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Improving the reliability and increasing the avionics resource is associated with possibility of continuous control of
temperature fields of printed circuit boards. This problem can be solved only with the use of a large number of tempera-
ture sensors. It raises the problem of connecting the measuring elements and recording equipment. Several methods
with their own advantages and disadvantages are proposed.

One of the implemented and patented methods is using a set of resistive diode sensors installed in series on a three-
wire line. The temperature sensors are pairs of counter - connected diodes with a sequential survey when applying
sawtooth voltage. The system is simple and easy to implement, but its main drawback is the method of determining the
temperature by measuring the amplitude of the total reverse currents of diode pairs. It determines the large measure-
ment errors, especially in the temperature range less than 20°C.

The article deals with a similar design of a three-wire circuit, but with a fundamentally different approach to tem-
perature measurement. The temperature sensor here is not diode pairs, but thermistors with a well-known dependence
of resistance on temperature and high accuracy, and diode pairs record only the moment of coincidence of the sawtooth
voltage with the voltage on the thermistors.

This approach allows using mathematical methods of signal processing to accurately determine the voltage drop on
the thermistor, and this ensures the accuracy of the resistance/temperature and the expansion of the temperature range.

Given the fact that thermistors are increasingly used to measure temperature, simplifying their inclusion in a large
number will allow to register the temperature field of electronic units, which is extremely important for spacecraft.

The proposed version of a three-wire circuit for connecting temperature sensors at several points was tested ex-
perimentally, including at negative temperatures.

Keywords: thermistor, counter-connected diodes, three-wire temperature measurement circuit.
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THosvluenue Hadesxcnocmu u ygenudenue pecypca paouod1eKmpoHHOU annapamypsl KOCMUYeCKUX annapamos Cési-
3bI6AIOM C BO3MONICHOCIBIO HENPEPBLIBHO20 KOHMPOJISL MEeMNEPamypHbIX nouetl nedamuvix naam. Taxas 3aoava mosicem
ObIMb peuieHa MoabKo ¢ UCNOAb308AHUEM DOIbUIO2O KOIUYecmea oamuukos memnepamypul. Ilpu smom @osHuxaem
npobnema NOOKIOUEHUsT UBMEPUMENbHbIX 2NEMEeHmOo8 U pesucmpupyiowei annapamypul. [Ipednodceno HeckoibKo
Cnocob08s, umeruwux ceou 00CMOUHCMBA U HeOOCMAMKU.

OOHUM U3 peanu308aHHbIX U 3ANAMEHMOBAHHBIX CROCOD08 ABISLEMCSL UCHOIb308AHUE HAOOPA PEe3UCUBHO-OUOOHBIX
0amyuKo8, yCMaHOBIEeHHbIX NOCIE008AMENbHO HA MPEXNPOBOOHOU TUHUL. JJamMYUKaMU MeMnepamypbl S6JsI0NCs napbl
BCPEUHO BKIIOYEHHBIX OUOO0E C NOCIe008AMENbHBIM ONPOCOM NPpU nooaye nuroodpasno2o nanpsaxcenus. Cucmema
npocmas u 1e2Ko peanusyemas, Ho €€ 0OCHOBHOU HeOOCMAMOK 3aKII0YAemcst 6 Cnocobe onpedeienus memMnepamypbl
N0 UBMEPEHUI0 AMIIUMYObl CYMMAPHLIX 0OPAMHBIX MOK08 OUOOHBIX nap. Mmenno smum onpedensiiomcsi 6onbuiue
noepewHocmu usmepenust, 0cobenno ¢ oonacmu memnepamyp mervuie 20 °C.
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B cmamve paccmampusaemcsa amanocuunas KOHCMPYKYUsL MPEXnPOBOOHOU Yenu, HO € NPUHYUNUATLHO UHBIM
NOOX000M K USMEPEeHUI0 memnepamypbl. /Jamyukom memnepamypuvl 30eChb AGIAIOMCA He OUOOHbLE NAPbl, d MEPMUCTO-
Pbl C XOPOWIO U3BECMHOU 3A8UCUMOCIbIO CONPOMUBTIEHUS OM MeMNepamypsbl U 8bICOKOU MOYHOCMbIO, d OUOOHbLE
napul pukcupyom moabKo MOMeHM CO8NAOeHUS GeTUYUHbL NUT00OPAZHO20 HANPANCEHUS C HANPAXCeHUeM HA mepMu-

cmopax.

