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Abstract

The modeling framework of port-Hamiltonian systems is systematically extended to
constrained dynamical systems (descriptor systems, differential-algebraic equations). A
new algebraically and geometrically defined system structure is derived. It is shown that
this structure is invariant under equivalence transformations, and that it is adequate
also for the modeling of high-index descriptor systems. The regularization procedure for
descriptor systems to make them suitable for simulation and control is modified to deal
with the port-Hamiltonian structure. The relevance of the new structure is demonstrated
with several examples.
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1 Introduction

Modeling packages such as MODELICA (https://www.modelica.org/), MATLAB/SIMULINK
(http://www.mathworks.com) or SIMPACK [42] have come to provide excellent capabilities
for the automated generation of models describing dynamical systems originating in differ-
ent physical domains that may include mechanical, mechatronic, fluidic, thermic, hydraulic,
pneumatic, elastic, plastic, or electric components [1, 16, 20, 40, 41]. Due to the explicit
incorporation of constraints, the resulting systems comprise differential-algebraic equations
(DAEs), also referred to as descriptor systems in the system theory context. Descriptor sys-
tems may contain hidden constraints, consistency requirements for initial conditions, and
unexpected regularity requirements. Therefore, these models usually require further regular-
ization to be suitable for numerical simulation and control, see [11, 27, 30]. Our main focus
will be on linear-time varying descriptor systems, as they may arise from the linearization of
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nonlinear DAE systems along a (non-stationary) reference trajectory, see [10]. These have
the form

Et)z = A(t)z + B(t)u,
y = C(t)x+ D(t)u, (1)

together with an initial condition z(tg) = zg. The coefficient matrices E, A € C°(I,R™"),
B € CYI,R™™), C € CYI,R™"), and D € C°I,R™™), where we denote by C7(I, X)
Jj € {0,1,2,3,...} the set of j-times continuously differentiable functions from a compact
time interval I = [tg,t;] C R to X = R". If it is otherwise clear from the context, the
argument t of the coefficient functions is suppressed.

An important development in recent years has been to employ energy based modeling via
bond graphs [4, 12]. This has been implemented recently in 20-s1M (http://www.20sim. com/),
for example. The resulting systems have a port-Hamiltonian (pH) structure, see e. g. [18, 24,
33, 37, 36], that encodes underlying physical principles such as conservation laws directly into
the structure of the system model. The standard form for pH systems appears as

i = (J — R)VyH(z) + (B — P)u,
y= (B+ P)'V,H(z) + (S + N)u, (2)

where the function H(z) is the Hamiltonian which describes the distribution of internal
energy among energy storage elements of the system, J = —J7 € R™" is the structure matriz
describing energy flux among energy storage elements within the system; R = RT € R™" is
the dissipation matriz describing energy dissipation/loss in the system; B + P € R™™ are
port matrices, describing the manner in which energy enters and exits the system, and S+ IV,
with S = 87 € R™™ and N = —NT € R™™, describes the direct feed-through from input to
output. It is necessary that

W—RP>0 (3)
| PT S ’

where we write W > 0 (or W > 0) to assert that a real symmetric matrix W is positive definite
(or positive semi-definite). Port-Hamiltonian systems generalize Hamiltonian systems, in the
sense that the conservation of energy for Hamiltonian systems is replaced by the dissipation

inequality:
t1

H(x(t1)) — H(z(to)) < /t y(t)Tu(t) dt. (4)
0

In the language of system theory, (4) shows that the dynamical system described in (2) is a
passive system [8]. Furthermore, H(z) defines a Lyapunov function for the unforced system,
so pH systems are implicitly Lyapunov stable [21]. Inequality (4) is an immediate consequence
of (3) and holds even when the coefficient matrices J, R, B, P, S, and N depend on x or
explicitly on time ¢, see [31], or when they are defined as linear operators acting on infinite
dimensional spaces [24, 39].

The physical properties of pH systems are encoded in the algebraic structure of the coeffi-
cient matrices and in geometric structures associated with the flow of the differential equation.
This leads to a remarkably robust modeling paradigm that greatly facilitates the combina-
tion and manipulation of pH systems. Note in particular that the family of pH systems is
closed under power-conserving interconnection (see [25]); model reduction of pH systems via



Galerkin projection yields (smaller) pH systems [2, 19, 35]; and conversely, pH systems are
easily extendable in the sense that new state variables can be included while preserving the
structure of (2), and so, the range of application of the model can be increased while ensuring
that the basic conservation principle (4) remains in force.

When state constraints are included in a pH system, the resulting system is a port-
Hamiltonian descriptor system (differential-algebraic equation) (pHDAE). pHDAE systems
arise also in singularly perturbed pH systems when small parameters are set to zero, see [38].
Significantly, there is no systematic way that has yet emerged to describe this problem class
consistently, in a way that reflects both the pH structure and the DAE structure accurately.
The first main topic of this paper is to propose such a systematic approach. This is a challeng-
ing task, in particular when constraints of the DAE are ’hidden’, which is often signaled with
the terminology ’high-index DAE’ [5, 27, 30]. Such DAEs are not well-suited for numerical
simulation and control and so, either a reformulation or a regularization of the model must
first be carried out, [11, 27]. We will briefly summarize the fundamentals of this technique in
Section 4.

It is sometimes stated in the literature, see e. g. [38], that port-Hamiltonian DAEs are
of differentiation-index at most one, i. e., that they do not contain hidden constraints arising
from derivatives. In contrast, we will show that higher-index pHDAESs are actually very com-
mon and so a regularization procedure is necessary. Unfortunately, the usual regularization
strategies do not preserve a given pHDAE structure of the model and so, how one should go
about this task while respecting pHDAE structure is the second main topic of the paper.

The paper is organized as follows. In Section 2 we give a definition of port-Hamiltonian
differential-algebraic systems and demonstrate that this is a relevant class for many appli-
cations. The main properties of this new class of pHDAE systems (such as stability and
dissipativity) are discussed in Section 3. Section 4 extends the definition to the nonlinear
case. The analysis of ‘index at most one’ pHDAES is discussed in Section 5 while the struc-
tured regularization procedure is discussed in Section 6.

