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Abstract. The vibration isolation device of ship power equipment is the key equipment to protect 
it from damage, and its performance determines whether the ship can sail safely. To address the 
problem that it is difficult to achieve the optimal vibration isolation performance of ship’s 
double-layer vibration isolation, this paper establishes a vibration transmission theory model of 
ship’s power equipment double-layer vibration isolation system, derives the vibration 
displacement transmission rate formula based on the model, and studies the influence law of the 
stiffness ratio of the lower and upper layers of vibration isolation devices, the mass ratio of the 
intermediate raft frame to the power equipment and the damping of the upper and lower layers of 
vibration isolation devices on the vibration transmission. The results show that reducing the 
stiffness ratio of upper and lower layer vibration isolators and increasing the mass ratio of 
intermediate raft frame and power equipment can reduce the two resonant frequencies and narrow 
the interval between the two resonant frequencies, and increasing the damping of upper and lower 
layer vibration isolators can reduce the vibration peak at the two resonant frequencies, but the 
vibration isolation effect in the high frequency band becomes worse. It provides a theoretical basis 
for the design optimization of the double-layer vibration isolation system for ship's power 
equipment. 
Keywords: ship vibration isolation, double-layer vibration isolators, vibration isolation 
characteristics. 

1. Introduction 

When the ship is sailing at sea, the wave fluctuations and other external disturbances 
transmitted to the mechanical power equipment vibration will have a negative impact on 
mechanical equipment, and in serious cases even lead to power system paralysis [1]. The main 
means to solve this problem is to use elastic equipment for vibration isolation, and the main 
vibration isolation methods include single-layer vibration isolation, double-layer vibration 
isolation and floating raft vibration isolation. Among them, when single-layer vibration isolation 
is used for vibration isolation of large equipment at low speed, the support stiffness needs to be 
designed to be small and contradict the stability requirements of the system [2], but it is easier to 
ensure the shaft system alignment requirements, so it is widely used in ships with strict shaft 
system alignment requirements [3]-[5], and floating raft vibration isolation installs multiple power 
equipment on an intermediate raft frame, which can theoretically achieve better vibration isolation 
than double-layer vibration isolation [6]-[8], but due to its more complex structure, floating raft 
vibration isolation effect will be worse than double vibration isolation effect due to poor design. 
Therefore, double-layer vibration isolation is widely used on the ship power equipment. 

In recent years, scholars at home and abroad have conducted a lot of research on double-layer 
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vibration isolators [9]. Zhao et al. investigated the effect of different parameters of the system on 
the power flow transfer rate of the system under the action of external forces in the upper layer 
equipment [10]. Liu Haiping et al. proposed a double-layer highly damped vibration isolator 
consisting of positive and negative stiffness elements, and analyzed the mechanical transfer 
characteristics under the action of external forces, and studied its dynamics [11]. Zhang Wei et al. 
conducted a comparative study of the performance of integral and distributed double-layer 
vibration isolation systems [12]. Li Bin et al. conducted a theoretical analysis of the double-layer 
vibration isolation system and an experimental study of its vibration isolation performance [13]. 
However, none of the above literature analyzed the vibration transfer rate from the displacement 
transfer perspective to the upper ship equipment from the ship deck. But the study of the action 
law of each parameter on the vibration transmission rate in the double-layer vibration isolation 
system is the key to the reasonable design of the double-layer vibration isolation system. 

This paper establishes the vibration transfer theory model of double-layer vibration isolation 
system for ship power system, derives the vibration transfer rate formula from the perspective of 
displacement transfer based on the model, and analyzes the influence of each parameter on the 
vibration transfer law, which provides a theoretical basis for the optimization of vibration isolation 
performance of ship power equipment. 

