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Abstract

The paper introduces minimum effort control problems. These provide an an-
swer to the question of the smallest possible control bound which still allows
to drive the system to a target within a fixed time T". This is a counterpart to
the time optimal control problem which minimizes the time required to drive
the system to the target, given a control bound. The problem is formulated
as an optimal control problem with pointwise constraint on the control. The
necessary conditions of optimality are derived by Lagrange multiplier theory.
The semi-smooth Newton method is applied to a properly regularized prob-
lem. Well-posedness and superlinear convergence of the semi-smooth Newton
method are proved for linear control systems under a controllability condi-
tion. Numerical results are presented for demonstrating the applicability and
feasibility of the proposed method.



1 Introduction

The objective of this paper is to introduce and investigate minimal effort
problems which are formulated as

min % Z;nzl |uj |%oo(0,T)

(1.1) subject to  Lz(t) = f(z(t),u(t)), on (0,T),

2(0) = zo, g(x(T)) =0,

where ¢ > 1 and T are fixed. Here x and u denote the state and the control
variable of the dynamical system that arises as a constraint in (1.1), with
the conditions on f to be specified below. The mapping g characterizes the
terminal constraint on the state. It is assumed that at least one admissible
control u exists for which the constraints in (1.1) are met and such that
the cost is finite. Solving (1.1) requires us to find that control w for which
the magnitude of each control-coordinate is as small as possible uniformly
over the time horizon (0,7). Subsequently the resulting g—mean over the
L>(0,T) norms of the coordinates is minimized.
It can readily be observed that this problem is equivalent to

min ¢35 (7)1
(1.2) subject to  4x(t) = f(x(t),yu(t)), on (0,7),
2(0) = wo, g(x(T)) = 0, u(t) € [-1,1]", v € (RT)™

This is an optimal control problem with bilateral constraints on the control u,
and product structure with respect to the variables v, u. The notation yu is
used for pointwise vector multiplication, i.e. (yu); = vu; fori =1,...,m and
v,u € R™. Further [—1,1]™ denotes the m—dimensional cube with center
zero and axis-parallel edges of length 2, RT = [0,00) and (RT)™ = @, R™.
From the point of view of numerical realization the pointwise bounds on the
controls constitute a significant obstacle, since the controls can be expected
to be of bang-bang type. For this purpose semi-smooth Newton methods,
combined with suitable regularization techniques can be very efficient. We
refer to [IK1, IK2, U] and the references given there. It should be noted that
the proposed approach does note require that the controls are bang-bang, and
in particular, no a-priori knowledge of the structure of the optimal control is
used for the algorithm.



The minimum effort problem has received relatively little attention in the
literature. Let us quote [N], however, were sufficient conditions are given for
the optimal control to be bang-bang, for several classes of minimum effort
problems. In [BCB| multiple shooting and parametric techniques to solve
minimum effort problems for linear system are presented. We also quote
[BPW] for a more recent survey of solving control problems with bang-bang
structure. For time-optimal control problems, a popular numerical approach
depends on re-parametrization of the original problem, for example in terms
of switching times or arc durations, see e.g. [MB, KN|. These techniques
typically require a-priori information e.g. on the number of switching points,
which is generally not available for (1.1). Such type of information is not
required for the algorithm that we propose.

In a more recent paper [BMT] the authors compare indirect methods, in-
volving the shooting method and a homotopy technique, to a direct method
based on an interior point formulation, on a problem involving bang-bang
controls and singular arcs. Second order sufficient optimality conditions
for state constraint bang- bang optimal control problems are investigated
in [MAG] and solved by a direct numerical method based on sequential
quadratic programming, which simultaneously checks the fulfilment of the
second order conditions.

The paper is organized as follows. Section 2 contains the precise problem
formulation and a well-posedness result. The optimality system for (1.1) is
derived in section 3. It is shown that the optimal control may be of the bang-
bang type. Since a semi-smooth Newton method is not directly applicable
to this system, we introduce a regularized problem in section 4. The conver-
gence of the optimal control of the regularized problem is established. The
regularized problem has an advantage that the optimality condition provides
the complete synthesis and the optimal control is Lipschitz continuous. Sec-
tion 5 contains the analysis of the semi-smooth Newton method for the case
of linear systems. Well-posedness and superlinear convergence are proved
under a controllability condition. Numerical results are given in the final
section 6.

2 Problem statement and basics

We consider for ¢ > 1 and zg € R"



min 2 e ()
(2(t) = f(z(t),yu(t)), on (0,T),
2(0) = zo,  g(x(T)) =0,

u e Uad’ Y€ <R+>m

Q.lg‘ Q=

subject to

(P)

Here yu € R™ is defined by (yu); = vu;,1 < j < m, and
Usa = {u € L'(0,T;R™) : u(t) € U = [-1,1]™, a.e.t € (0,T)}.

