - [Zgg(k’) + fu(k'>TT12<k? + 1)}5}7

(4.57)
From the constraint (4.47)
Ck)ou(k) = —Ck)dx (k) — CP(k)op. (4.58)
Using (4.57) and (4.58),
Zay(k) Ca(k) | | du(k)
Cak) 0 ofi(k)
R ETCI . [ Zalh) + Fl8) Tilk + 1) ] b )
Ca (k) Cy(k)
Let 1
Ko(k) = Zys(k) Ci(k)" (4:60)
Ca(k) 0
Hence
du(k) = Ky(k)ox(k) + Kqo(k)dp, (4.61)
where
i - Z31 (k)
Ki(k)=—|1T 0| Ko(k)| _
- Ca (k)
Kol = | 1 0| Kotry | 20D ] .
- - Cy(k)
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We now simplify (4.44). Let

i 5 T Zgl(k)
Su(k) =2Zun — | Ziy Cok)T | Ko(k)

- - Cy (k)

I . T Zss(k)
Sio(k) == Z1a — | Zi3 Co(k)T | Ko(k) | _

- - Cy(k)

Tio(k) = (fx(k)T - [ Zys Co(k)T } Ko(k) |: fulk) ]) Tho(k + 1) + S12(k),

Zon (k) = Hyo(k) + f1(k)Su(k + 1) fo(k),
Zoa(k) := Hpp(K) + f, (k)Sui(k + 1) f,(k),

Zs(k) := Hypu(k) + [ (k)Su1(k + 1) fu (k).
Then, (4.44) is expressed as

So1(N)0(N) + Was(N)dp + Cp(N)"u(N)

k=

[e=]

+ Co (k)T su(k) + Cy (k)T s(k)] = 0. (4.62)
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Using (4.54) and (4.59), (4.62) can be written as

S21(N)oz(N) + Wae(N)dp

+ 221 ) + Zas(K)ou(k) + Zaa(k)op + f (k)SA(k + 1) + Cp (k)" 0fi(k)]
= S51(N)0x(N) + Waa(N)dp + - (S21(k)ox(k) + Taa(k)dp) = 0. (4.63)
k=0
Define

ng(N) = Tgl(N)7
War (k) = Sor (k) + War(k + 1)(fa (k) + fu(k) Ky (K)),

Waa(k) = Tog(k) + Wag(k + 1) + Way (k + 1)(fp(k) + fu(k)K2(k)).

We then can simplify (4.63) to

Finally, we obtain the closed-form solution of (4.12)-(4.16) for the initial state per-
turbation dzo. If C,(0) is empty, Zss(k) > 0 for k € [0, N — 1], C%(k) is of full rack,

and Way(0) is invertible (compare with Theorem & in [30]),

du(k) = Ki(k)ox(0) + K (k)dp,
(4.65)
5]9 = _W2—21 (O)ng (O)(SZUQ
Remark 4.2. The above derivation of NE solution assumed that the activity status
of the constraints does not change. When the initial state change dz; is large and

causes activity status changes in constraints, we decompose dx; into a sequence of

smaller changes and apply the NE solution to each change. The details are analogous
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to [27, 119].

Remark 4.3. The parametric IPA-SQP algorithm could be obtained by augmenting
the predictor update (4.65) of the PNE algorithm with SQP updates similarly to

[14, 28, 119].

4.2 NE Solution Existence for a Special Case

In this section, conditions for existence of NE solution, i.e., the conditions under
which one can write the solution in the form (4.65), are studied for a quadratic cost
functional and a linear discrete-time system. We consider the simplest case without
inequality constraints on state, control input, and parameters.

Consider a linear discrete-time system,

z(k+1) = Az(k) + Byu(k) + Bap, (4.66)

where both the control sequence u(k) and the parameter p are adjustable, and where
A€ R™ By € R™™ and B, € R™!. The cost functional at the time instant ¢ = 0

is given by

i

(z(k)"Qu(k) + u(k)" Ru(k)), (4.67)

DO | —

1 1
(o, u,p) = 5x(N)Qu(N) + 5pTMp +

B
Il

where R=R" > 0,Q = QT > 0and M = M"™ > 0. The optimization problem takes
the form,

min J(zg,u,p). (4.68)
u,p

In this case, given a nominal solution of the problem (4.68), the necessary opti-
mality conditions in Section 4.1 are also the sufficient optimality conditions. The NE

solution then minimizes the second-order variation of the Hamiltonian function of the
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problem

min §2.J (82, du, 6p), (4.69)
du,0p
where
62J (69, O0u, dp)
1 1 1=
= 502(N)Qdx(N) + §5pTM5p +5 > (02 (k)" Qo (k) + u(k)" Rou(k)) ,
k=0
(4.70)
subject to,
dx(k+1) = Adx(k) + Bidu(k) + Badp, (4.71)
dz(0) = dxy. (4.72)

To solve the problem (4.69), we decompose it into a two-stage optimization prob-
lem where in the inner stage dp is treated as a fixed parameter and the optimization
is performed with respect to du while in the outer stage the optimization is performed
with respect to dp. Thus we exploit the following relation,

min J(dxg, du, dp) = n%in (n;in J(dx, 0u, 5p)) ) (4.73)
D u

du,0p

The inner-loop optimization problem is a conventional L(Q problem. To see this,

we augment 0p as another state with constant dynamics to (4.66), i.e.,

dx(k+ 1) = Adx(k) + Biou(k) + B2dp(k),
(4.74)

Sp(k + 1) = op(k).

Defining

sxy = | 0| (4.75)

op(k)
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we can re-write (4.74) as

6X(k+1)= AsX (k) + Bou(k), (4.76)
where
i A B, B B
0 I 0

For system (4.76), the cost (4.67) is re-written as

N-1
T(8x0, 6u, 6p) = —5X(N )+ % (5X ()T QEX (k) + (k)" Rou(k) )
. (4.77)
where
) 0
Q= ¢ ;
0 4

Let J*(dxg, dp) denote the optimal cost value in the problem of minimizing (4.77)
with respect to du subject to (4.76). Since this is a standard LQ problem on a finite

time interval with R > 0, the solution exists, is unique and yields,

J*(6x9,0p) = %5XOT Py Xo, (4.78)

where
P(k—1)=Q+ A"P(k)A+ A"P(k)BF(k — 1), P(N)=Q, (4.79)
F(k—1)=—(R+ B "P(k)B)"'BTP(k)A, (4.80)

and where the optimal control is given by

su*(k) = F(k)0X(k), k=0,--- ,N—1. (4.81)
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If we decompose the positive semi-definite symmetric matrix F, into sub-blocks
according to the dimensions of dx and dp,

Pll P12
Py = , (4.82)

P21 P22

where Pjy = P, the outer loop optimization problem of minimizing J*(dxzg, dp) with

respect to dp becomes

n%in J*(dzo, 0p), (4.83)
P
where
1 1
J*(0xg, 0p) = §5ng1151:0 + 8y Pradp + §5pTP225p. (4.84)

This problem of minimizing a quadratic function is explicitly solvable if

Py > 0. (485)

The solution of the outer loop optimization problem (note in the form dependent

explicitly on the initial state) is given by

5]7* = —(P22)71P216.1’0. (486)

If the condition (4.85) is violated, then the minimizer (non-unique) exists if Py g €
Range(Pys).
Thus the procedure to solve the parametric LQ problem under the assumption

Py, > 0 is as follows:

e Step 1: Calculate Py using (4.79) and (4.80).
e Step 2: Determine optimal parameter dp* according to (4.86).

e Step 3: Form the vector, 6X, = [dzg op*T|T.
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e Step 4: Compute the control sequence du*(k) based on (4.81) and (4.76).

It remains to establish the conditions when (4.85) holds. Note that these condi-
tions imply the existence of a neighboring extremal solution (4.86).

The conditions for (4.85) to hold are linked to observability properties of dp in
the cost (4.77) or (4.67). Since our model is discrete-time, we have to be careful since
observability properties may change with the horizon length, N.

Suppose the matrix Q > 0 is decomposed as
Q=C'C.

Definition 1: A state 0.Xy # 0 is called observable in the cost over a horizon N if

3k, 0 < k < N, such that CA*§ X, # 0. [131]

Note that this observability property is defined for the open-loop system (4.76),
i.e., with du(k) = 0.

Definition 2: The parameter is observable in the cost over the horizon N if any
state of the form X, = [0, dpT|T with dp # 0 is observable in the cost over the

horizon N.

Theorem 4.4. Suppose the parameter is observable in the cost over the horizon N.
Then (4.85) holds.
Proof: By contradiction, assume (4.85) does not hold. Then there exists dp such
that Pydp = 0. Let 6X, = [0, opT]T.

From (4.77) and (4.83),

1
0 :J*((S.I'U, (Sp) = §5pTP22(5p

i

zééX*T(N)C*TC*cSX*(N) 2 3 (5XTTR)ETERX (R) + burT (k) RSw (R) )

0

DN | —
e
Il

(4.87)
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Here § X*(k) is the solution of (4.76) corresponding to the optimal control du*(k) of
the inner loop optimization problem (4.81). Given that all terms are non-negative,

the sum can be zero only if all terms are zero, and

CoX*(k)=0, k=0,---,N,  ou*(k)=0, k=0,--- ,N—1.

Since du*(k) = 0, 6X*(k) = A*6 X, and thus

CA*§Xy =0, k=0,---,N.

This contradicts our assumption of observability. O

Remark 4.5. 1t is easy to give sufficient conditions when the result of Theorem 4.4
holds. For instance, if the pair (C, A) satisfies the standard rank observability test
and the horizon is sufficiently long (N > dim X ). Another condition is simply M > 0,
i.e., the cost includes strictly positive definite penalty on the parameter. Then, for
6Xo = [0, pT]T, CXy # 0 if 6p # 0.

Here, we obtained the conditions for the existence of NE solution in a parametric
optimal control problem without considering inequality constraints or nonlinear dy-
namics. Obtaining conditions that imply the existence of NE solution is a challenging
task for parametric optimal control problems with inequality constraints. It will be

pursued as future work.
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CHAPTER V

Minimum-time Model Predictive Control

An interesting application of the PNE algorithm to a minimum-time MPC prob-
lem is considered in this chapter. Minimum-time MPC problems have been studied in
[84, 85, 132]. They are of interest for certain applications and have favorable robust-
ness and disturbance rejection properties. Applying MPC philosophy to minimum-
time control involves recomputing the open-loop state and control trajectory sub-
ject to constraints. The existing results on PNE cannot be directly applied to the
minimum-time MPC problem since the time horizon does not stay constant over time.
We therefore employ a time scaling transformation to obtain a fixed-end time prob-
lem, with the terminal time appearing as a multiplicative parameter in the dynamic
equations of the continuous-time model. We then convert the model to discrete-time
and formulate an optimization problem where both the control sequence and the time
horizon, now appearing as a parameter, have to be optimized. The PNE algorithm
introduced in [30, 58] and elaborated in Chapter IV is applicable to simultaneous con-
trol trajectory and parameter optimization. The reformulated variant of the problem
fits nicely into the PNE algorithm. Since appropriate regularity properties need to
be satisfied to be able to apply the PNE algorithm, the cost functional is regularized.

To illustrate the proposed approach, two examples are considered. The first exam-

ple is for a double integrator with a control constraint for which the optimal solution
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can be computed using other numerical methods to validate the result of PNE. The
second example is based on a two-dimensional model of a hypersonic vehicle whose
minimum-time control problem cannot be easily solved and numerical optimization

has to be adopted.

5.1 Problem Formulation and Transformation

The minimum-time MPC solves a minimum-time optimal control problem for
steering the system from the current state xy at the current time ¢y to the origin at

the terminal time ¢4:

min J = ty, (5.1)

subject to

(5.2)

where x € R and u € R™ are state and control input, respectively. Here, C' defines
constraints.
To be able to apply the PNE framework, the cost function is regularized by aug-
menting a control penalty. The cost is modified to
ty

min J =ty + e/u(t)Tu(t)dt, (5.3)

to

where € is a small positive scalar, i.e., ¢ € R,. This cost must be minimized subject
to (5.2).

A time scaling transformation is now employed to convert the free-terminal-time
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problem to a fixed-terminal-time problem,

t—1
7= 0 (5.4)
tr — to
Since tg <t < ty, it follows that
0<7<1. (5.5)
The dynamics of the system is then expressed as
dr  dz dt
'E ==ty —t k), u(k)). :
U CORIC) (5.6
The transformed model (5.6) is converted to discrete-time,
2(k+1) = x(k) + A7ty — to) f(x(k), u(k)), (5.7)

where A7 = 1/N, and N is the number of control nodes employed in discretizing the

trajectory. The cost functional in (5.3) is then converted to

N-1

Jo=tr+eY Ar(ty —to)u(k) u(k). (5.8)
k=0

The adjustable variables are the control time sequence, {u(0),u(1),--- ,u(N — 1)}
and the parameter p = t; — ¢ that need to be simultaneously optimized.

As a final step of reformulating the problem, we replace the hard terminal con-
straint, z(¢;) = 0, by a penalty added to the cost (5.8) so that the cost being mini-
mized becomes

N-1

Jao=px(N)"2(N) +p+e> Arpu(k)Tu(k), (5.9)

where p > 0 is the penalty weighting factor. This change is not essential but simpli-

fies subsequent numerical implementation and mitigates potential terminal constraint
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infeasibility.
To summarize, the problem to which PNE framework will be applied has the
following form,

min Jg, (5.10)

u()p
subject to
z(k + 1) = z(k) + pAtf(x(k), u(k)),
2(to) = o, (5.11)
C(x(k),u(k),p) < 0.

