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Abstract— In this paper,a water surface monitoring 

catamaran unmanned craft was taken as the research object,and 

a series of static water pitch attenuation tests were carried out 

under different drafts and different initial pitch 

angles.According to the principle of dynamic balance in the 

pitching motion, the identification mathematical models of four 

pitch motion modes are established by changing the composition 

of restoring torque.Based on the theory of system identification  

and the idea of genetic algorithm, the software of system 

identification is programmed with C# language.A better 

mathematical model and equation of motion are identified 

through the identification of test data.Using the equation of 

motion for forecasting,the relative errors between the predicted 

values and the experimental values are in good agreement, 

which proves the feasibility and reliability of the system 

identification method.Finally, the processed data is analyzed 

and the relevant hydrodynamic coefficient curve is given. The 

variation law of each moment coefficient affecting the pitching 

motion with the draft and the initial pitch angle is analyzed.The 

ship's pitching motion is characterized by nonlinearity. Under 

the disturbance of navigation conditions and environment, its 

dynamic characteristics will produce uncertainty. If it can be 

accurately and effectively predict the movement of the ship in 

the next few seconds, it will have a great impact on navigation 

decisions.The research in this paper can predict the future 

navigation parameters and motion posture of unmanned 

boats.At the same time, it provides a reference for studying the 

wave resistance of such boats and the optimized design of 

subsequent boats.Provide technical support for improving the 

wave resistance of unmanned boats, and propose corresponding 

improvement methods. 

 
Index Terms— catamaran unmanned craft, pitch motion 

mode, system identification, ship model test 

I. INTRODUCTION 

  The surface unmanned boat is a tool for searching and 

detecting marine information. In recent years, it has been 

highly valued by various maritime powers.With the 

improvement of the economic level, the ability of ocean 

transportation has become more and more important for the 

development of countries, and the important position of the 

research on the model of ship motion has become more 

prominent[3].Since the unmanned boat needs to overcome the 

external disturbances that are not known beforehand to 

complete the task independently, this requires the unmanned 

boat to have good maneuverability and seakeeping resistance, 

and the forecast becomes a prerequisite that must be paid 

attention to at the beginning of the design. 

It is weaker in terms of seakeeping and airworthiness than 

other aspects of unmanned boats, limiting its maximum  
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functionality [1].Ship model experiment is an important tool 

to study the ship's sea wave resistance.Through the ship 

model experiment, the frequency response functions of roll, 

pitch and heave motion can be determined, and the motion 

statistics of the actual ship under a given wave level can be 

predicted.In the analysis of ship model experiments, the 

application of system identification method has been used for 

a long time[7].In recent years, identification techniques have 

been continually cited in the identification of hydrodynamic 

derivatives of ship maneuvering movements, the 

establishment of mathematical models of maneuvering 

movements,and made great progress.At this stage, there are 

two main methods for analyzing the hydrodynamic 

coefficients of the ship model pitch, one is theoretical 

modeling analysis, and the other is analysis using the 

identification program.The use of theoretical modeling to 

determine the hydrodynamic coefficient is very complicated 

and the workload is large. In particular, it is more difficult to 

calculate the coupling between the pitch and the heave when 

the pitching motion is performed.Therefore, most of the 

experimental data is analyzed by the identification program, 

and finally combined with the optimization algorithm to 

obtain the optimal identification result.At present, most of the 

research at home and abroad mainly focuses on the rolling 

motion of the wave resistance, and the pitching research is 

rare [2].Therefore, it is very meaningful to study the pitch 

motion mode of unmanned boats.In this paper, a water surface 

monitoring catamaran unmanned craft is taken as the research 

object, and its pitching motion mode is analyzed by ship 

model experiment and system identification method. 

II. STATIC WATER PITCHING TEST 

A. Test Model: 

This pitch test used a water surface monitoring catamaran 

unmanned craft. Based on a type of slender old-fashioned 

frigate as a mother ship, and comprehensive optimization to 

obtain the optimal main scale as shown in Table1: 

 

Table 1 Optimization results of the main scale of the two-body 

unmanned boat 

Number Design variable Symbol Value Unit 

1 Length L 1.472 m 

2 Sheet width B 0.13 m 

3 Slice spacing C 0.26 m 

4 Depth D 0.0788 m 

5 Draft d 0.0463 m 

6 Block coefficient Cb 0.552  

7 Waterplane coefficient Cw 0.770  

8 Midship section coefficient Cm 0.889  

9 Velocity V 5 kn 

10 Displacement Δ 10 kg 
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The three-dimensional model of the ship model is shown in 

Figure 1: 

 

Figure 1 3D model of the ship model 

 

1) B. Test Equipment 

Test preparation: test ship model, MTi-G inertial 

measurement instrument, data transmission line, shore 

computer, ballast, electronic scale,double-sided tape[10]. 

