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Abstract

Instrumented towers are being constructed to characterize vertical wind profiles in order to im-
prove the understanding and characterization of a desired environment up to 100 m. The site be-
ing measured is at a height of 2500 m over sea level, in one side of Sierra Madre Oriental, which
crosses Mexico from North to South. As the site has no energy, it was powered by a photovoltaic
system. Power consumption of two sets of sensors fixed at the tower was evaluated. The first sen-
sor set consisted of a pulsed anemometer and a RH sensor having a 0 - 10 V output; these sensors
used cables for transmitting the output signals. Three cup anemometers fixed at 25, 35 and 45 m
high measured wind speed. Wireless sensors in the second set, requires of a power consumption
and battery life study. Solar cells energized the sensors, becoming the installation and operation
easier. The datalogger that acquired the RH and T measurements encountered an 11% voltage
loss throughout the cable; cup anemometer measurements did not show variations due to its
pulsed signals. Wireless sensors drew less energy from the PV system, resulting in battery over-
charge. A dump regulator turned-on a 200 W lamp during the night when the battery voltage
reached 14 V; the lamp was turned-off when the battery voltage felt beneath 11.5 V. Considering
the high wind available, wireless sensors batteries were charged by small wind turbines combined
with 5 W solar panels.
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1. Introduction

Wind has been used to commercially produce energy in North America since the early 1970s and is one of the
most rapidly growing sectors of the energy industry [1]. Wind turbines generate electricity without many of the
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negative environmental impacts associated with other energy sources (e.g., air and water pollution, greenhouse
gas emissions associated with global warming and climate change). Towers are used as platforms to characterize
vertical profiles of wind conditions within 200 m of the ground, which is the layer in which wind turbines oper-
ate. Measurements are done to improve the understanding and characterization of the desired environment and
wind speed data are recorded for a period of one year. Air quality monitoring programs for uranium mines and
mills [2] also use 200 m towers and EPA [3] recommend monitoring for hourly average wind speed, wind direc-
tion, vertical wind speed, temperature, temperature gradient, relative humidity, solar radiation and precipitation.

There are currently two technologies being used for wind farm site evaluations and for installed turbine mon-
itoring. The first is point measurements on a vertical mast and the second remotely senses wind speed from an
instrument placed on the ground [4]. The quality of remote sensing instruments is generally judged by perform-
ing an inter-comparison experiment [5]; wind speed and direction are measured at several heights by cup ane-
mometers on a mast together with measurements by a remote sensing instrument where a number of sampling
volumes are centered on the same heights as the mast measurements. Differences between winds measured by
mast sensors and remote sensors can arise from a number of causes. For example differences exist when remote
sensing takes place in presence of background noise or when differences between scalar (cup-type) and vector
component (remote-type) measurements over spatially distribute volumes [5].

A wireless sensor network [6] [7] is a collection of distributed sensors that monitor environmental conditions
and cooperatively pass their data wirelessly to a central hub. Wireless sensor networks (WSN) are advantageous
over RFID technologies in many ways as WSN enables long range communication over multi-hop networks,
scattering the communicatory energy consumption among the tags; wireless sensor networks offer more flexible
coverage than RFID technologies. Using the technology available today, a typical wireless node consumes from
50 mW to 90 mW of power when both the radio and the microcontroller are in the active mode. Radio transmis-
sion and reception are the higher power consumption systems for two popular wireless sensor nodes [8]. The ra-
dio of a MICAz consumes as much as 59.1 mW of power in the RX mode. The energy source that offers the best
potential for harvesting is direct outdoor sunlight (at a rate of 37 mW)); this rate is still well below the wireless
sensor nodes full operational power requirements of 83.1 mW in MICAz. In order to reduce the energy con-
sumption of the wireless sensor node to a level at which it can operate solely using harvested energy, a practical,
ultra-low duty cycle communication protocol is required [9]. A wireless system could be combined with elec-
trical, mechanical and environmental monitoring sensors to be a part of a remote, multi-panel, centralized plant
monitoring, and control system. Data from the sensors are transmitted via wireless technology to a central mon-
itoring station using satellite Internet [10]. Various performance monitoring systems consisting of sensors and
other photo-operated devices like op-amp 741 circuitry, photo-transistors, photo sensors, etc., can be integrated
and a PV module used to power them.

