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Abstract

Hawaii is dangerously dependent on impodiétb fuel its economy. To reduce this risk,
the state government enactée Hawaii Clean Energy Initiative which mandates a switch to 70%
clean energy by 2030. About 30% of this conversiust come from energy efficiency
improvement and 40% from renewable sourcesTlhis thesis is dedicated to using the wireless
sensor network technology to monitor each eleefpaliance that is connected to a building
power grid. Building managers or occupants canyeascess detailed power consumption data
to detect energy waste and therefore adjust theirgy usage and improve building energy
efficiency. In this project, we contributed the id@smethods of system integration, energy
sensor node hardware and firmware integration, clataction tool chain, database construction

and web-based graphic user interface (GUI) for pqwefile visualization.

Keywords: wireless sensor network, smart grid,dog energy management system.
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Chapter 1 Introduction

Driven by population growth, bigger hoydagger TVs, more air conditioners and more
computers, the growth in electricity power consuomphas tripled in the past two decades [1].
The energy crisis in Hawaii is even more severarréhtly, Hawaii residents pay the highest
cost per kilowatt-hour (cents/kWh) for electricitythe country. The Hawagovernment
enactedheHawaii Clean Energy Initiative which mandates a switch to 70% clean energy by
2030. About 30% of this conversion must come freamargy efficiency improvement and 40%
from renewable sources [2]

To achieve this energy reduction goal fitst step is to find out which kind of energy
consumption contributes the most. According to Department of Energy Electricity
Consumption report, 72% of the total U.S. eledlyiconsumption occurs in residential and
commercial buildings, and 30% of energy consumealifdings is wasted [3]. If the U.S.
building electric grid were just 5% more efficietiie energy savings would equate to
permanently eliminating the fuel and greenhouseegaissions from 53 million cars [4].

Improving building energy efficiency andegtating distributed renewable energy (DRE)
sources are typical solutions to achieve buildingrgy reduction. One of the most effective
methods to improve building energy efficiency isrtgplement a real-time power consumption
monitoring system. With the aid of energy monitgrsystem, building facility managers or
building occupants can access detailed power copsomdata. They can then detect energy
waste, and therefore adjust their energy usageatomize energy utilization, such as turning off
the electric appliance immediately after use. Adow to the Google power meter project
estimation, accessing refine energy usage data could help users reducgyearpenditures by
12-15% [5].

In this thesis, we built a building real-erpower consumption monitoring system. We also
contributed to design methods of system integragoergy sensor node hardware and firmware
integration, data collection tool chain, databasgstruction and graphic web user interface for
power profile visualization.

Chapter 2 discusses the background ancdeVedrk. Chapter 3 illustrates the system level

architecture. Chapter 4 looks into the detailthefenergy sensor node hardware. Chapter 5



illustrates the firmware development. Chaptersgdséses the development of data collection
tool chain, data storage and visualization. Chaptvaluates some preliminary testing results.

Chapter 8 concludes the thesis and discusses sdune fvork.



Chapter 2 Background Knowledge and Related Work

2.1 Building Energy Reduction Approaches

Industrial and academic projects are beaivgstigated and deployed for building energy
reduction. In building energy system, the amodrenergy supplied to a building o1
equals to the amount of energy consumeg.{&.3. In addition, if a building has its local green
energy power plant that generategdamount of energy, then we have an equation lilee th
Esupply= Econsume Eiocar IN Order to reduce building energy consumptiea,can decrease
Econsume €.9., improving building energy efficiency andueing the number of electrical loads,

and increase &a, €.9., to using more renewable energy.
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Figure 2.1. Building electric energy system

Figure 2.1 illustrates a typical buildingetric system diagram. As mentioned above, the
first solution to achieve building energy reductisrio use more renewable energy. In Figure
2.1, DRE represents Distributed Renewable Energyepgeneration, e.g., power generation
from solar panels and small-scale wind turbineswé? output from these energy sources is
unlike traditional power plant, which is unstabtelalepends on environmental changes, e.g.,



energy generation from solar panel has higher graurtput on sunny days than cloudy days.
One solution to adapt environmental variance isuitd a system that assumes worst-case power
generation scenario for all time operation to $atiilding ordinary power consumption.
However, this method could result in waste froomBigant system over-design. To solve this
problem, we can implement a smart system whichles @ make dynamic decisions on different
renewable energy power source selection and adapivironment changes.

Another solution to achieve building energgluction is to implement the energy efficient
infrastructure architecture and install various poefficient electric appliances. Similarly, fixed
energy efficient implementation won’t adapt to eamimental changes and human activities.
For example, there is lot of energy wasted on ataupied room’s power supply. To solve this
problem, we can adaptively turn on and off thetiigdp air conditioning, and individual electric
appliances in our building according to human atotis from time to time to eliminate energy
waste. This requires us to collect, analyze aedipt both system level and individual level
energy consumptions in real-time.

In a nutshell, renewable energy power geimrand building energy consumption are
largely affected by a lot of variations in time aspghce. We have to seek a way to let building
energy systems adapt to environment changes andrhaativities in real-time. This can be

done by detailed level power consumption monitoand real-time on/off control.

2.2 Smart Grid

Currently, our nation’s electric powerrastructure - known as the grid - has supported the
growth of modern civilization for more than a cawtthowever the slow electric grid revolution
is rapidly running up against many limitations asglies, in terms of energy efficiency, power
transmission capability, and security. The eleajrid’s growth in size, scale and complexity
makes integration of renewable energy and improvemieenergy efficiency more difficult to
achieve. All these factors catalyze a revolutiochanging our current electric grid. By
combining the modern information-era’s technologg,can think of the smart gras the
internet brought to our electric system. By thestng to date definition from U.S. Department

of Energy, smart grid is the way that makes thedfi@mation of the electric industry from a



centralized, producerentrolled network to one that is less centralizedreinformative,
consumelinteractive and adaptive].

As mentioned in th&ectior 2.1, the main cause of electric power wasegrQ! is the
variation from envirament or human actiies. To solve thiproblem, the electrigrid has to
adapt to these changesigure 2.2 further illustrates the system architectura sifnart grid. A
smart grid adds an informatidayerin the form of a communication networkttee electric grid
so that the power usean monitor, analyzend control the entire electric grabrrespondin to
every change in the system.

— |
|~ Real-time control |
[

Figure 2.2. Smart grid architecture

Public facilities and communities are prime groufafsenergy usage reduction progra
because the users of the facilities are ofterresponsible for pagg the monthly energy b.
Such facilities are in government buildings, mitéaousing, college dormitories, and puk
housing. Realime power usage monitoring cotdentify users thahave wasteful behavi.
The ultimate billpayers in these communities have a clear econaroéntive for investment i

energyreducing technologies.



In the upcoming decade, the move to a smart giticchange the industry’s entire business
model. The estimation changes may apply to stdéders involving and affecting utilities,
regulators, energy service providers, technologlaromation vendors and consumers of
electric power [7]. With “smart” features integrdtinto the traditional grid, power generation
and consumption information can be more visiblasdl on this information, an electric
company could render a dynamic electric price gara which is inversely proportional to the
renewable energy power generation output, theretyiging customers with more incentives to
use green energy. Meanwhile, the electricity coresucan also become an electricity provider,
e.g., sell unused local generated renewable erterc)yto some energy providing company
through the smart grid. Moreover, a smart grid gaur new business models. For example, a
possible model could be energy storage businelBaesike profits from selling energy when
the electric price is high and store energy whemnpttice is low. Under this business model,
stock market strategies could be used in an etenéiwork.

In a nutshell, a smart grid can make an elecystesn more visible and controllable that

provides countless benefit to electric companiesueers in the future.



