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Abstract. A dynamic model of offshore installation process is established for the large precise 

equipment. To prevent the precise equipment being damaged, vibration isolators are used to absorb the 

impact energy during the installation process. In this study, the motion of equipment consists of the 

vertical displacement and rotation based on the large size of equipment. In the model, the tensioning 

and relaxing of hoisting rope and the constraint from the installation platform are considered. Then, the 

Baumgartner method is used to modify the dynamic motions. After that, the maximal release velocity 

is evaluated on the basis of the limit acceleration of equipment according to the motion of winch. 

Besides, the effect of the different types of damping is investigated by numerical simulation. The 

results show that vibration isolator with quadratic damping has a better performance and can increase 

the performance conditions. 

1. Introduction 

Recently, there is a strong trend that the offshore installation increases greatly. In order to carry out 

offshore installation, equipment needs to be transferred from floating crane to installation platform 

safely. While the severe sea condition increases the pendulum of the equipment and reduces security of 

installation. Especially, the heave motion of the floating crane has a significant effect on the motion of 

the equipment during the installation process. In order to ensure safe operation, the peak acceleration 

of equipment cannot be more than a certain value during the installation process. For safer installation 

process, it is urgent to study the dynamic response of the equipment during the installation process. 

Some works on the offshore suspending process are reported in the literatures. Ellermann et al. [1] 

developed a nonlinear coupled carne-cargo model based on the assumption that the cargo was a point 

mass. Ju-Hwan Cha et al. [2] established the coupled model between the floating crane and the cargo 

considering the geometries of cargo. The current practice is that the heave compensator uses either 

winch or hydraulic piston to control the payout of the winch line. In principle, the passive heave 

compensator is adding a spring-damper system to the hoisting rope system studied by Huster et al. [3] 

and Jia Ni et al. [4]. Lab testing shows a motion reduction of 68%. Zhang Liangjuan et al. [5] designed 

a shock isolator with hydraulic damper for heavy structure installation. The hydraulic damper force 

was optimized and expected to be a constant force. Bo Woo Nam et al. [6, 7] studied the fully coupled 

dynamics of floating crane vessels, crane wires and lifted equipment. And then, a generalized 

spring-damper system with a PD feedback controller is used for the deep water installation by 

simulation and experiments.  

In the above study, they mainly focused on the lifting process and the tensioning force of hoisting 

rope remains the same as far as possible using the heave compensator. But for the specific installation 

process of large equipment, it is not appropriate to treat the equipment as a point mass compared above 

models. During the installation process, the motion of equipment is restricted by the installation 

platform. Therefore, it is necessary to build the dynamic model for the offshore installation process and 

the dynamic characteristic is studied. In this study, the nonlinear time-domain analysis for offshore 

installation is carried out. The dynamic model of equipment consists of the tensioning and relaxing of 

hoisting rope and the displacement constraint from the installation platform. Then, the Lagrange 

multiplier is introduced to describe the contact element between the equipment and the installation 
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platform. Last, the dynamic characteristics of the equipment are analyzed to maintain an acceptable 

performance during the installation process. 

2. Development of dynamic analysis for installation process 

During the offshore installation process, the horizontal motion of floating crane can be controlled by 

conventional dynamic positioning system or mechanical positioning as described in the literature [8]. 

Therefore, the motion of the floating crane tip in the horizontal plane is not considered. The basic 

model of installation process is shown in the Fig.1. In the Fig.1, the dotted line represents winch, 

equipment and structural frame of vibration isolator. The body-fixed coordinate system O1Z1 is 

defined as being put to the point A of the equipment at the initial time. z1 and θ represent the position 

and rotation angle of the equipment, respectively. The coordinate system O2Z2 is defined as being put 

to the plunger at the initial time.  z2 and z3 are the position of the plungers of the two vibration isolators, 

respectively. 

