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Kinematic modeling and stability analysis for a wind turbine blade 
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Abstract: Robots are used to conduct non-destructive defect detection on wind turbine blades (WTBs) and to monitor their 
integrity over time. However, current inspection robots are often bulky and heavy, and struggle to detect defects in the blade’s 
main beam, thus presenting difficulties in portability and effectiveness. To address these issues, we designed a wheel-wing 
composite robot equipped with a curved surface-adaptive phased array ultrasonic detection device for the detection of defects in 
the WTB’s main beam. We determined the pose equation under different section characteristics and identified the robot’s stable 
range of motion, thus developing a model of its kinematics. A detection device adapted for variable curvature surfaces was 
designed to ensure tight coupling between the robot’s probe and the blade. Additionally, element differential and least-square 
ellipse-fitting methods were employed to analyze blades with irregular sections. The simulation results demonstrated that the 
prototype can stably traverse an area with a vertical angle of ±14.06° at a speed of 0.25 m/s, fully covering the main beam area 
of the blade during walking operations. Moreover, the robot can scan the main beam area at a speed of 0.10 m/s, enabling the 
accurate detection of defects.
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1 Introduction 

Wind turbine blades (WTBs) are exposed to out‐
door conditions for extended periods, making them 
susceptible to issues such as blade cracking, lightning 
strike damage, main beam fractures, and other pro‑
blems. Left undetected, the gradual accumulation of 
microdamage can result in significant harm, and im‐
pact the efficiency of wind power generation. Severe 
damage can lead to wind turbine shutdown or even 
collapse, with potentially catastrophic consequences 
(Chou et al., 2019). Given that the main beam serves 
as the primary support structure of the blade (Civera 
and Surace, 2022), regular detection of flaws within 
this structure is essential to prevent minor damage 
from escalating. However, many flaws are challenging 
to detect at an early stage using conventional methods. 

Robotic systems are increasingly being used for dam‐
age detection, but they can still struggle to achieve ac‐
curate results, and they have bulky designs. There‐
fore, our main objective is to develop a lightweight ro‐
bot for WTB flaw detection, which can improve the 
inspection of WTB main beams.

In recent years, a diverse range of wind turbine 
inspection robots has been developed. Examples in‐
clude the fan blade duct endoscope tracking robot 
(Zhang et al., 2021), the fan maintenance multi-robot 
system (Franko et al., 2020), the detection drone (Wang 
et al., 2023), and the fan climbing robot (Padrigalan 
and Liu, 2023). These robots can be broadly catego‐
rized into contact detection robots and non-contact de‐
tection robots.

Non-contact detection primarily relies on the un‐
manned aerial vehicle (UAV)-based visual inspection 
methods. For instance, Car et al. (2020) developed a 
strategy for WTB detection utilizing a UAV equipped 
with light detection and ranging (LiDAR) technology. 
Going further, Jung et al. (2015) introduced a micro-
aerial wall-climbing robot capable of gliding, adher‐
ing, and maneuvering on both vertical and non-sliding 
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surfaces. Additionally, Gu et al. (2020) proposed a 
comprehensive design for autonomous wind turbine 
inspection using a quadrotor aircraft outfitted with 
high-resolution cameras and 2D LiDAR, and per‐
formed tests to demonstrate the success of the design. 
As a final example, Kocer et al. (2022) developed an 
aerial robot that can ascend to high altitudes for wind 
turbine maintenance, and introduced a novel aerial ro‐
botic arm design that integrates online detection and 
decision-making to address wind turbine maintenance 
challenges. However, a common limitation of these 
visual-based inspection approaches is that they can be 
negatively impacted by environmental factors.

Contact detection robots can be further catego‐
rized based on different contact modes. One such 
method involves vacuum adsorption between the suc‐
tion cup and the blade, while another method utilizes 
ropes or mechanical mechanisms for magnetic adsorp‐
tion to secure the equipment. For instance, Blade BUG, 
a robotics company based in London, has developed a 
six-legged crawling robot for WTB inspection that uti‐
lizes a vacuum adsorption structure to ensure opera‐
tional stability. The study by Cieslak et al. (2023) spe‐
cifically introduces the design, testing, and in-service 
operation of this hexapod robot, as well as the selec‐
tion of conditions for its deployment. They conducted 
walking tests and functional demonstrations of the ro‐
bot, verifying the feasibility of its use. The Danish 
company Rope Robotics has created a robot for WTB 
inspection capable of both repair and inspection, al‐
though it requires multiple ropes to control the move‐
ment of the body on the blade (Sahbel et al., 2019). 
Additionally, Hayashi et al. (2017) proposed a robot 
that can use blades as a guide for vertical motion, 
though again this necessitated multiple ropes and ca‐
bles to guide the robot. As another example, Lee et al. 
(2016) designed a novel robotic system for the opera‐
tion and maintenance (O&M) of 5 MW offshore wind 
turbines. This system involves a mobile platform uti‐
lizing a linear drive parallel mechanism for vertical 
climbing on the turbine tower and blade. The manipu‐
lator is equipped with a phased array ultrasonic test‐
ing (PAUT) device for cleaning and inspection. Exper‐
imental tests demonstrated that this proposed robotic 
system and control scheme can resist disturbances 
from wind, thus enabling wind turbine operation and 
maintenance tasks during inspection. Sadeghian and 
Sareh (2021) have also made significant contributions 

