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A Compact Fault Tolerant 2-D Anemometer
Andrea Ria , Senior Member, IEEE, Paolo Bruschi , and Massimo Piotto , Member, IEEE

Abstract—A compact anemometer capable of detecting
both the magnitude and the direction of the wind in 2-
D is presented. The device relies on a recently formalized
principle, consisting in combining the differential pressures
measured across distinct diameters of a cylinder exposed
to the wind to estimate the wind velocity and the incidence
angle. The cylinder includes an ad hoc microfluidic structure
with three sections of diametric pressure probes connected
in parallel. The multisection approach has been adopted in
order to increase the reliability of the device. The prototype
has been fabricated with stereolithographic printing, while
commercial differential pressure sensors with low power
consumption are used to read the pressures. The results of
detailed experiments performed in a wind tunnel in the range 4–30 m/s are reported. A maximum angular error of 6◦ and
a speed relative error less than 5.3% have been obtained.

Index Terms— 2-D anemometer, differential pressure anemometer, directional wind sensor, Internet of Things (IoT),
sensor miniaturization, stereolithographic printing.

I. INTRODUCTION

H ISTORICALLY, anemometers have been used in differ-
ent scenarios, such as meteorological studies, weather

forecasting marine, and aerial navigation. With the advent of
the Internet of Things (IoT) era, new fields of applications,
such as the assistance in climate change studies, the spreading
of pollutants, and the precise application of agrochemicals in
smart agriculture [1] or the indoor climate control for well-
being [2], are being proposed. In these emerging applications,
one of the most promising approaches is the implementation
of a wireless sensor network (WSN) with a large number of
battery supplied nodes distributed on a wide area. In these
cases, the availability of miniaturized and low power sensing
devices is of primary importance.

The detection of wind speed and/or direction can rely on
different principles of transduction. The simplest and most
popular technique exploits a set of rotating cups to mea-
sure the wind speed and vanes to detect the direction. This
kind of anemometer has low power consumption, but its
miniaturization is very challenging. When mechanical devices
are scaled down to centimeters scale, the frictional force
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tends to dominate over the inertial force due to the different
scaling rules and this prevents a smooth movement at low
speeds [3]. As a result, miniaturized mechanical anemometers
based on rotating parts are not suitable for low wind speed
applications.

A valid alternative is the ultrasonic anemometers. These
devices are based on the time-of-flight principle and can
be designed to detect two components of the wind velocity
vector (2-D anemometers) or even all three components (3-D
anemometers) [4]. However, the spacing among the ultrasonic
transducers cannot be minimized without worsening the device
sensitivity, thus limiting the downscaling of the anemome-
ter [5].

Thermal anemometers are considered an effective substitute
of cups and vane wind sensors when the detection of very
slow air flows is required. They consist of one or more heated
elements exposed to the wind and the quantity related to the
wind speed is the gross heat loss or the heat transfer toward
downwind direction [6], [7]. Miniaturization can be easily
accomplished due to micromachining technologies [8], [9],
[10], but the heating elements become extremely fragile and
purpose-built packages are necessary.

Pressure probes represent another popular solution. The
well-known Pitot tube is used in a wide range of applications
to measure the magnitude of fluid flow velocity. Multihole
pressure probes are proposed to detect both the direction
and the speed of the wind by processing different values of
pressure captured at the outer surface of a bluff or streamlined
body exposed to the wind. For example, the commonly called
“Cobra-probes” are capable of measuring the three compo-
nents of fluid velocity at high frequency and they are very
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compact [11]. However, conventional five-hole or seven-hole
probes have a limited range of acceptance angles, usually less
than 80◦ [12], [13]. Higher values of the acceptance angles
have been obtained by increasing the number of the holes [14]
at the price of more complex calibration procedures [15], [16].
The sampling of the pressure distribution on the surface of
cylinders and spheres by means of a set of pressure-sensing
holes has been proposed to extend the direction detection
range to a 360◦ range [17], [18], [19], [20], [21], [22] and to
obtain omnidirectional 3-D anemometers [23], [24]. A com-
mon method to estimate the wind speed and direction from
the pressure measurements is based on empirical formulas
derived from the fitting of the pressure distribution on the
cylinder or sphere surface [17], [18], [19], [20], [21], [23],
[24]. This method can be applied only to a restricted set of
wind directions around the stagnation point since the pressure
distribution is not monotonic. Usually, only pressures sampled
up to 45◦ from the stagnation point can be used in the empiri-
cal formulas to obtain a good estimation of the wind direction.
For this reason, the proposed transducing method requires first
identifying the hole where the maximum of the pressure has
been measured and then applying the empirical formulas to
the pressures measured in this hole and in the adjacent ones.
To extend the wind direction detection to the whole 360◦

