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(57) Abrégée/Abstract:
A current comparator technigue Is applied to four-terminal resistance measurements for obtaining a highly accurate AC resistance
bridge at power frequencies of 50 Hz to 60 Hz. Active circuits are used to establish equal voltage drops between the potential

SoaoRRE f /[
TR - e St
R S N « w_® .-y
I ALY ""
[N

I*I ) . Pen, B N o
C an ad a http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - atip.://eipo.ge.ca OPIC 48 & 7%% 110

- SRR RO S 2 A\-‘
OPIC - CIPO 191 s




CA 2376732 C 2009/11/17

anet 2 3706 (32
13) C

(57) Abrege(suite)/Abstract(continued):

terminals of the two resistances being compared. The bridge is suitable for measuring resistances from 10u€2 to 100kQ. A
cascading technique using two two-stage current transformers provides extension of the ratio range to 100,00,000 with a
maximum applied current of 10,000A. The bridge features measurement with a resolution of 0.1x10°. The total combined
uncertainty (2o) of the bridge Iincluding the range extenders, at power frequencies, Is estimated to be less than 5 nQ/Q.
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Abstract of the Disclosure

5 A current comparator technique is applied to four-terminal resistance
measurements for obtaining a highly accurate AC resistance bridge at
power frequencies of 50 Hz to 60 Hz. Active circuits are used to establish
equal voltage drops between the potential terminals of the two resistances
being compared. The bridge is suitable for measuring resistances from

10  10pQ to 100kSQ2. A cascading technique using two two-stage current
transformers provides extension of the ratio range to 100,00,000 with a
maximum applied current of 10,000A. The bridge features measurement
with a resolution of 0.1x10°. The total combined uncertainty (20) of the

bridge including the range extenders, at power frequencies, is estimated to '
15 be less than 5 nQ/Q.
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A CURRENT-COMPARATOR-BASED FOUR-TERMINAL RESISTANCE

- BRIDGE FOR POWER FREQUENCIES

Field of Invention ,

The invention resides in the area of measurements of electrical
quantities, such as resistance or impedance. |n particular, it is directed to
a method and apparatus for measuring accurately the resistance or
impedance of an element under measurement at the power frequency by
the use of an AC current comparator. '

Background of Invention

’ AC comparator bridges are used in a variety of applications
Including a field of electrical measurements, i.e., measurement of such
electrical quantities as current, resistance, impedanCe, capacitance
voltage etc. In the case of resistance measurement, an article entitled “A
Direct-Reading AC Comparator Bridge for Resistance Measurement at
Power Frequencies”, So and Moore, IEEE Transactions on
Instrumentation and Measurement, Vol. IM-29, No. 4, December 1980, pp

'364-366 describes a current comparator technique for the measurement of

resistance (impedance) at 50-60 Hz with high accuracy. In the technique
described, the current in the unknown resistor is compared, using the

current comparator, to the current in a reference resistor for the in-phase
component and to the current in a reference capacitor for the quadrature

- component or phase defect.

A problem in the precise measurements of the ratio of low-value
impedances is the effect of voltage drops in the connecting leads. This is
overcome by applying four-terminal measurements. In the previous
developments, including the technique described in the above article,
active circuits are used to eliminate the effects of lead and winding
impedances. Elimination of the effects of the leads at the high voltage
ends of the unknown and reference resistors is accomplished by
equalizing the potential terminals of the both resistors through an amplifier.
At the low voltage end, the effects of lead and current comparator winding
Impedances are eliminated by an active circuit injecting a correction
current into the low-end potential terminal of the reference resistor, so that
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the effective currents in the unknown and reference resistors are equal to
those which would be obtained when the same voltage is applied to both
resistors. '

For most practical purposes this correction circuit is sufficient.
However, it requires a resistor in the active circuit which IS equal in
magnitUde to the reference resistor. The matching of the two resistors
becomes more critical with an increase in the ratio of the voltage drop
across the lead and the winding impedance and the voltage drop across
the unknown resistor. This is inconvenient, especially if the reference
resistor is to be changed to allow different ranges of the bridge. As
mentioned earlier, prior techniques also require a reference capacitor in
order to take into account the quadrature component or phase defect of
the unknown resistor. ‘ '

The present invention addresses these problems and 'presents an
improved power-frequency current-comparator-based four-terminal
resistance bridge, which does not'require a correction circuit with matching
resistors and does not require an external reference capacitor for
quadrature current compensation, such as described in the above
referenced article.

