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Abstract

In this paper the finite horizon linear quadratic regulator (LQR) problem for switched linear differential algebraic
equations is studied. It is shown that for switched DAEs with a switching signal that induces locally finitely many
switches the problem can be solved by solving several LQR problems for non-switched DAE recursively. First, it is
shown how to solve the non-switched problems for index-1 DAEs followed by an extension of the results to higher index
DAEs. The resulting optimal control can be computed based on the solution of a Riccati differential equation expressed
in terms of the differential system matrices. The paper concludes with the extension of the results to the LQR problem

for general switched DAEs.
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1. Introduction

In this paper, we aim to find necessary and sufficient
conditions for the existence of an input that solves the fi-
nite horizon linear quadratic regulator problem for switched
differential-algebraic equations.

Problem 1. [LQR for switched DAEs|] Find an input u
that minimizes

(o, to) = / Iy b+ 2(t5)Pat;), (1)

to
s.t. E,t= A,z + Byu, (2a)
y=Coz+ Dyu, (2b)
z(ty ) = o, (2¢)
x(t;) € v, (2d)

where o : [tg,t;) — Nis a given piecewise constant switch-
ing signal, « is the state, the matrices E,, A, € R"*" form
a regular matrix pair, (i.e., det(sE — A) is not indentically
zero), B, € R™*™ C, € R™ and D, € R™*™, p € N,
P =PT € R"™" is some symmetric positive semi-definite
matrix and V"4 C R™ is some subspace.
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Switched differential algebraic equations (swDAES) of
the form (2a) arise naturally when modeling physical sys-
tems with certain algebraic constraints on the state vari-
ables; examples of applications of non-switched DAEs in
electrical circuits (with distributional solutions) can be
found, e.g., in [1]. For non-switched DAEs, these con-
straints are often eliminated such that the system is de-
scribed by ordinary differential equations. However, in the
case of switched systems, the elimination process of the
constraints is in general different for each individual mode
and therefore there does in general not exist a description
as a switched ODE with a common state variable. This
problem can be overcome by studying switched DAEs di-
rectly.

In the context of linear systems the linear quadratic
regulator (LQR) problem on both the finite and infinite
horizon has been studied extensively, see [2, 3, 4, 5, 6] for
results on ODEs and [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]
for DAEs. Most recent studies regarding the optimal con-
trol problem for DAEs focus on finding solutions based
on the Lure inequality or an extension of the Kalman-
Yakubovich-Popov lemma [17, 18, 19]; further results have
been opbtained in the context of model predictive control
[20, 21, 22, 23]. For switched differential algebraic equa-
tions it seems that so far only qualitative properties such as
controllability, stabilizability [24, 25, 26, 27, 28, 29, 30, 31],
and observability have been studied [32, 33, 34, 35, 36, 37,
38]. To the best of the authors knowledge quantitative
properties such as optimal control have not been studied
for switched DAEs. This paper aims to close this gap in
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the literature.

As trajectories of switched DAEs generally exhibit jumps
(or even impulses), which may exclude classical solutions
from existence, the piece-wise smooth distributional solu-
tion framework introduced in [39] is adopted, i.e. (x,u) €
ngtg'f;o, where Dy denotes the space of piece-wise smooth
distributions. In particular, Problem 1 is considered in a
piece-wise smooth distributional setup. Since within this
setup, the integral over the norm squared of a Dirac im-
pulse is not well defined, it follows directly that in order
to have finite cost, the output (2b) needs to be impulse-
free. Focusing on solutions that result in an impulse-free
output, we denote the output as a piece-wise continuous
function, whereas it is actually a distribution.

We consider Problem 1 under the assumption that the
switching signal does not induce chattering behavior, i.e.,
we assume that it induces locally finitely many switches.
Since the switching signal could still induce infinitely many
switches, which is troublesome for solving the problem
in finitely many steps, we consider the bounded interval
[to,t7). In this interval thus only finitely many switches
are present.

For many applications, it is of interest to extend an
optimal solution in an impulse-free way on the interval
[tf,00). This is the case for example in choosing suitable
terminal costs if the LQR problem is to be solved on a
receding horizon. To allow for such extensions, we impose
the subspace endpoint constraint (2d) to the state at ¢ .
As we will show, this subspace endpoint constraint fits
naturally in the LQR problem for switched DAEs as there
exists a solution to Problem 1 if and only if the initial value
To is contained in a certain subspace.

The remainder of the paper is structured as follows.
First mathematical notation and preliminaries are intro-
duced in Section 2. Then the approach to solving Prob-
lem 1 is formulated in Section 3 and the main result is pre-
sented. In Section 4 necessary and sufficient conditions for
solvability of Problem 1 for non-switched DAEs of index-1
presented and it is shown how to generalize these results
to arbitrary index-DAEs in Section 5.

2. Mathematical preliminaries

In this section we recall some notation and properties
related to the non-switched DAE

Ei = Az + Bu. (3)
In the following, we call a matrix pair (F, A) and the as-
sociated DAE (3) regular iff the polynomial det(sE — A)
is not the zero polynomial. Recall the following result on
the quasi-Weierstrass form[40].

Proposition 1. A matriz pair (E,A) € R™*" x R**"
is regular if, and only if, there exist invertible matrices
S, T € R*™™ such that

(SET7SAT):([61(\)/]7[39])7 (4)

where J € R"*™ (0 < ny < n, is some matriz and N €
R™XM"2 ng :=n—ny, is a nil-potent matriz of order v € N.
In particular, v is referred to as the index of (3).

The matrices S and T can be calculated by using the
so-called Wong sequences [40, 41]:

Vo :=R",  Vig:=AY(EV), i=0,1,..
Wo :={0}, Wip1:=E~'(AW,), i=0,1,..

The Wong sequences are nested and get stationary after
finitely many iterations. The limiting subspaces are de-
fined as follows:

V= mVi,

For any full rank matrices V,W with imV = V* and
im W = W*, the matrices T := [V, W] and S := [EV, AW]~!
are invertible and (4) holds. Based on the Wong sequences
we define the following projector and selectors.

W* = UW‘

Definition 2. Consider the regular matrix pair (E,A)
with corresponding quasi-Weierstrass form (4). The con-
sistency projector of (E, A) is given by

Mg =T8T, (5)

the differential and impulse selector are given by

MGy = T(§6]S. 5

(may =T[07]5

(6)

In all three cases, the block structure corresponds to
the block structure of the quasi-Weierstrass form. Fur-
thermore, we define

Adiff = H((thfA)A7 Eimp = Himp E,

(E,A)
diff ,__ pdiff imp .__ yyim
B = H(E,A)B, B™P .= H(E?A)B.

