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Abstract 

In case of performing a free-running model test, a large-scale ship model is generally required because of 
installing a lot of driving and measuring apparatus including power sources. When a large ship model is used, the 
production cost of ship model becomes higher and also a large experimental model basin is required. Therefore, it 
becomes too expensive to carry out the free-running model tests with such large-scale model. If a small ship model 
and apparatus could be available, free-running model tests would become easier and cheaper. 

Before this research, the authors once tried to downsize the on-board apparatus, and carried out free-running 
model tests with a small ship model1),2). However, the measurement systems at that time were poor and driving and 
control systems were done by almost manually, as the results, the measured data were not sufficient or reliable.  

In this paper, the authors have tried to develop the smaller and reliable on-board apparatus for a small ship model, 
and then they have carried out the model tests successfully. Ship position and speed in waves have been also 
measured by an auto-tracking laser measurement system. Using these techniques, the ship motion as well as rudder 
force and propeller thrust/torque during surf-riding and broaching are clarified. 
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1．Introduction 
Free-running model tests are important in the research 

field of maneuvering and sea-keeping performance. In 
order to carry out the free-running test, it is necessary to 
provide various devices such as wireless controller, 
batteries, self-propelled motors, steering gears, and many 
measuring devices including inertial sensors in a ship 
model. Since these weights are not small, a large scale of 
ship model and large model basin are required for the free-
running model test, which introduces a large amount of 
cost. Furthermore, when conducting such tests in waves, 
it is necessary to waterproof the model ship in preparation 
for green water or capsizing, but the larger the model ship, 
the larger waterproofing equipment.  
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In such background, the authors tried to carry out the 
free-running model test in the following waves using a 
small ship model ship. However, it was difficult to install 
the automatic steering device, etc., then the course 
keeping was done manually (1) (2). In addition, it was not 
possible to set the required steering speed because of a 
small drive motor for a hobby model. Then the authors 
have developed an ultra-compact auto-pilot unit and 
steering gear with small servo amplifier. Also, since it is 
important to measure propeller thrust and torque as well 
as rudder normal force, they developed small 
dynamometers as well as the strain amplifiers for the 
above measurement.  

Using the above instruments, the authors performd 
free-running tests in still water, and waves, and measured 
the ship motion, ship speed, propeller thrust, torque, and 
rudder normal force including broaching conditions. 
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2．Ship Model and Instruments 
2.1 Ship Model 

The tested ship model is a Japanese 135GT type purse 
seiner 1/32 scaled model whose length is only 1.156m and 
the displacement is 14.4 kg. Fig.1 shows the photograph 
of this ship model. The principal particulars of the ship 
model are shown in Table 1. Considering the ballast 
weight and the onboard equipment, it is necessary to 
reduce the hull lightweight as possible. Therefore, the hull 
was made of single layer of FRP which can realize the 
lightweight ship model of 4.7 kg. In addition, an acrylic 
plate (2 mm thickness) is placed on the deck which can 
make waterproof. However, since the datalogger is 
frequently picked up during the experiment, it is placed in 
a food tapper wear with seal band and placed on the deck. 

 
Table 1  Principal particulars of ship model. 

  full-scale model 
scale   1/32  
Length between 
perpendiculars: Lpp m 37.00  1.156  

Breadth: B m 7.90  0.247  
Depth: D m 3.22  0.101  
Mean draft: d m 2.90  0.091  
Displacement: ∇  483.60 (t) 14.384 (kg) 
KM m 4.56  0.143  
KG m 3.09  0.097  
GM m 1.47  0.046  
κx/Loa    0.25  

 

 
Fig.1 Overview of the tested ship model. 

 
2.2 Instruments on Board 
2.2.1 Buttery 
  A lead-acid battery or a nickel-cadmium batterie have 
been widely used for free-running tests, but they are heavy 
relative to the electric capacity, which are not suitable for 
small model ships. Recently, a small lithium-polymer 
battery has been sailed in market, and it can be utilized. 

