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Abstract. Aim at the actual engineering requirements of wind power operation and maintenance 
under complex sea conditions, a control method of the active wave compensation system for 
maintenance ships based on the Stewart platform is presented. The kinematics of the platform is 
analyzed, and the coordinate transformation, pose, and inverse solutions are analyzed and 
calculated. The multi-body dynamics simulation model is established by using MATLAB. For 
the problem of the load nonlinearity and strong coupling of the nonlinear Stewart platform, an 
active wave compensation active disturbance rejection control (ADRC) is built to attain the high-
precision control of the six-degree-of-freedom (6-DOF) Stewart platform. The numerical 
simulation shows that the proposed control scheme has good tracking accuracy and strong anti-
interference ability.  

1. Introduction 
In recent years, under the requirements of carbon peaking and carbon neutrality, the offshore wind power 
industry has received increasing attention. Wind power operation and maintenance are an important part 
of the industrial chain. It is also favored by the market[1-3]. However, offshore weather changes rapidly, 
the natural conditions are complex. Therefore, effective solutions need to be developed to address the 
difficult challenges of offshore wind operation and maintenance[4].  

When the operation and maintenance ship sends professionals to the operation site, the ship will have 
six degrees of freedom movement under the influence of the Marine environment. If not handled 
properly, it is easy to have safety accidents[5]. The boarding trestle has a relatively large movement under 
high sea conditions, which will cause serious safety hazards to the boarding operators. To ensure the 
safety of personnel, the ship needs to be equipped with a device that can actively compensate the six 
degrees of freedom motion. Compared with the ordinary gangway, the active wave compensation trestle 
can remain relatively stable under complex ocean conditions, meeting the safety requirements of 
personnel boarding, leaving the wind tower, and effectively extending the operation and maintenance 
window period[6]. 

However, the control system of the active wave compensation trestle has problems such as large 
inertia, large time delay, and multi-parameter coupling[7-9]. In response to these problems, engineers and 
technicians have carried out a lot of research work. In some studies[10], a solution using wave 
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compensation value was proposed, and a compensation device based on a micro inertial navigation 
sensor was designed. Aim at decreasing the influence of sea wind and waves on ship operation and 
maintenance, a wave compensation platform was proposed[11]. A boarding trestle with an active 
compensation function was explored to meet the commuting needs of operation and maintenance under 
high sea conditions[12]. An intelligent pseudo-differential control algorithm was studied to overcome the 
influence of wind and waves[13]. The author improved the particle swarm method to enhance the 
controller parameters of the wave compensation control system[14]. In this paper, a parallel 6-DOF 
Stewart platform is selected as the compensation device. The platform is a nonlinear system with 
complicated coupling relationship between inputs and outputs[15-17]. And the traditional PID algorithm 
is difficult to meet the control requirements in the face of nonlinear systems. For the problem of 
parameter uncertainty and unknown interference in the Stewart platform, a sliding mode control method 
with a boundary layer was presented[18]. ADRC has great advantages in dealing with nonlinear systems 
and has been favored by researchers. The authors designed a permanent magnet synchronous motor 
servo control system by combining ADRC with PID control[19]. A strategy of combining a new nonlinear 
function and an extended state observer to form an ADRC system was designed to overcome the problem 
of low control accuracy for coal mine robots working in complex coal mine environments[20].  

However, there is still a lack of research on applying ADRC to the active wave compensation control 
of the 6-DOF Stewart platform with nonlinear characteristics. The Stewart platform is adopted in this 
paper to meet the engineering requirements of the ship in the course of operation. The active wave 
compensation mechanism of the boarding trestle adopts the ADRC method to realize the tracking control 
of the 6-DOF platform. The result of simulation show the tracking effectiveness and robustness of the 
strategy.  

The remainder of this article is organized as follows. In section 2, the kinematic analysis of the 
Stewart platform is described. Section 3 presents the single-channel model of hydraulic servo channels. 
In section 4, the controller is designed. In section 5, a simulation is conducted to verify the effectiveness 
of the proposed control, and a summary is provided in section 6. 

