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Abstract: This paper presents the method for evaluation of the turns ratio correction of the inductive
current transformer using the magnetization curves determined at the non-load state and in the load
conditions. The presented method may be applied to determine even a fractional winding correction
factor. The standard IEC 61869-2 provides the method to determine the turns ratio correction of
the tested CT from the measured rms values of voltages on its primary and secondary winding in
the non-load state. However, this approach is limited in determining the significant changes in the
number of turns of the secondary winding. Moreover, the paper presents the influence of the applied
turns ratio correction on the frequency characteristics of the current error and phase displacement of
the inductive current transformers evaluated for the transformation of the distorted current.

Keywords: inductive current transformer; turn ratio correction; higher harmonics; distorted current;
secondary winding; current error; window type CT

1. Introduction

Inductive current transformers (CTs) are widely used for measuring purposes in a
power grid [1–3]. Their popularity results from their high accuracy, reliability and long
lifespan. The accuracy of the inductive CT depends mainly on the magnetic material that
the magnetic core is made of. Therefore, compensation of their values of current error
and phase displacement may be used to ensure higher accuracy at a reduced cost [4–6].
One proposed method is to use an active secondary circuit to increase the secondary
current with the calculated value resulting from the instantaneous values of the magnetic
core excitation current [4]. Another approach is to use an active secondary circuit to
implement the computational algorithms from an artificial neural network to reconstruct
the waveform of the distorted secondary current [5]. The compensation of the CT transducer
may also be realized by appropriate analysis and processing of voltage from the secondary
winding [6]. Saturation of the magnetic core of inductive CTs, which has a negative effect
on their accuracy, may also be compensated [7–12]. The proposed method is to utilize
the Kalman filter enabling reconstruction of the waveform of the primary current of the
tested CT [12]. Most of the proposed approaches use mathematical algorithms based on
the magnetization curves of the magnetic core and measured distortion of the secondary
current to reconstruct the magnetic flux density. Therefore, it is possible to determine
the magnetic core excitation current and then determine the values of the compensation
current [8,9]. Another possibility is to include in the secondary circuit of the inductive CT a
controlled voltage source to reduce its load and ensure an undistorted constant value of the
magnetic flux density in the magnetic core even in transient states [7]. The pre-saturation
phenomenon of the magnetic core may be caused by a load power of the secondary winding
that is too high. Therefore, its decrease may lead to increased accuracy in any operating
conditions, including transformation of the distorted current [10,11,13].

The most popular approach to achieve a higher accuracy of the inductive CT is to
apply the turns ratio correction. Reduced numbers of turns of the secondary windings
decrease its turns ratio and thus increase the RMS value of the secondary current. The
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current error may have a positive value [14–16]. The change of its value ∆Iz caused by the
turns ratio correction is determined by the equation:

∆Iz =
∆z2

z2N
·100% (1)

where:

z2N—rated number of turns of the secondary winding resulting from rated turns ratio of
the CT;
∆z2—number of turns of the correction made to the secondary winding.

The lower absolute values of the current error are obtained by the reduced number of
turns of the secondary winding. The fractional turns correction (FTC) should be applied if,
by unwinding a single turn (Figure 1b), the values of the current error with the low load
power of the secondary winding are too highly positive. One of the approaches is to wind
the last turn of the secondary winding through the additional hole made in the magnetic
core. The proposed solution requires splitting the winding wire into several individual
branches (Figure 1c). Therefore, the last turn of winding is made with several wires, some
of which are winded through the window of the magnetic core, and the others are made
around it. In Figure 1, the secondary winding of the window-type CT without correction
(a), with single turn correction (b) and with fractional correction of turns (c) are presented.
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The annex 2C of the standard IEC 61869-2 specifies the method for determining the
value of the real turns ratio of the CT in its non-load state:

z1

z2
=

U10∣∣∣Uµ

∣∣∣ (2)

where:

z2—real number of turns of the secondary winding of the CT;
z1—real number of turns of the primary winding of the CT;
U10—RMS value of the supply voltage;
Uµ—RMS value of the voltage of the magnetic core.

