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System Identification of a Model Ship Using
a Mechatronic System

So-Ryeok Oh, Jing Sun, Zhen Li, Edward A. Celkis,
and David Parsons

Abstract—This paper describes a mechatronic system for a model ship
that is developed as a validation platform for ship maneuvering control
system research. The model ship is a free-running system that is propelled
and steered by two propulsion motors and two rudder motors, respectively,
powered by batteries packed onboard. Real-time control is performed by
an embedded processor, with control algorithm being programmed on a
hosting PC and communicated through a wireless network. Sensors for
the ship motion are integrated for feedback control and data acquisition.
The hardware description, software development, and system integration
efforts will be delineated. The mechatronic system has been used to develop
a dynamic mathematical model for the ship to facilitate future control work.
System identification results are presented to demonstrate the utility of the
hardware and software presented in this paper.

Index Terms—Control systems, marine vehicle control, mechatronics.

1. INTRODUCTION

Path following and tracking control of surface vessels are important
control problems that have attracted the attention of the control com-
munity for many years. The underactuated nature of these problems,
namely, with more degrees of freedom to be controlled than the number
of control actuators, coupled with actuator dynamic constraints, strict
safety requirements, and the nonlinear characteristics of the hydrody-
namics associated with the ship motion, make the control problems
very challenging. Much of the ship control work [1], [2] to date has
been limited to simulations because the use of full-size vehicles to
test advanced nonlinear control methodologies is often expensive and
risky. To remedy this situation, a scaled-model experimental apparatus
is developed to evaluate the ship controller designs. Such apparatus
features a mechatronics system with integrated sensors for signal mea-
surement and control implementation, thereby providing a platform for
ship control research, such as ship guidance and navigation, tracking
and way-point following, and formation control of marine vessels.

Researchers have been studying scaled vehicles for different rea-
sons, such as vehicle dynamics, performance on rough terrain, and to
determine vehicle turning radius [3]. More recently, work has been
reported on vehicle dynamics and controls [4]-[6], to study the lat-
eral/longitudinal motion and design of steering controller [7], [8], and
to study vehicle rollover [9], [10]. Interested readers are referred to the
survey article [11] for many additional references on the use of scaled
mechatronic systems.

Manuscript received July 1, 2008; revised December 25, 2008, January 18,
2009, and April 2,2009. First published June 16, 2009; current version published
March 31, 2010. Recommended by Technical Editor Z. Lin. This work was sup-
ported by the Office of Naval Research (ONR) under Grant NO0014-05-1-0537
and Grant N0O0014-06-1-0879.

S.-R. Oh, J. Sun, and Z. Li are with the Department of Naval Architecture
and Marine Engineering, University of Michigan, Ann Arbor, MI 48109 USA
(e-mail: srohum@umich.edu; jingsun@umich.edu; lizhen@umich.edu).

E. A. Celkis and D. Parsons are with the Marine Hydrodynamics Lab-
oratories, University of Michigan, Ann Arbor, MI 48109 USA (e-mail:
ecelkis@umich.edu; dpmhl@umich.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMECH.2009.2024308

This paper addresses the development of the mechatronic system
for a scaled-model ship. As an illustration of the utility for the de-
veloped system, a mathematical model for the scaled-model ship is
developed through system identification using the data acquired by the
mechatronic system.

The main research contributions are summarized as follows: First,
the real-time control capability with the mechatronic system is en-
hanced by reducing the signal processing delay. To this end, the camera
data and the carriage speed have been designed to be directly trans-
mitted to the onboard computer while in [12] and [13], the camera PC
and the host PC are connected in a local area network (LAN) using
the Ethernet interface. This design can incur some delay in processing
the data by communicating via wireless LAN. Second, to supply a safe
powering environment, the electronic and mechanical components are
grouped into three groups: sensors, actuators, and onboard PC. Each
group is powered by an individual power supply. This modularization
has made significant contributions to the reliable operation of the au-
tonomous ship in the water tank test. Third, lacking a rotary arm facility
and a device known as a planar motion mechanism (PMM) [14], we
proposed a viable system ID technique by which the velocity, accel-
eration, and yaw-dependent hydrodynamic coefficients are determined
subsequently. The validity of this mathematical model has been proved
to be effective in control development works through several successful
model-based controller development and tests [15], [16]. While similar
model ships, such as the Cybership [12], have been used for control
research for many years, to the best of the authors’ knowledge, the
full accounts of the development and construction of such complex
mechatronic system are not readily found in open literature.

