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Abstract — In modern greenhouses, several measurement

points are required to trace down the local climategparameters
in different parts of the big greenhouse to make th greenhouse
automation system work properly. Cabling would makethe

measurement system expensive and vulnerable. Moreay the

cabled measurement points are difficult to relocateonce they
are installed. Thus, a Wireless Sensor Network (WSN
consisting of small-size wireless sensor nodes egoed with

radio and one or several sensors, is an attractivand cost-
efficient option to build the required measurementsystem.

In this work, we developed a wireless sensor nodeorf
greenhouse monitoring by integrating a sensor platim
provided by Sensinode Ltd. [1] with three commercihsensors
capable to measure four climate variables. The fedslity of the
developed node was tested by deploying a simple sen
network into Martens Greenhouse Research Foundatida
greenhouse in Narpidé town in Western Finland. Duriig a one
day experiment, we collected data to evaluate theetwork
reliability and its ability to detect the microclimate layers,
which typically exist in the greenhouse between losv and
upper flora. We were also able to show that the netork can
detect the local differences in the greenhouse clate caused by
various disturbances, such as direct sunshine neathe
greenhouse walls. This article is our first step irthe area of
greenhouse monitoring and control, and it is all abut the
developed sensor network feasibility and reliabily. Data
analysis, control solutions and more complex netwérsetups
will be left to be the main directions of our future work.

I. INTRODUCTION

In the past generation greenhouses it was enoubavi®
one cabled measurement point in the middle to deowhe
information to the greenhouse automation systeme Th
system itself was usually simple without opportigsitto
control locally heating, lights, ventilation or serother
activity, which was affecting the greenhouse imtedlimate.
This all has changed in the modern greenhousestypial
size of the greenhouse itself is much bigger whawds
before, and the greenhouse facilities provide sgations
to make local adjustments to the lights, ventilatibeating
and other greenhouse support systems. However, more
measurement data is also needed to make this kind o
automation system work properly. Increased numbler o
measurement points should not dramatically increthse
automation system cost. It should also be possibleasily
change the location of the measurement points dtwpito
the particular needs, which depend on the spegiiot, on
the possible changes in the external weather anhaise
structure and on the plant placement in the greeseo

Wireless sensor network (WSN) can form a useful pfar
the automation system architecture in modern greesds.
Wireless communication can be used to collect the
measurements and to communicate between the déeatral
control and the actuators located to the diffepants of the
greenhouse. In advanced WSN solutions, some phttseo
control system itself can also be implemented in a
distributed manner to the network such that locattiol
loops can be formed. Compared to the cabled systdras

The most important factors for the quality andnstallation of WSN is fast, cheap and easy. Moeepit is

productivity of plant growth are temperature, huityidlight
and the level of the carbon dioxide. Continuous ibaoimg
of these environmental variables gives informattonthe
grower to better understand, how each factor affgodbwth
and how to manage maximal crop productivenessTBé

optimal greenhouse climate adjustment can enabldéous

easy to relocate the measurement points when néndiedt
moving sensor nodes from one location to anothénimvia
communication range of the coordinator device. Hé t
greenhouse flora is high and dense, the small &id |
weight nodes can even be hanged up to the plarasthes.
WSN maintenance is also relatively cheap and €Esy.

improve productivity and to achieve remarkable gyer Only additional costs occur when the sensor node®ut of

savings - especially during the winter in northeountries

3].

batteries and the batteries need to be chargezhtarced, but
the lifespan of the battery can be several yeaas éfficient
power saving algorithm is applied.



In this work we took the very first steps towarde t

reference values to certain environmental variatzled then

wireless greenhouse automation system by building tiee greenhouse automation system targets to keep th
wireless measuring system for that purpose aneéting its variables in these values. The optimal levels ofewand

feasibility and reliability with a simple experimtah setup.

fertilizer can also be defined [5].

