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Abstract: This manuscript presents performed laboratory studies and the analysis of the impact of
current shunt values used in the differential connection on the wideband metrological performance of
inductive current transformers. Moreover, a comparison of the accuracy of wideband and 50 Hz-type
inductive current transformers in the specified frequency range from 50 Hz to 5 kHz is presented.
The main factor which may influence the wideband accuracy of inductive current transformers is
the phenomenon of self-generation. This causes rapid changes in the accuracy, and simultaneously
causes the most positive and the most negative values of current error and phase displacement. To
evaluate the metrological performance in the differential measurement setup for higher harmonics
of the distorted current, a digital acquisition board was used. Obtained results show that if proper
values of current shunt resistance are chosen, such devices may be used to evaluate the wideband
accuracy of inductive current transformers. The results indicate that the typical units designed for the
transformation of sinusoidal current with a frequency of 50 Hz can achieve a comparable metrological
performance to that of the wideband inductive current transformer.

Keywords: distorted current; current transformer; accuracy; higher harmonics; phase displacement;
current error; differential circuit; wideband instrument transformer

1. Introduction

In the market, wideband current transformers (CTs) are available [1-5]. High values of
primary current required for tests may be obtained using wideband power supplies [6-9].
In this paper, we present a comparison of the accuracy determined within a specified
frequency range for the wideband and 50 Hz-type CTs. The evaluation was performed in
the differential measuring system where composite error is directly determined [10-12].
However, the accuracy of such a measuring setup may be affected by the resistance of
the current shunt used. Therefore, additional analyses were performed to determine the
impact of the current shunt value obtained for each higher harmonic values of current
error and phase displacement. The differential measuring system is characterized by the
low measurement uncertainty in comparison to the utilization of a two-channel digital
acquisition board for primary and secondary current measurements [9,13-16]. Another
solution is based upon using the ampere turns method, whereby the additional primary
winding is made [17,18]. Therefore, it is applicable only to the window type of CT. The
number of turns of the primary winding has to be equal to its rated current ratio. The
main problem which should be considered for CTs with magnetic cores concerns their
low-order harmonics self-generation phenomenon [10]. This problem results from the
nonlinear magnetization curve of the magnetic core which causes a rise in the low-order
higher harmonics in the secondary current [11,19,20]. This phenomenon is observed
in the transformation of the sinusoidal and distorted current. In the measurement of
the distorted reactive and active power and the monitoring of power quality, the most
important consideration is the proper metrological performance of the low-order higher
harmonics transformation [21-25]. In the paper [21], the influence of grid-connected
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renewable power sources on power quality is analysed. Moreover, the effectiveness of the
applied methods in the mitigation of this problem is discussed. The paper [23] presents
a novel software-based methodology to analyse power quality with consideration of the
collaboration networks characteristics among researchers in this field. However, inductive
and electronic CTs may cause self-distortion of the secondary current and also malfunction
of the connected protection apparatus or measuring system [11,26-31]. To ensure the proper
reproduction of the primary current, the wideband frequency response should be evaluated.
It should ensure a linear dependence of transformation error with frequency [32]. In the
case of wideband units, it should be required that for the low-order higher harmonics of
transformed distorted current, negligible values of current error and phase displacement
are ensured. Moreover, the shape of the magnetic core may influence the metrological
performance of the inductive CT [33,34].

In this paper, the metrological performance frequency characteristics of two tested
inductive CTs are presented. Tests were performed for two values of distorted primary
current with consideration of the influence of the secondary windings rated load. Moreover,
the self-generation phenomenon is also considered, and its impact on their accuracy is
analysed. The utilization of the differential measuring circuit may affect the determined
values of current error and phase displacement of the tested CT. Therefore, the influence
of three current shunts, with resistance values equal to 1 (2, 10 (2, 100 ), respectively, are
analysed. In the measurement setup, differential current is measured simultaneously by
two devices: a digital acquisition board equipped with only voltage inputs and which
requires the use of an external current shunt, and a digital power analyser equipped with
current input. The obtained accuracy characteristic of the digital acquisition board is
compared with the differential current measured directly by the digital power meter using
a 0.1 Q) internal current shunt only. The results of the transformation accuracy obtained for
the low-order harmonics and the wideband CT show that in the tested frequency range,
the wideband CT is affected by the self-generation phenomenon, as for the 50 Hz-type CT.
Therefore, there are devices in the customer market that only by name are wideband, and
do not ensure better metrological properties than a typical inductive CT designed for the
transformation of 50 Hz sinusoidal currents only. To summarize the novelty of this paper,
the main achievements are listed below:

e A comparison of the accuracy of both wideband and 50 Hz-type inductive CTs in the
specified frequency range from 50 Hz to 5 kHz.

o  The determination of the influence of a current shunt on the determined frequency charac-
teristic of current error and phase displacement in the differential measurement setup.

e  The utilization of a digital acquisition board to determine composite error, current
error and phase displacement in the differential measurement setup.
Analysis of the self-generation phenomenon in the wideband CT.
An explanation for the influence of current shunt values on secondary voltages of the
inductive CT.

e  The analysis of the frequency characteristic of secondary voltages to justify the change
in current error and phase displacement values.

2. The Object under Study and the Measuring Circuit

Laboratory studies were performed for two different inductive CTs. The first one was
the standard type of unit manufactured for the transformation of sinusoidal current. The
second one is sold as a wideband unit. Both tested CTs are characterized by a current
ratio equal to 5 A\5 A. Therefore, their accuracy tests did not require a reference CT. The
manufacturer of each of the considered CTs provided the rated apparent power of the
secondary winding equal to 10 VA. In our studies, to exclude the increase in the secondary
voltage and the associated rise of magnetic flux density with the frequency of transformed
harmonics, we utilized only resistive loads. In the measuring circuit, as presented in the IEC
61869-2 standard, the additional connections between primary and secondary windings are
made to obtain the differential current [35]. To detect the influence of the current shunt Rp
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resistance on the values of current error and phase displacement of the tested CTs, a digital
power meter (DPM) with FFT (Fast Fourier Transform) and digital acquisition board (AB)
were used to determine the particular higher harmonics. Differential current was measured
in order to directly determine the values of composite error for each harmonic. The current
input of the DPM was utilized, while in the case of the AB, it was measured via current
shunts. The current shunt Rg enabled the measurement of the primary current using the
DPM and AB voltage inputs.

A programmable voltage source was used to supply the measuring circuit presented in
Figure 1. To ensure proper grounding, an insulated transformer was required. This solution
was able to provide the distorted primary current required for the testing of harmonic
transformation by the inductive CTs.
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Figure 1. Measuring circuit for the determination of current and phase errors of higher harmonics

.7

transformation. In Figure 1, the following abbreviations are used: AB—digital acquisition board,
DPM—digital power meter, ij—instantaneous primary current, i,—instantaneous secondary cur-
rent, ip—instantaneous differential current, IT—insulation transformer, P1/P2—primary winding
terminals, PPS—programmable power source, Rp—current shunt for the alternative measurement
of differential current, Rp— resistance load of the secondary windings, Rs—current shunt used to
measure the primary current, S1/52—secondary winding terminals, TCT—tested CT, V/mA—inputs
of the DPM, V1/V2—inputs of the AB.

The values of the primary current harmonic may be calculated from equation:

Uipk
Ly = 1
k= R’ 1)

where:

Uy x—RMS value of the specified voltage ik harmonic from the Rg current shunt,
I1px—RMS value of the specified primary current ik harmonic,

Rg—current shunt with a resistance value equal to 0.1 (2 and an inductance value
below 10 puH.
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Using the AB, the value of the differential current harmonic measured by the current
shunt Rp is determined from the equation:

UrDik_a

Ipnk_AB = 71{% AB ()
D

where:

Urpnk_ap—RMS value of the specified voltage hk harmonic of the current shunt Rp (1 (),
10 ), 100 Q).

