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Abstract

This paper describes a procedure to design robust controllers for Dynamic Positioning (DP) of shifislame oigs subjected

to the influence of sea waves, currents, and wind loads usingnd mixedu techniques. The proposed method will increase
operational weather window and robustness of the DP vessel and associated DP system.ffezthisactical assumptions are
exploited in order to obtain a linear design model with parametric uncertainties describing the dynamics of the vessel. Appropria
frequency weighting functions are selected to capture the required performance specifications at the controller design phase.
proposed model and weighting functions are then used to design robust controllers. The problem of wave filtering is also address
during the process of modeling and controller design. The key contribution of the paper is threefolffoifi aystem designers

a new method to féiciently obtain linearized design models that fit naturally in the framework{gfcontrol theory, and ii) it
describes, in a systematic manner, thifedéent steps involved in the controller design process for DP systems operating under
different sea conditions, and iii) it contains the details of simulations and results of experimental model tests in a towing tan
equipped with a hydraulic wave maker.
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1. Introduction keep the position and heading of marine structures within pre-
specified excursion limits under expected weather windows. As
The advent of 'shore exploration and exploitation at an un- such, they play a key role in manytshore operations aimed at
precedented scale has brought about increasing interest in thproving the efitiency and safety of the particular operation.
development of Dynamic Positioning (DP) systems for surfacédP systems came to existence in the 1960s fishore drilling
vessels. Currently, there are more than 2000 DP vessels of vaipplications for the first time, due to the need to drill in deep
ious kinds operating worldwide, see Sgrensen (2011a). DP sygraters and the realization that Jack-up barges and anchoring
tems are used with a wide range of vessel types andfierdint  systems could not be used economically at such depths. Early
marine operations; in particular, in theéfshore, oil, and gas DP systems were implemented using PID controllers, and in
industries many applications are only possible with the use obrder to restrain thruster trembling caused by the wave-induced
DP systems for service vessels, drilling rigs and ships, shuttlmotion components, notch filters in cascade with low pass fil-
tankers, cable and pipe layers, floating productififiaading  ters were used with the controllers. However, notch filters re-
and storage units (FPSOs), crane and heavy lift vessels, gestrict the performance of closed- loop systems because they in-
logical survey vessels, and multi-purpose vessels. Most of theoduce some phase lag around the crossover frequency, which
offshore operations, such as cable and pipe laying, do also negtturn tends to decrease the phase margin. An improvementin
tracking functionality. The main purpose of DP systems is toperformance was achieved by exploiting more advanced con-
trol techniques based on optimal control and Kalman filter the-
ory, see Balchen et al. (1976). All these techniques were later
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(1978) showed that LQG has no guaranteed phase and gaybernetics Simulator (MCSim) and the results of numerical
margins and the resulting closed-loop regulator may have atMonte-Carlo simulations are presented. In section 8, a short
bitrary small stability margins. This led to the development of adescription of the model-test vessel, Cybershiplll, and experi-
simpler setup using passive observers and nonlinear multivarinental results of model-tests are presented. Conclusions and
ate PID controllers; see Fossen and Strand (1999); Strand asdggestions for future research are summarized in section 9.
Fossen (1999); Strand (1999); Torsetnes et al. (2004); Fossen
(2000). The literature on ship DP is vast and defies a simpl@_ Dynamic Positioning and Wave Filtering
summary. See for example Sgrensen (2005, 2011b) and the ref-
erences therein for a short presentation of the subject and its In order to design a robust DP controller a linear model
historical evolution. of plant must be derived first. Here, we should stress that
Different sources of uncertainty in the DP problem led to thén the marine control literature fierent mathematical models
application of robust control techniques to DP, see Katebi et alwith different complexity levels are used fofférent purposes.
(1997, 2001); Donha and Katebi (2007); Donha et al. (1997)Two important models (see Sgrensen (2011a)) are formulated
Martin et al. (2000); Hassani et al. (2012b,c, 2013c). Fhe  as the control plant model (or design plant model) and the pro-
and mixedu are model-based techniques and design of a DRess plant model (or simulation model). The first is a simpli-
controller based on these methodologies requires a linear modiéd mathematical description containing only the main physi-
of the plant (computed by linearization of the plant about ancal properties of the process or plant and is used for the purpose
operating point). The computation of the latter foffelient op-  of controller design and stability analysis, using for example
erating points is cumbersome, requires intensive computationeyapunov stability and passivity tools. The second is a compre-
and may be very costly. For these reasons, and in spite of tHeensive description of the actual process whose main purpose
potential benefits of using robust DP controllers, the assessmeistto simulate the real plant dynamics and is used in numerical
of their performance has, to be best of our knowledge, been caperformance and robustness analysis and testing of the control
ried out using only simulations or by performing experimentalsystems designed. In the next section, 3, we formulate the prob-
tank tests; see Katebi et al. (2001). lem of modeling a DP system using a low speed assumption. A
DP systems have generally been designed for low-speed afidear plant model with parametric uncertainty is obtained and
low Froude number applications, where the basic DP functionused for DP controller system design. Later on, in section 7, in
ality is either to keep a fixed position and heading of a shipporder to evaluate the performance of the designed controllers, a
or to move it slowly from one location to another. In this work, nonlinear high fidelity model, the Marine Cybernetics Simula-
using the low speed assumption, a linear model with parametrior (MCSim), is used.
uncertainties is developed based on which, by assigning apprén DP applications in open waters, waves produce a pressure
priate frequency weighting functions and usiAg and mixed-  change on the hull surface of the vessel. This change of pres-
u techniques, robust controllers for station keeping ifieti  sure induces dierent forces and torques on the vessel. Usually,
ent sea conditions (calm, moderate, high, and extreme seas) amely first and second ordefffects of these pressure-induced
designed. For a representative vessel, we apply the presentimices are studied in DP applications. The first ordésat of
methodology to design robust controllers foffeient sea con- the waves has an oscillatory nature that depends linearly on the
ditions and we present the discussion of the results of numericatave elevation. Hence, these forces have the same frequency
simulations and experimental model-testing of a set of robusas that of the waves and are therefore referred to as wave-
DP controllers operating underftéirent sea conditions. The frequency forces. The second ordéfeet of the waves depends
robust DP controllers were first evaluated in a high fidelity non-nonlinearly on the wave elevation, see Faltinsen (1990). The
linear DP simulator, illustrating theffeciency of the design. To nonlinear component of wave forces are due to the quadratic de-
bridge the gap between theory and practice, the results wependence of the pressure on the fluid-particle velocity induced
experimentally verified by model testing of a DP operated shipby the passing of the waves. They have a wider frequency range
the Cybership I, under dfierent sea conditions in a model test and they excite the vessel not only in the wave frequency range
tank with a hydraulic wave maker at the Marine Cyberneticdbut also in lower and higher frequency ranges. While the mean
Laboratory (MCLab) at Department of Marine Technology, thewave forces make the vessel drift, the oscillatory components
Norwegian University of Science and Technology. of the wave forces can lead to resonance in the horizontal mo-
The structure of the paper is as follows. A brief introduc-tion of vessel under positioning control. Hence, the motions of
tion to important issues that arise in DP are presented in sectianarine vessels can often be divided into a low-frequency (LF)
2. Section 3 proposes a linear representative vessel model wifart and a wave-frequency (WF) part. For most positioning ap-
parametric uncertainties. Section 4 summarizes the main idegdications (usually for calm, moderate and high sea), only the
behind the DP robust controller designing process in calm talowly-varying wave disturbances and mean wave loads (in ad-
high sea conditions. Section 5 explains the DP controller desigdition to wind and current loads) should be counterbalanced by
procedure in extreme sea conditions. Section 6 introduces thtbe propulsion system, whereas the oscillatory motion induced
frequency weighting functions for filerent sea conditions; it by the waves (1st-order wavéect) should not enter the feed-
also describes and compares the robust controllers designed tmaick control loop. The reasons for this could be that either
different sea conditions following the methodology proposedhe WF motion does not matter for the particular operation, or
in in this paper. In section 7 a brief description of the Marinethe vessel does not have enough power and thrust capacity for
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doing any noticeable compensation at all. The latter reason Markov process approximating the unmodelled dynamics and
of great importance, for there is no point in wasting fuel andthe slowly varying bias forces (in surge and sway) and torques
cause additional wear and tear of the propulsion equipmen(in yaw) due to waves (2nd order wave induced loads), wind,
To this dtect, the DP control systems should be designed sand currents. The latter are given in earth fixed coordinates
as to react to the LF forces on the vessel only. In the literabut expressed in body-axis. In the aboyg, € R? is the ves-
ture, this task is accomplished by using so-called wave filteringel's WF motion due to 1st-order wave-induced disturbances,
techniques, which separate the position and heading measuesnsisting of WF positionxy, y) and WF heading - of the
ments into LF and WF position and heading estimates; see Fosessel;wy € R3 andw, € R® are zero mean Gaussian white
sen (2011); Hassani et al. (2013b,a). Wave filtering observensoise vectors, and

