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Abstract 

This paper proposes a new method for measuring the wind speed in the pipe, which 

overcomes the shortcomings of the traditional mechanical instrument with lower 

accuracy and ultrasonic measurement method with the high cost, it has the advantages of 

low cost and high precision. This paper introduces the principle of pendulum method to 

measure wind speed, the wind speed in the pipe is calculated by the space angle based on 

the spatial geometric relationship. On the other hand, the space angle is obtained by 

horizontal angle and vertical angle, which are gathered by the cameras placed in the ends 

of the bracket. Image processing technology is an important part of this method, including 

the image gray processing, binarization processing, edge detection and Hough transform 

steps, at last, the experimental results proved the feasibility of this method. 
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1. Introduction 

The wind speed measuring system are essential to various domains, such as in the 

agricultural, meteorological, transport and environmental monitoring domains [1, 4], due 

to its potential to benefit the investigation and utilization of the wind energy and to 

improve the production and people’s quality of life. The traditional wind speed measuring 

methods include the mechanical wind measurer and the supersonic wind measuring 

approach. The mechanical wind speed measuring method is inaccurate and its mechanical 

parts are prone to be damaged [5].  

In [6], ultrasonic wind velocity measurement system was studied based on DSP. The 

three documents mentioned all adopt the transit-time of the speed difference to measure 

the wind velocity, and rely on the hardware to improve the accuracy of measurement. In 

[7], wind velocity measurement and analysis of uncertainty were studied through the 

ultrasonic sensor and the Kalman filter. Ultrasonic vortex detection system was evaluated 

in [8]. The supersonic wind speed measuring approach is highly accurate and responsive 

but it entails high costs, and the temperature variations have impact on the accuracy. 

This paper proposes a novel system that measures the wind speed via the simple 

pendulum. The proposed method first collects the images of the pendulum that moves due 

to the air flow, and then computes the pendulum’s horizontal and vertical deflection 

angles using the image analysis schemes. Next, the wind speed is computed with the 

relation between the wind speed and the force applied to the pendulum. The proposed 

method is inexpensive, easy to implement and highly accurate and thus can be widely 
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used for the tubular wind speed measuring system. The proposed method is also capable 

of computing other parameters (e.g. the flow). The organization of this paper is as 

follows. The principles of the simple pendulum-based wind speed measuring system are 

first described. The method for computing the deflection angle via the image processing 

technique is then presented. And the accuracy of the proposed method is demonstrated by 

the experiments, thus providing a new approach for measuring the wind speed. 

 

2. Measuring Principles 
 

2.1. Measurement Principle of Wind Speed 

Mutually vertical carriage are erected within the tube, and a pendulum is placed at the 

intersection of the horizontal and vertical directions along the diagonal, shown as in 

Figure 1. Assume that the pressure from the air flow is imposed on the pendulum while 

the air within the tube flows. Suppose that the friction drag that the air applies to the 

pendulum is negligible (the friction is very slight), then the force applied to the pendulum 

is mainly from the air flow [9].  

 





 

Figure 1. The Schematic of Measurement System 

Based on the standard differential pressure formula, the pressure on the pendulum, P, is 

shown in Equation (1). The higher the wind speed, the greater the pressure on the 

pendulum. 

 
21

2

F
p v

S
    (1) 

Where   denotes the resistance coefficient for the pendulum movement,  denotes the 

air density, V denotes the wind speed, F denotes the force applied to the pendulum, S 

denotes the force bearing area of the pendulum. Transforming Equation (1), the force 

bearing formula of the pendulum can be written as: 

 
2 2S

8
F P R v


    (2) 

From the force bearing analysis of the pendulum as shown in Figure 2, the force 

applied to the pendulum, F can be expressed with Equation (3). 

 tanF mg    (3) 
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Figure 2. Schematic of Stress Analysis 

Where m denotes the pendulum’s quality,  denotes the included angle between the net 

force and the vertical gravity. With Equations (2) and (3), the wind speed within the tube 

is: 

2

8 tanmg
v

R




                                          (4) 

From further analysis of Equation (4), it can be seen that all parameters other than   

are known. Hence, the wind speed can be computed as long as  is determined.  

 

2.2. Measurement Principle of Space Angle   

If two cameras are installed along the horizontal and vertical directions, then the 

deflection angles of the pendulum along the horizontal and vertical directions,   and  

can be captured. The measurement geometric model is as shown in Figure 3, set AD=a, 

AB=b, and AA1=c, and then, we could get: 
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
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  (5) 

According to the Equation (5), we have 2 2 2tan tan tan    , from any point in 

the cross section. So by using the spatial geometric relationship, the direction angle, , 

can be computed with Equation (6). 

 
2 2arctan tan tan      (6) 
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Figure 3. Geometric Module of the Measurement System 
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2.3. Measurement Principle of Flow 

On the assumption that the section for a unit area dA on the velocity and density is 

uniform, the volume flow rate through the unit area can be described as in Equation (7): 

 vdq vdA   (7) 

In this system, the element is selected as the section center offset N inner radius is r, 

the outer radius of the ring r+dr, ring area is 2dA rdr  . Thus, the average velocity in 

the ring can be calculated by measuring the M points evenly distributed in the ring, which 

can be described as Equation (8). 

