MOVIC2016 & RASD2016 IOP Publishing
Journal of Physics: Conference Series 744 (2016) 012032 doi:10.1088/1742-6596/744/1/012032

A study of a steering system algorithm for pleasure boats
based on stability analysis of a human-machine system model

Fujio Ikeda, Shigehiro Toyama®, Souta Ishiduki? and Hiroaki Seta®

! National Institute of Technology, Nagaoka College, Niigata, Japan
2 Utsunomiya University, Tochigi, Japan
% National Institute of Technology, Toba College, Mie, Japan

E-mail: ikeda@nagaoka-ct.ac.jp

Abstract. Maritime accidents of small ships continue to increase in number. One of the major
factors is poor manoeuvrability of the Manual Hydraulic Steering Mechanism (MHSM) in
common use. The manoeuvrability can be improved by using the Electronic Control Steering
Mechanism (ECSM). This paper conducts stability analyses of a pleasure boat controlled by
human models in view of path following on a target course, in order to establish design
guidelines for the ECSM. First, to analyse the stability region, the research derives the linear
approximated model in a planar global coordinate system. Then, several human models are
assumed to develop closed-loop human-machine controlled systems. These human models
include basic proportional, derivative, integral and time-delay actions. The stability analysis
simulations for those human-machine systems are carried out. The results show that the
stability region tends to spread as a ship’s velocity increases in the case of the basic
proportional human model. The derivative action and time-delay action of human models are
effective in spreading the stability region in their respective ranges of frontal gazing points.

1. Introduction

The number of sea disasters relating to maritime accidents of small ships such as pleasure boats has
increased in recent years in Japan [1]. The major factors of this trend are increase in the number of
beginner captains and complicated manoeuvrability of the pleasure boats. The manual hydraulic
steering mechanism (MHSM), which is widely used in these pleasure boats, is known to have poor
operability [2]. There are two reasons: the reaction torque of the steering wheel is poor and the
steering action tends to lag since the wheel’s whole rotation number is a comparatively large 4-7 turns.
We have already shown that the poor operability of the MHSM leads to mistakes by beginner captains
[3]. One way to improve the poor operability of the steering system is to apply an electronic control
steering mechanism (ECSM) by using steer-by-wire (SBW) technology. The SBW has been developed
in the area of airplanes and automobiles [4,5]. The SBW enables an operator to generate any reaction
torque of the steering wheel and to adjust the rotation angle rate of the steering wheel from the rudder
angle in order to improve the operability. However, there are as yet no design guidelines of the control
algorithm on how to generate the reaction torque and to decide the rotation angle rate of the steering
wheel in the ECSM. Therefore, our study group has started to establish criteria for the design
guidelines on the ECSM for pleasure boats.
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Figure 1. Steering mechanism of pleasure boats.

To aid in establishing the criteria, this paper studies stability analyses of a pleasure boat controlled
by human models in view of path following while manoeuvring the ship through a target course. First,
we derive the controlled model of the ship in a global coordinate system. Second, we assume several
human models to steer and build a closed-loop human-machine controlled system. Third, analytical
simulations are carried out to evaluate the stability of those human-machine systems. Last, we show
design guidelines of the control algorithm based on the simulation result.

2. Overview of the steering mechanism

2.1. Manual hydraulic steering mechanism
Figure 1(a) shows the manual hydraulic steering mechanism (MHSM), which is the current steering
mechanism in common use on pleasure boats. When a captain rotates angle & of a steering wheel
(called a helm angle), hydraulic fluid is discharged to the hydraulic cylinder through a helm pump
which is directly connected to the steering wheel. Then, a rudder angle & changes according to
movement of a piston rod. Normal pressure Nz is generated on the rudder depending on the rudder
angle 6. The moment of rotation at the rudder from the centre of gravity of the hull makes a ship rotate.
The operability of the MHSM is known to be poor because of the following two weaknesses. One is
that the captain may have difficulty finding the centre position of the steering wheel when rotating it
back after a turn. This is because the full rotation number of the steering wheel from one side to the
other side is set on comparatively large values around 4-7, and the reaction torque on the steering
wheel is almost isolated. Another reason is that the captain has to master the relationship of the
steering wheel movements to the rotational motion of the hull. However, the rotational motion is
affected by the normal pressure expressed by equation (5) in Section 3.2, which has complicated
nonlinearity in terms of ship’s speed 7 and effective flow angle «. Beginner captains can hardly grasp
these dynamics.