A classical solution, i.e., a differentiable or locally inte-
grable solution, to (3) in terms of these matrices yields
x = 23 4 2P where 291 and 2™P satisfy

Gt — diff diff | paiff, xdiff(ta) — Ty,

(7)

v—1
ximp - _ Z(Eimp)iBimpu(i). (8)
i=0
Observe that for index-1 systems we find 2'™P = — BiMPy,

Note that all the above-defined matrices do not depend on
the choice of transformation matrices S and T'; they are
uniquely determined by the original matrix pair (E, A).
The switched DAE (2a) usually will not have classical
solutions. Due to the switching between modes z™P(¢;) #
:cimp(t;r) in general. Consequently, the state can contain
jumps or even Dirac impulses. We therefore utilize the
piecewise-smooth distributional framework as introduced



in [39], i.e.,  and u are vectors of piecewise-smooth dis-
tributions given by
feln,TCRis
Dpwese =4 D= fp+ > Di | discretevt € T:D; 3,
teT € span{d;, 0;,9;, ...}

where C3 denotes the space of piecewise-smooth func-
tions, fp denotes the regular distribution induced by f, d;
denotes the Dirac impulse with support {¢} and J; denotes
distributional derivative of ;. For D = fp + ZteT D, €
Dpwee three types of “evaluation at time ¢” are defined:
left side evaluation D(¢7) := f(¢7), right side evaluation
D(t*) := f(t*) and the impulsive part D[t] := D; ift € T
and D[t] = 0 otherwise.

It can be shown (cf. [42]) that the space Dpyco can be
equipped with a multiplication, in particular, the multipli-
cation of a piecewise-constant function with a
piecewise-smooth distribution is well defined and the
switched DAE (2a) can be interpreted as an equation within
the space of piecewise-smooth distributions. Specifically,
restrictions of z and u to intervals, are well defined. Given
the notation xz for the restriction of z to the interval
T C R, it is shown in [39] that the initial trajectory problem
(ITP)

_ .0
L(—o0,to) = T(—o0,tg)

(E%)t5,00) = (AZ)[tg,00) + (B)[tg,00)

has a unique solution for any initial trajectory if, and only
if, the matrix pair (E,A) is regular. Note that it can
be shown that the solution of (9) on [tg,00) is uniquely
determined by z(t, ), hence it is justified to replace (9a)
by z(t; ) = xo for some zy € R™.

The impulsive part of a solution of (9) is given by

=

v—

zlt] = — > (B™) ™ (a(ty) — () 6@, (10)
=0

?

For a single mode, the concept of impulse-controllable space
is defined as follows.

Definition 3. The impulse-controllable space for (3) is
given by

sy = {0

J(z,u) € (Dpwese)" "™ solving (9) }
s.t. z(ty ) = zo and (z, u)[to] = 0.

Furthermore, the DAE is called impulse-controllable if all
initial values are impulse-controllable, i.e., C'™P = R",

It can be shown (see e.g. [31, Lem. 13]), that

Cimp

(Boap) = Mg a) + (E™P, BM™P) 4 ker E,

(11)
where
<Eimp7 Bimp> —

im[Bimp, EimpBimp, e (Eimp)n—lBimp].

Lemma 4 ([43, Prop. 3]). The reqular DAE (3) is impulse
controllable if and only if

i) imE+ Aker E+im B =R",

1) There exists a matrix L such that the closed loop
with feedback w = Lx results in an index-1 matriz
pair (E, A+ BL); the latter can be characterized by
imFE + (A4 BL)ker E =R".

We conclude this section with an explicit definition of
a solution to the switched DAE (2a).
Definition 5. A distribution (x,u) € DI(DZVJEZZ) is called a
solution to the switched DAE (2a) for a given right con-
tinuous switching signal o with switching times to, t1,...,,
if (z,u) considered on each interval [tg,tr41) is a local
(distributional) solution to ITP (9) on [tg,tx4+1) with E =
Esty), A= Ay, and B = By, where the initial con-
dition x(t, ) is either given by (2c) or by the final value of
the solution from the previous interval.

Since by assumption each matrix pair (E,, 4,) is regu-
lar, it follows that each local ITP is uniquely solvable and
hence the overall switched DAE is uniquely solvable for
any given input and any given initial value z.

3. Problem Formulation and approach

As mentioned in the introduction, we consider Prob-
lem 1 in a distributional setup. As such, the aim is to
find a distribution u € Dy - that minimizes a quadratic
cost functional subject to a switched differential-algebraic
equation. In order to utilize the distributional solution
framework and to avoid technical difficulties in general,
we only consider systems with a switching signal from the

following class

S::{U:R%N

o is right continuous with a
locally finite number of jumps [’

i.e., we exclude an accumulation of switching times (see
[39]). Since a bounded interval [to,ty) is considered in
Problem 1, the switching signal thus induces n € N switches
on this interval, each occurring at ¢, where k € {1,2,...,n}.
The switching signal is assumed to be known a priory; in
particular, solvability and the solution of Problem 1 de-
pends on the specific switching signal. By appropriately
relabeling the matrices we can therefore assume without
loss of generality that

for tp, <t < Tht1, (12)
where t,41 1= ty.

The switching signal is thus not regarded as a con-
trol input. Consequently, a switched differential algebraic
equation of the form (2a) with a switching signal ¢ € S
can be regarded as (piecewise-constant) time-varying lin-
ear systems. Such systems have a linear solutions space



where the sum of solutions is also a solution. Further-
more, the subspace endpoint constraint (2d) is also a lin-
ear constraint and hence the sum of solutions satisfying
(2d) will also satisfy (2d). Together with the fact that the
cost functional (1) is quadratic in the state and input all
ingredients are present to prove several important prop-
erties of Problem 1. Namely if there exists an input that
solves Problem 1 the optimal cost is quadratic in the ini-
tial value and the optimal input is linear in the state, i.e.,
it is a feedback.

Lemma 6. If there exists an input u € (Dpuce)™ that
solves Problem 1 then u(tt) = F(t)z(t™) for some F :
R — R™*™,

The (technical) proof can be found in the Appendix.
Note that we only consider piecewise-smooth solutions,
hence z(t7) # x(t") for only finitely many ¢ € [to,ts) and
hence we can assume that the input is right-continuous
and we can simply write u(t) = F(¢)x(t) in the following.

Corollary 7. If there exists an input that solves Problem 1
then the optimal cost J(xg,u,tg) is quadratic in xg, i.e.,

J(Z‘O, u, t()) = ng(to)l‘o,
for some K : R — R™*™,

Proof. In the proof of Lemma 6 it was shown that the map
xo — V(xo,to) satisfies the parallelogram equality (A.2).
Hence it is a (semi-) norm induced by an inner product.
Consequently, there exists a (positive semi-definite) matrix
K(to) € R™*"™ guch that V(I’o,to) = IEJK(to)IO

The result of Lemma 6 also leads to the observation
that the space of initial values for which Problem 1 is solv-
able must be a subspace.

Definition 8. The set of initial values for which Problem 1
is solvable on [tg,ty) is given by

vt = {aco e R"

J u that solves Problem 1 on
[to, ty) satisfying z(t; ) = xo

Corollary 9. The set Vg;‘it s a subspace.