The value of the composite error harmonic expressed as a percentage using the AB are
determined from the equation:

Ipnk_aAB
€9%Ihk_AB = T}:k.l()()%, 3)

where:
Ipnk aB—RMS value of the specified differential current ik harmonic measured by the AB.

The RMS values of secondary current harmonics when using the AB are determined
from the relationship:

ka5 = \/ B + By ap — 2T Ionk_aB-<0S @pic_ap, @

where:

¢@nx_ap—phase angle between the specified voltage Ik harmonic of resistor Rg and the
specified voltage ik harmonic of current shunt Rp,
Ik ap—RMS value of the specified secondary current ik harmonic measured by the AB.

The value of the current error harmonic expressed as a percentage using the AB, is
determined from the equation:

I — I
Aly ap = 72’1’?;‘15 - K 100%, ®)

Calculating specific composite and current error ik harmonics enables the specific
phase displacement of the ik harmonic for the transformation of the distorted current for
the tested CT to be determined using the AB, as follows:

2 2
\/ €y,ink_aB ~ Mi_ap
100% ’

(6)

dpuk_ap = arcsin(

Using the DPM, the value of the specific differential current hk harmonics are measured
directly by the current input. The specified values of the composite error ik harmonics for
the transformation of the distorted current are then determined from equation:

Ipnk_pPMm
€9%Ihk_DPM = 7'100%1 ()

where:

Ipnk ppm—RMS value of the specific differential current ik harmonic measured by
the DPM.

The RMS values of the specific secondary current ik harmonics of the DPM are
determined from the relationship:

Lyk_ppm = \/ By + i o — 2-Tink Ipnk_ppm-cos @p_ppm, 8
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where:

@ ppm—phase angle between the specified voltage hk harmonic of resistor Rg and the
specific differential current hk harmonic Ipy pppm,
Ik ppm—RMS value of the specific secondary current ik harmonic measured by the DPM.

The value of the current error harmonic, expressed as a percentage using the DPM, is
determined from the equation:

I -1
2nk_DPM — Mk 1000/, ©)

Al ppm = Lk _ppm

Calculating the specific composite and current error ik harmonics enables the specified
phase displacement of the ik harmonic for the transformation of the distorted current using
the DPM to be determined, as follows:

2 2
\/ €imk_ppm — Dlik_ppm
100%

S¢uk_ppm = arcsin( ), (10)

In accordance with the results presented in paper [10], the combined type B uncer-
tainties specified for the calculated values of current error and the phase displacement
hk higher harmonic of the distorted current from the developed measuring system from
Figure 1 are equal to £0.025% and £0.013°, respectively. The probability distribution of
the standard uncertainties was taken as rectangular. The measurement uncertainty was
calculated for the values of the composite error harmonics equal to 0.1% and 1%, and four
values of distorted current equal to 0.005 A, 0.1 A, 0.5 A and 0.6 A. Moreover, to properly
perform the analysis, the phase angle between the specified voltage ik harmonic from
resistor Rg and the specified differential current hk harmonic was analysed in the range
from 0° to 360°. The standard uncertainty type A was considered negligible because it
did not exceed 0.1 of the standard uncertainty type B (the results were averaged from
256 measured samples).

The research objective of this paper was to analyse the influence of Rp current shunt
resistances equal to 1 (3, 10 (3, 100 (), used to measure composite error as an alternative to
using the DPM in the measuring circuit Figure 1, on determined values of current error
and phase displacement of distorted current harmonics transformation. This problem, as
explained in Figure 2, results from the decrease or the increase in the value of secondary
voltage 1y, caused by the additional voltage drop on this resistor.

i P1

® IE

Figure 2. Simplified equivalent diagram of the measuring circuit.
Equations resulting from 2nd Kirchhoff’s law (I loop):
up =uyz —ugp = irZ —ipRp, (11)

where:

up—instantaneous value of the voltage from the secondary winding of the tested CT,
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uz—instantaneous value of the voltage on load impedance of the CT’s secondary winding,
ij\p,—instantaneous values of primary and secondary currents of the CT

Z—load impedance (mainly used as resistance) of the secondary winding,
ip—instantaneous value of the differential current.