However, it should be mentioned that the presented Formula (2) allows for determin-
ing the real turns ratio of the CT when the value of the applied number of turns correction
is sufficiently high. Otherwise, when the fractional or only several turns correction is made,
the measured RMS values of the voltages do not accurately determine the real turns ratio
of the tested CT. This results from the required low measurement uncertainty of those
voltages. Since the single turn correction (TC) of the secondary winding of the CT with the
rated number of turns of the secondary winding of 1000 causes the difference between the
RMS values of secondary and primary voltages equal to about 0.1%, in relation to measured
RMS values for windings without applied turns correction. If a single turn correction of
the secondary winding of the CT with the rated number of turns of the secondary winding
equal to 200, causes the difference between the RMS values of secondary and primary
voltages equal to about 0.5%, in relation to measured RMS values for windings without
the applied turns correction. The measurement uncertainty of the calculation of the real
number of turns of the tested CT results from voltmeters. Considering that their accuracy
is equal to ±0.2%, assuming the rectangular probability distribution, the measurement un-
certainties of the voltage ratio equals ± 0.24%. In the case of the inductive CT with a rated
current ratio equal to 1000 A/5 A, this results in possible detection of the turns ratio with
measurement uncertainty equal to±0.5 turns, while in the case of the inductive CT with the
current ratio of 1000 A/1 A this results in measurement uncertainty equal to ±2 turns. The
proposed method uses a measured value of the differential current to determine the turns
ratio correction of the secondary winding. The value of the differential current without
applied turns correction in the case of the inductive CT with the current ratio 1000 A/1 A
is equal to 1.45 mA. The value of the differential current after the applied turns correction
is equal to 0.45 mA. Therefore, the change of the value of the differential current caused by
the applied single turn correction of the secondary winding in considering the case equal
to 1 mA. Then, the percentage change of the value of the differential current caused by the
applied single turns correction of the secondary winding is also equal to 69%. The value
of the differential current without the applied turns correction in the case of the inductive
CT with the current ratio 1000 A/5 A is equal to 5.37 mA. The value of the differential
current after the applied turns correction is equal to 0.37 mA. Therefore, the change of the
value of the differential current caused by the applied fractional turns correction of the
secondary winding in considering the case equal to 5 mA. Then, the percentage change
of the value of the differential current caused by applied fractional turns correction of
the secondary winding is equal to 93%. The measurement uncertainty of the determined
turns ratio correction of the tested CT according to the proposed method results from
the accuracy of differential current measurements, which is equal to 0.5%. Therefore, the
measurement uncertainties specified for inductive CT with the current ratio 1000 A/5 A is
equal to ±0.025 turns since a single turn causes the change of the differential current equal
to 5 mA. In the case of the inductive CT with the current ratio of 1000 A/1 A, it is equal to
±0.005 turns since a single turn causes the change of the differential current equal to 1 mA.

To determine the values of current error and phase displacement of the CT, it is
required that the test system is capable of generating currents with the required high RMS
values or other applications of alternative developed measurement methods [14,15,17–21].
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Considering the window-type CT, it is possible to use the method based on its ampere-turns
condition, where the additional winding with the number of turns resulting from the rated
current ratio is winded. Therefore, the tested CT is supplied with the primary current equal
to the value of its secondary current [20]. However, to test the CTs transformation accuracy
for distorted currents, the power source capable of generating distorted currents with
programmable levels of higher harmonics is required [17,22]. Calibration of the CT during
the transformation of a sinusoidal current 50/60 Hz requires utilization of the reference CT
and currents comparator connected to their secondary windings [23,24]. Other methods to
determine the accuracy of tested CTs are based on measuring systems using the Rogowski
coil or the current transducer made with flux-gate technology [15,25,26]. These systems
may use the transducer with a digital signal proportional to the current error and phase
displacement [27]. Such devices use a dual-band A/D converter and keep the accuracy over
a wide frequency range. The values of current error and phase displacement of harmonic
transformation by the tested CTs may be determined using a two-channel measurement
card [28,29].

The presented study concerns the method to determine the turns ratio correction
of the inductive CT in the case when the construction of its secondary winding is not
specified. This approach can be used for the manufactured inductive CT in order to
explain the course of the frequency characteristics of the values of current error and phase
displacement determined for the transformation of distorted current harmonics. Moreover,
this proposed solution has lower measurement uncertainty in comparison with the solution
presented in the standard IEC 61869-2 due to the application of differentially measured
current. Therefore, for inductive CTs with a high rated current ratio, the presented method
may be used to determine even fractional turn corrections when other methods do not have
sufficient accuracy. In this paper, the influence of the applied single and fractional turns
correction of the secondary winding on the determined values of current error and phase
displacement of the inductive CTs for the transformation of distorted current harmonics is
also investigated.

