System Design and Implementation of Wall Climbing Robot for Wind Turbine Blade Inspection 
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Abstract—Wind Turbines (WT) became essential renewable energy sources as the WT farms contribution reached megawatts scale. However, wind turbine blades (WTB) are subjected to failure due to running in harsh environments such as ultraviolet (UV) radiation, ice, temperature variation, dirt, and salt. Consequently, a periodic inspection process is required.  In this paper, the design and implementation of a scaled down prototype magnetic climbing robot is proposed that can be used for WT blade inspection. The robot is equipped with two arms that can be extended one meter long to come close to the blade for inspection. Each arm is equipped with a gripper that can hold an inspection tool of weight up to one kilogram. 
Keywords—Wind turbine tower climbing robot; increasing magnetic adhesion force; wind turbine blade inspection;
 Introduction 
The world is facing a huge energy demand. The global energy demand is anticipated to remain rising during the next 50 years [1]. Throughout the same period, the global greenhouse gas emissions have to be reduced in order to keep the global temperature increase below two degrees Celsius [2]. Moreover, there are still 1.3 billion people without access to electricity [3]. Consequently, industrial stakeholders and researchers are motivated to develop renewable energy sources as an alternative to ordinary fossil fuel. Effectiveness, efficiency, flexibility in allocation, acceptable stability and reliability in multi-megawatts ranges gives wind energy sources an advantage over other renewable energy sources [4].
In spite of the increasing number of installed wind power plants in the world [5, 6], their reliability and sustainability are not guaranteed. In addition to the flaws that might arise during manufacturing, tThere are a set of factors that affect the efficiency and performance of Wind Turbine Blades (WTB) such as UV radiation, ice, hail, temperature variation, stress and fatigue in components, impact damages, dirt and salt [5]. In addition to the flaws that might arise during manufacturing. All these factors reduce the operating performance or may lead to the failure of a WTB. 
To avoid WTB failure, the blades should be inspected regularly. However, the maintenance and inspection of wind blades isare difficult especially for large blades and off shore wind turbines (WT) as it is costly to access the blades and needs skilled workers [7]. 
A reported prototype robot has been developed for inspecting WTBs that consists of a ring frame with four suction cups and a slider in the middle of the ring for linear and angular motion [8]. The robot can move on a curved surface; but nevertheless, its motion is slow due to the use of suction cups which are placed and lifted alternately. Another prototype robot for climbing the WT tower [9] has an irregular hexagon shape with three wheels on three sides. Each wheel is equipped with two motors, one for the motion and the other for steering. The robot can climb the tower; but it must be first disassembled to be placed around the WT tower and then assembled again to attach it to the tower. Other types of robots for inspecting rotor blades [10-13] have been developed. However, those robots are driven by ropes or wires which need pre-installation. The Micro Aerial Vehicle (MAV) [14, 15] is a development which can fly by using four rotors. It and attaches itself to the blades of the WT to perform macro inspection with an optical camera or a thermographic camera. However, the power consumption of the four motors increases the discharging time of the batteries giving short operation and inspection times. There is an identified gap in the reported developments for a reliable and compact automated system that can access wind blades quickly, carry power for long inspection times, reliably acquire Non-Destructive Testing (NDT) signals and data, control and communicate with the blade inspection robot and ground-based controllers via an umbilical cable.
In this paper, an autonomous approach tofor autonomously inspecting WTB using Non-Destructive Testing (NDT) equipment is investigated. A low-cost, reliable and compact autonomous mobile robot is developed to climb the WT tower using permanent magnets as the adhesion force. The robot which can subsequently scan the blade surface to perform inspections using various sensors to identify and classify damages. This robot system can access all the critical areas of the blade structure in a stable and secure way. The implemented robot is stable enough to allow the various test sensors to scan the blade structure in the shortest possible time.


CAD modelling
A. The Wall Climbing Robot Model 
The concept of the inspection robot has been modelled as shown in Fig. 1. The robot can move on a vertical plane and inspect the blade with a two degree of freedom arm while holding the inspection tool with a gripper. The robot consists of a chassis, shock absorbers, motors for climbing, motors for the two arms, slider, gantry plates and hinges.
