
  

Abstract—The tension study of accumulator is a critical 

factor in designing hydraulic system. The accumulator 

regarded as air spring when connected with cylinder plays the 

role of shock absorption and energy storage. Based on the 

luffing mechanism of crane, this paper structures mathematical 

model of accumulator-cylinder, simulates and analyzes the 

frequency response characteristics of the accumulator, and 

verifies the constant tension characteristics in experiments. The 

results show that the volume of accumulator decides the 

compensation effect. But no matter how large the volume of 

accumulator is, complete compensation could not be achieved. 

The comparison between system pressure and the boom motion 

shows the superior constant tension characteristic of the 

accumulator. 

 
Index Terms—Accumulator, constant tension, experimental 

verification, mathematical model.  

 

I. INTRODUCTION 

Crane is the key lifting equipment of ship. In the process of 

lifting cargo on the ship, the crane's operation ability is 

greatly limited due to the influence of ship's swaying. For this 

reason, we design a device with wave compensation function 

by using the cushioning mechanism of accumulator to reduce 

the influence of wave, as shown in Fig. 1. Domestic and 

foreign research mainly focuses on how to control the ship 

attitude to reduce the impact of waves, but there is no 

research on the designed device. In this study, the 

mathematical model of the device is established and the 

simulation analysis is carried out. In addition, the test is the 

key process to study the tension of wire rope and the law of 

accumulator, which provides a reliable reference for the 

design, selection and device control [1]-[3]. The accumulator 

is an important auxiliary part of hydraulic system, which has 

been widely used in the design of energy-saving and 

vibration-absorbing system. It plays a key role in hydraulic 

system of crane luffing system because of excellent damping 

property. Scholars have established the basic theory of 

accumulator, but the existing analysis and research are 

mostly focus on energy-saving efficiency analysis, which 

deviates greatly from the actual application [4]-[8]. In this 

paper, the accumulator is simplified as air spring connected 

with cylinder, as shown in Fig. 1. The anti-impact 
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performance of the air spring model is studied by 

constructing mathematical model and experiments. The 

conclusions provide helpful reference for the design of 

electro-hydraulic control system and selection of hydraulic 

components [9].  
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Fig. 1. Accumulator-cylinder model. 

 

The passive compensation device includes accumulator 

and hydraulic cylinder. The oil chamber of the accumulator is 

connected with the rodless chamber of the cylinder, so the oil 

flowed into the cylinder is from the valve and the 

accumulator simultaneously [10]-[13]. When the valve 

operates, the oil flowed out of the rod chamber can be stored 

in the accumulator.  
 

II. MODEL BUILDING 

A. Crane Model 

The boom luffing system is simplified as a second-order 

spring-damping system, as shown in Fig. 2. The accumulator 

can be seen as a spring [14]. The spring stiffness is related to 

the accumulator volume and the inflatable pressure [15]-[19]. 

Force equation of the boom is shown in (1). 

( )sin ( - )sin2 2 2 2

1 1 1 1 1 0o N o NJ c l k l      + − + =      (1) 

J denotes rotary inertia of boom, 2

3

1

3
J m l=   , m denotes 

mass of boom; c denotes damping coefficient of cylinder; l3 

denotes length of boom; c denotes damping coefficient of 

cylinder; α1 denotes rotary angle of boom; α0 denotes rotary 
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angle of base, α0=αm·sin(ωt),  αm denotes amplitude of base, 

ωdenotes vibration frequency of base; αN denotes angle 

between cylinder and boom; k denotes elastic coefficient.  
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Fig. 2. Vibration model and amplitude frequency response of boom. 

 

The amplification factor of the harmonic vibration of the 

boom obtained from (1). 

( )

( - ) ( )

2

2 2 2

1 2

1 2




 

+
=

+

                            (2) 

λ=ω/ωn, ωn denotes natural frequency, 1
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The amplitude frequency response curve of the boom show 

the feedback effects of accumulator are not all positive, 

decided by the stiffness and damping of the device. When 

λ<1.414, the accumulator is fails to absorbing vacation, 

conversely, enlarges the rolling of boom, especially near the 

resonance region of λ=1. Therefore, the cylinder parameters 

and accumulator charging pressure are needed to be selected 

properly. 