2 Linear port-Hamiltonian Differential-Algebraic Equations

In this section we introduce a new definition of systems of port-Hamiltonian descriptor sys-
tems (pHDAEs). Our new definition is slightly different from the concepts discussed in [38]
and is based on the concept of skew-adjoint differential-algebraic operators, see [29] for the
corresponding self-adjoint case.

Definition 1 A (differential-algebraic) operator

L:= 5% —A:QcCHI,R") — C°(I,R")
with coefficient functions £ € CHL,R™), A € C(I,R™") is called skew-adjoint, if ET(t) =
E(t) and E(t) = —(A(t) + AT (t)) for allt € 1.

This definition is motivated by the following observation: starting with vector functions
x1(t), z2(t) that are absolutely continuous on the interval I = (to,%s) each with square inte-
grable derivative and x;(ty) = x;(ty) = 0 for ¢ = 1,2, and then denoting the usual Ly inner



product as (x1,z2) = fti)f x¥xy dt, we have

d .
<371,,C($2)> = <l’1,5i’2 — .A.IQ) = <a:1, @(51’2) — .Al’z — Exg)

t . :
= xQTE:Cl]tg — <5Tx1,ac2> - <(AT +EDYay, x2)
= <—5Tii‘1 - (AT + ST)xl,xg) = <—5.’t1 + A$1,$2>.
So formally, the adjoint operator L£* satisfies £L* = —L. Note the boundary terms arising
in partial integration will vanish under a wide variety of conditions replacing the requirement

of zero end conditions on z1(t) and xa(t).
Skew-adjoint operators stay skew-adjoint under time-varying congruence transformations.

Lemma 2 Consider a skew-adjoint differential-algebraic operator
L= 5% —A:Qc CHI,R") - C%I,R™)
with coefficient functions € € CH(I,R™") and A € C(I,R™"). Then for every V € C1(I,R™7),
the operator Ly defined by
Ly(z) :=VIEVE — VT AV —VTEV)z
s again skew-adjoint, i. e., LI, = —Ly.

Proof. Since VIEY = (WVTEV)T, it remains to consider the coefficient of z. Using £7 = &
and £ = —(A + A7), we have

d . . .
—Wrey) = Viev4VTey +vTey

dt
= VIey - VI(A+ ATV +VTeY
—WTAYy —VTey) — vT Ay —vTey)T.
0
It should be noted that for any ¢ € Tand 2 € C(I, R") we have Ly (z(t)) = VT (£)L(V(t)z(t)).

Remark 3 Note that in Lemma 2 we do not need that the transformation matrix V is
invertible. This implies, in particular, that with a projection matrix

I, 0
v=[% o

the projected system is still skew-adjoint.

Using the definition of skew-adjoint differential-algebraic operators we now present a definition
of pHDAEsS.

Definition 4 A linear variable coefficient descriptor system of the form
E:t = [(J—-R)Q—- EK]xz+ (B — P)u,
y = (B+P)'Qr+(S+ N)u, (5)

with E,Q € CYI,R™"), J,R, K € C°(I,R™"), B,P ¢ CO(,LR*™), § = ST N = —NT ¢
CO(I,R™™), is called port-Hamiltonian descriptor system (port-Hamiltonian differential-
algebraic system) (pHDAE) if the following properties are satisfied:



i) the differential algebraic operator

d

L= QTEa —(QTJQ - QTEK) : D c CYI,R") — C°(I,R") (6)

is skew-adjoint, i. e. we have that QT E € CY(I,R™") and for all t €1,
QTME®) = E'(H)Q(), and
%(QT(t)E(t)) = QTM[EMK() — J6)Q®)] + [E@K () — J(6)QH)]Q(b);
i) the matriz function QT E is bounded from below by a constant symmetric matriz Hy,
i. e., QU(t)E(t) — Hy >0 for all t € T;
ii) the matriz function

Q"RQ QTP

W .=
PTQ S

c CO (]L Rn+m,n+m) (7)

is positive semidefinite, i. e., W(t) = WT(t) >0 for allt € I

The associated Hamiltonian is defined as

H(x) := %:pTQTEx . CYI,R™) — R. (8)
Besides the matrix function E in front of the derivative and the different definition of the
Hamiltonian, which gives the option of having singular matrices £ and @), a major difference
to the definition of standard pH systems is the extra additive term —FE Kz on the right hand
side of (5), which is needed to accommodate time-varying changes of basis. Note further that
in this definition no further properties of the differential-algebraic operator are assumed, in
particular it is not assumed that it has a certain index as a differential-algebraic equation.
The assumption that the matrix function QT E is bounded by a constant matrix H from
below implies that the Hamiltonian #H is bounded from below by a constant. This constant
is irrelevant when the derivative of H is considered, but it guarantees that the Hamiltonian
can be interpreted as energy in a real physical system.

Example 5 Consider the model of a simple RLC network, see e. g. [13, 17|, given by a linear
constant coefficient DAE

G.CGT 0 0 4 -G, R'GT -G, -G, 1%
0 L 0 I | = GT 0 0 I |, (9)
0 0 0 I, GT 0 0 I,
=F =(J-R)I

with real symmetric constant matrices L > 0, C' > 0, R, > 0 describing inductances, ca-
pacitances, and resistances, respectively that are present in the network. Here, G, is of full
column rank, and the subscripts 7, ¢, [, and v refer to edge quantities corresponding to the re-
sistors, capacitors, inductors, and voltage sources, while V', I denote the voltage and current,
respectively, on or across the branches of the given RLC network. This model has a pHDAE



structure with vanishing B, P, S, N, K, the matrix Q is the identity, F = ET, J = —J7,
QTRQ =R >0, and

T
4 4 v1'rGececr o[V
H=| L | BE| L |=|, S
I, I, ! 1

Example 6 In [14, 15] the propagation of pressure waves on the acoustic time scale in a
network of gas pipelines is considered and an infinite-dimensional pHDAE is derived. A
structure preserving mixed finite element space discretization leads to a block-structured
pHDAE system

Ei = (J—-R)Qz+ Bu,

y = B'Qa, (10)
x(tg) = xo,
withQ=1,P=0,5+N =0,
My, 0 0 0 -G 0 0 0 0 0 T
E=|0 M, 0|, J=|G" 0 NT'| ,R=|0 D 0|B=|By|,z= |z,
0 0 0 0 —-N 0 0 0 0 0 T3

where the vector valued functions z1 : R — R™, x5 : R — R™ represent the discretized
pressure and flux, respectively, and z3 : R — R™ represents the Lagrange multiplier for
satisfying the space-discretized constraints. The coefficients M} = M{, My = MJ, and

D = DT are positive definite, and the matrices N and [GT N T}T have full row rank. The
Hamiltonian is given by H(z) = 7 ETQx = o7 Myz1 + 21 Myx,.