Fig.1 gives the height H and width L of equipment and the distance R between the suspending point 

A and the center of mass. The hoisting rope is modeled as a generalized spring-damper system with a 

spring Kr and a damper Cr. And then, two vibration isolators which can be simplified as 

stiffness-damping elements are mounted at point B and point C to mitigate the shock energy during the 

installation process. At the initial time, the equipment is supposed to be located right above the 

installation platform. The initial release height is H0 and the maximum stroke of vibration isolator is S. 
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Fig.1 Diagram of installation model system 

2.1 Winch’s motion. 

The winch is assumed to be located at the floating crane tip. The heave motion of floating crane tip 

is combined with a variety of sinusoidal waves: amplitudes and periods [8]. The sinusoidal waves 

usually range the amplitude of few meters with the wave frequencies of 0.05-0.2Hz. Here, the typical 

amplitude and frequency of wave is chosen for the simulation as follows. 

( ) sin(2 + )fz t A ft                                                           (1) 

where the positive constants A, f and   denote the amplitude, frequency and phase of floating crane tip, 

respectively. Therefore, the motion of winch considering the release velocity can be expressed by, 

0( ) ( )fu t z t v t                                                                 (2) 

where v0 is the release velocity of equipment.  
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2.2  Dynamic model of the load motion without constraints. 

Depending on the position of the equipment, the installation process mainly includes two processes: 

one is the suspending process and the other is the landing process which at least one of the vibration 

isolators land on installation platform. The schematic diagram of installation process is given in Fig.2. 
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Fig.2 Diagram of installation process 

In the actual condition, the plunger mass m2 and m3 are much less than the equipment mass m1. 

Therefore, the plunger mass do not affect the center of mass of equipment during the whole installation 

process.  

According to the Lagrange equation, the dynamic motion of equipment during the suspending 

process can be obtained considering the small rotation angle,  

MZ = F                                                                 (3)
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F                  (4) 

where IG is the moment of inertia of the center of mass of equipment. Fr represents the tensioning force 

of hoisting rope. 

2.3 Constraint analysis. 

  The constraints applied at the equipment should be considered during the landing process. These 

constraints are defined as follows, 

(1) The tensioning force of the hoisting rope. During the landing process, the equipment is released 

down by the hoisting rope. Due to the heave motion of floating crane, the hoisting rope may be relaxed 

and tensioned depending on the distance between the winch and suspending point A .  

The overall length of hoisting rope lR can be written as follows, 

 0 0( ) ( ) ( ) ( )R Rl t l t v t r t                                                    (5) 

where lR(t0) denotes the rope length at the initial time t0. r(t) is the elastic extension of hoisting rope. 

 The spring stiffness of hoisting rope can be expressed as follows,  

( )

r r r
r

R

n E A
K

l t
                                                               (6) 

where Er and Ar denote Young’s modulus and the intersectional area of the rope, respectively. nr is the 

number of rope. 

Therefore, the tensioning force of hoisting rope is given in Eq. (7). 
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(2) When the plunger contacts with the installation platform,

 

displacement constraint equations from 

the installation platform should be considered, 

   
1 12 2 2p c p cz z z z z z                                                   (8) 

1 13 3 3p c p cz z z z z z                                                   (9) 

where 
1c

z is the initial position of the installation platform in the coordinate system O2Z2. zp is the 

heave motion of the installation platform. In the actual condition, the installation platform is fixed on 

the sea bed by the pile pipes. Therefore, the installation platform can be considered to be static. That 

means, 0pz  . 

 (3) During the landing process, the force produced by the vibration isolator is applied to the 

equipment.  
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where Ki and Ci (i=2, 3) represent the stiffness and damping of the vibration isolators, respectively. F2 

and F3 represent the forces produced by the vibration isolators.  

(4) During the landing process, the actual vibration isolator has stroke limitation. Here, the stroke 

constraint equations of vibration isolator should be introduced into the motion equations of equipment 

when vibration isolator completes its stroke.  

2 24 B p c B p cz z z z z z                                           (12) 

 
2 25 C p c C p cz z z z z z                                            (13) 

Where 
2cz is the position of the installation platform in the coordinate system O1Z1.  

