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Abstract

We consider linear-quadratic optimal control problems with free final time and
terminal state constraints and propose a solution procedure that is particularly useful
for online feedback control in a model-predictive control (MPC) framework. The pro-
cedure avoids the standard time transformation, which transforms the problem into
an equivalent but non-convex optimal control problem on a fixed time horizon. The
transformed problem typically suffers from many local minima, which might cause in-
stabilities in online optimization tasks like LQR or model-predictive control. To avoid
this drawback of the time transformation we develop a method from the viewpoint
of bilevel optimal control, which is beneficial especially in online control tasks. The
novelty of the approach is the optimal final time tracking procedure, for which we
exploit a property of the Hamiltonian function. To this end we show that within the
continuous-time closed-loop controlled system the optimal final time linearly decreases
in time, as one could intuitively expect. Finally, numerical experiments support the
effectiveness of the proposed algorithm.

Keywords: Optimal control; Linear quadratic regulator; Free final time; Model
predictive control.

1 Introduction

The linear quadratic regulator (LQR) (or Riccati controller) is a well-known and frequently
used model-based feedback controller for tracking problems on a finite or infinite time
horizon. Herein, the control law is derived by solving a linear-quadratic optimal control
problem on a fixed and finite time horizon using a Riccati differential equation or on
an infinite time horizon using the corresponding algebraic Riccati equation, compare [6,
10, 11]. Owing to its simplicity and since many standard tools for it exist, the LQR is
often adopted within the (linear) model predictive control (MPC) framework, which is an
advanced control technique, also known as moving or receding horizon control, compare
[13, 4, 9]. Depending on the nonlinearities of the real system, a linear model might be not
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accurate enough; in such cases, beyond the scope of this paper, one could adopt methods
suitable for nonlinear optimization, e.g. full discretization and dynamic programming,
see [16, 11, 7], or methods using sensitivity updates in combination with precomputed
solutions in a database, see [14]. The MPC framework determines the system input by
solving on-line, at every time-step, an open-loop optimal control problem (OCP) given
the current state of the system. Typically, this optimization phase generates an input
sequence on a specified finite time horizon (the prediction horizon), but only the first
control input is actually commanded to the system. MPC allows to consider control or
state constraints and, when applied on a finite horizon, even terminal state constraints.
The latter may occur as hard constraints or as soft constraints using penalization. Often
terminal constraints lead to improved stability properties of the control system, see [13, 2].

This work focuses on the free finite time-horizon LQR problem, referred to as FLQR,
that is an OCP with free final time, i.e. with a priori unknown final time, and a cost for
elapsed time. In contrast to LQR, FLQR is in general a nonlinear and non-convex problem,
possibly with multiple local and global minima. It is possible to reformulate FLQR as a
fixed final time OCP, e.g. through the widely adopted time transformation technique [7],
but this introduces nonlinear dynamics not present in the original problem. Moreover,
in case direct methods are chosen to solve FLQR, the numerical solution becomes very
sensitive to the initial guess and it is likely to end up in a local minimum. In both cases,
global optimality cannot be guaranteed and stability issues may arise, if the FLQR has to
be solved many times, as it is the case in the MPC framework. There are also approaches,
especially in automotive and robotic applications, that use a spatial transformation, e.g.
through a curvilinear abscissa, and thus avoid time as the independent variable [3, 17];
these, however, are not of general applicability.

Within this work, we adopt a bilevel optimal control perspective in order to avoid
the aforementioned time transformation and its drawbacks while exploiting the standard
tools available for LQR. At the upper level of the bilevel optimal control problem, the
final time is optimized, while satisfying constraints and system dynamics, enforced at the
lower level. This idea proves to be particularly effective when FLQR is adopted within
the MPC framework, in which case our approach can be interpreted as a tracking strategy
for the optimal final time while solving standard LQR problems, at the upper and lower
level respectively.

This approach recalls and takes inspiration from initial value embedding in real-time
iteration scheme [5], sensitivity update [7] and predictor-corrector numerical methods.
Also, it takes advantage of the relationship between value function and reduced cost func-
tion in order to tackle the original single level problem [15]. Van den Broeck et al. [4]
introduced the Time Optimal MPC for mechatronic applications in which they also refor-
mulate the problem as a two-level procedure, but the two levels have different objectives
in there, being the time optimality the main goal. However, in order to avoid too nervous
and aggressive maneuvers, this is combined with a quadratic cost function, which takes
into account the control effort. The FLQR problem differs in that it always considers a
trade-off between minimal time and input costs.

In the bilevel optimization setting, the cost function can be reduced, namely, in our



case, it can be considered as a function of final time only, while constraints are taken
care of and satisfied at the lower level. With this in mind, then, the bilevel perspective
is supported by a novel result, presented in Theorem 1, that relates the gradient of the
reduced cost function with the Hamilton function of the original problem. This allows
to efficiently search for the optimal final time with gradient-based methods. This result
also offers a new interpretation of the condition of vanishing Hamiltonian for autonomous
free final time OCPs. Another novel outcome corroborates the suggested bilevel approach,
especially for the MPC implementation. In fact, tracking the optimal final time turns out
to be straightforward and effective because, owing to Theorem 2, it flows opposite to time.

This paper is organized as follows. It contains two major parts. Section 2 contains
the derivation of a bilevel-optimization approach for free-time LQR problems, which we
propose to overcome difficulties with local minima that might be introduced by standard
time transformation techniques for problems with free final time. To this end the problem
formulation and standing assumptions are introduced. The solution approach is briefly
delineated and the bilevel problem is formulated. Specifically, Section 2.3 discusses about
the fixed final time problem and its transformation into a linear system, while Section 2.5
analyses the free final time problem from the upper level point-of-view, providing a the-
oretical result supporting the bilevel perspective. The method derived in Section 2 has
merits in its own rights as a generally applicable method for free-time LQR problems. In
addition, we believe it is very well suited within free-time model predictive control, since
the approach allows to track the final time in a more robust way than standard methods.
The embedding of the approach into the MPC framework is detailed in Section 3. Section 3
examines how the bilevel problem structure can be exploited to fit the MPC framework.
Section 4 validates the proposed approach numerically on a standard problem, showing
effectiveness and limitations of the proposed algorithm. Section 5 concludes the paper and
presents ideas for future research.

2 Free finite horizon LQR and the bilevel solution approach

The purpose of this section is to derive an algorithm for the solution of linear-quadratic
optimal control problems with free final time. In contrast to standard techniques, we
do not employ a standard time transformation to a fixed time interval, which leads to
a nonlinear, nonconvex optimal control problem. Instead, we develop a method that
considers the free-time LQR as a bilevel optimization problem. By this, the upper level
problem becomes a scalar optimization problem aiming at finding the optimal final time
as a root of the Hamilton function while the lower level problem is a standard LQR on a
fixed time horizon. This splitting allows to exploit better the nice convexity properties of
the lower level LQR problem.