Definition 4 brings the pH modeling framework and the DAE framework together in a struc-
tured way. It should be noted, however, that in a DAE we may have hidden constraints that
arise from differentiations, which are not explicitly formulated and the formulation of the DAE
that is used in simulation and control is not unique. One can for example add derivatives
of constraints which leads to an over-determined system, then one can add dummy variables
or Lagrange multipliers to make the number of variables equal to the number of equation
or one can remove some of the dynamical equations to achieve this goal, see [5, 16, 27, 30|
for detailed discussions on this topic. To rewrite these different formulations in the pHDAE
formulation is not always obvious. Let us demonstrate this with an example from multi-body
dynamics.

Example 7 A benchmark example for a nonlinear DAE system is the model of a two-
dimensional three-link mobile manipulator, see [6, 22], which is modeled as

M(©)0+C(0,0)+G(O) = Byu+ v,
¥(O) 0, (11)

where©® = [ ©; O, O3 ]T

is the vector of joint displacements, @ is vector of control torques
at the joints, M is mass matrix, C'is the vector of centrifugal and Coriolis forces, and G is the



gravity vector. The term W7\ with U = g—g is the generalized constraint force with Lagrange
multiplier \ associated with the constraint

_ l1 cos(©1) + la cos(©1 + O2) + I3 cos(O1 + Og + O3)l3 — 1 _

¥(®) O1 4 O + O3 0

Besides the explicit constraint this system contains the first and second time derivative of ¢
as hidden algebraic constraints, see e. g. [16, 27]. There are several regularization procedures
that one can employ to make the system better suited for numerical simulation and control.
One possibility is to replace the original constraint by its time derivative \11(9)@ =0. In
this case the model equation can easily be written in a pHDAE formulation. Using Cartesian
coordinates for positions p, scaling the constraint equation by —1, and linearizing around a

non-stationary reference solution yields a linear time-varying DAE of the form
Mé&p = —Dép— Sép+ GTéN+ Bydu,
0 = —Gop, (12)
with pointwise symmetric positive definite matrix functions M, S and pointwise symmetric

and positive semidefinite D. Adding a tracking output of the form y = B{&p, see e. g. [23],
and transforming to first order by introducing

Tl 5}?
r=| 29 | ;= | Ip |, u=du,
I3 oA
one obtains a linear time-varying pHDAE system Ei = (J — R)Qx + Bu, y = BT Qz, with
(M 0 0 D 00 I 00
E = 0 I 0|,R=|10 00],Q:=0 S 0|,
| 0 0 0 0 0 0 0 0 I
[0 -1 GT B ]
J = I 0 0 |,B=]0],P=0S+N=0.
| -G 0 O 0 |

2 0o S
Since the Lagrange multipliers in the multibody framework can be interpreted as external
forces, it is also possible to incorporate them in the input (B — P)u to achieve a pHDAE
formulation as in Definition 4, but also other formulations are possible, e. g. we can keep the
original algebraic constraint as well and use an extra Lagrange multiplier for the first time

1 17 M 0 T
The Hamiltonian in this case is given by H(z) = [ xl [ ] [ xl ] .
2

derivative.

Remark 8 A special case of (5) takes the following form:
Eir = (J—R)x+ (B - P)u,
y = (B+P)Tz+(S+ N)u, (13)

where E = ET ¢ CY{I,R*™), J = —J' R = RT K ¢ C°I,R*"), B,P € C°(I,R™»™),
S=8T N=—-NT¢cCOULR™™) as before but now we require,



i) the differential algebraic operator

d
Li=E-—J:DcC CHI,R") — C°(1,R") (14)
1s skew-adjoint, so that we have for all t €1,
d
SE(W) = - [J0)+T0"];

ii) E(t) is positive semidefinite: E(t) > 0 for all t € I; and

R(t) P(t)
PT(t) S(t)

The effective Hamiltonian is now

i) W(t) := >0 forallt el

H(x) = %xTE:L' :CHI,R") — R. (15)

Notice that in this model description we have merged the roles of Q and E. This is always
possible when Q) is pointwise invertible, see Section 8 but this formulation may not be possible
when Q is singular.

3 Properties of pHDAE systems

To analyze the properties of pHDAE systems, we first derive the conservation of energy and
the dissipation inequality.

Theorem 9 A linear time-varying pHDAE system has the following properties:
i) IfW=0in (7) then $H =uTy.
ii) The system satisfies the dissipation inequality (4).
Proof. By Definition 4 we have

SH = LT QB T QT B+ T (QT B
= T QB+ 2T Q" (Bi)
= ; rd (QTE)m +27QT([JQ — RQ — EK|x + Bu — Pu)
= ; rd —(Q"E)z+27Q1JQr —2"Q"RQr — 2" QT EKz + 27 Q" Pu+u’ B Qu
= %fo(QT EYe+27QTJQz — 2T QTRQz — 2T QTEKx — 27 QT Pu

+u® (y — PYQx — Su — Nu)
1 ~d
= uly+ ixT%(QTE)w +27QTJQx — 2T QTRQx — 2T QTEKx
—27Q" Pu—u"PTQx — u"Su

% (Hi(QTE)x +27QT(JQ — EK) + (JQ — EK)TQ]a:)

SHEIH!

= uTy+



From the skew-adjointness of £ we have that

d z 1" T

R — T —

dtH u'y [ " ] w { " ] .
Part i) then follows immediately from the assumption W = 0, while in Part ii) the fact that
W(t) > 0 for all t € I implies that for any ¢; > ¢,

1 [d "o
H(x(tl))—’}{(:v(to)):2/t dt?—[dtg/t o
0 0

An important feature of pHDAE systems is that a change of basis and a scaling with an
invertible matrix function preserves the pHDAE structure and the Hamiltonian.

