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Abstract: The Q factor of a coil can be measured by measuring accurately the inductance and
effective resistance of the coil for a specific signal. The inductance of an inductive coil is generally
measured by usual inductive circuit like Maxwell-Wein Bridge, Hay Bridge etc. which suffer from
error due to stray capacitance between bridge nodal point and ground and stray inductance of the
inductive coil. The conventional Wagner Earth Technique is not suitable for continuous measurement.
In the present paper, a modified operational amplifier based Maxwell-Wein Bridge measurement
technique has been proposed in which stray capacitance and stray inductance are minimized. The
experiment is done for different value of known inductance & Q factor for a specific signal. The linear
characteristic with a good repeatability, linearity and wvariable sensitivity has been described.
Copyright © 2009 IFSA.

Keywords: Modified Maxwell — wein bridge, Q factor, Inductive transducer, Operational amplifier,
Bridge sensitivity

1. Introduction

The accurate measurement of Q factor of an inductive coil is important in many aspects of
instrumentation such as inductive transducer design etc. [2, 5, 8, 9, 14]. The Q factor may be measured
by accurate measurement of inductance and effective resistance of the coil for a particular signal
frequency. Also, an inductive transducer used for different process variable as level, flow, pressure etc.
exhibits change of inductance proportional to the change of process variable being measured. This
change of Q factor is generally very small and may be sometimes be comparable with the Q factor of
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stray inductance of the coil. The measurement of Q factor of an inductor or an inductive transducer is
required to make with high accuracy. There are different bridge measurement techniques [1, 2, 5, 8, 9,
16, 18] for measurement of inductance but Maxwell-Wein Bridge is a very sensitive one for such
measurement. The measurement error due to the stray capacitance between bridge nodal points and
ground and stray inductance of the coil with this bridge technique may be minimized by using
Wagner-Earth technique [1, 2, 5, 8, 9, 14, 16, 18] with screened bridge components and lead wires.
One disadvantage of this technique may be requirement of several repetitions of bridge balance and
Wagner Earth balance for each observation.

A modified approach of balancing technique of AC Wheatstone bridge network has been reported by
E. Takagishi [17], whereas D. Morioli et. al. [20] and P. Holmberg [10] has proposed self-balancing
technique to achieve highly accurate measurement. T. L. Zapf [19] proposed the calibration method for
measurement of inductance using Maxwell Wein Bridge.

In the present investigation, a low cost modified operational amplifier based Maxwell-Wein Bridge
Technique with adjustable bridge sensitivity has been utilized to measure the Q factor of inductive
coil. This technique minimizes the effect of stray capacitance without use of Wagner-Earth method.
With this method, the bridge nodal points and the bridge output lead wires are both kept at virtual
ground potential so that the effect of stray capacitance between the bridge output lead wires and also
between any outputs lead wire and ground may always be assumed to be negligible. The bridge-
balanced equation of the modified Maxwell-Wein Bridge network is also identical to that of
conventional Maxwell-Wein Bridge network. Thus continuous measurement may be possible by using
this modified Maxwell-Wein Bridge network. Moreover, this technique also provides an additional
bridge sensitivity factor adjustment by linear potentiometer.

In the present paper, the experimental work was conducted with series combination of known
inductance and known resistance instead of actual inductive coil, and the observed calibration curve
and percentage error curve in terms of the bridge components for different values of bridge sensitivity
factor, as obtained, are reported. Moreover, the performance of the bridge network for a particular
inductor has been compared with that of the conventional Maxwell-Wein Bridge network developed
by H. Tinsley & Co. England.

2. Method of Approach

A general AC Wheatstone bridge network is modified as shown in the Fig. 1, where two very high
gain operational amplifiers A, and A, are connected with the bridge network and the non-inverting
terminal connected to the circuit common or ground.

This enables the bridge output nodal points B and D to be almost at the same potentials with respect
to the ground and hence the effect of stray capacitance that will exist between them and also between
them and ground and stray inductance of the inductive coil may be assumed to be minimized.

Since B and D are at virtual ground, so for the sinusoidal supply voltageV =V Sinwt, the currents

through the bridge impedancesZ,,Z,, Z, and Z, are respectively given by,

Vv Vv Vv Vv
Z—,I2=—,I3:—1 andl4:Z—1, (1)

1 Zz Z3 4
where V, is the output voltage of the operational amplifier A,

11
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Fig. 1. Modified ac Wheatstone bridge network.

