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Abstract. When current transformer is saturated, mainly due to the presence of an exponentially 
decaying DC component in the fault current, its secondary current has a distinctive distorted wave-
form which significantly differs from its primary (true) waveform. It leads to an underestimation 
of the secondary current value calculated by the relay protection compared to its true value. Thus, 
in its turn, results in trip time delay or even in a relay protection devices operation failure, since its 
settings and algorithms are calculated and designed on the assumption that the secondary current 
waveform is sinusoidal and proportional to the primary. And since, when using classical electro-
magnetic current transformer, it is impossible to exclude the possibility of its saturation, the detec-
tion of such abnormal condition is an urgent technical problem. The article proposes to use an artifi-
cial neural network for this purpose, which, together with the traditional method of saturation detection 
based on adjacent secondary current samples comparison, allows implementing a fast and reliable cur-
rent transformer saturation detector. The article details the stages of the practical implementation of such 
an artificial neural network. The MATLAB-Simulink environment was used for assess the proposed 
saturation detector operation. The experiments that had been performed confirmed that proposed method 
provides fast and accurate saturation detection within the wide range of the power system and current 
transformer parameters change. 
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Определение насыщения трансформатора тока  
на основе использования искусственной нейронной сети 
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Реферат. При насыщении трансформатора тока, преимущественно вследствие наличия экспо-
ненциально затухающей апериодической составляющей в токе повреждения, его вторичный ток 
имеет характерную непериодическую искаженную форму, существенно отличающуюся от 
его первичной (истинной) формы, что ведет к занижению вычисляемого релейной защитой 
значения вторичного тока по сравнению с его истинным значением. Указанное приводит  
к затягиванию   времени   срабатывания  или  вовсе  к  отказу  функционирования  устройств 
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релейной защиты, так как уставки и алгоритмы релейной защиты рассчитаны и построены 
соответственно из предположения о том, что форма сигнала вторичного тока является сину-
соидальной и пропорциональной первичному. А поскольку в общем случае при использо-
вании классических электромагнитных трансформаторов тока исключить возможность  
их насыщения невозможно, то выявление указанного режима функционирования является 
актуальной технической задачей. В статье предлагается использовать искусственную 
нейронную сеть, которая совместно с традиционным способом определения насыщения на 
основе сравнения значений соседних выборок вторичного тока позволяет реализовать быст-
рый и надежный детектор насыщения трансформатора тока. Детально рассмотрены этапы 
практической реализации такой искусственной нейронной сети. В среде имитационного 
моделирования MATLAB-Simulink методом вычислительного эксперимента выполнена 
проверка функционирования предложенного детектора, которая подтвердила, что он позво-
ляет быстро и безошибочно определять насыщение в широком диапазоне изменения пара-
метров энергосистемы и самого трансформатора тока. 
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Introduction 
 

When current transformer (CT) saturation is detected, the following basic  
actions can be taken to ensure the correct protection device operation:  

1) switching to protection algorithm that ensures the saturated CT secondary 
current distorted waveform reconstruction [1, 2]; 

2) blocking of protection device operation [3, 4]; 
3) switching from standard protection operation algorithm to a specially de-

signed one for operation under CT saturation conditions [5, 6]; 
4) switching to another settings group, specially calculated for CT saturation 

conditions. 
5) switching to short-window digital filters (sinusoidal-wave based) with aim 

to operate only on undistorted regions of the secondary current waveform [7, 8]. 
In microprocessor-based protection devices, all operations are performed  

on digital samples of monitored continuous analog current and voltage signals. 
The main parameters of a digital signal are: the sampling rate ‒ the number  
of samples per fundamental frequency period and the sampling period ‒ time 
between two adjacent samples [9]. 

There are a large number of traditional ways to detect instants when CT en-
ters and exits saturation. However, most of the known methods are based on CT 
secondary current waveform analyzing, which has distinctive features during the 
beginning and end of the saturation, namely, almost abrupt drop and sharp re-
covery, respectively. 

Using the above noted CT secondary current waveform feature is the sim-
plest and most intuitive method of saturation detection. Because in normal  
operation condition, the CT secondary current is sinusoidal and similar to the 
primary one, that’s why the difference between adjacent samples cannot exceed 
a definitely determined value. And taking into account the fact that when CT is 
saturated, its secondary current waveform is significantly distorted, this diffe- 
rence will significantly exceed this threshold value (which depends on samp- 
ling rate and maximum expected fault current level). It should be noted that  
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the difference between the values of two adjacent samples, in fact, is a first-order 
finite difference or a similar to it first derivative [10]. 

