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1 Introduction

In the context of the research project of "Ambientelligence”, a trend-setting
application in the area of the building air conditionisgdesigned. The goal is an
individual measurement of the thermal comfort whichratividual present in an air-
conditioned area feels. Thereby, a comfort index shbeldused, which is more
meaningful than a punctually measured temperature. Sucleasune is e.g. the
Predicted Mean Vote (PMV) according to ISO 7730, which icens beside the air
and the radiant temperature, also the airflow as agethe activity and clothing of a
person. Since the airflow is generally dependent on theepland the activity in
general is individually dependent, the comfort index forheperson must be
determined separately. With this comprehensive monitoritigeoperceived comfort,
it shall be possible to create an air conditioning thzbstantially better suits the
current need than what is now possible with the usulilibgimeasuring technique.

This work covers the following tasks:

» Conception of a thermal comfort measurement as dedcabeve which
includes the selection of sensors, signal processing dodlatén of the
comfort indeces PMV and Physiological Equivalent TempeeatPET).

* Development of compact, portable prototypes, in which thesas are
connected to a MICA-node. Over the MICA-node a radinnection shall be
installed to a central computer.

In chapter 2, the most important thermal comfort iediwill be explained: PMV and

PET, heat balance on human body and calculationM¥.PChapter 3 describes

sensors which will be used for the measurement of PM¥p€r 4 and 5 explain the
design of hardware and software, respectively. Chaptedegcribes about a

localization concept based on RSSI. The measuremaritsrase presented in chapter
7. The last chapter presents the conclusion of this watksaggestion for extensions
for the future.



2 Thermal Comfort Index

2.1 Definition of Thermal Comfort

Thermal comfort based on ASHRAE standard 55-66 is aiwomdn mind which
expresses satisfaction with the thermal environmem7Ega In thermal comfort, a
person feels that the air temperature, air humidiiyyvelocity and heat radiation in
his surrounding are optimal and he wishes neither waomeooler, neither more dry
or more wet of air condition [DIN1946].

The reason for creating thermal comfort is first asv@most to satisfy man’s desire to
feel thermally comfortable [Fan72]. Another reasoroistoid or to react on thermal
stresses: cold stress which frequently happens in wintetadloav air temperature
values and high air velocity values, and heat stress wihéziuently happens in
summer due to high air and radiation temperature values.

The human body doesn't sense thermal parameters sueir asmperature, air
velocity, air humidity or radiant temperature sepalgabut it registers the effect of all
thermal components by thermo receptors and makes aditegyatatory response to
maintain constant internal body temperature.

The description of fluxes involved in heat exchange betwthe body and the
environment (see Figure 1) is written as a heat balajeation (2.1) and is used as a
basis model to evaluate thermal comfort.

M+W+Q*+Q, +Q_ +Qgy + Qg =0, (2.1)
where,

M metabolic rate
wW mechanical power
Q* radiation budget

Q.  turbulent flux of sensible heat

Q,  turbulent flux of latent heat (diffusion of watedpor)
Qg turbulent flux of latent heat (sweat evaporation)
Qr respiratory heat flux (sensible and latent)

All the terms have the unit of power (W). The valudl be positive if they result in
an energy gain for the body and will be negativthéfy mean an energy loss of the
body.
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Figure 1: The components in the human heat balfigE787]

2.2 Thermal Comfort Index According to Fanger [Fan72]
2.2.1 Predicted Mean Vote (PMV)

The Predicted Mean Vote (PMV) is a thermal comiiatiex which was introduced by
Fanger in 1970s.

The most important variables which influence thedition of thermal comfort are
[Fan72]:

» activity level (heat production in the body),

» thermal resistance of the clothing (clo-value),

e air temperature,

* mean radiant temperature,

» relative air velocity,

e water vapor pressure in ambient temperature.
According to Fanger there are three basic condititom optimal (desired) thermal

comfort (PMV =0). First condition is the existence of heat balance
thermoregulatory system to a given environments Thndition is has general form:

H E,,
f(xyldyta!tm-t!payvytsyx)=0 (2.2)

u u

where,

H internal heat production per unit body surfaee (&, : DuBois area)

u



thermal resistance of the clothing

t air temperature

mean radiant temperature

P, pressure of water vapor in ambient air

Y relative air velocity

t. mean skin temperature

E . .

?i’” heat loss per unit body surface area by evaporafigweat secretion.
u

For a given activity level, the skin temperattiyeand sweat secretiof,,, are seen

to be the only physiological variables influenciing heat balance on equation (2.2).
Fanger did some experiments which varies the &gtil@vels. The results are

relationships of activity levels to each skin temagpere (2.3) and sweat secretion
(2.4).

H
s (!u) (2.3)
E H
S A f (2 2.4
" ADU(EU) (2.4)

Equations (2.3) and (2.4) are presented as secoddthard basic conditions of
thermal comfort. By substituting the last two cdiwdhis to the first one, the comfort
equation has the following form:

H
f(—— 1t p,V) =0 2.5
(AD P, V) (2.5)

u

Using comfort equation (2.5), it is possible folyarctivity level (H/A,,) and any
clothing (I,) to calculate all combinations of remains whichl wreate optimal
thermal comfort.

2.2.2 Heat Balance

As mentioned before, the thermoregulatory systermunfbody maintains a constant
internal body temperature, as a reaction to theroadition of the environment.

Therefore, it can be assumed that in reactionedharmal condition of environment,
the heat production of the body will be equal tathgissipation, and there will be no
significant heat storage within the body. The Hedance for this condition is:

H/A, -E, -E,, -E.-L=K=R+C (2.6)

where,
H/A,, the internal heat production in human body



the heat loss by water vapor diffusion throughstkie
the heat loss by evaporation of sweat from th&asarof the skin

E

E

E the latent respiration heat loss

L the dry respiration heat loss

K the heat transfer from the skin to the outer sedaof the clothed body
R the heat loss by radiation from the outer surfadie clothed body

C the heat loss by the convection from the outeiasarof the clothed body

2.2.3 Predicted Mean Vote

With the thermal comfort equation as a startingipan index will be derived which
makes possible a prediction of thermal sensatianafoy given combination of
thermal parameters.

As a measure for thermal sensation which represtretdicted Mean Vote, a psycho-
physical ASHRAE scale is used:

-3 cold

-2 cool

-1 slightly cool
0 neutral

+1 slightly warm
+2 warm

+3 hot

It will be assumed that the thermal sensation givan activity level is a function of
internal heat production, and the heat loss toatteal environment is for a man
hypothetically kept at the comfort values of theamekin temperature and the sweat
secretion at the actual activity level.