to research on WTB inspection robots. First, they de‐
signed a mechanical arm for WTB maintenance, capa‐
ble of tasks such as cleaning, polishing, defect filling, 
and general maintenance. An exceptional feature of 
this mechanical arm is its ability to replace the end ef‐
fector as needed, to mimic the user’s hand move‐
ments, and to provide sensory feedback. Furthermore, 
in order to enhance the application of the robotic arm 
in the operation and maintenance of WTBs, they de‐
veloped a robotic system specifically for wind turbine 
airfoil maintenance. The robot’s rover can move along 
the blade while the machinery mounted above it can 
carry out simple operational and maintenance tasks 
(Ranbir et al., 2020). Additionally, Sareh and Sadeghian 
(2022) designed a hexapod adsorption robot, integrat‐
ing their designed robot arm to enhance blade mainte‐
nance capabilities. This integration allows for more ef‐
ficient completion of blade maintenance tasks.

The contact detection method addresses the chal‐
lenge of securing the structural integrity, although it 
leads to another issue of the coupling contact between 
the detection mechanism and the target area. To ad‐
dress the challenge of adapting to surface changes 
(such as variable curvature) in detection equipment, a 
wall-climbing robot operating system based on a per‐
manent magnet wheel wall-climbing robot was pro‐
posed (Xu et al., 2022). This system is equipped with 
operation execution modules for cleaning, detection, 
and maintenance. The robot’s phased array ultrasonic 
detection module is closely fitted to the detection sur‐
face through a connecting rod bracket structure and 
magnetic adsorption module. Li et al. (2019) also de‐
signed a wall-climbing robot with an integrated ultra‐
sonic detection system. This system features a double-
joint design, with the rotary compression joint being 
driven by a steering machine to allow adhesion to the 
wall and automatic adaptation to uneven surfaces. 
These innovative methods showcase the potential for 
adaptive adhesion to uncertain contact surfaces by 
modifying the mechanical structure. In a similar vein, 
Guo et al. (2017) conducted a comprehensive study 
on a curved bipedal wall-climbing robot designed for 
wind power blade detection. They analyzed the ro‐
bot’s force posture on the blade surface and explored 
flexibility control and adaptive adsorption of the con‐
tact force. Continuing this trend, Wang et al. (2021) 
developed a flexible wall-climbing robot with an 
adaptive variable curvature facade, and analyzed the 
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robot’s attitude changes and adaptive motion charac‐
teristics on the tower barrel surface. Looking further 
into the kinematics of such devices, Song et al. (2016) 
conducted pose description and established a kinemat‐
ic model for a barrel-wheeled mobile inspection ro‐
bot. Additionally, Qualls et al. (2016) established the 
kinematic model of a robot on irregular surfaces, pro‐
posed motion control methods for mobile robots on 
surfaces, and offered insights into maximizing the sta‐
bility of robots on surfaces. Similar examples can be 
found in marine applications as well. For instance, 
Fan et al. (2018) investigated the adsorption and slid‐
ing stability of underwater pipeline inspection robots 
under buoyancy and wave forces. Collectively, these 
studies advanced the development of adaptive and sta‐
ble robotic systems for WTB flaw detection.

Existing research on inspection robots highlights 
several challenges that need to be addressed to achieve 
more effective results. These challenges include re‐
ducing the volume and weight of the detection robot, 
achieving convenient high-altitude deployment, im‐
proving detection efficiency, and utilizing a simple 
mechanism design that enables adaptive attitude ad‐
justment of the detection equipment and stability of 
the robot’s motion on the surface.

To address these challenges and optimize the 
overall structure of the detection robot, we propose a 
wheel-wing composite robot equipped with surface 
adaptive detection equipment to inspect the main 
beam blade. By integrating a UAV with a wheeled 
mobile robot, the weight and volume of the detection 
robot body can be minimized, allowing for easy and 
rapid deployment to the desired position of the blade 
for high-altitude detection. A passive adaptive detec‐
tion mechanism is designed for wind power blade sur‐
faces with variable curvature, facilitating the adaptive 
coupling of the detection equipment. Furthermore, the 
design of a variable wheelbase wheel chassis can en‐
hance the application range and detection efficiency 
of the robot. We validate the effectiveness of the ro‐
bot’s structural design through prototype testing and 
simulations.

