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Abstract

The analysis of the existing impedance measurement methods showed that for the establishment of precision comparators
that operate in a wide range of values in the audio frequency range, it is best to use transformer and autotransformer bridges.
Autotransformer bridges are used for measurements in a wide range of the impedance values. The use of autotransformer
bridges allows reducing the measurement error to 10-7—10-°.

High metrological characteristics of transformer bridge circuits make it possible to use them in commercial devices and
precision measuring equipment. Simple autotransformer bridges do not provide the opportunity to measure the impedance
parameters in a wide range of values of the tangent of the loss angle (phase shift). For the synthesis of measuring circuits
of bridges and their balancing, it is necessary to have a precision quadrature channel that will ensure high accuracy of the
transmission coefficient both by phase and by module.

The structures of universal autotransformer comparators and their properties are determined by two main factors: by
the method of forming the source of the complex balancing signal and by the types of schemes for replacing the impedances
of the compared objects. To determine ways to improve universal precision impedance comparators based on autotransformer
bridges, it is necessary to develop and analyze mathematical models of universal comparators.

The conducted theoretical analysis showed that in the process of comparison, it is possible to compare impedances
with different substitution schemes with a direct reading of reactive and active parameters. By choosing the appropriate
transmission direction, with a simple reconstruction of the measuring circuit, it is possible to compare two impedances
with a parallel substitution scheme, two impedances with a series substitution scheme, or two impedances with a different
substitution scheme. The obtained results made it possible to implement them in a universal autotransformer-comparator
bridge.
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Introduction

The analysis of the existing impedance measurement
methods showed that for the establishment of precision
comparators that operate in a wide range of values in
the audio frequency range, it is best to use transformer
and autotransformer bridges [1, 2]. Autotransformer
bridges are used for measurements in a wide range of
the impedance values. The use of these bridges allows
reducing the measurement error to 10-7—10-°.

The theory of these bridges is quite well-
developed, and high metrological characteristics of
transformer bridge circuits make it possible to use
them in commercial devices and precision measuring
equipment [3—7]. Simple autotransformer bridges do
not provide the opportunity to measure the impedance
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parameters in a wide range of values of the tangent
of the loss angle (phase shift). For the synthesis of
measuring circuits of bridges and their balancing, it
is necessary to have a precision quadrature channel
that will ensure high accuracy of the transmission
coefficient both by phase and by module [8, 9].
Modern research demonstrates the high accuracy
of the unit size transfer from measurement standards
based on the Calculation Capacitor and Quantum Hall
Effect using transformer bridges [10—14]. However,
such bridges do not provide the transmission over the
entire range of reference impedance measurements. In
the case of the quadrature transmission (from resistance
to capacitance and vice versa), the size, accuracy of
forming the phase, and modulus of the transmission
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Fig. 1. Serial and parallel presentation of impedance parameters

coefficient of the quadrature channel affect the ac-
curacy of measuring the impedance parameters [15].

To determine ways to improve universal preci-
sion impedance comparators based on autotransfor-
mer bridges, it is necessary to develop and analyze
mathematical models of universal comparators and,
based on this, to develop methods of their variational
automatic balancing.

Structures of universal autotransformer bridges

The structures of wuniversal autotransformer
comparators and their properties are determined by two
main factors: by the method of forming the source of the
complex balancing signal and by the type of equivalent
circuit for the impedances of the compared objects.

Electrical impedance (resistance) or admittance
(conductivity) are general characteristics of the
component of an alternating current electrical circuit
and being complex quantities represent the sum
of active and reactive resistances or conductances
represented by parallel or series equivalent circuits,
shown in Fig. 1.

The impedance best represents the connection
(series equivalent circuit) of active (R,) and reactive
resistances (X;). For a parallel connection, admittance
is often used, where G, and V, are active and reac-
tive conductances. The concepts of impedance and
admittance can also be used to describe parallel and
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series circuits, respectively, but a mathematical model
of the object is significantly complicated.