An adaptation to computer-controlled operation is facilitated by the

' simple, yet effective bridge structure.

An article entitied “A Computer-Controlled Current Comparator-
Based Four-Terminal Resistance Bridge for Power Frequencies”, So and
Djokic, IEEE Transaction on Instrumentation and Measurement, Vol. 50,
No. 2, April 2001, pp 272-274 describes the present invention. The
inventor of the present invention is one of the coauthors of the article.

Summary of Invention ,

In accordance with an aspect, the invention relates to a bridge for
measuring accurately an electrical parameter of an unknown element. |t
compares the unknown element and a reference element and uses an
ampere-turn balance in a current comparator to derive the electrical
parameter in relation to the reference element.

In accordance with a further aspect, the invention is directed to a
current comparator-based bridge for measuring accurately an electrical
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parameter of an unknown element. It includes a current source for serially
flowing a first electrical current through the unknown element and a current
comparator and a bufter circuit bridging the unknown element and a
reference element for flowing a second electrical current through a
reference resistor, a sensing resistor and the current comparator. The
bridge further includes a quadrature circuit for generating a quadrature
component of the second electrical current through the current comparator
and a controller circuit for controlling and sensing an ampere-turn balance
in the current comparator.to derive the electrical parameter of the unknown
element in relation to the reference element.

In accordance with a further aspect, the invention is directed to an
AC resistance bridge for measuring accurately an impedance, equivalent
capacitive component or equivalent phase defect angle of an unknown '
element at a power frequency. The bridge comprises a current
comparator having a plurality of windings, and a current source for

‘supplying a first electrical current of the power frequency to a first AC

circuit comprising the unknown element and a first winding of the current
comparator. The bridge also includes a second AC circuit comprising a

reference element, a current sensing element and a second winding of the

current comparator, buffer amplifiers connecting the first and second AC

circuits for supplying a second electrical current through the second AC
circuit, and a quadrature circuit connected to the current sensing element

to generate a quadrature current through a third winding of the current

comparator. The bridge further comprises a sensing module for
monitoring an ampere-turn balance in the current comparator to derive the
impedance, equivalent capacitive component or equivalent phase defect
angle of the unknown element in relation to the reference element.

Brief Description of Drawings
Figure 1 is a basic circuit of the resistance bridge, according to one
embodiment of the invention. '

Figure 2 is a circuit diagram of the bridge according to another
embodiment of the invention. '
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Detailed Description of Preferred Embodiments of Invention

Figure 1 shows the basic circuit of the bridge according to one
embodiment of the invention. Rx represents the unknown resistor 10 with
its phase defect denoted as an equivalent parallel capacitor 12 designated
by Cx. The reference resistor 14 is represented by Rs. A current
comparator 16 includes windings: ratio windings N4, N2, quadrature
winding N¢, compensation winding N¢p, and detection winding Np. A first
closed AC circuit 18 is formed with the unknown resistor 10, winding Ny
and a current source 20 designated by CS. A second closed AC circuit 22
is formed with the reference resistor 14, winding N>, and a current sensing
resistor 24 represented by Ryr. .

The resistance bridge of the invention implements the definition of 3
four-terminal impedance, where the impedance is defined as the voltage 5
between the two potential terminals divided by the current at one of the
current terminals when the potential terminal adjacent to that current
terminal is at ground potential and no current passes through the potential
terminals. Referring to Figure 1, in the first closed AC circuit, four
terminals across the unknown resistor 10 consist of two potential terminals
Vix and Vzx and two current terminals /1x and /ox. Similar terminals Vs,
Vs, I1s and Izs are shown across the reference resistor 14 in the second
closed AC circuit.