Further g € CY(R",R") and f € C*(R™ x R™,R"), and it satisfies, for con-
tinuous, nondecreasing functions cg, ¢y, ¢y : RT — R*, and any z € R", v €
Rm,vl € Rm,vz S Rm,

0
(2.1) [f (@, )l + - f (@, 0)] < collz]) + ellz])lvl,
(2.2) [f(z,01) = f(z,v2)] < eallz])]or — 02,
(2.3) (f(z,v),2)rn < (a1 + azlv])(1 + |z|?), for some a;,a; € RT,

where (-, -)gn denotes the Euclidean inner product in R™. It can be checked
that (2.3) is satisfied, for example, provided that (2.1) and (2.2) hold with
co and co bounded from above by affine functions and 8% f(x,0) is globally
bounded with respect to x.

We shall further use the condition:

For every z € Wh>(0, T; R") and every sequence {vy}32,
converging weakly in L?(0,T;R™) to some v € L?(0,T; R™)
there exists a subsequence {vg,}?2; such that

lim f(z,vg,) = f(z,v) weakly in L*(0,T; R").

(2.4)

Note that (2.4) is satisfied, for instance, for f(x,v) = fi(z) + B(z)v, if,
for x € WhH>(0,T;R™), we have B(z) € L>(0,T;R™™ and f; € C(R",R").

Exploiting the pointwise bounds on the controls we have the following
result.



Proposition 2.1. Let (2.1)-(2.3) hold. Then for every xy € R" v € U,
there exists a unique solution T = x(-; xg,v) € Wh*°(0,T;R") to

d
—
dt
and the mapping (zo,v) — x is Lipschitz continuous from R™ x LP(0,T;R™)

to WLP(0, T;R™), uniformly on bounded sets in R™ x LP(0,T;R™),1 < p <
0.

Proof. Let g € R",v € U. Then by (2.1) and the standard theory of ordi-
nary differential equations, there exists a unique solution z € Wh1(0, 7; R")
for some 7 € (0,7] to (2.5). From (2.3)

SO = (r(r), 20 = (F(0),0(0)), 20 < KO+ |20,

where k(t) = a; + az|v(t)|, and thus for ¢ € (0, 7]
()] < exp(2 [y k(s)ds)(|zol* +2 [ k(s) ds)
<exp(2(Tay + aslv|r1)) (|zol? + 2(Tay + as|v|1)) =: M.

(2.5) (1) = f(x(t), v(t), on (0,T), (0) = o,

The continuation method now implies the existence of a unique global solu-
tion to (2.5). Moreover, there exists a constant C' = C(|v|z1) such that

|z|cqo,rrmy < C|wo| + 0|1 + 1).

By (2.1) there exists a constant C' = C(|zo|, |v| L) such that |z(zq, v) |10 <
C(]xol, |v|L=). For two solutions x; corresponding to (xg,,v;),7 = 1,2, we
have

|21(t) — x2(t)| < w01 — 202| + fot |f(z1(5),v1(5)) — f(22(s),v2(s))| ds
< |wo1 — zop| + [ [w(s)|z1(s) — z2(s)| + ca(M)|vi(s) — va(s)|] ds,

where w(s) = co(M) + ¢1(M)]vi(s)|. By Gronwall’s inequality this implies
that

t ¢

() — a(t)] < eapl | () d8) s ~ znal + e20) [ foa(s) = val)] .
0 0

and hence there exists C' such that |z; — Lol oo Ry < C(M)(|xo1 — 02| +

|1 — va|r1). Moreover WP (0, T; R™) regularity of the solutions follows from

(2.1), (2.2) and the fact that v € Uyy. O
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Proposition 2.2. Assume that there exists at least one feasible triple (x,v, )
for (P) and that (2.1) — (2.4) hold. Then there ezists at least one optimal
solution to (P).

Proof. Let {(zk, v, ) }22q, with z; = x(vg, V), denote a minimizing se-
quence for (P). Then {(vg, vx)}32, is bounded in L>°(0,7;R"™) x R™ and by
Proposition 2.1 the sequence {z;}?2, is bounded in W*°(0, T;R"). Hence
there exists a subsequence, denoted by the same symbol, and (z*,v*, v*) €
Whee(0, T;R™) x L>(0,T;R™) x R™ such that (xy,ve, ) — (2%, 0%,7%)
weakly in W2(0, T; R"™) x L2(0,T;R™) x R™. By (2.1) and (2.4) at x = 2%,
we can pass to the limit, on a further subsequence, in %xk = f(zk, Vkvk) to
obtain 42* = f(z*,v*v*),z*(0) = xo and g(z*(T")) = 0. Hence (z*,v*,7") is
feasible. Passing to the limit in Y 7", (7%)] we find that (2%, v*, ") is optimal
for (P). O

3 Optimality system

This section is devoted to deriving an optimality system for (P). Throughout

the remainder of this paper it is assumed that (2.1) - (2.4) hold and that

(x*,u*,v*) is a solution to (P). It is further required that f is continuously

Frechet-differentiable as a mapping from Wh>(0, T;R™) x L>(0,T;R™) to

L>(0,T;R") at (z*,v*u*). For this to hold it suffices that the first derivative

of (z,v) — f(x,v) is Lipschitz-continuous on bounded subsets of R™ x R™.
Let (P) be expressed in the abstract form