This paper is organized as follows. In Section II, the hardware and
software platforms of the model ship are presented. Model testing
experiments using the mechatronic system are reported in Section III.
The collected data are used in Section IV for system identification
to determine the hydrodynamic coefficients. Finally, conclusions are
outlined in Section V.

II. MECHATRONIC SYSTEM DEVELOPMENT

This section is devoted to the description of the mechatronic system
that runs the model ship autonomously. To support the theory devel-
opment and algorithm validation for ship maneuvering controls, the
mechatronic system is designed with the following requirements in
mind: 1) the model ship should be run autonomously and untethered in
the towing tank where GPS position feedback signal is not available; 2)
it should have the control functions of maneuvering and course keep-
ing. Furthermore, it should have sufficient control authority to support
our future work on coordinated maneuvering and seakeeping, where
4-DOF (surge, sway, yaw, and roll) motion dynamics are of interest;
3) the option of manual operation should be available where the model
ship can take propeller and rudder commands from an operator; and
4) communication between the onboard controller and ground control
station must be real-time to allow monitoring and interaction functions.

A model ship, a replica of an offshore supply vessel with overall
length L = 1.6 m and scale 1:50 is chosen for this study. The main
geometric parameters of the ship are summarized in Table I. The ship
is installed with two twin-screw propellers, each with four blades and
independently controlled. The rudders have a movement range of 30°
each way with approximate dimensions of 10 cm x 15 cm x 1 cm.
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TABLE I
PRINCIPAL PARAMETERS OF THE SCALED-MODEL SHIP
Item Symbol Value
Scale 1:50
Length L 1.6 m
Breadth B 0.38 m
Height H 0.17 m
Mass m 38 kg
Inertia I, 2.7 kgm?
Nominal Speed Un, 0.4 m/sec
- S
Ship Control Computer \Mm’
\ Camera Computer
I | |LA
Measuring system ropeller
COMPUTER
(to AD board) W I:Amam °
& I'[ Cortcer)

Propeler Shaft

DA Converter Tachometer

Fig. 1. System architecture showing hardware components.

The rudders are mounted on a 0.75-cm-diameter steel shaft, which is
fastened to the motor coupling.

The mechatronic system that operates the model ship consists of
four key modules: sensors, motors and their associated controllers, em-
bedded processors for control and communication, and power supplier,
as featured in Fig. 1.

A. Hardware Development

The main actuation mechanism is composed of four dc servomotors
that operate the two propeller shafts and the two rudders. They are fitted
with a tachometer and an encoder to measure the speed at propeller
shaft and the rudder deflection, respectively. A motion reference unit
(MRU) is installed at the center of the model ship to measure the 3-D
orientations and local acceleration of the ship. These data are collected
by the onboard PC through a serial port and A/D board. The rest
of A/D converter channel is used to measure 6-DOF load cell signal
during the captive model test. The specifications of the major hardware
components are shown in Table II. PC104 includes three A/D or digital-
to-analog (D/A) converters (24 channel (CH) and 6 CH), two encoder
board (6 CH), and six serial ports.