The power supply is usually the largest and most expensive component of the emerging wireless sensor nodes
being also the limiting factor on the lifetime of the sensor node; replacing batteries in every device every year or
two is simply cost prohibitive. Battery development challenges must maintain (or increase) its performance,
while decreasing size; for example, at Oak Ridge National Laboratory a process is developed to deposit a pri-
mary thin film lithium battery onto a chip in the form of a traditional Volta pile [11]. Research is being carried
out to substitute batteries by using ultra-capacitors [12], hydrocarbon-based fuels [13], micro heat engine-based
power generation small systems [14] [15] and photovoltaic systems. Single crystal silicon solar cells exhibit ef-
ficiencies of 15% - 20% under high light conditions and are better suited to the spectrum of light available out-
doors [16]. Lithium ion batteries are widely used for wireless applications [17] but many options may be mos-
tappropriate for a given application and diverse energy harvesting systems should be considered. Remote moni-
toring of airplanes and turbines for aging, malfunction, defect and preventive maintenance uses wireless sensors
with photovoltaic cells [ 18]-[21].

Monitoring equipment in space, rivers, sea, ponds and remote sites require a power source without physical
wires. Although batteries can be used for its sensor nodes, its great drawback is the short lifetime [22]. The
energy in batteries will exhaust and the sensor nodes will die after a certain time. To make the system last longer
solar energy is used to supply the energy for the sensor nodes. The advantage of solar energy over other forms of
environmental energy is that the available solar energy can be predicted [23] allowing to plan and optimize the
future sensing activity, in order to achieve a more sustainable operation. Many wireless systems have been ap-
plied successfully using solar energy in aquaculture [24] [25]. Buoy or bottom-anchored systems powered by
solar energy provide long-term monitoring of water quality using integrated with multi-parameter water quality
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sensors [26].

This paper uses a solar panel to supply energy for a datalogger and set of sensors composed of anemometers
and RH at 25, 35 and 45 m sensors. Two different groups of sensors were used, one that transmit the information
through a cable and another group of wireless sensors. A charger helps to avoid overcharge of the battery as the
system fails when the battery voltage is higher than 15 V.

2. Methods
2.1. Sampling Tower and Sensors

The site where the tower was fixed was located at the coordinates 19°27'11.8" north and 98°48'12.61" west al-
most at the top of the “Sierra Madre Oriental” being the height 2820 m, Figure 1. The tower was constructed of
triangular steel rods so that someone could go up and install the sensors measuring wind speed at three heights:
25 m, 35 m, and 45 m using cup anemometers, Figure 2(a).

Two different configurations were used to measure wind speed, temperature and relative humidity: normal
sensors and wireless sensors. In the former configuration Novus RHT-WM sensors and 014 cup anemometers
were employed to measure temperature, relative humidity and wind speed; temperature and RH measured values
were obtained in a 0 - 10 V format and acquired every 30 seconds with a Hioki datalogger. The cup anemometer
presented wind speed data in a pulsed format which was also sampled every 30 seconds by the same datalogger.
Data stored in the datalogger was downloaded after one month to a computer. As the equipment was mounted in
the field, a PV equipment was required to power the system.

