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Abstract: 

The strong dynamic load of will make the motion characteristics of shafting change rapidly and even lead to the 

loss of navigability of the ship. In order to solve the problem of engineering application of reliability assessment 

and control of ship propulsion system on heavy sea, the motion law between the driving shaft, the driven shaft 

and the shaft angle of the coupling is deduced by means of coordinate transformation method. Then, a simplified 

equivalent model of universal coupling with cross shaft was established to study the relationship between angle of 

shafting and the vibration characteristics of shafting. Finally, the anti-load characteristics of shafting were 

analyzed, the bearing capacity of the unmanned ship in harsh environment was improved by controlling the 

parameters such as shaft angle. It was concluded that the propulsion system of unmanned ship with adjustable 

universal coupling is very sensitive to impact loads, by controlling the shafting speed, the shaft angle and other 

parameters, the load-bearing capacity of the unmanned ship can be improved. 

Keywords: Propulsion shaft, Universal joint, Shaft vibration, Impact response. 

 

I. INTRODUCTION 

In recent years, with the application of unmanned technology in ships, unmanned ship have gradually 

entered people's vision and developed rapidly. Due to the small size of unmanned ship design at present, 

the arrangement of propulsion shafting is difficult, and the unmanned ship may be subjected to strong 

impact during the voyage, which will cause violent vibration of the boat body, thus affecting the normal 

operation of the propulsion system. Therefore, when the propulsion shafting of unmanned ship is subjected 

to mechanical forces in the form of impact, sway, centrifugal acceleration, flutter and so on, its impact 

resistance has a very important impact on the vitality and combat effectiveness of unmanned ship. For 

some unique unmanned ship body structure, the boat motor can not be arranged in the underwater 

cylindrical submersible body, but in the water boat body structure, propeller shaft and thrust shaft are 

installed in the underwater submersible body, there is a large height difference between the output 

centerline of the motor of the boat body and the centerline of the propeller shaft, and its vertical distance is 

several thousand millimeters [1]. At this time, the ship shafting through a certain angle of the coupling 

connection, so that the two shafts continue to rotate to transfer transmission and torque. 

For coupling drives with a certain dip angle, Hui Lu Technology applied finite element analysis to 

obtain the stress and displacement results of the elastic coupling at rated torque, the modal shapes of the 
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first three elastic couplings and their corresponding natural frequencies [2]. C.M. Li and J.H. Li derived the 

rotational speed relationship between the driving shaft and the driven shaft of the universal coupling in the 

right-hand coordinate system according to the multi-body theory [3,4]. L.H. Xia and J.H. Huang used the 

structure principle of single universal joint to analyze its motion, and simulated its motion based on UG 

software [5,6]. Y.F. Hu established the torsional vibration calculation model of the propulsion shafting of 

MTU diesel engine, and analyzed the excitation characteristics and the torsional vibration characteristics of 

the propulsion shafting of MTU diesel engine [7]. Based on the nonlinear contact theory, Hui Wu 

established a contact model of a flange type hydraulic coupling to obtain the stress distribution of each 

component of the coupling under maximum load [8]. Zhao Guang has conducted theoretical and 

experimental research on the coupling components of marine power plant, providing an effective 

theoretical method and valuable reference for power plant design [9]. M.S. Sun used the fourth-order 

Runge Kutta method to simulate and numerically analyze the bending vibration and torsional vibration of 

shaft system [10]. L.X. Dong established a mechanical model based on the stern shaft-oil film-stern 

structure system, studied the variation law of the average impact force, impact amplitude, axis track and 

other parameters of the stern shaft under the impact load [11]. N.Q. Xiao established the equivalent model 

of torsional vibration by lumped parameter method, and calculated and analyzed the transient torsional 

vibration of a ship's propulsion shafting under ice load in time domain by Newmark-β method [12]. 

However, the universal joint of cross shaft type is in the process of transmitting torque, there is a 

certain angle between the driving shaft and the driven shaft of the coupling, even if the driving shaft speed 

is constant, the driven shaft will also produce speed fluctuation. There is no definite conclusion about the 

effect of shaft angle on shafting vibration. The requirements of anti-wave resistance and impact resistance 

of inclined shaft of unmanned ship are different from those of traditional technical specifications, so more 

attention must be paid to the reliability of the propulsion system [13,14]. Therefore, on the basis of the 

simplified model, the structure model of unmanned ship was established in this paper, and the influence of 

shaft angle on shafting vibration was analyzed. At the same time, the anti-load characteristics of the 

propulsion shafting were calculated, which is helpful to improve the engineering adaptability in the 

reliability design of unmanned ship. 

