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Abstract: This article presents a way of calibration of an unconventional two-current circuit, named 2J+2R, which consists of two current
sources and two referential resistors connected to the circuit mass. This bridge was used to measure the beam deflection and the tem-
perature increase simultaneously with the use of a pair of metal strain gauges. This paper contains theoretical and corrected (after calibra-
tion) processing characteristics of the measurement circuit. Calibration coefficients of both inputs, responsible for measurement
of the measured values in the places where the strain gauges are attached, were calculated. Moreover, the standard combined and ex-
panded uncertainties of both calibration coefficients were calculated and an uncertainty budget was made.
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1. INTRODUCTION

This article contains a description of a circuit used to measure
the increase of two physical quantities simultaneously, e.g. the
increase of a cantilever beam deflection and the increase of tem-
perature. A double-output system of a two-current bridge (2J+2R)
was applied. The output voltages of this direct current bridge are
functions of differences and sums of the resistance increases
of two foil strain gauges attached to a cantilever beam. Such
circuit can be an alternative for system solutions in the case when
deflection and temperature need to be recorded in the same point
of the measured element (Idzkowski et al., 2015; Cappa et al.,
2001; Paker, 1993). Also other solutions can be treated as differ-
ential measurement circuits, e.g. a classic double bridge (Peder-
sen et al., 2005) or an impedance unbalanced bridge (Musiol
etal.,, 2010).

All devices of this type need to be calibrated. The process
of calibration can be conducted with the use of special equipment,
e.g. additional resistors regulated in the bridge circuit (Surya et al.,
2011), or through a microprocessor circuit which corrects numeri-
cally the function dependence between the output signal and the
measured quantity.

In this article, a programming way (using a microprocessor
circuit) of calibration is described. The aim of the device is to
record continuously the changes of the beam deflections caused
by the micrometer screw in a certain temperature range.
The values of deflection and temperature changes are calculated
on the basis of the calibration coefficients during data recording
and given online on the computer screen. In order to determine
the corrected values of the deflection and temperature changes,
the values of output voltages obtained during calibration of the
measurement device (for min. and max. deflection at constant
temperature) and the voltage values measured online are needed.

Converting the output voltages into the measured values de-
manded determining the uncertainty. Therefore, the analysis

of standard uncertainties (Joint Committee of Guides in Metrology,
2008) of calibration coefficients for both measure values was
carried out.

2. SENSORS AND A MEASUREMENT SYSTEM OF A
DOUBLE-OUTPUT TRANSDUCER OF THE RESISTANCE
AND VOLTAGE INCREASES OF SUM AND DIFFERENCE

In order to conduct research concerning an unconventional
circuit for simultaneous measurement of two physical quantities,
a set of two foil strain gauges TF-3/120 (TENMEX, 2016) was
used. The strain gauges have a linear characteristics average
relative resistance increase ew in the function of the small of the
beam deflection X'and its initial value Xmin

£W=ad(/‘/'Xmin)+bdv (1)

where: a4 — coefficient of the characteristics slope (in the analyzed
case, the free word b4, responsible for the offset error (54=0)),
was rejected.

The relative temperature increase of resistance & for the
strain gauges depends linearly on the difference of the tempera-
ture 7 and its minimum value 7min (VISHAY Precision Group,
2007)

er=a(T-Tnin)- (2)

Formula (2) contains the temperature coefficient of resistance
a [1/°C]. It represents the sum of two components: thermal ex-
pansion of the strain gauge mesh material (constantan) and the
difference of the thermal expansion coefficients of the strain
gauges and the material of the surface. The difference is multi-
plied by the deflection sensitivity coefficient of the strain gauges
(VISHAY Precision Group, 2007).

The set of two strain gauges, mentioned above, was connect-
ed to an unconventional two-current bridge 2J+2R (Fig. 1) and
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a data acquisition mode (Fig. 2). The worked out measurement
system allows to determine directly the values of the difference
& — & and the sum & + &, of the resistance relative increases
R; and Rz. The equations in the function of the output voltages,
assuming that £;+&, « 1, are presented below.