This battery is very compact with a size of 150mm× 
50mm×50mm with a weight of about 0.8kg, and has a 
large capacity of 22.2V and 5,800mAh. However, it is 
necessary to use a cell-controller when electric charging. 
In addition, it is necessary to check frequently the voltage 
during the test because of the serious damage by the over-
discharging. 
2.2.2 Propulsion Motor and Thrust Dynamometer 
  Fishing boats often run at high Froude numbers, then 
the experiments should be also conducted in this range. 
Therefore, a self-propelled motor with enough power is 
required. Recently, a small and compact AC motors are in 
market. However, the high-voltage AC power generated 
by the inverter circuit sometimes affect the measuring 
signals so much that a small DC motor is used. This motor 
is rather small and high output of 60W for a weight of 
0.7kg, and make it possible to run with the Froude number 
of around 0.45. For the dynamometers that can measure 
the thrust and torque of propellers, since the conventional 
one is developed for model ships of 3 m or more, it cannot 
be mounted on such small ship model. Therefore, the 
authors developed the small dynamometer as shown in 
Fig.2. In this unit, the propulsion motor is hanged by a 
load cell, and the propeller thrust can be directly measured. 
Meanwhile, the torque can be measured from the motor 
current. The calibration is described in Appendix in detail. 
The total weight including the above motor is about 1.3 
kg. Also, a small strain amplifier is specially made as 
shown right-hand side figure in Fig.2. 
 

 
Fig.2 Trust dynamometer and DC strain amplifier. 

 
2.2.3 Steering Gear, Ruder Force Dynamometer 

For the steering gear of ship model, maximum steering 
speed and time constant should be set for the free-running 
model test. Since these characteristics are difficult to 
realize with market products, the authors developed the  



90 
 

 
Fig.3 Steering gear with rudder force dynamometer and 

servo control amplifier. 
 

 
Fig.4 Inertia Sensors (Left; Fiber optic Gyro, 

 Right; roll and pitch rate sensors). 
 

 
Fig.5 Integrated control box with autopilot unit, 

propulsion motor controller and recording controller. 
 

 

Fig.6 Laser beam auto-tracking system (Total Station) 
and reflector prism.  

compact steering gear unit with servo amplifier. Also, a 
two-components type load cell are connected to the 
steering gear, by which the rudder force components can 
be measured. The weight of the steering gear is about 0.7 
kg including the load cell, and the servo amplifier about 
0.25 kg, respectively. The error of rudder force is 0.04 N 
or less. The angle error of the steering gear is within 0.1° 
and the steering speed error is within 0.1°/s. 
2.2.4 Inertia Sensors 

In the free-running model test, heading angle is 
important. Although the various type of sensor is in 
market, most of them are type of feed-baking the earth 
magnetic direction, which cannot be used in the model 
basin because of the magnetic direction is deformed by 
the building steel. Then the fiber optic gyro is used for the 
measuring of heading angle. Rolling and pitching angle 
are measured time integrating the output of each rate 
sensor. The correction of bias induced by the time 
integration can be easily eliminated since the integrated 
results shall be zero at the end of the experiment. However, 
when rolling and pitching are strongly coupled, it 
becomes impossible to measure well. In such cases, the 6-
axis inertial gyro (angle measurement accuracy ± 0.5°) is 
used for the measuring of rolling and pitching angles.  
2.2.5 Integrated Control Box 

The propulsion motor controller, wireless controller 
and autopilot unit are gathered in one box as shown in 
Fig.5. Using this autopilot unit, manual steering, course 
keeping under PD control, turning test and spiral test can 
be done. From the propulsion motor controller, the 
armature current of the DC motor can be picked up, which 
make it possible to measure the propeller torque. The 
weight of this box is about 1 kg. 
2.3 Measurement of Ship Model Position 

The position of ship model is measured by the laser 
beam auto tracking system (Total Station) as shown in 
Fig.6. This system can measure the 3-D location of the 
reflector prism installed on the model ship at 20 Hz. The 
measurement accuracy is reported as 1.5 mm+ 2 ppm × D 
that is the measurement distance in (m). It becomes 1.55 
mm when D=25 m for example. In this way, the model 
ship can be measured simply by mounting the reflector 
prism (about 0.3 kg) on it, which becomes an effective 
measuring method for small model ships. 

The ship speed is obtained by time-differentiating the 

Theodolite 

Prism 
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measured position data of the ship model, but the speed 
fluctuation becomes large simply calculating the 
differences. Therefore, the noise was removed by using a 
differential low-pass filter(3) (cut-off frequency is 1Hz). 
The algorithm of this filter is shown in Eq. (1). 
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where, X(t), Y(t): measured position data 
)(tX , )(tY : calculated velocity components 

U(t):      resultant velocity 
W(t):  impulse response function of filter 
∆t:  sampling interval 

 
3．Results of Free-Running Model Tests 

Turning tests in calm water and course-keeping tests in 
following waves and oblique following wares conducted 
in the square model basin of Japan Marine United Co., Ltd. 
and towing tank of the Fisheries Sciences, Hokkaido 
University. The coordinate system is shown in Fig.7 using 
the combination of the earth fixed axes (O-X, Y), body 
axes (G-xB, yB, zB) and horizontal body axes (G-x, y, z). 
Since the direction of the wave is set 0° of heading angle, 
the wave direction angle χ and the turning angle ψ 
become synonymous.  