 

II. APPLICATION OF ELECTRIC PROPULSION SYSTEM WITH VARIABLE SHAFT ANGLE 

Fig 1 shows the overall structure model of the unmanned ship, and the ship is mainly composed of boat 

body, motor, transmission system and so on. The motor is mounted on the deck, and the propeller and 

thrust shaft are mounted in the submerged body. In general, electrical equipment is installed inside the boat, 

however, due to the small size of the ship design, the motor is moved to the deck, which can make full use 

of the upper space, greatly increasing the flexibility of unmanned ship design, construction and use, at the 

same time, it is also conducive to the maintenance and overhaul of motor equipment. Therefore, the 

biggest difference in structure between the electric propulsion system of this ship and the general electric 

propulsion system is that the shaft intersect and need to be connected through the universal joint of the 

cross shaft. 
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Fig 1: Structure diagram of unmanned ship 

 

III. CONSTRUCTION OF PROPULSION SHAFTING MOTION MODEL 

3.1 Establishment of Coordinate System 

As shown in Fig 1, two shafts with intersecting shaft can be connected by the universal joint of cross 

shaft type shown in Fig 2 [15], when the driving shaft of the universal joint rotates at a constant angular 

speed, the motion characteristics of the driven shaft of the universal joint will be affected by the change of 

the shaft angle of the driven shaft of the universal joint, and in the kinematic analysis of the universal joint, 

the kinematic coordinate system can be established first. At present, there are two main ways to construct 

the kinematic coordinate system of universal joint: graphic method and coordinate transformation method, 

here, the kinematics coordinate system of the universal joint was established, the kinematic relation of the 

universal joint was deduced by the coordinate transformation method, which lays a certain foundation for 

the following vibration analysis. 

 

 
 

Fig 2: Structure drawing of universal joint of cross shaft type 

 

                                
 

(a)                    (b)                     (c)    

 

Fig 3: Coordinate system of universal joint of cross shaft type 
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Establish the kinematic coordinate system shown in Fig 3, in Fig 3(a), oX1Y1Z1 and oX3Y3Z3 are the 

fixed coordinate systems of the driving shaft and the driven shaft, respectively. In Fig 3(b), ox1y1z1, 

ox2y2z2 and ox3y3z3 are the initial coordinate systems of the driving shaft, cross shaft and driven shaft 

in the universal joint structure, respectively. Fig 3(c) shows the coordinates of the cross shaft before and 

after the movement. The coordinate system ox2′y2′z2′ can be regarded as the initial coordinate system 

ox2y2z2 rotating ɑ to ox2y2′z2"in the direction of ox2, and then rotating β to ox2′y2′z2′ in the direction 

of oy2′. 

According to Fig 3(a), through Euler coordinate transformation, the relationship between fixed 

coordinate systems oX1Y1Z1  and oX3Y3Z3 can be expressed as follows  

 

 [
cosr −sinr 0
sinr cosr 0
0 0 1

] [
X3
Y3
Z3

]=[
X1
Y1
Z1

]                       (1) 

 

When the driving shaft of the universal joint rotates at equal angular velocity 𝜃̇1, the dynamic 

coordinate system can be expressed as 

 

[
1 0 0
0 𝑐𝑜𝑠𝜃1 −𝑠𝑖𝑛𝜃1
0 𝑠𝑖𝑛𝜃1 𝑐𝑜𝑠𝜃1

] [

𝑥1
𝑦1
𝑧1
]=[
𝑋1
𝑌1
𝑍1

]                     (2) 

 

                                                                [

1 0 0
0 𝑐𝑜𝑠𝜃3 −𝑠𝑖𝑛𝜃3
0 𝑠𝑖𝑛𝜃3 𝑐𝑜𝑠𝜃3

] [

𝑥3
𝑦3
𝑧3
]=[

𝑋3
𝑌3
𝑍3

]                    (3) 

 

After rotation, the dynamic coordinate system ox2y2z2 can be expressed as the coordinate system 

oX1Y1Z1 

 

  [
𝑋1
𝑌1
𝑍1

]=[
𝑐𝑜𝑠𝛽 0 𝑠𝑖𝑛𝛽
0 1 0

−𝑠𝑖𝑛𝛽 0 𝑐𝑜𝑠𝛽
] [
1 0 0
0 𝑐𝑜𝑠𝛼 −𝑠𝑖𝑛𝛼
0 𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼

] [

𝑥2
𝑦2
𝑧2
]               (4) 

 

