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Abstract-This paper describes an orone-based trncer gas 
system that can be used to create models of Iodoor air Bow. 
Ozone is generated via corona discharge using a pardlel resonnut 
DC-DC converter, and ozone concentration is mauitored u h g  n 
novel low-noise amplifier. Power-tine carrier modems are used 
tn ooordiaate the generatian odd detection of QZOM~. IateUIgent 
digital control strategiu for the generator are devdoped uahg 
the requiremeats of several different air Bow tests. 

I. INTRODUCTION 

In the ahmath of the oil shocks of the 197Os, build- 
ing owners and operators became increasingly interested in 
reducing their energy costs [I], [Z]. As a result, building 
engineers were calted upon to develop methods to increase 
ovesaH building energy efficiency. One of the ways in which 
engineers appmached that task was to attempt to reduce the 
amount of air and heat exchanged between a building and 
its mvironment Consequently, techniques were developed to 
measure the amount of air that escapes through a building 
envelope. These techniques, which make use of gases 
such as SFg, requiff highly expensive and elaborate equip 
ment. Un€omnately, the cost md intmivems of tracer gas 
systems has prevented engineers from making widespread use 
of building leakage measurements. 

In order to meet the need for a low cost, minimally intrusive 
air flow monitoring system, we are investigating a technique 
that uses amue as a tracm gas. In the current system, high 
voltage DC power supplies a ~ e  used to generate ozone via 
corona discharge. Several of these ozone generating power 
supplies as well as their corresponding ozone detectors are 
deployed at different points in a building. Accompanying each 
individual generator and detector unit is a power line camer 
IpLC) modem module which is used to communicate with 
a centrally located personal computer. When it is desired to 
conduct a series of air flow tests, the central machine will 
issue appropriate commands to each generator and detector. 
At the end of an experiment, ozone generation is ceased and 
concentration measurements from the detectors are transferred 
to the central machine. The infomation retumed from the 

remote detectors can then be used to create nearly real-he 
models of indoor air flows. 

This paper discusses the individual components of the 
aforementioned tracer gas system, with particular emphasis 
pl&ced upon how to control the high-voltage DC power supply 
to conduct several useful tracer gas measurements. ksults of 
several initial experiments are presented. 

11. SYSTEM OVERVIEW 

From the perspective of a building engineer, a mbust air flow 
monitoring system must be able b determine s e ~ d  d i f fmt  
pieces of information about a building’s air distribution sys- 
tem. Moreover, the monitor must be able to adapt to provide 
new information as conditions change. These considerations 
demand a flexible system in which units cm both operate and 
communicate reliably. 

A. Flexible Design mrvugh Digital Conh~l 

The present design for the tracer gas system makes use 
of a network of remote stations all under the controI of one 
master computer. Figure 1 shows the components of one of 
the individual remote stations. Note that each of these units 
is equipped with both the high voltage power electronics E- 
quired for ozone generation and the low-lweI sensing circuitry 
required for ozone detectioa Additionally, each station has 
a Pentium-class PC and a power line carrier modem which 
are used to relay control informati011 sent from the central 
computer to the generation and detection circuitry. 

The great flexibiIity derived from the use of a ControIled 
network of integrated generation and detection Units is that 
the the network can be configured as needed for different 
measurement situations. Prior to any given test, user supplied 
configuration files on the centrai computer u e  utilized to 
decide which units must generate ozone and which must detect 
it. Once that information has been read, the central computer 
sends information to all of the units on the network, informing 
each of its task during the impeding test. 
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Fig. 1. A aingk ozone teat station includes a PC, nn o m  generator (top 
right), an ozone detector (httom right), and a power line carrier modem 
module. 

B. Reliable Communications 
A critical issue in the operation of any distributed network 

such as this one is that of "nunications reliability. For this 
system, the building's i n m a l  electrical network was chosen 
as the broadcast medium and has been found to be reliable 
unda various conditions. 
From a communications standpoint, the characteristics of 

the AC power line often make it an undesirable choice for 
use as a reliable data transmission channel. In particular, 
attenuation in power networks varies significantly with the 
overall load and with time, making continuous and dependable 
communications extremely difficult 131. 

