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Double-channel resistance-to-voltage converter for cable teraohmmeters

The paper considers a teraohmmeter resistance converter to monitor cable insulation with an additional input
amplifier that emits a low-frequency interference signal. Adaptive algorithms for a double-channel converter
circuit to compensate for low-frequency interference are proposed. There are considered algorithms using
minimax criteria and linear approximation method for estimation of interference influence. It is shown classi-
fication of algorithms according to industrial frequency interference filtering method and signal observation
interval. There were investigated two ways of interference application: step signal from a DC veltage source
up to 300 V and fading harmonic signal from an AC voltage source and amplifier up to 300 V. A double-
channel circuit of the resistance-to-voltage converter is found to provide a 2-fold increase in the signal-to-
noise ratio in comparison with a single-channel circuit. It is shown that the maximum deviation of readings
for the single-channel circuit exceeds 20 % (up to 32 %) in short-term exposure to interference with ampli-
tude of up to 300 V. At the same time, the maximum deviation for the double-channel circuit can attain 17 %,
but it does not exceed 20 %. According to GOST 3345-76, the insulation resistance measuring error in the
range of 10 GQ to 100 TQ should not exceed 20 %.The advantage of the proposed double-channel converter
is the possibility to develop new algorithms to eliminate the dependence of readings on interference effects.

Keywords: insulation resistance, cable, interference, resistance-to=voltage converter, teraohmmeter.

Introduction

A number of problems arising during monitoring.the cable insulation quality by electrical resistance are
associated with a large value of the measured resistance. One of the most important problems is the sensitivi-
ty of the input circuits of the measuring device (teraohmmeter) to low-frequency interference [1-6], which
occurs during mutual movement of electrostatic charges that accumulate on the surface of the measuring de-
vice, cable and operator.

The techniques to eliminate this kind of interference are the use of shields, ESD straps for the operator,
interference filtering, and the current.level in the input circuit of the device increased through an increase in
the voltage applied to the cable [7-13]. However, these measures are not always adequate. For example,
large coils with cable may require large shields, which limit test equipment mobility. ESD straps are effec-
tive, but poorly trained personnel can ignore the need for its use. In addition, this binds the operator to the
device like a prisoner. An increase in voltage applied to the cable is limited since the maximum allowable
voltage for a given cable is specified in the cable documentation. The voltage level used by the teraohmmeter
may provide inaccurate measurement of the insulation resistance [14—19]. Interference filtering typically in-
creases the device inertia: Therefore, in case of low-frequency interference (less than 1 Hz), linear filtering is
of little use: the time for processing the readings becomes comparable or longer than the time permissible for
recording thereadings of the device.

Thus, development of methods to eliminate the impact of low-frequency interference on the
teraohmmeter input circuit while maintaining low values of the test voltage (according to GOST 3345-76
from 100 to 1000 V) is of current relevance.

The paper considers a method of compensating for low-frequency interference that uses an additional
channel in the cable teraohmmeter along with the main resistance-to-voltage converter (RVC), which re-
sponds to interference signal only. Signals of the primary and secondary channels can be processed in ac-
cordance with various algorithms; therefore, a compensation algorithm can be chosen to provide low sensi-
tivity to interference.

Experimental

Figure 1 shows a diagram of the double-channel RVC and the impact produced on it by the operator
during monitoring of the cable insulation resistance.
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1 — is the cable shielding; 2 — is the cable insulation material; 3 — is the conductive cable core;
4 — is the block for electrodes; 5 — is the electrodes to connect the controlled cable to RVC;
6 — is the operator monitoring the cable insulation resistance; 7 — is the antenna;
8 —is the RVC; C, — is the communication capacity between the operator and cable;

R,\s,C,ns — 1s the resistance and capacity of cable insulation; U, — is the reference voltage source;
R, — is the negative feedback resistance; U,,,U,, — are output voltage of the first and second RVC
measuring channels; DA/, DA2 — are operational amplifiers

Figure 1. An equivalent diagram of the operator’s impact during monitoring of the cable insulation resistance

The reference voltage source U,,,. and the.measured cable insulation resistance R, form an artificial
current generator. The load of the current generator is a negative feedback reference resistor R, . The voltage
drop in the resistor in steady state is:

R
Upns =— = U ggr » (D)

INS
where U, is the voltage drop across the measured cable insulation resistance.

