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Abstract. This paper presents results of wireless intelligritding automation focusing on the rational usemergy
without prejudice to thermal comfort. The wirelemsproach, in this work, is used for better targstorfitting of

buildings still in operation, a great HVAC (Heatingentilating and Air Conditioning) market shareBrazil. We used
split air conditioners, power meters and tempeeatsgnsors, forming a ZigBee wireless network ofssemand
actuators. A supervisory computer integrates albsneements and command signals. The thermal regulaf a

laboratory environment was implemented with Atmdlindega8 microcontrollers and XBee transceivers. tifpincthe
use of information not generally used in buildingamation we could reduce significantly the enecgpsumption
while maintaining the thermal comfort sensation. ¥enpared classical on-off and fuzzy control sgjegte The fuzzy
system, an expert rule based inference machindd doetter take care of the different contexts ie thuilding

automation. We verified that both controllers wabde to maintain the thermal comfort; however, filezy controller
attained it with lower energy consumption (react80§6 savings in some situations).
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1. INTRODUCTION

The consumption of electric energy is increasingdgally in Brazil, buildings are responsible by mmuaf this
consumption. Much of this energy is consumed innta&iing thermal comfort. This is typically betweéd% to 70%
of total energy consumption of the building (Baymkss et al, 2004). Inadequate architectural ptogex non-
controlled actuators mdgad to waste of energy. An example: In most bogd@nvironments with air-conditioning for
windows over-cooling occurs, in other words, intaer hours of the day the ambient temperature dimisw the
comfort of temperature. After all, do not want tjuest the thermostat of each air-conditioning fondows throughout
the day. The temperature going beyond of the carpfuint is clearly a waste of energy.

The concessionaires promote programs to encounagehange of the habits of their customers reggritie use of
energy stimulating most efficient consume. Howether idea of energy efficiency hasn’t be associatétl lack of
comfort, therefore, good levels of energy efficigr@an be achieved taking simple measures. In otfeeds, the
intention isn’'t deprive people of comfort, but teaimain the same level of comfort with lesser exggenf energy
(Borduni, et al., 2006).

The building automation develops adequate techsigdémplementation of efficient mechanisms that eaoid
the unnecessary consumption of energy. Accordinthéothermal comfort ISO 7730, environmental patenseas
radiant temperature, air temperature, air humiaitgt wind speed and individual parameters as masabaind clothing
affect the sensation of thermal comfort and consetiy energy consumption. There are projects in dhea of
rationalization of energy and thermal comfort ussimce PID controllers until neural controllersiragalso verified the
use of fuzzy controllers for some authors (Gouda,2001), (Haissig, 1999), (Santos, 2005), (Uaz&D06).

This paper presents results of intelligent buildamgomation, forming a ZigBee wireless network efisors and
actuators. The use of wireless node sensors andtact, aims in this work to simplify the retrdfit in buildings
already in operation, reducing costs of equipmedtiastallation.

A comparative study will be done between the ON-@B#troller (base on control of air conditionersjl ahefuzzy
controller (used in complex dynamic systems), agrimshow which of the controllers is more effidi@nmaintaining
of the thermal comfort of the environment and witl least energy consumption.

In this work, we will consider only the control tfmperature as indicative of thermal comfort. Témperature is,
in fact, the predominant factor in the norm of thal comfort. The relative air humidity has smafluence in the usual
bands measured in Brasilia (without extreme drgughihe speed of the wind is important factor, buwill be
considered appropriate. Mean radiating temperatumnsidered constant, as well as activity leval alothes are
assumed as appropriate for the season.

2. THERMAL PROCESS

In the thermal system used in this work, Fig. 1,0aa observe the provision of air conditionerst tbgether with
power meters and temperature sensors that will faizigBee network managed by a coordinating conmputening
supervisory software. We used two split air condigrswith capacity 22.000 BTU / hr, each split air cdiatiers is
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composed of an internal unit, also called an ewatpor responsible for pumping cold air in the roand the external
unit, also called condenser, responsible for cgdiite gas that returns from the evaporator unit.
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Figure 1. Thermal Systems (Filho and Dias, 2008).

