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Abstract 

Automatic control of sailing boats has continuously evolved since it 
allows the increase of sailing safety and the improvement of cruise 
speed. Hence, the main problem with sailing resides in the large heel 
angle and important roll motion that can be caused by strong wind. 
In order to overtake these risks and to ameliorate the sailboat 
manoeuvrability and speed, a solution is to design sailboats with two 
or three hulls; referred, respectively, as catamaran and trimaran. This 
paper presents an autopilot design for an autonomous catamaran 
sailing vessel. A four degree of freedom dynamic model of the vehicle 

is firstly described using Newton’s second law and kinematic 
equations. Due to high nonlinearity of the mathematical dynamic 
model of the catamaran sailboat, a nonlinear heading controller based 
on backstepping method is developed to stabilize the boat heading 
while tracking waypoints. Finally, simulation results are carried out 
to show the effectiveness of the proposed approach and the behaviour 
of the overall system. 

 

1    Introduction 

Sailing is an efficient navigation technic that uses wind kinetic energy but little to no electric energy to 
navigate. Therefore, sailboats are well suited for long operations such as monitoring of maritime area, 

oceanographic research and Microtransat challenge (Brière, 2006). In this context, many autonomous sailboat 
projects have been launched throughout the world over the last decade such as the AVALON, the AROO and 
the FASt sailboats project (Erckens et al, 2010) (Neal, 2006) (Alves et al, 2008).  
The sailboat propulsion depends on the wind speed and direction. The sail is used to create forward propulsion 
for the sailing vessel. Depending on the polar diagram of the sailboat, there is an optimal sail angle that gives 
the highest forward linear speed but it can cause an important heel angle that decreases the boat stability and 
safety. Hence, we need an effective control of the sail and the rudder angle to reduce the roll motion.  Authors 
(Wille et al, 2016) developed a Linear Quadratic Regulator (LQR) for controlling the momentum created by 
the sail. This controller reduces the roll motion so, it increases robustness and safety. Another solution for 
reducing roll motion is to design catamaran sailboats. Due to its two hull the catamaran sailboat is more stable 
than the monohull sailboat.  

 
Figure 1: 3D printing catamaran sailboat 
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Classical techniques of Lagrangian and Newtonian mechanics are the most used methods for determining the 
mathematical model of a catamaran sailing boat. An example of a dynamic model with six Degree of Freedom 
6-DoF is presented in (Furrer, 2010) using Fossen approach (Fossen, 2002).  

Several control techniques have been applied in sailing vessel. The most used regulators are the Proportional 
Integral Derivative PID controllers (Cruz et al, 2014) and (Ramirez, 2012). This control law is designed using 

Nomoto’s first order model. In addition, a Mamdani type fuzzy inference systems was used by authors (Stelzer 
et al, 2007) to control both actuators for sail and rudder. Another fuzzy-based controller has been developed in 
(Gomes et al, 2015) and (Abril et al, 1997) where the rudder angle was calculated via the heading and the 
desired angular velocity. Xiao and Jouffroy (Xiao et al, 2014) designed a nonlinear heading controller for a 4-
DoF monohull sailboat model using backstepping technics. The basic idea behind this method is to break down 
the design problem of the full system into a sequence of sub-problems on lower order systems, and recursively 

use some states as “virtual input” to obtain the intermediate control laws with the Control Lyapunov Function 
(CLF). The main advantage of backstepping control is the guarantee of system stability. 

In this paper, due to the high nonlinearities of the developed dynamic model of the catamaran sailboat, an 
autopilot was designed based on backstepping approach in order to steer the vehicle towards a specific target. 
For a given wind direction, the sail position is defined as a direct function of the boat heading.  
In the following section, a dynamic model of a sailing catamaran with four degree of freedom is described. In 
section III, the nonlinear heading controller was designed and tested with the developed dynamic model. Finally, 
some simulation results were carried out to illustrate and to evaluate the studied approach. 

 

2    System Dynamics 

The dynamic model of the catamaran sailboat presented in this paper is inspired from previous researches 
conducted in (Jaulin et al, 2013) and (Wille et al, 2016).  One of the main contributions of this paper consists 
of the improvement of the dynamic model by taking into consideration the roll and the sway motion. Therefore, 
the resulting dynamic model has 4-DoF instead of three. This dynamic model of the sailing catamaran is derived 
under the following assumptions: 

• The sail and the rudder are modeled as rigid foils. 

• Added mass coefficients (Fossen, 2002) are modeled as constants.   

• The sailboat is assumed to evolve in calm waters. 
The modeled catamaran sailing boat is presented in Figure 2 and Appendix B, where the North-East-Down 

NED coordinate system (𝑋𝑋,𝑌𝑌,𝑍𝑍) is treated as inertial reference frame (𝑛𝑛 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and the (𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏) is the 

body fixed frame (𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) connected to the boat. 