provide an estimate of the LF motions and velocities computed

from corrupted measurements of position and heading. Later, Ay = [ Osx3 I3xs ] Ey = [OM],
these estimates are used for control purposes. As proposed in —Qaz —Ass I3a
this work, in designing the robust DP controllers, this task is Cw = [O3><3 sts],

accomplished by introducing appropriate frequency weighting

functions and performance signals. The latter will be addressedith

in details in next section. )

In extreme seas with high wave heights amdlong wave Q= dlag(‘)gl’ w%z’ wés}’

lengths or in swell dominated seas, the assumption of produc- A = diag21wo1, 202w02, 2{3W03},

ing control action from the LF motion signals only, may not

be so evident, as the WF motions (due to long wave length@herewo; and/; are the Dominant Wave Frequency (DWF)
and thereby low frequency) will enter the control bandwidth ofand relative damping ratio, respectively. ~Matrik =

the DP system. Furthermore, in extreme sea states limitatioW@9(x. 7y, Ty) is a diagonal matrix of positive bias time con-

of power and loss of thrust due to ventilation, cavitation, andstants andt, € R>® is a diagonal scaling matrix. Vector
thruster-hull interactions will give reduced performance. Sedlz € R® consists of LF, earth-fixed position( y.) and LF
Sgrensen et al. (2002), and Sgrensen (2011b) for details on Dieadingy; of the vessel relative to an earth-fixed frame, R®

in extreme sea condition. In extreme sea condition the wave filtepresents the velocities decomposed in a vessel-fixed refer-
tering is turned & and all the components of motion are com- €Nce, ana(y.) is the standard orthonormal yaw angle rotation
pensated in the DP controller to the extent that the propulsiofatrix (see Fossen (2011) for details). Equation (5) describes
system allows. the vessels’s LF motion at low speed (see Fossen (2011)), where
In the following sections, the design of a robust DP controller € R¥® is the generalized system inertia matrix including

will be addressed separately for normal (calm to high) seas argero-frequency added mass components; R¥ is the lin-
extreme seas. ear damping matrix, and € R? is a control vector of general-

ized forces generated by the propulsion system, that is, the main

propellers aft of the ship and thrusters which can produce surge

and sway forces as well as a yaw moment. Vegigre R3
d describes the vessel’s total motion, consisting of total position
{)é‘z_[, Vi) @nd total heading,,, of the vessel. Finally, (7) rep-
reSents the position and heading measurement equation, with
v € R® a zero-mean Gaussian white measurement noise.
Ew = Aw(wo)éw + Ewwy (1) Usually, in the design of controllers or observers for DP sys-

