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Abstract. For the characteristics of wave-piercing catamaran longitudinal motion when 
sailing with high speed in random waves, this paper proposes a state estimation algorithm for 
wave-piercing catamaran longitudinal motion based on EKF. On the one hand noise is filtered 
out from the noise pollution measurement signal as much as possible, and the desired signal 
is separated therefrom; on the other hand, all state information of the system can be obtained 
by simply selecting the pitch angle and heave displacement of wave-piercing catamaran. 
Theoretical analysis and simulation results show that the proposed state estimation algorithm 
can achieve satisfactory filtering accuracy and filtering efficiency..  

Introduction 

Wave-piercing catamaran is high performance compound ship which is combined with 
structure and characteristics of ordinary catamaran and SWATH in 1980s. The ship type has 
the advantages of fast speed, high seakeeping and comfortable which ordinary catamaran 
can’t compare with, and thus once available it has been rapidly promoted and widely applied 
in various fields [1]. However, wave-piercing catamaran is vulnerable to outside interference 
such as random waves when sailing at high speed, so that the longitudinal motion is violent 
[2]. At present, many researchers have begun to study on wave-piercing catamaran 
longitudinal motion control system at home and abroad. However, in engineering 
applications, on the one hand some or all states of many systems (including linear systems 
and nonlinear systems) can’t be measured directly, but in order to control effectively, system 
state information must be obtained in real time; on the other hand, the structural parameters of 
some or all of the described system is unknown or uncertain. Therefore, the unknown 
structure parameters and unmeasured states can be estimated by measuring the state which 
can be measured [3] [4]. 

Firstly, the mathematical model of wave-piercing catamaran longitudinal motion is 
established based on MMG theory. Mathematical model will be converted into state-space 
equation by simplifying the model to some extent and definition of state variables. It is taken 
into account that the wave-piercing catamaran often sails in high speed in the sea with random 
disturbances, and the measuring sensor inevitably exists random noise, and even parts of the 
system state isn’t possible to measure directly. This paper proposes a state estimation 
algorithm for wave-piercing catamaran longitudinal motion based on EKF, and the feedback 
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state amount estimation technique of wave-piercing catamaran longitudinal motion control 
system is studied. The effectiveness of the proposed algorithm is verified through analyze of 
theory simulation research. 

Establishment of Mathematics Model  

When studying the wave-piercing catamaran longitudinal motion of two degrees of freedom 
on the random sea, two coordinate systems are generally used, and one is inertial coordinate 
system fixed on the ground, the other is the body-fitted coordinate system fixed on the 
wave-piercing catamaran. In this paper, nonlinear model of wave-piercing catamaran 
longitudinal motion is built by using MMG school separated model, and the wave-piercing 
catamaran body-fitted coordinate system is shown in Figure 1. 
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Fig.1 wave-piercing catamaran body-fitted coordinate system 
 
The wave-piercing catamaran hull is regarded as a rigid body, the longitudinal motion is 
mainly influenced by force and torque generated by the hull, force and torque generated by 
hydrofoil, control force and torque generated by breasted tail and stern flap and interference 
force and torque generated by random waves, etc. And also the effect of the wave-piercing 
catamaran pitching and motion caused by random waves are considered. Based on rigid body 
motion momentum theorem and momentum moment theorem with respect to the rigid body 
motion, the mathematics model of wave-piercing catamaran longitudinal motion control 
system is as follows: 
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Two degrees of freedom motion of wave-piercing catamaran which contains heave velocity 
w and pitch angular velocity q  in the body-fitted coordinate system can be converted to the inertial 
coordinate system by the coordinate transformation which contains heave amount derivative 0z&  and 
wave-piercing catamaran pitching angle derivative θ& . And Ignoring roll and yaw effect, the 
relationship between them is: 

0 sin cosz u wθ θ= − +&                                                              (2) 

qθ =&                                                                                      (3) 

The force and torque coefficient calculating method in formulation (1) is shown in the paper [5]. 
According to the force calculating method of wave-piercing catamaran, formula (1) can be 

arranged as the following forms: 

1 0

2

( ) ( )x f x g x u
y z
y θ

= +
 =
 =

&

                                                                  (4) 

 

