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Abstract: An output feedback controller for dynamic positioning (DP) of marine surface vessels
is developed. The proposed algorithm has good performance during transients as well as good
steady state performance. The method achieves this by a flexible injection gain in the bias
estimation dynamics in the observer. In addition, the traditional integral action is replaced
by a filtered bias estimate from the observer. Both these elements combined provide good
DP performance in transients, as well as calm behavior in steady state. A simulation study
is performed showing the benefit of the proposed output feedback controller, and a stability
analysis is performed to show uniform asymptotic stability.
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1. INTRODUCTION

A surface vessel performing dynamic positioning (DP) has
to keep position and orientation (stationkeeping) or do low
speed tracking while compensating for the slowly-varying
loads that affect the vessel. These loads are typically
due to current, mean wind loads, and second order wave
loads. The sum of these loads together with unmodeled
dynamics, is lumped into the bias load vector. For model-
based observer designs it is important to estimate this bias
in order to achieve good estimation of the velocity, and
thereby the position of the vessel. In addition, this bias
load needs to be compensated in the controller to keep
the desired position. This is typically achieved through
integral action in the control law.

In standard model-based observer designs (Fossen, 2011),
the tuning of the bias observer is set low to ensure good
performance of the observer in steady state. Since the
bias is typically slowly-varying, low tuning will lead to
less oscillations in the bias estimate, and therefore also
less oscillations in the velocity and position estimates.
However, when there is a significant transient in the bias
force, for instance by a heading change, a wave train, or a
mooring line that breaks (for position mooring), the bias
estimate will take some time to converge to the new value.
This is problematic for transient performance of the DP
system, since the velocities will not be estimated correctly
over the course of the transient.
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The objective of this paper is to construct a model-based
observer and controller with good performance in both
transients as well as in steady state. This will be achieved
by two changes from the standard model-based design.
The first is to allow for a flexible bias estimation in the
observer. The injection gain in the bias dynamics will be
allowed to take values ranging from a nominal gain matrix
to higher gains and a more aggressive tuning. The second
contribution is to add a lowpass-filtered bias estimate
which has a less oscillatory and smoother characteristics
than the direct bias estimate. This filtered estimate will be
used to compensate for the bias in the controller. There are
two reasons for this implementation. From the literature,
the two existing options for compensating the bias is to
either use the bias estimate from the observer (Lorfa and
Panteley, 1999), or to add integral action in the controller
(Sgrensen, 2011). The integral action in the controller finds
the bias estimate based on the tracking errors. Since the
control performance depends on the convergence of the
observer, it is reasonable to believe that the bias estimate
in the observer will always be faster than the integral
action based on tracking errors (with reasonable tuning).

However, if we use a filtered version of the bias estimate,
we allow for fast bias convergence in the observer, without
having to send this noisy estimate directly to the con-
troller. At the same time the bias compensation term in the
controller is oscillating less than the direct bias estimate
itself, and this is most likely faster than integral action
based on tracking errors. This is a similar idea as used in
L1 adaptive control (Hovakimyan and Cao, 2010).

In addition, there is a tuning benefit of using the bias
estimate from the observer, both because tuning an ob-



server does not require the system to be in closed loop,
and because tuning of integral action (on tracking errors)
heavily depends on how fast the observer estimates con-
verge. This is especially beneficial in the current design,
since the proposed observer have time-varying gains.

Similar use of time-varying gains is present in the litera-
ture. See for instance Tutturen and Skjetne (2015) where
hybrid integral action for DP of marine vessels is proposed,
and Lekkas and Fossen (2014) where the authors propose
to use a time-varying lookahead distance as a function of
the cross track error in a line-of-sight algorithm. In Belleter
et al. (2013, 2015) a wave encounter frequency estimator
is proposed, where the frequency adaption law has a time-
varying gain. In Bryne et al. (2014) time-varying gains are
proposed for an inertial observer (aided by GNSS) for DP,
in order to improve convergence and suppress sensor noise.