3. USE OF WIRELESS NETWORKS IN BUILDING AUTOMATION

3.1. GENERAL ARCHITECTURE

The architecture of a system of supervision anatrob (SCADA) of a building is based on network gxuoent
(processors and controllers). For the project iestjon was used an architecture based on modaesdompany Digi
(previously MaxStream) called XBee. The XBee isigel@ss technology designed to meet the standdté I802.15.4,
it operates in a band of frequency of 2.4 GHz itfate transmission of 250 Kbps and uses radiadswf low power
(~ 100mW), low cost and small reach (100m). Figlishows the topology used.

CMOSLugII:{ZI! W) CNOS Logic (28- 34V)
| —
0l (dela in} |, Dl{dalai)
P ﬁ? m

. ¥Bee XBae Pl
Morwanoe | | 00(Gaod) | Module Modulg | DO(daaou) Mooumiole

L4

(TN S
ki

Figure 2. System Data Flow in an environment withRT interface (Oliveira et al 2007), (MaxStreama{.

We used two types of devices: The first device, ¢berdinator module is responsible for the interemtion
between the node End Device and the PC, Fig. 3edeives the node sensors data relate the tempzrafu
environments and relaying the processed informdtiothe node actuator.

Figure 3. Plague CON-USBEE (Rogercom).
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There are also two End Devices (two specializedespdeach responsible for the capture of analatagelative
the temperature read by the sensor, Fig. 4, andthies for the actuation of the output of the PWA§. 5 and 6 .

In the sensor module, Figure 4, the functionalitgonversion A / D for the XBee module was usedisTallows a
conversion without the microcontroller. Also a teamgture sensor LM35 was used, that operates iratige of -55 ° C
to +125 ° C, has a gain of 10mV / ° C, precisio® & ° C, low energy consumption (active mode = 258) and, an

operational amplifier to amplify the signal of teensor in one of the A/ D channel of the XBee.

Figure 4. Diagram of the End Device Sensor (Filhd Bias, 2008).

In Figure 5, the end device actuator is compose@ ofBee, a microcontroller Atmega 8, an interface &
programmerand, a serial interface with the possibility ofesgion through jumpers between the communication’ PC
XBee, XBee/ATmega8 and, PC/ATmega8.

Figure 5. Diagram of the End Device Actuator (Fiftrad Dias, 2008).

The drive circuit, Figure 6 is composed for a TRIAGC246D that supports voltages of up to 400V amdks with
current of up to 16 A although the current thatsgasto the compressor is of approximately 0.8 /& ttomposed for a
optoacoplador MOC3081 that beyond isolate the obrdircuit of the power circuit has a device zeretedttor,
guaranteeing that the actuation of TRIAC only oostien the mains voltage passes for value zero Bodcantains a
fuse.

Figure 6. Drive Circuit (Filho and Dias, 2008).
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3.2. SUPERVISORY SOFTWARE

The software SCADA is responsible for data acquisiequipment (sensors, actuators, programmableatams,
etc) to the computer, by your organization, use madagement, showing to the operator of the sy#terstatus of the
system in real time.

The variables of the process must be clearly ptedeto the operator through specific screens thate visualized
during the navigation in the module in real timkowing operators to control and monitor all thestgm (Galo and
Ribeiro, 2007).

In this work, the supervisory system was developddnguage C, being that, all the flow of datahia network is
done through of coordinator node. He modifies teespnal address and destination of coordinatohabit receives /
sends the data to the indicators node, savindfile the referring data of the reference tempemtaodes temperature
and actuators status, allowing the generation pbnte and graphs with the data collected. The dijpas of
configuration are done in the command made the reading of data in APl mode of the XBee uadThis is also
where all information that enters or leaves the a@ds contained in framed composites in sequenca party that
delimits the begin of the frame, one that inforsssize, the part where if find the data and theckbum (which if
verify the integrity of the frame) (Filho and Di&X)08).

3.3. MEASUREMENT OF TEMPERATURE

In this work, a network of wireless sensors andiaotrs was developed. This was done by using a,Xbeewas
implemented at the LAVSI laboratory. This was conalgi together with a fuzzy controller to ensure errtially
comfortable environment and with the least consionpaf energy possible.

The network defined for implementation of this j@uj consists of two nodes sensors, two nodes actuahd one
node coordinator connected in a star form, wheeesnsor and actuator modules possess fixed addriegssending
and collecting of data.

