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A dynamic positioning system based on Kalman filtering and optimal
control
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This paper describes a computer-based, dynamic positioning system for floating
vessels. The system is based on a detailed mathematical model of vessel motion in
response to forces from thrusters, wind, waves and water current. The system
uses a Kalman filter for optimal estimation of vessel motions and environmental
forces from wind, waves and current. The control system is based on feedback
from the motion variables where the oscillatory, wave-induced component is
removed by the estimator, Feedback from the water current estimate provides
the integral action of the system and feed forward from the wind force estimates
are implemented. Simulation results and recordings from actual operation of the
system indicate an excellent system performance.

1. Introduction

The main purpose of a dynamic positioning system is to keep a floating vessel
on a specified position by proper action of the propulsion system of the vessel.
A dynamic positioning system, (a DP-system), includes one or more position and
heading measurement systems, a set of control algorithms and a propulsion system.
A DP-system is required in many offshore oil field operations such as drilling, pipe-
laying, diving support, etc.

A DP-system should be designed to keep the given vessel within specified position
limits, with a minimum fuel consumption and with minimum wear and tear on the
propulsion equipment. In addition, the DP-system should tolerate transient errors in
the measurement system and also give an acceptable reaction in case of error in the
propulsion system.

Dynamic positioning systems have been manufactured since the early sixties,
mainly for drilling vessels and diving vessels. The traditional way of solving the
control problem in a DP-system is by introduction of PID-controller for each of the
surge, sway and yaw motions (Sargent and Cowgill 1976). This approach has several
disadvantages. Due to couplings between the surge, sway and yaw motions, the
integral action of the controller must be quite slow. A second disadvantage is due to
the phase lag introduced in the control loops by the widely used notch filtering of the
motion measurements. This is usually done because the first order wave forces acting
on a floating structure may be extremely large and PD-systems are not intended to_
suppress wave introduced motions. -

The known disadvantages of conventional DP-systems led the mechanical en-
gineering and data technology company, Kongsberg Vapenfabrik A/S of Norway, to

Received 2 July 1979

¥ University of Trondheim, The Norwegian Institute of Technology, Division of Engineer-
ing Cybernetics.

i SINTEF, The Foundation of Scientific and Industrial Research at The Norwegian
Institute of Technology, Trondheim.

§ AJS Kongsberg Vapenfabrik, Kongsberg.

M.LC. G




136 J. G. Balchen et al.

initiate the development of a DP-system based on the concept of modern control
theory, such as Kalman filtering and optimal control. The development of the estima-
tion and control part of the DP-system was carried out in cooperation with SINTEF
at the Norwegian Institute of Technology in Trondheim (Balchen et al. 1976).

The system was developed during the period 1975-1977. The first installation was
carried out and tested during the summer of 1977 on board the vessel M/V Seaway
Eagle of Seaway Offshore Services.

Since then, several systems have been installed and considerable experience in
their operation has been gained. The rest of this paper deals with the design of the
control and estimation part of the system. Several recordings from actual operation
of the system are also given.

2. Mathematical modelling

The mathematical model is designed to be used in a Kalman filter for estimation
of the motion variables of the vessel and essential environmental variables influencing
the motion of the vessel. In order to separate the wave induced oscillatory part of the
motion from the remaining part of the motion, the total vessel motion is modelled
as the added outputs of a low-frequency model, (LF-model), and a high-frequency
model, (HF-model). See Fig. 1.

2.1. Coordinate systems
It is convenient to apply two different coordinate systems for modelling purposes.

An earth-fixed coordinate system is used to integrate the dynamic equations of
motion. Another coordinate system, with the same origin as the earth-fixed system
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Figure 1. Low frequency and high frequency part of the vessel motion.
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and the axes parallel to the main axes of the vessel, is used for computing the forces
acting on the vessel. For both systems, the z-axis is defined along the vertical, with
the x-y plane in the calm water surface. The coordinate system definitions are shown
in Fig. 2.

North, xE

x-direction

y-direction

Figure 2. Definition of coordinate systems.