2 Robot design scheme 

The structural design of the wheel-wing compos‐
ite robot, as illustrated in Fig. 1, is comprised of a 

four-rotor UAV, the detection vehicle body, the sur‐
face adaptive phased array ultrasonic detection mech‐
anism, and the electrical control equipment. The UAV 
is a high-load, high-power four-rotor model capable 
of carrying a 15 kg load and taking off at a relative 
height of less than 200 m, enabling remote transporta‐
tion to the top of high-altitude blades. The detection 
vehicle body is constructed using 2020 high-strength 
aluminum profiles to ensure robustness, featuring a 
four-wheel differential design with two high-load, 
high-power hub motors serving as the rear driving 
wheels. There is an encoder in the wheel motor that 
can be utilized to ascertain the position of the robot 
during movement. These motors allow for robot atti‐
tude adjustment through differential speed, while the 
front wheel acts as a fixed rubber support to maintain 
stability. The dimensions of the vehicle body are tai‐
lored to the common blade curvature, enabling adapta‐
tion to the outer surfaces of most WTBs. To enhance 
versatility, the leading and trailing wheel connection 
plates are designed with adjustable spacing, allowing 
for customization based on specific requirements. Ad‐
ditionally, a passive adaptive detection mechanism is 
designed to facilitate the adaptive coupling of the de‐
tection equipment to variable curvature surfaces, en‐
suring precision of detection. The prototype is shown 
in Fig. 2.

Fig. 1  Structural diagram of the wheel-wing composite 
robot

Fig. 2  Prototype of the wheel-wing composite robot
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Due to the variable curvature surface of the main 
blade, a rigid connection cannot guarantee full adhe‐
sive contact between the probe and the blade surface, 
as the probe needs to maintain full contact with the 
contact surface throughout operations. To address this 
issue, a self-adapting method has been designed. As 
shown in Fig. 3, the scanning mechanism of the sur‐
face consists of a sliding block connected to a long 
connecting screw via a connecting plate, a floating 
joint connected to the long connecting screw, and a 
short connecting screw connected beneath the floating 
joint. This setup allows the probe to move at an opti‐
mal angle in the scanning direction, thereby achieving 
vertical contact between the probe and the contact sur‐
face. The floating joint is connected to the lower 
guide plate via the short connection screw, and the 
guide plate’s four corners are fitted with mounting 
holes. The guide rod, equipped with a spring, is con‐
nected to the probe assembly via a water pipe connec‐
tion block. The guide plate can transfer the upper and 
lower components of the force to the spring, and 
therefore scanning at different positions will apply dif‐
ferent pressures between the probe and the contact 
surface. Under the joint action of the floating joint 
and the spring, tight coupling between the probe and 
the contact surface can be achieved, reducing the con‐
sumption of the coupling agent and ensuring high 
detection accuracy. The ultrasonic detection probe 
model number is 1L64-1.5×22-MW5-F2.5-D3, the 
shell size is 112 mm×35 mm×50 mm (L×W×H), the 
center frequency is 1 MHz, the number of array ele‐
ments is 64, and the probe element is linear scanning 
with 0°, which can cover a distance of 30 to 90 mm. 
It can detect internal defects of glass fiber-reinforced 
plastic laminate structures, which meets our testing 
requirements. The probe is shown in Fig. 4.

The operation of the wheel-wing composite robot 
is depicted in Fig. 5, which involves six main steps: 
(A) initial take-off; (B) hovering; (C) landing; (D) per‐
forming testing tasks; (E) take-off from the blade; 
(F) return; (G) landing at the designated position.

3 Robot pose analysis 

To facilitate analysis of the robot’s motion, we 
assume that the wheel and surface make contact at a 
single point, and the wheel is a rigid disk with no 
deformation. Furthermore, within the stable operating 
range of the robot on the curved surface, the relative 
motion between the wheel and contact surface is con‐
sidered to be purely rolling. Since the root of the 
blade is approximately cylindrical in shape, a curved 
surface has been selected for this study.

3.1 Single-wheel surface pure rolling motion

As depicted in Fig. 6, the origin of the absolute 
coordinate system is located at the center of one end 

Fig. 5  Composite robot operation diagram

Fig. 4  Phased array ultrasonic probe

Fig. 3  Surface adaptive scanner composition
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of the cylinder. The X1-axis aligns with the central ax‐
is of the cylinder, while the Z1-axis corresponds to the 
opposite direction of gravity. Lastly, the Y1-axis is de‐
termined by using the right-hand rule to establish a 
single wheel’s absolute coordinate system on the cyl‐
inder, with O as the origin. The tangent plane of the 
cylinder and the tangent line m to the circle of the 
wheel intersect at the point t1. The angle between the 

normal vectors 
 
t1t2 and 

 
t1o of the tangent plane is ϑ, 

and the angle between m and the bus bar l of the cyl‐
inder is α. As shown in Fig. 6, a moving coordinate 
system is established with the tangent vector ε, princi‐
pal normal λ, and vice normal κ at the contact point t1 
of the curve as coordinate axes. R is the radius of the 
cylinder; r is the radius of the robot wheel; t is the 
running time of the robot wheel; o is the center of the 
robot wheel; t2 is the intersection point between the 
normal vector of the tangent plane and the central axis 
X1 of the cylinder.

