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M.I. Tverdostup
ON MEASURING THE COMPONENTS OF INDUCTIVE IMPEDANCE
USING THE THREE VOLTMETER METHOD

The possibilities of the three voltmeter method for measuring inductance and its active re
sistance, as well as their frequency characteristics, are investigated. It is established
that that in the frequency ange up to 100 kHz, the measurement error of inductance is no
more than 0.3%, active resistance 8.7%, and quality factor 5%.

Keywords: inductance, resistance, impedance, three voltmeter method, measurement, frequency
response, quality factor, approximate measure.

Introduction. Among the methods of measuring inductive impedance, the
three voltmeter method [1, 2] is used at industrial frequencies (50, 400 Hz) to de-
termine the power consumed by the receiver of electrical energy, its active re-
sistance, reactance, and total resistance. Comparison of the Q-meter and bridge
methods used to measure impedance components in a wide frequency range with
the three voltmeter method shows that the latter has an undeniable advantage -
operational simplicity and convenience, which means that to measure the receiver
parameters, it is enough to determine the voltage in three sections of an electrical
circuit consisting of an electrical energy receiver and a series-connected reference
active resistance.

Objective. To evaluate the capabilities of the three voltmeter method for
measuring the components of inductive impedance and determining their frequency
characteristics in the range above industrial frequencies.

The main part. Fig. 1 shows the equivalent circuit of the measuring circuit (a)
for determining the components of the inductive impedance by the three voltmeter
method and its vector diagram (b), where E is the voltage is the harmonic oscillator,
R, is the reference resistance, L, r are the inductance and active resistance of the
measured impedance z., U, Ux are the voltage drop across the reference resistance
and the measured impedance, Ui, U: are the reactive and active components of the
voltage Uy, I is the current in the measuring circuit. The impedances of the induct-
ance z, and the measuring circuit z are as follows
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Figure 1 - Measuring circuit (a) and its vector diagram of voltages

and current (b)

Z,=Vr? + w?I?, (1)
z=y(R, +1)? + w?I?, (2)

where w is the oscillation frequency of the harmonic oscillator E. For a series circuit,
the impedance values can be represented as

z,=R,U./U,, z=R,E/U,. (3)

The following system of equations follows from (1) to (3)
Vr2+ w?l?2=R,U,./U,, 4)
VR, +1)% +w?l?=R,E/U,, (5)

whose solution allows us to obtain expressions for the active component of the in-
ductive impedance

R, E?-UZ
2 Tz

-1 (6)

and its inductance

== | —=(—=—1)%. (7)

From the last two expressions, it follows that the values of r and L can be found
by measuring the voltages E, U,and U,, followed by calculation according to (6) and
(7). It should be noted that the found components of the inductive impedance r and
L will be real and positive if the following conditions are met

U2+ U2 =E? = (U,+U,)?, (8)
on the vector diagram (Fig. 1b), this means that the angle a can take on values in the
limited range m/2 € a < 1.
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To determine the possibility of measuring the components of inductive imped-
ance, the measuring circuit was assembled according to Fig. 1a. Coils from a set of
exemplary inductance measures of type L - 0170 of class 0.2, category III, were used
as the measured impedance. The measurements were performed at a frequency of 1
kHz with a B7-27A/1 voltmeter using a I'3-118 harmonic oscillator. An exemplary
resistor of the MJIT-2 type with an active resistance of 1475 Q (at a frequency of 1
kHz) was chosen as an exemplary resistance R,.

Table 1 shows the measurement results, where L, is the nominal value of the
inductance reference measures; Ly, ro are the actual values of the inductances and
active resistance of the measures obtained by the bridge meter E7-8; L, r are the in-
ductance and active resistance of the reference measures determined by the method
of three voltmeters.

Table 1
Measurement results of exemplary inductance measures
Lo,
mH| 0,2 0,5 1 2 5 10 20 50 100 200
L,
mH|0,201 [0,501 | 1 |1,999 4,997 | 10 |20,01| 49,9 | 100 |199,9

I,
Q | 1,612 (1,944 | 2,97 | 4,73 | 9,98 | 20,6 | 75,2 | 125, | 294 | 241

5
L,
mH| 0,225 | 0,518 | 0,997 | 1,984 | 4,907 | 9,99 | 19,9 | 49,9 [99,97 | 200,5
8

Q | 1,499 | 1,999 | 2,987 | 4,948 11,67 | 20,7 | 76,92 | 125, |292,7 | 217,6

Using the least squares method, linear regression equations for inductance
were obtained L = f (L)

L=-0,0641+1,0026L, 9)
and active resistance r = @(r)
r=1,0182 +0,9601r,; (10)
at a significance level of 0.001, the correlation coefficients were for induct-
ance 1 = 1, for active resistance 1. =~ 0,9983; standard deviation of a single
measurement of inductance o; =0,1168 mH, active resistance
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o, =6,5419 Q, the average relative error of inductance measurement was 0.3%,
and of active resistance - 8.7%.
The results of the frequency response study are shown in Fig. 2.
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Figure 2 - Frequency characteristics of the inductance L, active resistance r and
quality factor Q of the reference inductance measure L,