2. The Developed Method to Determine the Turns Ratio Correction

The developed procedure requires the utilization of two measuring systems, in both
of which the magnetization curve and the characteristic of the active power losses of the
magnetic core of the tested inductive CT are determined. In the first case, the measurements
are made in the non-load state of the CT (Figure 2a), while in the second case, the equivalent
magnetization curves are determined under the load condition (Figure 2b).

In Figure 2, the following abbreviations are used:

OSC—oscilloscope;
TCT—tested CT;
CS1/CS2—channel designed for connection of a current/voltage probe of the 1st and 2nd
module of the digital power meter;
DPM—digital power meter;
i1A—instantaneous value of the current in the additional primary winding;
i2—instantaneous value of the current in the secondary winding of the TCT;
IM/IIM—1st and 2nd modules of the DPM;
i0/iD—instantaneous value of the excitation/differential current (with the applied turns
ratio correction, the value of the differential current between additional primary and
secondary windings of the TCT is different from excitation current);
RL—load resistor of the secondary winding of the TCT;
RD—current shunt resistor with a resistance equal to 10 Ω and inductance of less than
10 µH for measurements of voltage associated with the current in the differential connection
between the additional primary and the secondary windings of the TCT;
RS—current shunt resistor with a resistance equal to 0.1 Ω and inductance of less than 10 µH
for measurements of voltage associated with the current in the additional primary winding;
IT—isolation transformer;
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V1/V2—voltage channels of the 1st and 2nd modules of the DPM;
PPS—programmable power source.

Energies 2021, 14, 8602 4 of 16 
 

 

21]. Considering the window-type CT, it is possible to use the method based on its am-
pere-turns condition, where the additional winding with the number of turns resulting 
from the rated current ratio is winded. Therefore, the tested CT is supplied with the pri-
mary current equal to the value of its secondary current [20]. However, to test the CTs 
transformation accuracy for distorted currents, the power source capable of generating 
distorted currents with programmable levels of higher harmonics is required [17,22]. Cal-
ibration of the CT during the transformation of a sinusoidal current 50/60 Hz requires 
utilization of the reference CT and currents comparator connected to their secondary 
windings [23,24]. Other methods to determine the accuracy of tested CTs are based on 
measuring systems using the Rogowski coil or the current transducer made with flux-gate 
technology [15,25,26]. These systems may use the transducer with a digital signal propor-
tional to the current error and phase displacement [27]. Such devices use a dual-band A/D 
converter and keep the accuracy over a wide frequency range. The values of current error 
and phase displacement of harmonic transformation by the tested CTs may be determined 
using a two-channel measurement card [28,29]. 

The presented study concerns the method to determine the turns ratio correction of 
the inductive CT in the case when the construction of its secondary winding is not speci-
fied. This approach can be used for the manufactured inductive CT in order to explain the 
course of the frequency characteristics of the values of current error and phase displace-
ment determined for the transformation of distorted current harmonics. Moreover, this 
proposed solution has lower measurement uncertainty in comparison with the solution 
presented in the standard IEC 61869-2 due to the application of differentially measured 
current. Therefore, for inductive CTs with a high rated current ratio, the presented method 
may be used to determine even fractional turn corrections when other methods do not 
have sufficient accuracy. In this paper, the influence of the applied single and fractional 
turns correction of the secondary winding on the determined values of current error and 
phase displacement of the inductive CTs for the transformation of distorted current har-
monics is also investigated. 

2. The Developed Method to Determine the Turns Ratio Correction 
The developed procedure requires the utilization of two measuring systems, in both 

of which the magnetization curve and the characteristic of the active power losses of the 
magnetic core of the tested inductive CT are determined. In the first case, the measure-
ments are made in the non-load state of the CT (Figure 2a), while in the second case, the 
equivalent magnetization curves are determined under the load condition (Figure 2b). 

 
 

Energies 2021, 14, 8602 5 of 16 
 

 

 
 

(a) (b) 

Figure 2. Measuring systems to determine the magnetization curves and the active power losses of 
the CT: (a) non-load state, (b) load state. 

