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The saturation of current transformers (CTs) leads to distortion in secondary current, potentially causing mal-
function in protective relays within power systems. Detecting the saturated portions in the measured signal and
reconstructing the primary reference current are essential to prevent relay malfunctions and ensure sensitivity
during faults. Existing methods in the literature still face challenges in improving accuracy, especially in the
presence of noise in the measured signal. The proposed method in this paper is more robust under noisy con-
ditions compared to existing signal processing-based methods. It relies on a cross-correlation algorithm that uses
an independent target signal. This method is parameter-less and independent of the CT’s specifications. Addi-
tionally, no extra hardware equipment is required. The proposed method identifies the saturated portions in the
measured secondary current in each cycle, enabling the reconstruction of the saturated current to obtain the
reference primary current. A test system has been simulated, and the data are processed using MATLAB. Various
test cases are executed, and the results confirm that the proposed method is highly effective in providing fast and
accurate detection of CT saturation, with improved robustness against noise.

1. Introduction

Current transformers (CTs) are indispensable components, serving a
vital role in measuring and monitoring current flow in electrical power
systems and various other control applications [1-3]. Their ability to
deliver reliable current information is essential for ensuring the reli-
ability of the protection of electrical power systems. CT saturation is a
phenomenon that occurs when the core material of the CT becomes
magnetically saturated due to excessive current flow. When saturation
occurs, the CT’s ability to accurately transform current is reduced,
causing distortion in the output signal. This distortion can result in
inaccurate measurements and create a risk to the protection of the power
system, potentially leading to the malfunction of protective relays [4-6].
Identifying the saturated portions in the CT secondary current signal and
extracting the primary reference current are essential for preventing
maloperation of protective relays and ensuring sensitivity during faults.
Additionally, reconstructing the saturated current to align with the
primary reference current is vital for maintaining accuracy and reli-
ability in power system protection.
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By addressing saturation issues, power system operators can main-
tain the integrity of current measurements and enhance the overall
performance of protection systems. To mitigate saturation effects, en-
gineers employ various techniques such as selecting CTs with appro-
priate ratings, ensuring proper CT sizing for the application, or
employing current transformers with air gapped-core design [7,8].
However, the addition of the air gap using precise technology, as
described in [7,8], increases manufacturing costs and magnetic leakage
losses, and may also require a larger CT size to match the performance of
conventional CTs. The widely employed methods to address the satu-
ration and correct the induced errors, in iron-core CT, depend on
implementing compensation circuits or digital signal processing algo-
rithms. The methods presented in [9-11] are examples for hardware
solutions. Hardware compensation circuit is utilized to avoid the
occurrence of CT saturation. It is featured by its applicability with
different relays technologies; however, the need for extra component
and hardware circuit increases complexity and cost. On the other hand,
signal processing-based methods have been introduced in [12-15]. In
[12], morphological techniques are applied to highlight significant
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changes in secondary current and detect the saturation. Likewise, the
derivative-based and wavelet transform methods are sensitive to
distortion and noise in measured signals [13-15]. However, noise can
cause false detections of edges, leading to incorrect decisions [16,17].

Artificial intelligence and Data training-based methods are presented
for detecting the CT saturation and reconstructing the secondary current
as in [18-23]. An adaptive network-based fuzzy inference system is
trained to reconstruct distorted current waveforms caused by CT satu-
ration in [18]. In [19], a reverse extraction method combining Random
Forest Classification (RFC) and PSO-LSTM is utilized to address CT
saturation. It requires offline training with diverse CT operating condi-
tions and online wavelet-based segmentation to reconstruct the primary
current. In [20], a deep learning-based approach using stacked denois-
ing autoencoders and Bayesian optimization is trained for detecting
saturation. A Gaussian Mixture Model (GMM)-based approach is adop-
ted in [21] for detecting CT saturation and it is trained on secondary
current data through simulations under various fault conditions. In [22],
a neural network is genetically optimized to create a saturation detector
of CT. In [23], a data-driven model is created based on utilizing fully
convolutional network to detect the saturation in current transformer.
Database is required for training and Levenberg-Marquardt nonlinear
least squares algorithm is employed to reconstruct the current. However,
this method in [23] is limited by its time delay due to the included high
computational burden. Furthermore, these methods presented in
[18-23] require large datasets for training and may need additional data
if CT parameters change. In general, Al and big data methods face
inherent limitations across various applications [24,25]. Table 1 sum-
marizes the limitations of existing studies compared to the proposed
method in this paper. Thus, introducing a signal processing-based CT
saturation detection approach that is independent of CT parameters and
offers robust performance under noise poses a significant challenge for
protection engineers.