We integrated three commercial sensors to Sensmode Carbon dioxide (Cg is a natural gas, which is

sensor platform [1]. By using these sensors, weaate to
measure four parameters, which are crucial in dreese
climate adjustment: temperature, relative humidiight
irradiance and air carbon dioxide content. Thefptat uses

dangerous for humans in high concentrations, blifene
for trees and plants. The air consists of nitrogeygen and
carbon dioxide. In the photosynthesis process, plagts
convert CQ, water and light into glucose and oxygen

6LoWPAN protocol, which allows us to send comprésseaccording to

IPv6 packets over IEEE 802.15.4 networks.

Il. RELATED WORK

The Rinnovando group [4] is doing research worlain

tomato greenhouse in the South of Italy. They asmqu
Sensicast devices for the air temperature, retathimidity
and soil temperature measurements with wirelessose

network. They have also developed a Web-based pl

monitoring application. Greenhouse grower can réael
measurements over the Internet, and an alarm wilént to

his mobile phone by SMS or GPRS if some measurem

variable changes rapidly. The Rinnovando group éhasst
bed in 20 x 50 meters tomato greenhouse. In theirtied,
six nodes are deployed into two rows 12.5 m aparhfeach
other. One mesh node works as a repeater and\msgpthe
throughput of the communication. Bridge node gathdata
from other sensor nodes, which transmit the measemes
of temperature and relative humidity in one minatervals
[4].

Liu et al. [5] have developed and tested a WSNqgype
for environmental monitoring inside the greenhouBEkey

are using a star topology network of Crossbow MICA

motes. The motes measure temperature, humiditysaild
moisture, and send their measurements to the sidk in
five minutes intervals. Sink node is a combinatdétICAz

mote and MIB510 board with data terminal. The teahi
with ARM processor module shows the latest measentsn
in LCD-screen inside the greenhouse and deliversittia to
the main PC by using GSM module. The central P@tkxt
further apart from the network takes care of datging and
processing. Mote programming and data receiving
possible through the RS-232 serial interface predidy

MIB510 board. The Received Signal Strength Indicat

(RSSI) values over the distance between nodesdifférent
antenna heights and polarization angles were codpty
each other. Based on the results it was possibé®rclude

that the longest communication range was achievlednw
nodes had same orientation and maximal antennehthei
The temperature difference in experimental measeném

between two nodes, where one node was placed icethiter

of the greenhouse and another near the greenhoabe w

indicates the existence of the microclimate layg}s

IIl. PLANT DEVELOPMENTAL FACTORS

The productivity of the greenhouse depends on ma

different factors. Many research projects are fowugo
these factors and their interdependencies. Groamiset the

6H,0+ 6CO, +light — G H,Q+ 6Q.

Thus, CQ is an important greenhouse climate variable,

which enhances the growth of the plants. Sunshiddights

increase the amount of carbon dioxide. During thrser,
the greenhouse gets the £iD needs from the natural air,

A/Htgen ventilation and roof windows are open [3]nbrthern

countries this opportunity does not exist during thinter.
Grower can use pure extra @r he can produce more

eqﬂrbon dioxide by C®burner. Some greenhouse heating

systems re-circulate their G@missions into the greenhouse
making double advantages for the producer [2]. U&e of
external CQ offers also a way to tie the carbon dioxide
collected from some industrial process to the bigsrgrown

in the greenhouse instead of emitting it to thecephere.

The optimal greenhouse air temperature dependsien t
intended level of the photosynthetic activity. Eaglant
species has its own optimal values of air tempegaand
active radiation of light, which enable the maximum
photosynthetic activity (see Figure 1). Soil tengpere

lays also an important role. Conduction heat feass
irectly to the soil structure and through convattbetween
the plant roots and water flow around them.

A main concern in humidity and temperature corigdb
provide the best conductivity to active movementwaiter
and nutrients through the plant. Humidity cont®lalso an
important tool to prevent the spread of plant dissain
greenhouses. Normally, the range of healthy raativ
humidity for the plants is from 50% to 70%. Highr ai

oisture reduces the required plant watering fraqueThe
greenhouse automation uses the watering and misting
ystem, if the air moisture decreases under tiyetd level
6].

