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This article describes a system for measuring temperature by monitoring an object’s radiation in the
infrared spectrum. Using a measuring device by passing through a data acquisition interface, a
long-term observation of the temperature variance of objects on a personal computer by the
LabVIEW software is conducted. A special mechanism joined with a pyroelectric inf(@i&)

sensor, optical chopper, and Fresnel lens is presented in this system. This separable architecture
makes the lens easily replaceable and portable. In this study, the PIR sensor into a quantitative
measurement for long-term and long-distance applications with calibration equipment based on a
blackbody and some electrometers was successfully applied. Experimental results show that the
measuring device only has an average error rate of 1.21% in the overall range from 40 to 200 °C,
and field of view is 4.58°. The results confirm that noncontacted temperature measurement using a
PIR sensor is feasible. @003 American Institute of Physic§DOI: 10.1063/1.1626005

I. INTRODUCTION only used in measuring the pulsed or the shuttled radiation
. power that is in a narrow range or in an enclosed environ-
In general, fire detectors almost do not alarm unless theyent, The main reason is that the derivative characteristic of
contact thick smoke or feel enough heat. Temperature is ong roelectic devices is easily influenced by light. So, it is
of the fundamental parameters that characterize a fire actlg|dom used in the applications of remote sensing and low
dent process. To avoid the fire accident, previously k”OWi”Qemperature measurement.
the information about temperature variations of some spe- 14 solve the aforesaid problems, a chopping method was
cific matter becomes a critical point. ~ adopted in this research for two reasofis: the PIR sensor
. The surface temperature of an object can bg acquiregsn pe operated to get a long-term steady signal, (ani
directly by a contacted measurement, such as using a thegan aiso eliminate thermal drift to reduce the influence of
mlstpr, thermocouple, etc. This method is more accurate thaﬁousing temperature changes. In this study, we proposed a
gll kinds of noncontacted measuring approaches. Hoyvever, Rew mechanism where a chopper disk is put in between a
is too slow to respond to the state of emergency using congns and a sensor, and joined together with the signal condi-
tacted measurement. Besides, it is also unsuitable for goner, It is not only low cost and high stability, but also easy
difficult-to-reach object or a dangerous place where corro, carry. Experimental results show that this device has a
sion is or electric-shock happens easily. The heat conductiogyoq reproducibility in the measurand of noncontacted tem-
is gradual, whereas the radiation propagation is very rapidyarature.
Espeqially when the temperature is below _400 °C theq itS  The purpose of the proposed system is to monitor the
radiation almost_ covers a large part of the mfrared regioniemperature of indoor equipment, especially a power substa-
Hence through mfraretﬂlR) detectlon, measuring .the M- +ion with embedded danger, and to aid us in recognizing the
perature of an object should be a quick and effective methodyhenomenon of the temperature rise-rate or the critical tem-

The pyroelectric infraredPIR) sensor has high perfor- heratyre point. These can be taken as the important param-
mance for IR detection at room temperature, and it does NQiers to predict a possible fire accident.

need to use special and expensive cooling equipment like a

photon-type detector. In recent years, pyroelectric device§ METHOD

have been extensively used in the people’s livelihood, such o o

as intruder detecting and wisely light controlling. Several”- Radiation principles

studies have touched on other applications, such as monitor- Generally, as the fireproof temperature of an electric iso-
ing the flow in traffic, collecting people’s information, €t8.  |ator is around 90 °C by the standard of IEEE, the hot spot
Most of these usages belong to qualitative applicationstemperature of a power transformer must be below 129 °C.
However, little research has been done on quantitative me®esides, under the fire action, wood may start to decompose
surement. Even though there are good reports on x-ray radigt,0 and CQ while the temperature is rising to between 150
tion measurement or tympanic thermométerthese are and 200 °C. Wood will also start to decompose toxic gas CO
when the temperature goes beyond 200 °C. In order to ob-

dAuthor to whom correspondence should be addressed; electronic mai€Ve the |_(ey point of the change of temperatu_re, t_he effec-
msyoung@mail.ncku.edu.tw tive detection range from 40 to 200 °C was set in this study.
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FIG. 1. A normalized Planck curve by using\,, as the variablex for .
finding the relative value of radiation power of any wavelength compared ~ FOf IR detection, there are two types of methods based

with that of peak wavelength. on photon effect and thermal effect, respectively. Although
the former has a higher sensitivity and a fast response time of