The output signal of the first measuring channel takes the form:
Uein = UINS +Uppy sin2- T [t Qe )+ Uy -sIn2 T £t Q)
where U, is thewoltage amplitude of industrial frequency interference; ¢ is time; f;. is the voltage fre-
quency of industrial frequency interference; ¢, is the initial phase of the voltage of industrial frequency
interference; U, -, is the voltage amplitude of low-frequency interference; f,. is the voltage frequency of
low-frequency interference; @, is the initial phase of the voltage of low-frequency interference.

The signal from the antenna is supplied to the input of the operational amplifier DA2 and contains data
on interference only. The output signal in the second measuring channel takes the form:

Uy SUppy -sIN2 T [ 4 @) + Uy -SIN2-T- f1p - t4 Q)
where U ., is the voltage amplitude of industrial frequency interference picked by antenna; ¢, is the ini-
tial phase of the voltage of industrial frequency interference picked by antenna; U,,., is the voltage ampli-
tude of low-frequency interference picked by antenna; ¢,,, is the initial phase of the voltage of low-

frequency interference picked by antenna.
The interference voltage at the outputs of the first and second measuring channels is of similar frequen-
cy, but of different amplitude and phase.
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To obtain data on the measured insulation resistance only, an adaptive signal processing algorithm is
required for real-time selection of the coefficients &, k, and the phase shifts A@,., A, of the output sig-

nal in the second measuring channel relative to the output signal in the first measuring channel:

« k, =—L is the coefficient that estimates the ratio of the voltage amplitude of industrial frequency
IF2

interference in the first measuring channel to that in the second measuring channel;

U, . . . . . .
o k, =—tfL is the coefficient that estimates the ratio of the voltage amplitude of low-frequency inter-
LF2

ference in the first measuring channel to that in the second measuring channel;

* A9, =0, —9,, is the phase shift of the voltage of industrial frequency interference between the
first and second measuring channels;

* AQ, =9, —0,-, is the phase shift of the voltage of low-frequency interference between the first
and second measuring channels.

As a result, it becomes possible to compensate for low-frequency interference and industrial frequency
interference:

Ups TUcqyy =k Uy -sIN2- T [ t4 Qs =A@ )+ k- Uy -SIN2- T f A4 @y =AQ, )] (2
At different ranges of the insulation resistance measurement, the coefficients &, &, and the phase shifts
AQ,., Ag, are not constant. In addition, they can vary against the signal level, therefore, it is sufficiently

difficult to find a circuitry solution (based on analog electronic circuits or digital circuits with rigid logic) for
real-time selection of the coefficients &, k, and the phase shifts Ag,., A, . Digital signal processing by

means of microprocessors, when algorithms can be quickly changed through reprogramming, provides a
more flexible approach to problem solution.

To perform digital processing, the signals U,,,, andU_,, must be converted using the ADC.

There are many signal processing options to compensate for interference.

Algorithm with Minimum and Maximum Deviations. Figure 2 shows an example of an adaptive signal
processing algorithm in which the value of the.coefficient £, is estimated by the minimum and maximum
values of the signals U, and U,,,. This algorithm diagram shows the paths of signal transmission and

conversion as structural blocks in a language similar to the LabView graphical programming language, i.e.
arrows indicate signals, and rectangles‘indicate transformation blocks.

) L

AUy = Uymax — Uimin APLF = PLF1 — PLF2 with regurd Uins

Filtering
[V || "

to A g

AU,
key =A—Uz ky - U,

RINS

Figure 2. Adaptive signal processing algorithm with the minimum and maximum values
of the signals U, and U, to estimate the coefficient £,

AUz = Uzmax — Uzmin

Filerin
[vera}— 5w

The algorithm works as follows.
The output voltage from the first and second measuring channels is filtered from industrial frequency
interference f,. = 50 Hz. The coefficient &, and the phase shift A@, are not estimated in this operation,

which greatly simplifies further signal processing.
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The signals U, and U, filtered from industrial frequency interference are supplied to blocks in which

the minimum and maximum values are estimated. The ratio of the difference between the signal maximum
and minimum values, and the difference between the maximum and minimum values of the signal U, allows

estimation of the coefficient £, (it is assumed that AU, = AU,,,, and AU, =AU,,,).

