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Figure 6.2: Thruster configuration for case study vessel.

Table 6.1: Moment arm in yaw for the thrusters [39].

Distance from CO
i =49.9 [m]
I3 = 42.3 [m]
l5 = 52.5 [m]
lg = 52.5 [m]
bs; =6 [m]
b6 =6 [m}
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6.4 Bollard Pull

Section 6.2 provided information on the maximum power of the thrusters for the CIV
Arctic vessel. To find the maximum control forces, f,.., the thruster power is converted
from [MW] to [kN] by calculating the bollard pull.

As a rule of thumb [44], the bollard pull is given by:

0.9 - c- BHP
Bollard Pull = # -1000 - 9.81[N] (6.2)

where ¢ is a constant, dependent on fixed/controllable pitch propeller and Kort nozzle,
and BHP is break horse power (1 [kW] ~ 1.34 [HP]). The multiplication with 1000-9.81 is
done to convert the bollard pull from metric tonnes to [N]. Assuming that all the azimuth
thrusters have fixed pitch propeller without Kort nozzle, then ¢ = 1.10. The results are
given in Table 6.2.

Table 6.2: Conversion from power to forces.

Thruster power | Control forces
5 [MW] 651 [kN]
1.5 [MW] 195 [kN]

It is important to notice that Equation (6.2) is an empirical formula which gives rough
estimates of the bollard pull. It is chosen for this work because it is not critical that the
maximum control forces, f,.q.., are exact.

Only positive thrust for the azimuth thrusters are allowed because they are often optimized
for producing thrust in one direction [30]. It is chosen to let the tunnel thrusters apply
thrust in both positive and negative direction, which is defined in Figure 6.2, meaning
that the minimum control forces, f.i,, are negative of the maximum control forces, f4z-

6.5 Azimuth Thrusters

The azimuth thrusters are not able to rotate infinitely fast, partly because of what was
discussed in Section 2.1.2. In the report describing the towing tank measurement data
from the CIV Arctic vessel [39], it is stated that the azimuth thrusters can rotate 24
[deg/s], in model scale. To adjust for the model scaling, Froude scaling must be applied.
Looking at the unit for the azimuth angles rates, [deg/s], the numerator is scaled with 1
and the denominator with the square root of A according to Equation (2.16). The scaling
factor, A, for the CIV Arctic vessel, defined in Equation (2.15), is given as:

A =24.138 (6.3)

The resulting azimuth angle rates, Aa, are:

1 |deg 24 deg 24 |deg deg
Aa=24-— |—2| = |=2| = = [==| =4885 |—=2 4
* \/X[ s } V24.133 { s ] 1913 { s } 885{ s (6.4)
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Figure 6.3: Change of azimuth angles.

The azimuth thrusters can rotate 360 [deg] around. If the azimuth thrusters are allowed
to rotate around and around, the azimuth angles might grow to infinity. To prevent this
from happening, it is chosen to constraint the azimuth angles between 0 [deg] and 360
[deg]. A problem then arises in the transaction between 0 and 360 [deg]. An example is if
the azimuth angles are to change from 355 [deg] to 5 [deg]. Tt is not optimal to do a full
rotation, because the angles can be changed only 10 [deg] crossing 0 [deg], see Figure 6.3.
Note that the figure is illustrative and the angles might not correspond 5 [deg] and 355
[deg]. A solution could be to map the azimuth angles from 360 to 0 [deg] when crossing
360 [deg]. In that way, the azimuth thrusters can change the angles from 355 [deg] to 360
[deg] and since 360 [deg] equals 0 [deg], another rotation on 5 [deg] can be done to reach 5
[deg]. Also, if the azimuth angles becomes below 0 [deg], the azimuth angles are mapped
to 360 [deg].

6.6 Towing Tank Measurement Data

As input to the TA algorithm, towing tank measurement data from CIV Arctic [39] is
used. These data were gathered in May 2011 in the Aker Arctic test facility in Helsinki,
Finland. The best data comes from full scale test from real life tests, but this is expensive.
It can also be difficult to gather real life data for a wide variety of parameters, so a towing
tank test is most likely the best way of measuring the ice loads acting on the vessel [11].

The CIV Arctic vessel was towed, without any propulsion, through a stationary ice sheet
at constant speed with a fixed drift angle, as illustrated in Figure 6.4. The dark blue area
is open-water and the light blue squares on the top are ice floes. The vessel is attached to
the light grey test carriage via a 6-component balance, and towed through the ice. The
forces acting on the vessel is measured, and converted to full scale forces and moments in
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surge, sway and yaw, according to standard practices [39]. The measurement data were
trimmed to exclude the parts when the vessel was not completely inside the ice sheet.
These parts include the beginning, when the vessel entered the ice sheet, and the end of
the model basin when the ice was packed together. The ice was prefabricated in desired
square floe size and concentration. To remove effects from carriage vibrations and natural
frequencies from the vessel and the 6-component balance, a 1 [Hz|, 8th order Butterworth
LP filter was applied to remove the noise.

Several tests were done varying the ice thickness, h;, ice concentration, C', drift speed, V'
and drift angle, 6.

Figure 6.4: Illustration of model test.

To exemplify how the towing tank measurement data can look like, an example using the
toughest ice conditions is presented in Figure 6.5. Note that these data are normalized,
using bis normalization from Section 2.3. As seen in the figure, the forces in sway are in
average 3 times as large as the forces in surge. The moment in yaw seems to be small,
because the normalization, but in reality it is nearly an average of 10 times as large as
the forces in surge.
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Input signal, 7;..
0.025 T T T T :

Surge

—— Sway

0.02

0.015

0.01

[N, Nm]

0.005

-0.005

0 200 400 600 800 1000 1200
Time 3]

Figure 6.5: Ice loads for towing tank measurement data.

The sets of data from the towing tank are extensive and not all the data sets are used for
this case study. Table 6.3 summarizes the relevant parameters for this case study, where
V' is the drift speed of the ice, C is the ice concentration, h; is the ice thickness and 6 is
the drift angle of the vessel. The towing tank measurement data are combinations of all
these parameters, except for h; = 0.8 [m] with 6 = 10 [deg].

Table 6.3: The parameters used from the CIV Arctic towing tank measurement data.

(Vim/s[|| hilm] [ C% [ 6ldeg] |
| 02 Jos5[08]12]90]100]0]5]10]20]

6.7 Reference Signals

The magnitude of the ice loads, presented in the previous section, is significantly different
from the lightest to the toughest ice conditions. Experiences from [43] shows that the
control forces applied to the azimuth thrusters, used for TIC, can not be equal for different
ice conditions. If the control forces are large, compared with the ice loads, they will be
dominating. Therefore, the control forces for the azimuth thrusters, used for TIC, must
have the same magnitude as the ice loads. To find appropriate values, the towing tank
measurement, data from CIV Arctic was applied to the original TA algorithm, given in
equations (2.6) - (2.10). Then, the average of the control forces for azimuth thruster two
and four was used as references.
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For TIC solution 1, the reference in control forces, f,.r, was chosen as the minimum
control forces, f.in. This because the minimum control forces, f,.;,, must be greater
than zero for the TA to apply any control forces to azimuth thruster two and four.