The minimum-time MPC is a feedback law u pe () defined based on the solution
of the above optimization problem with ¢y as the current time and x; as the current
state. The number of control nodes, N, is maintained constant, and, consequently,
the control corrections become finer as the state gets closer to the origin. To avoid
control time subinterval becoming infinitesimally small after the convergence within
a prescribed tolerance of the origin is achieved, the control is no longer recomputed,

and an open-loop trajectory is simply followed to steer the state to the origin.

5.2 Simulations of a Double Integrator System

To evaluate the effectiveness of the PNE approach, we consider a double inte-
grator system with control input constraints. The minimum-time MPC problem for

transferring a nonzero initial state to the origin for the double integrator system has

the form,
N-1
n?%n Jy = pr(N)Tx(N) + p+ pAre Z u(k) T u(k), (5.12)
wp k=0
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0.2 0.4 0.6 0.8 1
scaled time T

Figure 5.1: Open-loop control by fmincon. Top: Phase plot of the state. Bottom:
Control input history.

subject to
x(k+1) = z(k) + pAt(Az(k) + Bu(k)),
(o) = @1, (5.13)
u(k)| <1,
where
1 01 0
r = , A= ,and B =
i) 00 1

We chose the number of control nodes as N = 50, p = 10%, and € = 0.1. The initial

state is zo = (2, 2)7T.
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—— closed-loop by PNE
—— open-loop by fmincon

Figure 5.2: Phase plots of the states.

5.2.1 Open-loop Control

Before implementing the PNE approach, we obtain the nominal optimal solution
of (5.12)-(5.13) at the initial time using MATLAB nonlinear programming solver
fmincon. Figure 5.1 shows the phase plot of the open-loop state and control input

sequences. The minimum-time of the maneuver is p° = 6.083 sec.

5.2.2 Closed-loop Control

Let (2, u° p°) denote the solution from Section 5.2.1 approximated as a piecewise
constant function in time with nodes at time instants t) ,¢{,---, ¢%. Then, the time
interval between t) and t{ is p°/N = 6.083/50 = 0.122 sec.

Considering the initial state perturbation §z3 = 2°(t?) — 2°(¢J) where 2° denotes
the measured state, the optimal control sequence and minimum-time are obtained for

the next control cycle using the PNE approach,

ut = u® + 6u’,

pt=p"+p".
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Figure 5.3: Closed-loop control of the minimum-time MPC. From top to bottom:
Trajectories of z1, x5, control input, and minimum-time.

The nodes of u! at the next control cycle are t}, ti,---, t§. The first element of

!is applied to the system between the time

the computed optimal control sequence u
instant ¢, and t]. By repeating this computing procedure with the fixed number of
control nodes, the optimal trajectory is obtained as shown in Figure 5.2. In this
simulation, the threshold time to terminate the algorithm for recomputing is 0.5 sec;
this avoids infinitesimally spaced control nodes. Thus, if the minimum-time computed
at a certain control cycle reaches the threshold time, the optimal control sequence
obtained in the control cycle is applied in the open-loop without further recalculation.

In Figure 5.2, the phase plot of the state of the open-loop control by fmincon and
that of the closed-loop control by the PNE are compared. There are slight differences

between these two trajectories.
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The time of the PNE solution is computed as:

s—1

th=(tn —to)+ > _(th — 1), (5.14)

k=0

where s is the first control cycle whose minimum-time is less than the threshold time.
The maneuver time is 5.814 sec. It is less than the time for the open-loop minimum-
time trajectory due to the control trajectory refinements effects. Specifically, PNE
exploits the same number of nodes in each control cycle, thus the effective time
between control changes decreases with time.

In Figure 5.3, the trajectories by the minimum-time MPC based on PNE is pre-
sented as the solid line and the results of the minimum-time MPC based on fmincon
are illustrated by the dot line. Figure 5.3 shows that the solutions by the PNE and
fmincon in closed-loop control are quite similar in performance.

The total computation time of the PNE, however, is 265.4 sec while the computa-
tion time of fmincon is 472.8 sec. Thus, the PNE improved computational efficiency.
The total computation time is measured by CPU time usage. The simulations are
performed by the controller codes implemented in MATLAB on a computer with
Intel® CPU @ 2.10 GH z.

5.2.3 Compensation of Disturbances

We now consider the effects of an unmeasured disturbance that is additive to the
control input with a constant amplitude of 0.1 X 45, Where ., = 1, at every time
instant. The phase plot of the open-loop response with the disturbance is shown in
Figure 5.4, where the target at (0,0) is missed. The closed-loop trajectory is then
simulated with the unmeasured disturbance, also shown in Figure 5.4, where the
PNE recomputes the control input at every control cycle using the current state as

the initial condition. We observed that the minimum-time MPC based on the PNE
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closed-loop by PNE

—=— open-loop

0 50 100 150
control cycle

Figure 5.4: Trajectories subject to the unmeasured disturbances. Top: Phase plots
of states, Bottom: Control input history of closed-loop control on the
disturbances.

algorithm can compensate for the disturbances. The error is 0.1724 in the norm of

the state.

5.3 Hypersonic Vehicle Flight Model

In this section, the PNE is applied to a two-dimensional flight model [133] for a

hypersonic glider. The equations of motion of the two-dimensional hypersonic glider
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—»— closed-loop by PNE
—*— open-loop by fmincon

| Target position

-1.5f -

Initial position

0.5

5 10 15 20 25 30
control cycle

Figure 5.5: Trajectories of the hypersonic vehicle model. Top: Phase plot of the state,
Bottom: Control input history by PNE.

model are given in [133, 134],

& =V cos(f),

y = Vsin(p),

. tan(tmar) (5.15)
=

V —a.

where x and y denote the glider position in x and y direction, [ is the glider heading

angle, V is the velocity of the vehicle, a is the acceleration, a4, is the maximum
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Figure 5.6: Trajectories from various initial positions with the same heading angle.

bank angle, and u, which is constrained as —1 < u < 1, is the normalized bank angle
control signal.

Note that the variables in this flight model are scaled:

Ly

y
x: ’y:T_Z’/B:/Bu’

Vu a:%,t: bu

V90T 90 \/ro/go7

To

(5.16)
V =

where rg is the radius of the Earth, gy is the gravitational acceleration of the Earth.
Tus Yu s Bu, Vi, au, and t, are the z-coordinate (km), the y-coordinate (km), heading
angle (rad), velocity (km/s), acceleration (km/s?) and time (s) in physical unit.
We consider a minimum-time problem to maneuver the glider to the origin subject
to the control constraint. The values a = 0 and a,,4, = 10 deg were used. Fig. 5.5
illustrates the simulation results for the initial position of (2, —2), the velocity of 0.3
and the initial heading angle § = 30 deg. The number of the control nodes is chosen
as N = 20. The minimum-time ¢* is 11.656, translating to 9398 sec in unscaled time.
Fig. 5.6 illustrates the trajectories on the x — y plane starting from various initial
positions with the same heading angle of 30 deg, and approaching the same terminal

position (0,0) in minimum time.
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CHAPTER VI

Real-time Optimization for Shipboard Power

Management Using the IPA-SQP Approach

Shipboard integrated power systems (IPS), the key enablers of ship electrifica-
tion, call for effective PMC to achieve optimal and reliable operation in dynamic
environments under hardware limitations and operational constraints. The design of
the PMC can be treated naturally in an MPC framework where a cost function is
minimized over a prediction horizon subject to constraints. The real-time implemen-
tation of MPC-based PMC, however, is challenging due to computational complexity
of the numerical optimization. In this chapter, an MPC-based PMC for a shipboard
power system is developed and its real-time implementation is investigated. To meet
the requirements for real-time computation, an IPA-SQP algorithm is applied to
solve a constrained MPC optimization problem. Several operational scenarios are
considered to evaluate the performance of the proposed PMC solution. Simulations
and experiments show that real-time optimization, constraint enforcement, and fast
load-following can be achieved with the IPA-SQP algorithm. Different performance
attributes and their trade-offs can be coordinated through proper tuning of the design

parameters.
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Table 6.1: Subsystems of the test bed.

Key

Subsystems Description operational

parameters

GS-1 Prime mover 1 1800 rpm
Wound rotor synchronous machine max. elec. power 59 kW

G992 Prime mover 2 3600 rpm
Permanent magnet synchronous machine max. elec. power 11 kW

3PS Propulsion drive 1800 rpm
Induction machine max. mech. power 37 kW

SWPPL High power buck converter peak elec. power & kW

average elec. power 4 kW

6.1 System Description and MPC Formulation

6.1.1 System Description

The notional power system considered in this chapter represents a down-scaled
version of real shipboard power systems. It consists of two power generation systems,
a ship propulsion motor and a square wave pulse power load (SWPPL). The system
was developed at Purdue University as a sponsored project by the Office of Naval
Research (ONR) [114], and has been used for several sponsored research projects
[114, 135]. The schematic of the system is shown in Figure 6.1, and the physical
appearance of the test bed is shown in Figure 6.2.

Generation system 1 (GS-1) is the main shipboard power source and represents a
gas turbine generator. Generation system 2 (GS-2) represents a smaller ship power
generation source, which can be a diesel generator. The ship propulsion system
(SPS) is the primary load on the power system. The SWPPL represents the load of
an electromagnetic rail gun. The power sources and loads are connected in parallel
to a 750 V DC bus. The key components and their operational parameters are listed

in Table 6.1.
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750V
DC Bus

GS: Generation System
PM: Prime Mover
R: Rectifier
SG: Synchronous Generator ...z
VR: Voltage Regulator PD H
PS: Power Supply
SWPPL: Square Wave Pulse i

Power Load !

PD: Propulsion Drive ;
IM: Induction Machine i 5P3

Figure 6.2: Purdue test bed.
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6.1.2 Operational Requirements and Control Objectives

For the investigation reported in this dissertation, we make the following assump-

tions:

1) The desired ship velocity, the SPS induction machine (IM) power and desired

speed, and the target bus voltage are constant.

2) The GS-2 operates in the generation mode, has its best efficiency at 5 kW, and

has a constant rotor speed.

3) The pulsed power load consists of square wave pulses with 8 kW amplitude and

1 second duration. (See Figure 6.3.)

4) The PMC has no prior knowledge of the SWPPL, i.e., the SWPPL is an un-

known disturbance.
5) The line losses are negligible.

Note that the assumptions listed above are made to simplify the exposition of the

algorithm or to reflect the hardware limitations (such as assumption 3). They can be

removed without changing the nature of the problem and the proposed solution.
The control objectives of the PMC are to coordinate the power generation sources

to meet the load demand and to achieve the following performance attributes:

1) Tracking the set points of bus voltage, GS-2 electrical power, SPS electrical

power, and SPS rotor speed.
2) Protecting and extending the life span of the machines GS-1, GS-2, and SPS.

3) Maintaining power quality of the micro-grid and minimizing bus voltage varia-

tion.
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Figure 6.3: Square wave pulse power load on the TPMM. The pulse starts at 0.5 sec
with 8 KWW amplitude and 1 sec duration. The period is 2 sec.

It should be noted that the GS-1 is expected to provide most of the power for SWPPL

which may cause extreme ramping in GS-1 power output if the set point tracking

objective of GS-2 electrical power is emphasized and, consequently, have negative

impact on the gas turbine and generator life span. Therefore, some of the control

objectives are competing with each other and need to be balanced by the PMC

system.

6.1.3 Optimization-oriented Design Model and Operational Constraints

The dynamic behavior of the system has been represented in a transient power
management model (TPMM) [114], which is a low-order simulation model established
at Purdue University. Even though the TPMM is already simplified to enable fast
simulation, it is still complex to be used for model-based optimization and for the
IPA-SQP algorithm implementation which requires analytic derivations.

The optimization-oriented design model required to support analytic derivations

for the IPA-SQP algorithm implementation is developed by simplifying the TPMM
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model.

z1(k +1) = fi(z(k), u(k))
za(k +1) = folz(k), u(k))

w3(k + 1) = fa(x(k), u(k))

where

=aik) + g;g(kaichllixk)Z(k)’ oy
_ H+ (w2(k) + Toca (cawa + caus(k)) . (6.2)
- (w0 s s aRm) . 63

(k) = (21(k) w2(k) 3(k))",

u(k) = (ur (k) ua(k) us(k))",

Z(l{) — ¢ (ul(k:)xl(k:)

23(k+1)

+cs (Vp — x3(k))

_ 1) (—c5x3(k 1) + /ol (k) + c7P8(k)>

_ 08u1(k)x1(k)
l’g(k + 1) ’

Pz(k) = @u%(/{) + clou2(l€),

P3(k) = (c11 + crowa(k)) us(k),

Py(k) =

The equations (6.1), (6.2), and (6.3) are derived from the TPMM model [114] by

approximation and model order reduction, and discretized using the backward Euler

method to represent the dynamics of the physical test bed system in the discrete-time

format. Table 6.2 summarizes the state variables, the control inputs, and parameters

in the equations (6.1), (6.2), and (6.3). The droop gain wu; of the voltage controller

in the GS-1 is a control input. The GS-1 droop gain impacts the DC bus voltage.

It is used to indirectly control the output power of the GS-1. The GS-2 and SPS

receive the GS-2 and SPS mechanical power commands from the PMC, respectively.

Then their inner loop controllers convert the power commands to torque commands

and current commands so that tracking using hysteresis control can be accomplished
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Table 6.2: State variables, control inputs, and parameters in the optimization-
oriented design model.