(3.1)  min F(u,~) subject to G(u,y) =0, over (u,7) € Uyg x (RT)™.
Here
1 m

Fu,) ==Y (%)% Glu,7) = g(z(T)),

7

where x = x(u,7), is the solution to the differential equation in (P). The
following regular point condition will be used:

(3.2) 0 € int {Gu(u”, ") (Uaa — ") + G5 (u", 7 )(R™) " =77},

see e.g. [MZ], [IK1]. With (3.2) and the regularity conditions on f holding,
there exists a Lagrange multiplier p € R" associated with the constraint
G(u,v) = 0 such that the Lagrangian

E(“? e :U) = F(U, ’7) + (,uv G(“v 7))]RT
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is stationary at (u*,~*) in the sense that

(3.3)  Ly(u*,vy*, w)(u,y) = (1, Gu(u™,v")(u — u*))gr >0, for all u € Uy,

(3.4) Lo,y m)(u, ) = Fy(u',y%) + ' Gy (u”,77) = 0.
Here and throughout the following we assume that
(3.5) v; >0, forall j=1,... 7

From a practical point of view this is not a severe assumption and it avoids
treating special cases or introducing additional Lagrange multipliers.
It is simple to argue that for v € L>(0,7;R™) we have

(3.6) Gu(u",y")(v) = ¢'(2*(T))M(T),
where h € W12(0, T; R") satisfies
d
(3.7) = fa(@®, V)R + fula® ") ("), R(0) =0,

and f,(x*,v*u*) stands for the Frechet derivative of f with respect to the
second variable of f. Moreover, for vy € R™

(3.8) G (u*, ") (67) = ¢'(z™(T))&(T),
where £ € W12(0, T; R") satisfies

39 Deo et Lty ), €0) =0

Let us note that for the special case g(z) = x — z, with Z € R" some fixed
target, the regular point condition becomes a controllability-type condition
with constraints on the controls: There exists some d > 0 such that for each
r € R" with |r|ge < d there exist v € U,y and 6y > 0 such that

r=hT)+&(T),

where h is the solution to (3.7) with v replaced by v —u*, and ¢ is the solution
to (3.9) with dv replaced by dy — v*. Above |- |gn denotes the Euclidean
norm in R™.

Let us, specifically address the regular point condition (3.2) for linear
control systems in the following lemma.
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Lemma 3.1. For a linear control system with f(xz,u) = Ax + Bu with
A € R and B € R™™, with target constraint given by g(x) = x — I,
T € R" fized, the regular point condition (3.2) holds, provided that (A, B) is
controllable, i.e. rank [B,AB, ..., A""1B] = n.

Proof. Since ¢ is the identity, we can use (3.7) and (3.9) to express (3.2) as
the condition: there exists § > 0 such that for every r € R with |r| < §
there exist v € U,q and 6y > 0 such that r = 2(T") = h(T) + £(T), where 2

satisfies
{ 42(t) = Az(t) + B(v*v + dyu* — 2v*u”),

z(0) = 0.
Choosing v = 27* > 0 this results in

{ 2(t) = Az(t) + B(y*v),

(3.10) 00

Define I' = diag(v5,...,7}) and observe that I' is positive definite by the
standing assumption (3.5). Hence the system (A, BI") is controllable since
(A, B) is assumed to be controllable. It then follows that 0 € R™ is in
the interior of the controllable set {z(T;v) : v € Uu}, [MS], page 30, as
desired. O

A first order necessary optimality condition is obtained next.

Theorem 3.1. Let (u*,~v*) be an optimal solution for (3.1) with associated
state x*. Assume that (3.5), and the regular point condition (3.2) are satis-
fied. Then there exist (p, ) € WH(0,T;R™) x R" such that

(3.11)

(dar = (@70, 27(0) = 2o, g(a*(T)) =0,
—ap = fola® ' u)Tp, p(T) = g'(a*(1) ",
(7]‘114—]0 wh (fuz*, v u*)Tp);dt =0, for each j=1,...,m,

L (ful@™(8), v ur(8)Tp(t), u — u*(t)) >0, for a.e. t € (0,T), allu e U.

Proof. Let p € R” be as defined above and let p € Wh>°(0,T;R") denote
the solution to the adjoint equation. Further h is defined in (3.7). Then
(3.12)

%(h(t)ap(t))R” = (fr(xvfyu)h + fu(‘rvfyu)<ryv)ap)ﬂ§" - (fr(‘rvfyu)h7p)R"
= (fu(xaﬁyu)(’yv)ap)R”a
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where for simplicity we dropped the superscript * with x,u and ~ and also
suppressed their dependence on t on the right hand side equations. Similarly
we find
(3.13)

%(5@)’ p(t))R" = (fac (‘Ta ’}/U)f + fu(x7 7“)“ 577 p)R" - (f:c (ZL‘, ’7“)5, p)R"

= (fu(xa Pyu)u 5’77p)R"7
where ¢ is given in (3.9). Integrating (3.12) over (0,7") we find

T

(W(T), p(T))zr = (¢ (&(T)A(T), g = / (Fulz, yu) (). P,

and hence by (3.6)

(3.14) (11, Gty 7))z = / (0, fule, 70) D)o .