According to this definition, the thermal lodq (per unit body surface area) can be
expressed mathematically as follows

L,=H/A,, - E,-E,, -E.-L- R-C (2.7)

In comfort equation, the thermal load will be equmakero. In other environments the
body will change the mean skin temperature and tsweeretion to maintain the
internal temperature of the body. Therefore weaarclude the relationship between
thermal sensation (which is expressed by the mede V), and the thermal load
which might vary with the internal heat productidp,. This relationship can be
mathematically expressed as follows:

H
v=flL, 2.8
{ ADJ =9

u



Fanger conducted experiments by varying thermal &al voting thermal sensation.

The result shows tha{%has an exponential proportion to the metabolic e
t

follows:

% = 0.30% %M/ A 40,028 (2.9)

t

By integration we then arrive at:
Y = (0.30370%M/ %) 1+ 0,029 L (2.10)

The expression for Y given in the last equation W referred to as the “Predicted
Mean Vote” (PMV). By inserting this equation to egpsion for L in equation (9), the
formula for PMV is obtained:

PMV= (0.30% %%/ +0,028(H/A,, - E, -E,, -E,. -L- R-C) (2.11)
The individual terms are calculated as follows hwihit are&V/m?
» Internal heat production per unit area
H/ Ay, =M/ A, .A-1) (2.11a)

The internal hedil is the sum of the metabolic rate M and the mecladnic
power W (H =M +W, mechanical efficiency =W/M ).

» Water vapor diffusion through the skin

E, = 0.305(157.3- 007.H/A,, —€) (2.11b)
* Heat loss by evaporation of sweat

E,, = 042[(H/A,, -59 (2.11c)
» Latent heat loss through respiration

E.. =0.0017IM/A,, (158.7 - €) (2.11d)

» Sensible heat loss through respiration

L =0.0014IM/A,, ((34-t,) (2.11e)

+ Radiative heat flux



R= 395010 [T, (J{t, +279" - (i, +279°,

mrt

f, being the surface enlargement factor for the
f, =10+1, 015

Convective heat flux
C= fcl |jhc |:qtcl _hl)’
where h, is the heat transfer coefficient and determined by

B 2.05[6(6, -1, ) for free convection
¢ 12.1EL/V_ for forced convection

r

(2.11)

eldthbody
(2.119)

(2.11h)

(2.11i)

and t, is the surface temperature of the clothing ancerdehed by the

equation:

t, =t,—0.1550, [[R-C),

(2.11))

where the mean skin temperature is obtained by the following empiric

numerical equation:

t, =357 -0.0275H/A,,

Equation (2.11k) can be solved by the Newton axipration.

2.2.4 Measurement of PMV

PMV can be determined from one of the following w@sO7730]:

The operative room temperatutg, is a uniform temperature where an object would

using equation (2.11),

(2.11K)

using PMV-tables for several combinations of atyilevel, operative room

temperature, and relative air velocity,

by direct measurement with application of an inéégad temperature sensors.

have the same amount of heat quantity by radiamhconvection. In practice, under
the conditions of low air velocity (< 0.2 m/s) omall differences between mean

radiant temperature and air temperature (< 4°@) atlerage of air and mean radiant

temperature can be simply be used as operative temperature.

For more accuracy of operative room temperaturddh@ving form should be used
[ISO7730]:

10



top = At, +(1- A), (2.12)

The value of A is a function of relative air velpciv, as written in the following
Table 1:

V, <0.2 | 0.2-04 06-1.0

r

A 0.5 0.6 0.7

Table 1: Constants for operative temperature fancti

2.3 Physiological Equivalent Temperature (PET)

The evaluation parameter PET (Physiological Eqeival Temperature) was
developed from the MEMI (Munich Energy Balance Mbfite Individuals) energy
balance model for the human body [Hop84].

PET is defined as physiological equivalent tempeeatt any given place (outdoors
and indoors) which is equivalent to the air temperat the reference environment.

The reference environment has a typical indooimggetts follows: radiant temperature
is equal to air temperature, air velocity 0.1 mygater vapor is 12hPa or
approximately equal to a relative humidity of 50%aa temperature 20°C [HOp99].
The assessment is made for a standard “Michel mog@®lyears old, 1.80m tall, 75
kg weight man. He performs light activity of 80Wdawears clothing with resistance
0.9 clo.

The procedures of calculating PET consists of tteps The first step is calculating
the thermal conditions of human body (physiologicadriables) under his
environment parameters. Unlike PMV calculation, which the mean skin
temperature and the sweat rate are being only depémn activity and not climatic,
MEMI incorporates the real values for skin tempemtand the evaporation of sweat.
These two unknown variables are calculated by sglthe heat fluxes equation from
the core of the body to the surface of skin andhftbe skin to the surface of clothing.
As a result, MEMI provides the following physiologl variables:

» Core temperature of the body

* Mean skin temperature

* Rate of sweating

* Wetting of the skin

* Individual heat fluxes
These calculated values are then inserted to thé/IMEodel to solve the air
temperature (under reference conditions) which pyvitiduce the equal mean skin and

body core temperatures. This air temperature i®HE€. Some calculated PET values
for different climate scenarios are given in thiéofeing Table 2.

11



Scenario T(°C) Torf(°C) v(m/s) VP (hPa) | PET (°Q
Typical room 21 21 0.1 12 21
Winter, sunny -5 40 0.5 2 10
Winter, shade -5 -5 5.0 2 -13
Summer, sunnyj 30 60 1.0 21 43
Summer, shade) 30 30 1.0 21 29

Table 2: PET values for different climate scenafié&p99]

As PET is independent of the activity and the at@fh PET cannot be an absolute
measure of the thermal comfort or thermal straicabee, for example, somebody
would feel very cold at PET 20°C if wearing onlyisuning trunks while he would
sweat when wearing a coat. If he were working haedwould assess this PET value
as “too warm” while such thermal condition at nesgght be regarded as “too cool”.

PET therefore can only be regarded as a basis rfoasaessment of the thermal
environment that has to be adjusted to the subgatharacteristics in terms of
clothing and activity. It is also difficult to us®ET as a set point of air conditioning
controller, as there is no fixed PET value whicphresents a comfort condition of
each person.

The thermal perceptions which represent the vallREd are listed in Table 3 below.