2.2. The LF-model of vessel motion

The low frequency model is designed to represent motions induced by wind,
thrust and water current in the surge, sway and yaw coordinates. The model equa-
tions are formulated in the vessel parallel coordinate system. This coordinate system
may be thought of as vessel parallel but ‘frozen’ during the force computations. For
discrete time integration of the model equations, all variables are transformed to the
vessel parallel coordinate system. The velocity and position increments are computed
in this coordinate system and the resulting motion variables are transformed back to

the earth-fixed coordinate system. This is repeated for each time increment of the
integration.
The LF-model equations are
J'cu =XL2 (1 )
, d, 1
Xpa=—— | X2 —Xc1 | (X2 —Xc1 ) +— (U + 01 ) +714 )
m my
Xp3=Xra 3)
. d, 1
Xpa=—— |Xpa—Xcz | (s —Xc2) +— (U2 +02) +712 @)
iy L)
XLs=XLe 3)
- da d4 l
Jre=—— | X6 | ¥Le—— |XLa —Xcz| (¥ra—Xcz)+— (us+v3+Xc3) + 703 (6)
ms M3 s

where the following definitions are used

G2
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Xy ;—position in x-direction (sway)
xp,—velocity in x-direction
Xpaz—position in y-direction (surge)
X 4—velocity in y-direction
xp s—heading (yaw)
x¢—heading rate
Xcp—current in x-direction
Xcz—current in p-direction
Xcz—current moment representing modelling errors
v,—wind force in x-direction
v,—wind force in y-direction
v;—wind moment
u;—thrust force in x-direction
u,—thrust force in y-direction
uz;—thrust moment
7 i=1,2,3, are assumed to be zero mean gaussian white noise processes and d;,
i=1,2,3,4, are drag and momentum coefficients. These are generally given as functions

of the difference between the heading angle of the vessel and the water current direc-
tion. my, i=1,2, 3, are inertial coefficients which are assumed to be constants.

2.3. The HF-model of vessel motion

The high frequency model is formulated in the vessel parallel coordinate system.
The surge, sway and yaw motions are modelled by three separate harmonic oscillators
with a variable frequency and with white process noise inputs representing modelling
errors and unpredictable wave noise. The mathematical formulation for the HF-
motion becomes:

Xq1 =Xz @
Xuz= — @ Xy +79py (®)
Rus=Xpne ®)
Ana= — w3’ Xuz + 7, (10)
Xus =nXe (11)
Xpe= —w32x|_|5 + 73 (12)

Oy =y 13)

@2 ="ns (14)

W3 ="Nye a 5)
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where

Xuy—HF-part of position in x-direction (surge)
xi2—HF-part of surge rate

xgs—HF-part of position in y-direction (sway)

Xua—HF-part of sway rate

xus—HF-part of yaw

xue—HF-part of yaw rate
w;—angular frequency of HF-motion in surge
wy—angular frequency of HF-motion in sway
ws—angular frequency of HF-motion in yaw

and where 7y, is assumed to be zero mean, gaussian white noise process (i=1, 2,
... 6).
»

2.4. Modelling of environmental disturbance

The water current model includes the current velocity components in earth fixed
coordinates. The current components are modelled as slowly varying parameters by

jc1E='}‘C1 (16)
XeE="c2 (17
Xea="cs (18)

where

7 — 2ero mean white noise processes (i=1, 2, 3)

The current vector applied to eqns. (2), (4) and (6) are derived through the rota-
tional transform matrix

cOs X5 —Sin xs
A =
sin xs  COS X5
by
Xc1 Xcq®
=A" (19)
Xc2 Xc2®

where x5 is the sum of the LF- and HF-parts of the yaw angle.

The wind speed and direction are modelled as a sum of their slowly varying mean
value parts and their rapidly varying parts, (wind gusts). Hence, we write the wind
model as

Xw1=%w1 (20)
Xwz =01 Xwz2+ w2 (21)
Xw3=Tw3 (22)

Xwa =@2Xwa+TMwa (23)
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where
Xwi—slowly varying part of the wind speed
Xxwz—rapidly varying part of the wind speed
xw3—slowly varying part of the wind direction
Xwa—rapidly varying part of the wind direction
7nwi—zero mean white noise gaussian process (i=1, 2, 3, 4)
a;—constant coefficients (i=1, 2)
The wind forces v,, i=1, 2, 3, defined in the LF-model of the vessel motion is then
given by
v =fi(B)Xw1 + Xw2)? (24)

where f; are wind drag and momentum coefficients. These are functions of 8, the angle
between the wind direction and the vessel heading given by

B=Xw3+ Xwa—Xs (25)

2.5. Modelling of the thruster system

The resulting thrust vector is computed by adding the effect of each thruster.
The force generated by each thruster is computed as a function of speed, azimuth-
and pitch-angle in a rather complicated way. The computed thrust force is also
modelled as a function of the relative velocity between the water and the thrusters.