Theorem 10 Consider a pHDAE system of the form (5) with Hamiltonian (8). Let U €
COUI,R™"™) and V € CH(I,R™") be pointwise invertible in 1. Then the transformed DAE

Ei = [(J-R)Q - EK)Z+ (B - P)u,
(B+ P)TQz + (S + N)u
with

= UTEV, Q=U"'QVv, J=UTJU,
UTRU, B=U"B, P=U"P,
VIIKV+ VWV, 2=Vzi

Sil=v ol
I

is still a pHDAE system with the same Hamiltonian H (&) = %:iTQTEi = H(z).

Proof. The transformed DAE system is obtained from the original DAE system by setting
r = Vi in (5), by pre-multiplying with U” and by inserting UU ! in front of Q. The
transformed operator corresponding to £ in (14) is

Ly = QB — Q"G - ER).
Because
Q"E=VTQ"EV, Q'JQ=v"Q"IQVv, QTEV 'V =VTQ"EV,
by Lemma 2, Ly is skew-adjoint since £ defined in (14) is skew-adjoint. Hence,
GE - B0,
S@TE) = ~Q"UQ- BR) - (JG - BR)'Q.

It is straightforward to show that



where

o [Q'RQ Q'P) _[V'QTRQV VTQ'P
L PfQ s || PTQV S

- [0

and W is defined in (7). Because W(t) is positive semidefinite for all t € I, so is W(t).
Therefore, for any t; > to,

H(i (1) — A (o)) < / T (tut)dt,

to

which establishes the dissipation inequality. Since
QTMEM) — VIt HWV () = VIt)(QT(t)E(t) — Ho)V(t) > 0 for all t €1,

and since V is continuous, and thus VT HyV is bounded on I, it follows that there exist a
constant symmetric matrix Hy such that QT (t)E(t) > Hy for allt € I. O

An important point to note is that the Hamiltonian stays invariant under time-varying
changes of basis and the operator Ly, the Hamiltonian 7—2(@), and the matrix function W are
independent of the choice of the matrix function U.

As we have already pointed out, our definition of pHDAE systems has the extra term
—FE Kz on the right hand side which is needed to incorporate time-varying changes of basis.
Even if K = 0 in the original system, after the transformation given in Theorem 10 the extra
term —EK with K = V™'V will appear. Note that if an orthogonal change of basis is carried
out in a system with K = 0 then the resulting K=V1Vis skew-symmetric. Furthermore,
even if K # 0, this term can be removed via a change of basis transformation which does not
change the Hamiltonian.

Lemma 11 Consider a pHDAFE system
Er = [(J-R)Q - EK))i+ (B — P)u,
y = (B+P)TQz+(S+N)u
with Hamiltonian H(&) = %:%TQTEi“, where K € C(I,R™). If Vi € CY(I,R™") is a point-

wise invertible solution of the matriz differential equation V. = KV with initial condition
V(ty) = I, then defining

E = E
J = J
P = P, &=V'e,

the system

Fi = (J—R)Qz+ (B— P)u,
y = (B4+P)'Qz+(S+N)u

is again pHDAE with the same Hamiltonian H(z) = H(Z) = 22TQTEx.

10



Proof. For a given matrix function K, the system Vi = KV always has a solution Vi
that is pointwise invertible. The remainder of the proof follows by reversing the proof of
Theorem 10 with U =1. O

Remark 12 Note that if K is real and skew-symmetric, then the matrix function Vi in
Lemma 11 can be chosen to be pointwise real orthogonal.

Following Theorem 10, if E is pointwise invertible, then the original system can be trans-
formed into the one with new E being the identity, so into a standard port-Hamiltonian
system; and whenever () is pointwise invertible, then the original system can be transformed
into the one with new Q being the identity. Which of these formulations is preferable will
depend on the sensitivity (conditioning) of these transformations. In the context of numer-
ical simulation and control methods, these transformations should be avoided if they are
ill-conditioned.

4 Nonlinear DAEs and pHDAEs

In this section we briefly recall the theory of nonlinear DAE systems and then extend these
results to pHDAESs. Consider a general descriptor system of the form

F(t,z,,u) = 0,
z(ty) = aY
y = G(t,z,u). (16)

Assume that F € C%(I x D, x D x D, R?) and G € C°(I x D, x D, R™) are sufficiently
smooth, and that D,,D; C R™, and D, are open sets. Note that (in order to deal with
pHDAES) in contrast to the more general case in [11], we assume square systems with an
equal number of equations and variables and with an equal number of inputs and outputs.

For the analysis and the regularization procedure we make use of the behavior approach
[34], which introduces a descriptor vector v = [z7,uT]T. We could also include the output
vector ¢ in v, but in the context of pHDAESs it is preferable to keep the output equation
separate. The behavior formulation has the form

F(t,v,0) =0, (17)

with F € C%I x D, x Dy, R") together with a set of initial conditions c(v(tp)) = v° which
results from the original initial condition. Note that although no initial condition is given for
u in the context of the regularization procedure discussed in [11] such conditions may arise,
so we formally state a condition for v(tp).

To regularize DAEs for numerical simulation and control, see [9, 11, 27], one uses the
behavior system (17) and some or all of its derivatives to produce an equivalent system
with the same solution set (all variables keep their physical interpretation), but where all
explicit and hidden constraints are available. The approach of [11] (adapted for the analysis
of pHDAES) uses the state equation of (17) to form a derivative array, see [9],

Fu(t,v,0,. .. 00y =0, (18)

which stacks the equation and its time derivatives up to level p into one large system. We
denote partial derivatives of F,, with respect to selected variables ¢ from (t,v,7, ... ,v(“ﬂ))

11



by F ¢, and the solution set of the nonlinear algebraic equation associated with the derivative
array F, for some integer p (considering the variables as well as their derivatives as algebraic
variables) by L, = {v, € I x R"™ x ... x R*™™ | F,(v,) = 0}.

The main assumption for the analysis is that the DAE satisfies the following hypothesis,
which in the linear case can be proved as a Theorem, see [27].

Hypothesis 13 Consider the system of nonlinear DAEs (17). There exist integers u, r, a,
d, and v such that L, is not empty and such that for every vg = (to, vo, Vo, - - - ,v((]“H)) elL,
there exists a neighborhood in which the following properties hold.