range preserving a good resolution, a great number of holes is
necessary. For example, Sun et al. [20] proposed a cylindrical
probe with 12 pressure-sensing holes for a 2-D measurement,
while spheres with 12 [24] and 30 pressure-sensing holes [23]
are used to obtain an omnidirectional 3-D anemometer. Con-
sidering that each pressure-sensing hole is usually connected
to an absolute pressure transducer, the complete devices turn
out to be complex and quite large and this makes them
unsuitable for noninvasive WSN applications. More compact
devices have been obtained by connecting two holes placed
at the ends of a diameter to the inputs of a differential
pressure sensor [19], [21]. However, the transduction method
does not change, and its processing complexity is not suitable
for resource-restricted scenarios like the individual node of a
large WSN or devices on board small autonomous vehicles.
Recently, neural networks, processing several samples taken
on the surface of a sphere, have been used to extract the
wind direction and speed overcoming the complexity of the
pressure distribution [22]. Such promising approach requires
high computational power, which is currently not compatible
with many low-cost, microcontroller-based embedded systems.

In 2009, we proposed a 2-D cylindrical anemometer [25]
based on a novel transduction mechanism founded on a rigor-
ous theory exposed in [26]. The proposed method exploits the
symmetries of the pressure distribution on a cylinder surface
with respect to the stagnation point. In the case of an ideal
cylinder of infinite length, the symmetry property is indepen-
dent of the wind speed, so the method is theoretically suitable
for all flow regimes. The proposed algorithm is very simple
and consists in linear algebraic operations applied to pressures
sampled at specific positions on the cylinder surface. Perform-
ing the algebraic operations with a microfluidic network in the
fluidic domain allows reducing both the number of external
signal transducers and the complexity of the algorithms needed

to estimate the quantities of interest. In fact, we obtained
very compact and simple directional anemometers with the
microfluidic network fabricated inside the cylinder by means
of a computer-controlled milling machine [25], [27] or 3-D
printing [28]. The devices used only two MEMS flow sensors
operating as differential pressure transducers. However, these
devices have also some drawbacks. In particular, the need
for a laminar flow inside the microfluidic network makes it
challenging to adapt these anemometers to high wind speed
applications. Furthermore, the need of precise ratios between
the hydraulic conductances of the microchannels that form
the microfluidic network makes the sensors prone to partial
or full obstructions of one or more channels caused, for
example, by dust or dirt in outdoor applications or fabrication
irregularities [26]. In addition, each channel fabricated inside
the cylinder must have exactly the dimensions set in the
design in order to avoid deviations from the predicted ideal
behavior [28].

In this work, we propose a directional anemometer with
a new configuration designed to overcome the mentioned
drawbacks. In particular, we have implemented a transduction
mechanism, where algebraic combinations of the pressures are
performed by an electronic computer instead of a microfluidic
network. In this way, deviations from the ideal behavior
are minimized even at high wind velocities, and the proper
functioning of the device is not compromised by partial
obstructions of the microchannels or manufacturing dimen-
sional errors. These improvements have been obtained at only
the price of increasing the number of the external pressure
transducers from two to four. In addition, to make the sensor
more tolerant of even total obstructions of one or more chan-
nels, we have designed a redundant configuration consisting
of three sets of pressure-sensing holes placed in the cylinder
surface at different heights. A similar redundant solution has
been proposed in previous works concerning different pressure
probing schemes and processing [20]. Differently from [20],
in the current work, we investigate the effects of blocking
single and multiple holes, showing the actual effectiveness
of the proposed configuration in counteracting this kind of
impairment.

In Section II, we explain the theoretical principle of oper-
ation, whereas Section III describes the structure of the
anemometer and introduces the adopted pressure sensors.
In Section IV, we discuss the experimental results.

II. PRINCIPLE OF OPERATION

The proposed solid-state anemometer is capable of mea-
suring both the direction and speed of the wind in 2-D. The
principle of operation relies on the processing of the pressure
distribution on the external surface of a cylinder exposed to
an air stream. A thorough theoretical analysis is given in [26]
and only a brief description is reported here.