The main contribution of this paper is providing a fast correlation-
based approach to detect the saturation in current transformers with
enhanced robustness against noise. The measured secondary current is
processed and the saturated portions in the signal are effectively iden-
tified. The proposed method is distinguished by depending on a general
target signal without the need to the parameters of the current trans-
former. Effectively determining the saturated portions in the measured
signal supports reconstructing the saturated current to obtain the
reference primary current. Hence, the reliability of power system pro-
tection is improved without the need for additional hardware

Table 1
Summarized comparison between the existing studies and the proposed method.

Existing studies Limitations of the existing The superiority of the

studies proposed method over
existing methods in the
literature
[7,8] A specialized design with The proposed signal

Air-gapped iron core  modifications to the CT’s processing method can be

CT methods iron core is necessary. easily implemented with
the existing iron-cored CTs
in use.

[9-11] An additional hardware No additional hardware

Additional circuit integrated with the  circuits are required.

hardware-integrated
circuit-based
methods
[6,12-15]
Signal processing
methods based on
derivative and
wavelet analysis
[18-23]
Data-driven methods

CT is required.

They are highly
susceptible to noise, even
at low levels.

The proposed method
demonstrates more robust
performance under low
levels of noise.

These methods require
large datasets for training
and may need additional
data if CT parameters
change.

No training data is
required, and it is

independent of CT
parameters.
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equipment.

The paper is organized as follows: Section 2 explains the cross-
correlation concept. Section 3 presents the proposed CT saturation
detection method. Section 4 describes the test system utilized and the CT
under saturation. Section 5 details the independent target signal used for
correlation. Section 6 provides the validation results for saturation
detection. Section 7 explains how the saturated portions are identified.
Section 8 demonstrates how the saturated secondary current is recon-
structed to match the reference primary current. Section 9 offers a
comparative analysis with related algorithms in the literature, and
Section 10 concludes the paper.

2. Cross-Correlation

Correlation is one of the major algorithms used in discrete signals
processing for various applications [26,27]. It is utilized to detect a
signal, which is called the target signal, within another signal. Fig. 1
indicates the basic concept of the correlation algorithm. x is the input
signal, y is the output signal, and t is the target signal that we looking to
detect within the input signal. The output signal, y, is called the cross-
correlated signal. The proposed saturation algorithm is based on the
response of the cross-correlated signal. If the input signal contains the
feature of the target signal, the cross-correlated signal is maximized at
the corresponding moment.

The concept of correlation is elaborated in Fig. 1. The window con-
taining the target signal samples is shown at the middle of the figure.
The cross-correlation is performed by multiplying the samples of the
input signal with the corresponding target samples and then adding the
obtained values along the window size. To obtain the output, the target
signal window is shifted to the next time step which is determined by the
utilized sampling frequency level. The cross-correlated signal is calcu-
lated as:

k=n-1

il =D x[j+kefk] e))

k=0

where y is the cross-correlated signal, x is the input signal, ¢ is the target
signal, j is the time index of the most recent sample, k is the sample index
of the target signal changing from 0 to n —1, and n is the window size of
the target signal. Eq. (1) represents the simple correlation method.
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Fig. 1. Concept of utilized correlation machine.
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3. Proposed CT saturation detection method

The detailed steps of the proposed detection method of CT saturation
are illustrated in Fig. 2. The calculations and processing are performed
every time step. A specific data window, with size of n samples, is
needed for the measured secondary current samples. The window of the
measured current is updated, every time step, by shifting the old samples
and assigning the new measured sample in the most recent order as:

i2 [l] = i2 [l + 1]O§i§(n—1) (2)
is[n] = newsample

where i, is the measured CT secondary current, i is the sample index, and

n is the index of the most recent sample in the window. For more clar-

ification, this step is clarified in Fig. 3.

New measured sample of the

secondaly current
sl

Shift the old samples in the

measured current window
sk

i[n]= new sample
I
Calculating the output y[n] by
correlating x[n] with t[n]
)

Calculating the difference of the
cross-correlated signal
ayljl = yljl = ylj = 1]

)
Averaging the difference over
fundamental cycle

1 o
N, Z Ay[M]
M=j—-N,

Second derivative of the
average value
>= Set

C CT saturation is detected )

Fig. 2. Proposed CT saturation detection method.
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Fig. 3. Updating the window of measured CT secondary current to be corre-
lated with the corresponding target signal.