2.1 Problem statement

Consider a time interval [0,7], T > 0, and the linear time-invariant state differential
equation

x(t) = Az(t) + Bu(t) (1)
with boundary conditions
2(0) = zg , Crx(T) =yr , (2)
where, for any time ¢, 2:(t) € R™ is the state, u(t) € R™ is the control input, A € R"*"
B € R™™™ and Cp € RX™, Let
_[@ sT
=25 Q

with Q € R™*", § € R™*" and R € R™ ™. Let Q1 € R™*"™ be symmetric and {1 € R™.
Let I' = Ry be the set of allowable final times. Finally, let T' € " be the length of the time
horizon, X (T') := W°°([0,T],R") the Sobolev space of vector-valued absolutely contin-
uous functions with essentially bounded first derivative on [0,T], U(T) := L*°([0, T],R™)
the vector space of vector-valued essentially bounded measurable functions on [0, 7], and
consider the cost functional J : X(T) x U(T) x I' = R:

T T
T(z,u,T) = wT + % /0 <z8> i (igg) dr + % (@(T) — &r) " Qr (x(T) — &r.) (4)
Herein and throughout the paper we assume w > 0, that is, the free final time contributes
to the cost. We note that the case w = 0 in combination with the constraint 7" € [0,T,],
with a finite upper bound T}, > 0, can be handled as well. In fact, as derived in Appendix B,
the latter case is included as a special case in our algorithm. For notational convenience
we prefer to restrict the following discussion to the case w > 0. The OCP dealt with in
this paper is the following;:

Problem 1. Find a final time T € T, a control u € U(T), and a state z € X(T),
minimizing the cost functional J in (1) while satisfying the constraints (1)—(2).

In this paper it is assumed that

(A1) the pair (A, B) is controllable,

(A2) the matrix R is positive definite and the matrix IT is symmetric and positive semi-
definite,

(A3) initial and final conditions do not match, namely Crxg # yr,

(A4) the set of optimal final times for Problem 1 has zero measure.

Remark 1. The method proposed in this paper is particularly suitable and motivated by
online control purposes. Hence, we restrict ourselves to this case, in which the initial state
of the system is given and an affine constraint on the state might be imposed at the final
time as in (2). However, the analysis can be easily extended to deal with the free final time
version of more general finite-horizon LQR problems, e.g. [6].



Remark 2. Assumption (A3) is imposed in order to neglect the trivial case with zero final
time. Hence, it is clear that the optimal final time T is within the open set I.

Remark 3. Problems arising from applications might require a solution with box-constrained
final time, say T = [Thin, Tmaz] with 0 < Tpin < Tae < +00. Since the final time is a
scalar, a minimizer can be found by inspection of the boundaries Ty, and T, and the
interior of I'. The latter is the challenging task and thus the focus is on the interior of T,
which is considered to be the set of positive real numbers for simplicity.

Remark 4. Assumption (A4) excludes the cases in which the optimal final times are not
separated. Equivalently, the cost function should have nonzero total second derivative with
respect to the final time in a neighborhood of each and every solution. To give an intuition
behind this requirement, we can say that it is needed in order to never have a plateau of the
optimal cost with respect to the final time in the vicinity of a solution. Instead, if (A4) is
not satisfied, chattering of the solution may arise, because of the many equivalent optima.
However, we arque that (A4) likely holds for real applications and that pathological cases,
if possible, are rare. Anyway, a straightforward remedy is, e.g., to slightly modify the time
cost w > 0.

Problems with null time cost, i.e. w = 0, might be of interest; in these cases, existence
of a solution is guaranteed only if I' is a compact set. Appendix B briefly addresses this
case, discussing necessary conditions and a suitable projection scheme.

2.2 Approach: bilevel perspective

Problem 1 can be casted into an equivalent bilevel optimization problem, whose upper
level reads:

Problem 2. Find a T € T minimizing the cost J(T) := J(xp,ur,T), with (zp,ur) €
M(T),

where M(T') € X(T') x U(T) is the set of minimizers of the lower level:
Problem 3. GivenT €T, findau € U(T) and a x € X(T') minimizing the cost J (z,u,T')

I3

under the constraints (1)—(2).

Note that the Upper Level Problem 2 is a scalar optimization problem for the single
optimization variable T', while the Lower Level Problem 3 is an almost standard linear-
quadratic optimal control problem on a fixed and finite time horizon, but with a terminal
state constraint.

Function J in Problem 2 is the aforementioned reduced cost function, that is the
cost from the upper level point-of-view. This paper is mainly focused on exploiting the
problem structure for online control in an MPC framework; nonetheless, the suggested
bilevel perspective might be useful for solving FLQR offline, too. In particular, compared
to standard techniques for free final time OCPs, e.g. the time transformation [7], its
main advantage is that one has to solve standard LQR. problems and to compare costs of
their (unique and globally optimal) solution, instead of dealing with a nonlinear OCP and
opening the door to multiple local optima.



Remark 5. One should point out that, at least for the offline solution, the number of LQR
problems to be solved might be very large, depending on the required accuracy. Indeed,
a greedy optimization of the final time cannot guarantee a priori optimality. However,
owing to the bilevel perspective, also off-the-shelves tools for scalar static optimization can
be adopted to solve this kind of problems. Any of these methods can be adopted in order
to get an offline solution of FLQR needed to initialize the online process within the MPC
framework.

Remark 6. Let us consider the nonlinear OCP resulting from the transformation of a free
final time OCP into one with fized final time. In general, nonlinear optimization techniques
cannot guarantee that, given an initial guess close enough to a global optimum, say 1™,
they will return an approximate solution close to T*. Instead, under mild assumptions
for the local convergence of Newton-type methods, the bilevel-inspired algorithm presented
in the following always returns an approximate solution close to T*. Thus, for an online
execution with small enough disturbances, an initially global optimum remains a global
optimum.

2.3 Fixed time LQR: the lower level problem

Let us solve Problem 3 for a given T € T, i.e. considering T" known, fixed and thus not an
optimization variable. The Hamilton function H : R"” x R”™ x R™ — R for this problem is
defined as [16, 7]:

H (2, u, ) ::w+% <§>TH <i> +AT[A B] (i) (5)

Let us denote (z*,u*,T*) a solution to Problem 1. Notably, the Hamilton function (5)
does not depend on the final time 7. This means that the optimal control v* does not
depend explicitly on T*. In fact, from the Pontryagin’s Minimum Principle, the optimal

control «v* minimizes the Hamiltonian # [16, 7], namely u*(t) = argmin H (z*(t), v, \*(t)).
vER™
Since the control is unconstrained and Problem 3 is convex owing to Assumption (A2),

and thus the Hamiltonian is strictly convex w.r.t. u, the minimizer of the Hamiltonian
exists and is unique, and it is found by solving the equation V,H(z*(t),u, \*(t)) = 0
with respect to u, compare Equation (6). In the following we might consider the optimal
control expressed as a feedback control, ug, : R™ x R" — R™, defined in (7), such that
ug, (x*(t), \*(t)) = u*(t) for a.e. t € [0,T]:

w(t) = —R~! [sm*(t) v BU*@)} : (6)
ugy (2, \) := —R~ [Sx + BTA} . (7)

First-order necessary optimality conditions consist of system dynamics, adjoint equation
and transversality conditions; these are obtained from first variation of the Lagrangian
and Du Bois lemma [16, 7]. A solution to Problem 3 necessarily satisfies (1), (2) and (6)



along with the following adjoint equation and transversality condition [16, 7]:

At) = —Qu(t) — STu(t) — ATA(t) telo,T), (8)
NT) = Qr [«(T) — &) + C1p (9)

with costate (or adjoint) A : [0,7) — R™ and multiplier € R!. Plugging-in the optimal
feedback control ug, (7) in place of control u into state and costate dynamics (1),(8), one

obtains the Hamiltonian systemn:
(3in) =4 (65) - (10)

where the matrix M and its n X n sub-blocks are defined by

[ A-BR7'S —~BR™'BT

- [—Q +STRYS AT+ STRBT| - ()

My, My
M = :
[MM MM]