Chapter 3 System Architecture

In this project, we deployexir owr system architecture of buildirepergy manageme
system that is shown in Figurel3 For each electric socket outldte power meiurement is
performed by an energy sensor node (shas a blue dot) that stached between the eleci
power load and the electricabcket outle. The energy sensor node readsver consumptio
values of the powdoad applianc and then broadcasts the values througlreless
communication network. Aaighboing energy sensor node relays the vatuthe nexnearest
node and then to the gatewaidl wireless messages are collecteqgaeway nod. Wireless
mesh network routing enablesg distance communicati. When gteway receivethe
wireless packet messageextract: useful informatiorand then forwards to datab. The web
server is connected to thatabas system and hosts a power profiji@phical wetuser interface.
System users caherefore be able tview detailed power consumption profilekall electric
units in the buildindy smart phone or web brow. The longterm energy profiles can used
by facility managersat make energefficient policies, such as mandatibgilding occupan to
adjust their behavior teliminateenergy waste.
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Figure 3.1. Micro-grid energy management system architecture



Chapter 4 Energy Sensor Hardware

Our eergy sensor node hardwintegrates three major componente first componer
is power supply which conver/sC power to DC powt. The second componentan energy
metering IC whichmeasures thelectric power consumptiorilhe third component Epic Core
[15] which is used focentral processinradio communication. Th@ajor hardwart

configuration is shown in Figure 4

e

|

Figure 4.1. Energy sensor hardware architecture

As shown in Figure 4, the power supply moduis attached to an AC plug, whiconverts
the AC power to DC power. hE poweimetering IC obtains an input voltaggnal directly
from the load circuit, andlso obtains an inpicurrent signal from a current-tmltage
transducerFrom the input voltage and current signal, th calculates the power value a
stores the result into its registéfhe power metering IC output is connecteth®Epic Core IC,
which performdigital data processing and wireless communic. To reduce the amount
work in RF hardware design, Epic Core is used i phoject which integrated MS30

microcontroller and radio chip CC2420 from.



4.1 Power Supply

There are three components that need a Iemsupply - Epic Core needs 3.3V DC, and
the energy metering IC and the Hall Effect sen€onéed 5V DC. Therefore, our power supply
unit needs to convert 110V AC input to 5V and 33¥ output.

There are usually three circuit design meshfiod AC/DC conversion - direct half wave
rectification, step-down transformer followed bipradge rectification, and AC/DC conversion
IC. There are tradeoffs between these methods.diract half wave rectification circuit is
simple and inexpensive, but the power utilizat®uite low because only half of the AC
waveform is used effectively. The step-down transkr followed by a bridge rectification
circuit has the advantage of smooth output voleagggreat power utilization efficiency, but the
transformer has higher cost and larger PCB spangpaacy. In this project, we adopted the
AC/DC conversion IC circuit design method. It llas disadvantage of higher cost, but the
advantage of less PCB space occupancy and smaipilit @oltage. Moreover, most of the
commercial ICs have been well tested for potestfbty issues in extreme cases, such as
lighting high voltage electric shock protectionur@inal circuit used the BP5034D5 AC/DC IC
which is produced by ROHM [16]. Figure 4.2 shotws $schematic drawing of BP5034D5
AC/DC conversion IC application circuit. The outd BP5034D5 AC/DC conversion IC is 5V
DC, a voltage regulator MCP1700 is then used tegaa 3.3V DC.

BPSE3I405

P S e W W W W . W o W W Y

T TTT:TTT” N -
£xt % MWW——— [ J_ 3 T
AC plug 11@y < =l T T

r + ; .

Figure 4.2. BP5034D5 AC/DC power supply circuit



4.2 AC Power Metering

The most typical approach to obtain enexgysamption is to calculate the product of the
digitalized current and voltage values and accutawdaer time. To digitalize the voltage signal,
an ADC (analogue to digital converter) is typicallsed. The voltage signal can be directly
connected to an ADC; however the current signabismeasurable by ADC and it must be
converted to a voltage signal first. The easiest t@ perform the current to voltage conversion
is to insert a small resistor in serial to the wit.c The small amount of voltage that drops across
the resistor is directly proportional to the cutreragnitude. The proportional factor can be then
easily scaled by software calibration later onisTdircuit design method is simple and
inexpensive, but it is not ideal for large powensomption application, the resistor which used
to measure the current will experience the ovetihggroblem since the resistance is also
proportional to the temperature. On the other h&ardow power consumption applications,
this method is a reasonable choice.

The Hall Effect sensor is another way tdqren current measurement. This sensor is a
transducer that varies its output voltage in respdo the changes in magnetic field, and the flux
density of the magnetic field is directly proportad to the magnitude of the current flowing
through the magnetic field. Therefore, the HafeEf sensor can be used to measure the current
without interrupting the circuit [17]. In this this, we used the Hall Effect sensor IC for current
to voltage conversion. Figure 4.3 shows the schierdeawing of the Hall Effect sensor
application circuit which is referred to IC dataesh[18]. In Figure 4.3, the A-OUT pin and CO-
COM pin are the voltage output. Figure 4.4 showsRCB layout of the Hall Effect sensor
application circuit. In Figure 4.4, the label “CSia the footprint of the Hall Effect sensor, the
current is carried by a thick medal wire goes bén#®e surface mounting IC.

10



T

Figure 4.3. Hall Effect sensor schematic circuits

Figure 4.4. Hall Effect sensor IC PCB layout design

Power engineers may measure real powastivegpower and etc for different reasons. In
this thesis, we used ADE7753 IC to perform energasarement, which provides the readings
of active power, reactive power, and apparent power

The ADE77531 IC features for high accuraegrdarge variations in environmental
conditions and time. The ADE7753 IC incorporates second-order 16-bit resolution ADCs, a
digital integrator (on CH1) to perform active, reae, and apparent energy measurements. The
ADE7753 IC provides a serial interface to read amite data. The ADE7753 also provides
various calibration features, i.e., channel oftsdibration, phase calibration and gain calibragtion

to ensure measurement accuracy [20].

11



Figure 4.5 shows the schematic drawing efADE7753 energy metering IC [20]
application circuit. In Figure 4.5, the analogutgfor Channel 1, V1P is connected to current
transducer — the Hall Effect sensor. The maximuopui voltage is 0.5 V. The analog input for
Channel 2 is connected with the voltage dividerohtshares the similar attributes with channel
1. The ADE7753 IC outputs energy reading withgmed two’s complement 24-bit data-word at
maximum speed of 27.9kSPS. The logic pin Datatlfgmihe Serial Interface (DIN) and the

pin Data Output for the Serial Interface (DOUT) aomnected with the microcontroller.

I._

I.,_

|
1
41|
H
41|
1
14
H
4|
1
41|
H

1

Figure 4.5. ADE7753 energy metering IC application circuit

There are some important ADE7753 registersate@used to obtain the energy readings
listed in Table 4.1[16]. The Active Energy RegifRENERGY) stores the value of active
energy reading in a 24-bit, read-only registere RAENERGY register is similar to
AENERGY register, but the RAENERGY register is cezhafter each read operation.
Therefore, if we set the reading frequency to btz lthe RAENERGY register eventually stores
the instantaneous active power consumption reathier than the energy value. Apparent
Energy Register (VAENERGY) stores apparent eneegging. The RVAENERGY register is
similar to the VAENERGY register but stores theamsaneous apparent power reading. The
APOS register stores the offset value. WGAIN stdhe power gain value.

12



Table 4.1. ADE7753 register

Address Name R/W No. Bits Default Type
0x02 AENERGY R 24 0x0 Signed
0x03 RAENERGY [ R 24 0x0 Signed
0x05 VAENERGY [R 24 0x0 Signed
0x06 RVAENERGY| R 24 0x0 Signed
Ox11 APOS R/W 16 0x0 Signed
0x12 WGAIN R/W 12 0x0 Signed

4.3 Data Processing and Wireless Communication Unit

In this thesis, Epic Core is used to @enfas the central processing unit and the wireless
communication unit. The University of Berkeley'pi& Core integrates a TI| MSP430 ultra low
power microcontroller with a radio chip CC2420 [2Higure 4.6 shows our Epic Core
integration circuit which is based on Epic Coresgration Design Guide [24]. The IC
integration is pretty straight forward based oradheet. J2 is the programming port that is
connected with USB serial port for firmware inséibn. GND1, GND2, GND3 are digital
grounds and AGND is analog ground. DVDD is coneédb the 3.3V DC. RVDD and FVDD
are connected to the 5V DC. SPI IO DIN and DOUd @nnected with the ADE7753 energy
metering IC. RFOUT, RFGND2, RFGND1 are the conmagborts for antenna. Epic Core
provides an U. FL port for external antenna conoacbut considering the bulky out looking,
we used internal antenna instead. In this proyeetimplemented a PCB printed antenna, called
PIFA (patch antenna and inverted F antenna) [E&]r PIFA antenna PCB layout drawing is
followed by the Irene sensor mote [26] circuit desi

13
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Chapter 5 Energy Sensor Firmware

We developed a firmware to drive the operabf energy sensor node hardware. To achieve
firmware multitasking, we used a small scale opauree operating system called TinyOS. We
wrote an application program that integrates diffétopen-source components running for the

tasks of energy data acquisition, data processidgaative message communication.