One of the earliest references to this CT saturation detection method is given 
in [11–13]. Later, this method has been further developed, while each author 
tried to bring some additional features to its implementation. 

The greatest development of the considered method was carried out in [14, 15] 
describing a study that was made of the finite differences of various orders use to 
detect instants when CT enters and exits saturation. The use of the third finite 
difference was considered as the most optimal. Also in [14], the influence of  
a low-pass filter (as part of the protection devices signal conditioning subsys-
tem), which softens the sharpness of the abrupt drop in the secondary current 
waveform, on the sensitivity of the method is additionally investigated. In [14], 
it is also has been shown that the correct operation of the proposed method is not 
affected by the CT core remnant flux presence. 

In [16], it is proposed to use the first difference obtained from Lanczos 
smoothing, which is an effective way to CT saturation detection in case of a se- 
condary current signal with high-frequency noise. In [17], for such a secondary 
current waveforms, it is proposed to use the second derivative obtained on the 
basis of the Savitzky – Golay filter. In [18], the finite differences obtained on the 
basis of Newton's formula are used to their further comparison with the adaptive 
threshold. In [19, 20], to detect CT saturation, it is proposed to use a special 
comparison between the secondary current signal, its first and second, second 
and third finite differences. 

All the above mentioned methods for CT saturation detection based in one 
form or another on the use of the finite differences, have one common drawback: 
poor performance of detection the instants when CT exits saturation [21, 22]. 
Also, in most of these methods, a priori knowledge of the maximum expected 
fault current is required to calculate the threshold. 

There are also other ways to CT saturation detection known. In [21], a me- 
thod based on difference of CT secondary current signal and its second deri- 
vative is described. It is known that the sinusoidal signal and its second deri- 
vative are in antiphase. Thus, in case of CT saturation absence, the difference 
between the secondary current signal and its second derivative is approximately 
zero. Whereas when CT enters and exits saturation, the waveform of such a dif-
ference has characteristic peaks, the values of which are compared with prede-
termined threshold. Also in [21], a method based on difference of averaging and 
median filters output signals is described.  

In [23, 24], a method is described, the essence of which is that the value  
of the present CT secondary current sample is compared to its predicted value, cal-
culated on the basis of the certain number of previous CT secondary current sam-
ples. If this difference is approximately equal to zero, then it is concluded that there 
is no CT saturation, otherwise it is fixed that CT enters or exits saturation. 

Besides the theoretical methods, there are also known methods that have 
practical implementation in real relay protection devices. Thus, for example, the 
ABB protection devices use two methods described in technical manuals [25]. 
The first method is so-called maximum prolongation principle. The essence  
of this method is to detect the maximum instantaneous CT secondary current 
value with a help of special algorithm before CT enters saturation and hold this 
detected value until it exits from it. The operation of the second method is based 
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on monitoring of the present CT secondary current sample value, finite diffe- 
rences and its comparison with each other and threshold in a specific way [26]. 
Schneider Electric (Micom) protection devices use a combination of the two fol-
lowing methods for CT saturation detection. The previously considered method 
for saturation detection based on comparison of the first difference signal with  
a predetermined threshold, and the second method based on CT core magnetic 
flux calculation by integrating its secondary current [27]. In Siemens differential 
protection devices, CT saturation is detected by the fact that in case of the exter-
nal fault the restraint current rises ahead of the differential current. The delay of 
the differential current rise is a clear indicator of CT saturation during an exter-
nal fault [28]. 

Separately, it should be noted methods based on CT secondary current har-
monic composition monitoring. It is known that in case of CT saturation, higher 
harmonics appears in its secondary current. However, due to the fact that the 
harmonic content of the secondary current is calculated by digital filters with  
a window length equal to one fundamental frequency period, the use of such 
methods for quick detection of CT saturation entry and exit instants is impos- 
sible. CT saturation detected by such methods could only be used as an additio- 
nal factor in complex relay protection algorithms specially designed for opera-
tion under CT saturation conditions [29]. 

There are also other methods of CT saturation detection described: based on 
CT physical parameters assessment [30], using the wavelet transform [31] and 
using mathematical morphology [32]. 

Among the non-traditional methods, the use of artificial neural networks 
(ANN) can be distinguished [33, 34], which are free from the described above 
drawbacks. Further, we will consider in more detail the use of ANN for CT satu-
ration detection. 

 

Main part 
 

In [1, 2] artificial neural network architecture and its application to relay pro-
tection tasks are considered in detail, the most promising of which are distorted 
CT secondary current reconstruction and CT saturation detection. Below we will 
briefly review the implementation steps in the MATLAB-Simulink environment 
[35] using the Neural Network Toolbox extension package [36] (in the recent 
versions of MATLAB-Simulink, this package is called Deep Learning Toolbox) 
in order to use it for the case under consideration. 

