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Abstract—This paper presents a globally contracting con-
troller for regulation and dynamic positioning of ships, using
only position measurements. For this purpose a globally
contracting observer which reconstructs the unmeasured states
is constructed. The observer produces accurate estimates
of position, slowly varying environmental disturbances (bias
terms) and velocity. The estimates are automatically adjusted
to the present sea state by gain-scheduling the wave model
parameters in the observer. Finally, the estimates are used
in a nonlinear PID control law and the stability proof of
the observer-controller is based on a separation principle for
contracting systems in cascade.

I. INTRODUCTION

One of the most important issues to take into account
when designing dynamic positioning (DP) systems for ma-
rine vessels, is wave filtering (Balchen et al. [1], Fossen
[3], [4]). The total vessel motion is modelled as the super-
position of low-frequency (LF) vessel motion and wave-
frequency (WF) motions, and an observer is needed to
reconstruct the LF motions from the position and heading
measurements (sum of the LF and WF motions), see Fig. 1.

In Grevlen and Fossen [9], uniform global exponential
stability (UGES) of a DP system (ship model, observer and
control law) was proven by using observer backstepping.
An extension of this paper to vectorial backstepping is
found in Fossen and Grevlen [5]. These papers can be
regarded as the first attempt to design a fully nonlinear
DP-control system, since wave filtering and bias estimation
were not included. In Fossen and Strand [6] an UGES
observer with wave filtering capabilities and bias estimation
was designed using passivity. An extension of this observer
with adaptive wave filtering appeared in Strand and Fossen
[18] while a more detailed description of passive wave
filtering in DP is found in Strand [17]. In Loria et al. [15]
the same observer was used with a PD-type control law,
and by using the separation principle of Panteley and Loria
[16], it was shown that the DP system was uniform global
asymptotic stability (UGAS). More recently, in Lindegaard
[12], this result has been extended to the case where
acceleration measurements are available. It is also shown

that the resulting observer-controller system, nonlinear PID
controller with acceleration feedback and UGES observer,
is UGAS by using the separation principle of Panteley and
Loria [16].

Except [18], all these designs assume that the WF model
parameters does not change during operation, and that the
WF model parameters are known a priori, which is not a
realistic assumption. The sea state is constantly changing,
and therefore the observer should be able to automatically
adjust the reconstruction of the LF motion in accordance
with the varying sea state. In this paper, it will be shown
that this can be done by gain-scheduling the WF model
parameters from on-line measurements. This is referred to
as gain-scheduled wave filtering.

An observer, which corresponds to [6] in which the WF
model parameters are slowly varying, is proposed. One
difference between the adaptive observer in [18] and the
one presented herein, is that the observer gains in [18]
are constant, whereas in the proposed observer they are
adjusted to the slowly varying WF model parameters. The
observer gains of [6] are used to obtain notch filtering of
the frequencies around the peak frequency of the waves.
This is outlined in [6]. Hence, in the proposed observer, the
notch effect is adjusted to the peak frequency of the waves,
whereas in [18] it is not. The proposed observer should
therefore be considered as an alternative to [18].

Furthermore, it is shown that the complete DP-system,
consisting of the proposed observer with gain-scheduled
wave filtering in cascade with a PID controller, is globally
contracting and consequently UGES. The stability analysis
is based on contraction theory using parameter dependent
Lyapunov functions.

Organization of the paper: Section Il is devoted to a sum-
mary of the main results in contraction theory, preliminaries
on linear parameter-varying (LPV) systems, the definition
of the ship model and the problem statement. In Section III
the globally contracting observer is presented. Section IV
shows how the cascade of a PID control law implemented
with the state estimates (instead of the true states), yields



Total motion, LF + WF

/

3

LF motion

WF motion

time

0 50

Fig. 1. Superposition of low-frequency (LF) vessel and wave frequency
(WF) motions. Only the total motion can be measured.

an overall globally contracting DP system. This is done
by using a separation principle for contracting systems in
cascade.

