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Automatic Compensation System for
Impedance Measurement

Alessio Carullo, Marco Parvissenior Member, IEEFAIberto Vallan, and Luca Callegaro

Abstract—This paper deals with the realization of the four-pair _/, Cy ] C,
terminal definition of impedance standards. A simple, though re-
liable, system is described that allows an automatic compensation
of the voltage at the low potential port of impedance standards to
be obtained. Such a system employs a commercial data acquisi-
tion board and a signal generator with adjustable-phase capability,
which acts as the phase reference for the generator that feeds the
impedance standard. A standard PC controls the whole system and VHT
implements the demodulation and the control algorithms. Prelim-
inary tests have been performed in the frequency range of 50 Hz
to 20 kHz with different kinds of impedance standards (resistive,
inductive and capacitive), obtaining a residual voltage at the low Fig. 1.
potential port of less than 5uV.
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network f
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Index Terms—Compensation, impedance measurement, intelli-
gent systems, standard.

I. INTRODUCTION

MPEDANCE measurement techniques which are employed

in metrology laboratories typically rely on manually-ad-_
justed or auto-balancing bridge networks [1]-[4], vector-volf% %
meter systems, or resonant circuits [5]. Other techniques have
been recently proposed that are based on the measurement bf the defining conditions and hereafter, bold letters express
rms voltages [6], [7] or which employ digital signal processorsomplex quantities. If these conditions are met, the four-ter-

Equivalent circuit at the low current pdry, .

and digital instruments [8]-[10]. minal pair impedance is defined as
Whatever the implemented technique is, suitably shielded
. . o Vi
standards and current-equalized measuring circuits have to be Iy = — (1)
employed in order to minimize the effects of external magnetic I

and electrical fields [11], thus ensuring a good repeatabiliWhereVH is the voltage measured at the p®; andI is
of the obtained results. A universally accepted way to realigge current that flows through the impedarend the shield.
reliable impedance standards that do not interact with exterggihe should note that the impedari&e is the sum of the inner
electrical systems, at Ieastjn_the frequency range fromdcto af edanc& and of the shield impedance. When all the required
megahertz, consists of defining the impedances as four-termipghditions are met, the external network connected to the port
pair networks [12]. Fig. 1 shows the realization ofafour-termin@L does not affect the impedaniZg: .
pair impedance, which is an electrical network with separatéyhen a four-terminal pair impedance is measured, it is im-
currentand potential coaxial connectors on both the high and Ig@rtant to give confidence about the compliance to the required
sides. The figure also highlights the defining conditions, such afefining conditions. Among these, the conditidf, = 0 is
* thecurrenIy thatleavesthehigh potential pdt; hastobe the most critical to be met, 81, depends on the impedance
ZEero; Zx of the circuit connected to the poft. Fig. 2 shows an
* thevoltageVy, betweentheinnerandouterconductors attheyuivalent circuit, wher&x, which also takes cable and con-
low potential porP, hastobe zero, aswellasthe currentthaict impedances into account, can be considered in series with
leaves the same port; theimpedanc&r. Inthis case, the effect @x on the measured
« the currend thatleaves the center conductor of the low curamplitude impedance is, in the worst ca8&x|)/(|Zx|). This
rent portCy, has to be the same of the current that returrsifect becomes significant #x has an amplitude that is of the
through the outer conductor. same order of the amplitude uncertaintyZgf, hence also con-
Manuscript received June 15, 2002; revised January 27, 2003. tact and cable ?mpgdances could affect Ia.n impedance standard
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The output voltag®/ ,, of the variable gain amplifier and the
compensation voltag¥ ¢ are acquired through a DAQ board

S Z, “ with a resolution of 12 bit and a sampling frequency of 50 kHz
if two signals are acquired. A program that runs on the PC where
Double-output v the DAQ board is installed manages the acquisition process, sets
signal the digital generator, the multifunction calibrator, and the PGA
generator y y gain by means of the digital outputs of the DAQ board.
r Sag%lg:‘%r?lllsetfm The acquired samples are processed in order to demodulate
V. with respect toV¢, i.e., to provide the in-phas@/,,p)

and in-quadraturéV;,.q) components ob,, (¢;) with respect
Fig. 3. Principle scheme of the proposed compensation system. to v (tr), where the symbal,. represents the variable discrete
time. Amplitude and phase of the complex quanVity, are then

signal into the circuit. Such a compensation signal can be gé&ptained by means 6f,, » andVy,,q. The phase oV ¢, whichis

erated by means of inductive voltage dividers or, more convSetting paramete.r of the digital generator, is eventuall_y added

niently, by analogue or digital generators which are synchri2 the phase oV, in order to express botW,,, and V¢ with

nized to the generator that feeds the measuring circuit [13], [1A§SPeCt t0 the same fixed reference system. One should note
When a partial compensation &y, is performed, the that an alternative solution could be the demodulatioVgf

effect of Zx on Zp decreases of the same order of the ratiith respect toVg, but this technique would require the phase

(IVee))/(IVL]), where Vi, is the residual value oV, due PetweenVg andVc to be known. _
to the non ideal compensation. A simple integrative control is then implemented in order to

obtain the setting of the programmable generator that allows the
minimization of Vy, to be obtained. Such a control is based on

Il. COMPENSATION TECHNIQUE

The principle scheme of the proposed compensation system ) ~ Vmli]
is shown in Fig. 3, where the effect of the volta§& due to Veli+1] = Veli] - A-K
the spurious impedansx on the voltagéeVy, is highlighted.