Figure 1 shows one of the possible ANN topologies. This ANN can be used 
in MATLAB-Simulink to obtain at its outputs at each sampling step (samp- 
ling rate is set to 32 samples per cycle) a signal of presence (SAT) or absence 
(No SAT) of CT saturation when to ANN’s inputs a CT secondary current sli- 
ding window is applied. Therefore, the number of inputs and outputs of the ANN 
should be 32 and 2, respectively. 

Once the ANN topology is chosen, it must be trained. Under the training 
process is understood a set of actions aimed to obtaining on ANN’s outputs the 
desired values for given inputs. For training it is necessary to have a prearranged 
training dataset, which consist of pairs of input and output values. 

For our purpose, training dataset should contain pairs of sampled CT secon- 
dary current values (input values) and its associated value of 0 or 1 (output  
values), indicating the absence or presence of CT saturation, respectively. 
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Fig. 1. Artificial neural network topology for current transformer saturation detection 
 
To prepare a training dataset in MATLAB-Simulink using SimPowerSystems 

extension package [37] (Simscape Power Systems in the latest versions of 
MATLAB-Simulink), an equivalent power system model was implemented (Fig. 2). 

 
 

 
 

Fig. 2. Training dataset preparation with use of MATLAB-Simulink model  
of an equivalent power system 

 
The considered model includes the following blocks: equivalent power sys-

tem (Equivalent system), three-phase fault (Fault), current transformer (CT).  
It should be noted that due to the lack of a CT model in SimPowerSystems 
standard library, one was developed and implemented using standard Simulink 
blocks in accordance with [38]. This CT block is able to accurately reproduce 
both instants when CT enters and exits saturation and the secondary current 
waveform between these instants. 

The rest of the blocks in Fig. 2 are used for analogue filtering, converting  
analog current signals into digital form and training dataset preparation in such  
a way that the input (i2realA) values of each pair are a digital display of the sli- 
ding data window along the CT secondary current. To obtain the output values 
of each training pair, the sampled CT secondary current values are processed  
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in a special way by the saturation detection unit (CT sat detection), where the 
values 0 and 1 are formed at its output SAT. 

The CT model was chosen with the next fixed parameters: CT ratio ‒ 600/5 A 
(i. e. I1n = 600 А), accuracy limit factor ALF ‒ 20, rated secondary burden  
Sb ‒ 20 VA, actual secondary burden Sa ‒ 20 VA, accuracy class ‒ 10P, no re- 
manent flux Br i. e. is assumed to be 0 T. 

Fault current RMS value Isc changes within the range 0.5I1nALF‒3I1nALF A. 
The time constant τ of the exponentially decaying DC component changes wit- 
hin the range 0‒0.1 s. Fault inception angel φ changes within the range 0‒360. 
Due to the change of φ in the all possible range, the training dataset was pre-
pared using only phase A CT currents. 

To prepare a dataset, the step size change of each parameter within the se-
lected range was selected individually, based on the influence of the degree of its 
change on the resulting distorted CT secondary current waveform. It is done  
in order to obtain various waveforms of the CT secondary current, and in order 
to obtain the training dataset adequate size. The process of multiple simulations 
runs with varying equivalent system parameters of the Simulink model was  
automated by means of MATLAB code. Considering the above, it was totally 
obtained the 86016 pairs. The undoubted advantage of MATLAB is that the  
implemented ANN could be exported to Simulink as a block of its model for 
further use with other blocks. 

The obtained dataset was used for ANN training with the number of neurons 
in the hidden layer equal to 10, 15 and 20, respectively (Fig. 1). 

Hyperbolic tangent sigmoid was applied as a transfer function for hidden and 
output layers neurons. The scaled conjugate gradient algorithm was used for 
ANN training. At the same time, to prevent ANN overfitting the early stopping 
technique was applied. Each ANN was trained 10 times in order to obtain  
the best performance indexes [39]. The division into training, validation and test 
datasets was carried out automatically during the ANN training process in the 
ratio used by default in Neural Network Toolbox ‒ 70 % of the total number  
of pairs of the dataset is used directly for training, 15 % of the total number of 
pairs of the dataset is used for validation and test. 

It is convenient to evaluate the quality of ANN training process by plotting 
the training performance index change vs the number of epochs (the number of 
training algorithm runs). The root mean square error mse is often used as a per-
formance index, which reflects the difference between the obtained and expected 
ANN’s output value. 