 
1

1 M

v v
M

    (8) 

Furthermore, the average speed of cross section is: 

 
1 1

1 1N M

V v
N M

 
  

 
    (9) 

Finally, the mass flow rate is: 

 mQ AV   (10) 

 

3. System Hardware Design 

Two fixed skates, L1 and L2, are installed along the diameter direction of the tube’s 

cross section. A guide track, L3, which is the size of the diameter and can move freely, is 

placed between the two skates so that it can move along the tube. A guide track, L4, 

which is the size of the radius and can move freely, is placed along the direction vertical 

to L3. The collecting system can be put on this guide track to move horizontally and 

vertically. To enable the guide track to move within the tube, a motor is installed on each 

of L1 and L2, so that L3 can move on them. A motor can be installed on L3 to enable the 

collecting system to move in the vertical direction. Two motors can be installed on L4, so 

that the collecting system can move on them and the guide track can move horizontally. 

The controlling system exercises control via the microcontroller and the step motor, 

and the block diagram is shown in Figure 2. The four-phase eight-wire step motor is 

chosen, with a rated voltage of 12v, reduction ratio of 1/85, step angle of 0.9°, and a DC 

resistance of 130Ω. The control word for driving the step motor is given in Table 1. 

Table 1. Control Words For Stepping Motor 

Cl

ock  

si

gnal 

st

atus 

GPI

O1.0  

(A) 

GPI

O1.1  

(B) 

GPI

O1.2 

 (C) 

GPI

O1.3  

(D) 

Con

trol  

wor

ds 

1 A 0 1 1 1 FE

H 

2 A

B 

0 0 1 1 FC

H 

3 B 1 0 1 1 FD

H 

4 B

C 

1 0 0 1 F9

H 

5 C 1 1 0 1 FB

H 

6 C

D 

1 1 0 0 F3

H 

7 D 0 1 1 1 F7

H 

8 D

A 

0 1 1 0 F6

H 
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4. Image Processing Techniques 

The procedures for processing the images in the simple pendulum-based wind speed 

measuring system are shown in Figure 4, including image collection, grey level 

transformation, binaryzation, edge detection, and the Hough transform. These steps will 

be described in detail below. 

 Data collect

Gray-scale 

transformation

Binarization 

Solve the 

space angle

Calculate 

wind speed v

Calculate

flow Q 

Hough 

Transfom

 

Figure 4. Flow Chart of Figure Process  

 

4.1. Grey Level Transformation 

The original images captured by the cameras are color images consisting of RGB 

primary colors. The first step of image processing is to transform the 24b pendulum 

movement color images collected by the cameras into the grey images to facilitate 

subsequent image processing. The images are transformed into the grey images using the 

weighted average method. 

Let Wr, Wg, and Wb denote the weighted values of R, G and B. Generally, our eyes 

have the greatest sensitivity to green images, followed by the red and then the blue 

images. Therefore, we define that Wg>Wr>Wb. In this way, we can obtain proper images. 

In our system, the images are processed with the weighted average method. Based on 

experiments and theoretical derivations, we define the weights of R, G and B as Wr=0.3, 

Wg=0.59, and Wb=0.11, as shown in Equation (11). 

 
* * *

3

r g bW R W G W B
R G B

 
     (11) 

 

4.2. Binaryzation 

To highlight the features of the pendulum, the binariyzed images can reduce 

computational loads compared with the grey images, facilitating Boolean operation on the 

images. More importantly, the binary images can be further processed to obtain the 

geometrical features (e.g. size, position and shape). There are many binaryzation methods, 

such as the Bayesian algorithm, Canny algorithm, Otsu algorithm, the fractal dimension-
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based method and the threshold-based method [10]. In this paper, the computation 

efficient threshold-based method is chosen for binaryzation of grey images. 

By setting a threshold T, the data of the image can be divided into two parts. Let f(x,y) 

denote the grey image and g(x,y) denote the binariyzed image. Then, binaryzation can be 

done with Equation (12). 

 

 
1, ( , ) T

( , )
0, ( , ) T

f x y
g x y

f x y


 


  (12) 

4.3. Edge Detection 

The commonly used edge detection approaches include the Roberts operator method, 

the Prewitt operator method, and the Sobel operator method [11]. The Sobel operator 

method is used in this paper, which is fast and entails slight computational loads. This 

method needs to compute the grey levels of the chosen point’s neighbors, to the left and 

right, above and below, in a weighted manner, and performs edge detection based on the 

idea that the weighted grey at the edge point reaches the peak. The 3×3 template is used 

as the kernel to perform the convolution sum operation for each pixel in the image, and 

the computation can be done with Equation (13) 

 

     

     

     

     

1, 1 2 1, 1, 1

1, 1 2 1, 1, 1

1, 1 2 , 1 1, 1

1, 1 2 , 1 1, 1

x

y

S f x y f x y f x y

f x y f x y f x y

S f x y f x y f x y

f x y f x y f x y
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
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

       

       

         (13) 

The chosen convolution operators are 

1 0 1

2 0 2

1 0 1

 
 
 
  

 and 

1 2 1

0 0 0

1 2 1

  
 
 
 
 

. 

