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Abstract

The starting torque of Self-lubricating Spherical Plain Bearings (SSPBs) has a significant
impact on the reliability and service life of aircraft. Due to the low accuracy of the dynamic
detection of the starting torque of the bearing, the starting torque cannot be measured
accurately under high-frequency swinging conditions. Therefore, the problem of the
dynamic detection accuracy of the starting torque of the bearing on a high-frequency
swinging friction and wear tester was proposed to be investigated in this paper, and a
dynamic simulation model of the swinging system of the tester was constructed. With
the combination of the inertia torque test and the least square method, a mathematical
model of the inertia torque was developed and the influence of the inertia torque on the
results of the dynamic detection of the starting torque was revealed. At the same time, an
error compensation procedure for the on-line dynamic detection of the starting torque was
written. This research shows that the inertia torque of the swing system of the tester has a
great influence on the detection accuracy of the starting torque. As the swing frequency
increases, the inertia torque increases, and the dynamic detection accuracy of the starting
torque is reduced. The dynamic detection error of the starting torque of the bearing can
be efficiently compensated by the error compensation procedure, and then the detection
accuracy can be improved. This research provides a good theory for the design of SSPBs
and the reasonable control of the starting torque during the use of the bearings, and it is
valuable for engineering practice.

Keywords: Self-lubricating Spherical Plain Bearing; starting torque; inertia torque; error
compensation procedure; dynamic detection

1. Introduction

The starting torque of Self-lubricating Spherical Plain Bearings (hereinafter referred to
as SSPBs) has a significant impact on the operational security and service life of aircraft [1-3].
The accurate detection of the starting torque is considered to be one of the important
prerequisites for evaluating the overall performance of aircraft and other equipment [4,5].
Therefore, it is necessary to investigate the detection accuracy of the starting torque during
the reciprocating swing motion.
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The starting torque is the friction torque generated between the bearing and the liner
when the inner ring and outer ring transition from a stationary state to relative rotation.
The detection method of the starting torque of the SSPBs is shown in Figure 1; the outer
ring of the bearing is fixed and the inner ring is rotated around its central axis, and then the
starting torque detection of the bearing is realized. In order to make the starting torque
detection more accurate, the inner ring should be rotated 2-3 turns before the starting
torque detection. In addition, when fixing the outer ring, it should be ensured that the
deformation of the outer ring is as small as possible (that is, the deformation of the outer
ring of the bearing is minimized as much as possible so that the squeezing effect on the liner
inside the bearing is reduced and the influence on the detection accuracy of the starting
torque of the bearing is reduced) and the starting torque generated when the inner ring
begins to rotate is recorded [6-9].
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Figure 1. Schematic diagram of the starting torque detection.

The different detection standards for the starting torque of SSPBs result in various
errors in the detection results. In order to improve the detection accuracy of the starting
torque, the detection methods and requirements specified in the existing standards have
been analyzed by many experts and scholars. Comparative tests of the no-load starting
torque of the same type SSPBs at home and abroad in a hygrothermal environment were
conducted by Lin et al.; the influence mechanism of the hygrothermal environment on the
no-load starting torque of bearings and the reasons for differences were analyzed [10]. In
order to address the issue of significant variations in the detection results of the no-load
starting torque of SSPBs, the detection methods of no-load starting torque were compared by
Zhang et al., and the influence of the detection environment on the results was investigated,
and then a multi-point detection method was proposed based on the detection uniformity
of the no-load starting torque [11]. The structure and the manufacturing technology of the
SSPBs were analyzed, and according to the domestic and international standards on the
no-load starting torque detection of SSPBs, the effect of self-lubricating materials, clamping
methods, detection points, and the environment on the detection accuracy of the no-load
starting torque was studied by Zheng [12].