II. THEORETICAL PRELIMINARIES
A. Review of Contraction Theory

The problem considered in contraction theory is to ana-
lyze the behavior of a system, possibly subject to control,
for which a nonlinear model is known in the following form
(Lohmiller and Slotine [14]):

&= f(z,1) (M

where x € R™ is the state and f(x,¢) is a continuously
differentiable function. Hence, control may easily be ex-
pressed implicitly for it is merely a function of state and
time. Contracting behavior is determined upon the exact
differential relation:

0T = %(w, t)ox 2)

where dx is a virtual displacement, i.e. an infinitesimal
displacement at fixed time. For the sake of clarity, the main
definition and theorem of contraction taken from [14] are
reproduced hereafter.

Definition 1 (Contracting Region): A region of the state
space is called a contraction region with respect to a
uniformly positive metric M (z,t) = © T (x,t)O(x, t) where
© stands for a differential coordinate transformation matrix,
if equivalently F = (0+03L)0~1! or %TM—FM—FM%;
are uniformly negative definite.

This leads to the following convergence result:

Theorem 1 (Exponential Convergence): Any given tra-
jectory, which starts in a ball of constant radius with respect
to the metric M(x,t), centered at a given trajectory and
contained at all times in a contraction region, remains in
that ball and converges exponentially to this trajectory.

Proof: See Lohmiller and Slotine [14]. [ |
The following theorem establishes the link with UGES:

Theorem 2: If the system & = f(z,t) is globally con-
tracting with respect to a constant O, then it is also UGES,
i.e. 3 k,b > 0 such that V¢t > 0,V z,9,zp0 € R,

|z, — zp| < klxro — 2pol e bt ?3)
where x, = (Z,0,t), p = (zpo,t) and |-| denotes the
Euclidean norm.

Proof: See Jouffroy and Lottin [10]. ]

In this paper, we will only consider global contraction,
i.e. the contraction region corresponds to the whole state
space.

B. Stability of Linear Parameter-Varying (LPV) Systems
Consider the linear system defined by:

&= A(d)z (4)

where the state matrix A(d) is a function of a real valued
parameter vector § = col(dy, s, ..., 01) € R¥.

Definition 2 (Quadratically Stable): The system (4) is
said to be quadratically stable for perturbations A if there
exists a matrix K = K7 such that:

A(S()TK + KA(5(t)) <0 )

for all perturbations § € A.

The main disadvantage in searching for one quadratic
Lyapunov function for a class of parameter dependent
systems is the conservatism of the test to prove stability
of a class of models. Indeed, the test of quadratic stability
does not discriminate between systems that have slow time-
varying parameters and systems whose dynamic charac-
teristics quickly vary in time. To reduce conservatism of
the quadratic stability test, parameter dependent Lyapunov
functions will be considered instead.

Definition 3 (Affinely Quadratically Stable): The sys-
tem (4) is called affinely quadratically stable if there exists
matrices Ko = K{, ...., K, = K] such that:

K@)=K"(8):=Ko+ 0 Ki+,..,+0,.K, >0 (6)

A(6)TK () + di—ié) + K(6)A(5) <0 (7

for all perturbations ¢ € A.

The above definition is a simplification of the definition
of affine quadratic stability used in Weiland and Scherer
[20], since it is required that K(J) is symmetric.

C. A Lagrangian Ship Model

Let the position (z,y) and the heading 1 of the vessel
relative to an Earth-fixed frame be expressed in vector form
by n = [z,y,¥]T, and let the velocities decomposed in a
vessel-fixed reference frame be v = [u,v,r]T (Fossen [3],
[4]). The transformation between the vessel- and Earth-fixed
velocity vectors is given by:

= R(y)v @®)



where the yaw angle rotation matrix is recognized as:

cosy —siny 0
R(yp) = | sinyy cosyp 0 | € SO(3) 9
0 0 1

This matrix is orthogonal, that is R~1(¢)) = R (¢).
At low speed, the ship LF motion can be described by
the following Lagrangian model (Fossen [3], [4]):

My +Dv=1+R" ()b (10)

where M € R3*3 is the generalized system inertia matrix:
M = Mpgp + My (1)

due to rigid-body mass Mprp € R**3 and hydrodynamic
added mass M4 € R3*3. The linear damping matrix is
denoted as D € R3*3 while 7 € R? is a control vector of
generalized forces provided by the propulsion system, that
is main propellers aft of the ship and thrusters which can
produce surge and sway forces as well as a yaw moment.
Finally, b € R3 is a vector of unknown bias terms due to
waves, wind, and currents.