When a fluid flows past a stationary body, like a cylinder,
a region of disturbed flow is formed. The extent and the
characteristics of the disturbed flow region depend on many
factors, including the shape, orientation, and size of the body
and the velocity and viscosity of the fluid. In the case of an
idealized situation where disturbances like surface roughness,
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Fig. 1. Profile of normalized pressure p0 around the cylinder surface
for different Reynolds numbers (Re).

Fig. 2. Cylinder cross section showing the convention used for the
quantities of interest. The wind velocity vector and its angle with x-axis
are indicated with “u” and “θ,” respectively.

wall proximity, and body end effects are neglected, the charac-
teristics of the disturbed flow region are governed by a single
parameter, namely the Reynolds number, defined as

Re =
ρu D
µ

(1)

where ρ is the air density, u is the wind speed, D is the
cylinder diameter, and µ is the air viscosity.

The observed variations of the local velocity field around
the cylinder are associated with a characteristic pressure dis-
tribution around its circumference. Fig. 1 shows the pressure
distribution around the cylinder surface for different Reynolds
number as a function of the angular distance β from the
stagnation point, indicated with “S” in Fig. 2. The data have
been obtained by precisely digitizing a set of experimental
curves reported in [29] and, as a customary, the pressure values
are normalized to the dynamic pressure (ρu2/2).

In [26], we first demonstrated that a differential pressure
with a sinusoidal dependence on the wind direction can be
obtained by linearly combining different diametric pressures,
that is differential pressures developed by the wind across
distinct diameters of the cylinder. Fig. 2 shows a cross section
of a cylinder exposed to an air stream, whose velocity vector
u forms an angle θ with the reference axis x . The diametric
pressure Pd taken across a diameter forming an angle α with
the x-axis is defined by

Pd(α, θ, u) = p+(α, θ, u) − p−(α, θ, u). (2)

Fig. 3. Schematic view of the two orthogonal sets of diameters
needed to obtain signals with cosine (x-section) and sine (y -section)
dependence on the wind direction (left). Cross section of the proposed
device with the merging of the x- and y -section (right).

In order to reduce the number of variables, it is convenient
to define the diametric pressure for α = 0 (i.e., the pressure
across the diameter aligned with the x-axis) as

Pd0(θ, u) = Pd(0, θ, u). (3)

It can be easily demonstrated that the differential pressure
developed by the wind across a diameter forming an angle αi

with the x-axis can be expressed as

Pd(αi , θ, u) = Pd0(θ − αi , u) = Pdi(θ, u). (4)

It is worth noting that the single diametric pressure is still
not monotonic and only the linear combination of a proper
set of diametric pressures has a sinusoidal dependence on the
wind direction [26].

Using two orthogonal identical sets of diameters, two sig-
nals with sine and cosine dependence on the wind direction,
respectively, can be obtained, making estimation of the direc-
tion straightforward. The diametric pressures are sampled by
means of pressure-sensing holes placed on the cylinder surface
and connected to pressure sensors by means of an internal
microfluidic network, as it will be described in Section III.
Although the combination of a large number of diametric
pressures produces a better approximation of the sinusoidal
dependence, even a simple structure with three diameters was
proven to give excellent results [26].

In this work, we have chosen to use the minimal config-
uration with the three diameters spaced of 45◦ each other,
as schematically shown in Fig. 3 for the two set of diameters,
namely, x- and y-section, necessary to obtain the cosine and
sine signals. It can be noted that, using the 45◦ spacing, the two
orthogonal sets of diameters have two diameters in common.
As a result, only four independent diametric pressures instead
of six are needed to estimate the wind direction and the final
device is more compact with the x- and y-section merged into
one section with four pairs of diametric pressure-sensing holes.

According to (4), the expressions of the four diametric
pressures Pd0, Pd1, Pd2, and Pd3 of the diameters shown in
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Fig. 3 are
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(5)

Applying the theory developed in [26], the following linear
combinations of the diametric pressures are calculated:

pX (θ, u) = Pd0(θ, u) + Pd1(θ, u) cos
(π

4

)
− Pd3(θ, u) cos

(π

4

)
(6)

pY (θ, u) = Pd2(θ, u) + Pd1(θ, u) cos
(π

4

)
+ Pd3(θ, u) cos

(π

4

)
. (7)

It has been demonstrated that the following approximations
are valid:

pX (θ, u) ∼= H(u) cos(θ) (8)
pY (θ, u) ∼= H(u) sin(θ) (9)

where H(u) is a monotonic function of the wind speed.
Considering (8) and (9), the estimates of angle θ and

magnitude H can be calculated by means of the following
formula: {

θ = arctan(pY , pX )

H(u) =

√
p2

X + p2
Y

(10)

where “arctan” is the four-quadrant inverse tangent function.
The wind velocity u can then be derived from H , since its
dependence on the wind velocity is monotonic, as it will be
shown later.