When the wheel is rolling purely on the cylinder 
at an angular velocity ω, the set of contact points on 
the cylinder with the wheel is:
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Eq. (1) can be expressed as matrix O:
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The coordinate of the wheel center in the mov‐
ing coordinate system is (0 rcosϑ rsinϑ), and D is 
the transition matrix, which is expressed in the abso‐
lute coordinate system as:
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By using the wheel center’s position in the abso‐
lute coordinate system, the velocity of the wheel cen‐
ter can be obtained as:

 v = Ẋ 2
o + Ẏ 2

o + Ż 2
o . (4)

3.2 Pure rolling motion of the robot on the surface

The pose description of the robot can be ex‐
pressed in terms of the absolute coordinates of a point 
on the robot and the Euler angle (φ, θ, ψ). The rota‐
tion process is as follows: the robot first rotates φ 
about the X1-axis, then rotates θ about the Y1-axis, and 
finally rotates ψ about the Z1-axis. For brevity in for‐
mula representation, the s is used to represent the sine 
‘sin’ and the c is used to represent the cosine ‘cos’. 
The rotation matrix is as follows:
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where d is a vector representation of a point in space; 
D is the coordinate transformation matrix from mov‐
ing coordinate system to absolute coordinate system; 
(x0, y0, z0) is the coordinates of the origin H of the 

Fig. 6  Single-wheel absolute coordinate system and moving 
coordinate system
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moving coordinate system in the absolute coordinate 
system.

The coordinate system is established as shown in 
Fig. 7. A, B, C, and D are the centers of the wheels. 
The distance between the two rear wheels is b, and 
the distance between the leading and trailing wheels 
is h. The center point of the rear wheel axis, H, is tak‐
en as the origin of the robot car body moving coordi‐
nate system, the rear wheel axis is taken as the y1-
axis, the line between the center points of the rear 
wheel axis and the front wheel axis is taken as the x1-
axis, and the vertical direction through the origin H 
and the XOY x1Hy1 plane is taken as the z1-axis.

The coordinates of the robot’s previous point are 
(xr, yr, zr) in the robot car body moving coordinate sys‐
tem and (Xr, Yr, Zr) in the absolute coordinate system.
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The four wheels’ center positions (CA, CB, CC, 
and CD) in the robot car body moving coordinate sys‐
tem are (h, b/2, 0), (h, −b/2, 0), (0, b/2, 0), and (0, −b/2, 
0), respectively. Due to the limitations of the operat‐
ing environment, the front wheels mainly play a sup‐
porting role, which can be regarded as a single wheel 
for analysis, and the wheel center M (h, 0, 0) is the 
center point of the front wheel axis. The coordinates 

of the robot’s three wheels in the absolute coordinate 
system can be obtained from the above formula:
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The parametric equations in the robot car body 
moving coordinate system can be transformed into 
the parametric equations WM(k1), WC(k2), and WD(k3) in 
the absolute coordinate system by the transformation 
matrix. The parameters k1, k2, and k3 represent the an‐
gles between the steering radii and the reference base 
radii, and the tangent vector at the contact point can 
accordingly be obtained. The tangent vector at the 
contact point is perpendicular to the normal vector of 
the tangent plane, and the normal vector n (0, −yT, zT) 
is the coordinates of the contact point in absolute 
coordinates.

WM(k1 ) = [ h + r cos k1 0 r sin k1 ]  (12)
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ë
êêêêr cos k2
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2

r sin k2
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dW i( )ki

dt
× n = 0. (15)

Since the contact point is on the cylinder, the equa‐
tion for a circle around the cylinder is also satisfied:

y2
T + z 2

T =R2. (16)

Fig. 7  Coordinate system for the robot
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Bringing the wheel center coordinates into 
Eqs. (15) and (16), there are six equations with a total 
of nine unknowns, where x0 is independent. After re‐
moving the three equations for solving k1, k2, and k3, 
three equations remain. Therefore, if any two of y0, z0, 
φ, θ, and ψ are known, the remaining three variables 
can be solved for according to the remaining three 
constraining equations, so that the pose of the robot 
on the surface can be described.

4 Robot surface stability analysis 

When the axis of the rear wheel is in a horizontal 
position, four positions satisfying the tangent condi‐
tion can be obtained according to Section 3.2: the top 
of the cylinder is tangent to the inside and outside of 
the cylinder, and the bottom of the cylinder is tangent 
to the inside and outside of the cylinder. Since a wind 
power blade is an irregular surface of variable curva‐
ture, it is still necessary to perform further mechanical 
analysis of the blade to determine the specific stable 
operation range of the robot.