The latter is the reference frame attached to the sailboat. It rotates with angular velocity 𝑊𝑊 = (𝑝𝑝 𝑞𝑞 𝑓𝑓)𝑇𝑇 relative 

to the (𝑛𝑛 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓). Its origin is assumed to coincide with the sailboat’s center of gravity G. 

The sailboat linear velocity in (𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) is 𝑉𝑉 = (𝑢𝑢 𝑣𝑣 𝑤𝑤)𝑇𝑇. 
The sailboat is assumed to be rigid and 4-DoF are considered, after excluding both heaving and pitching 

motions  𝑞𝑞 = 𝑤𝑤 = 0. (See Figure 1) 

𝝂𝝂 = (𝑢𝑢 𝑣𝑣 𝑓𝑓 𝑝𝑝)𝑇𝑇 is the velocity vector in the (𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and 𝜂𝜂 = (𝑥𝑥 𝑦𝑦 𝜓𝜓 𝜙𝜙) 𝑇𝑇is a vector describing, the position 

of the sailboat, its yaw and roll in the (𝑛𝑛 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓). 

 

Figure 2: Top and rear view of the modelled catamaran sailboat 
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Vector 𝜂𝜂 is then derived through a coordinate transformation (Fossen, 2002), giving the following kinematic 
equations of the sailboat: 

�̇�𝑥 = 𝑢𝑢 cos𝜓𝜓−𝑣𝑣 sin𝜓𝜓 cos𝜙𝜙 + 𝑉𝑉𝐶𝐶 cos𝜑𝜑 

�̇�𝑦 = 𝑢𝑢 sin𝜓𝜓+𝑣𝑣 cos𝜓𝜓 cos𝜙𝜙 + 𝑉𝑉𝐶𝐶 sin𝜑𝜑 

�̇�𝜓 = 𝑓𝑓 cos𝜙𝜙 

�̇�𝜙 = 𝑝𝑝 
 

Where 𝜑𝜑 and 𝑉𝑉𝑐𝑐 are respectively the maritime current direction and speed. 
The sail of the boat is inflated by the apparent wind force and consequently the sailboat advances. 

According to (Xiao et al, 2014), the apparent wind 𝐴𝐴𝑊𝑊 is the vector sum of the true wind 𝑇𝑇𝑊𝑊 in 

(𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 𝑇𝑇𝑊𝑊  𝑏𝑏−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and the sailboat velocity 𝝂𝝂. (Appendix A). 

The true wind vector expressed in the (𝑛𝑛 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)  𝑇𝑇𝑊𝑊  𝑛𝑛−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  is given by: 
 

𝑇𝑇𝑊𝑊  𝑛𝑛−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �
𝑇𝑇𝑊𝑊𝑇𝑇 cos𝑇𝑇𝑊𝑊𝐴𝐴
𝑇𝑇𝑊𝑊𝑇𝑇 sin𝑇𝑇𝑊𝑊𝐴𝐴

0
� 

So, 

𝑇𝑇𝑊𝑊  𝑏𝑏−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑅𝑅2𝑅𝑅1𝑇𝑇𝑊𝑊  𝑛𝑛−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
With 

𝑅𝑅1 = �
cos𝜓𝜓 sin𝜓𝜓 0
− sin𝜓𝜓 cos𝜓𝜓 0

0 0 1
� 

𝑅𝑅2 = �
1 0 0
0 cos𝜙𝜙 sin𝜙𝜙
0 − sin𝜙𝜙 cos𝜙𝜙

� 

 
Therefore, we get 

𝐴𝐴𝑊𝑊  𝑏𝑏−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑇𝑇𝑊𝑊  𝑏𝑏−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑉𝑉 −𝑊𝑊 × (𝑥𝑥𝑠𝑠 𝑦𝑦𝑠𝑠 𝑧𝑧𝑠𝑠)𝑇𝑇 

                                     =�
𝑇𝑇𝑊𝑊𝑇𝑇 cos(𝑇𝑇𝑊𝑊𝐴𝐴 − 𝜓𝜓) − 𝑢𝑢 − 𝑓𝑓 𝑦𝑦𝑠𝑠

𝑇𝑇𝑊𝑊𝑇𝑇 sin(𝑇𝑇𝑊𝑊𝐴𝐴 − 𝜓𝜓) cos𝜙𝜙 − 𝑣𝑣 − 𝑓𝑓 𝑥𝑥𝑠𝑠 +
0

𝑝𝑝𝑧𝑧𝑠𝑠� 

                                                                     =�
𝐴𝐴𝑊𝑊𝑥𝑥𝑏𝑏

𝐴𝐴𝑊𝑊  𝑦𝑦𝑏𝑏

0
� 

Then 
            𝐴𝐴𝑊𝑊𝐴𝐴 = 𝑓𝑓𝑎𝑎𝑓𝑓𝑛𝑛2(𝐴𝐴𝑊𝑊𝑦𝑦𝑏𝑏 ,𝐴𝐴𝑊𝑊𝑥𝑥𝑏𝑏) 