5.1 Embedded Operating System

A wireless energy sensor network is consgtdigvith distributed sensor nodes, which
collects energy information and communicates anmeaw other through radio channels. The
tasks like data acquisition, data processing adi gommunication must be scheduled and
executed properly. Thus, an operating system idateeThere are four main requirements
which must be considered for embedded operatingsyselection. First of all, our energy
sensor node is confined with the hardware resouecgs limited 10k RAM, 48k size program
flash memory and 8MHz CPU. The selected operatystem has to be small with low
requirements of CPU and RAM, and small footprinfiohware size on flash memory.
Secondly, the energy sensor node has to be ahléilicthe energy sensor’s functionality needs,
e.g., periodic data sampling, radio transmissiad, rauting data. Many of these light tasks
require real-time CPU resource allocation, so th@toperating system must have effective
concurrency management. Thirdly, there must bepetitnle hardware drivers available.

Finally, the operating system should be energyietiit, because we don’t want the energy
sensor itself to waste too much power.

Traditional operating system implements thukkaded architecture, which creates a thread
for each task. Each thread has a memory stackhwasults in a lot of RAM waste. Moreover,
the frequent data sampling and radio communicdtieks can lead to intensive thread context
switch which requires hundreds of processor exeoutycles. On a small and low power
microprocessor, like our TI MSP430, frequent cohgxitching is unacceptable which may lead
to memory overflow and data loss.

To avoid this problem on embedded hardwheegvent based architecture allows us to have

only one memory stack and single execution contelxich ensures sampling values to be
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processed in real time and to avoid data lossperform parallel tasks, the selected operating
system should provide some kind of multithreadeduies, e.g., task preemption. TinyOS is
such an event based architecture operating systaain s especially designed for wireless
sensor networks [28]. To improve memory utilizatend run time efficiency, TinyOS uses
static memory allocation method which has no hea@sy other dynamic memory structures,

all memory requirements is determined at compifeeti

5.2 Firmware Architecture

The energy sensor firmware is featured withcurrency intensive applications which use
the event based programming architecture to masteurrency. Figure 5.1 shows our
firmware architecture. Energy sensor node hardwangains four major independent modules,
micro-processor, energy sensor, radio chip and LHExch of the hardware modules has at least
one corresponding software component. Plus thicagipn layer and task scheduler, the
firmware is constructed.

There are three layers of the components avitarent colors shown in Figure 5.1. The
components in different layer are connected vdlyic& o call a component in a lower level, a
“command” is used; to call a component in an upager, an “event” is used.

The bottom layer contains hardware compaehich accept “commands” to operate
actual hardware chips it also sends “event” sigtwaiadicate hardware interruption. The middle
layer contains hardware synthetic components wéirtlulate the behavior of advanced
hardware. The hardware synthetic component candain of components that connected
vertically by “command” and “event” handlers. Fexample, the “Active Message” component
communicates with its underlying “Packet” componéme “Packet” component communicates
with its underlying component “ByteReceive” componhand so on until the connection reaches
the actual hardware radio chip’s abstraction corepowhich reads/writes IC registers. The
application layer is the highest level componeniciiis responsible for integrating and
controlling all other lower level components. Guamware has a simple task scheduler which
controls the task execution order that posted loyrnands and events handler inside each

individual component.
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Figure 5.1. Firmware architecture

5.3 Task Scheduling

Some software components can run asynchstyieince they encapsulate hardware module
functions. For example, the radio and the eneegging components can run in parallel without
interfering with each other. In Figure 5.2, theghlel asynchronous components’ execution time
lines are shown in blue arrows. The components lkeaecution code. In TinyOS, these codes
are inside Command/Event Handlers that shown imtaege rectangle boxes. When two or
more Command/Event Handlers execute at the sanee siome of the handlers may be blocked
due to limited CPU resources. So, in our codegmesve make the length of the code in
Command/Event Handlers to be as short as posdtaeexample, Command/Event Handlers
only do critical tasks, such as state transmisstmmplex and non critical computations are
placed in task queue which can be executed whenréguuirce is free.

The tasks are posted by Command/Event ldasidIThe task posting operation is a one step
uninterruptable atomic action. TinyOS has the bdipato buffer 7 tasks in the task queue so

that task posting operation will fail if the taskeype is full.
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There are only two types of execution ptyan our firmware. The Command/Event
Handlers have higher priority than Tasks in th& taseue. There is no preemption between
each of the tasks. A standard FIFO policy is immated for Task execution sequence
scheduling. The tasks in the task queue are exgéatbe run-to-completion. Tasks execution
could be preempted by hardware interrupts, or Conaiftavent handlers and the tasks in the task
gueue will not be executed until the current pegddommand/Event Handlers are completed.
Therefore the Command/Event Handlers can be redlummediately which makes our system
to be very responsive. To avoid the race condiihan generated by two Command/Event
Handlers in asynchronous code, we usually placedh#icting code into the tasks queue. Most

of the race conditions can be eliminated in contipifaperiod.

Asynchronous Code

Pact faorth +3£l’

Task Queue ‘

FIFO

H Command/Event Handler

Figure 5.2. Task scheduling model

44—~
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5.4 Component Design

A typical component in our firmware, as winan Figure 5.3, has five coding parts. The
first coding part is Command Handler which handilegtion calls from upper level component;
the second coding part is Event Handler which hemthie interruptions that generated from
lower level component; the third coding part isshfdice which encapsulates the function calls of
Command/Event Handlers; the fourth coding partasalFrame which stores the global

variables and the last coding part is task whichtha lowest execution priority.

Event Command

Interfaces Provided

Data Frame
(Variables)

Component

Event
Handler

Interface used

Event Command

Figure 5.3. Firmware component abstraction
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Figure 5.4 illustrates the component irdign model of wireless communication module.
The RFM is the radio IC CC2420’s hardware abstoactiomponent which provides the
“command” interface for upper level components.e RFM component controls the I/O pins of
the radio transceiver and translates hardwareruggons to “event” signal, e.g., bit level
transmission status. The Radio Byte componentssand receives byte level data, fires event
when a byte transmission completes. The Packepopent sits on top of the Radio Byte
component, encapsulates the packet communicatiaiéin. The Active Message component
provides the final encapsulation for each paclatamission, the “send_message(data)” and
“receive_message(data)’ components interact wighiegtion layer and Ad Hot Routing
component for data routing. Our design centrdlibe control information on high level

components.