2. Modeling of double-layer vibration isolation for ship power equipment 

A typical double-layer vibration isolation model of a power unit is shown in Fig. 1(a), and its 
equivalent theoretical model is shown in Fig. 1(b), ignoring the mass of the vibration isolator. In 
Fig. 1(b), 𝑚ଵ is the mass of the upper layer equipment, 𝑘ଵ, 𝑐ଵ are the stiffness and damping of the 
upper layer vibration isolation device respectively, and 𝑚ଶ is the mass of the intermediate raft 
frame, 𝑘ଶ, 𝑐ଶ are the stiffness and damping of the lower layer vibration isolation device 
respectively. The displacement, velocity, and acceleration of the upper layer equipment are 𝑥ଵ(𝑡), 𝑥ሶଵ(𝑡), and 𝑥ሷଵ(𝑡), respectively, and those of the intermediate raft frame are 𝑥ଶ(𝑡), 𝑥ሶଶ(𝑡), and 𝑥ሷଶ(𝑡), 
respectively, and those of the ship deck are 𝑢(𝑡), 𝑢ሶ (𝑡), 𝑢ሷ (𝑡), respectively. 
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a) A typical double-layer vibration isolation model 
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b) Equivalent theoretical model 
Fig. 1. Double-layer vibration isolation model for ship power equipment:  

1 – the upper layer equipment; 2 – the upper layer vibration isolation device;  
3 – the intermediate raft frame; 4 – the lower layer vibration isolation device 

The differential equation of motion of the system is: ൜𝑚ଶ𝑥ሷଶ + 𝑘ଶ(𝑥ଶ − 𝑢) + 𝑐ଶ(𝑥ሶଶ − 𝑢ሶ ) − 𝑘ଵ(𝑥ଵ − 𝑥ଶ) − 𝑐ଵ(𝑥ሶଵ − 𝑥ሶଶ) = 0,𝑚ଵ𝑥ሷଵ + 𝑘ଵ(𝑥ଵ − 𝑥ଶ) + 𝑐ଵ(𝑥ሶଵ − 𝑥ሶଶ) = 0.  (1)

Take the Laplace transform of the Eq. (1) can obtain the system transfer function as follows: 
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𝐻(𝑠) = 𝑋ଵ𝑈 = 𝑐ଶ𝑠 + 𝑘ଶ𝑚ଵ𝑠ଶ + (𝑚ଶ𝑠ଶ + 𝑐ଶ𝑠 + 𝑘ଶ) ⋅ (𝑚ଵ𝑠ଶ + 𝑐ଵ𝑠 + 𝑘ଵ)𝑐ଵ𝑠 + 𝑘ଵ , (2)

where 𝜔ଵ଴, 𝜔ଶ଴ are the resonant frequencies of the upper vibration isolation device and the lower 
vibration isolation device, 𝜉ଵ, 𝜉ଶ are the damping ratios of the upper vibration isolation device and 
the lower vibration isolation device, respectively, and satisfy the following relationship: 

⎩⎪⎨
⎪⎧𝜔ଵ଴ = ඨ𝑘ଵ𝑚ଵ ,     𝜉ଵ = 𝑐ଵ2𝑚ଵ𝜔ଵ଴ ,
𝜔ଶ଴ = ඨ𝑘ଶ𝑚ଶ ,      𝜉ଶ = 𝑐ଶ2𝑚ଶ𝜔ଶ଴ . (3)

Substituting Eq. (3) into Eq. (2) to simplify and gives: 

𝐻(𝑠) = 4𝑚ଵ𝑚ଶ𝜔ଵ଴𝜔ଶ଴𝜉ଵ𝜉ଶ ⋅ 𝑠ଶ + 2𝑚ଵ𝜔ଵ଴𝜉ଵ𝑘ଶ ⋅ 𝑠 + 2𝑚ଶ𝜔ଶ଴𝜉ଶ𝑘ଵ ⋅ 𝑠 + 𝑘ଵ𝑘ଶ𝐺ସ ⋅ 𝑠ସ + 𝐺ଷ ⋅ 𝑠ଷ + 𝐺ଶ ⋅ 𝑠ଶ + 𝐺ଵ𝑠 + 𝑘ଵ𝑘ଶ , (4)

where: 