In Figure 2, the following abbreviations are used: 
OSC—oscilloscope; 
TCT—tested CT; 
CS1/ CS2—channel designed for connection of a current/voltage probe of the 1st and 2nd 

module of the digital power meter; 
DPM—digital power meter; 
i1A—instantaneous value of the current in the additional primary winding; 
i2—instantaneous value of the current in the secondary winding of the TCT; 
IM/IIM—1st and 2nd modules of the DPM; 
i0/iD—instantaneous value of the excitation/differential current (with the applied turns ra-

tio correction, the value of the differential current between additional primary and 
secondary windings of the TCT is different from excitation current); 

RL—load resistor of the secondary winding of the TCT; 
RD—current shunt resistor with a resistance equal to 10 Ω and inductance of less than 10 

µH for measurements of voltage associated with the current in the differential con-
nection between the additional primary and the secondary windings of the TCT; 

RS—current shunt resistor with a resistance equal to 0.1 Ω and inductance of less than 10 
µH for measurements of voltage associated with the current in the additional pri-
mary winding; 

IT—isolation transformer; 
V1/V2—voltage channels of the 1st and 2nd modules of the DPM; 
PPS—programmable power source. 

In the presented measuring system in Figure 2a, the magnetization curve, the active 
power losses and the maximum value of the magnetic core excitation current I0m (in the 
non-load state, it is the primary current of the TCT) are measured. Moreover, it is also 
mandatory to measure the instantaneous voltage on the secondary winding, which corre-
sponds in this case to the value of the voltage of the magnetic core on the mutual induct-
ance of the windings. The flowchart showing the steps of the procedure to determine the 
turns ratio correction of the CT is presented in Figure 3. 

Figure 2. Measuring systems to determine the magnetization curves and the active power losses of
the CT: (a) non-load state, (b) load state.

In the presented measuring system in Figure 2a, the magnetization curve, the active
power losses and the maximum value of the magnetic core excitation current I0m (in
the non-load state, it is the primary current of the TCT) are measured. Moreover, it is
also mandatory to measure the instantaneous voltage on the secondary winding, which
corresponds in this case to the value of the voltage of the magnetic core on the mutual
inductance of the windings. The flowchart showing the steps of the procedure to determine
the turns ratio correction of the CT is presented in Figure 3.
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In the first step, the maximum value of the magnetic flux density in the magnetic
core B0max (Figure 3 step 2a) of the TCT in the non-load state is determined for the given
maximum value of the magnetic field strength H0max (Figure 3 step 2b) associated with the
maximum value of the excitation current I0max (Figure 3 step 1b). The maximum value of
the magnetic field strength is calculated from the following equation:

Hmax =
Imax·z1N

lFe
(3)

where:

z1N—the rated number of turns of the secondary winding resulting from the rated turns
ratio of the CT;
Imax—the maximum value of the magnetic core excitation current;
lFe—the length of the mean path in the magnetic core.

The oscilloscope connected in the measuring setup presented in Figure 2a determines
the dynamic hysteresis loops of the magnetic core of the TCT by the integration of the
instantaneous voltage measured on the open secondary winding (Figure 3 Step 1a). The
maximum (peak) value of the magnetic flux density B0max is calculated with the follow-
ing equation:

Bmax =

{
1

z2NsF

∫
u2dt

}
max

(4)

where:
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u2—instantaneous value of the voltage on the open secondary winding of the TCT;
sFe—cross-section of the magnetic core.

In the second step, to determine the differential current, the TCT is supplied with the
sinusoidal current by the additional primary winding (Figure 2b). The instantaneous value
of the voltage on the mutual inductance between TCT windings is measured from the open
additional secondary winding. The value of the magnetic flux density in the magnetic core
in the load state of TCT is calculated according to relation (4). The maximum value of the
differential current Idm (Figure 3 Step 3a) of the TCT is measured for the condition when the
maximum magnetic flux density in the magnetic core Bdmax is equal to the value measured
in non-load state B0max. Furthermore, the rms value of the current I1A in the additional
primary winding is measured.