20



Energy Sensor Application

A
b= =1 a
g g g
w v (=]
A
— E‘- S S
] o .
s| & = Ad hoc routing
ST S
T = & —_
[1:]
8 2 g 2 =
o
PR g E = £ 2
= £ @ | - @ @
[=% | =] @ 7] = |
7 -] 5 2 o | ©
- c a ] T, e
2 o I ) x| @
7] W > Q T o v
o= =
W s Q
v

Active Message

T
-
5| 2 g =
= 2 g 8 =
= =) =% S 2
& ! “ b
[ =< o
= o
S S S m
Packet
=3
v =1 3]
[ W = =]
i) @ i) | —
I - :og 2
o=
- oc.’ 'Q| 2 o o
ﬁ ><I >‘:I ><I
Wy Wy Wy x x %
Radio Byte
5
Ul -
= =
£ E 'Q|
I >
> =
l_

Figure 5.4. Wireless communication firmware integration

Figure 5.5 illustrates the componentsgragon model for energy sampling module. The
application component communicates with the En&giysor component by sending
Meter_start(interval) command to instruct energyensampling, receives a Sample_done(value)
event to get sampling result. The Energy Sensmpoment interacts with the ADE7753’s
hardware abstraction component to set up energgrmgtiC and retrieve energy readings. The
Energy Sensor component also interacts with thesilfrcomponent to control sampling
frequency. The ADE7753 and TimerM components @anest level hardware abstraction

components which directly control the hardware.
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Figure 5.5. Energy sampling firmware integration

5.5 NesC Coding and I mplementation

Our energy sensor firmware is written in@ésetwork embedded system C) which is an
extension to traditional C language. nesC apptinagéncapsulates code in different components.
As shown in Figure 5.6, there are two parts define@lcomponent - the first part is
configuration code which defines components’ cotinas; the second part is implementation
code which defines the real functions. The compbdesign method in nesC is similar to object

oriented programming . Each instance of a compomas its own state and functionality.



Configuration impiementation
Component B
Component B
Canfioiratinn lmnlamantatinn
Configuratio implen io
aomnonent
Component €
Configuration impiementation

Figure 5.6. Component configuration

The configuration fildeclare the components’ mapping methodshe configuration file
lists all the components that arennecte to the current component asgecifie: their
functional wirings. The nesC compiler compiles a nesC application vgmeenthis mapping
information. In this proje¢tmeter(. nc is ourconfiguration code for MeterApp, whe
MeterApp is our applicatiolevel component théds responsible for mappirthe components in
system level. The configuration fomy application program is shovas following
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configuration MeterAppC {}

implementation {
components MainC, MeterApp, MeterC, LedsC,;
components new AMSenderC as AMSenderC;
components new AMReceiverC as AMReceiverC;

components ActiveMessageC as ActiveMessageC

MeterApp. Boot -> MainC. Boot;

MeterApp. AMSend -> AMSenderC,;
MeterApp. Packet -> AMSenderC,;

MeterApp. AMReceive -> AMReceiverC,;
MeterApp. Leds -> LedsC;

MeterApp. MeterControl -> MeterC. SplitCuooit
MeterApp. AMControl -> ActiveMessageC,;
MeterApp. Meter -> MeterC. Meter;

In the first line of the above code, theweyd “configuration” indicates the current fileas
configuration file. Inside the curly braces, tlugle specifies function connection interfaces,
which mirrored the heading part of implementatiomdule (explained in Chapter 5. 5) for
function encapsulation. The MeterAppC configunatsits on the highest layer so that it doesn't
have any “provide” interface for other modules.

The lines which started with “Componentséafy which set of components are wired with
the current configuration file. In this case, caments Main, MeterApp, MeterC, LedsC,
AMSenderC, AMReceiver and ActiveMessageC are wive our application program. The
remaining of the MeterAppC configuration file castsiof function interfaces and wiring
information. The MainC. Boot function interfacepart of Boot code which is the generic
component to start up MSP430 microcontroller; Mépgr. Boot is wired with MainC. Boot.
ACMeterApp. Boot implements the exactly functionMainC. Boot. Similarly, the last seven

lines wiring interfaces indicates that meterApp poment uses interfaces from MeterApp,
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MeterC, LedsC, AMSenderC, AMReceiver and ActiveMgeC components. The firmware has
many layers of configurations. Each component @sfits own providing and using interfaces.

Implementation is the actual execution cpde. Our firmware is heavily based on
asynchronous code and concurrency operation. ifiqplementing “split phase” programming
technique is significant important to avoid asymetous code’s blocking scenario. In this thesis,
our code takes the advantage of such concept tev@cbomponents parallel execution. For
example, to acquire an energy reading from energgnmg IC ADE7753, microcontroller must
quit the current executing task and issue a comrtandite some values to the ADE7753’s
registers to configure hardware IC. After the knaack configuration is done, microcontroller’s
hardware resource is released immediately, and WiRdontinue the previous preempted task.
When sampling is completed, the ADE7753 IC woukhtissue an interrupt signal to the
microcontroller telling microcontroller the samggiaction is done so that microcontroller can
start reading out the ADE7753’s registers and lyeehergy value. Rather than waiting for the
ADE7753 to finish its task, microcontroller keepssip doing some useful tasks all the time.
There is no idle period involved. On the othendhaf we let the microcontroller to do nothing
but wait until ADE7753 finishes its tasks, the Ctilization would be very different and totally
depend on the ADE7753’s hardware sampling speed.

Software’s split-phase idea mimics the thame parallel strategy. Wireless energy sensor
node is quite limited with hardware resources, &@M and CPU capability, and some real
time operations are periodically implemented s tina split-phase interface wiring method is a
better option as it enables parallel operatioroitwsare and reduces the responding and waiting
period. In this thesis, our energy sensor includesy pieces of functional hardware
components, to achieve components parallelism @aetime processing, especially for
hardware split components, such as energy datalsgnegomponent and wireless
communication component so that split-phase intertaonnection strategy is very necessary.
Spit-phase interface connection specifies a sebwimands, which are functions to be
implemented by the interface's provider, and atetents, which are functions to be
implemented by the interface's user.

Our application layer program is a split-phasmponent so that Command/Event Handlers
are appeared in pair. For example, the followiieg@ of code calls the active message

component in split-phase.
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Main{
call AMControl. start();
event void AMControl. startDone(error_t err) {
if (err == SUCCESS) {
call MeterControl. start();
}
else {
call AMControl. start();

The function “call AMControl. start();” inkes the active message component in parallel
with the main function. Invocation is a one st@emtion, CPU resources is then released to
assign other tasks so that it won’t waste time aitimg active message component to complete
its task. When active message component comptstesk (setup wireless chip registers), it
issues an “event” (software interrupt) “AMContrslartdone” to the main program. The main
program then responds to the execution resuhgifaictive message component started
successfully, the main program enters the nex¢ statokes “call MeterControl.start” to sample
energy usage; or else, if the active message coempaiart fails, the main function re-invokes
the active message component again by “call AMQ@adistart();”.

The rest of our energy sensor firmware cgdso built upon the concept of split-phase;
Figure 5.7 shows the energy sensor firmware tinee@xon model in our application program.
The red boxes indicate critical tasks which hawehighest execution priority. Since critical
tasks have to be executed in real-time so thdetigth of the code must be very short, or else,
asynchronous code will cause some unnecessaryiidppkoblem. The blue boxes indicates the
task queue. Functions in task queue have lowearugxm priority, and they are executed when
CPU resources is released from critical tasks.pl&eed complicated computation tasks and
non-critical function code in task queue whose akean time is not very important. Tasks in the
task queue have no preemption between each otlteatsthey are executed in FIFO sequential
order. The white boxes are components wired willeroopen source components, and they have

their own time execution models.
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Figure 5.7. Energy sensor firmware time execution model

In Figure 5.7, the generic module “bootrst upon reset, and it which boots up the system.
When microprocessor is powered on, the microprae&sabstract software component would
generate an event signal “boot.done” and receiyetid application program. The “event”
handler in application program captures the “bawted signal and then enters main function.
“RoutingControl.start” is the first critical taskdt invoked by the application program in split-
phase. “RoutingControl.start” task starts the Ad houting daemon software.

“AMControl.start” invokes the active message comgan When the invoked task is completed,
the CPU hardware resource is released and asdigmedtasks in the task queue. Then the
Active Message component is executed in parallgd thie main function, which sets up the
wireless chip hardware registers. When the Adilessage component completes its task, it
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issues an event “AMControl.startdone” to the maimction. The main function receives the
event, and then preempts the task queue execuoti@spond the critical task.