𝐺ସ = 𝑘ଵ𝑘ଶ𝜔ଵ଴ଶ 𝜔ଶ଴ଶ ,     𝐺ଷ = ቆ 𝑘ଵ𝜔ଵ଴ଶ ⋅ 2𝑚ଶ𝜔ଶ଴𝜉ଶ + 𝑘ଶ𝜔ଶ଴ଶ ⋅ 2𝑚ଵ𝜔ଵ଴𝜉ଵ + 𝑘ଵ𝜔ଵ଴ଶ ⋅ 2𝑚ଵ𝜔ଵ଴𝜉ଵቇ, 𝐺ଶ = ቆ𝑘ଵ𝑘ଶ𝜔ଵ଴ଶ + 𝑘ଵ𝑘ଶ𝜔ଶ଴ଶ + 4𝑚ଵ𝑚ଶ𝜔ଵ଴𝜔ଶ଴𝜉ଵ𝜉ଶ + 𝑘ଵଶ𝜔ଵ଴ଶ ቇ ,    𝐺ଵ = (2𝑚ଵ𝜔ଵ଴𝜉ଵ𝑘ଶ + 2𝑚ଶ𝜔ଶ଴𝜉ଶ𝑘ଵ). 
Transforming the Eq. (4) into the frequency domain transfer rate is as follows: 

|𝐻(𝜔)| = ඨ(−4𝑚ଵ𝑚ଶ𝜔ଵ଴𝜔ଶ଴𝜉ଵ𝜉ଶ ⋅ 𝜔ଶ + 𝑘ଵ𝑘ଶ)ଶ + ((2𝑚ଵ𝜔ଵ଴𝜉ଵ𝑘ଶ + 2𝑚ଶ𝜔ଶ଴𝜉ଶ𝑘ଵ)𝜔)ଶ𝐴ଶ + 𝐵ଶ , (5)

where: 

𝐴 = ቆ 𝑘ଵ𝑘ଶ𝜔ଵ଴ଶ 𝜔ଶ଴ଶ 𝜔ସ − ቆ𝑘ଵ𝑘ଶ𝜔ଵ଴ଶ + 𝑘ଵ𝑘ଶ𝜔ଶ଴ଶ + 4𝑚ଵ𝑚ଶ𝜔ଵ଴𝜔ଶ଴𝜉ଵ𝜉ଶ + 𝑘ଵଶ𝜔ଵ଴ଶ ቇ𝜔ଶ + 𝑘ଵ𝑘ଶቇ, 
𝐵 = ൭−𝜔ଷ ቆ 𝑘ଵ𝜔ଵ଴ଶ ⋅ 2𝑚ଶ𝜔ଶ଴𝜉ଶ + 𝑘ଶ𝜔ଶ଴ଶ ⋅ 2𝑚ଵ𝜔ଵ଴𝜉ଵ + 𝑘ଵ𝜔ଵ଴ଶ ⋅ 2𝑚ଵ𝜔ଵ଴𝜉ଵቇ

+ 𝜔(2𝑚ଵ𝜔ଵ଴𝜉ଵ𝑘ଶ + 2𝑚ଶ𝜔ଶ଴𝜉ଶ𝑘ଵ)൱. 
3. Effect of different parameters on the effect of double-layer vibration isolation 

For the convenience of analysis, 𝑚ଶ/𝑚ଵ is the mass ratio and 𝑘ଶ/𝑘ଵ is the stiffness ratio. In 
order to analyse the relationship between the vibration transmission rate and the change of stiffness 
ratio, make the upper and lower vibration isolator damping ratio 𝜉ଵ = 𝜉ଶ = 0, that is, ignore the 
influence of damping on the vibration transmission rate, make 𝑚ଵ = 𝑚ଶ = 1, 𝑘ଵ = 1, stiffness 
ratio of 𝑘ଶ/𝑘ଵ = 0.5, 𝑘ଶ/𝑘ଵ = 1, 𝑘ଶ/𝑘ଵ = 2, 𝑘ଶ/𝑘ଵ = 5 to carry out analysis and calculation, and 
get the vibration transmission rate with the change of stiffness ratio as shown in Fig. 2. 
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Fig. 2. Variation of vibration transmission rate with stiffness ratio 

To study the variation of vibration transmission rate with mass ratio, make the upper and lower 
vibration isolator damping ratio 𝜉ଵ = 𝜉ଶ = 0, that is, ignore the influence of damping on the 
vibration transmission rate, make 𝑘ଵ = 𝑘ଶ = 1, 𝑚ଵ = 1, mass ratio of 𝑚ଶ/𝑚ଵ = 0.5,  𝑚ଶ/𝑚ଵ = 1, 𝑚ଶ/𝑚ଵ = 2, 𝑚ଶ/𝑚ଵ = 5 to carry out analysis and calculation, and get the vibration 
transmission rate with the change of stiffness ratio as shown in Fig. 3. 

