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Abstract. In the first part of the paper the detailed analysis of
the existing current transformer (CT) saturation detection
methods with their classification is presented. A new saturation
detection method has been proposed in second part of the paper.
Mathematical description of the method is given. In the next
section of the paper a CT model with test scheme is presented.
To identify the reliability of proposed method against nose and
remanent flux density experiments have been produced in the
fourth section. Comparative analysis between proposed and
existing methods is also given. Finally, in conclusion a detailed
description of the method is given regarding its behavior with
respect to remanent flux and noise.
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1. Introduction

One of the main current measurement sources in electrical
power systems are electromagnetic CTs. Information
obtained from these CTs is used for both protection and
metering systems. However, as shown in [1], during faults
the core of such CTs can saturate and as a result a
maloperation of the protection system (PS) may take
place. According to [2] CT saturation affects sensitivity
and time operation of PS as well as on the accuracy of the
fault localization method.

In order to avoid the negative impact of CT saturation on
the PS operation, it is proposed to use mathematical
methods to detect CT saturation [3] — [16] with
subsequent correction of the measured current [17] — [20].
From the point of digital signal processing view, the CT
error compensation problem in saturation mode can be
divided into three sub-problems - segmentation, selection,
and filtering. Segmentation is an operation of dividing
measured current into normal and transient sections
(modes), selection is a choosing measured current samples
connected to CT unsaturated section (US) and filtering is a
correction of measured current samples connected to CT
saturated section.

The most difficult of the listed ones are the selection and
filtering sun-problems. Typically, the selection problem is

https://doi.org/10.24084/repqj19.322

477

solved using detection algorithms based on the methods of
mathematical analysis (difference quotient) [3] — [11] and
mathematical statistics [12]-[16].

The saturation detection method proposed in [3]-[10]
operates based on difference function [18]. During testing
of [18] it was identified that the method has a high
sensitivity to white noise which influences on the method
results. In order to avoid this effect, the authors of [9] and
[10] wusing Savitzky—Golay filter [21] performed
preliminary smoothing of measured current. However, as
shown by the test results, the method is unable to provide
detection during severe saturation. Moreover, if during
saturation occurrence measured current has no sharp
decline, the method failing to provide detection (Fig. 1, b).

In [11] for detecting CT saturation the difference function
proposed in [22] is used. Difference between [18] and [22]
functions is that the first one applies current derivative,
which in saturation cases has a high splash, the last one
based on US section predicts measured current samples in
saturated section that allow to determine the difference
between predicted and saturated samples. Based on the
obtained information the saturation detection problem is
solved. During testing the method in [22] it was
discovered that the measured current with noise
significantly effects on the method efficiency and as result
it leads to the method efficiency losses.

In [12] based on two adjacent extreme points of the first
derivative of the measured current, obtained last (last and
penultimate), the following two criteria are formulated:
1. The length of timeline between these extreme
points must be less than 10 ms i.e.

(t <10ms) ,

2. The ratio of these extreme points is greater than 1

t

last —

penultimate

IIas’[

ie. >1

penultimate

RE&PQJ, Volume No.19, September 2021



When criteria 1 and 2 are simultaneously true, the CT
saturation is fixed. The justification for the method is that
differentiation of the measured current reduces its DC
component by a factor less than 1 in the power of the
derivative order. Thus, due to multiple differentiation of
the measured current, its constant component is reduced to
an insignificant level. By eliminating the filtering time,
the method can detect CT saturation with a time offset of t
= 1.2 ms, that results to an additional delay in the PS
operation. However, the method provides only saturation
existence in the CT core but not the end determination of
the US section. This complicates the selection of well
measured samples of secondary current.

To detect CT saturation in the two-winding power
transformer differential protection scheme the detection
method is proposed in [13] and [14]. Based on the Pearson
correlation coefficient the method establishes connection
between currents on high and low sides of the power
transformer. It is important to note that usage of the
method in the busbhar differential protection scheme
requires processing of large amount of data that leads to
an increase of computational efforts. Moreover, solution
of the saturation detection problem by the method will be
complicated in the case of a single CT.

Authors in [15] propose a method that is based on current
behavior in the differential protection scheme. During
external faults resulting to CT saturation the shape of the
differential current has two specific sections. The first of
them corresponds to US section and the second to
saturated one. It is worth noting that the method allows to
detect saturation of those CTs that included in the
differential protection. Furthermore, the method detects
CT saturation in the protection scheme but not the definite
saturated CT. In this case the filtering problem of the
measured current with distorted sections will be
complicated.

