Necessary and sufficient conditions in the optimal control for
general nonlinear differential-algebraic equations *

Peter Kunkel f Volker Mehrmann *

September 9, 2006

Abstract

We study optimal control problems for general unstructured nonlinear differential-
algebraic equations of arbitrary index. In particular, we derive necessary conditions in
the case of linear-quadratic control problems and extend them to the general nonlinear
case. We also present a Pontryagin maximum principle for general unstructured nonlinear
DAEs in the case of restricted controls. Moreover, we discuss the numerical solution of
the resulting two-point boundary value problems and present a numerical example.
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1 Introduction
We study optimal control problems

B t

J(x,u) = M(z(t)) + / K(t,z(t),u(t)) dt = min! (1)
t

subject to a constraint given by an initial value problem associated with a nonlinear system
of differential-algebraic equations (descriptor system) consisting of

F(t,z,u,&) =0 (2)

and
z(t) = t. 3)

We assume that F € C(I x D, x D, x D;, R™) is sufficiently smooth, that I = [¢,#] C R is a
(compact) interval, and that D,,D; C R", D, C R! are open sets.
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Throughout the paper we will frequently make use of the behavior representation (see [57])
of the control problem, i.e., we combine (z,u) into one generalized state vector z and then
study the optimization problem

J(z) = M(z2(t)) + /tt K(t, 2(t)) dt = min! (4)

subject to the constraint
F(t,z, %) =0, (5)

and the initial condition
z(t) = 2. (6)

Optimal control problems like (1)—(3) arise in the control of mechanical multibody systems
[25, 28], electrical circuits [30, 31], chemical engineering [22, 23] or heterogeneous systems,
where different models are coupled together [55].

The theory of optimal control problems for ordinary differential equations is well established
since the middle of the 20th century, see, e.g., [8, 26, 33, 34, 36, 62] and the references therein.
For systems where the constraint is a differential-algebraic equation, the situation is much
more difficult and the existing literature is more recent. First results, mainly for special cases
such as linear constant coefficient systems or semi-explicit systems of index 1, were obtained
in [7, 20, 50, 53, 54, 56, 61].

A major difficulty in deriving adjoint equations, optimality systems or even a maximum
principle for general higher index DAEs is that for the potential candidates of adjoint equa-
tions and optimality systems, existence and uniqueness of solutions cannot be guaranteed,
see [1, 2, 4, 21, 49, 56, 60] for examples and discussion of the difficulties.

Due to these difficulties, the standard approach to deal with optimal control problems for
DAEs is to first perform regularization and index reduction via feedback or differentiation.
Conditions when such transformations exist have been studied in [10, 11, 13, 14] and in their
most general form in [41, 43]. Some of these results were reproduced and extended in a
different setting in the recent work of [1, 2, 49].

There also exist some papers that derive optimality conditions for specially structured
higher index systems directly. For semi-explicit systems of index 1 a general maximum prin-
ciple was proved in [56] and extended to systems up to differentiation index 3 in [60]. Further
results for index 2 systems are presented in [28], for multibody systems in [12, 27] and for
DAEs with properly stated leading term in [1, 2, 3, 5, 6, 49].

In the present paper we take a more general approach and discuss general unstructured
linear and nonlinear systems of arbitrary index. We follow the strangeness index concept,
see [42], and consider the system in a behavior setting as a general over- or underdetermined
differential-algebraic system. For this behavior system a derivative array, see [17], is formed
and from this array, a reduced control problem is determined that has the same solution set
(in the behavior setting) but is essentially index one. Based on this reduced system then the
optimality conditions are derived.

The paper is organized as follows. We first give a brief survey of the theoretical results on the
strangeness index concept that will be needed in Section 2 and recall some general functional
analytic results on optimization in Banach spaces. Then we derive necessary optimality
conditions for optimal control problems subject to general linear and nonlinear unstructured
DAEs in Section 3. Furthermore, a Pontryagin maximum principle for general DAEs will be



presented. In Section 4 we describe another formulation of the optimality boundary value
problem that can be used in the context of numerical methods. We finally present a numerical
example and give some conclusions in Section 5.

2 Preliminaries

In this section we will introduce some notation and recall some results on differential-algebraic
equations and on optimization in Banach spaces. Throughout the paper we assume that all
functions are sufficiently smooth, i.e., sufficiently often continuously differentiable.

2.1 Notation

We will make frequent use of the Moore-Penrose pseudoinverse of a matrix valued function
A:T — R™" which is the unique matrix function A™:1 — R™™ that satisfies the four Penrose
axioms

AATA=A, ATAAT =AY, (AANT = AAT, (ATA)T = AtA (7)

pointwise, see, e.g. [19]. Note that if A € C¥(I,R™") and has constant rank on I then
At € CF(I,R™M™).

In the context of restricted control values we must allow for bounded (with respect to the
Loo-norm) and up to a finite number of points continuous control functions. We denote the
set of all these functions on the interval T by L¢ (I, RY).

2.2 DAE theory

The theory of differential-algebraic equations has changed significantly in the last 20 years,
see [9, 29, 59, 42]. We recall some necessary concepts and follow [42] in notation and style of
presentation.

When studying control problems like (2) one can essentially distinguish two viewpoints.
Either one takes the behavior approach and considers the optimization problem (4) subject
to (5). For this underdetermined system one can study existence and uniqueness of solutions.
In this setting, feedbacks are just standard equivalence transformations. If one carries out a
transformation to canonical or condensed form, then index reduction and regularization via
feedback follow directly, see [42].

If it is clear that the variables u really describe input variables and the variables x states,
as is often the case in practice, then one has to distinguish whether solutions exist for all
controls in a given input set U or whether there exist controls at all for which the system is
solvable. To discuss these questions we consider the following solution concept.

Definition 1 Consider system (2) with a given fized input function u that is sufficiently
smooth. A function z : I — R™ is called a solution of (2) if x € CY(I,R") and x satisfies
(2) pointwise. It is called a solution of the initial value problem (2)-(3) if x is a solution of
(2) and satisfies (3). An initial condition (3) is called consistent if the corresponding initial
value problem has at least one solution.

It is possible to weaken this solution concept [37, 45, 52, 58]. In particular, it will turn out
that it is necessary to slightly weaken this solution concept in order to define underlying
Banach space operators with appropriate properties. But to do so, we first must introduce



some additional theory. Note, however, that under the assumption of sufficient smoothness
we will always be in the case of Definition 1.

Definition 2 A control problem of the form (2) with a given set of controls U is called
consistent (with U) if there exists an input function u € U for which there exists a solution x
in the sense of Definiton 1.

It is called regular (locally with respect to a given solution (&, w) of (2)) if it has a unique
solution for every sufficiently smooth input function u in a neighborhood of 4. and every initial
value in a neighborhood of &(t) that is consistent for the system with input function w.

In order to analyze the properties of the system, in [40] for the square nonlinear case, in [43]
for the rectangular linear case, and in [41] for the general over- and underdetermined case,
hypotheses have been formulated which lead to an index concept, the so-called strangeness
index. See [42] for a detailed derivation and analysis of this concept.

To summarize the strangeness index concept, we consider the constraint system in the form
(5). As in [40], we introduce a nonlinear derivative array, see also [16, 18], of the form

Fylt,z,%,..., 2Dy =0, (8)

which stacks the original equation and all its derivatives up to level £ in one large system, i.e.,

dF(t, 2, %)
Fylt, 2, %,..., 204 0) = ‘“F(tz’z’é) . 9)
LRt 2, 2)
Partial derivatives of F;, with respect to selected variables p from (¢,z,2,..., z(”l)) are de-
noted by Fy,, e.g.,
Fro=&F, Fu e =[&F - 5008

A corresponding notation is also used for partial derivatives of other functions.

In order to analyze existence and uniqueness of solutions we need to introduce the solution
set of the nonlinear algebraic equation associated derivative array F), for some integer . We
denote this solution set by

L,={z, €IxR"xR" x...xR"| F,(z,) = 0}. (10)
Then we make the following hypothesis, see [42].

Hypothesis 1 Consider the general system of nonlinear differential-algebraic equations (2).

There exist integers u, v, a, d, and v such that L, is not empty and such that for every

z2 = (to, 20, 20, - - - ,zé“H)) € L, there exists a (sufficiently small) neighborhood in which the

following properties hold:
1. The set L, C RWHA"HL forms a manifold of dimension (u+2)n +1 —r.

2. We have rank F, . ; 41y =1 on Ly.

3. We have corank Fs st — corank Fy s 2w =vonly, where the corank is the

dimension of the corange and the convention is used that corank F_;., = 0.



4. We have rank F, . 41 =1 —a on Ly, such that there exist smooth full rank matriz
functions Zy and Ty of size (u+ 1)m x a and n x (n — a), respectively, satisfying

Zy Fo: =0, rankZ3 F.=a, Z3F,.Ty=0 (11)
on L.

5. We have rank FTy = d = m — a — v on L, such that there exists a smooth full rank
matriz function Z1 of size n x d satisfying rank Z1 F;Ty = d.

As in [40, 42], we call the smallest possible p for which Hypothesis 1 is valid the strangeness
index of (5). Systems with vanishing strangeness index are called strangeness-free. The
strangeness index is closely related to the differentiation index, see [9], but it should be
observed that it allows over- and underdetermined systems and the counting is different,
since in the strangeness index concept ordinary differential equations and purely algebraic
equations both have p = 0. See [42] for a detailed analysis of the relationship between
different index concepts.

It has been shown in [41] that Hypothesis 1 implies locally (via the implicit function theo-
rem) the existence of a reduced system given by

(a) Fl(t,zl,z%, 23,21,22,23) = 0, (12)
(b) Fg(t, 21,22,23) = 0,

with Fy = Z{'F, where (21, 22, 23) € RTxR"74~4x R is a suitable splitting of the unknown z.
Part 4 of Hypothesis 1 garantees that equation (12b) can be solved for z3 according to
z3 = R(t, z1,22). Eliminating z3 and 23 in (12a) with the help of this relation and its
derivative then leads to

Fi(t, 21,22, R(t, 21, 22), 21, 22, Re(t, 21, 22) + R, (8, 21, 22) 21 + Ry (t, 21, 22) 22) = 0.