The bridge circuit is based on the establishment of equal voltage
drops between the potential terminals of the two resistors being compared
and the measurement of the corresponding current ratio.

A computer 28 switches the ratio windings of the current ,
comparator 16 to measure the current ratio. The current comparator 16

- can have a variety of winding ratios, e.g., 100/1 and is similar in design to

the one described in the earlier article referenced above. As will be
described below, a cascading technique, shown in Figure 2, using two
two-stage current transformers (only one is shown in Figure 2) provides
extension of the ratio range to 100,00,000 with a maximum applied current
of 10,000A. | .

Equal voltage drops Vx across the unknown resistor Ry 10 and the
reference resistor Rs 14 are accomplished using active circuits consisting
of the current source.CS 20, buffer amplifiers 30 and 32 represented
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respectively by By and B.. The equivalent phase defect (represented by
the capacitor Cx 12) of the unknown resistor Rx is measured by means of
a reference quadrature current in conjunction with the ratio winding Nc.
The reference quadrature current jis (phase shifted by 907 is provided
through a resistor Re 34 and the quadrature winding Nc by an integrator
block 36. ltis equal in magnitude at 3 frequency f to the current /s across
the reference resistor 14. The input volfage to the integrator, in-phase with
the current /g, is obtained from a current sensing resistor R 24. An
unloading circuit (not shown in Fig.1) is incorporated as a part of the
integrator bicck 36 to ensure that the reference quadrature current is
indepandent of the N¢ winding impedance. Obtaining a reference
quadrature current fIs by means of a phase shifting device such as an
integrator eliminates the need to have an external reference capacitor,
such as dascribed in the above-referenced earlier article.

The test current /x through the unknown resistor 10 and the N ratic
winding is derived from the current source CS 20. The low-voltage
potential terminal Vax of the unknown resistor 10 is maintained at system
ground potential (shown in Figure 1 as a white triangle at several
locations) through the compensation winding Nge of the current
comparator 16. At ampere-turn balance the voltage drop across the
compensation winding Nce is zero and thus Vax is at the ground potential.
Equal voitage drops across the potential terminals of the unknown resistor
10 and referencs resistor 14 are achieved through the buffer amplifiers B4
30 and B, 32. The buffer ampilifiers 30 and 32 operate to maintain Vix=Vis
and Vax=V2s. The current /s through the reference resistor Rs 14 and the
N2 ratio winding Is provided by the buffer amplifiers 8; 30 and 8, 32. In
other words, the buffer amplifiers 30 and 32 ensure that an appropriate
current /s flows in the second AC circuit to generaie the voitage drop Vs
across the reference resistor Rs 14 to be equal to Vx. The buffer amplifier
B, 30 is supplied from a separate power supply referred to as a signal
ground, represented in Figure 1 by a black triangle. It is preferable that
the buffer amplifier B4 30 is required to supply the second AC circuit with a
current /g which is manageable by it. In some instances, however, for
example, when a relatively large current must be supplied through the
referance resistor for one reason or another to create a appropriate
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voltage drop across, an auxiliary current source 33 designated by ACS
can be optionally provided to supplement the current /s.

- Computer-controlled operation of the bridge is achieved through an
|IEEE-488 bus interfa_ce of the current comparator 16, a phase sensitive .
detector PSD 36, the voltmeter V 38, and the ammeter A 40. Another
digital interface is used to control the current source CS 20.

The output of the detection winding Np is connected to the input of
the phase sensitive detector PSD 36. A replica of the voltage Vx between
two potential terminals Vyx and Vox Is used as a reference signal at 42 for
the PSD 36. The PSD 36 is used to resolve the Ny output signal into two
components, one that is in phase with the reference current, and the other
that is in quadrature therewith.