Then, the measured current window is cross correlated with the
target signal according to the adopted correlation scheme. The proposed
detection scheme is dependent on the change of the obtained cross-
correlated signal where the difference is calculated as:

Aylj] =yl —yli — 1] 3

After that, the potential sinusoids components in the obtained cross
correlated signal is eliminated by taking the average. This step is
important as it supports noise suppression in the obtained signal. The
difference signal is averaged over a fundamental cycle by:

1 E
averagelj] = N Z Ay[M] “4)
0 M=j—N,

where N, is the number of samples per a fundamental cycle duration
and j is the most recent time instant. The proposed method stands apart
from existing signal processing-based approaches due to its superior
performance with the presence of noise. By averaging the resulting
difference of the correlated signal, the noise is effectively suppressed,
leading to a more robust detection method in noisy conditions. Finally,
the instants that indicate the saturated portions of the signal are clearly
identified through the second derivative of the averaged signal. When
the second derivative exceeds a preset threshold, saturation is
confirmed.

4. CT under saturation

A 15 VA current transformer with a 2000/5A ratio is simulated using
MATLAB. The burden at the secondary terminals of the CT is represented
by a 1 Q resistance. The primary current of the current transformer is
obtained by simulating a fault current through a 120 kV, 50 Hz RL cir-
cuit with a reactance of 69.3 Q and a resistance of 6.93 Q. The simulated
circuit is shown in Fig. 4a, based on the following assumptions: the
current transformer under saturation is simulated using the saturable
transformer tool in MATLAB, employing a single-core saturable trans-
former model. The model incorporates winding resistance and leakage
inductance, with values of 0.001 pu and 0.04 pu, respectively. The
saturation characteristic of the saturable transformer block is defined by
a piecewise linear relationship between the flux and magnetization
current, as depicted in Fig. 4b.

A test case is simulated by closing the switch. To obtain the current
with maximum DC component, the instant of closing the switch is
selected to be at the voltage zero-crossing point. The switch is closed at
0.02 s and the CT flux and currents are observed as shown in Fig. 5a and
b, respectively. As shown in Fig. 5a, the CT flux rises until reaching the
saturation level which is 10 pu. Consequently, the secondary current iy
deviates from the reference signal i, at 0.09108 s as depicted in Fig. 5.
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Fig. 4. The simulated test system for CT saturation; (a) the simulated circuit for the primary side of the CT; (b) the saturation characteristic of the modelled CT.
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Fig. 5. (a) The CT magnetic flux after fault occurrence; (b) secondary current and reference current under CT saturation condition.

5. Proposed independent target signal

The proposed detection scheme is featured by its universality
because the proposed target signal is independent of the CT character-
istics. The target signal should include the features of the saturated

formulated as follows:

Targetsignal = 1 — e

current signal. The saturated portion of the current signal looks like a
complementary exponential signal. The proposed target signal is

(%)
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The time constant, 7, of the exponential function is selected to be 1
ms. As shown, the target signal is independent of the CT parameters,
which is a significant advantage of the proposed saturation detection

scheme.

6. Validation results

The proposed correlation algorithm is implemented on the previ-
ously obtained results in Fig. 5b. The measured CT secondary current is
processed according to the proposed method with the proposed target
signal in (5). The performed signal processing is conducted by MATLAB.
The utilized sampling frequency under this test condition is100 kHz
which corresponds to a time step of 10 ps.

The results are presented in Fig. 6, where Fig. 6a displays the output
of the cross-correlation after correlating the measured CT secondary
current with the target signal. To monitor the variation in the cross-
correlated signal, the difference is computed using Eq. (3). As illus-
trated in Fig. 6b, the difference signal exhibits a sinusoidal waveform

Ain Shams Engineering Journal 16 (2025) 103314

when the CT is not saturated. However, around 0.091 s, which corre-
sponds to the point of saturation onset, the signal shows a significant
deviation. According to the adopted method, the difference signal is

averaged over a full cycle to remove sinusoidal variations and any po-
tential noise. The resulting average of the difference signal for this test
case is show in Fig. 6¢. As observed, it maintains a negligible DC value

cross-correlated signal 'y’

before saturation occurs but starts to show significant changes after
saturation onset. Lastly, the second derivative of the averaged signal is
computed and compared to the threshold level, as shown in Fig. 6d.
Based on the investigations, the threshold is set at 2 x 10°, as indicated
by the dotted line in the figure. By comparing the second derivative of
the signal with this threshold, the output detector is generated. Fig. 6e
illustrates both the CT secondary current and the output detector from
the proposed method. As shown, the moments when saturation begins
and ends in each cycle are accurately identified. This is a great advan-