_ tems (especially for station keeping missions), the following

mw = RWYLCwéw 2) assumptions are made. These assumptions are widely used in

3. Control Plant Model DP Vessels

In what follows, the vessel model, that is by now standar
is presented. See Fossen and Strand (1999); Sgrensen (201
The model admits the realization

b=-T"b+Eyws (3)  the literature, see Fossen and Strand (1999):
nL = R@L)v (4)  Assumption 1The position and heading sensor noises are ne-
i 3
M+ Dv = 7+ RT (U)b 5 glected,t.hat isy = 0. _ .
Dy =14 R Yo) ®) Assumption 2 The amplitude of the wave-induced yaw mo-
Mot =ML+ Nw ®)  tion Yy is assumed to be small, that is, less than 2-3 degrees
My =Nt +V (7)  during normal operation of the vessel and less than 5 degrees

) _ in extreme weather conditions. Hend&y;) ~ R(y + ¥y).
where (1) and (2) capture the 1st-order wave induced motiog,,m Assumption 1 it follows thaR(y;) ~ R(s,), where

in surge, sway, and yaw; equation (3) represents the 1st-ord$r ~ y; + y denotes the measured heading
e .

Assumption 3Low speed assumption, implying that the time-
2The model described by (1)-(6) has minoffeiences with respect to the derivative of the total headmgﬂt is bounded and close to zero.

ones normally described in the literature. While in most of the references the
WF components of motion are modeled in a fixed-earth frame, in this paper
the WF motion is modeled in body-frame. The reader is referred to Hassani 3At this point, we stress that the noise free assumption is only used to derive
et al. (2012e,d); Hassani and Pascoal (2015) for details and improvements afcontrol plant model but later on, in the design process and simulation and
the present model. verification, the &ect of the measurement noise will be considered.




We will also exploit the model property that the bias time con-Using (3), (14) and (15) we obtain

stants in the x and y directions are equal, ig.= 7. _ .

In what follows we will consider a reference frame consisting R(io)b” + R(Wio)b” = =T R(Wi0r)b” + Epwp. (16)
of vessel parallel coordinates as introduced in Fossen (2011);

Sgrensen (2011a). In sea keeping analysis (vessel motions I%eordering (16) and multiplying both sides By(y,) gives

waves) the hydrodynamic frame is generally moving along the B = —RT (o) T~ R(Wri0)b” — R Wr10) R(Wr100) "

desired path of the vessel with the x-axis positive forwards r

to desired heading,, y-axis positive to the starboard, and + R (Yro) Epwp. (17)
z-axis positive downwards. The XY-plane (in hydrodynamicUSing the assumption thal, = T,, it can be checked
frame) is assumed fixed and parallel to the mean water Su{ﬁatRT((//m,)T = TR (U): sfimple ayl,gebra also shows that

face. The vessel is assumed to oscillate with small ampli- T W) R(Wnor) = —rrS
tudes about this frame such that linear theory can be used Vo) RWior) = ~Yior5 -
) : . ; .Equation (17) can be expressed as
model perturbations. In station keeping operations (dynamic
positioning) about desired coordinates ys, andy., the hy- B2 = T 4 s b? + RT (ot Esw. (18)
drodynamic frame is Earth-fixed and denoted as the reference
parallel frame. It is defined in a reference frame fixed to the Summarizing the equations above yields
vessel, with axes parallel to the earth-fixed frame and the origin )
is translated to the desireg andy, (in this study we assume &w = Aw(wo)éw + Ewwy (19)
Er;gt;g)z ya, Ethsid g Oé/.:‘) L;etthnlz eR3 :jenote tkt1_e L|F position . nw = RWi)Cwéw (20)
7,V an eading/, of the vessel, respectively expresse b mlip » L pT
in body coordinates, defined as b = TTD 4 YSH 4 R i) Epwy - (21)
, TlizlptatSTIi"‘V"‘lﬂWSV (22)
Tli =R (Yro)nL- (8) My + Dy =1+b" (23)

Computing its derivative with respect to time yields

7.75 = RT(WIO[)UL + RT(‘/’[O[)T-]L

Moreover, using assumptions 1, 2 and 3 a linear model with
parametric uncertainty is obtained that is given by

= R" W) RWio)t, + R Wio) RWL)Y 9) éw = Aw(61)éw + Ewwi (24)
bo_

Using a Taylor series to expaid (i4,,,) abouty; and neglect- 7W = Cyéw (25)
ing higher order terms, it follows that B = —T~Yb7 + 0,5 " + Wz{ (26)
RTWio)R(WL) = 1 + ywS, (10) =05+ + 05y (27)
My + Dv =1+b" (28)

where _
0 10 =1+l +n (29)

S=|-1 0 0].