By introducing equation (2) into equation (1), the kinematic relationship among driving shaft, driven 

shaft and shaft angle can be obtained 

 

              [
1 0 0
0 𝑐𝑜𝑠𝜃1 −𝑠𝑖𝑛𝜃1
0 𝑠𝑖𝑛𝜃1 𝑐𝑜𝑠𝜃1

] [

𝑥1
𝑦1
𝑧1
] = [

𝑐𝑜𝑠𝑟 −𝑠𝑖𝑛𝑟 0
𝑠𝑖𝑛𝑟 𝑐𝑜𝑠𝑟 0
0 0 1

] [
1 0 0
0 𝑐𝑜𝑠𝜃3 −𝑠𝑖𝑛𝜃3
0 𝑠𝑖𝑛𝜃3 𝑐𝑜𝑠𝜃3

] [

𝑥3
𝑦3
𝑧3
]       (5)   

 

3.2 Analysis of Motion Characteristics of Shafting 

When the driving shaft of the universal joint of cross shaft type rotates at equal angular velocity 𝜃̇1, 

how the motion characteristics of the universal joint will change with the change of the shaft angle of the 

cross shaft needs further analysis through formula derivation. 
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Considering the orthogonality of the two shafts of the cross shaft, it can be obtained cos(𝑦1, 𝑧3) = 0, 

combining formula (5) has 

 

sin𝜃1cos𝜃3 = cosrcos𝜃1sin𝜃3, namely 

tan𝜃1 = cosrtan𝜃3                             (6) 

 

When the driving shaft rotates π/2, the driven shaft also rotates π/2, which can be obtained by formula 

(6) 

 

tan𝜃3 = cosrtan𝜃1                              (7) 

 

By differentiating the time on both sides of equation (7), equation (8) was obtained 

 

     𝜃̇3 =
d𝜃3

dt
= arctan(cosrtan𝜃1 )

′ =
cosr

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2
· 𝜃̇1          (8) 

 

Taking the derivative of equation (8) again to obtain the expression of the driven shaft acceleration 

 

𝜃̇3
′
=

−(𝑠𝑖𝑛𝑟)2·𝑐𝑜𝑠𝑟·𝑠𝑖𝑛(2𝜃1)

(1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2)2
· 𝜃̇1

2
+

cosr

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2
· 𝜃̇1

′
              (9) 

 

According to equations (8) and (9), the relationship between angular velocity and acceleration of the 

driving and driven shafts can be obtained by programming calculation in Matlab software, as shown in Fig. 

4 (a) and (b). Set the angular velocity 𝜃̇1 of the driving shaft to 3600 rad/min, and the shaft angles of the 

driven shaft to r = 3°, r = 5° and r = 8°, respectively. Rotating the driving shaft for 2.5 cycles, and output 

the fluctuation charts of the angular velocity and acceleration of the driven shaft respectively. 

 

   
 

(a)Angular velocity fluctuation    (b)Angular acceleration fluctuation 

 

Fig. 4: Angular velocity and acceleration fluctuation of driven shaft under different shaft angles 

Fig. 4(a) and 4(b) show that in the process of cross shaft universal joint transmission, the variation of 

the angular velocity and acceleration of the driven shaft at different shaft angles. Taking the driving shaft 
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rotating for 2.5 cycles as the observation period, the fluctuation characteristics are as follows: When the 

angle between the two shaft is present, the driving shaft rotates at a constant angular velocity 𝜃̇1 quarter, 

the angular velocity and acceleration of the driving and driven shaft are not always equal, the range of 

angular velocity is 60±0.6rad/s, this reflects the unequal speed motion characteristics of the universal joint 

of cross shaft type, it is also the cause of propulsion system vibration; And as the angle between the two 

shaft increases, the angular velocity and acceleration of the driven shaft fluctuate sharply, this shows that 

when the shaft angle is too large, the angular acceleration will be great, it will result in severe vibration of 

the propulsion system. 

 

IV. ANALYSIS OF THE INFLUENCE OF SHAFT ANGLE ON SHAFTING VIBRATION 

4.1 Torsional Velocity Analysis of Cross Shaft in Fixed Coordinate System 

It was concluded from fig. 4 that the angular acceleration of the driven shaft of the universal joint of 

cross shaft type is greatly affected by the shaft angle，therefore, it can be known that the torsional angular 

velocity of the cross shaft in the fixed coordinate system is also affected, if the torsional angular velocity of 

universal joint of cross shaft type in the fixed coordinate system fluctuation sharply with the change of the 

shaft angle, the reliability of the propulsion system will be affected. 