By part 5 of Hypothesis 1 we may assume without loss of generality that this system can
(locally) be solved for Z; leading to the system

21:£(t,21,22,22), (13)

zZ3 = R(t, 21, 22).
Obviously, in this system, interpreted as a DAE, 23 € C'1(I, R*~%~%) can be chosen arbitrarily
(at least when staying in the domain of definition of R and L), while the resulting system
has locally a unique solution for z; and z3, provided a consistent initial condition is given.
This means that zy can be interpreted as a control. We summarize these observations in the
following theorem, see [41, 42].

Theorem 3 Let F in (2) be sufficiently smooth and satisfy Hypothesis 1 with p, a, d, v.
Then every sufficiently smooth solution of (5) also solves the reduced problems (12) and (13)
consisting of d differential and a algebraic equations.

Under some further assumptions, the converse of Theorem 3 holds as well, see again [41, 42].



Theorem 4 Let F in (2) be sufficiently smooth and satisfy Hypothesis 1 with u, a, d, v and
w+1 (replacing 1), a, d, v. Let 22+1 € Lu11 be given and let the parameterization of L, 41
include i3. Then, for every function zo € CYI,R"™~%) with zo(tg) = 220, 22(te) = %20,
the reduced DAEs (12) and (13) have unique solutions zi and z3 satisfying z1(ty) = z1,0.
Moreover, the so obtained function z = (z1, 22, 23) locally solves the original problem.

The quantity v in Theorem 3, which has not been addressed yet, measures the number of
equations in the original system that give rise to trivial equations 0 = 0, i. e., it counts the
number of redundancies in the system. Together with a and d it gives a complete classification
of the m equations into d differential equations, a algebraic equations and v trivial equations.
Of course, trivial equations can be simply removed without altering the solution set.

If the variable z is a combined vector of states and controls, then, since (12) consists of
original variables, these can again be split into parts stemming from x and from u. It has been
shown in [41, 43], see also [42], how this system then can be treated in the control context
concerning solvability, regularizability, and model consistency.

Theorem 5 Suppose that the control problem (2) in the form (5) satisfies Hypothesis 1 with
W, a, d, v and assume that d+a =n. Then there (locally) exists a state feedback u = K(t,x)
satisfying the initial condition

u(lt) =u=K(t,z), ut)=1ui=Ktz)+ Kl z) (14)
such that the resulting closed loop reduced problem is regular and strangeness-free.

Corollary 6 Suppose that the control problem (2) in the form (5) satisfies Hypothesis 1 with
W, a, d, v and with p+1 (replacing ), a, d, v and assume that d+a = n. Furthermore, let u
be a control in the sense that u and i can be chosen as part of the parametrization of L, 11
at 22+1 €Lyy1. Let u= K(t,x) be a state feedback which satisfies the initial conditions (14)
and yields a regular and strangeness-free closed loop reduced system. Then, the closed loop
reduced problem has a unique solution satisfying the initial values given by 22+1. Moreowver,
this solution locally solves the closed loop problem

F(t,z,K(t,z), &) = 0.

Similar results are given in [41, 42] for output control problems, but in this paper we restrict
our attention to optimal control problems without output equation.

Note that due to the application of the implicit function theorem, the above results are
only valid locally. For linear problems, the local results automatically hold globally. In the
general nonlinear case, however, when global constructions are needed as in the present case,
a more detailed analysis is required. We will present corresponding results in Section 3.4.

2.3 Optimization in Banach spaces

We recall some results from general optimization theory, see, e.g., [63]. For this consider the
optimization problem

J(z) = min! (15)

subject to the constraint
F(z) =0, (16)



where
J:D—-R, F:D—-Y, DCZopen,

with real Banach spaces Z,Y. Let, furthermore,
zZreM={zeD| F(z) =0}
Then we have the following theorem which is due to [51].

Theorem 7 Let J be Fréchet differentiable in z* and let F be a submersion in z*, i.e., let
F be Fréchet differentiable in a neighborhood of z* with Fréchet derivative DF(z*) : Z — Y
surjective and kernel DF(z*) continuously projectable.
If z* is a local minimum of (15), then there exists a unique A in the dual space Y* of Y
with
DJ(z*)Az+ A(DF(z")Az) =0 for all Az € Z. (17)

The functional A in Theorem 7 is called the Lagrange multiplier associated with the con-
straint (16).

In general we are interested in function representations of the Lagrange multiplier func-
tional A. Such representations are obtained by the following theorem.

Theorem 8 Let Y = CO(I,R™) x V with a vector space V.C R™ and let (\,) € Y. Then

Ag.r) = / AOTg(t) dt +Tr

defines a linear form A € Y*, which conversely uniquely determines (\,7y) € Y.

A sufficient condition that guarantees that also the minimum is unique is given by the following
theorem, which, e.g., covers linear-quadratic control problems with positive definite reduced
Hessian.

Theorem 9 Suppose that F : Z — Y is affine linear and that J : Z — R is strictly convex
on M, i.e.,

J(az1 + (1 —a)z2) < aJ(z1) + (1 — a)J (22)
for all z1, z9 € M with z1 # z9 and for all a € (0,1),

then the optimization problem (15) subject to (16) has a unique minimum.

For the analysis and solution of optimal control problems subject to constraints given by
differential-algebraic equations we will have to carry out changes of variables and linear or
nonlinear feedbacks. To see how these effect the minimization problem, consider a local
diffeomorphism ¢ : Z — Z in a neighborhood of Z* with z* = ¢(2*). If we transform the
optimization problem (15) and the constraint (16) to the new variable Z via z = ¢(Z), then
we obtain the transformed optimization problem

J(2) = min!

subject to the constraint

F(2) =0,



where . .
J(2) =T ((2), F(z)=F(¢(2)).
If z* satisfies the necessary condition (17) in the form
DJ(2*)AZ + A(DF(2*)A%) = 0 for all A% € Z,
then
DIJ(p(z*))Dp(Z*)AZ + A(DF(p(Z*))Dp(2*)AZ) =0 for all AZ € Z.
With Az = D¢(z*)AZ we then have

DJ(z")Az+ A(DF(z*)Az) =0 for all Az € Z,

and thus, z satisfies the necessary condition (17) for the optimization problem (15) subject
to (16).

If the controls are restricted by u(t) € U, then we must admit bang-bang controls. In this
case the optimal solution is obtained via versions of the Pontryagin maximum principle.

For the Bolza problem to determine (7, z,u) € R x CO(I,R") x LS (I, R!) as a solution of

T (@) = /t K(t, (1), u(t)) di = min! (18)

subject to
ety =z + [} f(s,2(5),u(s)) ds
0= h(t,z(1)), h € C(R x R*,R"), (19)
u(t)eU C R forall t €1,

one has the following theorem.

Theorem 10 If (t,z*,u*) is a local solution of the Bolza problem (18) subject to (19), then

there exist scalars ag, i, ...,ay,, which do not all vanish simultaneously, ag > 0, and a
multiplier A\ € C°(I,R™) such that, with H(t,x,u,\, a9) = A f(t,z,u) — K (t,z,u) and
a= (a1, -, om)7,
H(t,z*(t),u*(t), A(t), ) = maxyey H(t, z*(t), u, A(t), ap),
A(t) = =V H(t,z*(t), u* (), At), ao), (20)
£*(t) = VaH (t, 2 (1), u"(t), A(t), ao),
A(t) = ="'V, g h(t,2%(1)),

for all t € I, where u* is continuous.

3 Necessary conditions

In this section we will derive necessary optimality conditions for the minimization of (1)
subject to (2). We first start with the special case of a linear-quadratic optimal control
problem and then extend the results to the general case.



3.1 Linear-quadratic optimal control problems

The linear-quadratic optimal control problem for differential-algebraic equations has been
well studied for constant coefficient systems, see [53] and the references therein, and variable
coefficient problems in [39]. These results are based on the idea to first use index reduction
and feedback regularization to transform the problem into a regular, strangeness-free problem
and then to use the analysis for this case. Recently, in [1, 2, 4, 49] this problem was studied
again in a different setting for some restricted classes of linear DAEs with small index.

Here we study the general case of unstructured linear-quadratic optimal problems, i.e., we
study the cost functional

t
J(z,u) = %x(f)TMm(f) + % /t (T Wz + 227 Su + u” Ru) dt, (21)

with W € CO(I,R™"), S € CO(I,R™!), R € CY(I,R"), and we assume, furthermore, that
W and R are pointwise symmetric and also that M € R™" is symmetric. As constraint we
consider the initial value problem for a general linear differential-algebraic equations with
variable coefficients of the form

Ei=Ax+Bu+ f, z(t) =z, (22)

with £ € CO(I,R™"), A € C%(I,R™"), B € C%(I,R™), f € C°(I,R™), and = € R™. Our goal
is to determine optimal controls u € U = C°(I, RY).

We could discuss a more general situation and allow the coefficient functions F, A to be non-
square but, as it has been shown in [41], this case can always be transformed to the regular
square case. In order to avoid unnecessary technicalities we therefore restrict ourselves here
to the regular square case.

For a better readability of the more complicated formulas we omit here and in the following
the argument ¢ of the involved coefficient functions.

In the case of linear ordinary differential equations, corresponding to the case E(t) = I in
(22), the initial value problem has a unique solution x € C*(I,R") for every u € U, every
f € C%I,R"), and every initial value z € R". In contrast to this, in the case of differential-
algebraic equations, where E(t) may be singular, the equation is not necessarily (uniquely)
solvable for any u € U and also the initial conditons may be restricted, see [42]. Furthermore,
it will be necessary to consider solutions x € X, where X usually is a larger space than
CH(I,R"™).

For our analysis we consider the system in behavior form (5)

Ei=Az+f, (23)

with
E=[EF 0], A=[A B].

Its associated derivative array is given by

Mg(t)ég = Ng(t)Zg —+ gg(t), (24)



where o A o
(Mg)i’j - (;)5(1_1) o (jj—l)‘A(Z_J_l)v i,j =0,...,¢,
[AD fori=0,...,¢, j=0,
(Ne)ig = {0 otherwise,
(z); =29, j=0,...,4,

<g€)z:f(l)7 Z:O,...,f.