2. KINEMATIC ANALYSIS OF THE STEWART PLATFORM 

2.1. Position and attitude description of the platform 
The model of the 6-DOF Stewart platform is displayed in Figure 1. The platform includes an upper 
platform, a lower platform, an upper and lower Hooke hinge, a servo actuator, and a base. The servo 
actuator receives the control signal of the servo control system and drives the electric cylinder or 
hydraulic cylinder to move. The upper platform can realize the movement in the roll, pitch, yaw, X, Y, 
and Z directions, thus providing six degrees of freedom motion compensation for the active wave 
compensation boarding trestle installed on the upper platform. 

 
Figure 1 Stewart platform schematic 
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The platform coordinate system is established to show the mobile platform’s  position and altitude, 
as shown in Figure 2. A static coordinate system {B} (𝑂௕ െ 𝑋௕𝑌௕𝑍௕) is settled on the base and a dynamic 
coordinate system {P}൫𝑂௣ െ 𝑋௣𝑌௣𝑍௣൯ on the upper platform. The position description of the Stewart 
platform is represented by the relative position of the moving coordinate system of the upper platform 
relative to the static coordinate system of the base. It is expressed as 𝑡 ൌ ሾ𝑋ଵ,𝑌ଵ,𝑍ଵሿ். Where, 𝑋ଵ	,  𝑌ଵand 
𝑍ଵ represent the longitudinal, lateral, and vertical motions of the mobile platform relative to the static 
coordinate system respectively. The altitude of the platform is described by the method of rotating the 
coordinate system. The Euler angle ሾ𝜙, 𝜃,𝜓ሿ் are obtained by three consecutive rotations of the upper 
platform, among which 𝜙,  𝜃, 𝑎𝑛𝑑   𝜓  respectively define the rolling, pitching, and yaw rotational 
motions of the platform around the three axes of the static system. The rotation matrix can be obtained 
according to the following equations. 

c c c s s s c s s c s c

R s c c c s s s s s c s

s c s c c

           
          
    

  
   
   ሺ1ሻ

 

Where, s = sin, and c = cos. 

 
Figure 2 Schematic diagram of platform coordinates 

2.2. Position inverse analysis 
In the case of obtaining the parameters of the platform structure and the position and altitude of the 
upper platform, the process of solving the telescopic lengths of all its driving mechanisms belongs to 
the inverse solution process of solving the kinematics of the 6-DOF platform. According to the 
geometric significance, the vector of the driving mechanism can be expressed to analyze the i platform 
drive mechanism shown in Figure 3. 

𝑙పሬሬ⃗ ൌ 𝑅𝑑పሬሬሬ⃗ ൅ 𝑡 െ 𝑏పሬሬሬ⃗ ሺ𝑖 ൌ 1, … ,6ሻ ሺ2ሻ 
Among them, d represents the coordinates of the hinge points of each driving mechanism in the 

moving coordinate system, and b represents the coordinates of the lower hinge points of each driving 
mechanism in the static coordinate system. The length of the driving mechanism can be from the 
Euclidean norm. 

ฮ𝑙పሬሬ⃗ ฮ ൌ ቀ𝑙ప
்ሬሬሬሬ⃗ 𝑙పሬሬ⃗ ቁ

ଵ
ଶ

ሺ3ሻ 
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Figure 3 Position Analysis of Drive Mechanism  

3. ACTIVE DISTURBANCE REJECTION CONTROLLER 
For high-frequency signals, the ADRC has designed a transition process method, which is similar to 
low-pass filtering a given command to obtain an easier-to-implement command, thereby greatly 
reducing overshoot while sacrificing part of the rapidity. In the PID controller, one of the main functions 
of the integral is to eliminate disturbances, but the integral works relatively slowly and can also cause 
an overshoot. To improve this shortcoming, the ADRC uses an extended state observer to observe target. 
The estimated value is used as compensation to cancel out the interference. The traditional linear 
feedback method has shortcomings in the convergence speed and anti-interference ability. Active 
disturbance rejection control replaces the traditional gain with a nonlinear function and replaces the 
linear feedback with nonlinear feedback. There are six driving mechanisms on the 6-DOF platform, and 
the control principles of these six driving mechanisms are the same. The control algorithm of the ADRC 
controller is as follows. 