A three-cup anemometer model 014 A [27] measured horizontal wind speed; rotation of the cup wheel opens
and closes a reed switch at a rate proportional to wind speed. One cup anemometer was fixed at 25 m, another at 35
and the third one at a height of 45 m. A 15 volt power supply fed the anemometer and pulses were counted by a
datalogger. Information arrived from the sensors through a 2-cable (AWG-10) surrounded with shield to avoid
EMC noise. The NOVUS transmitter RHT-WM is a microprocessor based instrument that incorporate high- ac-
curate and stable sensors whose readings are converted to linear 0 - 10 Vdc, Figure 2(b); HR and temperature
are measured with this sensor. RH accuracy is 3% in the 20% - 80% HR range, with a repeatability of +1% RH
and stability lower than 1% per year [28]; its response time is 4 seconds in slow moving air. The temperature can
be measured between —40°C and 120°C, with accuracy better than +1°C from 10°C to 40°C. Temperature repea-
tability is of +0.1°C and its response time of 30 seconds.

The T24-WSS wireless wind speed sensor (Figure 2(b)) is built using 2.4 Ghz wireless technology and oper-
ates alongside any T24 device such as base stations, analogue output, GPRS data loggers and others. The device
sleeps between transmissions to maximize battery life in the field having a wireless range of up to 200 meters.
The wind speed sensor features a high quality 3-cup rotor pressed on a stainless steel shaft with rugged Delrin
body and bronze Rulon bushings; it is housed in an IP65 case [29]. The output value of the anemometer comes
pre-calibrated and can be configured to the user’s requirements; it measures in the 2.235 to 55.85 ms ' range. Its

¥ 19°27°11.8"N 0
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Figure 1. Place where the tower was installed.
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Datalogger

Figure 2. Tower monitoring RH, air speed and temperature with (a) cabled
sensors and with (b) wireless sensors.

accuracy is 0.22 ms ' from 2.2 to 4.46 ms ' and +4% from 4.46 to 55.85 ms '. The T24-WSS is powered either
from internal batteries or an external supply; a solar panel is used for applications when batteries cannot be
substituted. Sample time should be 1 second for measuring wind speeds of 3 m/s. The T24-WSS is factory set to
sample the anemometer every 5 seconds; running continuously the batteries in the module will last 1 month and
11 days (based on Duracell LR20 D Cells).

The wireless humidity (RH) sensor model MNS-9-RH (blue box in Figure 2(b)) has a 10 cm wire antenna,
transmits up to 100 m at 900 or 433 MHz. The operating temperature ranges from —7°C to 60°C, being is accu-
racy of 0.7°C in the 10°C - 40°C. Although the sensor can measure from 0 to 100% RH, the best RH accuracy of
2% is achieved in the 50% - 90% range; it increases to 3% in the 40% - 50% range and the 90% - 95% RH [30].
If every 12 bit measurement consumes 26.6 pA and is done and transmitted every minute the energy consumed
per hour is 2.1 A obtained from (60 x (26.6 pA + 35 mA)); it will require 50.4 A per day (Table 1). The sensor is
connected through a USB cable to a computer which has to be on. With a two LR20 D Duracell of 10 Ahr with 1
second interval it will last 8 days; for 5 second interval it will last 1 month.

In order to bring a Wi-Fi device compatible with the T24-WSS wireless wind speed sensor a MOWI sensor
was used (white box in Figure 2(b)). The transmission rate is reduced as a datalogger is inside. It transmitted up
to 75 m at 2.4 Ghz, and its power use during transmission and reception was 180 mA and 35 mA, respectively. It
has an installed datalogger that can save up to 50,000 readings. Its accuracy is better than the MDO016 being of
1.8% in the 10% - 95% RH [31]; its response time is of 8 seconds. A measurement was taken every ten seconds
and saved in datalogger. If every 10 minutes the data is transmitted, 1.080 A per hour will be consumed due to
the transmission. If the 360 data are recorded per hour and sent every 6 hours, the consumed energy for trans-
mission will be 180 mA; the entire day energy consumption will be 720 mA (Table 1).