 
Fig. 3. Variation of vibration transmission rate with mass ratio 

 
Fig. 4. Variation of vibration transmission rate with damping ratio of upper vibration isolators 

To analyze the variation of vibration transmission rate with the damping ratio of the upper 
layer, make 𝑚ଵ = 𝑚ଶ = 1, 𝑘ଵ = 𝑘ଶ = 1, 𝜉ଶ = 0, and solve the vibration transmission curve when 𝜉ଵ = 0.01, 𝜉ଵ = 0.05, 𝜉ଵ = 0.1, 𝜉ଵ = 0.5 respectively, and get the relationship between vibration 
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transmission rate and upper layer damping ratio as shown in Fig. 4. 
To analyze the variation of vibration transmission rate with the damping ratio of the lower 

layer, take 𝑚ଵ = 𝑚ଶ = 1, 𝑘ଵ = 𝑘ଶ = 1, 𝜉ଵ = 0, and solve the vibration transmission curve when 𝜉ଶ = 0.01, 𝜉ଶ = 0.05, 𝜉ଶ = 0.1, 𝜉ଶ = 0.5 respectively, and get the relationship between vibration 
transmission rate and upper layer damping ratio as shown in Fig. 5. 

 
Fig. 5. Variation of vibration transmission rate with damping ratio of lower vibration isolators 

4. Conclusions 

The above analysis shows that for the double-layer vibration isolation device of ship power 
equipment, there are two resonance peaks, and the vibration is attenuated in the frequency band 
after the first resonance peak, but the vibration is amplified at the second resonance frequency, 
and the vibration is attenuated in the frequency band after the second resonance frequency. The 
different mass ratio, stiffness ratio and damping of the upper and lower vibration isolation devices 
will have an effect on their vibration transmission characteristics, and the effect of different 
parameters on the vibration isolation effect of the system is as follows. 

1) The smaller the stiffness ratio between the lower layer stiffness and the upper layer stiffness, 
the smaller the two resonant frequencies, while the smaller the interval between the two resonant 
frequencies, the better the vibration isolation effect, that is, the smaller the vibration transmitted 
to the power equipment by external vibration disturbances. However, in the case of smaller lower 
layer stiffness, the bearing capacity of the system will become worse. 

2) The larger the mass ratio between the intermediate raft and the power equipment, the smaller 
the two resonant frequencies, and the smaller the interval between the two resonant frequencies, 
the better the vibration isolation effect, i.e., the smaller the vibration transmitted to the power 
equipment by external vibration disturbance. However, if the mass of the power equipment is 
known, increasing the mass ratio by increasing the mass of the intermediate raft will put forward 
higher requirements on the bearing capacity of the vibration isolator, and at the same time will 
greatly deplete the bearing capacity of the ship. 

3) Increase the damping ratio of the upper layer vibration isolation device, can improve the 
first resonance peak and low frequency band vibration isolation effect, the second resonance peak 
because in the low frequency band will also be reduced, when the upper layer damping ratio 
increased to a certain extent will lead to the second resonance peak disappeared, but the high 
frequency band vibration isolation performance becomes worse. 

4) Increase the damping ratio of the lower vibration isolation device can improve the vibration 
isolation effect near the two resonant frequencies, but the vibration isolation effect becomes worse 
in other frequency bands. 

Therefore, when designing the double-layer vibration isolation device for ship power 
equipment, we should choose the appropriate middle raft mass and the stiffness of the upper and 
lower vibration isolators according to the actual situation of the isolated equipment, and try to 
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increase the system damping to reduce the vibration transmission rate in the low frequency band 
and the two resonance peaks under the premise of meeting the vibration isolation performance in 
the high frequency band, so as to achieve the best vibration isolation effect. 
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