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Abstract: Wind-turbine main bearing has to withstand dynamic loads with different directions and different magnitudes in 

complex environments, and its stable operation has a vital impact on the performance of the entire wind turbine. Therefore, the 

fatigue strength test of wind turbine bearing is helpful to ensure the normal operation of the whole wind turbine. According to the 

actual force of main bearing in natural environment, this paper designed a large-scale wind-turbine bearing test bench to detect 

the deformation performance of the bearing. Through the establishment of the mechanical loading model, the simulation of the 

actual working conditions of main bearing is realized by the loading of the eight hydraulic cylinders of the test bench, and the 

radial and axial displacement of the test bearing under different wind conditions are recorded by displacement sensors. A number 

of temperature sensors are used to monitor the real-time temperature change of the bearing inner ring. The test results show that 

the loading effect of eight hydraulic cylinders can realize the force of wind turbine bearing under wind load, and the test bench 

can effectively detect wind-turbine bearings with a diameter of 2.5 m. The mechanical loading method and test results can 

provide guidance for further inspection of the wind-turbine bearing. 
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1. Introduction 

Wind energy is a sustainable and renewable energy source. 

With the increase of global environmental pollution and the 

greenhouse effect, wind power technology is becoming the 

mainstream in current research [1-3]. Wind turbines are being 

developed and utilized on a large-scale due to their mature 

technology of energy conversion, low cost of power 

generation, and broad prospects for energy development [4-6]. 

The tower of the wind turbine is very high, and the working 

environment of the wind turbine is harsh [7, 8]. If the wind 

turbine fails, it will be more difficult to repair [9, 10]. In order to 

improve the stability of the wind turbine at work and prolong 

the working life, the inspection and testing of the key parts of 

the wind turbine has important application value [11, 12]. 

The stability and reliability of bearings in wind turbines is 

one of the key factors for the long service life of wind turbines. 

There are many equipment using bearings in wind turbines, 

mainly including main bearings, pitch bearings, and yaw 

bearings [13, 14]. Among them, the design, manufacture and 

inspection technology of pitch bearing and yaw bearing have 

been developed maturely. But the test technology of the main 

bearing is not perfect, especially for the test equipment of the 

main bearing of the 2 MW-6 MW large-scale wind turbine. At 

present, only a few developed countries have mastered the test 

technology of the bearings of large wind turbine. ROTHE 

ERDE has specially developed a slewing bearing test bench 

for wind power slewing bearings, which can realize the 

vertical installation of slewing bearings, and at the same time 

simulate large radial forces based on the load-bearing 

characteristics of the slewing bearings, testing the 

comprehensive performance of the bearings [15]. SKF has 

developed a set of testing equipment about wind power 
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bearing. The axial load applied to the bearing during testing 

can reach twice actual load, and the test speed of the test 

bearing can reach 60 rpm, which is three times the operating 

speed of the bearing under actual working conditions. In 

addition to simulating the actual working conditions of the 

bearing, this equipment can also detect the friction 

performance, elastic deformation, bearing temperature and 

other parameters of the test bearing [16]. The French LGMT 

laboratory has developed a bearing testing machine that is 

mainly used to analyze the load distribution of pitch and yaw 

bearings under static loads [17]. 

In the bearing inspection, many scholars and experts have 

given the bearing inspection methods in different applicable 

fields. Kusiak and Verma developed a bearing failure 

prediction model by analyzing the historical data of wind 

turbines [18]. This model was formed by collecting data from 

24 wind turbines using a neural network algorithm, and the 

fault detection accuracy of the model on different wind 

turbines is 97%. Barszcz and Sawalhi introduced the 

application of minimum entropy deconvolution (MED) in the 

detection and diagnosis of rolling bearing faults [19]. Two 

main cases were presented to illustrate the benefits of MED 

technology. The first is applied on a test bench of fan blades, 

and the second is applied on a wind turbine with inner ring 

failure. Zhu et al. proposed a transfer learning method based 

on multiple layer perceptron (MLP) by using Hidden Markov 

model (HMM) to automatically detect state changes [20]. He 

used this method to conduct an experimental study on the 

remaining useful life (RUL) of the bearing, which confirmed 

the effectiveness of the method. Cao et al. proposed a 

data-driven method that combines interval whitenization 

method and Gaussian process (GP) algorithms to predict the 

RUL of wind turbine bearings [21]. Hu et al. proposed an 

engineering CI (ECI) that combines the energy and kurtosis 

representation of the vibration signal [22]. Through the 

analysis of the failure test data of the bearing during 

operation, it is shown that ECI can evaluate the overall 

condition of the bearing and detect the real-time performance 

of the bearing. The above literatures are all about the study of 

predicting and detecting bearings, and different detection 

methods are proposed, but these literatures do not thoroughly 

consider the force state of the bearing under actual working 

conditions, such as the wind turbine main bearing under the 

influence of the non-directional wind. 