A programmable double-output generator provides two isofréhere A is the complex gain of the device that amplifies the
quential signals: the exciting voltadég, which feeds the un- voltageVy, andi is the iteration step.

known impedance, and the compensation volti¥ge, which ~ Amplitude and phase of the quantity - K are estimated

is injected into the measuring circuit. A sampling system aguring a preliminary phase, which requires the exciting cudrent
quires the voltagd/ ¢ and the voltagd/y, to be nullified. The to be turned off and the feedthrough transformer to be excited by
acquired samples are then employed to implement a controltile compensation generator. In these conditions, the amplifier
gorithm, which is designed for computing amplitude and phag&tputV , is acquired, so that the characterization of the chain
of the voltageV ¢ that minimize the voltagd/y,. transformer-amplifier is obtained. As this characterization re-
quires a very short time, it can be performed at every measuring
frequency.

Fig. 5 shows the user interface of the acquisition and com-

A prototype of the compensation system has been arranggshsation program, which has been developed in Visual Basic™
according to the basic scheme shown in Fig. 3. Such a colanguage. The preliminary-characterization phase is performed
pensation system, whose architecture is shown in Fig. By means of the FdT estimation section of the user interface,
employs a commercial digital generator (Agilent Technologi&ghich contains a text box, where the amplitude of the voltage
mod. 33120A) to provide the compensation voltdge. A V¢ is typed, and a button, which turns the MFC off, sets the
multifunction calibrator (MFC: Fluke mod. 5720A) feedscompensation generator and starts the acquisitiow,gf and
the unknown impedance with a known current. The MFC ¥ .
locked to the compensation generator and both the generatoDnce such a preliminary characterization has been per-
and the calibrator communicates with a PC through a stand#s@imed, the user sets current and frequency of the multifunction
IEEE-488 interface. calibrator by means of the test parameters section of the

The compensation signd ¢ is injected into the measuring program interface and starts the acquisition process. The
circuit by means of a feedthrough transformer, whose voltagemodulation and control algorithm computes amplitude
ratio K has a nominal amplitude of 0.01 and a nominal phas@éd phase used to s&fc, which are shown in the control
of 0°. parameters section. The residual section of the user interface

The voltageVy, is amplified by means of a variable gain amgives the residual amplitude of the voltaye, (in xV.ms) and
plifier, which is made up of an instrumentation amplifier conef its fundamental component (inV,), which are referred
nected in cascade to a programmable gain amplifier (PGA). Tteethe input (RTI) of the variable gain amplifier. The graphical
instrumentation amplifier has a fixed gain, which is 100, and itwea at the bottom of the user interface shows the waveforms
expected referred to input (RTI) noise is of about\l, ;. The of the compensation signd ¢ (dark trace) and of the residual
gain of the PGA can be set to the values 1, 10, 100, or 1000.voltage V..

)

A. Compensation System Prototype
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Fig. 6. Experimental bench.

pling frequency is reduced in order to acquire at least 10 periods
of the signalsVy, andV¢.

As an example, the results obtained by feeding an ohmic-in-
ductive impedanc& with a currentl of 10 mA,,,s at 1 kHz
(1Z] = 50 ) are discussed. When the automatic compensation
system is disabled, the amplitude of the voltageis of about 3
mV..s. This means that the spurious impedaligehas an am-
plitude of about 0.32 and its effect on the unknown impedance
is, in the worst case, of 0.6%. By enabling the compensation

o : i ; o S system, the amplitude &y, decreases to a value of less than
S & - e e 5 uV.ms in @ time interval of less than 5 s, thus reducing the

LM.JL%
AV

effect of Zx on Zg down to 10 ppm (part per million) in the
Fig. 5. User interface of the acquisition and compensation program. worst case.

The measurements of the voltaye, carried out by means of
the spectrum analyzer are in good agreement with the ones ob-
tained by the acquisition program. Furthermore, the spectrum

The effectiveness of the proposed compensation system haalyzer shows that the spectrum of the residual si§hals
been tested by measuring the amplitude of different four-tanainly distributed at high frequencies, as it also appears in the
minal pair impedances, whose values are known with an wjraphical area of the user interface shown in Fig. 5. Hence the
certainty that is less than the expected uncertainty. The systessidual signal is mainly due to the wide-band electronic noise
of Fig. 4 has been used, which allows a simple volt-ammetefthe system: in the previous example, the residual fundamental
method to be implemented, while a spectrum analyzer (SApmponent ofVy, has an amplitude of about 300 py ac-
measures the residual valuelgf in order to validate the values cording to the spectrum-analyzer. If a narrow-band measuring
measured by the acquisition program. A picture of the arrangegthnique is employed, as that described in [10], only the funda-
bench is shown in Fig. 6. mental component oV, affects the measurement uncertainty

The DAQ board capabilities allow 16 000 samples of eadaf a four-terminal pair impedance, hence the effecgf on
voltage signalVy, andV ¢ to be acquired at a maximum sam-Zy is made negligible.
pling frequency of 50 kHz. The test frequency spans from few The results that refer to the amplitude of three standard im-
hertz to a maximum value of 20 kHz, where almost 6000 signa¢dances measured at 1 kHz by means of the simple volt-am-
periods are acquired. As the test frequency decreases, the saeter method are shown in Fig. 7. The estimated uncertainty,

I1l. EXPERIMENTAL RESULTS
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