B. Accumulator Model 
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Fig. 3. Simplified model of accumulator. 

 

Connecting the accumulator with cylinder, the whole 

device is simplified as a spring system [20]. The simplified 

model of accumulator is shown in Fig. 3. 

0 1+c xt Lm x k x F p A  +  = −                       (3)  

FL denotes load of cylinder; k0 denotes elastic coefficient 

of piston rod; mt denotes the mass of the piston rod; A denotes 

the action area of the cylinder. 
n np v p v=0 0 1 1

, v0 denotes volume of the accumulator, v1 

denotes working volume, , n denotes the index factor of gas 

state equation , then v1 = v0 +x·A; x denotes displacement of 

cylinder. Equator (4) can be got. 

n

v
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=  
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0
1 0
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                                    (4)  

p1 denotes stable pressure of accumulator 

(
1 0p p p = − ). 

Combine (3) and (4) to obtain (5). 

n
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0
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+             (5)  

According to the requirements of adiabatic process, the 

equation np v = constant   is satisfied. 

Set ( )0 0,p v  as initial gas pressure and volume, ( )1 1,p v is 

another state, the accumulator's gas adiabatic equation is: 

  
0 0 1 1

n np v p v =                                    (6) 

  
0 0 1 1ln ln ln lnp v p vn n+  = +                       (7) 

1 0
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ln ln
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p p

v v
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−
=

−
                                    (8) 

n values in gas state equation is greatly influenced by the 

outside conditions, through the experiment, testing 5 groups 

data, then insert the data into equation (8) to get n value, as 

shown in Table I. 

 
TABLE I: ACCUMULATOR’S SAMPLE VALUES 

Number 1 2 3 4 5 

Pressure 43.656 48.560 39.085 46.842 42.473 

Result 1.192 1.2924 1.3387 1.1727 1.1765 

 

Draw the value of n value in gas adiabatic equation. The 

value of n is time-varying, range from 1.1 to 1.5, and take the 

average result: n = 1.35. 

The simulation of the system is carried out in 

MATLAB/Simulink [21]-[24], and the simulation model is 

shown in Fig. 4. 

Based on the above equation (5), use MATLAB/Simulink 

function to establish the system's simulation model about 

tension and displacement, shown in Fig. 4. The Sine Wave 

module is used as the load's movement, its amplitude is 15°, 

and period is 10s. 

The vibration of the boom base is defined as a sine wave 

with a period of 10s and 15°. mt=6.3kg; c=0.1 N s /m; 

A=0.0078(cylinder’s diameter is 100mm); v0=6.3L; 

p0=6.0MPa. 

Conclusions: 

1) The amplitude of the boom is significantly lower than 

the ship.  

2) With the increasing of volume, the component effect 

increases greatly, but no matter how large the volume of 

accumulator is, full compensation could not be achieved.  
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3) The pressure change of the accumulator displaying 

opposed way with the load displacement shows the constant 

tension characteristic clearly. 
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Fig. 4. Simulation model and results. 

 

C. Hydraulic System Model 
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Fig. 5. Hydraulic system diagram. 

 

The hydraulic system circuit of passive compensation 

device is constructed, as shown in Fig. 5. The hydraulic 

system includes the cylinder, accumulator, pump, tank, safety 

valve, flowmeter, pressure gauge, ball valve and one-way 

throttle valve. When gravity drops, the hydraulic oil flow 

from the rodless chamber of the cylinder to the accumulator 

through the ball valve and one-way throttle valve. When the 

cylinder extends, the hydraulic oil enters the rodless chamber 

of the cylinder from the accumulator. When the cylinder 

extending, the main hydraulic circuit and accumulator 

together supply oil to the crane cylinder to improve the action 

of the cylinder [25]. A switch ball valve and a one-way 

throttle valve are arranged in the oil cavity passage of the 

rodless cylinder and accumulator. When passive 

compensation device is needed, the ball valve is opened. The 

one-way throttle valve is adjusted to change the elastic 

stiffness of the accumulator so as to jump out of the 

resonance region and improve the compensation effect. The 

safety valve ensures the unloading oil pressure when the 

system pressure is on the high side, and guarantees the best 

passive performance. 