 

 
Fig.7 Coordinate system 

 
3.1 Turning Test in Calm Water 

Turning tests in calm water were carried out in the 
square model basin of Japan Marine United Co., Ltd. The 
ship model was manually steered in approach condition, 
after reaching the specified ship speed, the steering was 
turned on the autopilot mode and the turning test with the 

specified rudder angle was performed. The full-scale 
steering speed is usually set (65°/28s) according to the 
SOLAS regulation. The corresponding steering speed of 
ship model becomes 1 scale ratio  times larger. In this 

model test, however, the full-scale steering speed was set 
4.4°/s because of fishing vessel, which the corresponding 
steering speed was 24.8 °/s since the model scale is (1/32). 
  Measured turning trajectory with rudder angle ±35 ° are 
shown in Fig.8. The propeller rotating speed was set so 
that the ship speed became Fn=0.40. Fig.9 shows the ship 
motion as well as propeller thrust, torque and rudder 
normal force when +35° of rudder angle. The ship speed 
is expressed by the Froude number, and the unit of thrust 
is N, and torque N-cm, respectively. It can be measured 

 

 
Fig.8 Turning trajectories with rudder angle ±35° 

 

 

 

 

 

 

 
Fig.9 Ship motion as well as propeller thrust, torque and 

rudder normal force when +35° of rudder angle 
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the decrease in ship speed and the increase in thrust and 
torque due to the turning. 
3.2  Course-Keeping Tests in Following and 

 Oblique Following Wave 
3.2.1 Ship Speed 

In order to find the necessary condition for broaching, 
course keeping test in the following wave were performed. 
The wave conditions were that wavelength λ/LPP= 2.1, 1.8, 
1.5 and wave steepness H/λ=1/17, 1/20, 1/30. The 
propeller rotating speed in Fn of calm water was set to 0.35, 
0.40, 0.43. In the beginning of model test, the ship model 
was caught by hands following to the wave direction and 
then rotating the propeller. After propagating the wave 
sufficiently, the ship model is accelerated by the towing 
carriage to the specified speed corresponding to Fn, and 
released from the carriage, then the course keeping was 
started. In this experiment, the rudder was steered 
manually to keep the course 0°.  

Fig.10 shows an example of time histories of ship speed 
and pitching. When ship model on the down slope of the 
wave (the pitch angle is negative), it is accelerated to near 
the phase velocity of the wave, and then, it is overtaken 
by the wave and the ship speed drops significantly. This is 
a well-known phenomenon as a large-amplitude surging 
(5) in the following seas. Fig.11 shows the maximum and 
minimum ship speeds with the parameter of H/λ against 
the nominal ship speed in Fn. From these figures, it can be 
seen that the maximum ship speed approaches to the phase 
velocity of the wave and surfing as Fn and H/λ increase.  
3.2.2 Propeller Thrust and Torque 

In order to avoid the occurrence of surfing due to the 
initial conditions, the ship model was released from the 
stopping condition without accelerating by carriage. And 
then the course keeping was performed by the autopilot. 
Therefore, the initial conditions became U=0 m/s and 
χ=0°. The ordered rudder angle was as the following PD 
control sequence with 1 1C =  and 2 0C =  
 

( ) rCC C 21
* −−= ψψδ   (2) 

 
where, ψC: ordered course, ψ: heading angle, r : yaw rate, 

1C , : proportional and differential gain 

Fig. 12 shows the time histories of ship speed, pitch 
angle and propeller thrust/torque when surfing in Fn=0.40 
and λ/LPP=1.4, H/λ=1/15. From this figure, when ship 
speed reached the surfing condition, the continuous  

 

 
Fig.10 An example of time history of ship speed and 

pitching in following wave. (λ/L=1.5, H/λ=1/30, Fn=0.40) 
 

 
(a) λ/L=2.1 

 
(b) λ/L=1.8 

 
(c) λ/L=1.5 

Fig.11 Measured ship speed in following waves. 
 