Given the linear homogeneous autonomous dynamics (10) and initial conditions at time
t =0, z(t) and A(t) can be evaluated through the matrix exponential [10], namely

z(t)\ _ e (®(0)
() = G 12
for any time ¢ > 0. Initial conditions for the state are already provided by Problem 3.
Instead, those for the costate can be obtained by exploiting boundary conditions (2), (9),

that are necessary conditions. Let us denote Ao the value A*(0) and introduce matrix
valued functions Fj; : R — R™*" i, j € {x, A}, such that

Em(t) Ex)\(t) ._ t
{Em(t) EM(t)] = (13)

for any ¢ € R. Substituting (12), (13) into boundary conditions (2), (9) and rearranging
yields a linear system in unknowns Ag, 7:

CrE \(T) 01 /) _ y1r — C1E(T)xo
QTE(T) — Ex(T) Cﬂ (77) B (QTfT + [Bxa(T) — QrEyu(T)] 530) - )

The linear system (14) is square of size n + [, thus independent on the number of controls
m. Given a final time T and an initial state xg, the corresponding initial costate A\g can be
evaluated by solving (14) and then adopted to compute the optimal control at the initial
time through the feedback law (7), namely u*(0) = ug, (g, Ag). Furthermore, it is possible
to evaluate state, costate and control trajectory through (12) and (7).

In order to state explicitly the dependence of Ay on T and zg, let us denote A(T) and
b(T, o) the matrix and the vector, respectively, in (14). The (unique) solution to the linear
equation system A(T")s = b(T, zg), denoted §(T’, 7o), encapsulates the initial costate vector
and depends on both final time and initial state. The vector yr is here considered given



and fixed, but it could also be easily accounted for. In the following, for compactness, we
will consider the function A : R x R® — R", such that \(T,z) := [I, 0] 3(T,z) for any
T and z, to express the relationship between final time, initial state and initial costate.
Thanks to the linearity in (14), function § and its derivatives can be explicitly represented
and easily evaluated; see Algorithm 1. Notice that evaluating the d-th derivative of A and
b with respect to final time require d matrix-multiplications with M, defined in (11). Also,
solving linear systems to obtain derivatives of § at (7', z¢) can be sped up by adopting and
re-using a suitable decomposition of the matrix /I(T), e.g. LU factorization with pivoting.
Then, from these observations, it turns out that there is little overhead for evaluating
derivatives when the function \ is executed.

Algorithm 1 Pseudocode for evaluating initial costate and its derivatives.
Input: T, z, M
Output: A\, N, M., X,

MT

E=e > matrix exponential
Ab+— E x > Eq. 14
§=A""

A= [In O] 5

A’T,B A%T, ZS%T, f); «— FE.x > based on Eq. 14

T
= A (b - Aps)
Np = [I, 0]
b= Lo 0) A0 (Bpp — Afps — 24737
— [, 0]AH,

>
|

2.4 Reduced cost and Hamiltonian

An inspiring motivation for a bilevel approach comes from the following observation and
result. It is known that for OCPs with free final time the Hamilton function H vanishes at
the final time along a solution [16, 7]. Also, as a necessary condition for local optimality,
we expect the reduced cost function J to have zero derivative. In the present setting, the
reduced cost function can be assumed to be sufficiently smooth for our purposes, thanks to
the LTI dynamics and linear-quadratic cost functional. A link between Hamilton function
‘H and the reduced cost function j is established by Theorem 1 and exploited to solve the
upper level Problem 2.

Theorem 1. Consider the free finite time-horizon Problem 1 along with assumptions
(A1)-(A4) and the reduced cost function J as defined in Problem 2. Let (xp,ur) be the

unique solution to Problem 3 given final time T, and Ar the associated multiplier. Then

T'(T) = H (w1 (t), ur(t), Ar(t)) (15)

foranyt € [0,T] and T €T.



Proof. Define a reduced cost function J : I' — R through the solution of state and control
for a given final time, such that function 7 associates to any feasible value assigned to the
final time the corresponding optimal cost in the sense of Problem 1. For any T € I, the
reduced cost is formally given by

j(T> = j(i’(~,T),ﬁ(-,T),T) ) (16)

where, for any given T € I, functions z(-,7) € X(T') and u(-,T") € U(T) solve Problem 3
with given final time T. Let function \(-,7) € W'°°([0,T],R") and vectors i(T) €
R™ and 7(T) € R! be the multipliers associated to the solution (Z(-,T), (-, T)). Then,
Equations (1), (2), (6), (8), (9) are necessary optimality conditions (NOCs) [16, 7] and are
satisfied by aforementioned functions, for any given T' € I', by definition. Let us define the
auxiliary cost function 4 : I' — R augmenting the reduced cost with constraints, namely
as

F(T) = T(T) + (T (w0 —2(0,T)) +7(T) " (yr — Cra(T, T)) +

T ~
+/0 N7, T)" [A%(7,T) + Ba(r,T) — (1, T)] dr  (17)

for any T' € I'. From (17), substitution of cost functional (4) and Hamilton function (5)
and integration by parts yield

S(T) = 5 (B0 T) ~ &) Qr (3(1,T) — &) +
+ (1) (x0 — 2(0,7)) +
+i(T) (yr — Cr&(T,T)) +
o[ [H[T, T) + M(r, T) " &(r, T)} dr+

- AT 1) (18)

with [¢t,T] = <:E(t,T),ﬂ(t, T), S\(t,T)) for any ¢t and T'. Notice that auxiliary function 7,

as defined in (17), is identical to J because Z(-,T) and @(-,T) are by definition solutions
to Problem 3 for a given T and thus satisfy constraints therein, namely NOCs. Then, it
holds J(T') = A(T) for any T € T and, furthermore, it is also J'(T) = 7/(T), for any
T € T'. Hence, formal differentiation of 4 at T' € I from (18) yields the derivative J'(T).
After substitution of NOCs (1), (2), (6), (8) and (9), Hamilton function (5) and some
rearrangements, it reads:

- T T - -

ﬁ/(T) = H[Ta T] - j(a T)TA/T(v T)i| + / |::I;:f(7_a T)T)‘/T(7-> T) + j(Tv T)T ;S{T(T? T) dr.
0

. (19)

Since the partial second derivatives of A are continuous in a neighborhood of (7,7, given

T € T', owing to Schwarz’s theorem, it holds A/ (7,T) = N, (7,T) for any 7 € [0,T].

0



Hence, substituting the last term, thanks to the fundamental theorem of calculus, Eq. (19)
becomes

~ T ~
wﬂ_ﬂwijmjf%@ﬂﬁ#ﬂ;;ﬁhjf%@j)m

=H[T,T] . (20)

The result in (15) directly follows from Eq. (20), the equivalence of J and 7 along solutions
and noticing that, for autonomous dynamical systems, the Hamilton function attains a
constant value along solutions [7, Thm. 7.1.6]. O

Remark 7. Under mild assumptions on existence and uniqueness of solutions, Theorem 1
can be easily extended to a larger class of OCPs with nonlinear dynamics, cost and coupled
boundary conditions.

Remark 8. The assumptions on existence, uniqueness and differentiability of these op-
erators result from the implicit function theorem. This requires the mappings to be locally
invertible, i.e. surjective and homeomorphisms. Intuitively, these conditions hold if and
only if the final time influences the optimal control and state trajectory. We argue that
meaningful free final time OCPs are those in which the final time affects the solution.

Remark 9. From the upper level perspective, as stated in Problem 2, the optimization
problem consists of finding a minimizer T* of J. Assumption (A8) and continuous differ-
entiability of the reduced cost function J at T* make condition j’(T*) = 0 necessary for
(local) optimality. This condition can formally be adopted in order to find a solution to
Problem 2. If a time transformation technique is applied, the evaluation of J', if needed,
might be quite involved. Instead, by exploiting Theorem 1 within a bilevel approach, this
evaluation turns out to be straightforward.