 

Will formula (3) into the formula (1), have,  

 

 [
cosr −sinr 0
sinr cosr 0
0 0 1

] [
1 0 0
0 𝑐𝑜𝑠𝜃3 −𝑠𝑖𝑛𝜃3
0 𝑠𝑖𝑛𝜃3 𝑐𝑜𝑠𝜃3

] [

𝑥3
𝑦3
𝑧3
]=[
X1
Y1
Z1

]          (10) 

 

According to the formula (4) and formula (10), have 

 

              [
𝑋1
𝑌1
𝑍1

]=[

𝑠𝑖𝑛𝑟𝑠𝑖𝑛𝜃3
−𝑐𝑜𝑠𝑟𝑠𝑖𝑛𝜃3
𝑐𝑜𝑠𝜃3

]=[

𝑠𝑖𝑛𝛽
−𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝛽
𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝛽

]                    (11) 

 

By formula (6) and formula (11), there are 

 

     {
𝛼 = 𝜃1

𝛽 = arctan (𝑡𝑎𝑛𝑟 · 𝑠𝑖𝑛𝜃1)
                                                    (12) 

 

Therefore, the torsional angular velocity of the cross shaft in the fixed coordinate system can be 

obtained 

 

         

{
 
 

 
 𝜃̇2𝑥 = 𝜃̇1

𝜃̇2𝑦 = 2𝛽̇𝑐𝑜𝑠𝜃1 =
𝑠𝑖𝑛2𝑟·(𝑐𝑜𝑠𝜃1)

2

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2
· 𝜃̇1

𝜃̇2𝑧 = 2𝛽̇𝑠𝑖𝑛𝜃1 =
𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝑟·𝑠𝑖𝑛2𝜃1

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2
· 𝜃̇1

                                    (13) 
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When r = 3°, r = 5°, r = 8°  and 𝜃̇1 =3600 rad/min,the motion curves of the cross shaft in the Y 

direction and Z direction of the fixed coordinate system can be obtained by formula (13), as shown in Fig 

5. 

         
 

(a)Time domain diagram in Y direction      (b)Frequency domain diagram in Ydirection 

 

     
(a)Time domain diagram in Z direction        (b)Frequency domain diagram in Z direction 

 

Fig 5: Response curves of cross shaft in Y and Z directions under different shaft angles 

 

Fig 5(a) and 5(b) show the torsional angular velocity change of the cross shaft in the Y and Z direction 

during the transmission process of the cross shaft universal joint. It can be found that 

(1) The torsional angular velocity diagram of the cross shaft in Y and Z direction shows a 

quasi-periodic change, and when the shaft angle is constant, the torsional angular velocity of the cross 

shaft in Z direction is higher than that in Y direction. Therefore, when using the universal joint of the cross 

shaft, in order to prevent the torsional angular velocity amplitude in Z direction from fluctuating 

excessively, the shaft angle should be controlled within an appropriate range. 

(2) When the shaft angle r=3°, the torsional angular velocity of the cross shaft in Z direction is 1.5 

times as much as that in Y direction, and when the shaft angle r=8°, it reaches 1.6 times, which indicates 

that when the shaft angle increases, the torsional angular velocity difference of the cross shaft in Y and Z 

direction will increase, although the velocity increase is small, it may cause vibration universal joint of the 

cross shaft in Y and Z direction, and then affect the stability of the system. 
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(3) The data in Fig 5(a) and Fig 5(c) can be transformed by FFT, and the frequency domain diagram of 

the torsional angular velocity of the cross shaft in Y and Z direction can be obtained. It can be seen that in 

the low frequency range of 0-25Hz, the amplitude corresponding to different angles decreases with the 

increase of frequency, and the abscissa corresponding to the main peak is concentrated at 15Hz, indicating 

that at this frequency, the increase of the shaft angle has the greatest influence on the movement of the 

cross shaft in Y and Z direction. 

 

4.2 Torsional Vibration Analysis 

In the process of torque transmission, because there is a shaft angle between the driving shaft and the 

driven shaft, it can be seen from the conclusion in Fig. 4 and Fig. 5 that even if the driving shaft drives at a 

angular velocity 𝜃̇1, when the shaft angle changes, the angular acceleration of the driven shaft will 

fluctuate and the stability of the propulsion system is also affected [16], and there is no clear conclusion as 

to how the shaft angle affects the vibration of the shaft system. The change of shaft angle may lead to the 

aggravation of torsional vibration of driven shaft, and then bring harm to the safe operation of the whole 

shaft system. Therefore, the influence of the change of shaft angle on torsional vibration of shaft system 

was considered here. 