With (3.3) this implies the last claim in (3.11). Similarly from (3.13)

(E(T), p(T))gn = (¢ (&(T)ET), ) = / (w8, fulr,yu) p)sn dt,

and thus by (3.8)

(3.15) (10.Gr (1)) = [ (w8 L) p)en .

The third claim in the optimality system now follow from (3.4). O]

Remark 3.1. Concerning (3.5) the proof reveals that if 77 = 0 for some j
then fOT wj (fulz®, v u*) p);dt <O0.

The last equation in (3.11) can equivalently be expressed as

(3.16) wi(t) € —sgn(fu(z* (), Y u (£) p(t);, j=1,...,m,
where

-1 it s<0
sgn(s) =< [-1,1] if s=0
1 it s>0.



The next to the last equation in (3.11) can therefore be expressed as

BIT) () = [ O OF Do)l de = 0. for j = 1.

For convenience we summarize the optimality system thus obtained:
(3.18)
(g = f(a®, ), a*(0) = zo, g(2*(T)) =0,

Lp = fo(z*, v u)p, p(T) =g (T)"p,
(V)7 = [ (@™ (), v ur () Tp(t));| dt = 0, for j=1,...,m
L wj(t) € —sgn(fulz*(t), v u () p(t);, j=1,...,m,

To solve (3.18) projection methods could be applied. Here, however,
our interest lies in the development of a higher order methods like Newton
methods. For this purpose a regularization is introduced in the following
section. As salient feature we look for a regularization that only changes the
system "as little as possible” so that a semi-smooth Newton method becomes
applicable. In particular, we do not regularize sgn by a C?— or even C®°—
function, like —2arctan(cz) for a large value of c.

4 Regularization

For € > 0 consider the family of regularized problems

min 1ZJ 1 zfo 31% uj(t) dt
) < subject to %x(t) = f(a:(t),yu(t)), on (0,7,

z(0) = zo, g(z(T)) =0,
u € Uy, 7€ @R

\

It is straightforward to argue that (P.) admits a solution (z°,u®,~*) for
each ¢ > 0. In the following result, the asymptotic behav1or as 5 — 0 is
addressed. It will be convenient to introduce \u|2 fo Ty us(t) dt.

Proposition 4.1. As ¢ — 0% the family {(z°,u®,~%)}eso contains a subse-
quence that converges in W?(0, T;R™) x LP(0,T;R™) x R™, p € [1,00), to
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a solution of (P). If the solution to (P) is unique, then the whole family
{(2%,u®,¥%) }e=0 converges to this solution.

Proof. Since the technique of proof is standard we only provide the essential
steps. Let (v*,u*) denote an optimal solution of (P). Then for every € > 0

“ 9
Z + gl

As a consequence {7°}.~¢ is bounded. Moreover {(u®, z°)}.~0 is bounded in
L0, T; R™) x W (0, T; R") since u® € U,q and by Proposition 2.1. Conse-
quently there exist (3,4, Z) € R™x U,gx WH*°(0, T; R"™) such that on a subse-
quence (Y, uf", z") — (7,4, T) weakly in R™ x L2(0, T; R™ x W12(0, T; R").
Using (2.4) at x = &, we can pass to the limit, on a subsequence in %xsn =
f(zf ~*rufr) to obtain that %x = f(z,yu). Moreover z(0) = zp and
g(z(T)) = 0. Passing to the limit in (4.1) we find that (7, @) is a solution to

(P).

1 - £ € £
(4.1) §Z(Vj)q+ §|U 72, <
=1

1
77

O

As a function of € the solutions to (P.) satisfy the following monotonicity
properties.

Proposition 4.2. Let 0 < e <¢&'. Then

(4.2) ‘UE/\Li < Juffrz, <futfre,
and
- - £\q - ' \q - *\q qgl 2211 ,VJ*
(4.3) Z <D ()< ) =
j=1 =1 j=1 j=1

for any solution (u*,~*) to (P).
Proof. We have

1 & 1 — €, o
O LT
and . .

1 e \q g2 1 ' €

Z(/y] ) |U |L12“5 — EZ(’YJ) |U |L2
j=1 j=1



This implies that

m

1 €
7 Z(%E-)q + §|U€|i2 S

J=1

m
! E !
>0 “ s, — I ) + ST,

1
77

therefore
0< (& — ) (e — ).
FS

/
and thus |[u® |3, < |uf|3, . Moreover
1"6/ e

o &g € €
Z(’Yj)q + §|u ‘%2 =

j=1

e g T g
Z T Sl < Z T+ S,

thus [uf[z2 < [u*[2, and (4.2) follows. From (4.2) and (4.4)
re

1
77

Q|
QI»—

m . m . m . 1 m
Z(”Yj)q < Z(Vj)q < Z(’Y] - Z |u |L2 )
j=1 j=1 j=1 q j=1
which implies (4.3). O

Using the techniques of proof for Theorem 3.1 we obtain the following
optimality condition for (F.).