Bv the Stefan—Bolt law. the total radiant exit less than 1us® they have an even more restricted spectral
y the stefan—boflzmann faw, € total radiant exi a,mceresponse and need very expensive cooling equipment. How-
of body M(T) is proportional to the fourth power of its

ever, thermal-type devices, including thermopile, bolometer,
surface temperature as follos: and PIR sensor, are able to work at room temperature. The
Mo(T)=s0T? (1) PIR sensor is the cheapest one among all IR products,
whether photon type or thermal type, and only costs less than
where ¢ denotes emissivityg is Stefan—Boltzmann’s con- one-tenth of a thermopile.
stant and is equal to 5.670820 ?Wcm 2K ™4, andT is The PIR sensor consists of pyroelectric material, such as
the temperature in Kelvin. TGS, BaTiQ, etc., which possesses a spontaneous polariza-
Hence we could know the surface temperature of a bodyion depending on the change of temperature. It acts like an
by measuring its radiant power. In addition, the Wien’s dis-electric capacitance and is a derivative detector. The equiva-
placement law states that the peak wavelength of the radident circuit of the PIR sensor is shown in Fig. 2, aRg, Cg4
tion A, has a constant concern with the temperafuréhat  stands for the equivalent resistance and capacitance of sen-
is, sor, respectively. The polarization charge produced by a tem-
perature change is related to the irradiation powgrre-
AT =2898umK. 2 ceived by the detector. It causes a curregt that is

In order to detect the temperature of a body's surface’PAd(AT). The output voltagd/,, equaling the curreriy
effectively, we use\/\, as the variable to draw the Planck Multiplied by the impedance, can be derived as follows:
curve by using theiATLAB software as shown in Fig. 1. The

valuey can be derived as follows: V= laRq _ @PAIRY(AT) ’ (4
2p2,~2 2p2,2
Mo (0T) Vi+0?R3CZ 1+ w?R3C3
y= Me (N, T) wherep is the pyroelectric coefficientp is the radian fre-
b s 5 guency, and\T is the difference of detector temperatdrg
_ 2mhciA 2mhc\p and ambient temperaturg,. By the heat-balance equation
exphc/AkT)—1/ exphc/\ kT)—1 given as follows:
142 x> 3 C dAT) | AT Ago(T4—T4 5
~ 3 =Co — 4 —
exp(4.965K) — 1" ©) $(0=Cr —5—+ 7 A (T3~ Ta), (5)
where Mg, (\,T) is the spectral radiant exitance, and AT can be found as
Me (M, T) is the peak radiant exitance.
By Eq. (3) and the Plank curve shown in Fig. 1, it is AT= Rrde ®)
found that the half power point falls around 0.614 and 1.81. m

Furthermore, by Eq.2), the evaluated peak wavelength cov-
ers the range of 6.1-9,2m, that is part of the IR region. So SubstitutingAT into Eq.(4), we can find that it is a bandpass
we chose the PIR sensor IRA-E410S1 made by Murata Cofprm as shown in Eq(7),
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FIG. 3. Variation of noise equivalent power of the adopted pyroelectric . . .
device versus frequency. and derivativg controller, a blacked IR radiator, and a mea-

suring unit(MU). The BB (ISOTECH, Model-97§ with the
diameter of the bore being 60 meand a controllable tem-
_ wpAgRy epeRy perature range of 35-550°C, is used to calibrate the tem-
o \/1+ w272 X \/1+ szz’ @) perature scale of the MU. The IR radiator, with an emissivity
E T of about 0.93, is controlled by a PID controllggi-da Co.,
where 7¢ is the electrical time constanR{C,), 71 is the  MC2838 and used as a measured target. Its radiant area is
thermal time constantR;C+), and ¢, is the incident radiant 125 mm ¢ in diameter; and it works at a 300 \(220 V)
power. power.