The autotransformer comparator shall perform
a comparison of the impedances of two measures
according to two parameters. For this, the comparator
shall be balanced according to these two parame-
ters. Balancing according to one of the impedance
parameters (which is the main one) is usually carried
out by changing the ratio of the number of turns of the
windings of the autotransformer divider. For balancing
according to the second parameter, it is necessary
to create and accordingly enter the second source
of quadrature amplitude-regulated voltage. Separate
structures of autotransformer bridges, within which
this issue is resolved, are given in [1].

Depending on what is the signal source for the
quadrature regulated voltage source, comparators can
be divided into three main groups. In each group,
the structures of the comparators differ in the place
of input of the quadrature signal — adjustable or non-
adjustable arm.

In the structures of the first group, the signal
source for the quadrature channel is the output voltage
of the generator (Fig. 2, where a is a quadrature sig-
nal input into the non-adjustable arm, b is a quadra-
ture signal input into the adjustable arm).

In the structures presented in Fig. 2: Gen is a vol-
tage generator, Z, and Z, are compared impedances,
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Fig. 2. Structures of autotransformer comparators where the voltage source for the balancing system
of the quadrature channel is the generator voltage
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Fig. 3. Structures of autotransformer bridges where the voltage source for the balancing system
of the quadrature channel is the arm winding voltage m,

m, and m, are autotransformer windings, V'V is a vector
voltmeter. The input of the quadrature channel jK
(K is a transmission coefficient of the quadrature
channel) is connected to the voltage generator Gen.
Winding m, has a variable number of turns that
implement the first decade of balancing and is used
to balance the bridge.

The equilibrium equation for the schemes in
Fig. 2, is as follows:

» for the structure in Fig. 2, a:

4 1=jK (1)
Z ﬂ+jK
m2
« for the structure in Fig. 2, b:
ﬁ+jK
Z] m2
Z K @
2 -JK

For the second group of structures, the source
of the input signal of the quadrature channel is the
voltage on the m, winding of the autotransformer
divider (Fig. 3, a is a quadrature signal input into
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the adjustable arm, b is a quadrature signal input
into the non-adjustable arm).

The equilibrium equation for the
Fig. 3, is as follows:

 for the structure in Fig. 3, a:

schemes in

m .
lezz_l(l"'JK); (3)
m,
 for the structure in Fig. 3, b:

m, m,

A :Zlﬁ[lﬂﬁl(]. (4)

In the structures of the third group, the quadrature
channel is powered by the voltage on the winding m,
(Fig. 4, a is a quadrature signal input into the non-
adjustable arm, b is a quadrature signal input into the
adjustable arm).

The equilibrium equation for the schemes in
Fig. 4, is as follows:

 for the structure in Fig. 4, a:

Z, = 7,72 (1+ jK); (5)
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Fig. 4. Structures of autotransformer bridges where the voltage source for the balancing system
of the quadrature channel is the arm winding voltage m,
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 for the structure in Fig. 4, b:

Z, =Zzﬁ(1+jﬁ1<j.

m, m

(6)

The analysis of the given equations shows that
when the generator voltage is used in the quadrature
channel as an input, the equilibrium equations have
a rather complicated form. At the same time, the
proportionality of the reading of the parameters of one
impedance to the parameters of another one cannot
be ensured even in those simple cases when one of
the compared impedances is solely active or solely
reactive. Therefore, let us focus on the analysis of
other configurations.

Schemes of the second group do not provide
any constant sensitivity for balancing the quadrature

parameter in the entire range of compared impe-
dances [16].

Analysis of balance equations for autotransformer bridges

Let us analyze the equilibrium equation of the
structure shown in Fig. 4, a. The compared impedan-
ces can be represented by both parallel (G+/jB) and
series (R+jX) equivalent circuits. The unit size of the
impedance parameters can be transferred both from
the object Z, and from the object Z,.

Equilibrium equations for possible substitution
schemes of compared objects when transferring from
Z, to Z, are given in Table 1.

Equilibrium equations for possible substitution
schemes of compared objects during transfer from Z,
to Z, are given in Table 2.