2.5 Free time LQR: the upper level problem

For an autonomous-system fixed-final-time problem the Hamilton function (5) is constant
with respect to time along a solution [7, Thm. 7.1.6]. Furthermore, for a free-final-time
problem the Hamilton function (5) vanishes almost everywhere in time along a solution
[7, Thm. 7.1.8]. Thus, considering the original free-final-time Problem 1, being a linear
time-invariant system also autonomous, the following condition must hold along a solution:

H (2" (), u" (1), A*(£)) = 0 (21)

for a.e. t € [0,7*]. At this point, the result established by Theorem 1 can be better
appreciated with a broader view on the problem. After noticing that along a solution

the optimal control is equivalent to the optimal feedback (7), i.e. u* = ug,(z*, \*), let us
introduce the function h : R™ x R™ — R, defined by h (x, \) := H (x, ug,(z, \), A), for any

10



x € R", X\ € R™. Substituting (5), (7), (11) and rearranging terms yields

Mz, A) =w+ % <ufb(:§;, A))T = <ufb(g;;, /\)> +
A4 B ( g )

(2, \)
.
~or3 () o | G) 2

=W

where W = W, being M, and M), symmetric and M, = —M,); see (11). From (21)
and the definition of h, it follows that h(z*(¢), A*(¢)) = 0 must hold for a.e. ¢ € [0,7*]. In
particular, this necessary condition must hold at the initial time. Thus, an optimal final
time 7™ satisfies

h (wo, A (T*,m0)> ~0 (23)

being (necessarily) 2*(0) = xo and A*(0) = X (T*, o), as discussed in Section 2.3. We
emphasize that condition (23) is necessary for optimality of a solution, but in general not
sufficient. In fact, similarly to (21), it is satisfied by any final time corresponding to a
stationary point of the reduced cost function J; see Problem 2.

Given an initial state o for Problem 1, let us define an auxiliary function 4 : R — R,

based on h, such that A(T) := h (.’IJ(), T, :Jco)>, for any T' € T'. Then, necessary condition

(23) can be rewritten as h(T*) = 0. Using the notation from Theorem 1, the equation
h(T) = H[0,T] holds true, by definition, for any 7" € I'. We should remark now that, from
the discussion in Section 2.3, evaluating \(T,zg) can be interpreted as solving Problem 3

with given final time 7. Then, owing to the definitions, a root of A is a root of the map
T—H <:U0,Ufb($o, T, x0)), AT, x0)> too. Furthermore, this is also a root of the map

T — J'(T), as shown in Theorem 1.

In the following, we will also consider a function T:R" - I", such that, for any given
x°, an optimal final time for Problem 1 with initial state z° is T° := T(mo) Function 7
can formally be evaluated but, in practice, it corresponds to solving a global optimization
problem, whose solution is not straightforward (nor unique) in general. Nonetheless, an
effective way of evaluating T at 2° is possible when an (accurate enough) approximation
of T° is available. We propose to exploit the necessary condition iL(T*) =0 in order to
iteratively improve the estimation of T* := T(a:o). This root-finding approach is further
discussed in the next part.

Remark 10. The lack of sufficiency for condition (23) mirrors the presence of multiple
stationary points for J, in general. An optimal final time T* for Problem 1 is a global
minimizer of J, and then global optimization techniques should be adopted to avoid local
minima. We highlight that, in contrast to Problem 3, uniqueness of a solution to Problem 1
cannot be guaranteed, in general.

11



Remark 11. Given an initial state xy and the corresponding optimal final time T* :=
T'(z0), a sufficient condition for (local) optimality is given by the positivity of the second
derivative of the reduced cost function, namely J"(T*) > 0. By exploiting aforementioned

definitions and Theorem 1, this sufficient condition can be rewritten as ﬁ’(T*) > 0.

2.5.1 Final time refinement

Given an initial state zo and a guess Tjp) for an optimal final time 7™ := T(x0), we
seek a numerical procedure capable of iteratively refining an estimate of T, while taking
advantage of the necessary condition B(T *) = 0. To this end, root-finding algorithms, e.g.
gradient-based Householder’s methods, can be adopted. Newton’s and Halley’s method
belong to the just mentioned class of methods, and they are algorithms of order 1 and 2,
with rate of convergence of 2 and 3, respectively. Halley’s method, see [1], is suitable for
scalar equations only and for k = 0,1,2,... it generates iterates

h (Tiy)
T[k—H] - T[k] a 7 171
W (Tig) — gh" (Tiw)

(24)

>

A(Tp)
W (Tiw)

If the initial guess Tjo) lies in the basin of attraction of T for a given method, then that
method will return a sequence of estimates {T[k]} ren eventually converging to 1™, i.e. such

that limg_,o Tjx) = 7. Recalling definitions given above, derivatives of the function h
can be evaluated and exploited in order to achieve high convergence rates and improved
robustness. At the k-th iteration, the first two derivatives satisfy

B (Tg) = R (0, AC) ) A () (25)
B (Tg) = B (w0, AC)) Mg () +
+ X () TSy (w0, AC)) M) (26)
where (-) := (T[k},:co) for brevity. Expressions for h), h}, and S\i_p, A%T are obtained

from (22) and (14), respectively; see Appendix A. The refinement procedure is sketched
in Algorithm 2.

Remark 12. [t is noticeable that every refinement iteration requires the solution of an
instance of Problem 3. As discussed in Section 2.3, its solution exists and is unique for
any given final time. Thus, in a sense, the lower level is nothing but a way to compute
the cost function for any given final time, and the bilevel optimization problem is solved
through an equivalent single-level problem.

Remark 13. Assumption (A4) is needed because of the root-finding approach for solving
the upper level problem. Indeed, as discussed in Remark 11, it is J"(T) = h'(T) for any

T eT'. In general, more sophisticated methods are needed to find a root T* of h when it
also holds h'(T*) = 0.
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Algorithm 2 Pseudocode for refinement procedure.
IHPUt: ,I’[()], Zo, W, M7 Fv 6}1’ 5AT

Output: T

for k=0,1,... do
A, 5\%, Aﬁ_,’ﬂT  Tiyy, w0, M > Algorithm 1
B b R = A N, N, o, w, M > Eq. 22, 25, 26
AT « h, k', " > Eq. 24
Tigy1 = Pr (T[k] + AT) > projected update
if ’M < dp or ‘T[kJrl} — T[k}’ < daT then

break

end if

end for

return 7' = T q

The second derivative of h can be exploited to speed up the final time refinement
(and enlarge the convergence basin) through a higher-order root-finding Householder’s
method; hence, recalling (26), one has to compute A%T with, e.g., Algorithm 1. In the
case I' is a compact set, a projection step, denoted Pr, might affect the Halley’s update in
order to obtain a feasible final time, see Algorithm 2. In Appendix B we derive necessary
complementarity conditions for optimality of the free final time and develop a simple yet

effective projection scheme to deal with them.

3 Free time model predictive control and exploitation of the
bilevel problem

This section discusses the implementation of free-time LQR within an MPC loop, that is
the main application motivating this work.

Please note that a standard implementation of MPC would require a nonlinear pro-
gramming (NLP) solver for the nonlinear and nonconvex free-final time subproblems in
each MPC step. In contrast, the method developed in Section 2 does not require an NLP
solver but merely a method for finding a root of a scalar equation involving the Hamilton
function. With Halley’s method a very fast third order method is available for this task.
Note further, that the lower level LQR problems, which implictly enter in the root finding
problem, can be solved exactly for a given final time.