The maximum value of the magnetic field strength Hdmax (Figure 3 Step 4a) in the
loaded state of the secondary winding resulting from the value of the differential current
Idm is calculated from relation (3). Then, the value of the applied turns ratio correction ∆z
(Figure 3 step 5) of the TCT’s secondary winding is determined from the following equation:

∆z =

I0max√
2
·z2N

(∣∣∣∣Hdmax
H0max

− 1
∣∣∣∣)

I1
(5)

In Figure 4, the magnetization curve of the inductive CT’s magnetic core determined
in the non-load state (purple line) and the equivalent magnetization curves determined in
the load state of the secondary winding (red and green lines) are presented.
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Figure 4. Magnetization curves of the inductive CT (TC—single turn correction, FTC—fractional
turn correction).

The equivalent magnetization curves in the load state of the secondary winding of
the TCT for the same value of the magnetic flux density may achieve different values of
the magnetic field strength equal to Hmax(II) or Hmax(I) depending on the applied value
of the turns ratio correction. If the value of the differential current Idmax is decreased
in relation to the measured magnetic core excitation current I0m, then for the condition
B0max = Bdmax, a lower value of the magnetic field strength is achieved (Figure 5, Hmax(II)). In
this case, the correction of the number of turns of the secondary winding is made correctly.
Otherwise, when the application of the turns ratio correction increases the maximum value
of the differential current Idmax, then for the condition B0max = Bdmax, a higher value of the
magnetic field strength Hmax(I) is achieved.
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3. Tested CT and Application of the Method

The verification of the presented method is performed for inductive CT with a specified
number of turns of the easily accessible secondary winding. Therefore, the inductive CT
with the rated current ratio equal to 1000 A/5 A has been designed and constructed.
The rated load of the secondary winding is equal to 5 VA. Its magnetic core is made of
Ni78Fe22 tape (78% nickel and 22% iron). The value of its cross-sectional area SFe is equal
to 0.00105 m2, the mean path length of the magnetic flux lFe in the magnetic core is equal
to 0.738 m and its weight is 2 kg. The used magnetic core’s material is characterized
by an initial magnetic permeability of approximately 4000 and active power losses of
approximately 0.05 W/kg at 0.4 T. The secondary winding is made with a copper wire
with a diameter of 1.8 mm, coated in double insulation (temperature index 200) from
polyester resin with a polyamide-imide top-coat. The toroidal magnetic core is isolated
from the secondary winding by the pressboard tape evenly wrapped around its surface.
The secondary winding is made in two layers, each of 100 turns connected in series. Its
additional primary winding is made with the same number of turns when the ampere-turns
method is used.

In order to verify the effectiveness of the method to determine the turns ratio correction
of the inductive CT, the first tests were performed on a model with the turns ratio equal to
200/200, the rated secondary current 5 A, and the rated apparent power 5 VA, the single
turn correction of the secondary winding was applied. Therefore, its turns ratio is equal
to 200/199. The equivalent magnetization curves were determined using an additional
secondary winding with 200 turns. It is left open when the secondary winding is used. The
measured value of the voltage on this winding corresponds to the voltage of the magnetic
cote on the mutual inductance between windings of the TCT. The magnetization curves for
the non-load state were determined using the measurement setup presented in Figure 2a,
while their equivalent for the load state was designated in the measuring system presented
in Figure 2b. The changes of the course of the equivalent magnetization curves with the
change of the load of the secondary winding of the TCT and applied single turns ratio
correction to increase or decrease its number of turns are shown in Figure 5.

The magnetization curves in the non-load state were plotted with the purple color
(uncorrected winding) and brown color (corrected winding). In the load state for the rated
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load of the secondary winding, they are plotted by the blue color (corrected winding) and
the red color (uncorrected winding), while the green color was used for 25% of the rated
load (corrected winding). The turns ratio correction changes the value of the differential
current between the primary and secondary windings. This value may be higher or
lower than the actual excitation current of the magnetic core depending on whether the
applied winding correction is decreased or increased in relation to the absolute value of
the current error in comparison to the conditions when the uncorrected winding is used.
In the case when the number of turns of the secondary winding was reduced by the single
turn resulting in the +0.5% change of the value of current error in the positive direction
according to Equation (1). Therefore, the equivalent magnetization curve of the TCT for
the rated load reaches higher values of the magnetic field strength for the same value of
the magnetic flux density B1. Its value in the non-load state H11 changes to the value H12
in the loaded state. The difference between these two operating points is caused by the
applied turns ratio correction. An increase of the load of the corrected secondary winding
causes the equivalent magnetization curve to increase its slope to achieve the course in the
non-load state, i.e., to obtain the real magnetization curve of the magnetic core of the TCT.
Therefore, for the same value of the magnetic flux density B2, the magnetic field strength
changes from H22 obtained in the loaded state to the value equal to H21 in the non-load
state. If the turn ratio is corrected properly, the slope of the equivalent magnetization
curve determined in the load state of the TCT is higher than in the case of the non-load
state, and the value of the differential current is decreased in relation to the excitation
current. Therefore, the values of the magnetic field strength for the same magnetic flux
density are decreased, and the magnetization curve is located on the left with respect to the
one determined in the non-load state. It is obvious that the application of the single-turn
correction for the secondary winding with 200 turns is not reasonable due to the large
change of the current error equal to +5%. Therefore, the fractional winding correction
should be applied to achieve the lowest possible values of the differential current and the
current error.