In addition to choosing a reference for the control forces, fr.¢, for TIC solution 2, a
reference in azimuth angles, ., must also be chosen. The basis for selecting reference
for azimuth angles, o, is the three references in Figure 4.2. Keeping a constant azimuth
angle is a simple solution. To be able to flush the ice away in a wider area it is chosen a
time varying reference signal. Due to the discontinuities in the triangular reference signal
it is chosen to use the sinusoidal reference signal as reference for the azimuth angles, ..
In the simulation, a frequency of 0.005 [Hz] was found to be appropriate. This is equal to
the sinusoidal signal illustrated in Figure 4.2.

6.8 Cases

The case study consists of five cases. Case I is the original TA algorithm, without thruster
dynamics and TIC. In Cases II and III thruster dynamics is added, with LP filter and
restrictions on change of control forces, A f, respectively. In Cases IV and V TIC is added
to the original TA, using solution 1 and 2 respectively.

It is chosen not to include thruster dynamics in Cases IV and V. This is a simplification to
assume instantaneous change of control forces, f, but the simulations are only meant to
give indications on how the TIC affects the performance of the TA. That way, it is easier
to give indications on how well the TA performs with and without thruster dynamics and
TIC.

6.9 Performance Methodology

An important part of the case study is to measure the thrust capability of the TA algo-
rithm. It is important to present the results in a way such that it is easy to investigate
for which ice conditions the TA is able to keep desired position and heading. Two ways
of displaying the thrust capability of the TA will be presented. First, by using the slack
variables as an initial indication. Then, the error in thrust is used to investigate for which
ice thickness the TA is not able to produce sufficient amount of thrust to withstand the
ice loads, ;.

As an overall performance indication of the TA algorithm the slack term, s'Qs, in the
objective function, Equation (2.6), is plotted for each case described in Section 6.8. It is
believed that s' Qs can give a first impression of the thrust capability in all 3 DOFs in
one number, and by that an indication whether the vessel is able to be on DP. A large
slack term means that the TA is not able to distribute all the ice loads to the thrusters
for a given set of thruster forces and azimuth angles.

Secondly, the performance is related to produced thrust, 7,.. Input to the TA is —7jc,
where the minus is explained in Section 5.2, and the outputs are control forces, f, and
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azimuth angles, a. The idea is to use the difference between the ice loads, T;.., and the
forces and moments actually produced by the TA, 7,., to measure the performance. The
control forces and azimuth angles from the TA are used to calculate the corresponding
forces and moments, by using Equation (2.2). The error between desired thrust, —7;c,
and achieved thrust, 7.+, is denoted 74y, as defined in Equation (5.2). The concept is
illustrated in Figure 6.6. The error in thrust is given by:

Error = — : =& (6.5)

Multiplying the Error with 100 will give the error in thrust in percent.

Tdiff

Figure 6.6: Measure of performance.

Compared to s'@s, this error, defined in Equation (6.5), gives the error for the 3 DOFs
separately. The error will be plotted both sorted by ice thickness, h;, and DOFs to
investigate how the error develops with different variables. This provides opportunities
to compare the results both in terms of ice thickness and DOF.
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Chapter 7

Simulations

This chapter will first present how the TA algorithm was implemented and argue why
the chosen parameters are reasonable. Then, results from the case study are presented.
Finally, some samples of the energy analysis will be presented, with the lightest and
toughest ice conditions as examples.

7.1 Implementation in Matlab

To implement the TA in Matlab, the modifications in sections 7.1.2 - 7.1.4 were performed
to convert the TA algorithm to quadprog syntax. Using the weighting matrix for the slack
variables to prioritize degradation of the performance of the TA is discussed in Section
7.1.5. Finally, Section 7.1.6 provides some guidelines on how to determine satisfactorily
parameters for the TA algorithm.

7.1.1 Optimization Vector
To convert the optimization problem, equations (2.6) - (2.10), to quadprog syntax, equa-

tions (2.11) - (2.14), an optimization vector, &, must to be defined. Based on the opti-
mization problem, it is easy to see that the natural choice is:

Af
= |Aa| € R (7.1)
s

7.1.2 Objective Function

All parts of the objective function, Equation (2.6), must be written in quadratic or linear
terms of the optimization vector, defined in Equation (7.1). The first term of the objective

39
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function must be rewritten in the following way:

(fo+ Af)TP(fo +Af)
=Af'PAf+2f PAFf+ f) Pfy (7.2)

where the last term, £, P fo, can be erased because it is constant. Applying the quadprog
syntax in Equation (2.11) yields the H matrix in Equation (A.1) and g vector in Equation
(A.2) in Appendix A.

The same calculations as in Equation (7.2) applies for the two last terms in objective
function, Equation (4.1), for the TA with TIC solution 2. The g vector is then given by
Equation (A.9).

7.1.3 Constraints

Both equations (2.9) and (2.10) are constraints for Ao because of the linearization to
make the optimization problem convex. To solve this, Equation (2.9) is modified to fit
the syntax in Equation (2.12):

Aa S Apazr — &
Qin — QX S Aa S Qpaz — O <=
—Aa < —oyin + o
which yields the A and b matrices in equations (A.3) and (A.4), where the same calcula-
tions are performed on Equation (2.8).

Converting the equality constraint in Equation (2.7) to Equation (2.12) yields the vectors
in equations (A.5) and (A.6).

The last inequality constraint in Equation (2.10) gives the vectors in equations (A.7) and
(A.8). Here, restrictions on the change in control forces, Af, are added to incorporate
the thruster dynamics into the TA. To always be able to guarantee feasibility of the
optimization problem, the slack variables, s, are chosen to be in the interval (—oo, co).
In practice s should be as small as possible so difference between the commanded and
achieved forces and moments is as small as possible.

7.1.4 Numerical Differentiation

The partial derivative term in Equation (2.6) must be updated in every sample. Calculat-

ing the exact derivative for every sample is very expensive and time consuming. Therefore,

the partial derivative is approximated using the forward-difference approximation [25]:
oh  h(o+ce;) — h(a)

where h = , € is a small, positive scalar, e; is the ¢th unit vector

eeret(T(a)%)/V*lT—r (o)) a=ag

and i =1,2,....n.
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7.1.5 Prioritization of Degrees of Freedom

When the ice loads are high, it can be desirable to include prioritization of DOFs to
achieve predictable degradation of the performance of the TA. This can be done by putting
different weights on the diagonal of the weighting matrix for the slack variables, Q. For
instance, if the weight of the first slack variable is twice as large as the weight of the
second slack variable, the TA algorithm will penalize the first slack variable twice as hard
as the second slack variable. A strategy for finding the weights of the slack variables, Q,
is given in Section 7.1.6.

It is important to keep the desired heading of the
vessel. If the heading of the ship deviates too much JISSSSSSS S S S
against the ice drift, the control system and actua-
tors may not be able to counteract the ice loads. A
deviation in heading will in turn induce additional
forces in sway, which can make it difficult to keep
the desired position. To find a strategy for prior-
itization of the DOFs, the pendulum is used as a
comparison. If the pendulum, as in Figure 7.1, is
hanging straight down, the forces from the side are

equal. They will therefore not push the pendulum
to either of the sides. If the vessel is able to have a 4)‘&
heading such that the ice drifts directly towards the

bow of the vessel, using a weathervane strategy, the
sway forces will in an ideal world be zero. Then, it
is not so important to keep the desired sway forces.
In an ideal world it should be possible to be on DP if the heading is perfect, which means
on average no forces in sway, and the surge forces follows the desired surge forces. Using
the weighting matrix for the slack variables, @, to keep this prioritization gives the largest
weight on the slack in yaw and the smallest weight on the slack in sway. The weight on
the slack in surge is the middle. A corresponding strategy was used in [39] when the vessel
was not able to keep desired position.