According to the equations given above, the secondary winding voltage is decreased
by the voltage on resistor Rp. When the direction of differential current ip is changed, u5 is
increased by this voltage. Due to the nonlinearity of the magnetization characteristic of the
inductive CT’s magnetic core, the change in the secondary voltage 1, causes a change in the
differential current ip. Therefore, as determined in the measurement setup from Figure 1,
values of current error and phase displacement are additionally decreased or increased
depending on the direction of the differential current ip.

3. Additional Load of Secondary Winding Caused by the Measuring System

The values of tested CTs current error and phase displacement, as presented in Figure 3,
were evaluated for the transformation of distorted current with a single higher harmonic of
frequency from 100 Hz to 5 kHz, with the main component frequency of 50 Hz. Obtained
maximum positive (labeled +) and maximum negative (labeled —) values resulted from
the impact of higher harmonics with frequencies from 100 Hz to 650 Hz generated by the
wideband-type CT. The tests were performed for rated primary current and the load of its
secondary winding.

0.40

Harm. order [-]

40 50 60 70 80 90 100

1

(a)

=»-DPM (-)
-X=DPM (+)

~e-1 ohm AB (-)
-@-10hm AB (+)
—9-10 ohm AB (-)
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~+—100 ohm AB (-)
-+4- 100 ohm AB (+)

-1.00

-1.20

0.05

0.00

Harm. order [-]
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-0.10

-0.15 1

-0.20
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(b)

—DPM (-)
-X=DPM (+)
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~4—10 ohm AB (-)
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~+—100 ohm AB (-)
-+ 100 ohm AB (+)

-0.25

Figure 3. The influence of the self-generated low-order higher harmonics of the tested wideband
CT and current shunt resistance on current error (a) and phase displacement (b) for rated primary
current and load resistance. In Figure 3, the following abbreviations are used: DPM (+)\ (—)—maximum
positive (dashed line)/maximum negative (solid line) values of current error and phase displacement
determined by the digital power meter (DPM), 1\10\100 ohm AB (+)\ (—)—maximum positive (dashed
line) /maximum negative (solid line) values of current error and phase displacement determined by the
digital acquisition board (AB) using a current shunt of 1 Q\10 2100 Q.
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To obtain the (+)\(—) values of current error and phase displacement, the phase angle
of the higher harmonic in the distorted primary current in relation to its main component
is adjusted in the 10° steps from 0° to 360°. Moreover, maximum positive and negative
values of current error and phase displacement are also presented when the Rp current
shunt resistances, equal to 1 3, 10 (3, 100 (2, were used to measure composite error as an
alternative to the DPM in the measurement circuit from Figure 1.

The results presented in Figure 3 were analysed to determine the consequences of
applying the current shunt to measure the composite error in the differential circuit from
Figure 1. Significant differences in the obtained values of current error and phase displace-
ment of harmonics transformation in the tested inductive CT were detected for the 100 O
current shunt. If this very high resistance current shunt is used, the differences between
reference values from the DPM occur even for low values of the transformation error in the
whole tested frequency range of harmonics. This is due to the fact that in both cases, the
voltage drop on the current shunt is increased, and therefore, as results from Equation (11),
a decrease in the secondary winding voltage, as presented in Figure 4, is most significant.
Other values of current shunt resistances did not affect the results of the measurement in
relation to that obtained by the DPM. However, the impact of the current shunts used is a
result of the inferential current values.

