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ABSTRACT

This paper examines the control system characteristics
of a vessel that uses Z-drives to actively reduce roll
motion. Active roll control systems that use rudders
and fins have been in existence for many years and the
capabilities of such systems have been studied exten-
sively. As an actuator, the Z-drive suffers from many
of the same limitations as rudders; for example, the
vessel’s steering is also closely linked to the rudder
motion. The Z-drive has an advantage over rudders
and many fin-based systems in that it has the potential
to be an effective actuator for roll motion reduction at
low and even zero forward speeds: conditions in which
a rudder is completely ineffective. Full-scale trial data
is used to establish some design principles for a roll
reduction system based on Z-drive operation.

1 INTRODUCTION

Before considering the effectiveness of a Z-Drive as a
roll reduction system, it is useful to look at the closely
related area of rudder-actuated roll reduction systems.
Extensive research has been conducted in the area of
rudder roll stabilizing (RRS) systems, and the associ-
ated control theory, beginning in the 1970’s [3]]. In-
terestingly, the early work was inspired by the obser-
vation that a poorly tuned autopilot actually induced
anomalous roll motions [8]]. Although some initial
results were successful [4], it became clear early on
that roll reduction was not universally effective, being
strongly influenced by limitations of the steering gear
and the relatively large roll inertia of some vessels. A
serious limitation to RRS is the fact that the dynamics
of the rudder-to-roll response are non-minimum phase
(NMP) [7]], which results in a tradeoff between reduc-
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ing roll at some frequencies, while amplifying it at oth-
ers.

In a RRS system, the control system manipulates only
one system input, the rudder angle, in order to control
both the yaw and the roll: thus the system is under-
actuated. With a Z-drive vessel, an additional degree
of freedom is available for control: the propeller shaft
speed. This is an important distinction in two ways:
the additional degree of control can be used at for-
ward speeds to improve the actuation, and it permits
roll to be controlled even at low to zero forward speed,
when rudders are useless in this capacity. This idea
was investigated in an earlier paper [9]], in which a roll
stabilization control system was tested on a simulated
vessel. The results indicated (as one might expect)
that Z-drives had some potential for roll reduction at
forward speeds. In that study, the zero-speed charac-
teristics were not studied, and no particular emphasis
was placed on the control system design aspects. This
paper will focus on the modeling of a Z-drive vessel
for the purpose of developing Z-drive roll stabilization
(ZRS) and yaw control system.

This paper is organized as follows: Section 2] gives an
overview of the control system models that are used for
control system design. Section [3] describes the tech-
niques used to identify the vessel model from full-scale
trials data. Section ] presents the results of the model-
ing and the implication for controller design. Finally,
Section [5] summarizes the results and suggests direc-
tions for future work.

2 VESSEL MODELING

In order to develop a control system for a vessel, it
is desirable to have a suitable linearized model of the
behaviour over a range of operating conditions, thus



enabling modern multivariable control system design
techniques to be utilized [10]. Typically, such a model
begins with a Newtonian formulation of the equations
of motion, yielding a set of nonlinear relations. Such
an approach requires that the hydrodynamics and hy-
drostatics of the vessel be known; in this paper, we the
vessel is examined from a control system design stand-
point and the model is identified from actual sea trials
data.

2.1 Sway-Yaw and Roll Model

The model of Christensen and Blanke [2] is derived
by linearizing a nonlinear 3 degrees-of-freedom (DOF)
manoeuvering model about the forward service speed
u = up, and then rearranging it into a standard state
space form:

x = Ax+Bd (1)

where the state vector is defined as x = [v, 7, p,q),q!]T
with the state variables defined respectively: sway ve-
locity, roll rate, yaw rate, roll angle and yaw angle.
Note that ¢ = p,\y = r. The elements @;; and b; of A
and B are to be determined by experimental techniques
(i.e. system identification), they will not be defined,
since they will act as placeholders for the system iden-
tification. Thus Eqn[I]is expanded as follows:

v air ap a3z ais Of |v b
i a1 axp ax axy Of |r by
p|=|an ax ax an O |p|+|b3|d
) o 0 1 0 oflo 0
W o 1 0 o0 oflyl |o