The problems typically encountered when communicating 
over the power network in a single building have been over- 
come in this case through the use of HomePlug compliant 
products. HomePlug is a new industry standard developed 
by the member corporations of the HomePlug Pawerline 
Alliance. HomeFlug compliant devices, which transmit in the 
6-eq"y band from 4.5MHz to 21MHz make use of several 
techniques in order to handle both the time-wying impedance 
of individual transmission channels md the interference caused 
by other devices on the network. Most importantly, in the 
event that the impedance on a particular channel begins to 
cbaage, HomePlug devices are Bsuipped with several functions 
wbich enable them to alter the overall data rate and continue 
communications. More information on these units can be 
found in [4]. 

111. THE OZONE GENERATOR: A HIGH VOLTAGE DC 
POWER SUPPLY 

In the current system, trace amounts of ozone are generated 
using a high voltage version of a parallel resonant DC-to-DC 
converter. This type of supply is particularly useful in high 
voltage applications since the large leakage inductance and 
parasitic winding capacitance of the step-up transformer can 
be incorporated into the resonant tank network IS]. 

The converter used in initial experiments has the topology 
shown Figure 2. Note that this supply makes use of a series 

of Cockcroft-Walton voltage multipliers in order to lower 
both the required diode and capacitor ratings as well as the 
transformer turns ratio. In order to generate ozone, the voltage 
across the series combination o f  the capacitors Cl2 and Cf, 
is applied to a pair of coaxial electrodes. Corona breakdown 
occurs at the central electrode which initiates a series of 
chemical reactions. One of the byproducts of these is ozone. 

w 

Fig. 2. A full-bridge implementation of the parallel resonant convtrttr. Note 
that the diodes BR arranged to produce a negative output voltuge. 

In the converter prototype, the resonant tank inductance is 
formed from a 25pH external inductor and the transformer 
leakage inductance; the resonant tank capacitance is provided 
by the secondary winding capacitance in parallel with an 
additional 1OpF. The final cunverter is operatd at a switching 
frequency of 67kHz. At this frequency, we are able to achieve 
an output voltage of approximately -6.6kV. A plot of the 
secondary voltage at the operating point i s  shown in F i p  3. 
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A. Conhol 

For reasons which are discussed in greater detail in Sec- 
tion V, azone is typically generated by creating a series of 
high voltage pulses which can last for minutes or even hours. 
Additionally, the length of a single pulse and the ovmll 
number of pulses varies from test to test. Thus, for purposes 
of overall coordination, ultimate control of the converter’s 
output voltage must rest with the master computer. From a 
practical standpoint, this means that the master must send 
coatml instructions to the remote stations before each and 
every test. 

For putposes of local control, each remote station is 
equipped with a PIC16F877A which generates the appropriate 
drive waveforms for the parallel resonant converter. Prior to 
the commencement of a new air flow experiment, a control 
program is created for each PIC by the master station and 
transferred over the power line to the compukr at the remote 
station. This code is then uploaded to the PIC via an RS-232 
data link. Figure 4 is a partid schematic which details how the 
PIC is used to drive one of the legs of the fult-bridge inverter. 
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Fig. 4. 
the FETs in the ather leg are controlled in P similar manner. 

Gale b i v e  circuitry for me leg of the full bridge inverter. Nme rhar 

In order to be able to accept and to execute new pieces 
of code on a regular basis, the PIC is programmed with 
bootloader software that enables it to simply wait for new 
code to arrive while the power supply is not in operation. 
Once new software has been transferred, the PIC does not 
imediately begin to execute it. Rather, the PIC waits until 
it receives a start signal over the RS-232 data link. When 
that signal is receivd, the PIC immediately transfers pro- 
execution to the newly downloaded code and ozone generation 
begins. When ozone generation is complete, the PIC simply 
retums to its initial state and begins once again to wait for 
new code. Further details regarding the overall coordination 
of the control process are descrikd in Section V. 

rv. THE OZONE DETECTOR: AN “HOURGLASS” 
INTEGRATOR 

In the current system, ozone concentration is monitod 
at several points using heated tin-oxide sensors and low- 
noise amplifier circuitry. The ozone sensor, which is shown 
in Figure 5, is a simple device with a resistance that varies in 
direct propcation to local ozone concentnition 161. To m e m e  
changes in the resistance of the sensor, a DC voltage is applied 
and the resulting cutrent is  passed to an integrator. The utility 
of an integrator in this appiication may be seen by noting that 
the natural frequencies associated with the movement of air in 
an indoor space are normally very low. At these fkquencies, 
the gain of an integrator is extremely high. 