2.2. PV System

The solar panel and battery size required by photovoltaic system depends on the total charge of the system, Fig-
ure 3. In the first system consisting of three pulsed anemometers and three NOVUS RHT-WM transmitters, the
energy demand per day was 124 W. The datalogger Hioki 8430 used 10 VA during charging and the power
supply that fed the anemometers used 15 VDC@ 0.5 A. If the power supply works 24 hours and the datalogger 5
hours a day, the total consumption of sensors, datalogger and power supply is 364 Watts per day. Considering a
safety factor of 20% and a DC voltage of 12 V, the charge is 36.4 Ah. Considering 3 days of autonomy gives a
total of 109.2 Ah. If the discharge factor DoD is 0.7 than the batteries will require to provide 156 Ah. A J198
Endurant deep cycle battery will provide 185 Ah. With 5 daily hours having an irradiation over 1000 Wm 2, it
will require 3 panels of 50 W. As the solar panel was located at latitude of 19° the panel was fixed with a slope
of 19°.

The wireless system will not require any energy for the sensors and it will require a small laptop of 25 W
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Table 1. Different sensor energy consumed per day.

Sensor measurement

Prototype Sensor Sensor output current, pA Transmit current, mA  Current used per day, mA
1 Wind 014 1-pulsed
1 RHT-WM 1-0-10 v 1200 3456
2 Wind T24-WSS 2 wireless 2000 1 4320
2 RH MNS-9 2 wireless 26.6 per sec 35 50,400
2 RH MOWI 2 wireless 4 180 720
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Figure 3. Photovoltaic system installed in the tower.

representing a daily consumption of 200 W, as it requires charging every 3 hours. The same system can be used
and small panels feed each anemometer and RH MOWIL.

3. Results
3.1. Sensor Operation

Sensors connected with cables worked well although cables present problems during installation. Cables were
fixed with plastic strips and after two weeks the sun, rain and environmental conditions broke them down. The
cable was fixed to the tower with nylamid rings avoiding damage and EMC noise in the measurements. As the
distance from the higher Novus RHT-WM sensor to the Hioki datalogger was 40 m and the output was a DC
voltage, a voltage loss was noted, representing a 11% lower RH than the one provided by the wireless sensor,
Figure 4. Both type of anemometers provided good results, and pulses were not lost in the wired system. It can
be noted in Figure 5 that wind speed is similar in height of 45 and 35 m. There appeared moments where speed
was over 8§ m at 25 m of height.

Wireless sensors are capable of collecting data instead of traditional cabled sensors, but do not function as
exact replacements. Without wires, wireless sensors are often dependent on internally stored (battery) power for
operation [32]. However, the batteries cannot be changed at 40 or 50 m high, so solar cells and small turbine
generators were used. With wireless sensors the power consumption from the battery decreased and as a result
the battery got overcharged and one day it didn’t work. It was necessary to develop an intelligent dump charger

for the battery.
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Figure 4. Relative humidity of wireless and wired sensors at the same height.
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Figure 5. Wind speed measurement at different heights with the wireless sensors.

3.2. Battery Dump Controller

The controller maintained constant current to charge the battery, whose voltage varied from 11.5 to 15 V and the
charging current from the solar energy systems fluctuated significantly. The battery lifetime can last several
years if it is not discharged below 80% of the fully charged capacity, and that it is not overcharged more than
10%. The low cut-off voltage for the controller was 11.5 V, which for a new battery will be at 30% of the full
charge capacity [33]. However, since the solar system will be continually charging the battery during the day
when it is sunny, the cut-off 11.5 V should seldom be reached; at night battery discharges and the cut-off limit
can be reached. A dump load consisting of a resistive element (lamp) capable of dissipating 200 W was installed
to absorb the excess renewable energy and protect the batteries from overcharging. To implement the controller
an ARDUINO MEGA based on an ATMEGA 2560 microcontroller was used. The block diagram of the system
is shown in Figure 6.