“Metercontrol.start” Command handler is then invibke execute meter control component
which initializes energy sensor chip. When metemtiol component completes its task, it
invokes the energy sampling component periodigalgvery 10 second. The energy sampling
component runs in parallel with the main functidthen the sampling task completes, the
application program posts a “data processing” tagka “send” task to the task queue, where the
tasks are queued in sequential order. When CRuIres is released from the critical tasks, the

tasks in the task queue are executed in FIFO order.
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Chapter 6 Data Collection and Visualization

We also developed a tool chain for dataectibn, data storage and power profile
visualization. We integrated open sou@mlection Tree routing daemon software. It runs in
the background of each energy sensor firmwaredtiveamessage routing. We integrated
Telosb Mote as our Gateway, which is developed by Crossbow A@olyy, to collect wireless
messages from each energy sensor node. We wideraon program to bridge data from
serial port to database entries. We also consiullecidatabase that stores the sampled value.
Finally, we constructed a computer server and wnae-server program to host a graphical user

interface for real-time power profile visualization

6.1 Data Collection and Gateway

Our wireless energy sensor network is bailtee topology. Each energy sensor hardware
node in the wireless network is likdrae node in thetree. The Gateway node which used for
data collection is like theoot of thetree. Based onree algorithm, eacliree node has a unique
path to the root. By following this path to forwladtata, all wireless packets that contain the
power consumption value can be forwarded to GateWdg used the open source component
Collection Tree routing daemon running in the background of th@are to forward the active
messages.

Another function of the Gateway is to bualthridge between wireless network and
computer server. The Gateway receives a wirelaskgb and then forwards to serial port which
is connected to a computer server. In this th@slesb mote hardware (developed by Crossbow
Technology) was chosen for our Gatewdglosb has a serial port interface, and a USB Virtual
COM port. Virtual COM port (VCP) driver is suppas® be installed on the host computer
server so that USB device will appear as an additi€OM port.

The Gateway firmware can be found in theyO8 open source tree. It is a basic TinyOS
utility tool for sensor data collection. The firrave simply receives a wireless packet and
forwards the data to serial port so that compugeres can communicate with the wireless sensor
networks. We can use terminal monitoring progreaim,, minicom, to directly view the raw

active message data packets. To sniff packetsngpfrom the serial port and forward data to
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Unix standard input, a TinyOS tool “net. tinyos. todlsten” written in Java is integrated in this
project, which simply streams out the binary cotd@i a packet coming from serial port to the

Unix standard input.

6.2 Daemon Software

Daemon software parses the active messagets and then dumps useful data to the
corresponding database tables. The Raw activeageskta can’'t be dumped to database
directly, because the data is arrived in binaryifat. The raw data has to be interpreted from
binary format to decimal format and actuated waimgpffset values. Then, data are dumped
into database entries. Our Daemon program rutigibbackground of the computer server. In
this thesis, our Daemon program is written in PERhgramming language.

Our Daemon program is invoked by “$java tiaios. tools. Listen —comm
serial@/dev/ttyUSB0:115200 | Daemon” command lilke command line feeds the standard
output from serial port to Daemon input. Figurgé shows the execution flow chart of our
Daemon program. The Daemon program listens tedhguter server serial port for data
collection. Then, the Daemon program multiplexesreceived temperature and power packets
into two processes. For each process, the Daenogngm firstly parses the raw data, e.g.,
trimming off the packet header, taking out the nlislemaking a time stamp, and converting raw
binary digits to decimal number. After that, raatalis actuated by applying the predefined
offset and gain. Then, the Daemon program estadithe connection with predefined MySQL
database and dump useful information into datatzddes. The data from different sensors are
stored in separated database tables. In our Badabase entry insertion is done by standard
SQL scripts.
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Figure 6.1. Daemon program

The prototypes of trective messagpackets are shown in Table 6.There are two types

packetsPower and Temperature pacs.

Table 6.1. Packet prototype for energy and temperature messages

Packet Prototype

Power 00 FF FF 00 01 06 00 08 00 00 00 00 O

Temperature | 00 FF FF 00 04 04 00 06 00 04 0B

The pwer packet has the size of 14; in contrthe Emperature packet has the size .

The Daemon prograwmfifferentiates power packets andntgerature packets by compai the
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length of the packet string. However, wirelesskess may arrive incompletely occasionally.
For example, if data loss happened during transomsthe size of the power packet may be
chopped down to 12 which may cause the ambiguipacket type identification. Our solution
is to set the 7th byte of the packet array to packet identification byte. The 7th byte is “Ox08”

in the power packet but “0x06” in the temperatuaeket.

6.3 Database

We built a database to store the histotg.dén this thesis, we selected MySQL as our
software storage engine because it is open soaftvease. As shown in Figure 6.2, we
constructed the “greenHall” database to store gngata and temperature data. There are two
tables built in the database, one is “power” tabeich stores the power consumption data from
each energy sensors. Another is a temperature tabieh stores the temperature data from each

temperature sensor.

mysql> show databases;

information schema |
employees
greenHall
temperature
4 rows in set (0.00 sec)

mysql> show tables;

2 rows in set (0.00 sec)

mysql> |

Figure 6.2. Database for energy data storage
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For each “power” table and “temperature’léathere are three columns (fields), nodelD,
timestamp, and data are constructed. Figure @&skthe description of our database table
fields.

* “nodelD” field is an unique identification numberfeach of the wireless sensor nodes,
this number could be paired with the informatiorsefsor node’s physical location, for
e.g., sensor node 1 refers to office 101’s compmeerer power consumption, so that the
nodelD can be used to indicate where the data émmeduring power waste analysis.
The valid data format of this field must be an ggenumber, from 0 to 200.

* ‘“timestamp” field records a wireless packet messageiving time. The valid data
format of this field is datetime, YYYY-MM-DD hh:mrss, e.g., 2010-04-08 13:06:32

» “power” field stores power consumption values @ngrgy sensor node. The valid data
format of this field must be an integer number.e Tefault unit of this field is Watt.

* ‘“temperature” field stores temperature values maperature sensor node. The valid
data format of this field must be an integer numbHEne default unit of this field is

Fahrenheit.

onnection id: 149
urrent database: greenHall

.__.____+__.____._
| Field | Type

nodeld | int(11) | YES
time | datetime | YES
power | int(11) | YES
________ +__.____.__+____‘_
rows in set (0.00 sec)

| nodelId | int(11) YES NULL
| time | datetime | YES NULL
temp | int(11) (ES NULL
‘,,k,,,,‘{,,,k,,,,‘,, - --- - - -——- - - -
3 rows in set (0.00 sec)

Figure 6.3. Power and temperature table in database
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6.4 Web Server

Web-server module provides the visual actesurrent and historical power and
temperature profiles. These long-term profilesloamsed by building managers or occupants to
detect energy waste and thus make smart policisave energy.

In this thesis, we used Apache Server to Aogeb-GUI interface for power profile
visualization. Apache is invoked when the compagewer boots up, running in the background
as a daemon program to provide http service.

Our server program is written in combioatof HTML code and PHP code. PHP code is
embedded in HTML code context. HTML code definespic user interface and PHP code
performs the function of data processing, e.galeisthing database connection, searching and
retrieving data from MySQL tables, etc.

The execution of our server program takeselsteps. Firstly, the server program prompts
user to input request information, e. g., whichseemode to monitor. Secondly, according to
user selection, the server program searches amelvest necessary data from database tables.
Finally, the server program invokes Google Chart #8Rjenerate a chart that shows sensor
monitoring results and displays the picture on vegjg The Google Chart API invocation is
implemented by URL string request. We used lirericto show energy usage and temperature
changes.

Figure 6.4 shows the GUI user interfacewfweb server. User can choose which node to
monitor, at Node ID selection bar. Node ID carubed to associate with its physical monitoring
location. Below the Node ID, user can type in anitwring date. Then, the user can hit the
button “Submit Query”, and a chart which carries tmperature or power information will be
displayed. The line chart compares power consum@nd temperature variance over time.

The left vertical axis represents power consumpi@oe in Watts; the right vertical axis
represents temperature value in Fahrenheit. Thedmbal axis represents the time line of a day.

