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Abstract

To improve the performance of wind sensors in the high velocity range, this paper proposes

a wind measurement strategy for thermal wind velocity sensors that combines the constant

power and constant temperature difference driving modes of the heating element. Based

on the airflow distribution characteristics from fluid dynamics, sequential measurement and

correction is proposed as a method of measuring wind direction. In addition, a wind velocity

and direction measurement instrument was developed using the above-mentioned

approaches. The test results showed that the proposed instrument can obtain large dynamic

wind velocity measurements from 0 to 60 m/s. The wind velocity measurement accuracy

was ±0.5 m/s in the common velocity range of 0–20 m/s and ±1 m/s in the high velocity

range of 20–60 m/s. The wind direction accuracy was ±3˚ throughout the 360˚ range. The

proposed approaches and instrument are not only practical but also capable of meeting the

requirements of wide-range and large dynamic wind vector measurement applications.

Introduction

Wind field measurement, i.e. wind speed and direction measurements, provides essential ref-

erence information for studying the operation of the atmospheric circulation, water vapor

transport conditions and other natural environments. Wind field measurement is also widely

used in some artificial environments such as mines, warehouses, buildings and other ventila-

tion systems [1–6]. The wind field measurement for natural environment is characterized by

large wind speed dynamics and fast wind direction changes [7, 8]. While in artificial environ-

ment, accurate wind speed and direction measurements are needed even the wind speed is

small and the wind direction is stable [9, 10].

The wind distribution in outdoor and semi-outdoor spaces such as open hangars and semi-

open equipment rooms or warehouses is strongly influenced by natural wind fields. Such
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spaces are also affected by various artificial factors such as cargo placement and building struc-

ture. Hence, the wind distribution in these locations differ from that in the natural environ-

ment [11–14]. In such cases, accurate wind velocity measurement should be performed at low

and medium velocity ranges, while also covering the high velocity range. Furthermore, wind

direction should be determined to analyze wind distribution in detail [15].

The common types of wind velocity sensors include thermal, ultrasonic, pitot tube, and

mechanical sensors [16]. Mechanical wind velocity sensors are accurate in the high velocity

range but not in the low velocity range owing to their starting velocities [17]. Ultrasonic wind

velocity sensors are easily affected by the ambient temperature as well as airflow density

changes caused by dust or other gases [18–20]. As pitot tube sensors have large volumes, it is

difficult to set them up for wind direction calculation [21]. Further, although thermal wind

velocity sensors are more suitable for wind velocity and direction calculation, they are disad-

vantageous for high wind velocity measurement because the heating element can reach ambi-

ent temperature, which means that temperature difference will no longer reflect wind velocity

[22, 23]. Therefore, extending the measurement ranges of thermal wind velocity sensors while

retaining their advantages of high accuracy and high sensitivity is a topic that warrants detailed

investigation.

To improve the performance of thermal wind sensors in the high velocity range, a hybrid

measurement strategy that combines the constant power (CP) and constant temperature dif-

ference (CTD) modes of the sensors was developed in this study. A heating coil composed of

Ni–Cr alloy was used as the heating component of the wind velocity sensors. A microcontrol-

ler utilized this hybrid strategy to drive the coil and calculated the wind velocity in different

working modes.

Subsequently, sequential measurement and correction was employed for wind direction

measurement. Airflow control structures such as an airflow tunnel and a damper board were

introduced and fully verified by performing computer simulations to obtain the optimized

manufacturing parameters and wind velocity sensing positions. Advanced 3D printing tech-

nology was utilized to implement the airflow tunnel, and a high-precision rotating platform

was used to rotate the tunnel. In addition, a fast extreme-value-finding algorithm was utilized

to calculate wind direction from multiple wind velocity sensors. Finally, based on the methods

described above, a wind velocity and direction measurement instrument was developed con-

sidering the perspectives of the structure, hardware circuit, and software algorithm.

The contributions and novelty of this study can be summarized as follows:

1. A hybrid strategy was developed to drive the heating component by combining the CP and

CTD modes. In this strategy, the two modes are dynamically switched by the microcontrol-

ler under different measurement conditions. In the low and medium velocity ranges, the

sensors operate in CP mode, whereas in the high velocity range, the sensors operate in CTD

mode. Furthermore, the wind velocity calculation method switches according to the heating

mode.

2. Sequential measurement and correction was utilized as a wind direction measurement

method. In this approach, wind direction is measured and corrected at the positions at

which the airflow tunnel is parallel and perpendicular to the external wind vector to

improve the accuracy of wind direction measurement.

3. A fast extreme-value-finding algorithm was employed to discriminate the extreme output

values of multiple wind velocity sensors. This algorithm is a real-time algorithm that can be

used to obtain the relative position between the airflow tunnel and external wind vector

rapidly, significantly reducing the measurement time.

PLOS ONE Wind vector measurement using constant power/constant temperature difference heating

PLOS ONE | https://doi.org/10.1371/journal.pone.0254256 July 8, 2021 2 / 28

Funding: This study was financially supported by

the National Key Research and Development

Project (No. 2016YFA0602701) and National Key

Scientific Instrument and Equipment Development

Project (No. 42027804). The funders had no role in

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0254256


Materials and methods

Wind velocity measurement

King derived the following equation, which serves as the foundation for the study of thermal

anemometers [24]:

P ¼ ðAþ BV0:5Þ � dT; ð1Þ

where P is the heating power of the heating component, A and B are parameters related to the

environment surrounding the system, V is the wind velocity, and dT is the temperature varia-

tion of the heating element. When the test environment is fixed, V is related to two factors,

namely, P and dT. Therefore, there are two methods of wind velocity measurement: making P
constant, in which case V is related to dT, or making dT constant, in which case V is related to

P. Accordingly, there are two operating modes of the heating component for a thermal wind

velocity sensor: CP mode and CTD mode [25, 26].

