Noname manuscript No.
(will be inserted by the editor)

Passivity-preserving splitting methods for rigid body
systems

Elena Celledoni, - Eirik Hoel Hgiseth -
Nataliya Ramzina

the date of receipt and acceptance should be inserted later

Abstract A rigid body model for the dynamics of a marine vessel, used in
simulations of offshore pipe-lay operations, gives rise to a set of ordinary differ-
ential equations with controls. The system is input-output passive. We propose
passivity-preserving splitting methods for the numerical solution of a class of
problems which includes this system as a special case. We prove the passivity-
preservation property for the splitting methods, and we investigate stability
and energy behaviour in numerical experiments. Implementation is discussed
in detail for a special case where the splitting gives rise to the subsequent inte-
gration of two completely integrable flows. The equations for the attitude are
reformulated on SO(3) using rotation matrices rather than local parametriza-
tions with Euler angles.

Keywords passivity; structure preservation; differential equations; time
integration; multibody dynamics

1 Introduction

In this paper we propose passivity preserving splitting methods for the control
of input-output passive rigid body systems, and in particular for a model of a
marine vessel. The preservation of passivity under numerical discretization is
not well known in the literature. We here propose a simple and general tech-
nique to achieve passivity-preservation under numerical discretization when
using splitting methods. This technique is applicable to a large class of input-
output passive systems, of which the vessel model is a special example.

The control of vessel rigid body equations is important in the simulation of
a number of offshore marine operations [11]. One example is the simulation of
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Fig. 1: The offshore pipe-lay process. The purpose build pipeline vessel uses
heavy tension equipment to clamp the pipe on to it. The pipe is then extended
in a production line. The two main pipelay methods are the dominant S-lay
(shown) and J-lay. In the S-lay method, the pipe is extended horizontally.
The name S-lay comes from the S-shape of the pipe from vessel to seabed.
A submerged supporting structure, called a stinger, controls curvature and
ovalization in the upper part (overbend). Pipe tension controls the curvature in
the lower curve (sagbend). The strain must be checked to stay within limits for
buckling and ovalization. See [12] and the references therein for more details.

pipeline installations sketched in Figure 1. The pipe-laying process comprises
the modeling of two interacting structures, a vessel and a pipe. It is usual
to model the vessel as a torqued rigid body with control, and the long and
thin pipe as a rod. The parameters to control are the vessel position and
velocity, the pay-out speed, and the pipe tension. The control objectives are to
determine the position of the touchdown point of the pipe, and to avoid critical
deformations and structural failures [12], [13]. The design of damping forces
and controls must ensure that the resulting system is input-output passive,
i.e. an energy conservation/dissipation property must be satisfied.
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The full pipe-lay problem has already been simulated in [13], using local
parametrisations based on Euler angles for both the pipe and the vessel model
and with standard numerical techniques. The focus in this paper is the the
passivity preserving integration of the vessel rigid-body model.

We consider the six degrees of freedom model for the dynamics of a marine

vessel given in [13] (see also [11] and [27]), which expressed in matrix-vector
form is
n=Jmv,
Mv+Clwv)v+Dwv+gn)=1+X+w, (1)

where 1 and v are generalised position and velocity respectively, M is the
system inertia matrix, C(v) the skew-symmetric Coriolis-centripetal matrix,
D(v) the symmetric damping matrix, g(n) the vector of gravitational and
buoyancy forces and moments, 7 the vector of control inputs, X the forces
and moments from the pipe, and w environmental disturbances such as wind,
waves and currents, see section 3 and 3.1 for details. The position variables
7 include the three Euler angles representing the attitude of the body and
evolving on the Lie group SO(3). We reformulate the equations using rotation
matrices, and provide numerical approximations that preserve the structure
of this manifold.

This vessel model (1) is a special example of an input-output passive
systems, and in particular an input-state-output port-Hamiltonian system,
[29]. The passivity of the vessel system follows directly from the passivity of
port-Hamiltonian systems (see Section 2). Our proposed numerical integration
methods are splitting methods, a class of integration methods very well known
in the geometric numerical integration literature [16]. We propose to split sys-
tems of the type (1) into a conservative part, and a part comprising torque,
dissipative forces and controls. We prove passivity of the proposed splitting
methods for the general class of input-state-output port-Hamiltonian systems.

For a simplified model, where both control and damping are linear with
constant coefficients and the mass matrix has a special structure, the two
individual flows are completely integrable, and we discuss the implementation
details of their exact solution.

In the presence of PID (proportional-integral-derivative) controls, 7 de-
pends on v, on 1 and on the integral of ) over time. We include this integral
as an extra unknown to the system to avoid explicit time dependence in the
system of equations.

Finally, we make a numerical study of the order and the energy behaviour
of the methods. The results are compared with those given by explicit Runge-
Kutta methods.

The outline of the paper is as follows: in Section 2 we remark on the
passivity of this system, describe the details of the splitting and composition
techniques and show their input-output passivity; in Section 3 we describe
the vessel equations and describe the implementation details; in Section 4
we report our numerical results illustrating the performance of the methods;
Section 5 is devoted to conclusions.
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2 Energy conservation and passivity

In the present section we consider the problem of conservation of the total
energy. In terms of control dynamics, the systems of interest are frequently
considered as nearly isolated, and the energy conservation law is formulated
in terms of the passivity of the system. We will use the following definition of
passivity.

Definition 21. [/0] (Chapter 2)
Consider a model

y = f(y, u),
¢ =h(y).

Suppose that there is a storage function V(y) > 0 and a dissipation function
9(y) > 0 so that the time derivative of V' for a solution of the system satisfies

V =VV(y)'fly, u) =u’¢ - g(y),

for all control inputs u. Then the system with input u and output ¢ is said to
be (input-output) passive.