We assume that this system has a well defined strangeness index p according to Hypothesis 1
and, furthermore, as we have already stated before, we assume that there is no consistency
condition for the inhomogeneities, i.e., v = 0. Under the assumptions of Theorem 4, the
initial value problem (22) is equivalent (in the sense that it has the same set of solutions) to
the reduced system

Ei = Az + Bu+ f, z(t) =z, (25)
where ) R . .
A | B i | A 5_ | B f_ | f
E_{Oy A_[Az]’ b [32}’ / [fQ] (26)
with ) )
By =Z{E, [A Bl]:ZT[A B, h=2{f,

[Ay By =ZIN,[ I 0 - 017, fo=21g,.

By construction, the reduced system (25) is strangeness-free. In particular, the matrix func-
tion E’l has full row rank d and | AQTZ/ B2 ] has full row rank a with a matrix function T2’
satisfying E1T} = 0 and T4'T) = I,. Due to the fact that the solution set has not changed,
one can consider the minimization of (21) subject to (25) instead of (22). Unfortunately, (25)
still may not be solvable for all v € U. But, since [ AyT} By ] has full row rank, it follows
from Theorem 5, see also [43], that there exists a linear feedback

u= Kz +w, (27)
with K € C°(I, R%") such that in the closed loop system
Ei=(A+BK)x+ Bw+ f, z(t) =z, (28)

the matrix function (Ay + BoK)T} is pointwise nonsingular, implying that the DAE in (28)
is regular and strangeness-free for every given w € U.

If we insert the feedback (27) in (25), then we obtain an optimization problem for the
variables x, w instead of z, u, and according to the analysis in Section 2.3, these problems and
the solutions are directly transferable to each other. For this reason we may in the following
assume w.l.o.g. that the differential-algebraic system (22) is regular and strangeness-free as
a free system without control, i.e., when u = 0.

Under these assumptions it is then known, see, e.g., [42], that there exist P € CO(I, R™")
and @ € C'(I,R™") pointwise orthogonal such that

E = PEQ = El’l 0 , A= PAQ — PEQ _ Al,l A1,2

0 0 Agq Asp (20)
5 _ | B P B i1 P 3 e | T
e A O A e e = S

10



with By 1 € O(I,R*4) and A5 € C(I,R%?) pointwise nonsingular. To get solvability of (22)
for arbitrary v € U and f € C(I,R"), in view of

Ei = EE'Ei = E4(EYEz) — EL(ETE)z,
we have to interpret (22) as
E$(EYEx) = (A+ EL(ETE))z+ Bu+ f, (EYEz)(t) =z, (30)
which allows the larger solution space, see [38],
X=Chip(LR") = {2z € CYLR") | ETEx € CHILR")} (31)

equipped with the norm
zllx = llzllco + |l (BT E2)||co. (32)

One should note that the choice of the initial value z is restricted by the requirement in (30).
Following [38], we can use in (16) the constraint function

F:X =Y =C%,R") x range E*(t)E(t)
given by
F(@) = (B4(E*Ex) — (A+ B4(ETE))z — Bu— f,(E*E2)(t) - z).
Then from (30) we obtain
PEQQ" {(QQ"E*PTPEQQ" )
~ (PAQ+ PEQQT £(QQ"E*PTPEQQT)Q) Q"w + PBu + Pf,
or equivalently
EQ"4(QETE7)
- (;1 + PPTEQTO + EQT%(QEHEQT)Q) 7+ Bu+f.
Using the product rule and cancelling equal terms on both sides we obtain
EQTQL(ETEZ)
- (A +EQTQ + EL(ETE) + EE+EQTQ) 7+ Bu+ f.
Since by definition FETE = E and QTQ + QTQ = 0, we then obtain

E4(EtEx) = (A + E%(Eﬂ@)) i+ Bu+f, (ETEZ)()

z, (33)

i.e., (30) transforms covariantly with pointwise orthogonal P and Q. If we partition P and @
conformably to (29) as
z'" ,
P = [ 7T ], Q=[1T"T],

11



then ZTE =0, ET = 0, and we can write (33) as

Ei1 O || A Arg Tl By ut fi zi(t) | _ |z
0 0 T A1 Az T2 Bo fo ]’ 0 0 |
Since Az is pointwise nonsingular, this system is uniquely solvable for arbitrary continuous
functions u, fi, and f2, and for any z;, with solution components satisfying
z1 € CHI,RY), x5 € CO(I,RY)

such that

z=Qi=[T T [ 1 ] € X.

x2

In particular, this construction defines a solution operator of the form

S:UxY =X, (u,f,z)— =z (34)
The Fréchet derivative DF(z) of F at z € Z = X x U is given by

DF(2)Az = (E%(EJFEAQS) — (A+ EL(EYE))Az — BAu, (E+EA:1:)(§)> :
For (g,7) € Y, the equation DF(z) = (g,r) then takes the form
E4(EYEAz) — (A+ E4L(ETE))Az — BAu=g, (ETEAx)(t)=r.

A possible solution is given by v = 0 and Az = §(0, g,r), hence DF(z) is surjective. More-
over, the kernel is given by

kernel(DF(z))
= {(Az,Au) | EL(EYEAz) — (A+ E4(EYE))Az — BAu =0, (ETEAz)(t) = 0}
={(Az,Au) | Ax = §(Au,0,0), Auec U} CX x U.

Observe that kernel(DF(z)) is parameterized with respect to Au and that
P(z) = P(x,u) = (S(u,0,0),u)

defines a projection P : Z — Z onto kernel(DF(z)). Here,

1(S(,0,0),u) |z = |S(u,0,0)|x + [[ullu, and [|S(u,0,0)[x = ||z,
where x is the solution of the homogeneous problem

E4(EYEz) — (A+ E4(ETE))z — Bu=0, (ETEx)(t) =0. (35)

Replacing again x = QI as in (29), we can write (35) as

Vol ln )=l alln ] B ] me=e
or equivalently

Eyq131=(A11 — A1,2A£%A2,1)$1 + (B1 — Al,QAg_éBQ)U; x1(t) =0, (36)

xTo = _AQ_,% (A2,1x1 + BQU) (37)
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The variation of the constant formula for the ODE in (36) yields the estimate ||z1]co +
lZ1]|co < eifjullu, with a constant ¢;, and thus ||z2||co < c2|ully with a constant ca. Alto-
gether, using (32) we then get the estimate

Izl = llzllco + 1% (BT Bz)llco = Qo + | (BT ET x1)|co
=Qallgo + |G (E* ET" a1 + (E*ET")a1)l|co < esllullu,

with a constant cg. With this we have shown that P is continuous and thus kernel(DF(z))
is continuously projectable. Hence, we can apply Theorem 7 and obtain the existence of a
unique Lagrange multiplier A € Y*. To determine A, we make the ansatz

A(g,7) = /tt)\Tg dt +~Tr. (38)
Using the cost function (21) we have 7
DJ(2)Az = z(t)T MAz(t) + /tt(:cTWAx + 2T SAu+ uT ST Az + u' RAW) dt,
and in a local minimum z = (z, u) Weiobtain that for all (Az, Au) € X x U the relationship

t
0=a(®) MAz() + / (TWAz + 2T SAu + uP' ST Az + v RAw) dt (39)
t

+ /t)\T (E4(ETEAD) — (A+ E4(EVE)Aw - BAu) dt+47(E*EAz) (1))

has to hold. If A € C}, (I, R™), then, using the fact that E = EETE = (EET)TE, we have
by partial integration

t t
/t N EL(EYEAz) dt = /t N(EEN)TEL(ETEAY) dt
i t
— / (EE*NTEL(EYEAz) dt
t
7 t
:)\TEE+EA33L— /t L [(EETNTE| (ETEAz) dt

t t .
- )\TEA:UL— / [%(EE+)\)TE+ (EE+)\)TE} (E*EAz) dt

i t i
:)\TEAx‘ - / [%(EE+)\)TEAx+(EE+)\)TEE+EA95] dt.
t t

Therefore, we can rewrite (39) as

t
0= / (a:TW +u’' ST — L(EEYNTE — (BEETA)TEETE — NTA - ATE%(JWE)) Az dt
t

t
+ / (TS +uTR — ATB)Au dt
t

+2(B)T MAz(E) + AT E@)Ax(t) — A () E()Az(t) + 1" (BT EAD)(2).

13



If we first choose Az = 0 and vary over all Au € U, then we obtain the necessary optimality
condition
STz 4+ Ru— BTX=0. (40)

Varying then over all Az € X with Az(t) = Az(t) = 0, we obtain the adjoint equation
Wz + Su— ET S (EEYN) — EYEETEET™A — AT\ — $(ETE)ET )\ = 0. (41)
Varying finally over Az(t) € R™ and Axz(t) € R™, respectively, yields the initial condition
(ET(ME®) ™y = ET(H)AD), ie, v=EL) A1) (42)

and the end condition
Mux(t) + E(E)T)\(f) =0, (43)

respectively.

Observe that the condition (43) can only be satisfied when Muz(t) € cokernel E(¢). This
extra requirement for the cost term involving the final state was observed already for constant
coefficient systems in [53] and in a different setting in [49]. If this condition on M holds, then
from (43) we obtain \(t) = —ET (1)1 Mx(%).

Using the identity

EEYEETE+ E$(ETE) = EEY(EETE + E4(E'E)) = EEY $(EEYE) = EETE,
we obtain the initial value problem for the adjoint equation in the form
ETY(EETN) =Wz + Su— (A+ EETE)'N, (EET)N)() = -E ()" Mx(?). (44)

As we had to interpret (22) in the form (30) for the correct choice of the spaces, (44) is the
correct interpretation of the problem

LETN) =Wz + Su—A"N, AO) = -ET@®)" Mz(®). (45)

Note again that these re-interpretations are not crucial when the coefficient functions are
sufficiently smooth. The formulation (45) now suggests the following definition.

Definition 11 Let (E,A) be a pair of matriz functions with E € CHI,R™™) and A €
COUI,R™™). The pair (ET,—(A+ E)T) is called the adjoint pair of (E, A).

The notion “adjoint pair” is not only justified by the above construction but also by the
following property.

Theorem 12 Let (E, A) have the adjoint pair (ET, —(A+E)T). Then (ET, —(A+ E)T) has
an adjoint pair which is given by (E, A).