For bearing inspection and analysis, the actual load borne 

by the bearing must be fully considered, especially the main 

bearing of the wind turbine [23, 24]. The load received by the 

wind turbine in the actual working process is constantly 

changing with the influence of natural wind [25]. The main 

bearing is the core component of the wind turbine, and its 

function is to support the rotation of the main shaft and reduce 

the frictional influence caused by the rotation of the main shaft 

[26, 27]. Therefore, the quality of the main bearing will 

directly determine the performance of the entire equipment. It 

is very important to test the bearing by simulating working 

conditions on the main bearing of the wind turbine. 

Although many literatures take test benches to carry out 

loading experiments on bearings to detect bearings or analyze 

dynamic characteristics of bearings [28-30], the size of these 

tested bearings is too small to meet the test standards for the 

main bearings of large wind turbines. Therefore, this study 

proposes a loading method based on the test-bed to detect the 

bearing, that is, according to actual load of the main bearing of 

large-scale wind turbine, eight hydraulic cylinders in test-bed 

are used to load to simulate the bearing's ultimate load, and the 

DC motor runs and drives the main bearing to rotate. Finally, 

the actual working condition of the main bearing is simulated 

in test bench. 

This paper is structured into the following sections: Section 

2 analyzes the loading model of the installation method of 

double-row and single-row tapered roller bearings, and 

transfers the force system at the center of the fan hub to the 

reference plane of the bearing; In Section 3, the force system 

of the bearing on the reference plane is transferred to the eight 

hydraulic cylinders of the test bench, and the force system 

loading model of the test bench is established; In Section 4, 

the loading experiment of the main bearing of wind turbine is 

carried out, and the radial displacement, axial displacement 

and temperature changes of the bearing are recorded by 

sensors. Section 5 summarizes the study and provides the 

conclusions. 

2. Method of Force System 

Transformation of Wind Turbine 

The main bearing at the connection between the generator 

rotor and the hub is an important part of the wind turbine, and 

most of them are tapered roller bearings. The main bearing is 

located at the front end of the entire transmission chain. The 

supporting force of the main shaft and the wind wheel is 

mainly provided by the main bearing, so the stability of the 

main bearing structure is an important guarantee for the 

normal operation of the entire mechanism. The main bearing 

adopts double-row tapered roller bearings or single-row 

tapered roller bearings in the structural form, and its 

installation methods are shown in Figure 1 and Figure 2. 

 

Figure 1. The installation of double row tapered roller bearings. 
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Figure 2. The installation of single row tapered roller bearings. 

 
Figure 3. The Mechanical model of wind turbine under actual working condition. 

2.1. Analysis of Mechanical Model of Double-Row Tapered 

Roller Bearing 

The mechanical model of the wind turbine under actual 

working conditions is shown in Figure 3. The main bearing 

bears the radial force, overturning moment generated by the 

weight of the hub and blades, and the axial force, radial force, 

and overturning moment generated by the interaction 

between the wind and the blades. Since the loading center of 

the test bench is different from the center of the wheel hub 

during the test, when testing the bearing, the actual force on 

the main bearing of the wind turbine and the force on the test 

bench are modeled first. Then according to the theory of the 

space force system, equivalent decomposition and 

transformation are carried out to convert the load on the 

center of the wind turbine hub to the load system of the tested 

bearing reference plane and the test bench. The mechanical 

model of the center force system of the wind turbine hub 

converted to the reference surface force system of the main 

bearing is shown in Figure 4. 

 
Figure 4. The Mechanical model of double-row tapered roller bearing. 

From the equivalent mechanical model in Figure 4, 

composite ∑��  in the X-axis direction, composite ∑��  in 

the Y-axis direction, composite ∑�� in the Z-axis direction, 

composite ∑�� in the Y-axis direction, and composite ∑�� 

in the Z-axis direction. The following conversion relationship 

can be obtained. 