Notice that the passivity condition is equivalent to

V(y(t) - V(y(0)) = / (u(s)7¢(s) — gly(s))) ds. ()

Let H : R™ — R be a total energy function, &£(t) € R™, 7(t) € RP,
S(€) € R™*™ skew-symmetric, G(€) € R™*P D(&) € RP*P positive definite.
Consider the system

£=S(EVH(E) -G (D(Ev — 1), 3)
v=GTVH() (4)

also known as an input-state-output port-Hamiltonian system with input 7
and output v, [29].

Proposition 21. The system (3) is input-output passive with input T and
output v.

Proof Differentiating H with respect to time and using (3) we find
H=VH€)"€=VHE)"SEVHE)+v" (-Dv+7)=v(-Dv+7), (5)

where the last equality in (5) follows from the skew symmetry of S.

If we choose V.= H,y =&, u= 7 and ¢ = v, then it follows from (5)
that the system (3) satisfies Definition 21 with g(y) = v? Dv and h(y) =
GTVH(&). Thus the system is passive. The requirement g(y) > 0 is fulfilled
because the matrix D is positive-definite.
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2.1 Splitting methods

Consider a general system of first order ODEs where the right hand side vector
field admits the splitting

y =81(y) + S2(y). (6)

We generate a numerical approximation of (6) by composing the exact

flows of S; and Sa, computed on time intervals of suitable length, with suitable

initial values. Let SPLLSI] and @f’"’] denote, respectively, the exact flow maps of
S1 and Ss. The Lie-Trotter splitting, giving approximations of order 1, is

yj+1 _ Q%Sz] o ¢le] (yj) . or yj+1 _ 45251] o 45%52] (yj) ) (7)

An approximation of order 2 is given by the classical Strang splitting scheme
as

y=apted ol (v)), (8)
or alternatively
p = woaoal (v). 0

The two flows S and So can also be combined to obtain splitting methods of
higher order. Specifically, symmetric splitting schemes of the type

yjJrl = 45([1512] o él[)?}l] o @LS;Z] 0---0 @Lsyilh 0---0 él[)?}l] o @LSJZ] (yj) ,  (10)
are considered. These are a generalization of the scheme (9). The Strang split-
ting can be reproduced from the general formula (10) by choosing m = 1,
a1 = by = 1/2 and az = 0. The coefficients of a 4th and a 6th order scheme
are reported in Appendix C.

We refer to [2] for other schemes which are used in the numerical exper-
iments. We remark that the exact flows of S; and Ss can be replaced with
suitable high order numerical approximations, while keeping the overall order
of the splitting method unchanged.

2.2 Passivity-preserving splitting of input-state-output port-Hamiltonian
systems

We split the equations (3) by splitting the skew symmetric matrix S(€) into
the sum of two skew-symmetric terms S(&) = S1(€) + S2(&).

Proposition 22. The order 1 splitting method (7), when applied to the flows
of the two systems

£ =Si(OVH(E) € =SEVHE -G —)
{5(0) —¢, on [0, hl, {E(O) _ 507 on [0, hl,
) (11)
and with &, = &(h), is input-output passive with input T and output U =

GVH(E).
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Proof We want to prove that (2) holds with V' = H. We have
H(&(h)) — H(&) = H(&(h)) — H(&o) + H(&(h)) — H(&)
h . h
— [ vHE)E) s+ [ VHEE)E)ds
0 0
h

— [ VHEO)! (:0VH@ - 6 (D5 - 7)) ds+

0

h
+ / VH(E(s))7 51 (6(s)) VH(E(s)) ds,

and by using the skew-symmetry of S and Sy we get finally
h
H(EM) - HE) = - [ VHEE)G (Do~ 7) ds
0

h
f/ " (Db — 1) ds.
0

Notice that the order of composition of the flows is immaterial. If we now
choose V=H, y =&, u=7 and ¢ = v, then it follows that the composition
of the flows of the systems (11) satisfies Definition 21 with g(y) = &7 D& and
output v.

Remark 21. The passivity result proved in Proposition 22 for the simple order
1 splitting of two flows, generalises to the order 1 splitting and composition of
m flows arising from writing S as a sum of m skew-symmetric terms, S(&€) =
ot Si(€). This splitting method is a direct generalisation of (7).

Remark 22. The passivity result proved in Proposition 22 for the simple split-
ting method of order 1 generalises easily to the Strang splitting given by (8)
and (9). Note however, that it is crucial in the proof that the coefficients of
the splitting method are real and positive. There are no splitting methods of
order higher than 2 with this property, [5]. But there exist splitting methods of
order greater than or equal to 3 with complex coefficients which have positive
real part, see for instance [3]. The construction and implementation of passiv-
ity preserving splitting methods of higher order for rigid body dynamics using
complex coefficients is not pursued here, but can be an interesting subject for
future investigations.

Remark 23. If the splitting method used for the integration has order p, then
it is possible to replace the exact flows of the two subsystems with approrimate
numerical flows of order p without compromising the order of the method. If the
corresponding numerical flows are energy-preserving for the first system of the
splitting, and energy-dissipative for the second system, then the overall splitting
method with positive coefficients remains input-output passive. Methods with
such preservation/dissipation properties can be found among implicit Runge-
Kutta schemes for polynomial vector fields [0], and among discrete gradient
methods and their generalizations for general vector fields [23], [15].