2.6. The measurement model

Position measurements may be carried out by means of several types of sensors,
most commonly used are hydroacoustic position reference systems, taut wire systems
and short range radio navigation systems. The heading measurement is given by a
gyrocompass. We will assume that the position measurements are given in the vessel
parallel coordinate system (x, y). For notational simplicity, we assume that only one
position measurement system is active. The position and heading measurement
model is then given by

Y1=Xp1 +Xgy + Wy (26)
Y2=Xpz+Xu3z+Ws (27)
Y3=Xps+Xus+Ws (28)

where
y,—position measurement in x-direction
y2>—Pposition measurement in y-direction
ys—heading measurement
wy—zero mean independent white noise processes (i=1, 2, 3)

The wind speed and direction measurements are modelled by
Vw1 =Xw1 + Xwz + Wy (29)

Ywz=Xwa+Xwa—XpLs— Xps + Wy (30)
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where
Ywi—wind speed measurement
Ywa—measurement of wind direction relative to the x-axis

ww;—zero mean independent white noise processes (i=1, 2).

3. Estimator design

Based on the previous stochastic model of the environment, the vessel and the
thruster system, a complete extended Kalman filter, (Jazwinski 1970), could be
designed. However, the heavy computational load imposed by the extended Kalman
filter equations may be greatly decreased by introducing the following approximations:

—The estimation of the wind states and the estimation of the vessel motion are
decoupled. By this, we mean that the wind state estimates are updated by using the
wind measurements only and that the estimation error of the wind force acting on
the vessel is included in the process noise terms #y; and ny;. [t is also assumed that
the uncertainty in the vessel heading is included in the measurement noise of the
wind direction measurement eqn. (30).

—A steady state filter gain matrix is used in the wind filter.

—The estimation of the surge-, sway- and yaw-motions of the vessel are decoupled,
in the sense that the prediction error in one of the measured coordinates is not used
for updating the position and velocity in the two other coordinates. The couplings
in the prediction model of the vessel motion are, of course, included.

—Because the vessel dynamics do not influence the water current and because the
current variations are slow, the current estimates are updated by the prediction
errors of surge and sway measurements transformed to north oriented coordinates
and the current moment variable is updated by the yaw measurement prediction
error. The filter gain matrix for the current variables is assumed to be constant.

The resulting filter structure is shown in Fig. 3, where Kgy, Ksw, Kya, Kw and K¢
are the filter gain matrices for the submodels of surge, sway, yaw, wind and water
current, respectively. Note that the surge and sway models are integrated in earth
fixed coordinates and updated in vessel parallel coordinates. We shall now discuss
the different subfilters.

3.1. The surge, sway and yaw filters

Initial experiments with extended Kalman filtering based on full covariance
computations showed the following:

—After a short initial period, the filter gains for estimation of positions and velocities
were constants except for very small variations, (smaller than ~2-3%).

—The filter gains for estimation of the HF-motion frequencies oscillate with the same
frequency as the HF-motion and with zero mean value.

In order to reduce the computational load imposed by the filtering algorithms,
the filter gain coefficients for updating of positions and velocities are assumed to be
constants. However, this is impossible for the frequency updating part of the filter
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Figure 3. The filter structure. (Note that the surge and sway models are integrated in earth-
fixed coordinates. This is not shown in the figure).

gain matrix. We shall show that this part of the filter gain matrix can be assumed to
be a linear combination of the high frequency position and velocity estimates.

Let us consider the surge coordinate. If the oscillation frequency, e, of the HF-
motion is assumed to be known, the approximate surge filter is given by

'é]..=f1.('e]..9 Kcis Dy, uy)+ Kiey (31
Ritr =Ru2 + Kusey (32)
-’énz ==&k +Kugf1 (33)

where £, is the estimate of the low frequency state vector of the surge motion, %, is
the estimate of the current velocity, #, is the estimate of the wind force, u, is the thrust,
€, is the surge coordinate prediction error and K;, Ky, and Ky, are filter gains.
Ru1> Xz are the high frequency states and f] is a vector function, defined by the model
eqns. (1) and (2).

If now &, has a slow variation away from its initial value, the covariance of the
innovation process will increase. In order to track the variations in w,, the following
algorithm is applied
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&= £ _la_(elz)= = 4 i

2 36, 36,

@ (34)

This algorithm adjusts &, in the negative gradient direction of €,%. Because a
significant part of €, stems from measurement and process noise, the constant k has
to be given a quite small value so that the noise influence on &, is kept small. We will
now find an expression for de,/0&, and then discuss the choice of k.

de, /86, is equal to —(8Ry,/0d, +0%y.,/0é,). Now, for typical values of K, =
[Ke1, Kial%, Kuy, Kuz and &y, it is quite easy to show that 9%,/06, <€0%y1/00,. In
fact, if 0(&,)=1, the following relationship holds

(52 o)

where 0(.) means order of magnitude, and where 0(Ky,) is typically equal to 1072
Hence, by differentiation of eqns. (32) and (33) with respect to &,, we obtain

F=s—Kg, 1 (35)

§=—dy2r—20,% Ry — Kuar (36)

Whel‘e r=a£|.|lla(:)l and s=6£|{2’a(:|1.
Differentiation of (35) and insertion into (36) yields

F4 Ky P+ (842 + Ky )Jr= — 26,8 (37)

If we how assume that the HF-motion estimate is given by

RHl =g sin tﬁll‘
and hence
Repp =0ad, COS & f

the steady state solution to (37) is given by

Oey 2d),

06, (Kui®:)*+Kuz?