The subsequent chapter has examples ofsclvhith displays power consumption over time.
No example is given to show the chart for tempeeatwer time. However the system is capable

to monitor temperature.
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
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Figure 6.4. Energy monitoring user interface
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Chapter 7 Testing

Chapter 7 explores some preliminary testesylts of our wireless energy sensor network.

We collected and analyzed some energy consumpétanid different scenarios.

7.1 Real-time Active Power Test in Kitchen Scenario

The first test explores energy consumpgiower profiles of kitchen electric appliances.
The time scope of this test is set to 240 secoRdtgure 7.1 to Figure 7.4 reviewed power
profiles of the four different types of electricaipnces in the author’s kitchen, which is used to
represent a typical kitchen. The real-time actigever consumption in watts is shown in the
terminal, and the GUI chart is shown on the welepathis test proved the basic functionality of

our energy sensors.
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Wireless Sensor Networks
University of Hawaii at Manoa (Electrical Engineer)

Please specify the node and period for monitoring

Node ID: |1 |2
Submit Query .
Node: 1

Sensor Monitor Result

/full-tool

dev/ttyUSBO:telosb | ./dbdumpinc

/dev/ttyUSBO:115200: resynchronising

351  NODE ID:1 POWER:
35 11  NODE POWER:

21  NODE POWER:

31 NODE POWER:

41 NODE POWER: 1028.5775862069

51 NODE POWER: 1022.41379310345
NODE POWER: 1020. 25862068966
NODE POWER: 1019.65517241379
NODE POWER: 1018.9224137931
NODE POWER:1018.01724137931
NODE POWER: 1017. 54310344828
NODE POWER: 1016.. 20310344828
NODE POWER:1016.46551724138
NODE POWER:1015. 12931034483
NODE POWER: 1015. 0862068
NODE POWER: 1016. 12068965517
NODE POWER:1015. 43103448276
NODE POWER: 1015. 43103448276
NODE POWER:1014.87068965517
NODE POWER: 1013.79310344828
NODE POWER: 1012.54310344828
NODE POWER: 1013. 10344827586
NODE ER: 1013]
NODE POWER: 1015.

P e e e e e e R e g S

Figure 7.1. Power profile of a coffee machine
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: 1 ¢

Submit Query j

Node: 1
Sensor Monitor Result

B Temperaiure

BEE

full-tool$ ma 5
dev/ttyUSBO: t | ./dbdumping.pl

NODE ID: POWER: €
NODE ID: POWER:
NODE ID: POWER:
NODE ID: POWER: ©
POWER:1519.26724137931
POWER:1516.077 069
POWER:58.4913793103448
POWER:
POWER:
POWER:
POWER:
POWER
POWER:
POWER:
POWER:
POWER:
POWER:
POWER:
POWER:
POWER: ©
POWER : €
POWER: €
POWER: ©

: #** [parse] Interrupt

/opt/tinyos-2.1.0/apps/final/full-tool$

Figure 7.2. Power profile of a microwave oven
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: [1 ¢

Submit Query !

Node: 1
Sensor Monitor Result

al/full-tool

t tools.Liste serial@/dev/ttyuUsBo:telosb | ./dbdumping.pl
ev/ttyUSBO:115200: resynchronising
301 NODE ID:1 POWER:0
30 11  NODE ID: POWER:0
30 21  NODE ID: POWER: 0
2

30 31 NODE ID: POWER

30 41 NODE ID: POWER:608.663793103448
36 51  NODE ID: POWER: 606. 810344827586
311  NODE ID: POWER: 606.551724137931
31 11  NODE ID: POWER:606.034482758621
31 21 NODE ID: POWER:605.172413793103
31 31 NODE ID: POWER: 604.26724137931
31 41  NODE ID: POWER: 603.965517241379
31 51  NODE ID: POWER: 603. 060344827586
321 NODE 1ID: POWER:601.465517241379
32 11  NODE ID: POWER: 600.689655172414
32 21 NODE ID: POWER:599.439655172414
32 31  NODE ID: POWER:599.612068965517
32 51 NODE ID: POWER: 80

331  NODE ID: POWER:79.8706896551724
33 11  NODE ID: POWER:79.8706896551724
33 21  NODE ID: EMER : 79. 7413793 LEEEE]
33 31 NODE ID: POWER: 0

33 51 NODE ID: POWER:0

341  NODE ID: POWER: 0

34 11  NODE ID:1 POWER: 0

e: **¥* [parse] Interrupt

ee@ee-desktop: /opt/tinyos-2.1.0/apps/final/full-tool$ |

Figure 7.3. Power profile of a rice cooker
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: [1 |

Submit Query

Node: 1
Sensor Monitor Result

NODE ID: POWER: ©

NODE ID: POWER:

NODE ID: POWER: ©

NODE ID: POWER:

NODE ID: POWER:

NODE ID: POWER : 129

NODE ID: POWER:1291.25

NODE ID: POWER: .4655172413

NODE ID: POWER: 1366.6379310

NODE ID: POWER: 1366.12068965517

NODE ID: POWER:1365.94827586207

NODE ID: POWER: 224137931

NODE ID: POWER: 1366.93965517241

NODE ID: POWER: €

NODE ID: POWER: 0

NODE ID:

NODE ID: POWER: ©

NODE ID: POWER:

NODE ID: POWER: ©

NODE ID: POWER:

NODE ID: POWER:

NODE ID: POWER: €

NODE ID: POWER: ©
NODE ID: POWER:
NODE ID: POWER: 0

: **% [parse] Interrupt

e-desktop: /opt/tinyos-2.1.0/apps/final/full-t

Figure 7.4. Power profile of a bread toaster
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Figure 7.1 shows the power consumption [gafi a coffee machine which consumes
around 1015 watts during the operation. Figuresi@vs the power consumption profile of a
micro-wave oven, the power consumption alternagésden two values, high power
consumption is around 1500 watts and low power waomion is around 58 watts. Figure 7.3
shows the power consumption profile of a rice copike“off” mode the rice cooker consumes 0
watt; in “cook” mode, the rice cooker consumes ahb800 watts; and in “keep warm” mode,
the rice cooker consumes around 79 watts. FigdrehYows the power consumption profile of a
bread toaster which consumes around 1306 wattagliis operation.

7.2 Real-time Active Power Test in Living Room Scenario

Figure 7.5 to Figure 7.8 display the powearstonption profile of four different living room

electric appliances. The testing time scope isos240 second.
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: 1 |2

Submit Query ..

Node: 1
Sensor Monitor Result
1 100
V F
100+ L - |
s s 1205 1505 1808 2105 2
TIME

v/ttyUSBO: telosb | ./dbdumping.pl
resynchr
NODE ID: POWER:
NODE ID: POWER: 6
NODE ID: POWER: 0
NODE ID: POWER:
NODE ID: POWER:8
NODE ID: POWER
NODE ID: POWER:83.3620689655172
NODE ID: POWER:82.2413793103448
NODE ID: POWER:97. 27586207
NODE ID: POWER:
NODE ID: POWER:95.9651724137931
NODE ID: POWER:95.6896551724138
NODE ID: POWER:95.5172413793103
NODE ID: POWER :
NODE ID: POWER: 9
NODE
NODE
NODE
NODE
NODE
NODE ID:
NODE ID: WER: 0
NODE ID: POWER: 0@
NODE ID:1 :0
parse] Interrupt

[l
W
RN RN

AAUWLWWWL
[T

RN NN MNRN

w R R

(SR ]

2
2
2
2

RN

S

(]
RN NW S WERNW,

w
R RN RN

[T

LSRN N S

-desktop:/opt/tinyos-2.1.0/apps/final/full-t

Figure 7.5. Power profile of a fan
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: [1 |

Submit Query .

Node: 1
Sensor Monitor Result

: 60s 305 1205 1505 1803 210s 405

TIME

ten -comm ser

: resynchron
POWER : 6
POWER: 0
POWER: @
POWER:
POWER:3
POWER :
POWER:3
POWER
POWER
POWER :
POWER :
POWER
POWER:33.
POWER:33.

NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE

MR R RN R R R RO

=2

2

2
=2
Hp
2
2
=2

POWER
POWER
POWER: 137931035
POWER:32.5862068965517
POWER: 6

22 NODE POWER: 0

32 NODE POWER: 6

42 NODE ID:1 POWER: @
: **¥* [parse] Interrupt

e e N el el el e e e e S oE

NN RN R R R

ee@ee-desktop:/opt/tinyos-2.1.0/apps/final/full-tool$ l

Figure 7.6. Power profile of a lamp
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: |1 ¢

Submit Query .

Node: 1
Sensor Monitor Result

File Edit view Terminal Help
.tinyos.tools.Listen -comm serial@/dev/ttyUSBO:telosb | ./dbdumping.pl
v/ttyUSBO:115200: resynchronising
50 NODE ID:1 POWER:
0 NODE 1ID: POWER:
10 NODE 1ID: POWER:
20 NODE 1ID: POWER:
30 NODE 2 POWER: 275862069
40 NODE 2 POWER:114.827586206897
50 NODE : POWER:113.706896551724
g 0 NODE : POWER: 025862068966
8 20 NODE : POWER: 603448275862
8 30 NODE : POWER:109 8 89
8 40 NODE : POWER:
8 50 NODE 1ID: POWER:
9 10 NODE 1ID: POWER:109.91379310
9 20 NODE 1ID: POWER: .02586206
9 40 NODE 1ID: POWER:124.137931034483
9 50 NODE 1ID: POWER:114.094827586207
0 NODE 2 POWER:
16  NODE : POWER:
20 NODE : POWER:
30  NODE : POWER:
40  NODE : POWER:
50  NODE : POWER:
] NODE 1ID: POWER:
10 NODE I POWER:
e: *** [parse] Interrupt

-desktop:/opt/tinyos-2.1.0/apps/final/full-tool$ [

Figure 7.7. Power profile of Sony Play Station 3
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Wireless Sensor Networks

University of Hawaii at Manoa (Electrical Engineer)
Please specify the node and period for monitoring
Node ID: [1 ¢

Submit Query ]

Node: 1
Sensor Monitor Result

TIME

~Cmake: *** [parse] Interrupt

11-tool$ make parse
):telosb |

NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE
NODE

[NHN]

POWER: 0.

POWER:0. 4482758620
POWER:180.905172413793
POWER : 6

POWER:

POWER:

POWER :

POWER :

POWER :

POWER:

POWER:

POWER :

POWER

POWER:

POWER :

POWER:

POWER :

POWER : .241379310345
POWER:0.474137931034483
POWER : 31034482758621
POWER: 0

NN N

22
=2
2
2
=2
=2
=
:2
:2
24
=7
2
22
22
22

1
i
1
1
1
1
1
1
1
15
il
1
13
1
i
1
1
i
1
1
1
1
1

L I e  al al  T eE R Tl )

(SN

Figure 7.8 Power consumption of Emerson 32” LCD TV
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Figure 7.5 shows the power consumption [gafi a fan which consumes around 96 watts
during operation. Figure 7.6 shows the power conion profile of a typical lamp which uses
a CFL light bulb and only consumes 33 watts. Bypting the same amount of illumination as
100 watts ordinary light bulb, the CFL light buléves 67% electric energy. Figure 7.7 shows
the power consumption profile of a Sony Play StaBagame console, which consumes around
110 watts during the gaming time and consumes Oiwatand-by mode. Figure 7.8 shows the
power consumption profile of an Emerson 32” LCD TAhich consumes around 0.47 watt in
stand-by mode and 127 watts in operation modeenBwough the TV stand-by mode consumes

a little power, users of such TV could save sonegnif they can unplug their TV every night.

7.3 Daily Energy Usage Test over a Typical Kitchen

Figure 7.9 shows the daily power profileadipical kitchen. Four different kitchen electric
appliances were tested for 24 hours in Decembe2@B). Figure 7.11 shows that the rice
cooker was operated at around 6pm, and the houelage power consumption was 400 watts.
The toaster machine was operated only once at trenfourly average power consumption was
100 watts. The Coffee machine was operated twicejnd 7am to 8am and 5pm, and the hourly
average power consumption was 100 watts. The M@ve oven was operated twice; the
hourly average power consumption was quite diffebecause of the different operation time
period. From these daily power profiles, we caud fout the kitchen electric appliances were not
operated very long for each use, but the powerwapsions for each operation was very high.

Therefore, forget to turn off the kitchen electmpliances will cause a lot of energy waste.
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Node: 4 Time: 2010-12-26 X Node: 1 Time: 2010-12-26
Sensor Monitor Result Sensor Monitor Result

Rice cooker Toaster

Node: 2 Time: 2010-12-26 ) Node: 3 Time: 2010-12-26
Sensor Monitor Result Sensor Monitor Result

i . /\/\/\m

Coffee machine Microwaveoven

Figure 7.9. Daily energy usage pattern of a typical kitchen

7.4 Daily Energy Usage Pattern of a Typical Living Room

Figure 7.10 shows the daily power consumppiariile in a typical living room. Four groups
of testing data were collected from living roomadte appliances - a typical standing fan, a 32”
LCD TV, a SONY Play Station 3 game console andwplavith CFL energy saving light bulb.
As shown in Figure 7.12, the living room electrphances were mostly operated during the

evening, and the hourly average power consumptasmavound 100 watts.
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Node: 4 Time: 2010-12-27 Node: 1 Time: 2010-12-27
Sensor Monitor Result Sensor Monitor Result

ey SN

Fan TV

Node: 2 Time: 2010-12-27 Node: 3 Time: 2010-12-27

Sensor Menitor Result Sensor Monitor Result

SONY play station 3 Lamp

Figure 7.10. Daily energy usage pattern of a typical living room

7.5 Daily Energy Usage Pattern of Holmes Hall 391

Figure 7.11 shows the daily power consumppiariile at Holmes Hall 391 on Dec 28 2010.
Four student computers, one printer and one laptp tested. The Computer 1 consumed 10
watts during the night, and consumed around 15@wiatring the daytime. The Computer 2
consumed 10 watts all the time. The Computer thadComputer 2 had never been completely
turned off while not use, which results in 10 watsver waste. The Computer 3 consumed 140
watts constantly all the time. The Computer 4 &aiimilar power usage pattern with the
Computer 1, but it consumed 70 watts more durirgragon. This was due to the Computer 1
was connected with a LCD monitor, but the Compdteras connected with an older CRT
monitor. The laptop consumed less than 60 watisglthe daytime and O watt during the
nighttime. The printer was operated twice durimg daytime, and consumed 8 watts during the
rest of the time.
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Node: 2 Time: 2010-12-28

Node: 1 Time: 2010-12-28 -
~ Sensor Monitor Result

Laptop. Printer

Figure 7.11. Daily energy usage pattern of Holmes Hall 391 on Dec 28 2010
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7.6 Time Domain Energy Consumption Aggregation

We can also apply different levels of powensumption data aggregation to assist building
energy waste analysis. Figure 7.12 shows an exaafithe time domain power consumption
aggregation.

In this test, we selected an energy sensarhamonitors the power consumption of a
student desktop computer, the hourly average poarggumption values were dumped to the
computer server’s database. By adding hourly aeepawer consumption data, we can get a
daily energy consumption profile. Figure 7.12 shdle time domain power aggregation profile
of the energy sensor Node 4 from 2011 Jan 17 td 2@k 21. In this test, Monday, Tuesday,
Wednesday consumed more energy than Thursday a&ad/FiOn Saturday little energy was

consumed, and on Sunday no energy was consumed.

5000
4500
4000 -
3500 -
3000 -
ConsE:f;tgi:;n (kJ) 2500 -
2000 -
1500 -
1000 -
500 -
0 - . . . . — - .
Mon Tue Wed Tur Fri Sat Sun
Day of Week

Figure 7.12. Power aggregation profile of Node 6 at Holmes Hall 391 from Jan 17 to Jan 21
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7.7 Spatial Domain Power Consumption Aggregation

The spatial aggregated power profile of group of electric utilities can be obtained from
adding up individual power consumption data. Fegiirl3 shows the power aggregation profile
of six individual electric utilities at Holmes Halbom 391. The total maximum power
consumption is 615 watts and the total minimum gaove@sumption is 167 watts. Spatial power
consumption aggregation can be applied to diffeaeeds in the building to analyze waste in
system level energy use. For example, we can cantba power consumption profiles of
different computer labs, floors and departmenigeatify which part of the building wastes

more energy.