Similarly to Section 2.1, let a continuous-time linear time-invariant system be given
and described by matrices A, B and Ct and let vectors xg and yr be the initial state and
a desired final measurement, respectively. Also, let II and Q1 be symmetric cost matrices
and w > 0 a positive time cost. Let ¢ denote time and {t;}5_, a time grid, from initial
time ¢ty = 0 to a certain final time ty, with Aty (=t —tp_1 > 0for k =1,...,N. At
each and every time point ¢, kK = 0,..., N, a control command uj has to be sent from
the controller to the plant; control action wuy is applied during the time interval [tx, txy1).

13



Meanwhile, an estimate of actual system state is given to the controller at some time
points, possibly on a different time grid {t’,g}évzo, with 7 € (t—1,t;) for k=1,..., N and,
for simplicity, t§ = to. At time 7, state estimate of is made available to the controller,
e.g. through a full-state observer, and represent a possibly noisy/perturbed estimate of
the internal state of the system under control. Within the MPC framework, the control
sequence {uy}Y_, is built as follows:

(0) set k < 0;
(1) estimate state o := o (tg);

(2) solve OCP, i.e. Problem 1, from time ¢; and initial state o; denote ug_n : [tx, tn) —
R™ the resulting optimal control;

(3) send command uy, := ug_,n(tr) to the plant;
(4) if Kk < N, set k < k+ 1 and repeat (1)—(4), otherwise quit;

There are many issues in this procedure when applied in this straightforward manner; for
instance, the piecewise constant nature of the control action in time should be accounted
for in the formulation of the OCP. Another subtle issue is due to finiteness of computa-
tional power (that cannot be overcome) and timing. Specifically, the control command
uy is indeed optimal in the sense of OCP if applied when the system state is exactly op.
Assuming the controller receives an error-free state estimate, estimate oy, of system state
at time t; should be available to the controller before time tj is eventually reached, and
this anticipation should compensate for the time needed to execute step (2). On the other
hand, predicting the future system state might introduce errors, e.g. due to modeling
approximations; thus, the time horizon for prediction should be kept at a minimum. From
these considerations, we conclude that the execution time for solving the OCP at step (2)
should be as short as possible. Furthermore, we argue there exists a trade-off between
time effort and solution accuracy, in the sense that, up to a certain degree, a rougher
approximation of the solution might be compensated for by a shorter computational time,
while still resulting in an effective control loop.

As a contribution of this work, we propose a three-steps procedure developed to face
the aforementioned timing issue arising in online control tasks. As mentioned in the in-
troduction, Section 1, this strategy is inspired by and shares some features with predictor-
corrector methods from numerical analysis, sensitivity analysis [7] and real-time iteration
scheme with initial value embedding [5]. In particular, considering the k-th time slot,
after time t;_; but before the next state estimate is available, at time t7, both a refine-
ment and a prediction phase take place. The latter generates estimates of future system
states, specifically at time t7 and ¢, and corresponding sensitivities, based on quantities
polished/made more accurate during the former refinement phase. Then, after estimate
oy is read, a correction phase updates previous estimates based on discrepancy between
those and the last measurement, through sensitivities. Finally, the control input can be
calculated from these corrected quantities and commanded to the plant (hopefully, not
after time ty).

14



At the initial time tg, the procedure requires an initialization phase, whose aim is to
compute the optimal final time Ty given initial condition oy at ty. Then, the optimal
control command ug is given by the solution to Problem 3 with final time Ty. Hence, in
practice, this initial step consists of solving Problem 1 without any good guess for the
final time. We claim that, regarding this procedure, a method seeking global optimality
should be preferred to one relying only on necessary optimality conditions. In fact, an
inaccurate approximation of a global minimum might be more beneficial and effective
compared to a precisely identified local minimum. This crucial observation stems from
the local convergence properties of the developed method; see Remarks in Section 2.2
and 2.5.

The refinement phase has been discussed at the end of Section 2.5. In the following
Sections 3.1-3.3 the main ingredients for prediction and correction steps are developed
and analyzed. Finally, the overall procedure is summarized in Algorithm 3.

3.1 Final time prediction

Let a3 and T} be system state and optimal final time, respectively, at a certain time tg;
final time T}, is meant to be optimal in the sense of Problem 1 with initial state x;. In this
Section we construct and discuss a way to predict future values of the optimal final time.
In practice, given a future time point tyy1, tx11 > tr, we aim at generating an a priori
estimate of Ty 1; this, in principle, requires solving Problem 1 with initial state x41.
Assuming that the mathematical model is an exact representation of the system behav-
ior, we can proceed with the following reasoning, based on both intuition and Bellman’s
optimality principle: if the actual system evolution follows exactly the predicted one, the
final time will evolve accordingly, and thus it will reduce of the same amount elapsed
between two time points. From this observation, one could draw as a conclusion that

Tk+1 =T — (tk—i—l — tk). (27)

In order to substantiate this statement, let us consider the continuous-time system whose
evolution satisfies the following initial value problem (IVP):

At) = MT(t), z(t)) , >0 (28)
T(t) = T(x(t))
(2(0) = 20

This system describes the closed-loop behavior of the linear system (1), with boundary
conditions (2), when optimally-controlled through FLQR in an MPC scheme, i.e. by
solving a different instance of Problem 1 at every time, in continuous-time, starting from
initial state zo. In (28), functions T, X and ug, formally condense the solution to Problem 1.
It is noticeable that, in this closed-loop model, the optimal final time is represented by
a time-varying function. Let zcr, ucr, AcL, Tor denote the state, control, costate and
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final time trajectory, respectively, solving IVP (28). This closed-loop state evolution zcr,
should match the one predicted at the initial time by solving Problem 1, which is the best
achievable, by definition, neglecting disturbances, being it a solution to FLQR starting
from initial state xg. As seen in Sections 2.3 and 2.5, the open-loop evolution can be
interpreted as the solution to the following IVP:

x(t) = Az(t) + Bu(t)

u(t) = ugm((t), A(t))

At) = AT)\( t) — Qz(t) — ST u(t) , t>0 (29)
2(0) =z

A(0) =A( (o), o))

For consistency, let xor,, uoL, Aor, denote the state, control and costate trajectory, respec-
tively, from the open-loop dynamics in IVP (29), with optimal final time Tor, := (o).
Aiming at the best performance, we would like the closed-loop evolution to match the
open-loop one, i.e. to have xor(t) = zcw(t) for any ¢ > 0 (at least ¢ € [0,T01,]), for any
instance of Problem 1, i.e. for any cost functional, dynamics and boundary conditions.
The following result establishes a link between this matching and a characterization useful
for predicting the optimal final time.

Theorem 2. Consider solutions to IVPs (28) and (29). Then, condition xcr(t) = zoL(t)
holds true for any t >0, for any arbitrary boundary conditions, dynamics and cost func-
tional, if and only if Tor(t) = —1 for any t > 0.

The proof of Theorem 2 is reported in Appendix A. With this observation, finally, one
can realize that (27) expresses an exact discrete-time version of the optimal final time
time-derivative. O

Remark 14. Optimal final time prediction, as discussed here, returns an a priori estimate
by using information available up to the actual time. Then, disturbances and inaccuracies
cannot be accounted for during this phase, because they are still unknown, but their effect
should be compensated for through the correction step.