Figure 7.1: Pendulum analogy.

7.1.6 Choice of Parameters

Several of the parameters in the TA algorithm, equations (2.6) - (2.10), are vessel specific
and given in Chapter 6. This applies for the following parameters: T(a), fiin, fmaz
Qnins Cmazs AQin and Aa,,,. Including thruster dynamics with restrictions on the
change of control forces, Af, adds Af,.i, and A f,,.. to this list.

The tuning parameters in the cost function are chosen such that the TA behaves desirable.
Initially, the weights of the control forces, P, and change of azimuth angles, €2, are chosen
to be diag(1,1,1,1,1,1) and diag(1,1,1,1). diag(zy,xs,...,x,) is a diagonal matrix
with x1, 29, ..., 7, on the diagonal and zeros on the off-diagonal. The weights of the
slack variables, @Q, are chosen to be in order of approximately 1000 times as large as
the other weights to keep them as small as possible [30]. Including the prioritization



42 Chapter 7. Simulations

of DOFs, described in Section 7.1.5, the weights of the slack variables are chosen to be
diag(2500, 1000, 5000). This way, slack in yaw will be penalized twice as much as slack in
surge, as in turn will be penalized 2.5 times as much as slack in sway. As it is stated in
Section 4.2, it might be undesirable to use the tunnel thrusters. Therefore, the weights of
tunnel thrusters are increased to 100. The P matrix is in addition multiplied with 5 to
get satisfactory performance. Also, the weights on the azimuth angle rates are increased
to diag(10,10, 10, 10) to penalize change of azimuth angles harder.

In the singularity avoidance term W, p and, ¢ are tuned so the term is large enough in
the cost function. The weighting of the control forces, W, is chosen such that the use of
tunnel thrusters is penalized twice as much as the two front azimuth thrusters. In turn,
the two front azimuth thrusters are penalized twice as much as the two rear azimuth
thrusters. The reason for this is to force the system to use the rear azimuth thrusters
rather than the front azimuth thrusters. o is chosen large enough so that the desirable
manoeuvrability is achieved. At last, € is chosen as a small value to avoid zero division.

Applying TIC solution 2, two additional tuning parameters are added. [ is a scalar
weighting the quadratic difference in control forces, f — f,.s, and v is a scalar weighting
the quadratic difference in azimuth angles, o — ;.. Both variables are given sufficiently
large weights to force the TA to follow the respectively references whenever possible.
Simulations have shown that it is sometimes necessary to deviate from the desired azimuth
angles, a..r, to be able to resist the ice loads as well as possible.

The final values for the tuning parameters are given in equations (7.4) - (7.11).

P = diag(500, 5,500, 5,5, 5) (7.4)
Q = diag(10, 10,10, 10) (7.5)
Q = diag(2500, 1000, 5000) (7.6)
W = diag(4,2,4,2,1,1) (7.7)
B =10° (7.8)
v =10 (7.9)
0=>5-10° (7.10)
e=10""2 (7.11)

7.2 Results Case Study

The case study consists of 5 cases, as presented in Section 6.8. The towing tank mea-
surement data from CIV Arctic, presented in Section 6.6, consists of several data sets
of multiple parameters. The parameters are drift speed, V', ice concentration, C', ice
thickness, h;, and drift angle, 6, and the data sets consist of combinations of the values
presented in Table 6.3.

The results are presented using the performance methodologies described in Section 6.9.
The first performance indicator, s'@Qs, is normalized between zero and one to make
it easier to compare all the cases against each other. The error in produced thrust is
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normalized using bis normalization, presented in Section 2.3. In the figures presenting
the error, the blue lines represents the error in surge, the green lines represents the error
in sway and the red lines represents the error in yaw.

For each of the cases and ice concentrations, the results will be presented in 3 figures. For
all 5 cases and both ice concentration this will results in 30 figures. Only the most notable
figures will be presented in sections 7.2.1 - 7.2.3. The rest will be briefly commented on
in these sections, while presented in the appendix, sections B.1 - B.2. All the figures have
the drift angle, €, on the x-axis.

First, the results from the original TA algorithm will be presented in Section 7.2.1. Then,
the results from adding thruster dynamics to the TA algorithm, Cases II and III, will be
presented in Section 7.2.2. Finally, adding TIC to the original TA algorithm, Cases IV
and V, will be presented in Section 7.2.3.

7.2.1 Thrust Allocation

In this section, the results from Case I will be presented. First for C' = 90 [%] and then
for C' =100 [%)], for all 3 performance indicators.

Figure 7.2 presents s'Qs for Case I with C' = 90 [%], and indicates a general increase
in slack with increasing drift angles, 0, and ice thickness, h;. When the ice thickness is
increased for 0.5 [m] to 0.8 [m], and from 0.8 [m] to 1.2 [m], the slack term increases
approximately 10 times each time. For h; = 0.5 [m], the slack term decreases slightly
from 0 [deg] to 5 [deg].

The slack term, for Case I with 100 [%] ice concentration, is presented in Figure 7.3. For
h; = 0.5 [m] and h; = 1.2 the slack term does not have a distinct increase for increasing
drift angles, as for C' = 90 [%]. On the other hand, s" Qs for h; = 0.8 follows the same
development as for C' = 90 [%], only with a magnitude approximately 10 times larger.
For h; = 0.5 [m], # = 5 [deg] and h; = 1.2 [m], § = 10 [deg] the slack term is significant
larger than for the other drift angles.

The error, sorted by ice thickness, for Case I and 90 [%] ice concentration is presented in
Figure 7.4. At first glance there is no distinct development for any of the ice thicknesses.
For h; = 0.5 [m] and h; = 0.8 [m] the error in surge is larger than the error in sway for
0 [deg] and 5 [deg], but is smaller for larger drift angles. The error for h; = 1.2 [m] is
approximately 0 [%] for the drift angles 0 [deg] and 5 [deg]. For 10 [deg] and 20 [deg]
the error is larger and the prioritization described in Section 7.1.5 is ensured. The largest
error is in sway direction for h; = 1.2 [m] and 6 = 10 [deg], with a magnitude of 15.1 [%].

Increasing the ice concentration to 100 [%], the error for Case I, sorted by h;, is presented in
Figure 7.5. As can been seen in the figure, the error for all drift angles and ice thicknesses
follows the prioritization of DOFs. Comparing it with C' = 90 [%], the error for h; = 0.5
[m] and h; = 0.8 [m] is approximately in the same magnitude, but for h; = 1.2 [m] the
error is significant increased. For instance, for h; = 1.2 [m] and 6 = 20 [deg] the error has
increased by nearly 5 times.
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Figure 7.3: Results from Case I: s' Qs, C' = 100 [%).
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Figure 7.4: Results from Case I: Error sorted by h;, C' = 90 [%]. — Surge, — Sway,
— Yaw.

The error, sorted by DOF, for Case I is presented in figures 7.6 and 7.7 for 90 [%] and
100 [%] ice concentration, respectively. The error for C' = 90 [%] does not have a distinct
development for the ice thicknesses. The error in yaw is significant smaller compared to
surge and sway. For 100 [%] ice concentration the error for 0.5 [m] and 0.8 [m] is nearly
equal and significant smaller than the error for h; = 1.2 [m]|. The error for h; = 1.2 [m]
can be approximated with a linear increase for increasing drift angles in surge and sway:.
For yaw, this is not the case because the error for 10 [deg] is significant larger than the
other drift angles.