The PIR sensor is suitable for working at the frequency  In order to measure efficiently, we chose a suitable dis-
from 0.1 to 100 HZ. Usually the response of the device tance between the source and the detector within the field of
almost has a slope of 20 dB/decade for frequencies higher view (FOV), that is, the BB and the PIR radiator are 30 and
than 1 Hz. Because the PIR sensor responds to the rate 80 cm away from the MU, respectively. The collected IR
change of temperatuiT/dt, it is suitable to measure pulse- signal, coming from the Fresnel lens and detecting from the
type radiation power. PIR sensor, passes through the signal conditioner shown in

There are three main noise sources associated with theig. 9. Finally, the LabVIEWLaboratory Virtual Instrument
PIR sensor. They are thermal noise, Johnson noise, and prEngineering Workbenghsoftware on a PC through a DAQ
amplifier noise. Figure 3 shows the plot of the noise equivacard was used to view results. The DAQ card, made by Na-
lent power(NEP) versus frequency. In general, the flat re- tional Instrument Corporation, is a multifunctional input-
sponse is from 10 to 40 Hz for the lowest NEP value. It hasoutput device with a sampling rate up to 100 kSa/s and 12-bit
an obvious influence by flihoise below 10 Hz, and a noise performance on analog inputs. So the resolution of the
value of about 20 n\WHz that is proportional to/f above  implemented system is within 0.05 °C in this study.

40 Hz, but dropping to 2 n\/Hz above 1 kHZ:*® Here we

adopted the chopped-radiation method that combines a chop-

per with a highQ bandpass filte(BPF) to obtain a better
signal-to-noise ratio.

D. Optical systems

The optical structure of the MU is shown in Fig. 5,
) which consists of a lens set, a PIR sensor, and an adjustable
C. Experimental structure mechanism made of copper as shown in Fig. 6. The sepa-
The simplified experimental process is illustrated in Fig.rable lens set can be conveniently replaced by the other set

4. It includes a blackbod¢BB), a PID(proportional, integral ~ With a different focal length when it is used for the other
purpose. The chopper is placed in front of the target to get a

higher accuracy. But, this structure is only suitable for short-

blackbody  Fresnel lens distance application, such as the characteristic test of an IR
& sensor element. Furthermore, the chopper disk should be put in be-
/ tween the lens and the sensor, then joined together. The
— signal DAQ Fresnel lens set, with a diametey,,s of 10 mm and a focal
( —> m:ﬂ_' conditioner | *| card lengthf of 20 mm, is made up of the polyethylene material
& blacked and its characteristic is shown in Fig. 7. The polyethylene
IR radiator stepper Y has about 70% transmittance from 1 to @t except for a
PID LabVIEW minority of spectrum band.
controller [ choppef = Because the PIR sensor IRA-E410S1 has a detected area
measuring unit R — Aq4 of 1.6 mme, and is placed closely to the focal of the lens,
the FOV is about 4.58° approximated by the following
FIG. 4. Block diagram of the overall experimental system. formulatt
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FIG. 6. A photograph of the optical structure made of copper that includes

a lens and a PIR sensor set.

s

f

whereds is the detected diameter of the sensor. By &),
we can find the optical resolution, i.e., thdistance to spot
D:S (spot diameterratio of 12.5:1.