After that, the signal U, filtered from industrial frequency interference in the second measuring chan-
nel is multiplied by the coefficient £, .

This signal and the signal U, filtered from industrial frequency interference in the first measuring
channel are supplied to the block, in which the phase shift A@,, =¢,., —¢,,, s estimated.

Taking into account the phase shift Ag,, and the coefficient £,, the signal of the second measuring
channel is subtracted from the signal of the first measuring channel in accordance with Equation (2). As a
result, the remaining signal depends only on the voltage U, . After that, Equation (1) can be used to calcu-
late the cable insulation resistance:

R
INS TZS.UREF . (3)

Algorithm with linear approximation. Similarly, adaptive signal processing can be performed using lin-

ear approximation to determine the coefficient &, instead of the minimum and maximum deviations from the

R

average signal value.
Figure 3 shows an example of this algorithm.

Filkering
[V | "

ky - U.
L kz - Ua
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Figure 3. Adaptive signal processing algorithm with linear approximation to estimate the coefficient k,

The output voltage in the first and second measuring channels is filtered from 50 Hz industrial frequen-
cy interference similar to that insthe algorithm presented in Figure 2. After that, the signals are supplied to
the linear approximation block. At the block output, the coefficient is estimated. The following sequence of
operations of the signal processing.algorithm does not differ from the algorithm shown in Figure 2.

The signal processing interval and the method of filtering industrial frequency interference can be var-
ied in the algorithms presented in Figures 2 and 3. Figure 4 shows the classification of possible adaptive sig-
nal processing algorithms for the double-channel RVC circuit.

The algorithm operation speed and the quality of interference suppression depend on the signal pro-
cessing interval. The signal processing interval should not exceed 1-2 s, which will allow the device to time-
ly update measurement readings. In addition, signal splitting into short segments or signal analysis within the
entire-interval stored in the memory can be used to estimate signal parameters and to compensate for inter-
ference.

Industrial frequency interference can be filtered using:

1) linear low-pass filters (Butterworth, Chebyshev, Bessel) with a cutoff frequency not exceeding
50 Hz;

2) subtraction of the signal U, of industrial frequency interference similar to subtraction of the signal

U, of low-frequency interference in adaptive selection of the coefficient k, and the phase shift A, .

The algorithm of adaptive signal processing with linear approximation can employ several variations of
the linear approximation method to determine the coefficient k,. The least square method should be used for

data with normally distributed interference, whereas the least absolute residual and bisquare methods can be
employed in case of data outliers [20].
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Algorithms s o
Estimation of the coefficient k2 by

By the criterion for minimum and maximum amplitudes Ucni, Ucn2

estimation of the coefficient k2

Estimation of the coefficient k-

using linear approximation

By the signal
processing interval — Least Square method

Full interval

. L — Least Absolute Residual method
Piecewise interval

—— Long interval L— Bisquare method

L—— Short interval

L By the interference filtering method fir

': Linear low-pass filters
Adaptive selection k:

Figure 4. Classification of adaptive signal processing algorithms for the double-channel RV.C circuit

The variety of digital signal processing algorithms and the dependence of algorithms on different char-
acteristics of RVC and ADC make it possible to extend the list of algorithm options presented in Figure 4 as
new studies become available.

The installation to generate low-frequency interference was'designed in order to investigate interference
immunity of the double-channel RVC while monitoring the cable insulation resistance (Fig. 5). The installa-
tion consists of the following units:

1) DC voltage source of up to 300 V;

2) GW Instek SFG-2104 function generator to generate a low-frequency signal;

3) an amplifier to amplify the signal from the generator up to 300 V;

4) an electrode in the form of a metal cylinder to which an amplified low-frequency signal is supplied.