Proof. Obviously we have ET € CYI,LR™") and —(A + E)T ¢ C‘O(]I,]R”"”). Hence, the pair
(ET, —(A+ E)T) has an adjoint pair given by ((ET)T, —[-(A+ E)T + ET]T) = (E,A). O

It is possible to show that if a pair of matrix functions has a well-defined differentiation

index v then its adjoint pair also has a well-defined differentiation index v. Since we do not
need this result in the course of this paper we omit a proof of this observation. A more

14



important property of the adjoint pair especially for the treatment of concrete problems is
its behavior under equivalence transformations. For this, let P,Q € C'(I,R™") be pointwise
nonsingular and let £ = PEQ and A = PAQ — PEQ. Assuming that (E, A) possesses an
adjoint pair, we see that (E, fl) possesses an adjoint pair as well which is given by

(BT, ~(A + B)T)
— (QTETPT, —(QTATPT o QTETPT + QTETPT + QTETPT + QTETPT))
— (QTETPT, —QT(A + E)TPT _ QTETPT).

The latter representation then states that the adjoint pair of the transformed pair is equivalent
to the adjoint pair of the original pair. Hence, we are always allowed to transform a given
pair into a suitable form before we build the adjoint pair.

Returning to the adjoint equation and the optimality condition, we will study the action of
the special equivalence transformtions of (29) on these equations. Using that (EET)” = EET,
we obtain for (44) the transformed system

QETPTPL(PTPEQQTETPTP))
=QTWQQTz + QT Su— (QTATPT + QTEPTPEQQTET PT)P.
Setting . ) ) )
W=Q'WQ, S=Q"S, A=P\ M=QH)"MQ(®),
we obtain
EPL(PTEE*Y))
=Wz + Su— (AT +QTQET + QT(QETP + QETP + QETP)PTEE+) A
or equivalently
EPPTEET)N+ EL(EETN)
= Wi+ Su-— (AT +QTQET + ETPPTEEY + ETEE™ + QTQETEE+> A

Using the orthogonality of P, @, which implies that Q7Q + QQ = 0 and PTP + PP = 0, we
obtain

BL(EETX) = Wi+ Su— (A+ EETE)TA
For the initial condition we obtain accordingly
(EET)) (1) = (PEQQTE*PTP)) (1) = (PEE*))(T)
=-POETH)TQHOQEHMQEHQM) x(f) = —EF (&) Mx(7).

Thus, we have shown that (44) transforms covariantly and that we may consider (44) in the
condensed form associated with (29). Setting (with comformable partitioning)

5 A = Wi Wl?] z [51} ~ [Mll M12:|
3= R/ L LT Coar= | M Mg 46
[ A2 ] [ Wo1 Wap S My May (46)
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we obtain the system

ElT,l)\l =Wiia1 + Wiaza + Siu— (Ary + E11) A — A%:l)\Qa
M) = =By | (O)(Miaz1(7) + My gas(7)),
0= W271:L‘1 + WQQJ’Q + SQU — A{Q)\l — A%k)\g.

We immediately see that as a differential-algebraic equation in A this system is again regular
and strangeness-free. In particular, since Aj o is pointwise nonsingular, this system yields a
unique solution A € Cg . (I R™) for every (z,u) € Z.

If (x,u) € Z is a local minimum, then from (43) and (44) we can determine Lagrange
multipliers A € CLp +(ILR™) and v € cokernel E(f). It is, however, not clear, whether this
also satisfies the optimality condition (40).

Suppose this is not the case, i.e., for the given (x,u, \) we have

STz 4+ Ru— BTX#0. (47)
Then there exists Au € U with
t
/ (TS +uTR — A\TB)Au dt # 0.

t

Using this Au, we have a unique Az € X satisfying
E4(ETEAz) = (A+ EL(ETE))Az + BAu, (ETEAz)(t) =0,
which implies that for z + cAz = (z,u) + ¢(Ax, Au), we have F(z +cAz) =0 and
J(z+eAz) — T(2)

_ t
=c|lz()TMAz(®) + / (eTW Az + 2T SAu+ uT ST Az + vl RAw) dt} + 0(e?)
- t

=¢ :x(f)TMAx(f) + /t ("W +u"ST) Az + (27 S + u" R)Au) dt} + O(?)

. :x(f)TMAx(f) + /t ' (%(EE*)\)TE AT (A + EE+E')) Az dt
+ /tt(xTS +ul' R)Au dt} + O(?)

— g[x(f)TMAx(%) + ()\TEAx)‘z— /t E(EE+A)TE'E+EA:C dt — /t ZATE%(E+EA:E) dt
+ /t ' M(A+ EEYE)Azx dt + /t z(:cTS +u'R)Au dt] + O(e?)

— [/:AT ((A+ BE*E)Az - B4 (EYEA) - EE*EETEAz) dt

t
+ / (z7S +u'R)Au dt} + O(e?)
t
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t
—c {/t X ((A+ EE*E) - (A+ E4(EYE)) — EE*EEYE) A di
t
+ / (@S +u"R - \TB)Au dt] +0(e?)
t

t
= e / (475 +uT R~ ATB)Au di] + O()
t

Since ¢ can take any positive and negative value, it follows that z was not a local minimum.
Hence, the vector A defined by (44) must satisfy (40).

It thus follows that the functional that is defined via (38), (44) and v = E(¢)TA(t) as in
(42) has the property (17) and is, therefore, the desired Lagrange multiplier. Furthermore,
it is then clear that (z, A\) = (z,u, \) is a local minimum of the unconstrained optimization
problem

N

J(2,0) = T(2) + MF(2))
= 3e(®)TMa®) + § [/ ("W + 227 Su + u” Ru) dt
+ I N (E(&(EYEx) — (A+ EL(EYE))a — Bu— f) dt
+97 (BT Ez)(t) — 2) = min!

(48)

In summary, we have proved the following theorem.

Theorem 13 Consider the optimal control problem (21) subject to (22) with a consistent
initial condition. Suppose that (22) is strangeness-free as a behavior system and that Mx(t) €
cokernel E(t).

If (z,u) € X x U is a solution to this optimal control problem, then there exists a Lagrange
multiplier function A € CE+E(]I, R™), such that (x, \,u) satisfy the optimality boundary value
problem

(a) E4(EYEx)=(A+E%(ETE))z+ Bu+ f, (ETEx)(t) =z,
(b) ETL(EETXN) =Wz + Su— (A+EETE)T), (EE*N)() = —E+(@)TMx(), (49)
(¢) 0=STz+ Ru— BT\

It should be noted again that the assumption in Theorem 13 that the system (22) is regular
and strangeness-free in the behavior formulation is not a restriction, since we can always
assume that we have already obtained the reduced system (25) which has this property. The
same is true for the requirement of consistent initial conditions, which are easily obtained from
the reduced system. The third assumption can be easily guaranteed as well, since usually the
weight on the final state is something that is chosen independently of the model.

An important question for the numerical computation of optimal controls is when the
optimality system (49) is regular and strangeness-free and whether the strangeness index of
(49) is related to the strangeness index of the original system. For other index concepts like
the tractability index this question has been discussed in [5, 3, 6, 49].

Theorem 14 The DAFE in (49) is reqular and strangeness-free if and only if

) 0 Az By
R=| Al, Wiy S (50)
BY sT R
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is pointwise nonsingular, where we used the notation of (29).

Proof. Consider the reduced system (25) associated with the DAE (22) and derive the bound-
ary value problem (49) from this reduced system. If we carry out the change of basis with
orthogonal transformations leading to the normal form (29), then we obtain the transformed
boundary value problem

(a) Bt = Az + Aigze + Biu+ fi, z1(t) = 2
(b) 0= Az 121 + Az 212 + Bou + f2, _
(C) Efl)\l = W1,1561 + WLQ:EQ + Siu — (A171 + E1,1)T)\1 — A£1A27

_ v _ o1
)\1(t) = *Elyl(t)_TMLl.’El(t), ( )
(d) 0= W2,1$1 + W272$2 + Sou — A{z)\l — A%—leQ,
(e) 0= STa1 + STx9 + Ru— Bf A\ — B .
We can rewrite (51) in a symmetrized way as
0 FEp1|0 00 M\
~ET, 0 |0 0 0 i
0 0 /0 0 0 — o
0 0 |0 00 )
0 0 (0 0 O U
52
0 Ain | 0 Aip By -1 f1 (52)
(A +E)" Wi | AT, W5 T 0
= 0 As1 | 0 Axo DBy =X | + | fo
A{Q W271 A£2 W272 SQ i) 0
BF st | B sT R u 0

Obviously this DAE is regular and strangeness-free if and only if the symmetric matrix func-
tion R is pointwise nonsingular. 0O

If (22) itself is regular and strangeness-free as a free system with u = 0, then Ay, is
pointwise nonsingular. In our analysis we have shown that this property can always be
achieved, but note that we do not need that As s is pointwise nonsingular to obtain a regular
and strangeness-free optimality system (49).

On the other hand for R to be pointwise nonsingular, it is clearly necessary that [A292 Bs]
has pointwise full row rank. This condition is equivalent to the condition that the behavior
system (23) belonging to the reduced problem satisfies Hypothesis 1 with 4 = 0 and v = 0,
see [43] for a detailed discussion of this issue and also for an extension of these results to the
case of control systems with output equations.

Example 15 An example of a control problem of the form (22) that is not directly
strangeness-free in the behavior setting is discussed in [2, p. 50]. This linear-quadratic control
problem has the coefficients

100 00 0 1 0
E=|l010]|, A=|l00 -1]|, B=|1/|, f=|0],
00 0 01 0 0 0
100 00 0 0
M=|000|, W=|000], S=|0], R=1,
00 0 001 0



and the initial condition z1(0) = «, 22(0) = 0. A possible reduced system (25) is given by

)
100 ) )
E=]|000]|, A=A B=8B.
000

Observe that the corresponding free system of this reduced problem (i.e. with u = 0) itself is
regular and strangeness-free. It follows that the adjoint equation and the optimality condition
are given by

100 A 00 0 o 0 0 0 A
000 M |=1000 ze | =0 0 1 Ao |,
00 0 A3 00 1 T3 0 -1 0 A3
A1
0=—[1 1 0] X | +u,
A3
respectively, with the end condition A (t) = —z1(?).
We obtain that the matrix function R in (50) given by
0 0|0 —1]0
0 0/1 010
R=| 0 1[0 0|1
-1 0/0 1|0
0 0|1 0 |1

is pointwise nonsingular, and hence the boundary value problem (49) is regular and
strangeness-free. Moreover, it has a unique solution which is given by

t « 20
= ]_ - T =) = )\ = 07 = = —A = —_, >\ e —
r1 = of 2+t) T2 = A3 r3=1u 2 513 1

Example 16 In [49] the optimal control problem to minimize

J(z,u) = /0 (z1(t)? + u(t)?) dt

allol[n])=[o o] [ [o]s mor=m

is discussed. Obviously, x1 does not enter the DAE and therefore rather plays the role of a
control than of a state. Consequently, the corresponding free system is not regular. Rewriting

the system as
0 t T | |1 B

and analyzing this system in our described framework, we first of all observe that this system
possesses a strangeness index and that it is even regular and strangeness-free as a behavior
system. A possible reduced system (25) is given by

[8 é][i;}:[?}u’ 22(0) = 22,0.
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Also here the corresponding free system is not regular although it is strangeness-free. More-
over, we can read off

R=

_— o O
O = O
—_ o

which is obviously pointwise nonsingular. Hence, the boundary value problem (49) is regular
and strangeness-free.