2.2. Electronic control steering mechanism

The Electronic control steering mechanism (ECSM), which operates by using steer-by-wire (SBW)
technology and is shown in figure 1(b), is considered to be a candidate to improve the poor operability
of the MHSM. When a captain rotates angle &s of a steering wheel, the angle 6 is detected by a rotary
encoder and input to the electronic control unit (ECU). The ECU outputs a referenced rudder angle

signal o to control a motor, which drives the helm pump, and the following mechanism is the same as
the MHSM. By controlling the ECU, the ECSM can translate precisely the steering angle to the rudder
angle without excess rotations of the steering wheel. In addition, the reaction torque on the steering
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Figure 2. Motion model of pleasure boats Figure 3. Schematic of acting forces
in global coordinate system. around the rudder.
Table 1. Parameters for motion model of pleasure boat.
Parameter Description Parameter Description
G Centre of gravity Nr Normal pressure
m Mass Ny Turning resistance
1 Moment of inertia / Distance between centre of gravity and action
y Lateral displacement ! point of normal pressure _ _
0 Heading angle / Distance between centre of gravity and action
5 Rudder angle " point of turning resistance
y Angle of boat speed from x axis
Angle of boat speed .
y from x axis T Pro_pulsn{e force of propeller
D Fluid resistance force of hull

wheel can be generated. If any algorithms to appropriately control these complicated behaviours
would be developed, then operability of the steering system would be expected to improve. However,
the control algorithm of the ECSM has not yet been clarified.

3. Dynamics of a pleasure boat model

To analyse stability in view of path following of the target course by the pleasure boat controlled by
human models, we consider the human-machine system which integrates models of pleasure boats and
humans. This section derives equations of motion of pleasure boats.

3.1. Equations of motion of pleasure boats in the global coordinate system

Conventional ship motions in the horizontal plane are written in the body-referenced coordinate
affixed on the body where the origin is the centre of gravity. However, for the above objective, ship
motions have to be written in the global-referenced coordinate affixed on the sea, as shown in figure 2.
The motion frame has forward direction x-axis, sway to the left direction y-axis and yaw rotation. The
parameters for the motion model are listed in table 1. The equations of motion are represented by a
surge, a sway and an angular motion as follows:

mdzx—Tcow—D 1)
dt? ’
dzy 2
m— =N, cos(6+6)- N, cos, )
2
Iﬁ:—ZRNR cosd+1,N,, - @)

dt?
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We assume the forward directional velocity of the boat has constant speed V, therefore the motion of
forward direction (1) is uncoupled. This paper only deal with the equations of motion (2) and (3) to
examine the stability analysis.

3.2. Linear approximation of equations of motions

To examine the stability analysis of the ship motion, equations (2) and (3) are approximated to obtain
linear input-output relations from the rudder angle &'to the lateral displacement y and heading angle 6.
We consider the boat is navigated almost along a straight line, because the boat is always controlled by
a human. Therefore, the heading angle and rudder angle are assumed to be small enough and become
co¥=1and cos(@+ ) =1. Then, equations (2) and (3) are written as follows:

d’
dzy Ny—N, (4)

d*o
]W:_ZRNR_FZHNH' (5)

The normal pressure N and turning resistance Ny should be derived in a concrete form, respectively.
First, the normal pressure Ny is expressed by the following formula [6]:

N, = f,V*sina (6)
where f is coefficient of normal pressure, derived in Section A of the Appendix, ¥ is ship’s speed, and
a is effective flow angle expressed as follows:

a=6+0-y,, )
where yz is an angle formed by moving direction at the rudder position and x-axis, which is called slip

angle of the rudder shown in figure 3. We suppose the slip angle at the centre of gravity of the hull is
small enough |;1<<1, the hull moves at the translational motion of the component toward x-axis