Variable Symbol Description

) GS-1 electrical power (kW)

State variables To IM rotor speed in the SPS (rad/s)
T3 DC bus voltage (V)
Uy GS-1 droop gain

Control inputs Us GS-2 mechanical power command (kW)
us SPS mechanical power command (kW)
T Sampling time interval (s)

Parameters Wy Desired rotor speed of the IM (rpm)

Vi Desired bus voltage (V)

[114]. Py(k), Ps(k) are the GS-2 and SPS electrical power, respectively, and Py (k) is
square wave pulse power at a sampling instant k. P,(k) is the sum of the GS-1, GS-2,
SPS electrical power, and the SWPPL power at the sampling instant k. These values
are required to estimate GGS-2 electrical power, SPS electrical power, the SWPPL
power, and the sum of the electrical power with the state variables and control inputs
at the sampling instant k. ¢;, ¢+ = 1,...,12, are constants used in the equations
[114]. Positive sign is used for electrical power generated, and negative sign is used
for electrical power consumed.

The system has several constraints that represent hardware limitations and opera-
tional requirements. The GS-1, GS-2 and SPS have operational limitations of 59 kW,
11 kW, and 37 kW, respectively, as given in Table 6.1. The GS-1 droop gain takes

values in the interval [—1, 1]. The constraints are mathematically expressed as:

0 < a1 (k) < 59, (6.4)
—1<u(k) <1, (6.5)
—11 < uy(k) <0, (6.6)
0 < us(k) < 37. (6.7)

Note that the system is nonlinear with constraints that include a pure state constraint
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(6.4) and pure control constraints (6.5), (6.6), and (6.7). Hence the NMPC is pursued.

6.1.4 MPC Problem Formulation

The MPC problem is formulated by considering the control objectives and oper-

ational assumptions:

in J(z(-),u(-)), (6.8)
where .
J((-),u() = @(@(t+N)+ > Lz(k), u(k)), (6.9)
and

L(x(k), u(k)) =ki(z3(k) = Vp)? + ka(Pa(k) — Paa)®
+ k3(P3(k) — Psa)® + ka(z2(k) — wq)®
+ ks (ur (k) — ur(k — 1)) + ke (@1 (k) — 21(k — 1))?
+ kr(Po(k) — Po(k — 1)) + ks(P3(k) — P3(k — 1))?,

O(z(t + N)) =01 (22t + N) — wq)? + do(z3(t + N) = V})?,

for all k € [t, t+ N —1], subject to the model of equations (6.1)-(6.3) and constraints
(6.4)-(6.7).

Here, P,y and P34 are the desired GS-2 electrical power and the desired SPS electrical
power, respectively. x; is the state at sampling instant ¢. f;, fo, and f3 are defined
in (6.1), (6.2), and (6.3), respectively. k;, j = 1,...,8, denote weighting factors on
different terms in the cost function. Each weighting factor k; assigns a relative priority
to a performance aspect. The first term in L(z(k),u(k)), the error between the
measured bus voltage and the desired bus voltage, is related to bus voltage tracking.
Minimizing this error helps to assure power quality on the micro-grid. The second

term is for GS-2 to operate at the most efficient point. The other terms reflect
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Table 6.3: Weighting factors in the cost function on the test bed.

Physical variable Weight Test A Test B Test C
(Baseline) (Increase kg) (Increase k3)
DC bus voltage deviation k1 1 1 1
GS-2 power deviation ko 15 15 15
SPS power deviation ks 15 15 25
SPS induction machine speed deviation ka4 1 1 1
Ramp rate of GS-1 droop gain ks 13 13 13
Ramp rate of GS-1 power ke 1 10 10
Ramp rate of GS-2 power k7 0.1 0.1 0.1
Ramp rate of SPS power ks 0.1 0.1 0.1
SPS induction machine speed deviation 01 100 100 100
DC bus voltage deviation 02 100 100 100

SPS electrical power tracking for the desired value, SPS rotor speed tracking for
maintaining the desired ship velocity, droop gain ramp rate, GS-1 electrical power
ramp rate, GS-2 electrical power ramp rate, and SPS electrical power ramp rate.
Component wear is reduced by penalizing power ramp rate. ®(z(t + N)) is the
terminal cost function to penalize the deviation of z5(t+ N) and z3(t + N) from their
desired values with weighting factors of ¢; and ¢,, respectively. The GS-1 is treated as
a slack generator and provides the power necessary to balance the generating power
and consumed power. Hence, x1(k) is not penalized. The values of the weighting
factors used for the cost function are listed in Table 6.3.

Solving the MPC problem (6.8) subject to the constraints in real-time requires
effective optimization algorithms. The IPA-SQP algorithm, which has been shown to
have advantages in computational efficiency for nonlinear MPC [14], is used to solve

the MPC problem (6.8).

6.2 Simulation and Experimental Results

The power management strategy using MPC, where the optimization of (6.8)
subject to the constraints (6.4)-(6.7) is solved using the IPA-SQP algorithm at each

sampling time, is implemented in Simulink. The algorithm realization is a combi-
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Figure 6.4: Design and implementation procedure of the IPA-SQP based MPC ap-
proach.

nation of a MATLAB script function and some Simulink blocks from the standard
Simulink library. It should be noted that after initial design and simulation analysis,
high sensitivity of control performance to uncertainty in SWPPL delivery timing was
identified, i.e., when the SWPPL is treated as a known disturbance the performance
of the PMC varied if the actual ‘on’ and ‘off” time for SWPPL is quite different from
the assumed value. It was decided that the SWPPL will be treated as an unknown
disturbance.

The design and implementation of MPC using the IPA-SQP approach is performed
first in the simulation environment with the TPMM as the plant for algorithm valida-
tion and performance evaluation before testing on the physical test bed. The online
computational ability and real-time performance are then evaluated through simu-
lations on an Opal-RT® real-time simulator, and finally the IPA-SQP algorithm is
implemented on the Purdue physical test bed. The procedure of design and imple-
mentation of the IPA-SQP based MPC approach is shown in Figure 6.4.

Given the hardware limitations of the test bed, we consider the SWPPL waveform
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shown in Figure 6.3, which sinks up to 8 kW for 1 second intervals for 7 consecutive
cycles. The reference set points for tracking are Poy = 5 kW, Py, = —10 kW,
and V, = 750 V for GS-2 electrical power, SPS electrical power, and bus voltage,
respectively, in simulations and experiments. The prediction horizon is chosen as 5
sample intervals, and the sampling time interval is considered as 20 ms to balance
the algorithm execution time with the prediction horizon duration. Hence, the PMC
is able to look ahead 0.1 sec.

The PMC metrics are developed to evaluate and quantify the performance of
the PMC using the IPA-SQP based MPC. The metrics reflect: 1) load-following
performance measured by maximum and average deviation of SPS power from its set
point; 2) fuel efficiency in terms of deviation of GS-2 from its optimal setting; 3)
power quality represented by bus voltage deviation from 750 V', and 4) gas turbine
machinery protection in terms of the maximum and average absolute ramp rate of
GS-1 and operating time interval when the ramp rate exceeds a certain threshold.
The value of absolute GS-1 ramp rate threshold is chosen to reflect the tolerance of
GS-1 for machine protection. It is chosen to be 90 kW /s in simulations and 35 kW /s
in experiments to measure the duration that the absolute GS-1 ramp rate exceeds

the threshold.

6.2.1 Case Study Scenarios

The effectiveness of the optimization-based PMC strategy is examined with em-
phasis being placed on different ship performance attributes, such as protecting the
main generator GS-1 and extending its life span through reduced GS-1 ramp rate, and
improving SPS tracking performance. Among many available paths, several scenarios
are designed to test the PMC algorithm and to evaluate the performance as well as

the sensitivity to key design parameters and tunability of the controller:

1) Test A provides the baseline performance. After closing the control loop between
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the PMC and the test bed, the weighting factors are tuned to meet different
objectives by running many simulations. The weighting factors for the baseline

were selected as shown in Table 6.3.

2) Test B reflects the performance of the PMC algorithm when protecting the GS-
1 is emphasized, where the penalty kg on the ramp rate of GS-1 is increased

(from 1 to 10).

3) Test C examines how the SPS tracking performance can be improved after the
SPS response is compromised in Test B as a consequence of relaxed control
authority in GS-1. The new GS-1 ramp rate of Test B is maintained and the

penalty k3 on the SPS induction machine power is increased (from 15 to 25).

The weighting factors for each scenario are reported in Table 6.3.

6.2.2 Numerical Simulation Results

Simulations are performed for the three scenarios using the TPMM as the plant
model. The results are illustrated in Figure 6.5. Plots present only one pulse period to
avoid repetition since the results for other pulses are identical. Figure 6.6 summarizes
the performance metrics obtained from TPMM simulations. Note that in Figure 6.5
all set point tracking objectives are achieved with a high accuracy (within 1% for GS-
2 electrical power, 2% for SPS electrical power, and 0.05% for bus voltage in average
root-mean-square (RMS) deviation from the desired values). The square wave load
demand is also met with fast response time in all three scenarios.

The maximum absolute GS-1 ramp rate is essentially unchanged from Test A to
Test B as shown in Figure 6.6, while the average value of GS-1 ramp rate reduces 4.5%
as the penalty on GS-1 ramp rate increases as summarized in Table 6.4. Given that
the SWPPL is treated as an unknown disturbance, the maximum ramp rate always

occurs when the pulse rise. As side effects, SPS and GS-2 electrical power tracking
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Figure 6.5: Responses on the TPMM. From top to bottom and left to right: GS-1
electrical power, GS-2 electrical power, SPS electrical power, and DC bus

voltage.

errors increase, namely, SPS and GS-2 electrical power tracking performances are
sacrificed in Test B. To mitigate some of these effects, the penalty on SPS tracking
error is increased from Test B to C. There are several consequences in increasing k;.
First, SPS tracking error is decreased. Second, the average value of GS-1 ramp rate
is increased slightly (but still less than that in Test A). Finally, GS-2 electrical power
tracking error is increased in Test C from Test B while SPS tracking is improved. The
bus voltage tracking behavior correlates to the change in the average value of GS-1
ramp rate. Table 6.4 also reports the time intervals when GS-1 ramp rate exceeds the
threshold of 90 kW/s. GS-1 ramp rate that exceeds 90 kW/s occurs less frequently
in the simulation for 14 sec in Test B and C.

The simulation results show that the TPA-SQP algorithm can be effective for
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Figure 6.6: Performance analysis on the TPMM.

power management to balance different objectives. They also illustrate that, through
adjustment of different weighting factors in the cost function, one can emphasize
different aspects of the performance attributes and achieve the desired tuning of
the controller performance. The MPC and simulation tools provide a cost-effective

approach to evaluate and balance the trade-off among competing performance goals.

6.2.3 Real-time Simulation Results

Before implementing the IPA-SQP algorithm on the physical test bed, we run
real-time simulations to validate the online computational ability and real-time per-

formance of the IPA-SQP algorithm. This simulation verifies the feasibility of real-
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Table 6.4: PMC simulation metrics on the TPMM.
Average GS-1 GS-1 ramp rate

Test ramp rate threshold exceed time
(kW /s) out of 14 seconds (s)

A 9.05 0.28
B 8.64 0.14
C 8.84 0.14

time implementation of the MPC-based algorithm, and identifies other computational
issues associated with the algorithm.

The RT-LAB® system is used to implement real-time simulations. The real-
time simulation setup is shown in Figure 6.7. The RT-LAB® system includes a
host personal computer (PC) and an Opal-RT® simulator as a PC cluster-based
platform. The simulator has two CPUs which can exchange information through the
shared memory. The host PC and the simulator can communicate via the Ethernet
connection with 1 Gb/s speed. Through real-time simulations on the Opal-RT®
simulator, we check for overruns and the effect of computational delay of the IPA-
SQP algorithm.

The waveform responses, tracking performance, and execution time are evaluated
to assess the real-time behavior of the proposed IPA-SQP solution. The same SWPPL
power profile in Figure 6.3 and the same test scenarios are considered. The TPMM

model is used as the virtual plant and simulated with the PMC.

Host Ethernet CPU 1
PC CPU 2
RT-LAB Opal-RT , : g
- £y By a .
Software Simulator *Opal-RT Simulator

(a) (b)

Figure 6.7: Real-time simulation system. (a) System configuration. (b) RT-LAB
system.
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Figure 6.8: Responses of real-time simulation and non real-time simulation. From
top to bottom and left to right: GS-1 electrical power, GS-2 electrical
power, SPS electrical power, and DC bus voltage.

Figure 6.8 illustrates the waveform responses in real-time simulation, and com-
pares them to non real-time simulation of one square wave period for Test A. Both
cases have the identical responses. Table 6.5 summarizes the computation time on the
real-time simulator. As one can see from Table 6.5, the computation time is approxi-
mately linear with respect to the prediction horizon, as theoretically predicted in [14].
The TPA-SQP algorithm is shown to be sufficiently fast for online optimization and
real-time implementation in this application. Even for the prediction horizon of 50

steps with sampling time of 20 ms (which corresponds to 1 sec prediction window),

Table 6.5: Computation time on the Opal-RT simulator.
Prediction horizon 5 (0.1 sec) 25 (0.5 sec) 50 (1 sec)
Computation time ~ 1.5 ms ~ 6 ms ~ 12 ms
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it takes less than 12 ms to perform the optimization and no over-runs have been

observed.
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Figure 6.9: Square wave pulse power load on the Purdue test bed.
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Figure 6.10: Control inputs of PMC using IPA-SQP based MPC on the test bed.