III. DESCRIPTION OF THE PROTOTYPE

A. Anemometer Description
Fig. 4 shows a schematic view of the horizontal and vertical

cross sections of the designed cylinder.
The cylinder is 6 cm high with a diameter of 2 cm. The

pressure developed by the wind on the cylinder outer surface
is probed by microchannels that end on the surface at properly
positioned holes. These pressure-sensing holes are grouped in
sections, which are formed by holes placed at the same height
from the cylinder base. In the proposed prototype, there are
three sections, each one identified by its own height. Each
section includes eight holes, forming 4 diameters, as described
in Section II. The three sections, indicated with upper (Us),
medium (Ms), and lower (Ls), are simply displaced from each
other along the cylinder axis; therefore, holes and diameters
are aligned.

Holes placed in different sections but at the same angular
coordinate are connected together through longitudinal chan-
nels that end up at the cylinder base, where they are connected
to differential pressure sensors, as schematically shown in
Fig. 4.

Fig. 4. Horizontal and vertical cross sections of the cylinder; the
internal microfluidic network connecting the pressure-sensing holes to
the differential pressure sensor is visible.

Since holes are placed at eight different angles, there are
eight longitudinal channels, each one connected to three holes
belonging to three different sections. Since it is necessary
to probe the four diametric pressures, differential pressure
sensors are connected between pairs of longitudinal channels
that are connected to hole groups placed at opposite ends of
diameters. As a result, four differential pressure sensors are
required. External connection to the longitudinal channel was
accomplished by inserting stainless steel needles into the holes
in the bottom face of the cylinder, as schematically shown in
Fig. 4. The needles were secured to the cylinder by means of
epoxy resin, carefully deposited around the perimeter of the
junction between the needles and the cylinder. Connections
to the input ports of the differential pressure sensors were
accomplished with silicone tubes.

Due to the microfluidic configuration shown in Fig. 4, each
side of a diametric pressure relies on three different holes,
reducing the probability of a total obstruction. Furthermore,
only holes that, ideally, are placed at the same pressure are
connected together; thus, the flow into the microchannels
should be virtually zero, making the measured pressure inde-
pendent on the hydraulic conductance of the channels.

The proposed prototype has been designed with the
open-source software FreeCAD and fabricated by means of
a stereolithography process with UTR-8100 resin available at
PCBWay, Shenzhen, PRC [30]. This resin has a heat distortion
temperature of +50 ◦C. Moreover, water absorption is less
than 0.5%, which is lower than products used in previous
work [25], [27], [28]. These properties improve the mechanical
strength of the structure, making the anemometer more suitable
for outdoor applications.
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Fig. 5. (a) Photograph of the proposed anemometer with the main
dimensions indicated. (b) Top and (c) bottom view of the anemometer.

Fig. 6. Schematic view of the electronic interface; S0-3 are the four
differential pressure sensors, while the CS0-3 are the CSi lines.

Fig. 5 shows a photograph of the prototype with the main
dimensions specified. The value of the diameter was chosen
to allow the fabrication of the microfluidic network inside
the cylinder without the risk of channel blockage due to the
resolution limits of the 3-D printing process. In principle, the
diameter could be reduced selecting a fabrication technique
with a higher resolution. The cylinder has a 4 cm wide and
2 cm thick base to be correctly housed in the rotating stage
used to characterize the device.

B. Differential Pressure Sensors
The choice of the differential pressure sensors was made

taking into account different features, including pressure range,
accuracy, total error band, compensated temperature range,
and power consumption. From the experimental data in the
literature concerning the pressure on the cylinder surface [29],
it is found that, for a given wind velocity u, the maximum dif-
ferential pressure is about equal to Pd max ≃ ρu2. Considering
the operating temperature range from −20 ◦C to +50 ◦C and
a maximum wind speed of 30 m/s, a Pd max close to 1 kPa is
expected. The RSC series of the piezoresistive silicon pressure
sensor by Honeywell has been selected because it offers
digital output (standard SPI interface) with adequate features
in terms of resolution, accuracy, and power consumption.

