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Abstract — Swashplate is a critical component of helicopter's control and rotor system, which also forms a major part in carrying 
the self-lubrication spherical plain bearings. The structure is analyzed by serial-parallel mechanism and two kinematical 
equivalent parallel mechanisms for the upper and lower control systems. The dynamical model of rigid members with flexible 
coupling (often termed rigid-flexible) of the seven equivalent mechanisms is simulated by combining ANSYS and ADAMS 
software. Then the simulation is applied to the swashplate. The results show that the sixth configuration has the smoothest motion 
and weakest vibration, which is the overall best in these seven equivalent mechanisms. This study forms the theoretical basis for 
self-lubricating spherical plain bearing tester of helicopter swashplate's mechanism design with size determination. 
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I. INTRODUCTION  
 
Swashplate is the main component of helicopter control 

system of tilt rotor. The helicopter rotor can tilt through the 
adjustment of rotor automatic tilt in the air, which can enable 
and consolidate the ability to take-off and land vertically, to 
hover, and the excellent low speed flight performances and 
handling qualities. The nested dynamic automatic tilt has 
inside and outside two loops. The outer loop is not rotated, 
which only moves up and down around the rotor shaft and 
inclines in any direction. The inner loop is a rotating one, 
which can rotates around the rotor shaft through the 
hydraulic booster and rotating torque arm effect. To 
complete a variety of flight maneuver the driver can control 
the reciprocating and swing motion of the automatic tilt ball 
bearing.  

With the development and application of helicopter 
technology many scholars have carried out some research on 
the helicopter rotor system from kinematic of machinery. 
RANIBARAN et al. carried out analysis and research on the 
swashplate of CL-327 helicopter rotor system [1]. LANGE et 
al. discussed the dynamics of the swashplate mechanism of 
the CL-327[2]. Bauchau Olivier A describes a multibody 
dynamics approach to the modeling of rotorcraft systems 
gives the constraint relationship between each movement of 
rotor system one articulated helicopter [3]. KIM and Tilbury 
presents a mathematical model for a model-scale unmanned 
helicopter robot and analyzes the stability of automatic tilting 
device [4]. Guo et al. has analyzed the helicopter rotor 
system of the upper part of the rotary loop and discussed the 
motion performance of 3-RSS+PS+RRS spatial parallel 
mechanism [5]. Du et al. carried out a dynamic analysis of 
helicopter rotor system the lower part of the non rotating 
loop[6]. Staicu and Zhang proposed a novel approach 
recursive matrix method for kinematic and dynamic analysis 
of a 3-DOF parallel mechanism with revolute actuators [7]. 

The paper is organized as follows: Section II describes 
seven kinds of the inner and outer loop nested state type 
automatic tilt configuration. In Section III, DOF of automatic 
tilt equivalent parallel mechanism is obtained. Section  
presents the rigid-flexible coupling model of seven kinds of 
automatic tilting device. Section  describes the kinematic 
analysis of the simulation results with the introduction of the 
flexible platform. The conclusions are shown in Section VI. 

 
 

II. SEVEN KINDS OF THE INNER AND OUTER LOOP NESTED 

STATE TYPE AUTOMATIC TILT CONFIGURATION 
 
The inner and outer loop nested dynamic automatic tilt is 

constituted by inner loop and outer loop. The inner loop 
connects with main body through ball socket bearings, which 
is also called a rotating loop. The length change of three 
hydraulic boosters controls the displacement of the inner 
loop. The outer loop connected with inner loop through a 
ball bearing, which is also called a non rotating loop. The 
rotating loop equivalent mechanism can be designed as a 3-
SPS+RPS+PS,3-SPS+RRS+PS and 3-SPS+PRS+PS 
mechanism. The non rotating loop equivalent mechanism 
can be designed as 3-SPS+PRS, 3-SPS+RPS and 3-
SPS+RRS mechanism. 