One of the prerequisites for analyzing the starting torque of SSPBs is research on
the detection accuracy of the starting torque. The finite element method was adopted
by Li, and the influence of various clamping methods on the detection accuracy of the
no-load starting torque of the bearings was quantitatively analyzed [13], and the results
verified that the axial end face clamping method was superior to the radial clamping
method. By means of numerical integration, the relationships between the axial load,
radial load, and starting torque of the bearings were derived [14], and it was found that in
order to ensure the detection accuracy, additional axial load should be avoided as much as
possible during the starting torque detection. The influence of the ambient temperature
and humidity on the starting torque of SSPBs was investigated by Lu and Su [15] through
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starting torque detection tests, and the results showed that the environment humidity has a
greater influence on the no-load starting torque.

In summary, the detection methods and environments of the starting torque of SSPBs
have been researched by experts and scholars at home and abroad. The starting torque
of an SSPB is one of the essential inspection items after its manufacture and installation;
these research results have important implications for the theoretical research and the
engineering application of starting torque detection. However, due to the influence of
many factors on the starting torque of the bearings [3,8,16,17], the detection accuracy of
the starting torque under high-frequency swing conditions is reduced. Up to now, there
have been few reported studies on data analysis and error analysis of the starting torque
detection of SSPBs, and the working performances of SSPBs cannot be accurately evaluated.

In this paper, in order to increase the operation reliability of the SSPBs (the flowchart
diagram of this paper is shown in Figure 2), the dynamic detection of the starting torque of
the SSPBs was carried out by a high-frequency swing friction and wear tester. A dynamic
simulation model of the swing system of the tester was established, and the influence of the
inertia torque of the swing system on the dynamic detection error of the starting torque was
investigated, and an error compensation program for the dynamic detection was written so
that the detection error can be compensated and the detection accuracy can be improved.
It is of great significance to conduct further research on the theoretical and engineering
applications of the starting torque detection of SSPBs.
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Figure 2. Flowchart diagram of this paper.

2. Experimental Apparatus and Dynamic Detection of the Starting Torque
2.1. Experimental Apparatus

The dynamic detection of the starting torque of the SSPBs was carried out in the
laboratory on a high-frequency swing friction and wear tester for the SSPBs. The tester
mainly includes a swing system, loading system, fixture system, control system, and so
on, and the overall layout of the tester is shown in Figure 3a. Its loading force range is
0-3000 N, with a maximum swing frequency of 35 Hz and a maximum swing angle of
5°, and the detection accuracy of the starting torque is 0.5% FS. The radial loading of the
bearing can be realized by the tester, and its motion form can be controlled. At the same
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time, the friction torque of the bearing, the temperature, and the change in the wear amount
of the friction surface can be monitored in real time during the bearing swing.
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Figure 3. The tester for torque detection of the SSPBs: (a) the overall layout of the tester; (b) system
composition diagram of the bearing tester; and (c) the main structure of the swing system of the tester.

The schematic diagram of the working system composition of the tester is shown
in Figure 3b. The loading system provides the load for the starting torque detection
tests. When the load reaches the test load, it maintains the load at a constant level. The
fixture system ensures effective clamping of the bearing, and the swing system provides
a reciprocating swing motion for the bearing test. The swing system is connected to the
electric motor via a key to transmit power, and the reciprocating swing motion is achieved
through a crank-rocker mechanism. The measurement and control system utilizes a PC
as its core and is integrated with specialized data acquisition equipment, which enables
the collection and processing of data such as oscillation frequency, applied load, and
friction torque. Simultaneously, various test data can be collected, stored, and displayed in
real time.

The main structure of the swing system of the tester is shown in Figure 3c. The swing
system has a swing angle of +4°, and it mainly consists of an eccentric disk, guide bar,
input shaft, coupling, torque sensor, spindle, guide wheel, morse shank, loading block,
and test mandrel [2]. The inner ring of the bearing is assembled to the test mandrel via an
interference fit, and the outer ring is clamped by the loading block. During the test, the test
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mandrel performs reciprocating oscillatory motion, and then the inner ring of the bearing
is driven to swing.