7.2.2 Thrust Allocation with Thruster Dynamics

Adding thruster restrictions to the TA algorithm yields the following results, in Cases 11
and III. The results will be presented in the same manner as in the previous section.

The control forces, f, are LP filtered off-line after the optimization in Case II. The slack,
s, is calculated during the optimization, and the LP filter will thus not affect s'Qs.
The slack term for Case II will therefore be equal to case I, and no new information
can be added. One solution to this problem can be to LP filter the control forces in
the optimization loop, but this is not done in this project. It is unfortunate that no
indications on the performance of the TA can be given by looking at the slack variables,
but it is assumed that the error can give a good enough picture of the performance for
this case.
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Figure 7.5: Results from Case I: Error sorted by h;, C' = 100 [%]. — Surge, — Sway,
— Yaw.

The error, sorted by h;, for Case IT with C' = 90 [%)] is presented in Figure B.1, and is
similar to Case I. An exception is a larger magnitude for h; = 0.5 [m]. More interesting
are the results when increasing the ice concentration to 100 [%], as is shown in Figure
7.8. For h; = 0.5 [m] the error is larger compared to Case I, but the most interesting
result can be seen at 0 [deg] and 20 [deg] drift angle. Here to error is -0.4 [%] and -14 [%)]
respectively, meaning more thrust is produced than what is required to withstand the ice
loads. For h; = 0.8 [m] the error in yaw is quite large, larger than the error in surge and
sway for 0 [deg] and 5 [deg]. With 1.2 [m] ice thickness the error is nearly equal as it is
for Case 1.

Figures B.2 and B.3 presents the error, sorted by DOF, for Case II with 90 [%] and 100
[%] ice concentration, respectively. The results are not so different from Case I, except
for the negative error for h; = 0.5 [m] and 6 = 20 [deg].

5" Qs for Case IIT with C' = 90 [%)] is shown in Figure 7.9. The slack term for h; = 0.5 [m]
and 0 = 5 [deg] is significant larger compared with the other drift angles, approximately
10 to 100 times as large. In general, s" Qs for h; = 0.8 [m] is increasing for increasing
drift angle. For h; = 0.8 [m] and 5 [deg], it is nearly 80 times as large compared to Case L.
Approximating the slack term for h; = 1.2 [m] with a linear line from 0 [deg] to 20 [deg],
it is actually decreasing with increasing drift angles. In spite of this, s' Qs is 1.4 times
as large for § = 20 [deg] compared to Case I.

The slack term for Case III with C' = 100 [%)] is given in Figure B.4. The development for
s"Qs, with respect to drift angles, is almost the same as for Case I, only with a larger
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Figure 7.6: Results from Case I: Error sorted by DOF, C' = 90 [%]. - - h; = 0.5 [m],

magnitude. An exception is for h; = 0.8 [m], # = 0 [deg] where the slack term is larger
than 6 = 5 [deg].

The error, sorted by ice thickness, for Case III is presented in figures B.5 and B.6 for
C' =90 [%] and C' = 100 [%], respectively. The results are not very different from Case I,
except for a more linear increase in error from 5 [deg] to 20 [deg] for h; = 1.2 [m], C' = 90
[%] and a negative error in sway for h; = 0.5 [m], # = 0 [deg] and C' = 100 [%)].

Figure 7.10 shows the error, sorted by DOF, for 90 [%] ice concentration. In surge
direction, the largest error is for h; = 0.8 [m]|. In sway direction the error is nearly
linear increasing from 5 [deg] to 20 [deg], and the error for h; = 1.2 [m] is larger than for
h; = 0.8 [m] which in turn is larger than for h; = 0.5 [m]. The error in yaw gives no clear
indication regarding for which ice conditions the error is largest, except for h; = 1.2 [m],
0 =0 [deg] and h; = 0.5 [m], @ = 5 [deg| which is significant larger than the others.

The error, sorted by DOF, for Case 11T and C' = 100 [%)] is presented in Figure B.7. The
results are similar to corresponding ice conditions in Case I, except that the error is a bit
larger for some of the drift angles for h; = 1.2 [m].

7.2.3 Thrust Allocation with Thruster Ice Clearance

The results from Case IV and V, when TIC is added to the original TA algorithm, are
presented in this section. The presentation of the results is done in the same manner as
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Figure 7.7: Results from Case I: Error sorted by DOF, C' = 100 [%]. - - h; = 0.5 [m],

the two previous sections.

Figures B.8 and 7.11 presents s' Qs for Case IV with C = 90 [%] and C' = 100 [%],
respectively. The results in both figures tend to follow the same trend from Case I, except
with a larger magnitude. With 100 [%] ice concentration, h; = 1.2 [m] and 6 = 10 [deg]
the slack term, s'@Qs, is the largest amongst all cases.

The error, sorted by h;, for case IV and C' = 90 [%] is given in Figure B.9. The results,
especially for h; = 0.5 [m], are similar to the results from Case I. An exception is that the
error is large especially for sway.

In Figure 7.12 the error for Case IV, sorted by ice thickness, is presented. The error is
significantly larger compared to Case I, and the prioritization of DOF's is maintained. For
h; = 0.8 [m] and 20 [deg] drift angle, the error is negative, with -1.4 [%] error.

The error for Case IV and C' = 90 [%], sorted by DOF, is presented in Figure 7.13. It is
interesting to note that the error in surge is largest for h; = 0.5 [m] for all drift angles.
In sway, the error is small and nearly constant from 6 = 0 [deg] to § = 5 [deg], and the
increase in error can be linearly approximated from 5 [deg] to 20 [deg]. The error in yaw
is small, compared to surge and sway, and do not follow any distinct development with
respect to increasing ice thickness and drift angle.

Increasing the ice concentration to 100 [%], the error for Case IV, sorted by DOF, is
shown in Figure B.10. The results are roughly the same as for Case I, only with larger
magnitude.
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Figure 7.8: Results from Case II: Error sorted by h;, C' = 100 [%]. — Surge,
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Figure 7.12: Results from Case IV: Error sorted by h;, C' = 100 [%]. — Surge, — Sway,
— Yaw.

Figure B.11 shows the slack term for Case V with C' = 90 [%]. The results are quite similar
to the same ice conditions for Case IV, except that s' Qs is increasing with increasing
drift angle for the smallest ice thickness and that the magnitude is larger. The same
results for 100 [%)] ice concentration are presented in Figure B.12. The same exceptions
as for C'= 90 [%], as described above, applies to 100 [%)] ice concentration, except that
the magnitude for h; = 1.2 [m] is smaller for Case V compared to Case IV.

Figures B.13 and B.14 presents the error for Case V, sorted by ice thickness. Interesting
observations are that the error in surge is significant negative for C' = 90 [%], h; = 0.8

[m], & = 20 [deg] and C' = 100 [%], h; = 0.5 [m], # = 10 [deg].

The error for Case V, sorted by DOF, for C' = 90 [%] is given in Figure 7.14. In surge
direction, the error is dominating for h; = 0.8 [m] and negative for 20 [deg]. For sway
and yaw, the error is roughly the same as for Case IV. An exception is for h; = 1.2 and
0 = 10 [deg] where the error is significant larger than the other ice thicknesses.