The obtained training results showed that the increasing of the hidden layer 
neurons from 10 to 15 has a positive effect on the performance index i. e. the 
mse value is significantly reduced. An increase from 15 to 20 neurons did not 
bring a significant decrease of the mse, as a result 20 neurons in hidden layer 
were deemed inappropriate. Figure 3 shows a log scale plot of the mse change  
on training, validation, and test datasets for ANN with 15 neurons in the hidden 
layer with the best performance indexes obtained. Training process was stopped 
at 307 epoch with mse = 0.018.  
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Fig. 3. Mse error change during artificial neural network training progress: 
1 – training dataset; 2 – validation dataset; 3 – test dataset  

 
One more way to evaluate the training process quality is to use the so-called 

confusion matrix. On this matrix main diagonal, a number of correctly classified 
cases are placed and on the off-diagonal elements the misclassified cases are 
placed. Figure 4 shows the confusion matrix for the obtained ANN, from which 
it can be seen that 46543 cases of the training dataset are correctly classified  
as no CT saturation (No SAT), 37799 cases are correctly classified as CT satura-
tion (SAT). While 643 cases with no saturation are misclassified as CT saturation 
and 1031 cases with saturation are misclassified as no CT saturation. The total 
classification accuracy of the obtained ANN is 98 %. 

 

 
 

Fig. 4. Confusion matrix of the obtained artificial neural network 
 
It was found during simulations, that, despite of a good performance indexes, 

in some cases the obtained ANN prone to misclassify CT saturation beginning. 
And vice versa, a great accuracy of CT saturation ends detection was found. 

As it was stated above, CT saturation detection using the third difference Δ3 
method [14] is free from this drawback, but, on the contrary, this method has  
a poor performance for CT saturation ends detection. 

Considering the above, it is proposed to use a combined method for CT satu-
ration detection using the advantages of each method, namely: to detect instants 
when CT enters saturation use the logical signals from ANN and third difference 
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method, combined by logical “AND”; to detect instants when CT exits satura-
tion use only logical signal from ANN. 

The method of third difference is based on comparison of its value with  
a predetermined threshold, which depends on the sampling rate and the maxi-
mum expected fault current: 
 

       

3
3

2 2 1 2 2 2 33 3 2 2sin ,fn n n ni i i i k I
N  
            

             (1) 

 

where Δ3 is third finite difference; i2(n), i2(n–1), i2(n–2), i2(n–3) are present and pre- 
vious CT secondary current samples; If is maximum expected fault current  
referred to CT secondary side; N is sampling rate; k is margin factor considering 
the influence of a low-pass filter. 

And if the sampling rate is often known in advance (in our case N = 32), then 
the following difficulties are arise with the use of maximum expected fault cur-
rent If. Firstly, If value should be preliminary calculated, which is not always 
possible because of lack of the source data. Secondly, due to the often power sys-
tem topology change, the If  value requires its frequent recalculations. Thirdly,  
the use of If coarsens the threshold (i. e. obtained in accordance with (1) thre- 
shold appears higher than it should be), since the actual fault current will almost 
always have a smaller then If  value. 

The use instead of If the actual fault current value calculated in real time by 
the protection device digital filter, for example, cosine digital filter or digi- 
tal filter based on the discrete Fourier transform (DFT) [40] makes it possible to 
cope with all these difficulties. The proposed solution is only applicable for 
faults, which do not lead to CT saturation, since only when the primary fault cur-
rent is completely transformed into secondary circuits; these digital filters are 
able to calculate the true actual fault current value. 

In case of faults accompanied by CT saturation, due to incomplete fault cur-
rent transformation into secondary circuits, the use of traditional digital filters 
leads to the underestimation of the calculated actual fault current compared to its 
true actual value. 

To obtain the true actual fault current value it is proposed to use a patented 
digital current measurement element (CME) for operation during current trans-
former saturation [5, 41, 42]. This CME produces at its output an equivalent  
current signal which is as close as possible to the true actual fault current value.  
At the same time, when CT saturation is not observed, this CME operates as  
a standard digital filter. Figure 5 shows the implementation in MATLAB-
Simulink environment of the saturation detector based on proposed combined 
method. 

In addition to the previously observed blocks, Fig. 5 shows the current meas-
urement element CME block, the 3rd difference block for CT saturation detection 
based on third difference method in accordance with (1), and the ANN block  
of the obtained neural network. At the No SAT and SAT outputs of ANN block 
corresponding signals are appear.  