2.2. Dynamic Detection of the Starting Torque

A radial load of 1000 N was applied to the SSPB and kept constant. In the actual
working conditions, the reciprocating swing around its center axis is the main motion form
of the SSPBs. Therefore, the swing frequencies of 1 Hz, 10 Hz, and 20 Hz were selected
for the dynamic detection of the starting torque of the bearings. In order to reduce the
influence of the random errors on the test results, a method was employed where detection
tests were conducted and the coarse error values were eliminated, and then the torques
corresponding to different frequencies were averaged to obtain the torque values measured
by the test. The results are shown in Table 1.

Table 1. Starting torque at different swing frequencies.

Swing Frequency (Hz) Starting Torque (N-m)
1 0.88
10 2.16
20 4.31

As can be seen from Table 1, the starting torque shows an increasing trend as the swing
frequency increases, the starting torque increases more and more significantly with the
increase in the swing frequency, and the error between the maximum and minimum of the
starting torque is up to 3.43 N-m. The variation in the detection results of the starting torque
is not solely attributable to the special physical properties of the liner. Since the bellows
coupling selected for the transmission mechanism of the tester is a flexible coupling, the
assembly error caused by shaft alignment is not considered. In order to realize the precise
detection of the starting torque of the bearing, the torque sensor is in series with the swing
system. The reason for this phenomenon may be that during the swinging motion of the
spindle system, an inertia torque is generated by the components located behind the torque
sensor, and the torque measured in the tester represents the sum of the starting torque and
the inertia torque. Therefore, it is necessary to study the effect of the inertia torque on the
results of the detection.

3. Dynamics Simulation of the Swing System
3.1. Simulation Model

In order to study the kinematic laws of the swing system (the main structure of
the swing system is shown in Figure 3c) of the tester at different swing frequencies and
their influence on the dynamic detection of the starting torque of the bearing, the actual
working conditions of the swing system of the tester for the multi-rigid body dynamics
were modeled by Adams software in this paper.

The MS14101-9 type of SSPBs was selected as the research object in this paper. In
actual working conditions, the different swing frequencies and loads are applied to the
SSPBs. In order to save simulation time, the load could be set to a constant. This paper
mainly aims at the modeling of the moving components in the swing system of the tester.
Due to the complex structure of the torque sensor and to simplify the simulation model,
the torque sensor was reduced to an optical axis with its inertia torque equal to that of the
torque sensor. At the same time, the unnecessary structures such as chamfers and threads
on the swing components were deleted to ensure the accuracy of the numerical simulation
and shorten the simulation time.



Machines 2025, 13,976

6 of 13

The three-dimensional schematic diagram of the main structure of the tester is shown
in Figure 4a. The loading block consists of an upper and lower section. In order to more
clearly illustrate the experimental principle, only one loading block was provided in this
paper. In order to reduce the difficulty of the analysis and take into account the variation
in the starting torque of the main study object (bearing) under radial load, the bearing
was set as a flexible body. The other parts of the swing system with the same material
properties and no relative motion were set as a rigid body by a Boolean operation, and
thus the rigid—flexible coupled dynamics analysis of the swing system was realized. The
simulation model of the swing system is shown in Figure 4b.

Loading Morse Coupling 2 Coupling 1 Guide Guide
block shank  \ \ wheel  bar

/ Test Torc\lue Input  Ecéentric
Bearlng mandrel Spmdle sSensor shaft disk

Figure 4. The swing system of the tester: (a) the three-dimensional schematic diagram of the main
structure of the swing system of the tester; (b) simplified simulation model of the swing system.

According to the connection relationships between the components of the swing
system and its motion principle, the eccentric disk and the earth, and the guide rod and
the eccentric disk were set up as rotational pairs, respectively. The constraint between the
guide wheel and the guide bar was set up as a sliding pair. The input shaft was set up as a
fixed pair with the guide rod, and coupling 1 was set up as a fixed pair between the input
shaft and the torque sensor. The Coupling 2 was provided with a fixed pair constraint
between the main shaft and the torque sensor, respectively.. The test mandrel was provided
with a fixed pair between the main shaft and the inner ring of the bearing. A cylindrical
pair was set between the earth and the input axis, and a sliding pair was set between the
loading block and the earth. A ball-hinge pair was set between the inner ring and the outer
ring, and a fixed pair was set between the outer ring and the earth.