2. PROBLEM FORMULATION

In the following we will separate between a simulation
model and a control design model. The simulation model
has higher fidelity and is used for simulation and veri-
fication of observer and control designs. Because of the
low-speed nature of the dynamic positioning operations,
the control design models typically neglect centripetal
and Coriolis terms, as well as nonlinear damping; see
(Sgrensen, 2005, 2011), and (Fossen, 2011). The control
design model considered here is a horizontal motion 3
degree of freedom (DOF) model, with the dynamics

£ = At + Eywy, (1a)
=R (1b)
b= 1w (1c)
Mv=—-Dv+R()"b+u (1d)
y=n+Cuwl+uy, (Le)

where ¢ € RS is the state of a synthetic white noise-driven
model of the vessel motion due to the 1st order wave
loads. In normal operating conditions it is beneficial to
counteract the low frequency part of the wave motion only,
and the model therefore consists of a wave model (1a) and
a low frequency part (1b) - (1d), which consists of the low
frequency position in north and east, as well as the heading
angle, n := [N, E,]T € R3, the velocities in surge, sway,
and the yaw rate, v := [u,v,7]" € R3, the slowly varying
NED-fixed bias force b € R? that constitutes the sum of all
slowly-varying perturbation loads, such as current, mean
wind, 2nd order waves, and unmodeled dynamics. In (1b)
the kinematic relation is described by the 3 DOF rotation
matrix from the body to the NED frame R(1)) € R3%3,

cos(yp) —sin(y) 0
R(Y) = lsin(w) cos(v) Of, (2)
0 0 1
and the time derivative of R(¢)) is given by R = S, where
0-10
S=1|10 O] , (3)
000

and r = ) € R is the yaw rate. In (1d), M € R®*3 is
the inertia matrix including added mass, D € D3*3 is
the linear damping matrix, and « € R? is the control
input vector. The measurements y € R3 in (1le) measure

the actual position of the vessel, that is, the sum of
the low frequency and wave frequency position, where
Cy = [01] € R3*C and v, € R? is the measurement
noise.

The control objective of the paper is to construct an
output feedback tracking controller for DP, that has good
performance in both steady state as well as in transients.
This output feedback controller will track a reference tra-
jectory given by an open-loop reference system (Sgrensen,
2011).

Below are some assumptions relevant for the observer and
control design.

Assumption 1. Starboard/port symmetry, M = M T > 0,
and M = 0. The damping matrix satisfies D + DT > 0.

Assumption 2. Because of physical limitations of the
thrusters, the yaw rate is bounded, by |r| < 74 < 00.

3. OUTPUT FEEDBACK DESIGN
3.1 Model-based observer

The model-based observer considered is similar to the tra-
ditional ”"nonlinear passive observer” presented in Fossen
and Strand (1999) with an additional state l;f, which is a
lowpass-filtered version of b. By copying the dynamics of
(1), neglecting the noise terms, and adding injection terms
we get the observer dynamics as

€= Aué + K1 j (4a)

i = R(Y)D + Kag (40)
h— K3 (4c)
by = —T7 '[by — b] (4d)
Mi=—Do+RW) Tb+u+ KRW) g (de)
§ =1+ Cuf, 40

where «f € RS, N, l;, Bf, 7 € R3 are the state estimates,

K., € RO3 Ky K3, Ky € R3*3 are non-negative gain

matrices, and § = y — ¢ is the measurement error. The

underlying assumptions for the observer are:

Assumption 3. (a) R(¥ + ¥w) ~ R(¢). That is, the
heading angle due to wave-induced motion is small.

(b) The frequency used in the wave filter does not change.
It corresponds to the peak frequency of the wave
spectra of the incoming sea state.

By defining the estimation error states 7 :=n—n, v :=v—
U, bi=b-— l;, Bf =b— l;f, and subtracting the observer
equations (4) from the control design model (1), we get
the observer error system,



3.2 Varying bias gain

To improve the transient response, we want the injection
gain K3 in (4c) to vary. In steady-state it is desired
that K3 stays close to a nominal gain such that the
bias estimate is calm. Whenever the vessel experiences
transients, K3 should increase to make the bias estimate
more reactive, and when the vessel again reaches steady
state, the gain should return to the nominal gain. To solve
this, K3 is allowed to take a range of values within K3(t) €
[Kg’min,Kg’maf], Vit Z 0. We let Kg(t) = K)(t)Kg’min,
where £(t) € [Kmin, Kmaz), Yt > 0. The update law for x
is given by

k = max{1, 8}, (6a)
B = min{e, |[ra(t)| + eyl + Fmaze™ ", Kmaa},  (6D)
iy = =T, iy — g} (6c)

The first term in (6b) contains a constant €., > 0 and the
desired yaw rate rq(t) € R, related to a heading change.
The second term is a performance term that triggers a
higher gain when the observer error is large, and the third
term only makes x large during the initial transient. In
(6¢) T}, is a positive definite diagonal matrix with filter
time constants, and these time constants and the size of
€y > 0 are tuned such that x approach K., at steady
state.