The robot chassis is made from aluminium profile 2020 of length 290 mm and width 150 mm as shown in Fig. 2. The length of the chassis is chosen according to the dimensions of motors and magnets. The width of the chassis is chosen according to the dimension of the two arms carrying the inspection tools and the inspected blade. The chassis base consists of four bars connected with internal L-joints and external three side joints. In the middle of the robot base, two bars with length 110 mm are placed which are to be used tofor holding the back plate with permanent magnets mounted on the back plate.  The aluminium profile is chosen for its light weight structure and rigidity in resisting the bending of the chassis due to strong magnetic adhesion forces. 
The robot is supported with eight shock absorbers to maintain the wheels in contact with the curvature of the tower while it is moving. A vertical column has been installed on the robot base as shown in Fig. 1 to be used for fixing one end of the shock absorber while the other end is attached to the aluminium profile 2040 that is fixed by a hinge with the base. The shock absorbers are adjusted at a certain height with the vertical column, so that the wheels remain perpendicular to the tower surface.  
Two gantry plates are used to move the two arms along the x-axis. The gantry plate is designed so that it can hold the motor and the four V-wheels. The aluminium profile is placed in the middle between the V-wheels where the motor with a GT2 pulley and belt are used to drive the gantry plate. The motion along the y-axis is done in the same way as in the x-axis but with a gantry plate with different dimensions to suit the motors. An aluminium bar has been installed with a slider to support the arm while moving with the gantry plate along the x-axis and to avoid bending of the arm when it is extended to its full length. 
The robot is equipped with two arms. Each arm consists of two parts and each part is of 500 mm length. The first part is carried on the gantry plate to move in the x-direction and the second part is carried on the other gantry plate to move in the y-direction. The movement in the x-direction enables the arm to approach the blade for inspection when its leading edge is facing the tower. The movement in the y-direction enables the gripper and inspection tool to follow the blade profile across its width.
A low permeability iron yoke and rare-earth permanent magnets are attached to the robot chassis in the middle with two aluminium plates and eight machine screws and T-nuts with aluminium profile 2040 as shown in Fig. 2.
[bookmark: _Hlk525562258][image: ] 
[bookmark: _Ref526251045]Fig. 1 wall climbing robot and two scanning arms
[bookmark: _Hlk525561931][image: ]
[bookmark: _Ref525328588]Fig. 2 climbing robot bottom view
The iron yoke (back plate) dimensions are 50×250×11 mm.  Three rare earth neodymium N35 magnets are attached to the yoke in an optimum configuration to give maximum adhesion force. The dimensions of each magnet are 50×50×12.5 mm and the distance between magnets is 50 mm.
The robot is equipped with eight DC motors. Four motors are used for the robot motion on the tower (upward and downward) and four motors are used for controlling the motion of the two arms.
B. Wind Turbine Model
A prototype of a wind turbine tower was developed to test the robot as shown in Fig. 3. The model has three main parts: (a) section of the tower, (b) a steel bar used instead of the nacelle to fix the blade at a certain distance from the tower and (c) the blade. The tower is 1.6 m tall and tapers towards the top with an angle 2.7° from vertical axis. The base diameter is 0.95 m. A small blade has been designed with dimensions relative to the tower dimensions. The blade width is 0.4 m at the root and 0.145 m at the tip. A steel bar has been designed to hold the blade in front of the tower in four different positions for inspection tests.
[image: ]
[bookmark: _Ref525328679]Fig. 3 Model of wind turbine tower and blade
C. [bookmark: _Toc490488966][bookmark: _Toc490515707]Simulation of Magnetic Adhesion Force Using COMSOL Multiphysics 
A simulation was performed using COMSOL Multiphysics to study the effect of air gap and different magnet configurations on magnetic adhesion force. The aim was to achieve the maximum adhesion force that can safely attach the climbing robot with the nondestructive testing equipment during the inspection of the WTB. The model setup is shown in Fig. 4 where a section of the WT tower was modelled as a cylinder for simplicity. The tower is modelled with dimension 1.0 meter in diameter and 1.6 m height according to the dimension of wind turbine model described in the previous section. A yoke with three magnets (two at the end of the yoke with the same polarity and one in the middle with different polarity) were modelled. The magnets were separated by distance of 50 mm. The magnet dimensions are 50×50×12.5 mm and yoke dimensions are 50×250×11 mm.
[image: Comsol part1]
[bookmark: _Ref525646766]Fig. 4 COMSOL Multiphysics Model
Experimental work
The robot was constructed as illustrated in Fig. 5 and tested on the wind turbine described in the previous section as shown in Fig. 6. The air gap between the magnets and the tower was 12 mm. The total weight of the robot was 24 kg. The magnetic adhesion force of the robot was measured using a test rig described in previous work. The maximum force was 42 kg at an air gap of 12 mm [16].
