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Introduction 
Current shunts are employed to measure high cur-

rents under significant electromagnetic interference 
conditions [1, 2]. Investigation of dynamic behavior 
of the current shunt requires to measure small imped-
ance of the order of dozens or hundreds of mi-
croohms [3]. Classical methods for measurement of 
small impedances need rather expensive metrological 
equipment, which is available to a limited number of 
specialized laboratories. There are also so called pulse 
methods characterize high current shunt dynamic be-
havior. In this approach, the shunt input is affected by 
a short current pulse [4]. The input and output shunt 
signals are measured by means of reference current to 
voltage transducer and a digital oscilloscope. Then a 
frequency response functions are calculated using a 
digital signal processing algorithm. The latter method 
provides reduced requirements to a source of the input 
test pulse signal of the shunt.  

The object of this paper is the description of digi-
tal signal processing method for measuring frequency 
response function of high-current shunt. 

 
Determination of frequency response functions 
In order to measure the frequency response func-

tion of high-current shunt, a short current pulse is 
applied to the shunt input; input and output signals of 
the shunt are recorded in a digital oscilloscope 
memory; then spectra of these two signals are com-
puted. In practice, the test signal must be piecewise 
continuous. The recorded input and output shunt sig-
nals are presented by N-element sequences readouts 
of input signal x(tk) ɚnd output signal y(tk), where tk is 
an acquisition time for k-th sequence eleЦОЧЭ (1≤ k ≤ 
N). Discrete Fourier transform, being applied to the 
signals, produces spectra of the signals as complex 
number vectors X(fk) and Y(fk) as follows: 
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where fk is a vector of frequencies corresponding to 
complex vectors X(fk) and Y(fk) obtained using the 
sampling length and Nyquist frequency; i is imaginary 
unit. 

Then, the shunt frequency response K(fk) can be 
determined by means of the expression 
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Then modulus of K(fk) is the frequency response 
and argument of K(fk) is the phase response. 

In order to determine the moving averaging time 
windows for the input WX and output WY shunt sig-
nals, one should apply Fourier series expansion of the 
sequences x(tk) and y(tk). Next stage is determination 
ШП ЭСО ЬЩОМЭЫКХ ЛКЧНЬ ǻFX КЧН ǻFY at level -10 dB. 
Averaging time windows are inversely proportional to 
the spectra bands. That is, we have the following ex-
pressions: 
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Then the smoothed initial signals are calculated by 
the following formulae: 
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The discrete Fourier transform applied to the 
smoothed signals allows to have their spectral compo-
sition: 
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Consequently, the accuracy of the proposed meth-
od can be increased by means of uniform ensemble 
averaging over realizations of the smoothed signal 

spectral components ( )kX f and  kY f at fixed fre-

quencies fk. When carrying out n measurements of the 
input and output shunt pulse signals, averaged spec-
tral signals components ( )kX f and ( )kY f  can be 

found by using the following expressions: 
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Then, from expression (5), the shunt frequency re-
sponse (1) can be rewritten as follows: 
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Uncertainty of the method for measuring shunt 
frequency response can be estimated by calculation of 
ЭСО МШСОЫОЧМО ПЮЧМЭТШЧ Ȗxy between the spectral densi-
ties output signal and the test signal as proposed 
in [4]: 
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where *
jX  is a j-th conjugate complex value of the 

averaged signal spectral component. 
 
Experimental studies of high-current shunt 

frequency and phase responses 
The proposed method was applied to experimen-

tally determine frequency response for a coaxial high-
current shunt that was designed for measurement of 
ЩЮХЬО МЮЫЫОЧЭ ЮЩ ЭШ β0 ɤȺ [2]. The resistance of the 
shunt is about 170 Ohm. 

For this experiment, a simple pulse current source 
was designed. Pulse current source yields a current 
pulse up to 20 kA with duration 150 s. The experi-
mental setup is shown in Figure 1. 

Shunt under test

Pulse 
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Fig. 1. The experimental setup diagram to determine 

the shunt frequency response 
 
Figure 2 shows typical waveforms obtained from 

outputs of the reference current transformer (curve 1) 
and shunt under test (curve 2); for the sake of clarity 
the signals in Figure 2 are reduced to the same scale. 