In order to analyze this system using Lyapunov methods,
certain properties are needed. From the work of Cummins
[2] it follows that:

(Mgrp + A(w))i 4+ B(w)y =7+ R" ()b

where A(w) € R**3 and B(w) € R3*3 are the frequency
dependent hydrodynamic added mass and damping matri-
ces. The time domain solution of (12) or Cummins equation
can be written (Fossen and Smogeli [8]):

(Mgp + Ma)i + Dy(s)v + Doy =7+ R ()b (13)

(12)

where D,,(s) € R3*3 is a transfer function matrix incorpo-
rating the memory effect of the fluid due to potential theory
(ideal fluid). The viscous damping matrix D, € R3*3 is
included to compensate for skin friction etc., and:

Ma=Mj = lim Aw)>0 (14)
The matrix D, (s) can be computed using 5Sth-order state-
space model approximations for each of the retardation
functions (Kristiansen and Egeland [11]). For low-speed
control applications such as DP the damping matrix can
be approximated as:

D = D,(0)+ D, >0 (15)

that is potential damping D,(s) is computed at s = 0.
Furthermore, it follows that:
M=MT">0,

M=0 (16)

For conventional ships, the eigenvalues of the damping
matrix D > 0 are all strictly positive due to the dissipative
nature of wave damping and laminar skin friction. In general
the damping forces will be nonlinear. However, for DP

and maneuvering at low speed linear damping is a good
assumption. For more details regarding ship modeling the
reader is suggested to consult Fossen [3], [4], and Fossen
and Smogeli [8].

D. Environmental Disturbances

Unmodeled external forces and moment in surge, sway
and yaw due to wind, currents, and waves are lumped
together into an Earth-fixed bias term b € R3. The bias
is modelled as a random walk process:

b=Un (17)

where

b  vector of bias forces and moment
n  vector of zero-mean Gaussian white noise
W diagonal matrix scaling the amplitude of n

The first-order WF motion is modelled as a second order
linear system for each of the 3 DOF (Fossen [4]):

Nawi kIUiS .
= , =1,2,3 18
) = mryp e ) (s)
where:
wp; dominating wave frequency

¢; relative damping ratio
k.i parameter related to the wave intensity

The linear model (18) should approximate a wave spectrum
as shown in Figure 2. A minimal state-space realization of
(18) for surge, sway, and yaw (i = 1,2, 3) is:
Awtw + Eywy

CuwTw

(19)
(20)

Ty
Nw =

where z,, € R® and:

03x3 I3y 031
A, = E, = 21
|:_QB><3 _A3><3] [stj @D
Cw = [03x3.13x3] (22)

where wy, = [Wy1, Ww2, Wyws] € R? is a vector of zero-
mean Gaussian white noise, 7, = M1, Tw2s Mws) | € R
is the vessel’s WF motion due to first-order wave-induced
disturbances, and:

Q = diag{wgl,wgg,wgg}
A = diag{2¢ wo1, 2¢owo2, 2C3wos }
E. Problem Formulation

The objective of the DP system is to make the vessel
maintain a desired position or follow a desired trajectory
(low-speed maneuvering), when the only measured state
variables are the position and heading which are contami-
nated with noise, that is:

y=mn+mn,t+v (23)
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Fig. 2. Modified Pierson—-Moskowitz (PM) wave spectrum (Fossen [3]).

where v € R? is a vector of zero-mean Gaussian white mea-
surement noise. It is therefore important that the observer
is tuned in such a way that its gains reflect the differences
in the noise levels of the measured signals.

Definition 4 (Gain-Scheduled Wave Filtering): Wave
Filtering can be defined as the reconstruction of the
LF motion components 7 from the noisy measurement
y=mn+n, +v,as well as a noise-free estimate of the LF
velocity v by means of an observer (state estimator).

This is crucial in ship motion control systems since
the oscillatory motion 7,, due to first-order wave-induced
disturbances will, if it enters the feedback loop, cause wear
and tear of the actuators and increase the fuel consumption.
Gain-Scheduled Wave Filtering means that the reconstruc-
tion of 1 and v is automatically adjusted to the present sea
state by updating the observer with on-line measurements
of the WF model parameters.