6.2.4 Experimental Results on the Purdue Physical Test Bed

In this section, we analyze the experimental results obtained when the algorithm

is implemented on the Purdue physical test bed. The SWPPL is shown in Figure 6.9,
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Figure 6.11: Responses on the Purdue test bed. From top to bottom and left to right:
GS-1 electrical power, GS-2 electrical power, SPS electrical power, and
DC bus voltage.
and the same testing scenarios A, B, and C, and the same reference set points for
tracking used in the simulations are used in the experiments. Figure 6.10 presents
the control inputs, while Figure 6.11 shows the waveform responses (only one pulse
period) in Tests A, B and C. Figure 6.12 reports the metrics for the measured values
on the physical test bed. Since the SWPPL is assumed to be unknown, the maximum
absolute GS-1 ramp rate occurs when the pulse first rise, and the maximum values
are similar in the test cases as shown in Figure 6.12.
Table 6.6 shows that the average value of GS-1 ramp rate reduces from Test A to
Test B as the penalty on GS-1 ramp rate increases, confirming the simulations. As
observed in the simulation, SPS and GS-2 power tracking performances are sacrificed,

reflected by the increased in the tracking errors for Test B. From Test B to C, the
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Figure 6.12: Performance analysis on the physical test bed.

penalty on SPS tracking error is increased to mitigate some of the effects. Similar
to the results obtained in the simulations, SPS tracking error is decreased as shown
in Figure 6.12, while GS-2 power tracking performance is sacrificed to accommodate
SPS power tracking in Test C from Test B.

Table 6.6 reports the maximum GS-1 ramp rate and the time intervals when GS-1

ramp rate exceeds the threshold of 35 k1W/s. The maximum ramp rate of GS-1 is over

Table 6.6: Performance analysis of GS-1 ramp rate on the Purdue test bed.
Average GS-1 GS-1 ramp rate
Test ramp rate threshold exceed time
(kW /s) out of 14 seconds (s)

A 9.07 1.26
B 8.88 1.08
C 8.45 0.76
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40 kW /s for all tests. The time intervals when GS-1 ramp rate exceeds the threshold
decreases from Test A to Test B and C, namely, the duration that larger GS-1 ramp
rate occurs is less. The experimental results on the physical test bed are qualitatively
correlated to the simulation results, and the feasibility and performance of the IPA-
SQP based PMC are demonstrated experimentally. The differences in the numerical
values are attributed to unmodeled physical entities, such as power converters, line

losses, as well as unmodeled dynamics of the motors and generators.
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CHAPTER VII

Predictive Controllers for Spacecraft Relative

Motion Maneuvers

In this chapter, predictive controllers based on LQ MPC and IPA-SQP MPC are
applied to spacecraft relative motion maneuvers. IPA-SQP MPC is designed, and
compared to the results by the LQ MPC approach to evaluate the effectiveness of the
IPA-SQP MPC. It is shown that the IPA-SQP algorithm can directly handle non-
linear constraints on thrust magnitude without resorting to saturation or polyhedral
norm approximations. Spacecraft fuel consumption related metrics are examined for
performance evaluation and comparison.

Although LQ MPC cannot directly handle nonlinear constraints, it is demon-
strated that various constraints arising in the maneuvers can be effectively handled
with the LQ MPC approach. The two cases of a non-rotating and a rotating (tum-
bling) platform are treated separately, and trajectories are evaluated in terms of
maneuver time and fuel consumption. The LQ MPC is applied to debris/obstacle

avoidance maneuvers with the debris/obstacle in the spacecraft rendezvous path.
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7.1 MPC Approach for Spacecraft Relative Motion Control

The requirements in rendezvous and docking problems lead to control problems
with imposed pointwise-in-time and terminal constraints on both state and control
variables. For instance, the approaching spacecraft must maintain its position within
a Line-of-Sight (LOS) cone from the docking port on the target platform. In addition,
terminal velocity of the spacecraft should match the velocity of the docking port
to ensure soft-docking. The docking port may exhibit complicated motion if, for
instance, the target spacecraft is out-of-control and is tumbling. The collision with
debris/obstacle emerging on the spacecraft path must be avoided. The spacecraft fuel
consumption must be minimized during the maneuvers. The above requirements and
constraints can be systematically treated using MPC framework.

The LQ MPC approach for spacecraft relative motion control problems has been
developed to improve fuel efficiency, maneuvering speed, safety and robustness through
feedback control [107, 115, 116, 117]. The approach is based on utilizing LQ MPC
coupled with dynamically reconfigurable linear constraints. The LQ MPC approach
is feasible for implementation on-board of the spacecraft since the LQ MPC reduces
to an online solution of a QP for which effective numerical solvers exist. It was also
demonstrated that MPC based control is robust to unmeasured disturbances.

While the spacecraft relative motion dynamics can be approximated as linear,
several of constraints, such as the constraint on the 2—norm thrust magnitude relevant
to single thruster spacecraft configuration, are nonlinear. Other constraints, such as
the requirement ‘within LOS approach’ in three dimensional maneuvers [136], are
nonlinear.

In Section 7.2, we investigate solutions to the problem using nonlinear MPC that
enables to handle nonlinear constraints directly and is based on the IPA-SQP algo-
rithm since this is an online nonlinear MPC approach, it can also be applied to relative

motion control on elliptic orbits where the linearized dynamics are time-varying. We
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apply the IPA-SQP MPC to spacecraft relative motion control problems with thrust
magnitude constraints. To evaluate the effectiveness of the IPA-SQP approach, the
simulation results of the IPA-SQP MPC are compared with the results of the LQ
MPC. The fuel consumption is also evaluated for both approaches. In addition, we
present the simulation results of the IPA-SQP algorithm handling a nonlinear thrust

magnitude constraint.

Spacecraft

OE arth

Figure 7.1: Spacecraft and the reference frame.

7.2 Spacecraft Proximity Maneuvering

We consider a class of relative motion control problems in which a spacecraft is
controlled to a target position when the target position is located on a circular orbit
around the Earth as shown in Figure 7.1. The spacecraft is represented by a point
mass, and it has to approach the target position. The motion of the target and of the
spacecraft are confined to the orbital x — y plane, where y corresponds to the orbital
track direction and x corresponds to the radial direction along the radius-vector from
the center of the Earth to the target platform. The disturbances due to air drag,

solar pressure and non-spherical gravity perturbation (.J2) effects [137] are neglected
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in the model formulation as the effects of these disturbances during the short time
period of the maneuver can be compensated by the MPC feedback.

The treatment of planar spacecraft motion is consistent with requirements of typ-
ical rendezvous and docking maneuvers [101]. The out-of-plane relative dynamics are
decoupled from the planar dynamics and are stable, and hence are neglected, here.

The spacecraft translational motion is actuated by thrusters. We assume that
thrusters can be operated to generate prescribed propulsive forces in x and y direc-
tions and that the thrust magnitude is limited. The prescribed thrust forces can
be physically realized by control allocation to appropriate thruster on-off times, see
[101, 110]. For a single main thruster spacecraft configuration, we assume that the
spacecraft orientation is changed appropriately by the attitude control system to
realize the prescribed thrust vector. The MPC feedback can be relied upon to com-
pensate for thrust vector direction and magnitude errors, as it will be shown later in

simulations.

7.2.1 Equations of Motion

To express the motion of the spacecraft relative to the target platform, we use
the Clohessy-Wiltshire-Hill (CWH) equations [103, 137]. Since the target platform is
in a circular orbit around the Earth of radius Ry (m), the orbital rate is n = \/RI8
(rad/s), where pu (m?/s?) is the gravitational parameter of the Earth. The reference
Hill’s frame is located at the target platform center of mass; hence it rotates with
orbital rate n with respect to the inertial reference frame which is located at the center
of the Earth. The position vector to the target’s center of mass from the center of
the Earth is expressed as Z%O = Rpi. The relative position vector of the spacecraft
with respect to the platform is expressed as 7 = dxi + dyj, where dz, oy (m) are the

components of the position vector of the spacecraft relative to the platform center.

The position vector of the spacecraft with respect to the center of the Earth is thus
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given by R = Ry+ 07 = (Ro + dz)2+ dyj. The equations of motion for the spacecraft

are nonlinear and can be expressed in vector form as
R=—p—+—F, (7.1)
m

where F' denotes the vector of forces applied to the spacecraft, and m. (kg) is the

mass of the spacecraft. Given that R = \/(Ry + dz)2 + dy? (m), we obtain

R = (63 — 2n6y — n*(Ry + d2))i + (6§ + 2ndz — ndy)3).

For dr << R, the CWH equations [103, 137] approximate the relative motion dy-

namics as P
8% — 3n%6x — 206y = —= = u,
mC
e (7.2)
8 + 2ndx = —L = u,,
mC

where u,,u, (m/s?) are acceleration components of the spacecraft in z and y direc-
tions, induced by the thrust forces F,, F, (IV), respectively. The spacecraft accelera-
tions are subsequently treated as control signals as it is common in these applications

[101).

7.2.2 Model and Thrust Constraints

Model (7.2) can be formulated as

X = AX + BU, (7.3)

where X € R* is the state vector, U € R? is the control vector and
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For the development of the MPC controller, the continuous-time spacecraft model (7.3)

is discretized in time with a sampling period Ty (s) leading to the discrete-time model,

X(k+1) = AX (k) + BaU(k), (7.4)

where X (k) € R* and U(k) € R? denote, respectively, the state and input vectors at
the sampling instant k € Zg, respectively.
A similar model to (7.4) can be obtained if thruster forces are replaced by Awv

impulse controls. In this case

BdU(k> = ABdA’U, (75)

where By is a constant matrix that maps impulsive velocity change Av to the full
state change [138].

In the sequel we consider thrust forces that actuate the spacecraft translational
motion. The thrusters are assumed to generate prescribed propulsion forces in x and
y directions. For a single thruster spacecraft, the constraint on the maximum thrust

magnitude has the following form,

u +u <ul,,. (7.6)

This constraint is nonlinear, but only linear input constraints can be enforced in the
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LQ MPC. By constraining

(7.7)

constraint (7.6) can be conservatively enforced. To avoid unnecessary control author-

ity reduction, we impose the thrust magnitude constraints in the form

—Umaz S um(k) S Umaz
(7.8)

—Umaz S uy(k) S Umaz

and if u, (k) + uy(k)? > u?,,, occurs for some k, we modify the computed u, (k) and

uy (k) by directionality preserving scaling [101],

/ uaf(k:)
u k? Umaz,

' uy(k) '
u, (k) =

U .
\/ux + uy )2 max

Remark 7.1. The approach mentioned above can be generalized to enforcing con-

straints

(7.10)

where 5 € [1/ V2, 1] is a parameter, chosen offline, that trades-off conservativeness
of the constraints and reliability of the trajectory prediction. In fact, for ¥ =
1/4/2, (7.10) reduces to (7.7), which is more conservative than (7.8), hence, limit-
ing the performance, but it ensures that the acceleration for the planned trajectory
can always be achieved. Instead for 4 = 1, (7.10) reduces to (7.9), which is less
conservative, yet it may occasionally, happen that the acceleration for the planned

trajectory cannot be actually achieved. For 4 € (1/v/2,1), the intermediate trade-offs
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are obtained.

In Section 7.2.4, we discuss the simulation results of the TPA-SQP MPC and
the LQ MPC with the linear constraints (7.8) modified according to (7.9). We will

also present the results of a simulated maneuver with the nonlinear constraint (7.6)

enforced directly using the IPA-SQP MPC.

7.2.3 Model Predictive Controller Design

We design the MPC controller with the dynamic model (7.4) and thrust magnitude
constraint (7.6) or (7.8) using the IPA-SQP as the optimization algorithm. To define
the cost function for the MPC controller, we first compute the value function of the
infinite horizon unconstrained LQ problem for stabilizing the relative position and

velocity of the spacecraft to the origin, i.e.,

min J = X (k) QX (k) + U(k)"RU(k), (7.11)
' k=0
where
Qu 0 0 0
0 QQQ 0 0 Ql 02><2 Rll R12
0 0 Q33 0 02><2 QZ R21 R22
0 0 0 Qu

U(-) = {U(0),U(1),---} and 0,x,, denotes an n x m zero matrix. In (7.11), Q is a
positive-definite state weighting matrix, and R is a positive-definite control weighting
matrix. Let P denote the solution of the Riccati equation for solving problem (7.11),
ie.,

P=A]PA;— Al PBy(B;PB;+ R)"'B] PA;+ Q, (7.12)
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and K the corresponding LQR feedback gain,

Py P Pig Py
Py Py Py Py IS % Ku K K3 Ky
Py Py Ps3 Py Py By Ko Ky Ky Ky

P41 P42 P43 P44

so that the value function is v(X(0)) = X (0)T PX(0) for the LQ problem. We use P
in the terminal cost of the MPC problem, consistently with the classical MPC theory
(see [7, 32]), as a stability enforcing mechanism.

Then the MPC optimization problem with the infinity norm thrust constraint

(7.8) is expressed as

min.J = X' (k + N|k)PX(k + N|k)

U (k)
k+N-1
+ > XT(k)QX (jIk) + U (jIk)RU(j|k)
=k
subject to (7.13)

X(j+1]k) = AaX (Glk) + BaU(j|k).
X(k|k) = X (k),

UG1F)|oo < tmaa-

where j : k < j < k+ N. The notation a(j|k) indicates predicted value of a at time j
using information available at time k. Further U(k) = {U(kl|k),...U(k+ N — 1]k)},
and N denotes the prediction horizon. For the MPC optimization problem with the
nonlinear constraint (7.6), the constraint |U(j|k)|eco < Umae in (7.13) is changed to

the nonlinear thrust constraint (7.6).
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Figure 7.2: Radial approach with the LQ MPC controller and with the infinity norm
input constraint. From top to bottom: Positions, control accelerations,

and phase plot of control inputs.
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Figure 7.3: Radial approach with the IPA-SQP MPC controller and with the infinity

norm input constraint. From top to bottom: Positions, control accelera-
tions, and phase plot of control inputs.