wheren?, are WF components of motion on body-coordinate
axis, andm,/: andn{, are a new modified disturbance and a mod-
ified measurement defined by, = R7(y,)Epw; and ) =

0 0O
Using simple algebra we obtain

RT(Wio)R(W10r) = WeonS. (11) R (), respectively, n € R3 is the measurement noise, and
finally 61, 62, andés arewo, ¥,,;, andyy, respectively, which
From (9), (10) and (11) we conclude that will be treated as parametric uncertaintfes.
m ~ z,-D,O,Snf +V+ypSy. (12)

4. Robust DP Controller Design in Normal Sea Conditions

We now study the time evolution of the slowly varying bias
forces, b, expressed in the vessel parallel coordinabés,as
follows:

This section describes the application/df,-basedu syn-
thesis controller design techniques to the solution of the DP
b = RT(i0r)b- (13) problem. See Skogestad and Postlethwaite (2006); Francis

(1987) for an introduction to these techniques and Balas (2009);
Clearly,

b = R(l//m[)bp, (14)
and diferentiating both sides yields

SWhen designing observers for wave filtering in DP, since the controller reg-
ulates the heading of the vessel, the designer can assign a new inten}éty to
. . . however, assigning the intensity of the noise in practice requires considerable
b = R(W1o)b” + R(W100)b” . (15)  expertise.
81n this paper, during the controller design proceés®, andds are treated
as fixed parametric uncertainties. The methodology introduced can be extended
4Assumingy = 0, the reference parallel frame and vessel parallel frameto deal with time-varying parametric uncertainties with bounded rates of varia-
coincide tion; see Rosa et al. (2009).
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Balas et al. (2016) for a mixed-design suite implemented W(t):(w“ (t)j (t)
in Matlab. In what follows, we adopt the general setup and wy (t)

; ) . Eﬁtl z(1)
nomenclature in the seminal work of Doyle et al. (1989). This r@
_> M Plant 77,

leads to the standard feedback system of Fig. 1 (a), winere

is the input vector of exogenous signatsis the output vec- z(t o166 ) i
tor of errors and performance signals to be redugeid, the “ ;Wﬂ@
vector of measurements that are available for feedback, and w()=r(t) |Gy

u is the vector of actuator signals. Suppose that the feed-
back system is well-posed, and I&}.(s) denote the closed
loop transfer matrix fromw to z. The He, synthesis prob-  rigure 2: Nominal Setup with Frequency Weighting Functionesign a
lem is to find, among all controllers that yield a stable closedrobust Controller.

loop system, a controllek that minimizes the infinity norm

I7,2(5)lleo OF T',2(s). We remind the reader thii,.(s)|.. equals

SUATmax(Tw:(jw)) * @ € R} whereoq.() denotes the maxi- | what follows we explain the dierent blocks of the Fig. 2
mum singular value. Furthermoril),.|l. may be interpreted i getail. Using the control model of the marine vessel given

as the maximum energy gain of the closed loop oper&for i (24)-(29), a state-space representation of the plant, including
In mixed synthesis, the structured singular value of a lineakne gisturbance and noise inputs, is given by

fractional transformation (LFT) of the plant and controller are
used instead of the maximum singular values. The Structured x(f) = A(6) x(¢) + Bu(t) + Lw(?),
Si_ngular Values., denoted SSV or compjextater modified to () = Cox(t) + v(2),

mixedy), were introduced in Doyle (1982) and Packard and () = Cax(t)

Doyle (1993). In order to obtain a good design for a controller A =S,

whereu(f) = 7(¢) is a control vector of generalized forces gen-
X p z EE? erated by the propulsion system(s) = [wy u/b']T is a distur-
T y| w—S (PI';m) sz bance vectory(r) is measurement noisg(s) is the measured
K I? y output (total motion in body-frame)(s) is the performance
(controller) K _J signal (LF component of motion in parallel-frame), the state
" (cmztbr)oner) vector isx(r) = [éw” 77" v7 b*7]7, and the system matrices

(4(9), B, C1, Cy) are defined in the obvious manner. Notice that

Figure 1: Standard Feedback Configuration (with and withagettainty). the 4(P) matrix contains parametric uncertaintiés, (6>, and

0s3) as defined before. We assume that the pad(g)(B) and

K, accurate knowledge of the plant is required. In practice, ob¢4(6), C1) are controllable and observable, respectively, for all
taining an accurate process model of the plant is almost impogdmissible parameter values.
sible. The model may be inaccurate and there may be unmodable 1 shows the definition of the sea conditions associated
elled dynamics and parametric uncertainties in the plant. Tavith the particular model offishore supply vessel that is used
deal with this problem, the concept of model uncertainty musin our study. In the study we will design a robust DP con-
be considered. The unknown plahis assumed to belong to a
“legal” class of control plant model®, built around a nominal

. . . Table 1: Definition of Sea States
modelPy. The set of model® is characterized by a matrix,

which can be either a full matrix or a block diagonal matrix, Sea States DWE Significant Wave Height
that includes all possible system structured uncertainties. We wo (rad) H, (m)

also use the weighting matrices (and incorporate them#aito Calm Seas S 111 <01

to express the uncertainty in terms of normalized uncertainties |, 4o o0 Seas [04 111] [0.1 169]

in such a way thaftA(s)|l < 1. The general control configura-
tion in Fig. 1 (a) may be extended to include model uncertainty E
as shown in Fig. 1 (b).