10 ɦɤɫ/ɞɟɥ
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200 ɦȼ/ɞɟɥ (2)
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Fig. 2. Output waveforms of reference current trans-

former (curve 1) and shunt under test (curve 2) 
 
Further, according to the proposed algorithm aver-

aged spectra of signals from outputs of the reference 
current transformer (curve 1) and shunt under test 
(curve 2) were determined. These spectra are shown 
in Figure 3. 
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Fig. 3. Spectra of the signals of reference current 

transformer (curve 1) and shunt under test (curve 2) 
 
Figure 4 shows final outcomes of application of 

the proposed algorithm to the experimental data; it 
can be seen that in the bandwidth up to approx. 
200 kHz the shunt under test has a linear gain 
about -75.5 dB. 
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Fig. 4. Frequency (a) and phase (b) response func-

tions of the high-current shunt 
 
Conclusion 
Pulse method for analysis of high-current shunts 

dynamic behavior has been proposed and experimen-
tally investigated. The method includes ensemble av-
eraging of spectral components of the pulse signals 
that results in increase of shunt frequency response 
measurement accuracy. 
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ȼɜɟɞɟɧɢɟ 
ɉɟɪɫɩɟɤɬɢɜɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɜ ɚɜɬɨɦɚɬɢɡɚ-

ɰɢɢ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɹɜɥɹɟɬɫɹ ɞɢ-
ɫɬɚɧɰɢɨɧɧɚɹ ɤɚɥɢɛɪɨɜɤɚ ɫɪɟɞɫɬɜ ɢɡɦɟɪɟɧɢɣ. Ⱦɢ-
ɫɬɚɧɰɢɨɧɧɚɹ ɤɚɥɢɛɪɨɜɤɚ ɩɪɟɞɨɫɬɚɜɥɹɟɬ ɫɥɟɞɭɸ-
ɳɢɟ ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ [1]: 

 ɭɞɚɥɟɧɧɨɟ ɭɩɪɚɜɥɟɧɢɟ ɢɡɦɟɪɢɬɟɥɶɧɵɦ 
ɨɛɨɪɭɞɨɜɚɧɢɟɦ ɢ ɟɝɨ ɦɨɧɢɬɨɪɢɧɝν 

 ɩɪɨɜɟɞɟɧɢɟ ɢɡɦɟɪɟɧɢɣ ɧɚ ɫɬɨɪɨɧɟ ɤɥɢɟɧ-
ɬɚ, ɭɩɪɚɜɥɟɧɢɟ ɤɨɬɨɪɵɦɢ ɩɪɨɢɫɯɨɞɢɬ ɞɢɫɬɚɧɰɢ-
ɨɧɧɨ ɫ ɩɨɦɨɳɶɸ ɫɩɟɰɢɚɥɶɧɨɝɨ ɤɚɥɢɛɪɨɜɨɱɧɨɝɨ 
ɨɛɨɪɭɞɨɜɚɧɢɹ. 

Ƚɥɚɜɧɵɦ ɧɟɞɨɫɬɚɬɤɨɦ ɦɧɨɝɢɯ ɫɢɫɬɟɦ ɤɚɥɢɛ-
ɪɨɜɤɢ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ ɨɧɢ ɩɪɟɞɧɚɡɧɚɱɟɧɵ ɞɥɹ 
ɩɪɢɦɟɧɟɧɢɹ ɥɢɲɶ ɜ ɤɨɧɤɪɟɬɧɵɯ ɨɪɝɚɧɢɡɚɰɢɹɯ ɞɥɹ 
ɤɚɥɢɛɪɨɜɤɢ ɤɨɧɤɪɟɬɧɨɝɨ ɨɛɨɪɭɞɨɜɚɧɢɹ, ɚ ɚɞɚɩɬɚ-
ɰɢɹ ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ ɬɚɤɢɯ ɫɢɫɬɟɦ ɤ 
ɞɪɭɝɢɦ ɩɪɢɛɨɪɚɦ ɧɟɜɨɡɦɨɠɧɚ ɥɢɛɨ ɡɚɬɪɭɞɧɢɬɟɥɶ-
ɧɚ. 

ȼ ɞɚɧɧɨɣ ɫɬɚɬɶɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɢɫɬɟɦɚ ɞɢɫɬɚɧ-
ɰɢɨɧɧɨɣ ɤɚɥɢɛɪɨɜɤɢ ɫɪɟɞɫɬɜ ɢɡɦɟɪɟɧɢɣ, ɪɟɚɥɢɡɨ-
ɜɚɧɧɚɹ ɫ ɩɨɦɨɳɶɸ ɬɟɯɧɨɥɨɝɢɢ ɜɢɪɬɭɚɥɶɧɵɯ ɩɪɢ-
ɛɨɪɨɜ δКЛVIEА. 