The communication is done in unicast mode, andttic, the supervisory repeatedly changes the palsmomd
destination address of the coordinator node, Fig. 7
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Figure 7. Flowchart of functioning of supervisonftsvare (Filho and Dias, 2008).

The sensor nodes are configured to send three samptemperature, Fig. 8, being that the dataant inside of a
package API. If the pair to pair absolute differeibetween the three read are lesser or equalaioall, are bigger than
1, the average of 3 read is taken, otherwise, lithei the average of two samples that have a diffelesser than or
equal to 1, (Filho and Dias, 2008).
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Figure 8. Supervisory.

The software implemented in the sensors module sttie read of the temperature and send to the \8sper
computer through the Coordinator module, whichasnected to the computer through a USB port, amyents data
from serial to USB.

In the supervisory computer occurs the processfripe data and the control of the process donthéysoftware
implemented in the modules of the actuators thgbeér the condenser unit through a PWM signal dgnthe
coordinator node.

4. CASE STUDY: STUDY OF WIRELESS DEVICES IN BUILDIN G AUTOMATION
In this section techniques of control that can eeduto control the temperature of building envirenis are shown.
4.1. ON-OFF CONTROLLER

The on-off controller is one of the simplest cotitns to be implemented, being therefore suffidienised for
temperature control in building environments. Tisiglone by the controller, which compares the meamperature
output with the reference value, Eq. 1. If the refiee temperature is higher than the mean temperand if the
difference between them is 0.5 ° C above, the obsignal is zero. If the reference temperatureiger than the mean
temperature and if the difference between themss @ below, the actuator closes to its limit paihoperation.

_ IOW If 1;ef>tmeane tef_tmean>q5
B hlgh If 1;ef<tmeane 1;ef_TTnean<_q‘r)

4.2 FUZZY CONTROLLER

@)

A fuzzy controller has as principle model a spéstiaivhich is well able to control the process.téasl of dealing
with a mathematical formulation of the process,tate the specialist. For the construction of a rhdmesed on
knowledge of the actions of the control of a spestiathere is a necessity of an appropriate matimal structure
(Urzeda, 2006). Figure 9 shows the block diagrath thie stages of processing the fuzzy control.
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Figure 9. Diagram of a Fuzzy system [12].

The interface of fuzzification takes the valuesimjut variables, make a scaling for conditioning tralues to
universes of normalized discourse and fuzzify thakies, transforming numbers in fuzzy sets, in weat tan become
instances of linguistic variables (Gomide and GudwWwB94). These rules characterize the stratediesntrol and their
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objectives. The inference procedure acts on tha filetzy input, together with the rules to infer #xetions of fuzzy
control, using the fuzzy implication operator ame trules of inference of fuzzy logic. The defuzrifiacts on the
actions of fuzzy control inferred, transforming miein action of non-fuzzy control, scaling towardngmatible
normalized values from the previous step with takies of the universes of discourse of real vaemBarg 2002).

In the implementation of the fuzzy controller tlididwing input variables were defined: error anthsat and one
output variable: PWM output. Through error is pbhsito verify how far from the desired value is teenperature of
the controlled room, setpoint adds the output a gabportional the variation of reference, conttibbg to maintenance
of the error in permanent regimen for any valuéeafiperature (Santos, 2005). The output variableferased by five
triangular functions of relevance: very low, lowedum, high and very high. 25 rules were used endhtabase, as
shown in Tab. 1 below.

Table 1. Rules Fuzzy

Erro x T_ref VERY LOW LOW MEDIUM HIGH VERY HIGH

NEGATIVE VERY LOW VERY LOW VERY HIGH VERY HIGH | VERYHIGH

LOW
NEGATIVE VERY LOW VERY LOW MEDIUM VERY HIGH | VERY HIGH
ZERO VERY LOW VERY LOW VERY LOW HIGH VERY HIGH
LOW VERY LOW VERY LOW VERY LOW VERY LOW VERY LOW
POSITIVE

POSITIVE VERY LOW VERY LOW VERY LOW VERY LOW VERY IOW

4.3. ANALYSIS OF RESULTS

This stage consists in verify the results of the@lamentation. If the system developed takes carth®fmain
objective, which is to use energy rationally whiledually reducing its consumption. Then the cdlere will act in a
form that allows that the temperature of the roorhé maintained around the reference signal.