It is relatively simple to measure wind velocity when the heating component is operating in CP

mode. In this case, the wind velocity can be indirectly obtained by measuring the temperature

change of the heating component. Thus, the wind velocity sensor is quite sensitive in the low and

medium velocity ranges [27]. However, when the wind velocity is too high, the heating compo-

nent cannot generate sufficient heat. Hence, its temperature will be approximately equal to the

ambient temperature, which makes the temperature difference nearly zero. For large wind velocity

measurement, the heating component requires a higher driving power and continuously operates

at high temperature [28]. These characteristics not only result in energy wastage, but also contrib-

ute to quality degradation and the risk of fire. Therefore, CP mode is not suitable for large wind

velocity measurement [29]. In CTD mode, the heating component works slightly above the ambi-

ent temperature, and the heating power is dynamically controlled to maintain a constant tempera-

ture difference [30, 31]. Therefore, to ensure accuracy at low and medium wind velocities, as well

as to expand the wind velocity measurement range, the CP and CTD modes are combined in the

proposed method. When measuring low and medium wind velocities, the heating component

operates in CP mode, whereas at high wind velocities, it operates in CTD mode.

The expected wind velocity measurement range is 0–60 m/s. Across such a large dynamic

range, small wind velocity sensors such as micro-heating bulbs or wires or microelectromechani-

cal system sensors cannot satisfy the heating conditions because they cannot withstand large heat-

ing powers or high temperatures [32]. To meet the power and temperature requirements, Ni–Cr

coils were used as the heating components of wind velocity sensors, and studies are conducted to

implement wind velocity sensors with a wide measurement range and large dynamics.

Hybrid CP/CTD mode strategy for wind velocity measurement. When a constant volt-

age or constant current is applied to a coil, without any feedback from the coil temperature,

the coil ideally receives constant heating power and works in CP mode. When the coil is in

CTD mode, feedback from the coil temperature to the heating power must be established to

maintain a CTD. Regardless of whether the heating coil works in CP or CTD mode, a tempera-

ture sensor thermally coupled to the coil is required to measure the actual coil temperature.

The corresponding electrical quantity is the voltage signal US output from the analog front-

end circuit after the temperature sensor. The driving power of the coil can be achieved by

changing the driving voltage Ud.
The following hybrid strategy was established by combining the CP and CTD modes:

Ud ¼
U0; T > T0

U0 þ UCðkÞ; T � T0

;

(

ð2Þ
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where U0 is the preset heating voltage of the coil in CP mode, UC(k) is the controller output

voltage for heating power compensation, T is the measured temperature of the coil, and T0 is

the critical temperature of the coil, representing the switching point between the CP and CTD

modes. Eq (2) implies that when the wind velocity is in the low or middle range, T is greater

than T0, the controller applies a constant voltage to the coil, and the coil works in CP mode.

Conversely, when the wind velocity is in the high range, T is less than or equal to T0, the con-

troller drives the coil with a variable voltage, and the coil works in CTD mode.

Further, when the coil is in CTD mode, its temperature can be controlled using a digital

proportional–integral–derivative (PID) algorithm [33, 34]. The power compensation given by

the controller can be expressed as

UCðkÞ ¼ KpeðkÞ þ Ki
Xk

j¼0

eðjÞ þ Kd½eðkÞ � eðk � 1Þ�; ð3Þ

where UC(k) is the power compensation voltage from the PID controller and e(k) denotes the

control deviation, which is the difference between the actual and target compensation voltages.

The target voltage is a multiple of the coil temperature output voltage US, providing negative

feedback adjustment of the coil temperature and heating power. Further, Kp, Ki, and Kd are

proportional, integral, and differential coefficients, which are the parameters requiring adjust-

ment in the actual working environment.

Selection of heating power P0 and critical temperature T0 in CP mode. To study the

heat loss of the coil at different wind velocities, ANSYS finite element simulation software was

used to simulate the thermal situation of the coil to obtain P0 in CP mode and to study the

power compensation range of the coil at different wind velocities in CTD mode.

According to the Beaufort wind scale [35], the wind velocity on land is typically grade 0–8,

which corresponds to 0–20 m/s. In special cases, the wind velocity will reach grade 18, which

corresponds to 60 m/s or more. Thus, the wind velocity sensors should be able to sense wind

velocities of 0–20 m/s with high accuracy and 20–60 m/s with acceptable accuracy. Therefore,

a wind velocity of 20 m/s can be regarded as the maximum value that can be measured in CP

mode. The coil temperature should be higher than the ambient temperature, and it can be

regarded as the critical temperature T0 between the two heating modes. This critical tempera-

ture could be the boundary condition, and simulations were conducted both above and below

20 m/s. For simulations under the wind velocity of 20m/s, the relationship between the wind

velocity and the coil temperature were discovered under the constant heating power; and for

above the wind velocity of 20m/s, the relationship between the wind velocity and the ciol heat-

ing power under the constant coil temperature were discovered.

Step 1: T0 was found with P0 in CP mode. The heat generation rate of the coil was adjusted,

and the simulation was run again at 20 m/s airflow. Nine temperature monitoring points were

placed near the center of the coil, and the average of the values obtained at the monitoring

points was taken as the temperature output. Once the output was higher than the ambient tem-

perature, it was regarded as the critical temperature T0, and the heat generation rate at this

point was considered to be P0 in CP mode, which could be converted into watts. The simula-

tion showed that the heat generation rate was 2.01×109 W/m3 for a coil temperature of 86˚C,

the heating power was 5.16 W, and the corresponding driving voltage was 11.43 V as the resis-

tance of the coil was 25 O. At this heat generation rate, the heat distribution inside the coil was

investigated at wind velocities of 0–40 m/s, as shown in Fig 1.