For purposes of the stability analysis of the closed-loop
dynamics, the following assumptions are made.

Al) n = w,, = 0. These terms are omitted in the observer
stability analysis since the estimator states are driven by the
estimation error instead (deterministic Lyapunov approach).
Furthermore, zero mean Gaussian white measurement noise
is not included in the analysis (v = 0) since this term
is negligible compared to the 1st-order wave disturbances
1, (Fossen and Strand [6]). Notice that the deterministic
observer will perform well even if these terms are non-
zero. However, in this case the estimation errors converge
to a ball around the origin instead of the equilibrium point
(stochastic analysis).

A2) R(¢) = R(ys) where y3 = ¢ +1),,. This assumption
is not restrictive since the magnitude of the vessel-induced
yaw disturbance v,, is typically less than 5° in extreme
weather situations (sea state codes 5-9), and less than 1°
during normal operation of the ship (sea state codes 0—4).

III. OBSERVER DESIGN

The observer model is given by (Fossen and Strand [6]):

£ = Aw(wo)é (24)
n = Ry (25)
b = 0 (26)
Mi + Dy T+ RT(¥)b (27)
y = n+Cué (28)

where wg = [wo1, w2, wo3] is the parameter vector of the
unknown dominating wave frequencies in surge, sway and
yaw. Now consider the observer:

£ = Au(@)E+Ki(@o)ly—9) (29
= R+ Ka(@o)(y — ) (30)
b = Ki(y—19) (31)
M+ Di T+ RT ()b + R () K4y — §)(32)
§ = f+Cu (33)

where wq is the computed parameter vector of the dominat-
ing wave frequencies and:

_ 03x3 I3x3
@0) = | _a@o) —A@o) G9
where:
Qwo) = diag(wf;, 0y, 03)
A(@o) = diag(2¢;@o1, 2¢2Wo2, 2¢3W03)

The design method relies on the following assumptions

A3) wq is the only unknown parameters in the wave
model. For standard wave spectra such as PM and JON-
SWAP, the damping parameter ( is approximately constant
for a wide range of wy. Hence, if the sea state corresponds
to such a wave spectrum, this is a good assumption.

A4) wy = 0 (slowly varying)

AS5) @ is computed from the position and heading
measurements using standard digital signal processing tech-
niques. Since wy is slowly varying, it will be sufficient to
update wy every T minutes (e.g. 7" = 15). It is assumed
that wqy converges to the true value wy.

A6) 0< W0 min < wo < WO max < 00

In order to incorporate the observer equations in the
framework of contraction, we write the observer equations
in a compact form similar to Lindegaard [12]:

Property 1 (Commutative Matrix): A matrix A € R? is
said to commute with the rotation matrix R(«) if:

(35)

Examples of matrices A satisfying Property 1 are linear
combinations A = a; R(0) + aol + ask Tk for scalars a;, 0
and k = [0,0, 1] T, the axis of rotation. Also note that since



R(«) is orthogonal, that is, R" (o) = R™*(«), Property 1
implies that:

A=R"(a)AR(a) = R(a)AR (a) (36)

Furthermore, if A is nonsingular, A~! commutes with
R(«) too. Moreover:

A is nonsingular
—

R(a)A A™'R(a) = R(a)A™!
(37
Thus, given the following assumption:
A7) The observer gains K(wp) and K3 and each 3 x
3 sub-block of A, (@g),and K;(wp) commutes with the
rotation matrix (Property 1).
The observer can now be compactly written as:

& =T"(V)A@o)T (W) + Br + Ky(@o)y  (38)
where & = [ET,ﬁT,BT,ﬁT]T and:
T(y) = diag{RT(¢), R (), BT (V) Iz} (39)
Ao = | A0 e ] (40)
[Aw(@0) — K1 (@0)Co K1 (&

e = [ RG] e
4 = |0 ﬂ )
T e 43)
te = [y afp) (44)

B (01055 M~1]" (45)

Ky(@o0) = [K{ (@), Ky (@o), K , Kj R($))M '] (46)

The differential dynamics (2) of the observer can there-
fore be written as:

0z =T () A@0)T()od == J(@0)ox  (47)

Hence, it is required that J(@g) is uniformly negative
definite which corresponds to:

JT (@) + J(@0) =
TT()AT(@0)T () + T () A@o)T (1) <0

However, since A(wg) <0 =TT ()AT (00)T () < 0 the
above condition is equivalent to:

AT (@0) + A(wo) < 0 (48)

Hence, the rotation matrices can be removed from the
analysis. Instead of (47) we therefore consider the LPV
system:

o1 = A(@o)di (49)

Next, it must be proven that AT (@g) + A(w) < 0 for
0< Womin < Wo < Womax < 0.