In order to have a convenient expression for K3 in the
further analysis we introduce A € [0, 1] and write K3 :=
K3y as

KS)\ = )\KS,min + (]- - )\)KB,maz~ (7)

3.8 Output feedback tracking control

The control law consists of a reference feedforward term
and a feedback term. The feedback part consists of a
nonlinear PD-term, and a bias rejection term, which is
the filtered bias estimate from (4d),

U=Uurp +Urr (8)
(

upp = —K,RW)" () — na(t)) — Ka(0 — va(t)) — R(¥) by
= —K,R()" (7 — 7)) — Ka(# —7) — R(¥)) " (b— 6f>(.10)

where 14(t), vq(t), v4(t) are the desired references gener-
ated by a reference generator. By defining the tracking
error states 77 := n — nq(t), ¥ := v — v4(t), the kinematics
in (1b) along with the kinetics in (1d) inserted for (8) gives
the tracking error system,

= R(Y)v (11a)
Mi = —(D+ K)o — K,R(¥) "7 (11b)
+ Ko+ K,R(Y) "7+ R(y) by (11c)

4. STABILITY ANALYSIS

We collect all error states in = := col(x.,x,), where
zc = col(7], D), &, 1= col(§,7,b,bf,7) and combining (5),
(7), and (11) the total error dynamic becomes

i = A\()x (12)
where
AC BCO
axw) = [l Dol 13

and
= 0 R(v)
Ac = _7]”71KPR(’£[J)T 7A[71(D+Kd) ) (14&)
B. = [ O3x18
0 |03x6 M EpR(W) " O3xs MT'R()T MKy’
(14b)
A‘w - Kl,wcw _Kl,w 0 0 0
—K>Cy —K> 0 0 R(¥)
Ao,)\ = —K3,Cy —K3x 0 0 0)
0 0 T/ -T;0 0
l-M 'K R() Cpy —M'K4R()T M~ 0 —M~'D
(14c)

The dynamics (12) can be written (Lindegaard, 2003),
& =T (%)  AN0)T (¢)z, (15)

if the matrices K ,, K2, K3 ), and T;l commute with the

rotation matrix R(¢). The transformation matrix 7'(¢) is
given as

T(y) = diag{T.(¥), To(¥)} (16a)
To(v) = diag{R(s) ", I} (16b)
T,(¢) = diag{R(¥)) ", ..., R($)) ", I}. (16c)
By inserting (7) we can write
AN(0) = Mpin + (1 = X) Apas, (17)

where A,y contains K3 in and Ag,q, contains K3 maz-

Proposition 1. The equilibrium z = 0 of (12,) where
K3 5 can arbitrarily take any value in [K3 min, K3 maz,
is uniformly asymptotically stable under the following
conditions:

e The matrices K ,, K2, K3 ), and Tf_1 commute with
the rotation matrix R(1)).
e The following LMTI’s are satisfied,
A} inP 4 PApin + Tmao(STP — PSt) < —Q  (18a)
Al P+ PApin — Tmaz(STP — PSt) < —Q  (18b)
A} P+ PApaz + Timan(STP — PSr) < —Q  (18c¢)
ApwoP 4 PApaz — Tmaz(STP — PS7) < —Q,  (18d)
where St = diag{S,0,5,...,5,0}, and P and @ are
symmetric positive definite matrices.

Proof. Consider the transformation z = T'(¢)x given by
(16), and notice that T'(v))~! = T'(x)) T. From (15) we get

£=TW)TY) A\(0)2 + T(@)T(Y)" 2

= A)(0)z — rSrz (19)
where r is the yaw rate. We introduce a quadratic Lya-
punov function V(z) = 2T Pz, and from (19) we define
f(z) := Ax(0)z and g¢,.(z) := —rSrz such that (19)
becomes

zZ= f(Z) + gr(z)a (20)

where f(2) := Afmin(2)+(1—=X) frmaz(2). From (18a)-(18d)
and r € [—Tmaz, F'maz] We have
(VV(2), fmin(2) + gr(2)) < —a([2]) (21a)
(VV(2), fmax(2) + gr(2)) < —a(|2]), (21b)
where «(|z]) is a positive definite function. Finally, we get
<VV(Z)7 )‘fmin(z) + (1 - /\)fmax(z) + gr(2)> <
MVV(2), fmin(2) + 9:(2)) + (1 = AUVV(2), fimaz(2) + 9r(2))
< =Aa(z) = (1= Na(z) < —a(z), (22)
and this concludes the proof.