0X XF F=                   (1) 

0Y YF F=                   (2) 

0Z ZF F=                   (3) 

0 0 0Y Z YM F L M= ⋅ +              (4) 

0 0 0Z Y ZM F L M= − ⋅ +             (5) 

Where �� is the X-axis load of the test bearing (N), �� is 

the Y-axis load of the test bearing (N), �� is the Z-axis load of 

the test bearing (N), ��  is the Y-axis torque of the test 

bearing (N·m), ��  is the Z-axis torque of the test bearing 

(N·m) and L0 is the distance from the center of the wind 

turbine hub to the test bearing (m). 

 
Figure 5. The Mechanical model of single-row tapered roller bearing. 

2.2. Analysis of Mechanical Model of Single-Row Tapered 

Roller Bearing 

The installation method of the transmission bearing of the 

wind turbine adopting single-row tapered roller bearing is 
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shown in Figure 2. The single-row tapered roller bearings are 

located on both sides of the center of the wind turbine hub, and 

the force of the two tested bearings is relatively even. For this 

type of installation, the load on the center of the wind turbine 

hub is converted to the reference surface of the test bearing A 

and the test bearing B, as shown in Figure 5. 

The force conversion is carried out by the mechanical 

model in Figure 5 and the space force system theory in 

theoretical mechanics. The equivalent mechanical model of 

the Y-axis force and the Z-axis force is shown in Figure 6 and 

Figure 7 respectively. 

 
Figure 6. The equivalent mechanical model of Y-axis force. 

 
Figure 7. The equivalent mechanical model of Z-axis force. 

According to the balance condition (∑�� � 0 and ∑�	 �

0), the equivalent transformation of Y-axis force is as follows. 

ya yb yF F F+ =                  (6) 

1 1 2( ) 0z y ybM F L F L L+ ⋅ − ⋅ + =          (7) 

According to the balance condition (∑�� � 0 and ∑�
 �

0), the equivalent transformation of Z-axis force is as follows. 

za zb zF F F+ =                  (8) 

1 1 2( ) 0y z zbM F L F L L+ ⋅ − ⋅ + =           (9) 

In addition, the X-axis force of the test bearing is equal to 

the X-axis force of the hub center. 

0xa xb XF F F= =                (10) 

Finally, the force of single-row tapered roller bearings A 

(���, �
� and ���) and B (���, �
� and ���) can be obtained. 

3. Method of Force System 

Transformation of Test Bench 

Under working conditions, the main bearing of wind 

turbine has a complicated stress state. In order to simulate the 

loading condition of the bearing under normal operating 

conditions, after the force on the center of the wind turbine 

hub is transformed into the main bearing in Section 2, it is 

necessary to further transform the force on the main bearing to 

the test loading system of the test bench. 

3.1. Working Principle of Wind Turbine Bearing Test Bed 

The overall structure of the bearing test-bed is shown in 

Figure 8. The main structure of the test-bed includes moving 

component, flip component, loading component, underframe 

component, test bearing and driving component. The function 

of the flip component is to replace the bearing, as shown in 

Figure 9. The bearing under test is loaded in the loading frame, 

as shown in Figure 10. The driving component is driven by an 

80 kW DC motor to power the spindle to rotate, and the 

spindle turns the bearing. 

 
Figure 8. The overall structure of bearing loading test bench. 

 
Figure 9. The flip component of bearing test bench. 

 
Figure 10. The loading component of bearing test bench. 
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3.2. Combined Loading Method of Axial Hydraulic Cylinder 

and Radial Hydraulic Cylinder 

The core of the test bench is the loading component. The 

force applied to the bearing by the loading frame assembly 

comes from the eight hydraulic cylinders mounted on the main 

frame, four of which are radial hydraulic cylinders (R1, R2, 

R3 and R4), and the other four are axial hydraulic cylinders 

(A1, A2, A3 and A4), as shown in Figure 11 and Figure 12. 

Fa-Fh are respectively the loading pressure of the 

corresponding hydraulic cylinder. 

 
Figure 11. The hydraulic cylinder loading model. 

 
Figure 12. Loading method of loading component in the bearing test bench. 

The test bench adopts the coordinated loading method of axial and radial hydraulic cylinders, with 4 cylinders in the axial 
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direction and 4 cylinders in the radial direction as a dynamic system to load the test bearing. The loading calculation model is 

shown in Figure 13, and according to the equilibrium conditions of the model, the Equation set (11) can be established. 