In our case (7) reduces to A(6)T K(0) + K(§)A() <
0, since the parameters are assumed to be time-invariant
(slowly varying). Thus, if this requirement is fulfilled, the
proposed observer structure will be contracting. Now it
must be proven that the observer estimate & converges to
the actual system trajectory x. By comparing the observer
model (24)—(28) with the observer (29)-(33), it is seen
that for £ = x which implies that § = y, the systems
are identical. Hence, the observer model is a particular
solution of the observer. From Theorem 1, we therefore
conclude that if J(wg) is uniformly negative definite, all
trajectories in the state space converge exponentially to the
same trajectory. This leads to the following theorem:

Theorem 3 (Globally Contracting Observer): The
observer (29)—(33) is globally contracting under
Assumptions A1-A7 and the observer error converges
exponentially to zero if there exists a metric
M (@) = M T (@g) > 0 such that:

A(@o) " M (o) + M (@0)A(@o) < 0 (50)

where A(@y) is given by (40).

Proof: The proof follows directly from the above de-
duction. Note that V = 362”7 M (&)d% can be regarded as a
parameter dependent Lyapunov function for the differential
dynamics (49) of the observer where M (&g) corresponds to
the parameter dependent metric used in contraction theory.

|

A. Observer Tuning

The observer gains are chosen according to Fossen and
Strand [6] to ensure low-pass and notch filtering. Thus:
O3x3

Ky(wo) = 2 - Oklsxg] + [2<<d - C)I3><3:| wo
D

O3x3
where ¢, is the desired damping (typically 1.0) and ¢ is the
relative damping ratio (recommended 0.1 for JONSWAP) in
the wave model, and:

Ky (wo) = klzxswo (52)

Hence, w. = kwp, k > 1, is the cut-off frequency in the
notch filter. Further, the observer gains K3 and Ky should
be chosen such that:

sz/Kélz < wp; < We; (’L = ]., 2, 3) (53)

This is the passivity requirement of Fossen and Strand [6].

B. On-line measurements

The on-line measurement of the dominating wave fre-
quency wy is based on the following assumption:

A8) The dominating wave frequency is present in both
the position (x, y) and the heading (¢)) measurements, since
the total vessel motion is assumed to be a superposition of
the LF and WF motions (see Figure 1).



Given this assumption, the wave spectrum peak fre-
quencies wg; (¢ = 1,2,3) in surge, sway and yaw can
therefore be estimated on-line from position and heading
measurements using spectral analysis.

IV. CONTROLLER DESIGN

In order to take advantage of the proposed observer, the
control law must be implemented using the estimated states
instead of the true one, due to the absence of required
measurements, and because of the wave filtering. Hence,
it must be shown that such a combination yields stability
of the closed loop. In this section, it is shown that a PID-
controller implemented with the state estimates from the
observer with gain-scheduled wave filtering yield an overall
globally contracting DP system.

A. Contraction-Based Nonlinear Separation Principle

The following separation principle is cited from
Lohmiller and Slotine [13]. Consider the plant dynamics
in terms of an explicit state vector z given by:

z = f(z,t) + G(z,t)u(z,1) (54)

The observer is:

'é = f(évt) - [e(é) - 6(2)} + G(Zat)u(évt) (55)

where £ is the state estimate, e(Z) — e(z) is the injection
term, and u(Z,t) is the control input. Letting Z = 2 — z, the
Lyapunov-like analysis:

i(sz) =237 / M(g — \2)dAz

0z
then shows that the convergence rate of Z to z is specified
by O(f — €)/0z. For a bounded G matrix this system is
a hierarchy, and thus the convergence rate of the plant
dynamics is given by O(f+Gu)/0z. This result may in fact
be viewed as an extension of the standard linear separation
principle of Luenberger.