This inserted in eqn. (34), yields the algorithm for tracking of w,. Now, let us turn to

the choice of k in eqn. (34). We introduce the first order approximation

dey

0,

in eqn. (34) where ¢, , is the innovation signal when &; =w, and where Ady=dy —w,.
This yields if w, is assumed to be constant

r=-— (Kn1fu2 — Kna®u1) (38)

Aw, (39)

€ =€+

2
Aéry = —k (ai) Aoy —k 2L ey (40)

o, 0
This yields an approximate time constant for estimation of w, given by

1 __(Km‘:h)z + Kuz®
k 'rzcﬂ-_ 2kf_?.llz °az

T,= (a1
where r is the effective value of r= —d¢,/04, and a is the amplitude of ;. If the
variance of de,/0®, is small compared to the variance of ¢,, the variance of &, is
approximately given by

cov (&) =1k cov (e40) (42)
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The structure of the surge and yaw filters are shown in Figs. 4 and 5. The sway
filter is identical to the surge filter, except for numerical values of constants, and is not
shown separately. The switches B in the filter structures are kept open during the
initial phase. The switches are closed when the LF-estimates and the current estimates
have converged. Note that the actual implementation of the surge and sway models is
slightly more complicated than shown in Fig. 5, because the positions are integrated
in earth-fixed coordinates.

Surge
measurement

Figure 4. Surge filter structure.

3.2. The current filter

The current filter is designed with constant filter gains based on a discretized
version of the current model,

As previously indicated the current components are updated by transforming
the surge and sway prediction errors to the north oriented system,
The filter on continuous form is given by:

o= cosfs sing; O0[ ¢
c‘éczE "—'KC T | Sil‘l -25 COos .Qs 0 €3 (43)
ic3E 0 0 l €3

where £5=2%; 5+ %45, Where ¢, are the prediction errors in surge, sway and yaw
respectively, and where K, is a constant, diagonal filter gain matrix. The resulting
current filter structure is shown in Fig. 6, where A4 is defined by eqn. (43). The choice
of Kc is discussed later in connection with the control system design.
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As already mentioned, Ky, is chosen equal to its steady state value. It is also
assumed that the noise of the wind direction model is uncorrelated to the noise of
the wind speed model, so that the estimation of the wind speed and the wind direction
are decoupled. The discrete wind direction filter is shown in Fig. 7, where Ky“ is the
wind direction part of Ky. Variables marked “** are estimates of the corresponding
unmarked variables and AT is the sampling interval.
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Figure 7. Wind direction filter.

4. Calibration and error detection
4.1. Error detection

Several types of errors may occur in the measurement system. Examples of these
are:

—dead lock of wind sensors due to ice, etc.
—gyro compass failure

—transient failure of hydroacoustic position measurements due to acoustic noise
from thrusters and waves.

Two types of tests are performed on the measurements in order to reject spurious
I measurements and to detect failure in the measurement systems. First, a limit check is
2 applied. If a given measurement is within acceptable limits, a dead lock check is
performed. If no dead lock is detected, the measurement is used in the filter algorithm.
The limit check of a given measurement is based on a prediction error criterion and
works as follows.

{  First, the prediction error is computed. If this error is outside a given error limit,
the corresponding measurement signal is disregarded. If the absence of the actual
measurement renders the corresponding submodel unobservable, the prediction error
limit is increased by a given amount until an acceptable measurement is again ob-
tained. This is illustrated in Fig. 8. If the estimator is without position measurements
for too long a time, the estimator will become inactive and will not be activated until
a system reset command is given by the operator.

The error detection systems have turned out to work very well. The reason is, of
course, that transient errors in the measurement system are not transmitted to the
control system which, in the error periods, responds to predicted values of the vessel
states and the environmental disturbances,

4.2. Calibration system
Once a reference position is established, new measurement systems or new trans-
ponders, for use in an already active hydroacoustic measurement system, may be
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Figure 8. Error detection principle.

calibrated. By calibration, we mean the estimation of the linear translation of the
measurements from the calibrating system or transponder relative to the reference
position. A measurement from a calibrating system or transponder is used in a simple
stochastic approximation algorithm for estimation of the translation coordinates.
Several systems may be calibrated simultaneously.