When the cylinder retracts, the swing energy of the ship is 

recovered into the accumulator by means of the gravity load 

of the boom. On the one hand, the vibration shock is 

alleviated, on the other hand, the energy is accumulated for 

the reverse action of the cylinder to reduce the energy 

consumption of the system. 

 

III. EXPERIMENTAL VERIFICATION 

A. Hydraulic Equipment 

The trial-produced equipment model is shown in Fig. 6. 

The model is fixed on the rocking test bench, which is 

supported by four servo cylinders. The different sea 

conditions can be simulated by changing the frequency and 

speed of the bench [26], [27]. The simulation platform can 

generate sine vibration with the trends: front and back, left 

and right, up and down. 

   
Fig. 6. Wave simulation experiment platform. 
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Fig. 7. Control system’s hardware connection. 
 

This system chooses Huba Control company’s 511 type 

pressure tension, and displacement sensors, which were used 
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to collect the pressure of the accumulator, wire rope tension 

and the displacement [28]. The system selects Siemens 

S7-200 programmable controller, through the input/output 

interface the system controller is connected to the sensors and 

hydraulic components to get real-time data; via Ethernet, the 

system controller and PC exchange information. Fig. 7 is the 

hardware connection diagram. 

The PLC outputs 4-20mA current signal, which is used to 

control the valve through proportional amplifier. The angle 

and displacement sensors are applied to reflect the cylinder’s 

movements [29]-[31]. 

B. Data Collecting 

The experimental process could be divide into three 

periods: T1, T2, T3. Controlling the amplitude and frequency 

of bench, the data are collected by using tension angle and 

displacement sensors [32]-[35]. The whole data are shown in 

Fig. 8. 
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Fig. 8. Experimental data. 

 

The experimental data collecting frequency is 40-80s/min, 

so the experimental data express the whole information of 

test according to the sampling theorem. 

C. Data Analyzing 

The constant tension characteristics of accumulator are 

studied by analyzing data under different periods. 

①Stage T1: 0 s - 120 s 

Controlling the displacement of test bed at 50 mm, the 

result shows that accumulator’s pressure stay stable at 45Bar, 

tension fluctuation is small. According to the data shown in 

Fig. 9, pressure will be stable enough as the displacement 

range is less than 50 mm. 

②Stage T2: 120 s - 510 seconds 

The displacement of the test bed is controlled in the range 

of 200 mm. In 120s ~ 350s, the movement cycle is 12s, and 6s 

in 350s ~ 510s. The data show that the tension difference of 

wire rope is 80kgf around 260 kgf, and the accumulator 

pressure difference is 15Bar. Conclusion: The tension of wire 

rope and the pressure of accumulator change periodically 

with the bench motion. The change trend of tension and 

pressure is opposite to displacement. The tension and 

pressure are at valley as the displacement is at peak and vice 

versa. 

③Stage T3:510 s - 920 seconds 

The displacement of the bench is controlled in the range of 

100 mm. In 510s ~ 650s, the movement cycle is 12s, and 8s in 

650s ~ 740s, 4s in 740s ~ 920s. The data show that the tension 

difference of wire rope is 60kgf around 260 kgf, and the 

accumulator pressure difference is 10Bar. Conclusion: The 

tension of wire rope and the pressure of accumulator change 

smaller as the bench motion are lower. The pre-change 

pressure of accumulator decides the even tension value of 

wire rope that is 260kgf in this test. 
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(c)Stage T3 Data 

Fig. 9. Data collecting and analyzing. 

 

IV. CONCLUSION 

Constant tension characteristics of accumulator are gotten 

by establishing the mathematic model, analyzing simulation 

and experimental data. It comes to some helpful references 

for the design of electro-hydraulic system and selection of 

components as following: 

(1) The accumulator’s pressure changes in opposite way 

against the bench moving. 

(2) The accumulator’s pressure increases with the 

displacement decreases, and can be stable enough when the 

displacement range is less than 50 mm. The pressure change 

of the accumulator displaying opposed way with the 

displacement shows the constant tension characteristic 

clearly. 

(3) The accumulator’s pressure value is related to piston 

position and cross section area that is the larger area makes 

the lower pressure. The pre-change pressure of accumulator 

decides the even tension value of wire rope that is the tension 

of wire rope and the pressure of accumulator change smaller 

as the bench motion are lower.  
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