(56)

B. Observer-Feedback Control with Gain-Scheduled Wave
Filtering

Consider the following nonlinear PID control law:

£ = (57)

£s = mg (58)

T = —KR'(Y)(E—-¢,) - K
—K,R"(¥)(n—ny) (59)

where n,(t) is the desired position and heading. Thus, if:

£ = (60)
i = R (61
o= —MKRT()E— M K,R" ()

—M YD+ Ka)v + R" K&y + Kyng) (62)

which can be compactly written as:

& =TT ()AT()z + 74 (63)
where 2z = [¢7,7,v"]T and
T(y) = diag{R"(¥),R"(¢), Iaxa} (64)
Ta = [0 0 (RT(Kig+Km)T]" (65)
03x3 I3x3 03x3
A= 033 03x3 I3x3 (66)
MUK, —M 'K, —M-Y(D+ Ky)

is contracting, then the hierarchy of the PID controller
implemented with the state estimates:

£ = 19 (67)
éd = Tq (68)
T = —KRT(W)(-¢&,) — Kab (69)

—K,R" () (7 —ngy) (70)

from the observer (38), will be contracting.

Theorem 4 (Globally Contracting Observer-Controller):
The hierarchy of the observer (38) with gain-scheduled
wave filtering and the PID controller (70) is globally
contracting under Assumptions A3-A7 if there exists a
metric M (@) = M " (o) > 0 such that:

A(@o) " M (@o) + M (@0)A(@o) < 0 (71)
and a metric M, = M," > 0 such that:
ATM, + M. A, <0 (72)

where A(wg) and A, are given by (40) and (66), respec-
tively.

Proof: This follows directly from the separation prin-
ciple for contracting systems. [ ]

V. CASE STUDY

A model of a 80 m supply vessel with two main pro-
pellers and three thrusters (one aft and two in the bow)
is used to illustrate the performance of the DP system
with gain-scheduled wave filtering. For this purpose the
Marine Systems Simulator (MSS) was used for simulations
(Fossen et al. [7]). The wave-induced motions are generated
using experimental RAOs (motion transfer functions for
the WF motion) resulting in highly realistic frequency
dependent sea loads. The wave amplitudes for the RAOs
are generated from the JONSWAP wave spectrum with 20
frequency components. The significant wave height H is
6.0 m corresponding to an extreme sea state, however wind
measurements are assumed such that the forces and mo-
ments on the observer equal the ones on the supply vessel.
The scenario is station-keeping at position (x = 0,y = 0)
and heading ¢ = 45° with an initially badly tuned wave
filter. The initial value of wq is 0.83 rad/s corresponding
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to Hy, = 1m in the JONSWAP wave spectrum. The same
value of wy; is used in both surge, sway and yaw.

The PID-controller used in the case study is tuned to yield a
critically damped closed-loop system with natural frequency
of w, = 0.8 rad/s. More details regarding implementation of
the observer and controller are found in Torsetnes [19]. The
simulation results for H; = 6.0 m are shown in Figures 3—
8. A zoom-in of the x-position measurement together with
the LF estimates is given in Figures 7 and 8. It is seen that
the WF contribution of the LF estimates are significantly
reduced after updating the observer with a more accurate
value of wg,which can reduce the noise in the commanded
forces and moments of the controller. This shows that gain-
scheduled wave filtering can yield significant improvement
in performance compared to a filter with fixed parameters
in varying sea states.
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Measured position x(t) (dotted) and estimated LF position (solid)
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VI. CONCLUDING REMARKS

A globally contracting controller for regulation and dy-
namic positioning of ships by output feedback has been
presented. For this purpose a nonlinear contracting observer
for estimation of velocity and slowly-varying environmental
disturbances was constructed using only position and head-
ing measurements. The wave state estimates are automat-
ically adjusted to the present sea state by gain-scheduling
the wave model parameters in the observer. The nonlinear
observer together with a PID control law are analyzed
using a separation principle for contracting systems in
cascade and it is shown that the resulting DP system is
globally contracting. Computer simulations demonstrate the
performance of the proposed controller and observer.
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