4.1 Robot surface sliding analysis

If the friction between the robot and the contact 
surface is not high enough, the robot may slide as 
shown in Fig. 8. The center of the blade root section 
circle is taken as the origin of the global coordinate 
system, the horizontal direction is taken as the Y-axis, 
the vertical direction is taken as the X-axis, and the 
vertical XOY plane direction through the origin is 
taken as the Z-axis. The robot body coordinate system 
is established with the center of mass of the robot as 

the origin, the horizontal direction through the origin 
as the y-axis, the vertical direction through the origin 
as the x-axis, taking the direction through the origin o 
and perpendicular to the xoy plane as the z-axis. The 
angle of rotation of the robot around the z-axis in the 
XOY plane is ωz, the angle of rotation around the y-
axis in the XOZ plane is ωy, and the angle of rotation 
around the x-axis in the YOZ plane is ωx.

When the robot has a certain rotation angle in 
the Z-axis direction, only gravity acts on the robot 
body, and the condition under which the robot does 
not slip on the blade is that the frictional force be‐
tween the robot and the contact surface is greater than 
or equal to the sliding component force of the body. 
Taking the robot at the root of the blade as an exam‐
ple, the stress situation of the robot is analyzed. In order 
to prevent the robot from slipping, the following con‐
ditions should be met:

( )||G cos θ - || Fw cos β
b
2

≥ (|G |sinθ+

| Fw |cosβ- | Ff | ) h1
(17)

where

| Ff | = μ | N la +N lb +Nra +Nrb +N t |, (18)

| Fw | =
CρSV 2

2
. (19)

In the above formulas, G is the gravity of the ro‐
bot; Ff is the total frictional force encountered by the 
robot; μ is the friction coefficient; Nla is the normal 
force of the left rear wheel of the robot; Nra is the nor‐
mal force of the right rear wheel of the robot; Nlb is 
the normal force of the left front wheel of the robot; 
Nrb is the normal force of the right front wheel of the 
robot; Nt is the normal force of the phased array ultra‐
sonic probe on the contact surface. Fw is the wind 
force received by the robot on the blade; b is the dis‐
tance between the two wheels; h1 is the distance be‐
tween the robot contact surface and the center of 
mass; θ1 is the angle between the robot’s center of 
mass and the X-ais of global coordinate system; β is 
the angle between the wind direction and the x-axis of 
the robot body’s coordinate system. C is the air resis‐
tance coefficient; ρ is the air density; S is the wind-
exposed area of the object; V is the relative speed be‐
tween the object and the wind. The black origin of the 
robot in Fig. 8 is the position of its center of mass.Fig. 8  Force analysis of the robot on a curved surface
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At rest, the forces acting on the robot should sat‐
isfy the following equilibrium equation on the XOY 
plane:

| Ff +GXOY +FwXOY | = 0 (20)

where FwXOY and GXOY are the wind and gravity forces 
on the robot in the XOY plane, respectively. When the 
wind force and frictional force reach certain maxi‐
mum values, the robot would be at its final point be‐
fore sliding (or be sliding at a constant velocity in ac‐
cordance with Newton’s 2nd Law), and the equation 
becomes:

|{Ff}max
+GXOY + {FwXOY}max | = 0 (21)

where

| Ff | = μ (|G |cos θ - | Fw |cos β ). (22)

As the wind force exceeds this maximum value, 
the robot would slide and accelerate, and the equation 
becomes:

|{Ff}max
+GXOY + {FwXOY}max | ≥ 0. (23)

Through the analysis and research of the forces 
acting on the robot when it is stationary under various 
conditions, it can be observed that the conditions that 
must be satisfied for the robot to maintain stability on 
the surface are as follows:

μ (|G |cos θ - |{Fw}
max |cos β ) ≥ |G |sin θ +

|{Fw}
max |sin β.

(24)

This analysis is carried out under ideal condi‐
tions, but of course unideal circumstances may occur 
in the real world. Therefore, in actual testing, it is im‐
portant to always consider the impact of changes in 
angle on the stability of the robot. The maximum 
deflection angle of the robot can be obtained by 
Eqs. (19), (22), and (24).

4.2 Robot surface stability range analysis

WTBs are complex surfaces designed based on 
hydrodynamics, making them challenging to describe 
using simple equations. Currently, aerodynamic design 

methods for blades primarily apply momentum theory, 
Bates theory, and blade element theory. Among these, 
blade element theory is the most widely employed. It 
involves dividing the blade into several equidistant ra‐
dial segments, with each micro-segment referred to as 
a blade element. This approach enables the analysis 
of the blade in two-dimensional space.

We conduct the following blade element analy‐
sis using a 69 m long, 2 MW WTB. The blade of a 
wind turbine can be categorized into three main sec‐
tions based on their positions: the blade root, blade 
middle, and blade tip. The blade root is typically con‐
nected to the wind turbine’s nacelle in a standard cy‐
lindrical shape, while the blade middle and blade tip 
exhibit an elliptical form. Initially, the blade was cut 
along the radial interval of 2000 mm, and the result‐
ing section curve was equally divided into 100 points. 
As depicted in Fig. 9, the spatial coordinates of the 
section curve were obtained, and the middle 60 coor‐
dinate points were selected for elliptical fitting using 
the least-square method. These 60 points effectively 
encompass the coordinate points of the primary beam 
area on both the windward and leeward sides of the 
blade.