 
Figure 13. The calculation principle of the combined loading mechanical model. 
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Where α is the inclination angle of the bearing axis and the 

horizontal plane (°), G is the gravity of the loading component 

of the test bench (kN), L is the distance from G axial hydraulic 

cylinder to test bearing (m) (L2-L7 is shown in Figure 12), 

���, ���, ���, ��� and ��� are the X-axis force (N), Y-axis 

force (N), Z-axis force (N), Y-axis torque (N·m), and Z-axis 

torque (N·m) of the test bearing respectively. 

According to the coefficient of the equation, the system of 

non-homogeneous linear Equations (12) is established, and 

solve it to get Equation (13). 

4. Experiment and Results 

4.1. Technical Requirements for Bearing Loading 

Experiment 

According to the actual working conditions of the main 

bearing in wind turbine, the experimental process should meet 

the following requirements: 

(1) After the test bearing is installed, the inclination angle 

of the bearing axis and the horizontal plane is 5° 

(α=5°). 

(2) The axial load of the tested bearing during loading 

should be greater than 1200 KN, radial load greater than 

4000 KN, and overturning moment greater than 30000 

kN·m. 

(3) The test-bed can realize the stepless speed regulation of 

bearing in 0-20 rpm. 

(4) The deformation and displacement of bearing should 

not exceed its limit. 

The bearing selected for testing in this study is the main 

bearing of a 2.5 MW wind turbine. Its type is a double-row 

tapered roller bearing with an outer diameter of 2500 mm, an 

inner diameter of 2000 mm, and a height of 320 mm. The 

maximum deformation or displacement that the bearing can 

withstand is 5 mm. The 2.5 MW wind turbine hub center load 

is shown in Table 1. 

According to Table 1 and equations (1) - (5), the load on the 

hub center of the 2.5 MW wind turbine main bearing is 

converted to the test bearing reference plane, and the 

conversion calculation results are shown in Table 2. 

According to Table 2 and Equation set (13), the loading data 

of the hydraulic cylinder of the main bearing test bench of the 

wind turbine can be obtained, as shown in Table 3. Finally, 

through two mechanical conversion models, the hub center 

load has been converted to the axial and radial hydraulic 

cylinder load of the test bench. 

4.2. Analysis of Results 

The test bearing outer ring surface is equipped with 8 

displacement sensors, of which 4 displacement sensors are 

used to measure the axial displacement of the bearing, and the 

other 4 are used to measure the radial displacement of the 

bearing. In addition, a temperature sensor is installed to 

measure the real-time temperature of the bearing. 

During the test, the hydraulic cylinders of the loading 

components are pressurized (that is, eight hydraulic cylinders 
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are pressurized to reach the value required in Table 3), and the 

torque of the drive motor is changed at the same time. The 

sensors on the test bench continuously transmit data to the 

console and record the results. 
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Where 
0( cos 5 ) / cos 5ZM F G= + ⋅ � � , 

0 sin 5XN F G= − ⋅ � , 
0 0 0 7 6sin 5 cos5Y ZP M F L G L G L= + ⋅ − ⋅ ⋅ + ⋅� �  and 

0 0 0Z YQ M F L= − ⋅ . 

Table 1. The load on the hub center of the main bearing of 2.5 MW wind turbine. 

Load Fx (KN) Fy (KN) Fz (KN) Mx (KN·m) My (KN·m) Mz (KN·m) 

Equivalent load 335.8 -16.7 -823 1440.8 1140.7 783.4 

Ultimate load 131.8 -87.9 -980.7 2224.8 8754.8 -4232.8 

Table 2. The load on the main bearing of 2.5 MW wind turbine. 

Load FX (KN) FY (KN) FZ (KN) MY (KN·m) MZ (KN·m) 

Equivalent load 335.8 -16.7 -823 -182.72 810.19 

Ultimate load 131.8 -87.9 -980.7 7175.97 -4091.28 

Table 3. The coordinated loading of axial and radial hydraulic cylinders for 2.5 MW bearing loading test. 

Load Radial hydraulic cylinder Axial hydraulic cylinder 

Cylinder load R1 (Fa) (KN) R2 (Fb) (KN) R3 (Fc) (KN) R4 (Fd) (KN) A1 (Fe) (KN) A2 (Ff) (KN) A3 (Fg) (KN) A4 (Fh) (KN) 

Equivalent load 848 -300 848 -300 1148 -1429 -856 1400 

4.2.1. Experimental Results of Wind Turbine Bearing at Constant Torque Starting 

 
Figure 14. The torque change of the test bearing at constant torque. 
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When starting with a constant torque (see Figure 14), the axial displacement 1, 3, and 4 of the bearing have an obvious 

decreasing trend. After the record number is 239, the axial displacement exhibits periodic changes, and the maximum axial 

displacement is 4.37 mm (see Figure 15). The radial displacements 1 and 2 of the bearing gradually decrease after the constant 

rotation starts, and the radial displacement 3 gradually increases (see Figure 16). The four radial displacements change 

periodically with the rotation of the bearing after the recorded number is 239. 