According to Fig 1, a simplified equivalent model of universal joint of the double cross shaft was 

established, as shown in Fig 6 

 

 
 

Fig 6: Equivalent model of universal joint of the double cross shaft 

 

Kinetic energy of universal joint of the cross shaft is 

 

                                  𝐸𝑝 = (𝐽1𝜃1̇
2
+ 𝐽2𝜃̇2

2
+ 𝐽4𝜃4̇

2
+ 𝐽5𝜃5̇

2
+ 𝐽6𝜃̇6

2
+ 𝐽7𝜃7̇

2
)/2          (14) 

 

Potential energy is 

 

                                  𝐸𝑣 = [𝑐1(𝜃1 − 𝜃2𝑥)
2 + 𝑐2𝑥(𝜃2𝑥 − 𝜃4cosr)

2 + 𝑐2𝑦(𝜃2𝑦 − 𝜃4sinr)
2
+

                                  𝑐3(𝜃4 − 𝜃5)
2 +  𝑐4𝑦(𝜃5cosr − 𝜃6𝑥)

2 + 𝑐4𝑥(𝜃5sinr − 𝜃6𝑦)
2
+

                                  𝑐5(𝜃6𝑥 − 𝜃7)
2] /2                              (15)     

 

In the above formula, the numbers in the lower corner mark of related symbols correspond to the 
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symbols in Fig. 6, and the characters in the lower corner mark correspond to the coordinate axis of the 

fixed coordinate system in Fig 3(a). 

 

There are 

 

𝐽6𝜃̇6
2
= (𝐽6𝑥𝜃̇6𝑥

2
+ 𝐽6𝑦𝜃̇6𝑦

2
+ 𝐽6𝑧𝜃̇6𝑧

2
)                                        (16) 

 

By formula (12), and according to the symmetrical property of the cross shaft, there are 

 

𝐽6𝑦 = 𝐽6𝑧                                     (17) 

 

{
𝜃̇6𝑦 =

𝑠𝑖𝑛2𝑟·(𝑐𝑜𝑠𝜃6𝑥)
2

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃6𝑥)2
· 𝜃̇6𝑥

𝜃̇6𝑧 =
𝑠𝑖𝑛2𝑟·𝑠𝑖𝑛𝜃6𝑥·𝑐𝑜𝑠𝜃6𝑥

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃6𝑥)2
· 𝜃̇6𝑥

                          (18) 

 

Will type (17) and (18) into the formula (16), there are 

 

𝐽6𝜃̇6
2
=[𝐽6𝑥+𝐽6𝑦(

𝑠𝑖𝑛2𝑟·𝑐𝑜𝑠𝜃6𝑥

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃6𝑥)2
)2]· 𝜃̇6𝑥

2
                      (19)  

 

The equation of formula (18) can be obtained by integrating both sides at the same time 

 

{
𝜃6𝑦 =

2

𝑠𝑖𝑛𝑟
· arctan(

𝑡𝑎𝑛𝜃6𝑥

𝑐𝑜𝑠𝑟
) −

2𝜃6𝑥

𝑡𝑎𝑛𝑟

𝜃6𝑧 = −
1

𝑡𝑎𝑛𝑟
· ln((𝑠𝑖𝑛𝑟 · 𝑐𝑜𝑠𝜃6𝑥)

2 − 1)
                  (20) 

 

According to Lagrange equation of the second kind, 𝜃1, 𝜃2𝑥, 𝜃4, 𝜃5, 𝜃6𝑥 and 𝜃7 are selected as 

generalized coordinates, and the following differential equations of torsional motion of double universal 

joint of the cross shaft can be established 

 

𝐽1𝜃1̈+𝐶1(𝜃1 − 𝜃2𝑥) = 0                                       

[𝐽2𝑥 + 𝐽2𝑦(
sin2rcos𝜃2𝑥

1−(𝑠𝑖𝑛𝑟)2∗(𝑐𝑜𝑠𝜃2𝑥)2
)2] 𝜃2𝑥̈ -𝐶1(𝜃1 − 𝜃2𝑥) +𝐶2𝑥(𝜃2𝑥 − 𝜃4cosr) 