The method proposed in [16] is based on the analysis of
the location density of the measured current samples. In
severe CT saturation the measured current samples are
located close to time axis and in CT normal conditions
these samples near the mentioned axis have a wide scatter.
Such scatter is due to the fact that measured current
samples are located on the linear part of sine current in
normal conditions. Fig. 1 shows the measured current
samples (Meas.) with their distribution density and
reference current (Ref.). It is worth noting that the method
can detect a severe CT saturation or a saturation that
severely limits the measured current samples and as a
result these samples are located close to time axis, Fig. 1,
a. During CT saturation that leads to slow offsetting of the
measured current from reference, it is impossible to detect
saturation by the method, Fig. 1, b.

In this study on the basis of monitoring the flux density
(MFD) in the CT core a solution of the saturation
detection problem was proposed. More detailed
description of the detection pressure is given in the next
section.

https://doi.org/10.24084/repqj19.322

478

o
(2]

Al Saturation criterion

A
hhkhkhihiAdd)

Current, A

o
[

0,4

1,1
0,9

< 0,7
0,5
0,3
0,1
0,1

Current

10 12
b

14 16 18 20 22

Ref. --A--Meas. —6— Point density]|

Fig. 1. Graphic interpretation of the saturation detection
method [16]

2. CT saturation detection based on MFD

Within this section the detailed description of the MFD
method is proposed. To implement the method, the
following CT parameters are required to be known:

¢ magnetizing curve H = f (1);

e secondary circuit resistance Ry, Q;

e secondary circuit resistance L,, Q-s/rad,

e path length I, m;

e Cross section, s, m?;

e turning number of the secondary winding, w.

The detection is based on the fact that when the CT core
enters the saturation region its flux density A changes
quickly and instead of a sine shape (i.e. unsaturated mode)
it has stationary areas that resemble a trapezoid. In these
areas, the value of the derivative and variance of the 1
sharply decreases. For presentation purposes, the upper
plots of the Fig. 2 and Fig. 3 show reference (Ref.) and
measured (Meas.) currents of the CT, the lower plots show
the change in the reference flux density A. As can be seen
from the lower plots, in normal conditions the 4 has a sine
shape and when the CT core saturation occurs its shape
takes a form resembling a trapezoid. The second case
means the measure of the flux density variance o in
relation to its population mean Ze in saturated areas is

greatly reduced which can be seen on the lower plot on the
Fig. 3.

To estimate the flux density variance o its calculated Ac
must be known. According to [23] the /. can be obtained
using expression (1).

B(n) =WR—{S[i2(n) +i,(n—-1)]-At+

L ' 1)
+—2-[i2(n) —i,(n —1)]+ B(n-1)
W,S

2
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Fig. 2. Upper plot — reference and measured currents;
lower plot — the flux density / in normal conditions
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Fig. 3. Upper plot — reference and measured currents;
lower plot — the flux density 4 in CT saturation

In (1), due to unknown initial flux density which is
represented as A(n-1), there will be a shift between the
reference 1 and calculated .. However, the shape of the
calculated and reference flux density will match exactly
which is an important fact for the MFD method. As the
MFD method estimates the location of A; samples relative
to its population mean Ze excluding the initial flux
density A(n-1) in (1) will not impact on the efficiency of
the method.

Thus, knowing the behavior of the flux density in the CT
core, its deviation ¢ from the population mean Ze can be
calculated using expression (2).
1 & =
o(n- N)=—Z‘/I(n—m)—/’te
N-1 m=1

2

: O]

where n is the number of the current reading of the Ac; m is
an integer that serves as a window function; N is the

length of the window; Ze is the population mean.

The 4, is calculated by equation (3).

A= A=) ®

It is worth noting that the length of the window N,
including in deviation calculation, is a crucial factor of the
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MFD method. Varying N allows to change the method
sensitivity against the various levels of CT core saturation.

Knowing the deviation of the calculated flux density o
within the interval N, it is possible to determine the
presence of CT core saturation. In order to do so, it is
necessary to compare ¢ with a threshold value Th, which
corresponds to the slope of the magnetizing curve section
in the range from k to m. The point k, located at the
beginning of the section H = f (1), corresponds to the first
sample of the magnetization curve and the point m
corresponds to the maximum value of the A at the rated
load of the CT in the case of peak load operation of a grid.