Proposition 4.3. Let (u®,~4°) be an optimal solution for (P.) with associ-
ated state x°, and assume that 75 > 0,7 = 1,...,m, and the regular point
condition (3.2) are satisfied. Then there exist (p°, u¢) € WH>(0,T; R") x R”
such that

(4.5)

(57" = f(a%,7°u), 2°(0) = o, g(a*(T)) =0,

—dpF = fx(xa,’yeuf)Tp‘i po(T) = ¢ (2°(T))" u,
(o)t + fo fu(@®, v uf))Tpf);dt =0, for each j=1,...,m,
[ (ewf + fu(a® (t),7 us (£))Tpf(t), u — us(t)) g > 0, for ae. t €(0,T), allueU.

The last two equations in (4.5) can be equivalently expressed as

{ ()77 = fy IN (fula®, y7us)Tp7) | dt = 0,
us =

(46) e ~E€n,E\T E :
__Sgn5<fu($ 7’}/U) p)j, j=1,...,m,

11



where

-1 if s<-—¢
sgne(s) = St 5| <e N(s) = {
1 if s>e¢,

5 Semi-smooth Newton method

In this section we analyze a semi-smooth Newton method for solving itera-
tively the optimality system for the regularized problem. It will be convenient
to rescale the controls by means of

(5.1) vj =yu;, j=1,...,m.

Solving the optimality system (3.18) then amounts to finding a solution to
(5.2) F(z,p,v,7) =0,

where

F: (WY2(0,T;R™)? x L*(0, T;R™) x R™ — (L*(0, T; R™))® x R” x R™

is given by
%x — f(x,v)
—ap = [7 (z.0)p
F(x,p,v,7) = v+ ysgne(fo(x,v)Tp)

g(x(T))
|72y — [ N(fo(w,v)Tp) dt

Here 7 sgn. denotes the vector with coordinates v;(sgn.);, analogously N
in the last expression must be interpreted coordinate-wise, and the initial
condition x(0) = x is kept as explicit constraint. To solve (5.2) a semi-
smooth Newton method will be used, i.e. we choose an initial condition
(2%, p°,0°,1°) and update (z*, p*, v* +*) according to

63 Gp(a®, pk v A*) (8, 6p, 6v, 67) = —F (", pF, vk +*)
5.3
(:Ek+1,pk+1,vk+1,7k+l) — (:L“k,pk, Uk,vk) + (51,7 5]7, 51}, 57)7

12



where G denotes a Newton derivative [IK1]. In the remainder of this section
we assume that the control system is linear and we make a special choice for

q.
f(z,v) = Axr+ Bv, ¢q¢=2

(5.4)
g(x) = Gz + d, where G € R™" and d € R™.

This case contains many of the essential structural ingredients. For p €
W20, T;R™) we define

N/(BTp) = (B D), .. (B},
L(t) = eMB € R,
L={t:|(BTp)(t)| <e},i=1,...,m,
X1 = (Xll,---,XIm)T,

{ sgn(t) if t>e¢

2t if t<e,

where

n'(t) =

and Y, is the characteristic function of the set I;. We shall argue in Theorem
5.2 below that

(5.5)
%(h — Adx — B ov
—%5}7 — ATép

Gr(z,p,v,7)(0x,6p, 6v,67) = | v+ 6y sgn.(BTp) + v sgn.(B'p) BT ép
G 6x(T)

oy — Jy N'(BTp) BTp

provides a Newton derivative at any (z, p,v,v) € (WH2(0, T; R"))?x L*(0, T; R™) x
R™ in directions (dz, dp, dv, o) (WH2(0, T;R"))? x L*(0, T;R™) x R™, where
dz(0) = 0.

The following result gives a sufficient condition for wellposedness of the
Newton iteration (5.3). We require a controllability assumption involving
the adjoint state p* € WH2(0, T; R") of a solution to (P.). Note that p(t) =
eAT(T*t)pE(T).

13



Theorem 5.1. (Uniform a-priori bound) Consider the case (5.4). Let p* €
Wh2(0,T;R™) denote the adjoint state of a solution to (P.), let ¢ € (0, 2)
and assume that

(A, Bx1(pe)) is controllable.

Then there exists a constant K¢ and a neighborhood U (p°) of p® in C(0,T; R™)
such that for every (x,p,v,v) € (W(0,T;R™))? x L*(0,T;R™) x R™ with
p € U(p®) the operator Gr(x,p,v,7) is invertible and

(5.6) IGF(z,p,0,7) | £(p2)2 xR xrm, (Wi 22 25y < Kg

For the proof of Theorem 5.1 we refer to the Appendix. The convergence
analysis for the Newton algorithm to solve (5.2) relies on the concept of
Newton differentiability, which we briefly recall below. For further discussion
we refer to [IK1].

Definition 5.1. The mapping f: D C X — Y is called Newton differentiable
at x € D, if there exists an open neighborhood N(x) C D and mappings
G: N(z) = L(X,Y) such that

L @) = f() = Glo+ Wbl

0.
|h|—0 |h|x

The family {G(x) : x € N(z)} is called a Newton map (or Newton derivative)
of f at x.

To establish superlinear convergence the following result from [HK] will
be useful.