As a result, the electrode generated an alternating electric field of low frequency (low-frequency inter-
ference) with an output voltage ranging from (0 to 300 V. In the experiment, the electrode base was located at
the distance r from the inverting input of the RVC operational amplifier.

All studies were carried out in a shielding chamber to objectively assess the effect of artificially gener-
ated interference (low-frequency electric field), since the impact of external interference inside the shielding
chamber was minimized.

g Ly

1 — is the electrode; G — is the generator; Amp — is the amplifier; PWR — is DC voltage source;
RVC — is the resistance-to-voltage converter; DAQ — is the data acquisition board

Figure 5. Diagram of the electrode charge

Low-frequency interference was artificially generated through the short-term (<1 s) voltage supply to
the electrode to simulate the impact of an operator monitoring the cable insulation resistance on the CVS.
The voltage was supplied to the electrode in two ways: from a DC voltage source or from an AC voltage
source. A short-term exposure is chosen in order to create a non-periodic damping interference signal. Due to
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this effect, a constant component is introduced into the RVC signal, which cannot be filtered from the output
RVC signal using averaging methods.

The circuitry of the double-channel RVC enables simultaneous study of the single- and double-channel
circuits.

The output voltage of the first measuring channel was used to assess interference immunity of the sin-
gle-channel RVC circuit. This signal was filtered from industrial frequency interference by digital processing
using a second-order linear Butterworth filter with a cut-off frequency of 30 Hz and was then averaged. The
average signal value was used to measure the resistance in accordance with Equation (3).

Signals of the double-channel RVC circuit were digitally processed in accordance with the algorithm
presented in Figure 2. Industrial frequency interference was filtered similarly to the single-channel RVC cir-
cuit. Resistance converters were implemented in accordance with the T-shaped circuit shown in'[21,22]. The
converter characteristics were as follows: voltage reference U,,. =100 V; feedback resistance of the ampli-

fier R, =1 GQ; capacitor capacity in the integrator C =350 pF; the measured resistance is five series-

connected resistors of the type KVM-100 GQ £10 %.
Digital signal processing was performed using the USB-6002 multifunctional data acquisition device
(8 channels, 16 bits, 50 kHz). The LabView programming environment was used for-signal processing.

Results and Discussion

Figure 6 shows the output signals of the single- and double-channel RVC circuits in short-term expo-
sure of the electrode to DC voltage of 200 V.
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a — output voltage of the single-channel RVC circuit; b — output voltage U, of the second measuring

channel of RVC; ¢ — output voltage U, of the double-channel RVC circuit

Figure 6. The output signals of the single- and double-channel RVC circuits during short-term exposure
of the electrode to DC voltage of 200 V
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The comparison of Figures 6a and 6b indicates similarity of the shape and frequency f,, of low-
frequency interference captured by the first and second measuring channels. The phase shift Ag,, between

the first and second measuring channels can be observed as well. After adaptive selection of the coefficient
k, , the signals are subtracted. Figure 6¢ presents the result of subtracting the signal U, from the signal

U, » which is an output voltage of the double-channel RVC circuit.

The maximum deviation of the system readings affected by interference from the average value of the
resistance measured in the absence of interference was estimated during signal processing. The maximum
deviation for the single-channel circuit was 25 %, and that for the double-channel circuit equaled 14 %.

With short-term exposure of the electrode to DC voltage of 300 V, the maximum deviation for the sin-
gle-channel circuit was 32 %, and that for the double-channel circuit was 17 %.

The obtained results show that the maximum deviation of readings increases as the interference ampli-
tude grows up.

Figure 7 shows the output signals of the single- and double-channel RVC circuits during short-term ex-
posure of the electrode to AC voltage with 300 V amplitude and 2 Hz frequency.
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a — output voltage of the single-channel RVC circuit; b — output voltage of the double-channel RVC circuit

Figure 7. The output signals of the single- and double-channel RVC circuits during short-term exposure
of the electrode to AC voltage with 300 V amplitude and 2 Hz frequency

The maximum deviation of readings for the single-channel circuit was 11 %, and that for the double-
channel circuit- was 5 %.

