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Abstract 

Design a system based on electrically driven two-axis resonance fatigue loading. In order 
to eliminate the coupling effect of the two loading sources in the blade fatigue test, a 
cross-coupling structure based on a sliding mode variable structure control algorithm is 
proposed to design an error following controller. The Lyapunov function was used to 
verify the stability of the algorithm, and a two-axis resonance fatigue synchronization 
control test bed for wind turbine blades was built to verify the synchronization control 
effect of the algorithm. The experimental results show that the following effect of the two 
exciters is fast and the synchronization state can be better maintained. The inherent 
phase difference caused by the electromechanical coupling is basically eliminated. The 
speed error of the two loading sources is within 5%, which meets the requirements of 
biaxial resonance fatigue loading. 

Keywords 

Wind Turbine Blade; Two-axis Loading; Fatigue Test; Control System. 

1. Introduction 

After the rapid development of the wind power industry in recent years, as of 2017, according 
to the World Wind Energy Association (World Wind Energy Association) statistics, the total 
global installed wind power capacity has reached 539.1 GW [1-2]. As one of the most basic and 
critical components of wind turbine blades, the main failure mode of wind turbine blades is 
fatigue damage. Among the factors that affect blade fatigue failure, alternating fatigue load is 
the most important factor [3-5]. In the blade fatigue test, many foreign companies have been 
conducting research on multi-axial loading and multi-point loading methods. Literature [6] 
established the electromechanical coupling model of the two-point fatigue loading vibration 
system of wind turbine blades, and simulated the electromechanical coupling process in the 
work of the loading system, and verified the accuracy and feasibility of the two-point fatigue. 
Literature [7] proposed a virtual master command synchronization control algorithm in the 
wind turbine blade two-point fatigue test system, which enables the exciter to follow quickly, 
and the phase difference between the two exciters is small. Literature [8] developed an 
electrically-driven two-point inertia fatigue test system, and proposed a virtual master coupling 
synchronization control strategy, so that the two exciters can better maintain the 
synchronization state. However, under actual wind conditions, the phase difference between 
the blade flapping and shimmy direction loads is approximately Gaussian, and the probability 
of occurrence at 72° is the greatest. Therefore, the two-axis composite loading fatigue test is 
more in line with the actual working conditions. Literature [9] designed a pendulum vibration 
fatigue loading system that can generate excitation in the direction of blade swing and swing. 
Based on this, this paper designs a two-axis resonance fatigue loading system based on electric 
drive, studies the synchronization control strategy of fatigue loading under the action of 
electromechanical coupling, and builds a two-axis fatigue loading test platform for wind turbine 
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blades to test and verify the loading system And control strategy has good practicability, and 
provides a practical method for wind turbine blade inspection.  

2. Blade two-axis resonance fatigue loading system 

The two-axis resonance fatigue loading system adopts a distributed network structure of host 
computer-master controller-slave controller-execution device. The control scheme structure is 
shown in Figure 1. 
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Fig. 1 System control scheme diagram 

 

The control system is composed of PC, main controller, 1# controller and 2# controller. The 
upper computer uses Labview software to realize data acquisition and field monitoring. 1# 
controller and 2# controller use Siemens 200smart series PLC to realize programming. , The 
speed of the asynchronous motor is adjusted by the frequency converter. The PC is connected 
with the main controller via Ethernet communication, and the main controller is connected 
with the 1# controller and the 2# controller via the CAN bus. 

The test blade is fixed on the test bench with high-strength bolts, and the two vibration exciters 
and the blade are connected by a fixture. During the test, the motor drives the swing arm to 
rotate. When the excitation frequency of the vibration exciter is close to the natural frequency 
of the blade, the blade will resonate in the installation of the vibration exciter. At this time, the 
laser range finder measures the blade amplitude change, the speed and phase of the exciter are 
collected by the gear sensor, and the phase zero reference of the exciter is realized by the limit 
switch. All collected data will be fed back to the PC by the main controller in real time. 

3. Fatigue loading synchronization control strategy 

3.1. Principle of Synchronous Control 

During the loading control process of the two exciters, due to the electromechanical coupling 
effect, the synchronous vibration of the two exciters will have an impact, and the ideal 
resonance effect cannot be achieved. Therefore, in order to improve the test accuracy, it is 
necessary to ensure that the two vibration exciters are coordinated and synchronized during 
vibration, that is, to achieve the speed synchronization and phase synchronization of the two 
vibration exciters. The current synchronization control methods mainly include virtual spindle 
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control, deviation coupling control and equivalent control [10-11]. For the two-motor drive 
structure, the parallel cross-coupling control is more suitable, and due to the nonlinearity of the 
three-phase asynchronous motor, the sliding mode variable structure control method is 
adopted. The control structure diagram is as follows: 
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Fig. 2 System structure control chart 

 

Among them,χ*1(t), χ*2(t) are the speed input settings of the two excitation sources. The 
realization of speed synchronization control means that the tracking error and synchronization 
error are reduced through the control algorithm, the following errors e1(t) and e2(t) of the two 
excitation sources are used as the input of the sliding mode controller, and the following error 
is input through the control algorithm The analysis of the error distribution model is obtained. 
The output of the sliding mode controller is added to the control quantity of the vibration 
exciter according to the error distribution ratio, thereby reducing the synchronization error of 
the two excitation sources and realizing the composite vibration of the wind turbine blade by 
the vibration exciter. A following error controller is installed in the control circuit of the two 
vibration exciters. When the sliding mode variable structure controller is calculated, the 
external interference and parameter perturbation that will affect the sliding mode are 
eliminated to ensure the accuracy of the speed control. Performance and synchronization 
control accuracy. 