Based on these two components, the required number of turns of
the ratio windings to achieve ampere-turn balance can be calculated and ,
set under computer-controlled operation. At the start of the meaSurement,
In order to obtain an initial estimate of Ry, Ny is set to 0 turns (as well as
the other ratio windings) and Vx and Ix are measured by the voltmeter 38
and the ammeter 40. Two or three iterations are required to achieve a
balance. Since the ratio windings have a resolution of 1x10®, the current
comparator Is. considered to be in ampere-turn balance when the in- phase
and quadrature components of the N output signal in the PSD 36 are
within the equivalent resolution of 1x10° of their corresponding ratio
windings. These residual output components are then further processed
to obtain readout of the measured resistance corresponding to an
equivalent improved palance of the current comparator with a resolution of
0.1x10°.

Once balance is achieved, the unknown resistance, as well as its
equivalent capacitive compohent, can be derived from the balance
relations: ' '

RX:' : 1RS (1)!
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where fo='60Hz and f represents the actual test frequency measured by the
PSD 36 from its reference sig'nal; AN and AN¢ represent fractional parts
of Ny and Nc, respectively, obtained by processing of the corresponding
residual Np output components to achieve an equivalent improved balance
5 of the current comparator with a resolution of 0.1x10°. The equivalent
phase defect angle of Ry at a test frequency f can be calculated from
equations (1) and (2) above. For small phase angles, the equivalent
phase defect angle & in radians is equal to 2rrfRxCx.
Referring to Figure 2, a further embodiment of the invention is |
10 described in detail. In addition to the same elements shown in Figure 1,
the circuit of this embodiment includes a 2-stage current transformer 50.
The winding ratio of N is therefore extended by this transformer 50 which
necessitates insertion of an isolation transformer 52 to isolate the first .
closed AC circuit 54 from the current source. The ammeter measures the
15 current through the winding Ns. The Np output is resolved by PSD as in
the embodiment of Figure 1. More than one 2-stage current transformer
can be optionally provided to extend yet further the range in a further
embodiment.

20 PERFORMANCE
' The uncertainty of the lmeasur,ements performed by the resistance
bridge is determined by the uncertainty of the ratios of the current
comparator, including the ratio range extenders, the performance of the
buffer amplifiers to maintain equal voltage drops across the unknown and
25  the reference resistors, and, to a lesser degree (second order effect), the
performance of the integrator in providing the reference quadrature
current. The current comparator and the ratio range extenders were
calibrated using a scale of gas-dielectric capacitors with substitution and
build-up technique, and a current-comparator-based current transformer -
30 testset. All ratio errors were found to benot greater than 2x10° in both
magnitude and phase. These errors are accounted for in the computer-
- controlled operation of the bridge.-
In this invention, the most important parameters of the buffer
amplifiers are their gain and phase characteristics. These parameters are
35 in particular critical for the B, ampilifier 30. USing a current-comparator-
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based bridge with known errors, the unity gain error and phase shift of the
amplifiers were found to be within 1x10° and 5prad, respectively, at power
frequencies. The loading effect on these characteristics of amplifier B4
was also evaluated by adding an additional load equal to the reference
resistor Rs between the B; output and it's'signal ground. No appreciable '.
change in the bridge balance was observed. '

For a phase defect of the unknown resistor of less than 1000urad,
the effect of magnitude and phase errors of the reference quadrature
current on the uncertainties of the measurements is less than 1x10¢ in
magnitude and 1prad in phase. For a phase defect greater than
1000urad, the errors introduced by the reference quadrature current can
be accounted for in the computer-controlled operation of the bridge.