Lemma 5.1. Let f : Y — Z and g : X — Y be Newton differentiable in
open sets V' and U, respectively, with U C X, g(U) C V C Y. Assume that
g 1s locally Lipschitz continuous and that there exists a Newton map G¢(-)
of f which is bounded on g(U). Then the superposition fog: X — Z is
Newton differentiable in U with a Newton map G;G,.

Theorem 5.2. (Super-linear convergence) Let (z°,p%, v°,7%) denote a solu-
tion to (P.). Under the assumptions of Theorem 5.1 the semi-smooth Newton
iteration (5.3) converges locally superlinearly.

Proof. Since Theorem 5.1 implies that the inverses of Gg(x,p,v,~y) are uni-
formly bounded if p is sufficiently close to p® in W12(0,T;R"), it suffices to
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argue that G is in fact a Newton derivative for F'. The claim then follows
from standard results on semi-smooth Newton algorithms, see e.g. [IK1],
page 268. To verify Newton differentiability of F' it suffices to consider the
third and the fifth coordinate of F. We recall at first that F : ¢ — min(0, ¢)
is Newton differentiable from LP(0,T;R"™) to L%(0,T;R") if p > ¢ with New-
ton derivative Gz(p) equal —1 respective 0 where ¢ < 0 respectively ¢ > 0,
coordinate wise, and with arbitrary value for Gz(¢) where ¢ = 0. The
critical term in the third coordinate of F' is given by

1
(5.7) p — sgn-(B"p) = max (— 1, min(1, EBTp)).

This mapping is Newton differentiable from W12(0, T; R™) to L?(0, T; R™) as
a consequence of Lemma 5.1. Similarly

1 1
(5.8) p— N(BTp) = min (—BTp—E(BTp)z—{—maX(O, 2B"p), 0) +E(BTp)2,

where the square operation acts coordinate-wise, is Newton differentiable
from W12(0,T;R") to L'(0,T;R"™). Consequently p — fOT N(BTp(s))ds is
Newton differentiable from W*2(0, T; R™) to R. This concludes the proof. [

Remark 5.1. The constraint v > 0 can be incorporated by means of a com-
plementarity system v > 0, u < 0, u”vy = 0, with © € R™. This can equiva-
lently be expressed as ;1 = min(0, u++), where min operates coordinate-wise.
Since the min operation is known to be Newton-differentiable in R™, [IK1],
Chapter 8.2, this equation can be added to the the optimality system (5.2)

6 Numerical results

In this section we describe the implementation of our proposed semi-smooth
Newton method and present numerical results that demonstrate its feasibil-
ity.

We use the time discretization of (P.): Let At = % be a uniform stepsize
and

m

m N
(6.1) min %Z 07+ ZZ’y |uf|? At

j=1 j=1 k=1

DO | M
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subject to

k k—1 k + l.kfl

r —T X
- 1

(6.2) N

yut),  uFeU.

and the target constraint g(z™) = 0 and 2° = z,. It is a combination of
a second order time integration method (Crank-Nicholson scheme) for the
dynamic constraint and a second order quadrature rule (mid-point rule) for
the running cost. Let (z*,u*) be a solution to (6.1)—(6.2). One can derive
the necessary optimality condition

N k k—1 k k—1
_ A pr+p
() =D N((ful ") =—F—);) At =0,
k=1
6.3 xk —+ xk_l pk + pk—l
(6.3) uf = —sgn.((fu( 5 ,’yuk)T ; )i), i=1,...,m,
_pk _ il ok 4 k1 i PpF 4l N

We apply the semi-smooth Newton method for the system (6.2)-(6.3) for
(zF,u*, p*, 7).

The following control system is studied in [B, BCB] and is used for our
numerical tests. We consider the single-axis slew maneuvers of a simple
flexible spacecraft, consisting of a rigid hub and flexible appendages. In
state space, with two modes (one rigid and one flexible), we consider the
linear system @ = Az + Bu with

01 0 O 0
o0 0 0 90
A= o0 o0 1| B= 0 ’

00 —w? 0 g1

where w is the fundamental frequency. We consider rest-to-rest maneuvers.
For this case, the initial condition is given by

Ty = [_97 07 O) 0]T7

and the target constraint z(7') = 0. We use the following values: 6 = 15,
w = 3.0904, go = 0.0226 and ¢g; = 0.00218. The algorithm is initialized
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by the solution to the L?-minimum norm problem. The L?-minimum norm
control is unconstrained and its solution is given by

u(t) _ —BteAT(T_t)u
(6.4) T -1
p(T) = U= </ eAtBBTeATt dt> (€ATSL’0>.
0
In the linear case system (6.3) becomes

N =0,

N k k—1
+
Vi~ ZN((BTZL)j) At =0,

2
k=1
k k—1
+ .
(65) u? = —Sgne((/}/ BT]%)])J J = 17 s, M,
k k-1 k k—1
_p b _ATp +p :07 pN:lj’7
At 2
l’k o Z'k_l LCk 4 .Z'k_l
Y s S TONPY
AT B