The black circular area in Fig 1 indicates the coil, the contour plot represents the tempera-

ture distribution around the coil, and the colored arrows denote the external wind vectors.
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Table 1 summarizes the correspondence between the temperature and wind velocity in the

center of the coil in CP mode, as obtained from the simulations.

The heat distribution inside the coil is uniform under any wind velocity. In the case of zero

wind velocity, the temperature in the center of the coil is approximately 281˚C. When the

wind velocity changes, the temperature decreases rapidly and non-linearly. At 20 m/s, the tem-

perature is approximately 86˚C. At 20–40 m/s, the temperature does not change significantly,

and the lowest temperature is 45.9˚C, which is close to the ambient temperature and can

hardly reflect the airflow velocity.

Fig 1. Heat distribution inside the coil working in CP mode under different wind velocities. Results for wind velocities of (A) 0 m/s, (B) 5 m/s, (C) 10 m/s, (D) 20

m/s, (E) 30 m/s, and (F) 40 m/s.

https://doi.org/10.1371/journal.pone.0254256.g001

Table 1. Wind velocity and temperature of the center of the coil in CP mode.

Wind Velocity m/s Temperature Wind Velocity Temperature Wind Velocity Temperature

˚C m/s ˚C m/s ˚C

0 281.3 15 104.5 30 61.1

2.5 223.4 17.5 94.4 32.5 57.1

5 182.7 20 85.9 35 52.9

7.5 154.2 22.5 78.6 37.5 49.1

10 133.4 25 72.3 40 45.9

12.5 117.1 27.5 66.7

https://doi.org/10.1371/journal.pone.0254256.t001
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Step 2: The power compensation of the coil was found by maintaining its temperature at

86˚C with a wind velocity of 20–60 m/s in CTD mode. By adjusting the power of the coil, i.e.,

changing the heat generation rate in the simulation software under different wind velocities,

the temperature at the center of the coil was maintained at 86˚C. The relationship between the

wind velocity and coil heating power was obtained by saving the power of the coil at different

wind velocities (see Table 2).

In CTD mode, the controller compensates the coil heating power under different wind

velocities, which can reflect changes in wind velocity. The higher the wind velocity, the higher

the power derived by the coil from the controller. To maintain the coil temperature at 86˚C at

the maximum wind velocity of 60 m/s, a heat generation rate of 4.42×109 W/m3 is required,

which means that the controller should drive the coil with a power of 11.30 W, and the corre-

sponding driving voltage is 16.81 V.

The results of thermal simulations of the coil working under the two heating modes at dif-

ferent wind velocities showed that the hybrid CP/CTD strategy is feasible and has the potential

to be implemented. In general, the driving voltage of the coil is low and thus can be provided

and controlled with low voltage electronic components. Furthermore, the power of the wind

velocity sensor is variable. Usually, the wind velocity is in the low or medium range, and the

sensor is driven with low power. When the wind velocity increases, the sensor is temporarily

driven with high power. Thus, an optimal balance among the driving power, measurement

range, and accuracy can be achieved.

Heating coil temperature measurement circuit. A PT100 thermistor was placed into the

coil to sense the coil temperature, and the related sensing circuit was designed. The resistance

of the PT100 thermistor has the following relationship with the temperature:

RT ¼ Rð1þ aTÞ; ð4Þ

where RT is the resistance of the PT100 thermistor at temperature T; α is the temperature coef-

ficient, which is 0.00385; R is the standard resistance of the PT100 thermistor at 0˚C, which is

100O [36]; and T is the temperature. The resistance of the PT100 thermistor changes linearly

with the temperature. If the same current I is applied to the PT100 thermistors for both coil

temperature and ambient temperature detection, the resistance change can be converted into a

voltage change. By amplifying the difference between the coil temperature and ambient tem-

perature, the effects of the ambient temperature and common-mode voltage were removed

[37], as follows:

UO ¼ bðUS � UAÞ ¼ bIRaðTS � TAÞ; ð5Þ

where US is the voltage output at the coil temperature, UA is the voltage output at the ambient

temperature, and TS and TA are the coil temperature and ambient temperature, respectively.

Table 2. Wind velocity and coil heating power in CTD mode.

Wind Velocity m/s Power Wind Velocity Power Wind Velocity Power

W m/s W m/s W

20 5.14 34 7.44 48 9.64

22 5.47 36 7.75 50 9.95

24 5.81 38 8.11 52 10.23

26 6.14 40 8.41 54 10.49

28 6.45 42 8.72 56 10.74

30 6.78 44 9.00 58 11.05

32 7.08 46 9.34 60 11.30

https://doi.org/10.1371/journal.pone.0254256.t002
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The voltage output UO is related to the wind velocity. It is advisable to use a small current to

drive the PT100 thermistor to avoid self-heating effects. Based on the performance parameters

of the PT100 thermistor and the output signal dynamics, I = 1 mA was selected as the driving

current of the PT100 thermistor, and the amplification β was set to 25 so that the dynamic

range of the coil temperature output signal could be expanded to 0–3.3 V, which was suitable

for the back-end analog-to-digital converter.

Using the hybrid strategy described above, a detailed circuit and printed circuit board

(PCB) were designed and wind velocity sensors were implemented. The wind velocity sensor

was a circular PCB with a diameter of 27 mm and height of 10 mm. Fig 2 provides a corre-

sponding circuit block diagram and photograph.