The MTi-G is a miniature inertial measurement system with 

integrated GPS signals. It can output three-axis acceleration, 

three-axis angular velocity, and three-axis attitude angle 

(pitch angle / roll angle / heading angle). Built-in 

high-precision anti-vibration gyroscope chip (10°/h), it can 

output three-axis attitude angle with high precision in 

vibration environment and non-uniform magnetic field 

environment. 

Use 0. 01s as the recording period of the instrument, that is, 

every 0. 01s to collect a set of data, this set of data includes 3 

linear degrees of freedom acceleration, 3 rotational degrees of 

angular velocity, local X, Y, Z Three-axis real-time magnetic 

field strength. The instrument is connected to a computer and 

can record motion data in real- time. 

 

  

 

Figure 2 MTi-G Micro AHRS Inertial Measurement System 

C. Pitch Test Plan 

The test was carried out in the wave pool of Jiangsu 

University of Science and Technology, and each of the three 

different draught of 0.9 times, standard and 1.1 times was 

used. The initial pitch angles were 1°, 3°, 5°, 7° and a 

total of 12 sets of pitch tests. The specific test process is as 

follows[11]: 

(1)The center of gravity and the no-load weight of the boat 

model were measured before the test; 

(2)Placed the MTi-G inertial measuring instrument 

horizontally at the center of gravity of the ship model and 

connected the devices with data cables; 

(3)Placed the ship model in the pool, passed the load and 

adjusted the ballast position to make the ship model in a 

positive floating state, so that the draft was at the design 

waterline; 

(4)When the ship model was in the positive floating state, the 

pitch angle was read by software, and through adjusted the 

horizontal position of the MTi-G, the initial pitch angle 

displayed on the software is between -0.2° and 0.2°; 

(5)Under the standard draught condition, manually gave the 

ship model a required pitch angle, clicked on the recorded 

data, and released the ship model. When the ship model 

returned to the positive floating state, stopped the data 

acquisition and saved the test data; 

(6)Repeated steps 4)-5) for a total of 4 initial pitch angles of 

1°, 3°, 5°, 7°; 

(7)The draught test of 1.1 times and 0.9 times was carried out 

by adding or reducing ballast. 

 

 

Figure 3 Two-body unmanned boat static water pitch 

attenuation test 

III.  SYSTEM IDENTIFICATION BASED ON GENETIC 

ALGORITHM 

A.  System Identification 

System identification is a branch of modern control theory. 

Based on the known or measured system input and output data, 

the system identification determines a model equivalent to the 

measured system from a given set of model[4]. The three 

elements of system identification are: data, model class, and 

equivalence criterion. Data is the basis of identification, 

which refers to the input data and output data of the system 

process. The model class is the range of finding the model 

when identifying, referring to various types. A known set of 

system process models; the equivalence criterion is the goal of 

identification optimization, which refers to the identification 

criteria of system behavior similarity and system utility 

equivalence[15]. The essence of identification is to select a 

model from a set of known model classes according to certain 

criteria, so that it can best fit the dynamic or static 

characteristics of the actual system reflected by the input and 

output observation data of the system. The purpose of 

identification is to grasp the laws of things, to recognize 

things, and to use the results of identification to solve 

practical problems[8]. 

B.  Identification of mathematical models 

According to the hydrostatic moment balance formula, we 

transform the terms of the restored moment in the pitch 

equation in the form of quadratic, quadratic, cubic and sine, 

respectively, to find the pitch equation that fits the ship model 

in this paper [5]. 
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The identification formula 1 is that when the ship is tilted to a 

small angle, the damping torque is nonlinear, and the restoring 

moment is linear, the model equation is[13]: 
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The identification formula 2 is that the damping torque is 

nonlinear, and when the restoring moment is a linear plus 

square term, the model equation is: 
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The identification formula 3 is that the damping torque is 

nonlinear, and the restoring moment is a linear plus square 

term plus three terms, the model equation is: 
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The identification equation 4 is that the damping torque is 

nonlinear and the restoring moment is a linear plus square of 

the sine value plus three times. The model equation is: 
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Among the above four identification formulas: yI
 - the total 

moment of inertia of the hull pitch; 