1. The set L, C RWHA+m)+L forms o manifold of dimension (u+ 2)(n+m) +1— 7.

2. We have rank F

0,6, (et = T 0T L,.

3. We have corank F ., , 1) —corank F_q. . gy = v on Ly, where the corank is

the dimension of the corange and the convention is used that corank of F_1., is 0.

4. We have rank F, ., 1) =1 —a on Ly such that there exist smooth full rank matriz
functions Zs and Ty of size (u+1)nxa and (n+m) x (n+m—a), respectively, satisfying
ZQT‘FM;@,...,MHH) =0, rank Z2 F,., = a, and ZL F,., To =0 on L,,.

5. We have rank F;'Iy = d = n — a — v on L, such that there exists a smooth full rank
matriz function Zy of size n x d satisfying rank Z{ FyTy = d.

The smallest p for which Hypothesis 13 holds is called the strangeness-index of (17), see
[27]. It generalizes the concept of differentiation-index [5] to over- and under-determined
systems but in contrast to the differentiation-index, ordinary differential equations and purely
algebraic equations have p = 0 and for other systems the differentiation-index (if defined) is
w+ 1, see [27]. The quantity v gives the number of trivial equations 0 = 0 in the system.
Of course, these equations can be simply removed and so for our further analysis we assume
that v = 0.

If Hypothesis 13 holds then, locally (via the implicit function theorem) there exists, see
[26, 27], a system (in the same variables)

J_:'l(tavvl'}) = 07
‘/—:'2(tvv) = 0, (19)

in which the first d equations F, = ZLTF form a (linear) projection of the original set of
equations representing the dynamics of the system, while the second set .7:"2(75,11) =0of a
equations contains all explicit and hidden constraints and can be used to parameterize the
solution manifold and to characterize when an initial condition is consistent. Adding again
the output equation and writing (19) in the original variables we obtain the system

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

Folt,z,u) = 0, (20)
z(ty) = a°
y = G(t7 :B? u)?

It should be noted that although formally also derivatives of u have been used to form the
derivative array, no derivatives of u appear in the regularized system (20). This has been
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shown in various contexts [7, 27, 28] and is due to the fact that only derivatives of equations
where F),.,, = 0 are needed to generate (20). This means, in particular, that the equations in
Fo (t,z,u) = 0 can be partitioned further into equations that arise from the original system,
which include those algebraic equations in the original system which are explicit constraints
(in the behavior sense) so that the system can be made to be of differentiation index at
most one by a feedback (the part that is impulse controllable or controllable at infinity), and
implicit hidden constraints arising from differentiations of equations for which £}, ,, = 0 in the
derivative array (the parts that are not impulse controllable).

Using these observations, the regularized system can be (locally in the nonlinear case)
written as

E1$ = fha:—i—Bw,

0 = Ayz+ Bou, (21)
0 = Ag.’E,
l’(to) = xov

y = Cx+ Du,

where the third equation that is representing all the hidden algebraic constraints of differenti-
ation index larger that one. Performing an appropriate (local) change of basis one can identify
some (transformed variables) which vanish and the remaining system consisting of the first
two equations is of index at most one in the behavior sense, see [7, 27, 28] for details. For the
first two equations in (20) and (21) one can always find an initial feedback v = k(z) + @ so
that the resulting system is strangeness-free (of differentiation-index one) as a system with
input @ = 0, see [3, 11] for a detailed analysis and regularization procedures. In the following
we assume that this reinterpretation has been done, so that the n x n matrix (functions)

Ejl (.7:"1)50(15, T
42 ) (f%)x(t,x,u) ) (22)
A3 (.Fg)x(t, :17)

respectively, are locally invertible, see [27]. Furthermore there exists a (local) partitioning of
the variables so that the strangeness-free formulation takes the form

EH Elg Elg T1 A:ll /:112 /:113 €1 B;l
0 0 0 @y | = | Agr Asp Ass Ty |+ | By |u (23)
0 0 0 T3 Az Asp  Asz €T3 0

with the property that Ass is invertible and the reduced system obtained by solving for x3 is
strangeness-free (of differentiation index at most one) when setting u = 0.

The described regularization procedure holds for general DAEs but it does not reflect
an available port-Hamiltonian structure. We will now modify this approach for nonlinear
systems with a pHDAE structure, which (based on the linear time-varying formulation) we
define as follows.

Definition 14 Consider a general DAE model in the form (16) and a Hamiltonian H(x) with
the property that for a given input u(t) and associated trajectory x(t) the Hessian Yi,.(t) =
Haz(z(t)) can be expressed locally as Eioe(t)T Qroc(t), where Eipe(t) = Fi(t), Fyp(t) = (Jjoe(t) —
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Rloc(t))Qloc(t> - Eloc(t)Kloc<t); Fu(t> = Bloc(t) - F)loc(t)y Gx(t) = (Bloc(t) + Boc(t>)TQloc(t);
Gu(t) = Sioc(t) + Nioe(t), with Eioe(t), Aoc(t), Quoc(t), Rioe(t) = RL (1), Kioe(t) € CO(L,R™™),
Bioe(t), Pioc(t) € COLR™™), Sioe(t) = SL.(t), Nipe(t) = —NL (t) € CO(L,R™™). Then the

system is called pHDAE system if the following properties are satisfied:

i) the (local) differential-algebraic operator

Eloc = Q%c(t)Eloc(t)% - Qlj;c(t)(‘]loc(t)Qloc(t) - Eloc(t)Kloc(t)) (24)
1s skew-adjoint,

ii) locally there exists a constant matriz Ho such that Hessian Hqy(t) — Ho is positive
semidefinite;

it) locally

Qloc (t)TRloc (t) Qloc (t) Qloc (t)TPloc (t)

W= | B 0)Quett Stoc(1)

>0 foralltel (25)

Clearly standard pH systems of the form (2) and linear time-varying systems as in Definition 4
directly fit in this framework. The same holds for multibody systems as in Example 7 with
the derivative of the constraint

M(©)0+C(0,0)+G(O) = a+ v\
U(©)0 = 0. (26)

Remark 15 There is a lot of choice in the local matrices @, and Ej,. when factoring
the Hessian. In some cases we can just choose Q. to be the identity (see Remark 8), so
that Ej,. = EITOC defines the Hessian. In other cases one chooses the block-diagonal matrix
Ejc = diag(I4,0) and obtains a semi-explicit formulation of the pHDAE. However, in general,
this freedom should be chosen to make the system robust to perturbations for simulation and

control methods.