 𝐴𝐴𝑊𝑊𝑇𝑇 = �𝐴𝐴𝑊𝑊  𝑏𝑏−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� 
                           = �(𝐴𝐴𝑊𝑊𝑥𝑥𝑏𝑏)2 + (𝐴𝐴𝑊𝑊𝑦𝑦𝑏𝑏)2 

The angle of attack on the sail by the direction of the apparent wind 𝐴𝐴𝑊𝑊 is equal to (𝛿𝛿𝑠𝑠 − 𝐴𝐴𝑊𝑊𝐴𝐴) (Melin, 2015). 

Therefore, the aerodynamic force 𝑓𝑓𝑠𝑠 applied on the Center of Effort CoE of the sail is equal to:  

𝑓𝑓𝑠𝑠 = 𝑝𝑝4𝐴𝐴𝑊𝑊𝑇𝑇 sin(𝛿𝛿𝑠𝑠 − 𝐴𝐴𝑊𝑊𝐴𝐴) 
The vectorial representation of this aerodynamic force in the fixed body frame (𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) is: 

𝐹𝐹𝑠𝑠 = �
𝑓𝑓𝑠𝑠
𝑥𝑥𝑏𝑏

𝑓𝑓𝑠𝑠
𝑦𝑦𝑏𝑏� = �𝑓𝑓𝑠𝑠 sin 𝛿𝛿𝑠𝑠

𝑓𝑓𝑠𝑠 cos 𝛿𝛿𝑠𝑠
� 

On the other hand, the angle of attack on the rudders by the apparent water velocity is equal to 𝛿𝛿𝑓𝑓 (Melin, 
2015). By assuming that the apparent water and the sailboat speeds are equal, the water generates a 
hydrodynamic force on each rudder which is equal to: 

�𝑓𝑓𝑓𝑓1 = 𝑝𝑝5𝑢𝑢2 sin 𝛿𝛿𝑓𝑓1
𝑓𝑓𝑓𝑓2 = 𝑝𝑝5𝑢𝑢2 sin 𝛿𝛿𝑓𝑓2

 

With                                                                       𝛿𝛿𝑓𝑓1 = 𝛿𝛿𝑓𝑓2 = 𝛿𝛿𝑓𝑓 
Thus, in what follows the hydrodynamic force applied on the sailboat is supposed created by one rudder situated 

in (𝑥𝑥𝑏𝑏 − 𝑓𝑓𝑥𝑥𝑎𝑎𝑎𝑎) and equal to: 

(11) 

(12) 

(13) 

(1) 

(10) 

(5) 

(6) 

(7) 

(8) 

(9) 

(2) 
(3) 
(4) 
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 𝑓𝑓𝑓𝑓 = 𝑓𝑓𝑓𝑓1 + 𝑓𝑓𝑓𝑓2 = 2𝑝𝑝5𝑢𝑢2 sin 𝛿𝛿𝑓𝑓 
The vectorial representation of this hydrodynamic force in the fixed body frame (𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) is then 

𝐹𝐹𝑓𝑓 = �
𝑓𝑓𝑓𝑓
𝑥𝑥𝑏𝑏

𝑓𝑓𝑓𝑓
𝑦𝑦𝑏𝑏� = �−𝑓𝑓𝑓𝑓 sin 𝛿𝛿𝑓𝑓

−𝑓𝑓𝑓𝑓 cos𝛿𝛿𝑓𝑓
� 

For simplicity reasons, the sailboat is affected by some tangential friction forces −𝑝𝑝1𝑢𝑢2 and −𝑝𝑝2𝑣𝑣 respectively 

applied on (𝑥𝑥𝑏𝑏 − 𝑓𝑓𝑥𝑥𝑎𝑎𝑎𝑎) and (𝑦𝑦𝑏𝑏 − 𝑓𝑓𝑥𝑥𝑎𝑎𝑎𝑎) also it is affected by an angular friction force −𝑝𝑝3𝑓𝑓 applied around (𝑧𝑧𝑏𝑏 −
𝑓𝑓𝑥𝑥𝑎𝑎𝑎𝑎). 
In addition, the applied forces on the sailboat are 𝐹𝐹𝑠𝑠 and 𝐹𝐹𝑓𝑓. Therefore, according to Newton’s second law of 

motion applied in the (𝑏𝑏 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) , we have: 

(𝑝𝑝9 − 𝑋𝑋�̇�𝑢)�̇�𝑢 = 𝑓𝑓𝑠𝑠
𝑥𝑥𝑏𝑏 + 𝑓𝑓𝑓𝑓

𝑥𝑥𝑏𝑏−𝑝𝑝1𝑢𝑢2 
                                         = 𝑓𝑓𝑠𝑠 sin 𝛿𝛿𝑠𝑠 −𝑓𝑓𝑓𝑓 sin 𝛿𝛿𝑓𝑓 − 𝑝𝑝1𝑢𝑢2 