Wind direction measurement

The heat of the coil in the wind velocity sensors will be carried away by the airflow from all

directions. Thus, the coil temperature will decrease, and the wind direction cannot be sensed

with only a single wind velocity sensor. Indeed, it is necessary to vary the wind vectors artifi-

cially and to calculate the wind direction by measuring and analyzing the wind velocities in

different positions. Hence, multiple wind velocity sensors must be placed in suitable positions

before calculating the wind direction [38].

An airflow tunnel was designed to vary the wind vectors artificially, control the airflow

direction, and use the synchronous measurement of the wind velocity and wind direction. Fig

3 shows the basic method of wind direction measurement using the airflow tunnel.

In the ideal case in which the airflow tunnel is parallel to the external wind vector, the wind

will completely pass through the airflow tunnel, and the wind velocity sensors located at the

center of the airflow tunnel will be able to sense the wind velocity. When the airflow tunnel is

perpendicular to the external wind vector, the wind velocity inside the airflow tunnel will be

zero owing to the blockage of the tunnel walls [39]. However, in actual situations, the wind

velocity inside will not be zero because of a certain vortex. To reduce the influence of the center

vortex, it is necessary to explore the airflow tunnel length under the maximum wind velocity.

In addition, it is only possible to convey the perpendicular or parallel state of the airflow

tunnel to the external wind vector using the wind velocity sensor inside the airflow tunnel,

whereas it is impossible to convey the direction of the external wind vector. Therefore, it is

necessary to use multiple sensors, place the airflow tunnel in an external wind vector field,

study the airflow distributions inside and outside the tunnel, and determine the best positions

of the wind velocity sensors for obtaining the wind velocity differences. ANSYS Fluent simula-

tion software was used to simulate different cases to investigate the wind velocity distribution

Fig 2. Wind velocity sensor. (A) Block diagram and (B) photograph of the sensor.

https://doi.org/10.1371/journal.pone.0254256.g002
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of the airflow tunnel when it was parallel and perpendicular to the wind vector and thereby to

find the optimal airflow tunnel length and check the sensor positions.

Airflow tunnel simulation and best positions for wind velocity sensors. The internal

cross-sectional area of the airflow tunnel was selected to be 40×40 mm, which was sufficient to

set up the wind velocity sensors, and a certain amount of airflow space was reserved for the

wind velocity sensor. Firstly, the optimal airflow tunnel length was studied. The airflow tunnel

was placed perpendicular to a wind field with a maximum velocity of 60 m/s, and airflow simu-

lations were performed. The length of the tunnel started at 20 cm and was increased in 1 cm

increments. When the central area of the tunnel exhibited a uniform wind velocity distribution

that was much smaller than the external wind velocity, the simulation results satisfied with the

demand of wind field measurement. Accordingly, the shortest tunnel length with the above-

mentioned characteristics is appropriate for achieving adequate performance with the smallest

volume and amount of material. Fig 4 presents the simulation results.

The wind velocity distribution in the central area is the smoothest when the airflow tunnel

length is 30 cm, and the velocity is much smaller than those of the external wind vectors.

When the length increases further, although the low wind velocity area in the airflow tunnel

becomes larger, the uneven wind velocity distribution will affect the wind velocity measured

by the sensor at the center of the tunnel.

Subsequently, the positions of the airflow control structure and multiple wind velocity sen-

sors were studied to find methods of indirect wind direction measurement. To create a differ-

ence in wind velocity or wind direction related to the wind vector angle artificially, a damper

board was designed, which was erected at the center of the top of the airflow tunnel and per-

pendicular to the airflow tunnel [40]. By detecting the difference in wind velocity between two

sensors on opposite sides of the damper board, the angle between the airflow tunnel and exter-

nal wind vector could be calculated. Fig 5 depicts the corresponding structure.

To verify the feasibility of using a tunnel with a damper board for wind direction measure-

ment, the airflow tunnel was 3D-modeled and imported into ANSYS Fluent simulation soft-

ware. Under the condition of a parallel wind field with a wind velocity of 30 m/s, two airflow

distribution views from the y-axis downward were checked. One was the inner center plane of

the airflow tunnel, and the other was the damper board plane which was 15 mm above the air-

flow tunnel.

Fig 3. Basic method of measuring wind direction using the airflow tunnel. Measurement method when the airflow tunnel is (A) parallel and (B) perpendicular

to the wind vector.

https://doi.org/10.1371/journal.pone.0254256.g003
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Firstly, the airflow distribution in the central plane of the airflow tunnel was investigated.

Fig 6 presents the simulation results.

The black frames in Fig 6 indicate the airflow tunnel and damper board, and the green

arrows from right to left are wind vectors. The direction and length of each arrow represent

the wind direction and wind velocity, respectively. The background is the wind velocity con-

tour graph, where the wind velocity ranges from 0 to 30 m/s and the color gradually changes

from blue to red.

According to the simulation results presented above, when the angle between the airflow

tunnel and wind vectors is 0˚ or 90˚, the wind distribution inside the airflow tunnel presents a

steady state. When the angle is 0˚, the wind vectors completely pass through the airflow tunnel.

When the angle is 90˚, the wind vectors are completely blocked by the wall of the airflow tun-

nel; hence, there is little airflow distribution inside the tunnel, and the wind vector is zero. For

other positions between 0˚ and 90˚, the wind distribution inside the airflow tunnel involves

obvious turbulence and stratification, which is irregular and cannot accurately reflect the

external wind vector information.

Next, airflow distribution on both sides of the damper board was simulated 15 mm above

the airflow tunnel. Fig 7 presents the results.