Temperature and humidity are closely linked togethe
a greenhouse. Cold air has a lower moisture-holding
capacity than warmer air, and therefore the deeredshe

drelative humidity is a sign of increased air tenapere [3].

ranspiration rate tells how many grams plant's &aface
called stomata releases water vapour per minute.
The greenhouse protects the plants from the extreme
weather conditions. However, if the period of dglti
prevents the photosynthetic activity, the plantsndb grow.
Horticultural lighting allows the grower to extenthe
growing season. It enables a year-round producingamts

r makes it possible for the grower to start sowimgarly
spring and continue season till the first frostar®$ need
about 10-12 hours light to improve growth. When pkents



are producing flowers or fruits the supplementaéchef
light per day increases up to 16 hours. Figure dwshthe
photosynthetic activity in different wavelengths bfht
radiation [2].
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Fig. 1. Photosynthetic activity in different wavedghs of light
radiation. Figure from [2].
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Fig. 2. Tasks in greenhouse environmental corfiiglire from [2].

IV. GREENHOUSE CONTROL

signal amplifier cabled sensor units cannot trahshe data
correctly. Wireless sensor network does not havehsu
problems. Measured data can be sent directly tgabeway
node which is plugged in to the computer (see Eidg)r or
it can be transmitted in a multi-hop manner viateowmodes,
if the distance between the measuring nodes and the
computer exceeds the length of a single radio IBésides
data collecting and control calculation, the corepualso
presents the climate variable values and statisiitsthe
screen for the user. The computer runs the greesehou
climate control algorithm, and the new values far tontrol
signals are computed typically in every 15-60 selson

Control output signals from the computer have low
voltage (24 volts). Each output is connected tactedamic
relay, which switches the equipment under its adrdn or
off through the second relay, which gives to theicke the
input voltage it needs. The control system is flaed in
Figure 2. Computer computes the intermediate tirom fthe
output signal and then determines how long eachyrid
turned on [2].

A modern greenhouse can consist of several parishwh
contain their own local climate variable settingss a
consequence, several measurement points are adede

V. EXPERIMENTAL SETUP IN A GREENHOUSE

A. The Greenhouse Environment

We made our experiments in Martens Greenhouse
Research Center’s greenhouse in the Narpi6 towdastern
Finland [7]. The size of the greenhouse was 18 xn@@ers
and in its traditional control system it has onlyeocabled
measurement unit in the middle.

Greenhouse’s moist climate and dense flora ardaginoi
the surroundings of a jungle. This kind of enviremnis
challenging both for the sensor node electroniaks fan the
short-range |IEEE 802.15.4 wireless network, which
communication range is much longer in open areas.
Therefore, we limited the distances between comaatinig
nodes to 15 meters in our deployment.

B. Sensor Nodes

The wireless sensor node we used was Sensinode’s
Micro.2420 U100 (see Figure 3) [6]. It operatedaabasic
measuring node with a CC2420 802.15.4 RF-transceive
a MSP430 Microcontroller. The gateway node was a
combination of U100 node and USB serial adaptendoa

Greenhouse monitoring and control can be divided in(Micro.USB U600) [1]. Sensors were soldered to ardo

three main tasks: Measuring, calculating and aitiggt?].

equipped with the needed components (resistorgcdaps

These three tasks have their own functionalitiesrasented and operation amplifier). Then the sensor board fSgure

in Figure 2.

4 on the left) was plugged in to the U100 node ubioits

The measured values of the greenhouse climateblesia /O pins. The node and two 1,5V AA-batteries actagga
are first converted from analog to digital and theROWer source were sheltered by a plastic box (8TB3&m)

transmitted to the computer. Because of the higlstune in
the greenhouse, the computer is normally locatedidel
Signal provided by the sensors is normally weakth@dlit

to prevent them from the humidity. Sensor board plased
on the top of the box and sensitive electrical congmts
were protected from the moisture by a plastic copsipray.