(𝑝𝑝9 − 𝑌𝑌�̇�𝑣)�̇�𝑣 = 𝑓𝑓𝑠𝑠
𝑦𝑦𝑏𝑏 + 𝑓𝑓𝑓𝑓

𝑦𝑦𝑏𝑏−𝑝𝑝2𝑣𝑣 

                                         = 𝑓𝑓𝑠𝑠 cos𝛿𝛿𝑠𝑠 − 𝑓𝑓𝑓𝑓 cos𝛿𝛿𝑓𝑓 − 𝑝𝑝2𝑣𝑣 

(𝑝𝑝10 − 𝑁𝑁�̇�𝑓)𝑓𝑓 ̇ = 𝑑𝑑𝑠𝑠𝑓𝑓𝑠𝑠 − 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑝𝑝3𝑓𝑓 
With 

          𝑑𝑑𝑠𝑠 = 𝑝𝑝6 − 𝑝𝑝7 cos 𝛿𝛿𝑠𝑠 
𝑑𝑑𝑓𝑓 = 𝑝𝑝8 cos 𝛿𝛿𝑓𝑓 

By adding the Coriolis effect caused by both rigid body and added mass (Wille et al, 2016) we get: 

 (𝑝𝑝9 − 𝑋𝑋�̇�𝑢)�̇�𝑢 = 𝑓𝑓𝑠𝑠 sin 𝛿𝛿𝑠𝑠 −𝑓𝑓𝑓𝑓 sin 𝛿𝛿𝑓𝑓 + 𝑣𝑣𝑓𝑓(𝑝𝑝9 − 𝑌𝑌�̇�𝑣) − 𝑝𝑝1𝑢𝑢2 
 (𝑝𝑝9 − 𝑌𝑌�̇�𝑣)�̇�𝑣   = 𝑓𝑓𝑠𝑠 cos 𝛿𝛿𝑠𝑠 − 𝑓𝑓𝑓𝑓 cos 𝛿𝛿𝑓𝑓 + 𝑢𝑢𝑓𝑓(𝑋𝑋�̇�𝑢 − 𝑝𝑝9) − 𝑝𝑝2𝑣𝑣 

                       (𝑝𝑝10 − 𝑁𝑁�̇�𝑓)�̇�𝑓 = (𝑝𝑝6 − 𝑝𝑝7 cos𝛿𝛿𝑠𝑠)𝑓𝑓𝑠𝑠 − 𝑝𝑝8 cos𝛿𝛿𝑓𝑓 𝑓𝑓𝑓𝑓 + 𝑢𝑢𝑣𝑣(𝑌𝑌�̇�𝑣 − 𝑋𝑋�̇�𝑢) − 𝑝𝑝3𝑓𝑓 
According to Le Bars (Le Bars et al, 2013) the roll motion is supposed to be pendulum: 

�̇�𝑝 =
𝑧𝑧𝑠𝑠𝑓𝑓𝑠𝑠 cos 𝛿𝛿𝑠𝑠 cos𝜙𝜙 − 𝑝𝑝13𝑝𝑝9𝑔𝑔 sin𝜙𝜙 − 𝑝𝑝12𝑝𝑝

𝑝𝑝11 − 𝐾𝐾�̇�𝑝
 

Therefore, the 4-DoF state equations, which describe the dynamics of the sailboat, are: 

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧

�̇�𝑥 = 𝑢𝑢 cos𝜓𝜓−𝑣𝑣 sin𝜓𝜓 cos𝜙𝜙 + 𝑉𝑉𝐶𝐶 cos𝜑𝜑
�̇�𝑦 = 𝑢𝑢 sin𝜓𝜓 + 𝑣𝑣 cos𝜓𝜓 cos𝜙𝜙+𝑉𝑉𝐶𝐶 sin𝜑𝜑

�̇�𝜓 = 𝑓𝑓 cos𝜙𝜙
�̇�𝜙 = 𝑝𝑝

�̇�𝑢 =
(𝑓𝑓𝑠𝑠 sin 𝛿𝛿𝑠𝑠 − 𝑓𝑓𝑓𝑓 sin 𝛿𝛿𝑓𝑓 + 𝑣𝑣𝑓𝑓(𝑝𝑝9 − 𝑌𝑌�̇�𝑣) − 𝑝𝑝1𝑢𝑢2)

(𝑝𝑝9 − 𝑋𝑋�̇�𝑢)

�̇�𝑣 =
(𝑓𝑓𝑠𝑠 cos𝛿𝛿𝑠𝑠 − 𝑓𝑓𝑓𝑓 cos𝛿𝛿𝑓𝑓 +𝑢𝑢𝑓𝑓(𝑋𝑋�̇�𝑢 − 𝑝𝑝9) − 𝑝𝑝2𝑣𝑣)