‘The performance of the AC resistance bridge was evaluated
extensively at power frequencies by performing measurements on a
number of stable low-temperature-coefficient resistors and reference
resistors of various values, to test the bridge ratio errors. Their values,
which were in the range of 0.01Q to 100kQ, were repeatedly checked
against each other and reference resistors of known values using a DC
resistance bridge with an overall ratio uncertainty (2c) of less than 107,
and, wherever it was possible, at current levels that were also used in the
measurements with the AC resistance bridg'e. For the resistance ratios of
110 100, the discrepancies in magnitude of the values measured by the
AC resistance bridge with respect to those measured by the DC resistance
bridge were found to be within 5x10°. The observed discrepancies during
testing using the range extending two-stage current transformers were
also within 5x107°. '

The performance of the bridge in measurement of the quadrature
component was evaluated by connecting a number of capacitors Cy of
known value in parallel with Rx. The measured values of the equivalent
phase defect were compared to calculated values based on resistance
and capacitance values. The agreement was found to be within 1 urad.

The overall magnitude and phase errors of the components of the |
bridge are known from their respective calibrations. These known errors
are taken into account through software by either applying corrections or
offsetting the actual turns of the ratio windings. The remaining

8
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uncertainties, consequently, are only due to the calibration uncertainties.
The unce'rtain.ties (20) of each calibration of the individual components,
including the current comparator and range éxtenders, the buffer
amplifiers, and the integrator, are less than 2.5x107° in both magnitude and
phase. Therefore, the total combined uncertainty (20) of the bridge for th:e
measurements of four-terminal resistance ratios at power frequencies,
including the range extenders, is estimated to be less than 5 uQ/Q.
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CLAIMS:

1. A current comparator-based bridge for measuring accurately an
electrical parameter of an unknown element, comprising:

a current source for serially flowing a first electrical current through
the unknown element and a current comparator; -

a buffer circuit bridging the unknown element and a reference
element for flowing a second electrical current through a reference
resistor, a sensing resistor and the current comparator; |

a quadrature circuit connected to the sensing resistor for generating

 a quadrature component of the second electrical current through the

current comparator; and
a controller circuit for controlling and sensing an ampere-turn

balance in the current comparator to derive the electrical parameter of the

unknown element in relation to the reference element.

2. The current comparator-based bridge according to claim 1, wherein
the current source is an AC source of power frequency.

3.  The current comparator-based bridge according to claim 2, wherein
the quadrature circuit includes a phase shifting module and takes its input
at the sensing resistor to generate the quadrature component of the
second electrical current.

4. The current comparator-based bridge according to claim 3, wherein
the controller circuit includes a phase sensitive detector for detecting in-
phase and quadrature component of an output of the current comparator
to sense an ampere-turn balance.

5.  The current comparator-based bridge according to claim 4, wherein
the controller circuit further includes a computer for adjusting the turn-ratio
of current comparator for the ampere-tum balance.

6.  The current comparator-based bridge according to claim 2, wherein
the controller circuit includes a phase sensitive detector for detecting in-

10
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phase and quadrature component of an output of the current comparator

- to sense an ampere-turn balance.

7. The current comparator-based bridge according to claim 6, wherein
the controller circuit further includes a computer for adjusting the tum-ratio
of current comparator for the ampere-turn balance.

8. The current comparator-based bridge according to claim 2, further
comprising an auxiliary current source to supplement the second electrical
current through the reference resistor.

0. The current comparator-based bridge according to claim 8, wherein
the quadrature circuit includes a phase shifting module and takes its input
at the sensing resistor to generate the quadrature component of the '

second electrical current.

10.  The current comparator-based bridge according to claim 9, wherein
the controller circuit includes a phase sensitive detector for detecting in-
phase and quadrature component of an output of the current comparator
to sense an ampere-turn balance.

11.  The current comparator-based bridge according to claim 10,
wherein the controller circuit further includes a computer for adjusting the
turn-ratio of current comparator for the ampere-turn balance.

12.  The current comparator-_-based bridge according to claim 8, wherein

the controller circuit includes a phase sensitive detector for detecting In-
phase and quadrature component of an output of the current comparator
to sense an ampere-turn balance '

13. The current comparator-based bridge according to claim 12,
wherein the controller circuit further includes a computer for adjusting the
turn-ratio of current comparator for the ampere-turn balance.