It is useful to decompose the roll and the sway-yaw
dynamics in order to separate the effects of the rudder
on each of roll and yaw. Rearranging the state vari-
ables x = [v,7,y, p,0]” the system matrices rearrange
as follows:

air arp 0| aiz aus
a1 ax 0| axy axy
A=l 0 1 o|lo0 o )
asg aszp 0 asz  azg
0 0 0 1 0
B=[b b 0|by 0] 3)

In the partitioned matrix A of Eqn. [2] the upper left
partition represents the dynamics of the vessel steer-
ing which can be recognized as the 2nd order Nomoto
model. The lower right partition models the behaviour
of the vessel in roll, and the upper right and lower left
partitions represent the coupling between the sway-
yaw and roll subsystems. In some cases, the coupling
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is neglected to simplify the model further [5]. In our
case, coupling will be retained in order to improve the
results of the system identification process.

2.2 Roll Mode Modeling

For purposes of system identification, the model is fur-
ther augmented to separate the roll behaviour into low
and high frequency components ¢;r and ¢;r. This is
because the roll stabilizing controller will only operate
around the high frequencies; i.e. that of the resonant
pole pair represented by the underdamped harmonic
oscillator. The low frequency roll behaviour can be
modeled by an additional pair of overdamped poles
(eigenvalues). As a result, the roll subsystem transfer
function will look as follows:

@ — Kyou(s —z1)(s+22) (4)
8(s)  (s—p1)(s+p2) (5° + 2005 + @)
Ifmodel hfmodel

The high frequency model has been written in the form
of a damped harmonic oscillator to facilitate the identi-
fication of the damping € and the natural frequency .
The latter corresponds to the natural roll frequency g
of the vessel, while the former is the non-dimensional
damping of the complex conjugate pole pair. The com-
plex conjugate pole locations are given in terms of the
damping and natural frequency as follows:

p3,p4 = —w, 0+ jo, (M)

Appearing in the numerator are a pair of zeroes z1,22,
where z; is the right-half plane zero that contributes
the NMP dynamics of the system. A state-space
version of the roll subsystem with state vector xy =

T
[th’q)hfapl £ ¢1f} = takes the form

20w, o, 0 0
1 0 0 0
Ay = 5
¢ 0 0 [—(pi+p2) —pip2 )
0 0 1 0

By=[bor 0fbs 0] (6

Augmenting the state vector appropriately x =

(v, r, %] " and inserting this new roll model into the
system of Eqn. [2]and 3] the model becomes
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Figure 1: Independent steering mode - one Z-drive azimuth
angle & is used for steering and roll compensation

M
.

N
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Figure 2: Side thruster mode - one Z-drive shaft speed Wy is
used for positioning and roll compensation

where Aj; is the upper partition of Eqn. and L;
and L, are cross-coupling, and are structured such that
only the low frequency roll states couple to the sway-
yaw states. Matrix By is the upper portion of Eqn. [3]

2.3 Control Actuator Modes

The target vessel is equipped with two independently
controlled Z-drives. Thus, it is possible to vary both
the azimuth angle & of the drives and the shaft speed
o, completely independently. For the purpose of this
study, the drives were operated in three distinct modes:
1) locked mode, in which both Z-drives are used like a
rudder with the same azimuth command 9, 2) indepen-
dent mode either port or starboard drives are used as
a rudder, e.g. 8,0 = 0 85ps = & (see Fig. [1) and 3)
side thruster mode one thruster is placed athwartship
e.g. Oporr = 90 degrees and the shaft speed is varied
(see Fig. 2). Modes 1 and 2 are used for forward speed
steering and roll reduction, while mode 3 is used for
zero or very low speeds positioning and roll reduction.

In practice, it is likely that the thrusters would be op-
erated so that the controller would be free to vary both
shaft speeds and azimuths in order to optimize the con-
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trol. The above operating modes were investigated as
representing 2 extremes of operation; i.e cruise speeds
u > 0 and stationkeeping to low-speed manoeuvring
u ~ 0. For mode 3, the model used for SI purposes is

X = Aox + By, 9

where Ay and By are of a similar structure to that de-
fined by Eqn. [|and [f]respectively, with the shaft speed
@y the input to the system.