Increasing the error to 100 [%], the error for Case V, sorted by DOF, is presented in
Figure B.15. The results indicate that the error is approximately the same as for Case
IV, only with negative errors for some of the ice conditions in surge.
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7.3 Results Energy Considerations

In the energy considerations, the energy of the remaining control forces, f4r; and the
ice loads the TA were not able to counteract for, 74, is calculated and compared. A
complete overview of all the cases as a function of all the ice conditions is given in tables
C.1- C.5. The energy of furr and 747 are summed up over the time axis and subtracted
from each other. This way, the results in tables C.1 - C.5 give an overall indication of
the ability to avoid drift-offs all together over the time axis. There might be cases where
the vessel will drift off in small periods of time and then come back into position, but
simulations showed that for most of the cases the TA was either able to prevent drift-offs
or not. An exception is for h; = 1.2 [m], C' =90 [%] and 6 = 20 [deg] where the energy
of faifr and T4y were similar, and only minor difference resulted in a positive result for
surge and negative for sway.

Simulations for Cases I - III, presented in tables C.1 - C.3, indicated that the vessel was
able to withstand the ice loads for all ice conditions with 0.5 [m] and 0.8 [m] of ice. For
h; = 1.2 [m] the TA started to have problems with withstanding the ice loads in sway for
C =90 [%] and 6 = 20 [deg]. For 100 [%)] ice concentration, the results indicated that the
TA was not able to withstand the ice loads in surge and sway. For Case IV, presented in
Table C.4, the results indicated that the TA also failed to withstand the ice loads for sway
for 0 = 20 [deg] with 0.5 [m] of ice and 100 [%)] ice concentration, in addition to both ice
concentrations for 0.8 [m] of ice. For Case V, presented in Table C.5, the indications on
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Table 7.1: Possible drift-offs in sway, Case V.

h;, | C | 6
[m] | [%] | [deg]
10

05 | 100 55
90 | 20

08 o0 [ 20
10

90 55

1.2 g
100 |—5

20

failure to withstand the ice loads in sway apply to the ice conditions presented in Table
7.1. Tt is also worth noticing that the TA was able to withstand the ice loads in yaw for

all of the cases.

To give some examples of the energy analysis, it is chosen to present the results for surge
direction for the lightest ice condition and the toughest ice condition. In Figure 7.15, the
difference in the energy of fu¢r and 745 is plotted in the time domain. For the time
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intervals at around 15 [s], 410 - 480 [s], around 920 [s] and around 1180 [s]| the error is
nearly 0, meaning that little of the control forces are left to withstand the ice loads. For
this ice condition this happens only for small periods of time, and the remaining control
forces are quite large the rest of the time. The energy of the fyr¢ and 7457 are plotted
separately in the frequency plane in Figure 7.16. The same results are presented, and it
easy to see that the energy of fg;ss is larger than the energy of 74 in the whole frequency
plane. Note that the y-axis shows the power spectral density (PSD) of the energy signals.

55X 10%  Energy(fairs) - Energy(raify), surge

N
3
T

Energy [J]
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Figure 7.15: Energy of furs subtracted energy of 7,4 for lightest ice condition, surge
direction.

The results for the toughest ice condition are presented in figures 7.17 and 7.18, in the
time and frequency domain, respectively. In Figure 7.17 it can be seen that the energy
of 747 is larger than the energy of fgrs for most of the time, and it is likely that the
vessel will not be able to come back into position in the small periods when the difference
is positive. In the frequency plane, the energy of the ice loads that the TA is not able to
withstand, 74, larger than the energy of the remaining control forces, fys¢, except for
small frequencies. For some of the small frequencies, below approximately 0.5 [Hz], the
two signals seem to be on top of each other, but the difference becomes significant quite
soon.
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Figure 7.16: Frequency analysis of the energy of fi;r and 7y for the lightest ice
condition, surge direction.
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Figure 7.17: Energy of fq;s subtracted energy of 74 for toughest ice condition, surge
direction.
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Figure 7.18: Frequency analysis of the energy of furs and 745 for the toughest ice
condition, surge direction.



Chapter 8

Discussion

The main objectives of this study were to implement and test an optimization based
TA including thruster dynamics and TIC, suggest suitable methods for illustrating the
performance and implementing prioritization of DOF's. A case study was carried out using
towing tank measurement data from CIV Arctic and the results were illustrated using the
methodology described in Section 6.9. A brief discussion of the results will be given
in Section 8.1, along with drawbacks of the towing tank measurement data, parameter
tuning and the prioritization of DOFs. A more detailed discussion of the results, along
with the methods used, is presented in sections 8.2 - 8.4. The results from the energy
considerations are discussed in Section 8.5.

8.1 General Discussion

In general, s Qs increased with increasing ice thickness. Increasing the ice concentration
from 90 [%] to 100 [%] increased s' Qs as well, for instance with a magnitude of approx-
imately 10 times for h; = 0.5 [m] and h; = 0.8 [m] in Case I. When the ice thickness
was increased to 1.2 [m], the slack term increased significantly. For all cases, except Case
I11, s" Qs increased with approximately 1000 times from h; = 0.8 [m] to h; = 1.2 [m] for
C' =100 [%)]. In real life, this means that by reducing the ice concentration from 100 [%)]
to 90 [%], for instance by IM, it is more likely that the vessel is able to be on DP. Also,
the results indicated that 1.2 [m] of ice may be too much for the DP control system to
handle.

Investigating the error, for light ice conditions, such as C' = 90 [%] and the two smallest
ice thicknesses, it did not have any distinct increase with respect to drift angle. Two
exceptions are for Cases IV and V, when TIC was added to the TA, and the error was
larger compared to the previous cases. For 100 [%] ice concentration, the error was larger
than for 90 [%)] ice concentration, and the prioritization of DOFs was more visible. Sorting
the error by DOF's showed a clear picture that the error for h; = 1.2 [m] was in general
larger than the other ice thicknesses. There are some exceptions, for instance for some of
the drift angles for Case V with C' = 100 [%]. For 90 [%] ice concentration the error was

57
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not so large and the prioritization of DOFs not that clear.

For C' =100 [%], h; = 1.2 [m] and 6 = 10 [deg], s' Qs was significantly larger compared
to the other drift angle for all cases. Looking further into the ice loads, .., applied to the
TA, it seemed like the TA was not able to counteract all the ice loads in the beginning if
they were too large. As seen in Figure 8.1, the TA was not able to counteract for the ice
loads the first approximately 100 [s]. In this ice condition, the ice loads in the beginning
were too large for the TA to withstand and the error became large. Some of the reason
may be that the TA needed some time to stabilize the thruster levels and azimuth angles
to desired values. Later in the time series for sway, it can be seen several times that
the TA was not able to counteract for sway forces. This is assumed to be due to the
prioritization of DOF's.
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Figure 8.1: ;. and 7, for Case I with C' = 100 [%], h; = 1.2 [m] and 6 = 10 [deg].