Finally, the whole board was enveloped by ESD plast D. Node Deployment and Network Architecture
sachet leaving only the heads of the sensors @utsid

We applied a simple star topology, where four nodes
with temperature, luminosity and humidity sensoeasured
climate variables and communicated directly withe th
gateway node. The gateway node acted as a coarduad
received the measured data from the sensor notegsl
located in the greenhouse entrance hall becauseuthéality
there was 20-30% lower than inside the greenhohse.
laptop computer was connected to the gateway ngde b
USB-cable.
| Martens greenhouse was divided into vertical blcakg

Fig. 3. Sensinode’s Micro.2420 U100. The node isifgzed the nodes monitored one block at a time. FigurkuStiates
with ZigBee radio, but it operates under 6LOWPAN how the sensor nodes were deployed to the greeehous
protocol. block. The idea of the vertical deployment wasgtt a

better understanding of the microclimate layers cihi

Sensinode’s devices are based on 6LoWPAN protocéYpi‘?a"y exist in the greenhoyse, and to figuré whbat kind
which enables transmission of compressed Interratbeol of differences occur in the climate between lowed apper
version 6 (IPv6) packets over IEEE 802.15.4 netwdg{. [ora-

Sensinode’s Nanostack protocol provides the use of

6LOWPAN and a standard Socket API for accessing the

network. It works in 2,4GHz ISM band and offers 2&ips
data rate [9].
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C. Sensors

Fast response time, low power consumption ar
tolerance against moisture climate made SHT75 ivelat
humidity and temperature sensor [10] a perfecttsmiufor
the greenhouse environment. Temperature accuradiieof
sensor is £0.3 °C and the accuracy of the reldtiveidity
under +2 %. Communication between SHT75 sensor ai..
node is similar to IIC interface developed by Risli Data
and clock line are the same in both cases, but SHIa5
only one pull-up resistor between data and powgpisu
line.

Luminosity was measured by TAOS TSL262R [11]
which converts light intensity to voltage. Unstaldatput
signal is handled by low-pass filter to get correchinosity
values.

We mounted irradiance, temperature and humidit
sensors into four nodes, but Carbon dioxide semngas
tricky because it sets special requirements for itiput
voltage and the response time. Figaro's TGS416]1 [1
carbon dioxide sensor (see Figure 4 on the rigla$ the
alternative, which was the most compatible with hvitage
sensor node. COmeasuring takes longer time than othe gteway nede
measurements and G®ensor voltage supply must be within g
0.1V from the 5 Volts. The carbon dioxide valuendae
read from the output voltage. Operation amplifi@ises the  ComuterDatabase)

Fig. 4. Sensor board (equipped with Iﬁminosity aﬁdj
temperature/humidity sensors) and carbon dioxideae

voltage level of otherwise weak signal from thessenWe Fig. 5. Experimental setup in Martens greenhouse.

end up to left the TGS4161 to be implemented inoits )

node which can also act as a router node in a rhoki Node 1 (see Figure 5) was placed 490 cm away fram t
network, which will be part of the future work. glazed side wall of the greenhouse. It was hanged®0 cm

height and the distance to the edge of dense tofobbme
was 410 cm. Node 2 had 180 cm distance to thewsale
and it was placed at the height of 176 cm. Thaatioa was
a shadowy spot where the nearest lamp was brokea. T
length between the first plants and the device W&é cm.



Node 3 measured the crown layer in 310 cm heigst juand the block where our sensor nodes were deployesijn

above the Node 1. Node 4 was in the middle of thte greenhouse’s south end.

greenhouse block 930 cm away from the side wall and The temperature values measured by four wirelessose

hanged at a height of 295 cm. The distance fromntitee to nodes are shown in Figure 7. Local temperatureegalere

the edge of the foliage was 135 cm. Node 2 and Nbodee  strongly influenced by the sunshine at the begigrohthe

shown in Figure 6. experiment period. Node 1 was far away from the
Periodical sleep and wake modes were applied. dn igreenhouse ceiling and from both greenhouse walisis,

turn, each node woke up and turned on its radiolfor the temperature stayed stable in its area for wiothte time.