Proof. Suppose that xg,yg € vggit. Since the inputs ug,
and wu,, that solve Problem 1 for z(ty ) = o and z(t; ) = yo
are feedbacks, it follows that aus, 4+ Buy, is the optimal
input that solves Problem 1 for x(t;) = z0 = azo + Syo.
Consequently, zp € V{"* and thus V™" is a subspace.

Let V™ be the subspace of initial values for which
there exists a solution to Problem 1 on the interval [t;, %)
with terminal subspace V"4 and terminal cost matrix P.
Furthermore, let the optimal cost matrix be given by K;(t;),
that is, the solution to Problem 1 yields an optimal cost
J(zi,u,t;) = 2] K(t;)z;. Then the following lemma is a
reformulation of the Bellman principle of optimality.

Lemma 10. Problem 1 with initial value xq, terminal cost
matriz P and terminal subspace V! has a solution on
[to,tf) if and only if Problem 1 on the interval [to,t;) with
initial value xq, terminal cost matriz K;(t;) and terminal
subspace V™" has a solution.

Proof. The statement follows directly from the Bellman
principle of optimality [44].

As a consequence of Lemma 10, it follows that if we
can characterize Vti?it and we are able to compute the cor-
responding cost matrix K;(t) and corresponding optimal
control, we can reduce the problem of solving Problem 1
on the interval [to,¢s) to solving Problem 1 on the inter-
val [tg,t;). Moreover, by choosing ¢; = t,, Problem 1 on
the interval [t,,ts) reduces to an optimal control problem
subject to a non-switched DAE. By applying Lemma 10
recursively and choosing each ¢; to be a switching time, it
follows that we can solve Problem 1 by solving n optimal
control problems for non-switched DAEs, each defined on
the interval [t;—1,¢;), i € {n,n — 1,...,1}. Therefore, we
will first focus on the following problem.

Problem 2. Find an input u € (Dpwee )™ that minimizes

Taousto) = [ IO dt +a(t)Patey), (13

to

s.t. FEi = Ax + Bu,
y = Cx + Du,
x(ty ) = x9 € R",
x(ty) € v,

on the interval [to,tf), = € ]D)gwcoo is the state, F, A €
R™ " B e R"™™ C € RI*" and D € R¥*™, P =PT ¢
R™*™ is some symmetric positive semi-definite matrix and
yend C R™ is some subspace.

We are able to solve Problem 2 without assuming index-
1 or impulse controllability, but we will first focus on how
to solve Problem 2 for the simpler index-1 case. Then,
we will show how to rewrite Problem 2 into an optimal
control problem for an index-1 DAE (Problem 3) and how
the solvability conditions and the optimal control for the
latter provides a solution for the former.

A phenomenon already well known for ODE optimal
control problems is that the cost for the input (given by
D) needs to be non-singular to avoid impulsive optimal
controls. We will make a similar assumption here as well,
which reads as follows:

rank (D — CB™P) = m. (15)
The main result for the index-1 case of Problem 2 is then
given by the forthcoming Theorem 21, which shows that
Problem 2 is solvable if, and only if, the initial value zq is
an element of a subspace V™ which is defined in terms



of the given final subspace V°*4. Furthermore, an explicit
solution for the optimal control is provided.

Now utilizing Lemma 10 we can define recursively a
sequence of subspaces Vti?it as the subspace of feasible ini-
tial values for Problem 2 for mode i considered on the
time interval [t;,;y1) with final subspace Vi (where

V;ffl := V), Together with the non-singular input-cost
assumption

rank (D, — CpBY"™) = m. (16)
for p € {0,1,...,n}, we can conclude that Problem 1 with
regular, index-1, matrix pairs (E,, A,) is solvable if, and
only if, zg € V;;‘it. Furthermore, we can explicitly provide
the optimal control:

Theorem 11. Consider the regular, index-1, switched DAE
(2) satisfying (16) for which Problem 1 is solvable, i.e.
ZTo € V,}git. Then the optimal input is given by

u(t) =

where R, = (D, — C, B™P)T (D, — Cy BI™P) S, = (D, —
C,BimP) T O, and I1; is a projector resulting from the Wong
sequence based on (E;, A;). Finally, K(t) is given by the
solution of

_R!

o Ba() K1) + 87 o)z (t),

K = —AfT K — KAJT
+(S; + K"BIHRA(BITT K +8T) — Q,
on [ti,tiv1), where Q; = C;' C; and boundary conditions

K(ti_-i-l) = ‘I’JK(t;_H)‘I/ia
K(ty,,) =¥ P,

i€{0,1,..,n—1},

where ¥; = (I — B;mpNi)Hi, for some Nj; that satisfies
[I 0 Ni} ker H; = 0, with

: : : T
BT ppimP BOPT( [ ena) T

Hi = | (I = Hyena) B 0 (17)
I P I = Thypena)

and Ilyena is a projector onto the subspace and = Vtif‘fl.

Finally: the optimal cost is given by
min J(zg, u, ty) = xS—K(tO)xO.
u

In the next section we will show how to arrive at the
result of Theorem 11 in the case of a non-switched DAE,
i.e., the main result for Problem 2. Then we will show
how this result can be utilized to obtain necessary and
sufficient conditions for solvability of Problem 1. Finally,
we will show how these results should be modified to treat
arbitrary index (switched) DAEs.

4. Optimal control for non-switched index-1 DAEs

As mentioned previously, we will consider first the op-
timal control problem for non-switched DAEs, i.e., Prob-
lem 2. Furthermore, we will first consider Problem 2 sub-
ject to an index-1 DAE. As such, the state can be decom-
posed as

T = xdiff + ximp — xdiﬁ o Bimpu’ (18)
where the differential state component satisfies
.,tdiff — Adiffxdiff + Bdiﬁu, l‘diff(ta) —_ H.’L‘Q. (19)

respectively. As a consequence, we can state the following
result which follows from Lemma 6.

Corollary 12. If there exists an input u € (Dpyceo)™ that
solves Problem 2 where the DAE (14) is of index-1, then
u(t) = F(t)zY(t) for some F : R — R™*",

Proof. After decomposing the state as (18) and consider-
ing the ODE dynamics (19) the proof is analogous to the
proof of Lemma 6.

4.1. Terminal cost

Decomposing the state as in (18) allows us to express
the terminal cost as a quadratic function of the differential

state xdiﬁ(t;) and the input. Consequently, an input u

with a value u(t}) that minimizes the terminal cost with
respect to the resulting xdiﬁ(t;) can be chosen. However,

as the terminal cost penalizes the value of u at ty from
the left and this value needs to be well-defined, the input
u needs to be continuous on at least [t; —e,t;) for some
g > 0. Therefore altering a solution (4 u) such that the
output has a desired value at ty will in general influence
the running cost. As a result, we can not optimize the
running cost and the terminal cost independently of each
other. However, the following result shows that the value
of the optimal input u(t;) minimizes the terminal cost

with respect to the value 2% (¢7) € im I,

Lemma 13. Let u be an input that solves Problem 2 and
let 9% be the corresponding optimal trajectory. Denote
u(ty;) =¢* € R™ and xdiﬂ(t;) = (* € imIl. Then ¢* is
a minimizer of the following problem.

min (" = B™Py) T P(C* — B™Pyp),
PYeER™ (20)
s.t. ¢* — BimPy)p ¢ yend,

The proof can be found in the Appendix.