Passivity-preserving splitting methods for rigid body systems 7

We next consider a simplified system for which the proposed splitting
method always dissipates the total energy independently of the sign of the
(real) coefficients of the splitting method. Specifically, we consider the system

&= (S(&) — D(&)VH(€), (12)

with § € R™*™ skew symmetric, D € R™*™ symmetric and positive definite.
Note that the system (3) can be rewritten in this form under the assumption
that 7 = ~KGTVH(¢) with K € RP*P symmetric and positive semi-definite.
Let H be a quadratic energy function H(€) = ¢7 H £, with H € R™*™ sym-
metric and positive definite. We can then define the energy norm

€]l = /€T HE,

associated with the inner product (-,-)g = (-, H-).
Lemma 23. System (12) satisfies
((S(&) = D(€)VH(E), &) i < —20min €]% (13)

and

(—(S(€) = D(€))VH(E),€) 1 < 20max |I€]I 7 (14)

wWith omax > Omin > 0.
Proof We have VH =2 H £, so
((S(€)=D(&)VH(E).&)n = —26" H(S(§)+ D(€))H € = —2¢6" HDHE, (15)

If omax > 0 and opi, > 0 are the maximum and minimum eigenvalue of

H2DH?, we have

_ 1 ~ . ~ 1
UminHEH%T = Umin”HQS”g < €THDH€ < Omax| st”% = UmaXHEH%I- (16)

D=

Notice that, by Sylvester’s law of inertia, H2DH? is symmetric positive
definite since D and H are. From (15) and (16), (13) and (14) follow.

The following Lemma is an adaptation of the results of [17, p.180].

Lemma 24. Assume omax > Omin > 0 and (13) and (14) hold. Then fort > 0
along continuous solutions & of (12) we have

H(&()) < e H(€(0)); (17)
fort <0 along continuous solutions & of (12) we have

H(E(t)) < e”Mom=H(€(0)). (18)
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Proof We have

dH(&(t))

o = VH(E)TE(t) = 2(S(€) — D&)VH(E), &) n,

for t > 0. From (13) we then get

dH (£(t))
dt

H(t) = H(&(t)) is a continuous function of ¢ if £(¢) is. Integrating the obtained
differential inequality we get (17).
Notice that integrating (12) with negative time corresponds to solving

£=—(S(§) - D()VH(E)

for t > 0, so differentiating H(£(¢)) with respect to t and using (14), we arrive
in this case (18).

S _4UminH(£(t))a

Assume S = 51 + 55 with both S; and Sy skew-symmetric. In what follows
we give a sufficient condition for (10) to be energy dissipative even when the
coefficients of the splitting method are real and both positive and negative.

Proposition 25. The splitting method (10) of order p > 1 given by composing
the flows

s {é = S1E)VHE) o 0.5, S, - {E = (52(8) - DE@VHE) oy (0.1,

£(0) = & £(0) = &
. (19)
and with &, = €(h), is energy dissipative if
“ Omin if a; > 0,
2 i+ pmGmgs 20, p = {amax if a; <0, (20)

i=1
. . . . FL ol
with omax and omin the mazximum and minimum eigenvalue of H2DH = .

Proof By the order 1 conditions of the splitting method [16, sec. 111.3.4] we

have
m m

2Zam+am+1:1, Qszzl

i=1 =1

Consider
. ) Omin if a; > 0,
Hii = g if a; < 0.

For the solution, é(t), of the system Ss, we have from Lemma 24 that on the
time interval [0, a;h],

H(€(a;h)) < el H(€(0)).
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For the solution &(t) of S on [0, b;h], we have
H(&(bih)) = H(£(0))-
Using (10) and the above inequalities we have

H(£j+1) < e dmarhg—dpzash | o=dpimiramiih  o—dpzazho—dpuiarh H(£j),

and so
H(£j+1) < 6—4(221’;1mai+um+1am+1)H(£J’) < H(£j),

if (20) is satisfied.

The coefficients of the method of order four used in our numerical exper-
iments are given in Appendix C. For this method we obtain that condition

20) is satisfied when Zmax < 2artas)tas 12; and interchanging the role of
—2a
Omin 3

S, and S, we obtain instead the condition % < % =~ 4.5.

3 A vessel rigid body model

We give now more details about the system (1) presented in the introduction.
We will eventually show that it can be cast in the format of the system (3). The
generalized velocity vector v = [vT,wT]T € RS lies in the body frame, where
v,w € R? denote respectively the linear velocity and the angular velocity.
The generalized position vector n = [xT, BT]T € RP lies in the spatial frame.
Here x € R? is the position vector and the components of 8 = [¢, 8, 1]T are the
Euler angles, which provide a local representation of the attitude of the vessel.
The attitude of the body evolves on the Lie group SO(3), which is a manifold.
The elements of SO(3) can be represented as 3 x 3 rotation matrices. If @) is
sufficiently close to the identity, then the conversion between Euler angles and

rotation matrices is

Q = W(O) = RZ,d) Ryﬂ RKI:,¢3 0 = [d)a 97 w]Ta (21)
with
1 0 0 cos(f) 0 sin(0) cos(p) —sin(y)) 0
Ry = |:O cos(¢) sin(d)):| , Ry o= |: 0 1 0 :| , R,y = |:sin(w) cos(1)) O:| ,
0 sin(¢) cos(¢) —sin(@) 0 cos(0) 0 0 1

and ¥ is a local diffeomorphism, i.e. ¥ is invertible for () close to the identity.
Notice that @) can always be transported close to the identity by multiplying
with a rotation Qo_l ~ Q! so that QalQ = ¥(0). The kinematic equation
associated with (1) is

=, g = |2 ). 22

with
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cos(#) cos(¢p) —sin(¢)) 0
I, = | cos(8)sin(yp) cos(¢) 0],
— sin(h) 0 1
see also [11], [28]. We then get the kinematic equation @ = IT;'Qw for the

Euler angles, which can be obtained by differentiating (21) and is also valid
locally. The matrix II. is not invertible for § = +7 and ¢ = £%. To avoid
these singularities, we rewrite this kinematic equation as an equation for @

Q=Qw. (23)

This equation is globally defined on SO(3). The rotation matrix @ transforms
vectors in the body fixed frame {b} to vectors in the spatial frame {s} '. Here

0 —W3 W2
~ 3 ~
:R® — s0(3), W= | w3 0 —wi],
—W2 W1 0

is the hat-map, and s0(3) is the Lie algebra of SO(3), consisting of 3 x 3
skew-symmetric matrices, for further details see [25].