PET (°C) Thermal Perception
Very cold
4
Cold
8
Cool
13
Slightly cool
18
Comfortable
23
Slightly warm
29
Warm
25
A1 Hot

12



Very hot

Table 3: Ranges of PET for different grades ofrtfa@mperception by human beings

[Mat99]

3 Selection of Sensors

3.1 Temperature Sensor

Most popular temperature sensors used today are:

* Thermocouple

* Resistive temperature device (RTD)

e Thermistor

* Integrated silicon based sensor

Each of these sensors orientates to specific textyer ranges and environmental
conditions. Characteristics of the each sensomddewshether it is suitable for certain
application. Some sensors, their characteristidsagplications are described in Table

4 and 5 [Bak98]:

Characteristics | ThermocoupldRTD Thermistor Integrated
Silicon
Temperature 270 to 1800°Q 250 to 900 °C 100 to 450°C -55 to 150
Range
Sensitivity 10s ofuV /°C | 0.0038%2/Q/ SeveraQ/Q/ Based on
°C (Platinum) | °C technology:
2mV/°C
Accuracy +0.5°C +0.01°C +0.1° C +1°C
Linearity Requires at | Requires at Requires at At best within
least a & least a ¥ order | least ¥ order | +1°C.
order polynomial or | polynomial or | Linearization
polynomial or | equivalent look | equivalent look | required.
equivalent up table. up table.
look up table.
Ruggedness The larger | RTDs are Generally As rugged as
gage wires susceptible to | thermistors are | any IC
ofthe TC damage as a | more difficult to| housed in a
make it more | result of handle, but not | plastic
rugged. vibration. affected by package such
shock or as dual-in- or
vibration. surface
outline ICs.
Responsive- <1 Sec 1to 10 Secs 1to 5 Secs 4to 60 S¢

ness in stirred

14
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oll
Excitation None Current Sourceé  Voltage Source agetSup.
Form of Output | Voltage Resistance Resistance Veltag
Current, or
Digital
Typical Size Bead diameter0.25 x 0.25 in. 0.1x0.1in. From TO-18
=5 x wire Transistors to
diameter Plastic DIP
Price $1 to $50 $25 to $1000 $2 to $10 $1 to $10

Table 4: Temperature sensors characteristics

Sensor Type

Application

Thermocouple

Extremely high temperature sensimaphyisics, metal
cutting research, gas chromatography,
internal combustion engine temperatures, chemical
reactions

RTD Cold junction compensation, bridge temperature,
calibration, process control.
Cold junction compensation, bridge temperatureisgns
Thermistor pyrometer calibration, vacuum

manometers, anemometers, flow meters, liquid |dlad|
velocity, thermal conductivity
cells, gas chromatography

Silicon Based

Cold junction compensation, persoaatputers, office
electronics, cellular phones,
HVAC, battery management, four speed controls

Table 5: Temperature sensors and their applications

3.1.1 Thermocouple

The thermocouple consists of two dissimilar metiadg are soldered together at one
end (junction) as shown in Figure 3. This end isgiuemperature to be measured
and called measuring junction, while another erat i®ference temperature and
called reference junction. Temperature differergvben both junctions will cause
an electrical potential difference (voltage). Téifect is known as Seebeck effect.
Voltage generated is dependent on type of thermmedmaterials of metal) and the
temperatures difference. For example, the typeeintiocouple has a Chromel
positive leg and Alumel (nickel / 5% aluminum arlécsn) negative leg, and has
Seebeck effect of 4@V /°C.

14



Figure 3: Measuring junction of a thermocouple

A polynomial equation is used to convert thermodeuwpltage to temperature (°C)
over a wide range of temperatures. We can writ@tignomial as:

N
T=>a D" (3.1)
n=0

The coefficients are dependent on type of thermpleotror example, the coefficients
for type K thermocouple are listed in the followifigble 6:

a
0.226584602
24152.10900
67233.4248
2210340.682
-860963914.9
4.83506x18
-1.18452x16
1.38690x18’
-6.33708x16°

N0 WNFL OIS

Table 6: Coefficients for type K thermocouple
3.1.2 Resistive Temperature Device

The RTD (Resistance Temperature Detector) is atiesielement constructed from
metals, such as, Platinum, Nickel or Copper. Theiquéar metals that are chosen
exhibit a predictable change in resistance withptenature.

The linear relationship between resistance and ¢eapre of the RTD simplifies the
implementation of signal conditioning circuitry. & hesistance change to temperature
varies for each of these types of RTDs.

Platinum RTD (PRTD) is the most accurate and r@dialompared to Nickel and
Copper. Therefore, it is best suited for preciapplications where absolute accuracy
and repeatability is critical. The platinum matkisaless susceptible to environmental
contamination, where copper is prone to corrosiaastg long term stability

15



problems. Nickel RTDs tolerate environmental caondi fairly well, however, are
limited to smaller temperature ranges.

3.1.3 Thermistor

If accuracy is a high priority, the thermistor shkibbe the temperature sensor of
choice. Thermistors are available in two variah§C and PTC. The NTC (negative
temperature coefficient) thermistor is construatéderamics composed of oxides of
transition metals (manganese, cobalt, copper, @iclh With a current excitation
the NTC has a negative temperature coefficient ihatery repeatable and fairly
linear. These temperature dependent semicondues@tars operate over a range for
-100°C to 450°C. Combined with the proper packagiigy have a continuous
change of resistance over temperature. This resisihiange versus temperature is
larger than which are from RTD, consequently theriistor is systematically more
sensitive.

3.1.4 Silicon Based Temperature Sensor

The integrated circuit temperature sensors offeotlar alternative for solving
temperature measurement problems. The advantagéstegfrated circuit silicon
temperature sensors are user friendly output faraatd ease of installation in the
PCB assembly environment. Since the silicon tentpegasensor is an integrated
circuit, integrated circuit designs can be eagityplement on the same silicon as the
sensor. This advantage allows the placement ofist challenging portions of the
sensor signal conditioning path to be included ha tC chip. Consequently, the
output signals from the sensor, such as large kigrimges, current, or digital words,
are easily interfaced with other elements of theudi. On the other hand, it has
relative low accuracy and temperature range of sleissor compared with other
Sensors.

3.2 Air Velocity Sensor

Since in thermal comfort measurement the tempegatilt mainly be measured, the
technique of air velocity measurement which utdizeemperature measure is
preferred. This method is called thermal anemometry

Thermal anemometer measures the velocity at a poftawing fluid, either liquid or
gas. It consists of two sensors, a velocity sersuwt a temperature sensor. The
temperature sensor measures the temperature. @dteoeic circuit passes current to
velocity sensor, thereby heating it to a constamiperature differential (¥T,) above
the gas temperature and measures the heat qadcaway by the airflow as it flows
past the sensor. Hence, it is called “constant éeatpre thermal anemometer”.
lllustration of this method can be seen on Figubelbw.

16



Figure 4: Principle of operation of typical thernasmemometer [Spr99]

Another type of thermal anemometer is constantecirthermal anemometer. This
method utilizes the same physical principle buthe different way. The electronic
circuit provides the velocity sensor with a constaeat, with aim to warm it at a
constant temperature. As the fluid flows the terapee will decrease. The
temperature decrease is measured and become arenebiow velocity.

3.3 Physiological Equivalent Temperature (PET) Sensor

The Physiological Equivalent Temperature (in Gernt@eflhlte Temperatur) sensor
from the manufacturer Vereta GmbH offers simultarsemeasurement of operative
room temperature and air velocity. The sensor stgsif a pair thermocouple of type
K. The first thermocouple is called passive ser@od measures operative room
temperatureT,,. The second thermocouple is called active sensdwere its

measuring junction is heated by connecting it astamt voltage supply 5 volt. This
heater will simulate thermoregulatory of human bodich tries to maintain
temperature of measuring junction at 34°C. As theflaws past the sensor, the
temperature at measuring junction will decreasa ttgng this temperature difference
the velocity can be calculated.