(z
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Table 1. Supply vessel, main parameters

Parameters Value
Length between perp. 80 m
Breadth 174 m
Draft 5.6 m
Displacment 6150 tons

If the observer and controller gains are set such that A,,;,
and A;,q, are Hurwitz, and if the ratio of Kpaz/Kmin i not
very large (in practice, up to 5), it is easy to satisfy (18)
for a maximum yaw rate far above "normal” yaw rates.

5. SIMULATION RESULTS AND DISCUSSION

The simulations are performed in MATLAB/Simulink on a
high fidelity model based on building blocks from the MSS
Toolbox (MSS, 2010). The case simulated is a platform
supply vessel in an environment consisting of waves, wind,
and current. See Table 1 for the main parameters of the
vessel. The sea state is very rough with significant wave
height of 6 meters, and a peak frequency of 0.53 rad/s
taken from the JONSWAP ! spectrum. The mean incident
wave heading is 190° in the north-east frame (Price and
Bishop, 1974). The current has a speed of 0.5 m/s and
direction of 180°, and the wind has a mean velocity of 5
m/s with a direction of 160°. A first order model for the
thrust dynamics is included, and the time constants for
thrust force is set to 5 seconds. The GPS measurements
have realistic noise properties, and are sampled at 1 Hz,
and the measurements are processed by a zero-order hold
element before they are sent to the observer.

Three different output feedback controllers are compared
to illustrate the benefit of changing the gain K3 in (4c).
The only difference between the three setups is a variation
of allowed values for k from (6a). For two of the output
feedback controllers the k-value is fixed, where the "nom-
inal” controller has kK = K, for steady conditions, while
the "aggressive” controller has K = K4, for transient
conditions. The last controller is our proposed algorithm in
(6) where k € [Kmin, Kmaz], called the "flexible” controller.
Even though the difference between these three systems is
in the observer we often just write ”controller” to describe
the system. However, when just the observer performance
is discussed, ”observer” is used.

At the beginning of the simulation, the position and
orientation of the vessel is at 7 = [0,0,0] ". At 1000 seconds
there is a setpoint change 20 meters north, 20 meters
east, and to heading -90°. Due to the ship hull shape this
maneuver will change the bias force experienced by the
vessel in the body frame, as well as in the NED frame.
After 3000 seconds the direction of the current changes to
90°, to see how the vessel responds to a sudden change
in bias force that is not known in advance. The current
direction changes as a first order filtered step with time
constant 30 seconds.

In Figure 1 the cumulative low-frequency position tracking
error of the vessel is shown for the three controllers. The
left part starts from the instance of the heading change,
and the right part is a zoom-in on the steady period
2000-3000 seconds. The top plots show the combined error
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in north and east, and the bottom plots show the error
in yaw. From the left part it can be observed that the
aggressive and flexible controller perform much better
than the nominal controller in the transient regime, that
is, just after 1000 seconds, and just after 3000 seconds.
From the right part of Figure 1 it can be observed that
after the system reaches steady state, the flexible and
nominal controller perform better than the aggressive
controller, and this is due to lower oscillations of the bias
and velocity estimates from the observer. This implies
that since the flexible and aggressive controllers have
similar performance in transients, the flexible controller
will eventually perform better.

From the left part of Figure 1 it is observed that already
around 2000 seconds the flexible controller has a lower
cumulative position deviation. This is because the heading
change is a transient known in advance, and the flexible
controller can react fast, and go to a higher value for s
quickly. This is observed from Figure 4, where  for the
flexible controller is shown (Kmar: = 2.5). In addition,
we can observe from Figure 4 that at 3000 seconds it
takes a bit more time for K to go to Kmq, than at 1000
seconds. This is natural since this increase is based on the
estimation error in the observer, and not a command in
the reference system as with the heading change. Even
though x will be slower for the "unknown” transients,
we see from Figure 1 that the flexible controller has
a similar performance to the aggressive controller, and
will eventually outperform the aggressive controller if the
steady state conditions persist.

In Figure 2 the cumulative bias estimation error (in the
body frame) from the observer is plotted for the entire
simulated case study. The combined error of surge and
sway is shown in the top plot, and the yaw error is shown
in the bottom plot. Here we see the same trend as in Figure
1, but the trend is even clearer. The flexible observer is
superior to both the aggressive and nominal observer. Even
the nominal observer performs better than the aggressive
observer after 5000 seconds for the error in surge and sway.