A PC104 computer, running the real-time operating system (RTOS)
of QNX, is selected as the target onboard processor. PC104 is a compact
size computer, typically used for data acquisition and real-time control
applications such as those in vehicles. PC104 modules (3.8 in x 3.9 in)
are much smaller than industry standard architecture (ISA) bus cards
found in regular PCs, and the requirements for power and signal drivers
are reduced to meet the needs of an embedded system. On the other
hand, most of the program development tools for regular PCs can be
used for a PC104 system, thereby reducing the learning curve for pro-
grammers and hardware designers. PC104 modules include common
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TABLE II
SPECIFICATION OF FREE-RUNNING SYSTEM
Item Model Spec
Tachometer DC-Tach DC22 0.25V/1000 RPM
Encoder HEDL 5540, 3CH 500 CPR
XSens MTi DK
-3D Orientation (accuracy: 0.05deg)
MRU -3D Acceleration (5g2)
-3D Rate of Turn 300deg/s
Motor Controller Maxon ADS 50/5
Propeller: Rudder:
Servo Motor Maxon RE30, 90Watt Maxon RE30, 60Watt
Gear Head
PC104: DM6814 3 16-Bit Encoder
Data 1/0 DM4620 8CH, 12-Bit ADC
Modules - 2CH, 12-Bit DAC
PC104: Serial CM310HR RS-232/422/485
Interface - 111K Baudrate
PC104: Onboard processor AMD 400MHz CPU
CPU Module 64MB Memory
Polymer Li-lon Battery
Battery Pack Water-proof Fire 18V, 180Watt
Fire Retardant Enclosure
RF Modem 9XTend RS-232/485 40 mile range

functions such as CPUs, serial I/O ports, and video controllers; special
purpose modules such as GPS receivers, vehicle power supplies, and
wireless communications can also be incorporated. A list of PC104
modules is shown in Table II.

B. Control Software Development

Simulation software was developed on a host PC under Opal RT-
Lab, which makes it possible, without writing a single line of code, to
run Simulink models in real time for experiments within the laboratory.

RT-Lab works together with MATLAB, Simulink, Real-Time Work-
shop, and LabView. The guidance, navigation, and control (GNC) sys-
tem for the experiment is implemented in the Simulink environment.
RT-Lab generates the C-code, and transfers it to the target PC where it
is compiled. RT-Lab also handles the communication between the host,
target, and GUI. The host PC is connected to a LAN using the Ethernet
interface. The target accesses the LAN through a wireless commu-
nication link (LinkSys). Through the main console, the operator can
switch between different modes of operation (manual and automatic),
supervise the experiment, and log data.

C. Sensors Integration

Qualisys motion measuring system is adopted to provide the position
feedback for laboratory tests, where GPS signals are not available. It
uses optical tracking technology to capture the movements of a model
ship. Six DOF (surge, sway, heave, roll, pitch, and yaw) are mea-
sured. For our test bed, six passive infrared markers and four cameras
(1000 Hz ProReflex MoCap) are mounted on the model ship and the
towing carriage, respectively, as shown in Fig. 1. Each camera identi-
fies the markers as the part of the body, and captures its movement by
sending infrared lights and processing the signal reflected by the mark-
ers. This setup provides a camera view field that spans a width of over
6.7 m (the width of the towing tank) and a length of 6 m, which provides
enough space for the carriage operator to adjust the carriage position
to keep the ship in sight. The PC104 onboard the ship provides a GPS
receiver 1/0, and thus, the position information can be also measured
using the GPS in the outdoor test.
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Fig. 2. Test setup of the free-running system.

2-D digital measurement data captured by the camera are then sent
to a dedicated laptop through a RS422 interface, where QTM (a mo-
tion capture software by Qualisys) is running to process the data,
and to provide the 3- or 6-DOF position information for the control
system.

The two sets of XStream 2.4 GHz RF modems have been used to send
the 6 DOF measurement of the boat and the speed of the towing carriage
to PC104. The stand-alone RF modems provide an outstanding range
up to 20 miles in a low-cost wireless solution. The modem is coupled
with a dual in-line package (DIP) switchable RS-232/RS-422/RS-485
interface board. In our test, the RF data rate and interface data rate are
set to 9.6 and 57.6 Kbps, respectively.

D. Power Systems

Two 18-V auxiliary battery packs, designed to power user-installed
equipments (RF modem, MRU, dc motor, and encoder) and the onboard
control computer, are installed at the front of the PC104. These battery
packs can provide 180 W for 2 h of continuous operation, powering all
the four motors and their controllers.