The general equation for an ellipse can be ex‐
pressed as follows:

Ax2 +Bxy +Cy2 +Dx +Ey +F = 0 (25)

or expressed as a vector:

x × a = 0 (26)

Dmin =∑
i = 1

N

( x × a) 2 (27)

Fig. 9  Elliptical fitting of the WTB cross-section
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where a=[A, B, C, D, E, F]; x=[x2, xy, y2, x, y, 1]T; N 
point sets are: (xi, yi), i=1, 2, … , N; Dmin is the point 
that satisfies the minimization constraint.

The best-fitting ellipse can be obtained by using 
the least-square method to minimize the above expres‐
sion. According to the fitting results, the difference be‐
tween different sections is mainly the length and tor‐
sion angle of the long and short axis of the ellipse, so 
it can be said that the curvature of the main beam is 
different depending on the part of the section. The fit‐
ting results are shown in Fig. 10.

Analyzing the fitting results, most section curves 
of WTBs can be represented more accurately by using 
the least-square method to fit ellipses to the plane point 
sets. Parameters of 32 section curves were obtained 
through the elliptical fitting, including the semi-major 
axis a, semi-minor axis b1, center coordinates (m1, n), 
and inclination angle γ.

When the robot is positioned on an elliptical cyl‐
inder, the derivation of the first two sections remains 
applicable, but the cylindrical equation is instead re‐
placed by the elliptical cylinder equation. The fitted 
elliptical equation can be considered as the outcome 

of translating and rotating the standard elliptical 
equation. The intersection points between the center 
of the over ellipse and the first function, with the max‐
imum inclination angle as the slope, represent the the‐
oretical stable range boundary of the robot’s center of 
mass. Additionally, the intersection point between the 
ellipse and the vertical line of the center of the over el‐
lipse is the center point where the robot’s center of 
mass remains stable in theory. The system of equa‐
tions in Eq. (28) describes the points at which the el‐
lipse intersects with the line passing through the cen‐
ter of the fitting ellipse, and the maximum inclination 
is used as the slope.
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y1i = tanθmax xi + b1
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xi =m1

(28)

Fig. 10  Section-fitting diagram of the WTB at different positions (part)
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where (m1, n) is the center coordinate of the fitted el‐
lipse in the original blade coordinate system, and γ is 
the angle of rotation of the ellipse about the center of 
the circle. y1i and y2i are the first functions of the cen‐
ter of the circle with the maximum inclination θmax as 
the slope, where i=1, 2, … , 32. xi=m1 represents the 
line that passes through the center of the circle and is 
parallel to the y-axis. By substituting the parameters 
of 32 groups of ellipses into Eq. (28), coordinates of 
intersection points can be obtained. In this study, the 
windward side of WTB is taken as the subject, and 
we use 96 coordinates of intersection points, as shown 
in Fig. 11.

In Fig. 11, the purple solid line on the left and 
the red dotted line on the right represent the theoreti‐
cal operational boundaries of the robot’s center of 
mass, while the area near the middle yellow line seg‐
ment denotes the theoretical stable operation area of 
the robot’s center of mass. We aim to establish a refer‐
ence range for the wheeled robot’s center of mass to 
operate on the windward surface of the WTB. The 
width of the actual vehicle body, the long axis of the 
fitted ellipse, and the frictional force between the 
wheel and the blade impose constraints, causing the 
feasible range of the robot at different blade positions 
to constantly change. Therefore, during actual opera‐
tion, it is essential to continuously adjust the robot’s 
movement path and attitude in real time to ensure sta‐
ble operation on the blade surface.

5 Simulation and experiment 

5.1 Robot motion simulation

In the simulation, the negative direction of the Z-
axis corresponds to the movement direction of the 
robot, with the Y-axis representing the horizontal di‐
rection and the X-axis being perpendicular to the YOZ 
plane, opposite to the direction of gravity. Consider‐
ing the real-world scenario, the friction coefficient be‐
tween the robot wheel and the blade surface is 0.25.

5.1.1　Simulation of blade leading edge motion

The simulation of the center of mass velocity 
and angular velocity of the robot on the leading edge 
of the blade is shown in Figs. 12 and 13. In the Z-
direction, there is initial acceleration and then the ve‐
locity stabilizes at approximately −0.25 m/s. Throughout 
the movement, there is a slight variation in the speed 
along the X-direction, leading to a gradual accumula‐
tion of displacement in the X-direction, and resulting 

Fig. 11  Robot stable operation area (the stable operation 
area of the robot completely includes the main beam of 
the blade). References to color refer to the online version 
of this figure

Fig. 12  Simulation of angular velocity motion for the 
blade leading edge

Fig. 13  Velocity and displacement simulation for the 
blade leading edge
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in a sliding distance of approximately 0.35 m. When 
the robot travels along the radial direction of the blade, 
the angular velocity in the X- , Y- , and Z-directions 
fluctuates within a range of 1.50 (°)/s above and below 
0 during the first 13 s. Subsequently, after 13 s, the an‐
gular velocity in the Z-direction gradually increases 
over time. At 15 s, the robot experiences slippage as 
the accumulated slip distance exceeds the stable oper‐
ation range.