Vcosy=V and the component toward y-axis Vsiny =Vy =dy/dt , together with the rotational
motion around the centre of gravity 46/d:. These forces are balanced at the rudder. Hence, the slip
angle of the rudder is

Vy—ly-d0/dt _1dy 1, do
stany,=—"——"—=———-— (8)
Vo =0T v vd vdi
Consequently, by assuming |a| << 1, the normal pressure written as equation (6) is described by
ldy [ do
N, = S+06- +£ ©)
R2S ( va v dtJ
Next, the turning resistance Ny is proportional to the heading angular velocity
do
N =C— (10)
T

where ¢ is coefficient of normal pressure, described in Section B of the Appendix. Substituting
equations (9) and (10) into equations (4) and (5), the equations of motion of pleasure boats in the
global coordinate system are described as

d? do
dty +fRde +e—1,f, )—t—fRVZH:fRVZ& (11)

/40 do

1l ( 1, —lefRV)E+lRfRV26'=—lRfRV25- (12)

Taking the Laplace transform of equatlons (11) and (12), the transfer functions from the input oto the
outputs y and & can be represented as follows.

) Vs +(l, —1,)fV e 13
00 s Uy +mlll fo =Lyl 4l £ + (=1, )fbels -
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Figure 4. Motion of pleasure boats to follow Figure 5. Brock diagram of closed-loop
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G (s)— —ml, Vs
0 mls® +{IfRV+m(lR2fRV—lHC)}s2 +{mlRfRV2 +(1, —IH)fRVc}S

(14)

4. Stability analysis of the pleasure boat controlled by human models
In this section, we design and make the human-machine feedback systems consisting of several human
models and the previously mentioned pleasure boat model.

4.1. Human-machine system model

We set the pleasure boat a task to follow the target course in almost a straight line, as shown in figure
4. L is distance between centre of gravity and a frontal gazing point, and yo. is lateral displacement of
the target course at a looking ahead point. Therefore, the error between the actual course and the target
course is derived as follows:

E=yo —(y+L0) (15)
Figure 5 shows the block diagram of the path following the feedback system including human model

from input of the target course to the output of the actual course. The block of H(s) is the control
model of the human dynamics described in the next section.

4.2. Control model of the human dynamics

A number of studies concerned with the control model of the human dynamics have been presented [7].
One approach is to describe human dynamics as transfer function models H(s) which regard human
behaviour as linear continuous feedback models. We employ this approach and describe the human
dynamics as a classical proportional-integral-derivative (PID) plus time-delay transfer function, which
is given by

H(s)=h- [TDS +l+1j e (16)
7,8

We human beings can naturally steer proportional to the error signal, and % is the proportional gain
constant. We can also forecast the movement in a short time to come; this is the operation of the
derivative which has a coefficient of 7. On the other hand, we can move the shifted position back to
the centre position; this is the operation of the integral which has a coefficient of z;. We experience a
time delay of a few seconds in the steering; 7z is the time delay constant. The transfer function of
equation (16) is the combination of the above four features.

4.3. Closed-loop system in view of path following
The transfer function of the closed-loop system in view of path following of the target course (i.e., the
transfer function from yo, to y in figure 5 is obtained as

bsH(s)+byH (s)
Gls)=—5——
ays” +a,s” + (au + ale(s))s +ayH(s)
where the coefficients are described as follows:

(17)
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ay=ml, a, ZIfRV”'m(lRZfRV_lHC)’ ayy :mlRfRVz +(ZR _lH)fRVC’ ayy =([—LmlR)fRV2,

dy Z(ZR _ZH)fRVZC‘ b, :]fRVZ‘ by = L(ZR —1ly )fRVZC'
In the next section, we derive a characteristic equation which is the denominator of equation (17) for
each human model. As varying parameters of manoeuvring condition ¥, L and the human model %, zp,

n, 7, we determine the stability regions from these characteristic equations whose roots are all
negative.