tage of the proposed method where the portions of CT saturation can be
identified in each cycle.
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Fig. 6. Proposed method results; (a) the cross-correlated output signal after correlation; (b) the difference of the cross-correlated signal; (c) the average of the
difference signal over one cycle; (d) the second derivate of the average compared to the preset threshold level; (e) the final proposed detector output along with the
CT saturated secondary current.
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Fig. 7. The proposed detector output along with the CT saturated secondary current under different test conditions.
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Additionally, the proposed method is validated under different test
condition. The switch closure is delayed to 0.03 s, ensuring it does not
coincide with the zero-crossing of the voltage. Under this scenario, the
DC component in the secondary current becomes negative. Fig. 7 dis-
plays the CT secondary saturated current for this condition, along with
the reference current and the output of the proposed detector. As shown,
the results confirm that the output detector effectively identifies the
moments when saturation begins and ends in each cycle.

7. Identifying saturation portions in secondary current

The proposed correlation-based method not only detects the start of
CT saturation but also accurately identifies the boundaries of the satu-
rated segment within each postfault cycle of the CT secondary current.
This enhances the feasibility of rebuilding the CT secondary current for
ensuring the proper operation of protection systems. Based on the results
obtained from the test cases, the output detector generates indicative
pulses at the key moments within the processed secondary current. It is
evident that the rising edge of these pulses in the output detector pre-
cisely determines the start and end points of the saturated segment
within the measured current. To further enhance reliability, the first
post-fault cycle and half of the output detector are reanalysed to delin-
eate the boundaries of the saturated segment more effectively. The
successive pulses are combined if the falling edge of the first pulse is very
close to the rising edge of the next one if they are separated by less than
10 % of one fundamental cycle. Further, the pulse is neglected if the
rising edge of the detector is close to the zero-crossing of the measured
current. These refining conditions are applied only during the first cycle
and half after the first pulse in the detector output.

Considering the adopted test system, the final detector output for
accurately identifying the boundaries of the saturated portion in the
secondary current is presented in Fig. 8. Fig. 8a shows the output of the
proposed saturation detection method for the test case where the circuit
switch is closed at 0.02 s. As depicted, saturation starts at 0.091 s, and
subsequent cycles reveal saturated regions within each cycle. The pro-
posed method effectively detects these saturated portions throughout
each cycle. In Fig. 8b, the results for a different test case are presented,
where the switch is closed at 0.03 s. The results clearly highlight the
method’s ability to accurately identify the saturated regions in the
processed secondary current. This accurate detection enables the
reconstruction of the secondary current to replicate the primary current
without the effects of saturation. Consequently, the primary reference
current, free from saturation, can be reliably provided to protection
relays, thereby preventing maloperation.

8. Rebuilding CT secondary current

With the proposed correlation-based algorithm, the unsaturated
portions of the secondary current are effectively determined. With the
above test cases, the unsaturated portion in each cycle of the secondary
current is limited to approximately one-quarter of a cycle. Rebuilding
the CT secondary current needs an algorithm that could extract the
signal features based on the unsaturated portion. After identifying the
unsaturated portion in the measured current, Kalman filter algorithm is
utilized to extract the signal parameters and then rebuild the current
[13,28]. The adopted Kalman filter technique for reconstructing the
secondary current is provided as follows.

The processed measured current includes sinusoidal signal along with
decaying DC component. The CT secondary current features are repre-
sented by state variables. If the CT secondary current is assumed to be:

iy = Icos(wt + @) + ig (6)

iy = Icos(wt)cos(@) + Isin(wt)sin(D) + igc 7)

Ain Shams Engineering Journal 16 (2025) 103314

where I is the amplitude of the assumed current signal, w is the angular
frequency, @ is the angle, and iy, is the dc component accompanied in
the assumed signal. The corresponding estimated state variables by
Kalman filter are:

x; = Icos@, xo = Isin@, X3 = ig (8)

After estimating these variables, the CT secondary current is rebuilt
as:

iy = x1c08(wt) + Xasin(wt) + ig 9

The proposed algorithm depends on executing Kalman filter on the
unsaturated portion of the current signal to identify the state variables.
Then, the CT current is rebuilt by the extracted features. The signal
parameters are periodically extracted during each cycle within the un-
saturated portion based on the obtained detector output.