5. The control system

The controls are computed from estimates of the environmental states and the
deviations between wanted and estimated vessel states. Only the LF-part of the vessel
states are used by the control algorithm. This implies that the control signals are almost
free from wave-induced, oscillatory components and very little thruster modulation
occurs. Feed forward is taken from the wind filter and feedback is taken from the
motion and the current estimates. We shall show that the current feedback_yields
integral action in the control loops.

The total control system structure is shown in Fig. 9. The dynamic properties of
this muitivariable control system depend on the Kalman filters, as well as the feedback
gain matrices G and G and the feed forward gain matrix Gy. The matrix G repre-
sents the proportional and derivative action of the controller, whereas G represents
the integral action and Gy, the feed forward for wind compensation. We shall now
discuss the design of G, G¢ and Gy,.

5.1. Computation of G

The design of G is based on a quadratic performance criterion and optimal control
theory. In order to find G, the equations for the vessel behaviour are linearized around
zero velocity, zero heading rate and zero current velocity. By transforming the control
deviations from earth-fixed to vessel-parallel coordinates, we have obtained three
decoupled control problems for surge, sway and yaw, respectively. These control
problems are, in principle, identical and we shall only consider. the surge control
problem,
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From eqns. (1) and (2), we have the following linearized surge model if the wind
force in neglected:

XLy =Xg, 44)

1
Xpz=—1uy+m, (45)
my
We want to find a surge feedback matrix, Gsy, so that the functional

1 T
J= lim = | (@Ax,2+pu,?) dr (46)
[1]

T—w

IS minimized. Ax, is defined as the deviation of x,, from its setpoint value. Using
standard LQG-theory, we find the optimal gain matrix given by

Gsy=[—0, —/(2m,0)] (47)

where

o=+/(q/p) (48)
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This yields a relative damping of 0.7. If the relative velocity between the vessel and the
water is not zero, (zero is the linearization value), the response of the surge loop with
the feedback given by Gy will be faster and the damping will increase.

Gy is a submatrix of the block diagonal matrix G. The remaining submatrices for
sway and yaw are found in exactly the same way.

5.2. Computation of Gy

Gy is designed so that the output from Gy exactly compensates the predicted wind
forces according to the wind model. Hence, we have

Uy = — D= —fa(ﬁxg\l\u + Rwa)? (49)

where uy, is the contribution to »; from the wind estimates and where B is the estimate
of g.

5.3. Computation of G¢

The feedback via Ge is included to counteract slowly varying environmental
curent forces and modelling errors. Now G is designed to take care of rapidly varying
external disturbances based on the simple model given by.eqns. (44) and (45). It is,
therefore, natural to choose G so that the current forces are exactly counterbalanced.
If the model were correct, we should therefore, choose (see eqns. (1)-(6))

Ugy =d1|£1.z_£c1 |(£L2_£Cl) (50)
Ucz =dz!£u—fczl(ir_4—2cz) (51)
Uc3=ds I Rpa—%c2 | (iu—fcz)—fcs (52}

where u, is the contribution to u, from the current feedback. Note that dy, dy and dy
are functions of the direction of the current relative to the vessel, so that the feed-
backs are highly nonlinear.

In a practical situation, there will always be modelling errors involved. However,
it is easy to show that, even if modelling errors are present, the expected values of the
setpoint deviations will still be zero. Let us, for simplicity, assume that only the surge
coordinate is excited, that the current is parallel to the surge axis, and that the total
control system is stable. (The proof is easily extended to a general situation). The
LF-estimator and the current estimator is then given by

21 =302 +ksur (1 — 21— Rm1) (53)
d 1

Ha= _m—l [£L2—%ca |(£L2_£Cl)+m_ (1 +01) +hsu2 (V1 — 11— fin) (54)
1 1

ict =kc1()’1 —fu—fﬂl) (55)

where ksy1, ksuz and k¢, are constant filter gains. If we define Axy ; =11 —Xp1 ref where
xg,"f is the position setpoint, (the velocity setpoint is zero), we have
Uy = Goy[Axy 1, $p2]" +iics +tws
or
Uty + 0y = —olxy, — V/(my0)Ry 2 +d, I£L2 — X1 I(xu —£c1) (56)
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This inserted into eqn. (54), yields
o o
Ru=—{— Axe+ — ) Rz ) +hsua (i — R —Ru1) (57)
m m,

1

From eqns. (53) and (55), we observe that E(R2)=E(y;— %, —%4,)=0. Hence, by
using eqn. (57), it is seen that E(Ax, ,)=0. This means that, if the measurement noise
has zero mean, the expected value of the surge position will always be equal to its
setpoint value.