Under the high-frequency and light-load simulation conditions, the friction coefficient
between the inner ring and the liner was set to 0.07. The friction coefficient between the
guide bar and the guide wheel was set to 0.1. The swing time was set to 1 s, the radial load
was set to 1000 N, and the swing angle was set to £4°. Simultaneously, the spindle was set
to perform a reciprocating swinging motion at a frequency ranging from 1 Hz to 35 Hz,
and a numerical simulation was conducted to detect the starting torque of the bearings.
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3.2. The Analysis of Simulation Results

The dynamic simulation model is solved according to the simulation time, the step
number, and the solvers. The angular velocity and angular acceleration of the spindle,
the torque on the shaft of the torque sensor, and the starting torque of the bearing were
detected at different swing frequencies. The influence of the inertia torque generated by
the change in the swing frequency on the dynamic detection results of the starting torque
was investigated.

The solver within the own system of the Adams 2012 software was employed to solve
the simulation results of the swing system, yielding the curves shown in Figure 5. The
variation curves of the detection values of the torque sensor and the starting torque are
shown in Figure 5a. When the swinging mechanism of the swing system swings back and
forth between the two limit positions, the movement of the mechanism is accelerated and
then decelerated. Due to the existence of the inertia torque, the detection values of the
torque sensor are greater than those for the starting torque during the acceleration of the
swing system. However, during the deceleration of the swing system, the detected values
of the torque sensor are less than those for the starting torque.
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Figure 5. The dynamic simulation results of the spindle of the swing system: (a) curves of the starting
torque and the torque measured by the torque sensor with detection time; (b) angular velocity of the
spindle of the swing system; and (c) angular acceleration of the spindle of the swing system.
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As can be seen in Figure 5a, the maximum value of the starting torque of the bearing
is 0.7262 N-m, which is close to the starting torque measured in the test in Table 1, and this
shows that the simulation model has a certain accuracy. However, the maximum torque of
5.7268 N-m measured by the torque sensor is due to the fact that the torque detected by
the torque sensor includes not only the starting torque of the bearing, but also the inertia
torque generated by the swing system. The large difference between the two values can be
seen intuitively, and thus the inertia torque has a large impact on the detection accuracy of
the starting torque. Therefore, the impact of the inertia torque on the dynamic detection
accuracy of the starting torque of the bearing should be taken into account.

As shown in Figure 5b,c, the angular velocity and angular acceleration curves of the
spindle of the swing system are obtained by setting the same parameters as in Figure 5a. It
can be seen that the maximum angular velocity of the spindle is equal to 9.3578 rad /s and
the maximum angular acceleration is equal to 2170.5367 rad /s?.

The numerical simulations were conducted by altering only the swing frequency of
the tester; the relationship curves of the starting torque of the bearing, the starting torques
measured by the torque sensor, and the inertia torque for different swing frequencies
were obtained, as shown in Figure 6a. It can be seen that the detection accuracy of the
starting torque is less affected by the inertia torque at low frequencies, but when the swing
frequency increases, the effect of the inertia torque on the detection accuracy becomes
larger and the inertia torque increases. The curves of the swing frequency and the angular
acceleration are shown in Figure 6b. As can be seen from Figure 6b, with the increase in the
swinging frequency of the swing system, the swing angular acceleration also increases, and
when the swing frequency exceeds 10 Hz, the swing angular acceleration increases more
obviously. Meanwhile, according to the concept of inertia torque, the inertia torque will
increase with the increase in the swing angular acceleration. It can be seen from Figure 6a
that when the swing frequency of the swing system is 35 Hz, the starting torque measured
by the torque sensor is almost the same as the inertia torque. Therefore, the influence of the
inertia torque on the starting torque should be taken into full consideration during the test.

or[—= Starting torque (a) . 251 %107
51 |—®— Torque of the torque sensor =
—a— Inertia torque £20r
e =
E 2 15¢
Z s
el g
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Figure 6. The relation curves of the swing frequency with the torque and the angular acceleration:
(a) relation curve of the swing frequency and the torque; (b) relation curve of the swing frequency
and the angular acceleration.