 

 

 
Fig.12 Time histories of ship motion and thrust, torque 

and rudder normal force in following wave. 
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Fig.13 Ship trajectory when broaching. 

 

 

 

 

 

 

 

 

 
Fig.14 Ship motion, rudder normal force and propeller 

thrust/torque when broaching. 
 
reduction of thrust and torque are obtained. This may 
come from the increasing of propeller inflow velocity. 
3.2.3 Ship Motion and Rudder Normal Force 

Course keeping tests in oblique following wave were 

carried out in the square model basin of Japan Marine 
United Co., Ltd. The result when broaching occurs are 
shown in Fig.13 and 14. The propeller speed is Fn=0.43, 
and χc =-5°, λ/LPP= 1.4, H/λ=1/12, respectively. Fig.13 
shows the trajectory of ship model during this experiment. 
From this figure, the ship model deviated significantly 
from the ordered course. Fig.14 shows the time histories 
of ship motion, rudder normal force and propeller 
thrust/torque. From the time history of yaw rate around 
the time of 8 seconds and 21 seconds, the broaching can 
be seen since the yaw rate is developing to the opposite 
side to the rudder angle even for the maximum of +35°. 
For the rudder normal force during broaching, it grows up 
to the rudder angle of about 30°, but not growing after 
then. This may come from the stall of rudder since the 
effective rudder inflow angle becomes larger than the 
actual rudder angle by the opposite side turning.  

 

4. Conclusion 
The authors have developed small and compact 

instruments for a free-running model test of a small ship 
model. The total weight of the on-board equipment is only 
6 kg including DC buttery. As a result, it makes possible 
to secure the ballast weight for adjusting the draft, trim, 
radius of gyrations and GM of the testes ship model. In 
addition, by using an auto tracking system the ship speed 
during running in waves even with a small model ship, 
and the large amplitude surging phenomena can be 
measured just before the surfing. 

In the future, the authors will clarify the propeller and 
rudder inflow velocities through the measurement of 
propeller thrust and rudder normal force during broaching. 
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Appendix：Calibration of Thrust and 
Torque Dynamometer 
For the dynamometer of the propeller thrust and torque, 

since it is usually developed for 3m or more of model 
length, it cannot be used for a small ship model. Then, the 
authors developed the small dynamometer in such way 
that the propulsion motor is hanged by a load cell as 
shown in Fig.2, and the propeller thrust can be directly 
measured. Meanwhile, the propeller torque is measured 
from the motor current. The principal particulars of 
developed dynamometer are listed in Table A1.  
1) Accuracy of Thrust 

The accuracy of the thrust dynamometer fully depends 
on that of the load sell sensor connected to the propulsion 
motor. It can be easily calibrated using the weight force. 
From the above calibration, it is confirmed that the 
accuracy of 0.02N is sufficiently secured.  

During experiments, a ship model will be trimmed 
(pitch angle), where the gravity component of the 
propeller, propeller shaft and couplings as well as the 
propulsion motor shall be included in the measured thrust. 
However, these components can be easily removed from 
the measurement of pitching.  
2) Accuracy of Torque 

For the measurement of torque, the above-mentioned 
influence of the hull motion is not included in the torque 
measurement, since the current of the motor does not 
affected by the ship motion. It largely depends on the 
magnetic force, the friction of the motor shaft and the 
brush. Since these are difficult to measure, the following 
special device that can load the precise torque on the 
motor shaft.  

In the calibrator, the slipping clutch that can electrically 
control the torque is connected to the propulsion motor 
shaft, and an arbitrary torque can be applied with rotating 
the motor, and this loading torque is also precisely 
measured by the high accuracy load cell similar with the 
previous thrust dynamometer. Fig.A1 shows the calibrator 
attaching the thrust dynamometer. 

The example of the results of the torque calibration is 
shown in Fig.A2. The horizontal axis is the applied real 
torque and vertical axis is the output of the amplifier of 
the motor current. From this figure, it is found that the 
accuracy of torque is 0.03～0.05 N-cm. 

 
Table A1 Principal particular of dynamometer. 
propulsion motor power W 60 
thrust (max) N 100 
torque (max) N-cm 50 
rotating speed (max) rps 50 
length mm 154 
breadth  mm 55 
height mm 107 
weight kg 1.297 

 

 
Fig.A1 Torque calibrator connecting thrust dynamometer. 

 
Fig.A2 Example of the calibration of torque. 
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