Fig. 2 shows the nominal setup for designing a robust con-
troller. Later, this setup will be used to form the standard feed-
back system of Fig. 1 which will be used in the mixedyn- trpller for four different scenarios: ca_lm seas, moderate seas,
thesis methodology; Balas (2009); Balas et al. (2016). To thi§igh seas, an_d, extreme seas. The mtgrvals of.para}metrlc un-
effect, we design a robust DP controller which yields Stabi|ityce7rta|nty ford in the four diferent scenarios are given in Table
and performance robustness; using the mixesbftware (see
Balas (2009); Balas et al. (2016)), the performance parameter

4, in Fig. 2 is increased as much as possible, until the upper- 7the selection of parametric uncertainty interval ferseems natural (fol-

High Seas [B3 074] [1.69 60]
xtreme Seas <053 > 6.0

bound on the mixegs, u,,(w), satisfies the inequality lowed from Table 1). In order to select an uncertainty intervabcandes we
have used a lengthy time simulation of the vessel and observed the variation of
tup(w) <1 Y. (30) 6. andés during the simulation.



High-Frequency

Table 2: Interval of Parametric Uncertainties Control Penalty
A DistLulJr\é)vé;Ecmq;eej'nt:\ccytion
Sea States 61 6, 63
rad/s rad's rad
Calm Seas [11 1.8] Int*  [-0.038 Q038]
Moderate Seas [04 111] Int [-0.04 0.04] 3
High Seas [®3074] Int [-0.042 Q042] =
Extreme Seas [B9 053] Int [-0.04 004] éf’ Mid-Frequency
= |nt=[—5 »; 104 5 > 104] Wave Filtering
Low-Frequency
Control“PenaIty
102 1:)" 1é)° 12)* 12)2 12)3=

4.1. Frequency Weighting Functions Frequency (rad/sec)

As is well known, given a plant with structured and un-
structured uncertainty it is not possible in general to obtain
(by proper controller design) robust stability and performance
uniformly, across all frequencies, where the latter is measured
W'.th the help Qf properly chosen performance S|g_nals. I:()(/\/eighting transfer function?, (s), is presented graphically in
this reason, it is crucial (foH., control systems design) that _. . . L
frequency-dependent performance weights be introduced so F'sg' 3. Thls selection QIIOWS for larger control_actlvny n Iowe_r

: - ) requencies and penalizes large controls at higher frequencies.
to reflect desired performance objectives ovéiedent frequen-
cies. Appropriate selection of these weights provides flexibility
in the control design process. The DP control design methodol- ) )
ogy that we propose builds heavily on the new design model in?-2- Unmodelled Dynamic and Unstructured Uncertainty
troduced here and exploits thefdrence in the frequency con-
tents ofy, andny. In the process, the choice of a weighting Robust controllers designed using mixgdsynthesis can
function for low frequency disturbance attenuation purposes igield robust stability and performance in presence of both para-
crucial. metric uncertainty and unstructured uncertainties (or unmod-
During the process of DP robust controller design, we used thelled dynamics). In the work of Katebi et al. (1997), a robust
mixedyu synthesis toolbox to maximizé, (in Fig. 2) while  H,, controller is designed by minimizing the infinity norm of
making sure that robust stability and performance are observethe transfer matrix from disturbances to a performance signal.
Fig. 3 depicts graphically the magnitude of the frequency reThat being done, the authors examined what amount of unmod-
sponse of the nominal performance weighting transfer functiorelled dynamics could be tolerated in the feedback loop, using
Wy(s). We remark that the performance weigtii(s) penalizes  a small gain theorem. Clearly, such formulation may lead to
outputr; in the low frequency range where the slowly varying conservative results. In this paper we aim for less conserva-
disturbanceb” has most of its flect. The gain parametet,  tive results with maximum performance and also simplicity in
in W,(s) specifies our desired level of LF disturbance-rejectionthe design procedure. To capture tifeet of unmodelled dy-
The larget4,,, the greater the penalty on thext of the distur-  namics in our control plant model, it is also assumed that input
bances on the LF motion. For superior disturbance-rejection iforces and torque are provided through an actuator whose band-
the LF ranged, should be as large as possible. Moreover, thewidth is unknown but in some fixed known interval and its DC
performance weigh?,(s) places a smaller penalty on perfor- gain has 2 percent uncertainty; this amplifier can be described in
mance outputy; in the mid-range frequencies where WF mo- the form of some nominal first order transfer functi@s(s) and
tion has most of its ffect. In particular, this selection dictates a multiplicative uncertainty described with some transfer func-
our wave filtering demands to ti¥é. controller. Such & ,(s)  tion Wund(s). The computed frequency-domain upper-bound for
can be found by cascading a low-pass and a narrow band-patb®e unstructured uncertainty, which serves in this example as a
filter together, see Fossen (2011); Sagrensen (2011a) for deta#arrogate for unmodelled dynamiég,nd(s), captures some im-
of DP wave filtering using cascaded low-pass and notch filterportant practical features. This implies that the designed con-
ing. Wave filtering using KF or passivity based observer oftentroller K(s) provides robust-stability and-performance for the
give a similar &ect. nominal vessel model with some percentage of model pertur-
To reduce the thruster modulation to the lowest possible levebation (one can easily compute its exact value) ov&edint
an appropriate weighting function should be chosen to penafrequencies. Later in section 6 we show in details how an spe-
ize the control action dierently over diferent frequencies. The cific selection of#n(s) specifies the percentage of model per-
rational is that the weight should be selected so that the corturbation, that can be dealt by robust controller, ovéiiedént
trol energy is penalized in the high-frequency. This avoids satfrequencies.
uration as well as excitation of the high-frequency dynamicsSummarizing our design process, Fig. 4 shows the appropriate
The magnitude of the frequency response of a nominal contra@ugmented structure for DR, controller design.