This method is contrary to constant temperaturenthbanemometer, which supplies
more current if the air flows past the sensor. atleantage is no need of electrical
circuit that controls heat supply to maintain canst temperature. Because
thermocouple only measures temperature differemterden its junctions, another
sensor must be installed to provide reference testypee. For this aim, a silicon-
based temperature sensor TMPOL1 is selected betlaask is already available at
our laboratory and has 1°C accuracy. TMPO1 output®ltage proportional to the
temperature using a scale facinV /K , which results 1.49V for 25°C.

The PET, air velocity, and operative room temperatufg are calculated using the
formulas from the manufacturer Vereta GmbH as amitbelow:

PET = ((ATactive

-T

reference

~13.00)(105) +T (3.2)

reference

17



- AT,

v=(AT e +14.4) (006 (3.3)

passive

Top = AT +T,

reference

(3.4)

passive

The equation (3.3) is valid for maximum air velgcid.4 m/s. The relationship
between temperature difference from active andipasensor and the air velocity is
shown in the Figure 5.

Air velocity (m/s)

\

\
P OO DD DD DD
o H N W B GO o N oa\u: [5N

-16 -14 -12 -10 -8 -6 -4 -2
dTemp Passive - dTemp Active

o

Figure 5: Air velocity

3.4 Humidity Sensor

Humidity is the amount of water vapor in air or@tlyas. There are two basic method
units of humidity measurement, absolute and redalivmidity. Absolute humidity is
mass of water vapor in a given volume. The unitab$olute humidity is kg/fn
Relative humidity is ratio of water vapor presstrevater vapor pressure required for
saturation, the unit for relative humidity is %RH.

Methods of measuring humidity:
* Hygrometric

In this method, the sensor is coated with a swgtabhterial that absorbs
moisture / water vapor in air. It weighted beforel after to determine how
much water vapor took out from air.

Another type of hygrometer works on the princigiattelectrical resistance or
capacity varies in a material that absorbs moistwith the resistance to a
current passing between wires measured by spetiabss.

* Psychrometric
18



Relative humidity is determined using phychrometi@rt and temperature
reading of two thermometers. First, which is chliee dry-bulb thermometer,
reads air temperature, while the other one, thebwht thermometer reads the
temperature of adiabatic saturation.

* Renode moisture sensing methods

This method measures the absorption of either muigves or infrared.
Moistured air is irradiated with light in the nearfrared spectrum. The
reflectance or absorbance of moisture by the ragages markedly at specific
wavelengths proportionally to the moisture contdrihe air.

Normally, the humidity varies only slightly from erpoint to other points in a closed
room. Therefore, one sensor in each room is endogmeasure the humidity.
Moreover, the sensitivity of PMV to humidity is hatr low comparing to other
factors. For this system, an installed humiditysserfrom Landis & Steafa is used.
The humidity value is available to read from a Sintublock in Matlab.

3.5 Activity Level Sensor

To measure an activity level means to measure hleegg expenditure during an
activity. The measurement of energy expenditura ofan depends on the following
principle [UNU84]:

“All the energy used by the body in carrying ouher external or internal work (such
as the movements of the heart and respiratory msisetc.), or in chemical synthesis
such as manufacture of enzymes or hormones, orintaning the ionic gradients
between the fluids inside and outside the tisslis, és ultimately degraded into heat.
A measurement of heat output of the body is ths® @ measure of its energy
expenditure. This measurement may be done undearagiry conditions in a
specially designed box and is called direct caletmn”

Because energy available in food can be liberatethe body and used for above
processes only as a result of oxidations, a meammnieof the oxygen uptake by the
body is also a measure of energy expenditure. i@asurement is called “indirect
calorimetry”.

To perform such as indirect calorimetry, an insteatm such as Max-Planck
respirometer is needed. This instrument is priflyipa gas meter and measures
oxygen uptake by a person’s body during a speaiftivity. The formula needed to
calculate energy expenditure is as follows: Enéwpl{min) = Vstp x Oi-Oe/20,
where Vstp is the volume of air expired in litees pninutes, and Oi and Oe are the
percentages of oxygen in inspired and expiredeapectively. For this measurement,
valves, mount-pieces and mask are also appliedh¢o person. Because of its
complicatedness, this measurement method canpjed to daily use.
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Another indirect assessment of energy expendituag atso be attempted by heart
rate recording. In any individual, there is a nelaship between heart rate and oxygen
consumption, and this relationship is the basigrionitoring the physical activity by
recording heart rate.

A study from Hiiloskorpi, 1999 [Hii99] evaluatedehability to use the relationship
between heart rate and oxygen uptake to estimatgeexpenditure during physical
activity. Some groups of men and women carried towd tests one with cycle

ergometer and another on a treadmill. Respirataseg then obtained from indirect
calorimetry. Energy expenditure during this acyiv{AEE) was calculated from

oxygen uptake and carbon dioxide production. Ulieggeneralized liner model, two
alternative models were found to predict AEE and BBth models showed three-
way interaction between HR, body weight, and gender

Further research also by Hiiloskorpi, 2003 [Hii08]aluated the ability to use the
relationship between heart rate and oxygen uptakestimate energy expenditure
from low to high physical activity levels with ddffent HR-based prediction
equations.

There are three types of prediction model basedlioh HR variable it is used. First
model uses HR, second model uses HRR and third lmeds HRnet.

HRR is the percentage of HR reserve and calcukatddllows:
HRR = 100C(activity HR - resting HR)/(maximal HR-resting HR)] ~ (3.5)

HRnet is the difference between activity HR andtingsHR and calculated as
follows:

HRnet = (activity HR - resting HR) (3.6)

For this work, only the first model is used in artle avoid additional measurement of
resting HR.

Predicted energy expenditure (EE) equations for fire model are presented
separately for women and men at different actikatyels as follows [10]:

For women with low activity level:

EE = - 470+ 0.0449/ HR - 0.0019 weight + 0.00052 HR [weight (3.7)
Here, low activity level refers to activity whicleeds less than 3 MET.
For women with high activity level:

EE = -592+0.0577[HR - 0.0167[ weight + 0.00052 HR [ weight (3.8)
For men with low activity level:
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EE = 456- 0.0265 HR - 0.1506[ weight + 0.00189 HR [ weight (3.9)

For men with high activity level:

EE = 356-0.0138 HR - 0.1358 weight + 0.00189 HR [ weight (3.10)

The unit for HR is beats per minute (bpm) and tontEE is kcal/min.
3.5.1 Heart Rate Measurement

The heart rate can easily be taken at any spadteidady at which an artery is close
to the surface and a pulse can be felt. The masimm places to measure heart rate
using the palpation method are at wrist and thé&.n€his measurement method is
often found in integrated blood pressure monitard @ulse monitor. The sensor
element is a piezo-film which is very sensitivemiechanical movement. Because the
film detects physical motion on skin surface, treasurement must be done when the
arm is motionless. Therefore this sensor is swetahbrt measurement and not for all
day use.