Through the above analysis, the different equivalent 
mechanism model of external and inner loops are combined, 
seven kinds of inner and outer loop nested dynamic model 
can be conducted. They are(1)the out loop of 3-SPS+PRS,the 
inner loop of 3-SPS+RPS+PS (2)the out loop of 3-
SPS+PRS,the inner loop of 3-SPS+RRS+PS (3)the out loop 
of 3-SPS+RPS,the inner loop of 3-SPS+RRS+PS (4)the out 
loop of 3-SPS+RRS,the inner loop of 3-SPS+RPS+PS (5)the 
out loop of 3-SPS+RRS,the inner loop of 3-SPS+RRS+PS 
(6)the out loop of 3-SPS+PRS,the inner loop of 3-
SPS+PRS+PS (7)the out loop of 3-SPS+RPS,the inner loop 
of 3-SPS+RPS+PS. Fig.1 shows the structure diagram of out 
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loop of 3-SPS+PRS and the inner loop of 3-SPS+PRS+PS 
mechanism. 
 

 
Fig.1 The out loop of 3-SPS+PRS and the inner loop of 3-SPS+PRS+PS 

 
 

III. DOF ANALYSIS OF AUTOMATIC TILT EQUIVALENT 

PARALLEL MECHANISM 
 
According to the screw theory, we use the amendments 

to the Kutzbach-Grübler formula which posed by Huang 
Zhen to calculate the DOF of the model shown in fig.1[8].It 
is namely the sixth kinds of equivalent mechanism. 
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where, 
M---the DOF of the model; 
d---the number of the mechanism's order; 
λ---the public constraints of the mechanism; 
n---the number of links; 
g---the total number of joints; 
fi---the DOF of joint ; 
v---the he number of redundant constraints of screw 

system except the public constraints of mechanism; 
ζ---the local degrees of freedom in the mechanism. 
Based on screw theory analysis, there are: λ=0, n=11, 

g=14, v=0, ζ=3. Above formula (1), There are 3 DOFs. 
The overall mechanism can be seen as 3 equivalent 

kinematic pair consisting of the equivalent series mechanism. 
They are: 3 anti spiral rotating 3 degree of freedom non 
rotating loop mechanism, rotating pair and 3 anti spiral 
rotating loop mechanism with 3 degrees of freedom. By 
calculating the system anti spiral, the mechanism has two 
reverse screw and the two anti spirals are linear independent. 
This two linearly independent anti spirals limit 2 DOFs of 
the mechanism. So the DOF of the mechanism is 4. Similarly, 
the DOF of the seven kinds of internal and external loop 
nested automatic tilt mentioned above is 4. 

 

IV. THE RIGID-FLEXIBLE COUPLING MODEL OF SEVEN 

KINDS OF AUTOMATIC TILTING DEVICE 

 
ANSYS is a widely used software in engineering. In this 

paper, a solid model of a new reduced DOF hybrid 
mechanism is established by ANSYS. The mechanism model 
which established by the ANSYS software is shown in the 
fig.2. Firstly modal neutral file is created of flexible ball joint 
bearing in ANSYS software. It contains flexible body quality, 
centroid, moment of inertia, frequency, vibration mode and 
the load participation factors and other information. Then the 
modal neutral file will be imported to ADAMS to replace the 
rigid parts. So the rigid-flexible coupling dynamic model of 
automatic tilting device will be got. 

 

 
 
Fig. 2 Rigid-flexible coupling dynamics model of the swashplate 

(a) out loop 3-SPS+RPS and inner loop 3-SPS+RRS+PS 
(b) out loop 3-SPS+PRS and inner loop 3-SPS+PRS+PS 

 
 
 

V. KINEMATIC ANALYSIS OF THE SIMULATION RESULTS WITH 

THE INTRODUCTION OF THE FLEXIBLE PLATFORM 
 

Admas is widely used software in engineering. The 
software provides a flexible analysis module of 
ADAMS/Flex. 

As show in Fig. 1 establish the coordinate system XYZ 
on the lower platform, where X-axis passes through the joint 
of the first branched-chain, Y-axis passes through the joint of 
the second branched-chain. The axis of revolute joint in first 
branched-chain is parallel to Y-axis. Z-axis is vertical to the 
XY plane and its direction is up. 

Then the rigid-flexible coupled dynamics simulation of 
seven kinds of automatic tilt is conducted respectively. The 
X, Y, Z direction displacement, velocity, acceleration curve 
of the endoplasmic heart is got in a reciprocating stroke. 
These results in X and Z direction is very small relative to 
the Y direction. So the displacement, velocity, acceleration 
curve are only focused on the analysis of Y direction. 