There are multiple reasons why constraints may arise in pH systems. A typical example arises
as a limiting situation in a singularly perturbed problem which has pH structure. Typical
examples are mechanical multibody systems where small masses are ignored.

Example 16 Finite element modeling of the acoustic field in the interior of a car, see e. g.
[32], leads (after several simplifications) to a large scale constant coefficient differential-
algebraic equation system of the form

Mp+ Dp + Kp = Byu,

where p is the coefficient vector associated with the pressure in the air and the displacements
of the structure, Byu is an external force, M is a symmetric positive semidefinite mass matrix,
D is a symmetric positive semidefinite matrix, and K is a symmetric positive definite stiffness
matrix. Here M is only semidefinite since small masses were set to zero, so M is a perturbation

14



of a positive definite matrix. Performing a first order formulation we obtain the state equation
of a pHDAE system EZ = (J — R)Qz + Bu, where

o= [ 2]t F)n=[" o= 2]

_ |10 _ | B _
0= (18] 5] B ] pma

and the Hamiltonian is

1 1, .
H =5z B'Qz) = 5 (5" Mp+p" Kp).
Note that this model is nonlinear originally, but the simplifications carried out in the modeling
process, e. g. linearization and omitting nonlinear terms with small coeflicients leads to a
linear model.

The other class of examples are systems such as as Example 7, where the dynamics is con-
strained to a manifold. If the system like in this example has hidden constraints, then the
formulation as pHDAE system is not unique because different formulations of the equations
and the constraints can be be made. We will come back to this question in Section 6.

As mentioned in the introduction, it is sometimes claimed that port-Hamiltonian DAEs
are of differentiation-index at most one (i. e., satisfy Hypothesis 13 with = 0). If this would
be the case then in the derivative array with g = 0 the matrix F; locally has constant rank
d and if ZI is a maximal rank matrix such that (locally) Z¥ F; = 0 and Z; is such that it
ZLTF;

Zg 7, ] is locally

completes Zo to an invertible matrix Z = [Z1, Zo], then the matrix E := [

invertible.
Let us check this for some of the examples. In Example 5 we have Z2T = [ 0 0 I ] and
obtain

G.CGT 0 0
E = 0 L 0
-G 0 0

which is clearly not invertible, except if the last row and column is empty. The same matrix
Z5 can be used in Example 6 and yields

My 0 0
E=|0 M 0
0 N 0

which is also not invertible except if the last row and column is empty. Actually due to
the special structure it can be shown that both systems have u = 1, i. e., differentiation-
index two, when the input is chosen to be 0. The analysis of Example 7 with the original
constraint ¥(0O) has u = 2 (differentiation-index three) and the formulation as pHDAE is not
straightforward, but using as constraint its derivative yields u = 1 (differentiation-index two)
if GGT is invertible. This replacement corresponds to an index reduction. How to carry out
such a regularization for pHDAEs will be discussed in Section 6. But let us first (in the next
section) analyze in detail the case of differentiation-index one pHDAEs.
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5 PHDAESs of differentiation-index at most one

In this section we characterize pHDAE systems of differentiation-index at most one (u = 0)
and we first study linear time-varying pHDAE systems. In this case Hypothesis 13 implies
that the matrix function E(t) has constant rank. Then, see e. g. Theorem 3.9 in [27], there
exist pointwise orthogonal matrix functions U and V such that

Eq 0]

oy - B 0

where Eq; is pointwise invertible. Because QT E is real symmetric, in

T _ | Qun Q2
v QV_[Qm Q22]’

one has Q1T1E11 = E1T1Q11 and also Q12 = 0. Partition in the same way

ST [ Ji Jio ST o [ Ri1 Ry } - T [ 1 ]
utiu = . UTRU = — Ty — 7
| Jor a2 ] RT, Ry v v T2
~ [ Bl P1 od T |: Kll K12 :|
vl B P = , K=K+Vv = ,
[ ] | By P, ] Ko Ko
= ~ [ Ji Jio Ri1 Ry L1 Lo
UT'(J-RU = — =: :
( ) | Jo1 J22 ] [ R, Ry ] [ Loy Lo ]

so that the transformed pHDAE system has the form

[Ell 0} [561} _ <|:L11 L12:||:Q11 0 ]_[EllKll E11K12}>[$1}
0 0 Tg Loy Lo Qo Q22 0 0 T2

+ Bi— P U
By —P |7

y = [(Bi+P)" (Bz+P2)T}[g; Qiz][§;]+(S+N)u.

Since the system has differentiation-index at most one, the block Los@oo either does not
occur (in this case we have an implicitly defined standard pH system) or it must be pointwise
invertible, see [27], i. e., both Lgs and Q92 are pointwise invertible. Let U = UT, where

I 0 — o
= [ Ty I } ’ Ty = Ly (Liz — Enk1Qp)".

Then a transformation of the original pHDAE with U and V yields the pHDAE system

B[] - W-Re-R)] ]+ @- P
y = (B+P)TQ|:§;:|+(S’+N)U, (27)
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where

~ E 0 FE 0 ~ ~ ~
T 11 _ 11 _ _ _
E__T[ 00]_[0 J,K_KS_&N_M
Q:Tl[QH 0]:[ Qu 0]:,[6311 0}
Q21 Q22 Q21 —T51Q11 Q22 Qa1 Q|
j = 77 [ Jin Jio ] T— [ Jin + Th Jor + JioToy + T JooTor  Jio + T Jao ]
Jo1 Ja2 Jo1 + JaoTh Jo2o
_. [ czn Jia ]
' Jo1 Jag |
B - 7T [ Ri1 Rio } T [ Riy + THRY, 4+ J1oRio + T4 RooTo1  Ria + T8 Rao ]
R{), Ry RT, + RooToy Ras
_ [ @11 Rio }
R{y Rg |’
- B Bi +TLB B ~ P +TLP P
_ T 1| _ 1 21P2 | ., 1 _gTp _ 1 2142 | . 1
e b e R T P B e e B

Following Theorem 10 this transformation will not change the Hamiltonian, and based on the
construction of T,

(J-R)Q-EK = T((J-R)Q- EK)

[ (Ji1 —~R11)Q11 — En (K — K12Q~2_21Qz1) 0 }
(Jo1 — RL)Qu1 + (J22 — Ro2)Q21 (Ja2 — R22)Q22 |

Note that these transformations should not be performed in a numerical integration or control
design technique, since the inversion of the matrices (J22 and Lo may be highly ill-conditioned.
However, from an analytic point of view have the following theorem.