 - pitch angle; 




- pitch 

angular velocity;




 - pitch angular acceleration; M- pitch 

linear damping torque coefficient; V and y - pitch nonlinear 

damping Moment coefficient; 1C
 - linear recovery moment 

coefficient; 2C
 - square term recovery moment coefficient; 

3C
- cubic square recovery moment coefficient; 

Among the four identification models, the error estimation 

criterion at the K+1th moment is obtained by measuring the 

angle of the experiment K: 

         111 
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 (5)      

In the formula: 1




K

 is the measured value of the angular 

velocity at time k+1， 1



K
 is the value obtained by the 

identification result. 

The objective function of the pitch identification model is 

established according to the error estimation criterion as 

follows. In the optimization calculation, the smaller the 

objective function value that needs to be recognized by the 

pitch, the better, and the smaller F(x), the better the equation 

fitting effect. 
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Select the design variable: 321y ,,,y,,, CCCVMI
.The 

range of design variables is shown in Table 2. 

Table 2  Range of Design Variables 

Project Ranges 

 Total moment of inertia
yI  0～0.1 

Pitch linear damping moment coefficient M 0～1 

Pitch nonlinear damping moment coefficient V 0～1 

Pitch nonlinear damping moment coefficient y 0～10 

Cubic recovery moment coefficient 1C
  0～10 

Quadratic recovery moment coefficient 2C
 

0～10 

 

Linear recovery moment coefficient 3C
 0～10 

IV.  ANALYSIS OF TEST RESULTS 

A.  Analysis of the results of the pitch test 

 The static water vertical shaking test of the catamaran 

unmanned craft was completed. During the test, each initial 

pitch angle was tested three times, and the best set of test data 

was selected as the effective data. Due to the human 

measurement factor, there is a certain error in the test. Figure 

4 shows the initial pitch angle of 3°, the draught is 0.9 times 

the design draught, the design draught, and the 1.1 times the 

design draught. The composite law of the pitch angular 

velocity attenuation from the figure proves the vertical Shake 

test data is available. 
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Figure 4 Vertical angular velocity decay curve for different 

drafts with a pitch angle of 3° 
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As shown in Figure 4, when the three groups draught and the 

initial pitch angle is 3°, the peak of the pitch angular velocity 

increases with the increase of the draft, the pitch period 

decreases, and the displacement is 1.1 times when the draft is 

designed. The time that the model reaches a steady state is the 

shortest. 

B.  Identification calculation scheme 

Mathematical model: Equations 1-4. 

Scheme design: identification optimization algorithm 

selection genetic algorithm, growth mechanism [6]. 

The basic parameters of the genetic algorithm are set: 

population size 200, crossover probability 0.8, mutation 

probability 0.15, calculation number 2000 generation, genetic 

factor 0.5, and evolution weight 0.5[9]. 

The test data selects three drafts of the ship model in the paper, 

and the corresponding pitch angles are 1°, 3°, 5°, 7°, 

and a total of 12 sets of data are identified. The value of the 

identification objective function is shown in Table 3: 

Table 3  Identification Objective Function Calculation Results 

 

Comparing 0.9 times design draught, design draught and 1.1 

times three draught, the four pitch identification models were 

used to identify, according to the size of the objective function, 

the identification model most suitable for the catamaran 

unmanned craft was selected. 

It can be seen from Table 3 that under the three kinds of 

draught, the value of Formula 4 of the objective function of 

the identification calculation is the smallest, indicating that 

the formula IV has the best fitting effect. Taking 0.9 times 

design draught and initial pitch angle of 3°as an example, the 

target function value after identification is 0.00805119. The 

values of each design variable are shown in Table 4 : 

Table 4 Equation 4 identifies the optimization values of each 

design variable 

Design variables 
Lower 

limit 

Upper 

limit 

Optimization 

values 

 Total moment of inertia
yI

 
0 0.1 0.070242626 

Pitch linear damping moment 

coefficient M 
0 1 0.089546277 

Pitch nonlinear damping 

moment coefficient V 
0 1 0.0015371 

Pitch nonlinear damping 

moment coefficient y 
0 10 0.00170313 

Cubic recovery moment 

coefficient 1C
  

0 10 8.910628107 

Quadratic recovery moment 

coefficient 2C
 

 