The motors were connected to H-bridge L298N to control the direction of rotation. Four H-bridges were used: two for the motion of the robot upward and downward and one H-bridge for each arm. One proximity sensor was used to detect the presence of the blade and eight limit switches were used to control the two arms. The motion of each arm was limited with four limit switches, two for the x-axis direction and two for y-axis direction. Three servo motors were utilized for to control the two grippers. 
Each wheel of the robot was actuated with a 12 V brushless DC Worm gear motor with a speed of 11 rpm for robot vertical motion on the WT tower. The speed of the robot during climbing was 0.037 m/s so that the time taken to climb the tower without inspection was 40 seconds. Two brushless DC 12 V motors were used to control each arm.      
The controller was an Arduino Uno to which all motors and sensors were connected. The robot moves upward until the proximity sensor detects the presence of the blade after which the two arms are extended so that the grippers with the inspection tool can reach the surface of the blade. The sequence of the robot motion is shown in Fig. 7 to Fig. 9. A flowchart for the control process of the robot during inspection is shown in Fig. 10. The robot starts at the bottom of the wind turbine tower by checking that the arm is in the initial position. The two arms are retracted and opened. Then the robot starts to climb the tower until the proximity sensor detects the blade. The robot extends the two arms to the maximum length. The arms then move inward towards the blade to scan across the blade surface by retracting the arms. The robot then moves up the tower to the next inspection stop and the process is repeated until the robot reaches the top of the tower.
During testing, it was observed that the wall climbing robot on the wind turbine was stable as the wheels were able to adjust to the curvature of the tower. The scanning arm had the ability to reach all parts of the blade easily.
[image: 2018-09-03 18]
[bookmark: _Ref526165548]Fig. 5 Climbing robot
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[bookmark: _Ref525646717]Fig. 6 Wind turbine tower and blade with the climbing robot
[image: robot at the bottom]
[bookmark: _Ref526278256]Fig. 7 Climbing robot at the bottom of the tower
[image: opposite the blade retracted arm]
Fig. 8 Climbing robot opposite the blade retracting its arms
[image: opposite the blade extended arm 2]
[bookmark: _Ref526278271]Fig. 9 Climbing robot opposite the blade extending its arms 
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[bookmark: _Ref525836410]Fig. 10 Flow chart

Results and discussion
A. Simulation Results
Adhesion forces at different air gaps were investigated to study the effect of air gap on the adhesion force as shown in Fig. 11. The adhesion force was experimentally validated at an air gap of 12 mm which is very close to the force of 425 N predicted by the simulation at this air gap of 12 mm which is very close to the experimental results. According to the design of the robot the air gap has been selected to be 12 mm so that it can carry the required payload. 
[image: Adhesion force]
[bookmark: _Ref525638050]Fig. 11 The simulation results of the adhesion force
B. Static Force Analysis
The forces acting on the robot are shown in the free body diagram of Fig. 12. These are the magnetic adhesion force Fm, the normal force N, weight of the robot WR, friction force R and the weight of the inspection tool WL. Knowing the weight of the robot and the adhesion force, the equilibrium equations are used to calculate the maximum weight that the arm can carry. Equation one shows the summation of forces in the x-direction and equation two shows the summation of forces in the y-direction. Equation three shows the moment around the centre of gravity of the robot and equation four is the friction force equation.      
[bookmark: _Hlk525322380]
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By solving the three equations (1-3) and assuming the coefficient of friction µ=0.6 it was found that the maximum load that can be carried by the arm is equal to 2 kg.

[image: ]
[bookmark: _Ref525324119][bookmark: _Ref525324110]Fig. 12 Free body diagram
Conclusion
A small scale robot prototype was developed to test the feasibility of carrying long deployment arms and inspection sensors to wind turbine blades.  The study aimed to optimise the payload carrying capability of the robot by using permanent magnet adhesion to attach to the WT tower. Based on the numerical finite element method model, it was observed that a 12 mm air gap is needed to remain attached to the tower. Finally, an inspection tool up to one kilogram in each arm can be added to inspect the WTB while keeping the climbing robot in stable equilibrium. Further study is required to scale up the prototype for the inspection of real WTB’s which will require much longer arms (up to 6 m) to reach the blades of large offshore wind turbines.  
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