Another device, which is more suitable to meas@arthrate of a person during daily
activity, is heart rate monitor. This device is ¢goan among professional athletes and
amateurs to monitor their fitness and training nstgy. It consists of two parts: a

transmitter attached to a belt worn around thetclaesl a receiver worn on the wrist

like a watch (see Figure 6).

Figure 6: Heart rate monitor

As the heart beats, an electrical signal is trattechthrough the heart muscle in order
for it to contract. This electrical activity can hietected through the skin as an
electrocardiogram signal (ECG). The transmittert pdrthe heart rate monitor is
placed on the skin around the area that the hgdrating, and picks up this signal.
The transmitter then sends an electromagnetic Istgmaiaining heart rate data to the
wrist receiver which displays the heart rate.
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4 Hardware Design

4.1 Thermocouple Amplifier

Thermocouple type K delivers voltage about #/°C which means temperature
difference between measuring and reference jundti@thermocouple will produce
only 0.04mV. Meanwhile the ADC which will be usesl 10 bits with input range
from 0-3V. ADC voltage resolution is 2.9mV. Withoan amplifier, one step
guantization of ADC means the temperature changé2d°C. Therefore, a signal
amplifier is very important for the accuracy of {gnature reading.

The selected amplifier is a low cost, precisiortrun®entational amplifier INA114.
Its versatile 3-op amp design and small size mhiseaimplifier ideal for a wide range
of applications (see Figure 7). It needs only @lsirexternal resistor to set gain from
1 to 10.000, operates on low quiescent currentna&, &nd needs minimum voltage
supply as £2.25V.

Wt
=
0.1pF

Fim numbers are ! | |

for DIP packages. 7

"-"_G 2 Crver-Voliage IMNA114
o Protection
1 252 Wg = G- (Vi — V)
25k R
Vi 5 -
Fa
4 W .
25ki2 Load Vg
= =
i 3| [Cwer-Waoliage e
Wi Protection } el 2l =

4| i

]

Figure 7: Pin connections and 3op-amp desiguléndNA114

Bipolar voltage supply makes possible to amplifygatéve voltage signal from
thermocouple which might be happen to passive semken measuring junction is
colder than reference junction. But because the Aia€ only unipolar mode, the
negative output from amplifier must be compensdtgdpplying a positive voltage
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on reference pin (pin 5) of INA114 instead of grdum this case, the equation used
to calculate Vo is changed to:

Vo :G |1\/IJI:I _VIKI) +Vref (23)

Furthermore, positive voltage on reference pin Wwadt disturb the operation of the
op-amp but only reduce the amplifier’s range. gufe 8 and 9 below are simulation
result of amplification which designed for passivel active sensor, respectively.

3.00—+

2.00-

Woltage (V)

1.00+

O. OO T | T | T |
-500.00u -250.00u 0.00 250.00u
Input voltage ()

Figure 8: Amplification curve for passive sensothngain of 5001 an¥,¢ of 2.5 V

|
500.00u

3.00+

200+

Voltage (W)

1.00+

0.00 —
0.00 250.00u

I I I
500.00u £50.00u 1.00m

Input voltage (W)
Figure 9: Amplification curve for active sensor hwgain of 3334

4.2 MICAz Platform

The MICAzZ is the latest generation of Nodes frono€8bow Technology used for

enabling low power wireless sensor networks (segurBi 10). The MPR2400 /
MICAZ is build up by components as follows:
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* Chipcon CC2420, a radio frequency transceiver witd GHz
frequency

* ATmegal28L micro-controller.

» Battery holder for 2xAA batteries

* A Hirose connector, which enables connection t@othodules

Figure 10: Photo of the MPR2400-MICAz

4.2.1 MICA Expansion Board

MICA expansion board is a modification of the MIBbihterface board (see Figure
11). It is a multi-purpose interface board usecdiite MICAz, and some other older
platform e.g. MICA2. The board supplies power te ttevice through an external
power adapter, and provides an interface for RS{28de serial port and parallel

programming port.

The RS-232 interface is a standard single charirgitdctional interface with a DB9
connector to interface to an external computersdts transmit and receive lines only.

Figure 11: MICA expansion board

4.3 Analog to Digital Converter (ADC)
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An embedded ADC from MICAz will simply be used tonvert voltages from
sensors to digital values. The ADC has 8 channéls 10 bits resolutions which refer
to voltage from OV to supply voltage of MICAz. Fpower supply for the board,
rechargeable batteries are used. The voltage sé¢ thatteries may vary due to time of
consuming. This voltage will also be taken becauselicates the maximum count of
ADC. The ADC channel assignment is given in thbld&@ below:

ADC channel Assignment
0 Compensator voltage for passive sensor
1 Amplified voltage of passive sensor
2 Amplified voltage of active sensor
3 Output (voltage) of reference temperature sensor.
30 Supply voltage of MICAz

Table 7: ADC channel assignment

4.4 Pulse Receiver

Each heart rate monitor is accompanied with its pwise receiver. By the reason of
receiver diversity from each manufacturer, e.gndnaitter frequency, encoding, a
general pulse transmitter is developed by ZMK UNI-K'he hardware design of
pulse receiver will be integrated along with seresad its circuitry.

The important component in this receiver is an atdu which receives
electromagnetic signal from transmitter. First, ghgnal will amplified about 1000
times. This high amplifier also works as high pdi#ter with 3.5 kHz cutoff
frequency. Afterwards the signal is passed throaglow pass filter with cutoff-
frequency 5.6 kHz and at the same time will be #&rmagdI81 times.

At the end the signal is passed through a dual flap® The output of first monoflop
is connected to second one which functioned ashaBictrigger. The Schmitt trigger
is a comparator application which switches the outggative when the input passes
upward through a positive reference voltage. Thépuiu second monoflop is
connected to reset pin of first monoflop and disabfor 200ms. After the period is
running the first monoflop will be retriggered aedabled for reading next pulse. The
mechanism of retriggering will solve the problemn é&mcoded pulse transmitter, for
example pulse transmitter from Polar.

The output signal from pulse receiver is connedtedligital input (pin INTO) on
MICAZz connector.

4.5 Power Supply

Power supply must provide all components with thgiecific supply voltage.
Because the hardware is designed for a mobile agtjgn, rechargeable battery is
preferable as power supply.
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Power supply circuitry must provide all componemtgh their level of voltage
supply. For example, instruments amplifier INA11Hieh is used to amplify sensor
output needs +5V and -5V as supply. Reference teatyre sensor IC TMPO1 needs
+5V, while MICAzZ is operated with 2x AA batteriestivvoltage 2.7-3.6V.