Fig 4. Wind velocity distribution inside the airflow tunnel when perpendicular to external wind vectors with different lengths. Results for airflow tunnel lengths of

(A) 28 cm, (B) 29 cm, (C) 30 cm, (D) 31 cm, and (E) 32 cm.

https://doi.org/10.1371/journal.pone.0254256.g004
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It is obvious that the damper board blocks the airflow, resulting in significant variation of

the wind distribution on both sides. When the angle between the airflow tunnel and wind vec-

tor is 0˚, the wind velocity on the downwind side of the damper board is smaller than that on

the upwind side. The wind velocity on both sides of the damper board gradually increases as

the tunnel rotates, and the velocity difference between the upper and lower sides decreases.

When the angle is 90˚, the damper board has no blocking effect on the wind vector, and the

vectors on both sides of the damper board are identical to the external wind vectors. Obvi-

ously, the damper board structure will artificially vary the external wind vector, and the wind

angle can be measured indirectly by calculating the wind velocity difference between the two

sides of the damper board.

According to the simulation results presented above, 300 mm was chosen as the airflow

tunnel length. A damper board with a height of 40 mm was installed vertically at the center of

the top cover of the airflow tunnel, and two wind velocity sensors were installed on opposite

sides of the damper board and close to it to calculate the wind direction. In addition, a wind

velocity sensor was installed in the inner center of the airflow tunnel to measure the wind

velocity and correct the wind direction. After confirming the structure of the airflow tunnel,

ultraviolet (UV)-light curing 3D printing was used to implement all the parts. Fig 8 presents a

photograph of the airflow tunnel, damper board, and wind velocity sensor positions.

Design and implementation of the airflow tunnel, rotating platform, and instrument.

According to the wind direction measurement principles, the airflow tunnel must be rotated

smoothly through 360˚, and the rotation angle can be recorded to calculate the wind direction.

Hence, the airflow tunnel was installed on a rotating platform with position feedback, and a

microcontroller was used as the servo drive.

The microcontroller applied the hybrid CP/CTD strategy to the coils of all the wind velocity

sensors simultaneously, drove the coils, read the coil temperatures, and calculated the wind

velocities using the coil temperatures and driving powers. The rotating platform was con-

trolled to rotate the airflow tunnel, and the wind direction was calculated according to the

wind velocities detected by each sensor. Finally, the calculated wind velocity and wind direc-

tion were output to a liquid crystal display screen and uploaded to the host computer through

Fig 5. 3D rendering image of airflow tunnel and damper board.

https://doi.org/10.1371/journal.pone.0254256.g005
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the wireless transceiver for recording. In addition, the host commands were downloaded. Fig 9

shows a hardware block diagram and photographs of the wind velocity and direction measure-

ment instrument.

Fig 6. Airflow distribution of the central plane for different angles between the airflow tunnel and external wind vector. Results for angles of (A) 0˚, (B) 30˚, (C)

60˚, and (D) 90˚ between the airflow tunnel and external wind vector.

https://doi.org/10.1371/journal.pone.0254256.g006
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Proposed methods

By combining the basic wind velocity and wind direction measurement principles with the

designed mechanical structure and hardware circuit, a complete wind vector measurement

procedure and method were developed.

Fig 7. Airflow distribution of the damper board with different angles between the airflow tunnel and external wind vector. Results for angles of (A) 0˚ and 90˚,

(B) 30˚ and 120˚, (C) 60˚ and 150˚, and (D) 90˚ and 180˚ between the airflow tunnel and wind vector and between the damper board and wind vector, respectively.

https://doi.org/10.1371/journal.pone.0254256.g007
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General method of wind direction measurement using multiple wind velocity sensors.

According to the previous simulation results, consider the three airflow tunnel states shown in

Fig 10.

In total, three wind velocity sensors were installed on the surface and inside the airflow tun-

nel. In state (a), the wind velocity sensors installed on the upwind and downwind sides of the

damper board were Sensors #1 and #2, respectively. The sensor installed at the center of the

inside tunnel was Sensor #3. In the three states, namely, (a), (b), and (c), of the entire wind

direction measurement process, the output values of the three wind velocity sensors changed,

as summarized in Table 3.

To measure wind velocity and direction, the angle between the airflow tunnel and wind

direction was assumed to be θ, and the outputs of Sensors #1 and #2 were VS1 and VS2, respec-

tively. There is a certain relationship between the difference in the outputs of the two sensors,

VS1–VS2, and the change in the difference, together with θ. Specifically, when VS1–VS2 is the

maximum positive value, θ is 0˚; when VS1–VS2 is the minimum negative value, θ is 180˚; and

Fig 8. Image of airflow tunnel, damper board, and wind velocity sensors.

https://doi.org/10.1371/journal.pone.0254256.g008
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when VS1–VS2 = 0, θ is 90˚ or 270˚. Sensor #3 outputs the maximum value when θ is 0˚ or

180˚, and this value can be used as the wind velocity; when θ is 90˚ or 270˚, it outputs the mini-

mum value, which can be used as an auxiliary correction of wind direction.

Fast extreme-value-finding method for sensor data based on second-order difference.

According to the requirements of the wind direction measurement method above, the micro-

controller must estimate the airflow tunnel position by judging the wind velocities or differ-

ence between the velocities. To find the extreme value rapidly, a fast extreme-value-finding

method for sensor data based on the second-order difference is proposed.