_(a-=) W _ 2 (Yasw Uaswmin) (3)
2 JRo ’
_(ate)W _ 3(Upcw—Upcwiin) (4)
= TRo ’
where:  Uppw=WUup,  Upcw=WUpc,  Ugpwinin=WUpmin,

Upcwimin=WUpanin, W - voltage amplification coefficient of the
amplifiers, J: =/1%/2 — current mean average of both current
sources (LT3092) supplying the circuit, R1=R,2=Ro. Equations
(3) and (4) can be obtained by solving the system of equations for
the circuit, presented in Fig. 1, with the nodal analysis, where
Usp=V4-Vp, Upc=Vp- Ve B

It is worth stressing that the current /, which is the mean aver-
age of the currents of both sources, was determined by measuring
the voltage decrease Uy, Uy, ON Ry and Rp resistances. It
can be therefore assumed that

7=0.5 (%J%) (5)

Ao +

w=100 Ussw
Bo -
Do +

w=100 Upcw UsB
co - Computer
Eo +

w=1 Urn
Fo +

=1 Urn

Fig. 2. LabJack data acquisition module with AD623A amplifiers
of W amplification

It results from equations (3) and (4) that after attaching
a strain gauge Ry on the upper and the strain gauge R, on the
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lower surface of the beam, the voltage being the function of the
beam deflection change can be obtained on one output of the
system, and the voltage being function of the temperature change
- on the opposite output.

3. CHARACTERISTICS OF THE STRAIN GAUGE
DEFLECTION AND TEMPERATURE CHANGES IN THE
FUNCTION OF THE 2J+2R BRIDGE OUTPUT VOLTAGES

Equations (1) and (2) were applied in formulas (3) and (4) re-
spectively. The measured values of deflection change AX,, and
temperature change A7, can be then defined on the basis of
average values of the bridge output voltages

Ussws Upcws Uspwmine Upcwmin @nd current J

2 — — — —
X-Xpin=0X,= Tore (Uasw - Usgwmin) =1 (Uasw -Uspwmin), (6)

3 — — —
T-Thin=AT,= TRon (Upcw -Upcwmin)=€1(Upcw -Upcwmin),  (7)

2 =t
JRoaq JRoax

In the real circuit, the slope characteristics needs to be cor-
rected. This was done through introducing &; and 4. multipliers,
which are further called calibration coefficients. The corrected
values of the deflection changes 4X, and the temperature
changes A7, are products of calibration coefficients and the

measured values4X,, and 47, defined by formulas (6) and (7)
AX,=k|AX,, (8)
AT, =k, AT, . 9)

where: ¢;=

The way of determining multipliers 4 and 4 is discussed
in the following section.

4. COEFFICIENTS OF CALIBRATION AND VOLTAGE
SENSITIVITY TO THE BEAM DEFLECTION
AND TEMPERATURE INCREASES

After substituting (6) into (8), the corrected value of the deflec-
tion change was obtained

AX,=ky et (U - Usswmin)- (10)
The graphic interpretation of equation (10) is presented in Fig. 3.

L AX, [mm]

X p max

T=const.

B U s [V]

X p min

U 1wmin U 1wmax

Fig. 3. The corrected characteristics of the beam deflection
at constant temperature

Minimum and maximum Uppmaxs Uapwmin Values are de-
termined through measurements. Due to the rules of calibration,
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unknown corrected values Xpmax, Xpmin Were substituted by Xmin
and Xnax reference values (Fig. 3). As it is known, the slope coef-
ficient (10) is also the tangent of the slope angle.