I:O\/half—angle% !

tan”

)‘:2.292 (8)

The chopper disk is put behind the lens to avoid the
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influence caused by thermal drift. Furthermore, the chopping
method can be used to produce a stable and pulse-like signal
continuously. The chopper, with a diamef&g of 80 mm, is

a disk partitioned into four parts and driven by a stepper as
shown in Figs. &) and 8b). It works at a frequency of 8 Hz
and is placed near the PIR sensor 16 mm behind the lens. It

(b)

chops the incoming light about 4 mm in diameter, which isFIG. 8. (a) Diagram of lens and chopper setujp) Configuration of the

much smaller than the tooth-widtfW, about 27.5 mmof
the chopper. Therefore the modulation facthiF)'? can be
found by using Eq(9) as follows:
MF—\/EF_NNZ 90 447 9
—7>< S 504 \pl F0 ; 9
whereF[ - ] is the hypergeometric functiofN is the number
of tooth-slot pairg4), D is the diameter of the choppén 70
mm), andd is the aperture diamet¢in 4 mm). The value of

MF is close to 0.45, which is the value of an ideal square s L' (THAGA,  L'(TgAgm

wave.

Besides, the sensor is located closely to the focus, and

chopper disk.

the sensor works under a steady frequency condition, then its
outputV, will be proportional to the change in temperature
of sensor AT). By Egs. (5)—(7), the temperature change
depends on the incident radiant power received by detector.
The detecting powere is described by the following
equation$

f2 A(fIDgnd? 19

the incoming light is focused by a movable mechanismyhereL’(T,) is the Lambert of target at temperatiirg, A,

which can provide continuously sharp imagery. By Hj, if

t [%] Polyethylene
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FIG. 7. The transmittance of polyethylene in the infrared region.

is the cross area of the len8y is the cross area of the
detector, and s is the diameter of the lens. By E(L0),

the smaller thd-number is, the better sensitivity can be ob-
tained. However, long focal length gives a narrower FOV
and a better resolution.

E. Circuit system

In this study, the simplified block diagram of the MU is
shown in Fig. 9. The main function of the MU is to transfer
the temperature change from 40 to 200°C into dc output
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F ) surement unit that includs lens set,
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emissivity adj.

from 1 to 5 V. By considering the practical condition, we 1
modify Eq. (10) for the signal picked up by the sensor asy, SC R
follows: 2=T(s)=— Ghe
V, 2, 1 N 1 (R1+Ry)
S TS| C,Rs T CiRs) T CL,CoR1RoR,

20 AGA (13
V¢(Ts) =R, X MFX szf L’()\,Ts)d)\T, (11

1
In Fig. 10, if C; equalsC,, the values oR;, R,, andR;
can be calculated by the following equations:
wherefR, is the responsivity of sensor, aads transmittance

of the incident light. 1 Rs Rs 1
By the data sheet, the sensor’s sensitivity with an output  Q=—-/—, G,=——, f=—+———
Vs (500 K, 1 Hz, 1 Hz of 3.0mV,, almost decays linearly 2 VR, 2Ry 27\ C1C,R,Rs
with frequency. Assume that the chopping frequency is 8 Hz,
the sensor’s output can be estimated as follows: where R,=R; //R,. Here a Bi-FET operational amplifier

was adopted to implement the BPF with its center frequency
R(T, 8 H) L'(Ty) being 8 HZ,Q_= 6.0 andG,=3.0. It can eliminate the_ high-
X order harmonics caused from the chopper modulation.

R,(Ty, L Hz) ~ LN(Ty) The chopping frequency is produced from the stepper,
MF, A which has a 1.8° step angle. Because the stability of the
ME ><A—>< TX¢g, (12 chopping frequency will influence the accuracy of the mea-

toow sured results, it is important that the clock frequency of the

stepper be kept in a fairly stable condition. To reduce the

where SubscriptS, t, |, andw stand for the measured source, SenSitiVity Coming from the oscillator dr|ft, the clock fre-
sensor under tested condition, lens, and sensor’s windowuency is divided by a decade counter and then sent into the
respective|y_ motor driver.