Assume that VS is the wind velocity output by any wind velocity sensor, and θ, as defined

above, is the angle between the airflow tunnel and wind direction. Then, VS and θ have a

Fig 9. Wind velocity and direction measurement instrument. (A) System block diagram (B) PCB (C) Instrument.

https://doi.org/10.1371/journal.pone.0254256.g009
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certain relation:

VS ¼ VðyÞ: ð6Þ

Thus, the first and second derivatives of VS, V’S, and V"S, respectively, can be found. When

V’S = 0 and V"S> 0, the minimum value is obtained; when V’S = 0 and V"S< 0, the maximum

value is acquired. For microcontroller-based digital systems, continuous calculations must be

converted into the discrete field, as follows:

DS½yn� ¼ VS½yn� � VS½yn� 1� ð7Þ

TS½yn� ¼ DS½yn� � DS½yn� 1�; ð8Þ

where VS[θn] is the nth sample in the sequential samples of the wind velocity output following

the rotation angle θ, and DS[θn] is the wind velocity increment, i.e., the difference between two

adjacent samples in the sequential samples VS[θn]. Further, TS[θn] performs a differential

Fig 10. Complete wind velocity and wind direction measurement process.

https://doi.org/10.1371/journal.pone.0254256.g010

Table 3. Analysis of sensor output in different states.

Status A Transient B Transient C

A to B B to C

Rotary Angle 0˚ 0˚–90˚ 90˚ 90˚–180˚ 180˚

Sensor #1 Min Ascending Max Descending Min

Sensor #2 Min Ascending Max Descending Min

#1–#2 Max, >0 Descending = 0 Descending Min, <0

Sensor #3 Max Descending Min Ascending Max

https://doi.org/10.1371/journal.pone.0254256.t003
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calculation between two differentials DS[θn] and DS[θn-1] again to realize the function corre-

sponding to the second derivative.

However, for digital systems, owing to sampling errors such as quantization error or jitter,

it may not be possible to have two samples with zero difference even if the derivative of the

continuous function is zero. Therefore, it is acceptable to pre-define a minimum value E.

When the difference is less than E, it can be judged to be zero. Hence, in wind velocity sample

series from the sensor following the rotation angle θ of the airflow tunnel, when there are an

angle and samples satisfying

DS½yn� < E ð9Þ

TS½yn� > 0; ð10Þ

the sensor gives the maximum value. When there are an angle and samples satisfying

DS½yn� < E ð11Þ

TS½yn� < 0; ð12Þ

the sensor gives the minimum value.

This extreme-value-finding method can be conducted in real time. The first- and second-

order differential values can be calculated during the airflow tunnel rotation. After the extreme

value is found, it is unnecessary to continue rotating the airflow tunnel and save redundant

data. Therefore, this extreme-value-finding method will significantly improve the measure-

ment speed and reduce the instrument response time during measurement.

Wind velocity and direction measurement by sequential measurement and correc-

tion. By combining the previous simulation results, wind direction measurement method,

extreme-value-finding method, etc., this section describes the complete wind velocity and

direction measurement procedure employed in this study using sequential measurement and

correction, which was programmed on the microcontroller.

Firstly, after the system was powered on or reset, the microcontroller drove the coils of the

wind velocity sensors with the hybrid CP/CTD strategy and waited until all the coils had been

fully heated to the working temperature. Next, the microcontroller read the current position of

the rotating platform to determine whether it was at the zero position. If the rotating platform

was not at the zero position, then it was rotated to the zero position.

Next, the wind velocity and direction measurement were started. The first step was to find

the position of the airflow tunnel parallel to the wind vector. The microcontroller drove the

rotating platform to make the airflow tunnel rotate counterclockwise from the zero position

and recorded the airflow tunnel rotation angle θ and wind velocity output of Sensor #3, VS3.
Simultaneously, it read VS1 and VS2 and found the maximum value of the difference VS1–VS2.
When the maximum value appeared, θ was saved as θH, representing the position where the

airflow tunnel was parallel to the external wind vector. Furthermore, at this position, VS3 was

saved as VH.

Then, wind direction correction was performed. The microcontroller continued rotating

the airflow tunnel counterclockwise and read θ as well as VS3. When the minimum value of

VS3 was found, θ was saved as θV, representing the position at which the airflow tunnel was

perpendicular to the wind vector.

According to the obtained values of θH and θV, the rotation angle when the airflow tunnel

was parallel to the wind vector was corrected. The difference between θH and θV should be 90˚;

however, owing to measurement error, the difference was not exactly 90˚. Therefore, the
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corrected θ’H was calculated from θH by taking the mean value of the angle error, as follows:

y
0

H ¼ yH �
90
�

� ðyP � yHÞ

2
: ð13Þ

After angle correction had been completed, θ’H was output together with the previously

measured wind velocity VH, completing the wind velocity and direction measurement process.

Subsequently, the microcontroller turned the airflow tunnel back to the zero position of the

rotating platform and performed the next wind velocity and direction measurement.

Results and discussion

After the wind velocity sensors and the wind velocity and direction measurement instrument

had been implemented, calibrations and experiments were conducted to confirm the system

functions and accuracy. The experiments and tests were performed in two parts: wind velocity

measurement and wind direction measurement.

Calibration and testing of wind velocity sensors

The expected wind velocity measurement range was 0–60 m/s. To obtain the airflow to be

measured with full-scale adjustable velocity, a high-velocity airflow system was designed and

implemented first, as shown in Fig 11.

The airflow system mainly consisted of two axial fans, two cowls, a high-velocity airflow

tunnel, a fan controller, and an anemometer. By adjusting the fan controller knob, the rotation

speeds of the two fans were adjusted; hence, the air intake and exhaust volumes were adjusted.

After the air flowed through the narrow airflow tunnel, high-velocity airflow was generated.

Before each calibration and test of the wind velocity sensors was performed, the wind veloc-

ity in the high-velocity airflow tunnel was adjusted using the controller knob and measured

using the anemometer. The wind velocity was checked by reading the anemometer and mak-

ing its value equal the required wind velocity for the current experiment. After checking the

wind velocity, the anemometer was removed and a rubber seal was used to close the anemome-

ter hole to ensure the airtightness of the high-velocity airflow tunnel. The wind velocity in the

high-velocity airflow tunnel was a predetermined value and was used to calibrate and test the

wind velocity sensors.