 
Figure 15. The axial displacement of the test bearing at constant torque. 

 
Figure 16. The radial displacement of the test bearing at constant torque. 

4.2.2. Experimental Results of Wind Turbine Bearing When Torque Increases and Decreases 

When the loading device is running stably, increasing the motor torque, the radial displacement and axial displacement of the 

test bearing change periodically (see Figure 17-18). 

When the loading device is running stably, decreasing the motor torque, the radial displacement and axial displacement of the 

test bearing change periodically (see Figure 19-20). 

Both radial and axial displacements are within 5 mm under acceleration and deceleration conditions, which indicates that the 

bearing can still operate stably when the wind speed changes sharply. 
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Figure 17. The axial displacement of the tested bearing when the torque increases. 

 
Figure 18. The radial displacement of the tested bearing when the torque increases. 

 
Figure 19. The axial displacement of the tested bearing when the torque decrease. 
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Figure 20. The radial displacement of the tested bearing when the torque decrease. 

4.2.3. Experimental Results of Temperature Change of Wind Turbine Bearing 

After the test bench runs smoothly, the temperature recording points of the inner and outer rings of the test bearing in 24 hours 

are selected. The recording results are shown in Table 4. The results showed that the temperature of the outer ring of the bearing 

was significantly lower than that of the inner ring, and the average temperature of the outer ring was 29°C, and the average 

temperature of the inner ring was 35°C. Both of them are in the normal range. 

Table 4. The temperature change of the tested bearing in 24 hours. 

Temperature (°C) 0 h 2 h 4 h 6 h 8 h 10 h 12 h 14 h 16 h 18 h 20 h 22 h 24 h 

Inner ring 28.3 34.6 35.2 35.3 35.0 35.2 35.1 34.7 34.9 35.2 35.1 35.0 34.9 

Outer ring 28.3 29.6 29.9 29.2 29.0 28.5 28.9 29.3 29.1 28.6 29.5 29.6 29.3 

 
Compared with the current wind turbine bearing test-bed, 

the test-bed in this paper can measure the bearing with a 

maximum diameter of 5 meters. The test-bed can test the 

bearing continuously for 2-3 months, so as to realize the 

simulation test of wind turbine bearing in natural environment. 

The loading method of the test-bed is safer and more reliable 

than other loading methods of the same kind of test-bed, and 

can realize automatic installation and testing. 

5. Conclusions 

Aiming at the lack of detection equipment for the main 

bearings of large wind turbines, this paper designs a real-time 

detection test bed based on the force status of the main 

bearings under actual working conditions. The loading 

experiment is carried out on the main bearing and the dynamic 

characteristics of the main bearing are obtained. The main 

conclusions are as follows. 

(1) Using the analysis method of the spatial force system, 

the center load of the wind wheel hub is converted to the 

reference plane of the test bearing. Then the test bearing 

force system is converted to the axial and radial 

hydraulic cylinder load of the test bench, and a 

mathematical model of force system conversion is 

established. This force system conversion method 

realizes the simulation of the actual working condition 

of the bearing. The loading effect of the hydraulic 

cylinder of the test bench is equivalent to the force of the 

fan hub on the main bearing. 

(2) Under the load conditions of constant torque, increasing 

torque and reducing torque, the axial displacement and 

radial displacement of the main bearing did not exceed 5 

mm on the test bench, and showed periodic changes 

with rotation. In the steady state, the temperature 

change is in a steady state, and the temperature 

difference between the inner ring and the outer ring is 

not large. These are in line with the test standards that 

meet the main bearings of large wind turbines. The force 

loading method of the bearing test bench designed in 

this paper (working with the rotation of the motor and 

the loading of 8 hydraulic cylinders) provides a new 

design idea for the bearing inspection equipment. 

The loading model proposed in this paper is based on main 

object and does not consider the deformation of the object in 

contact with the bearing (such as the loading component in 

Figure 8). Therefore, in future work, the material properties of 

the object in contact with the bearing can be analyzed and the 

deformation of the contact object can be considered, which 

makes the bearing test results more accurate. 
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