5. Stability analysis by simulation

5.1. Conditions of analysis

The pleasure boat is supposed to be a standard small vessel whose parameters are listed in Section B
of the Appendix [8]. The ship’s speed V, the distance between centre of gravity and a frontal gazing
point L, and the proportional gain / are variable design parameters. 7 is varied from 6.8 m/s (=13.3 kt)
to 8.8 m/s (=17.1 kt), which are within a usual operation range, according to the change of propeller
revolution N described in Section A of the Appendix. L is from 1 to 500 m, and # is varied from 0.001
to 1 rad/m; both of these parameters are referred to in [7].

5.2. Proportional action of human model
First, to check the fundamental property of the human model, we suppose that all human model
parameters except proportional gain % are zero; the transfer function H(s) of equation (16) is described
by
H(s)=h. (18)

Then, the characteristic equation is given by

ays® +ays® +(ay +aph)s+agh=0. (19)
If all of the roots of equation (19) are negative, then the system is stable. Figure 6 shows the upper
bound of stability region for each value of 7" in the L-A plane. These lines indicate that the ship’s
velocity is higher and the stability region is wider. It should be noted that the rate of increase of the
stability region is nonlinear with regard to the increase of the ship’s velocity. Furthermore, the stability
region passes away at the lowest speed ¥ = 6.8 m/s. In addition to these, this figure indicates that the
gain /4 slightly falls as L becomes longer.

5.3. Adding derivative action with proportional action of human model
Second, we suppose the transfer function H(s) of human dynamics has proportional and derivative
action as follows:

H(s) = h(z,s+1), (20)
where the coefficient of derivative is set to zp = 0.2 s. Then, the characteristic equation is given by
a,s® + (a2 +a,ht, )s2 + (a11 +a,h+a,r, )s +a,h=0. (21)

Figure 7 shows the upper bound of the stability region for each value of 7 in the L-4 plane. Compared
to the only proportional action of equation (18), adding derivative action, which means forecasting the
future movement, this leads to spreading the upper bound of the stability region. On the other hand, as
the frontal gazing point L is over 100 meters long, the stability regions sharply drop. The main reason
is that the error of lateral displacement between the actual course and the target course is regarded as a
relatively large value in the case of the long distance of L. Accordingly, the large error causes
excessive input of the rudder angle, so that gain % should be smaller to follow stably.

5.4. Adding integral action with proportional action of human model
Third, we suppose the transfer function H(s) of human dynamics has proportional and integral action
as follows:
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Figure 9. Stability region in L-A plane in the
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Figure 8. Stability region in L-4 plane in the
eliminating offset, leads to a drastically reduced upper bound of the stability region. Moreover, the

stability region for every ship’s speed vanishes when L is over 100 meters. That is because the integral
action has a phase component of -90degrees, and the additional phase lag of 90degrees reduces the

phase margin of the system.
Finally, we suppose the transfer function H(s) of human dynamics has proportional and time-delay

to the only proportional action of equation (18), adding integral action, which has the effect of
action as follows:

where the coefficient of integral is set to z; = 0.2 s. Then, the characteristic equation is given by
Figure 8 shows the upper bound of the stability region for each value of 7 in the L-4 plane. Compared

5.5. Adding time-delay action with proportional action of human model
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S (25)
1+7,s
where the coefficient is set to 7; = 0.35 s. The last term of equation (24) is Pade approximation, and
equation (25) is approximated by a first-order delay for the time delay, respectively. In the case of
Pade approximation model of equation (24), the characteristic equation is given by
a, %S4 + (a3 +a, %)ye’ + (a2 + %(an — alzh))sz + (all + h(alz -a, %))y +a,h=0. (26)
While in the case of a first-order delay model of equation (24), the characteristic equation is given by
a,7,5* +(a; +a,7, )5 +(a, +ay7, )s? +(a,, + aph)s +agh =0. (27)
The property of stability region of these two approximation models is almost the same, though the
first-order delay model in equation (25) is somewhat outperformed for the effectiveness to extend the
stability region. Therefore, we show the stability region of the first-order delay model for each value
of V' in the L-4 plane in figure 9. Compared to the only proportional action of equation (18), adding
time-delay action makes the upper bound of # slightly lower for the short range of L. On the other
hand, the upper bound of 4 is raised around the long range of L. That is because the time-delay model
plays a role of a low-pass filter to cut off too much input of the rudder angle.