The influence of the fractional winding correction on the courses of the equivalent
magnetizing curves of the TCT with the rated turns ratio 200/200 is shown in Figure 6.
Corrections are made by 1/5 turn in five steps up to the one turn correction, resulting in
a change of the value of the current error from about +0.1% to +0.5%, respectively. The
magnetization curves were determined for 25% of the rated load of the secondary winding.
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The change of the value of the applied fractional winding correction causes a change
in the slope of the equivalent magnetizing curve determined in the load state of the TCT.
Correction by 1/5 of a turn results in increasing the value of the current error from −0.01%
to 0.09%, which is compliant with the results of the performed accuracy tests. Increasing
the value of the applied fractional winding correction increases the value of the current
error by +0.5%.

Application of the developed method enables the possibility to determine the turns
ratio correction of the inductive CT. The magnetization curves determined in the load and
non-load state are used. If the magnetic flux density is equal to 0.05 T (B3), for the primary
current equal to 6 A, the maximum value of the excitation current is equal to 6.447 mA.
Using relation (5) for these values, it is possible to determine the number of turns of the
applied winding correction from the magnetization curves presented in Figure 6:

• Red color:

∆z =

I0max√
2
·z2N

(∣∣∣∣ Hmax

H0max
− 1
∣∣∣∣)

I1
=

0.006447√
2
·200·

(∣∣∣∣4.149
1.747

− 1
∣∣∣∣)

6
∼= 0.2 (6)

• Blue color:

∆z =

I0max√
2
·z2N

(∣∣∣∣ Hmax

H0max
− 1
∣∣∣∣)

I1
=

0.006447√
2
·200·

(∣∣∣∣8.766
1.747

− 1
∣∣∣∣)

6
∼= 0.6 (7)

• Green color:

∆z =

I0max√
2
·z2N

(∣∣∣∣ Hmax

H0max
− 1
∣∣∣∣)

I1
=

0.006447√
2
·200·

(∣∣∣∣13.234
1.747

− 1
∣∣∣∣)

6
∼= 1 (8)

In Figure 7, the equivalent magnetization curves of the TCT are presented. They are
determined for factional correction of the secondary winding and its rated load.
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The equivalent magnetization curve of TCT for its rated load with a 1/5 turn correction
of the secondary winding turns achieves, in relation to other presented cases, lower values
of the magnetic field strength for the same values of the magnetic flux density. This is due
to the decreased value of the differential current in relation to the excitation current and
other cases when the applied turn correction is greater than 1/5. Therefore, the value of
the secondary current resulting from the actual turns ratio is increased compared to its
value without the turn correction. Therefore, the TCT obtains lower values of the current
error for the rated load of the secondary winding. The applied fractional turns number
correction is made properly.

4. The Effect of the Applied Turns Ratio Correction on the Frequency Characteristics
of Current Error and Phase Displacement

The influence of the applied turn correction of the secondary winding of the TCTs on
the determined values of current error and phase displacement for the transformation of
distorted current harmonics is investigated. In accordance with Equation (1) for the CT
with a rated current ratio equal to 1000 A/5 A, the change of the current error from a single
turn correction is equal to:

∆Izhk =
∆z2

z2N
·100% =

1
200
·100% = 0.5% (9)

The tests of the influence of the applied turns correction on the frequency character-
istics of current error and phase displacement was carried out under the ampere-turns
condition of TCT. The measurements were performed by supplying the additional primary
winding with the distorted current (main component and single higher harmonic with 10%
value of the fundamental harmonic). The measuring system is presented in Figure 8.
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In this circuit, the shunt resistors are used to measure the RMS values of the harmon-
ics of distorted current in the additional winding and in the differential connection be-
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61869-2 and is used to determine the value of the composite error. In the developed 
method, it is used for the evaluation of the accuracy of inductive CTs during the transfor-
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Figure 8. The measuring system used to determine the values of current error and phase displacement
of the TCT for the transformation of the distorted current.