6

Figure 3: Choice of Weighting Functiorig,(s) and 7,(s).



®© 0 ‘: tions from calm to high seas, the transfer function of the perfor-
- —— - mance weight upon the outpwit is selected as

I
|

! a15° + a28% + azs + «
I 1 2 3 4
I

I

I

Wy,(s) = A4 35
p(S) L ﬂ1s3 +,82S2 +,83S +,84 ( )
. 7 where the cofficients of @ = [a1 a2 a3 a4] @and 8 =
" | AR MedCo e Lz [B1 B2 B3 B4, obtained after several iterations, are condensed
n ()= | in Table 3. The selection of thi,(s) for different sea condi-

tions is done by cascading a low-pass and a notch filter together.
The low-pass part is responsible for good low frequency distur-
u=r bance rejection and the band pass filter (in mid range frequency)
S is tuned to have a bandwidth similar to the range of the frequen-
cies that waves have their most (first ordefget on the motion
Figure 4: Standard Feedback Configuration Developed for DP. (WF components of motion). Fig. 5 depicts the magnitude of
the frequency response of the computed performance weight-
ing transfer functions fod,, = 1. In extreme sea conditions we

5. Robust DP Controller Design in Extreme Sea Condition

10°

In extreme seas and extreme conditions the nonlinearities due
to large motions will be more noticeable for the WF motions.
Also, the coupling between the horizontal plane motions and
the vertical motions will become more important. As the sea
state builds, it is also a challenge to distinguish the LF mo-
tions from the WF motions. At higher sea states, the period of
the waves gets longer, resulting in decreasing wave frequencies.
Thus, the formulation of hydrodynamics models appropriate for
controller designs is still a subject for research. In such condi-
tions (extreme seas or swell with very long wave periods) wave
filtering should be turnedffy see Sgrensen (2011b), and in par- e o o o o
ticular Sgrensen et al. (2002) for details on tiffieet of wave freuency (radses)
filtering in extreme seas. Based on Sgrensen et al. (2002) the
state space control plant model for DP in extreme sea can be
described by

Magnitude
5

Figure 5: Choice of Weighting Functioni),(s) for 4, = 1.

suggest a new frequency weighting functidp(s) as

b=-T" b+ Eyw, (31)
. 0.5
n=R)v (32) Wyls) = dp—=o= (36)
My +Dv =7+ R (y)b 33 '
vHDy=T R (33) which is applied to the total motion of the vessel, i.e. the con-
My =n+v (34) " troller should compensate for both LF and WF motions.
which is similar to the one in (1)-(7), excluding the WF motion
components. Table 3: Weighting Functions’ Cégcients
To design a robust DP controller for extreme sea conditions,
the methodology explained in the previous section can be used. Ccalm o | [0.0008 1.3498 0.3955 2.8633]
However, the performance signal will be the total motion (and B | [1.0004.47226.2482 236331“
not only LF part of it) and the frequency weighting functions Moderate!-% [0.0059 0.8612 0.1689 0-754:3]
must be changed. We suggest a new frequency weighting func- B | [1.0000 3.0957 2.6665 0.7543]
tion ¥, (s) as Hiah « | [0.0060 0.6080 0.0823 0.2521]
W, (5) = A, W,(5) 9" T3 [1.00002.1406 1.2811 0.2521]

whereW; (s) is some low-pass filter anidl, (s) is applied to the
total motion of the vessel, i.e. the controller should compensate |n this paper the control action is penalized with the fre-
for both LF and WF motions. quency domain weight

) 5% +0.3652 + 0.0333
6. Controller Design Summary Wu(s) = 2 13650 + 33343

In this section we study the process of designing the robugtig. 6 depicts the magnitude of the frequency response of the
controllers for a specific marine vessel. For operating condicomputed control action weighting transfer function. This se-
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Table 4: Summary of Controller Performance Index

Controller 4, 7

Calm Sea 3 PY<u<l1
Moderate Sea 2.5.99<u<1

High Sea 19 9<u<l1
ExtremeSea 1 .99<u<1

Magnitude
5,

10°F

10" L
10° 107 10"

frequencies. We emphasize that each individual local con-
troller has guaranteed performance- and stability-robustness
over its associated parameter subintervals of Table 2. Due to
the fact that the mixeg-upper-bound inequality gf < 1 is

only a suficient condition for both robust-stability and robust-

performance, each local controller will actually have a wider
lection allows for larger control action at lower frequencies andstability region, see Vasconcelos et al. (2009).

penalizes large control activity at higher frequencies. Through-
out this paper the same weight is applied to all control channels.

We assume that input forces and torque applied to the ves- o
sel are provided through a first-order low pass actuator whose =
bandwidth is unknown but lies in the interval .48 410]
radsec; its DC gain has 2 percent uncertainty; this actuator can
be described in the form of a nominal modgj(s) and multi-
plicative uncertainty?nc(s) as follows:

10 10
Frequency (rad/sec)

Figure 6: Choice of Weighting Functionig, (s) to Penalize the Control Action.