5.1.2　Simulation of mid-blade motion

The motion simulation of the robot in the middle 
section of the blade is presented in Figs. 14 and 15. 
Owing to the minimal curvature change in this region, 
the robot’s velocity in the X-, Y-, and Z-directions re‐
mains relatively stable during the traversal. Over the 
20 s duration of the robot’s movement, the angular ve‐
locity in the X- and Y-directions fluctuates within a range 
of 0.35 (°)/s above and below 0. The slip distance in 
the X-direction measures approximately 0.08 m.

5.1.3　Simulation of blade trailing edge motion

The curvature of the trailing edge of the middle 
section of the blade exhibits a gentle variation com‐
pared to that of the leading edge. The simulation re‐
sults, depicted in Figs. 16 and 17, illustrate that as the 
robot commences its movement, the angular velocity 
in the X-direction initially fluctuates before stabilizing 
at around 0.37 s. Subsequently, from 0.37 to 15 s, the 
angular velocity in the X-, Y-, and Z-directions fluc‐
tuates within a range of about 0.25 (°)/s above and 
below 0. At 15 s, the robot experiences slight slippage 
in the X-direction, and at 18 s, it slips from the rear 
edge of the blade due to exceeding the boundary of 
the stable operating range.

These simulation results demonstrate that the 
robot can likely traverse the middle section of the 
blade’s front and back edges without any significant 
slippage. However, when the robot operates at the 

Fig. 14  Simulation of angular velocity motion for the 
mid-blade

Fig. 16  Simulation of angular velocity motion for the 
blade trailing edge

Fig. 17  Velocity and displacement simulation for the 
blade trailing edge

Fig. 15  Velocity and displacement simulation for the 
mid-blade
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boundary of the stable operation area of the front and 
back edges, the sliding distance accumulates as time 
goes on.

5.2 Robot movement along a curved surface 
experiment

Due to the long length of the wind power blade, 
the middle section of a 69 m long, 2 MW blade is uti‐
lized as the test subject. This section of the blade mea‐
sures 3.00 m in length, 2.30 m in width, and 0.80 m 
in height. The design parameters of the experimental 
prototype are outlined in Table 1.

5.2.1　Horizontal position motion

When the robot moves parallel to the radial di‐
rection of the blade, with no deflection angle along 
the axis (as illustrated in Fig. 18), it can traverse from 
one end of the experimental blade to the other. The 
angle of the robot body only hardly changes from the 
initial position to the end of the experimental blade, 
and there is no noticeable sliding along the left- and 
right-side edges of the blade.

5.2.2　Robot motion test at the stable range boundary

Within the range of the maximum deflection angle, 
the deflection angles are selected as −5.24° and 9.96° at 
the leading edge and trailing edge of the blade, respec‐
tively. The actual testing process is shown in Figs. 19a 
and 19b, and the test data is shown in Fig. 20. When 
the deflection angle is −5.24°, the robot can move 
stably from one section of the experimental blade to 
the other end, and the angle changes by 3.43° with re‐
spect to the z-axis, and the robot slides 0.18 m along 
the side edge of the blade in the y-direction. When the 
deflection angle is 9.96° , the robot moves from one 
part of the experimental blade to the other end, and 
the posture of the body will change significantly as the 
operating distance increases. The angle with respect 
to the z-axis in this process changes by 4.10°, and the 
deviation distance of the robot along the side edge in 
the y-axis direction (from the initial position to the 

Fig. 18  WTB midsection motion test

Table 1  Measured data of the experiments in five states

Parameter

Robot mass (kg)

Rotor expansion dimension (mm)

Body width (mm)

Body length (mm)

Body height (mm)

Drive wheel radius (mm)

Robot speed (m/s)

Probe scan dimension (mm)

Single scan stroke (mm)

Scanning speed (m/s)

Value

27

1100×1100

370

500

150

50

0.25

70×130

200

0.10

Fig. 19  Experiments on the leading and trailing edge 
motions of the robot in the stable running range
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end position) is about 0.24 m. According to the experi‐
mental results, although slippage does occur, the over‐
all operating attitude is relatively stable within the 
feasible range.

5.2.3　Robot motion test at the maximum deflection 
angle θmax

From the above analysis, it can be determined 
that the maximum deflection angle of the robot on 
WTB is 14.06° . As illustrated in Figs. 21a and 21b, 
the stability of the robot is tested separately at the 
front and back edges of WTB. The test results of the 
robot at the stable boundary are presented in Fig. 22. 
During the initial phase of the stable operating bound‐
ary, there is a slight angular deflection and small slid‐
ing displacement. However, at approximately 10 s, 
the robot’s position shifts outside the stable range 
boundary due to sliding, and the robot will eventually 
slide off the top of the blade. Based on the experimen‐
tal tests, although the robot can function beyond the 
stable boundary, its primary task involves inspecting 
the main beam of the WTB, which is situated within 
the stable operational region. Furthermore, for the 
safety of robot operations, it is advisable for the robot 
to minimize movements outside the stable operational 
range.