(𝑝𝑝9 − 𝑌𝑌�̇�𝑣)

�̇�𝑓 =
((𝑝𝑝6 − 𝑝𝑝7 cos 𝛿𝛿𝑠𝑠)𝑓𝑓𝑠𝑠 − 𝑝𝑝8 𝑓𝑓𝑓𝑓cos 𝛿𝛿𝑓𝑓 + 𝑢𝑢𝑣𝑣(𝑌𝑌�̇�𝑣 − 𝑋𝑋�̇�𝑢) − 𝑝𝑝3𝑓𝑓)

(𝑝𝑝10 − 𝑁𝑁�̇�𝑓)

�̇�𝑝 =
𝑧𝑧𝑠𝑠𝑓𝑓𝑠𝑠 cos𝛿𝛿𝑠𝑠 cos𝜙𝜙 − 𝑝𝑝13𝑝𝑝9𝑔𝑔 sin𝜙𝜙 − 𝑝𝑝12𝑝𝑝

𝑝𝑝11 − 𝐾𝐾�̇�𝑝

 

This system state space (23) is highly nonlinear and it has the following compact notation; �̇�𝑋 = 𝑓𝑓(𝑋𝑋,𝑈𝑈,𝐵𝐵) 
With: 

𝑋𝑋 = (𝑥𝑥 𝑦𝑦 𝜓𝜓 𝜙𝜙 𝑢𝑢 𝑣𝑣 𝑓𝑓 𝑝𝑝) 𝑇𝑇 the state vector. 

𝑈𝑈 = �𝛿𝛿𝑠𝑠𝛿𝛿𝑓𝑓
� the input vector. 

𝐵𝐵, disturbance due to maritime current. 
The two actuators, sail and rudder, have physical limitations. In this dynamic model, these limitations are 

expressed by setting the maximum sail opening angle to 𝛿𝛿𝑠𝑠𝑓𝑓𝑓𝑓𝑥𝑥 = 90° and the maximum angular velocity to 30 
°/s. In (Santos et al, 2016) and (Xiao et al, 2014), the control of the sail opening angle was assured by setting 

(20) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(22) 

(23) 

(21)  
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the length of the rope which is attached to the boom. However, in this paper, it is assumed that the sail is 
rotated by a servomotor built in the mast. Therefore, the sail and servo angle were assumed to be equal. 

The rudder will follow similar limitations, 𝛿𝛿𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥 = 45° for maximum rudder angle and 30 °/s for its maximum 
angular velocity. 

 

3    Autopilot Design 

To make an autonomous catamaran sailboat follow a given path or reach a target position(𝑥𝑥𝑑𝑑 , 𝑦𝑦𝑑𝑑), a 
controller with two levels is designed as presented in Figure 3. The first one is a high-level controller. It generates 

the desired heading 𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓 and the sail opening angle 𝛿𝛿𝑠𝑠 for a sailing trip. The second controller is the autopilot. 
It usually sails the boat to the desired heading. In this paper, we will focus on the autopilot design. Regarding 
the navigation strategy (high-level controller), we will use the waypoint tracking proposed in (Jaulin, 2014) with 
minor improvements. 

 

 
Figure 3:  Proposed control scheme 

 

3.1      Heading Control  

To use the backstepping techniques we consider again the subsystem described by the two differential 
equations (3) and (21). 

The heading error is: 𝑓𝑓1 = 𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓 −  𝜓𝜓 , its dynamics is written as  �̇�𝑓1 = −𝑓𝑓 cos𝜙𝜙  since 𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓̇ = 0 
Let the Control Lyapunov Function be defined as 

𝑉𝑉1 =
1
2
𝑓𝑓12 

We first choose 𝑓𝑓 as the virtual control input to converge the system toward 𝑓𝑓1 = 0 with a stabilizing function 

𝑔𝑔1(𝑓𝑓1,𝜙𝜙) such that 𝑉𝑉1̇ < 0 for all 𝑓𝑓1 ≠ 0. 

We have                                                                     𝑉𝑉1̇ = 𝑓𝑓1�̇�𝑓1 = −𝑓𝑓𝑓𝑓1 cos𝜙𝜙 

By taking  𝑓𝑓 = 𝑔𝑔1(𝑓𝑓1,𝜙𝜙) = 𝑘𝑘1𝑓𝑓1
cos𝜙𝜙

   we obtain   𝑉𝑉1̇ = −𝑘𝑘1𝑓𝑓12 < 0 

Where 𝑘𝑘1is a positive design constant. 