Remark 15. Considering a continuous-time closed-loop system might be an approrima-
tion of the underlying discrete-time nature of the controller, but it is adopted in order
to easily obtain a prediction of future optimal control. Typically (digitally implemented)
controllers apply piecewise constant-in-time control inputs, so continuous-time MPC as in
(28) does not represent the closed-loop dynamics. However, the approximation error likely
becomes negligible as sampling time/control frequency gets short/high enough. It should be
highlighted also that this continuous-time approximation is commonly accepted, and most
of the times it is present from the very beginning, see for instance Problem 1. These in-
teresting modeling issues might heavily affect the analytical and computational aspects in
simulation and optimization, but they are beyond the scope of this work and will not be
further discussed here.
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3.2 State prediction

As mentioned at the beginning of Section 3, in order to minimize the delay between
state measurement and control command, we aim at anticipating as much computation as
possible. Then, we seek a prediction of both, the measurement itself and the state when
control signal will be eventually sent.

Let us consider the linear dynamics (1) with a constant control input, say u,, for time
t > t,, and given initial state x,, namely

z(t) = Az(t) + Bu
®) ®) “ Lt >, (30)
x(ty) = x4
Given time tp, t, > t,, we are interested in xp := x(t) and Sy, e, = Vg, 2p. From

LTI systems theory [10], we have that the solution to IVP (30) for ¢ > ¢, is given by
z(t) = eAlt-tadg, + fti eAt=7) By, dr and thus we can get x; just by evaluating it at
time ?,. It is also clear that the sensitivity matrix S;,s,, i.e. the sensitivity of x
with respect to z,, is given by the matrix exponential, namely S, ., = e(v~t) By
substituting indexes a and b with those corresponding to previous control command, say
time t;_1, and next state measurement, at t7, respectively, we can get an estimate for the
state measurement 7. Then, shifting ahead and substituting indexes a and b with those
corresponding to state measurement, ¢7, and next control command, ¢, respectively, we
can get an estimate for state x; at time ¢; and sensitivity Sxiﬁxk,. These two quantities
allow to update the prediction of system state zj once the state measurement is available
at t7. The role of this sensitivity update, or predictor-corrector, strategy becomes clearer
within Algorithm 3.

Remark 16. Notice that xp, can also be computed by adopting standard integrators, e.g.
the Runge-Kutta methods, instead of relying on the matrix exponential. Similarly, matrix
Sra—a, can be obtained through sensitivity analysis [7].

Remark 17. It is possible to predict/estimate state, and corresponding sensitivity, also
considering a continuous-time MPC loop, as in Section 3.1. The reason why here we model
system dynamics with piecewise constant-in-time control input is twofold: it is likely more
realistic, as discussed in Remark 15, and leads to less involved expressions and computa-
tions.

Remark 18. In Section 5.1 the optimal final time is forecasted by considering a continuous-
time MPC system as a model. Here, instead, the future state is predicted by means of a
system with piecewise constant-in-time control input. Let us denote T}, and xji the opti-
mal final time and state estimates, respectively, corresponding to time tp. It is a subtle
but crucial point to understand that T # T(:rk) in general, because of the two different
adopted models. This means that, even in a disturbance-free environment, final time esti-
mate Ty, has to be corrected in order to satisfy the necessary condition (23). The need for
an a posteriori update is even more clear in view of possible noise and additional modeling
inaccuracies. The basis for this correction are discussed in the next Section 5.5.
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3.3 Final time sensitivity

The idea is to estimate the sensitivity of the optimal final time 7™ with respect to the initial
state z¢ and then to update/correct the final time prediction, Section 3.1, based on the
actual state estimate obtained through measurement and sensitivity update, Section 3.2.
This takes inspiration from real-time iteration scheme, in particular from the initial value
embedding [5]. More precisely, we seek the gradient of function T defined in Section 2.5.
Owing to its definition, it turns out that necessary condition (23) is satisfied, in the form
(31), for any x € R™

h (x, A (T(az), x)) =0. (31)

Equation (31) implicitly defines (at least locally) the function 7' and hence, through the
implicit function theorem, it is possible to find its gradient.

Let 29 € R™ be a given (predicted) initial state and T* := T'(z0), A° := A(T*, ) the
corresponding optimal final time and initial costate, respectively. By differentiating the
implicit constraint (31) with respect to x at xo and recalling (25), one gets

0 = Hl (w0, A°) + B (@0, A°) | N (T, o) Th () + X (T, 0)|

7 *\ dh N *
= I (1) Ti(ao) + - (w0, A (T, 20) )
and then "
1 (XN ! o uh \ *
W () Ty(wo) = =5 (w0, A (T, 20) ). (32)

Given prediction xg, let us denote S, 7 := T " (x) the final time sensitivity with re-
spect to the initial state. Then, for any updated initial state x, hopefully in a neigh-
bourhood of xy, we correct the final time prediction by assuming a first-order Tay-
lor approximation of T around . Thus, the corrected final time T is chosen to be
T:=T*"+ S,,7 (x — x0), as implemented in Algorithm 3.

Remark 19. In order to evaluate the gradient ’f}é at xg from (31), the implicit function
theorem, requires h' (T*) # 0; compare (32). This condition can be expressed also in terms
of the reduced cost function, namely J" (T*) # 0; see Section 2.5 and Theorem 1. As
highlighted in Remark /, though, Assumption (A4) allows only those cases in which that
necessary condition holds and hence the implicit function theorem applies.

3.4 Algorithm

The Predictor-Corrector-Refiner (PCR) procedure is reported in Algorithm 3. Therein,
the control input is commanded before executing any refinement step. This reduces the
time between the state measurement and the control command. Nevertheless, depeding
on the time constraints, one could perform some degree of refinement, devoting more time
but likely improving the optimal control estimate. As an initialization procedure, one
can perform a refinement step, namely execute Algorithm 2, given the initial state and a
guess for the optimal final time. Also, one can check the goodness of the initial guess by
inspecting the sufficient optimality conditions, see Remark 11.
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Algorithm 3 Pseudocode for PCR algorithm
Input: Tk,l‘k7Ak,uk,Tk,T§+1,Tk+1,Fk+1
Output: Tk+1, karl’ )\k+17 Maan'

PREDICTION

Tk+1 _ [Tk + 7k Tk+1]rk+1 > final time
xg-f—l’ s S xk:7 uk7 Tk, ,7_[lr€-|-17 Tkt > state
Sposg — TEHL TRHL > state sensitivity
Spyp — ThFL ghtl > time sensitivity
read input o*+1 > measured state
CORRECTION

Ar = Szg%z (O.k:+1 _ x(l;Jrl)

Zh Tl gkl L A > initial state
Tk+1 [Tk+1 + Sx_f[A;U] - > final time
AL — 3 (TH+1, gh+1) > initial costate
uFtl = g (wkﬂ, )\’f+1) > initial control
write output uft? > commanded control
REFINEMENT

Th+1 Tk—&—l’ $k+17 rk+1 > final time

4 Numerical results

We consider an overhead crane as an example problem to test the effectiveness and ro-
bustness of the proposed approach and method, Fig. 1. This might also be a reasonable
application for the free finite time-horizon LQR because, we argue, there might be a trade-
off between minimizing required time, control effort and oscillations of the payload. For a
comparison with a pure minimum time controller, see [4].