— — Xmax—Xmin
faey = tanf = Uapw max—UaBW min’ (1)
After taking ¢ (as in (6)) into account, the coefficient
of measurement calibration of deflection change at constant tem-

perature was determined

k, = Xmax—Xmin

JRoaq . AX JRoaq (12)
UaBw max—UaABW min 2 AUgpw 2

The voltage sensitivity Uapw for 1 mm of the beam deflection
results from formula (10)

1 — AUABW. (13)

Sy =
XU kicq AX

After substituting (7) into (9), similarly, the coefficient of measure-
ment calibration of temperature change at constant beam deflec-
tion was obtained

AT  JRoa

k, = Tmax—Tmin JRoa _
2 b -_— - -— .
Upcw max—Upcw min 3 AUpcw 3

(14)

where: Tmax and Tmin are reference values. The coefficient
of voltage sensitivity to temperature change of 1 K equals

_ AﬁDCWl (15)

4.1. Experimental Determining of the Temperature
and Beam Deflection Increases
and the K1 And K2 Calibration Coefficients

The measured values AX,, and A7, were determined on the
basis of Ussw, Usswmin, Upcw, Upcwmin, Urn, Ugrp voltage
records from the 2J+2R bridge circuit with the use of the lab Jack
UE-9Pro data acquisition system, in the way presented in Fig. 2.
Two strain gauges attached on the upper and lower surfaces
of the beam (as presented in Fig. 4) were included into the bridge
circuit with the use of a screen wire.

Two-output
bridge-circuit 2J+2R

LabJack UE-9Pro

GPIB| GPIB/USB | USB

converter

Keithley 2000

i Ry i
= a
Tk v

Chamber with temperature regulation |

Fig. 4a. Laboratory stand consisting of a two-current bridge (2J+2R),
a beam with attached strain gauges and a Pt100 sensor,
a heating chamber with a thermostat, a LabJack measurement
module, a Keithley 2000 multimeter and a computer

In order to determining the corrected values 4X), and A7,
it is vital to know the minimum and maximum reference deflection

acta mechanica et automatica, vol.11 no.2 (2017)

and reference temperature. Therefore, a platinum Pt100 RTD
(class A) was attached on the upper surface of the beam, next to
the strain gauge. The RTD was connected to a Keithley 2000
multimeter. The set of the platinum Pt100 RTD with a multimeter
was used to set the 7min and Tmax temperature values, required
to calibrate the bridge, precisely.

Fig. 4b. General view of the laboratory stand

The beam deflections were done with the use of a micrometer
screw within the (0,10) mm range with the limiting error
of £0.01 mm. The mechanism deflecting the beam with attached
strain gauges and the Pt100 sensor was placed in a heating
chamber with a thermostat. This gave the experiment the temper-
ature stability during the bridge calibration (in the range of £1 °C).
It is crucial that all positions of deflection on the micrometer screw
are performed at a selected, constant temperature.

Before the experiment, the temperature coefficient value
of a resistance of the strain gauge attached to the beam was
checked through measuring the resistance increases of the strain
gauges at the temperature change from 22°C to 62 °C.
The experimentally determined coefficient equalled 4.07 -
1075[1/°C]. The manufacturer of the strain gauges gives the
coefficient value of 4 -1075[1/°C] (for a measurement mesh
of strain gauges made of constantan) (TENMEX, 2016). Due to
the fact that the difference is insignificant, the value given by the
manufacturer was taken in further calculations.

Connecting the temperature meter and the LabJack system
to the computer with the use of the USB interface enabled simul-
taneous reading the voltage on the bridge and the adequate
temperature in the chamber. The results recalculated with the use
of a computer program (created in the LabVIEW environment)
were recorded in a text file. The measurements were conducted at
the following LabJack data acquisition system settings: 20 bits
of the A/C transducer resolution, 5 pV voltage resolution of the
measurement.

4.2. Comparison of the Beam Deflection Values and the
Temperature Changes Resulted from the Measurement
Equations Before and after Calibration.

Metrological Estimation of the Results Differences

The measurement experiment aimed at comparing the values
of deflection increases AX,, (6) and the temperature increases
AT, (7) obtained without calibration with the AX), (8) and A7, (9)
values obtain as a result of calibration. Therefore, there was
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a necessity to determine the k; and 4 calibration coefficients
experimentally.