Table 1
Equilibrium equation when transferring the size of the unit from Z, to Z,
Substitution scheme General balance equation
m R — KX KR +X
Z, parallel G,+ jB,=—- L L - L L
8 P T kY (R x2) 1+ ) (R + X7
]
N . . m, .
Z, series R2+]X2=;(](X1+KRI)—(KXI—RI))
1
m, ( G,+KB B - KG,
G,+ jB, =—1| - Ly ;= !
3 Z, parallel 2 T B, m2( 1+ K2 1+ K2
g
a
= . m, | G +KB .KG - B
N Z,series R, +jX, = —+ 12 2l R : 21
m, | G +B, G, + B,
Table 2
Equilibrium equation when transferring the size of the unit from Z, to Z,
Substitution scheme General equilibrium equation
. m G,—-KB . B, +KG
Z, parallel R+ )X, =—t Y D by
3 m,| (1+K,)(G; +B;) ~ (1+K,)(G; +B;)
2
N m (R,+KX,  X,—KR
Z, series R+ jX, =— = e :
m,| 1+K, I+K,
. m, .
_ 7, parallel G, + jB =—2((G,-KB,)+ j(B,+KG)))
] m
= 1
&
B ; m, | R, + KX .X,—KR
N Z, series G, + jB, =—2 22 22 —-J 22 22
R+ X R; + X3
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Similarly, let’s analyze the equilibrium equation
of the structure shown in Fig. 4, b. The compared
impedances can be represented by both parallel
and series equivalent circuits. The unit size of the
impedance parameters can be transferred both from
the object Z, and from the object Z,.

The balance equation for possible substitution
schemes of the compared objects when transferring
from Z, to Z, is general and for the active and reactive
components are given in the Table 3.

Equilibrium equations for possible equivalent
circuits of compared objects during transfer from Z,
to Z, are given in Table 4.

According to the analysis of the expressions
given in Tables 1—4, it is obvious that the schemes
in Fig. 4, a and Fig. 4, b can provide direct rea-
ding and constant sensitivity not for all substitution

schemes of compared objects. In this regard, we shall
analyze the expressions representing the result of
measurement under the condition of small tangents
of objects, which is characteristic when comparing
reference measures.

Simple dependencies that provide a direct reading
for the circuit in Fig. 4, a, are possible with the
following substitution schemes when transferring the
unit size provided that there are small tangents in the
objects from which the transfer is carried out:

» from Z, with a series substitution scheme to Z,
with a series equivalent circuit:

m
R, +jX, =—(jKR —R);
ml

» from Z, with a parallel substitution scheme to

Z, with a series equivalent circuit:

(7

Table 3
Equilibrium equation when transferring the size of the unit from Z, to Z,
Substitution scheme General balance equation
p el G,+ jB, = Rm, + KX, n KR — X m,
" paralle 2 2 2 2 2 2
3 2 m, (R} +BX]) ~ m, (R’ +BX})
Q
N ) m, (Rm, + KX m, (X ,;m — KR
7, series R, +jX, = 2( 12 1 . 1)+ z( ; 1 . 1)
m; +K m; +K
) Gm,—KB, .Bm +KG
= Z, parallel G,+jB, = — : +J — 1
= m, m,
g
<
lqu Z, series R, + jX, = e (Glml _KBI) - e (Blml +KGI)
2 2 2 2 2 2 2 2
. (m} +K*)(G}+B) ~ (mi+K*)(G’+B})
Table 4
Equilibrium equation when transferring the size of the unit from Z, to Z,
Substitution scheme General balance equation
G, +kB,  KG,-B™
Z, parallel R — m, . m,
8 +jX, = +
£ T e e T e
Nr\l
. . ml . m‘l
Z, series R+jX =R, ——-KX,+j| X, —+KR,
m, m,
G, ™M +kB, B™_KG,
iy m, . Tm,
Z, parallel G +JB = 2 +J 2
?S m, m,
& m m
N’ R2m—1+KX2 X2m—1+KR2
. 2 _ 2
Z, series Gy +.jB, m 2 J m 2
(IJ +K* (R} +X7) [1) +K* (R} +X;)
m, m,
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m, | 1 K
R+ X, =2 4 j = ; 8)
’ ’ 1 (Gl Gl
 from Z, with a series substitution scheme to Z,
with a parallel equivalent circuit:

G,+JB, =ﬂ[i—jf} ©)
my \ R, R,
» from Z, with a parallel substitution scheme to
Z, with a parallel equivalent circuit:
G, + JB, =%(G2+jKG2). (10)
1
Simple dependencies that provide a direct reading
for the circuit in Fig. 4, b are possible with the
following substitution schemes when transferring the
size of the unit provided that there are small tangents
in the objects from which the transfer is carried out:
 from Z, with a series substitution scheme to Z,
with a parallel equivalent circuit:

m K

G, +JjB, = +J ; an

mR, mR
» from Z, with a parallel substitution scheme to
Z, with a parallel equivalent circuit:
G, KG,
G, + jB, =~ 4 j =L
m

) m,

(12)

» from Z, with a series substitution scheme to Z,
with a series equivalent circuit:

R +jX, =R+ jKR,;
m

2

(13)

» from Z, with a parallel substitution scheme to
Z, with a series equivalent circuit:

R +jX, =

(14)

Practical implementation of the autotransformer bridge-
comparator

From the obtained theoretical results, it is
clear that by choosing the appropriate direction of
transmission, with a simple rearrangement of the
measuring circuit, namely, changing the arm of the
bridge to introduce a quadrature signal, it is possible
to obtain a direct reading for the active and reactive
components of the impedance. Thus, to establish
a universal autotransformer-comparator bridge, the
diagrams in Fig. 4, a, b shall be used, which makes
it possible to compare two impedances both with the
same and different equivalent circuits.

Based on the proposed solutions, a universal
precision impedance comparator was developed.
Experimental studies of the comparator carried out
in the specified laboratories showed the following
metrological characteristics of the developed universal
comparator:

» zero offset of the comparator on the main
measurement ranges is less than 0.5x10-;

* decimal transmission error in the main ranges
is less than 0.5%107¢;

* the sensitivity of the comparator is higher than
0.01x10-¢;

e C~ L transmission error is less than 10x10-¢;

 the sensitivity of C— L transmission is higher
than 0.1x10°¢;

» zero offset of comparator R C is less than
1x10°¢;

* the sensitivity R C of the comparator is higher
than 0.05x10-¢;

* operating frequencies are 1.0 kHz and 1.59 kHz;

* the smallest relative error of resistance mea-
surement is 0.5x10° in the range from 100 Q
to 100 kQ;

* the smallest relative error of capacitance measu-
rement is 0.5%10-° in the range from 10 nF to 100 pF;

Fig. 5. Design of the impedance comparator
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» the smallest relative inductance measurement
error is 10X107¢ in the range from 10 mH to 1 H;

* impedance measurement range is from
10-7 Ohms to 10* Ohms;

* the highest value of the voltage applied to
high-resistance objects is 50 V;

* the maximum current through the low-resistance
measuring object does not exceed 50 mA.

The weight of the comparator does not exceed
7 kg with the dimensions of 400x300x150 mm.

The impedance comparator as part of a complex
of measuring equipment was delivered to the National
Institute of Standards and Technologies (NIST)
(Fig. 5, a) and to the Central Office of Measures
of Poland (GUM) (Fig. 5, b). The State Primary
Measurement Standard of Inductance Units and Loss
Angle Tangent (DETU 08-09-09) was developed

based on the universal precision impedance compa-
rator (SE “UKRMETRTESTSTANDARD?”).

Summary

The conducted theoretical analysis showed
that in the process of comparison it is possible
to compare impedances with different equivalent
circuits with a direct reading of reactive and
active parameters. By choosing the appropriate
transmission direction, with a simple reconstruction
of the measuring circuit, it is possible to compare
two impedances with a parallel equivalent circuit,
two impedances with a series equivalent circuit, or
two impedances with a different equivalent circuit.
The obtained results made it possible to implement
them in a universal autotransformer-comparator
bridge.
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AnoTaujis

AHani3 iCHyIOUMX METOIiB BUMIpPIOBAHHS IMIIENAHCY IOKa3aB, L0 IS CTBOPEHHS MPELUM3ilHUX KOMIMapaTopiB, sSKi

MpAaLOIOTh Y IIIMPOKOMY Jliala30Hi 3HaueHb Yy Aiana3oHi 3ByKOBUX YaCTOT, ONTUMAJIbHUM € BUKOPUCTAHHS TpaHCc(HOpMaTOPHUX
i aBTOTpaHC(HOPMATOPHUX MOCTiB. ABTOTpaHC(HOPMATOPHI MOCTH 3aCTOCOBYIOThCS IIPY BUMIPIOBAHHSIX Y IIIMPOKOMY Tialta3oHi
3Ha4YeHb iMITeIaHCiB. 3aCTOCYBaHHS aBTOTPaHC(HOPMATOPHUX MOCTIB JTO3BOJISIE 3HU3UTH MOXMOKY BUMiptoBaHb 10 1077—1077.