Figure 8'shows the output signals of the single- and double-channel RV C circuits during short-term ex-
posure of the electrode to AC voltage with 300 V amplitude and 5 Hz frequency.

The maximum deviation of readings for the single-channel circuit was 78 %, and that for the double-
channel circuit equaled 3.5 %.
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a — output voltage of the single-channel RVC circuit; b — output voltage of the double-channel RVC circuit

Figure 8. The output signals of the single- and double-channel'RVC circuits during short-term exposure
of the electrode to AC voltage with 300 V amplitude and 5 Hz frequency

Conclusion

According to GOST 3345-76, the insulation resistance measuring error in the range of 10 GQ to
100 TQ should not exceed 20 %. The results obtained in the experimental study of the single- and double-
channel circuits of resistance-to-voltage converters show that the maximum deviation of readings for the sin-
gle-channel circuit exceeds 20 % (up to 32 %) in short-term exposure to interference with amplitude of up to
300 V. At the same time, the maximum deviation for the double-channel circuit can attain 17 %, but it does
not exceed 20 %. Thus, the signal-to-neise ratio-for the double-channel circuit is almost twice higher than
that for the single-channel circuit.

The advantage of the proposed double-channel converter is the possibility to develop new algorithms to
eliminate the dependence of readings on interference effects.

The vresearch is funded. by the Governmental program «Sciencey», research projects
No. 11.3683.2017/4.6, No.11.6342.2017/8.9, FSWW-2020-0014.

The research is carried out within the framework of Tomsk Polytechnic University Competitiveness En-
hancement Program grant, the Project number is VIU-IShNKB-77/2019.
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Kabesni Tepaommerpiiepre apHajraH KepHeyre
eKi apHaJIbl KeJAepri TypJeHAiprim

Makanana a3 >KHITIKTI Gereyin CHTHaJBIH OeJeTiH KOCBIMINA Kipic KymreiTkimi 6ap kabGenb OKIIayiayblH
OakplIay YIIIH TepaoMMETpIiH Kenxepri TypJeHIIprimnHiy cyiabackl KapacThpbUIFaH. TeMEH IKUITIKTI
OereyinaepiH OpHBIH TOJTBIpYFA MYMKIHIIK OepeTiH TYPJACHAIPTilITIH €Ki apHaibl Ccy10achl YIIiH
Geitimaenren amroputmzaep ycbiHbutFaH. COHBIMEH Kartap, KeepriiepiiH ocepiH Oaramay Ke3iHze
MHMHHMMAKCTBIK KPHUTEPHifi, COHAAN-aK CBHI3BIKTHIK AaMMPOKCHMAIMS OJICiH MNaiijaaHaThlH alropUTMIED
KapacTHIPBUIFaH. OHEPKACINTIK KHUTIK KeAepriiepiH cy3y opici OoWbIHINA oHEe NabbuImapAbl OHICY
UHTepBaibl OOMBIHINA alropUTMIEpAi XikTey Oepinren. KenmepriHiH ocepiHiH eki Typi 3epTTeNreH:
ammumryname 300 B TypaKTsl kepHey Ko3iHIH caThUIBI acepi jkoHe Kyrmeirkimmen 300 B meifin aifHBIMAabI
KepHeY TeHepaTOphIHAH OIIeTiH TapMOHHUKAIBIK ocepi. bip apHans! cyinba yuIiH KepceTKITepIiH eH XKOoFapsl
aybITKybl 20 %-1ai (32 %-ra neiiiH) acaTblH yaKbITTa, €Ki apHaibl cyJ10a YIIiH eH >Koraphl aybITKy 17 Y%-ra
KeTyi<MyMKiH, 0ipak 20 %-man acmaiiael. MEMCT 3345-76 colikec 10 I'Om-man 100 Tom-ra neiinri
JMana3oHJia OKulayJama Kezepricin esmmey kateniri 20 % acmaybl THic. YCBIHBUIFAH €Ki apHabl
TYPJICHAIPTIIITIH apTHIKIIBUIBIFB — KEASPTUIEPIIiH dCepiHe TOYeNIUIIriH TOMEHAETETIH )KaHa aIropuTMIAepIi
a3ipIiTey /il )KaIFacTeIpyFa OoJabl.