1
Go(s) = ——,
o) = 32858 + 1 N
W ( ) 2‘ 9 153‘2 + O. 952% + 0‘ 0200 10'Z [ Singular ;/:\ue of DP Controller for Moderate Sea ‘ J
une 8.097852 + 5.7503s + 1.0000 e

Frequency (rad/sec)

The computed frequency-domain upper-bound for the unstruc-

tured uncertainty which serves in this example as a Surrogafégure 7: Singular Values of the Local,, DP Controllers for Calm to Extreme
. . eas.

for unmodelled dynamicslVnc(s), captures some important

practical features. This implies that the designed controller

K(s) provides robust-stability and-performance for the nomi- Fig. 8 jllustrates the potential wave filteringect of the ro-
nal vessel model with 9% - 33% model perturbation (in eactyyst DP controllers in calm to extreme sea conditions by using
control channel, independently) over the frequency range frorg|ots of the maximum singular value of the closed loop system
0.1 to 1 ragsec, and almost 35% model perturbation, for fre-from control channel (where thefect of the waves enters as
quencies over 1 rgsec. Recalling the frequency content of the forces in surge and sway and torques in yaw) to the output po-
disturbances in the DP applications, one can verify how a parsition of the vessel. For calm to high sea conditions, it is shown
ticular selection ofunc(s) can capture theftect of diferent  that a band-pass kind offect exists such that the mid-range
disturbances over the dynamics of the vessel. frequency components of the vessel's motion are not counter-
Table 4 summarizes the results of the design of robust DBajanced by controller where sucffieet is not seen in extreme

controllers for diferent sea conditions. As expected, the beskea condition and the WF components of motion are also regu-
performance index, i.ed,, is achieved for calm sea condition |ated by the robust controller (in extreme sea).

and the worst is for extreme sea.

Note that all controllers are three-input three-output LTI sys-
tems since the controllers produce surge and sway forces ds Numerical Simulations
well as a yaw moment, and measurements are available for ) )
three states: surge, sway and heading. Fig. 7 compares te/: Overview of the Simulator
four local controllers by examining their singular value plots; In what follows we test the performance of our con-
it is clear that at low frequencies the local controllers generatérollers using the Marine Cybernetics Simulator (MCSim), later
a larger gain and in mid-range frequencies (where WF motioon upgraded to Marine System Simulator (MSS). The MC-
has its maximumfect) the local controllers generate a (signif- Sim is a modular multi-disciplinary simulator based on Mat-
icantly) lower gain; naturally, this leads to good disturbancedalySimulink. It was developed at the Department of Marine
rejection in low frequencies and wave filtering in mid-rangeTechnology, Norwegian University of Science and Technology
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Extreme Seas.
Figure 9: Simulation Results: Total Position and Headinghef DP system
using robust DP controller in Calm Sea condition.

(NTNU). The MCSim incorporates high fidelity models, de-
noted as process plant model or simulation model in Sgrensen
(2011a), at all levels (plants and actuators). It captures hy-
drodynamic €ects, generalized coriolis and centripetal forces,
nonlinear damping and current forces, and generalized restc £
ing forces. It is composed of flérent modules that include the
following:

1) Environmental module, containing diferent wave models,
surface current models, and wind models.

2) Vessel dynamics module consisting of a LF and a WF
model. The LF model is based on the standard 6 DOF ves
sel dynamics, whose inputs are the environmental loads and tl _
interaction forces from thrusters and the external connected sy £
tems. 2
3) Thruster and shaft module, containing thrust allocation

routine for non-rotating thrusters, thruster dynamics and locs ~ ° * e . 0
thruster control. It may also include advanced thrust loss mod-

els for extreme seas, in which case detailed information aboufigure 10: Simulation Results: Total Position and HeadinghefDP system
waves, current and vessel motion is required. The shaft is moding robust DP controller in Moderate Sea condition.

eled as arotational mass, with propeller speed given from motor
torque and propeller load torque.

4) Vessel control module consisting of diterent controllers,
namely, nonlinear multivariable PID controller and Linear 4
Quadratic Gaussian (LQG) controller, for DP. 2
For more details on the MCSim see Sgrensen et al. (2003
Perez et al. (2005, 2006), and Fossen and Perez (2009b).

Nortl
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East (

Head!

North (m)
=)

2+

4
1
7.2. Numerical Simulations 02 r i

(m)

This section described the results of simulations with the & s g
MCSim using the controllers designed in the previous sections -1 w w w w L

Figs. 9-16 shows the results of Monte-Carlo simulations of
the robust DP system in fiierent sea conditiorfs.From Figs.
13-16 it is seen also that even with using wave filtering fre-
quency weighting functions (in the design process of the con  -2; = o . o o
trollers), some of the 1st-order wave frequency components al Time (5

Heading (deg)
S

Figure 11: Simulation Results: Total Position and Headin¢hefDP system
sing robust DP controller in High Sea condition.