seconds, and went then back to sleep and turnetsofidio The 15 minutes sampling period in the greenhouseralo

for 255 seconds (4 min 15 s). At a time, only ohéhe four system explains, why temperature raised over 38i@ein

nodes equipped with temperature, luminosity and idilyn some spots before the control system opened thé roo

sensors was reading data from the sensors anchwalita windows. Later on, a partly cloudy weather balantieel

request from the coordinator. The coordinator teake of results between the nodes for the rest of the @xpet.

data requesting, and the other nodes were only #ble

answer to the request. Thus, the coordinator aetecdh

master device, which polled data from the sensaesdn

certain time periods. Collisions between other nod

TEMPERATURE

MODE 1 (awr. value =24,66)
——— MIODE 2 [avr. value =25,86)
MODE 2 [awr. value =26,17)
——— MODE A [awr. value =25,14])

transmissions were easily avoided in this way.
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In our experimental setup, four nodes were depldged Fig. 7. Temperature measurent results.
one greenhouse block to gather information abow& th
differences in climate variables between lower amgper
flora. Each node red temperature, humidity anddienace
values once in four minute intervals over threerkoDuring HUMIDITY
the experiment, the coordinator sent 200 data stguand
each sensor node responded 50 times. Ten packéis v NODE 1 (avr. value =66,45)
readings were either lost or received incorrecfihat NODE 2 {aur. value =67.,02)
indicated 5% data loss rate in terms of packets. Maximal one 4 (ar.. — :E:’ﬂ]
communication range, 15 meters was figured out i faur. value =65,41)
individual test where the distance between the dioator 20
and the sensor node inside the greenhouse demseviits
increased until the connection was lost. We alssenlked
that the reliable range in terms of tolerable padkss was 70
approximately 10 meters. Compared to our previol ==

experiment in an open parking lot, the reliable é &0
communication range fell to one third in the gremde’s
dense flora.

A fickle weather on the measurement day affected tt
results. The sun was shining for a half an hourtha
beginning of the test and later on during shortiqus of
the day. The greenhouse environmental control Byste
Priva[13], adjusted the ventilation, heating andsting
according to new samples once in 15 minutes. Fiva
measurement box located in the middle of the greesd
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Fig. 8. Relative humidit
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Node 3 and Node 4 were both placed on the crower layirradiance sensor does not have the sleep modk ahd to
of the tomato growth. A slant ceiling of the greenbe save energy it have to be turned off most of tmefi
made the distance between Node 4 and the ceilireeth In the nearby future, we will develop a multi-hop
meters longer than distance between Node 3 andeilieg. network to cover the entire greenhouse. We wilb attach
Therefore, the measurements provided by node 4catetl probes to the nodes so that the wireless nodebeaised to
one degree lower temperature. Node 2 was locatadthe measure soil moisture and possibly other paramdters
side wall of which the sun was heating raising ththe flower pots, but still be flexibly moved withe pots or
temperature measured by the node. from one pot to another. We are also consideriegoffition

The relation between the humidity and temperatuas wto implement the CO2 sensor to the network by cotimg it
explained in Chapter Ill. The measurements coltettethe to the plug-in router node.
nodes verified the fact that the lowering of theatiee In addition to networking in data collecting purpeswe
humidity increases the air temperature and viceaudfigure will develop the control part and close the wirslesntrol
8 shows the changes in relative humidity betweeur foloop. The control commands will be counted in atidized
nodes. Comparison between temperature and humiddy locally centralized manner, and then transmitted
values (Figures 7 and 8) shows how variables aneedi wirelessly to the actuators located to the diffeparts of the
together. For example, two distinct drops in hutyidire greenhouse. Required local control implementatEuggest
clearly to be seen in the Figure 8. Temperaturaiesl us to use DSP-units with some of the wireless semsdes.
increased at the same time when moisture dropsesh@awvn
in Figure 7. Relative humidity did not differ mutietween
the nodes. Node 1 and Node 2 were placed on a wiyado REFERENCES
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