 
Ɉɩɢɫɚɧɢɟ ɫɢɫɬɟɦɵ ɞɢɫɬɚɧɰɢɨɧɧɨɣ ɤɚɥɢɛ-

ɪɨɜɤɢ 
ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚ ɤɚɮɟɞɪɟ Ʉɨɦɩɶɸɬɟɪɧɵɯ 

ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɫɢɫɬɟɦ ɢ ɦɟɬɪɨɥɨɝɢɢ (ɄɂɋɆ) 
Ɍɉɍ ɪɟɚɥɢɡɨɜɚɧɚ ɫɢɫɬɟɦɚ, ɩɨɡɜɨɥɹɸɳɚɹ ɩɪɨɜɨ-
ɞɢɬɶ ɞɢɫɬɚɧɰɢɨɧɧɭɸ ɤɚɥɢɛɪɨɜɤɭ ɫɪɟɞɫɬɜ ɢɡɦɟɪɟ-
ɧɢɣ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ.  

Ɉɫɧɨɜɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ ɫɢɫɬɟɦɵ ɹɜɥɹɸɬɫɹμ 
ɤɚɥɢɛɪɭɟɦɨɟ ɫɪɟɞɫɬɜɨ ɢɡɦɟɪɟɧɢɣ – ɰɢɮɪɨɜɨɣ 
ɦɭɥɶɬɢɦɟɬɪ NI PXI-407β, ɪɚɛɨɱɢɣ ɷɬɚɥɨɧ – ɭɧɢ-
ɜɟɪɫɚɥɶɧɵɣ ɤɚɥɢɛɪɚɬɨɪ FХЮФО 55β0A, ɩɟɪɫɨɧɚɥɶ-
ɧɵɣ ɤɨɦɩɶɸɬɟɪ (ɉɄ) ɫɨ ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɦ 
ɩɪɨɝɪɚɦɦɧɵɦ ɨɛɟɫɩɟɱɟɧɢɟɦ (ɉɈ) – ɩɪɨɝɪɚɦɦɨɣ, 
ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɧɚ ɤɚɮɟɞɪɟ ɄɂɋɆ ɞɥɹ ɩɪɨɜɟɞɟɧɢɹ 
ɞɢɫɬɚɧɰɢɨɧɧɨɣ ɤɚɥɢɛɪɨɜɤɢ. ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠ-
ɞɭ ɤɚɥɢɛɪɨɜɨɱɧɵɦ ɨɛɨɪɭɞɨɜɚɧɢɟɦ ɢ ɉɄ ɨɫɭ-
ɳɟɫɬɜɥɹɟɬɫɹ ɱɟɪɟɡ GPIB ɢɧɬɟɪɮɟɣɫ. 

ɋɢɫɬɟɦɚ ɜɵɩɨɥɧɟɧɚ ɜ ɚɪɯɢɬɟɤɬɭɪɟ «ɤɥɢɟɧɬ-
ɫɟɪɜɟɪ», ɩɨɡɜɨɥɹɸɳɟɣ ɨɪɝɚɧɢɡɨɜɚɬɶ ɩɪɨɜɟɞɟɧɢɟ 

ɧɟɡɚɜɢɫɢɦɵɯ ɢɡɦɟɪɟɧɢɣ ɧɚ ɭɞɚɥɟɧɧɵɯ ɢɡɦɟɪɢɬɟ-
ɥɹɯ ɫ ɨɞɧɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɢ ɨɛɦɟɧ ɤɚɥɢɛɪɨɜɨɱɧɨɣ 
ɢɧɮɨɪɦɚɰɢɟɣ. Ɋɚɛɨɱɟɟ ɦɟɫɬɨ ɤɥɢɟɧɬɚ ɜɤɥɸɱɚɟɬ ɜ 
ɫɟɛɹ ɬɨɥɶɤɨ ɉɄ ɫ ɤɥɢɟɧɬɫɤɨɣ ɱɚɫɬɶɸ ɩɪɨɝɪɚɦɦɵ. 
ɇɚ ɫɬɨɪɨɧɟ ɫɟɪɜɟɪɚ ɧɚɯɨɞɹɬɫɹ ɢɡɦɟɪɢɬɟɥɶɧɨɟ ɨɛɨ-
ɪɭɞɨɜɚɧɢɟ ɢ ɉɄ ɫ ɫɟɪɜɟɪɧɨɣ ɱɚɫɬɶɸ ɩɪɨɝɪɚɦɦɵ. 
ȼɧɟɲɧɢɣ ɜɢɞ ɫɢɫɬɟɦɵ ɞɢɫɬɚɧɰɢɨɧɧɨɣ ɤɚɥɢɛɪɨɜɤɢ 
ɦɭɥɶɬɢɦɟɬɪɚ NI PXI-407β, ɪɚɛɨɬɚɸɳɟɝɨ ɜ ɪɟɠɢɦɟ 
ɢɡɦɟɪɟɧɢɹ ɩɟɪɟɦɟɧɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ, ɩɪɟɞɫɬɚɜɥɟɧ 
ɧɚ ɪɢɫɭɧɤɟ 1. 