0.60

0.50

'

(a) ‘3:0.30 ',’

/ —DPM ()
-%=DPM (+)
0.20 —~10hm AB (-)
-@-10hm AB (+)
~—10 ohm AB (-)
-~ 10 ohm AB (+)
~—+—-100 ohm AB (-)
-+ 100 ohm AB (+)

0.10

Harm. order [-]
0.00
0 10 20 30 40 50 60 70 80 90 100

0.12

0.10

0.08

(b)

'
!

i —¢DPM (-)

! -X=-DPM (+)

H ~@—-1 ohm AB (-)

-®-1ohm AB (+)

—4—10 ohm AB (-)

-@- 10 ohm AB (+)

—+-100 ohm AB (-)

-+ 100 ohm AB (+)

0.04

0.02

Harm. order [-]
0.00
0 10 20 30 40 50 60 70 80 90 100

Figure 4. The dependence of secondary voltage of the tested CT from the voltage drop on the current
shunt for different values of its resistance (used notations are as in Figure 3) for two values of the

primary current (a) 100%, (b) 20%.

When the 100 €} current shunt was used, the decrease in the secondary voltage was
significant, therefore, the decrease in current error and phase displacement of the harmonic
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transformation is also significant. This behaviour was also detected for low transformation
error values across the whole tested frequency range of harmonics. This was due to the
fact that the CT operating point, placed high on its magnetization characteristic, has been
moved lower. Therefore, different values of self-generation are obtained. The current
shunt with resistances of 1 () and 10 Q) did not significantly change the errors. Moreover,
increased values of secondary voltage with frequency are caused by the presence of the
inductance of the wires used for the measurement setup connections on the secondary side
of the tested CT.

Figure 5 presents the results confirming the influence of the self-generated higher
harmonics from the wideband CT and the current shunt resistance on the values of current
error and phase displacement, also for 20% of the rated primary current with the rated load
of the secondary winding.

0.00

0 10 20 30 40 50 60 70 80 90 100
-0.10
Harm. order [-]
-0.20
-0.30
§'—O.40
x
=
(a) < -0.50
—¢DPM ()
-X-DPM (+)
-0.60 -—1 ohm AB (-)
-@-1ohm AB (+)
-0.70 410 ohm AB (-)
-&-10 ohm AB (+)
~0.80 ~+-100 ohm AB (-)
-+- 100 ohm AB (+)
-0.90
0.10
0.05
Harm. order [-]
0.00
-0.05
-0.10
&
b £-0.15 = DPM (-)
( ) =X~DPM (+)
-0.20 -—1 ohm AB (-)
-@-1ohm AB (+)
—4—10 ohm AB (-)

-0.25
~&- 10 ohm AB (+)

—+=-100 ohm AB (-)

-0.30
-+4— 100 ohm AB (+)

-0.35

-0.40

Figure 5. The influence of the self-generated low-order higher harmonics from the wideband-type
CT and the current shunt resistance on current error (a), phase displacement (b), for 20% of the rated
primary current and rated resistance load (used notations are as in Figure 3).

The maximum positive and negative values of phase displacement and current error
determined for the transformation of harmonics by the wideband-type CT, as presented in
Figure 5, have lower values than are presented in Figure 3 for 100% of the rated primary
current and the same load. This is caused by the lower self-distortion of the secondary
current associated with the nonlinearity of the magnetic core. The limited value of the
primary current is a result of its operating point in the magnetization characteristic being
further away from the knee region.

In Figure 6, for the comparison between different types of tested CTs, the influence of
current shunt resistance on the values of current error and phase displacement for 100% of
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the RMS value of primary current and rated load of 50 Hz-type CTs, is presented. Moreover,
as in the previous case, the maximum positive (dashed line) and maximum negative (solid
line) values of current error and phase displacement, as obtained for a specified phase angle
of transformed higher harmonic related to the main component of the distorted primary
current, are presented.

0.60

0.50 ‘ *-DPM ()
-X~DPM (+)

]

1

——-1 ohm AB (-)
-@®-1ohm AB (+)
] —4—10 ohm AB (-)
030 i -@- 10 ohm AB (+)
~+-100 ohm AB (-)
-4- 100 ohm AB (+)

X
< 0.10
(a) £
0.00
0 40 50
-0.10 Harm. order [-]
-0.20
-0.30
-0.40
0.30
0.20
0.10
0.00
0 40 50 60 70 80 90 100
—_ -0.10 Harm. order [-]
o
X -0.20
(b) g
o
-0.30 DPMI ()
=X=DPM (+)
-0.40 -e—10hm AB ()
-@®-1ohm AB (+)
-0.50 910 ohm AB (-)
~-&- 10 ohm AB (+)
-0.60 ——100 ohm AB (-)
-+- 100 ohm AB (+)
-0.70

Figure 6. The influence of the self-generated low-order higher harmonics by the 50 Hz-type CT and
current shunt resistance on current error (a), phase displacement (b) for rated primary current and
load resistance (used notations are as in Figure 3).