To calculate Th the usage of the A(n) values, located on
the magnetizing curve section in the k and m range, is
required. For presentation purposes, the Fig. 4 shows the
magnetizing curve on the basis of which k and m are
determined.
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Fig. 4. CT magnetizing curve

The Th is calculated according to equation (4).

m R

A — 2,

S
m

The occurrence of saturation is determined in accordance

with (5).

0(n)<Th_ )

The window length N must be selected so that during
faults not leading to CT core saturation the maloperation
of the MFD is blocked, i.e. Th would not exceed the a(n).
To avoid maloperation of the method under normal and
peak load conditions of a grid, the start of the method is
triggered by the following expression:

C>\/§-Imax, (6)

where Inax is an RMS value of current according to peak
load conditions of a grid; C is the predicted amplitude of
the measured current.

The C prediction can be explained as follows: let there be

some sine signal with its set of the instantaneous values
and analytical expression (7).

i(t)=C-sin(wr+¢,), )
where w is an angular rate; ¢o is an initial phase.

Make an arbitrary measurement and set its measurement
time t = 0, then expression (7) can be rewritten as follows:
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i(0)=C-sin(g,). 8)
Derivative of expression (7) is:
i'(t):%:a)Ccos(a)-Hgoo)_ ©)
Att =0 expression (9) cab be rewritten as:
i'(0)=wCcos(g,). (10)

The value of i(0) is known it is an instantaneous value for
which t = 0, further it will be denoted as io, the derivative
i’(0) will be denoted as i', and so the tangent of the slope
angle, drawn between two points that located from left i_;
and right i+1 of the io, can be determined as following:

_ ﬂ ﬂ -1,
" dt At 24t

where At is a sampling step.

(11)

On the basis of the expressions (8) and (10) following
equations can be received:

sin® (¢, ) +cos” (¢, ) =1, (12)

EAEIR
oC

(14)

(15)

Thus, based on US section the predicted amplitude of the
measured current can be obtained. To improve the predict
accuracy it is proposed to calculate the overage derivative
i'o using 3-4 measured current samples related to US
section.

3. Test Model description

To perform experiments allowing to determine the MFD
ability a grid was modeled in Matlab/Simulink
environment, that includes load, system S, transmission
line and two-winding power transformer with CTs on both
high (CT1) and low (CT2) sides. The installed load value
was set equal to 70% of power transformer nominal rate,
cosp = 0.8. The configuration elements of the grid and
their main parameters are presented on Fig. 5.

Modeling of CT1 and CT2 was performed on the basis of
the Jiles-Atherton theory that considers hysteresis loop
and losses on the CT core excitation [24], [25]. The Jiles-
Atherton theory includes next parameters: density flux 4;
magnetizing field H; effective field He; magnetization M
with its reversible My and irreversible Mi,r components as
well as anhysteretic magnetization Man.
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Fig. 5. Test model

4. Testing of the MFD method

In this section, the testing of the MFD method was
performed. To determine the method sensitivity with
respect to nose () and level of the initial flux density 4o in
the CT core, a ¢ and 4o were included in the measured
current and in the CT core respectively. Including noise
was performed by equation (16).

imeas (1) =1z (1) - (1+ 8, - 9) + max (i (1)) (5, 9),  (16)

where iy(t) is a measured current; §, and o, are priori
specified values of the noise level; 3 is a random number
in the range of -1 to 1.  has a uniform distribution.

Checking the MFD sensitivity to a noise

Within this experiment, based on the CT1 of the test
model, checking the method sensitivity to a noise was
provided. To do so a noi se with a level of 6, = 3% and -
= 1% was added to the measured current. Initial phase of
the modeled fault pao was included for phase A and
changed in the range of 0° to 90°. The initial phase range
(0° —90°) was chosen based on dividing the entire cycle of
the sine current into 4 parts, i.e. 0° —90°, 90° — 180°, 180°
— 270° and 270° — 360°. The simulation of the other three
parts was not performed under the assumption that their
influence on the fault transient is similar or reflection of
the chosen part. The CT core initial flux density Ao for all
CT was excluded and specified 1o =0 T Fig. 6 shows the
results of experiment, where reference and measured
currents and the result of the MFD method for phases A
and B during a fault between them are presented. As in
this case of fault the CT of the third phase operates with
normal conditions, its currents and saturation detection
were not performed.