3.2. Algorithm design based on SMVSCl 

The synchronous control algorithm of Sliding Mode Variable Structure Control (SMVSC) is 
designed based on the cross-coupling structure. The exciter uses a three-phase asynchronous 
motor, and its motion expression is: 

𝜔(𝑡) =
𝑃𝑛
2𝐿𝑚

𝐽𝑒𝑞𝐿𝑟
𝑖𝑑𝑞𝜓𝑟 −

𝑃𝑛

𝐽𝑒𝑞
𝑇𝑙                                                              (1) 

In the formula, 𝐽𝑒𝑞  is the equivalent moment of inertia, 𝑃𝑛 is the number of pole pairs, 𝑇𝑙 is the 

load torque of the rotating shaft, 𝜓𝑟  is the rotor flux linkage value, 𝑖𝑑𝑞  is the stator current 

component on the 𝑞  axis in the 𝑑𝑞  coordinate system, 𝐿𝑚  is the rotor and The coaxial 
equivalent mutual inductance of the stator, 𝜔(𝑡)  is the rotor angular velocity, 𝐿𝑟  is the 
equivalent mutual inductance of the rotor: 
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Let 𝐴 =
𝑃𝑛
2𝐿𝑚𝜓𝑟

𝐽𝑒𝑞𝐿𝑟
, 𝐵 =

𝑃𝑛

𝐽𝑒𝑞
, 𝑖(𝑡) = 𝑖𝑑𝑞 , Rewrite formula (1) as: 

𝜔(𝑡) = 𝐴𝑖(𝑡) − 𝐵𝑇𝑙                                                                  (2) 

Following error 𝐸𝑖(𝑡) is : 

𝐸𝑖(𝑡) = 𝜔0𝑖(𝑡) − 𝜔𝑖(𝑡), 𝑖 = 1,2                                                         (3) 

𝜔0𝑖(𝑡) is the given speed of the excitation source, and 𝜔𝑖(𝑡) is the actual speed of the excitation 
source. 

𝑆𝑖(𝑡) = 𝐸𝑖(𝑡) + 𝜅 ∫ 𝐸𝑖(𝑡)𝑑(𝑡)
𝑡

0
, 𝜅 > 0                                                   (4) 

𝑆𝑖(𝑡) is the sliding mode surface function of the following error. Substituting equation (2) into 
equation (3) after derivation: 

�̇�𝑖(𝑡) = �̇�0𝑖(𝑡) − 𝐴𝑖(𝑡) + 𝐵𝑇𝑙                                                         (5) 

Substituting equation (5) into equation (4) after derivation: 

�̇�𝑖(𝑡) = �̇�0𝑖(𝑡) − 𝐴𝑖(𝑡) + 𝐵𝑇𝑙 + 𝜅𝐸𝑖(𝑡)                                                 (6) 

When the system is in the ideal state of sliding mode control, �̇�𝑖(𝑡) =0, then the equivalent 
control can be obtained from equation (6) 𝑢𝑒𝑞𝑖(𝑡) is: 

𝑢𝑒𝑞𝑖(𝑡) = (𝐴)−1[�̇�0𝑖(𝑡) + 𝐵𝑇𝑙 + 𝜅𝐸𝑖(𝑡)]                                                (7) 

Due to external interference and parameter perturbation, add interference item 𝑑(𝑡), and set 
𝑑(𝑡) to be bounded, |𝑑(𝑡)| ≤ 𝑐, 𝑐 > 0, 𝑐 ∈ 𝐶 . Introduce a switch function to achieve external 
control: 

�̇�𝑖(𝑡) = �̇�0𝑖(𝑡) − 𝐴𝑖(𝑡) + 𝐵𝑇𝑙 − 𝑑𝑖(𝑡)                                                  (8) 

𝑢𝑒𝑞𝑖(𝑡) = (𝐴)−1𝐾𝑖(𝑡) 𝑠𝑔𝑛[𝑆𝑖(𝑡)]                                                       (9) 

Equation (8) is the derivative of the following error, and equation (9) is the switching function. 
𝐾𝑖(𝑡)  is the control gain function, 𝐾𝑖(𝑡) = 𝑐𝑖 + 𝛽 , 𝛽 > 0 . The following error controller is 
composed of formula (8) and formula (9), and the expression is: 

𝑢𝐹𝑖(𝑡) = (𝐴)−1{�̇�0𝑖(𝑡) + 𝐵𝑇𝑙 + 𝜅𝐸𝑖(𝑡) + 𝐾𝑖(𝑡) 𝑠𝑔𝑛[𝑆𝑖(𝑡)]}                           (10) 

