ABCM Symposium Series in Mechatronics - Vol. 4 - pp.470-479
Copyright © 2010 by ABCM

ENERGY SAVING IN BUILDING AUTOMATION USING ZIGBEE
WIRELESS NETWORK AND FUZZY CONTROL

Paulo A. F. Janior, paulo.eletrica@gmail.com

Adolfo Bauchspiess, adolfobs@unb.br

Laboratério de Automacao, Viséo e Sistemas Iraaligs - LAVSI
Grupo de Robdtica, Automacédo e Visao computacier@RAV
Departamento de Engenharia Elétrica - UniversididBrasilia
Caixa Postas 4.386 70910-970 - Brasilia — DF

Abstract. This paper presents results of wireless intelligritding automation focusing on the rational usemergy

without prejudice to the thermal comfort. The wiesd approach, in this work, could better targetorfitting of

buildings still in operation, a great HYAC markédtase in Brazil. We used split air conditioners, powneters and
temperature sensors, forming a ZigBee wireless orétwf sensors and actuators. A supervisory comgntegrates
all measurements and command signals. The thewgalation of a laboratory environment was impleradnivith

Atmel ATmega8 microcontrollers and XBee transcesveFhrough the use of information not generallyduge

building automation (outside temperature, estinmt® number of persons in the room and dynamic Islaring

between the air conditioners) we could reduce Baaritly the energy consumption while maintainitg tthermal
comfort sensation. We compared classical on-offfaady control strategies. The fuzzy system, areexpile based
inference machine, could better take care of tliferdnt contexts in the building automation. Weified that both
controllers were able to maintain the thermal catmfbowever, the fuzzy controller attained it withwer energy
consumption (reaching 30% savings in some situglion
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1. INTRODUCTION

The consumption of electric energy is increasingdgally in Brazil, being buildings responsible buah of this
consumption. Much of this energyconsumed in the maintaining the thermal comfbypically between 40% to 70%
of total consumption of the building (Bauchspiessake 2004). Inadequate architectural project and-controlled
actuators mayead to waste of energy. An example: In most lamdrenments with air-conditioning of the window
occurs over-cooling, in other words, in the howrssl hot of the day the ambient temperature drofzsvbef the
temperature of comfort. After all, do not want tdjust the thermostat of each air-conditioning oé tindow
throughout the day. The temperature going beyoriletomfort point 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 haven't be associatétl lack of
comfort, therefore, good levels of efficiency enempn be achieved taking simple measures, in otfeeds, the
intention isn’t deprive people of comfort, but t@imtain the same level of comfort with the lessqremse of possible
energy (Borduni, et al., 2006).

The building automation develops adequate techsitménplementation of efficient mechanisms that aaoid the
unnecessary consumption of energy. According tatibemal comfort ISO 7730, environmental paramegsrsadiant
temperature, air temperature, air humidity and vépded and individual parameters as metabolisnchmticing affect
the sensation of thermal comfort and consequeniygy consumption. There are projects in the afeatimnalization
of energy and thermal comfort using since PID aalgrs until neural controllers, being also veidfithe use of fuzzy
controllers for some authors (Gouda et al, 200H3igsig, 1999), (Santos, 2005), (Urzeda, 2006).

This paper presents results on energy saving inctimext of Ambient Intelligenced he incorporateduse of
ZigBee wireless network sensors (WSN) and actuatoid information not generally used in building camétion
(outside temperature, estimation of number of pesm the room and dynamic load sharing between aihe
conditioners) allow reducingignificantly the energy consumption while maintagnthe thermal comfort sensation.

In this work, we will consider only the control tfmperature as indicative of the thermal comfone Temperature
is, in fact, the predominant factor in the norntlefrmal comfort. The relative air humidity has dnmafluence in the
usual bands measures in Brasilia (without extrenoaight). The speed of the wind is important factor, it will be
considered appropriate. Mean radiating temperati@nsidered constant, as well as activity leved alothes are
assumed as appropriate to the season.

2. THERMAL PROCESS

In the thermal system used in this work, Figuravé,can observe the provision of air conditionengt together
with power meter and temperature sensors will far@igBee network managed by a coordinating computening a
supervisory software. We used two split air cowodiérs with capacity 22.000 BTU / hr, being each split air
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conditioners composed of an internal unit, alséedaévaporator responsible for pumping cold aithia room and the
external unit, also called condensing, respongdrleooling the gas that returns from the evaparatut.
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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 a netwodupment
(processors and controllers). For the project iestjon was used an architecture based on modutes ebmpany Digi
(previously MaxStream) called XBee. The XBee isieel@ss technology designed to meet the standdEé I802.15.4,
operates in a band of frequency of 2.4 GHz witata transmission of 250 Kbps and uses radio dewvitlesv power (~
100mW), low cost and small reach (until 100m). Tdleowing topology was used, Figure 2.
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Figure 2. System Data Flow in an environment withRT interface (Oliveira et al 2007), (MaxStreama).