If V, be the output voltage of the operational amplifier A, then the current through its feedback

resistance is given by

I = \R/—Of (2)
From the Kirchhoff’s current law,
I, +1,=0 3)
And
I, +1,+1,=0. 4)
From the equation nos. (1) and (3), we get,
\Z/_1+\Z/_13:O Oerz—(i—?JV. (5)
From the equation nos. (1) and (4) we get,

From the equation nos. (5) and (6) we get,

R
:—f(zz Z3 _Zl 24) \% (7

22,2,
12
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At balance condition of the bridge, V, =0.

1e.,

Z, Z
2,2,=2,Z, 0 1= (8)

2 4
This balance condition is identical with that of the conventional bridge network.

In the case of inductor or an inductive transducer, the inductance is generally measured by Maxwell
Wein Bridge network. The measurement error due to the effect of stray capacitance between the bridge
nodal points and between the lead wires and stray inductance of the inductive transducer may be
minimized by using modified networks as shown in Fig. 2.

— v,
+A
R
@ = f %
V=V, Sinwt
1 o Ve
— +A;
Fig. 2. Modified Maxwell Wein Bridge network.
For the modified Maxwell bridge network as shown in Fig. 2,
R, .
Zl=R1,Zz=mazs=R3+JWL,Z4=R4 9)
R3 = Rs+ Recil , (10)
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where Rs is the resistance connected in series with inductor and R coil is the effective resistance of

the inductive coil.

Hence from the equation no. (7), the bridge output voltage is given as

R .
Vo =R1R—sz4[(R2 R, -R, R4)+ JwR2(L_CR‘R4)] v

If the bridge is balanced, then V, = 0.

1e.,

R;

m[(Rz R, -R, R4)+ ja)Rz(L_CRlR4)] V=0

Equating real part and imaginary part of the above equation, we obtain the following equation

1.e.,
R,R,-RR, =0
and
L-CRR, =0
Now from equation (13), we get
R, = RR,
R>

Rs=Rs+ Reil and Rewit = R3 — R

and from equation (14)

L =RiR4C
Now the Q factor of the coil
_ ok
Rcoil ’
where
o = 2I1f

and f is known for particular bridge excitation voltage.

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Therefore, the Q factor of the inductor for a particular frequency of bridge excitation voltage can be

easily measured from equation (16, 17, 18 and 19).

14



Sensors & Transducers Journal, Vol. 105, Issue 6, June 2009, pp. 10-17
3. Experimental Results

The experiments were performed using modified Maxwell Wein Bridge setup with a stabilized
sinusoidal excitation signal at 1000 Hz and with known variable inductors, decade capacitors, decade

resistors and potentiometers as shown in the Fig. 2, at a selected value of Rt . The CRO and 44 digit
5

TX3 true RMS digital multimeter were used as the detector and the measuring unit respectively. The
bridge components of network are the standard laboratory equipment with the following specification.

R,,R,,Rs,R,= Variable decade resistance box (100 k€, 10K€Q, 1 KQ, 100 Q, 10 Q, 1 Q).

Make: PACIFIC; TYPE: AER 35

C = Variable decade capacitance box (1 pF, 100 KPF, 1 KPF, 100 PF, 10 PF) Make: PACIFIC;
TYPE: TEC200

Ri = 20KQ,3 W, wire wound potentiometer

L = Variable decade inductance box, (0.1, 0.01, 0.001 mH decades).

The initial bridge balance condition was obtained with a small value of L for a selected value of R;

by adjusting the variable resistance potentiometer and variable capacitorC . Then the same procedure
is done for different value of L and the values of R,R,,R,,R, and C is measured. The experiment is

repeated for different values of bridge sensitivity resistance R; . The experimental results of three sets

of experiments were taken for three different orientations of the connecting wires. The calibration
curve and the percentage error curve of Q factor for different values of inductance and bridge
sensitivity factors are shown in Fig. 3 and Fig. 4. respectively.

—e— Rf=bKohms —#— Rf=10Kohms —a— Rf=15kohms

7.00
6.00 - /
5.00

4.00
3.00
2.00 -

1.00 -

0.00 ‘ ‘ ‘ ‘
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Actual value of Q factor

Observed value of Q factor

Fig. 3. Calibration curves of Q factor for different values of bridge sensitivity factor resistance [Ry].

5. Discussion

The experimental graphs as shown in Fig. 3 are found to have quite good linearity with the variable of
Q factor of inductor and % deviations are within tolerable limit as shown in Fig. 4. Moreover during
15
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experimentation it was found that the same results were obtained for different orientation of
connecting wires with respect to the ground and observer. Hence the results appear to have minimum
error due to stray capacitance and inductance. The same experimental results were also obtained when
the experiment was repeated several times.