"'We have already studied this problem with V°"d = R™ in [45];
but the consideration of a general subspace V"4 increases the diffi-
culty significantly and is crucial for utilizing the result in the context
of switched DAEs.



Lemma 14. For a given { € (Vend +im Bimp) NimII the
vector Y € R™ solves

qin (¢ = BPY)TP(C— By,

st. ¢ — By € yend,

(21)

if and only if ( = [oon]h and b = [100]h for some
h € ker H, where
BimpTPBimp BimpT (I _ HVend)T T
(I — Tyyena ) BimP 0 (22)
—IIT pBi™P —TIT (I — Tyena) T

H =

and Ilyena is any projector onto V9.

The proof can be found in the Appendix.

Given the result of Lemma 14, we can compute which
states ¢ € imII are possibly an endpoint of an optimal tra-
jectory. Moreover, for each potential endpoint ¢ € im IT we
can compute a value of ¢ that solves (21). Consequently,
for a given optimal solution (z%f ) where xdiﬁ(t;) =,
we are able to express the terminal cost of this solution in
terms of xdiﬁ(t;) only.

Corollary 15. If there exists an input u that solves Prob-
lem 2 then the optimal terminal cost satisfies

w(ty) T Pa(ty) = a0 (t7) T O T POz(t)),
where ¥ = (I — B™PN), for any N satisfying
[I 0 —NIjkerH =0, (23)
where H is given by (22)

Proof. Since (z,u) is solving Problem 2 it follows from
Lemma 13 that ¢ = u(t; ) minimizes (20) for ¢ = xdiﬁ'(t;).
By Corollary 12 the optimal input is linear in 24, i.e.,
u = N2z% for some linear map N. Hence by Lemma 14,
N satisfies [1 0 —N1I]h = 0 for any h € ker H, i.e. (23) ac-
tually has a solution. Furthermore, for any other N which
satisfies (23) it follows that N = [oo Nmi]h = [100]h =
[00 NTT] h = N(, hence the effective optimal feedback does
not depend on the specific choice of N satisfying (23).

Although the minimum of the objective function in (21)
is uniquely given for a particular 29 € R”, a minimizer
u € R™ is not necessarily unique. However, the following
result can still be concluded regarding an optimal input.

Corollary 16. If an input u solves Problem 2 then the
optimal feedback satisfies u(t;) = Nxdiff(t;) for some N
satisfying (23).

4.2. Running cost

We will now turn our attention to the running cost and
the optimal control given on the half-open interval [to, ).

To that extent, we will write

(o)1 = [ﬂT HICREIH
=[] [F)e o]

where D = D — CB™P. Then, after defining @ = C'"C,
S =DTC and R = DD, we can rewrite the cost func-
tional as

t
Taouwto) = [ 497 [95] (4] @

+a(ty) " Pa(ty).

Lemma 17. Assume that the matrices C' and D satisfy
(15). Then D := D — CB™® has full column rank and
DT D is positive definite.

Proof. Since D —A(}'BimID has full column rank it follows
directly that DT D is invertible.

Remark 18. As already mentioned in the introduction,
the assumption (15) can be regarded as the differential-
algebraic version of the assumption that DT D is positive
definite, which is commonly made in the LQR problem
for ordinary differential equations. The assumption that
DT D is positive definite is usually made to penalize every
input action in the cost. As the solution x of a DAE
has a component that is directly determined by the input,
the cost functional can penalize the input also indirectly
via penalizing the corresponding state component. Hence
penalizing all input actions is equivalent to the condition
(15).

Lemma 19. If an input u € (Dpye=)™ solves Problem 2
then

u(t)=—R (BYTK@) +5") 2 (1),  (24)
where K solves
K= —AYET 0 e A0 _
(S + KTBYMR-1(BITT K 1 gT)  (25)
with terminal condition K(t;) = U PY.

Proof. For any symmetric-matrix-valued continuously dif-
ferentiable function K (t) defined on [tg,t;) we can write
the cost-functional as

J(mdiﬂ, u,tg) — mS—K(to)xo
b e T T -
= [T (g% ]
0
+ L@ () TK ()29 (1)) dt

+ ()T (\I/TP\II - K(t;)) 2 (1))



Taking the two integrals together and computing the
second integral using the differential equation and the com-
pletion of the squares formula, we obtain (omitting the
dependence on t):

2T Qpdiff Lo difi T 6Ty 0T Ry + %xdiHTdeiff
U (Q 4 AUET j¢ 4 pe AdIfE | oy diffT
+2uT(BEE KT 4 )i 4 4T Ry
_ i T o pdifi T p—1 pdiff p-o diff
+2uT(BY KT 4 §)2df T Ry
1 i Ty diff
—||Ru + (BYET | 4 §T)zdff |2

+ xdlffT WZL'le ,
where

W= K + AMTK 4 KANT
. (S+ KTBdiff)Rfl(Bdiﬂ”TK + ST) + Q
Consequently, we can rewrite the cost in Problem 2 as

J(x0,u,t0) ZSC(—)FK(ta)xo

+ / | Rult) + (BT () + §T ) (1))

to

+ 28 (&) T ()28 (1) dt
+ ()T (\IITP\I/ - K(t;)) 217,

where ¥ = (I — B'™PN)II for some N satisfying (23).

Under the assumption (15), it follows from the lit-
erature on solutions on the Riccati differential equation
(cf. Theorem 10.7 in [46]) that a function K satisfy-
ing K(t;) = UTPY such that W = 0 can always be
chosen. Hence by choosing K (t) such that W = 0 and
K(t;) = U P¥ we obtain that the cost J (x4 u) can be
expressed as

J (o, u,ty) — a:gK(ta)xo
- / v | Ru(t) + (BYET K (t) + STzt (£)(|2 dt.  (26)

to

Clearly without the constraint =% (17) — B™ u(t}) €
yend it follows that J(zg,u) is minimized if the input is

given by

u=—RYBUITK | §T)gdiff,
Next, we will show that for the problem with the constraint
inf J(xo, u,to) = xd K(ty )xo.

Case 1: x%f(¢ 7)€ yend 4 jm pimp
Suppose applying the input (24) to the initial condition
results in xdlff( 7) € verd 4 im B™P, Then consider the

input us = u + s where us is defined as

0, ty <t<ty—9,
us = o(t), tp—6 <t<ty—3,
Na@f () —u(ty), tp—5 <t<ty,

for some N satisfying [7 0 —N]ker H, is constant and ¢(t)
is chosen in such a way that the corresponding solution
wg' satisfies 2§ (t7) = 24 (t}) (which is always possi-
ble, cf. Lemma 28 in the Appendix).