From this analysis, it is quite obvious that the estimation of Xci, i=1,2,3 yields the
integral action of the system. The dynamics of this integral action depend heavily
upon the choice of the current filter gain matrix Kc=diag{kc,, kca, kcs}. We shall,
therefore, examine the eigenvalues of the total system response introduced by the
current feedback. For simplicity, we shall again look at the surge loop and assume
that the sway and yaw excitations are zero. The system is linearized around x, =0 and
Xc1=Xc, """ and we obtain the following linearized representation

AT -
) A+BGgyy i KgD 0
K2 R12
SR ol (PSS SN SO | I PP (58)
A%, ARy,
0 : A—KsuD . Bgca
Afyy i i ARy,
where
AR=x—% (59)
8c1=2d, 'xmml (60)
"0 1
A= (61)
| 0 —gci/my
" 0
B= (62)
I 1/m,
D=[1 0] (63)

The eigenvalues of the total system are seen to be given by the eigenvalues of the

submatrices
A—KgyD i Bges
[A+BGgyland | oo E

~kesD | 0

The eigenvalues of [4 + BGgy] have already been given proper values by the design of
Gsy- The remaining eigenvalues are given by the characteristic equation of the second
submatrix

iy 1 hy

A%+ (ksm ‘I‘gm))lz + (ksuz + % 'ksuz))l +g£ kcy =0 (64)
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The roots A, i=1, 2, 3, of this equation satisfy the relation

8
A e dp s A= —key f (65)

1
Now we are only interested in an approximate solution for the eigenvalue, A, intro-
duced by the current feedback. We want to choose |A3] <[], |A;|. Hence, A, and
A, do not change much when the current estimator is included. This yields

Ay - A= det (4 —KsyD)=ksu2 +% ksuy (66)
1

Then, we obtain from eqns. (65) and (66)

k
Agr — ci€ci (67
ksy2my +gciksu
and by making a proper choice of A, k¢, can be computed from
k
ke =(ksuzm1 +8ciksu1) As| (68)
Ec1
A similar formula applies to sway and yaw with gc, and gc; given by
8c2=2d, | X" | (69)
Ecs=1 (70)

6. Simulation experiments

The development of the estimation and control system was carried out using data
for the work platform Seaway Swan, a semisubmersible Aker H3-platform. In this
section, we shall give some simulation results where the control system is working
against a vessel simulator realized by a computer program. The simulator includes
realistic wave excitations, wind and current eXcitations, measurement noise, etc.

The total mass parameters for the vessel are

my=2+4-10" kg
my=4-0 - 107 kg
my=4-7 - 10*° kg/m?

The hydrodynamic parameters are shown in Fig. 10. Based on these parameters and
extensive Kalman-filter simulations, the following filter gain matrices are chosen

Ksu= Ksw =[0-045, 0-001, 0-3, 0-07, k, - r,]™
Kys=[0-145, 0-004, 0-7, 0-15, k,, - r,]T

where k,=0-002, k,=0-001 and r, and r, are given by eqn. (38). For the surge filter
we obtain

2
l‘s=m (0'3£H1 —0'0?1‘312[;2)‘
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Figure 10. Hydrodynamic drag functions (« is the angle heading direction and current
direction).

The filter is designed using the assumptions of gaussian, white position measurement
noise with standard deviation 0-7 m, a gaussian, white heading measurement noise
with standard deviation 0-2 degrees, and a measurement sample rate of 1 _second.

In order to test the filter performance, several simulation experiments are carried
out. As an example, the estimation of HF and LF motion in the surge coordinate is
shown in Fig. 11. In this case, the control system is inactive and the vessel is drifting
due to weather and current excitations.

The convergence of the wave frequency estimate &, is verified in another experi-
ment. Convergence results from different initial estimates of &, and different measure-
ment noise situations are shown in Fig. 12. The power spectrum of the actual HF-
motion of the vessel is shown in Fig. 13.

From eqn. (41), the time constant for estimation of w, is approximately given
by
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and the standard deviation of &, is found from eqn. (42) to be approximately given by

ks

These values of 7,,, and o,,; are seen to agree closely with the simulation results.