Considering the absorbance of the atmosphere and the A temperature sensor, which is put inside the measuring
decay of passing through a lens, we estimate that the tran§?echanism to measure the housing temperature of the PIR
mittancer of the incident power is about 0.6. The emissivity device, is used for compensating the PIR output values to
of the BB is 0.995. By Eq(12), if the measured temperature Obtain the absolute temperature of objects. Since the signal
Tsis 200 °C, the maximum output of the sensor will be about
2.89mV,, in a 25 °C environment. Thus if the eimissivity is

Vy(Ts, 8 H)~=V(T, 1 H2) X

adjustable in the range of 0.1 to 1.0, we set the total gain R3
between 3020 and 5370 to obtain the output of dc 5 V. 1~ AAAY
A Lock-in amplifier is usually used to extract periodic Ri C2

signals from noise in the chopping method. However, the VIO—’\N\/——|H -
chopper must provide a clean synchronous reference signal

o Vo
using a photo-interrupter. This will increase the complexity Rzg +
of the set up work. Hence after the signal is flatly amplified
over frequencies of 3—15 Hz, a second order BPF was
adopted to substitute the lock-in amplifier. The BPF is a =
multiple-feedback filter, called the Delyiannis—Friend filter,
as shown in Fig. 10. The transfer function of this filter is =
given as follows: FIG. 10. A bandpass filter using a multiple-feedback structure.
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TABLE I. A list of the measured results and errors vs the measured BB’s temperature.

Measured result§&’C) Measurement error&o)
Set temp. average maximum minimum

(°C) temperature temperature temperature average maximum

40 40.02 41.264 39.153 0.05 3.16

50 49.67 50.363 49.02 —0.66 0.73

60 60.143 62.207 57.603 0.24 —4.00

70 70.746 72.496 68.467 1.07 3.57

80 80.972 83.078 79.172 1.21 3.85

90 89.134 91.239 86.341 —0.96 —4.07
100 100.651 102.684 98.312 0.65 2.68
110 108.672 112.429 106.412 -1.21 2.21
120 119.637 123.304 118.012 -0.30 2.75
130 129.218 133.576 127.164 —0.60 2.75
140 139.726 143.208 137.902 -0.20 2.29
150 151.144 154.232 146.652 0.76 2.82
160 161.734 164.106 158.393 1.08 2.57
170 168.251 173.816 166.549 —-1.03 2.24
180 179.562 182.295 176.592 -0.24 —1.89
190 192.017 194.356 186.729 1.06 2.29
200 200.182 202.49 198.274 0.09 1.25

picked up from the PIR sensor is unstable transiently wherthermore use a laser to point at it to confirm the target. After
power is just turning on, it must be delayed about 30 s befor¢aking a thorough calibration between zero and span repeti-

it is sent out. tiously, we adjust the dc output of the MU to be 1 and 5V,
respectively, for the BB’s temperatures of 40 and 200 °C.
I1l. SYSTEM TESTING AND THE RESULTS The temperature compensated circuit is adopted to accom-

plish the adjustment of zero. The gain controller is used to
set the total gain for the span of the measuring range. Here
The calibration procedure is divided into four steps.the sensitivity is 25 mV/°C.
First, offset adjustment has to be done for each operational A preliminary measurement is conducted by using the
amplifier, especially in the last two stages after BPF, and leblacked IR radiator as a target with a distance of 50 cm away
its output be zero when no input appears. Second, using faom the lens and adopting the PID controller to control the
contacted-type thermometévokogawa, TM20Q to measure radiated power. The measurement results are taken in 1 s
the sensor housing temperature witliKdype thermocouple intervals and sent into the computer through a DAQ-1200
and to calibrate the gain of the compensation circuit, we let icard under control of the LabVIEW software.
get a sensitivity of 25 mV/°C. Third, by fine-tuning the dial
of the adjustable structure shown in Fig. 5, it can be expecteg. The measured results
to obtain a maximum sensitivity. Finally, the zero and span
calibration was done within the measuring range.
The MU was calibrated by means of the BB with con-