III. TESTING

In order to test the mechatronic system, the instrumented model ship
shown in Fig. 2 was tested in the Marine Hydrodynamics Laboratory
at the University of Michigan. The model ship was run both in manual
and autonomous modes for different speed profiles and maneuvering
operations. The actuator functions and wireless communications are
tested and verified. The model ship traveled the distance of 100 m at a
constant propeller speed of 300 r/min without any problem in wireless
communication. The ship slowed down near the end of the water tank.
The list of collected data is as follows: rudder deflections and propeller
speeds, ship positions, and heading angles. The towing carriage speed
and ship’s position data from the motion tracking system are transmitted
in real time to the onboard PC104 through two pairs of wireless RF
modems. In the manual operation, an operator using a joystick sends
the command signals of propeller speeds and rudder angles to PC104
through wireless communication channels. Proportional-integral (PI)
controllers are implemented for the motor speed and position inner-
loop control, using the measured propeller shaft speed and rudder
angle as feedback. The actuator PI gains are K., = (0.05,1.0) and
K = (3,5).
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Fig. 3. Manual-mode control system layer.

The overall control signal flow is shown in Fig. 3. The control system
comprises three levels (operator, PC104, and actuator/sensor). At the
lowest level, the onboard computer controls and coordinates the motion
of two propeller motors and two rudder motors, while in the highest
level, an operator (or a user-written control program) prescribes the
desired speed and rotation of the ship. The towing carriage speed and
boat position data from the motion tracking system are transmitted
in real time to the onboard PC104 through two pair of wireless RF
modems. An operator using a joystick sends the command signals of
propeller speed w. and rudder angles 6. to PC104. PI controllers are
implemented for the motor speed and position control using measured
propeller shaft speed and rudder angle as feedback. The actuator PI
gains are tuned to be K,,,, = (0.05,1.0) and K, yqqer = (3,5). The
control system runs at sample rate of 1 ms.

The ship position and turning rate from one of the tests are plotted
in Fig. 4, along with the rudder angle and the propeller speed. We
see small discrepancy (10 r/min) between the speed profiles of two
propellers. This is because propellers are actuated independently by
two servomotors with nonidentical characteristics. The rudder motions
show an excellent match with each other. The heading rates obtained
from the camera and the MRU are plotted in the third plot. The MRU and
camera system provide complementary ship orientation information.
While MRU does not have the accuracy of the camera system, its
measurement is more robust in the sense that it is not affected by
the performance of the wireless communication and the ship—camera
relative position. In addition, this dual measurement setup can also be
used to evaluate the performance of the MRU sensor during dynamic
maneuver.

The rate gyro can provide the reliable heading information in the
event of the camera malfunction whether due to the ship out of the
camera’s field of view or the wireless communication network. The
ship position has been detected by the camera without any loss or
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TABLE III
EXPERIMENTALLY IDENTIFIED PARAMETERS
Xa 6.8558 X 3.0211
Xjulu -12.9059 Xowu 27759

o -17.5 Y, -20.5

Yyl 242 Ny 0

Ny 1.1965 Niyjp  0.0016

Yy 0.0 Y, -0.835
Y| -0.63 Yiy|r 0.0
Yo -0.14 N, -1.2522

Ny -12 Ny 0.1
Ny -0.3302 Ny 0.04
cx 1.8902 x 105 cy1 -0.0298
Cya 1.435% 10~4 CN1 0.0227
cy2  —1.0002%10"%
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Fig. 4. Measured data in a zig-zag maneuvering test.

distortion. In our test, the camera’s field of view spans the whole width
of the towing tank and up to 6 m distance to the ship, which provides
enough space for an operator to adjust the distance between the carriage
and the ship.

IV. SYSTEM IDENTIFICATION

The main purpose to develop the mechatronic system described in
this paper is to support the maneuvering control research activities.
The development of an effective maneuvering model is an important
step in solving marine control problems. A good model of the ship
dynamics will facilitate model-based design, allowing applications of
control design and analysis tools. This section presents a systematic
procedure of the system identification using the mechatronic system,
aimed at developing a control-oriented dynamic model for the model
ship that will be used as the main platform for control algorithm rapid
prototyping and validation.