3 SYSTEM IDENTIFICATION

System identification (SI) refers to the process of iden-
tifying the parameters of a model based on the obser-
vation of the inputs and outputs to the system [6]. In
the previous section, a linear 3DOF model that is suit-
able for ZRS was developed.

3.1 Sea Trials

The sea trials conducted on the target vessel were de-
signed to identify the vessel manoeuvering characteris-
tics, with a particular emphasis placed on system iden-
tification of roll and yaw characteristics. In [1]], Blanke
and Knudsen outline some standard and non-standard
manoeuvres aimed at ship manoeuvering model iden-
tification. They compare the suitability of a variety
of these maneuvers using a sensitivity approach. The
standard zig-zag manoeuver was found to be one of the
better techniques for this purpose. Thus, many of the
runs during the sea trial were zig-zags conducted us-
ing steering modes 1 and 2 for three different forward
speeds and a variety of rudder and heading step sizes.
Additional runs were used to identify the zero-speed
ship behaviour as well, using steering mode 3. These
consisted essentially of a series of pseudo-random step
changes in shaft speed with one of the Z-drives set
athwartship.

3.2 Data Analysis

The MATLAB system identification toolbox was used
to analyze the sea trial data, using the linear models de-
veloped in the previous section. In general, an excel-
lent agreement between modeled and measured state
variables was observed for most runs, confirming that
the model of Eqn. [7]and[§]is reasonable. One example
from the sea trial is illustrated by Fig. [3|in which mea-
sured and modeled roll, yaw, sway, roll rate and yaw
rate have been plotted along with the original system
input; i.e. 8(¢) as a function of time. With the model in
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Figure 3: A sea trial run comparing measured to modeled system states
reasonable agreement with the full-scale vessel results, Speed Complex Poles Zero
it enables a certain level of confidence to be afforded a Uy ¢ ‘ ®, ‘ Re ‘ +Im | o,
1 i h 1.
control system design based on the mode 0 0.016 1 0932 | 0015 | 0932 | wa

0.455 | 0.033 | 0.952 | -0.031 | 0.951 | 0.478
0.727 | 0.084 | 0.983 | -0.083 | 0.979 | 0.726

4 RESULTS
1 0.143 | 1 -0.143 | 0.990 | 0.927

This section focusses on the results of the system iden-
tification of the sea trials: specifically, it will examine Table 1: Complex conjugate pole pair and non-minimum
the frequency domain behaviour of the system model  phase zero. Frequencies and speeds are normalized.

in roll. Of primary interest are the complex conjugate
poles that give rise to the resonant roll mode and the
NMP zero. These results are presented in Table[T] The
forward speed of the vessel u, and the frequencies of
the poles ®, and the NMP zero m, have been normal-
ized by maximum forward speed and maximum fre-
quency encountered, respectively. Normalize speed is
denoted as m,. These features have been highlighted,
since they encapsulate the roll behaviour of the subject
vessel over the entire range of service speeds.

is not a surprising result, as it is likely that hydrody-
namic forces at higher speeds contribute to increased
roll damping. This relationship is summarized in Fig.
@ The damping increases linearly over the higher
range of forward speeds that were tested. At lower
speeds, the relation is clearly not linear, but would
not be hard to quantify with further testing. A least
squares fit of order 2 is superimposed on the points. It
should be noted that the damping of these poles is very
light and there was some variation between results of
4.1 Damping the repeated runs for the same speed. The results pre-

sented here are an average of what were deemed ‘good
The damping of the complex conjugate pole pair  quality’ runs; i.e. those in which the SI modeled data
clearly increases with increasing forward speed; this matched the actual data closely.
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Figure 4: Damping of the complex conjugate pole pair in

the roll model as a function of forward speed (normalized).

The dashed line is a second-order regression.