Following [19] (p. 151) and [20], equations (1) can be obtained defining the
kinetic energy of the system to be

1
K= iuTMu,

leading to Kirchhoff’s equations

d 0K 0K

aaiv = 87‘, X w + F’LM (24)

d 0K 0K 0K

%%—%Xw—i—a—vxv—l—}%, (25)
where [p”,m”]7 := 95 = My, and with F, and F,, the external force and

torque respectively. These include the damping forces, the gravitational and
buoyancy forces, the control inputs, the forces due to the pipe, and environ-
mental forces.In absence of external forces, the obtained equations have a

Lie-Poisson structure, and can be derived by variational methods [18] (p.129).
We refer to [21] (p. 421) for the general description of the Euler-Poincare
reduction on Lie groups (the relevant Lie group in this case is SE(3)). For for-
mulations obtained applying the Hamilton-Pontriagin principle, see [5], and
for the inclusion of external forces see [22] (p. 421).
If we set
K K
p:= %—V, m := g—w, [rlr)l] = Muv, (26)

1 Q := R{ in the notation of [27] and [11].
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the general form of the skew-symmetric Coriolis-centripetal matrix is

O3x3 B O3x3 D

Cly)=—| 2P | = |"x3 Pl (27)
0K OK P m
ov oW

Since K is a homogeneous quadratic polynomial in the components of
v, only the symmetric part of M plays a role, and we can assume M to
be symmetric. The matrix M can be split into a rigid body part Mrp and
a part for added mass M,. The same can be done for the kinetic energy
K = Krp + K4 and the Coriolis-centripetal matrix C'(v) = Crp(v) + Ca(v).
Letting the origin of the body fixed frame coincide with the center of gravity
in our model, the rigid body system inertia matrix Mgrp has the simple form

| myI3x3 O3x3
s [ 315555] .

where m,, is the mass of the vessel, I'3x3 is the 3-dimensional identity matrix,
and T is the inertia tensor. The added mass term M4 is a symmetric matrix,
and we notice that when M4 is set to zero, due to the structure of Mgzp, the
term %—{f X v in (25) vanishes.
With this simplification, we get
0K 0K

S =MV, - =Tw,
ov Moy Oow w

and from (24) and (25) we deduce that the rigid body Coriolis-centripetal
matrix in this case can be rewritten in the form

myw 0
COrp(v) = |:03><3 —3%%]

In the general case, M is symmetric and C(v) is given by (27), with p and m
given by (26). We will here make the additional assumption that M is block
diagonal, (see [11] p. 98 about this assumption), and that it is diagonal when
the origin of the body frame is in the center of gravity.

We have so far accounted for the first two terms in the equations (1), and
we will in the sequel describe the remaining forces and moments.

The term g(n) from Equation (1) takes restoring forces and moments into
account. In the model adopted in [12], g(n), which lies in the body frame, is
given as

_ [QTe?
where the superscript s denotes that the vector lies in the spatial frame.

Again following [12], we have for the rotational part

g’ = (Qr}) x (muges),
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where g is the gravitational acceleration and r® is the moment arm in the body
frame. The latter can be expressed as

GMp(Qei)"e3
r) = | GMr(Qez)"es |,
0

where GM | and GM 7 are the longitudinal and the transverse metacentric
heights of the vessel, respectively.
The vector g; accounts for buoyancy forces, and can be modelled as

gl = ngAwp(Z - Zeq)eBa

following an approach similar to that in [13]. Here p,, is the density of water,
Ap is the water plane area and z., is the equilibrium water level. These forces
can be directly included by adding a potential energy term to the kinetic energy
K = v My, when considering the Lie group models of [15], [21] and [5].

For the positive definite damping matrix D(v), we also make use of a
common simplifying assumption that the matrix is diagonal when the origin
of the fixed body coordinate system coincides with the center of gravity. We
therefore represent this matrix as

by =[50 e |

where D, D, € R3*3 are positive definite diagonal matrices.

3.1 Right hand side forces

Let us now consider the term 7 in (1). Following the model presented in [13]
we set

T = _JT(n)TPIDu

. B _ 29
Tpip = Kpn+ Kan + K; ffon(o) do, (29)

where the matrices

K! 0343 K% 03 K! 0
K,=|_" , Ka= |, ¢ 20 and K;=| 0 P (30
|:03><3 Ky 47 | Osx3 Kj MWE T 03es KT (30)

are called controller gains, and 1 :=n —n,.;.

This formulation of the control forces is based on the use of Euler angles,
0, to locally parametrize the rotation matrix (). Away from singularities, i.e.
for @ close to the identity, we have 8 = ¥~1(Q), with ¥ given by (21). A
reformulation of the control forces using only @ and the angular velocity w
will require a different design of the controller gains (30) and will not be
pursued here.
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In the case where K is different from the zero matrix, we introduce a new
set of unknowns

¢:i/ﬁ®Mm

to

and add a corresponding new set of equations to the system (1)

p=i(t),  lto) =0.