Theorem 17 Suppose that the pHDAE system (5) is of differentiation-index at most one
(i. e. satisfies Hypothesis 13 with u = 0) for v = 0, and that E(t) has constant rank. Let

UV and E, Q, J, R, B, P be as in (27) and let V 'z = [ o 2T ]T. Then system (5) can
be reduced to the implicit pHDAE system (for the state x1)

Ei; = [(J—R)Q— EK]z, + (B - P)u
y = (B+P)Qui+(S+N)u (28)
with Hamiltonian H(x1(t)) = 12T QT Exy = H(x), and coefficients

2
Ei, Q=Qu1, J=Ju, R= R, K=K — K12Q5 Q,

E =

. R A
B:4&—?ﬁengﬂ&+&%P:H—?ﬁengﬂ&+&L
. 1 _ _

§ = S-5l(B2+ Py)" Loy (B — Py) + (Ba — P2)" Ly (By + Po)),

1 _ _
N = N=J[(Ba+ P) Loy (By = P2) = (By = P2)" Ly (By + Po)),
together with the explicit algebraic constraint

L2oQaoxs = —[(Jo1 — R15)Qu1 + L2aQai]x1 — (Ba — Po)u, (29)
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for the state xo, which also gives a consistency constraint for the initial condition

Loa(t0)Qaz(to)w2(to) = —[(La1(t0))Q11(to) + Laz(to) Qa1 (to)]x1(to) — (Ba(to) — Pa(to))u(to).

Proof. Equations (28) and (29) follow directly from (27). The output equation is obtained
directly by substituting (29). It remains to prove that (28) is port-Hamiltonian. From

4QTE= Q"+ JM)Q +GTER + KTETQ
and since Q92 is invertible, one obtains

0 = Ju+ Jg»
= —Qli(Jiz + J3)) — Q31 (Joz + J%) + QT E11 K12Qy;

d . . . .
£Q1T1E11 = —QL(Ju + J1)Qu — Q1 (Ji2 + J31)Q2
—QY (Jio + )T Q11 — QL (o + JE)Qo1 + QT En K11 + KL EL Q1

which leads to

Jog + JIy =0, (30)
QL (Ji2 + J31) = Q11 EnK12Q5, (31)

and

d . . L o
%QEEH = QT (Jiu+J1)Q11+ QT E11 (K11 — K12Q55 Q1) + (K11 — K12Q55 Q21) T ET, Q11

and this last equation is just
d ~m o~ A A USSR A A A A A A
aQTE =-QTJ+JNHQ+QTEK + KTETQ.

Since QTE = ETQ, the operator QTE% — QT(jQ — EK) is skew-adjoint.
The invariance of the Hamiltonian follows directly, since

T
N 1 A oA 1 o 1
H(xy) = ix{QTEml =3 [ i; } QTE [ i; ] = §xTQTEa: = H(z).

It remains to prove the dissipation inequality. We have that

T
d?—l(azl):dH(x):yTu—[x]TW[x]:yTu— 2 W i;
dt dt U U
u u
where R R R

5 Qu 0 0 ’ Rii Ry Py Qu 0 0

W=1]Qa Q2 0 }?{2 Ry P Q21 Q22 0

0 0 I Pl P s 0 0 I
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Eliminating x2 by using (29), we obtain

T

al _ I T T R T
][]l
u u
u u
where W = XTW X with
I 0
X =| —Qp (Lyy(Jo1 — RL)Q11 + Q21) —Qoy Loy (B2 — P) |
0 I

Note that Loy = Jaa — Rag and by (30) we have Jog = —J2T2, and thus Roy = —%(LQQ + LQTQ).
Also, from (31) and the formulas of Jo1, R12, To1, it follows that Q7;(J4; + Ri2) = 0. Then,
by straightforward calculations we obtain

W [ @hRen @hP |
PTQn S

Hence

d -~ I r 2 1

T

—H = — w .

dtH v [ U ] [ U }
Since W is symmetric positive semidefinite, so is W, and hence the reduced system in x is
still port-Hamiltonian with Hamiltonian H(x1). O

Note that for the numerical integration or in the control context, as for general DAEs, it

is sufficient to carry out the transformation with U pointwise from the left and the insertion
of I = UUT before Q. In this way a differentiation of a computed transformation matrix can
be avoided and the pHDAE structure is preserved nonetheless.

Remark 18 For nonlinear pHDAE systems with differentiation index at most one (u = 0),
the corresponding local result follows directly via the implicit function theorem and applica-
tion of Theorem 17 to the linearization as in Definition 14.

6 Regularization of higher index pHDAE systems

In this section we discuss how to modify the regularization procedure discussed for general
DAEs in Section 4 to preserve the pHDAE structure. Let us first consider the linear time-
varying case (5) and set L = J — R. Suppose that the state equation with v = 0 already
satisfies Hypothesis 13, i. e., as discussed in Section 4, no reinterpretation of variables or initial
feedbacks are necessary. It has been shown in [7] that the extra constraint equations (hidden
constraints) that arise from derivatives are uncontrollable, because otherwise the index re-
duction could have been done via feedback. This means that these extra constraint equations
are of the form Asz = 0 which corresponds to Fg(t, x) = 0 in the nonlinear case. We add just
these constraint equations to our original pHDAE and obtain an overdetermined strangeness-
free system. Note again that under our assumptions the explicit algebraic constraints are
included in the first two equations in (20), resp. (21).