In the case study, towing tank measurement data from CIV Arctic were used as input
to the TA. It is difficult and expensive to gather real life measurement data, so model
test data is believed to be adequate in the design of DP systems [11]. Drawbacks with
model tests in ice are for instance that the ice floes are preformed into squares, which are
not realistic, and the effects from the basin walls. At the side of the basin at least two
of the ice floes did not move when the ship was towed through the ice sheet, and it is
therefore believed that the width of the basin did not affect the measurement data. But
at the end of the model basin, the ice tended to pack together and might give a higher ice
concentration. The measurement data were stopped when this before this was noticeably,
but it might have had some effect. In the towing tests, the vessel was towed through the
model basin, without running propulsion, with restrictions on movement in surge, sway
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and yaw. In practice, the vessel will only have limited amount of power, and for heavy
ice conditions the velocity of the vessel will decrease before the ice splits. Compared to
real life measurement data, the peeks in ice loads, from the towing tank measurement
data, might not be as large. Even though there are some large peeks in the towing tank
measurement data, the DP system would perhaps not be able to react on them. This
can be because they change too fast [11, 39], and will only push the vessel a little out of
position. This is an interesting subject, and what the energy analysis i Chapter 5 tries to
shed light on.
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Figure 8.2: Initial values for the case study vessel.

The number of tuning parameters in the TA algorithm is substantial. Equations (7.4) -
(7.11) contain a total of 23 parameters to be tuned for satisfactory performance. Some
guidelines for tuning are given in Section 7.1.6, but it is likely that the parameters can
be tuned even better. This may be challenging because experience from tuning of the
TA algorithm has shown that small change in parameters and initial values will affect
the performance of the TA. The initial values for the control forces, f, and the azimuth
angles, a, for the case study is presented in Figure 8.2. For DP applications this initial
thruster configuration seemed to be good because the angles of the azimuth thrusters were
well distributed around 360 [deg]. The slack variables, s, were initialised to 0. The scope
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of this work did not include finding optimal tuning parameters, but rather to implement
and test a TA algorithm with satisfactory performance. For that reason, more effort
should be put into finding optimal tuning parameters, for instance to avoid near singular
configurations as mentioned in [43].

To achieve predictable degradation of the TA’s performance when the ice loads are too
high, prioritization of DOF's was implemented using the weights of the slack variables, Q.
As presented in Section 7.1.5, the main priority is to keep the desired moments in yaw.
Then, the vessel will ideally be bow first straight towards the ice and the sway forces
will be zero. The results presented in sections 7.2 and 7.3 indicated that for though ice
conditions the prioritization of DOFs was followed. This means that the largest error was
in sway and the smallest in yaw.

8.2 Thrust Allocation

The TA algorithm chosen for this work was the most advanced, including for instance
restrictions on azimuth angle rates and singularity avoidance. It was based on numerical
optimization, and was on a form such that QP could be used, but since it is so advanced
the number of tuning parameters was found to be extensive.

The results presented in Section 7.2.1 indicated relatively small errors and slack for Case
I, compared to the other cases. When the ice loads were large, from approximately 6 = 10
[deg] and above for C' = 90 [%] and for all ice conditions for C' = 100 [%], the error followed
the prioritization of DOFs, as described in Section 7.1.5. Reducing the ice concentration
from 100 [%] to 90 [%], for instance by using IM, resulted in a smaller slack term. In
Figure 7.2 it can be seen that for two of the ice conditions s' Qs was significantly larger
than the others. For C' = 100 [%], h; = 0.5 [m] and 6 = 5 [deg] the magnitude of the
slack variable was 7.49 - 107°. By investigating the error for this ice condition, Figure
7.5 reveals that most of the error comes from sway direction. Looking into the time
series of Ty, and T, for sway it was noticed that the error was substantial in the period
between approximately 950 [s] and 1200 [s], as seen in Figure 8.3. The TA was not able
to withstand the sway forces of the ice loads in this period of time, because the available
control forces were used to withstand the yaw moments and most of the surge forces.
This was according to the prioritization of DOF's and was expected. The other large slack
term was for C' = 100 [%], h; = 1.2 [m] and 6 = 10 [deg]. The reason for this is partly
explained above, in Section 8.1. Another reason can be that the error in yaw was quite
large, as seen in Figure 7.7, which was due to the error in the first 100 [s], as seen in
figure 8.1. Multiplying the slack in yaw, quadratically, with the weight of the slack in
yaw, Qyaw = 5000, the results will be very large.

8.3 Thrust Allocation with Thruster Dynamics

To make the TA more realistic, thruster dynamics were added to the optimization problem.
Two strategies were tried out to approximate the physical dynamics of the thrusters. First,
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Figure 8.3: ;. and 7,4 between 870 [s] and 1250 [s] for Case I with C' = 100 [%],
h; = 0.5 [m] and 6 =5 [deg].

a LP filter was included. A disadvantage with the LP filter is that the TA algorithm does
not know of it, and since only the control forces were LP filtered the slack variables were
equal to the ones in Case I. The results may have been better if the control forces were
LP filtered on-line, but this was not considered in this report because the second way
of approximating the thruster dynamics was found to be a better solution. Including
restrictions on the control forces, implicitly in the TA algorithm, enables the optimization
problem to be solved with constraints on the control force rates. In the original TA
algorithm, this was already included for azimuth angle rates, and easy to include for the
control forces.

Unfortunately, s' Qs for Case II was not able to provide new information about the slack,
due to reasons described above. For Case III, on the other hand, s' Qs indicated that
the slack was larger when adding thruster dynamics. With 100 [%)] ice concentration and
1.2 [m] of ice, the slack term was very large for Case I and did not increase very much for
Case III. For the same ice concentration, but with h; = 0.8 [m], the slack term increased
significant, with approximately 5000 for 0 [deg] drift angle as an example.

At first glance, the error in yaw for Case II was quite large. For several of the ice conditions
the error in yaw was larger than for surge and sway, and did not follow the prioritization
of DOFs. The error in surge and sway were not that different from Case I, but the
error in yaw was quite different. For some of the ice conditions, it was actually negative,
meaning that the TA produced more thrust than what was required to withstand the
ice loads. This can have something to with that the control forces were LP filter after
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the optimization, but this must be looked further into. For Case III, with C' = 100 [%)],
h; = 0.5 [m] and 0 = 0 [deg], the error was also negative. Another reason for the negative
error can be that the TA must produce too much forces in sway to keep the desired forces
and moments in surge and yaw. The negative error seemed to happen more frequently
for Case II. It can be that the off-line LP filtering worsens the error compared to Case
ITI, when thruster dynamics was included implicitly in the TA algorithm. Finally, the
error for Case I was very different compared to Case 1. For C' = 90 [%)], the error did
not follow the prioritization of the DOFs, and in magnitude it was larger. But increasing
the ice concentration to 100 [%] did not result in a significant increase of error, except for

8.4 Thrust Allocation with Thruster Ice Clearance

In Section 4.2, two solutions were proposed for implementing TIC. For both solutions,
sectors were defined for the azimuth thrusters to apply control forces within. In the first
solution, the TA algorithm decided which azimuth angles were best within these sectors,
and a minimum limit of control forces were applied to the thrusters in those directions.
For the second approach, two terms were added to the objective function to let the
azimuth thrusters follow predefined references in control forces and azimuth angles. The
first approach was simple and minor changes were needed in the optimization problem to
make it work. The downside was that the vessel operator will have little control with the
directions the azimuth thrusters applied forces. The second approach aimed to let the
vessel operator have more control of the behaviour of the azimuth thrusters used for TIC.
Two additional tuning parameters were introduced, but it is believed that the second
solution give a more predictable behaviour. The first solution can roughly be converted
into the second solution by making the sectors very narrow and change the directions of
the sectors, but the second solution is considered as a better design.

Judging by the slack term, adding TIC to the TA followed roughly the same development
with respect to drift angle as for Case 1. Exceptions are that the magnitude was larger,
and for Case V with C' = 100 [%], h; = 0.5 [m] where the slack term changed to be

approximately linear increasing.