Consider the operation of the proposed combined method on the example  
of its use for CT saturation detection. It should be noted that during the training 
dataset preparation, the CT secondary parameters remained unchanged, and  
only the equivalent power system parameters has been changed. 
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Fig. 5. MATLAB-Simulink based model for current transformer saturation detection  
with a use of proposed combined method 

 

And vice versa, during computational experiments, CT secondary parameters 
have been changed within the next ranges: ALF = (10‒30), Sa = (10‒30) VA,  
Br = (–0.8‒0.8) T. Additionally, CT saturation curve modeling method is also 
has been changed, viz. piecewise linear approximation or approximation using 
the empirical Ollendorf’s equation [38]. It was done in order to evaluate the pro-
posed combined method operation in a wide range of power system and CT pa-
rameters change. 

A large number of computational experiments were performed with various 
combinations of both the power system parameters and the parameters of CT 
model. The typical operation results of the proposed combined method are  
depicted in Fig. 6–8. 
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Fig. 6. Saturation detector operation results at Isc = 16547 А, φ = 90, τ = 0.065 s:  
1 – real current transformer secondary current; 2 – ideal current transformer secondary current;  

3 – saturation detector output signal 
 

Figure 6 shows an example of AC saturation of CT. The signal from the satu-
ration detector based on proposed combined method is scaled and plotted on 
each figure below in order to evaluate its operation. An abrupt change in its  
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signal from 0 to 100 means that CT enters saturation and, conversely, a signal 
change from 100 to 0 means that CT exits saturation.  

For each considered example, CT secondary parameters have been chosen in 
such a way that they did not match the CT parameters during training dataset 
preparation. Additionally, for each case, the positive or negative remanent flux 
was taken into account. Next, we will consider an example of DC saturation with 
differrent fault inception angles (Fig. 7, 8). 
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Fig. 7. Saturation detector operation results at Isc = 12456 А, φ = 346, τ = 0.057 s:  
1 – real current transformer secondary current; 2 – ideal current transformer secondary current;  

3 – saturation detector output signal 
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Fig. 8. Saturation detector operation results at Isc = 15850 А, φ = 133, τ = 0.033 s:  
1 – real current transformer secondary current; 2 – ideal current transformer secondary current;  

3 – saturation detector output signal 
 
The obtained during numerous computational experiments results are con-

firmed the exceptional accuracy of the proposed CT saturation detection method 
based on ANN and third finite difference. It provides quickly and accurately  
detection of instants when CT enters and exits saturation, regardless of the satu-
ration type, presence of remanent flux, degree of CT saturation and its secondary 
parameters. 

The minor delay in detection of such instants is appeared because of the fact 
that for reliable detector operation, it is necessary that the condition for its 
pickup (drop out) be satisfied for a time equal to two consecutive samples of  
the CT secondary current. 

The proposed saturation detection combined method can also be used not  
only for CT1 with the help of which training dataset was obtained, but also for 
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CT2 with a different from CT1 ratio. The main condition is that the Isc value must  
belong to the next range 0.5I1n ALF‒3I1n ALF A, where the value of I1n refers  
to CT2 and the ALF refers to CT1. 

Consider the detector operation for CT with I1n = 1000 A (Fig. 9). In this  
example, CT parameters were specially chosen in such a way as to obtain  
a complex secondary current waveform, due to CT deep saturation. As can be 
seen from the presented figure, the saturation detector accurately recognizes all  
the specific instants of complex secondary current waveform, obtained with CT 
secondary parameters far beyond the range used for dataset preparing. 
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Fig. 9. Saturation detector operation results at Isc = 44543 А, φ = 16, τ = 0.072 s:  
1 – real current transformer secondary current; 2 – ideal current transformer secondary current;  

3 – saturation detector output signal 
 

It can be concluded, that the proposed combined method based on ANN and 
third finite difference can be successfully implemented in real protection devices 
for quickly and accurately CT saturation detection in order to ensure its correct 
operation under this abnormal condition. This can be achieved by relay protec-
tion blocking or by switching from standard protection operation algorithm to  
a specially designed for operation under CT saturation conditions. 

A distinctive feature of the proposed combined method is the lack of necessity  
in preliminary threshold calculation, because the required value of the fault current  
is estimated in real time by a patented digital current measurement element.  

 
CONCLUSIONS 
 

1. The successful possibility of artificial neural networks using for current 
transformer saturation detection is shown. 

2. The proposed combined method provides fast and accurate saturation  
detection within the wide range of power system and current transformer secon- 
dary parameters change. 

3. The application of the proposed combined method does not require a pre-
liminary threshold calculation. 

4. The implementation of the proposed combined method in real protection 
devices will ensure their correct operation under current transformers saturation 
conditions. 
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