The estimation of current is strongly coupled to the control system response. We
shall, therefore, discuss the choice of current filter matrix in relation to the control

system parameters. The control feedback matrices are chosen to be
Gsy=[3-10* N/m, —1-15 - 10° Ns/m]
Gsw=[—3-10* N/m, —1-55 - 10° Ns/m]
Gya=[—20 10® Nm/rad, —5-0 - 10° Nms/rad]
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If we examine the surge loop, the eignvalues due to the feedback via G, introduce
the eigenvalues

Ay,n=—0-024 +j0-026

Now we assume that the water current is equal to £¢, in the surge direction. From
eqn. (67), the eigenvalue coupled to the current estimation loop is given by

_ Zdl !£c1 I ke,
ksyzmy +2d; | Rei | ksin

With d1=5 - 103 kg]m, kSUl =0"045, ksug =0-001 and L =2-4 - 107 we obtain

Ay

100 kcy | Rcq |
3T 244458, |

Choosing k¢, =0-001, we obtain A;=3-6 - 1073 for ¢, =0-1 m/s and A,=12-0- 1073
for £c, =06 m/s. This yields an integral time constant in the range ~ 100-300 seconds.
k¢, 1s chosen to 0-001 and k¢ is chosen to 2-0.

This agrees closely with simulation results, e.g. as shown in Fig. 14, which shows
the convergence of the current estimates after a simulated step change in the water
current intensity.

The total control system response to a step change in the position setpeint is shown
in Fig. 15. We observe that the heading is kept very nearly constant during the trans-
lational motion. This is due to the inclusion of the hydrodynamic interactions between
sway and yaw motion in the vessel model.

7. System implementation

In the previous sections, we have described the theoretical background and the al-
gorithms worked out for a new generation of DP-systems. In this section and the next,
we will describe the practical implementation of this system and discuss the experience
gained during almost two years of operation.

A typical system configuration is shown in Fig. 16. The maximum version of the
system includes two computers operating in parallel, supervised by a third computer.
Only one of the main computers transmits the control signals to the propulsion
system. The second computer acts as a hot stand-by computer receiving measurements
and processing these by the estimation algorithms. Due to the model-based, integral
action produced by the current estimator, the risk of integrator divergence in the hot
standby computer, (as experienced in conventional systems), is removed.

The Kongsberg KS 500 computers have a 128 k byte memory and the control and
estimation algorithms are written in real-time FORTRAN IV language.

7.1. Kongsberg DP on M|V Seaway Eagle and M|V Capalonga

The first version of this new DP-system was developed for the diving and support
vessel, Seaway Eagle, operating on the oilfields of the North Sea. Typical operations
are maintenance and repair work on the seabed close to platforms and fixed structures.
These operations demand the maximum reliability which can be achieved. As a result
of this, two reference systems are supplied, a super short baseline hydroacoustic
system and a microwave surface reference system.
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Figure 15 (¢). Applied thrust force in surge.

The different principles of operation and the different transmission media for the
two reference systems yield a higher reliability compared to a combination based on
identical sensors.

The second installation was carried out for the support vessel M/V Capalonga.
In addition to the above mentioned sensors, the Capalonga system includes a taut
wire sensor. The taut wire measuring system is based on a 0-5 in steel wire rope con-
nected to a depressor weight and exposed to a constant tension, thus indicating
position of the vessel via the inclination angles of the wire relative to the vertical.

All practical experience referred to throughout the rest of this paper is from one
of these installations, both completed in the year 1977.

7.2. Simulations and sea trials

The chosen control concept has several advantages compared to the classical
PID control strategy, such as improved noise suppression, more precise dynamic
behaviour and improved reliability through prediction and error detection. However,
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to achieve these advantages, a substantial amount of computational work has to be
carried out prior to installation and testing. One has to compute vessel displacement
and added water mass, drag and lift coefficients, wind force parameters, thruster
parameters and filter and control system parameters.

Based on computed parameters and coefficients, a software version of the control
system is tested and verified against a computer-based vessel simulator in the labora-
tory. The same simulator is also used for training of operators prior to commission-
ing of the system.

During a sea trial period all computations and simulation results have to be veri-
fied. This is normally done based on simplified parameter estimatation techniques
where important parameters are computed from a set of predesigned dynamic
experiments.

8. Operational experience

A discussion on the properties of a given control system cannot be kept separate
from a discussion of the process itself, in this case, the dynamic behaviour of the vessel.

The vessels in question are of about 2000 tons and 5000 tons displacement,
respectively. They are equipped with pitch controllable thrusters which, in the case of
Capalonga, are azimuth steerable as well. Important parameters of the vessel, when
discussing positioning accuracy, are

—thrust capacity

—control accuracy of thrust

—thruster time constants

—seagoing properties of vessel

—interaction forces between thrusters and hull

In the case of these two vessels, the state is not ideal for any of these factors but both
have satisfactory performance.

We shall now discuss the system performance, mainly with respect to noise sup-
pression, control properties and prediction and error detection capabilities.