The energy saving will done by the using of an eixpgstem based on fuzzy rules, which take cataeflifferent
contexts in building management, which will causdegrease in the time of operation of air condgisn and the
amount of times in which it is activated.

During the experiments, besides the temperatur¢hefroom was registered the consumption in Wh of ai
conditioners were used. The monitoring of energysaonption of air conditioners was done by the meserdis & Gyr
model ZMD-128, being the communication with the tmeter made through of an optical connector and/dihges of
consumption visualized by software of the manufiastu

To maintain the thermal comfort of the environmamhaximum variation of the temperature of 2 ° @geusually
accepted for climatization was used (Gouda et @lLp0Two tests were done. In the first test thetrodier worked with
a fix reference. The results obtained in the fiest can be viewed in the Fig. 10 and 11.
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Figure 10. Fuzzy controller first test
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Figure 11. On-off controller first test

It can be verified in fuzzy control that the tengtere of the room remained around 24.5 ° C, withrerless than 1
° C, which is a value that is inside of the staddzrthermal comfort. In the on-off control, thertgerature of the room
also remained around 24.5 ° C, with errors of thas 1 ° C. Through the signal of the actuatocsit be verified that
the time that the air conditioning is activated dlnel amount of switching to trigger it is lowertime fuzzy controller
compared to the on-off controller. This fact cdmites directly in the consumption of energy andubeful life of the
equipment.

This fact can be demonstrated through Tab. 2 whitdws the consumption of energy for the controlengre if
can be verified that the consumption of energyha on-off control, which is practically the sameridg all the
experiment, is bigger than the consumption in fuzaytrol.

Table 2. Total consumption of the controller in finst test

Tipe controller consumption first test (KWh)
On-Off 1,64
Fuzzy 1,36

For the second test a change in the values okfleeence temperature was done to observe thedrdarishavior of
controllers. The results obtained in the secondisedsualized in the Fig. 12 and 13.
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Figure 12. Fuzzy controller — second test
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Figure 13. On-off controller second test

As in the first test, we can observe that both iletrs were abléo maintain the temperature inside the limits of
thermal comfort Furthermore, using the fuzzy cdigroenergy consumption dropped dramatically, TabWhile
conducting the tests were also verified the infageim the results and in energy consumption whey #re conducted
without the presence of people in the environmedtthe part of the morning where the external teatpee is lower.
When tests are done in the morning or without tfesgnce of people the consumption of energy ane dfi the air-
conditioning to maintain the temperature insidéhef limits of thermal comfort is lower.

Table 3. Total consumption of the controller in feeond test

Type controller consumption second test (KWh)
On-Off 1,80
Fuzzy 1,51

5. CONCLUSION

This project had as objective to show how thelligent building automation can contribute to theduction of
energy consumption in air conditioning systems. €hergy saving can be achieved by a specializadraylsased on
fuzzy rules, that take into account the differemttexts of building management.

Through experiments, we can observe that besidéstairang thermal comfort of the environment thevas a
saving of 19.97% and 22.94% respectively in enemysumption with the use of fuzzy controller congaawith ON-
OFF controller that is the base of control of @inditioners. The reduction in energy consumptios diae to use of an
appropriate conjunct of rules, which ensured aeahs® in the time of operation of equipment andatheunt of times
they were actuated.

The use of ZigBee wireless communication occasipnsihowed missed packets that were detected by the
transmission of temperature equal to zero, requitire forwarding of them. The implementation of r@tpcol for
communication, e.g. BACNet should identify sucluaitons and request the forward of lost data wérilguring greater
reliability in data traffic.

The implementation of a protocol of communicatieng BACNet and the monitoring system of remote form
through the Internet, would be a great improventerihe system, guaranteeing a bigger reliabilityhia traffic of the
data and allowing the operator to monitor to follth& process from anywhere.

The use of APl mode for the operations of confijoramakes the total time spent in reading of theadf all
sensors and actuators 6 seconds approximatelwiatia larger sample data for analysis.

The flexibility to deploy wireless temperature, hdity, air speed, etc sensors. freely in the emunent, allows
control of the temperature that effectively intésethe user of the environment and not the usuapégature returned
by the air conditioners of window.

A better analysis must be made using other typesoofrollers, but also increasing the time of tirauation
experiments, allowing a greater improvement ofdtetroller used for the type of application desired
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