The integral term in 7p;p can then be written as

t
/t n(o)do=p, o= (Px; Po);
0

(as with 6, the equation for ¢, is valid locally). Note that the system of
equations is then autonomous, i.e. does not explicitly depend on t. Though not
required, we let w = 0 for simplicity in what follows. In [13] the pipe is assumed
to be fixed to the center of gravity of the vessel. The forces and moments from
the pipe on the vessel, X', depend on the stress resultant and stress couple of
the pipe. Since the modeling and simulation of the pipe structure is not the
focus of this paper, these forces are not taken into account.

3.2 The set of equations

Using the explicit expressions for the right hand side forces, the system (1)
can be written as

p=pxw— (D(v)v+QTg(x)— 1),

m=mxw+pxv— (D (ww+QTg:(Q) —T,), (31)
Q=Q0a,
x=Qv,
with
o= — (I171Q)" (K16 + K36 + Kl g), (32)
m=-QT (K;i K+ Kfcpx) , (33)
0=0Q) Oy 0=0=I'Qu.  X=x—x0 (3
and
Po =0,
@, = %.

An alternative version of these equations, which uses Euler parameters to
represent the attitude, is given in Appendix B.
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3.3 Passivity and splitting of the vessel equations

For the vessel model, we now define ¢ := [p?,m”,qf,ql,q?, uT, x*] with

Pp:=my,v, m:=Tw, q;:= QTei, © = §aqs,

with m, and T diagonal and invertible matrices. We take H = H (&) to be the
Hamiltonian of the system, given as the sum of the kinetic energy K and the
potential energy U. Defining

1

A= diag(0,0,¢), G :=mygdiag(GM,GMr,0), G := diag((GM )", (GMr)~,0),

myg
and ¢ := gpyAwp, we have
K= %mTNTflm + ipTm;'p,
U=3ip"Gp+5afai + 3af a2 + 393 as + 5x7 Ax, (35)
H=K-+U.

Notice that the following identities hold

g =Ax, Q'gl=pxaqs. (36)

We will in the next proposition replace the matrix equation Q = Qw in (31)
with three vector equations, one for each column q;, i = 1,2,3, of Q7.

Proposition 31. The system (31) can be written in the form

£=S(VHE) —1(D(Ev - 7), (37)
with
03x3 P  O3x3 03x3 03x3 03x3 —QT
P m  O3x3  O3xs - O3xs  Osx3
03x3 03x3 —T~1m O3x3  O3xs O3x3  Osxs ) I
S(€) := [03x3 03x3 03x3 —T7~"'m O3x3 O3x3  O3x3 |, I:= {0165166}7 (38)
O3x3 _ﬁ O3x3 O3x3 —T_/l_g —T-1mgG 03x3
03x3 03x3 03x3 03x3 —GT-'m 03x3 O3x3
Q 03x3 Oszxs 03x3 O3x3 O03x3  O3xs
T
Q O3x3 Q O3x3
D(&) =D+ 2 K, 2 ,
©) [ngs ;'Q 40353 I171Q
and
Q Osa | [ Q 0
~ 3x3 3x3
T=T1T-— > K > v
{Ows II; IQ} ¢ [03><3 II; 1Q]
T ~
_| @ Osxs K0 + K[ pg
03x3 11;1Q Kix 4 Kfopy
with

0 ::0‘_'0T€f7 0 ::0 ::lI;JCQQ% i ::X‘_'XTEfa (PB ::0a (px =

?{l
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Proof The proof follows by a direct calculation of the gradient of H.

The obtained system is completely analog to (3), and its passivity follows
from Proposition 2. To obtain a passivity preserving splitting of the vessel
model, we can proceed by splitting S in (38) as the sum of the two following
skew symmetric terms

O3x3 E O3x3 O3x3 O3x3 0O3zx3 O3x3
p m  0O3x3  Osxs O3x3 0Oszx3 O3x3
03x3 O3x3 —T~'m 0O3xs  O3zxs Osxs Osxs
S1(€) := [03x3 O3x3 Osxs —T~'m 03x3  O3x3 Osxs |-
O3x3 O3x3 Osxs 03x3 —T71m 03x3 O3x3
O3x3 O3x3 Osxs O3x3 O3x3 0Oszx3 O3x3
O3x3 O3x3 Osxs O3x3 03x3 0O3x3 O3x3
03x3 O3x3 O3x3 O3x3  O3x3 0sxs —Q7
0O3x3 O3x3 O3x3 O3x3 - O3x3 O3x3
0O3x3 O3x3 O3x3 O3x3  Osx3 O3x3 O3x3
So(&) := |03x3 O3x3 O3x3 O3xz  Ozxs %ﬁ O3x3 |,
O3x3 —H O3x3 O3x3  Osxz  —T7'mg O3x3
03x3 03x3 O3x3 O03x3 —GT~'m  0O3x3  Osxs
Q 03x3 03x3 O3x3  O3xs O3x3  Osxs

and then applying an energy-preserving/energy-dissipative integrator on each
of the individual flows. The energy in this case is quadratic. By Proposition 22,
such a splitting method preserves passivity. In the next section we consider
the implementation of this method in a special case, when the splitting leads
to two completely integrable flows.

3.4 Implementation

In the numerical experiments, and in this section, we will consider the case
when the mass matrix has the form (28). This occurs for example when the
added mass is zero, i.e. M4 = O, or when M 4 has the same diagonal structure
as Mgrp. We will also assume the damping matrix D to be constant. As a
consequence the term p X v in the equation for the angular momentum is zero
(because p and v are parallel). For this reason the matrix S can be modified to
have a skew symmetric diagonal block —& in the upper left diagonal corner,
while both off diagonal blocks of the type p disappear. The equations (31)
simplify and become

p:*aP*(DtVﬂLQTAX*Tt)a

m=—-wm-— (D,w+puqs —7,),
Q:Q‘:’a
p=-Goaqs, (39)
Xx=Qv,
‘Pezéa
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This case is particularly interesting because it is possible to split S as the sum
of two skew symmetric terms S = S; + S5 while obtaining two completely
integrable flows for which explicit solutions can be found. The system Sy,
arising from 57, is a free-rigid body flow, as in the more general case of the
previous section. Conversely, we will see that the system So, arising from Ss, is
linear and can be integrated exactly using the variation of constants formula.
Proposition 22 applies directly to this case. In the more general case discrete
gradient methods and their higher order generalisations, see [23] and [15], can
be applied to solve Ss.