—o— Rf=bKohms —#— Rf=10Kohms —— Rf=15Kohms

e

% Error
o
o
o
|

7,00

Actual value of Q factor

Fig. 4. % Error curve of Q factor for different values bridge sensitivity factor.

Thus the modified Maxwell Wein Bridge, as proposed in the present investigation, may be more
effectively used for accurate measurement of Q factor of any inductor or inductive transducer in
conventional circuits.

To obtain optimum sensitivity, the bridge arms impedances should be selected to be nearly identical,
like all other bridge networks. Before connecting the ground to the common terminal of the network,
care was taken to ensure that the ground wire was at nearly zero potential so that the high ground
potential did not damage the ICs. The bridge balance condition was found not to be disturbed due to
any change of orientation of the lead wires. The calibration curves of Fig. 3, and percentage deviation
curves of Fig. 4 show that the effect of the stray capacitance and inductance may be assumed to be
very small. The sensitivity of the bridge network may be varied by varying the potentiometer
resistance R, as explained in equation no (12).

References

[1]. Baccigalupi A, Daponte P., Grimaldi D. On a Circuit Theory approach to evaluate the stray capacitances of
two coupled inductors, IEEE Transaction on Instrumentation & Measurement, Vol. 43, No. 5, October
1994, pp. 774-776.

[2]. Bentley J. P., Principles of Measurement systems, 3rd edition, Longman Singapore Publisher Ltd., 1995.

[3]. Bera S. C., A Low-Cost Centrifugal Force Type Flow Sensor for Measuring the Flow Rate of a Fluid
Through a Pipeline, IEEE Sensors Journal, Vol. 7, No. 8, August 2007, pp. 1206-1210.

[4]. DeWolf F. T., Measurement Of Inductance Of D¢ Machines, IEEE Transactions on Power Apparatus and
Systems, Vol. PAS-98, No. 5, Sept/Oct 1979, pp. 1636-1644.

[5]. Doeblin, E. O., Measurement System Application and Design, 4" Editions, McGraw Hill Publishing
Company, 1990.

[6]. Falkner, A. H., The Use of Capacitance in the Measurement of Angular and Linear Displacement, |IEEE-
Transaction on Instrumentation & Measurement, Vol. 43, No. 6, 1994, pp. 939 — 942.

16



Sensors & Transducers Journal, Vol. 105, Issue 6, June 2009, pp. 10-17

[7]. Fericean Sorin, and Droxler Reinhard, Proximity and Inductive Linear Displacement Sensors for Industrial
Automation, IEEE Sensors Journal, Vol. 7, No. 11, November 2007, pp. 1538-1545.

[8]. Golding E. W and Widdis F. C., Electrical Measurements & Measuring Instruments, LBS & Pitman.

[9]. Hague, B., Alternating current bridge methods, Pitman, New York, 1971.

[10].Holmberg P., Automatic Balancing of Linear AC Bridge Circuits for Capacitive sensor elements, IEEE
Transactions on Instrumentation and Measurement, Vol. 44, No. 3, 1995, pp. 803 — 805.

[11].Huang Wen-Nan, Teng Ching-Cheng, Fang Chih-Hsing, Chen Chih-Hsin, Inductance measurement and
estimation method utilizing LC circuit analysis techniques under dynamic operation for switched reluctance
(SR) machines, Industrial Electronics Society, 2004. IECON 2004. 30" Annual Conference of IEEE,
Vol. 3, 2-6 Nov. 2004, pp. 2894- 2899.

[12].Lafferty R. E. A Constant Impedance Fixture for Low-Level Inductance Measurements, IEEE Transactions
on Instrumentation and Measurement, Vol. 40, No. 5, October 1991, pp. 862-863.

[13].Manfred V. P., Fericean SorinNew Non-contacting Linear Displacement Inductive Sensors for Industrial
Automation, IEEE Sensors 2006, EXCO, Diego, Korea, October 22-25, 2006, pp. 534-537.

[14] Murthy, D. V. S., Transducer and Instrumentation, Prentice-Hall of India Pvt. Ltd., New Delhi, 1995.

[15].Saxena A. K. and Saleem M., Automatic Bridge for Comparison of Inductances Based on Difference
Voltage Measurement, MOPBS5-2, LF & HF Impedance Standards, pp. 116-117.

[16].Sedlacek, R., A Wide-Range Maxwell-Wien Bridge Utilizing IVD's and Precision Electronic Circuits,
Proceedings of the IEEE Instrumentation and Measurement Technology Conference, IMTC 2005, Ottawa,
Canada, 16-19 May 2005, Vol. 2, pp. 1341-1344.