Taxoti n00x00 no380J5€em UCNOIBL30BAMb MAMEMAMUYECKUEe Memoobl 00PAOOMKU CUSHAN08 Ol MOYHO20 onpede-
JIeHUSL NAOCHUS. HANPANCEHUS. HA MEPMUCMOope, d 3M0 0becneyusaem u moyHoCms OnpeodesieHus Conpomuesienus / mem-
nepamypuvl U pacuuperusi memMnepamypHo2o OUana3ond uamepeHuil.

Yyumoeieass mo, umo mepmucmopul 6ce uauge UCHOABL3YIOMCS OISl USMEPEHUST MEMNePamypbl, YIPOWEHUe CXeMbl UX
BKIIOHEHUsL 8 OONILULOM KOJUYeCmee NO360JUM PecUCmpupos8ams mMemMnepamypHoe nojie paouodieKmpoHHbIX OJI0KOS,

umo Kp(llee BAIHCHO OIS KOCMUYECKUX annapamoe.

Ipeonooicennviii 6apuanm mpexnpogoOHOU cxembl NOOKMIOUEHUs. OAMYUKO8 MEMNEPAmypbl 8 HECKOIbKUX MOUKAX
npogepeH IKCNEPUMEHMANLHO, 8 MOM HYUCTIe U NPU OMPUYAMETbHBIX MEMNEPpamypax.

Kniouegvie cnosa: mepmucmop, 6cmpeuno KnoueHHble OUuodbl, MpEXNPOBOOHAs CXeMA USMEPEHUS MeMNepamypbi.

Introduction. Many years of experience in testing
electronic equipment in the space industry showed that
80 % of electromechanical failures are associated with
various thermal effects on the equipment and 20 % of
failures are caused by various types of vibrations and im-
pact, therefore the close attention is paid to monitoring the
thermal operating conditions of avionics.

The method currently used provides for temperature
control with help of temperature sensors installed in the
immediate vicinity of radio electronic components.

To get real information about the temperature field
distribution of electronic components and to monitor the
thermal conditions of avionics in real time a large number
of temperature sensors are required [1-5] (several dozen
sensors on each board and several hundred ones in the
device).

There are devices for measuring temperature fields
with thermoelectric sensors in the form of paired hetero-
geneous conductors [6]. The disadvantages of these
devices include the complexity of their implementation
(the need to isolate electrical conductors from the object
and stabilize the temperature of the sensors leads).

Widespread resistance thermometers [7] have a com-
plex system of separate power supply and registration
which complicates to use a large number of these sensors
on an electronic circuit board. This is due to the complex-
ity of the connector wiring as well as sensor addressing
and interrogation.

There are devices for measuring the temperature fields
using a thermoelectric sensor in the form of a grid with
quadrangular cells of m and n heterogeneous conductors
connected at the intersection and forming columns and
rows, respectively, by measuring thermal electromotive
force between the output ends of conductors [8].

In [9] it was proposed to use distributed resistive di-
ode sensors which allow installing up to tens of sensors
with a sequential survey in series on a three-wire line.
This method is based on the measurement with tempera-
ture-sensitive elements 77 consisting of counter-connected
identical diodes DDi and two equal resistors R (fig. 1).
The number of lead wires in this measurement scheme is
three. The constant voltage source 1 is connected to the
thermal sensitive elements via wires Ul and U3. The
harmonic voltage source 2 and the signal recorder 3 are
connected via wires Ul and U2.
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The principle of temperature measuring is as follows:
since the constant voltage source 1 is connected to a volt-
age divider of 2N identical resistors with resistance R the
total differential resistance of the on-board diodes
becomes minimal when the harmonic signal from the
source 2 increases at the moment when the voltage across
the diode pair DDi is equal to zero. The change in current
through the diode pair is measured by the recorder 3 and
processed. The signal is differentiated and the temperature
of the thermal sensitive element 77 which number is de-
termined by the order of the following peaks is calculated
by the peak amplitude of the derivative. The measuring
tool in this case is a diode pair. This construction highly
facilitates the sensors placement and simplifies the system
of interrogation and registration.