It is clear seen from Fig. 6 that a noise in the measured
current has no negative impact on the result of MFD
operation. It is worth to note that the variation of initial
phase pao has no impact on the MFD as well. The last four
plots of the Fig. 6 show that during CTs cores saturation
the shape of the measured current in the phase B is
significantly different from that in the phase A.
Nevertheless, the method allows to detect the start of the
CT saturation in both cases.

RE&PQJ, Volume No.19, September 2021



Current, A
5 oo

-1

NN RO R

-0,5

(=1

Current, A
HROO ¢
NONORORON

-0,5
1,2 =36° 3,5
— 0.8
q:— ,g 2,5
@|-04 1,5
5123 0,5
[©].1% !
2 -0,5
1,2
— 08
<| 04
+| o
sl -04
1>
[©] 1’6
2
1,2
— 08
<| 04
+| o
sl -04
I
9] 16
2
1,2 =45° 3,5
— 08
q:— ,g 2,5
g|-04 s 1,5
5|23 l 0,5
[©1 1% ’
-2 -0,5
12
— 0,8
<] oa
2l 04
JE¢
[©[ 16
2

-0,5

Phase B at @, ,=90°

1,2
0,8 3,5
<| o0a
5|04 . 2’5| B
= ) ~ o
£ _%g l 1,5| &
vl-1,
12 0,5
2 0,5
0 0,02 0,04 0,06
| ----- Ref. Cur Meas. Cur. Sat. Det.|

Fig. 6. CT currents and its saturation detection with
variation of pao

Checking the MFD sensitivity to an initial flux density

In this experiment it was intended to check the MFD
method sensitivity to the CT core initial flux density Ao
with various levels. Variation of the 1, was performed in
the range of -0.5 to 1.8 T only in the CT core established
on the phase A. An initial phase was a constant and
specified as gao = 0° Fig. 7 shows the reference and
measured currents as well as the result of the MFD
method for phase A during fault between phases A and B.

https://doi.org/10.24084/repqj19.322

481

1,2 3,5
— 08
< ,4 2,5
E" 0
gl 04 1,5
5| 98 0,5
9] 16 '
-2 -0,5
1,2 3,5
— 08
< ,4 2,5
E" 0
gl 04 1,5
5| 98 0,5
Bl ’
-2 -0,5
1,2 3,5
— 08
<| 04 2,5
E" 0
G| -04 1,5
5133 0,5
[ © | :1:g 35
12 3,5
— 08
q:— ,g 2,5
g|-04 1,5
3 :1% 0,5
- -0,5
12 AM=18T
=] 08 >\ 3,5
~| 04 \
= ‘0 \ ] 2,5 -
E|08 < 15| 3
1716 '
1,2 05
2 -0,5
0 0,02 0,04 0,06
[ ==--- Ref. Cur. Meas. Cur. Sat. Det. |

Fig. 7. CT currents and its saturation detection with
variation of 4o

The experimental results presented on the Fig. 7 show that
the MFD method remains ability to detect the start of the
CT core saturation with initial flux density and even
during short US section (3-4 samples) the method still
stays able to perform accurate detection of the start
saturation.

5. Conclusions

Within the paper a new CT saturation detection method
has been proposed. For correct operation of the method, a
threshold calculation and the method setting are given.
The method sensitivity was checked with respect to a
noise and a level of the initial flux density. Difference
function-based methods are analyzed. The advantages and
disadvantages of the existing saturation detection methods
are described.

To avoid maloperation of the method in normal and peak
conditions of a grid a new amplitude prediction method
has been proposed which was implemented on the basis of
numerical differentiation. It is well known that the
numerical differentiation has high sensitivity to noise as a
result their accuracy can be significantly decreased. To
reduce this effect, a median filtering of the measured
current was used. Afterwards, based on 3 or 4 samples of
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the measured current related to unsaturated section the
average predicted amplitude was obtained.

Experiments results of the paper show that proposed
saturation detection method has a high reliability with
respect to initial flux density and noise. It is clearly seen
from these experiments that during severe saturation,
when unsaturated section contains only 4 samples of the
measured current at an 80 samples/cycle, the proposed
method remains capable to detect the start of saturation.
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