However, since 𝑓𝑓 is not the system input, we can achieve 𝑓𝑓 = 𝑔𝑔1(𝑓𝑓1,𝜙𝜙) = 𝑘𝑘1𝑓𝑓1
cos𝜙𝜙

  only with an error that is 

represented by the new variable error 

𝑓𝑓2 = 𝑔𝑔1(𝑓𝑓1,𝜙𝜙) − 𝑓𝑓 
The new dynamic errors are: 

(24) 

(25) 

(26) 
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⎩
⎨

⎧ �̇�𝑓1 = −𝑓𝑓 cos𝜙𝜙 = cos𝜙𝜙 �𝑓𝑓2 −
𝑘𝑘1𝑓𝑓1
cos𝜙𝜙

� = 𝑓𝑓2cos𝜙𝜙 − 𝑘𝑘1𝑓𝑓1

�̇�𝑓2 =
𝑘𝑘1

cos2 𝜙𝜙
(𝑓𝑓1𝑝𝑝 sin𝜙𝜙 − 𝑓𝑓 cos2 𝜙𝜙) − ℎ(𝜓𝜓, 𝑓𝑓,𝑢𝑢, 𝑣𝑣, 𝛿𝛿𝑓𝑓 ,𝑓𝑓𝑠𝑠)

 

with  

ℎ(𝜓𝜓, 𝑓𝑓,𝑢𝑢, 𝑣𝑣, 𝛿𝛿𝑓𝑓 , 𝑓𝑓𝑠𝑠) = �̇�𝑓 
So, the new control Lyapunov function 𝑉𝑉2 can be written as 

𝑉𝑉2 =
1
2
𝑓𝑓12 +

1
2
𝑓𝑓22 

Then 

  𝑉𝑉2̇ = 𝑓𝑓1�̇�𝑓1 + 𝑓𝑓2�̇�𝑓2 
given that 

𝑓𝑓1�̇�𝑓1 =   𝑓𝑓1(𝑓𝑓2 cos𝜙𝜙 − 𝑘𝑘1𝑓𝑓1) 

𝑓𝑓2�̇�𝑓2 = 𝑓𝑓2(
𝑘𝑘1

cos2 𝜙𝜙
(−𝑓𝑓 cos2 𝜙𝜙 + 𝑓𝑓1𝑝𝑝 sin𝜙𝜙) − ℎ(𝜓𝜓, 𝑓𝑓,𝑢𝑢, 𝑣𝑣, 𝛿𝛿𝑓𝑓 ,𝑓𝑓𝑠𝑠)) 

 
 
 

 𝑉𝑉2̇ can be rewritten as: 

 𝑉𝑉2̇ = 𝑓𝑓1𝑓𝑓2 cos𝜙𝜙 − 𝑘𝑘1𝑓𝑓12 − 𝑓𝑓2ℎ(𝜓𝜓, 𝑓𝑓,𝑢𝑢, 𝑣𝑣, 𝛿𝛿𝑓𝑓 ,𝑓𝑓𝑠𝑠) − 𝑓𝑓2𝑘𝑘1𝑓𝑓 +
𝑓𝑓2𝑓𝑓1𝑘𝑘1𝑝𝑝
cos2 𝜙𝜙

sin𝜙𝜙 

By choosing  

ℎ(𝜓𝜓, 𝑓𝑓,𝑢𝑢, 𝑣𝑣, 𝛿𝛿𝑓𝑓 ,𝑓𝑓𝑠𝑠) = 𝑓𝑓1(𝑐𝑐𝑐𝑐𝑎𝑎 𝜙𝜙 +
𝑘𝑘1𝑘𝑘2
𝑐𝑐𝑐𝑐𝑎𝑎 𝜙𝜙

+
𝑘𝑘1𝑝𝑝 𝑎𝑎𝑎𝑎𝑛𝑛 𝜙𝜙

cos2 𝜙𝜙
) − 𝑓𝑓(𝑘𝑘1 + 𝑘𝑘2) 

We get 

𝑉𝑉2̇ = −𝑘𝑘1𝑓𝑓12 − 𝑘𝑘2𝑓𝑓22 < 0   ∀   𝑓𝑓1 ≠ 0 , 𝑓𝑓2 ≠ 0 

With 𝑘𝑘2 ∈  ℜ∗+  
Using equations (14), (28) and (34) we obtain:  
 

𝛿𝛿𝑓𝑓 = 0.5 𝑎𝑎𝑎𝑎𝑛𝑛−1(
(𝑝𝑝6−𝑝𝑝7 𝑐𝑐𝑐𝑐𝑠𝑠(𝛿𝛿𝑠𝑠))𝑓𝑓𝑠𝑠+𝑢𝑢𝑣𝑣(𝑌𝑌�̇�𝑣−𝑋𝑋�̇�𝑢)−𝑓𝑓�𝑝𝑝3−(𝑝𝑝10−𝑁𝑁�̇�𝑟)(𝑘𝑘1+𝑘𝑘2)�−𝑓𝑓1(𝑝𝑝10−𝑁𝑁�̇�𝑟)�𝑐𝑐𝑐𝑐𝑠𝑠𝜙𝜙+𝑘𝑘1𝑘𝑘2𝑐𝑐𝑐𝑐𝑠𝑠𝜙𝜙+𝑘𝑘1𝑝𝑝

𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙
cos2𝜙𝜙�

0.5𝑝𝑝5𝑝𝑝8𝑢𝑢2
) 

With 

� 𝛿𝛿𝑓𝑓 <  |𝛿𝛿𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥|
  𝑢𝑢 ≠ 0   ∀  𝑋𝑋 ∈  ℜ8 

 

3.2    Navigation Strategy 

Based on the polar diagram0F

1 given in Figure 5 and using the target position (𝑥𝑥𝑑𝑑 ,𝑦𝑦𝑑𝑑), the system state space 
and the wind direction, the high-level controller which is inspired from (Jaulin, 2014) generates the desired 

heading 𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓 and the sail opening angle 𝛿𝛿𝑠𝑠.  
As we know, a sailing boat cannot sail directly against the wind direction because in this case the sail will be 
luffing in the breeze and cannot generate any propulsive power. 
The polar diagram (see Figure 5) shows the sector of directions that cannot be navigable by sailboats. It is 
called a no-go-zone. The size of the no-go zone, referred to as the no-go-heading, will differ based on 
characteristics of the particular sailboat. 
To avoid this no-go-zone, the boat has to sail in Zig-Zag course and execute tack1F

2 manoeuver so, the high-level 

controller must generate desired heading   𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓 ∉ ]TWA + π − ξ , TWA − π + ξ[.   
                                        
1 is the set of all pairs (𝜓𝜓, u) that can be reached by the sailboat when it navigates. 
2 The sailboat tacks, that is sails on alternating sides of the wind and therefore advances towards the wind. This is the most complex 
case, testing the interaction between all parts of the model, especially rudder and sail forces. 

(27) 

(29) 

(31) 

(33) 

(36) 

(30) 

(28) 

(32) 

(34) 

(35) 
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So, in the case where the sailboat has to navigate with maximum speed on an upwind navigation (𝑇𝑇𝑊𝑊𝐴𝐴 = 𝜋𝜋+ 𝜓𝜓) 
the following set of headings are used.  

𝜓𝜓1
𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑇𝑇𝑊𝑊𝐴𝐴 + 𝜋𝜋 − ξ − 𝛽𝛽   and   𝜓𝜓2

𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑇𝑇𝑊𝑊𝐴𝐴 − 𝜋𝜋 + ξ + 𝛽𝛽 

For downwind sailing, the desired heading given by the high-level controller is defined by the following 𝑓𝑓𝑎𝑎𝑓𝑓𝑛𝑛2 
function2F

3: 

𝜓𝜓3
𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑓𝑓𝑎𝑎𝑓𝑓𝑛𝑛2(𝑦𝑦 − 𝑦𝑦𝑑𝑑 , 𝑥𝑥 − 𝑥𝑥𝑑𝑑) 

which allows the sailboat to navigate directly toward its destination. 
Using the algorithm given in (Santos, 2016) and presented on Figure 4, the overall system was simulated to 
evaluate the control law developed in this work. 

In what follows, the wind is simulated coming from the North (𝑇𝑇𝑊𝑊𝐴𝐴 = −𝜋𝜋
2
) and its speed is equal to 10 m/s. 

Therefore the sail opening angle is given by the following equation, it depends on the sailboat heading 𝜓𝜓: 

𝛿𝛿𝑠𝑠 = 𝜋𝜋 �
𝜓𝜓
2𝜋𝜋

+
1
4
� +

𝜋𝜋
4
−
𝜓𝜓
2
 

Using equations (27) and (34) the error dynamics is 

�
�̇�𝑓1 = 𝑓𝑓2 cos𝜙𝜙 − 𝑘𝑘1𝑓𝑓1

�̇�𝑓2 = −𝑓𝑓1 �cos𝜙𝜙 +
𝑘𝑘1𝑘𝑘2
cos𝜙𝜙

� + 𝑓𝑓𝑘𝑘2
 

Hence, the controller (36) is tuned with 𝑘𝑘1 = 𝑘𝑘2 = 1 using the pole placement method applied to equation system 
(40). 

         

  Figure 4: Algorithm used to control the sailboat  
  (Guidance, Navigation and Control) 

 

 

                                        
3 𝑓𝑓𝑎𝑎𝑓𝑓𝑛𝑛2(𝑦𝑦, 𝑥𝑥) ∈ [−𝜋𝜋,𝜋𝜋] is the four-quadrant inverse tangent. 