Note that

dlff( )

g Blmpu(s (tf) d1ff( ) B1mpN d1ff( ;)

d1f'f( ) B1mpN d1f'f( ;) c Vcnd

and thus ug is a feasible input.
It follows from (26) that for every € > 0 there exists a
solution (z$f, us) such that

J(x$T ug,to) = xg K(ty oo + ¢
and thus we can conclude
inf J (M, to) = 2 K(ty)zo

However, the infimum is attained if and only if the input
is given by (24). Hence the result follows.

Case 2: xd’ff( 2) g verd 4 im pime

Suppose applymg the input (24) to the initial condition
xo results in 24 (¢ 7)€ yend 4 im BimP,. We will prove in
this case that there does not exist an optimal control. For
the sake of contradiction, assume that the optimal control
is given by @ € (Dpwee)™. Then the solution (F4f, )
must satisfy 297 (t7) € V"9 + im B™P, as the solution is
feasible.

Let yo € R™, yg # xo be an initial value such that
the solution (y3ff ) with y3f(¢;) = yo and u given by
the feedback (24) satisfies ydlﬁ(tf) = ¢. Recall, that the
optimal control is a feedback. As a consequence of the
linearity of the optimal control in the state, it must hold
that v = u — @ is the optimal control for the initial value
zo = Yo — xo. However, by linearity of solutions, the solu-
tion (241, v) satisfies

) t )
Zdiﬁ(t—) _ eAd‘fft—ttZO +/ eAd’ff(t—-r)Bdiffv(T) dr

to

t
diff diff s
=eA gy +/ e? (t_T)Bdlﬁu(T) dr

to

t oo
. eA“‘“ztfttyo 7/ eAd‘ﬂ(t*T)Bdiffu(T) dr
to

_ i,diff(tf) . ydiﬂ“(tf)

and consequently zdiff(t;) = 0. However, this implies that
zo = 0, as a feedback, cannot control an initial condition to
zero unless it is zero. Hence we can conclude that zg = yo,
which yields a contradiction. Hence there does not exist
an optimal control for xg.



4.3. Combining the results

Thus far we have only been concerned with necessary
conditions for solvability of Problem 2. The reason that
the conditions in Corollary 19 are not sufficient in general
is that a feedback of the form (24) does not necessarily
ensure that all the constraints are satisfied. A solution
(24 v) with u given by (24) and 24 (¢t;) = 29 € imII
does not necessarily satisfy

l‘diff(t;) o Bimpu(t]:) c Vend7
nor
B B P P
z(t; )TPx(tf) = gd (ty YU T Pwgdi (tr),

for any N for which [7 0-~N]ker H = 0. Both these condi-
tions can be rewritten equivalently as

(I = Tyena)(I = B™PA)z(t7) = 0 (27)
and
(I — B™PA)T P((I — B™PA) — U PO)zdiT =0, (28)
where we have written
A= _R1 (BdiffT\IjTP\IJ + ST) ’

for convenience. However, it follows straightforwardly that
if a solution (x4, u) with 4 (¢;) = 29 and u satisfying
(24) is such that (27) and (28) are satisfied the input is op-
timal. To prove this, we will first introduce the backward
state-transition matrix, defined similarly to [2] or [47] and
which also appears in [8].

Definition 20. The backwards state transition matrix for
the closed loop time-varying differential equation

0T = (ANT _ pdift g1 (BAAT e GT)) iff
is given by €Q(t,tr), where K is a solution to (25) with
terminal condition K(t;) = UTPU. In particular, the
state satisfies 21 (t) = Q(t, ¢ )M (¢ ).

Theorem 21. Problem 2 is solvable if and only if
T € V™= Q(tg, ) ker ZI1, (29)
with

(I — Myena)(I — BMPA)
(I — B™PAYTP(I — B™PA) — U7 P

[1]

where Q(to,ty) is the backward state transition matric as
defined in Definition 20 and the optimal control is given

by
u(t) = —R™YBIFTK(t) + ST)zd (1), (30)

where K is a solution to (25) with terminal condition K (t;) =

U PW. Finally, the optimal cost is given by
J* (w0, uyty) = 2 (t5) K (to)x ™ (tg)

and is quadratic in xM(¢;).

5. LQR for Higher-index DAEs

In the previous section, Problem 2 has been considered
where the DAE was assumed to be of index-1. This as-
sumption allowed us to decompose the state into a compo-
nent that solves an ODE and a feed-trough term depending
directly on the input. Furthermore, the solution (z,u) was
impulse-free regardless of the initial value as long as the
input was impulse-free. This decomposition can not be
made anymore if a higher index DAE is considered. As a
result of the higher index of the DAE, the state will also
depend on the derivatives of the input u and the state will
not necessarily be impulse-free if the input is impulse-free.

In fact, there exists an input that results in an impulse-
free solution (x,u) satisfying x(t, ) = zo if and only if the
initial value is contained in the impulse-controllable space
CimP, For such initial values, we will show in the following
a particular impulse-controllable DAE can be considered
equivalently instead of (14). Specifically, after applying a
preliminary feedback, an index-1 DAE can be considered.

For initial values xo & C'™P, i.e., initial values that are
not contained in the impulse-controllable space, a solution
z satisfying z(ty ) = 2o ¢ C™P a Dirac impulse will occur
inevitably, i.e., regardless of the choice of input. However,
an optimal control might still exist for these initial values,
as long as the corresponding Dirac impulses are not visible
in the output. Combining these observations lead to the
following result.

Lemma 22. Consider the DAE (14) and assume it is
of arbitrary index. There exists an impulse-free input u €
(Dpweoe )™ such that for the solution (x,u) satisfying x(ty ) =
xo of (14) the output is impulse-free at tg, i.e., y[to] =
Cx[to] + Dulte] = 0, if and only if zg € C™P + O™P where
OMP s the impulse-unobservable space defined as
CE™»
. c(BmP)?
O"P = ker . (31)

C(Ein;p)ufl
and v is the index of nilpotency of E™P.
Proof. The proof can be found in the Appendix.

As the condition zy € C™P + O™P is necessary and
sufficient for the existence of an impulse-free output, it is
a necessary condition for the existence of an impulse-free
input that minimizes (13), subject to (14). However, it
suffices to only consider initial values contained in C™P,
The main reason for this is that initial values x¢ € (C™P +
Omp) \ CMP will only produce a Dirac impulse at tq if
a zero input is applied. This impulse will occur in the
unobservable space, the output will remain zero. Hence it
follows that w = 0 is trivially the optimal input.

Corollary 23. Consider the DAE (14). For any oy €
Cmp 0P solution (z,u) with x(ty) = mo satisfies
y(t) = gy(t) where g(t) is the output corresponding to the
solution (Z,w) with T(ty ) = Wxo where W is an orthogo-
nal projector onto C™P,



Hence in the remainder of the paper, we will consider
initial values contained in the impulse-controllable space
of (14). However, instead of considering (14), which is not
impulse-controllable and of higher index, we can consider
an auxiliary impulse-controllable DAE. For there exists
an impulse-controllable DAE which has the same input-
output behavior as (14) for initial values zo € C'™P. Be-
cause this auxiliary DAE is impulse-controllable, it is much
more convenient to consider in the analysis than (14) itself.