Tab. 1 and 2 present the measurement results of the bridge
output voltages and the supplying current at the following temper-
atures: Tmin=22 °C and Tmax= 62 °C, for the beam deflections set
with the use of the micrometric screw within the range of (0,10)
mm with the step of 1 mm. Each value is the arithmetic mean
of ~N=200 recorded samples.

Tab. 1. Voltage and current mean values for sensors at Tmin=22 °C
for subsequent beam deflection values

The following fixed values were assumed in order to conduct
the calculations: a,=0.00832 mm-! [2], W=100, «=0.00004 °C-1,
Ro=121.116 Q.

Tab. 4 and 5, accept the X values set on the screw (at two
fixed temperatures Tmin=22 °C and Thax=62 °C), contain also
the AX,, values — the beam deflection change calculated on the
basis of the measurement equation (6), and AX,, — the corrected
deflection change obtained from the equation (10).

Moreover, the Axn=AXy-X and Ax,=AX,X differences
were calculated for both temperatures. The Ay, differences were
related to the AX=Xna.-Xmin measurement range, calculating
relative errors of the J22 and &pe2 determined deflection values.

U, U, =
X (r=22°¢) | (1=22°C) /
mm uv pv pA Tab. 4. The A X values obtained on the basis of the measurement
0.00 -40867.3(min) 5060.9 10054.9 equation (6) and the AX,, values determined on the basis
1.00 -35806.5 4743.0 10054.8 of the calibration function (10) at the 7min=22 °C fixed
200 33202.0 4239.9 10054.7 temperature. The differences of the two values and the Xvalue
3.00 282593 42570 100547 sﬁ r?n ;h;e mi(.:rogztriftl: S(;rew ar|1d the relative value
4.00 242906 41428 10054.8 ot the determined detiection value
5.00 -19625.3 3994.8 10054.8 X | Ma | A% | AKX | AGX | Spp= (AX,-X)100
6.00 -14685.8 4014.4 10054.8 XnaxXmin
7.00 -8959.9 3764.7 10054.8 mm mm mm mm mm %
8.00 -6340.7 33574 10055.0 0.00 0.00 0.00 0.00 0.00 0.00
9.00 -2354.5 3373.3 10055.0 1.00 0.99 1.19 -0.01 0.19 1.93
10.00 1539.0(max) 3553.6 10055.2 2.00 1.50 1.81 050 | -0.19 -1.92
3.00 247 297 -0.53 -0.03 -0.27
400 | 325 3.91 075 | -0.09 -0.91
Tab. 2. Voltage and current mean values for sensors at 7min=62 °C
for subsequent beam deflection values 500 417 501 083 0.01 009
i e B Al e e
X zw 4 0 | 6. 52 | 0. - -
— (T=:\f €) (T=:\f ©) l; 800 | 677 | 814 | 123 | 0.4 142
9.00 7.55 9.08 -1.45 0.08 0.82
0.00 -51256.5(min) -94704.2 10054.3 1000 | 832 1000 | -168 0.00 0.00
1.00 -46244 .4 -94540.2 10054.3
2.00 -40514.1 -95133.6 10054.2
3.00 -39103.7 -94788.3 10054.5 Tab. 5. The AX: values obtained on the basis of the measurement
4.00 33479 8 95694 5 10054 4 equation (6) and the AX}, values determined on the basis
of the calibration function (10) at the Zmin=22 °C fixed
288 Z;ggg ggg?g; 188222 temperature.l The differenc(:es)of the two vglues and the X value
- : : : set on the micrometric screw and the relative value
;88 f;ggg; g;;ggg 188222 of the determined deflection value
9.00 -10317.2 -96427.9 10054.3 X | Ma | A% | MaX | A%eX | Sp= (A%,-X)100
10.00 -5438.7(max) -96257.5 10054.2 Xnax-Xmin
mm mm mm mm mm %
The ki and 4 calibration coefficients were calculated on the 0.00 | 0.00 0.00 0.00 0.00 0.00
basis of (12) and (14). The results are given in Tab. 3. 100 | 098 109 | 002 0.09 0.94
On the basis of the values included in Tab. 3, a change of the 2.00 2.1 2.34 0.11 0.34 345
ki calibration coefficient value can be observable. The value 3.00 | 238 265 | 062 | 035 348
of this coefficient is greater (of 8.05%) for the lower temperature. 400 | 349 388 | 051 | -0.12 120
In the case of the A coefficient it can be assumed that the X 500 | 4.70 523 030 023 2271
value, for which the calibration is carried out, is not important (the 6.00 5.56 6.18 0.4 0.18 183
change in this case is only 0.05%). 7.00 | 589 656 | .11 | 044 442
8.00 6.28 6.99 -1.72 -1.01 -10.11
9.00 8.03 8.94 -0.97 -0.06 -0.65
Tab. 3. Values of the &1 and 4z calibration coefficients 10.00 | 8.99 10.0 -1.01 0.00 0.00