 

(37) 

(38) 

(39) 

(40) 

Figure 5: Sailboat polar diagram 
𝜉𝜉 = 𝜋𝜋

4
 , 𝛽𝛽 = 𝜋𝜋

12
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4    Simulation and Results 

Four set of simulations have been studied in order to show the path followed by the sailboat against the 

wind direction. In these simulations, the target is situated in position (𝑥𝑥𝑑𝑑 = 0 ; 𝑦𝑦𝑑𝑑 = 0)  . The simulations started 

with initial values 𝑋𝑋(𝑎𝑎 = 0) = (𝑥𝑥𝑖𝑖  𝑦𝑦𝑖𝑖  𝜓𝜓𝑖𝑖  0 8 0 0 0 )𝑇𝑇 with 𝑎𝑎 ∈ {1,2,3,4} and stopped when the target position was 
reached with a distance equal to ten meters. 
The proposed control law allows the sailboat to reach the target position. Figure 6 clearly shows that the boat 

sails on Zig-Zag course when the target is situated against the true wind direction 𝑎𝑎 ∈ {3,4}. However, it goes 

directly to the target position in downwind case 𝑎𝑎 ∈ {1,2}. We can conclude that there is a good synchronization 
between the sail opening angle Figure 8 and the rudder control Figure 7 in order to execute the upwind tack 

maneuver. Figure 9 shows that the heading  𝜓𝜓(𝑎𝑎) eventually converges to the desired heading 𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎) with an 

error  𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎) − 𝜓𝜓(𝑎𝑎) = 0 . 
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Figure 9: Time evolution of the desired heading 
𝜓𝜓𝑓𝑓𝑓𝑓𝑓𝑓and the sailboat heading 𝜓𝜓 (𝑎𝑎 = 3) 
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5    Conclusion 

In this paper, a 4-DoF mathematical model describing the dynamic motion of a catamaran sailboat was 
presented. This dynamic model is considered a satisfactory model to represent the vehicle dynamic motion in 
the horizontal plane. The backstepping control method is used to develop a nonlinear heading control for the 
sailing boat. This controller works as intended. It allows to keep the sailboat on a predefined heading while 
waypoint tracking. The control system stability was proved using Control Lyapunov Function. As a future work 
in this area, it is suggested to identify the considered 3D printed catamaran sailboat (Figure 1) model parameters 
using the temporal variation data of the yaw angle (Casado et al, 2005). Afterwards, the implementation of the 
developed control law in real time will be done. 
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Notation Description 
TW, AW 

TWS, TWA 
AWS, AWA 

𝑉𝑉𝐶𝐶 ,𝜑𝜑 
 (𝑥𝑥,𝑦𝑦) 

(𝑥𝑥𝑠𝑠,𝑦𝑦𝑠𝑠 , 𝑧𝑧𝑠𝑠) 
𝜓𝜓,𝜙𝜙 
𝛿𝛿𝑠𝑠 

𝛿𝛿𝑓𝑓1, 𝛿𝛿𝑓𝑓2 
𝑢𝑢, 𝑣𝑣 
𝑓𝑓, 𝑝𝑝 
𝑓𝑓𝑠𝑠 

𝑓𝑓𝑓𝑓1, 𝑓𝑓𝑓𝑓2 

𝑔𝑔 
𝑝𝑝1, 𝑝𝑝2 
𝑝𝑝3 

𝑝𝑝4, 𝑝𝑝5 
𝑝𝑝6 
𝑝𝑝7 

 
𝑝𝑝8 
𝑝𝑝9 

𝑝𝑝10, 𝑝𝑝11 
𝑝𝑝12 
𝑝𝑝13 

 
ξ 
 
β 

𝑋𝑋�̇�𝑢,𝑌𝑌�̇�𝑣,𝑁𝑁�̇�𝑓 ,𝐾𝐾�̇�𝑝 

-true and apparent wind vector. 
-true wind speed and direction. 
-apparent wind speed and direction 
-maritime current speed and direction 
-north east position 
-coordinate of the CoE of the sailboat in (b-frame). 
-yaw and roll angle in the (n-frame).   
-sail opening angle in the (b-frame).   
-rudder angle in the (b-frame). 
-surge and sway motion in the (b-frame).   
-angular velocity in yaw and roll (b-frame).   
-aerodynamic force of the wind applied on the sail  
-hydrodynamic forces of the water applied on the 
left and right rudder in the (b-frame).    
-gravity. 
-water friction in (𝑥𝑥𝑏𝑏_axis) and (𝑦𝑦𝑏𝑏_axis). 
-water angular friction. 
-lift coefficient of the sail/rudder. 
-distance between the mast and CoE. 
-distance between the boat’s center of gravity and 
the mast.  
-distance between G and the rudder.  
-total mass of the boat. 
-moment of inertia Z-axis / X-axis. 
-roll friction coefficient. 
-length of the equivalent pendulum in roll motion (in 
m). 
-width of the no-go-zone, this parameter depends on 
the sailboat characteristics. 
-an angle which gives maximum speed when the 
sailboat is on an upwind navigation. 
-added mass in (b-frame) 
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