In view of Definition 11 together with (45) one may be tempted to drop the assumptions of
Theorem 13 and to consider directly the formal optimality boundary value problem given by

(a) Eit=Az+Bu+f, z(t) =z
(b)  L(ETXN)=Wa+ Su—ATX, (ETN)(T) = —Mx(?), (53)
(b) 0= STz + Ru— BT\

But it was already observed in [2, 49, 53] that it is in general not correct to just consider this
system. First of all, as we have shown, the cost matrix M for the final state has to be in the
correct cokernel, since otherwise the initial value problem may not be solvable due to a wrong
number of conditions. An example for this is given in [2, 49]. A further difficulty arises from
the fact that the formal adjoint equation (53b) may be a high index equation in the variable
A and thus extra differentiability conditions may arise which may not be satisfied, see the
following example.

Example 17 Consider the problem

subject to the differential-algebraic system
Lo Jla )=l vl ] Lol 2]

The reduced system (25) in this case is the purely algebraic equation

o-[o 2] [n] e [o] [ 27 ]
The associated adjoint equation (44) is then

-[o o)l ]-[o V1[5]
0 0 2 01 Ay |7
and no initial conditions are necessary. The optimality condition (40) is given by
0=u— M.
A simple calculation yields the optimal solution
ri=u=MA=—3(fi+fa), wa=—fo, X=0.
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If, however, we consider the formal adjoint equation (53b) given by

BIRERAREREE

together with the optimality condition (53c), then we obtain that

$1=u2>\1=—%(f1+f2), T2 = — fo, Azz—%(f1+f2)

without using the initial condition A;(1) = 0. Depending on the data, this initial condition
may be consistent or not. In view of the correct solution it is obvious that this initial condition
should not be present. But this cannot be seen from (53). Moreover, the determination of Ao
requires more smoothness of the inhomogeneity than in (49).

As we have demonstrated by Example 17, difficulties may arise by working with the formal
adjoint equations. In particular, they may not be solvable due to additional initial conditions
or due to lack of smoothness. If, however, the cost functional is positive semidefinite, then
one can show that any solution of the formal optimality system yields a minimum and thus
constitutes a sufficient condition. This was, e.g., shown for ODE optimal control in [15], for
linear constant coefficient DAEs in [53], and in a specific setting for linear DAEs with variable
coefficients in [2]. The general result is given by the following theorem.

Theorem 18 Consider the optimal control problem (21) subject to (22) with a consistent

initial condition and suppose that in the cost functional (21) we have that

w S
ST R

|
are (pointwise) positive semidefinite. If (x*,u*, \) satisfies the formal optimality system (53),
then for any (z,u) satisfying (22) we have
J(z,u) > J(z*,u").
Proof. We consider the function
O(s) =T((1 —s)z™ + sz, (1 — s)u™ + su)
and show that ®(s) has a minimum at s = 0. We have
1 [t a1 [w ST
o) = | ((1—s> M
T
x* w S x
R NI
T
2 X w S x
SHIEHIHE

1
+ 5((1 — )22 T Ma* + 2s(1 — s)2*T Mz + stTMa:> ’ .,
t=1
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and

o= [([] [ 21[]
[ s R][])

+ (m*TMa: — :E*TMx*>

t=t
If we consider (53b) for (z*,u*) and multiply from the left by z*7, then we obtain
—2*TETN = *TETN + ¥ TWa* + 2T Su* — 2" TATA = 0.
Inserting the transpose of (53a) yields
—*TETN = 2*TETN + 2 TWa* + 2T Su* — i TE" X+ w*TBTA + fT) = 0.
Finally, inserting (53c) gives

d
—— (m*TET)\) + 2T Wa* + 22T Su* + w* T Ru* + fTA

dt
d o ol K I T I o
_—$(a: E)\)Jr[u*] [ST R}{u*}Jrf)\_O.

Analogously, we obtain for (x,u) the equation

d T T X r W S ZE* Ty
_dt(xE/\)+[u} [ST R}[“*}—i_f)\_o.
Thus, we obtain that

d

£<I>(0) = /tt(fllt (zTETN) - 4 (ac*TET/\)) dt + (:L'*TM(x — x*))‘

t=t

=0,

t=t

= ((x - x*)TET)\) )Z—f—((az — a:*)TMac*)

since x(t) = z*(¢) and (ET)\)(f) = —Mx*(f). Due to the positive semidefiniteness of the cost
functional we have

jjw(o):/tt[i:f;r[g Z] [z:i} dat
+((x—:c*)TM(x—x*))‘ >0

and this implies that ® has a minimum at s = 0, which may, however, not be unique. [

We can summarize the results of this section as follows. The necessary optimality condition
for the optimal control problem (21) subject to (22) is given by (49) and not by the formal
optimality system (53). If, however, (53) has a solution, then it corresponds to a minimum of
the optimal control problem. If no index reduction is performed, then a necessary condition
for the DAE in (21) to be regular and strangeness-free is that the DAE (22) itself is regular
and strangeness-free as a behavior system.
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3.2 Differential-algebraic Riccati equations

One of the classical approaches to solve boundary value problems arising in the linear-
quadratic optimal control problem of ordinary differential equations is the use of Riccati
differential equations. This approach has also been studied in the case of differential-algebraic
equations, see [7, 39, 53], and it has been observed in [39] that the Riccati approach is not
always possible. If, however, some further conditions hold, then the Riccati approach can be
carried out. For linear differential-algebraic systems with constant coefficients this has been
studied in detail in [53] and for variable coefficient systems in a different setting in [24] for
special cases. We present here the general case.

Let us first consider the optimality boundary value problem (49) in its symmetrized normal
form (52). If R is pointwise nonsingular, then

—A2 R 0 A Y f2
To =—R! A{Q W1 [ - ! } +1 0 . (54)
u Bl sT ! 0
The remaining equations can be written as
Ey a4 ]:[0 A1,1][—>\1]+[0 Ao Bl:| _;2\2 +{f1]
F(=EL) (M) AT, Wi T AT, WS " 0
(55)
Inserting (54) and defining
() Fi=Er} (A1 —[0 Ay BiR AL, WE s1T7)),
(b) Gi1 = El_j[() A2 By ]Rfl[ 0 AALQ B3 ]TEi{,
d) g =E; (fl—[o A2 BiIR7'[f5 0 O]T>7
(e) hy = —[Ag,l W27:1 SR oo0]7,
we obtain the boundary value problem with Hamiltonian structure given by
(a)  d1=Flar+GuEL M)+ g1, 21(t) =y,
d (T " pT(pT T \.\(F < (56)
(b)  H(E{ A1) = Hizn — Fy (Ei 1 M) + ha, (B jM)(F) = —Mia2(F).
Making the ansatz
Efl)‘l = X171$1 + vy, (57)

and using its derivative
%(Efl)\l) = X121 + Xy 121 + 01,

the Hamiltonian boundary value problem (56) yields
Xi121 + X11(Fiey + Gr( X121 +o1) + g1) + 91 = Hyzy — FE(Xy 121 +v1) + b,

or
<X1,1 + X1 F + FE X1+ X11G1 X1 — H1) T

+ (731 + X11G1v1 + Ffvg + X1191 — hl) =0.
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Thus, we can solve the two initial value problems
X1+ Xi1F + FEX 14+ X11G1 X1 — Hi =0, X11(f) = —My 4, (58)

and
b1 + X11G1v1 + Flog + X191 — b1 = 0, v1(f) =0, (59)

to obtain X, and v; and to decouple the solution to (56).

In this way we have obtained a Riccati approach for the dynamic part of the system. Ideally,
however, we would like to have a Riccati approach directly for the boundary value problem
associated with (33), (44), and (40) in the original data, without carrying out the change
of bases and going to normal form. If we make a similar ansatz for the general situation,
i.e., A = Xz + v, then we face the problem that neither the whole x nor the whole A may
be differentiable. To accomodate for the appropriate solution spaces, we therefore make the
modified ansatz

(a) AN=XFEx+v=XFEETEx + v,
(b) %(EEJFA) — %(EEJFX)E;B +(FETX)EETEx (60)
+ (BE*X)B4(E* Ex) + $(B B,

where
X € Cop+ (LR™), v e Cpp+ (ILRY). (61)

In this way we have obtained an ansatz that fits to the solution spaces for x and A. The
disadvantage of this approach, however, is that X (I — FE™) now can be chosen arbitrarily.
Using again the transformation to normal form (29) and that

P\ =PXPTPEQQ"z + Pu,

we obtain
with

Comparing with (57) we obtain
X1 = E51X1,1E171, v = ElTqu.