In Figure 3 the bias in surge is plotted, along with the
observer estimate, and the filtered bias estimate for the
flexible controller. It is observed that the bias estimate
(and the filtered estimate) converge to their new bias
values quite fast, and within 200 seconds after a transient
steady state conditions are reached.

6. CONCLUSION

The proposed output feedback controller was shown to
have good closed-loop properties in both transients and
steady state. Both the flexible bias estimation, and the
filtering of the bias estimate used in the control law,
contributed to a good overall performance for the system.

For the flexible bias estimation, the lowest tuning should
be quite responsive to ensure good overall responsiveness.
There are a couple of reasons for this. If we failed to
detect a transient, or the detection was slow, a moderate
nominal tuning vastly improved the performance in the
transient compared to a very low nominal tuning. That is,
if excellent positioning capabilities is the goal, the tuning
should have a fairly high minimum. In the presented
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Fig. 1. Cumulative low frequency position tracking error in north and east combined (top plots), and yaw (bottom
plots). The right plot is a zoom-in on the steady period 2000-3000s (the flexible and nominal controllers overlap

because of steady state conditions).
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simulation case study all the bias estimate tunings were
quite fast, and they all converged within 300 seconds.

REFERENCES
(2010). Mss.  marine  systems  simulator.
http://www.marinecontrol.org. Accessed: 2015-
02-24.

Belleter, D.J., Breu, D.A., Fossen, T.I., and Nijmeijer,
H. (2013). A globally k-exponentially stable nonlinear
observer for the wave encounter frequency. IFAC Pro-
ceedings Volumes, 46(33), 209-214.

Belleter, D.J., Galeazzi, R., and Fossen, T.I. (2015). Ex-
perimental verification of a global exponential stable

50
0
~ -5
X
10
15
0 1000 2000 3000 4000 5000
50 i
_bsurge
bsurg(f
= L bf,sm ge
X
100—— : s ‘
%% 5000 3000 3100 3200 3300
Time [s]

Fig. 3. Bias estimate (blue, solid), actual bias (green,
dashed), and filtered bias estimate (red, dotted), all
in surge. For the entire simulation (top) and zoom-in
(bottom).

nonlinear wave encounter frequency estimator. Ocean
Engineering, 97, 48-56.

Bryne, T.H., Fossen, T.I., and Johansen, T.A. (2014).
Nonlinear observer with time-varying gains for inertial
navigation aided by satellite reference systems in dy-
namic positioning. In Control and Automation (MED),
2014 22nd Mediterranean Conference of, 1353-1360.
IEEE.

Fossen, T.I. (2011). Handbook of marine craft hydrody-

namics and motion control. John Wiley & Sons.



2.
° I
2,
“
1.5¢
1 I
500 1000 1500 2000 2500 3000 3500
0
(%]
2-0
©
-0.
-0.8

500 1000 1500 2000 2500 3000 3500
Time [s]

Fig. 4. Plot of k (top) and desired yaw rate (bottom).

Fossen, T.I. and Strand, J.P. (1999). Passive nonlinear
observer design for ships using lyapunov methods: full-
scale experiments with a supply vessel. Automatica,
35(1), 3-16.

Hovakimyan, N. and Cao, C. (2010). LI adaptive control
theory: guaranteed robustness with fast adaptation, vol-
ume 21. Siam.

Lekkas, A.M. and Fossen, T.I. (2014). Integral los path
following for curved paths based on a monotone cubic
hermite spline parametrization. IEFEE Transactions on
Control Systems Technology, 22(6), 2287-2301.

Lindegaard, K.P. (2003). Acceleration feedback in dy-
namic positioning.

Lorfa, A. and Panteley, E. (1999). A separation principle
for a class of euler-lagrange systems. In New Directions
in nonlinear observer design, 229-247. Springer.

Price, W.G. and Bishop, R.E.D. (1974). Probabilistic
theory of ship dynamics. Halsted Press.

Sgrensen, A.J. (2005). Structural issues in the design and
operation of marine control systems. Annual Reviews in
Control, 29(1), 125-149.

Sgrensen, A.J. (2011). A survey of dynamic positioning
control systems. Annual reviews in control, 35(1), 123—
136.

Tutturen, S.A. and Skjetne, R. (2015). Hybrid control to
improve transient response of integral action in dynamic
positioning of marine vessels. IFAC-PapersOnlLine,
48(16), 166-171.