The same abbreviations are used as in Figure 1, additionally:

C2—current channel of the 2nd module of the digital power meter.

In this circuit, the shunt resistors are used to measure the RMS values of the harmonics
of distorted current in the additional winding and in the differential connection between
the additional primary winding and secondary winding. The differential circuit in ampere-
turns condition of the inductive protective CT is presented in the standard IEC 61869-2
and is used to determine the value of the composite error. In the developed method, it
is used for the evaluation of the accuracy of inductive CTs during the transformation of
distorted currents. In the measuring system in Figure 9, the RMS value of a given harmonic
of the distorted current I1Ahk in the additional winding of the CT is determined from the
following equation:

I1Ahk =
UShk
RS

(10)

where:

UShk—RMS value of the given harmonic of the distorted voltage on current shunt resis-
tor RS.

Energies 2021, 14, 8602 12 of 16 
 

 

 

Figure 8. The measuring system used to determine the values of current error and phase displace-
ment of the TCT for the transformation of the distorted current. 

The same abbreviations are used as in Figure 1, additionally: 
C2—current channel of the 2nd module of the digital power meter. 

In this circuit, the shunt resistors are used to measure the RMS values of the harmon-
ics of distorted current in the additional winding and in the differential connection be-
tween the additional primary winding and secondary winding. The differential circuit in 
ampere-turns condition of the inductive protective CT is presented in the standard IEC 
61869-2 and is used to determine the value of the composite error. In the developed 
method, it is used for the evaluation of the accuracy of inductive CTs during the transfor-
mation of distorted currents. In the measuring system in Figure 9, the RMS value of a 
given harmonic of the distorted current I1Ahk in the additional winding of the CT is deter-
mined from the following equation:  𝐼ଵ஺௛௞ =  𝑈ௌ௛௞𝑅ௌ  (10) 

where: 
UShk—RMS value of the given harmonic of the distorted voltage on current shunt resistor RS. 

(a) 

 
Figure 9. Cont.



Energies 2021, 14, 8602 13 of 16Energies 2021, 14, 8602 13 of 16 
 

 

(b) 

 

Figure 9. Influence of the applied fractional turn correction of the secondary winding of the TCT on 
the values of (a) current error and (b) phase displacement (abbreviation: FTC—fractional turn cor-
rection). 

The RMS value of a given harmonic of the distorted differential current IDhk is deter-
mined from the following equation:  𝐼஽௛௞ =  𝑈஽௛௞𝑅஽  (11) 

where: 
UDhk—RMS value of the given harmonic of the distorted voltage on current shunt resistor RD. 

The composite error ε%Ihk of the given harmonic transformation is determined from 
the following equation: 

𝜀%ூ௛௞ = 𝑈஽௛௞𝑅஽𝐼ଵ஺௛௞ 100% (12) 

Using the Cosine Theorem from determined values of the I1Ahk, IDhk and the value of 
the phase angle between the hk harmonic of these currents, it is possible to determine the 
rms value of the given harmonic of the secondary distorted current I2hk of the TCT [20]. 
Then, the value of the current error of a given harmonic transformation is determined 
from the following equation: ∆𝐼௛௞ = 𝐼ଶ௛௞ െ 𝐼ଵ஺௛௞𝐼ଵ஺௛௞ ∙ 100% (13) 

The value of the phase displacement of a given harmonic transformation is deter-
mined from the following equation: 

φ௛௞ = arcsin ⎝⎛
ට%ூ௛௞ଶ െ 𝐼௛௞ଶ100% ⎠⎞ (14) 

In Figure 9, the frequency characteristics of the values of current error and phase 
displacement for the transformation of harmonics from the 1st to 100th order by the TCT 
are presented. 

Figure 9. Influence of the applied fractional turn correction of the secondary winding of the TCT
on the values of (a) current error and (b) phase displacement (abbreviation: FTC—fractional turn
correction).