We will begin from replacing the 2xAA batteries fSHCAz with rechargeable 9V
battery. After applying voltage regulator IC 780% will get a stable 5V signal.
MICAz node needs a stable supply voltage of 2.7A\8.3herefore three 1N4007
diodes are used to decrease the voltage to 2.95 Volprovide negative voltage
supply for the amplifier, ICL7660 negative voltageserter will be used. It will

generate -5V from +5V voltage source.

In Figure 12, the above explained power supply aomepts are drawn as a block
diagram.

Battery SOl
oV MICAZ
voltage | gyt | 3 X Diode | 5 g5yl
Regulator 1N4007
IC 780F
5Volt
| | | l
Instrumentatio Instrumentatior Referenc Heating of
Amplifier for Amplifier for Temperature Active
Passive Sensor | _Active Sensc Sensor Sensor
Negative -5Volt
Voltage
Converte

Figure 12: Block diagram for power supply

4.6 Layout and Circuit Board

Described hardware components consisting of sensonplifiers, pulse receiver,
power supply and the MICAz node must be integratéd a small and compact
circuit board. The connection among componenthasva as block diagram in Figure
13. Next process, designing the Printed Circuit rBo@CB) will follow the
connections on this block diagram.
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Sensor | Amplifier _\__17
A
' N
F;aesnss“cl)(re [ Ampiifier | |
ADC
Reference
Power |  —% Temperature
Supply Sensor
»| Digital
Input
Pulse
Receiver MICAS
A

Figure 13: Connection of hardware components

Layout and circuit board which integrates all sessand its circuitry is drawn using
Eagle Layout Editor, a tool for development of Rxth Circuit Board. The Printed
Circuit Board (PCB) which is developed has siz&.6fcm x 5.5 cm, and two layers.
At bottom the layer, the MICAz is attached usingpiiis Hirose connector. Figure 14
and 15 show the designed circuit board and itsugyespectively.

Figure 14: Designed printed circuit board with tlagers
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5 Software Design
5.1 Structure of Communication System

In this chapter, the design of software for theaysincluding sensor board with an
attached MICAz and a computer as Graphical Userfade will be introduced. The
structure of communication system between sensardsoand the computer is
explained as block diagram in Figure 16 below:

Sensor board 1|
with N‘
] MICAz
Sensor board 2| N
| | with MICAZ

MICAZ as Receiver

Sensor board n
with

MICAz

Figure 16: Block diagram of communication system

MICAz nodes which attached to sensor board reaglotiiput of sensors, and runs
analog to digital conversion and then sends tha datelessly to another MICAz
node which serves as the receiver. This base ist&iaconnected to a computer
through a RS-232 cable. A Matlab program will contiusly request new data from
RS-232 within a specific time range and then pretles data.

5.2 TinyOS

For the software development of MICA platform, &aipl operating system named
TinyOS is available. TinyOS is a small, open soureeergy-efficient, software
operating system developed by UC Berkeley whichpeus large scale, self
configuring sensor networks. Using TinyOS, a singkocessor board can be
configured to run sensor application and mesh nedwg radio stack simultaneously.

To get a concept of TinyOS programming some keywavdl be explained below
[11]:
* nesC
NesC is a programming language in which TinyOS c@dénplemented.
NesC has a C-like syntax, but also supports Tiny@8currency model.
TinyOS codes consist of system, libraries and apfdn.

* Components
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A nesC application consists of one or mommponentslinked together to
form an executable. A component is eithemadule or configuration.
Modules provide application code which implement @r more interface.
These interfaces are the only point of access & dbmponent and bi-
directional. An interface declares a set of funwsiccalledcommands and
events. Commands must be implemented by the iotenmovider. Events
must be implemented by the interface user. Cordigoms are used to
assemble other components together, connectingrfaoes used by
components to interfaces provided by others. Téigalledwiring. Every
nesC application is described byog-level configuration thatwires together
the components inside.

» Concurrency model
NesC defines a concurrency model, basedtasks and hardware event
handlers, and detectglata racesat compile time. TinyOS executes only one
application program consisting of selected systemmponents and custom
components needed for a single application. Theee twvo threads of
execution:tasks and hardware event handlers Tasks are functions whose
execution is deferred. Once scheduled, they runotopletion and do not
preempt one another. Hardware event handlers a®utd in response to a
hardware interrupt. Event handler also runs to detigm, but may preempt
the execution of a task or other hardware eventleanCommands and events
that are executed as part of a hardware event éramdist be declared with the
asynckeyword.

In this work, the application is named AODV_TemperaSensor. Its top level
configuration, Config, is composed from eleven comgnts as illustrated in Figure
17.

In Configuration, there are three modules used, nMalpplicationM and
AODV_EngineM. Main has only one interface: Std@ohtvhich is connected to all
StdControl interfaces from other components. Stdfbrs an interface that controls
starting, initialization and stopping of componeamhd its subcomponents. By
connecting StdControl interface of component Mainatl StdControl interfaces of
other components, the control of starting, initiation or stopping of all components
will be happened at the same time.

The second module, ApplicationM which is implemehnia this work, uses nine
interfaces, five of them are ADC interfaces andregst are Timer, Leds, ADCControl
and AODVinterface. The ADC interface is a collentiof functions: command
getData, command getDataContinuously and eventReaidy, and is implemented in
ADCM module, a part of TinyOS system modules. Comasa getData and
getDataContinuously initiate an ADC conversion agiveen port and a series of ADC
conversions, respectively. The event DataReadygatels a sample has been recorded
by the ADC as the result of a getData command.

The AODVinterfaces consist of functions which aesponsible for sending and
receiving data through radio communication and UARMd also functioned as a
routing engine. Using AODV (AdHoc on Demand Distav@ector) routing engine,
the connections among network’s member, in thise ckBCAz nodes, will be
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constructed after an assignation (on demand). Tgaidom is implemented in the
last module, AODV_EngineM, which is result of ad#ut research project. For more
details of AODV Routing Engine please refer to [G4]

RadioCRCFacket

Becervelvlzg

StdControl

StdControl

Figure 17: Overview of interface relationship inr@iguration file, Config

5.3 Matlab Program

As illustrated before (Figure 16), data from eaehser board is sent to a base station
which is connected to a computer through a RS-2B%c On the computer, a Matlab
Simulink program collects and processes the incgndata. Simulink program is
divided to three main block diagrams: serial_congsomversion to physical values,
and PMV calculation (see Figure 18).
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Figure 18: Simulink program

In serial_comm (see Figure 19), telegram from a AM@ode will be read by UART
and separated by its index which points to ceritd@iormation. The telegram consist
the information of identity of each node (ID), AD@lues which represent voltage of
each sensor, pulse from pulse receiver, and twigdtws for transmission quality:
Received Strength Signal Indicator (RSSI) and IQniality Indicator (LQI).

N [
D >
W _temp
(D
YW_batt Y _ternp 1
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:
S-Function1 V_Lomp. 2
I .
V_temp2
—D D
Pulse |
W _temp_3
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pulse W_temp3
4}| UART _data mat |
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Figure 19: Serial comm Simulink block diagram

In next block diagram, the ADC values will be corted from digital to its physical
meaning.