Range of X: Range of T:
Xmi=0 mm Tmi=22°C
Xmax=10 mm Tmar=62°C
ki k
7=22°C 1.20232 X=0mm 0.66182
7=62°C 1.11279 X=10 mm 0.66152

Fig. 5 — 8 were done on the basis of the values from Tab. 4
and 5. Moreover, the slope coefficients and the regression lines
shifts were calculated: AX,,=myX+m, (for Tmn=22°C
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and  7ma=62°C) and AX,=pX+p, (for Tmin=22°C
and Tmax=62 °C).
10

+ AX, [mm]

¢ = SV -
L] AXP [mm] AX,=10175X-0.0134

*

A%, =08462Y-00111

o X [mm]
0.00 1,00 200 300 400 3500 600 7,00 800 9500 1000
Fig. 5. Linear regression functions of the measured deflection change

(AXm) and the corrected deflection change (AX}), depending on
the X deflection set on the screw (at 7min=22 °C)

o AX,,-X [mm]
054 ® AX,-X[mm] |
. " " & X[mm]
0 T - . » 5

0.00 100 280 3.00 4% 500 600 700 800 900 10,00

0,5 4 * *

)

Fig. 6. The AXn» -Xand AX, -X differences (at Zmin=22 °C)

This can be seen in Fig. 5 and 7 that, due to the temperature
increase from Tmin t0 Thax, the slope and lines shift coefficients
change. However, the p; slope coefficient of the corrected re-
gression lines are far closer to the ideal value (the value of one)
than those of the lines which have not been corrected (without
mn). Fig. 6 and 8 show that, with very few exceptions, the |A X}, -
X| differences are smaller than |AX:, -X| at almost whole range
of changes (Xnin, Xmax)- Therefore, calibration has a positive
influence on the measurement precision. The errors of the J,r
determined deflection value related to the AX=X ..-Xnin
for both temperatures were assigned as: 22 ( ZTmin=22 °C) and
6:062 (Tmax=62 oC)

With some exceptions, the obtained | 8,22| values were small-
er in comparison with | Spe2| values. This means that the calibra-
tion has better results in the lower temperature. The maximum
relative error of the determined deflection value |&p62| equals
10.11%.

Tab. 6 contains the voltage coefficient of temperature sensitiv-
ity values (S7y) calculated on the basis of (15) for different values
of X. The fixed mean value of Sry= -2496.9 uv/°C =-2.5 mV/°C
was assumed within the range of X' € (0,10) mm.