A. Calibration and measurement

In order to test the performance of the MU, we used the
MU to measure the BB'’s temperature at an interval of 10 °C

stant temperature, electrometers sustaé 1/2 digital mul- mthll_n g:ﬁénvsasgt”ng raq_gzi alndhrecordel_dtlt (f;(zrr]mnuously bg
timeter (Advantest R645)) and a digital oscilloscopéAgi- eta software. Table  snows a fist of the measure

lent 54621A. We set the lens of the MU shown in Fig. 9 to results that include maximum, minimum, average value, and
face the BB;s bore keeping 30 cm between them aﬁd furerrors. Figure 11 shows the plot of the measured results ver-
' sus the set temperature. The data of each point on the curve

X
-._Taverage ¢ T max . Tmin . 'I‘=50C@ d=50cm
220 -
2 150 P 51
& w0 Pl S s50.5
> E=
B 10 P g
= e § 495
g 60 5 )
. 20 il : : ‘ g o
20 60 100 140 180 220 48.5 ' '
0 50 100 150
set temperature [C]
time [sec]

FIG. 11. Plots of the measured results from Table |. Symbbland X
represent the maximum and minimum values of the measured temperaturg|G. 12. A measuring history recorded by using LabVIEW software when
respectively. BB was set at 50 °C.
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120 is only suitable for indoor operatioii2) It will result in an
— 100 error signal when a sudden ligtfor example, turning on or
% 80 turning off the light, or the change of sunlighir a sudden
E heat source(such as people invadingappears during the
£ 60 measuring process. However, using a differential detecting
g 40 method with a structure-modified lens may reduce the error
2 % signal. On the other hand, this function may also be offered
0 , K . to detect a spark(3) As optical chopping is the important
factor of accurate detection, the steadiness of the chopping
0 100 200 300 400
frequency has to be kep#) The structure of the lens must
time [sec] include an effective antidazzling screen and a fine adjustable
FIG. 13. A measuring history of the PID-controlled radiator heated fromfocus'(s) High temperature detection is easier than low tem-
room temperature. perature detection. The reason is that the measurement may

be easily influenced by ambient temperature, especially the

shown in Fig. 11 is an average value calculated from a numbeat convection caused from the stepper without appropriate
ber of results measured continuously during 2 min, similar tdsolation. Therefore the technique of temperature compensa-
the example of measuring=50 °C as shown in Fig. 12.  tion is very important.

In Table | and Fig. 11, the results show that the MU has  To standardize the device as a measuring unit, we may
an average relative-error within 1.21% for covering the mea@lso use a voltage-to-current converter, such as XTR110, to
surement range. The maximum error is about 4@®@via- convert the output of the MU into the current output of 4 to
tion of 2.65°Q appearing on which temperature is set at20 mA, which is an industrial standard. Thus the MU can be
90 °C. portable and easily combined with the other system.

Figure 13 shows a measuring history that the blacked IR
radiator was being heated from room temperat(about 1T. M. Hussain, A. M. Baig, T. N. Saadawi, and S. A. Ahmed, |IEEE Trans.
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The curve shows that the temperature of the blacked IR ra_ZN. Yoshiike, K. Morinaka, K. Hashimoto, and M. Kawaguri, Sens. Actua-
. . . tors A77, 199(1999.
dla_tor grad.ually settled afte': it had been heated fo_r S MiNsp A de Carvalho and S. Mascarenhas, IEEE Trans. Electr. 183uB35
This experimental example illustrates that the MU is effec- (1992.

tive in a practical measuring job. 4C. Furio, J. Int. Measurement Confederatib®) 239 (1995.
SM. Ou-Yang and J. S. Shie, Appl. Of87, 2708(1998.

6“Guide for loading mineral-oil-immersed transformers,” IEEE Std.
IV. DISCUSSION C51.91-1995.
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