Top =
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ToFile1

Figure 20: Conversion_to_physical_values_1 Simutilokck diagram

And finally in the last block diagram, thermal camrifindex is calculated.

P
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S-Function

]

metabolism rate
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Figure 21: PMV__calculation Simulink block diagram
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6 Localization
6.1 Localization Methods

The goal of localization in this work is findingettposition of sensor in a wireless
network. This process has no influence on PMV dat@n, but it will give benefit
which makes PMV mapping inside an area possible.

The first step is to collect some localization noeth and select a method which is
mostly suitable for this application. Some locdiaa systems that are implemented
using wireless sensor networks are listed below(d@le

» Beacon-based localization, UCLA, 2000
The system used five radio packet controller maglui®ur of these modules
were placed in corners of a 10x10 meter outdooloredgrhese modules, or
beacons, served as reference points and contiryutrassmitted packets with
their unique ID every two seconds. The other moads used as a receiver
and listened for messages. It decided which moduless connected based
on percentage of message that it received.

e SpotOn, University of Washington, 2001

SpotOn was created with the idea of ad-hoc locat@rsing. SpotOn tags are
attached to any object to be localized. The tagscdne radio packets of a
calibrated power at randomized interval. The tagasuare the received signal
strength indicator (RSSI) upon hearing beacons. ekeiver-specific
calibration model is used with the RSSI to estimdue distance from the
transmitting node. Placing a transmitter 50 certiémge from the note to be
calibrated and having it transmit 100 packets aqimimed the calibration.
Object can be located relative to another objacspme objects can be used to
leverage the location data.

» Calamari, University of California Berkeley, 2002.
Calamari system was built with MICA sensors andnesties the distance
between nodes by RSSI and acoustic time of fligaK) measurements. The
TOF hardware has drawback of consuming more powemwall as the
additional cost of special hardware. The advanistfeat this technique yields
more accurate distance estimates than by RSSl.alone

The latest localization system is developed by mssién Michigan University. The
system, Ferret, was also built with MICA nodes antplied two techniques:
potentiometer measurement and RSSI measuremeotdén to localize, the system
must be able to established relationship betwestamtie notes and radio property,
either potentiometer or RSSI value [H6p99]. Thiatienship varies among different
environments due to interference from machinerypaors vs. outdoors, etc. When the
Ferret system is moved to another environmentelaionship must be renewed.

In the potentiometer technique, the object to lmatied (the mobile node) begins to

transmit the beacon at the lowest power level aaitiswor replies from infrastructure

nodes. The power level is increased with each tne&sson until the mobile node gets
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three replies. These replies are then forwarde@ toase station to compute the
position based on triangulation method.

The RSSI method can be applied after the relatipnsétween distance and RSSI is
known. Therefore, some experiments must be perfdiiing to estimate the distance
based on RSSI. In RSSI method, the mobile nodesseantia series of five signals
using full transmission power. The infrastructuceles reply to all beacons that they
heard. The mobile node records identification numlaad RSSI from all
infrastructure nodes. It then computes the avem§&I| for each neighbor and
identifies three closest neighbors by the large86Raverage. Thereafter, the data is
forwarded to a base station which will perform lo@a calculation.

6.2 RSSI Measurement

After comparing the localization methods above #mel fact that we already use
MICAZz to transmit data, it is proposed to selea RSSI measurement method to
perform the localization. No additional hardwarengeded because RSSI value is
automatically sent by transmitting.

Thereafter, a simple measurement has been donkettk avhether this method is
applicable. The measurement is conducted in Roo#i712which the walls are from
metal using two MICAs. Both of MICAz are placed the table. One MICAz which
acts as sender transmits the dummy data to aniliiik which acts as receiver. The
receiver is placed in the same position (positionorl Figure 22) during all
measurements, while the sender is moved forwarchb@ach after 16 transmissions.
Below are figures of measurement configurationstaed RSSI values:
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Figure 22: Positions of sender in configuration 1
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Figure 23: RSSI for configuration 1
The result showed that RSSI value has no lineatioalship with distance in this

room. Therefore we cannot use this relationshipnaldo gain location
information.
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Next measurement is conducted in the same roorh,different configuration of

sender and receiver. This time, the aim is onliptate some important points in
the room, which is where the people seat (locatidnchairs). The sender
configuration and results can be seen in Figur€34nd 26.
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Figure 24: Positions of sender in configuration 2
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Figure 25: RSSI from configuration 2, positions T —
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Figure 26: RSSI from configuration 2, positions-116

Based on experiments result, it can be concludetddbation of chairs cannot be
gained by using only one receiver.

Next measurement is taken by using two receiveifuatrated in Figure 27. Each
sender transmits simultaneously data to both rec® \RSSI from Receiver 1 with
sender position 1-7 is shown in Figure 28, and fnaoeiver 2 with sender
position 1-7 is shown in Figure 29.
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Figure 27: Proposed configuration with two recesver
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Figure 28: RSSI from receiver 1
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Figure 29: RSSI from receiver 2

With two receivers, it is not possible to distingfuiamong location 2, 3 and 4,
because the RSSI pairs which are produced from leaakion are quite similar.
The same problem happened with position 6 and @.sdlve this problem it is
suggested to use three or more receivers.
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7 Measurement Results

7.1 Experimental Setup

Air-conditioning

Figure 30: Measurement points at conference roamydudsity of Kaiserslautern

The PMV measurement was taken at a conference rabrthe University of
Kaiserslautern (Figure 30). The room is air coonditd with three possibilities of
controller manipulator: air-conditioner, heatingdawindows. In this measurement,
we will investigate some effects of cooling and tdation by air-conditioner only.
The heating is set off and the windows are closed.

As seen in the Figure 30, there are four selecteasarement points, P1, P2, P3 and
P4. Point P1 has coordinate x = 3.56 m, y = 1.2@ m2.81 m. P2 has coordinate x =
3.56m,y=1.80m, z=2.81m. P3 has coordinate5x6 m, y =1.20m, z=2.3 m.
P4 has coordinate x =5.6 m, y = 1.80 m, z = 2.8on.each point, two measurements
are taken, first with ventilation and the secondhwgooling. The air-conditioners
outlet angles for both modes are by 10°. The faellef air-conditioner is 5 which
refer to air mass flow of approximately 0.246 kdke air humidity in the room is by
47%. Each measurement at each point was takefieaedt time.

The object person for this measurement is a fen2&lgjears old, 1.6 meter tall, and
52 kg weight and doing a light activity (sittingj ©.2 met. The person wears light
clothing with resistance of 0.5 clo.