However, semiconductor diodes act here as a thermal
sensitive element and its reverse saturation current de-
pends on temperature. The main disadvantage of this
method is the need of preliminary calibration of diode
pairs and nonlinear dependence of the temperature on the
signal magnitude. Radiation-resistant silicone or gallium-
arsenide diodes are used in space industry. Their reverse
currents are much smaller than germanium diodes ones
and therefore they can be used in the amplitude measure-
ment method on resistive-diodes circuits only in the tem-
perature range above 20 °C. Measurements errors are
larger at lower temperatures.

Problem formulation. An undoubted advantage of
distributed resistive-diodes temperature sensors is the
possibility of their sequential polling on a three-wire line
with the temporary addressing. The disadvantage is the
amplitude method for recording the total saturation cur-
rent of diodes which magnitude depends on many factors:
the type of diode, the recorded temperature, the coinci-
dence of the diode pair reverse currents, the influence of
parallel-connected diode pairs and the interference taking
into account large values of the diodes inverse resistance.

Taking into account all the problems of the semicon-
ductor diodes the thermistors were considered as tempera-
ture sensors [10-12] Rx, ..., Rxy (fig. 2), and diode pairs
are used to fix the moment when the harmonic signal
voltage Up; coincides with the voltage Ukx; in the corre-
sponding point of the voltage divider [13]. The Rx, resis-
tor (with minimal temperature resistance coefficient) acts
as a calibration resistance.
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Fig. 2. Measurement scheme in the experiment

Puc. 2. Cxema u3MepeHuii B 3KCIIepUMEHTE

The constant voltage U, is supplied through one wire
to a divider composed of N thermistors Rxi. The sawtooth
voltage Up is supplied through the second wire to diode
pairs DDi which are connected to the voltage divider. The
signal Ux, from the resistor Rx, on the third wire is differ-
entiated and the voltage between the two thermistors is
determined by the maximum peak amplitude of the de-
rivative. The number of thermistor is determined by the
order of the following peaks. Thus, the thermistor voltage
is determined by the time of the diode pair peaks and it
significantly increases the measurement accuracy.

Experiment results. To verify the method effective-
ness an installation based on the measuring complex LTR
was assembled. Series connected thermistors operating in
the temperature range from +20 to +80 °C were replaced
by calibrated resistances measured to the fourth digit. For
definiteness the values of calibrated resistances and the
corresponding temperature calculated for MF521021k
thermistors with resistance Ry = 1.0 kilo-ohm + 1.0 %
when T,= 25 °C or Ry= 510 ohm =+ 1.0 % and the tem-
perature coefficient B = 4000 1/°K are shown on tab. 1.
The temperature value Txy for each Rxy is calculated by
the formula
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The sawtooth voltage Up and the constant voltage to
the divider Uy= 10 V came from the LTR34-8 digital-to-
analog converter. The Up and Ux, voltage at the calibra-
tion resistance was measured by a 14-bit LTR11 AD con-
verter (fig. 3).

The figure also shows the time derivative dUxy/dt of
the measured signal on an enlarged scale as well as Ukx,.
Each peak of the derivative dUxy/dt is marked with the
corresponded diode pair DD; on which the signal incre-
ment Uxy and the sawtooth voltage value Up; = Ux; at
a given time passed.

Since the current through the diode pairs was three or-
ders of magnitude less than the current through the di-
vider they were neglected in the calculations. Therefore,
from the constancy of the current through the thermistors
and the calibration resistance, the thermistor resistance
was calculated by the formula

Ux; —Ux;_,

Rx; =
Ux,

Rx,.. ()
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As diode pairs germanium and silicone diodes of dif-
ferent purposes were used (tab. 2). The reverse current Jp
was measured at a reverse voltage of 20 V and an ambient
temperature of +20 °C.

