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Abstract : The main error in monitoring heat consumption in heating systems is determined by accuracy of
coolant temperature measurement. For this purpose, the authors have developed ahigh precision wireless
temperature meter (WTM). The error is reduced by temperature compensation in the WTM circuitry. A
temperature compensating method and a hardware-software measuring complex have been developed that
makeit possibleto simulatereal WTM operating conditions, to determine the influence of temperature changes
inthedectric circuit componentson WTM measurement error, to implement softwaretemperature compensation
in the eectric circuit, and to perform automatic WTM calibration.

The method of temperature compensation consists in measuring and software correction of the coefficients in
the temperature cal culating mathematical model. Software temperature compensation is performed during the
individual automatic calibration of measuring instruments. Using temperature compensation in manufacturing
wireless temperature gauges helped reduce measurements error by = 0.02 °C.

Keywords : Thermal energy, eectronic temperature measuring devices, wireless interface, measurement
error, the method of software temperature compensation, hardware and software measurement complex,
automated calibration, software.

1. INTRODUCTION

Creating intelligent energy-saving systemsfor monitoring and controlling consumption of energy resourcesis
animportant areain scienceand technology [1-6]. In such systems, informationisusually transmitted viaaradio
channdl [2, 4-8]. For the purpose of implementing theinnovative method for determining individual heat consumption
in heating systems of apartment buildingsdeveloped by theauthors, aninteligent sysem (1S) of energy monitoring
has been created[9].

Themain error inmonitoring heat consumption in heating systemsis determined by epy accuracy of coolant
temperature measurement. For this purpose, the authors have developed a high precision wirelesstemperature
meter (\WTM). TheWTM may aso be used for measuring the temperature of any non-aggressive environments.
Unlike the known analogs based on platinum therma resistors[ 10, 11], WTM featureslow measurement error.

Thestructura schemeof WTM isshowninFigure 1.

TheWTM dectronic unit congsts of two functiona units: the electronic thermometer itsalf, and atransceiver,
onasingleprinted circuitboard. An electronic thermometer consists of the following electronic components: a
sensing element (a platinum thin-film thermal resistor RTD-1000) in a Wheatstone bridge circuit and a
M SP430F2003 microcontroller with an analog-to-digital converter (ADC) on the same PCB. Theradio channdl
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transducer congsts of aM SP430F2132 microcontroller, a CC1101 RF transceiver and anantenna. The structural
scheme dso includes an unauthorized tampering protection unit, thedeviceinitialization unit, aquartz resonator,

and a battery.
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Fig. 1. WTM structural scheme.

TheWTM isawireless software-controlled microprocessor thermometer designed for measuring coolant
temperature and transmitting the datato aremote persona computer (PC) viaalocal repeater (LR) developed by
theauthors. TheWTM communicateswith the LR viaashort rangeradio link. Using the software developed by
authors, the PC performsthefollowing operations receives measured datafromthe WTM; caculatesthetemperature
according to the mathematical model proposed by the authors, configures measurement channels and measurement
modesinthel S; displays measurement resultsin digital form onthe PC monitor; and collects, storesand processes
measurement results.

Theauthorshave patented several design variants of the WTM, depending on the methodsof installationin
pipelines (RF patents: No. 2373502, No. 2450250, No. 2466365), the main technical characteristics whereof are
showninTablel.

Table1l. WTM gpecifications.

Name Value
The range of measured temperatures (5+95) °C
Basic absoluteerror of measurement +0.02°C
Thermal inertiaindex ¢ 30c
Current consumption inthe temperature measurement mode, not morethan 1mA
Current consumption inthereceive/datatransfer mode, not morethan 22 mA
Radio channel carrier frequency 434 MHz
Equivaent radiated power of theradio transceiver, not morethan 10 mw
Datatransmission speed viaradio channel, not lessthan 38,400 bit/s
Cdibrationinterval, not lessthan S5years
Weight with battery, not more than 509
Rated voltage 3.6V

Dimensions (39 x 39 x 53) mm
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In the process of WTM operation, the ambient temperature may vary between 5°C and 50°C, and the
temperature of the coolant - between5°C and 95°C. I nthese conditions, the temperature of the components of
theelectrica measuring circuit changes, and thereforetheir parameters change, too, whichresultsinanerror inthe
measurement process. To eiminate thisnegative phenomenon, the method of temperature compensationisused
[12 - 15].