113



7.2.4 Simulated Maneuvers

For a nominal 500 km altitude circular orbit, we have the mean motion n =
1.107 x 1073 rad/s. Assuming close proximity maneuvering, the sampling period T}
is 0.5 sec and the simulation time is 150 sec. The prediction horizon N, the constraint
horizon, and the control horizon are all set to be 20 in the simulations. The weighting

matrices in (7.13) were selected as

1000

0100 10 0
Q= , R =

0010 0 10

0001

The value of U,,., Was chosen as 0.2 m/s2.

In order to evaluate simulation results of the IPA-SQP versus the LQ MPC, we
consider a radial approach maneuver. In our simulations the initial relative position
of the spacecraft with respect to the target point is (dxo, dyo) = (200, —20) (m) and

the relative velocity is assumed to be zero.

7.2.5 Linear Thrust Constraints

Figures 7.2 and 7.3 illustrate the maneuvers of spacecraft with the infinity norm
thrust constraint (7.8) for the LQ MPC and the IPA-SQP MPC, respectively. The
phase plots of control inputs of both controllers, together with the infinity norm
constraint, are shown in Figures 7.2 and 7.3 indicating that the constraint is satisfied
in both cases. The spacecraft trajectories are similar in both cases.

Figure 7.4 presents the simulation results by imposing (7.9) on the output of each
controller to a posteriori enforce a tighter 2—norm constraint for the IPA-SQP MPC.
From the initial time to 40 sec the control is scaled based on (7.9). The u, —u, phase

plot of control inputs in Figure 7.4 illustrates the directionality preserving scaling
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effect. The results of the LQ MPC by directionality preserving scaling are similar

with the results in Figure 7.4.

7.2.6 Nonlinear Thrust Constraint

Figure 7.5 illustrates the results of the simulated maneuver with the nonlinear
2—norm constraint being enforced by the IPA-SQP MPC. Note that the control ac-
celerations in Figure 7.5 have different initial values from those of the cases with the
infinity norm constraint in Figure 7.4. In addition, the trajectory of control inputs
in Figure 7.5 converges to the origin along the path that is different from the cases
with the infinity norm constraint. In the next section we compare fuel consumption

of the maneuvers.

7.2.7 Fuel Consumption Analysis

We consider three fuel consumption-related metrics

Ji =Y ua(k)] + Juy k)],

Ty =y (ua(k))? + (uy (), (7.14)

where T, = ceil(ty/Ts), ceil is the rounding to the closest larger integer, and ¢4 is the
‘time to dock’ in seconds, i.e., the time it takes from the initial condition to the target
position or achieve docking.

The metric J; is relevant to the fuel consumption of the spacecraft which has sets
of orthogonal thrusters that can be simultaneously fired. The metric Jo represents
a quadratic penalty on the control effort and is closely related to the control cost

in the MPC cost function, but not directly to the fuel consumption. Finally, the
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metric J3 is relevant to the spacecraft with a single thruster which is re-oriented (e.g.,
by controlling the spacecraft attitude) as necessary to realize the desired propulsive
force. In what follows, we highlight the relationship between these metrics for the
MPC maneuvers on the basis of the results of our simulations.

Table 7.1 gives the results of fuel-related costs of the IPA-SQP MPC and the LQ
MPC where T, = 150 sec is the terminal time of simulations. LQ MPC 1 and IPA-
SQP 1 are the cases with only the infinity norm thrust magnitude constraint, and
LQ MPC 2 and IPA-SQP 2 are the cases with directional preserving scaling used to
enforce the 2—norm thrust constraint. IPA-SQP 3 shows the case with the 2—norm
thrust constraint.

LQ MPC 1 and TPA-SQP 1 have quite similar fuel related costs. IPA-SQP 3 has
lowest fuel costs. Note that in IPA-SQP 3 the constraints are enforced in the design
while the thrust magnitude constraints are enforced a posteriori in IPA-SQP 2.

Table 7.1: Fuel-related costs of the MPC controllers.
J1 Jo J3
LQ MPC 1 3248 5.38 28.99
IPA-SQP 1 32.13 5.32 28.74
LQ MPC 2 3232 5.25 28.87

[PA-SQP 2 32.04 5.21 28.67
[PA-SQP 3 31.59 5.21 28.63

7.2.8 Optimality Condition and Computation Time

We illustrate the trade-off between efficient computation and accuracy of the op-
timization by the IPA-SQP algorithm. In the TPA-SQP algorithm, we use the termi-
nation threshold H! for checking the optimality condition, H, = 0. In implementing
simulations, we terminate the algorithm when H, < H! is satisfied for small value

Using the same simulation of the IPA-SQP MPC with the nonlinear thrust con-

straint, we compare cumulative computation time and fuel consumption-related costs
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with different termination thresholds. Table 7.2 demonstrates that fuel-related costs
are improved slightly with H! = 1072 compared with the results of H! = 10~!. The
value of H! = 107 gives slight improvement in the fuel-related costs over H! = 1072
although it requires longer computation time. Figure 7.6 illustrates the cumulative
computation time of the IPA-SQP MPC with different H!. We measure computa-
tion time by CPU time usage. The simulations are performed on a computer with
Intel(R) CPU @ 2.10 GHz and the controller code is implemented in MATLAB. The
total computation time is 34.99 sec when H! = 10~'. For the case of H! = 1072 and

H! =107% the computing time is 40.96 sec and 45.67 sec, respectively.

Table 7.2: Fuel-related costs with different HY .
H! Ji Js J3
1071 3159 521 28.63
1072 31.46 5.19 28.50
107* 31.38 5.16 28.42
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Figure 7.6: Cumulative computation time of the IPA-SQP MPC with different HY, .

We now compare computation time of the IPA-SQP approach with another method
of solving the nonlinear MPC problem with the 2—norm constraint using fmincon
function of MATLAB. We assume all simulation conditions are the same as the pre-
vious example. The threshold H! is selected as 107, In Figure 7.7 the trajectories

resulting from the nonlinear MPC with the IPA-SQP algorithm are illustrated by the
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solid line and the results using fmincon is shown by the dot line when the same non-
linear MPC problem is solved. The two solutions are almost identical in performance
while the total computational time of the IPA-SQP is 34.99 sec and that of fmincon
is 1424.30 sec. The IPA-SQP reduces total computational time for the closed-loop
simulation by about 97.5 %. The costs J; and J3 are slightly less in the IPA-SQP
MPC as reported in Table 7.3.
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Figure 7.7: Trajectories of the nonlinear MPC with 2—norm constraint using the
[PA-SQP and using fmincon.

Table 7.3: Fuel-related costs of IPA-SQP 3 and fmincon.
J1 Ja J3
IPA-SQP 3 31.59 5.21 28.63
fmincon  31.61 5.21 28.64

7.2.9 In-track Approach

For completeness we include simulation results in the case of in-track approach
where the spacecraft approaches the target point in the direction along the orbital
track. The initial relative position of the spacecraft with respect to the target point is

chosen as (dzg, dyp) = (—20,200) (m) to simulate the in-track approach. The relative
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2—norm input constraint. From top to bottom: Positions, control ac-
celerations, and phase plot of control inputs.
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velocity is assumed to be zero. The other simulation conditions such as the sampling
time T}, the prediction horizon N, the constraint horizon, the control horizon, the
weighting matrices, and the maximum thrust magnitude wu,,,, are the same as the
previous example. Figure 7.8 illustrates the results of the simulated maneuver of
the in-track approach with the IPA-SQP controller handling the nonlinear 2—norm

constraint.

7.3 Spacecraft Rendezvous and Docking Maneuvering

In this section, spacecraft rendezvous and docking problem in orbital plane is
treated using a traditional LQ MPC formulation, where the cost penalizes the control
effort and distance to the port. Several constraints including LOS constraints and
soft-docking constraints are imposed. The soft-docking constraints can be enforced
by replacing them by appropriately defined, convex, pointwise-in-time constraints.
Prediction of the platform and docking port motion, in the case of a rotating platform,
is demonstrated. The prediction is beneficial in terms of being able to satisfactorily

complete a larger variety of maneuvers and in terms of reducing fuel consumption.

7.3.1 Equations of Motion

We consider autonomous rendezvous and docking maneuvers between a spacecraft
and a target platform. The platform is assumed to have a disk shape of radius r),
(m). If the platform does not have disk shape to begin with or for fly-over maneuvers,
the platform can be over-bounded by a disk of a sufficiently large radius, see Figure
7.9. The center of mass of the platform is on a circular orbit around the Earth, and
the orbital radius is Ry (m). A docking port is located on the platform surface. The
platform rotates at a constant angular velocity w, > 0 (rad/s) around its center of
mass. The spacecraft is represented by a point mass, and it has to approach the

target platform for docking to the port. Other assumptions such as planar motion,
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(6x, Oy)

Spacecraft

Figure 7.9: Schematics of the spacecraft and target platform with an LOS cone.

x and y directions, and negligible disturbances are the same to the ones in Section
7.2.1.
The coordinates of the docking port in Hill’s frame at time instant & are associated

to the state variables r,(k), r,(k) (m) and have dynamics

ro(k + 1) = cos(wpTs)ry (k) — sin(w,Ts)ry (k),
(7.15)
ry(k + 1) = sin(w,T5)r, (k) + cos(w,Ts)ry, (k),

where w, (rad/s) is the angular velocity of the platform about its center of mass. If the
target platform is not rotating, then w, = 0 and r,(k+ 1) = r.(k), r,(k + 1) = ry(k).
In the rotating platform case, (7.15) enables to use MPC for docking to a moving
port. The relative coordinates of the spacecraft with respect to the docking port are

defined as

ox(k + 1) = dx(k) — ry(k),
(7.16)
oy(k+1) = oy(k) —ry(k).

The state vector, augmented (7.4) with the position of the docking port and the
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relative coordinates from (7.16), has the following form

X =10z oy 68 6y 1, 1, 0p o,

From (7.4), (7.15), and (7.16), we can represent the system model as,

X(k+1) = AX (k) + BU(k), (7.17)

with appropriately defined A, B and U = [UT s]T, where s is an auxiliary slack

variable used in the definition of the constraints, as explained next.

7.3.2 Constraints Modeling and Dynamic Reconfiguration

For computational efficiency reasons, we base our approach to spacecraft ren-
dezvous and proximity operations (RPO) maneuvering on the application of an LQ
MPC with linear inequality constraints. Various constraints in the RPO control
problem and the procedure to handle them by dynamically reconfigurable linear con-

straints are now discussed.

7.3.2.1 Line-of-Sight constraints

The LOS constraints confine the spacecraft to the intersection of the LOS cone,
with vertex moved slightly inside the platform and a half-plane. See lines a, b, and ¢
in Figure 7.10. Let v denote the half of the LOS cone angle, and let 7, (m) denote
the distance by which the vertex of LOS cone is moved inside the platform. The
value 14, > 0, which is chosen offline, slightly relaxes the LOS constraints to mitigate
ill-conditioning of the problem caused by the LOS constraints, corresponding to a
and b, becoming borderline feasible as the spacecraft approaches the docking port.
The constraint corresponding to the half-plane c, defined by a tangent line to the

platform at the position of the docking port, ensures that collisions of the spacecraft
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Figure 7.10: Geometric representation of the LOS constraints.

with the target platform are avoided with the relaxed cone constraints.

The LOS constraints are mathematically defined by

ar SRe®) sy cose®)) 5oy >

(rp—Ttor) siny (rp—rtor) siny

b — ) sy (k) 4 oD gy (1) > 1, (7.18)

(rp—Ttor) siny Tp—Tior) siny

c: e 5o (k) + el 5y k) > 1,

rp siny rp sinvy

where ¢(k) is the angle between the platform docking port and the z-axis at the time
instant £.

For the case where the platform is not rotating and (k) is constant, i.e., (k) = ¢,
the LOS constraints are linear inequalities in dz(k) and dy(k). For the case where
the platform rotates, i.e., ¢(k) changes in time, we will consider and compare two
approaches for the treatment of LOS constraints (7.18) over the prediction horizon
of the MPC problem. In the first approach, ¢(k) is assumed to remain constant over
the prediction horizon, and the constraints remain frozen. In the second approach
(see Section 7.3.3.2), we will approximately predict the changes in the LOS constraint

because of the platform rotation.
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7.3.2.2 Soft-docking constraint

The soft-docking constraint ensures that the relative velocity of the spacecraft,
once it approaches the docking port, is close to the docking port velocity. This
ensures that the spacecraft can follow the port and avoid excessive mechanical shock
when docking occurs.

Because the soft-docking constraint is a terminal constraint, to handle it by using
the conventional MPC formulation, we consider a related pointwise-in-time constraint,
requiring that the 1-norm of the spacecraft velocity relative to the docking port is
bounded by an affine function of the 1-norm of the distance of the spacecraft relative
to the docking port. A similar approach was used in [139] to handle the soft-landing
constraints for an electromagnetic actuator.

Let 0,(j|k), o,(j]k) be the predicted values of the spacecraft position in z and y
directions relative to the docking port j steps ahead, given that k is the current time
instant at which the computations are performed. Similarly, let the predicted relative
velocities be denoted by d(j|k) and dy(jlk) (m/s). The docking port velocities can
be predicted by vy, (j|k) = —w,ry(jlk) and vy, (j|k) = wyr.(j|k) to enforce over the

MPC prediction horizon the constraint

|02 (71R) |+ 1oy (71F)] = n{l02(5[k) —vp, (1K) | +109 (k) = vp, (1K) | = 5(7]k) } = B. (7.19)

Here, n > 0 and 8 > 0 are constant parameters that define the shape of the feasible
set in the position-velocity space. The variable s(j|k) is a slack variable that was
introduced as a component of U in (7.17), which is introduced to avoid infeasibility
of the constraint (7.19).