In what follows, regarding notation, we reparametrize time using -y, such
that v = 0 represents the current starting point. We also use the convention
that index O for a variable, e.g. xo, denotes the current initial value (at v = 0).

3.4.1 System Sq: Free-rigid body integration

The system S; amounts to a system of free rigid body equations

pzf(:}p’
m=m X w,
Q:Q&\)a
Si={ a=o, (10)
% =0,
SbG:Ov
oy = 0.

This system is completely integrable. To integrate these equations we employ
techniques developed in [7] and [8].

S1 is integrated several times on some interval [0,ah]| as a part of the
splitting methods, with h being the step size of integration and a = a;, 1 =
1,...,m+1,i.e. one of the coefficients of the splitting method. We observe that
@ and Q do not depend on v and x. As w can also be computed independently
of @, we proceed as follows. We first compute w using explicit formulae based
on Jacobi elliptic functions, see [3] Proposition 2.1. Then using w, we solve
numerically the equation for @ in (40) using the Magnus series expansion. For
a method of order 2 the computed approximation for @ is

Q¥ = Qoexp (hw<%>) :

[0}

with w(z) = w(5r). The two approximations of order 4 and 6 require the

computation of commutators, and the use of quadrature. They give the ap-
proximations:

QM = Qo exp (Ocl - %[O‘LOQ]) , Q= g(w@)-i-w@)), g = ﬁh(w@)—w@)),
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withc1=%—§62=%+§;and

1 1
Q[6] = Qg exp (a1 + —ag+ —[-20ay —ag + s, a2 + r1]> ,

12 240
where
= las,a2l, 1 = — [, 203 + 51
§1 7= |0, Q2f, T1 = 60 a1, 203 T 81,
and
ay = hw(cgh), a9 := %(u(@,h)—w(qh)), ag = ?(w(C3h)—2w(¢:2h))+w(c1h)),
with ¢; = %,@05’ ¢y =% and c3 = %Jrlﬁof’. See also [7], [11] for details. This

method will be referred to as the Magnus method. It was shown in [4] that
this method requires a minimal number of commutators. One can truncate
the Magnus expansion to arbitrary high order. Here we have implemented this
method to order 2, 4, and 6, and combined it with splittings of the same order.

Once w and @ are computed to the desired accuracy, p can be easily
obtained by

pP(7) = QT Qopo,

while

K(Y) = pos
x(7) = %o,
?,(7) = Pg.0s
e.(7) = Y0

The rotational part of the equations evolves on SO(3). The Magnus method
respects the manifold structure of this Lie gorup. Compared to using Euler
angles, this approach avoids singularities by construction. This may not be
important when simulating the vessel alone, because only a certain limited
range of rotations are allowed. However, it becomes more difficult to avoid the
singularities of Euler angles when considering the attitude of the vessel and
of each cross sections of the pipe simultaneously, [13]. The Magnus expansion
(which by construction provides an attitude that evolves on SO(3)) can also
be applied when the mass matrix of the system is more general and the added
mass matrix is not diagonal.
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3.4.2 System So: Integration of the damping, gravitational and control forces.

It is easy to realize that the system of differential equations So

p=—(Dim;'p+Q"Ax — 1),
h=— (D, 'm+fq-T7),
Q=0,
Sz =4 p=-Gwaqs, (41)
X =Qv,
Po =0,
Py = X.
is linear. As with the system S;, Ss should be integrated several times on
some interval [0, 8h], where 8 is by, ba,..., by, i.e. one of the coefficients of

the splitting method. Using (32), (33), (34) and the variation of constants
formula we obtain the following explicit expressions for the solution of (41)

Q(7) = Qo,
Po(7) = ®e0+760, 00:=00— 0.,

I B I R vl B RCRT el B

)
S~—

0
p(7) Po Wi
x(v) | =P | x0 | +y0(vB)| O |,
ex(7) Px,0 —Xref
where
{—(DTT1 + QU I TKGIII QT ™) @}
A=
GHT ! o
—(Dymy ' + QI KiQom; ), —(Q) A+ QI K]) —QIK!
B := Qom;1 O O )
10) I 10)
L T 7-T N T
w1 = —Qy 1.7 (K00 + K[ ¥g ),
Wr2 1= _QgHS_TKZéOv
Wi = Qg(K; Xref)v
and
1 ! z(1—z) . k—1
or(z) = (k—l)!/o e 2" dr, k=12

From the variation of constants formula we deduce

o) [Vt | 2 a2

vy ~
62| == [ e MQE I T 6 + Ky (o)) do

0
where 6 does not depend on o.
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Fig. 2: Evolution of the generalized position variables over time with ¢ €
[0,200]. The PID controller is turned on at ¢ = 50. All the controlled vari-
ables converge rapidly towards the reference values, with a small overshoot
caused by the integral term in the controller.

4 Numerical results

In this section we report the results of some numerical experiments for (31).
The parameter values used for the rigid body vessel model are given in Ap-
pendix D. For the parametrization of the rotation matrices we have used
unit quaternions, see Appendix B. The reference solution has been computed
with the classical Runge-Kutta method of order 4 (RK4) with small step size
h = 1070 in the order tests, Figure 3, and h = 10~* in the other experiments.