Construct the Lyapunov function to verify the stability of the system: 

( )

( ) ( )

( )

( ) ( )

( )

( )

( )
j

j j j

s t s t s t s t u tE
d

t t u t t
   

  

  
= − = − = −

   
                              (11) 

In the formula 5, is the inertia coefficient, stands for learning efficiency, because: 

𝑉𝑖 = 𝑆𝑖(𝑡)�̇�𝑖(𝑡) = 𝑆𝑖(𝑡){𝑑𝑖(𝑡) − 𝐾𝑖(𝑡) 𝑠𝑔𝑛[𝑆𝑖(𝑡)]} = −𝑑𝑖(𝑡)𝑆𝑖(𝑡) − 𝐾𝑖(𝑡)|𝑆𝑖(𝑡)| 

≤ 𝑐|𝑆𝑖(𝑡)| − 𝐾𝑖(𝑡)|𝑆𝑖(𝑡)| = (𝑐 − 𝐾𝑖(𝑡))|𝑆𝑖(𝑡)| = −𝛽|𝑆𝑖(𝑡)| < 0 

The system is gradually stable. 

Perform algorithm verification simulation in Matlab /Simulink, compare the designed 
algorithm with the traditional PID synchronization control algorithm in a simulation test, the 
simulation time t=10s, and add phase interference when the simulation time t=5s, the position 
step response is shown in Figure 3. Shown. It can be seen from the figure that the control effect 
of the SMVSC synchronous control method is obviously better than that of the PID synchronous 
control. The response speed of the motor under control is faster, the anti-interference ability is 
stronger, and the robustness is good. Fig. 4 is the phase difference curve obtained by the 
simulation experiment. When t=2s is disturbed, the phase fluctuation of SMVSC 
synchronization control during the whole adjustment process is small, and the phase can be 
recovered more quickly. Based on the above simulation analysis, SMVSC synchronization 
control is superior to PID synchronization control in terms of response speed, anti-interference 
ability, etc. It has better robustness and good control effect. 
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Fig. 3 Position step response 

 

 
Fig. 4 Phase difference under synchronous control simulation 

 

4. Test and analysis 

4.1. Test 

A certain type of blade is used as the test object to test the synchronization performance of the 
two-axis fatigue loading system of wind turbine blades. The test parameters are shown in Table 
1. During the test, real-time monitoring of blade amplitude, loading frequency, displacement, 
and vibration exciter phase are carried out. Test the synchronization control effect of the 
system. 
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Table 1. Test parameters 

name parameter 
Blade length/m 68 

Vibration exciter 1 installation position/m 40 
Vibration exciter 2 installation position/m 30 

Motor power/kw 50 
Equivalent eccentricity 1m 

Equivalent mass of eccentric block/kg 320 
Temperature outdoor 

Test humidity RH/% 40 
Laser rangefinder Leuze ODSL 30/D485-30M-S12 

 

4.2. Analysis of test results 

The driving frequency of the test is selected as the low-order natural frequency close to the 
direction of blade swing and shimmy for fatigue test. The measured phase difference curve of 
the two vibration exciters under synchronous control is shown in Fig. 5. The phase is basically 
kept synchronized, the phase difference fluctuates little, and it is stable around 0°, and the 
maximum difference is about ±2°. 

The recorded blade amplitude and time curve is shown in Figure 6. The amplitude of the two 
directions gradually increases from the beginning, reaches the peak value together under the 
synchronous control and tends to be stable. The amplitude of the swing and swing directions 
are stabilized at 0.49m and 0.30mrespectively. 

 

 
Fig. 5 Phase difference curve under synchronous control 

 

The peak-to-peak deviation in the two directions is shown in Figure 7 

The amplitude changes in the two directions are small, and the peak-to-peak change rate is 
within 5% of the error range. The test results prove that the synchronous control effect of the 
two-axis fatigue loading system is good. 
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(a) Variation curve of swing direction amplitude 

 
(b) Amplitude change curve in swing direction 

Fig. 6 Blade amplitude variation curve 

 

 
Fig. 7 Blade amplitude peak-to-peak deviation curve 
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5. Conclusion 

(1) The cycle of uniaxial fatigue test for large wind turbine blades is long. Biaxial fatigue test is 
performed on wind turbine blades, so that the vibration exciter can work in the swing and 
swing directions at the same time, which not only shortens the fatigue test time, but also more 
in line with the operation of the blade. The actual working conditions at the time. 

(2) In order to enable the exciter to achieve a good synchronization control effect, a sliding 
mode variable structure control algorithm is designed based on the cross-coupling structure, 
and a sliding mode variable structure following error synchronization controller is added, and 
the stability of the algorithm is analyzed through simulation. Verify the effectiveness of the 
control algorithm. 

(3) Through experiments, the two-axis fatigue loading of wind turbine blades has been realized. 
During the synchronization control process, the system collects, stores and analyzes the change 
data of the blades in real time. Both vibration exciters can achieve rapid response and maintain 
synchronization. The amplitude of the swing and swing directions is stable and the error is 
small, and the error generated is also within the set range, which proves the accuracy and 
reliability of the system. 
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