Bucoki MeTposoridyHi XapakTepuCTUKKN TPaHCHOPMATOPHUX MOCTOBUX CXEM HANAIOTh MOXKIUBICTh BUKOPUCTOBYBATU
iX y KOMepuUiiHuX mpwiajgax i npelusiiiHiii BumiproBaibHiii anapatypi. I[1pocTi aBroTpaHchOpMaTOpHi MOCTU He HaaaloThb
MOXJTMBOCTI BUMIpIOBaTU MapaMeTpy iMIIeNaHCy B IIMPOKOMY Jialla30Hi 3HaYeHb TAHTEHCY KyTa BTpaT (ha30BOro 3cyBy).
[ cuHTe3y BUMIPIOBAJIbHUX KiJl MOCTIB Ta iX 3piBHOBaXXyBaHHSI HEOOXiZHO MaTU TMPEUM3iMHUIN KBaApaTypHUI KaHa,
SIKUI 3a0e3MeYnTh BUCOKY TOYHICTh KoedillieHTa Tepenadi sk 3a (a3oro, Tak i 3a MOIyJIEM.

CTpyKTypu YHiBepCcaJbHUX aBTOTPaHC(POPMATOPHUX KOMIIApaTOpiB Ta iXHi BJIACTMBOCTI BH3HAYAIOThCHd JBOMaA
OCHOBHUMHU (pakTOopaMu: criocoboM (GopMyBaHHS JKepeja KOMIUIEKCHOTO 3piBHOBaXXYBaJIbHOIO CHUTHaJYy i BUIOM CXeM
3aMillleHHs] iMITeaHCiB MOPiBHIOBAaHUX O0’€KTiB. i1 BU3HAYEHHS LUISAXiB yIOCKOHAJIEHHS YHiBepCaJbHUX MPEUU3iAHUX
KOMITIapaTopiB iMMeoaHCy Ha OCHOBiI aBTOTpaHC(hOPMATOPHUX MOCTIB HEOOXiTHO PO3pOOUTH i MpoaHaizyBaTM MaTeMaTUYHi
MOJIeJi yHiBepCaJIbHUX KOMITapaTopiB.

IIpoBeaeHuii TEOpeTUUHUI aHai3 MOKa3aB, 110 y MPoLeci KOMITapyBaHHS MOXHa MOPiBHIOBATU iMIIEAaHCHU 3 Pi3HOIO
CXEeMOI0 3aMillIeHHSI TIpU TPSIMOMY BiJUTIKY 3a peaKTUBHMMM Ta aKTUBHMMU TlapaMeTpaMu. Bubupaioun BiIMOBiIHMI HaNIpsSM
nepenay, Mpu HeCKJIaaHiil nepebynoBi BUMipIOBAIBHOIO KOJIa MOXKHA MOPiBHIOBATH B iMIIEAAHCH 3 MAapaeIbHOIO CXEMOIO
3aMillleHHs, JBa iMITeaHCH 3 TTOCTiIOBHOIO CXEMOIO 3aMillleHHs abo J1Ba iMIIeIaHCH 3 Pi3HOI0 CXeMOIo 3aMillieHHs. OTpuMaHi
pe3yJibTaTy TO3BOJMJIM 1X BIPOBAIUTU B YHiBEpCAIbHOMY aBTOTpaHC(HOPMATOPHOMY MOCTi-KOMIapaTopi.

Kumouosi ciioBa: aBrorpaHcghopMaTOpHUIi MICT; iMIIeIaHC; KBaJpaTypHUIl KaHAJ; cCXeMa 3aMillleHHsI; piBHSIHHSI piBHOBAru.
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