4.1 Linear overhead crane-trolley system

Let us consider a mathematical model of an overhead crane with fixed cable length L > 0
and let z, v, # and w denote the trolley’s horizontal position, velocity, the load’s angular
position, and its angular velocity, respectively. Let M > 0 and m > 0 be trolley and
load mass. A horizontal force applied onto the trolley is the input available to control
the system dynamics. Also, gravity force, horizontal and angular linear viscous frictions
are considered, with parameters g > 0, ¢, > 0 and ¢y > 0. By adopting, e.g., the Euler-
Lagrange equation, one can obtain a nonlinear autonomous dynamical system with affine
control input and state-dependent symmetric nonsingular mass matrix. In order to get a
linear system, it suffices to assume small and slow oscillations of the load, namely cos 8 = 1,
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Figure 1: Schematic representation of the system under consideration.

Table 1: Model parameters.
M =10kg m = 1kg L=1m
¢z =0.01Ns/m ¢y =0.01Ns/rad g¢g=9.81N/kg

sinf ~ 0 and w?siné ~ 0. Thus, it reads:

1 0 0 0 7 0 1 0 0 x 0
0 M4+m 0 mL vl |0 —cy 0 0 ) 1
o o 1 ollélTlo o o 1|le|T|o|™
0 mL 0 mL? w 0 0 —mgL —c w 0

Physical quantities with measurement units are expressed in terms of fundamental SI
units, which are omitted. Model parameters are reported in Table 1. The control task con-
sists of steering the system from an oscillating behaviour to rest in a different position. The
initial state is set to be zy = (1,0,0.1, —O.1)T. A hard constraint is imposed on the final
velocity, while terminal costs penalise the other states, through matrices Ct = [0, 1,0, 0]
and Q7 = diag(84.4358,0,259.8704, 800.0685) respectively; all the states are subject to
running costs. Other parameters related to the control problem are here reported: w = 1,
&r=0,yr =0, R=0.1, 5 =[0,0.9619,0, 0], @ = diag(0.0046,0.7749,0.8173,0.8687). Ex-
cept for the control cost, cost matrices have been generated with uniformly distributed
pseudo-random numbers. The sampling time is 75 = 0.2's, whereas the optimal final time
is about 3.7s, as found at the initial time, meaning that the control system is (on pur-
pose) relatively slow compared to the system dynamics. State measurements are taken
AT, = 0.05s before the control input is to be commanded. Zero-mean Gaussian indepen-
dent noise is adopted to simulate the measurement process, yielding 0¥ = z(t*) 4 ¢ where
€ ~ N(0,%) with covariance matrix ¥ = diag(10~%,107%,107%,10%). The tolerances for
the refinement phase performed by Algorithm 2 are §, = 10~* and da7 = 10~%. Finally,
as commonly adopted in the MPC setting, a piecewise constant control input is used, that
is, the commanded control is kept constant until the next iteration updates its value. In-
stead, the underlying LQR considers and provides a continuous optimal control function.
Introducing this approximation in the dynamics, the closed-loop control tasks is harder
and more realistic.
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Figure 2: Refinement procedure: final time 7" (top), Hamilton function h and time stepsize
AT (bottom), starting from two guesses (solid and dashed); see Algorithm 2.

At the initial time, i.e. for the first MPC step, the optimal final time has to be esti-
mated. To this end, the refinement procedure sketched in Algorithm 2 is executed, starting
from a guided initial guess. In fact, the same routine is called at each and every MPC step,
after the control input is commanded, see Section 3.4. Given an initial guess sufficiently
close to the optimal point, the third-order root-finding method discussed in Section 2.5.1
ensures fast convergence, as depicted in Fig. 2 for two starting points. Therein, the step-
size |AT| and the residual |h| reach the numerical precision after 5 iterations. For the
sake of comparison with a standard approach, the following test was conducted. The free
final time OCP was solved, through time transformation, by using the software package
OCPID-DAE1 [8] (direct single shooting, 101 equidistant grid points, piecewise constant
control parametrization), starting from a dummy initial guess of state and control. The
solution matched the one obtained previously, with final time 7* = 3.703s. However, in
order to have a fair comparison in the MPC context, a warm-starting must be consid-
ered. Hence, the latter numerical solution was stored and re-used as initial guess for the
very same problem, just slightly changing the guess for the final time (+0.05s). Running
OCPID-DAE1 with the modified initial guess resulted in the convergence to the same
solution as before, but only after 12 iterations. Surely this result is not conclusive, but it
suggests the merit of the proposed approach, which is tailored for the considered problem
class.

The evolution of the system during MPC is depicted in Fig. 3, where also predicted and
actual measurements are reported, along with the initially planned open-loop evolution.
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State x

—0.5

Figure 3: System state during MPC: state x (black solid line), open-loop evolution zor,
(grey solid line), predicted state measurements z, (red circle) and actual state measure-
ments o (black dot). The box is zoomed in and depicted in Fig. 4.

Fig. 4 shows a zoom from Fig. 3, where true, predicted, corrected and refined quantities
are better displayed.

We point out that the presence of a hard terminal constraint makes it more difficult to
steer the system toward the desired state, especially with noisy unfiltered measurements.
In fact, at around ¢t = 3.6, the state trajectory exhibits a jerky behaviour, see Fig. 3.
We argue that, when close enough to the desired state, the optimal control becomes
highly sensitive to disturbances; this explains the abrupt change in the state trajectory.
Numerical tests suggest to substitute the hard constraint with a terminal penalty cost, in
order to get a smoother evolution, when the distance from the desired state is comparable
to the noise level. This issue is not further discussed within this paper.

The commanded control input u corresponds to corrected state and final time esti-
mates, see Section 3.4. In fact, on purpose we have not allowed for refinement before the
control input is commanded, but only the sensitivity update after the state estimate was
available. Closed-loop control ucy, is computed with the same corrected state estimate but
with the refined final time. Hence, the gap between these two curves in Fig. 5 highlights
the effectiveness of the sensitivity update after the state measurement. It is noticeable
that this gap is often much smaller than the discrepancy with predicted control input,
see zoomed box in Fig. 6, proving the importance of the correction step. We point out
also that closed-loop control trajectories approach the initially planned open-loop control
input, Fig. 5. Nonetheless, some discrepancy arises after ¢ = 2s. We argue that the
piecewise constant control approximation and the noisy readings steer the system away
from the optimal state evolution. Hence, the actual state evolution is suboptimal but the
(closed-loop) controlled system is still able to (approximately) reach the desired state, see
Fig. 3.
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Figure 4: Trolley velocity zoomed in from Fig. 3: velocity v (black solid line), initially
planned open-loop evolution voy, (grey solid line), predicted measured velocity v, and next
initial velocity (red circle), predicted evolution with piecewise constant control input (red
solid thin line), measured velocity (black dot), closed-loop evolution vcy, from corrected
state estimate and refined final time (green dashed line).
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Figure 5: Control input during MPC: commanded control u (black solid line), initially
planned open-loop control upy, (grey solid line), closed-loop control ucy, given corrected
state estimate and refined final time (green dashed line). The box is zoomed in and
depicted in Fig. 6.
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Figure 6: Control input zoomed in from Fig. 5: commanded control u (black solid line),
initially planned open-loop control uor, (grey solid line), closed-loop control ucy, given
corrected state estimate and refined final time (green dashed line), predicted control input
given state and final time predictions (red circle).

The expected final time ¢y depends on time via the remaining time 7', Fig. 7. Sub-
optimality of the commanded final time is made visible by the gap between corrected and
refined quantities. However, a single sensitivity update significantly improves the estimate
reducing, if not eliminating, this gap. Notice also that Equation 27 is only approximately
satisfied; it does not hold exactly because of the noise.