The experimental frequency dependences of the inductance L, active resistance
r, and Q factor were determined in the range of 0.1-100 kHz. A reference measure
with an inductance of L, = 5 mH, an ohmic resistance of 8.8 Q and a Q factor of 140.
The obtained dependences show that in the frequency range from 0.1 to 30 kHz,
the active resistance r and inductance L remain practically unchanged with devia-
tions within the experimental error. After 30 kHz, the active resistance r begins to
increase its value, which can be explained by the growing influence of the proximity
effect and the skin effect. An increase in inductance L is also observed due to the
shunting effect of the distributed capacitance of the coil and the measuring circuit as
a whole, which form a parallel circuit with the inductance with a certain natural res-
onance frequency f,. Asthe frequency f increases at f< f,, the impedance of the
parallel circuit increases, which causes an apparent increase in the inductance L.
This phenomenon introduces an error in the determination of inductance at fre-
quencies close to the coil's natural resonance frequency. The error can be reduced by

taking into account the value of the distributed capacitance, which requires consid-
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eration of a slightly different equivalent circuit diagram of the measuring circuit,
which takes into account the interturn capacitance of the measured coil, input ca-
pacitances of measuring devices and connecting conductors. Frequency depend-
ence of quality factor Q =2nfL/r of the tested reference inductance measure has a
maximum of Q = 133 at a frequency of f = 30 kHz, the value of which differs by 5%
from the Q-factor specified in the reference measure passport.
Conclusions. The results of the study allow us to draw the following conclu-
sions:
- the method of three voltmeters is sufficiently simple to measure the compo-
nents of inductive impedance at fixed frequencies above industrial ones; in the range
up to 100 kHz, the relative error in determining inductance is no more than 0.3%,
active resistance - 8.7%, and quality factor - 5%, which corresponds to the accuracy
class of the used measuring devices;
- the method allows obtaining an informative characteristic in the form of fre-
quency dependencies of the active resistance and inductance; this makes it possible
to select a frequency range in which the interfering effect of the distributed capaci-
tance is insignificant, as well as to find the optimal frequency at which the induct-
ance quality factor is maximum;
- further improvement of the accuracy of determining the actual values of the
inductive impedance components is possible by taking into account the shunting ef-
fect of the distributed capacitance.
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ITpo eumiproeanHs CK1a008UX iHOYKMUBHO20 iMNedaHcy

MemoodomM mpuwox 60jbimmempie

Memo0 mpbox sonbmmempis 003B0/IA€ BU3HAYAMU CKNAO0BT THOYKMUBHO20 iMNedaHcy
BUMIPIOBAHHAM HANpyz Ha 00C/I0XYBAHOMY IMNEOAHCI, Ha emas0HHOMY AGKMUBHOMY 0Nnopi 1 Ha
BUX001 Oxepesa 2apMOHILIHOI Hanpyeu, AKe Xusums BUMIpIOBA/bHe KO10. [IposedeHo aHani3
BUMIPIOBA/IbHO20 KOJIa 00 Memody mpbOoX BObMMempis, 3Hal0eHi MamemMamuyHi supasu O
PO3PaxyHKYy aKMuBHO20 onopy 1 THOYKMUBHOCMI AK CKAA008BUX 00CNIO0XYBAHO20 TMNEOAHCY 34
pe3ybmamamu 8uMipy mpbox Hanpye. lLjodo senuquH Hanpye Ha 00CNIOXYBAHOMY IMNEOAHCI,
Ha emanoHHOMY aKMUBHOMY 0Nnopi i Ha BUX00i Oxepesna 2apMoHIliHOi Hanpyau 06rpyHMOBAHA
YMOBA, Npu BUKOHAHHI SKOi ompumadi pe3ynemamu 6yoyms OilicHumu. Memodom mpbox
B0JIbMMeEmpI8 eKcnepumeHmanbHo B8 diana3oHi 0o 100 kly su3Ha4yeHT 4acmomHi xapakmepu
CMUKU GKMUBHO20 0NopYy, THOYKmMuUsHocmi i do6pomHocmi emanoHHOi KomywKu 13 Habopy 3pa3
Kosux Mip THOykmusHocmi 13 3a30ane2iob sidomumu napamempamu. ExcnepumeHmanbHi
YacmomHi 3a/IeXHOCMI BKA3YIOMb HA HAABHICMb OIIAHKU NOCMIUHO020 3HAYeHHS CKAA00BUX
iMnedaHcy Ha Hu3bkux yacmomax. Ha yacmomax 6inbwe 30 kl'y HAasABHI OiNIAHKA 3POCMAHHA
aKMUuBHOi CK1a00Boi 13 3a Bnausy egexkmy 6aU3bKOCMI 1 CKIH epekmy ma OiNFHKA YSBHO20
30i/1bLUEeHHS THOYKMUBHOCMI 13 3 BN/AUBY PO3N00iNeHoi eMHOoCcmi Komywku. OmpumaHi xapak
mepucmuku 003B8o/Stlomb  Bubpamu 0ianasoH 4Yacmom, B8 AKOMY 3asaxaryuli 8nauB
po3n00iieHoi EMHOCMI MIHIMAJIbHUL @ MAKOX BU3HAYUMU ONMUMGJLHY Yacmomy, npu AKil
006pomHicmb THOYKMUBHOCMI MAKCUMAbHA. BiOHOCHA noxubka BU3HAYeHHS THOYKMUBHOCMI
cknana 0,3%, akmusHo20 onopy — 8,7%, dobpomHocmi — 5%.

TBepagocTtyn Mukosa IBaHOBUY — [OIIEHT, K.T.H., IOIEeHT Kadeapu eJIeKTPOHHUX
00UMCITIOBAJIBHMX MalllMH JIHiITTPOBCHKOTO HAIliOHAJIBHOTO YHiBepcUTeTY iMeHi Omecs

l'oHuapa.
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