To study the effect of electronic components temperature change, andto reducethe error, we have developed
ameasuring system, hardware and software, and asoftware method of the WTM measuring circuit temperature

compensation.
Development of har dware and softwar e, and performing research

A hardwareand softwar emeasuring complex, the block diagram of which isshownin Figure 2, has
been developed for thefollowing research :
» Simulatingthereal WTM conditions, and determining the temperature range of the electrical measuring
circuit componernts,
* Studying the effect of changing the temperature of the electrical scheme components onthe WTM
measurement error;
» Softwaretemperature compensation of the eectric circuit and automatic WTM cdibration.
The measuring complex includesthe following hardware: ahigh-precisonliquid thermostat Lauda PR 3530
withameasuring cell instaled init; ahigh-precison thermometersMIT-8 and D T1-1000 (measurement error £
0.001°+ 0.004°C, respectively); apower supply (IPR-800) of the measuring cell resistive heater; aprogrammable

precision resistor Meatest V-602A-V 1000; a L R; Interface converter N-port and aPC.
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Fig. 2. The structural scheme of hardware-and-software measuring complex for the study and WTM calibration.
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Figure 2 dso showsthe design of the measurement cell installed inthe thermostat. The cell isintended for the
research and for automatic calibration, including temperature compensation, of 56 WTM samples smultaneoudly.
The studied samples (1) are set inthreaded holesin the base of the cell (2) made of copper, having high thermal
conductivity, which ensures uniform temperature profile. The base of the cell immersed in the coolant (3) has
developed surface (4). For measuring the temperature and the temperature profile of the base, it hasfivereference
platinum resistancethermometersPTSV-2K (5) connected to MIT-8. TheWTM iscalibrated by the temperature
vauesdetermined by PTSV-2K instaled inthe center of thebase cell (the referencethermometer). The data of
PTSV-2K isalso used by the microprocessor unit of thethermostat to control the temperature of the coolant
during calibration. Thesurface of the basein contact with the working volume of the cell (6) is screened with
insulating materia (7). The body of the measuring cell (8) ismounted on the base and covered by lid (9), where
resstance heater (10) isingtalled. The temperatureinthe working volume of the cell iscontrolled by sensor (11).
The temperature of theelectrical measuring circuit componentsis measured by the RTD-100 (12) sensor connected
to thermometer DT1-1000.

Simulating thereal WTM conditionsand determining theelectrical measuring circuit componentstemperature
range are performed asfollows. Thetemperature of the coolant in the thermostat increasesto 95°C; thus, the
pipeline of the heating systemissmulated. Inthe working volume of the measuring cell, thetemperatureisraised
fromthe ambient to 50°C by theresistive hegter. To study theeffect of the dectrica circuit componentstemperature
inthe microcontroller and the quartz resonator, film sensors RTD-100 are installed and connected to thermometer
DTI-1000.

By theresults of theresearch, it has been established that at the maximumWTM operation temperatures

(95°C and 50°C for the coolant and the environment, repectively), the maximum temperature of themicrocontroller
doesnot exceed 65°C, and the temperature of the quartz resonator doesnot exceed 60°C.

Themethod of temperature compensation of electrical measuring circuits

To study theeffect of the temperature of electrica circuit componentsonthe WTM measurement error, aset
of resstorsis connected to the input of the measuring circuit, instead of RTD-1000. Theresistancevaueis set
corresponding to the resstance of platinum, for example, at25°C. Thenthe WTM isinstalledinto the measuring
cell. Thetemperatureinsdethe cell isregulated with aliquid thermostat and theresistive heater of thecell, and is
monitored by sensor (11). Inthethermostat, thefollowing temperaturesare set successvely: 5°C, 30°C and 60°C.
At each of thesetemperatures,which correspond to thetemperatures of the electric circuit components, the values
of resistance are measured with WTM at the output of the precision set. During the tests, thetemperature of the
circuit eementsisaso monitored by theinternal sensorof the microcontroller.

To eliminate possible errors of mathematical transformationsof theADC codeinto the resstance, and then
into thetemperature, the data obtained fromWTM arewrittenasADC code- NR. Thisdataistransmitted from
the WTM viaawirelesschannd to LR, and viathe RS— 485 interface to the PC, whereit is processed using the
developed software.

Theresultsobtained for seven WTM samplesare showninFigure 3.

The obtained data show that changes of the resistance valuesin the ADC code (N), depending on the
temperature of the electrical circuit components, have linear nature. The electronic components temperature
measurement error in the range between 5°C and 60°C, after recalculating the ADC codeinto temperature, is
within+ 0.15°C.
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Fig. 3. Dependence of the resistance values in the ADC code (N) on the temperature
of the WTM electrical circuits components.

Thus, thetruevalue NR(tme) may be defined asfollows:

NRy g = Ng—ANR, @
whereNR istheressance vaue determined by WTM under theinfluence of the temperature a the circuit elements;

ANR - deviation NR fromthetrue value caused by the electronic circuit componentstemperature change.

To reduce the measurement error, we have developed a software method of temperature compensation,
whichisthefollowing.

Since NR dependslinearly on the temperature of the electronic circuit components, we can define ANR as
follows:

AN, = a N, +b, 2
thenthetruevaue NR(tme), congdering (2), isdetermined asfollows:
NR(true) = NR —(a. Nmk +h), (€)]

where N, isthe temperature of the microcontroller (circuit element), written asADC code; aand bare the
coefficients of temperature compensation.
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Fig. 4. Dependence of the ADC code values on the temperature of the WTM electrical circuits components.