We used two types of devices: The first device thdahe coordinator module, responsible for thericdinnection
between the node End Device and the PC, Figureciving of the node sensors data relative the deatpre of
environments and relaying the processed informdtiothe node of the actuators.

Figure 3. Plague CON-USBEE (Rogercom).
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Figure 4. Diagram of the End Device Sensor (Filhd Bias, 2008).

There are also two End Device (two specialized spd=ach responsible for the capture of analogatigrelative
the temperature read by the sensor, Figure 4, lendther node is responsible for the actuatiorhefdutput of the
PWM, Figures 5and 6 .

In Sensor module the functionality of conversior B of the module XBee was used, allowing not htvese a
microcontroller, also was used a temperature sdriéd@5 that operates in the range of -55 ° C to +1Z5 has a gain
of 10mV / ° C, precision of 0.5 ° C and low consuimp (active mode = 25Qu A) and an operational amplifier to
amplify the signal of the sensor in one anothenok&A / D of the XBee.

In Figure 5, the end device actuator is composedXBee, a microcontroller Atmega 8, interfacedqrrogrammer
and a serial interface with the possibility of sélen through jumpers between the communication /PXBee,
XBee/ATmega8 and PC/ATmega8.

The drive circuit, Figure 6 is composed for a TRIAGC246D that supports voltages of up to 400V ardks with
current of up to 16 A, although the current thaagees for the compressor is of approximately 0.8&Aa optoacoplador
MOC3081 that beyond isolate the control circuithod power circuit has a device zero detector, guaesng that the
actuation of TRIAC only occur when the mains vodigmasses for value zero and also contains a fuse.

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

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

Software SCADA are responsible for the acquisitiérihe data of functioning of the circuits to thengputer, for
your organization, use and management, showingetoperator of the system the status of the cgéniteal time.
The variables of the process must be clearly ptedeto the operator through specific screens thate visualized

during the navigation in the module real time, alltg operators to control and monitor all the plgBalo and Ribeiro,
2007).
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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 thiespnal address and of destination of coordinatdhat it receives
/ sends the data to the indicators node, saviafile the referring data of the reference tempeeatnodes temperature
and actuators status, allowing the generation pbnte and graphs with the data collected. The dipas of
configuration are realized in the command madd the reading of data in APl mode of the XBee utedwhere all
information that enters or leaves the module igaiord in frames composites in sequence by a plzaitydelimits the
begin of the frame, one that informs its size, plagt where if find the data and the checksum (wliickerify the
integrity of the frame) (Filho and Dias, 2008).
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Figure 7. Flowchart of functioning of supervisonftsvare (Filho and Dias, 2008).
3.3. MEASUREMENT OF TEMPERATURE

In this work, it was developed a network of wireslegnsors and actuators, through Xbee, implememtedAVSI
laboratory, guaranteeing the "thermal comfort" stenvironment with the biggest saving of possibleergy.
The network defined for implementation of this atjconsists of two nodes sensors, two nodes actuand one node
coordinator connected in star form, where the seasdl actuator modules possess fixed address falirge and
collection of data.

The communication is done in unicast mode, andHix, the supervisory repeatedly change the pelsaidress
and of sending of the coordinator node, Figureli& 3ensor nodes are configured to send three sawofplemperature,
Figure 8, being that the data are sent inside pdickage API. If the pair to pair absolute differetetween the three
read are lesser or equal to 1, or all are biggar ) is make the average of 3 read, otherwisébwithe average of two
samples that have different lesser or equal 1h¢Fahd Dias, 2008).
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Figure 8. Supervisory.
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The software implemented in the sensors module stk read of the temperature and send to the \ssper
computer through the Coordinator module, whichdanected to the computer through a USB port, cdimgedata
from serial to USB protocol.

In the supervisory computer occurs the processfrthe data and the control of the process donthbéysoftware
implemented in the module of the actuators thajgai the condenser unit through a PWM signal sgnthie
coordinator node.

4. CASE STUDY: STUDY OF WIRELESS DEVICES IN BUILDIN G AUTOMATION
In this section are shown techniques of contral tlaa be used to control the temperature of budléinvironments.

4.1. ON-OFF CONTROLLER

The on-off controller is one of the controllers pigst of be implemented, being therefore suffidiensed for the
control temperature in building environments. Atrkwon question, the controller compares the meanptrature
output with the reference value, and if the refeeetemperature is higher than the mean temperandeif 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 acts close to its lipaiint of operation.

IOW If I}ef >tmeane tef _tmean> Q5
= 1
h Ig h If I}ef <tmeane I}ef _tmean< _(B ( )

4.2 FUZZY CONTROLLER

A fuzzy controller has as principle model a spéastialvhich 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 rhdmbesed on
knowledge of the actions of control of a speciatistre is a necessity of an appropriate mathealaticucture (Urzeda,
2006). Figure 9 shows the block diagram with tlages of processing the fuzzy control.