0 10 0.024388174 

Linear recovery moment 

coefficient 3C
 

0 10 7.138395927 

Its pitching motion model is as follows: 

0in101.62484s

sin0.347199
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In order to analyze the error between the experimental value 

and the fitted value, the angular velocity test value of the 0.9 

times design draught and the initial pitch angle of 3°and the 

fitting value identified by the formula 4 are placed in the same 

coordinate system, as shown in the figure 5 shows: 
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Time(s)

 Trial vlaue

Fitted value

Figure 5 Test angular velocity and identification angular 

velocity fitting curve 

It can be seen from the above figure that the test angular 

velocity and the identification angular velocity have a good 

fitting effect, which can prove the reliability of the 

identification software compiled in this paper. Therefore, the 

identification software can predict the pitch angular velocity 

at the next moment. 

Through the identification calculation of 12 sets of pitch test 

data, the total moment of inertia of the ship model pitch, the 

longitudinal linear damping torque coefficient M, the square 

damping torque coefficient V, the cubic damping torque 

coefficient y and each of each case are obtained. Restore the 

 Mathema
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torque factor[12]. Among them, the variation curve of each 

design variable with the initial pitch angle under three kinds 

of draught is shown in Figure 6-8: 
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Figure 6 0.9 times the design of draught torque coefficient 

with the initial pitch angle 
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Figure 7 The curve of each moment coefficient under standard 

draught with the initial pitch angle 

1 2 3 4 5 6 7

0.00

0.02

0.04

0.06

0.08

0.10

Angle

 Iy

 M

 V

 y

 
(a) 

1 2 3 4 5 6 7

-2

0

2

4

6

8

10

12

Angle

 C1

 C2

 C3

 
(b) 

Figure 8 1.1 times the design of draught torque coefficient 

with the initial pitch angle 

 

As can be seen from Figure 6-8, the values of the torque 

coefficients will change with the change of draught and initial 

pitch angle. 

It can be seen from Figure 6-8 that the values of the torque 

coefficients will change with the change of the draft and the 

initial pitch angle. As the draft increases, the total moment of 

inertia of the hull and the linear damping M will decrease. 

Trend; the value of the squared damping coefficient V is 

almost close to zero and remains stable. The cubic damping is 

larger at 3° and the other angles are almost close to 0; in the 

case of standard draft and 1.1 times draft, the squared 

recovery moment coefficient decreases greatly with the 

increase of the pitch angle and then remains stable; Under the 

water, as the pitch angle increases, the linear recovery torque 

shows a tendency to increase first and then decrease. 

Observing (a) of Figure 6-8, it can be seen that as the pitch 

angle increases, the linear damping coefficient M has the 

largest variation, followed by the hull pitch total moment of 

inertia. Explain that both have a great influence on the 

pitching motion. The square damping moment coefficient V 

and the cubic damping moment coefficient y change little with 

the increase of the pitch angle, and remain stable. It shows the 

influence of the nonlinear damping V and M on the pitch 

motion of the boat model during the pitching motion Smaller. 

Observing (b) of Figure 6-8, it can be seen that with the 

increase of the pitch angle, the linear recovery torque has a 

larger amplitude, which increases first and then decreases, 

and has a pitch angle of about 4°. The maximum value; the 

quadratic recovery torque is stable at 0.9 times the draught, 

but it is abnormal when it is draught, and it is greatly reduced 
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and then remains stable. The cubic recovery torque is in a 

large and unstable state. It shows that the recovery moment 

coefficient has a considerable influence on the pitching 

motion. 

 

V.  CONCLUSION 

 

The ship's pitching motion is characterized by nonlinearity. 

Under the disturbance of navigation conditions and 

environment, its dynamic characteristics will produce 

uncertainty. If it can be accurately and effectively predict the 

movement of the ship in the next few seconds, it will have a 

great impact on navigation decisions. 

 In this paper, the model test and system identification method 

are used to study the hydrostatic pitch attenuation motion 

mode of the surface monitoring catamaran unmanned 

craft.The mathematical model of hydrostatic pitch, which is 

most suitable for the ship model under the 12 working 

conditions, and the variation law of each moment coefficient 

with the pitch angle of three different draught are obtained by 

the identification program.At the same time, the correctness 

of the system identification software is verified[14]. The 

research shows that the system identification software can 

predict the future navigation parameters and motion posture 

of the unmanned boat, and provide reference for further study 

of the catamaran pitch motion. 
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