After identifying the saturated portions in the measured current
signal, the unsaturated parts are used to estimate the reference primary
current. For the test case where the switch is closed at 0.02 s, the cor-
responding results are shown in Fig. 9. The unsaturated segments of the
secondary current are highlighted in Fig. 9, where Kalman filtering is
applied during these intervals. Fig. 9a displays the estimated state var-
iables x; and x3, which are utilized to reconstruct the sinusoidal
component of the CT secondary current. These state variables are
updated continuously during the unsaturated portions and retain their
last calculated value during the saturated segments. In Fig. 9b, the
estimated DC component is compared with the measured one. The DC
current is estimated during the unsaturated parts of each cycle, and as
shown, the estimated value closely aligns with the measured data. By
extracting these features, the primary reference current is determined.
Finally, Fig. 9c illustrates the reconstructed CT secondary current, which
closely matches the reference current with the saturated portions suc-
cessfully reconstructed.

The validation of the CT secondary current reconstruction using the
proposed method is performed with another test case, where the switch
is closed at 0.03 s. Fig. 10 presents the results for this test case. Fig. 10a
and b show the state variables and DC component estimated through
Kalman filtering in this scenario. The rebuilt secondary current is
compared with the reference signal in Fig. 10c. As demonstrated, the
proposed method effectively reconstructs the reference signal, enabling
the accurate determination of the primary reference current to be pro-
vided to the protection system, thus addressing saturation-related issues.

9. Comparative study

The proposed method demonstrates superior robustness in detecting
CT saturation compared to existing algorithms, particularly in the
presence of noise. The most comparable algorithms in the literature rely
on the second derivative of the measured secondary current and wavelet
analysis of the signal [13-15]. In this comparative section the perfor-
mance of each method is evaluated under noisy conditions to assess their
robustness and effectiveness in detecting CT saturation. The tests were
conducted by generating white noise using MATLAB tools and adding it
to the measured CT secondary current, with a noise power level of 1 %.

Considering the second derivative method, Fig. 11a and b illustrate
its performance, both without and with the influence of noise, respec-
tively. As shown, the presence of noise significantly affects the results. In
Fig. 11a, the second derivative method successfully identifies the mo-
ments of saturation with distinct spikes in the output—shorter spikes
indicate the onset of saturation, while taller spikes mark the end of the
saturated segments of the signal. However, in Fig. 11b, noise disrupts
these results, making the shorter spikes less distinguishable and thereby
hindering the clear identification of saturation points.

The wavelet analysis is assessed under the same noise level. Fig. 12a
and b present the decomposition of the CT secondary current using the
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Fig. 10. Rebuilding the CT secondary current for the test case where the switch is closed at 0.03 s; (a) the estimated state variables by using Kalman filter during the
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Discrete Wavelet Transform (DWT) with Daubechies wavelets (db4)
across five levels. The resulting coefficients are plotted over time on a
uniform time scale covering the entire duration of the CT secondary
current signal. In Fig. 12a, the moments marking the beginning and end
of the saturated portions are clearly identifiable. However, as shown in
Fig. 12b, noise significantly degrades the results, rendering the co-
efficients unable to clearly indicate the saturation moments in the
measured CT secondary current.
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The proposed method is evaluated under the same noise level. Fig. 13
presents the results of this evaluation. Fig. 13a and b depict the
operating variables utilized by the proposed method to detect CT satu-
ration. As shown, the proposed method exhibits superior robustness,
remaining unaffected by the noise level that adversely impacts existing
methods in the literature. This robustness is evident in Fig. 13c and d,
where the saturated portions are clearly identified despite the presence
of noise.
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However, the proposed method has a limitation in its sensitivity to
higher noise levels, as its effectiveness decreases with increasing noise
intensity. While it maintains robust performance under noisy conditions
up to a noise power level of approximately 1.5 %, its accuracy pro-
gressively declines beyond this threshold.

10. Conclusions

A cross-correlation-based method is proposed for detecting satura-
tion in current transformers. By processing the measured secondary
current, the method accurately identifies the saturated portions. One of
the key advantages of the proposed method is its independence from
current transformer parameters, eliminating the need for additional
hardware. Various test cases have been implemented, and the results
demonstrate the method’s accuracy and rapid response in detecting
saturation. Furthermore, the reference primary current is effectively
obtained using the Kalman filtering algorithm. The innovation of the
proposed method lies in its use of the correlation concept, and it stands
out for its robustness against noise. Unlike existing methods, which are
significantly affected by noise, the proposed approach maintains strong
performance up to noise power level 1.5 %. However, it does have a
limitation: its effectiveness diminishes as noise levels increase, indi-
cating sensitivity to higher noise intensities beyond this threshold.
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