In this case, the current shunt is also characterized by a 100 () resistance which
influences the obtained values of current error and phase displacement. The 50 Hz-type
CT is characterized by a worse accuracy performance in the tested frequency range than
the wideband CT. However, in both cases, the self-generation phenomenon conditions
the wideband performance. Obtained errors for the tested 50 Hz-type inductive CT were
slightly higher than for the wideband CT. This was associated with the higher value of
inductance leakage in the secondary windings. Therefore, with the increasing frequency of
the transformed higher harmonic, the magnetizing voltage also increases. Therefore, the
CT’s operating point in the magnetization characteristic moves higher towards the knee
point. Consequently, in relation to the tested wideband CT, higher values of current error
and phase displacement, with the increase in the frequency of the transformed harmonic,
are obtained.

In Figure 7, the influence of the current shunt resistance on current error and phase
displacement for 20% of the rated primary current and load for the 50 Hz-type CT
is presented.
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0.00 i
X o il a0 50 100
2-0.05
(a) Zi‘ Harm. order [-]
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—¢DPM (-)
-0.15 -X-DPM (+)
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~+4—-100 ohm AB (-)
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Figure 7. The influence of the self-generated low-order higher harmonics in the 50 Hz-type CT and
current shunt resistance on current error (a), phase displacement (b) for 20% of rated primary current
and rated load resistance (used notations are as in Figure 3).

The same behaviour of the 50 Hz unit at 100% of the rated primary current was
observed when RMS values of the transformed current were equal to 20% of its rated value.
The 100 Q) resistor used as current shunt strongly influenced the obtained values of current
error and phase displacement of the transformation harmonic of the distorted current.
The positive values of current errors indicated that the turns ratio correction was applied.
Therefore, the quotient of the numbers of turns of primary and secondary windings is not
the same as the rated current ratio [36].

4. Conclusions

The comparison of the transformation accuracy of the distorted current harmonics
evaluated for specified frequencies from 50 Hz to 5 kHz for the wideband and 50 Hz induc-
tive CTs indicates that the typical units can achieve comparable metrological performance.
Therefore, to determine the current error and phase displacement of the CTs, the digital
acquisition board equipped only with voltage inputs can be adopted, but it is necessary to
properly choose the current shunt resistance values. High values of current shunts increase
the measurement uncertainty of current error and phase displacement. Moreover, it may
cause a change in the secondary voltage of the tested CT. Therefore, the accuracy tests
would not be performed within appropriate tested CT operating conditions. To evaluate
the influence of the current shunt resistance, analysis of the frequency characteristic of the
secondary voltage was performed. This provides the justification for the change in the
transformation accuracy of the tested CT. Moreover, to properly determine the frequency
characteristic of current error and phase displacement, the self-generation phenomenon
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should be considered. Depending on the phase angle of the transformed higher harmonic
related to the self-generated one, the values of current error and phase displacement may
change rapidly and achieve the maximum positive and the maximum negative values. The
contribution of this paper to the field under study is pointed out in the following;:

e Typical CTs designed for the transformation of sinusoidal current can achieve a com-
parable metrological performance to wideband units.

e A digital acquisition board, equipped only with voltage inputs, can be adopted to
evaluate the wideband performance of CTs.

e  The influence of a current shunt on the determined frequency characteristic of current
error and phase displacement in the differential measurement setup is explained.

e  The analyses performed provide justification for the change in current error and phase
displacement values caused by the current shunt used in the differential connection.

e  The self-generation phenomenon of the wideband CT is presented.
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