The error for Case IV looked similar to Case I, only with a larger magnitude, except for
C' =90 [%] and h; = 0.5 [m] which is nearly equal to Case I. For 100 [%] ice concentration
the error was largest for 1.2 [m] of ice and the prioritization of DOFs was ensured. For
the second solution of TIC the development of the error was not so clear. Compared to
Case I and IV, the error was in general larger for Case V. The error for C' = 100 [%)]
and h; = 1.2 [m] did not increase significantly with respect to 6, and the error sorted
by DOFs was not that clearly dominated by h; = 1.2 [m] as in previous cases. This is
not because the error for h; = 1.2 [m| was smaller, but because the error for the other
ice thicknesses had become larger. The prioritization of DOFs was still followed for most
of the ice conditions, but some of the errors were negative. The reason for the negative
error can be that the TA tries to follow the reference in control forces, f,.r, and therefore
produces more thrust than needed to withstand the ice loads.
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8.5 Energy Considerations

The results presented in Section 7.3, with primary focus on Table C.1 - C.5, gave indi-
cations on possible drift-offs. The results indicated that adding thruster dynamics to the
TA did not increase to the possibility for not being able to keep desired position and
heading. This means that the possibility for drift-offs did not increase by making the TA
algorithm more realistic by adding thruster dynamics. By adding TIC to the original TA
algorithm, the results indicated that the possibility for drift-offs were present for lighter
ice conditions than for the previous cases. The energy considerations indicated that by
letting the TA decide the azimuth angles, on the azimuth thrusters used for TIC, it was
able to withstand the ice loads for more of the ice conditions, compared to forcing them
to follow predefined references. On the other hand, these negative results in the energy
consideration were only for sway.

Comparing the results for Case I with results from CIV Arctic [39], the TA presented in
this report was able to withstand more of the ice conditions. With the same prioritization
of DOFs, the TA in the CIV Arctic report was not able to withstand the ice loads in sway
for h; = 0.5 [m], C' = 100 [%], @ = 5 [deg] and for 1.2 [m] of ice with C'= 90 [%], 8 =5
[deg]. For h; = 1.2 [m], C' = 100 [%] and 6 = 0 [deg] the TA in the CIV Arctic report
was not able to withstand the ice loads in surge and sway. For the other ice conditions
the results were equal. Note that the TA used in the CIV Arctic report was simplified by
clustering the thrusters together in one place at front and rear. Comparing the results, for
Case I, to a constrained nullspace-based TA [17], where the same vessel and input data
was used, the results were the same. For sway, the TA was not able to withstand the ice
loads for the same ice conditions. The three cases where the ice loads in surge was the
problem, [17] showed that it can be possible. In tables C.1 - C.5 it is only shows possible
or not possible drift-offs, but in [17] the results are presented in detail. Even though the
results gave positive results, they can be very close to negative and a more detailed way
of presenting the result could have been considered.
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Chapter 9

Conclusion

In this final chapter, some conclusions based on previous presented material will be given.
Some conclusions on the choice of the TA algorithm, including design choices for thruster
dynamics and TIC, will be drawn out, with a subsequent conclusion on the results. Then,
some conclusions regarding the energy considerations, and how the results can say any-
thing about the DP capability, will be presented. Finally, some suggestions for further
work will be given.

9.1 Concluding Remarks

Based on the discussion in Chapter 8, the error of the TA was in general reduced when
the ice concentration was reduced from 100 [%] to 90 [%]. In real life, use of IM will
achieve this. To check the performance of the TA algorithm, the results showed that first
looking at the slack term, s'Qs, gave a first impression. But to be able to look into the
reason for the slack variable, the error in produced thrust should be looked into in more
detail. Also, when the ice loads became too high, the prioritization of DOFs was present.

Conclusion based on the methods and results will be carried out below in the same manner
as the results and discussions were presented.

9.1.1 Thrust Allocation

The TA algorithm chosen for implementation was the most advanced one described in
Section 2.1.2. It is based on numerical optimization and includes features such as singu-
larity avoidance and physical constraints on azimuth thrusters. Even though the number
of tuning parameters is large, it is assumed that this TA algorithm is the best with respect
to real life performance because of the included features.

For light ice conditions, the results indicated that the case study vessel using the developed
TA was able to withstand the ice loads. For larger ice loads, in the other hand, the error

65



66 Chapter 9. Conclusion

between the ice loads and produced thrust became large and the possibility for drift-offs
increased.

9.1.2 Thrust Allocation with Thruster Dynamics

One thing that was not included in the TA algorithm, given in equations (2.6) - (2.10), was
the dynamics of the control forces. To make the algorithm better for real life performance,
thruster dynamics were added. Two solutions were purposed, LP filtering and adding
new restrictions implicitly in the TA algorithm. It is believed that the second solution is
the best because then the TA algorithm know of the thruster dynamics while doing the
optimization, as was already done for the azimuth angle rates in Equation (2.10). The
resulting optimization is given in equations (3.2) - (3.7).

Based on the results in Section 7.2.2, the TA with restrictions on change of control forces
performed well compared to Case 1. The error in yaw was smaller compared to Case 11,
and the degradation of performance follows the prioritization of DOF's, as presented in
Section 7.1.5, well for heavy ice conditions. Adding thruster dynamics to the TA did
not increase the error very much, except for Case II where the error in yaw was quite
significant.

9.1.3 Thrust Allocation with Thruster Ice Clearance

Based on the discussion in Section 8.4, the second solution for including TIC into the
TA algorithm is considered the best choice. A positive factor for the first solution is
that the TA chooses the best azimuth angles to withstand the ice loads, and the all over
performance of the TA seems to be better judging by the results in Section 7.2.3. Even
though the error was larger, the second solution is considered the best way of solving
the TIC, because it gives better control over the azimuth thrusters. The IM performed
by the Finnish ice breaker "MSV Fennica”, which used the thruster wakes to clear the
ice shows a great potential for TIC [3], and perhaps the DP system can be enhanced by
incorporating it in the TA.

Looking at the results in Section 7.2.3, the performance for Case IV was better for some
of the ice conditions compared to Case V, which might be because the TA chooses the
best azimuth angles to withstand the ice loads. This applies primarily to h; = 0.5 [m]
and h; = 0.8 [m], because the error for h; = 1.2 [m] was quite the same for both cases.
Compared to case I, the error was not very different for C' = 90 [%], h; = 0.5 [m]. For
larger ice conditions the error increased significantly from Case I to Cases IV and V.

9.1.4 Energy Considerations

Using energy considerations, and looking at the difference in energy of the ice loads the
TA was not able to counteract for and the energy of the remaining control forces after
the optimization, some indications on possible drift-offs can be given. The results do not
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give a clear picture of whether the vessel is able to be on DP, but rather an indication of
possible drift-offs over time. This is based on how much control forces are left after the
optimization to counteract for the ice loads the TA did not withstand.

Based on the results in Section 7.3 and discussions in Section 8.5, it can be concluded that
the TA was able prevent drift-offs for all h; = 0.5 [m] and h; = 0.8 [m], except for large
drift angles for Cases IV and V. For h; = 1.2 [m], C' = 100 [%] the energy consideration
indicated possible drift-offs for drift angles from 5 [deg] and above. Including thruster
dynamics did not affect the possibility for drift-offs, but by adding TIC the possibility for
drift-offs was present for lighter ice conditions compared to Case I.