In particular, we obtain that X 1,1 and 01 are continuously differentiable under the assumption
that (58) is solvable on the interval I. Furthermore, X ; is pointwise symmetric. From (54)
we then obtain

0 Aas X = f2
A2 =[10 O]R_l ATy Wiy _(XI’IE;WI o) ] +1 0 = X2,1E1,1x1 + Vg,
i 1
Bf S 0
with
0 A .
Xo E11=[100]R? A{2 Wa [ _XL[lELl ] ’
BT sT



and

R f2
Gy=[100]R™" | —Al,0
—BTs,

If we assume that R itself is pointwise nonsingular (which corresponds to the assumption that
all controls are weighted in the cost functional), then from (40) we obtain that

u= R YBTXx - 5Tx)
and thus from (44) and (35) we obtain
ET4(EEYX)Ex + ET(FEETX)EETEx
+ ET(EETX) (Aa: +E4(EYE)x + BR'BY"(XEx +v) - BR™'STz + f)
+ET4(EETY)
=Wz + SR BT (XEx+v)— SR'STz — (A+ EETE)T(XEx + v),
or
(ET%(EEJFX)E +EN(EETX)EEYE + ET(EEYX)EL(EYE)
+ETN(EEYX)EETE+ ETXA+ E'XBR'BTXE + ATXE
~ ETXBR'S" - SR BTXE + SRS - W )a
+ <%(EE+U) + ETXBR'BTv+ ETXf — SR™'BTv+ ATv + ET(EE+U)) = 0.
Introducing the notation
(a F=A-BR'S7,

(b)  G=BR'BT, (62)
(c) H=W-SR ST,

we obtain
(#(ET(EE*X)E(E*E)) + ETXF + FTXE + ETXGXE ~ H) «
+ (ET4(EE*v) + ET(BE*v) + ETXGv+ FTv+ ETX[) =0,
which yields the two initial value problems
4(ETXE)+E'XF+ FTXE+E"XGXE—-H=0, (ETXE)(#)=-M, (63)

and
4(ET) + ETXGu+ FTo+ ETX f =0, (ETv)() = 0. (64)

Note that we must have M = E(t)T M E(t) with suitable M and H = ET HE with suitable H
as necessary condition for the solvability of (63). Note also that (as already in the case of
ODEs) the optimality boundary value problem (49) may be solvable, whereas (63) does not
allow for a solution on the whole interval I.

The analysis in this section shows that we can obtain a Riccati approach if the system (22)
is strangeness-free in the behavior setting and R is invertible.
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3.3 A modified cost functional

In the previous sections we have derived necessary conditions for linear-quadratic control
problem and studied how these can be solved. In particular, we have seen that extra conditions
on the cost functional have to hold for the optimality system or the associated Riccati equation
to have a solution.

Since the cost functional is often a matter of choice one could modify it to reduce the
requirements. A simple modification is the following cost functional, see e.g. [35] in the case
of constant coefficients,

t
J(x,u) = %x(f)T]\;Ix(f) + % /t (" Wa + 227 Su + u” Ru) dt, (65)

with M = E@)TME(t), W = ETWE, and S = ETS.
Assuming again that the original system (22) is strangeness-free as a behavior system, the
same analysis as before leads to the modified optimality boundary value problem

(a) EL(EYEz)=(A+EL(EYE))z+ Bu+ f, (ETE2)(t) =2,
(b) ET4(EET)N) = ETWEz + ETSu— (A+ EETE)),

(EE*MN) (1) = —ETO)TEGQ)TMEt)x(1),
(c) 0=STEx+ Ru— BT\

(66)

Considering the conditions that guarantee that the optimality system is again strangeness-
free, we obtain the following corollary.

Corollary 19 Consider the optimal control problem to minimize (65) subject to (22) and
assume that (22) is strangeness-free as a free system (with w = 0). Then the optimality
system (66) is strangeness-free if and only if R is nonsingular.

Proof. Consider the system (22) in the normal form (29). By assumption, we have that A
is invertible and in the transformed cost functional (46) we obtain that S; = 0 and W52 = 0.
The modified matrix R then takes the form

0 Ao By
R= Ag% 0o 0 |,
Bl 0o R

which is clearly pointwise nonsingular if and only if R is nonsingular. O

The Riccati approach also changes when we use the modified cost functional. In particular,
we obtain ~ ~
(a) F=A—BR'ST,
(b) G=G=BR'BT, (67)
(b) H=W — SR 'S8T
In this case one obtains the two initial value problems
S(ETXE)+E"XF+ F'XE+E"XGXE-H=0, (E"XE)(t)=-M,  (68)

and
4(ET)+ E"XGu+ FTv+ ETXf =0, (ETv)(f) =0. (69)

Observe that the necessary conditions for solvability as stated in the end of Section 3.2 for
(63) are now trivially fulfilled.
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3.4 General nonlinear problems

In this section we discuss the general nonlinear optimal control problem to minimize (1)
subject to (2). We assume that all describing functions are sufficiently smooth and that the
system described in the behavior setting (5) satisfies Hypothesis 1 with v = 0.

Let z € CO(I,R™*!) be a potential candidate for a minimum of (1) subject to (2), (3). In
particular, let z be part of a (continuous) path

(t,2(t),P(t)) € Ly forall t €1, (70)
cp. Theorem 4.34 of [42]. Due to Hypothesis 1 there exist
Zy € COILRWHDma) - 1y e OO, RMTEH=0) - 7y e CO(ILR™),
with the described properties. Let
Zy € COI,RWHImlutln=a) - pp ¢ COILR™), 2] € CO(LR™™ ),

be such that
[Zy Zo2], [Ty To), [Z) Z1]

are pointwise orthogonal. Furthermore, there exist
T, € CO(]I,R(”+1)(n+l)’(“+1)l+a), Tll c CO(]I, R(M‘Fl)(ﬂ‘i’l),(ﬂ‘i’l)ﬂ*&)
such that
[T T1]

is pointwise orthogonal and

Zy(O) " F s o (£, 2(), P(£)T1(t) = 0 for all ¢ € 1.

If we define a function H via

Fyu(t, z,p) + Z2(t)¢ ] 7 (71)

i) = | R0 E

then

(a) H(t,z(t),P(t),O) =0,
Fy;é,...,z(#-‘-l) (t7 Z(t)7 P(t)) Zy (t)

(b) Hp,d,(t,z(t),P(t),O):[ o : ] (72)

By construction H,, 4(t, 2(t), P(t),0) is nonsingular for all ¢t € I and thus we can locally solve
for p and ¢ as

A~

¢ =Fy(t,2), p="P(t2)
We have, in particular, that

Ey(t,z(t) =0, P(t,z(t) = P(t)

and
E,(t,2(t), P(t, 2)) + Za(t)Fa(t, z) = 0 for all (¢, 2),
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and hence X X
Fp;z + FM;27,,,73(H+1>PZ + ZZFQ;Z = 07

which implies R
oo (t,2(1)) = _ZQ(t)TFM;Z(tv z(t), P(t)),

i.e., Fy., has full row rank along (¢, z(t)). The equation
Fy(t,z) =0 (73)

thus is just the requirement that z satisfies at time ¢ all constraints that are contained in (2).
With the change of variables

T
z:ngl+T2/22, 21:T2Tz, zzzTéz

equation (73) turns into
FQ(t, Tg(t)zl + T2/(t>22) =0. (74)

If we set 21 (t) = To (t)2(t), 22(t) = Ty(t)T 2(t) then it follows that for all t € T

(a) Bt Ta(t)=1(t) + T (t)z2(1) = 0,
(b) Fy.,(t, z(t))Ty(t) is nonsingular.

Thus, we can solve (74) for z3 as
zo = R(t,21) (75)

and we have
29(t) = R(t, z1(t)) for all t € L. (76)

Since Hypothesis 1 also holds for the transformed system
F(t, 21,20, 41, %2) = F(t, Toz1 + Thzo, & (Toz + Thz2)), (77)
we obtain from (70) a path
(t, 21(t), 22(t), P(t)) € Lyqq for all ¢ €1, (78)
where L, 11 is the solution set associated with (77). Besides (76) we have
p2(t) = Re(t, 21(1)) + Ry (¢, 21(2))pa (2), (79)

where we use the partition

pa(?)

compare the proof of Theorem 4.34 in [42]. From (77) and (78) we then obtain

F(t,21(t), 22(1), pr(t), p2(1)) _
= F(t, To(t)z1 (1) + T3(1)22(1), Ta(t)z1 (1) + Ta(t)pr () + T5(t)z2(t) + T3 (t)pa(t)) = 0,
for all t € I,

(L1 0 - 0]P = [pl(t) }

28



in which we can eliminate 22, ps via (75) and (79), respectively. If we define

Fl(thlapl) = Zl( ) (t7 2
To(t)z1 + To(t)pa (t

t)z1 + T(OR(E 21),

(
) + To(OR(t, 21) + To () (Ru(t, 21) + Ry (£ 21)p1)),

then (t,z1(t), p1(t)) solves Fy(t, z1,p1) =
Furthermore,

Fl;m (t7 <1 (t)vpl (t)) = (t>TF73(tv Z(t),p(t))(TQ (t) + Té(t)Rzl (tv 21 (t)))? (81)

where [I,1; 0 --- O]P =p.
To determine R, (¢, z1(t)), one observes that from

Fa(t, Ta(t)z1(t) + To(t)R., (t,21())) = 0 for all t € T,

it follows that R
Fo..(t, 2(t))(Ta(t) + Ty(t)R., (t,21(t))) =0 for all t € T

and hence, using (73) we obtain
Zo(t) T Fa(t, 2(t), P())(Ta(t) + To(t) Ry (t, 21(t))) = 0 for all t € T.
By the construction of Zs, Tb, and T3, we immediatly obtain that
R (t,z1(t)) =0forallt €l

and that F.,, (t,21(t), p1(t)) has full row rank for all ¢+ € I. Thus, there exists a pointwise
orthogonal matrix function [V’ V'] € CO(I, R4*H4H) | with

Zy () F(t, 2(), p(t) T(O)[ V' () V()] = [Z(t) 0], (82)
with pointwise nonsingular . Making a change of variables
z1 = V/23 + VZ4, zZ3 = V'Tzl, zZ4 = VTZ1, (83)

and introducing ’ .
p3=V"2u+ V" p1, pa=VTa+Vip,

gives

=V'23+ V'ps + Vag + Vs,
and we obtain
Fi(t, V' (t)z3(t) + V() za(t), V' (t)23(t) + V' (t)ps(t) + V(£)z4(t) + V(t)pa(t)) = 0 for all t € 1.
If we define
H(t, 23, 24, p3, pa) = FL(t, V' (t) 23 + V() 24, V()23 + V' (t)ps + V()24 + V(t)ps),
then it follows that

(a)  H(t, 23(t), 24(t), p3(t), pa(t))
(b)  Hps(t,23(2), 24(t), p3(t), pa(t)



and we can solve for p3 according to
p3 = L(t, 23, 24, pa)- (84)
If we insert (83) into (75) we, moreover, obtain
20 =R(t, V' (t)z3 + V(t)24). (85)

Note that by construction ps and p4 represent the derivatives of z3 and z4, respectively. If we
require that z3 and z4 are continuously differentiable and that P satisfies p3(t) = 23(t) and
pa(t) = 24(t) for all t € I, then we notice that z4 € C1(I, R") plays the role of a control in the
sense that one can choose it freely in C'(I,R!) and with an appropriate initial condition z3(t)
we obtain a unique solution of the ODE Z3 = L(t, 23, 24, 24) corresponding to (84). Setting
then (z1,z2,u) = (23, 22, 24) we can rewrite (84), (85) as

(@) @1 = L(t,z1,u,1),

(b) x2 = R(t,z1,u), (86)

where we have used the same notation as in (85) for the function R in the renamed variables.