Tab. 7 compares the temperature change values A 7, (with-
out calibration) and A7, (after calibration) obtained as a result
of applying equations (7), (9), (14) at constant deflection X = 0
mm. Moreover, A7,=ATn-AT and A7, =AT,-AT for X=0 mm
were calculated. The Ay, differences in relation to the Tiax-Tmin

acta mechanica et automatica, vol.11 no.2 (2017)

measurement range were determined by calculating the relative
errors of the determined temperature change value 87,

107 6 AX,, [mm] -
*
L} ~
g T o] a$ =09583x+0,1052_~",
) ¢
6 ) 4 b

*
3 A%, =0.8612Y+0,0945

5

X [mm]
0 T T T T T T T T T ]
0.00 100 200 300 400 500 6,00 7.00 800 900 10,00

Fig. 7. Linear regression functions of the measured deflection change
(AXm) and the corrected deflection change (A X)), depending on
the X deflection set on the screw (at 7min=62 °C)

17+ AX,-X [mm]

- AXF-X [mm]

0.5 1

. . " . X [mm]
0 2

- T T T T T T T 5
0p0 100 200 300 480 500 600 700 800 900 10,00
+*

0.5 A + ¢ -
*

24

Fig. 8. The AX:» -Xand A X, -X differences (at 7min=62 °C)

Tab. 6. Voltage coefficient of temperature sensitivity (S7) determined
on the basis of the voltage measurement at two temperatures:
Timin=22 °C and Tmax=62 °C for the X value fixed with the use
of a micrometric screw

X UDCWmin UDCWmax Sty
mm pv pv pviec
0.00 5060.9 -94704.2 -2494 1
1.00 4743.0 -94540.2 -2482.1
2.00 4239.9 -95133.6 -2484.3
3.00 4257.0 -94788.3 -2476.1
4.00 4142.8 -95694.5 -2495.9
5.00 3994.8 -95882.1 -2496.9
6.00 40144 -96213.6 -2505.7
7.00 3764.7 -97158.6 -2523.1
8.00 3357.4 -97337.2 -2517.4
9.00 3373.3 -96427.9 -2495.0

10.00 3553.6 -96257.5 -2495.3

Also, linear regression functions A7, =m;AT+m, (for X=
0 mm) and A7'p=p3A T+p, (for X=0 mm).are presented (Fig.
9). Fig. 10 shows differences between the values calculated from
equations (7) or (9) and the reference value A7. The maximum
error value &7, (after calibration) was 1.71%.
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Tab. 7. Temperature increase values (A 7x) obtained from (7) and A 7,

values determined on the basis of the calibration function (9)

for Tmin=22 °C and Tmax=62 °C at fixed deflection X=0 mm.
The differences A7m=ATm-AT, Arp=AT,-A Tand the relative

error 87p (A7p in relation to the Tax- Tmin Changes)

Ory =
AT | Upew | 4T, | AT, |ATAT| ATAAT| AT; 100
- Tr'nax' 7r1m'n
°C mV °C | °C °C °C %
506my | 00 | 000 | 000 | 0.0 0.00
5| 773 | 77 | 513 | 265 | 0.3 0.32
10| 2070 | 154 | 1033 | 542 | 033 0.82
15| -3315 | 229 | 1532 | 787 | 032 0.81
20 | -4574 | 304 | 2037 | 1041 | 0.37 0.92
25 | -5836 | 380 | 2543 | 12.96 | 043 1.07
30 | -70.81 | 454 | 3042 | 1541 | 042 1.05
3 | -8353 | 530 | 3552 | 18.03 | 0.52 1.30
40 | 96.41 ey | 60.7 | 4068 | 20.74 | 0.68 1.71

"7+ AT, [°C]

1 m AT [°C
& » °Cl AT = 15138 AT+0.1128

50 A
40

30 4

AT, = 1014 AT +0,0755

0 5 10 15 20 23 30 35 40
Fig. 9. Linear regression functions of the temperature increase A 7in

and A7, depended on the temperature increase (A7)
set on the thermostat (at the deflection X=0 mm)

25 4

* ATm' AT [°C]

AT, - AT [°C]
20 ¢

*
15 ¢
+
10 - *
*
5 *
*
AT [°C]
0 . n n n n = m o
i 5 10 15 20 25 30 35 40

Fig. 10. The values of A7,,-A Tand A7"p-A T differences for subsequent

values of temperature increase (AT) set on the thermostat
(at the deflection X=0 mm)

Tab. 7 and Fig. 9, 10 clearly show that calibration increases

significantly the precision of measurement.
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AT [°C]

5. THE ANALYSIS OF THE K1 AND K2 CALIBRATION
COEFFICIENTS UNCERTAINTY

According to (7), the & Calibration coefficient was calculated.
Discussing the ki coefficient requires information concerning: the
values of numerous quantities listed in Tab. 8 (in the first column),
their uncertainties (three middle columns) and the assumed prob-
ability distribution (the last column). The measurement procedure
for indirect measurements when the input quantities are not corre-
lated was used.