2.4 Dynamic model of the equipment with constraints. 

According to the above analysis, the displacement constraint equation and constraint force equation 

can be obtained. 

 
T

2 3 4 5=    cΦ                                                           (14) 
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During the installation process, the above constraint equations change all the time depending on the 

position of the equipment. Therefore, the constraint equations need to be updated at each iteration step 

during the simulation.  

Then, Eq. (14) can be transformed to the following equation,  

=c JΦ Z                                                                   (16) 

The matrix J  is defined as the Jacobian matrix of cΦ . 

0 0 1 0

0 0 0 1
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The equipment motion can be set up including the constraint equations, 
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where the Lagrange multiplier   is used to describe the contact force between the equipment and the 

installation platform.  

  Then, the Baumgarte method [9,10,11] is used to modify the dynamic motions as shown in Eq. (19).  

220 B B 
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                                        (19) 

where B and B are Baumgarte coefficients. Here, the coefficients B  and B  can be calculated as 

follows [12],  

2

2

2 2

100 6

0 16

10(16 ) 16 6

n

B

n

e e

e

e e e



 


  
     

,    

1

1

1 1

100 6

0 16

10(16 ) 16 6

n

B

n

e e

e

e e e



 


  
     

                    (20) 

e1 and e2 can be expressed as,  

1 lge
n


T

c c 
,        

2 lge
n


T

c c 
                                            (21) 

where n is the number of the constraint equations and en is the calculation error at time tn.  

3. Configuration of the dynamic response simulation 

  The configuration of the dynamic response simulation in this paper is shown in Fig. 3. First, the 

2-DOF plane motion equations of equipment are derived. Second, the displacement constraint 

equation and constraint force equation are determined according to the solutions from the previous 

iteration. Then, the motion equations of equipment including the above constraint equations can be 

obtained. Finally, the dynamic motions are solved by the Baumgarte method until the installation 

process is completely finished. 

The general operation and main properties parameters of the system are shown in Table 1. 

Table 1. Parameters 

Parameters Value 

Initial release height H0 (m) 1 

Shock isolation stroke S (m) 1 

Plunger mass m2 (kg) 10 ×103 

Plunger mass m3 (kg) 10 ×103 

Equipment mass m1 (kg) 360×103 

Distance of center of gravity R (m) 25 

Initial rope length lR0 (m) 20 

Rope area Ar (m
2) 1.77×10-4 

Initial rotation angle θ 0.011 
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Fig.3 Configuration of the dynamic response simulation 

4. Releasing velocity evaluation 

  First, the equipment is supposed to be released close to the installation platform. Thus, the stiffness of 

hoisting rope is little affected by the length of rope. The stiffness Kr can be assumed as a constant. As 

a result, the extension of hoisting rope r can also be considered as a constant. Furthermore, the motion 

of equipment during the suspending process can be simplified when the rotation of equipment is very 

small.  

1 2 3 1 1 2 3 1 1( + ) =( + ) ( ) ( )r rm m m z m m m g K r z u C r z u                        (22) 
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 are introduced into the equation. As a result, the motion of equipment can be 

rewritten as,  

1 3 1 4 1 1 2 3 0 4 0+ = sin( ) cos( )z A z A z A t A t A v A v t                                  (23) 

where 2 f   and the phase angle 0  . 

Therefore, the solution can be obtained as,  
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  The following initial conditions are considered,  

1(0)=0z ,   1 0(0)=z v                                                       (26) 
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  Then, the coefficients cc1 and cc2 can be obtained.  
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  The acceleration of equipment can be given by,  
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  Thus, the peak acceleration can be obtained,  
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  The maximum release velocity can be obtained as,  
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Fig.4 Contour plot of release velocity 

In the actual condition, the peak acceleration of equipment is expected to be less than 0.5g. That is to 

say, 
min 0.5a g  . Fig.4 gives the contour plot of maximum release velocity. From the results, it can 

be found that the maximum release velocity is 0.2 m/s when the winch motion has lower frequency and 

smaller amplitude. While, when the winch motion has higher frequency or larger amplitude, it is not 

suitable for the offshore installation. 