In Figure 2, we show the features of the solution of the considered controlled
system, and see that the desired equilibrium is attained. We plot the evolution
of the generalized positional coordinates over the interval ¢ € [0,200]. The
controls are turned on at t = 50, [12]. Let us denote by z and y the first
two components of the vector x, and recall that ¢ is the third component of
6. The results show rapid convergence towards the reference values for z, y
and 1. There is a slight initial overshoot due to the presence of the integral
term, which will vanish over time. The overshoot can be reduced by further
optimizing the choice of controller gains. In our experiments, choosing different
values for the environmental forces, we observe that the integral term is in
general necessary to ensure convergence to the set point, see also [12]. The
uncontrolled variables show expected behaviour. The remaining angles have
small initial oscillations which are damped towards 0. In the case of ¢ the
damping is present, but too small to be observed from the plot. When the
controls are turned on, the elevation z moves away from the equilibrium, but
it rapidly stabilises back to the desired value.
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We now verify the order of accuracy of the numerical solutions obtained
by the order 2, order 4 and order 6 splitting schemes, which we will refer to as
SP2, SP4 and SPG6, respectively. We define the relative error for the angular
momentum at time ¢,

[m] _ ||my, — m(t,)]l,
[l (2],

)

where m(t,,) is the reference solution, and m,, ~ m(t,) is the approximation
given by the numerical method whose accuracy we want to investigate. Similar
relative errors el? | e[Vl and e[*! are considered for ¢, v and x, respectively. Here
q is the unit quaternion representing the attitude ). The errors are evaluated
at the end of the time interval, ¢t € [0, 1]. In Figure 3 we plot the relative errors
against the step size for step sizes hy = 2% with £ =0,1,...,4, and show that
the correct order is attained by the methods.

Finally, in Figure 4, we compare the norm of the scaled control input
and the energy function H, given by (35) for the splitting methods SP2 and
SP4, and two explicit Runge-Kutta methods: the Improved Euler method (a
second order Runge-Kutta method?) and RK4. Methods of the same order are
compared using relatively large step sizes, specifically h = 2/3 (top figures)
and h = 1.9375 (bottom figures). The values from the splitting methods in
this experiment cannot be distinguished from the corresponding values from
the exact solution, while the values from the explicit Runge-Kutta methods
differ noticeably. For larger values of the step-sizes the explicit Runge-Kutta
methods are unstable. A more detailed analysis of the stability and of the
error of splitting methods for similar problems in rigid body dynamics is under
investigation. Preliminary results show that as h increases, splitting methods
suffer of order reduction, but they do not become unstable and the error
remains bounded. This is similar to what shown in the case of Schrodinger
equations, see [20].

5 Concluding remarks

We have proposed a class of splitting schemes for a system of controlled vessel
rigid body equations in use in offshore marine operations. The discrete sys-
tems respect important qualitative features of the continuous system: we have
proved that the numerical flow obtained by the splitting methods is input-
output passive, and the numerical attitude evolves on the Lie group SO(3)
as its continuous counterpart. The benefit of the passivity-preserving schemes
is that they satisfy a definition of passivity analogous to the one satisfied by
the continuous equations. The control of the continuous system is designed so
to guarantee the attainment of a certain desired equilibrium, but ultimately

2 Ynt1 =vn + 2(fyn) + f(yn + hF(yn)))
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Fig. 3: Dependence of the relative endpoint error (y-axis) on the size of the
integration step (z-axis) for (40). Results for SP2, SP4 and SP6 are plotted
in logarithmic scale for t € [0,1], h = 2% and k=0,1,...,4. Top: global error
in angular momentum m (left) and attitude ¢ (right). Bottom: global error
in linear momentum p and position x. The expected order for the splitting
schemes is obtained.

the systems are discretized with numerical integration techniques. The pas-
sivity preserving schemes ensure this same property at the discrete level by
construction of the numerical methods.

With the proposed splitting schemes we achieve improved accuracy in the
numerical solution. In our numerical experiments the methods show better
energy behaviour compared to classical Runge-Kutta techniques.
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Fig. 4: Time versus the scaled energy H(y,)/Ho (left) and time versus the
norm of the scaled rotational control ||T_1TTH 9 (right). The two top figures
compare the methods of order 2: SP2 and Improved Euler, for time t € [0, 50]
and step size h = 2/3. The two bottom figures compare methods of order
4: SP4 and RK4 with step size h = 1.9375 on the time interval [0,100]. All
methods are compared with the exact solution. The splitting methods follow

the exact scaled energy and torque well. On the contrary, the values from the
RK4 and of the Improved Euler method are seen to differ.

The splitting methods considered have not been optimised with respect to
global error, number of stages, i.e. elementary flows composed, and compu-
tational effort. This is future work. A reformulation of the input forces using
only the attitude and the angular velocity, and a general improvement of the
controlled system will also be considered in the future.