The combined uncertainty was calculated from equation (16)

9k W2 (AT
u (k)= (a]) ¢+ (B(AUABW)) ue(Alupw)+ (16)
c 11— )
0k 0k
() iz an+ (2 1) uZ(Ry)
where:
— the squared combined uncertainty of current measurement /

w2 = () PO+ () W) +

(”Rﬂ) P(Ry)+ ( ”R’Z) 2(Ry), (17)

— the squared combined uncertainty of voltage difference meas-
urement AU gy

u (B Uap0) = (Uppninax) + 1 (Uapwmin) (18)

— the squared combined uncertainty of deflection difference
measurement AX

UCZ(AX)zuz(Xmax)'i'uz(Xmin)- (19)

Tab. 9 contains the product of sensitivity coefficients (in the
second power) and the combined uncertainties (in the second
power, calculated on the basis of equations (17 — 19)). They are
components (in the second power) of the combined uncertainty
of the ki coefficient. Calculating a component related to the re-
sistance dispersion (R) was conducted with the assumption that
the limiting error equals Jgrro=%0.5% (estimated with the use
of the exact differential).

The expanded uncertainty U(k;) was calculated with the as-
sumption that the expansion coefficient &,=2 and the confidence
interval p=0.95

U(ki)=k,y/tz (k) (20)

The complete result of the calculated 4A; coefficient
(at 7=22°C)

ky=1.202 + 0.015 for k,=2 and p=95%. (21)

The relative combined uncertainty U,,(k;) equals
U, (k) =" 100%=+1.25%. (22)
1

The limiting measurement error for the Pt100 sensor of class
A equals +(0.154+0.002-7). On this basis, the components
of the k» combined uncertainty coefficient were calculated with the
use of equations similar to (16)-(19), and presented in Tab. 10.
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Tab. 8. Uncertainty budget of the k1 calibration coefficient: input quantities, their standard uncertainties and probability distribution

Measurement Uncertainty Uncertainty . S
oy Combined standard Type of probability distri-
quantities symbol of A type of B type uncertainty u(x) yp pbution y
(D) ua(x) u(x)
N (U Ton)? A convolution of normal and
Urn Li1 (Urn - Urn)” i J u2(Ugn)+ug?(Ugp) continuous uniform
N(N-1) V3 distribution
A . .
8rRJ continuous uniform
Rn i V3 us(Rn) distribution

N (U Tor)? A convolution of normal and
Urp Lic1 (Urp - Urp)” Zerd \/uAZ(Um)+uBZ(URﬂ) continuous uniform
N(N-1) V3 distribution

- = ) T
N | e R e T [
Uapwmin \/ Ziea € UAB/V\?;\; i)_U agwo)” %%U V 42 U aswimin) + 5> U asminin) Congg:‘l::tj:;z%i%gz]?ﬂnand
¢ - o i o
- ¥ ) oo o
- % e o ol

The following symbols were assumed: 4,,,~ limiting error of the voltage measurement conducted with a LabJack module (£250 uV), 4,4, - resistance
limiting error Rn= Rp=22 Q (£0.22 Q), Agzo - resistance limiting error Ro =121.116 Q (£0.6 Q), 4, - limiting error of the X deflection measurement
conducted with a micrometer screw (+0.01 mm).