To handle the constraint (7.19), which is pointwise-in-time but still ‘mildly’ nonlin-
ear, we replace it by a related linear constraint based on the assumption that over the

prediction horizon the signs of o, (j|k), o, (j|k), 02 (j|k)—vp, (j]|k) and §5(j|k)—vp, (J]k)
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do not change. This leads to a dynamically reconfigurable constraint of the form,

sgn(dz(k)) (o2 (j1k)) + sgn(dy(k))(oy(j|k)) = n{sgn(dz(k) — vy, (k) (62 (j|k) — vy, (j]))

+sgn(0y (k) — vy, (k) (69(j|k) — vy, (j1k)) — s(jlk)} — B,
(7.20)

where sgn(-) indicates the well-known sign function. The mismatch between the
predicted trajectory based on this simplifying assumption and the actual spacecraft
trajectory is compensated due to MPC recomputing the solution at every time instant
and updating the constraint representation in real-time.

With a limited loss of performance, constraint (7.20) can be further simplified to

C(k) = n{sgn(da(k) — v, (k) (52 (j]k) — vy, (4]K))
+sgu(0y (k) — vy, (k) (09 (1K) — vy, ([k)) — s(i[k)} = B,

(7.21)

where
A
(k) = [0x(k) — ro (k)| + [0y (k) — ry(K)|
(7.22)
= |oz(k)] + loy (k)[.

The approach taken here to approximately handle the soft-docking constraint
(and related approach for debris/obstacle avoidance in Section 7.4) simplifies the
optimization problem to a level which enables its treatment by computationally ef-
fective, conventional MPC techniques based on linear models with linear constraints.

The subsequent simulation results indicate that this approach does not compromise

the response properties and enforces satisfactorily the constraints.

7.3.3 Model Predictive Controller Design

With the dynamical model and constraints defined in Section 7.2.2 and Sec-
tion 7.3.2, we design the MPC controller for the cases of non-rotating and rotating

platforms.
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7.3.3.1 MPC controller without prediction of platform motion

For the case of an MPC controller that does not use the prediction of the platform
motion over the horizon, the prediction model is based on (7.17) and (7.18) with

w, = 0 and p(k) = ¢. We can express the prediction model in the form

X(j+ 1k) = AX(j|k) + BU(jlk), (7.23a)

Y (jlk) = CX(jlk) + DU (jlk), (7.23b)

where (7.23b) represents the constrained output because of (7.17) and (7.19). These

output constraints are imposed as

V(1K) > Vinin (), (7.24)

T
where Yiin(k) = | 1 1 1 —g—((k) | - The matrices A, B, C'and D in (7.23)

are expressed as

Ad 04><4 B ()
_ — d 4x1
A=1050 02 Q 050 | B= ’
O4x2 Osx1
I 02><2 _I 02><2
Ch Co 0 0 0 0 00O
_ Cy C 0 0 0 0 0 0
C’: _21 _22 , (725)
C31 O3 0 0 0 0 00
0 0 043 Cu 6'45 046 00
D O3x2 031 |
012 n
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where
cos(wpTs) —sin(w,Ty) 10

sin(w,Ts)  cos(w,Ts) 0 1

and by assuming ¢(j|k) = ¢(k) = ¢,

- sin(p+y) L coslp+y) 5 sinfp—9)

Ci = ——, Cip = — —, Oy = — —,
(1p — Tto) Sin 7y (rp — Ttor) SIn 7y (1p — Tto) SIN 7y

Chp — cos(p — ) O 8P 5 sin ¢

. ) 31 . ) 32 . .
(rp — Ttor) SIn 7y psin -y rpsiny

Here, C11, C1a, Ca1, Cao, Cs1 and Csy are used to represent the LOS constraints (7.18).
The elements Cys, Cyua, Cus and Cyg of C are used to model (7.21), which approximates
the soft-docking constraint (7.19). Note that if (k) — v,, (k) > 0, then Cy3 = —,
Ci = nuwp; otherwise, Cuz = 1, Cig = —nw,. If 6y(k) — vy, (k) > 0, then Cyy = —n,
Cys = —nwp; otherwise, Cu = 7, Cys = NwWp.

At every time instant k, the MPC controller determines the control action on the

basis of the solution of the following optimization problem

Ny-1
%ﬂ(i;} X(lek)TPX(NJIk)JrZ%X(j |k)'QX(j]k)+U(j|k)' RU(j|k). (7.26a)

st. X(j+1|k) = A)_((j|k)+BU(jj\k:), (7.26b)
Y(jlk) = CX(jlk)+ DU(jlk), (7.26¢)
X(0k) = X(k), (7.26d)
U(ilk) = KX(jlk), j=Ny+1,...,N;—1, (7.26e)
Y(jlk) > Yom(k), 7=0,...,Ne, (7.26f)
U(jlk) > Unin, 5=0,...,Nu, (7.26g)
U(jlk) < Unasr 5=0,..., Ny, (7.26h)

where U(k) = {U(0|k),--- ,U(Ny|k)}, N; denotes the prediction horizon, Ny de-

notes the control horizon, and Ns denotes the constraint horizon. Smaller values of
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Ny, and N, tend to reduce the complexity of the optimal control problem (7.26),
and hence computational requirement of the platform where the MPC controller is
executed. The input constraints in (7.26) are defined by (7.8). The matrices P, Q,
R, and K are constructed from @ and R in (7.11) and the solution, P, of the Riccati
equation and the LQR gain K for (7.11) as

02x2 0O2x2 02x2 O2x2 02x2 0O2x2 02x2 O2x2
5o O2x2 Py O2x2 P3 0= 022 @2  0O2x2 0242 |
0252 0O2x2 02x2 O2xo 0252 0O2x2 0O2x2 O2xo
| O2x2 P2 O2x2  P1 | | O2x2 O2x2 0252 Q1 |
R R 024 k- 022 Kz Kisg O K Kio
Oix2  p O2x2 Koz Koy O2x2 Koy Ko

In (7.26), p > 0 is a large weight on the slack variable causing this variable to be zero
whenever feasible.

At every control cycle, from the measured/estimated state X (k), the MPC con-
troller solves (7.26) with respect to the finite sequence of control actions, U(k), and
applies the first element of the optimal sequence U*(k) to the plant, U (k) = U*(0|k).
The MPC feedback law is defined implicitly as the solution of the constrained opti-

mization problem (7.26); however, because of to the structure of (7.26), this feedback

law is a static (nonlinear) function of the current state, U(k) = Uprpc(X (k).

7.3.3.2 MPC controller with prediction of platform motion

Even if the constraints in (7.26) change with time, as the initial state of the
finite horizon optimal control problem X changes, the bounds are assumed constant
in prediction. In this section, we propose a method to incorporate a prediction of
the LOS constraints (7.18) changes because of the rotation of the docking port for

the MPC optimization problem. To continue exploiting an LQ MPC framework, we
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employ the approximations based on the Taylor series expansion

p(jlk) =~ (k) + @(k)JTs = o(k) + (), k, T), (7.27)

sin(p(jlk) +7) ~ sin(e(k) +7) + cos(p(k) +7)¢ (), k., %), (7.28)
cos(p(j[k) + ) = cos(p(k) + ) — sin(p(k) + )@, k, 1),
where k£ denotes the current time instant and j € Zg, is a future time instant with

respect to k. By substituting (7.27) and (7.28) into the LOS constraints (7.18), we

can obtain the following LOS constraints for prediction of the platform motion:

a': Ly0x(jlk) — Lady(jlk) + {Ladx (k) + L1y (k) He(j]k) — (k) = 1,

4B+ —Lyow(jlk) + Lady(jlk) — {Ladx(k) + Lsdy(k)}e(jlk) — (k) > 1, (7:29)

' Lsox(jlk) + Ledy(j|k) — { Ledx (k) + Lsoy (k) }He(ilk) — ¢(k)) = 1,

[, = Sk +9) o coslp(k) +9) - sin(p(k) )
(rp — Ttor) SINY’ (rp — Teor) SINY (rp — Ttor) SINY’

= osek) =) ;o cos(p(k)) o sin(e(k))

A 5 . A .
(rp — T4o1) SINY’ rpsiny rpsiny

In addition, to predict the future position of the LOS cone we introduce the auxiliary

state vector,

ZG1k) = a| o+ 1|k) _ o(jlk) + wpTs | (7.30)

2 o(j1k) ©(jlk)
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with dynamics defined by
. 2 . .
25 +1Jk) = Z(jlk) = ©Z(jIk). (7.31)

Considering (7.17), (7.29), and (7.31), the augmented prediction model has state

vector
T

X=\|06x 6y 68 6y r, 1, 0p 0y 21 29 | (7.32)

and dynamics formulated as a linear system subject to time-varying constraints

X(j +1|k) = AX (j|k) + BU(j|k), (7.33a)
Y(jlk) = CX(j|k) + DU(j|k), (7.33b)
where
. A 0 . B . L
A= S - " D=D, U=0,
02><8 @ 02><3
Ciy Coo 0 0 0 0 00 0 Cros
- Cop Coo 0 0 0 0 00 0 Cross
Cop Cos 0 0 0 0 00 0 Cross
0 0 Cy Cu Ciz Ci 000 0

Crosi = Lodx(k) + Loy (k),
Cross = —Lsdx(k) — Lady(k),
Cross = —Ledx (k) — Lsdy(k),

so that we have the auxiliary state vector and terms for the LOS constraints in the

new model.
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The output constraints (cf. (7.24)) are

Y (k) > Yonin(k), Yinin(k) = Yiin(k). (7.34)

Thus, for the case where prediction of the port motion is performed, the MPC

optimal control problem is formulated from (7.32)—(7.34) as

Njy—1
tnin XNy k)T PX(N, k) + > X(j1k)QX(jlk)+U (j|k)" RU(j|k),(7.35a)
U(k -
7=0
st. X(j+1)k) = AX(jlk)+ BU(j|k), (7.35b)
Y(jlk) = CX(jlk)+ DU(jlk), (7.35¢)
X(0[k) = X(k), (7.35d)
U(jlk) = KX(jlk), j=Ny+1,...,N;—1, (7.35¢)
U(jlk) > Ui, §=0,..., Ny, (7.35g)
U(jlk) < Unass §=0,..., Ny, (7.35h)
where U(k) = {U(0|k),--- ,U(Ny|k)},
~ P 08><2 ~ Q 08><2 ~ — ~
P = L Q= ,R:R,K:[K OM},
O2x8 O2x2 028 O2x2

and the input constraints in (7.35) are defined by (7.8).

7.3.4 Simulated Approach of a Non-Rotating Platform

In the simulations, we have used the following parameters representative of space-
craft maneuvering in close proximity of a non-rotating target platform: the radius of

the target r, is 2.5 m, the half angle of the LOS cone 7 is 10 deg, the tolerance 1y
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is 0.5 m, and the orbital rate n is 1.107 x 1073 rad/s (corresponding to the orbit of
500 km above the Earth). The controller sampling period is Ty = 0.5 s. The total
maneuver simulation time is 100 sec. In (7.19), n = 1 and 5 = 0.25. The slack

variable weight is set as p = 10'°. The weighting matrices are chosen in the form

1027 0
O =3 x10° 22 R=101,

O2x2 1
The value of R was subsequently modified to study the sensitivity of fuel consump-
tion and time-to-dock. In the simulations, we use ., = 0.2 m/s? for the input
constraints.
For all simulations, the prediction horizon of the MPC problem was set as N; = 40,
the constraint horizon for both input and output constraints was set as No = 5, and

the control horizon was set as Ny = 5. These values were determined by tuning

closed-loop response using simulations.

7.3.4.1 Radial approach

In the radial approach, the spacecraft approaches the platform along the radial
line from the center of the Earth to the center of the target. To simulate the radial
approach, we choose the initial location for the spacecraft as (dzo, dyo) = (100, —10)
(m), which is in the range of admissible initial conditions for RPO maneuvers, and
the initial position of the docking port as (149,7y,) = (2.5,0) (m). The closed-loop
responses are shown in Figure 7.11. In this and other plots of spacecraft trajectory on
the z-y plane, the LOS constraints are shown by red dashed lines. The soft-docking,
the LOS cone and thrust magnitude constraints are enforced by the MPC controller,

and the spacecraft successfully completes the maneuver.
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Figure 7.11: Radial approach to a non-rotating platform with the MPC controller.
Top row: Trajectory on the x-y plane (left), control accelerations w/,
and u;, (right). Bottom row: Relative velocity 1—norm versus relative
position 1—norm (left), and the plot of w versus w with magnitude
saturation (right).

7.3.4.2 In-track approach

In the in-track approach, the spacecraft approaches the platform in the direction
along the orbital track. To simulate the in-track approach, the initial location of the
spacecraft is chosen as (dzo,dyo) = (—10,100) (m) and the initial position of the
docking port as (r,9,7,,) = (0,2.5) (m). The closed-loop responses are shown in

Figure 7.12.

7.3.4.3 Trajectories from different initial locations

The initial location of the spacecraft is now varied within the LOS cone. The
starting points consist of points on the boundaries of the LOS cone and points in the

interior of LOS cone. The results are shown in Figure 7.13 for the radial approach
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Figure 7.12: In-track approach to a non-rotating platform with the MPC controller.
Top row: Trajectory on the xz-y plane (left), control accelerations u/,
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position 1—norm (left), and the plot of u, versus u; with magnitude

saturation (right).
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Table 7.4: Metrics in radial approach when « varies between 10? and 107.
a 107 103 10% 10° 10° 107
Ji 2043 20.44 20.43 20.34 20.63 20.63
Jo 337 337 337 335 336 3.31
Jy 1772 17772 1774 17.62 17.70 17.76
tg 53.00 53.00 53.00 52.50 52.50 54.00

and for the in-track approach. The trajectories near both boundaries have similar

curvature in the both cases.