A Euler parameters

We here review briefly the main properties of quaternions and Euler parameters. More
information on this subject can be found in e.g. [21]. The set of quaternions,

H:={q¢=(q0,q) € RxR® q=[q1,q2,45]"} 2 RY,

is a strictly skew field [1]. Addition and multiplication of two quaternions, p = (po, p), ¢
(g0,4q) € H, are defined by

p+q:=(po+qo,p+q),
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and
pq = (pogo — P" @,p0a + qoP + P X Q). (A.1)
For g # (0, 0) there exists an inverse

g i=qlal?, gl :=+/ad + llal3,

where ¢ := (g0, —q) is the conjugate of ¢, such that gq¢g~! = ¢~ 1q = e = (1, 0). In the sequel

we will consider ¢ € H as a vector ¢ = [0, q1, 92, q3]T € R%. The multiplication rule (A.1) can
then be expressed by means of a matrix-vector product in R*. Namely, pg = L(p)q = R(q)p,

where T -
Lip).— [P0 —P A}’ Rlq) — [qo —q A}’
) {p pol +P (@) q gl —1q
and I is the 3 x 3 identity matrix. Note that R(q) and L(p) commute, i.e. R(q)L(p) =
L(p)R(q)-

Three-dimensional rotations in space can be represented by Euler parameters, i.e. unit
quaternions
§* = {q € H| qll = 1}.
Equipped with the quaternion product, S? is a Lie group, with ¢~! = ¢ and e = (1, 0) as the
identity element. There exists a (surjective 2 : 1) group homomorphism (the Euler-Rodriguez
map) & : S — SO(3), defined by

E(q) = I +290d + 28"
The Euler-Rodriguez map can be explicitly written as

1—2(q2 + ¢2) 2(q192 — q0q3) 2(qog2 + q143)
E(q) = | 2(q0a3 + q192) 1 —2(q} + q3) 2(q293 — q0q1)
2(q193 — qog2) 2(q0q1 + g2g3) 1 — 2(¢? + ¢2)

A rotation in R3,
w=Qu, Q€SO(3), uwecR3
can, for some q € S3, be expressed in quaternionic form as

w = L(q)R(¢°)u = R(¢°)L(¢)u, u=(0,u), w=(0,w) € Hp,
where Hp := {q € H|go = 0} = R3 is the set of so called pure quaternions.

A.1 The Lie algebra s>

If g € S8, it follows from gq° = e that
5% = T.S* = Hp.
The Lie algebra s3, associated with S3, is equipped with a Lie bracket [-,-]s : 5% x 55 — s3,
[u,w]s == L(uw)w — L(w)u = (0,2u X w),
where u = (0,u), w = (0, w).
The derivative map of £ is £« = T£ : 52 — s0(3). This map, given by
Ex(u) =24, u=(0,u),
is a Lie algebra isomorphism. Assume now that ¢ € S is such that £(q(t)) = Q(t), then
L(¢®)d € 5%, QTQ € s0(3) and

E(L(g°)d) = QT Q. (A2)
Furthermore, it can be shown that
E(L(@R()u) =28(q)u  Vqe S u=(0,u)€s®. (A.3)

As a consequence of (A.2) and (A.3), the kinematics of the attitude of the vessel (23) can
be expressed in Euler parameters in S® as

1
i=g0w  w=(0w). (A.4)
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B The equations using Euler parameters

We rewrite the equations (31), (32), (33), (34), using (A.4) to represent the attitude with
Euler parameters. Note that if ¢ € S® is known, we also know the Euler angles 8 from a

transformation between the two representations.

P=pXw-— (DtVJrf(q)TgtS *Tt) ,

m:mxw+va—(DTw+5(q)Tgf-

_Tr)a

1
q: ~quw, LU:(O,UJ),
2
x=¢&(q)v,
L.Pe = é?
‘.Px = i?
with
—1 T N A T
T =—(II;'€(q)) (K,0+ K30 + K ¢g),
= —&(q)T (K;i + K%+ Kf<px) ,
0=0-0,;, 0=0=I"60qw,

C Splitting coefficients

X =

X — Xpef-

The coefficients of a 4th order splitting scheme in the format (10) are

a1 = 0.0792036964311956500000000000000000000000,
az = 0.353172906049773728818833445330,

a3z = —0.042065080357719520000000000000000000000,
ag =1 — 2((11 —+ aso +a3)

b1 = 0.209515106613361881525060713987,
by = —0.14385177317981800000000000000000000,
b = 1 — (b1 + b2),

The coefficients of a 6th order splitting scheme in the format (10) are

a1 = 0.0502627644003923808654389538920,

a2 = 0.413514300428346618921141630839,

a3z = 0.045079889794397660000000000000000000,
a4 = —0.188054853819571375656897886496,

as = 0.541960678450781151905056284542,

ag = 172(611 +a2+a3+a4+a5).

We refer to [2] for an overview on splitting schemes.

D Parameter values

b1 = 0.148816447901042828823498193483,
ba = —0.132385865767782744686048193902,
b3 = 0.0673076046921849473963237618218,
bs = 0.432666402578172649872653897748,
bs = 2 — (b1 + bz + b3 + ba),

The values of the parameters we use in the experiments are in SI units
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D1 = 9.329153987 x 102,

D2 = 6.514979127508227 x 108,

D3 = 3.15094664584 x 104,
D, = diag(Drly Dy, D’V‘3)7
K7 = diag(0,0,1-10%),
K’ = diag(0,0,1-10%),
KT = diag(0,0,2 - 10°),

T = 2.873071 x 108,

Ty = 2.726143 x 107,

T3 = 2.90000 x 10°,

T = diag(T1, T2, T3),
GMr = 2.1440,

GM 1, = 103.628,

g =9.81,
pw = 1.025 x 103,
Zeq = 0.

Dy1 = 3.53933789 x 101,
D2 = 1.1781388 x 102,

Dy3 = 1.4566249 x 109,

Dy = diag(Dy¢1, Dt2, Dy3),
K = diag(4-10°,4-10°,0),
K¢ = diag(4-105,4 - 105,0),
K! = diag(1-103,1-10%,0),
6o = [0.05,—-0.02,0.10]7,
eref = [07 0, 0'54]7

xo = [723,0,0]T,

Xref = [780,20,0],

my = 6.3622085 x 106,

Awp = 1.3834 x 103,

Many of the values are taken from data for a supply vessel from [24].
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