5. Results and analysis 

According to the Fig.4, the maximum release velocity is 9.17 m/min when the frequency,amplitude 

and phase are 0.1 Hz, 0.3 m and 0, respectively. For the safety’s sake, the release velocity is set as 4 

m/min. Here, two types of the typical damping in the hydraulic vibration isolator are used to reduce the 

peak acceleration during the landing process. One is the linear vibration isolator with linear stiffness 

and linear damping. The other one is the nonlinear vibration isolator with linear stiffness and quadratic 

damping. The forces produced by the vibration isolators can be expressed as,  

For the linear vibration isolator,  

Effective  zone 

Invalid zone 
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For the nonlinear vibration isolator,  
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  The stiffness of vibration isolator are set as Ki=2×106 N/m and Ki=2×105 N/m, respectively. The 

damping of vibration isolator are Ci=5×106 (i=2, 3). The displacement, acceleration of center of mass 

and tensioning force are shown as in the Fig.5.  

         
(a) Ki=2×106 N/m                           (b) Ki=2×105 N/m 

Fig.5 Dynamic response of the installation process 

  When the stiffness of vibration isolator Ki is 2×106 N/m, the equipment has two landing times before 

the equipment is installed completely. From the acceleration curves, it can be found that the peak 

acceleration of the equipment is -1.35 m/s2 and -1.78 m/s2. Therefore, the equipment has smaller peak 

acceleration when the vibration isolator with quadratic damping is used. Furthermore, the acceleration 

of equipment fluctuates in the tiny range during the landing process. The hoisting rope still has the 

tensioning force during the landing process and the tensioning force decreases to zero gradually. While, 

the hoisting rope can be relaxed and tensioned again using the linear damping during the landing 

process.  

  When the stiffness of vibration isolator Ki is 2×105 N/m, the equipment also has two landing times 

before the equipment is installed completely. From the acceleration curves, it can be found that the 

peak acceleration of the equipment is -4.94 m/s2 and -4.81 m/s2, which occurs at the final moment of 

the landing process. That means the equipment still has the impact velocity at the end of landing 

process. From the above, the larger stiffness of vibration isolator should be chosen for the offshore 

installation.  

   Then, the comparison of different damping of vibration isolators is performed in the section. The 

linear stiffness is 2×106 N/m. The peak acceleration of center of mass is given in the Fig.6. With the 

increase of the damping, the peak acceleration of equipment decreases and then increases. It can be 
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found that the quadratic damping is more effective than the linear damping except certain damping 

values.  

 
Fig.6 Effect of the damping of vibration isolator 

Then, the optimal operation condition can be determined based on the limit acceleration of 

equipment. The release velocity of equipment is set to 4 m/min according to the actual operation 

condition. Fig.7 shows the contour plot of peak acceleration of equipment. The results show that the 

vibration isolator with quadratic damping is more effective especially when the motion of winch has 

larger amplitude and higher frequency.  
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(a) Linear damping                                           (b) Quadratic damping 

Fig.7 Contour plot of equipment acceleration 

6.  Summary 

This paper presents an offshore installation dynamic model of large equipment. In the model, it 

includes the displacement constraint from installation platform and vibration isolator stroke. 

Furthermore, the tensioning and relaxing of hoisting rope are considered in the model. And then, the 

Lagrange multiplier is introduced to describe the contact element between the equipment and the 

installation platform. The model is carried out by the Baumgarte method. Then, the maximum release 

velocity during the suspending process is estimated according to the heave motion. Last, two vibration 

isolators with different damping structures are chosen to analyze the characteristics. Through 

simulation results, the vibration isolator with quadratic damping can work better than the linear 

damping except the certain damping values and can increase the operating conditions. This model can 

provide the dynamic analysis method for the offshore installation process and give the advice for 

designing the vibration isolator for large equipment installation.  
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