7.3.4.4 Analysis of fuel consumption-related metrics

Tables 7.4, 7.5 and 7.6 summarize the results of fuel-related costs in the radial
approach for different values of the matrix R scaled by a parameter «, which is varied
between 102 and 10%, that is,

R=al. (7.36)

Note that when a ranges between 10? and 107, J;, Jo, J; and t; are essentially

Table 7.5: Metrics in radial approach when a varies between 107 and 2.5 x 108.
o 107 25 x 10" 5x 107 7.5 x 107 108 2.5 x 10°%
Ji 20.63 20.59 20.17 20.13 19.96 19.53
Jy  3.31 3.34 3.27 3.31 3.28 3.22
Jz  17.76 17.91 17.67 17.76 17.66 17.39
tg 54.00 57.50 63.50 67.00 69.50 74.50
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Table 7.6: Metrics in radial approach when « varies between 2.5 x 10% and 10°.
a 25x10% 5x10% 7.5x 108 10°
J1 19.53 19.19 18.94 18.77
Jo 3.22 3.14 3.08 3.03
J3 17.39 17.12 16.91 16.77
ta 74.50 74.50 71.50 65.50

constant. The J;, i = 1,2, 3, all decrease and t4 increases for 107 < o < 2.5 x 108. For
a > 2.5 x 10® the trajectories start to behave differently. They are faster in the initial
phase, approach the platform a bit higher on the y-axis than the docking port and
then proceed (‘slide’) to the docking port. The J;, i = 1,2, 3, continue to decrease as
« increases; however, t; also decreases (from 74.50 sec at a = 2 x 108 to 65.50 sec at
a = 107).

Overall, the three different metrics, Jy, Jo, and J3, appear to exhibit similar trends
which are opposite to that of ¢4, except for very large values of o, when, however,
the controller tends to be scarcely robust to external disturbances. These results
indicate that the quadratic type MPC cost function that does not directly account
for the fuel consumption yet allows to formulate the controller as an LQ MPC has
a direct influence on the final attributes (fuel consumption and time to dock). The
cost function weights can be used as tuning knobs to adjust the fuel consumption
versus the time-to-dock performance of the spacecraft. Figure 7.14 illustrates the
influence of a on the spacecraft trajectory during radial approach as « varies as in

Table 7.4, 7.5 and 7.6.

7.3.4.5 Compensation of the disturbances

As opposed to robust MPC (see e.g., [140, 141, 142] and the references therein),
the MPC design that is proposed here, does not provide an analytically quantifiable
robustness. It, however, possesses the intrinsic robustness of feedback control, while
resulting in a simpler algorithm that does not need information on the ranges and

type of disturbances, which, for the application at hand, may be difficult to obtain.
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Figure 7.14: Trajectories when o varies between 102 and 10°.

In this section, we demonstrate the intrinsic robustness of the MPC controller to
unmeasured disturbances. In orbit, the disturbances can occur due to thrust errors,
air drag in Low Earth Orbit (LEO) or solar pressure in Geostationary Orbit (GEO).
The simulations are performed here for a non-rotating target platform.

The air drag can be represented by a constant in-track disturbance acceleration
[101] with magnitude,

Fy P opaf 1 1
= — —— R — — —
e T 2"\ B, B,

where B, is the ballistic coefficient of the spacecraft, B, is the ballistic coefficient of
the platform and p is average air density at spacecraft altitude. The equations (7.3)

with the disturbance acceleration added take the following form,

X(k+1)=AX(k) + BU(k) + ! w. (7.37)

T

Motivated by this air drag model, we assume an aggressive scenario when the

disturbance is acting along the orbital track and had large constant magnitude of 10
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Figure 7.15: Radial approach subject to disturbances. Top row: Open-loop trajectory
(left), open-loop control accelerations (right). Bottom row: Closed-loop
trajectory (left), closed-loop control accelerations (right).

percent of thrust, i.e., w = 0.1 X Upqz-

We first simulate the open-loop spacecraft motion with the control inputs specified
as functions of time and under the effects of the disturbance. These control inputs are
the same as in Figure 7.11 and 7.12 and successfully complete the maneuver without
a disturbance. The closed-loop trajectories are also simulated, where the control
input is recomputed by the MPC at every step using the current state as an initial
condition and without knowledge of the disturbance. The results of the open-loop
and closed-loop maneuvers for radial and in-track approach by the spacecraft affected
by the disturbance are shown in Figure 7.15 and 7.16. With the open-loop control,
the spacecraft fails to complete the maneuver due to the disturbances. On the other
hand, the MPC controller is able to successfully guide the spacecraft despite these

disturbances: The final error is about 1.2 e¢m for both radial and in-track maneuvers.
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Figure 7.16: In-track approach subject to disturbances. Top row: Open-loop trajec-
tory (left), open-loop control accelerations (right). Bottom row: Closed-
loop trajectory (left), closed-loop control accelerations (right).

Figures 7.17 and 7.18 illustrate additional responses to disturbances for the radial
and in-track approaches, respectively. We consider the cases of: (i) constant distur-
bance vector with components of magnitude (0.1 X %4,) on both x and y axis; (i)
random disturbance in acceleration actuation amplitude and direction. In the second
case, the disturbance simulates errors in thrust direction, for instance due to some
error in the attitude control, and amplitude, for instance due to quantization of the

thrust pulses. In this case, the actuated spacecraft acceleration is

uy(k) = saty™* (RouyU"(0|k))

u(k) = satg™((1 4 ua(k))u,(k))

where sat;™® denotes the saturation in 2-norm by directionality preserving scal-
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cos(f) —sin(0)
ing (7.9), Ry = is the matrix producing a rotation of angle
sin(f) — cos(6)

0, and 0(k) € [—5, F], ua(k) € [-0.15,0.15] are independent, uniformly distributed
discrete-time random variables whose values change every 5s. In radial and in-track
approaches, the MPC controller is able to successfully compensate the effect of these
disturbances. The trajectories obtained for 10 simulations with random disturbances
on both radial and in-track approaches are shown in Figure 7.19. Finally, in the
simulations, actuation disturbances of up to £25% magnitude and +45deg direction

appear to be tolerable for the proposed control strategy.
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7.3.5 Simulated Approach of a Rotating Platform

The same parameters as in Section 7.3.4 were used to simulate the approach to

2.5+wp

a rotating platform. In (7.19), 8 = =5

was made dependent on w, to relax the
constraint in the case of a faster rotating platform.

In this section, we consider the case when the spacecraft approaches the platform
rotating in the counter-clockwise direction. We examine two cases. In the first case
while the platform rotates, the changes in LOS cone constraints due to rotation are
not accounted for in prediction. In other words, the MPC controller assumes that
the constraints remain frozen as they are at the current time instant. In the second
case, the evolution of LOS constraints due to platform rotation is (approximately)
predicted, as described in Section 7.3.3.2.

The initial position of the docking port is (740,7y,) = (2.5,0) (m) and the space-
craft starts from a representative initial condition (dz,dys) = (50,5) (m) in the
interior of the initial LOS cone. Such an initial condition and LOS cone position
correspond to a radial approach if the platform were not rotating. We simulate the
maneuvers for a lower platform angular rate of w, = 0.6 deg/s and a higher platform
angular rate of w, = 2.25 deg/s.

For w, = 0.6 deg/s, Figure 7.20 and 7.21 show that maneuvers can be successfully
completed regardless of whether the prediction of platform motion and of the LOS
cone is performed or not. Table 7.7 compares the fuel consumption metrics and the
docking time for the maneuvers with and without platform motion prediction as the
control weighting a varies. For lower control weighting values, prediction reduces fuel
consumption (about 15 percent for o = 10?). The time-to-dock is approximately the
same for the two controllers. The fuel consumption difference is eroded as control
weighting increase and both controllers start to strongly emphasize small control effort
and low fuel consumption. We have also found that this difference is also dependent

on the initial position of the spacecraft within LOS cone, and may be eroded when the
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Figure 7.20: Radial approach to a platform rotating at w, = 0.6 deg/s without pre-
diction of platform motion. Top row: Trajectory on the x-y plane(left),
zoomed-in trajectory (right). Bottom row: Control accelerations u/, and
u, (left), the plot of w; versus u, with magnitude saturation (right).
Initial position of the LOS cone is designated by black dashed lines and
final position by the red dashed lines.

spacecraft is close to ‘active’ constraint boundary. Qualitatively, similar conclusions

about the fuel consumption benefit of predicting the platform motion are obtained at

angular rates lower and slightly higher than 0.6 deg/s.

Figure 7.22 compares the spacecraft trajectories when prediction of the platform
motion is employed versus when it is not employed for higher w, = 2.25 deg/s,
a = 10? and (4, dyo) = (50,5) (m). The spacecraft is able to successfully perform
the maneuver with the prediction of platform motion but it is not able to keep up
and eventually violates the constraints (e.g., collides with the platform at time 62 sec)

when such prediction is not employed. Note that the control inputs remain saturated

at the limits in the case of no prediction, as the controller attempts to keep up with
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Figure 7.21: Radial approach platform rotating at w, = 0.6 deg/s with prediction of
platform motion. Top row: Trajectory on the z-y plane(left), zoomed-in
trajectory (right). Bottom row: Control accelerations u, and u;, (left),
the plot of u; versus ), with magnitude saturation (right). Initial po-
sition of the LOS cone is designated by black dashed lines and final
position by the red dashed lines.

the constraints.

Figure 7.23 illustrates the responses for the case of the radial approach and the
in-track approach with w, = 0.6, and w, = 2.25 while & = 1 x 10? when the initial
conditions of the spacecraft vary. The spacecraft is able to successfully complete the
maneuvers with the platform motion prediction for both lower and higher angular
rates. Note that for w, > 2.25 deg the spacecraft mail fail to complete the maneuvers
even with the platform motion prediction as actuator authority may be insufficient to
keep up with a rapidly rotating platform in this case. To summarize, our simulation

results here and in [116, 117] suggest that incorporating the prediction of the platform

motion and changes in LOS cone can result in more fuel efficient maneuvers and in
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Table 7.7: Fuel consumption related metrics and docking time versus a.

w,=06deg/s a  10° 10° _10° 10° _10° 10" 5x10° 10° 5x 10°

Ji 1744 18.16 15.61 17.74 15.66 14.28 13.49 13.16  12.55

non-predicted Jo 236 250 214 241 2.15 1.88 1.79 1.76 1.63
constraints J3 13.33 13.94 1218 13.59 12.29 11.51 11.20 11.10 10.64
tq (s) 40.50 40.50 40.50 40.50 40.50 42.00 51.00 57.50  63.50

Ji 14.35 14.34 14.28 14.38 14.04 13.65 13.12 1294 12.13

predicted Jo 193 193 192 193 187 1.76 1.72 1.70 1.54
constraints J3 11.57 11.57 11.54 11.58 1141 11.1v 11.00 1091  10.27
tqa (s) 40.50 40.50 40.50 40.50 41.00 42.00 51.50 57.50 63.50
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Figure 7.22: Radial approach to a platform rotating at with w, = 2.25 deg/s. Top
row: Plots without prediction of platform motion. Trajectory on the
z-y plane (left), control accelerations u), and w; (right). Bottom row:
Plots with prediction of platform motion. Trajectory (left) and control
accelerations (right). Initial position of the LOS cone is designated by
black dashed lines and final position by the red dashed lines.
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Figure 7.23: Trajectory on the z-y plane starting from various initial positions in a
rotating platform with prediction of platform motion. Top row: w, = 0.6
deg/s. Radial approach (left), in-track approach (right). Bottom row:
w, = 2.25 deg/s. Radial approach (left), in-track approach (right).
Initial position of the LOS cone is designated by black dashed lines and
final position by the red dashed lines.

being able to complete the maneuvers for higher rotational rate of the platform.

These benefits are more pronounced for medium range of w, and are eroded for very

low values of w,, and as w, increases to larger values, which exceed the actuators

capabilities.

7.4 Debris/Obstacle Avoidance Maneuvers

In this section, we consider the additional objective of avoiding debris or an ob-
stacle on the spacecraft rendezvous path in the LQ MPC framework. There are more

than 22,000 debris of 10 centimeter and longer orbiting the Earth today and this
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number is growing. Collision with orbital debris or an obstacle is a serious threat
that can damage the spacecraft. Several collision risk assessment methods have been
developed, see e.g., [143, 144, 145, 146] and references therein, along with debris colli-
sion avoidance strategies, see e.g., [143, 147, 148], and references therein. In [147] and
[149], for instance, collision avoidance strategies for polyhedral objects as obstacles
have been developed based on mixed-integer linear programming.

To incorporate debris avoidance in our MPC approach, we assume that the debris

can be covered by a virtual disk of radius r4 centered at (d,,d,) (m). See Figure 7.24.

7.4.1 Model Predictive Controller Design

Our approach to collision avoidance is based on covering the debris by a disk
and assuming that this ‘virtual’ disk slowly rotates with angular rate wy (rad/s).
Referring to Figure 7.24, we impose the constraint forcing the spacecraft to remain
in a specified half-plane relative to a tangent line to the disk. As the tangent line
rotates with the disk, the constraint is dynamically reconfigured and varies in time.
For simplicity, we assume here that the docking port does not rotate, and it is at the
origin of the reference frame, i.e., (r;,r,) = (0,0), (04, 0y) = (02, dy).

At activation of the constraint, the disk tangent line is perpendicular to the line

between the spacecraft location, (62(0), 0y(0)) (m), and the center of the disk, (d,, d,).