Calibration of wind velocity sensors. The wind velocity sensors worked in the CP and

CTD modes for different measurement ranges; hence, the two states were calibrated

separately.

When the wind velocity sensors measured wind velocities of 0–20 m/s, they operated in CP

mode. According to the simulation results presented above, a constant power of 5.5 W with a

voltage of approximately 11.73 V was applied to the coil of the wind velocity sensor from a sta-

bilized power supply unit. The high-velocity airflow generator generated different wind veloci-

ties between 0 and 20 m/s in increments of 2 m/s, and the temperature output of the sensor at

each wind velocity was saved.

When the wind velocity sensors measured wind velocities of 20–60 m/s, they operated in

CTD mode. The microcontroller ran the PID control algorithm and drove the sensor coil, and

its output power increased from 5.5 W. As the wind velocity increased, the microcontroller

adjusted the power according to the temperature feedback of the sensor. The coil was kept at

this operating temperature point, and the wind velocity was calculated from the output power.

Therefore, it was necessary to adjust the PID controller parameters first. Fig 12 depicts the PID

parameter tuning system.
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Fig 11. High-velocity airflow system for calibration and testing of wind velocity sensors. (A) Block diagram and (B) image of the high-velocity airflow system.

https://doi.org/10.1371/journal.pone.0254256.g011
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The sensor to be tested was placed in the center of the high-speed airflow tunnel and con-

nected to the PCB of the instrument, so that the microcontroller could read the sensor temper-

ature signal and drive the coil. To facilitate parameter tuning, the host computer ran the PID

tuning system using the LabVIEW environment [41, 42]. The microcontroller sent the coil

temperature to the host computer and drove the coil using the voltage calculated by the PID

tuning system on the host computer through a full-duplex serial interface. The parameters

were tuned under a maximum wind velocity of 60 m/s to achieve the largest velocity dynamics

so that the measurement system could function well throughout the velocity range. After tun-

ing, the appropriate PID controller parameters were stored in the microcontroller.

Under the PID algorithm control, the coil in the wind velocity sensor worked in CTD

mode. To test the sensor, wind velocities ranging from 20 to 60 m/s in 2 m/s increments were

generated using the high-velocity airflow generator. At each wind velocity, the heating voltage

to the coil was saved.

The temperature and driving voltages of the coil of the wind velocity sensor were measured

in the two working modes with different wind velocities, as shown in Fig 13.

When the wind velocity is approximately 20 m/s, the coil temperature voltage is 0.27 V

according to the testing data above. Therefore, 0.27 V can be treated as the heating mode

switching point of the sensor coil, i.e., the sensor coil is in CP mode when the voltage is greater

than 0.27 V, and it is in CTD mode when the voltage is less than or equal to 0.27 V.

To make the discrete measurement points continuous and control the measurement error

range, it was necessary to fit the series of measurement points to a polynomial. Furthermore,

the measured wind velocity range could be divided into several segments, and a segment func-

tion was fitted according to the sensor output voltage so that the relation between the mea-

sured and fitted wind velocities could be found for each segment. By writing the polynomial

formula for the microcontroller, the measured wind velocity could be corrected in real time

with the segmented fitting parameters in the microcontroller, enhancing the accuracy of the

wind velocity.

When the sensor is in CP mode, the coil temperature is related to half of the power of the

wind velocity, i.e., the wind velocity is related to the square of the coil temperature. Therefore,

second-order polynomial regression analysis was performed between the measured wind

Fig 12. Schematic diagram of PID parameter tuning system.

https://doi.org/10.1371/journal.pone.0254256.g012

PLOS ONE Wind vector measurement using constant power/constant temperature difference heating

PLOS ONE | https://doi.org/10.1371/journal.pone.0254256 July 8, 2021 19 / 28

https://doi.org/10.1371/journal.pone.0254256.g012
https://doi.org/10.1371/journal.pone.0254256


velocity and the coil temperature voltage of the sensor. The following regression equation was

obtained:

V ¼ 1:023U2 � 9:088U þ 15:91 When U � 0:7

V ¼ 53:45U2 � 72:91U þ 35:72 When 0:27 < U < 0:7
:

(

ð14Þ

The wind velocity is also related to the square of the coil heating power when the sensor is

in CTD. Hence, second-order polynomial regression analysis was performed between the mea-

sured wind velocity and coil driving voltage, and the following regression equation was

obtained:

V ¼ 0:1138P2 þ 4:461P � 7:957 When U � 0:27: ð15Þ

The regression equation parameters were respectively saved in the microcontroller. The

microcontroller read the voltage outputs of the wind velocity sensors, judged the sensor

Fig 13. Temperatures and driving voltages of the coil under different wind velocities.

https://doi.org/10.1371/journal.pone.0254256.g013
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working status, and calculated and corrected the wind velocity value according to the coil tem-

perature voltage or coil driving voltage in real time.

Accuracy and consistency of wind velocity sensors. To verify the accuracies of the wind

velocity sensors after polynomial fitting, as well as the consistency between the different wind

velocity sensors, the three wind velocity sensors used in the instrument were tested separately.

Each sensor was placed at the center of the high-velocity airflow tunnel of the airflow genera-

tor, and 20 wind velocity points within the wind velocity range of 0–60 m/s were randomly

selected as the testing wind velocities. The wind velocity from the wind velocity sensor after fit-

ting was compared with that measured by the anemometer to check the measurement error.