5.2.4　Surface adaptive phased array ultrasonic 
scanning mechanism test

When the robot body is deflected by 0° , 5.24° , 
and 14.06°, respectively, as shown in Figs. 23a–23c, 
the ultrasonic probe is still closely attached to the 

surface of the WTB. This demonstrates that effective 

coupling is likely achieved.

Fig. 21  Experiments of the robot motion at the 
maximum deflection angle θmax

Fig. 22  Robot motion angle and displacement change 
at the maximum deflection angle θmax

Fig. 20  Robot motion angle and displacement change on 
the leading and trailing edges of the stable running range
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5.2.5　Three-wheeled posture stability test

As shown in Fig. 24, the stability of the robot un‐

der three-wheeled forces (i.e., left front wheel, left 
rear wheel, right front wheel, and right rear wheel) is 

tested with the robot has a deflection angle in all three 

axes. The experimental results show that the robot can 

still maintain a stable state under three-wheeled forces.

5.2.6　Flight test

The robot’s flight capability is evaluated in an 

actual outdoor environment. Test results indicate that 

under normal weather conditions, the robot maintains 

a relatively stable flight attitude under its own weight, 

and successful takeoff and landing are achieved. The 
experimental process is illustrated in Fig. 25.

5.2.7　Wind resistance test

In this experiment, a 220 V, 2.2 kW axial flow 
fan with a fan air volume of 18700 m3/h and a maxi‐
mum wind speed of 15 m/s was used to apply wind 
resistance to the robot. Wind speed was measured 
using a hand-held anemometer. The wind resistance 
performance of the robot was evaluated when the wind 
speed was around 11 m/s. The test results, as shown 
in Fig. 26, indicate that the robot can maintain a sta‐
ble posture for an extended period, even under these 
significant wind speeds.

Fig. 23  Adaptive scanning mechanism motion experiment (the 3D printed probe model was utilized for experimental 
testing in this case)

Fig. 24  Stability test of three rounds
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6 Conclusions 

We presented a design for a wheel-wing com‐
posite robot that can detect potential hazards in the 
main beam of WTBs during operation, and validated 

the design through theoretical analysis and simulation 
experiments.

To detect potential hazards in the main beam of 
WTBs during operation, a robot that combines a rotor 
UAV and wheeled mobile robot was designed. It is 

Fig. 25  Robot flight test

Fig. 26  Wind resistance test
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equipped with a phased array ultrasonic scanning 
mechanism that can adapt to blade surfaces with mul‐
tiple degrees of freedom, and detect potential hazards 
in main beams with varying curvatures.

We described the pose of the composite robot on 
a curved surface. Through kinematic calculations and 
pose analysis, the maximum deflection angle of the ro‐
bot is determined to be ±14.06°. The blade section is 
regularized using an ellipse-fitting method, and the sta‐
ble operation area of the robot on the blade is identified.

Experimental results demonstrated that the robot 
can maintain stable operation on the blade surface 
with friction alone, and can detect flaws on the main 
beam of the experimental blade at a speed of 0.10 m/s.

In summary, we proposed a scheme for detecting 
flaws on the main beam of WTBs using a wheel-wing 
composite robot, which can enhance detection effi‐
ciency and simplify structural designs. The theoretical 
analysis of the kinematics of the robot on variable cur‐
vature surfaces serves as a reference for studies on 
the kinematics of wheeled-objects on irregular sur‐
faces, which can be useful in other domains. Regard‐
ing engineering design, the composite robot scheme 
and surface-adaptive structural design can provide valu‐
able insights into future development of wind power 
blade inspection robots.

However, there are a few aspects which warrant 
further investigation. First, the utilization of UAVs for 
delivery lacks long-term operational feasibility, lead‐
ing to restricted time for executing detection tasks. 
Second, the robot’s reliance on friction for stability, 
driven by the pursuit of lightweight design, results in 
a poor ability to withstand external uncertainties. Fur‐
thermore, the control system of the robot and the asso‐
ciated software design are not flawless, as evidenced 
by challenges in defect positioning, vehicle body 
alignment during detection, and autonomous detec‐
tion capability.

Moving forward, we reflect upon and propose 
several solutions for the aforementioned issues. For 
instance, integrating hybrid drones could enhance the 
endurance of robot operations. Also, a vacuum adsorp‐
tion device or a scheme involving the reverse rotation 
of UAV rotors could bolster the robot’s stability. Addi‐
tionally, the development of a multi-sensor fusion mo‐
tion control algorithm could enable real-time monitor‐
ing of the robot’s attitude, enabling autonomous 
inspection and positioning. Furthermore, the robot 

could be outfitted with diverse testing or maintenance 
equipment tailored to specific requirements. For in‐
stance, maintenance tools could be deployed to repair 
minor damages, and a protective coating could be ap‐
plied to the blade surface.
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