 

4.4. Hough Transform 

Hough transform is one of the basic methods of identifying the geometry from the 

image in the image processing, the basic principle of Hough transform is to use point and 

line duality, the original image space, the curve of a given expression through the curve 

into a parameter space of a point [12-14]. The linear mode commonly used by the Hough 

transform is given in Equation (14). 

 cos sinx y      (14) 

where  denotes the length of the vertical line from the origin to the line,   denotes 

the included angle between the vertical line and the x axis. 

The steps of the Hough transform are given below [15]: 

(1) Quantify the discrete parameter space (k,b) into m*n units and construct the 

accumulator A(k,b). Meanwhile, establish the accumulator matrix Om*n, allocate an 

accumulator O(i,j) to each unit in the parameter space, and initialize the accumulator 

to zero. 

(2) Perform the Hough transform on each point in the image space, compute the 

curve corresponding to the point (x,y), and increase the accumulator by 1, i.e.
 

   , ,
1

i j i j
O O 

.
 

(3) Determine whether it has proceeded to the final point, find peaks in the 

accumulators, and the coordinates of the points corresponding to the peaks are the 

eigenvalues of the parameter space of the line to be detected. 
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The straight line equation can be acquired via the Hough transform, and the gradient of 

the equation is tan and tan  of the pendulum in the horizontal and vertical 

directions. 

 

4. Experiment and Analysis 
 

4.1. Experimental Setup 

 The tube has a diameter of 1m and a length of 1.2m. Two fixed guide tracks with a 

length of 1.2m are placed in any direction of the tube’s diameter. Between these two 

guide tracks is placed a 1m-long movable guide track L1, which can slide along the tube. 

A movable guide track L2 is placed vertically at the center of L1, and the camera is fixed 

on L2. In this way, the wind speed at any point within the tube can be measured by 

moving L1 and L2 horizontally or vertically. A fan with a diameter of about 40cm is 

placed at the entrance to the tube to generate the air flow with stable speed and direction. 

The pendulum has a quality of 10g and a radius of 5cm. The images of the pendulum at 

different locations are collected by instructing the two cameras to move horizontally or 

vertically via the step motor. Then, the wind speed at this point can be computed. At the 

standard state, the air density  =1.225Kg/m
3
, and the resistance coefficient is usually set 

to 1. By substituting these parameters into Equation (4), the instantaneous wind speed 

within the tube is: 

 0 45.2 tanv    (15) 

There are two sets of measuring experiments. The first set is to measure the flow field 

distribution along the center line of the tube, and the second set is to measure the flow 

field distribution along the cross section of the tube. 
 

4.2. Measure the Flow Field Distribution along the Center Line of the Tube 

The supporter moves to the center of the tube via controlling the step motor. Then, the 

guide track L1 is instructed to move along the tube with a step of 10cm. There are a total 

of 13 sampling positions. It stays for 5s at each sampling position. At a sampling 

frequency of 20Hz, 100 images are collected for each sampling point. The space angle  

is computed using the image processing techniques. Then, the wind speed at this location 

can be determined. The 100 data are averaged to reduce measurement errors. The 

measurement results are given in Figure 5. For the first parts of the distance, the wind 

speed begins to drop from 23m/s to 20.5m/s. After it has passed half the distance of the 

tube, the wind speed begins to stabilize. 
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Figure 5. Distribution of Flow Field along the Pipeline 

 

4.3. Measure the Flow Field Distribution along The Cross Section Of The Tube 

The supporter is instructed to move to the center of the tube by controlling the step 

motor. Then, the guide track L2 is instructed to move from the center of the tube to the 

wall of the tube with a step of 5cm. There are a total of 10 sampling positions. It stays for 

5s at each sampling position. At a sampling frequency of 20Hz, 100 images are collected 

for each sampling point. The space angle  is computed using the image processing 

techniques. Then, the wind speed at this location can be determined. The 100 data are 

averaged to reduce measurement errors. Measuring results are shown in Figure 6. From 

this figure, it can be seen that the wind speed falls moderately within two thirds of the 

radius from the center. After this, the speed begins to slump heavily. According to the 

fluid mechanics theory, the flow field follows the exponential distribution, demonstrating 

the correctness of the proposed method. 
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Figure 6. Distribution of Flow Field along the Cross Section Direction 

 

5. Conclusion 

This paper proposes a novel approach that measures the wind speed using the fluid 

resistance-based simple pendulum method. We also design an experimental wind speed 

measuring system. Results show that the proposed method is simple, inexpensive and 

easy to implement. But accumulated errors may exist during the computation. Therefore, 

our future work is to study how to improve the measuring accuracy of the existing system. 

There are two possible approaches. First, the influence of the environment (especially the 

air gravity) should be considered in the actual measurement, and the accuracy of the 

measurement should be compensated according to the actual situation. Second, the Hough 

algorithm can be improved from the perspective of image processing. 
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