In the tab. 3 the results of five measurements, the av-
erage measured value of resistance and the deviation from
the exact value are shown.

The selection of diode pairs exerts a great influence on
the measurement accuracy. A preliminary selection for
the same reverse current is required. At different currents
with differentiation Ux, asymmetric peaks were obtained
at Ux; = Up;. Because of this there was a shift in one or
another direction from the peak maximum and, accord-
ingly, a distortion of measurement results. It is clearly
demonstrated by the data given in tabl. 2 and 3. An im-
balance of reverse currents in the diode pair DD, affects
the Rx;, Rx, and DD, as well as Rx, measurement accu-
racy.

Temperature range check. Testing of the proposed
temperature measurement scheme was carried out in a
narrow temperature range of the board and diodes from
20 to 25 °C. Of special interest is the measurement of
devices thermal regimes at negative temperatures. For this
purpose in fig. 2 all diodes were replaced by diode pairs
from D311A with the same reverse current according to
tab. 4.

TPO018-02 thermistor was glued to the board base. Its
resistance was measured by the H-27R-100 submodule
and converted to temperature by a computer. In range
from 10 to 20 °C all measurements were carried out ac-
cording to the well-functioning scheme. At lower tem-
peratures the voltage gain AUxy = Uxo(f) — Uxopin 18 Te-
duced by repeatedly reducing the reverse current of diode
pairs. Thus, the signal itself decreased many times and the
peaks of the derivative dUxy/dt couldn’t be distinguished
against the background of interference due to the dis-
creteness of digitalization (fig. 4).

In this case it is necessary to apply averaging over K
measurement. Random noise during averaging decreased

JK times and the useful signal was clearly distin-
guished. The averaging results over 16 and 1024
measurements and the temperature 7R = 9.2 °C and
TR =-10.3 °C, respectively, are shown on fig. 5 and 6.

Experimental data processing was reduced to the time
derivative dUxy/dt transition, to the dependence not on
time but on the sawtooth voltage F(Up) = dUxy/dt with
the received signal post-processing. Since, due to a small
change in the signal Ux, and the discreteness of its digi-
talization large interference noise arose and there were
problems with determining the exact voltage value
Ux;= Up;, a special technique was used [14; 15].

Table 1
Temperature matching for experimental resistors
RX] R.Xz RX3 RX4 RxS R)C(, RX7
Ry 911.7 121.4 702.8 391.8 452.4 217.4 453.5
1 kilo-ohm Txp(°C) 27.1 80.6 33.0 474 437 63.3 43.7
510 ohm Txp(°C) 12.6 60.7 18.0 31.0 27.7 45.2 27.6
Up(B)
T10.0
T9.0
Up2=3,582 B
T8 Ux0-UsOmin Rx0=597,2 Om
. bD2 Rx1=914,7 Om
T _ Rx2=120,2 Om
Up1=3,296 B Rx3=700,6 Om
160 ot Rx4=393,2 Om
Rx5=465,1 Om
T50 Rx6=199,1 Om
D3 ypa=6,003 Rx7=456,8 Om
T40
T Up0=1,302 B Up6=17,488 B
20 Up7=8,514 B
- 1.0
I | | | | | | K