(1) The tracking differentiator (TD) for the transition process is as follows. 
𝑣ଵሺ𝑘 ൅ 1ሻ ൌ 𝑣ଵሺ𝑘ሻ ൅ ℎ𝑣ଶሺ𝑘ሻ ሺ4ሻ 

𝑣ଶሺ𝑘 ൅ 1ሻ ൌ 𝑣ଶሺ𝑘ሻ ൅ ℎ𝑓𝑠𝑡ሺ𝑣ଵሺ𝑘ሻ െ 𝑣଴ሺ𝑘ሻ, 𝑣ଶሺ𝑘ሻ, 𝑟, ℎ଴ሻ ሺ5ሻ 
The output 𝑣ଵ of the TD tracks the input v. And 𝑣ଶ tracks the differential of v. The parameters that 

need to be tuned include the speed factor r, the integration step size h, and the filter factor ℎ଴. And the 
function 𝑓𝑠𝑡ሺ𝑣ଵሺ𝑘ሻ െ 𝑣଴ሺ𝑘ሻ, 𝑣ଶሺ𝑘ሻ, 𝑟, ℎ଴ሻ is expressed as follows. 

𝑓𝑠𝑡ሺ𝑥ଵ, 𝑥ଶ, 𝑟, ℎሻ ൌ െ ൝
𝑟𝑠𝑔𝑛ሺ𝑎ሻ, |𝑎| ൐ 𝑏

   𝑟
𝑎
𝑑

       , |𝑎| ൏ 𝑑
 ሺ6ሻ 

Where, 𝑠𝑔𝑛 is a symbolic function, and a and d can be designed. 

𝑎 ൌ ൞
𝑥ଶ ൅

𝑎଴ െ 𝑑
2

𝑠𝑔𝑛ሺ𝑦ሻ, |𝑦| ൐ 𝑑଴

𝑥ଶ ൅
𝑦
ℎ

, |𝑦| ൏ 𝑑଴

ሺ7ሻ 

 

⎩
⎪
⎨

⎪
⎧ 𝑑 ൌ 𝑟ℎ

𝑑଴ ൌ ℎ𝑑
𝑦 ൌ 𝑥ଵ ൅ ℎ𝑥ଶ

𝑎଴ ൌ ሺ𝑑ଶ ൅ 8𝑟|𝑦|ሻ
ଵ
ଶ

ሺ8ሻ 

(2) The extended state observer is used. 

⎩
⎨

⎧
𝜀 ൌ 𝑧ଵሺ𝑘ሻ െ 𝑦ሺ𝑘ሻ

𝑧ଵሺ𝑘 ൅ 1ሻ ൌ 𝑧ଵሺ𝑘ሻ ൅ ℎሾ𝑧ଶሺ𝑘ሻ െ 𝜌ଵ𝜀ሿ
𝑧ଶሺ𝑘 ൅ 1ሻ ൌ 𝑧ଶሺ𝑘ሻ ൅ ℎሾ𝑧ଷሺ𝑘ሻ ൅ 𝜌ଶ𝑓𝑎𝑙ሺ𝜀,𝑎ଵ, 𝛿ሻ ൅ 𝑏଴𝑢ሺ𝑘ሻሿ