Lemma 24. Let C'™P be the impulse-controllable space of
(14). A distribution (z,u) satisfying z(ty ) with xo € C™P,
solves (14) if and only if it solves

EWi = Ax + Bu, (32)
y = Cz + Dv, (33)

where W is an orthogonal projector onto C™P. More-
over the pair (EW, A) is regular and (32) is an impulse-
controllable DAE.

Proof. The proof can be found in the Appendix.

The auxiliary DAE (32) is much easier to analyze with
respect to the optimal control problem as for impulse-
controllable DAESs there exists a feedback that reduces the
index to 1, ¢f. Lemma 4. Let u = Lx + v be such a feed-
back. After applying this feedback we obtain

aux . | EWi = (A+ BL)x + Bv,

T { y = (C+ DL)x+ Dv, (34)

which is of index-1. For index-1 DAEs the results have al-

ready been established and the following result shows that

these results can be carried over to (34). As such, to solve

Problem 2 subject to a higher index DAE, it suffices to

find an optimal input v that solves the following auxiliary
Problem.

Problem 3. Consider the DAE (14), let W be a pro-
jector onto C™P corresponding to (14). Find an input
v € (Dpwee~)™ that solves the following problem:

min J(xo,v,to):/f 1) dt + (e ) Pa(ts), (35)

to

st. EWi=(A+ BL)x+ Bv, (36)
y=(C+ DL)x + Dv, (37)

z(ty) = zo € R, (38)

x(ty) € VI, (39)

on the interval [to,ts), where L is a matrix, such that
(EW, A+ BL) is of index-1.

Lemma 25. Let CI™P bpe the impulse-controllable space
corresponding to (14). There exists an input u € Do
that solves Problem 2 subject to xo € C™P if and only if
there exists an input v € (Dpyco)™ that solves Problem 3
subject to xg € C'MP,

Furthermore, the optimal input that solves Problem 2
subject to (14) satisfies u = Lz + v, where v is the optimal
input that solves Problem 3.

Proof. As xzy € C™P it follows form Lemma 24 that the so-
lution (z,u) solves (14) if and only if it solves (32). Hence
we will consider solutions of (32). Applying a feedback to
(32) can be regarded as a change of coordinates

BRI @
Writing (32) as

(EW 0] m —[4 B] m ,
enables us to write
(EW 0 m _[EwW 0] m
4ol 3L
— [(A+BL) B m .

Hence (z,u) solves (32) if and only if, (Z, v) satisfying (40)
solves (34). Furthermore, it follows naturally from that if

u = Lz + v that J(x,0u) = J(Zg,v).

Given a method to compute the optimal input to Prob-
lem 2, it remains to characterize the space for which the
problem can be solved. This space can easily be computed
based on the computation of the optimal input for Prob-
lem 3.

Lemma 26. Let Vinit be the space of initial values for
which Problem 38 can be solved. Then the space of initial
values for which Problem 2 can be solved is given by

Vinit — Vinit ) (Cimp + (/)imp)7 (41)

where C'™P and O™P be the impulse-controllable space and
impulse-observable space corresponding to (14).

6. LQR for general switched DAEs

Given the results regarding Problem 2 where the DAE
is assumed to be of arbitrary index, the results for Prob-
lem 1 where each mode of (2a) is of arbitrary index follow
straightforwardly. A summarizing algorithm is presented
in Algorithm 1.

We illustrate the overall procedure with the following
illustrative (academic) example.

Example 27. Consider the switched DAE given by

& :[H? +Wu, 0<t<1,
100 Ph2a a0
{001];& =—x+ O}u7 1<t <2,
000 CLobd .
T :{ooo}x—k{o}u, 2t <3,
000 0



Algorithm 1 LQR with subspace constraint

Input : Ei, Ai, Bi, C»L', Di, ti(i = O7 1, ce ,n), P, Vend
Set Vi, := V" and Ka(t,,,) := P
fori=nn—-1,..,0do
Step 1: Preconditioning
Compute C;™ via (11) and O; via (31)
Choose any projector W; onto C;™?
Utilizing Lemmas 4 and 24, choose L; such that

(EW;, A; + B;L;) is of index 1
Define
(Ei, As, By, Ci, Dy)
= (EsW;, As + B;L;, B;, Cy + D; Ly, D;)

_ Compute I;, AT BAfE BI™P yia the Wong sequences of
(Es, Ai)
Step 2: Solve Riccati equations
nd init
Set Vtei+1 tit1
Solve

B = _ AVET g g 7diff
+ (S + K BPR N (BT K + S — Qi
~ on [Ei»tiJr_l): with RZ = (DZ __C«l_B;mp)T(DL — C«iB;mpL

Si == (D; — CiBimp)TC_’T, Q: := C;’ C; and boundary condi-
tion
Ki(ti) =¥ Kipi(t5,)W,  ifi#n

where ¥; = (I — B;mpNi)l:[i, for some N; that satisfies

[I 0 Nzﬁl] ker H; = 0, with
Him — pim pim T
B, pTKi(ti+1)Bz‘ " B pT(I*vairfl)T
My = | (I =Tyena )B™ 0
_ il _
~11 PBI™ I (1 = Typena )T
i1

. . end
and vainfl is a projector onto the subspace Vi1

Step 3: Compute subspace V},?it
Compute Q;(ti,ti+1) (see Def. 20) for the system
A (A?iﬁ' B Blgnﬂ'Riq(B;hffTKi n SVZT)) 24

Compute 17,:‘“ = Q(ts, tiv1) ker Z;11;, with

(I = Tyena )(I = B™PA)
_. i1 _.
(I —B™PA;)"P(I — B™PA;) — U] PV,

—1

where A := —R;! (B;iiffT\Il;rK(ti_+1)\I!i + S'IT)
TSinit

=V nECmr 4 o).

init

Compute V]
end for

Step 4: Compute optimal control
Compute

u(t) = =R}, (Bg}if)TKa(t)(t) + 5;@)) I, 1y (t),

10

together with the output
=+ [{]
y=x 0] u.

The cost functional to be minimized is thus given by

3
I (0, u,0) = / ly ()]l dt,

subject to z(37) € span { {é} } := V24 In this particular
problem, the terminal cost matrix is given by P = 0.

Note that the mode active on 1 < ¢t < 2 is impulse-
controllable, but not index-1. To that extent a preliminary
index-reducing feedback given by

u(t) =

{[0 1 1}x(t)+v(t), 1<t <2,
v(t),

otherwise,

is applied, resulting in

(Ev. Ao, Bo.Co. Do) = (1. [103].[8].2.3]).