In particular, the selected differential pressure sensor (model:
RSCMRRE001KDSE3) has the following properties: 1) ±1-
kPa full-scale range; 2) total error band as low as ±0.25%
full-scale span (FSS); 3) accuracy of ±0.1% FSS best fit
straight line (BFSL); and 4) compensated temperature range
from −40 ◦C to 85 ◦C. Furthermore, this family of sensors
with a supply voltage of 3.3 V has a power consumption less
than 6 mW in active mode, making them suitable for battery-
supplied systems.

IV. MEASUREMENTS RESULTS AND DISCUSSION

A. Measurement Setup
The prototype was tested by means of a wind tunnel with a

speed range from 4 to 30 m/s equipped with a reference Pitot
probe. A rotating stage, equipped with a goniometer, hosts the
anemometer in order to set the incidence angle.

Fig. 6 shows the schematic view of the electronic inter-
face for data acquisition and processing. A custom printed
circuit board (PCB) based on a microcontroller unit (MCU)
MSP430i2041 by Texas Instruments was used to control the
four differential pressure sensors (S0−3) and perform data
acquisition and preprocessing. Connection between the MCU
and the sensors was via the SPI interface with four independent
chip-select (CSi ) lines. The PCB includes an FTDI 231 USB-
to-serial adapter to connect the MCU to a personal computer
with a USB cable. The data processed by the MCU were then
gathered by means of a Phyton-based software.

B. Experimental Results
In order to test the acquisition setup, the four differential

pressures Pdi were measured as a function of time with the
wind speed set at 10 m/s and the incidence angle at 0◦;
100 samples with a sampling rate of 10 Hz were acquired
and the data are shown in Fig. 7, where the mean and the
standard deviation of each signal are indicated. It can be
noted that oscillations are present in all four curves due to the
fluctuations of the air flow inside the wind tunnel. Applying
the transduction algorithm to these data leads to the estimates
of the wind direction and speed affected by fluctuations with
a standard deviation of σangle = 0.7◦ and σspeed = 0.07 m/s,
respectively. To mitigate the effects of the oscillations, the
average of ten samples acquired with a sampling rate of 10 Hz
was used as pressure sample in the device characterization.

A first set of measurements was performed with the device
in the nominal condition, in which all three sections of
the anemometer (Us, Ms, and Ls) are working without any
obstruction of the pressure-sensing holes.

Fig. 8 shows the four differential pressures Pdi as a function
of the angle. The wind speed was set at 4.3 m/s and the
incidence angle was varied by means of a rotating stage turned
with an angular step of 10◦ with the addition of the angles 45◦,
135◦, 225◦, and 315◦.

The four differential pressures Pdi show the same behavior
with only angular shifts of multiple of 45◦. It is worth
noting that the pressure distributions reach the same maximum
(minimum) values, confirming that the behavior of the four
pressure sensors is sufficiently matched and that the fabrication
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Fig. 7. Differential pressures as a function of time; the wind speed was
set at 10 m/s, while the incidence angle was set at zero degrees; data
were acquired with a sampling rate of 10 Hz; the mean value and the
standard deviation of the data are indicated.

Fig. 8. Differential pressures as a function of the incidence angle; the
wind speed was set at 4.3 m/s; each pressure value is the average of
ten samples acquired with a sampling rate of 10 Hz.

process was able to guarantee a good alignment between the
three sections.

The two signals pX and pY were calculated by means of (6)
and (7) and the result is shown in Fig. 9, where the ideal cosine
and sine functions have been added to facilitate comparison.
It is possible to observe a good agreement between the
experimental curves and the ideal functions. This provides
an experimental proof of the theory presented in [26] and
further confirms that the fabrication of the device is sufficiently
accurate.

The device has been characterized with wind speeds
from 4 to 30 m/s, varying the incidence angle in the 0◦–
180◦ interval with the same steps used for the data of Fig. 8.
The incidence angle was estimated from the measured pX and
pY pairs applying a simple four-quadrant arctangent function.
The resulting angular errors are shown in Fig. 10. From the
experimental data of Fig. 10, it is possible to estimate an error
interval of [−6◦, +4◦] in the whole range of wind velocities
examined. The error interval is significantly larger than the
[−2◦, +2◦] estimate in [26]. Furthermore, the curves show
a decrease as the angle increases and a critical point at 80◦,
where the error is maximum for all the velocities greater than

Fig. 9. Pressures pX and pY with the wind speed set at 4.3 m/s. Ideal
cosine and sine functions are added to facilitate the comparison.