Thus, one can eliminate (p¥, u*, z¥) as a function of (v, ), i.e., p* is deter-
mined by solving the adjoint equation backward, knowing p, u* is determined
by the optimality condition, knowing v and then the state x* is determined
by the state equation. In this way system (6.5) can equivalently written as
the following reduced equation for (v, p):

{L‘N

F(v,u) = k1K =0.
) ( Y= Lo N (BT A )
Here, the Newton derivative of F' is

, sV
F'(y, 1) (07, 0p) = ( 5y — 2521 N’ (BTp’“-&-gk*l)BT(pk—&-gk*l) At ) ’
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Table 1: Numerical solution of minimum effort v for the control of a space-
craft with different time horizon T’

T | minimum ~ | number of switches
2 1372.1 3
2.5 590.13 3
3 331.73 3
10 27.098 3
where
(6.6)
5pk _ 5pk—1 pk + pk—l
_ _ AT =0, N =9¢
At 2 ) p /"L’
ko k=1 ko k=1 ko k=1
pr+p pT+p pr+p
Sk = —sgn ((y B ) )0y B TR
) k ) k—1 ) k ) k—1
thx _ A(HTJ:) — B(6yuF + 4 6uk) = 0.

The proposed algorithm can now be summarized:

Algorithm
e Initialize ;1 and v = max(|u*|) by (6.4).
e Compute (p¥, u*, 2%) by the last three equations of (6.5).
e Solve F(~y, p)(07,0u) + F(v, ) = 0 with (6.6).

TN (7 oy
oUpdate(lﬁ)—(,u)—i-oz(éM).

The step-size a = .25 is chosen up to 10 iterates, otherwise a = 1.

For a fixed time horizon T" = 2.5, Figure 1 shows the resulting trajectory
and control. The resulting minimum efforts v for different horizons T are
shown in Tablel. There that are three switches in the control. Figure 2
shows the resulting trajectory and control for the minimum effort problem.

In order to investigate the multiple control input case we include another
control input which can control the first and third coordinates. The problem

18



10 . . : ; 1000

5007

—first coordinate —500¢
-10r —second
— third
fourth
-15 ‘ ; -1000 : : ‘ :
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Figure 1: The trajectory and control of the L?-minimum norm solution for
the control of spacecraft with the fixed time horizon 7" = 2.5

can be stated as
dx(t)
dt

= Aﬂf(t) —+ Uy (t)’lelul (t) + ”)/QBQUQ(t)

with
Bl = [079070791]T7 BQ = [92a07g370]T

here we set g = 0.02, g3 = 0.01. With the constrained control |uy(t)| < 1,
lug(t)| < 1, we consider the control problem of minimizing the cost functional

1
min - 5 (77 +73).

For fixed time horizon T = 2.5, the minimum control effort is given by

_(179.90
Yopt =\ 901.77

Figure 3 shows that the control u; has one switch while control us has four
switches.

7 Appendix

In this appendix we provide the proof of Theorem 5.1.
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Figure 2: The trajectory and control of minimum effort problem for the
control of spacecraft, the minimum effort v = 590.1336

Proof.

(7.1)

For arbitrary w = (w1, ...,ws)? € (L*(0,T;R"))? x R" x R™ we need
to consider

—%5}9 — AT5p = wy

Gox(T) = wy

We define

wy = fOT eAT=), (s) ds,

[0y — fOT N'(BTp) BT5p dt = ws.

(%51’—14(530—3(5@ =wy, 0x(0)=0

3 v + 0y sgn.(BTp) + v sgnL(BTp) BTop = w;

Wy = —7 fOT L(T — s)sgn.(BTp(s)) fsT LT (0 — s)wy(0) do ds,

Wy = fOTL(T — s)ws(s) ds,

Wy = [ N'(BTp(s)) [" L7 (s — t)wa(s) ds dt.
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time

Figure 3: The trajectory and control of minimum effort problem for the
control of spacecraft with two control potentials

From the first two equations in (7.1) we have
= [JL(t — s)dvds + [y 2w, (s) ds,
(7.2)
op(t) = e T=05p(T +fT e Dy (s) ds.

From the fourth equation in (7.1) we find
wy = Gox(T)
= Gwy + 3 — 7y foT L(T — s)sgn’(BTp)BYép ds — fOT L(T — 5)dv sgn. (BTp) ds]
= Gliby + 103 — 7 fy L(T — 8)sgnl(BTp)LT(T — s) 6p(T) ds + .

— fo — 5)0y sgn.(BTp) ds]
and hence
2 fo — 8)x1LT(T — ) 6p(T) ds + fOT L(T — 5) 6y sgn.(BTp) ds

—w1+w2+w3—G Wy =2 T7.