 +𝐶2𝑦 [
2

sinr
arctan (

tan𝜃2𝑥

cosr
) −

2𝜃2𝑥

tanr
− 𝜃4sinr]

sin2r(𝑐𝑜𝑠𝜃2𝑥)
2

1−(𝑠𝑖𝑛𝑟)2∗(𝑐𝑜𝑠𝜃2𝑥)2
= 0     

𝐽3𝜃4̈
2
+𝐶3(𝜃4 − 𝜃5) -𝐶2𝑥cosr(𝜃2𝑥 − 𝜃4cosr)- 𝐶2𝑦sinr[

2

sinr
arctan (

tan𝜃2𝑥

cosr
) 

−
2𝜃2𝑥

tanr
−𝜃4sinr] =  0                            (21) 

𝐽4𝜃5̈
2
-𝐶3(𝜃4 − 𝜃5)+ 𝐶4𝑦cosr(𝜃5cosr − 𝜃6𝑥)+ 𝐶4𝑥sinr[-

2

sinr
arctan (

tan𝜃6𝑥

cosr
) 

+
2𝜃6𝑥

tanr
+𝜃4sinr] =  0                                          

[𝐽5𝑥 + 𝐽5𝑦(
sin2rcos𝜃6𝑥

1−(𝑠𝑖𝑛𝑟)2∗(𝑐𝑜𝑠𝜃6𝑥)2
)2] 𝜃6𝑥̈ − 𝐶4𝑦(𝜃5cosr − 𝜃6𝑥) +𝐶5(𝜃6𝑥 − 𝜃7) 
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-𝐶4𝑥[−
2

sinr
arctan (

tan𝜃6𝑥

cosr
) +

2𝜃6𝑥

tanr
+ 𝜃5sinr] 

sin2r(𝑐𝑜𝑠𝜃6𝑥)
2

1−(𝑠𝑖𝑛𝑟)2∗(𝑐𝑜𝑠𝜃6𝑥)2
=  0   

𝐽6𝜃7̈+𝐶5(𝜃6𝑥 − 𝜃7) = 0                 

 

It can be seen that the equations (21) contain a large number of complex trigonometric functions, so it 

is difficult to obtain analytical solutions. Numerical simulation can be used to analyze the vibration 

characteristics of the universal joint. When the driving shaft of the universal joint drives at equal angular 

velocity 𝜃̇1, along with the change of the initial shaft angle r, the vibration characteristics of the driven 

shaft are simulated by numerical simulation, which can be taken as r = 3°, r = 5°, r = 8°, and brought into 

the equation, and the program was written in Matlab software, and the angular displacement response 

curve of the driven shaft of the universal joint with the cross shaft was obtained, as shown in Fig. 7 

 

  
 

(a)(0—0.01s)                           (b)(0—0.09s) 

 

Fig 7: Time domain diagram of angular displacement response of driven shaft under different shaft angles 

 

From Fig 7, the time domain diagrams of angular displacement response of driven shaft are compared 

and analyzed under different shaft angles, it can be seen that when the shaft angle increases, the 

displacement response graph presents oscillations of different degrees .Fig 7(a) is the time domain diagram 

of the first 0.01s, it can be seen that when the shaft angle increases, the amplitude of the angular 

displacement of the driven shaft decreases, when the shaft angle increases to 8°, the displacement response 

graph shows a quasi-periodic change, compared with the former, the vibration amplitude is stable in the 

range of 0-2*10-7rad, it shows that when the shaft angle increases within a certain range, the amplitude of 

the driven shaft changes less at the same time; In Fig 7(b), the curves start to get complicated, but the 

variation pattern is similar, in the case that the overall trend of the curve remains unchanged, the 

fluctuation of angular displacement occurs, this can be attributed to complex trigonometric functions, the 

amplitude of displacement response decreases with the increase of shaft angle. On the basis of Fig 7(b), the 

frequency domain diagram of displacement response at different angles can be obtained by fast fourier 

transform, as shown in Fig 8. 
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(a) r=3°                                (b) r=5° 

   
(c) r=8° 

 

Fig. 8: Frequency domain diagram of angular displacement response of driven shaft under different shaft 

angles 

 

In Fig 8, from the degree of response process, when the shaft angle increases, the amplitude of the 

angular displacement of the driven shaft decreases in different degrees at the same frequency, when the 

shaft angle increases within a certain range, the effect of angular displacement fluctuation on system 

stability is limited, corresponding to the conclusion in Fig. 7; In terms of the frequency of the response, in 

the low frequency band of 0-1000Hz, under different shaft angles, there is an obvious peak value in the 

initial condition, as the frequency increases, the spectrum peak falls back, it shows that angular 

displacement fluctuates violently in the early stage of low frequency band, and in the high frequency band 

above 1000Hz, as the shaft angle increases, the influence of angular displacement fluctuation decreases, 

spectral peak changes tend to be stable, it shows that the effect of the increase of shaft angle on angular 

displacement is mainly concentrated in the early stage of low frequency band, which is unfavorable to the 

stable operation of shafting. 