8All the results are presented in full scale. Moreover, we should highlightu
that the starting time of the simulation in Figs. 9-16 (and also Figs. 18-22) are
different but have been transformed to zero for sake of clarity.
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Figure 13: Simulation Results: LF Position and Heading of Bte System
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Table 5: Model main parameters

Model Full Scale
Overall Length 2.275m | 68.28m
Length between
perpendiculars 1.971m | 59.13m
Breadth 0437m | 13.11m
Breadth at water line 0.437m | 13.11m
Figure 17: Cybershiplll. Draught _ 0.153 m 4.59m
Draught front perpendicular 0.153 m 459 m
Draught aft. perpendiculaf 0.153 m 459 m
) _ _ Depth to main deck 0.203 m 6.10m
seen in the LF components of moti§nHere we should high- Weight (hull) 17.5kg | Unknown
light that in Figs. 13-16 we present only the LF components Weight (normal load) 742kg | 22.62tons
of th(_a motion. However, the controllers are fed with the total Longitudal center of gravity 100 cm 30m
polsmc;]n (LF‘LWF)I' ) he il i gt Vertical center of gravity | 19.56cm| 5.87m
f nt else SIT\'U ?tlons, the _renlt er(;wro_nmer;]t conditions f Propulsion motors max
rom calm to high seas are simulated using the spectrum of | o o power (6% gear loss] 81 W 3200 HP
the Joint North Sea Wave Project (JONSWAP), see Hassel- Tunnel thruster max
mann et a!. (1973). _The calm, moderate, high and Extreme shaft power (6% gear loss) 27 W 550 HP
seas are simulated with Dominant Wave Frequency (DWF) of s
Maximum Speed Unknown | 11 knots

1.20 (ragsec), 0.91(ratsec), 0.65 (rgtdec) and 0.4 (radec),
respectively.

capture unit (MCU), installed in the MCLab, provides Earth-
fixed position and heading of the vessel. The MCU consists
of onshore 3-cameras mounted on the towing carriage and a
The designed controllers were tested using the model vesseharker mounted on the vessel. The cameras emit infrared light
Cybershiplll, at the Marine Cybernetic Laboratory (MCLab) of and receive the light reflected from the marker.
the Department of Marine Technology, Norwegian University  To simulate the dferent sea conditions a wave maker system,
of Science and Technology (NTNU). This section presents thgroduced by the Danish Hydraulic Institute (DHI), is used. It
experimental results of model tests for robust DP systems igonsists of a single flap covering the whole Breadth of the basin,
different sea conditions produced by a hydraulic wave maker. and a computer controlled motor, moving the flap. Itis able to
produce regular and irregular waves withfeient spectrums.
We have used JONSWAP spectral for simulating théedent
sea conditions for our experiment.

8. Experimental Model Test Results

8.1. Overview of the CybershiplIl

CyberShip Il is a 1:30 scaled model of affshore vessel
operating in the North Sea. Fig. 17 shows the vessel at the
basin in the MCLab and table 5 presents the main parametegs, Experimental Results
of both the model and the full scale vessel.

Cybershiplll is equipped with two pods located at the aft. Figs. 18-21 shows the vessel position and headingffierdi
A tunnel thruster and an azimuth thruster are installed in thent sea conditions. The results of the model test are in agree-
bow!° It has a mass of 75 kg, length of L=2.27m and  ment with with the ones obtain in the numerical simulation
breadth of B= 0.4 m. The internal hardware architecture is s dy, showing satisfactory performance of the robust DP con-
controlled by an onboard computer that communicates with thgq)iers in diferent sea conditions.

onshore PC through a WLAN. The PC onboard the ship uses 1q regyits of the experimental test are consistent with those

QNX real-time operating system (target PC). The control sysgyaineq using the MCSim in the simulation study. The per-

tem is developed on a PC in the control room (host PC) ungormance of the robust DP controllers designed fdfedent

der SimulinkOpal and downloaded to the target PC using aue, conditions is compared with that obtained with LQG and

tomatic C-code generation and wireless Ethernet. The motioB|p controllers in Hassani et al. (2012a); Hassani and Pascoal
(2015), both through numerical simulations using MCSim, and
9At this point, we should emphasize that the controllers are designed accor(ie_—;(pe“mema”y’ using _mOdeI te_St experiments. The results Ir.]
ing to the simple model of (24)-(29), while they are tested in the MCSim with 1assani et al. (2012a); Hassani and Pascoal (2015) show satis-
a high fidelity model that captures hydrodynamiteets, generalized Coriolis ~ factory performance of robust DP controllers irffeient sea
and centripetal forces, nonlinear damping and current forces, and generalizgghnditions; in particular, superior performance of robust DP
restoring forces. Moreover, in the MCSim the JONSWAP wave spectium is,q oo llers in extreme sea condition is shown in Hassani et al.
used to simulate the waves while the linear model captures the Wiaetse ] . .
with second order approximation of the waves’ spectral density. (2012a); Hassani and Pascoal (2015). Fig. 22 shows the com-

10For technical reasons in this experiment the tunnel thruster was deactivateparison of the total motion of the vessel in high sea, working
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Figure 18: Experimental Results: Total Position and Headihthe Cyber- Figure 20: Experimental Results: Total Position and Headihthe Cyber-
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9. Conclusions

This paper proposed a new strategy for the design of ro-
bust DP controllers for marine vessels undefetent sea con-
ditions using mixeg: synthesis. A linear model of the ves-
sel with parametric and unstructured uncertainties was devel-
oped and robust DP controllers were designed using nyixed-
synthesis. During the design process, a systematic and infini-

! tive methodology was proposed to appropriately select the fre-

T e o oo 19 Pessive observer I quency weighting functions. We alsd¢fered a comprehensive
05 | = = = Totalmotion with robust DP o ] evaluation of the performance obtained with a set of robust DP

: y 4N S controllers designed for fierent sea conditions, for a repre-
sentative vessel model. The evaluation included Monte-Carlo
simulations, as well as model-test experiments with a vessel in
a water tank equipped with a wave maker. The results obtained
confirmed the flicacy of the methodology adopted for robust
Figure 22: Experimental results (high sea): total motiontef vessel with  controller design. Future work will include the application of
different DP controllers. the methodology developed to the design of DP controllers for
areal vessel.
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