The relationships between final time, reduced cost and Hamilton function can be dis-
cussed based on Fig. 8. Quantities corresponding to six consecutive time steps, fromt = 1s
(black) to t = 2s (light grey), are plotted therein. As one might expect from Theorem 2
and Bellman’s optimality principle, both the optimal final time and the optimal cost de-
crease in time, Fig. 8. While function J changes, the algorithm is able, within certain
limits on disturbances, to track the optimal point of operation. Accordingly, as depicted in
Fig. 9, the reduced Hamilton function h attains values close to zero when evaluated at this
optimal final time. Notice that one can check (local) sufficient condition for optimality at
every time step, by just looking at the slope of function h at the optimal final time, see
Remark 11.

The developed method and the testing environment for these numerical tests have been
programmed in plain MATLAB language. The computational effort in terms of elapsed
time is approximately as follows: fixed-time LQR problem [1.4 ms], prediction step [5.1
ms|, correction step [0.17 ms], refinement step [7.1 ms|. These valued are reported for
completeness and should be compared against optimizers with similar implementations.
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Figure 7: Optimal final time during MPC: piecewise constant commanded final time
(black solid line), initially planned final time Ty, (grey solid line), closed-loop final time
Tcr, given corrected state estimate and refined final time (green dashed line), optimal final
time prediction (red circle).
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Figure 8: Reduced cost function J based on both predicted (dashed) and corrected (solid)
state estimates, corresponding to six consecutive time steps, from ¢t = 1s (black) to ¢ =
2s (light grey). Predicted (red circle), corrected (blue plus) and refined (green cross)
remaining time 7.
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Figure 9: Reduced Hamilton function h based on both predicted (dashed) and corrected
(solid) state estimates, corresponding to six consecutive time steps, from ¢t = 1s (black) to
t = 2s (light grey). Predicted (red circle), corrected (blue plus) and refined (green cross)
remaining time 7'.

5 Conclusions

We presented a solution strategy for linear-quadratic optimal control problems with free
final time and terminal state constraints. The proposed method exploits a bilevel refor-
mulation and is effective especially if repeated solutions are required, e.g., within an MPC
scheme. We established relations between the reduced objective functional of the upper
level problem and the Hamiltonian function, which justify the proposed method.

Future work addresses the extension towards nonlinear and nonautonomous system
dynamics. In the latter case, the condition of the Hamiltonian changes as it is zero only at
the final time. Moreover, matrix exponentials have to be replaced by numerical integration
methods. The extension towards nonlinear system dynamics requires numerical solution
techniques to solve the lower level problem. Herein, issues with local minimizers and
non-uniqueness arise.
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A  Proof of Theorem 2

The aim of this Section is to show that condition Tcy,(t) = —1 for any ¢ > 0 is necessary
and sufficient to guarantee that open- and closed-loop evolutions match, in the sense
suggested in Section 3.1, i.e. zcr(t) = xop(t) for any ¢ > 0.
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Owing to the state differential equations and initial conditions in IVPs (28) and (29),
state trajectories match if and only if control trajectories do, i.e. ucy(t) = uor(t) for any
t > 0. Then, because of the feedback control law (7), this is equivalent to Acr,(t) = Aor(t)
for any ¢ > 0, that is, costate trajectories match, too. Moreover, starting both from the
value A(T'(x0), o), the latter condition is equivalent to Acp(t) = Aor(t) for any ¢ > 0.
Starting from (28)—(29), and with results from Sections 2.3 and 2.5, we seek an expression
of the latter condition in terms of Tcr,. Omitting ¢ for clarity, these read

Aer = Np(Ten, zen) Tor + N, (Tow, zor)dcr (33)
Aor = Myzzor, + Mo (34)

Owing to linear system (14), we can express function \ at any (T,z) € T x R" as A\(T,z) =
[In Onxi] 8(T, ), with §(T,z) := A=Y(T)b(T,z). Furthermore, one can evaluate the
derivatives of § and then those of \; see Algorithm 1. Expressions for the derivatives of A
and b can be analytically obtained from (13)—(14):

~ B CTE; (T) 0;

Ar(™) = [QTE;A@)A—E;A(T) 0] ’ (35)
-, B —CrEL,(T)x
br(Tr) = ([E’M(T) QrEL(T)] > ’ (36)
y B —CrEy(T)
ba(Tw) = [EM(T) ~ QrEs (T)] (37)

Let us define, for future convenience, also ¥(7T') € R™2" and its two n x n sub-blocks,
for any T € T, as

—C1  Oixn
_QT In

Let us express terms in (33) using (11), (14), (28), matrix exponential E(7") and (35)—(38).
After lengthy calculations they read, omitting ¢:

WD) = (1) WD) = (1 O] A7) | [EC

Np(Tew, zow)

= [I, Onwxi] A7 (Tcr) - [B/T(TCLaCUCL) - A,T(TCL)g(TCLaﬂJL)]
— U (Tor) M §0L> (39)
CL
and

Ny (Tew, zer) @et
= [In Opxt] A™N(TeL)b,(Ten, mer) - [Azcr + Bugm, (zer, Acy)]

. I, 0, ZCL
— (T [On On]M ACL>' (40)
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Owing to the work of Lu and Shiou [12], further expansion of matrix Wo(T) in (38), T € T,
after rearrangement, yields

Uy(T) = —1I, (41)

Substituting (39)—(41) into (33)—(34) and noticing that xcr(t) = zoL(t) and Acp(t) =
Aor(t) hold for any t > 0, after rearrangement, the matching condition reads:

0 = [[Feut) + U0 (Ter() —[Fen) + 1] -3 (5040) (42
for any ¢ > 0. Since this equality holds true for any pair of IVPs (28)—(29), meaning that
matrix M and vectors zor,(t), Aor(t) can attain any value, an equivalent condition is that
the matrix on the left is identically zero at any ¢ > 0, namely, from (42):

{%:ymgo+uwmﬂmw) £>0. (43)

0, = —[Tcr(t) + 1)1,

Finally, the proof concludes because there exists an unique solution to (43), hence necessary
and sufficient condition, that is Ty, (¢) = —1 for any ¢ > 0. O

B Box-constrained final time and Projection

This section addresses necessary optimality conditions for the free box-constrained final
time in the case I' := [T}, T;,] with finite positive lower and upper bound 7; and T, T; < T,
namely I'" is a nonempty compact set. Lagrange multipliers (; and (, are introduced
for the lower and upper bound, respectively. Recalling Hamilton function H from (5),
the necessary conditions corresponding to the inequality constraints on 7', satisfied by a
solution, read

H[IT* ]+ —¢ =0

0<¢ L T°<T, (44)

0<¢ L T >T,

where H[T| denotes the Hamilton function evaluated along the solution corresponding to
final time T'. After some rearrangements, condition (44) can be expressed equivalently as

{T* =1, {T* €T | {T* =T, 45)
H[T*] >0 H[T*] =0 H[T*] <0

The implemented projection scheme, consisting of the root-finding algorithm and a pro-
jected update step, see Algorithm 2, satisfies

(46)



where Pr denotes the projection operator onto I'. In practice, the unconstrained optimal
final time T is first computed, through the vanishing condition, as in Section 2.5, and
then projected onto the feasible set I'. When T° € [T;,T,], conditions (45) and (46) are
equivalent. When 7° < T; or T° > T, instead, another condition is needed to make (45)
and (46) equivalent:

H'[T) >0, T closetoT*. (47)

In particular, first-order Taylor expansion of H at T*, along with (47), implies (45) from
(46) and viceversa. Finally, from Remark 11, we stress that this property can be a pos-
teriori checked and has an important meaning, being it related to the convexity of the
reduced cost function. In fact, one can verify condition (47) every time W is evaluated
within the refinement procedure, see Algorithm 2.
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