Fig. 3. Results of measurement of Up and Uxy(uV) versus time

Puc. 3. Pesynbrarsl uamepenus Up u Uxy(MKB) B 3aBUCHMOCTH OT BpEMEHU
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Table 2
Types and characteristic of diode pairs
DD, DD, DD, DD; DD, DD DDy DD,
Type INS819 D311A D311A D311A SR360 INS819 2D213A D223
Jp(pA) 53 124 16 15.0 7.9 2.5 4.8 1.8
5.1 20.2 15.1 14.8 4.5 2.6 52 4.6
Table 3
Accurate and measured characteristics of experimental resistors
Exact value Experimental value Average Error, %
value
Rx 597.2 Ne 1 Ne 2 Ne 3 Ne 4 Ne 5 Rxp
Rx, 911.7 926.2 924.5 928.1 9343 929.2 928.46 184
Rx, 121.4 119.2 118.8 118.7 118.2 118.4 118.66 -2,26
Rx3 702.8 705.2 704.6 705.9 710.1 707 706.56 0.54
Rx4 391.8 400.8 399.7 400.6 402.3 402.1 401.1 2.37
Rxs 452.4 455.9 457.2 456.7 458.7 458 4573 1,08
Rxg 217.4 2144 212.9 2142 216.5 213.2 214.24 —-1.45
Rx; 453.5 453.9 454.4 456.1 455 4574 455.36 041
Table 4
Diode pairs with the same reverse current
DD, DD, DD, DD, DD, DD;s DDy DD,
Type D311A D311A D311A D311A D311A D311A D311A D311A
Jpp(HA ) 18.5 18.5 24.0 16.0 17.2 19.2 20.0 21.5
Ling TR=-5.7C
T9.0
180
UplB)
T 7.0
T6.0
5.0
740 dUx0/dt Ux0-UxOmin{mkB)
r 3.0
24 |
W I L
s LB 1N \ (il !\ll\l|||Ul|NNHM| LA R
IJi..!;zusl;uu!!!.'.!!!M!..!!ﬂm.-,..-..i...-..ml-.m.m.'.wm.'.'nnllum|m||||;|l||m|||||I||| il ||| | Il |||n” Il ll\ \ \ Ih ||\ ‘ | II Il | LA el )
(LR OV
Fig. 4. The results of Ux, measurement and processing depending on the time at the board temperature 7R =-5.7 °C.

The scale for Ux, and dUx,/dt is increased 10 times

Puc. 4. Pesynbratsl n3mepenus u 06padotku Uxg B 3aBUCHMOCTH OT BpEMEHH NpH Temiepatype miatel TR =—5,7 °C.
Maciurab no Uxy u dUxy/dt ysenuden B 10 pa3
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Fig. 5. Averaging results AUxy= Uxo(t ) — Uxomin and dUxy/dt over 16 measurements
Puc. 5. Pesynbrate yepeauenust AUxg= Uxo(f) — Uxomin ¥ dUx/dt 10 16 n3mepenusm
Lo TR=-10.3°C
T9.0
Up(B)
T80
Uxo-Uxomin(mxB)
T7.0
TEe0
T 5.0
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T30
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Fig. 6. Results of averaging AUxy= Ux((t) — Uxomin and dUx/dt over 1024 measurements.
The scale for Ux, and dUx/dt is increased 100 times
Puc. 6. Pesynbratel yepenuenus AUxy= Uxy(f) — Uxomin 1 dUxo/dt o 1024 usMepeHusiM.
Macutab no Uxy u dUxy/dt ysenuden B 100 pa3
For this, cross-correlation function krs(Up) between Where the function G(Up; — Up) looked like the peak
F(Up) and in the derivative of voltage Ux,, and
G(Up, —Up) = e il 2
(Up,—Up)=e 2) (6w _U>_§:G(Up,~—Upk)
was estimated by the formula Pi=UP]= pr N ’
F(Up)—(F(Up)))x
Z(IE;(((] i U< ) ( <IZ;)(>()] Ui ))) <F(UP)> = i F([]\]f_k) >
X P —VpP)— p; —Up —
K (UD) = : . ® .
D (FUp)—-(F(Up))) x is average values of correlating functions over the
2 > summed range and Up; is the voltage at which dUxy/dt
X Z(G(Upi -Up)- <G(Upi - UP))) reaches maximum for each peak.
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The variable a in the function (2) changed during the
method development for more accurate determination of
thermistor resistance. It has been experimentally estab-
lished that the best value for 1/a in the formula (2) is a
value in range 0,1 ~ 0,2 V.

At lower values the peaks broaden and, accordingly,
the exact determination of the maximum worsens. In ad-
dition, at low values of thermistor resistance an overlap of
two adjacent peaks is observed which leads to the de-

crease in the calculated value Rx;. At larger values false
peak arise due to interference in the numerical determina-
tion of the signal Ux,.

For checking purposes the cross-correlation function
krc(Up) was constructed according the measurement
results (fig. 4).