4.2 Non-Minimum Phase Zero Location

The frequency of the non-minimum phase zero clearly
increases with increasing forward speed over the range
of speeds tested, see Fig. [5] This is not a surprising
result, as the NMP zero can be thought of as a delay
element; thus, the faster the vessel moves, the smaller
the delay. In Table[T| the n/a should be interpreted that
the zero is not possible to resolve precisely, as it ap-
proaches zero frequency, since for all zero-speed runs
analyzed, the zero was in close proximity of the j®
axis within the confidence limits of the results.

4.3 Control System Discussion

With the open loop model of the system determined,
what issues does this raise for a roll stabilizing con-
troller? The discussion will focus only on the implica-
tions for roll control, although it should be noted that
roll stabilization cannot be considered in isolation of
heading (yaw) control. For this discussion, the reader
is referred to Fig. [6] the pole-zero plot of the sys-
tem, with only the complex conjugate pole pair and
the NMP zero plotted, for each of the normalized ves-
sel forward speeds, u,, identified on the plot as the set
{uo,ur,u2,u3}.

One state-space control design approach is to use the
pole-placement technique. The roll natural frequency
of the vessel is strongly influenced by its hydrostatics

7).
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It is unlikely that a practical controller gain will be ar-
rived at with an arbitrary pole placement approach (i.e
altering the natural frequency). A better approach is
to attempt to increase the damping of the system. The
grid in the left hand plane of the pole-zero plot Fig.
[6] has lines of equal damping. Thus, the target con-
troller pole positions lie somewhere along the curves
for , € (0.932,1.0), adjusting the controller gain to
maximize .

The non-minimum phase response (due to the right-
half plane zero) manifests itself in the time domain as
an initial inverse response to the input. For example,
applying helm to initiate a turn to port will cause the
vessel to initially roll to the port side, followed even-
tually by a steady roll (heel) to the starboard side as
the turn settles in. This initial inversion gives rise to
the NMP zero in the right-hand plane of the system
roll transfer function. As the zero moves closer to the
Jj axis at lower speeds, the vessel will exhibit a more
pronounced inverse response. Typically from a control
systems perspective, NMP dynamics cannot be can-
celed, and they ultimately lead to a tradeoff between
reducing disturbance at certain frequencies, while am-
plifying them at others. Therefore, the controller must
be designed to identify and adapt to varying condi-
tions; e.g. changes in the dominant wave period, and
the wave encounter angle.
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Figure 6: Summary pole-zero map, showing the dependence on forward speed. The grid in the left hand plane indicates lines

of equal damping.

A serious limitation of this vessel as a candidate for
ZRS will be at the highest speed u3; the natural fre-
quency of roll coincides with the frequency of the
NMP zero, making roll reduction at that speed par-
ticularly problematic. At speeds below this, there
is sufficient separation between ®, and ®, that the
NMP effect will be less dominant by carefully limiting
the bandwidth of the controller to frequencies above
®,. As the vessel speed gets lower, the separation
increases, making ZRS likely to be more effective at
lower speeds. At zero speed ug the side thruster ac-
tuator mode can be utilized and the NMP zero disap-
pears, making the control problem considerably easier
to handle.

5 CONCLUSIONS

This paper presents a technique for deriving linear
vessel manoeuvring models for control system design
based on system identification of sea trials data. By
basing a controller design on an identified model, the
designer will have more assurance that the resulting
controller will work with the real vessel. A technique
for improving the actuation of a ZRS control system
is presented; by manipulating both the azimuth angle
and the shaft speed, it is possible to get around one of
the serious limitations (i.e. underactuation) of rudder-

based control systems. Finally, the NMP dynamics of
the system are less problematic at low speeds and dis-
appear at zero speed. This is a range of operation in
which traditional RRS systems cannot function due to
loss of lift on the rudder. These observations form the
preliminary design phase of an integrated yaw and roll
controller using Z-drives.

Future work will use the information gleaned in this
modeling process to do the detailed design of a con-
troller for the vessel using a variety of control design
approaches. The performance of the controllers will be
evaluated using simulation techniques against either a
nonlinear SI model derived from the sea trials data, or
a nonlinear model derived from first principles.
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