4. Dynamic Detection Error Compensation
4.1. Modeling of the Inertia Torque
The tester shown in Figure 3 was still employed, and to avoid the influence of other

factors, the one-factor method was adopted to the test the inertia torque of the swing system.
The radial load applied to the bearing was zero and remained constant. The inertia torque
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was measured by the torque sensor with the swing frequency increasing in a gradient from
1 Hz to 35 Hz. The data processing method described above for the dynamic detection of
the starting torque was employed and the inertia torque of the swing system was measured,
as shown in Table 2.

Table 2. Inertia torque at different swing frequencies.

Swing Frequency (Hz) Inertia Torque (N-m)

1 0.83

5 121

10 1.64

15 2.32
20 3.01
25 3.96

30 5.12

35 6.91

As can be seen from Table 2, during the detection test, the inertia torque shows an
increasing trend as the swing frequency increases. The different inertia torques are caused
by the different swing frequencies, which directly affects the detection accuracy of the
torque sensor.

Due to the inertia of the swing system of the tester at high swing frequencies, the
inertia torque of the swing system varies with the swing frequency of the parts behind the
torque sensor during the acceleration or deceleration of the swing process. The inaccuracy
of the starting torque detection is directly caused by the presence of the inertia torque.
Therefore, the elimination or reduction in accuracy of the dynamic detection of the starting
torque of the bearing by the influence of the inertia torque is a key issue that needs to
be solved.

Based on the above analysis, in order to ensure that the influence of the inertia torque
on the detection results of the starting torque can be accurately investigated, the least
squares method was employed to process the inertia torque measured by the tester at
different swing frequencies in Table 2 [18-20]. The fitted curve between the inertia torque
and the swing frequency of the swing system was obtained by Matlab 2014 software (as
shown in Figure 7), and the relative error between the two is 1.53%.

6

n
T

Inertia torque (Nm)

00— 10 15 20 25 30 3

Swing frequency (Hz)

o

Figure 7. Fitting curve between the inertia torque and the swing frequency.

The inertia torque of the swing system in the tester shown in Figure 3 is a consequence
of the interaction between its angular acceleration and rotational inertia. The reciprocating
swing motion was achieved through a crank-rocker mechanism. During this process, the
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primary components generating inertia torque detectable by the torque sensor include the
torque sensor shaft, morse shank, test mandrel, coupling, and spindle. Since the structures
and dimensions of these components were fixed, which means their mass was constant,
the effect of mass variation was not considered during error compensation. Therefore,
the impact of the mass variation was not considered when modeling the inertia torque.
Additionally, the angular acceleration of the oscillating system was determined by the
transmission structure. Since the structural size of the crank-rocker mechanism in the
tester used in this paper was fixed, it could be concluded that variations in the angular
acceleration of the swing system were caused by changes in the swing frequency. In
Section 3 of this paper, the relationship between the swing frequency and the angular
acceleration was analyzed during the dynamic analysis of the swing system. Therefore, the
swing frequency was selected as the variable to investigate its effect on the inertia torque,
which may include the influence of the angular acceleration on the inertia torque.

In Figure 6, the equation for the inertia torque Tg versus the swing frequency f of the
swing system is obtained, as shown in Equation (1):

Ty = 0.0041f2 + 0.0247f + 0.9173 (1)

where f—the swing frequency of the swing system (Hz).