Fig. 10. Angular error as a function of the incidence angle for different
values of the wind speed.

4 m/s. These phenomena are not present in the theoretical
error curves obtained in [26]. The possible explanations of
these discrepancies can be: 1) finite length of the cylinder,
with additional turbulence at the top and base of the cylinder;
2) nonnegligible size of the pressure probes (holes); and 3)
nonuniform wind velocity in the wind tunnel. Nevertheless,
a maximum error of 6◦ over such a wide velocity range can
still be considered an acceptable result and it is consistent
with the error values reported for similar devices in outdoor
applications [21]. It is worth noting that this result has been
obtained without applying complex fitting and postprocessing
algorithms.

The wind speed measured by the proposed sensor is esti-
mated from the quantity H(u), which is calculated from
pX and pY using (10). From [26], H(u) should be nearly
independent of the incidence angle and be nearly equal
to the maximum diametric pressure (ρu2). However, when
the wind direction is swept across the 180◦ interval, H(u)

shows oscillations due to the imperfect cosine approximation
obtained with the proposed method. To filter out the effects of
the oscillations, we have averaged the estimated H(u) values
across the 180◦ wind direction range for each wind speed, and
the results are shown in Fig. 11. The curve suggests that the
following general power law dependence can be used to fit the
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Fig. 11. Graph of the normalized H(u) as a function of the wind speed
(points) and the linear fit (solid line) in log–log coordinates.

Fig. 12. Relative speed error as a function of the incidence angle for
different values of the wind speed.

TABLE I
COMPARISON OF DIFFERENT DIRECTIONAL CYLINDRICAL

ANEMOMETERS BASED ON PRESSURE MEASUREMENTS

data:

H(u) = a · ρ · ub. (11)

An optimum fit, shown in Fig. 11 by the solid line, can
be obtained with a = 1.136 and b = 2.133. Note that the
exponent b differs from the ideal value (b = 2) by only 7%
while a variation of about 14% is obtained for the coefficient
a (ideal value a = 1).

Inverting (11) with the mentioned values for coefficients a
and b, we could estimate the wind velocity for any incidence
angle and wind magnitude. Since H(u) shows a residual
dependence on the incidence angle [25], [26], we estimated
the velocity error due to this nonideality. The results, shown
in Fig. 12, demonstrate that the relative error is smaller than
4% for most of the conditions with a maximum value of 5.3%
at 30 m/s.

TABLE II
ANGULAR ERROR FOR THE FIRST FAULT TOLERANT TEST

In Table I, the calculated angular and speed errors are com-
pared to the values of other cylindrical anemometers operating
in a similar wind speed range. The obtained angular and speed
errors turn out to be similar or slightly higher than the state-
of-the-art devices, which adopt fitting of the real experimental
curves to extract the measurands [19], [21], or an empirical
approximation of the pressure distribution requiring a high
number of pressure sensors [20]. In the proposed approach,
the angle is calculated using simple expressions derived from
the theory [26], while the velocity determination relies on
an elementary two-parameters power law. In this respect, the
obtained accuracy can be considered a good starting point for
further improvements. It is worth mentioning that the upper
and lower limits of the velocity range investigated in this work
are due to a limitation of the wind tunnel used to carry out
the experimental tests. Different from previous works present
in [19], [20], and [21], the proposed approach is not based on
the approximations of specific experimental curves but exploits
the symmetry properties of the pressure distribution being,
in principle, applicable to extremely wide velocity ranges.
In practice, the main factor limiting the velocity range is the
operating range of the pressure sensors. Considering that the
maximum differential pressure is about equal to Pd max ≃ ρu2,
the peak value for wind velocity of 1 m/s is in the order
of 1 Pa; thus, pressure sensors with resolution well below 1 Pa
are required to enable operation at low wind velocities. On the
other hand, in order to employ the proposed anemometer for
speeds higher than 30 m/s, it would be necessary to select
differential pressure sensors with a higher measurement range.