LOS

Spacecraft (5, 8y)

~ P

W, .
x
Platform Mebrls
(d): 2 dy)

Figure 7.24: Schematics of the approach used to achieve debris avoidance.
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The angle ¢4(0) is defined as the angle between the x-axis and the normal to the

tangent line so that ¢4(0) = tan™* (giggg:;z). Then 4k + 1) = pq(k) + wakT, and

the debris avoidance constraint is given by

OB fd(“ (6x(k) — dy) + 22 Pal) fd(k) (Oy(k) — dy) = 1. (7.38)

A similar approach to the one in Section 7.3.5 is applied so that (7.38) is approximated

in prediction by

La(0a(j1K) — du) + L(dy(G1F) — d,)
(7.39)
s ( = L6 (k) — o) + La(6y(k) — dy>> (0alilk) = palk)) > 1,

where

k
L - cos pq( )7 L=
rq

Salk) (k) ~ oa(k) + palk) T,

and j € Zyy denotes a future time instant with respect to k. The debris constraint
(7.39) is deactivated once ¢4 becomes equal to ¢4(0) + 7 so that the constraint does
not interfere with the spacecraft motion after it passes the debris.

Similarly to (7.32), (7.33), the state vector for debris avoidance maneuver has the

following form

T
X = ox 5y 0T 5y dx dy Td, Td, 21 22 )
and the model is represented by
X(j + 1k) = AX(j|k) + BU(j|k), (7.40a)
Y (jlk) = CX(j|k) + DU(jlk), (7.40b)
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where

Ad 04><2 O4><2 04><2

O2><4 I 02><2 O2><2 ~ _ ~

s
I
Sy
I
&
T
I
=

02><4 02><2 Qd 02><2

02><4 02><2 02><2 @

U =10, © is defined in (7.31),

L. Le 0 0 L Ly 0 0 0 Cy |
& siny —cosy 0 O 0 0O 000 O

siny cosy 0 O 0 0 000 O

| & G GG 0 0 000 0|

and

cos(wgTls) —sin(wyTs)
Qy = ,

sin(wyTs)  cos(wyTs)

Cy = Lg(dx(k) — d,) + Lo(5y(k) — d,),
Cy = sgn(0xz(k)), Cs = sgn(dy(k)),
Cy = —nsgn(0i(k)), Cs = —nsgn(dy(k)).

and where the constraint
. . . T

is imposed on the system output, representing the LOS constraints, the soft-docking
constraint with respect to the platform, and the debris avoidance constraint.

Thus, for the debris avoidance case, the MPC optimal control problem is formu-
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lated as

Nj;—1
min XN [R)PX(N, k) + Y X(j1k) QX(j|k)+U(j|k)"RU(| k), (7.42a)
U(k -
7=0
st. X(j+1|k) = AX(jlk) + BU(j|k), (7.42D)
Y(jlk) = CX(jlk)+ DU(jlk), (7.42¢)
X(0k) = X(k), (7.42d)
UGjlk) = KX(jlk), j=Ny+1,....N; -1, (7.42¢)
UGilk) < Uz, 5=0,..., Ny, (7.421)
where U(k) = {U(0|k),--- ,U(Ny|k)},
. P 0 . 0 . _ .
p— 46 ,Q: Q 4%x6 ’R:R,K:|:K 02><61’
O6x4 Ogxe O6x4 Ogx6

and the input constraints in (7.42) are defined by (7.8).

7.4.2 Simulation Results

Simulations results are now presented for r;, = 2 m. Other parameters are the
same as the ones in Section 7.3.5. The debris is located at (d,,d,) = (40,0) (m) and
the initial location of the spacecraft is (d0xg,0yy) = (60,5) (m). The docking port is
located at the origin of the reference frame and is represented here as a point mass.
The angular rate of the ‘virtual’” disk, wy, was varied between 5 deg/s and 15 deg/s
and the best value of w; = 12 deg/s was determined in simulations on the basis of a
trade-off between maneuver feasibility (in terms of satisfying the imposed constraints)

and speed. Figure 7.25 compares the trajectory of the spacecraft when there is no
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Figure 7.25: Comparison of the maneuvers. Top row: Trajectory on the x-y plane
without debris (left), control accelerations w, and w; without debris
(right). Bottom row: Trajectory on the z-y plane with debris (left),
control accelerations u;, and wu;, (right) with debris.

debris and when the spacecraft performs a rendezvous while avoiding debris. Note
that the debris is placed at a location that makes infeasible the trajectory of the no-
debris case. The ‘x” symbol represents the initial point of activation of the tangent line
constraint. The constraint is deactivated after the disk covering the debris has rotated
7 rad. The line tangent to the virtual disk in Figure 7.25 is in the position after the
disk rotated m rad and the debris avoidance constraint is deactivated. Figure 7.26

illustrates debris avoidance maneuvers for various initial positions of the spacecraft.

Table 7.8: Costs and docking time in maneuvers with and without debris avoidance.
J1 Ja J3 ta
w/o debris  17.88 3.03 14.77 45.5
with debris 21.03 3.53 16.18 53.0

We also report the three fuel consumption-related metrics in (7.14) and the time-
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Figure 7.26: Trajectories from various initial positions without debris (left) and with
debris (right).

to-dock for the case with and without the debris in Table 7.8. The debris avoidance

results in increased fuel consumption and longer maneuver time.
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CHAPTER VIII

Conclusions and Future Work

This dissertation has investigated the methodological extensions of the IPA-SQP
and PNE approaches to NMPC. It addressed challenging applications of real-time
NMPC by exploiting the computational advantage of IPA-SQP.

The research addressed minimum-time MPC and AMPC problems using the IPA-
SQP framework. Characterization of NE solution for parameter-dependent-discrete-
time optimal control problems with constraints has been obtained. Conditions for
an NE solution existence in the PNE approach have been established for a case that
has a quadratic cost functional and a linear affine system with adjustable parameters.
This dissertation also dealt with applications that require real-time implementation
of NMPC. A real-time shipboard PMC based on IPA-SQP MPC has been developed
and tested on the physical test platform. Model predictive controllers have been

developed for online control of spacecraft relative motion maneuvers based on LQ

MPC and IPA-SQP MPC.

8.1 Conclusions

The main developments and results of this dissertation are summarized as follows:

e Developed an indirect AMPC' algorithm in the IPA-SQP framework to effec-

tively integrate adaptation and constrained dynamic optimization: An approach
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has been developed to incorporate changes in the model parameter estimates,
resulting from online adaptation, into an NMPC algorithm for control sequence
updates. This led to simple updates of the control sequence, e.g., proportionally
to the change in the parameter estimate. This approach is promising for the
implementation of AMPC, especially when efficient computation is an impor-
tant consideration for real-time implementation. An illustrative example on an

inverted pendulum of a cart has been reported.

Derived the conditions for the existence of an NE solution in the parametric
optimal control problem: Conditions for the existence of an NE solution have
been obtained in a specific case that have a quadratic cost functional and linear
parameter-dependent dynamics with adjustable parameters without considering
constraints on states, control inputs and parameters. This guarantees applica-

bility of PNE for the case.

Developed a methodology to apply the PNE to minimum-time MPC problems:
A methodological extension to the PNE algorithm has been developed to solve
minimum-time MPC problems. Minimum-time MPC is of interest due to its
ability to perform way-point following, to improve robustness to model uncer-
tainties and disturbances, satisfy constraints, and to provide automatic con-
trol refinements along the way. The minimum-time MPC problem was ap-
propriately transformed to make the PNE algorithm applicable. The double
integrator example was considered to show the validity of the reformulated
minimum-time control solution and computational advantages of performing
control updates using PNE over MATLAB nonlinear programming solver fmin-
con. The improved robustness has been shown in closed-loop simulations with
minimum-time MPC and disturbances. Another example of a nonlinear system
corresponding to a two-dimensional model of a hypersonic glider has also been

treated.
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e Developed a novel PMC based on the IPA-SQP approach for a shipboard power
system: The PMC that uses an TPA-SQP-based MPC has been developed,
analyzed, and tested. The experimental results on the physical test bed and
the simulation results show close correlation. Evaluations of three operational
scenarios revealed the expected performance sensitivity with respect to tun-
able parameters. The developed PMC successfully allocated requests to power
sources and loads in the baseline test with the SWPPL and appropriately mod-
ifies control inputs when different aspects of the performance attributes were
emphasized by changing weighting factors in the cost function for the MPC
problem. The feasibility of using the IPA-SQP-based MPC algorithm for real-
time power management has been demonstrated. This research also provided
a case that supports further development and implementation of optimization-

based PMC for shipboard power systems.

e Developed model predictive controllers based on utilizing LQ MPC and IPA-SQP
MPC for spacecraft relative motion maneuvers: MPC was utilized to enforce
constraints such as on velocity of approach for soft-docking, LOS cone, and
thrust magnitude constraints. The problem was treated in an LQ MPC frame-
work so that the finite horizon optimization problem can be solved by QP
algorithms, which are known to be efficient and computationally affordable. To
achieve this, dynamically reconfigurable linear constraints have been employed.
The IPA-SQP approach was applied to the spacecraft relative motion control
problem with the nonlinear constraint on thrust force magnitude. The IPA-
SQP-based MPC controller has been formulated to directly handle the NMPC
problem associated with the nonlinear constraint, while the LQ MPC used di-
rectionality preserving scaling to handle the nonlinear constraints. The fuel
consumption metrics were reduced with IPA-SQP as compared with the results

of the LQ MPC combined with scaling, which we attribute to proper accounting
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for the nonlinear constraints on thrust and available control authority. Compu-
tation time and solution accuracy using the IPA-SQP algorithm were compared
to those provided by MATLAB fmincon solver. The LQ MPC controller has
been demonstrated through simulations of spacecraft rendezvous/docking and
debris/obstacle avoidance that it is capable of planning efficient maneuvers,

while enforcing all the imposed constraints.

8.2 Future Work

Many research opportunities, challenges, and interesting directions for future work
exist to further explore the IPA-SQP framework. In particular, the author is inter-

ested in the following topics:

e Handling terminal state constraints with IPA-SQP: The general problem for-
mulation of the IPA-SQP consists of an optimal control problem with a cost
functional, initial state constraints, equality constraints associated with the dy-
namics of the system, and inequality constraints on state and control input
vectors. The current formulation of IPA-SQP does not consider terminal state
constraints which are important as a mechanism to guarantee closed-loop sta-
bility. Such an extension appears tractable as terminal constraints typically

result in transversality conditions.

o Study of stability and recursive feasibility of developed IPA-SQP-based AMPC
algorithm: Chapter III provided the indirect AMPC algorithm to integrate
adaptation and optimization and addressed the computational updates. Further
study on stability and recursive feasibility of the developed AMPC algorithm

represents an interesting topic for continuing research.

e Obtaining conditions for the existence of NE solution of parameter-dependent

convex optimal control problems with constraints: The existence conditions of
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NE solution were reported for a parametric optimal control problem with a
quadratic cost functional and a linear model. In this research, however, equality
and inequality constraints on states and control inputs were not considered so
that the conditions are obtained for the very specific and limited case. Future
work may consider extending these results to provide existence conditions of

NE solution for general constrained parametric optimal control problems.

Development of advanced predictive controllers for challenging applications of
NMPC: The minimum-time MPC controller has been developed for the two-
dimensional model of a hypersonic glider in Chapter V. The example can be
extended to a three-dimensional model with exclusion zone constraints as a
more effective control problem. In spacecraft relative motion control problems,
we can extend the control problems, which have been proposed in Chapter VII,
to more general in and out-of plane spacecraft motion and to three dimensional
spacecraft and platform rotations considering LOS, soft-docking, and thrust
magnitude constraints. Thus, future work may consider more challenging ap-

plications of real-time NMPC.
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Publications

Journal Articles

[1] H. Park, J. Sun, S. Pekarek, P. Stone, D. Opila, R. Meyer, 1. Kolmanovsky, and
R. DeCarlo, Real-time model predictive control for shipboard power management
using the IPA-SQP approach, IEFEE Transactions on Control Systems Technology,
submitted.

[2] S. Di Cairano, H. Park, and I. Kolmanovsky, Model predictive control approach for
guidance of spacecraft rendezvous and proximity maneuvering, International Journal

of Robust and Nonlinear Control, vol. 12, No. 4, pp. 1398 1427, 2012.

Conference Proceedings
[1] H. Park, J. Sun, and I. Kolmanovsky, Tutorial overview of IPA-SQP for optimiza-
tion of constrained nonlinear systems, 11th World Congress on Intelligent Control
and Automation, submitted.
[2] R. Meyer, S. Pekarek, H. Park, J. Sun, and R. DeCarlo, Hybrid optimal power man-
agement of a naval ship, ASMFE 201/ International Mechanical Engineering Congress

& Exposition, submitted.
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[3] H. Park, I. Kolmanovsky, and J. Sun, Parametric integrated perturbation analy-
sis sequential quadratic programming approach for minimum-time model predictive
control, IFAC 19th World Congress, 2014, accepted.

[4] J. Sun, H. Park, I. Kolmanovsky, and R. Choroszucha, Adaptive model predictive
control in the IPA-SQP framework, 52nd IEEE Conference on Decision and Control,
2013.

[5] H. Park, I. Kolmanovsky, and J. Sun, Model predictive control of spacecraft rela-
tive motion maneuvers using the IPA-SQP approach, ASME Dynamics Systems and
Control Conference, 2013.

[6] H. Park, S. Di Cairano, and I. Kolmanovsky, Linear quadratic model predictive
control approach to spacecraft rendezvous and docking, 21st AAS/AIAA Space Flight
Mechanics Meeting, 2011.

[7] H. Park, S. Di Cairano, and I. Kolmanovsky, Model predictive control for space-
craft rendezvous and docking with a rotating/tumbling platform and for debris avoid-
ance, American Control Conference, 2011.

[8] H. Park, S. Di Cairano, and I. Kolmanovsky, Model predictive control of spacecraft

docking with a non-rotating platform, IFAC 18th World Congress, 2011.
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