8.1. Noise suppression

As could be expected, the Kalman filter works extremely well. This has made it
possible to utilize reference systems not previously used for dynamic positioning
systems, such as the PULSE 8 navigation system. A hydroacoustic reference system
used in unfavourable conditions and in deep water often yields measurement signals
with considerable disturbances. The efficient filtering of these signals has signifi-
cantly reduced the thruster control excitations from measurement noise. Figure 17
shows the innovation signal from the surge loop using hydroacoustics. The actual
water depth is 100 m and the vessel is constantly increasing its distance from the
transponder, while at the time 1000 sec the vessel is about 100 meters away from the
transponder. We observe that the measurement noise increases with increasing
distance. An innovation signal equal to zero (see Fig. 17), indicates an erroneous
signal, detected either by signal check in the hydroacoustic receiver or by the predic-
tion error check in the Kalman filter.

The standard deviation of the innovation signal in the worst case conditions of
Fig. 17 equals about 1-5m. This introduces disturbances in position and velocity
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estimates of about 0.1 m and 0.03 m/s, respectively, interpreted as standard devia-
tions. For the vessel Seaway Eagle, with control loop parameters

G=(—2 tons/m, —30 tons/ms~")

we get thruster excitations of approximately 1-1 tons. This corresponds to about 109
of available thrust in the lateral direction. The deadband is normally set to 5% of full
scale and will, therefore, reduce the number of thruster setpoint updates significantly,
even under extremely unfavourable reference system conditions.
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The wave filter described in section 3 also turns out to be highly successful. Figure
18 shows a sequence of heading measurements together with the low frequency and the
high frequency estimate during severe weather conditions on board the Seaway Eagle.
The significant waveheight is above 5 m and the mean wave period is 7-5 sec. We
observe that the ‘heading low frequency estimate follows the measurement with
insignificant phase lag and with a wave suppression of 8 to 10 dB.

8.2. Optimal control

One main advantage of the control concept is that the estimators are also running
in manual control mode. This is valid of course, only if a measurement system is
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Figure 19 (b). Vessel response in north position.
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operative. The obvious effect is the possibility to enter the autematic¢ control mode
without a transient deviation due to the integral action, as the water current is already
known by the current estimator. This is of high value when operating close to a fixed
structure or a vessel, as only small deviations can be allowed in these situations.

The operational experience shows a smooth and precise control of the rotational
and translational motion of the vessel.

As an example, Fig. 19 shows the reaction to setpoint changes in the north and
east coordinates of the vessel Seaway Eagle. A motion trace of the Seaway Eagle,
during station keeping in moderate weather conditions, is shown in Fig. 20. Figure 21
shows a typical control signal sequence to the propeller pitch servo during station
keeping in moderate weather conditions.

The following emperical expression for maximum control deviation may be for-
mulated

d=(0-58+2f - wh+0-01ws+0-5) [meters]

where S is the standard deviation of the position measurement, (sampling rate 1
second), f is the amplitude of the vessel wave motion, wh is the significant wave-
height and ws is the wind speed.

As an example, a system based on a supershort baseline hydroacoustic position
reference system with accuracy 1% of water depth at 100 m, f=0-3, wh=3 m and

ws=15 m/s, yields d=3 m corresponding to 3% of water depth.

8.3. Prediction and error detection

Measurement blocking is quite often encountered during operation, especially
when using hydroacoustic systems. In recent years it has become more common to
use two reference systems simultaneously. Some vessel owners and operators even
specify this. However, using only one reference system, it is of considerable impor-
tance that the system reacts properly when measurements are blocked in any way.
The estimator based control concept described here is very well suited to handle such
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Figure 20. Motion trace of M/V Seaway Eagle during station keeping.
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Figure 21. Typical control single sequence.

situations. Loss of measurements is disregarded by the estimator and no state update
will take place. Ballistic prediction will, therefore, be used as input for the force
demand computations. The wind feed forward through the estimator will of course,
still be active. The accuracy of the vessel position estimates will, slowly decrease in
such a situation. Since current changes are very slow compared to the relevant time
scale, the accuracy wll_l mainly depend on the wave height and the wave characteristics
of the vessel.

Through practical experience, we may say that, in a five minute period, a vessel of
the Seaway Eagle type will have a drift off of normally less than ten meters. A large
vessel will perform better than a smaller one in this respect, due to o the greater mass and
the smaller wave response.

9. Conclusion

Modern control theory has been successfully applied to the dynamic positioning
problem. Operational experience has shown that the resulting system behaves in
accordance with the expectations or even better, in some aspects. The price to be paid
is a more complicated software, increased computer capacity requirements and in-
creased engineering effort in the specific system design. Recent experience has shown
that the market is willing to pay for the extra advantages.
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