Measurement results are shown in Figure 31 unguifel 38. Additionally to PMV,
the perceived temperature will also be calculatgidguequation (14). The perceived
temperature is developed from MEMI model and defires an equivalent air
temperature at a reference environment. Based @n rtlodel, the perceived
temperature will be equivalent to operative roomgerature when air velocity is 0.1
m/s.
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7.2 Measurement at Point P1, Ventilation Mode
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Figure 31: Measurement at point P1, Ventilation enod

Measurement was begun with the air-conditioneraoft operative room temperature
of 23°C. After 300 seconds, the air-conditioner wagiched on to ventilation mode.
After switching on temperature at active sensorrefesed until 10°C, but then
increased again up to 12°C. Measured air velogtymaximum 0.15 m/s. The
perceived temperature decreased by 1°C from 25f@deentilating to 24°C after
ventilation. PMV slightly decreased from 0.3 to &:Bich means the thermal comfort
sensation was between neutral to slightly warm.
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7.3 Measurement at Point P1, Cooling Mode
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Figure 32: Measurement at point P1, Cooling mode

Measurement was begun with the air-conditioneraoft operative room temperature
of 23°C. After 330 seconds the air-conditioner vgastched on to cooling mode.

Delta temperature at active sensor decreased by While delta temperature at
passive sensor decreased by -4°C. The measurgdl@uity at this point is 0.3 m/s.

Perceived temperature decreased from 26°C to 1BMIV decreased from 0.2

(neutral to slightly warm) to -1.5 (slightly coa tool).
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7.4 Measurement at Point P2, Ventilation Mode
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Figure 33: Measurement at point P2, Ventilation enod

Measurement was begun with the air-conditioneraoft operative room temperature
of 25°C. After 230 seconds the air-conditioner wagtched on to ventilation mode.
Delta temperature at active sensor decreased 3@ tb 10°C and delta temperature
at passive sensor decreased from 0°C to -2.5°C.rafipe room temperature
decreased about 3°C because the air which flows fhe ventilating air conditioner
was still slightly cooler than air in the room (fnolast measurement). Measured air
velocity maximum was 0.15 m/s. Perceived tempeeatiecreased from 26°C to 22-
23°C. PMV decreased from 0.5 (slightly warm) taneutral).
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7.5 Measurement at Point P2, Cooling Mode
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Figure 34: Measurement at point P2, Cooling mode

Measurement was begun with the air-conditioneraoft operative room temperature
of 24°C. After 240 seconds the air-conditioner vgastched on to cooling mode.
Delta temperature at active sensor decreased fr8rh°@ to 4°C while delta
temperature at passive sensor slightly decreasmd #1.5°C to -4°C. Maximum
measured air velocity was 0.4 m/s. Perceived teatpes before cooling was 26°C
and after cooling was 12°C. PMV before cooling was m/s (slightly warm) and

after cooling was -2 (cool).
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7.6 Measurement at Point P3, Ventilation Mode

Reference temperature (°C) Operative room temperature {°C) PET ("C)
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Figure 35: Measurement at point P3, Ventilation enod

Measurement was begun the air-conditioner off aperative room temperature of
26°C. After 480 seconds the air-conditioner wast@veid on to ventilation mode.
Delta temperature at active sensor decreased f@i@ 1o 8°C. At passive sensor
temperature was relative constant. Two degreeif3ettecrement of operative room
temperature happened because the air which flaws tihe ventilating air conditioner
was cooler than air in the room. The measured eocity was 0.33 m/s. Perceived
temperature was decreased from 28°C to 21°C. PMuréehe ventilating was 0.2
and after ventilating was -0.25 (neutral to sligitbol).

During the measurement the air-conditioner wascheii on and off twice, at 695
seconds and at 935 seconds. Both changes affeeteedtdmperature at active and
passive sensors directly.
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7.7 Measurement at Point P3, Cooling Mode
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Figure 36: Measurement at Point P3, Cooling mode

Measurement was begun with the air-conditioneraoft operative room temperature
of 26°C. After 380 seconds the air-conditioner vgastched on to cooling mode.

After 520 seconds of cooling the operative roomperature decreased to 23°C.
Delta temperature at active sensor decreased frare°@ to 6°C, and delta

temperature at passive sensor decreased from el“E3°C. Maximum measured air
velocity was 0.32 m/s. The perceived temperatuceedesed from 27°C to 20°C and
PMV decreased from 0.5 to -0.8.
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7.8 Measurement at Point P4, Ventilation Mode

Reference temperature (°C) Operative room temperature {°C) PET ("C)
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Figure 37: Measurement at point P4, Ventilation enod

Measurement was begun with the air-conditioneraoft operative room temperature
of 26°C. After 178 seconds the air-conditioner wagtched on to ventilation mode.
Delta temperature at active sensor decreased 3@ tb 11°C and at passive sensor
decreased from -1.5°C to -2.4°C. Measured air teatpee was 0.23 m/s. The
perceived temperature decreased from 28°C to 2P¥@V decreased from 0.5
(slightly warm) to O (neutral)
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7.9 Measurement at Point P4, Cooling Mode
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Figure 38: Measurement at point P4, Cooling mode

Measurement was begun with the air-conditioneraoft operative room temperature
of 26C. After 385 seconds the air-conditioner wagched on to cooling mode. Delta

temperature at active sensor decreased from 1285f€ and delta temperature at
passive sensor slightly decreased from -2.5°C 1G.-Bleasured air temperature was
0.2 m/s. Perceived temperature after cooling deece&rom 27°C to 21°C and PMV

decreased from 0.5 (slightly warm) to -0.5 (sligtdbol).

48



8 Conclusion and Future Prospects

In the present work, a mobile prototype for therg@infort measurement consisting
of hardware and software for individual measuren@nthermal comfort has been
designed and made. The system consists of temperatin velocity, and activity
sensors and MICAz nodes for wireless data trangmniss

This system can be applied not only for individuma¢asurement and control of
thermal comfort in which each person wears the @wedsiring the day. Another
possibility is using this system for thermal comfoertification of an air conditioned
room. The examiner only needs to wear the senssintolate the activity in the room
for couple of hours.

For localization, an RSSI-based measurement maghpbposed. The measurement
result showed that RSSI pairs have special charstatevhich points to pre-selected
positions in the room. Three or more receiversaetied to detect the positions.

In the future development, an additional featurauwtbmatic registration of a person
who enters or exits the air conditioned room shd@ldupported by this system. This
registration will avoid the controller to includeMR' from persons which are not

inside the room.
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List of symbols and units

M
w

Q*
Qu
Q
Qaw

metabolic rate,in W
mechanical power, in W
radiation budget in, W

turbulent flux of sensible heat, in W

turbulent flux of latent heat (diffusion of wateapor), in W
turbulent flux of latent heat (sweat evaporatiam\V
respiratory heat flux (sensible and latent), in W

internal heat production per unit body surfaee (&, : DuBois area)

thermal resistance of the clothing

air temperature

mean radiant temperature

pressure of water vapor in ambient air

relative air velocity
mean skin temperature

heat loss per unit body surface area by evaporafisweat secretion.
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