 
Ɋɢɫ. 1. ȼɧɟɲɧɢɣ ɜɢɞ ɫɢɫɬɟɦɵ ɞɢɫɬɚɧɰɢɨɧɧɨɣ ɤɚ-
ɥɢɛɪɨɜɤɢ ɦɭɥɶɬɢɦɟɬɪɚ NI PXI-407β ɩɨ ɩɟɪɟɦɟɧ-

ɧɨɦɭ ɧɚɩɪɹɠɟɧɢɸ 
 
ɉɪɨɝɪɚɦɦɚ ɞɥɹ ɫɢɫɬɟɦɵ ɞɢɫɬɚɧɰɢɨɧɧɨɣ ɤɚ-

ɥɢɛɪɨɜɤɢ ɧɚɩɢɫɚɧɚ ɜ ɫɪɟɞɟ ɪɚɡɪɚɛɨɬɤɢ 
LabVIEW ДβЖ. ɉɪɨɝɪɚɦɦɚ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɞɜɚ 
ɜɢɪɬɭɚɥɶɧɵɯ ɩɪɢɛɨɪɚ (ȼɉ)μ «ɋɟɪɜɟɪ-ȼɉ», ɡɚɩɭɫ-
ɤɚɟɦɨɝɨ ɧɚ ɉɄ, ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɫɨɟɞɢɧɟɧɧɨɦ ɫ 
ɢɡɦɟɪɢɬɟɥɶɧɵɦ ɨɛɨɪɭɞɨɜɚɧɢɟɦ, ɢ «Ʉɥɢɟɧɬ-ȼɉ», 
ɤɨɬɨɪɵɣ ɡɚɩɭɫɤɚɟɬɫɹ ɧɚ ɪɚɛɨɱɟɦ ɦɟɫɬɟ ɤɥɢɟɧɬɚ.  

Ⱦɥɹ ɤɨɪɪɟɤɬɧɨɣ ɪɚɛɨɬɵ «ɋɟɪɜɟɪ-ȼɉ» ɫɟɪɜɟɪ-
ɧɵɣ ɉɄ ɬɪɟɛɭɟɬ ɭɫɬɚɧɨɜɤɢ ɩɪɨɝɪɚɦɦɧɨɣ ɫɪɟɞɵ 
δКЛVIEА ɫ ɧɚɛɨɪɨɦ ɫɩɟɰɢɚɥɶɧɵɯ ɞɪɚɣɜɟɪɨɜ ɞɥɹ 
ɤɨɧɤɪɟɬɧɨɝɨ ɨɛɨɪɭɞɨɜɚɧɢɹ, ɭɱɚɫɬɜɭɸɳɟɝɨ ɜ ɩɪɨ-
ɰɟɫɫɟ ɤɚɥɢɛɪɨɜɤɢ. Ⱦɪɚɣɜɟɪɚ ɧɚɯɨɞɹɬɫɹ ɜ ɨɬɤɪɵɬɨɦ 
ɞɨɫɬɭɩɟ ɢ ɦɨɝɭɬ ɛɵɬɶ ɧɚɣɞɟɧɵ ɧɚ ɫɚɣɬɟ ɤɨɦɩɚɧɢɢ 
National Instruments (NI) [3]. 

«Ʉɥɢɟɧɬ-ȼɉ» ɦɨɠɟɬ ɛɵɬɶ ɨɬɤɪɵɬ ɢ ɡɚɩɭɳɟɧ ɧɚ 
ɥɸɛɨɦ ɤɨɦɩɶɸɬɟɪɟ, ɢɦɟɸɳɟɦ ɜɵɯɨɞ ɜ ɂɧɬɟɪɧɟɬ. 
ɉɪɢ ɷɬɨɦ ɤɥɢɟɧɬɫɤɢɣ ɉɄ ɧɟ ɬɪɟɛɭɟɬ ɞɨɩɨɥɧɢɬɟɥɶ-
ɧɨɣ ɭɫɬɚɧɨɜɤɢ ɤɚɤɨɝɨ-ɥɢɛɨ ɉɈ ɢɥɢ ɞɪɚɣɜɟɪɨɜ.  

Ʌɨɝɢɤɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫɟɪɜɟɪɧɨɣ ɢ ɤɥɢɟɧɬ-
ɫɤɨɣ ɱɚɫɬɢ ɩɪɨɝɪɚɦɦɵ ɨɩɢɫɵɜɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ 