The RMS value of a given harmonic of the distorted differential current IDhk is deter-
mined from the following equation:

IDhk =
UDhk
RD

(11)

where:

UDhk—RMS value of the given harmonic of the distorted voltage on current shunt resis-
tor RD.

The composite error ε%Ihk of the given harmonic transformation is determined from
the following equation:

ε%Ihk =

UDhk
RD

I1Ahk
·100% (12)

Using the Cosine Theorem from determined values of the I1Ahk, IDhk and the value of
the phase angle between the hk harmonic of these currents, it is possible to determine the
rms value of the given harmonic of the secondary distorted current I2hk of the TCT [20].
Then, the value of the current error of a given harmonic transformation is determined from
the following equation:

∆Ihk =
I2hk − I1Ahk

I1Ahk
·100% (13)

The value of the phase displacement of a given harmonic transformation is determined
from the following equation:

δϕhk = arcsin


√

ε2
%Ihk − I2

hk

100%

 (14)

In Figure 9, the frequency characteristics of the values of current error and phase
displacement for the transformation of harmonics from the 1st to 100th order by the TCT
are presented.
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In the case when the number of winding turns is not corrected, the TCT is tested in
frequencies ranging from 50 Hz up to 5 kHz and meets the requirements of accuracy class
0.2 (Table 1). In this case, the same error limits as specified for the 50 Hz accuracy class in
the standard IEC 61869-2 are adopted for all harmonics.

Table 1. Accuracy classes of measuring inductive CTs in accordance with the standard IEC 61869-2.

Acc. Class
Current Error [%] Phase Displacement [◦]

5 20 100 120 5 20 100 120

0.1 ±0.4 ±0.2 ±0.1 ±0.1 ±0.25 ±0.14 ±0.09 ±0.09
0.2 ±0.75 ±0.35 ±0.2 ±0.2 ±0.50 ±0.25 ±0.17 ±0.17
0.5 ±1.5 ±0.75 ±0.5 ±0.5 ±1.50 ±0.75 ±0.50 ±0.50

Using the modified Equation (1), the required value of the fractional turns correction
of the secondary winding to ensure for TCT the accuracy class 0.1 from 50 Hz to 5 kHz
is determined.

∆z2 =
∆Izhk·z2N

100%
=

0.1%·200
100%

=
1
5

(15)

After the fractional turns correction of the secondary winding equal to 1/5, the values
of current error are changed by +0.1% in the positive direction over the entire tested
frequency range. It was required to use five parallel winding wires with a cross-section
of 0.8 mm instead of a single turn of the secondary winding. Their lengths are equal,
ensuring approximately the same value of their resistance. Four wires are winded around
the magnetic core in the same direction as other turns of the secondary winding, while one
wire is directly connected to the output terminal. The real number of turns of the secondary
winding is equal to 199.8. In Figure 9, the solid purple line is used to plot results for 120%
of the rated primary current, and the solid yellow line is used for 5% of the rated primary
current when fractional turns correction is applied. In the case of the corrected secondary
winding, the values of current error are the highest for the lowest load of the secondary
winding. The solid brown line is used to plot results for 120% of the rated primary current,
and the solid blue line is used for 5% of the rated primary current. The use of the fractional
turns correction, in the tested frequency range from 50 Hz to 5 kHz, causes TCT with rated
primary current 1000 A to meet the requirements of accuracy class 0.1, as defined in Table 1.

5. Conclusions

This paper presents the influence of the applied turns correction on the equivalent
magnetization curve in the load condition of the tested inductive CT. The developed
method determines its turns ratio correction and the actual turns ratio. The advantage
of this solution compared to the method presented in the standard IEC 61869-2 is the
possibility to determine even a small correction of the secondary winding’s turns number
when a fractional turn is used to improve the CTs accuracy class. The presented results
show that the turns ratio correction enabled a reduction of the values of the current error
of the harmonics transformation for distorted current. Moreover, if the same accuracy class
is preserved, a decrease in the number of turns of the secondary winding makes it possible
to increase the rated load of the secondary winding. The applied winding correction has
no influence on the values of phase displacements of the harmonics transformation for
distorted current. The tests indicated that the obtained frequency characteristics of the
values of current error after turns correction of the secondary winding of inductive CT are
shifted into the direction of positive values. The curves are parallel in relation to the plots
determined for the non-corrected CT and displaced by the value resulting from the applied
turns correction.
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