[17].Takagishi, E. On the Balance of an AC Wheatstone bridge, IEEE-Transaction on Instrumentation. &
Measurement, Vol. IM29, No. 2, June 1980, pp. 131 — 140.

[18].Waltrip Bryan, Avramov-Zamurovic Svetlana, Koffman Andrew’ Inductance Measurement Using an LCR
Meter and a Current Transformer Interface, IMTC 2005, Instrumentation and Measurement Jagiella
Technology Conference, Ottawa, Canada, 17-19 May 2005, pp. 1005 —1007.

[19].Zapf T. L., Calibration of inductance standards in the Maxwell- Wien bridge circuit, J. Res. NBS,
Vol. 65C, Sept. 1961, pp. 183-188.

[20].Marioli, D. Sardini, E. and Taroni, A., High accuracy measurement Techniques for capacitance
Transducers, IOP- Measurement Science & Technol., Vol. 4, 1993, pp. 337-343.

2009 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)

E E‘E. WE Speak EmbEddEd. Design Fxcellenoe

Robert BErunner

CEQ of Ammunition
Aenowned Indusirial
Designer of such product
ines as the Appla I,
Macintosh, Newfon, ang
PowerBook

2 Keynotes. 85 Sessions. 75 Speakers.

Training + Education=
All the Answers You Need.

ESC Boston is a must-attend event for embedded systems engineers.
You can customize your educational experience by selecting from over
85 sessions in 20 tracks specific to your interests, It is the place for
you to identify solutions to immediate design challenges and mest

in person the solution providers for your next project.

T.J. Rodgers

Foundear, President,

Chief Executive Oficer

& Director of

Cypress Samiconducior Corp.

ESC Boston is the place for the embedded community to learn today to

design tomorrow. Register now at www.embedded.com/boston
Learn today, Design tomormow,

Register Today. w‘. ES HHiE

www.embedded.com/boston ] e

17



Sensors & Transducers Journal /“

Guide for Contributors

Aims and Scope

Sensors & Transducers Journal (ISSN 1726-5479) provides an advanced forum for the science and technology
of physical, chemical sensors and biosensors. It publishes state-of-the-art reviews, regular research and
application specific papers, short notes, letters to Editor and sensors related books reviews as well as
academic, practical and commercial information of interest to its readership. Because it is an open access, peer
review international journal, papers rapidly published in Sensors & Transducers Journal will receive a very high
publicity. The journal is published monthly as twelve issues per annual by International Frequency Association
(IFSA). In additional, some special sponsored and conference issues published annually. Sensors &
Transducers Journal is indexed and abstracted very quickly by Chemical Abstracts, IndexCopernicus Journals
Master List, Open J-Gate, Google Scholar, etc.

Topics Covered

Contributions are invited on all aspects of research, development and application of the science and technology
of sensors, transducers and sensor instrumentations. Topics include, but are not restricted to:

Physical, chemical and biosensors;

Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and transducers;
Theory, principles, effects, design, standardization and modeling;
Smart sensors and systems;

Sensor instrumentation;

Virtual instruments;

Sensors interfaces, buses and networks;

Signal processing;

Frequency (period, duty-cycle)-to-digital converters, ADC;
Technologies and materials;

Nanosensors;

Microsystems;

Applications.

Submission of papers

Articles should be written in English. Authors are invited to submit by e-mail editor@sensorsportal.com 8-14
pages article (including abstract, illustrations (color or grayscale), photos and references) in both: MS Word
(doc) and Acrobat (pdf) formats. Detailed preparation instructions, paper example and template of manuscript
are available from the journal's webpage: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm Authors
must follow the instructions strictly when submitting their manuscripts.

Advertising Information

Advertising orders and enquires may be sent to sales@sensorsportal.com Please download also our media kit:
http://www.sensorsportal.com/DOWNLOADS/Media_Kit_2009.pdf



WlLEY

1807-2007
KNOWLEDGE FOR GENERATIONS

‘Written by an internationally-
recognized team of experts,
this book reviews recent de-
velopments in the field of
smart sensors systems, pro-
viding complete coverage

of all important systems as-
pects. It takes a multidiscip-
linary approach to the under-
standing, design and use of
smart semsor systems, their
building blocks and methods
of signal processing.’

Order online:
http:/lwww.sensorsportal.com/HTML/BOOKSTORE/Smart_Sensor_Systems.htm

www.sensorsportal.com