Fig 14 shows the error distribution of each of the sensors.

In the wind velocity measurement range of 0–60 m/s, an additional 20 wind velocity points

were selected to test the consistency of the three sensors. When testing the three sensors with

Fig 14. Error distributions of three sensors.

https://doi.org/10.1371/journal.pone.0254256.g014
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the same wind velocity point, the RPM control knob of the high-velocity airflow generator was

kept still to ensure that the wind velocity was constant, and the three sensors were tested in

turn under the same wind velocity. The error between the sensor outputs and standard wind

velocity was saved, and the maximum error was used to check the consistency of the three sen-

sors. Fig 15 presents the maximum error among the three sensors.

It can be seen from the error distribution in Fig 15 that the errors between the wind velocity

outputs of the three sensors after correction and the standard value meet the design require-

ments, i.e., within the measurement range of 0–20 m/s, the error is ±0.5 m/s, and within the

measurement range of 20–60 m/s, the error is ±1 m/s. It can also be seen from Fig 15 that the

measurements of the three sensors are consistent, and the maximum error between the sensors

is less than 0.8 m/s. Thus far, the three sensors meet the design requirements; hence, they can

be used for wind velocity detection and wind direction calculation.

Fig 15. Consistency of the three sensors.

https://doi.org/10.1371/journal.pone.0254256.g015
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Wind direction measurement test

Next, all parts of the wind velocity and direction measurement instrument were assembled,

and the wind velocity sensor calibration data and wind direction calculation method were pro-

grammed into the firmware. A command line host client software was programmed using C

programming language and run on a host PC so that the wind velocity and direction instru-

ment could be controlled and the wind velocity and direction data could be received and

saved.

The relevant tests for wind direction measurement were completed in the wind direction

test chamber, as shown in Fig 16.

The wind direction test chamber provided directional airflow through an adjustable-speed

fan installed on the side. An angle dial was attached to the floor of the chamber, with a circum-

ference of 360 subdivisions. The wind velocity and direction measurement instrument was

placed above the angle dial. Angles in 30˚ increments were taken as the calibration angles in

the wind direction test. During each test, the instrument was manually rotated along its center

to the calibration angle value, indirectly causing the wind direction to change. To verify the

validity of sequential measurement and correction for wind direction measurement, the angles

calculated by sequential measurement and correction were compared with those simply calcu-

lated from the Sensor #1 and #2 velocities. The wind angle was measured twice: firstly, only

Sensors #1 and #2 were used to measure the wind angle; secondly, all three sensors were used

to measure the wind angle using the method of sequential measurement and correction. The

measured value pairs corresponding to each wind angle were saved and compared to check for

errors. Fig 17 presents the angle errors resulting from the two wind angle measurement

methods.

According to Fig 17, the maximum angle error range is ±5˚ when performing calculations

using only the sensors on opposite sides of the damper board. By adding the third sensor in

the center of the airflow tunnel and using the method of sequential measurement and correc-

tion, the error of the wind angle decreases significantly from ±5˚ to ±2˚.

Then, 10 additional angles different from the previous calibration angles were selected to

test the wind angle measurement and investigate whether the accuracies obtained using those

wind angles met the design requirements. Table 4 summarizes the results.

The angle error is less than or equal to ±3˚ in each case, which means that these wind angles

all meet the design requirements.

Conclusion

To overcome the challenges in wind vector measurement over a wide range, a large, dynamic,

and high-precision method was developed from the perspectives of the wind sensor coil driv-

ing strategy, wind velocity measurement circuit, sensor calibration, and test equipment for

outdoor and semi-outdoor spaces such as open tarmacs, semi-open equipment rooms, and

warehouses. A prototype of the wind velocity sensor was fabricated and tested. The concept of

wind direction measurement by analyzing and fusing a large amount of wind velocity sensor

information was considered from the perspectives of the airflow control structure and wind

angle calculation algorithm. In addition, related thermal and fluent simulations were per-

formed to find the key parameters and verify the feasibility of the wind direction measurement

method. Advanced manufacturing technologies including computer-aided design software

and UV-curable 3D printing were introduced, for which the method of sequential measure-

ment and correction as well as a fast extreme-value-finding algorithm were proposed for wind

direction measurement. The test results showed that the wind velocity sensors could measure

wind velocities of 0–60 m/s, with accuracies of ±0.5 m/s for the 0–20 m/s range and ±1 m/s for
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the 20–60 m/s range. For wind direction measurement, the accuracy reached ±3˚ in the full

range of 360˚. The wind vector instrument achieved the expected wind velocity and direction

measurement accuracies and can be used for applications of wind vector measurement across

a wide range with large dynamics and high precision.

There remains scope for improvement of the wind velocity and wind direction measure-

ment accuracies. In this study, the wind velocity information given by multiple wind velocity

sensors was only used to calculate the wind direction. By processing the information in detail

and applying more advanced methods, the wind velocity measurement accuracy can be

Fig 16. Wind direction test chamber. (A) Block diagram and (B) image of the test chamber.

https://doi.org/10.1371/journal.pone.0254256.g016
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Fig 17. Comparison of the error distributions of the two wind angle measurement methods.

https://doi.org/10.1371/journal.pone.0254256.g017

Table 4. Wind angle measurement errors.

No. Preset angle Measuring angle Angle error

1 8˚ 8˚ 0˚

2 21˚ 21˚ 0˚

3 53˚ 53˚ 0˚

4 96˚ 95˚ –1˚

5 124˚ 123˚ –1˚

6 172˚ 172˚ 0˚

7 193˚ 195˚ 2˚

(Continued)
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improved. Subsequently, the wind direction measurement accuracy can be improved. There-

fore, we will focus on this aspect in future research.
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