(Ey, Ay, B1,Cy, Dy) :([égg]’{glé(ﬂ’
][440 [4)):

(Ea A2, By Co,D2) = (1[4 83] . [b] 2. [8])

The optimal feedback matrix on each interval [t;,t;11),
i € {0,1,2} is computed after solving
K= -AMTR, K ASE
+ (S + K BRI (BT K + 57) — Qi
Ki(ti) = ¥ K ()W,

where ¥; = (I — B;mpNi)I_L for some N; which satisfies
[10-nT]kerH; =0. and K3(37) = 0. The computation
yields

0.21 —-0.03 0.07
—0.03 0.03 -0.19
0.07 —-0.19 1.59

0
After computing the backward state transition matri-
ces Z; it follows that
0
- [81}

Vinit — span { [é} } ,  pinit — span{ [ 0

0.54
v =am{[ 4] [}

1

0.49 0.06
Given the solution K; we can compute the optimal input
and optimal state trajectory, which are shown in Figure 1
and 2, respectively. As can be seen, both the optimal input
and the optimal trajectory are piecewise continuous and
contain jumps. o

Ko(0%) = |



Optimal input

T T T I
= optimal u(t) ‘
40 - N
20 N
°l /-;
\
| | | | |
0 0.5 1 1.5 2 2.5 3

Figure 1: The optimal input u(t) that solves Problem 1

Optimal trajectory

60 T T T ‘
— = 1(t)
== (1)
407 -‘-‘-:L.S(t) |

Figure 2: The corresponding optimal trajectory x(t) that solves
Problem 1 with initial value zo = [32.98 52.30 19.46] ' .

7. Conclusion

In this paper, the finite horizon LQR problem for switched

linear differential-algebraic equations has been studied. It
was shown that for switched DAEs with a switching sig-
nal that induces locally finitely many switches the problem
can be solved by solving LQR problems for non-switched
DAE repeatedly. First, it was shown how to solve the
non-switched problems for index-1 DAEs followed by an
extension of the results to higher index DAEs. The result-
ing optimal control can be computed based on the solution
of a Riccati differential equation expressed in terms of the
differential system matrices. Although these differential
systems matrices do not depend on a particular coordinate
transformation, it remains a future direction of research to
express the results in terms of the original system matrices,

Another natural direction of future research is to ex-
plore the admission of impulsive inputs. The authors sus-
pect however that the results in this direction would not

11

be much different than the ones already obtained in this
paper and the results on singular optimal control obtained
by Willems et all.

Appendix A. Proofs

Proof of Lemma 6

First we will show that the map ¢ + w is linear, where
z(ty ) = o and u solves Problem 1; in particular, we will
show that Au is the optimal control for any initial value
Az and that for any initial values zg, zg € R™ for which
optimal inputs u,,u, exists, the input u, + u, is optimal
for the initial value zq + 2o.

To that extent, let V(zg,t) be the value function as

V(zo,t) = inf J(xo, u, to) (A1)

Applying the input Au to an initial condition Azq results
in a trajectory Az, due to the linearity of solutions of the
switched DAE. This means that J(Azg, \u) = A\2J(xq,u)
for any A € R and we can conclude that

/\2V($0,t0) = )\ZJ(xo,U) = J()\l’o, )\U) = V()\.To,to).

Hence we can conclude that if u is the optimal input for
xo that Au is the optimal input for Azg. In the following,
we will prove if u, and u, are the optimal inputs for xq
and zg respectively, that u, + u, is the optimal input for
o + z9. To do so, it will be first shown that

V(ZL'O + 2o, to) + V(SC() — 20, to) = 2‘/(3307 to) + 2V(Zo, to).
(A.2)
Observe that

Co (2 +2)+ Do (us +uz)||2+||CU<33_Z)+DU(U$_“Z)H2
= 2||Cyx + Dyugl||® +2||Cyz 4+ Dyu.|?,

and
(@(t;) + 2(t7)) " Pla(ty) + 2(t7))
+ (z(ty) — 2(t7)) T P(a(ty) — 2(t7))
=a(ty) " Pu(ty) + 2(t;) T P2(t7),
from which we can conclude that
J(xO + 20, Uz + uzatO) + J(x() — 20, Uz — UzatO)
= 2.](1‘0, Uy, to) + 2J(Zo, Uy, to).

Hence for all input u, and u, (and thus not necessarily
the optimal ones) we obtain

V(zo + 20, t0) + V(zo — 20, %0)
< J(xo + 20, ug +us) + J(zo
= 2J(xo,uy) + 2J (20, uz),

— 20, Uz — uz)



which means that V (zo+20, t0)+V (z0—20,to) < 2V (20,t0)+ Proof. Let x, := —e—AMs/2 f;/Q 614‘““(8/2—T)BdiffadT7 then

2V (20, t0). Conversely

2V (o, to) + 2V (20, t0)
< 2J(xo, Uz, to) + 2J (20, uz, to)

applying u(t) = « on [s/2, s) with initial value z; will re-
sult in a solution which reaches zero at ¢ = s. Further-
more, by definition eAMs/ 224 is reachable, and since the
reachable space is A% -invariant, it follows that also z; is

= J(xo + 20, U + Uz, to) + J (X0 — 20, Uz — Uz, L), reachable from zero, which guarantees the existence of ¢

from which we can conclude that 2V (zg, to) + 2V (20, to) <
V(xo + z0,t0) + V(xo — 20,tp) and therefore the equality
Vixzo + Zo,to) + V(xo — zo,t0) = 2V (zo,to) + 2V(Zo,t0)
follows. Furthermore, if u, is the optimal input for zy and
u, is the optimal input for zg then

V(zg — zo0,t0) + V(xo + 20,t0)
=2V (xo,to) + 2V (20, to)
= 2J(x0, Uy, to) + 2J (20, Uz, to)
= J(xo + 20, Uz + Uz, to)
+ J(zo — 20, Uz — Uz, o).

Since V(xo + z0,t0) < J(zo + 20, us + w,) and similarly
V(xo — 20,t0) < J(20 — 20, Uz — uz), it follows that

0 < J(xo + 20, Uz + wz) — V(xo + 20, to)
= V(xo — 20,t0) — J(20 — 20, Uz — uz) <0,

and thus
V(xo + 20, t0) = J(z0 + 20, Uz + uz),

which shows that u, + w, is optimal for xg + z.

Hence there exists a linear map between the optimal
trajectory and the optimal input. In particular, the map
z(ty) = u(ty) is linear, i.e., there exists a matrix F(tg) €
R™*™ such that u(tf) = F(to)z(ty ).

From the dynamic programming principle [44, 48] it
follows that u(; ;) is the optimal control for the cost func-
tion in Problem 1 considered on the interval [7,t5) for any
T € [to,ts), hence by replacing the initial time ¢ in the
above argumentation by T € [to,ts) we can conclude that
for every T € [to,tf) a matrix F'(7) € R™*™ exists such
that the optimal control satisfies w(7%) = F(7)z(77).