When the voltage from the battery is over 14 volts, it turns on the 200 W lamps to discharge the battery. This
operation lasts until it is 12.5 V at night and 11.5 V during the day. The difference is due to the recharge that is
obtained by the solar panel during the day and the lack of charge left to acquire the data during the night. The
solid state relay is more efficient than normal relays and can be fed with a voltage as low as 3 VDC. To detect
day or night a photocell was used. The PV system used 150 W for three days of autonomy, meaning that with 50
W will be enough if all the days were sunny. In these areas almost 70% of the time is cloudy and sunny per pe-

riods, so it is needed to assure its proper operation.
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Figure 6. Block diagram and Arduino Mega connections.

Considering the high winds present during all day (Figure 5) fans were installed with a simple generator and
were able to charge the batteries of the sensors instead of the 5 W solar cells. Both systems were used in order to
avoid loss of information. Seven months have been monitored searching whether a wind turbine can be installed
to supply energy to the University campus.

Wind monitoring towers have to be installed in places where no electricity is available. Even though PV pow-
er can be 5 - 10 times more expensive than grid power generated from hydropower generating plants, PV be-
comes more economical for remote customers. The costs to extend electrical lines from the grid are in the order
of $27,000 per mile [34], so photovoltaic systems become a reality. Hybrid photovoltaic ultra-capacitor sources
has been designed theoretically and experimentally [35]. Although capacitors are more robust than batteries, the
hybrid source should supply pulses. Super-capacitors offer a much higher power density than batteries because
of their low equivalent series resistance (ESR); however, compared to batteries capacitors offer a lower energy
density which makes them less suitable as single energy storing devices [23]. A typical super-capacitor offers
more than half a million charge cycles and a 10-year operational lifetime until the capacity is reduced by only
20%; capacitors therefore require very little maintenance.

Harvesting of electrical energy from aphotovoltaic cell to power wireless sensors by means of super-capaci-
tors is promising [36]. A single photovoltaic cell of reduced size provides the upstream current, and a predictive
model is established to assess the amount of energy needed to power the wireless sensor. The number of cycles
increases with the irradiance as the photovoltaic electricity production gets higher [37]. A small shift in the first
cycle cumulates with the number of cycles due to the sensitivity to temperature of the storage capacitor [38].
The Bologna energy scavenger won’t charge until the capacitor reaches 2.5 V which is the maximum voltage
allowed by the super-capacitor. When the capacitor voltage gets too close to the solar cell voltage, the latter
drops and starts to follow the capacitor voltage with a constant voltage difference between them [23]. Energy
from solar cells (SMH-8-0450) with an active area of 23 cm? is stored in super-capacitors [39]. If the maximum
power of the solar cell is 418 mW + 10%, the time required to fully charge the super-capacitor will then be about
8 minutes and 8 seconds under ideal conditions (sunlight of 1 kW/m?). Current flow is configurable by the wire-
less node to charge the super capacitor or battery from solar energy as well as send power from the battery to the
super capacitor for night operation [40].

4. Conclusion

Solar energy was used to supply the requirements of a wind monitoring system composed of anemometers, RH
and temperature. The tower measures wind speed and environmental variables at 25, 35 and 45 m. Initially, the
tower had to be cabled in order to connect the sensors with the datalogger and the power supply. However, it
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was difficult to maintain the cable gripped to the tower due to the strong winds in the region; at the beginning
trying to avoid noise due to EMC, plastic strips were added but rain and sun destroyed them. Later nylamid rings
maintained the cable in the right position. Transmission of the voltage obtained from the RH sensors showed an
11% loss at the entrance of the datalogger, so measurements were not precise. The use of wireless sensors was
practical consuming very little energy. The solar panels of the PV system overcharged the battery, so a dump
charger having a 200 W lamp was designed. A hybrid system of a 5 W solar cell and a turbine generator assured
energy at the sensing places. It will be very wise to replace the sensor batteries by a solar cell-capacitor inter-
face.
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