The appearance of % in (86) and the implied higher smoothness requirement for u cannot
be avoided in the general case. However, the structure of the problem often implies that
actually @ is not present in (86), see e.g. [42, Remark 4.36]. We therefore use

(a) 1 = L(t, z1,u),

(b) a9 =R(tz1,u) (87)

instead of (86) and allow u to be only continuous.
If we transform the cost function correspondingly, then the optimal control problem (1)
changes to

J(x1,x2,u) = M(x1(%), 22(t)) + /tth(t, x1,%2,u) dt = min! (88)

subject to (87) with initial condition x;(t) = z;.
Let z = (z1,22,u) be a (local) solution of this optimal control problem, where

z1 € CHILRY), x5 € CO(I,RY), wuec COLRY.

Then (according to the standard theory for control problems with algebraic and differential
constraints), there exist Lagrange multipliers

A€ CHILRY), Xy e COLRY), ~eR?
such that (z1, 22, u, A1, A2,7) solves the unconstrained problem
B B t
M @,220) + [ Kt 1,2,0) di 7 (0 - 2)
_ t

t t
+ / MNo(iy — £t z1,u)) dt +/ M (29 — R(t, 1,u)) dt = min!
t t
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in W=7 xY with
Z = CY(I,RY) x C°(I,R?) x CO(I,RY), Y = CYI,R?) x COI,R?) x R%.
From (89) we obtain the necessary condition
Mg, (1(2), 22(t)) Az (F) + My, (21(F), 22(F)) Axa(t) +

7
+/ (K (t, 21, 22, u) Axy + Koy (t, 21, 2, u) Az + Iy (¢, 1, T2, w)Au) dt
t
t
+/ M(Ady — Lo, (8,21, u)Azy — Lof(t, 1, u)Au) dt
t
t
+/ AN (& — Lo, (t,21,u)) dt
t

7
+/ )\g(Axg — Ry (t, 1, u) Az — Ry (t, 21, u)Au) dt
t

+ V%Aﬁl(t) + Ay (21 (t) —21) =0

for all (Azq, Azg, Au, AN, AXy, Ay) € W. Variation over AX;, Alg, and Ay as usual
reproduces the constraints. Moreover, comparing with the linear case we only have to perform
the replacements

(2) a1 (D)TM — [ My, (21(8), 22(8)) May(21(D), 22(D)) ],

(b) xTW+uTS — [le(t,,l?l,fEQ,U) sz(taxlva,u) ]a

(C) xTST + uTR — ]Cu(ta x1,T2, U), (90)
I; 0O [’961 (t,:z:l,u) 0 Lu(t,xl,u)

(d) EH[ 0 0]’A(_[Rzl(t,x1,u) -1’ B = Ru(t,x1,u) |’

in (39).
In this way, we obtain the boundary value problem of necessary optimality conditions

(a) T = ﬁ(t,l’l,U), ﬁUl(t) =2y,
(b) 1.:2 = R(t)xlau)u
(C) )\1 = ICxl (ta Zy,x2, U)T - Em (ta Z1,x2, u)T)‘l - Rgm (t7 x1, U)T)\la

Ai(f) = =M, (z1(8), z2(7))" (91)
(d) 0= sz(t,ml,xg,u)T+)\2,
(e) 0= Ku(t,z1,22,u)" — Ly(t,x1,u)T A\ — Ry(t, x1,u)" g,
) 7=

proving the following result.

Theorem 20 Let z be a local solution of (4) subject to (5) and (6) in the sense that the
transformed (x1,x2,u) € Z is a local solution of (88) subject to (87) and x1(t) = x;. Then
there exist unique Lagrange multipliers (A1, Aa,7y) € Z such that (x1,x2,u, A1, A2,7y) solves the
boundary value problem (91).

Remark 21 The preceding result can be generalized to constraints that additionally contain
end conditions, i.e., conditions on parts of (). The observation is the same as for ODEs. In
particular, for every additional scalar end condition we lose one scalar condition on values A(%).
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3.5 A Maximum Principle for general DAEs

If we, furthermore, allow the input functions to be constrained, then according to (18), (19)
we have the problem

J(z,u) / K(t,z(t),u(t)) dt = min! (92)
subject to

0= F(t,z,u, ),

0= h(t,z(t)), h e C(R x R",R"), (93)

u(t)eU C R forallt €.

Since the control u ist restricted we must (at least) allow for an optimal control u that has
a finite number of jumps, i.e., u € LS (I,R!). In view of (87) we must then also allow that
the algebraic variables xo in a reduced formulation possess jumps at the same locations.
Moreover, we must say in what sense the differential-algebraic equation in the constraint is
to be satisfied when we allow for jumps in the input.

Starting with z € LS (I, R**!) and thus with a (piecewise continuous) path (¢, z(t), P(t))
as a potential candidate for a minimum, Hypothesis 1 will no longer guarantee that we can
perform the construction in the beginning of Section 3.4. In particular, we need additional
assumptions that yield the necessary smooth transformations and the necessary implications
of the implicit function theorem. Note that in many applications these additional properties
hold due to the structure of the given problem.

Following the beginning of Section 3.4, we first assume that in spite of the lack of smoothness
the projector functions Z}, Z1, Z}, Za, T{, Th, T4, T are still at least continuous. Instead of
(71) we define
Fu(t, 2,p) + Za(t)0

ﬂ(t, 2, D, D, ¢) = T (t)T(p N ]5) (94)

which can locally be solved according to
¢:F2(t727ﬁ)7 p:ﬁ(u'zaij)

Here we must assume that at a point where the solution path has a jump the whole jump lies
in the domain of the implicitly defined functions. In particular, we then have that

Fy(t,z(t)) =0 for all t € 1,

where Fy(t,z) = Fy(t, 2z, P(t)). Again, Fy., has full row rank along (t,z(t)) and Fy(t,z) = 0
represents all the algebraic constraints that are contained in the DAE.

Proceeding in the same way with the following constructions and corresponding assump-
tions, we arrive at the reduced formulation consisting of (84) and (85) with no p4 present in
(84). Again z4 € LS (I, R!) plays the role of a control. Given an initial value z3(t) we require
that

23(t) = z3(t) + /ttm(s) ds

holds for the given path. Renaming the variables as before, we get the reduced problem

(a) z1(t) = x1(t +ft (s,z1(s),u(s)) ds,

(b) Tro = R(t T1,U ) (95)

32



which reflects that x; does not need to be continuously differentiable on the whole interval I.

Transforming J and h to the new variables, eliminating the variable xo with the help of
the algebraic constraint, and assuming that the so obtained h does not depend on u (since
the quantity u(#) does not make sense), we get as interpretation of (92) and (93) a problem
of the form

J(z1,u / K(t,z1(t),u(t)) dt = min! (96)

subject to
xl(t) 1 —|—ft S $1 ( )) ds,
0= h(t,z:(1), h e C’(R x R4, RY), (97)
u(t)eU C R forallt €1

for the determination of an optimal (£, 21,u) € R x CO(I,R%) x LS (I, R?)). Of course, the
missing part xg is then given by (95b).

Theorem 22 If (,x7,u*) is a local solution of the Bolza problem (96) subject to (97), then

there exist scalars ag,aq,...,aq, which do not all vanish simultaneously, ag > 0, and a
multiplier X € CO(I,RY) such that, with H(t,x1,u,\, ag) = AT L(t,z1,u) — oK (t, 1, u) and
a=(al, a7,
H(t,xz7(t),u™(t), A(t), ) = maxyey H(t, z7(t), u, A(t), ap),
)‘(t) = va(tv f{ t)v u* (t)v )‘(t)v a0)7 (98)
F1(1) = VaH (8.7 (1), w (1), A(E), o),
A(t) = =V, @ h(E =1(D)),

for all t € 1, where u* is continuous.

Theorem 22 covers Theorem 20 in the case of a continuous control u when we fix ¢ omitting
the condition on it described by h in Theorem 22 and when we omit the costs on the final state
described by M in Theorem 20. Of course, we could have formulated generalized versions of
both theorems such that this would directly be the case, but we chose the restricted versions
because here we concentrate merely on the DAE aspect of the results and not on the most
general possible formulations.

As a simple application of Theorem 22 we consider a semi-explicit differential-algebraic
equation of index 1 in the constraints. In particular, we consider the problem

T (w1, 29,0) = /tt K(t, 21 (), (1), u(t)) dt = min!

subject to
i1 = f(t,z1,22,u), 21(t) =29
0=g(t,z1,x2,u),
u(t)eU C R forall t €1,

with the assumption that g, is everywhere nonsingular. Given a (local) solution (z1,z2,u)
the implicit function theorem yields that zo is determined in terms of (¢, z1,u) according to

T = R(t7x1)u)7
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while the differential part reads
T1 = ‘C(ta Z1, u) = f(t7 Zy, R(ta Ty, U), U‘)
Accordingly, we get

K(t,z1,u) = K(t, 21, R(t, z1,u),u).

Thus, the structure of the differential-algebraic equation immediately gives a suitable refor-
mulation fitting to Theorem 22. With

H(tv I, u, )\7 Oé(]) = )‘Tf(t7 x1, R(ta I, u)7 ’LL) - Oé()K:(t, x1, R(tv I, U), U)
the essential part of (98) reads (omitting arguments)

At = —((Ff, + RE LN+ ao(KF, + REKL)),

x
iy = f(t 21, R(t, 71, u), ).
This corresponds (up to several technical differences) to the results given in [60]. The same
applies to the other results of [60] which deal with differential-algebraic equations in Hessen-
berg form of index 2 and differential-algebraic equations of index 3 that arise in the modeling
of multibody systems. The latter case, however, is treated by an index reduction which in-
creases the number of differential components. Hence, one must pay attention to the correct
choice of the boundary conditions.