4.2. The Modeling and Strategy for the Error Compensation

The principle of the error compensation for the dynamic detection of the starting
torque of the bearing is that the inertia torque is subtracted from the torque captured by the
torque sensor, and thus the accuracy of the torque detection can be improved. Therefore,
combining with Equation (2), the dynamic starting torque after the error compensation can
be obtained as follows:

Ty=Te—Ty=T.— (0.0041 £2 4 0.0247f + 0.9173) )

where

T4—dynamic starting torque of the bearing (N-m);
T.—torque measured by the torque sensor (N-m).

5. Test
5.1. Detection System of the Tester

In this paper, in order to improve the accuracy of the dynamic detection of the starting
torque of the bearing, the error compensation program for the dynamic detection of the
starting torque is mainly written in the Labview software. Based on the error compensation
principle, an error compensation system for the dynamic detection of the starting torque
of the SSPBs has been designed. According to the needs of the torque detection, the front
panel of the compensation system consists of a swing frequency input module, an error
compensation value of the torque display module, a torque display module, and a display
window for the curve of the torque. The signal of the starting torque obtained by the
data acquisition system is a periodic signal, and the front panel of the system is shown in
Figure 8a, and the maximum value of the signal in each cycle is obtained by means of the
error compensation system. The error value is subtracted from the maximum value of the
starting torque and a more accurate value can be obtained. The various starting torques
can be plotted as a curve and displayed on the front panel of the system, and the trend of
torque variation can be obtained. The error compensation program is shown in Figure 8b.
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Figure 8. Error compensation system for dynamic detection of starting torque: (a) the front panel of
the compensation system; (b) the error compensation program for the dynamic detection.

Before using the error compensation system of the starting torque, the swing frequency
of the swing system of the tester should be determined, and then the swing frequency can
be entered on the front panel. When the tester is started, Labview 2012 softwareis run, and
then the torque is displayed by the torque display module, which is the starting torque
after error compensation. At the same time, the variation curve of the starting torque is
presented in the curve display window.

5.2. Dynamic Detection of the Starting Torque After Error Compensation

In order to verify the accuracy of the error compensation system for dynamic detection
of the starting torque of the bearing, the uncompensated starting torque signals at the
different swing frequencies are simulated based on sinusoidal signals at the different swing
frequencies. The maximum swing frequency of the swing system is 35 Hz; therefore, the
swing frequency is selected to increase gradually in a gradient from 1 to 35 Hz. The bearings
were subjected to a radial load of 1000 N with different swing frequencies, and the starting
torque was observed. The results of the error compensation of the starting torque obtained
from the test are shown in Figure 9.

The starting torques of the bearing of 0.7288 N-m and 0.7233 N-m were detected at
the swing frequencies of 10 Hz and 35 Hz, respectively. It can also be seen from the results
that the starting torque is almost the same at 10 Hz and 35 Hz. The above analysis shows
that the compensation of the starting torque can be realized by this system regardless of
the high or low swing frequency, and its detection accuracy is effectively improved.
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Figure 9. The results of the error compensation of the starting torque.

6. Conclusions

In this paper, the problem of the dynamic detection accuracy of the starting torque
of SSPBs was investigated, an error compensation program for its dynamic detection was
written, and the following conclusions were obtained:

(1) During the dynamic detection of the starting torque of the SSPBs, the torque detected
by the torque sensor not only includes the starting torque of the bearing, but also
the inertia torque of the swing system. As the swing frequency of the swing system
increases, the inertia torque increases, and the dynamic detection accuracy of the
starting torque of the bearing is reduced.

(2) The relative error between the test values and the simulation values of the starting
torque of the bearing is 17.5%, which indicates that its change tendency can be
intuitively reflected by the established dynamic simulation model. The relative error
between the test values and the theoretical values of the inertia torque is 1.53%, which
indicates that the relationship between the two can be accurately reflected by the
established mathematical model between the inertia torque and the swing frequency.

(3) Therelative error of the dynamic detection of the starting torque of the bearing is 0.75%
at the swing frequencies of 10 Hz and 35 Hz, respectively. The dynamic detection
error can be effectively compensated by the error compensation program, and the
dynamic detection accuracy of the starting torque can be improved.
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