Let us make the weak assumption that E(t) has constant rank. This is a restriction
that however holds in all examples that we have encountered so far, and it can be removed
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by considering the system in a piecewise fashion, see [27]. Then there exist real orthogonal
matrix functions U, V; € C1(I, R™") such that

En 0
UITEV1:[ 011 0}

with pointwise invertible Fy;. Perform a transformation of the pHDAE (5) as in Theorem 10
and also form AgV = [ Agy Ass ] partitioned accordingly. By the property that 1213 contains
all the high index constraints it follows that Ass has full row rank for all ¢ € I, and hence
there exists a real orthogonal matrix function V5 such that AoV = [ 0 Ass ] with Ass
pointwise invertible. Performing a change of variables of the pHDAE with

I 0 0
V:—Vl[é ‘9} 0 I 0
2 —AnAzl 01
we obtain a pHDAE of the form
Ey 00 T [Qu Qi Qi T
0 0 O T9 = L Q21 Q22 Q23 T2
0 00 I3 Q31 Q32 Q33 x3
Eip 00 K1 K2 Kis x1
— 0 0 0 Ko Koo Kog x2
0 00 K31 K3 Kas3 x3
B - P
+ BQ—PQ u,
By — Py
) ) ) ) ) ) 6:211 Qm ng
y = [ (Bi+P)T (Ba+P)" (Bs+ Py)T | Q21 Q2 Q3
Q31 Q32 Q33
+ (S+N)u,

where K = (VT KV 4+ V), L = LV, together with the constraint 0 = Aszxs, i. e. x3 = 0.
Assuming further that the matrix function

C:?n C:?u
Q21 Q22
Q31 Qs
has constant rank, there exists a pointwise real orthogonal matrix function Us such that
Qu le Q13 Qun Q12 Qi3
Uy | Qu Qun Qs | = | Qu Qx Qu
Q31 Q32 Q33 0 0 @s3
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Transforming the pHDAE (34) with UJ we get a pHDAE of the form

Eii 0 0 1 [ Lin Lia Lis Qu Q12 Qi3 1
Ey 00 To = Ly1 Loy Los Q21 Q22 Q23 x2
E3p 00 T3 | L31 L3z L33 0 0 @s3 T3
[ E’n 0 0 K1 K2 Kig x1
- Eyn 00 Ko Ko Kos x2
| B3 0 0 K31 Ksz2 Ks3 T3
By — P1
+ B2 — PQ u,
Bs — P3
) ) ) ) ) ) Qn Qm 6:213
y = [ (Bi+P)" (Bo+P)" (Bs+P)" || Qu Q2 Qo
Q31 Q32 Q33
+ (S+N)u,

together with the constraint 0 = x3.

By Theorem 10, system (34) is still a pHDAE system, and the solution of the overdeter-
mined system (34) together with x3 = 0 is the same as that of (34) and the Hamiltonian is
unchanged. Since the resulting system is still port-Hamiltonian, using that zs = 0, we have
that the subsystem given by the first two block rows together with output equation is an
index at most one phDAE which has the form

[En 0][i?1] _ [Ln L12][Q11 Q12][9€1]
Eyr 0 T Loy Lo Q21 Q22 T2
Ein 0O K11 Ko 1 B - P
- o e R G !
|:E21 0][-’(21 Kzz}[@] [Bz—Pz]u (34)

_ 5 5T Q1 Q12 1
Yy = [ B1+P1 (By + P») ] [ Q21 Q22 } [:Q ]
+ (S+ N)u,

To this system we can apply the results of the previous section and obtain that the system
can be further reduced to an implicit standard pH system.

Example 19 Consider again the semidiscretized Example 6. It has been shown in [15] that
for a (permuted) singular value decomposition (SVD) of NT

T_7 |0
g
with real orthogonal matrices Uy, Vy and a nonsingular diagonal matrix ¥ € R™™, Scal-
ing the second row of (10) with Uy and setting zo = Vi [9:;2 x;?)]T, as well as 1) =

i
VN [xg - 3T] we obtain a transformed system

My 0 0 0 71 0 Gz Gig 0 z1 0

0 Myp Maz 0| d |z22 n —G{, Dsy Dyz 0 22| | D22 W (35)
0 Mys Mss 0| dt |723 _Gig Dng D33 —X| |@23| |Bs2|

0 0 0 0 T3 0 0 by 0 T3 0
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It follows immediately that xg3 = 0, which is the uncontrollable (index two) constraint in
the DAE that in particular the initial condition xg’g has to satisfy. The vectors 1,222 are
solutions of the implicit ordinary pH system

M1 0 d I 0 Gl 2 T 0
. _|_ ’ = y 36
[ 0 M2,J dt [3«"2,2] [—GIQ Dyp| |w22 Bao) " (36)
with initial conditions z1(0) = 9, 222(0) = :U%Q, so they are well-defined continuously differ-

entiable functions for any piecewise continuous v and any choice of the initial conditions.
Finally we get the component z3 (the Lagrange multiplier) via

d

r3 = Z_I(Mg—l}“)’%l’z’

2 — Gngl + D;3$2,2 — B3 ou), (37)
and this is the implicit index one constraint in the DAE. Since both type of (the explicit
and the hidden) constraints have to be satisfied for the initial condition, it means that the
transformed initial condition also has to satisfy the consistency condition

d
1'3(0) = Z_l(Mng)%%z,Q (O) — GI31‘1 (0) + D;31‘2’2(0) — Bg}Q’UJ(O)) (38)

Condition (38) leads to a relationship between the input u and the state at ¢ = 0, which
is a constraint that has to be satisfied to have a classical solution. Furthermore, we see
immediately that to obtain a continuous x3 the function B3su has to be continuous and
u has to be such that Bsou leads to a continuous MQT 3%33272. The implicit ordinary pH
system (36) describes the dynamics of the system, while the other two equations describe the
constraints.

Remark 20 For nonlinear pHDAE systems satisfying Hypothesis 13 with u > 0, the corre-
sponding local result follows directly via linearization and the implicit function theorem.

Conclusion

A new definition of port-Hamiltonian descriptor systems has been derived. It has been shown
that this formulation is valid also for DAEs of differentiation-index larger than one, and it has
been demonstrated that under some (local) constant rank assumption any such pHDAE can
be reformulated as an implicitly defined standard PH system plus an algebraic constraint that
describes the manifold where the dynamics of the system takes place and that also describes
the consistent initial conditions. As for standard DAEs the reformulated system is well suited
for numerical integration and control, since all constraints are available.
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