The primary goal for the prioritization of DOFs was to use more effort to withstand the
ice loads in yaw, and it was achieved by the energy considerations always giving a positive
result for the moments in yaw.

9.2 Future Work

This study has focused on optimizing the TA for Arctic conditions, and included thruster
dynamics and TIC. Some ideas have been implemented and simulated in the case study,
but more can still be done to give better performance of the TA. Some recommendations
for further work are:

e The results from the case study give an indication of the performance of the TA.
The whole DP control system, as in Figure 1.2, should be simulated to investigate
how well the DP vessel in ice performs with the TA algorithm including thruster
dynamics and TIC.

e Test the TA on a real vessel.

e In the second way of including thruster dynamics, the restrictions on change of
control forces can be divided into 3 steps, as described in Section 3.2.

e Integrate the PMS in the thruster dynamics with restrictions on change of control
forces. The restrictions can be dependent on the states of the engines and informa-
tion can be passed between the modules.

e Use mathematical models to investigate automatic activation of TIC based on model
prediction.

e Further improvement of the reference signals used in TIC solution 2. Both how fast
the azimuth thrusters should flush back and forth and how large the references in

control forces should be. Adaptation, based on mathematical models of the ice, can
be included.

e Investigate how wide the azimuth sectors for TIC should be, and possible time-
varying dependent on the ice conditions.

e Do a more detailed analysis of the energy considerations to investigate how close
the TA is to possible drift-offs. Also, investigate when in the time series this might
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happen.

e Include a more sophisticated way of defining forbidden thruster zones for the azimuth
thrusters to avoid thruster losses, for instance thruster-thruster losses [33].

e Better tuning of parameters to improve performance.

e Investigate the negative errors.
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Appendix A

quadprog NMatrices

An overview of the matrices used in quadprog is:
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where
P _ PT c RT‘XT
Q=0Q" e RP*?
Q — QT c Rnxn
T(a) € R™"
W = diag(wq, we, ..., w,) € R™"
TeR”

For TIC solution 2, the g vector is given by:

2P(fo —

g= 0 c R (A.9)

because of the two added terms including the references, f,.; and o,.¢. The variable sa

.
is the singularity avoidance term, given by {8% <E - det(T(a)%V*lTT (a)> } € RP.
a=o(



Appendix B

Appendix Results

The case study resulted in numerous figures, and not all of them could be presented in
the report. The most notable figures were presented in section 7.2.1 - 7.2.3, and the rest
will be presented below in sections B.1 - B.2.

B.1 Thrust Allocation with Thruster Dynamics

5 | | ‘
=) M
m 0 1 1 1
0 [deq] 5 [deq] 10 [deg] 20 [deq]
h; .8

0 [deq] 5 [deg] 10 [deg] 20 [Ideg]

Figure B.1: Results from Case II: Error sorted by h;, C' = 90 [%]. — Surge, — Sway,
— Yaw.
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Figure B.2: Results from Case II: Error sorted by DOF, C' = 90 [%]. - - h; = 0.5 [m],
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Figure B.3: Results from Case II: Error sorted by DOF, C' = 100 [%]. - - h; = 0.5 [m],
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Figure B.4: Results from Case I1I: s'Qs, C = 100 [%].

,m_

0 [deq] 5 [deq] 20 [deq]
g 101 _
—
2 0 ]
SN ——— — — & )

0 [deq] 5 [deg] 10 [deg] 20 [deq]

Figure B.5: Results from Case III: Error sorted by h;, C' =90 [%]. — Surge, — Sway,
— Yaw.
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Figure B.6: Results from Case III: Error sorted by h;, C' =100 [%]. — Surge, — Sway,
— Yaw.
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Figure B.7: Results from Case III: Error sorted by DOF, C' = 100 [%]. - - h; = 0.5 [m],
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B.2 Thrust Allocation with Thruster Ice Clearance
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Figure B.8: Results from Case IV: s"Qs, C' =90 [%].
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Figure B.9: Results from Case IV: Error sorted by h;, C' =90 [%]. — Surge, — Sway,
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Figure B.10: Results from Case IV: Error sorted by DOF, C' = 100 [%]. - - h; = 0.5 [m],
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Figure B.11: Results from Case V: s' Qs, C' = 90 [%].
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Figure B.14: Results from Case V: Error sorted by h;, C' =100 [%]. — Surge, — Sway,
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Appendix C

Energy Consideration Tables

Tables C.1 - C.5 give an indication of if the vessel was able to keep the desired position
and heading for the Cases I - V, based on the energy considerations. The energy of 7y¢¢
and fgisr, for each DOF, were summed up over the time axis and subtracted from each
other. If the result was positive, it indicated that the vessel was able to withstand the
ice loads over the whole time axis. A negative result indicated the opposite. A positive
result is represented with a green check mark and a negative result with a red cross in
the tables below.
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Table C.1: Results energy considerations, Case 1.

h, | C (7] Surge | Sway | Yaw
[m] | [%] | [deg]
0
5
10
20
0
5
10
20

0
90 )
20
0
100 )
20

0
)
10
20
0
)
10
20

90

0.5

100

0.8

90

1.2

100

b SEIR S 10 3 I N N N N N O O O N O O N O N BN O N I N IR N IR
b NI I 4 IR NI I 45 N N N N O O N N O N N N O N I N B SO IR N IR
AN RN R RN N N N RN AN N RN RN AN AN RN RN RN AN AN ENEN
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Table C.2: Results energy considera- Table C.3: Results energy considera-
tions, Case II. tions, Case III.
h; C 0 Surge | Sway | Yaw h; C o Surge | Sway | Yaw
[m] | [%] | [deg] [m] | [%] | [deg]
0 v v v 0 v v v
5 v v v 5 v v v
%0 10 v v v %0 10 v v v
05 20 v v v 0.5 20 v v v
0 v v v 0 v v v
5 v v v 5 v v v
100 10 v v v 100 10 v v v
20 v v v 20 v v v
0 v v v 0 v v v
90 5 v v v 90 5 v v v
08 20 v v v 0.8 20 v v v
0 v v v 0 v v v
100 5 v v v 100 5) v v v
20 v v v 20 v v v
0 v v v 0 v v v
5 v v v 5 v v v
0 10 v v v 30 10 v v v
1.9 20 v X v 1.9 20 v X v
0 v v v 0 v v v
5 x x v 5 x x v
100 10 x x v 100 10 x x v
20 X X v 20 X X v
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Table C.4: Results energy considera- Table C.5: Results energy considera-
tions, Case IV. tions, Case V.
h; C 0 Surge | Sway | Yaw h; C o Surge | Sway | Yaw
[m] | [%] | [deg] [m] | [%] | [deg]
0 v v v 0 v v v
5 v v v 5 v v v
20 10 v v v %0 10 v v v
05 20 v v v 0.5 20 v v v
0 v v v 0 v v v
5 v v v 5 v v v
100 10 v v v 100 10 v X v
20 v X v 20 v X v
0 v v v 0 v v v
90 5 v v v 90 5 v v v
08 20 v x v 0.8 20 v x v
0 v v v 0 v v v
100 5 v v v 100 5 v v v
20 v X v 20 v X v
0 v v v 0 v v v
5 v v v 5 v v v
90 10 v v v 0 10 v X v
1.9 20 v X v 1.9 20 v X v
0 v v v 0 v X v
5 x x v 5 x x v
100 10 x x v 100 10 x x v
20 X X v 20 X X v