5.6. Discussion for design guidelines of control algorithm in ECSM

Based on the previously obtained simulation results, we discuss the design guidelines in order to
spread the stability regions of the human-machine system. We found that the stability region can be
spread by adding or emphasizing the derivative action, when distance to the frontal gazing point L
becomes relatively close (such as in coastal areas or around obstacles). On the other hand, when
distance to the frontal gazing point L becomes relatively far (such as offshore situations or around few
obstacles), the stability region can be spread by adding or emphasizing the time-delay actions.

If a beginner captain navigates around an onshore area whose location is estimated by using an
inertial navigation system (INS) or global positioning system (GPS), then a frontal gazing point L
should be assumed to be short. In such a situation, the ECSM shown in figure 1(b) can add the
derivative model, which spreads the stability region, to the standard human model in order to improve
the operating performance. Likewise, if a beginner captain navigates around an offshore area, then L
should be assumed to be relatively long. In such a situation, the ECSM can add the first-order delay
model, which recovers the stability region, to the standard human model in order to prevent
deterioration in the operating performance. It should be noted that the above results are obtained under
assumption on a linear approximation of small rudder angle, and maneuvering situation with large
rudder angle is out of consideration.

6. Conclusions
This paper studies stability analyses of a pleasure boat controlled by human models in view of path
following of the target course, in order to help establish the criteria for the design guidelines of the
ECSM. First, the controlled model of the boat is made by linear approximation and its transfer
function is derived. Then, several human models to steer are assumed and closed-loop human-machine
controlled systems are developed. The stability analysis simulations for those human-machine systems
are carried out and the following results are obtained:
* The higher the ship’s velocity is, the higher the upper bound of the stability region is for the case
of the standard human model of proportional motion.
* The human model with derivative action added can spread the stability region in the situation of
the short range of the frontal gazing point.
* The human model with time-delay action added can spread the stability region in the situation of
the long range of the frontal gazing point.
Further studies can be conducted on the use of the ECSM on pleasure boats. For example,
manoeuvrability testing by ship simulator will verify the effects of installing derivative action and
time-delay action models. Some of the human parameters which differ from person to person will also
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be identified. Moreover, maneuvering situation over the linear range of small heading and rudder
angle need to be examined.
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Appendix

A. Coefficient of normal pressure

The coefficient of normal pressure fz written in equation (6) is known to be described as follows [6]:

=—A4(1- 1+3.6S Al
fu= 5 A @) ) o (A1)

where p is water density, 4 is rudder area, w is wake coefficient, A is aspect ratio of rudder, and S is

real slip ratio described by

s=1-—V_ (A2)

P-N
where P is propeller pitch and N is propeller revolution. N is related to the ship’s speed ¥, and the
relationship between N and 7 in steady state, when the boat is traveling on a straight line, is shown in

figure A.1. This figure indicates that the relation between N and ¥ is almost linear.

B.  Parameters of pleasure boat

The pleasure boat for the stability analysis is supposed to be a standard small vessel whose constant
values of the parameters in the transfer function of equation (17) are listed in table B.1 [8]. The
moment of inertia 7 and the coefficient of normal pressure ¢ are varying parameters according to 7 and
are described as follows:

T

I==1,fV?, (B.1)
K RfR

e lefn 2, (B.2)
Ki,

Table B.1. Parameters for stability analysis of pleasure boat.

9.0 Parameter Value Unit Description
/ 12.5 m Length of boat
m 1.31x16* kg  Mass of boat

8.0 Distance between centre of
Ir 4.50 m gravity and action point of

normal pressure

7.0 Distance between centre of

Ship’s speed V' m/s

6.8 Iy 0.392 m gravity and action point of
[ turning resistance
6.0 P 1.00x10° kg/m® Water density
800 1000 1200 1400 1600 A 0.260 m?  Rudder area
w 0.225 — Coefficient of wake
Propeller revolution N rpm A 1.90 - Aspect ratic_> of rudder
Figure A.1. Relationship between P 0.810 m  Propeller pitch
. L Index of responsiveness to
propeller revolution N and ship’s T 3.46 s the helm
speed V. K 0.888 1/s  Index of turning ability
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