State Estimation Algorithm Based on EKF  
Mathematical model of wave-piercing catamaran longitudinal motion control system is a 

continuous time-varying nonlinear system, thus its discrete model is needed to get random state 
estimator design. And so, firstly the continuous time-varying nonlinear system should be discretized, 
the mathematical model of wave-piercing catamaran longitudinal motion control system is 
considered as the following form: 

( ), , ( )f t t= +&x x u w                                                              (5) 
Where ( )tw  is system random noise. 
Extended Kalman filter (EKF) realize the linearization of nonlinear system function by one 

order Taylor expansion at the neighborhood of the state estimation point, the discretized model of 
nonlinear system is, 
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Nonlinear system function is one order Taylor expanded at the neighborhood of ˆ kx , and 

second-order or higher order terms are ignored in order to realize the linearization of the nonlinear 

function. Also, the state of nonlinear system which has been approximately linearized still follows the 

gauss distribution, then you can use the full set of Kalman filter equations to design random state 

estimation for wave-piercing catamaran longitudinal motion control system. 
( , )k kf x u  is one order Taylor expanded at the neighborhood of ˆ kx , and the second and higher 

order terms are ignored, 
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ˆ( )kh x  is one order Taylor expanded at the neighborhood of 1ˆ k k−x , and the second and higher 

order terms are ignored, 
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Then the system model after approximate linearization becomes: 
1k k k k k

k k k k k
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                                                    (9) 

Traditional Kalman filter equations are arranged to series of EKF formula of nonlinear systems 

(6). 
1ˆ ˆ( , )k kk k f+ =x x u                                                                        (10) 

1 1ˆˆ ( )k k kh+ +=z x                                                                           (11) 

1 1 1 11ˆ ˆ ˆ( )k k k kk k K+ + + ++= + −x x z z                                               (12) 
T

1 1 11 k k k kk kP P Qφ φ+ + ++ = +                                                                  (13) 

( ) 1
T T

1 1 1 1 11 1k k k k kk k k kK P C C P C R
−

+ + + + ++ += ⋅ +                                 (14) 

( )1 1 1 1k k k k kP I K C P+ + + += −                                                          (15) 

It is known from formula (10)~(15) that kM  and kN  don’t directly appear in the formula. the 
basic process of EKF algorithm is: 1ˆ k k+x  and 1ˆk +z  at the time of 1k +  can be forecasted by the 

estimation of ˆ kx  at the time of k , then 1k kP +  is calculated, and predictive value and covariance 

matrix of the system state can be corrected based on the measured value 1k +z  at the time of 1k + , and 
the system state 1ˆ k+x  and 1kP +  at the time of 1k +  can be obtained. [6] [7]  

Simulation Verification  
In order to verify the effectiveness of the proposed algorithm, simulation verification is 

performed for wave-piercing catamaran longitudinal motion control system. Before simulation study, 
firstly state equation and observation equation of wave-piercing catamaran longitudinal motion 
control system is discretized by using fourth-order Runge-Kutta method. Simulation speed is selected 
as 30kn and 35kn; Simulation sea conditions is selected as significant wave height of 3m and suffered 
waves to angle 60 °, simulation results are shown in Figure 2 to 4. 

             
Fig.2 Filtering results based on the EKF filtering algorithm         Fig.3 State estimation results  
 

1676



 

 

 
Fig.4 Filtering error based on the EKF filtering algorithm 

 
 

Summary 
For the characteristics of wave-piercing catamaran longitudinal motion when sailing with high 

speed in random waves, this paper proposes a state estimation algorithm for wave-piercing catamaran 
longitudinal motion based on EKF. Firstly, the wave-piercing catamaran longitudinal motion 
mathematical model is changed into the state space equation, then EKF algorithm is proposed, On the 
one hand noise is filtered out from the noise pollution measurement signal as much as possible, and 
the desired signal is separated therefrom; on the other hand, all state information of the system can be 
obtained by simply selecting the pitch angle and heave displacement of wave-piercing catamaran. 
The effectiveness of the proposed algorithm is verified through analyze of theory simulation research, 
and it provides technical support for the design and engineering practice of wave-piercing catamaran 
longitudinal motion control system. 
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facilitate a problem-free publication process. 
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