 



HUIHUI ZHANG: DYNAMIC COMPARATIVE ANALYSIS OF SEVEN EQUIVALENT MECHANISMS OF … 

 DOI 10.5013/ IJSSST.a.17.46.23                                       23.3                ISSN: 1473-804x online, 1473-8031 print 

 
 

Fig. 3 The Y direction displacement analysis of the rigid-flexible ball 
socket bearing 

 
The centroid displacement curve of seven different 

mechanism configuration of automatic tilt in Y direction is 
got shown in fig. 3. Seen from the picture the sixth kind of 
mechanism configuration (outer loop 3-SPS+PRS and inner 
loop 3-SPS+PRS+PS) has the minimum range. And the 
curve is the most smoothing. The maximum displacement is 
636.2939mm and the minimum one is 630.3990mm. 

The velocity of rigid-flexible ball socket bearing in Y 
direction is shown in fig. 4. Seen from the picture the curves 
are similar. The speed curves exhibit a simple harmonic 
motion form. And the curve changes have a great difference 
in the peaks and troughs. Seen from the picture the sixth kind 
of mechanism configuration (outer loop 3-SPS+PRS and 
inner loop 3-SPS+PRS+PS) has the most smoothness and 
volatility. And the curve is the most smoothing. The 
maximum velocity is 1.5924mm/s and the minimum one is -
1.6066mm/s. 

 

Fig.4 The Y direction velocity analysis of the rigid-flexible ball socket 
bearing 

 
The Mises stress distribution of the dynamic platform at 

the initial moment is shown in Fig.5. The coordinate system 
is located in the center of moving platform. The maximum 
stress is at the connecting position of the moving platform 
and the loop ear. Here the stress concentrates and the stress 
distribution is not uniform. This is because that the ring ear 
contacts with the pin shaft when the moving platform works. 
The contact stress on the contact surface leads to local 
deformation, which can affect the strength of ring ear. So in 

order to ensure the safety of the structure minimizing the 
stress in this kind of component is very essential. 

Due to space limitations only two typical node stress 
change curve are listed in this paper as shown in Fig.6 and 
Fig.7, whose position as shown in Fig. 8. Seen from the 
figure the maximum stress of automatic tilt moving platform 
occurs at the start time. With the movement stress cycles 
tend to smooth. And in the same period the Mises stress 
extreme values of the two nodes mentioned above occurr at 
the same time. When the system starts the components is 
under the action of the sudden shock. The huge inertia force 
makes the stress increases rapidly. Due to the input of 
periodic motion the movement of the components reaches a 
steady state. The Mises stress of the nodes may also occur 
periodically. 

 

 
 

Fig. 5  Mises stress contour map of the moving platform 
 

 
Fig.6  Mises Stress Variation Curve of Node2730 

 
 

 
Fig. 7  Mises Stress Variation Curve of Node 126 
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Fig. 8 The position of Node126 and Node2730 

 
 

VI. CONCLUSIONS 
 
In this paper moving platform as the main force 

component of automatic tilt is analysed. Rigid flexible 
coupling model of seven kinds of the inner and outer loop 
nested state type automatic tilt configuration is conducted 
base on ANSYS and ADAMS software. Then after the 
research of kinematics simulation characteristic curve of the 
dynamics rigid flexible coupling system are received. 
Through the analysis and comparison of the displacement 
and velocity curves in the Y direction of the centroid in the 
ball socket bearing, the sixth kind of the mechanism (out 
loop 3-SPS+PRS, inner loop 3-SPS+PRS+PS) has the 
relatively smooth motion and the weak vibration amplitude, 
which is the best performance. Joint simulation of the 
flexible system analysis can more truly, accurately reflect the 
motion characteristics of the actual flexible system by using 
ADAMS and ANSYS. This can greatly reduce the cost of 
making a costly physical prototype and the test number can 
also be reduced. It can improve the design quality and 
shorten the development cycle of organization mechanism. It 

can also make the conclusion more close to the actual 
situation of the working device. 
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