The temperature compensation method isintended for iminating the dependence of the measured dataon
theWTM eectronic circuit componentstemperature change. Themethod of temperature compensationcongstsin
measurement and software correction of coefficient ain equation (3), inorder to diminate measurement errors.
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Thetemperature compensation method was developed with the use of the hardware-and-software complex
showninHgure2. TheWTM batchisput into the measurement cell. Inthe thermostat andinthecell, thetemperature
of 25°Cisstabilized and monitored. Next, the temperatureis measured withtheWTM, and thedataaretransmitted
viatheradio channel. The temperatureismeasured by three measuring channdls, readingsof whichare marked in
Figure 4. Channd 1isused for measuring resistance of the platinumWTM thermd resistor (point &), channel 2is
used for measuring the temperature of the microcontroller (point b), and channel 3 isused for measuring the
temperature of thebase of the cell (point a). The datain channels 1 and 2 are defined inADC codes. N
and N, ., respectively.

Then, without changing the temperature of the coolant in the thermostat, which is25°C, using aresistive
heater, thetemperature of 50°C is set in the working volume of the measuring cell,and the resstance of theWTM
platinumthermal resstor I TB (point ¢), and thetemperature of the microcontroller intheADC codes(point d) are
measured. Inthis case, the electronic components of the WTM circuit are at 50°C, and via channel 2, we get the
vaue- Nmk-50. The platinumWTM thermistor isat thismoment a thetemperature of the coolant inthethermogtat,
whichismaintained constant and equal to 25°C (point €). However, itsreadings show an error determined by the
change of the electronic circuit componentstemperature. The resistance value measured in channel 1 will be:
Ng_s (Figure 4).

To eliminate the resulting error in WTM measurements, let’s define the coefficients of temperature
compensation using equations(4) and (5):

R(true)-25"

NR(true)-25-NR-25

a= 4
N mk-25-Nmk-50 @

Nmk-25 % (NR(trug)-25—NR-25)

b = 5
Nmk-25-Nmk-50 ©)

When the calculated coefficients are introduced into mathematical model (3), weobtainvaluesNg o
(which coincide with thereadings of Channd 3) when thetemperature of electronic circuit components changes
to 50 °C.

Thus, by introducing the coefficientsinto the mathematical model for temperature cadculation, we managed

to reduce the measurement error defined by the change of the WTM dlectrica circuit componentstemperature.
Theresultsof using temperature compensation

Processdiagram of temperature compensationisshownin Figure 5. Five WTM sampleswere used for the
research. Channel 1 was used for measuring the coolant temperaturewithWTM thermal resstors. Channel 2 was
used for measuring the change of the dectronic circuit componentstemperature. ZoneA correspondsto temperature
stabilization of the thermostat, and to measuring at 25°C. Thenthetemperature of the WTM dectronic circuit
componentsincreasesto 50°C (zone B), and thetemperature of the coolant is measured by eachWTM (Channel
1). Thedeviationin measuring thetemperature caused by heating of the electronic componentsreaches0.3°C
(WTM # 3, Figure 5). After thetemperature stabilizes (zone C), the temperature ismeasured, and the thermal
compensation coefficients are calculated for each WTM. Zone Dshowsthe results of coolant temperature
measurement withthe use of WTM, after the process of softwaretemperature compensation.

After temperature compensation, the deviations of the WTM readings (zone D) showninFgureb, relaiveto
thereferencethermometer, are determined by theindividua characteristics of platinumtherma resistors, including
R, Thesedeviationsare eliminated inthe processof WTM calibration.

Themethod of software calibration presented by the authorsin[16] consists of individua adjustment of the
mathematical model for eachWTM, relativeto the reference thermometer. Calibrationis performed autometicaly
at two temperatures- 25°C and 85°C with the use of the SW developed for this purpose. Thedatadiscrepancy
is determined by the temperature between readings of each WTM and the reference thermometer. Then the
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coefficientsinthemathemeatical model for eachWTM are automatically adjusted. After temperature compensation
at the temperature of 85°C, thefinal calculation and automatic adjustment of the coefficientsare madeinthe
mathematical model of each I TB. The processof software calibration, including temperature compensation, is
completed. A distinctive feature of the calibration method developed by us, as compared to the known ones
[17- 19], isthat it isperformed automatically according to aspecified program.
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Fig. 5. The diagram of the temperature compensation process.

2.CONCLUSIONS

Inthis paper we have proposed amethod and hardware-and-software complex for temperature compensation
of dectrica circuitsin high-precison measuring instrumentsthat operate in the conditionswhen thetemperature of
the electronic circuit components changes, which resultsinameasurement error.

Themethod of temperature compensation consistsin measuring and software correction of the coefficientsin
thetemperature caculating methematical modd. Temperature compensationisperformed duringindividud autometic
cdibration of the measuring instruments. Using temperature compensation in manufacturing wirelesstemperature
gauges helped reduce measurementserror by + 0.02 °C.

The method of temperature compensation proposed in this paper hasalso been applied by the authorsin
developing wireless pressure sensors used in theintelligent system for monitoring energy sources, along with
WTM [9].

The results have been prepared with assistance of the Ministry of Education and Science of the Russian
Federation withinthe framework of Agreement No. 14.575.21.0032 (RFMEFI 57514X 0032).
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