Kinr ce3nep: okmaynay kexeprici, kabenb, Keepri, KepHey TYpJICHIIPTillli, TepaoMMETP.

H.M. Epmomun, E.B. SIkumos, A.E. ['onpameiin

JAByXKaHaJbHbII Mpeodpa3oBaTe/ib CONPOTUBICHUS
B HaNpsizkeHHe Ui KadeJIbHbIX TEPAOMMETPOB

B cratee paccmoTpeHa cxema npeoOpa3oBaTens CONPOTUBICHUS] TEPAOMMETPA JUISl KOHTPOJIS M30JALUU Ka-
6ensi ¢ JOMOJNHUTEIBHBIM BXOJHBIM YCUIIUTENIEM, KOTOPBII BBIAENSET HU3KOYACTOTHBIM CHUTHAN TOMEXH.
IpenoxeHsl afanTHBHBIE aATOPUTMBI AT JBYXKaHATbHON CXeMBI IPeoOpa3oBaTens, MO3BOIAIOIINE MPOU3-
BECTH KOMIICHCAIIMIO HU3KOYACTOTHBIX MOoMeX. [IpH 3TOM pacCMOTpeHBI alrOpHTMEI, HCHOJB3YIOMNE IpH
OLICHKE BIIMSHUS NOMEX MHHHUMAKCHBIH KPUTEpPHi, a TakKe MeTOo]] JIMHEeHHOH anmpokcumanui. JlaHa kiac-
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CU(UKALYS aATOPUTMOB 10 METOAY (PUIBTPALIMK [TOMEX MPOMBILIUICHHOI YacTOTHI U TI0 UHTEpBaLy 00paboT-
KU CUTHaoB. VccrenoBaHbl 1Ba BUA BO3ACHCTBUS MIOMEX: CTYNEHYaTOE BO3JICHCTBIE OT UCTOYHHKA MIOCTO-
STHHOTO HampspKkeHus aMmiuutyaoi 1o 300 B u 3aTyxaromiee rapMOHHYECKOE BO3JEHCTBHE OT IeHepaTopa Ie-
pemenHoro HamnpsbkeHust ¢ ycuiuteneMm o 300 B. Ompeneneno, 4To mpu HCIOJIb30BaHUM JBYXKaHAJILHON
CXEMBI Mpeodpa3oBaTelsl COMPOTHBICHUS B HANPSDKCHUE OTHOIICHHE CHTHAI-IIYM YBEIMYHBACTCS B 2 pasa
M0 CPaBHEHUIO C OJJHOKAHAIBHOW CXEMOH. YCTaHOBJICHO, YTO B TO BpeMsl, KAK MAaKCHMAJIFHOE OTKIOHCHUE
MOKA3aHWi ISl OJJHOKaHAIBHOW cxeMbl npeBbimaet 20 % (10 32 %), Ast IByXKaHAIBHOUW CXEMBI MOXKET JIOC-
turate 17 %, Ho He npebimaeT nopora 20 %. B coorBerctBun ¢ 'OCT-oM 3345—76 morpentHocTs U3Mepe-
HHS COTIPOTUBIIEHUS U30isMu B quamnazone oT 10 'Om mo 100 TOMm He nomxkHa mpessimats 20 %. HocTto-
HMHCTBOM IPEATI0KEHHOTO BYXKaHAIBHOTO IMPeoOpa3oBaTels sBISETCA TO, YTO MOXKHO MPOJOJDKHUTEH paspa-
OOTKY HOBBIX aITOPUTMOB, KOTOPbIE O3BOJIAT YMEHBIINTH 3aBUCUMOCTD ITOKa3aHUH OT BIMSHUS ITOMEX.

Knrouegvie crosa: COIIPOTHUBJICHUE H30JIALUH, Ka6em), noMexa, r[pe06pa3OBaTem, COIIPOTHUBJICHUS B Halps-
JKEHHUEC, TCPAOMMETP.
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