The 3-DOF ship maneuvering model in the horizontal plane can be
described as follows [12]:

m(i—vr —xgr?) = X
m(0+ur —zgr) =Y

L7+ mzxg(ur +0) — mygur = N )

where u, v, and r are the surge speed, sway speed, and yaw rate, x and
ye are the coordinates of the vehicle center of gravity in the body-fixed
local frame, and m and I. are the vehicle mass and mass moment of
inertia, respectively. X, Y, and N represent the total excitation surge
force, sway force, and yaw moment, respectively. These quantities take
into account the hydrodynamic effects from hull movements, forces
exerted on the ship by the rudder, and by the propulsion system, and
can also include effects induced by sea waves, wind, and currents.

The following model structure for the excitation terms is adopted
from [12]:

X =X+ Xyu+ Xy, ulu + Xy vuu + F,
Y = Y;T + va + Y;r'U + Y;T + Yv\v\v |U"U
+ Yo [or + Yo 7o + Y |7 + F,
N = Nit + Ny + Nyv + Npr + Ny oo
+ Ny [o|r + N [rfv + Npppp |r|r + M. ()
where F,, F,, and M. stand for the actuator forces and the moment
along z, y, 7 axis, respectively.
It should be noted that it is very difficult to identify all the parameters
at once, given the limited maneuvering space constrained by the towing
tank. To ensure the successful system identification, the parameters in

(2) are split into three group of coefficients as follows, based on their
associated motion variables:

7)A Xu7X\u\u7quu7Y:.wa\U\'u7Nv
Pp | = X, Yy, Ny )
PU Y;vyr\r7Nr’7NryN\r\ryN\v\r7N\r\1'7N\r|u

A subsequent identification process is performed, as described next.
First, the actuator forces F,, I}, andM . are modeled in terms of pro-
peller speed and rudder angle, relying on the stationary actuator tests. In
the second step, the straight-line test [14] is performed to estimate the
parameters in P4 and Pp, coupled with surge and sway. Specifically,
P4 and Pp are excited by driving the carriage at constant speeds and
constant accelerations, respectively. Finally, all the remaining terms
in P¢, coupled with yaw motion, are determined. Lacking equipment
for turning experiments on the towing carriage, we choose to use free-
running maneuvering experiment to find these parameters. During this
test, the model ship is driven by the operator, who commands the rudder
angle and propeller speed using a joystick. Due to the motion tracking
camera system and sensors (MRU, tachometer, and encoder), rich sets
of data concerning the boat motion are collected to determine param-
eters associated with yaw dynamics. The experiment tests and system
identification procedures are not presented in detail here due to the
limitation of space. The identified model ship parameters are listed in
Table III.

The validation of the developed ship model is done in two steps. A
simulation of the scaled model is carried out as a first step, and the
simulation result is compared to the experimental tests with the scaled
vehicle hardware. The results, which are presented in Fig. 5, show a
good agreement between the model predictions and the experimental
data. The yaw angle shown in Fig. 5 was calculated by double integra-
tion of the yaw dynamic equation. Hence, one potential source of the
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yaw error between the measured signal and the predicted value is due
to the nature of the error accumulation over the time. In real experi-
ment, however, since the model can be reset every sampling instance
periodically with latest measurements, the cause of the error related to
numerical integration over long period of time can be eliminated.

V. CONCLUSION

We have addressed the system integration and identification of the
fully instrumented scale ship for the task of ship maneuvering control
development. The real-time test bed is made of advanced instrumen-
tation systems, including: the motion tracking system, MRU, high-
precision actuator with dc servomotors, and RF module providing re-
liable and long-range wireless data communications.

An effective method of finding hydrodynamic coefficients, specially
in the constrained test environment, was applied to derive a control-
oriented model that will facilitate the model-based research on ship ma-
neuvering and path-following control. The simulation results showed
the suitability of the identified ship model for model-based control
strategy development. Moreover, the model developed and the test bed
constructed have been used recently in developing and validating non-
linear control algorithm by this research group, with promising results.
Detailed control work based on this model can be found in [15] and [16].
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