 

V. CALCULATION OF ANTI-LOAD RESPONSE OF PROPULSION SHAFTING 

The variation of the shaft angle of the universal joint of the cross shaft will affect the motion 

characteristics of the driven shaft. If the driven shaft is subjected to multiple external load coupling at the 
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same time, whether it will affect the shaft angle of the universal joint, it is also related to the stable 

operation of shafting [17,18]. In the current study, the analysis of vibration coupling caused by the change 

of shaft angle caused by axial force and flexural torque is less, therefore, the influence of axial force and 

flexural torque coupling on the shaft angle of the universal joint was considered here. 

According to Fig 2(a), the mechanical model of universal joint of double cross shaft was established, as 

shown in Fig 9, the solid line represents the initial position of the intermediate shaft of the universal joint, 

and the dotted line represents the position of the intermediate shaft of the universal joint subjected to 

changes of axial force and flexural torque,the shaft angle r changes to r' and r" respectively. 

 

                  
 

(a) Flexural torque                 (b) Axial vibration 

 

Fig. 9: Mechanical model of universal joint of double cross shaft 

 

According to the mechanical model principle, the following coupling equations can be listed 

 

    {

𝐻−
𝑀𝑠𝑖𝑛(𝜃̇1𝑡𝐿)

𝐸𝐼

𝐻
 =

𝑠𝑖𝑛𝑟′

𝑠𝑖𝑛𝑟
 

𝐻

𝑠𝑖𝑛𝑟
−
𝐹𝑠𝑖𝑛(𝜃̇1𝑡)𝑐𝑜𝑠𝑟"

𝐸𝐴
 =

𝐻

𝑠𝑖𝑛𝑟"
   

                     (22) 

 

It can be obtained from formula (13) 

 

        

{
 
 

 
 𝜃̇2𝑥 =  𝜃̇1

𝜃̇2𝑦 = 2𝛽̇𝑐𝑜𝑠𝜃1 =
𝑠𝑖𝑛2𝑟·(𝑐𝑜𝑠𝜃1)

2

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2
·  𝜃̇1

𝜃̇2𝑧 = 2𝛽̇𝑠𝑖𝑛𝜃1 =
𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝑟·𝑠𝑖𝑛2𝜃1

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)2
· 𝜃̇1

                                    (23) 

 

Will type (23) into the type (22), there are 

 

             

{
 
 

 
 𝐻−

𝑀𝑠𝑖𝑛(𝜃̇2𝑦·
1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)

2

𝑠𝑖𝑛2𝑟·(𝑐𝑜𝑠𝜃1)
2 ·𝑡·𝐿)

𝐸𝐼

𝐻
 =

𝑠𝑖𝑛𝑟′

𝑠𝑖𝑛𝑟
 

𝐻

𝑠𝑖𝑛𝑟
−
𝐹𝑠𝑖𝑛(𝜃̇2𝑧·

1−(𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝜃1)
2

𝑠𝑖𝑛𝑟·𝑐𝑜𝑠𝑟·𝑠𝑖𝑛2𝜃1
·𝑡)𝑐𝑜𝑠𝑟"

𝐸𝐴
 =

𝐻

𝑠𝑖𝑛𝑟"
   

                 (24) 

 

To analyze the influence of coupling vibration between axial force and flexural torque on the shaft 
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angle of the intermediate shaft of the universal joint, taking the shaft angles of the universal joint r = 1°, r = 

8° and 𝜃̇1 = 3600rad/min, and using the formula (24) to write a program for calculation, it can be 

obtained that curves of the shaft angles r' and r "changing with time, as shown in Fig. 10 (a) and (b) 

respectively. 

 

 
 

(a) r=1°                            (b) r=8° 

Fig.10: Influence of axial force and flexural torque on shaft angle 

 

When the driving shaft of the universal joint of the cross shaft continuously rotates at a angular 

velocity 𝜃̇1, it can be found from Fig. 10 that with the change of the shaft angle of the universal joint, from 

0s to 1s, the influence degree of flexural torque and axial force on the shaft angle of the universal joint is 

different, and its characteristics are as follows 

(1) when the shaft angle of the universal joint is r = 1°, the maximum influence of flexural torque on 

the shaft angle of the universal joint is 3*10-6 degree, while the maximum influence of axial force on the 

shaft angle of the universal joint is 1/30 of flexural torque, which shows that the influence of axial force on 

the shaft angle of the universal joint is far less than that of flexural torque. 