C. Fault Tolerance Tests
In order to evaluate the tolerance of the proposed device

when some holes are obstructed, we performed two different
kinds of failure test.

In the first one, we emulated the condition in which only one
section still works, while the holes of the other two sections
are all closed. The results are shown in Fig. 13, where the pX

and pY pressures measured with a single section are compared
with the nominal case, where all sections are available (ALL).
The wind speed was set to 4.3 m/s.

The pressures pX and pY of each section do not reach the
same maximum (minimum) values. This may be related to
the fact that the pressure distributions shown in Fig. 1 are
referred to a cylinder of infinite height, i.e., a cylinder, where
the turbulence effects created by the free end and the base can
be neglected. In a cylinder of finite height, the distribution of
the surface pressure along the vertical axis is not constant [31].
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Fig. 13. Pressures pX and pY measured using four different config-
urations: nominal condition with all sections working (ALL); three fault
conditions with only the upper section (Us), or the medium section (Ms)
or the lower section (Ls) working. The wind speed was set at 4.3 m/s.

TABLE III
SECOND FAILURE TEST SENSING HOLES SETUP

The maximum angular error was calculated for each section
at 4.3 m/s and the results are shown in Table II. It can be
observed that the worst case angular error is less than 5◦,
showing that the device continues to work properly even with
all the holes of two sections completely closed. The maximum
angular error when a singular section operates is slightly better
than the value shown in Fig. 10 for the device working at 4 m/s
in the ideal nominal condition. Further investigation is required
to explain this phenomenon, which is reasonably related to the
way averaging of the pressures of different sections occurs in
the hydraulic domain. The relative speed error of the Us and
Ms sections is comparable to that measured with the device
in the ideal nominal condition. The Ls section shows a clear
worsening in the wind velocity detection. This behavior may
be due to the turbulence created by the cylinder base.

In the second test, we verified the behavior of the device
in a more random situation, where some holes belonging to
different sections are closed. We have considered the limit
case, where the four diametric pressures Pdi are measured by
means of only eight open holes placed in different sections.
Table III resumes the configuration of the anemometer for
this test: for each section, a channel has been left open
(O) or closed (C). In this configuration, and each diametric
pressure is available even if obtained with holes belonging
to different sections. For better understanding, the pressure
Pd0, for example, is obtained as the difference between p+

0 of
the Ms section and the p−

0 of the Ls section. Similar choices
are made for the other diametrical pressures. The test was
performed with the wind speed set to 4.3 m/s.

Fig. 14. Pressures pX and pY measured with the sensing holes con-
figured as reported in Table III. The wind speed was set at 4.3 m/s. The
ideal cosine and sine functions are added to facilitate the comparison.

Fig. 14 shows pX and pY compared to the ideal cosine and
sine functions. Clearly, in this case, the behavior gets worse,
but the proposed measurement method allows obtaining two
signals that are quite similar to a sine and a cosine curve for
many angle values. Applying (10), we have estimated the wind
direction with a maximum angular error of 14.5◦ and the wind
velocity with a maximum relative speed error of 12.5%. These
values confirm that the device can be still useful even in this
extreme working condition for applications where rough wind
speed and direction estimations are required.

Finally, the effects of the inclination of the cylinder axis
with respect to the wind velocity vector have been investigated.
The device has been mounted on a tilting stage placed in front
of the outlet of a wind tunnel. The cylinder has been tested
with all sections operating, and the angle β, formed by the
cylinder axis with the flow direction, was varied form 0◦ (no
inclination) to 30◦. The experiments were performed at a wind
speed of 4 m/s. Similar to [28], we found a nearly uniform
attenuation of the differential pressures by a cos(β) factor. As a
result, no significant increase of the angular error was detected,
while the device inclination resulted in underestimating the
wind speed.

V. CONCLUSION

In this article, a fault tolerant, compact directional
anemometer has been proposed. The transduction method
consists in simple processing of four diametric pressures
sampled by means of small holes on the surface of a compact
cylinder. Angular error less than 6◦ and speed relative error
less than 5.3% have been obtained in the range 4–30 m/s. The
compactness of the structure, the low power consumption of
the pressure transducers, and the simplicity of the algorithms
make the proposed device suitable for IoT applications. Fur-
thermore, a redundant hole configuration has been designed in
order to make the device tolerant to the total obstruction of a
large number of pressure-sensing holes. This property allows
the extension of the device applications to outdoor or harsh
environments.
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