Similarly we obtain
oy = Jy N'LI(T = 0)op(T)dt — [ N' [ LT (s = tyws(s) ds dt = —ws,
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and hence

- fOT N'LT(T —t) 6p(T) dt = fOT N’ ftT LT (s —t) wo(s) dsdt — ws,
which implies that
(7.4) 5y — [if N'LT(T — ) 6p(T) dt = by — ws =: 1,

where N’ = N'(BTp). Combining (7.3) and (7.4) we arrive at

op(T) Ty
(7.5) M (p) ( ) = ( ) :
(5’}/ T2

where

(7.6)

M(p) = fo T —s)xiL*(T = s)ds [, L(T —s)(-)sgn.(BTp)ds
- fo N’(BTp)LT(T —s)ds I

For (6p(T), 6y) € R*™™ we find by (7.6)

(M (p)(0p(T),67), (6p(T), 67))rn+m

T
= LI Pl (T = s)3p(T) o ds [ G L(T )5y sgn.(B7p) ds
0

— [} 8YTN'LT(T — 5)6p(T) ds + |67 |2
=L [0 IXtLT(T = $)0p(T) dsf2a + [} 6pT(L(T = 5)(sgn.(BTp) — N') 6y ds) + |57[2n

(T — )op(T)ds|2, — [ op" (L(T — s)sgn.(BTp)x; 6y ds) + [57[2m
> L [ LT (T = $)op(T)ds|2n — 5 fy lsgns (B"p) 67 X1lgm ds + [07|fm

(T = 5)dp(T)ds[fn + (1 = )10 [fon-
For p* and n < e < % define
%) ={t: |(B"p)i(O)] <e=n}, i=1,....m, Xiogpe) = (X1poe)s - -+ X1oe))
and note that I?(p®) = I;(p°). Since by assumption (A, By;s)) is control-
lable the matrix [ L(T — 8)x1,e LY(T — s)ds is positive definite in R,

0 ()
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see e.g. [HL]. Since p° = A" T=Dp(T) there exists n € (0,¢) such that
fOT L(T — $)X1m(pe) LT (T — s) ds is positive definite.
Let U(p*(T)) be a neighborhood in R™ such that for all p(T) € U(p*(T))
we have
|B"p(-) = B"p ()|r=(ozmm) < 1.
Then I7(p°) C Ij(p) for all j = 1,...,m. As a consequence (A, Bx(y)) is
controllable for all p € U(p®), M (p) is invertible and

(7'7) HM<p)_1”]R(n+m)><(n+m) < Ky

for a constant K, independent of p € U(p*). Estimate (5.6) follows from
the definition of ry, 7y, for op(T), d~, from (7.2) for dp, from (7.1) for Jv, and
again from (7.2) for dx. O

References

[BCB| J.Z. Ben-Asher, E.M. Cliff, and J.A. Burns: Computational meth-
ods for the minimum effort problem with applications to spacecraft ro-
tational maneuvers, Proceedings of IEEE International Conference on
Control an Applcations, 1989.

[B] J.A. Breakwell: Optimal feedback slewing of flexible spacecraft, J. Guid-
ance and Control 4(1981), 472-479.

[BMT] F. Bonnans, P. Martinon, and E. Trelat, Singular arcs in the gener-
alized Goddard’s problem, INRIA Rapport de Recherche, March 2007.

[BPW] Ch. Biiskens, H.J. Pesch, and S. Winderl: Real-time solutions for
bang-bang and singular optimal control problems, in: M. Grotschel, et
al. (Eds), Online Optimization of Large Scale Systems, Springer-Verlag,
Berlin, 2001, 129-142.

[HK] M. Hintermiiller and K. Kunisch: PDE-Constrained Optimization sub-
ject to pointwise constraints on the control, the state and its derivative,
to appear in STAM Journal on Optimization.

[HL] H. Hermes and J. LaSalle: Functional Analysis and Time Optimal Con-
trol, Academic Presse, 1969.

23



[IK1] K. Ito and K. Kunisch, On the Lagrange Multiplier Approach to Vari-
ational Problems and Applications, STAM, Philadelphia, 2008.

[TK2] K. Ito and K. Kunisch, The primal-dual active set method for non-
linear optimal control problems with bilateral constraints, STAM J. on
Control and Optimization, 43(2004), 357-376.

[IK3 ] K. Ito and K. Kunisch, Semi-smooth Newton Methods for Time-
Optimal Control for a Class of ODEs, STAM J. on Control and Opti-
mization, to appear.

[KN] C.Y. Kaya and J.L.Noakes: Computational methods for time-optimal
switching controls, JOTA, 117(2003), 69-92.

IMS] J. Macki and A. Strauss: Introduction to Optimal Control Theory,
Springer Verlag, Berlin, 1982.

IMAG|] H. Maurer, I. Altrogge and N. Goris, Optimization methods for
solving bang-bang control problems with state constraints and the veri-
fication of sufficient conditions, Proc. 44th IEEE Conference on Decision
and Control, and the European Control Conference, 2005, Seville, Spain,

December 12-15, 2005.

[MZ] H. Maurer and J. Zowe, First and second-order necessary and sufficient
optimality conditions for infinite-dimensional programming problems,
Mathematical Programming 16(1979), 98-110.

[IMB] E.Meier and A.E. Bryson: Efficient algorithms for time-optimal rigid
spacecraft reorientation problem, J. Guidance, 13(1990), 859-866.

IN] L.W. Neustadt, Minimum effort control systems, J. SIAM on Control,
1(1962), 16-31.

[U] M. Ulbrich, Semismooth Newton methods for operator equations in
function spaces, STAM J. Optimization, 13(2002), 805-841.

24