Tab. 9. Squared combined uncertainty components of the 41 and their sum.

k', - ok O\, Ik \' Ok \2 )
1) . 71 ). . 771 k,
(F) =0 ( Tag) T | () w200 | (Gr) vk ud(ky)
0.000024 0.000033 0.000001 0.000001 0.000059
Tab. 10. Squared combined uncertainty components of the 4z and their sum.
kN, k', - ok, \* ok\ )
Z72) . 72 ). . 77z) k
(F) =0 ( i) T | (Gap) wan | (Gr) v w2 (k)
0.000059 0.000002 0.000010 0.000001 0.000072
The k coefficient was determined on the basis of the data Relative uncertainty values of the expanded calibration coeffi-
from tab. 10, with consideration of the expanded uncertainty cients are less than 5%.
k,=0.662 + 0.017 for k,=2 and p=95%. (23)

The relative expanded uncertainty U,,(k,) equals 6. CONCLUSIONS

U(ky)
Uw(k2)=k—22100%=i2-56%- (24) An example of a direct current bridge (2J+2R) with two foil
strain gauge sensors stuck on a cantilever beam application
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is described. The discussed circuit is a transducer of two quanti-
ties, i.e. the beam deflection change and the temperature change
into two analogue DC voltages. The measurement equations (6)
and (7) were applied for the tested circuit. After taking the de-
scribed assumptions into account, the deflection and temperature
changes are proportional towards the appropriate output voltage.
The obtained results (Tab. 4 — column 2, Tab. 5 - column 2, Tab.
7 — column 3) required calibration. Calibration coefficients (4 and
k) were calculated from equations (12) and (14). The value and
precision of determining those coefficients influence significantly
the beam deflection and the temperature change obtained during
measurements. It results from the values presented in Tab. 3 that
determining the precise value of the k& is more difficult because
its values obtained at 7iuin and 7hax are different of 8.05%. This
probably results from the current drift of the supplies used to
construct the bridge and its influence on the measured voltage
Uip. In the case of the & coefficient the values determined for
Tinin and Thmax differ only of 0.05%. For the purpose of calcula-
tions, the fixed voltage coefficient of temperature sensitivity S7y
(15) was assumed within the tested range of the beam deflection,
i.e. Sry=~-2.5mV/°C for X € (0,10) mm.

Equations (8) and (9) describe the values of the beam deflec-
tion and temperature change after calibration. The appropriate
results are Included in Tab, 4 — column 3, Tab. 5 — column 3 and
Tab. 7 - column 4.

Relative errors (Tab 4, 5 and 7 - the last columns), which are
the differences between the set and calibrated (with the use of a
micrometric screw and a thermal chamber) bridge values related
to the measurement ranges of both quantities, were calculated.
The maximum relative errors of the determined value of deflection
equalled: |&p22=5.24% (calibration conducted at 22 °C),
| 6p62|=10.11% (calibration conducted at 62 °C). The maximum
relative error of the determined value of the temperature change
equalled | 57,|=1.71% (calibration for X=0 mm).

Additionally, the combined standard uncertainties of the ki
and k calibration coefficients were determined. The so called
“uncertainty budget” was formulated (Tab. 8 — 10). Satisfactory
values of relative extended uncertainties U, (k;)=+1.25%,
U, (k,)=12.56% for the expansion coefficient k,=2 and the
confidence level p=95% were obtained.

The presented experiments and calculations contribute to the
development of alternative circuits applied to simultaneous meas-
urement of a few physical quantities. They may be an interesting
and valuable complement of well-known devices conditioning
analogue signals (Kalita et al., 2015; Proto et al., 2016, Swartz et
al., 2004). The ways of compensating the temperature influence in
the inseparable structures of the Wheatstone’s bridges (e.g. in the
integrated pressure transducers) can be an example INTERSIL
(2005), MAXIM Integrated Products Inc. (2002), Mozek et al.,
(2008). In solutions of this type, an additional temperature sensor,
resistors or resistance temperature detectors circuits for compen-
sating e.g. pressure piezoresistive silicon sensors of the X-ducer
type, Motorola, are frequently applied (Swartz et al., 2004).
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