The interface of fuzzification takes the valuesngiut variables, make a scaling for condition théues to universes
of normalized discourse and fuzzify the valuespgfarming numbers in fuzzy sets, in way that cacobee instances
of linguistic variables (Gomide and Gudwin, 199Bhe rules characterize the strategies of contrdlthair objectives.
The inference procedure acts on the data fuzzyt,inpgether with the rules to infer the actionduxzy control, using
the fuzzy implication operator and the rules okmehce of fuzzy logic. The defuzzifier acts on #wtions of fuzzy
control inferred, transforming them in action ofnAfuizzy control, making then a scaling to compatitiie normalized
values from the previous step with the values eftthiverses of discourse of the real variablesg 2&02).

REGRAS
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Figure 9. Diagram of a Fuzzy system [12].

In the implementation of the fuzzy controller welefined the following input variables: error andpsént and one
output variable: PWM output. Through error is pbksito 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 variableforased by five
triangular functions of relevance: very low, lowedum, high and very high. Were used 11 rules endhtabase, as
shown in table 1 below.
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Table 1. Rules Fuzzy

If (error = zero) then (PWM is very low)

If (error = negative) and (ref = high) then (PWM is high)

If (error = negative) and (ref = very high) then (PWM is very high)

If (error = positive) and (ref = low) then (PWM is very low)

If (error = positive) and (ref = very low) then (PWM is very low)

If (error = low positive) and (ref = medium) then (PWM is very low)

If (error = low positive) and (ref = low) then (PWM is very low)

If (error = low positive) and (ref = very low) then (PWM is very low)

If (error = low negative) and (ref = medium) then (PWM is very low)

If (error = low negative) and (ref = high) then (PWM is high)

If (error = low negative) and (ref = very high) then (PWM is very high)

4.3. ANALYSIS OF RESULTS

This stage consists in verify the results of thelamentation, if the system projected takes car¢héo main
objective that is to use energy rationally, grafusdducing the consumption. The controllers adtethe control signal
of form that the temperature of the room if maingai around the reference signal.

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

For maintenance of the thermal comfort of the eminent was considered a maximum variation of thegtature
of 2 ° C, range usually accepted for climatizat{@ouda et al 2001). Two tests were realized. Infitst test the
controller worked with a fix reference. The resulbgained in the first test can be viewed in tigeifes below.

It can be verified in fuzzy control that the temaiere of the room remained around 24.5 ° C, withrerless than 1
° C, value that is inside of the standard of théroaanfort. In the on-off control, the temperaturtioe room also
remained around 24.5 ° C, with errors less tharCl Through the signal of the actuators can bdigdrihat the time
that the air conditioning is activated and the amtoof switching to trigger it is lower in the fuzzayontroller if
compared to the on-off controller. This fact cdmites directly in the consumption of energy andubeful life of the
equipment.
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Figure 11. On-off controller first test
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This fact can be demonstrated through table 2 whitiws the consumption of energy for the contrslighere if
can verify that the consumption of energy in theoffrcontrol, which is practically the same durialy the experiment,
is bigger than the consumption in fuzzy control.

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 was realized a change in theev®f reference temperature during the test,biseve the
transient behavior of controllers. The results migtd in the second test can be visualized in tperdis to follow.

As in the first test, we can observe that both ilers were abléo maintain the temperature inside of the limits of
thermal comfort, though the fuzzy controller to iasled the objectivewith a bigger economy of energy. While
conducting the tests were also verified the infageim the results and in energy consumption whew #ére conducted
without the presence of people in the environmedttae part of the morning where the external teatpee is lower.
When tests are realized in the morning or withbetgresence of people the consumption of energylawel of the air-
conditioning to maintain the temperature insid¢hef limits of thermal comfort is lower.
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Figure 12. Fuzzy controller — second test
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Figure 13. On-off controller second test

Table 3. Total consumption of the controller in fezond 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 thesluction of
energy consumption in air conditioning systems. €hergy saving can be achieved by a specialiseisysiased on
fuzzy rules, that take in account the differentteats of building management.

The fuzzy controller is applicable to systems whgge doesn't have a adequate methodology to cqrdra, for
example, the difficult or unviability to obtain aathematical model that describes satisfactorilyilofBovec et al
2004).

Through experiments, it was observed that there avasving of 20,59% and 19,21% respectively in gner
consumption and with the maintenance of the theomadfort of the environment.

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 folltwe process from anywhere, just for this is cotetkto the network.
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The use of API mode for the operations of confiiaramakes with that the total time spent in regdif the data
of all sensors and actuators lasted 6 secondsd@pptely, time this that is increased for approxietia30 second case
if uses the command mode.

The flexibility to deploy wireless sensors of temgiare, humidity, air speed, etc. freely in theismment, allows
to control of the temperature that effectively ietds the user of the environment and not the usugberature of the
return of the air conditioners of window.
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