Fig. 5. A picture of the MICS-2610 OZOHC u n Y l r  u d  in this SyStUU. 

In order to avoid the non-idealities associated with most 
practical integrators, the ozone detector makes use of the 
novel cirircuit topology shown in Figure 6 171. To understand 
the operation of this circuit, first consider a time when the 
control signal @ A  is asserted. During that time period, UOI 
will increase linearly at the rate V , N / ( R , C ~ ) ,  while yo2 will 
decrease linearly at the same rate. Once vu1 has reached 
approximately 5V, appropriate feedback circuitry wit1 assert 
m ~ ,  and the input c m t  will be passed to the other op- 
amp. At that time, the slopes of the two output voltages will 
reverse. Once vu2 reaches the same pre-specified threshold 
voltage (i.e. approximately 5V), the process will repeat. If R, 
were to remain constant, this process of alternately clwging 
and discharging the two capacitors at the same rate would 
continue indefinitely. This circuit is frequently referred to as 
an “hourglass” integrator, a name that makes reference to fact 
that the altemate charging and discharging of the two feedback 
capacitors is analogous to the movement of sand ffom one half 
of an hourglass to the other [7]. An output waveform generated 
by B constant current input is shown in Figure 7. 
In the present impiementation of this system, the diffemtial 

output of khe hourglass in” is sampled at 50kb by 
a Pentium-class PC equipped with an Advantech PCI-1710 
data acquisition card Sohare  on the computer diffmtiates 
the sampled output voltage using a two-tap FIR filter. The 
signd retumed by the software diffitiation module, which 
remains at a SOkHz data rate, contains an excessive level of 
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Fig. 6. Basic topology of the hourglass iategrator circuit, 
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Fig. 7. Wtage waveform output by thc howglass integrator in the presence 
of a constant input OJfTent. 

detail, as the 6equency of ozone generation is typically less 
than 4 pulses per hour. Moreover, once the data has been 
processed and stored with floating point precision, it will 
quickly fill up most reasonably-sized storage devices. For this 
reason, the differentiation module is followed by a series of 
decimators, each of which includes an M-th band anti-alias 
filter. The use of M-th band filters allows for a reduction in the 
overall number of opaations that must be performed during 
the camputationally intensive decimation process [B]. 

Although the sampling and post-processing operations per- 
formed by the PC could be handled by a DSP, the PC greatly 
simplified the interface to the power-line carrier modem mod- 
ules. 

V. SUPERVISORY CONTROL 

AS mentioned in previous sections, intelligent supervisory 
control is required in order to create a system capable of 
providing sufficient information on the flow of air in buildings. 
In this section, we examine how the aspects of indoor air flow 

Fig. 8.  
test. 

OpRations performed by the masts computtr prior to an air flow 

patterns can be used to create appropriate control software for 
the high voltage power electronics. 

During most air flow tests, the generators are instructtd 
to create a series of ozone pulses by alternately energizing 
and de-energizing their high voltage power supply. From a 
measurement perspective, a pulse train is particdarly useful 
as it provides the ability to distinguish changes in the sensor 
resistance due to injected omne from changes caused by other 
factors such as natural variations in omne concentration and 
the cross-sensitivity of the m u o r  to humidity. By conducting 
tests in this fashion, we are essentially Performiug the syn- 
chronous detection of ozone molecules. 

Before any measurements can begin, the master computer 
must prepare a series of command files to be sent to each 
unit in the system. To do so, that machine is loaded with a 
configuration file created by the building operator that contains 
the start time for the particular test, the number of pulses to 
be created by each generator, and the length of time requued 
for a single pulse. Based on this information, the software 
on the master computer creates a program to be- used by the 
PIC16F877A microcontroller to control the generation of the 
appropriate series of high voltage pulses. Once this program 
has been compiled, the master computer uploads it to those 
stations that are to operate as generators. Additionally, the 
master computer also sends each unit in the system a series of 
configuration files. The first of these contains the start and stop 
times for the test; the second contains a command informing 
each unit of the mode in which it is to operate. Figure 8 
presents a summary of the tasks performed by the central 
computer prior to conducting a set of measurements. 