4 Numerical methods for optimal control problems

In this section we discuss the numerical solution of the optimality boundary value problems
(49) and (91), respectively. In contrast to the analytical treatment, for the numerical solution
we may not just assume that the free system (with u = 0) is strangeness-free, since the
regularizing feedbacks can only be computed during the integration, nor can we work with
implicitly defined functions as contained in (91). Instead we have to work with initial data
and possibly their derivatives.

We again first study the case of linear systems with variable coefficients.

4.1 Numerical methods for linear-quadratic optimal control problems

In order to incorporate (if necessary) an index reduction we use the functions as in (25)
that can be determined in every time step from the given data (including derivatives of the
coefficient functions) but we have to note that the projection functions Z{ and ZI are not
realized as smooth functions in numerical methods such as the code GENDA [44], although
such smooth realizations exist. It would be just too expensive to carry the computation of
smooth realizations along. Since most numerical integration methods such as Runge-Kutta
methods or BDF methods, see [9, 32], are invariant under transformations from the left, the
non-smooth realizations yield the same results.

Taking into account that the coefficient functions in (49) are only available through index
reduction and assuming sufficient smoothness of the data, we write (49) in terms of (26) as

(a) Fii = A1m+B1u+f1, (EfE1LE)(£) =z

(b) 0= Asz + Bou + fo,

() L(ETN)=Wa+ Su—ATN — AN, (99)
A1) = —[EF (T 0]Mux(?),

(d)  0=25"z+ Ru— B\ — B .
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The missing smoothness of Z;, Z3 is not a problem in (99a) and (99b), but as constructed,
the unknowns A1, Ao are in general not smooth if Z;, Z5 are non-smooth. If, however, we
choose Z; and Zs to have orthonormal columns, then at least Z1Z{ and Z2Z1 are smooth,
since they represent orthogonal projections onto the corresponding image spaces. Thus, with

ETN = E" 2\ = ET 2,27 2,0 = ET 2,27 )\,

and 5\1 = Z1)\1, we can obtain smooth coefficients for the unknown 5\1. However, we have to
add the condition that A\; € range Z; to the system. If we complete Z; via Z{ to a pointwise
orthogonal matrix function, then we can express this as

Z1Th =o. (100)

Note, that here again it plays no role whether Z’ is constructed as a smooth function.
Due to

[As Ba)"Aa=[I1s 0 -+ O]NI ZoXs
=[Int1 0 -+ O|N Zs2Z3 Zo)s
=[Ins1 0 - O]NIZyZ3 s,

with Ay = ZsXe, we can proceed analogously for Ao. In particular, we complete Zs via Z} to
a pointwise orthogonal matrix function and require

ZhT g = 0. (101)

Adding (100) and (101) to boundary value problem (99) yields the new boundary value
problem

(a)  Eii=Aw+ Biu+ fi, (Bf Eiz)(t) =z,
(b) 0= Az + Bou+ fa,

(c) LET 2 ZTN) :}/V:c—l—Su—flT}\l—[In 0/00]|---1]0 O]NES‘Q?
(ZTM) (@) = —[ B (5T 0]Mz(?), (102)
(d)  0=STz+Ru—BTA\ —[0L[00]--|00]NIXy,

) 0=2zT\,
(f) 0= Z," ).

As constructed, this boundary value problem now allows for a smooth solution independent
of non-smooth realizations of the coefficient functions. The parts which are not explicitly
represented in the original data and their derivatives can be obtained from them by the
standard index reduction, see [42]. Compare also with the following discussion of the nonlinear
case.

Since the coefficient ETZ;Z1 is smooth, we can discretize (102) for example with BDF
methods or using the boundary value methods introduced in [46, 47, 48]. This is justified by
the following observation.

Lemma 23 The boundary value problem (102) is reqular and strangeness-free iff the boundary
value problem (49) is regqular and strangeness-free.
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Proof. Consider the coefficients of the boundary value problem given by

Ei 0 0 0] A B 0 0
0 0 0 0 Ay By 0 0
0 0 ETzzT 0 wo S —AT - 4(ETZ,ZT) -4z,
= = ~ 7 1
£ 0 0 0 ol A sT R -BT —Agq |’ (103)
0 0 0 0 0 0 zr 0
. 0 0 0 0 ] 0 0 0 zZT
with ) 3
Agy=1[1,0[00]|---|00]NS, Agq=[0L]00]---[00]N],
where obviously rank & = 2d. With
[0 0 0 0 0]
I 00 0 0 T, 0 0 0
o T o oo o 5 0 o0
2= I, 00 0] =109 o Z 0|’
0 0 01, 0 0 0 0 I
L0 0 0 0 I |

describing corange and kernel of £, we have ZT€ = 0, £7 = 0, and thus, the DAE associated
with (103) ist regular and strangeness-free if and only if

AQTQI BQ 0 0
oWy, T5TS ~TyT(AT + L(ET 22T 2T T Az
ZTAT = | S'™T, R ~BTZ] —Asa (104)
0 0 I, 0
0 0 0 zT

is nonsingular. Omitting the block row and block column containing I, and multiplying the
last block column with [ Z} Z, ], we see that ZT AT is nonsingular if and only if

AT, B 0 0
TIWTy, T3'S —TyT A2l —ThT A3 475
STTy R — Ay a7} — A4y ’
0 0 I, 0
is nonsingular. Since
T A3 4Zy=T4 [1, 010 0] --- |0 0]NT Z, = Ty AT,
AyaZy=[01,]00] -+ |0 0]N}Z, = B,

and observing that
Agg = AsTy, By=By, Wao =Ty WT;, S5 =5"T,

this is the case if and only R as in (50) is nonsingular. [
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4.2 Numerical methods for nonlinear optimal control problems

The numerical solution of the boundary value problem (91) is approached in a similar way
as for the linear case. In order to represent this boundary value problem in the original
data we proceed as for the integration of a differential-algebraic equation, see [42]. The
differential equations (91a) are represented by the equations Z7 F(t,z,#,u) = 0 with Z;
defined by Hypothesis 1 and the algebraic equations (91b) are implied by the derivative array
F,(t,z,u,p) = 0. The remaining equations are defined via linearization and correspond to
the equation (102c—d) of the linear case such that in (102c—d) the replacements

E+—F;,, A« —F, B« —F, Mx(f) — ./\/lx($(f))T

and
NI, 0[00]---]00]" « ~F,p, NLOL[0OO]---[00]" =—F,.,

apply. Introducing A1, Ay and adding (100) and (101) to the nonlinear boundary value problem
we end up with the boundary value problem (omitting arguments)

a) ZIF=0, (BfEB2)(t) =z,
(b) Fu =0,
()  L(FIz1ZTM) = KL + FI\i + Fupho,
(ZIM)@®) = —[Ef (DT 0] M (x
(d)  0=KT+FEI'\ +FL A,
() 0=2Th,
) 0=2Tx.

7, (105)

Note that we have presented the boundary conditions in terms of the linearization. Of course
it is possible to state them in terms of the original data and the involved projections as
the other relations. However, the resulting formulas are relatively complicated, since they
are directly related to the problem of the consistent initialization of differential-algebraic
equations, and we refrain here from presenting these.

4.3 A numerical example

We have discretized the boundary value problem (105) by means of midpoint rule for the
differential equations in the state variables and trapezoidal rule for the differential equations
in the adjoint variables together with the algebraic constraints at all grid points and simple
divided differences for the term %(Fg Z ZT\).

In order to use numerical differentiation to generate the necessary Jacobians, the relations
starting with ZI', Z;7, and Z,T | respectively were used with smooth projectors Z1 Z{, 71 71T,
and Z5Z5T instead. Although this introduces a rank deficiency in the Jacobians with respect
to the rows, we can expect the Gau3-Newton method to converge at least superlinearly due
to the consistency of the solution with the overdetermined relations. Note that this would
not be necessary if we generated the Jacobians utilizing the structure of the equations.

The preceding approach was implemented in FORTRAN double precision. As one of the
test problems we selected a nonlinear optimal control problem for a multibody system taken
from [12].
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Table 1: Course of the Gau3-Newton iteration

k| l[Awg
1] 0.140D+03
2 | 0.223D+03

16 | 0.561D+01
17 | 0.103D+01
18 | 0.610D-02
19 | 0.318D-06
20| 0.966D-11

A model problem for a motor controlled pendulum to be driven into its equilibrium with
minimal costs is given by

Tz, u) = /O *u(t)? dt = min!

s.t. T =3, xl(O) %\/5, g=9.81
. _ 71
Ty =Xy, x2(0) = *5\@7
T3 = —2x125 + To2U, 1‘3(0) =0,
T4 =—g — 2x9w5 — x1u, x4(0) =0,
0=a2+23 -1, x5(0) = —%gxg(())

It is known that the differential-algebraic equation in the constraint satisfies Hypothesis 1
with 4 = 2, a = 3, d = 2, and v = 0. Hence, only two scalar initial values are sufficient
to describe the initial state. We chose them to be 22(0) = —1+/2 and z3(0) = 0. Similarly,
z1(3) = 0 and z3(0) = 0 are sufficient to describe the equilibrium at the end point. According
to Remark 21 no end conditions for the Lagrange multipliers occur. As initial trajectory we
took

z1(t) = 3v2 — V2, r3(t) =0,

xo(t) = —/1 — 21(1)?, x4(t) =0, x5(t) = —%gxg(t),

with all other unknowns set to zero on an equidistant grid of 60 intervals. The required
tolerance for the Gau-Newton method was 10~7. See Table 1 for the course of the iteration,
where k counts the iterations and ||Awg||2 denotes the Euclidian norm of the corresponding
Gaufl-Newton correction.

In the Gauss-Newton iteration, there is an initial phase with a bad convergence behavior
due to a bad initial guess which could be remedied by damping. But in the final phase one
easily recognizes quadratic convergence. The obtained final value of the cost function was
Jopt = 3.82 which is, up to discretization errors, in coincidence with the value given in [12].

Note that the implementation used here is by no means efficient. This would require to
incorporate the structure of the problem when setting up the Jacobian and solving the linear
subproblems. See [46, 47] for techniques that may be applied.
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5

Conclusions

We have presented the optimal control theory for general unstructured linear and nonlin-
ear systems of differential-algebraic equations. We have derived necessary conditions and a
maximum principle and have shown how these can be solved numerically. The results are
illustrated by a numerical example.
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