700

600

N\
o W\/ \/\\\
400
Power / \
Comsumption (W
ption (W) 300 / \
200

100

0 T T T T T T T T T T T T T T T T T T T T T T T 1

012 3 456 7 8 91011121314151617 18 192021222324

Hour of Day

Figure 7.13. Power aggregation profile of Holmes Hall 391 electric utilities at 2010 Dec 28

7.8 Power Consumption Prediction

The history power consumption data can be adéed to predict future power consumption.
In this test, we used the average power consumpadtaof every Wednesday in the past four

weeks to predict the next coming Wednesday poweswoption’s status. The energy sensor
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Node 4 is selected in this test. Figure 7.14 caegthe actual and predicted power
consumption results. In Figure 7.14, the blue euppresents the power consumption prediction
for 2010 December 15. The red curve representadfual measured power consumption in
2010 December 15. There is a perfect match betivezigurves from 0 o’clock to 16 o’clock

and from 20 o’clock to 24 o’clock, but the powensamption prediction is less accurate from

16 o’clock to 20 o’clock, this may due to the gratiuresearch students’ office leaving time was

in random.

"\\ //M\
- - /

(w)
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/ \

w0 / \\
|
!

20

0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour of Day

= Predict Power Consumption = Actual Power Consumption

Figure 7.14. Power consumption prediction on 2010 Dec 15

7.9 Power Consumption Correlation with Temperature

Analyzing the relationship between the powe@rsumption and the environment changes is
the first step to achieve smart building adapti®he most common correlation analysis is to
find out the Pearson correlation coefficient betwary two variable’s sample values. The
Pearson correlation coefficient computation is \&@mple which is only sensitive to a linear
relationship [29] [30] [31] analysis. Pearson etation coefficient calculation formula is shown
in Formula 7.1 [29]. The Pearson correlation dogfht's calculation result is at the range

between -1 to 1. If the result is close to -1 evHich indicates the two variables are closely
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related. On the other hand, if the result is ctos@ which indicates there is less relationship
between the two variables.

Our correlation test is applied to analyze telationship between room temperature and
living room electric utility power consumption.n this test, we trimmed off the nighttime
sample values, and then computed Pearson Correlaigfficient [32] along with some by-
product values that generated by the calculatdr €og., Scatter Plot, Pearson Product Moment
Correlation, Covariance, Determination, and ther€lation T-Test values which is shown in
Figure 7.15, Figure 7.16 and Figure 7.17.

.;1(371' - Z)(¥%i—9) Zl(f:: —Z)(yi — )
Tzy (n —1)s;s, - |

S (2 —2)2 3 (g — )2

=1 i=1

Formula 7.14. Pearson correlation coefficient [29]

Pearson Product Moment Correlation - Ungrouped Data

Statistic Variable X Variable ¥

Mean 25 Fh.7222222222222
Biased Variance 1506.6660600006067|7.200061728395062
Biased Standard Deviation|38.815804341359 |2.68339659460740
Covariance 97.5294117647059

Correlation 0.8843238569590808

Determination 0.782054705665917

T-Test 7.5771312448482

p-value (2 sided) 1.11365888333381e-06

p-value (1 sided) 5.56829441666906e-07

Degrees of Freedom 16

Mumber of Observations |18

Figure 7.15. Temperature and fan correlation
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Pearson Product Moment Correlation - Ungrouped Data

Statistic

Variable X Variable ¥

Mean

28.7222222222222|75.72222322222222

Biased Variance

2494.08950617284(|7.20061728395062

Biased Standard Deviation

49.9408600864346|2.6833965946074

Covariance

-42.4934640522876

Correlation

-0.2994729958139188

Determination

0.089684076614474

T-Test

-1.25551409323273

p-value (2 sided)

0.227319000282929

p-value (1 sided)

0.113659500141464

Degrees of Freedom

16

Number of Observations

18

Figure 7.16. Temperature and desktop computer correlation calculation results

Pearson Product Moment Correlation - Ungrouped Data

Statistic

Variable X Variable ¥

Mean

43.1666666666667

75.7222222222222

Biased Variance

9038.47222222222

7.20061728395062

Biased Standard Deviation

95.070879990785

2.6833965946074

Covariance

-74.656862745098

Correlation

-0.276384557579343

Determination

0.07638842366083293

T-Test

-1.15034757572436

p-wvalue (2 sided)

0.266904180939682

p-value (1 sided)

0.133452090469841

Degrees of Freedom

16

Number of Observations

18

Figure 7.17. Temperature and microwave oven correlation calculation results

Table 7.1. Electric utility and temperature correlation comparison

Fan Desktop Computerr  Microwave Over
Utility
Environment Variab
Temperature 0. 88 -0. 30 -0. 28

Table 7.1 concludes the relationship betwtbertemperature and the three different electric

utilities’ power consumption. The Pearson corietatoefficient between the fan and the

temperature is 0.88 which is by far larger thanRearson correlation coefficievdlue between
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the temperature and desktop computer which is -0T3@ fan power consumption has stronger

relationship with temperature than the desktop agerpand microwave oven in the living room.

7.10 Power Consumption Signature

Different electric utility may have difiemt power usage pattern, which can be referred as
power signature. The power signatures can be used to identifgkvilectric utility is being
connected to electric grid based on its power copgion patterns. For example, microwave
oven power consumption pattern (frequently altersdéietween two power consumption levels)
is largely different from toaster machine powersuimption pattern (constant power
consumption). We invented Formula 7.2 to calcudateefficient which can be used to help us
analyze the relationship between different powgnaiures.

For any two selected electric utility, thepower consumption data was collected in 240
second. Define Rdacas the maximum power consumption of an electilityuin the testing
time scope, define R as the minimum power consumption and defingdd.as the average
power consumption. The similar definition is apglito P2 for the second electric utility. In
addition, we require that keep P1 to be less tmagoal to P2 so that the final calculated
Similarity value should be at the range betweend®dl A Similarity value close to 1 indicates
the two power signatures are perfectly matchedlenghvalue close to O indicates power
signatures are not well matched.

Power signatures database can be createdcillecting different electric utilities’ power
consumption profiles. We can use this datababelfpus identify which electric utility is
currently being connected to the electric grid.egy inefficient electric utilities can thus be

detected by building energy manager and be forweéace.

Plpeak Plmin Plaverage

Similarity = X X
MRty P2peak PZmin PZ2average

Formula 7.2. Power signatu&milarity
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Table 7.2. Power signature comparison

@timel Microwave Oven Lamp Rice cooker
@time2
Electric Utility 1 0. 86 0. 00 0. 00
Electric Utility 2 0.00 0. 96 0.00
Electric Utility 3 0. 02 0.00 0. 98

In this test, three unidentified power sigmas were compared with the power signatures

that we had already known. Then, the Similaritgfioient was calculated based on Formula

7.2. Table 7.2 shows the comparison results fiberéint Similarity values. For example, the

Similarity value between the power signature otele utility 1 and a microwave is 0. 86,

between a lamp is 0.00, between the rice cook®&i08. Thus, electric utility 1 can be identified

as a microwave oven. Similarly, electric utilite@n be identified as a lamp and electric utility 3

can be identified as a rice cooker.
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Chapter 8 Conclusion

In this thesis, we represented a methatbusireless sensor network technology to monitor
building energy power consumption in detailed lsvélVe tested the functionality of our system
and illustrated some power profile results undéecgnt circumstances. By visualizing and
understanding energy usage profiles, users camgeet detailed information about how their
electric bill was generated, where and when theggnis wasted.

In our future study, we will be working oeducing system complexity and cost. For
example, design a more intuitive graphic user fater for easy energy profile accessing and

replace the local computer server with cloud conmgutio cut system construction cost.
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