The maximum value krg(Up) didn’t exceed the
value 0.15 (fig. 7), and it was later used as a criterion for
the results reliability (fig. 8, 9).

1 krs{Up)
+ L
TO09
+ 0.8
tor
T &
[ %
G4
3
.4
T01
'
: ' 3 | : T i) r
Fig. 7. Cross-correlation function according to the measurement results in fig. 4
Puc. 7. KpocckoppemnsaiuonHast GyHKIHS 110 pe3yIbTaTaM H3MepeHus puc. 4
kFE(Up)
TR=9.2°C
T 1.0 Rx0=598.5 Om
Rx1=917.6 Om
Los Ax2=116.1 Om
! Rx3=707.9 0Om
Rx4=391.50m
los Rx5=216.6 Om
RxE=462.4 Om
Rx7=444.3 Om
7 1317
3.351
T0.6
T0O0.5
5.179
T 3.608 604 6529
TO3 7.556
TO2 ﬂ 8.543
Pl
I I AN qull fig @y n ﬂ

| AN A }\ﬂ “
WA g AT

ﬂéh\]\]U v Uw ol
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Fig. 8. Cross-correlation function according to the measurement results in fig. 5

Puc. 8. KpocckoppensponHas GyHKIHS 10 pe3ysbTaTaM H3MEpeHusl puc. 5
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Fig. 9. Cross-correlation function according to the measurement results in fig. 6

Puc. 9. KpocckoppensuronHast GyHKIHMS 10 pe3ysibTaTaM H3MEpeHus! puc. 6

Table 5
Statistical processing results for 7 thermistors
N 16 32 64 128 512 1024
Tr(°C) 9.2 7.6 3.8 -33 -3.9 -10.3
Rx, 914.6 917.6 910.9 911 889.7 892.4 885.6
Rx, 119.2 116.1 116.9 117.4 112.2 114.9 108.1
Rx; 703.9 707.9 707.8 703.2 698.7 703.5 658.1
Rxy4 393.9 391.5 391 391.8 397.4 394 387.8
Rxs 224.5 216.6 220.4 2173 218.5 215.1 217.3
Rxg 453.4 462.4 458.2 454.8 470.5 459.5 4553
Rx; 454.4 4443 443.8 456.7 427.5 451.2 448.8
ARxX1/Rx, 0.328 % —0.405 % —0.394 % —2.723 % —2.427 % -3.171%
ARx,/Rx; -2.601 % -1.930 % -1.510 % -5.872 % -3.607 % -9.312%
ARX3/Rx3 0.568 % 0.554 % —0.099 % —0.739 % —0.057 % —6.507 %
ARx4/Rxy4 —0.609 % —0.736 % -0.533 % 0.889 % 0.025 % -1.549 %
ARxs/Rxs -3.519 % -1.826 % -3.207 % -2.673 % -4.187 % -3.207 %
ARx¢/Rxg 1.985 % 1.059 % 0.309 % 3.772 % 1.345 % 0.419 %
ARx7/Rx; -2.223% —2.333% 0.506 % -5.920 % —0.704 % -1.232%
S¢ep(N) 1.690 % 1.263 % 0.937 % 3.227% 1.765 % 3.628 %

The lower the temperature the greater number of N
averages must be carried out in order to get a correct
result. The lowest temperature at which it was still
possible to process the signal was —10 °C at K = 1024
(fig. 6, 9).

Tab. 5 shows the measurement of thermistor simula-
tors resistance at different temperatures 73(°C) of the
board depending on the number of N averages and the
relative measurement error ARx;/Rx;. The last line shows
the absolute average relative measurement error

;
8¢y (N) = Zi:1(|Ain |/Rx, ) /7

depending on N measurements. It is clearly seen that

at N=128 and N = 512 and approximately equal tempera-

ture

8,029 327 512

8,,(512) 1,765 V128

This example confirms the correctness of the chosen
statistical averaging method.
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Conclusion. Thus, the use of thermistors as tempera-
ture sensors and diode pairs determining the addressing of
the measuring elements allows the three-wire temperature
measurement scheme in the range from —10 °C and above
with an error of less than 4 % to be implemented.
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