A daemon running on each of the remote PCs checks at the 
beginning of each minute to see if new configuration files have 
been recently uploaded. If so, the computer first determines 
the mode in which it is to operate. If that mode is generation, 
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Fig. 9.  Opewioms performed by a m t e  mmpter prim bo an air flaw tent. 

the new control software for the parallel resonant converter 
is uploaded to the PIC using an RS-232 &?a link. At that 
point, the ccnnpute~ and the PIC wait until the appointed start 
time. When that time arrives, the computer sen& a command 
to the PIC instructing it to begin executing its new Eontrol 
software. If it is desired to stop the test pnor to the PE- 
specified time, the computer can send an emergency stop 
sequen~e to the PIC instructing it to immediately cease ozone 
genemion. Otherwise, the PIC will continue to generate ozone 
until it has performed the predetermined number of ozone 
pulses. 

For those units which operate in detection mode, the proce- 
dure is similar, At the scheduled sm time, these units begin 
ta sample, process, and store the detector output voltage. As 
soon as the current time matches the stop time provided in the 
configuration file, the control daemon running on the detector 
computers immediately stops data coltection and transfers 
the resulting data file U, the mwter computer. A complete 
summazy of the operations performed by the m o t e  computers 
is given in Figure 9. 

VI. OPERATING EXAMPLES 

The air flow monitor described in this paper is suitable for 
use in determining several key quantities related to a building's 
indoor air flow patterns. In this section, we examine how 
the system can be used to determine focalized air speed and 
direction information. 

A knowledge of air speed and direction at various points in a 
building is critical for the chmcterization of the overall flow 
in a building. The importance of such information is made 
very clear in the case of naturally ventilated buildings'. 

'Naturatly ventilated b u i l d q s  w Iittle or no m&id m m  to provide 
fnsb air to beheir iatcrim. In 8ppropriaW climatsq this rechniquc cm be used 
to redlux C m g y  WrS [9]. 

most commercial facilities of this type, it should be the w e  
that wann outdoor air moves from open windows to air outlets 
in the roof of the building 191. On the upper floors, where air 
is eq"l to be war", this may ad bo the case, and it may 
be necessary to introduce moderate mounts of mechanically- 
assisted ventilation in order to tnsufe adeqmte air qdity. 

Figure 10 shows an example arrangement which has been 
used to simulate the types of flow pattems which might be 
encountered in a nafmzdly-vedlakd building. In this setup, a 
unit in generating mode was placed in a mom between two 
units in detection mode. Using a Fdn placed in m adjacent 
room, a flow pattern was created in which air moved hrn  
right to lek 
Figures 1 1 and 12 show the ~ s u l t s  of two different tests that 

were performed using the arrangement presented in Figure 10. 
During each of these experiments, ozone was pulsed several 
times at a frequency of 6OOpHz. At that rate, ozone is 
generated using pulses lasting approximately 14 minutes. In 
both cases it is clear that the sensor located downsirem of the 
generator measured a larger change in sensor resistance and 
thus a larger change in ozone concentration'. 

VII. CONCLUsroN 

The feasibility of a low cost, ozone-based tracer gas system 
has been investigated. It has been shown that it is possible to 
coordinate the generation and detection of omne molecules 
using a computer that is given input data f" a user. In the 
future, the master computer will be equipped with software 
that can automatically extract information such as air speed 
and direction h m  the ozone concentration data sent back to 
it from remote detectors. Additionally, it should be possible 
to integrate this system with a h i l d q ' s  W A C  controls in a 
manner that can reduce o v d l  energy costs. 
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2&periments bsw &own that the rejpaase of thc oxme s" is dso 
serrsitive lo changes in qwntities such as taapersture and relative humidity, 
since we hnve not yet fully cb"i izsd mcss aeclr. wehave nportad OUT 

nmsurcmmta in tam of resistance and not in "a of concenmtion 
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Fig. I I The rcsponse oftwo different sensors dunng a direction test. Sensor 
A was located downstream of the ozone penemor. Sensor B was located 
upstream 

Fig. 12. The response of two different sensors during a second direction test. 
Again. sensor A - locatad downstrcam of the ozune generator and scasor 
B was Located upstream. 
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