(2) When the shaft angle of the universal joint is r = 8°, the influence of flexural torque on the shaft 

angle of the universal joint is still the main one, but the influence of axial force on the shaft angle of the 

universal joint will increase with the increase of shaft angle. 

The above results show that when the driving shaft of the universal joint rotates continuously at a 

angular velocity 𝜃̇1, if the driven shaft is subjected to the universal joint action of axial force and flexural 

torque, the shaft angle of the universal joint will fluctuate. Moreover, the flexural torque has a greater 

influence on the shaft angle than the axial force, so the flexural torque performance of the propulsion 

shafting during sailing needs to be paid enough attention to. 

 

VI. CONCLUSION 

In this paper, a variable shaft angle propulsion system based on universal joint was introduced, and the 

influence of the change of shaft angle on the vibration characteristics of propulsion shafting was studied. 

Furthermore, the anti-load characteristics of propulsion shafting were analyzed as follows: 

(1) In the process of torsional vibration of universal joint, when the shaft angle increases in a limited 

range, the amplitude of the driven shaft changes little with time, and the amplitude curve shows a 
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quasi-periodic variation rule; According to the frequency domain diagram of the response process, the 

peak frequency decreases with the increase of frequency, and the effect of increasing shaft angle on 

torsional vibration of the universal coupling of cross shaft is mainly concentrated in the low frequency 

region. 

(2) The torsional velocity of the cross shaft in Y and Z direction is greatly affected by the shaft angle，

according to the time domain diagram of the response process, when the shaft angle remain unchanged, the 

torsional velocity of the cross shaft in the Z direction is higher than that in the Y direction, in addition, 

when the angle increases, the difference of torsional velocity of the cross shaft in the Y and Z direction 

will increase; The influence of the increase of the angle on the torsional velocity of the cross shaft in the Y 

and Z direction is mainly concentrated in the low-frequency region, and that must be taken into account in 

the initial stage of ship shafting design. 

(3) When the driven shaft of the universal joint of cross shaft is subjected to the coupling of axial force 

and flexural torque, the shaft angle will be affected, the influence of axial force on shaft angle is less than 

that of flexural torque. Accordingly, the influence of flexural torque on shaft angle of the universal joint 

will increase with the increase of the angle, and more research is needed to reveal their rule. 

   

Appendix A:The meaning of the symbols used in this paper 

Notation  

𝑟 initial angle of intermediate shaft of coupling 

  θ1   torsion angle of driving shaft 

θ3 torsion angle of driven axle fork 

ɑ and  β rotation angle of coordinate system 

   θ2𝑥 and θ2𝑦   torsion angle of driving crosshead in x and y directions 

θ2z torsion angle of driving crosshead in z direction 

 

   θ4 and θ5   

 

torsion angle of front and rear ends of intermediate shaft 

θ6     torsion angle of driven crosshead 

θ7    torsion angle of driven shaft 

 𝐽1 rotational inertia of driving shaft 

𝐽2 rotational inertia of driving crosshead 

𝐽2𝑥 and  𝐽2𝑦 
rotational inertia of driving crosshead in horizontal and 

vertical directions 

 𝐽4 moment of inertia at the front end of intermediate shaft 

𝐽5 moment of inertia at the rear end of intermediate shaft 

𝐽6 rotational inertia of driven crosshead 

𝐽7 rotational inertia of driven shaft 

𝐸𝑃 𝑎𝑛𝑑 𝐸𝑣 kinetic energy and potential energy of coupling 

𝐶1 
direct contact stiffness of driving axle fork and cross 

axle 
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𝐶2𝑥 
horizontal contact stiffness of driving axle fork and 

cross shaft 

 𝐶2𝑦 
contact stiffness of driving axle fork and cross axle in 

vertical direction 

𝐶3 torsional stiffness of intermediate shaft 

𝐶4𝑥   
contact stiffness of driven axle fork and cross axle in 

horizontal direction 

𝐶4𝑦 
contact stiffness of driven axle fork and cross axle in 

vertical direction 

𝐶5 
direct contact stiffness between driven axle fork and 

cross axle 

    𝑟′ 𝑎𝑛𝑑 r" angle change of intermediate shaft of coupling 

𝐿 length of driving shaft and driven shaft of coupling 

𝐻 vertical distance between driving and driven shafts 

𝑀 bending moment of driven shaft of coupling 

𝐹 axial force on driven shaft of coupling 

𝐴 cross-sectional area of coupling intermediate shaft 
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