11
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14.  The current comparator-based bridge according to 5, further
comprising:

at least one two-stage current transformer connected between the
current transformer and the unknown element, and an isolation
transformer between the current source and the unknown element to
expand a measurement range.

15.  The current comparator-based bridge according to 7, further
comprising:

at least one two-stage current transformer connected between the
current transformer and the unknown element, and an isolation
transformer between the current source and the unknown element to
expand a measurement range.

16.  The current comparator—based bridge according to 11, further
comprising: ' |

at least one two-stage current transformer connected between the
current transformer and the unknown element, and an isolation
transformer between the current source and the unknown element to
expand a measurement range.

17.  The current comparator-based bridge according to 13, further
comprising:

at least one two-stage current transformer connected between the
current transformer and the unknown element, and an isolation
transformer between the current source and the unknown element to
expand a measurement range. |

18.  An AC resistance bridge for measuring accurately an impedance,'
equivalent capacitive component or equivalent phase defect angle of an _
unknown element at a power frequency, comprising: '
a current comparator having a plurality of windings;
a current source for supplying a first electrical current of the power '

frequency to a first AC circuit comprising the unknown element and a first
winding of the current comparator:;

12
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a second AC circuit comprising a reference element, a current
sensing element and a second winding of the current comparator,

buffer amplifiers connecting the first and second AC circuits for
supplying a second electrical current through the second AC circuit;

a quadrature circuit connected to the current sensing element to
generate a quadrature current through a third winding of the current
comparator; |
and |

a sensing module for monitoring an ampere-turn balance in the
current comparator to derive the impedance, equivalent capacitive
component or equivalent phase defect angle of the unknown element in
relation to the reference element.

19. The AC resistance bridge according to claim 18, wherein the
quadrature circuit includes an integrator and takes an input across the
current sensing element to gensrate the quadrature component of the
second electrical current.

20. The AC resistance bridge according to claim 18, wherein the
sensing module includes a phase sensitive detector for detecting in-phase
and quadrature component of an output of the current comparator to
sense an ampere-turn. balance.

21. The AC resistance bridge according to claim 20, wherein the
sensing module further includes a computer which adjusts the turn-ratio ot
current comparator for the ampere-turn balance.

22. The AC resistance bridge according to claim 18, further comprising
an auxiliary current source to supplement the second electrical current

through the second AC circuit.

23. The AC resistance bridge according to claim 22, wherein the
quadrature circuit includes an integrator and takes an input across the
current sensing element to generate the quadrature component of the
second slectrical current.

13



10

15

CA 02376732 2008-07-09

24. The AC resistance bridge according to claim 23, wherein the
sensing module includes a phase sensitive detector for detecting in-phase
and quadrature component of an output of the current comparator to
sense an ampere-turn balance.

25. The AC resistance bridge according to claim 24, wherein the
sensing module further includes a computer which adjusts the turn-ratio of
current comparator for the ampere-turn balance.

26. The AC resistance bridge according to claim 21, further comprising:

at least one two-stage current transformer connected between the
current transformer and the unknown element, and an isolation
transformer between the current source and the unknown element to
expand a measurement range.

27. The AC resistance bridge according to claim 25, further comprising:
at least one two-stage current fransformer connected between the

current transfarmer and the unknown element, and an isolation
transformer between the current source and the unknown element to

expand a measurement range.

14



CA 02376732 2002-03-13

O
——

v

g8y333|

8l
441NdINOD

8¢




CA 02376732 2002-03-13

JOL1VHVIWOD
LNIHAND

T EEET

§

- dd1NdiNOD




28

COMPUTER
18

IEEE488

JUL

_...________.\__......_.l

qupp o PRG e W yug SEr SN pup A Sy Aen e Sub BRM Aam aawm aum and Sk Sy EEe EEn o ame mEE SN B EED A EES BEE EEE DT S wmy sy TP A 06 dkm pen aam Amkd

-
8}



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - abstract drawing