Proof of Lemma 13
Before proving Lemma 13 we need the following tech-

nical lemma:

Lemma 28. Consider the ODE (7) on the interval [0, s]
and with zero initial condition. Then for any a € R™,
there exists ¢ : [0, /2] — R™ such that the input

) e(t), t €10,s/2)
u(t) = {a, t€[s/2,s)

has a corresponding solution x with x(s~) = 0.

as claimed.

In order to prove Lemma 13, assume now that u solves
Problem 2 for some fixed 2. Let 29 be the corresponding
optimal trajectory on [to,ts). Denote u(t;) =19 € R™
and xdiﬂr(t;) = ¢ € imIl. Seeking a contradiction, assume
there exists a value w for which ¢ — B™Pyw € Ve and

(¢ = B™w) " P(¢ — B™Pw)
= (¢ — B™y) " P(( — B™Py) — M,

for some M > 0. Consider the solution (zs,us) of (14)
where us = u + us and u, is defined as

0, to <t<ty—s,
g = ¢(t), ty —s <t<tf—§,
w— tf—%, <t<ty

where ¢(t) is chosen in such a way that =3 (17) = =% (t7),
which is always possible according to Lemma 28. Fur-
thermore, for any € > 0 there exists a sufficiently small
s > 0 such that the output ys resulting from the solution

(xd ) satisfies

[ o= [ o [ e a

to t() tf—S
ty—s ty
2 2
— [ s [ ol @
to ty—s

ty
< [ IOl de.

to
As ug(ty) = u(ty) +us(ty) = w we find that e () —
BMPuy(t;) € yend and
J(xo,us) = J(xo,u) + e — M.

Hence for € < M there exists an s such that the solution
(x4, satisfies J(zo,us) < J(z0,u), which contradicts

S I

the optimality of (x4, u). Therefore the result follows.

Proof of Lemma 14

Note that the terminal cost function
(¢ = B™Py) T P(C — B™Py), (A3)

for a given ¢ € imIl is a convex function of ¥ € R™.
Furthermore ¢ € R™ minimizes (A.3) if and only if ¢
minimizes

%wTBimpTPBimpw _ CTHTPBimPQZ},

12



where here and in the following we replace ¢ by II{ to
enforce that ¢ = II¢ € imII. The constraint II¢ — Bi™Pq) €
yend jg satisfied if and only if (1 —TITyena ) (II¢ — BiMPe)) = 0,
where IIyena is a projector onto V4. This condition can
be written equivalently as

(I = Typena ) B™Pep = (I — Mypena )TIC.

As this constraint is a convex function and P is positive
semi-definite, it follows that this optimization problem is
a convex problem. Hence any local minimizer is a global
minimizer. The first-order necessary conditions are thus
also sufficient. Hence v is a minimizer that satisfies the
constraints if and only if there exists a Lagrange multiplier
A such that

BimpTPBimp

; g BmeT (1 — Hvend)T} M
— Myena) B™P

0 A

BimpTP
[ e

This can equivalently be written as H& = 0 where

BimpTPBimp BimpT (I _ HVond)T T
H o= | (I - Myena) B™ 0 (A.4)
—ITPB™P I (I — Typena) "

and €7 = [¢7 AT (T]T. Since ¢ € imIT and hence ¢ = II¢
the result follows.

Proof of Lemma 22

(=) Suppose that there exists an impulse-free input
such that y[t] = 0. Then since the input w is impulse-
free, i.e., u[t] = 0, it follows that y[t] = Cx[t] + Dult]
Cz[t]. Consequently, the output is impulse-free for a given
impulse-free input if and only if z[t] € ker C. In the case
u[t] = 0 then it follows from the solution formula (10) and
observing that E'™P = E™P (] —1II) that

-C Di(Eimp)i+1(I _ H)(:L‘o _ x(t(-)i-))(;(i) =0.
i=0

Cxlt]

Consequently (I —TI)(xo — z(tg)) € ker C(E™P)!, for i €
{1,2,...,v — 1}. Hence we can conclude that (I —II)(z¢ —
z(ty)) € O™P. Since (I — )z (t]) € C™P it follows that
(I —M)zo € OMP 4 C™P. Finally, since that im IT C C'™P
we can conclude that

To = Hl’o + (I - H)Io € Cimp + Oimp,

which proves the desired result.

(<). Let 2o = po + qo for some py € C'™P and ¢y €
O™P_ Then by definition of C'™P there exists an impulse-
free input u such that (p, u) satisfying p(t, ) = po is impulse-
free, i.e., p[t] = 0 for all t > t5. As E™P(] —1II) = E™P
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the solution (g,0) with ¢(t; ) = go will satisfy

v—1 .
Calte] = ~C Y (E™P)"™ (I~ 11) g6
1=0
v—1 1
= -0 (B™P) oo = 0.
1=0

Hence the solution (g, 0) with ¢(¢; ) = go will only generate
a Dirac impulse at tg, which will not appear in the output
y. By linearity of solutions, (z,u) with z(t;) = xo will
satisfy x(t) = p(t) + ¢(¢) and hence

ylt] = Cxlt] + Dut] = C(p[t] + qlt]) = Cqlt] = 0.
Hence u is an impulse-free input such that (z,u) with

z(ty ) = xo ensures y[t] = 0.

Proof of Lemma 24

In order to prove the statement, we have to prove that
Ei = EWi. As z(ty) = x9 € C™P, it follows that (I —
W)z(t) = 0 on [tg,00). Consequently (I — W)i(t) =0 on
(to,00). Therefore Ei = EW 3 on (tp,00). It remains to
show that Ez[tg] = EWi[te]. However as (I — W)z (t;)
0, it follows that

Bilto] = E(Wi + (I — W)ilto]) = EWilto).

Conversely, assume that x solves EW & = Ax + Bu. Then
since (I —W)x(t) € ker E' and hence (I — W)i(t) € ker E.
Consequently, EWz = E(W + (I — W))& = Ei. Further-
more, since xg € im W, and z(t; ) = zo = Wxy, it follows
that EWi[tg) = E(Wito] + (I — W)z[to]) = E[to).

Now it remains to prove regularity of (EW,A) and
impulse-controllability of EW#x = Az + Bu. Let C%}f}p be
the impulse-controllable space of this auxiliary DAE. It
follows from the above that C'™P C Ci’*. However, since
ker EW C Ci;lp it follows that

(C™P)L C ker EW + (C™P)L = ker EW C Cpp®,

and thus R™ C C%,r[,np. Hence the auxiliary DAE is impulse
controllable.

Finally, for z € C'™P it follows that EWz = Ez and
hence (AEW — A)xz = (AE — A)x # 0. Next observe that

R" =im EW + Aker EW +im B
CimE + Aker E +im B + A(C™P)*
g Cimp+A(Cimp)J_

and hence Az # 0 for z € (C'™P)+. Hence also for = €
(C'mP)L it follows that

(AEW — A)x = Az # 0.

Thus we can conclude that (EW, A) is regular.
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