𝑧ଷሺ𝑘 ൅ 1ሻ ൌ 𝑧ଷሺ𝑘ሻ ൅ ℎ𝜌ଷ𝑓𝑎𝑙ሺ𝜀,𝑎ଵ,𝛿ሻ

ሺ9ሻ 

Among them, 𝜌ଵ , 𝜌ଶ , and 𝜌ଷ  are called system error correction gains, which are the observer 
coefficients of extended state observer. Selecting appropriate parameters can well estimate the 
disturbance. The expression of the function fal() is established below. 
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𝑓𝑎𝑙ሺ𝜀,𝑎ଵ, 𝛿ሻ ൝
|𝜀|௔భ ൅ 𝑠𝑔𝑛ሺ𝜀ሻ, |𝜀| ൐ 𝛿

𝜀
𝛿ଵି௔భ

, |𝜀| ൏ 𝛿
ሺ10ሻ 

(3) The nonlinear state error feedback is given. 

⎩
⎪
⎨

⎪
⎧

𝑒ଵ ൌ 𝑣ଵሺ𝑘ሻ െ 𝑧ଵሺ𝑘ሻ
𝑒ଶ ൌ 𝑣ଶሺ𝑘ሻ െ 𝑧ଶሺ𝑘ሻ

𝑢଴ ൌ 𝜌ଵ𝑓𝑎𝑙ሺ𝑒ଵ,𝑎ଵ, 𝛿ሻ ൅ 𝜌ଶ𝑓𝑎𝑙ሺ𝑒ଶ,𝑎ଶ, 𝛿ሻ

𝑢ሺ𝑘ሻ ൌ 𝑢଴ሺ𝑘ሻ െ
𝑧ଷሺ𝑘ሻ

𝑏଴

ሺ11ሻ 

Where, 𝑢଴ is the control quantity, 𝑢ሺ𝑘ሻ is the total output, and 𝑧ଷ is the disturbance estimator in the 
control system. 

4. Simulation analysis 
The structure sketch map of the simulation system is displayed in Figure 4. The desired pose of the 
moving platform is obtained according to the desired trajectory, and the desired displacement of each 
driving mechanism paired with the desired trajectory of the upper platform is obtained by the inverse 
kinematics solution. Then the expected displacement, actual displacement, and speed of each driving 
mechanism are used as the input of the controller. And the output of the controller is the force acting on 
each driving mechanism. 

 
Figure 4 Simulation system block diagram 

 
The driving mechanism structure is described below. The upper and lower ends are linked to the 

upper and lower platforms by a Hook hinge. There is a hydraulic cylinder in the middle of the rod that 
connects the upper and lower parts of the rod. As the upper platform moves,  causing the length of the 
rod to change and the sensor to measure the displacement and speed of the rod. 

Figure 5 shows the tracking trajectories of the six driving mechanisms using the ADRC method, 
where, the abscissa is time, the ordinate is the drive mechanism displacement, the blue lines are the 
desired trajectory, and the red lines are the actual trajectory. Figure 6 demonstrates the tracking error of 
the driving mechanism by using the ADRC algorithm, and the tracking error is close to zero. It can be 
seen that the ADRC method can obtain high-precision tracking performance. 
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Figure 5 Trajectory tracking graph using ADRC  

 

 
Figure 6 Tracking error plots using ADR 
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5. CONCLUSION 
In this paper, a 6-DOF active wave compensation control algorithm of marine operation and 
maintenance ship boarding trestle based on the Stewart platform is developed and studied. Firstly, the 
kinematics analysis and calculation of the Stewart platform are carried out through MATLAB/ Simulink. 
Secondly, based on the nonlinearity and strong coupling problems of the Stewart platform and combined 
with the active wave compensation automatic disturbance rejection control algorithm, a six-degree-of-
freedom active wave compensation simulation experiment was carried out. The simulation experiments 
show that the active wave compensation active disturbance rejection control strategy has excellent 
tracking property and well anti-interference ability, which offers an effective solution for the high-
precision active wave compensation control of wind power operation and maintenance ship boarding 
trestle bridges.  
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