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Abstract-A platform implemented with Digital Signal 

Controllers (DSCs) developed for real time studies of the dynamic 
behavior of the air-gapped current transformers (CTs) used in 
power grid protection and measurement systems is presented. The 
implemented algorithms simulate the fault current in an electric 
power system as well as the transient response of the current 
transformer. It is also presented a method of correcting the 
distortion of the current transformer secondary current which 
has a negligible value of remanent flux. For this, a tertiary 
winding must be available and accessible. Thus, the ratio and 
phase errors, as well as the distortions produced in secondary 
current due the core saturation in fault situations are properly 
corrected. Several cases were tested and the results indicate that 
the proposed method proved to be very effective in improving the 
performance of protection schemes based on the current 
measurement. 
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I.  INTRODUCTION 

HE fault currents in electric power systems present a 
sinusoidal component plus a dc decaying component. The 

first produces a sinusoidal magnetic flux in the current 
transformer (CT) core. The second produces an initially 
increasing flux which may lead to a high saturation level in the 
core. This may cause severe distortions in the secondary 
current supplied to protective relays. As consequences, the 
following problems may arise [1]: 

1. Relays can operate inadequately. 
2. Relays may not be sensitive to the distortions that reduce 
    the root-mean-square value of the secondary current. 
3. Relay operation may be delayed, for the reason cited in 
    the previous item. 
4. Fault locators may not show the correct indication. 
Those occurrences can cause thermal and electrodynamics 

damages, loss of coordination in the protection relays, and 
difficulty of location of the faulted point, or loss of system 
stability. Then, it is necessary to develop techniques that 
provide the best accuracy in the process of transformation, to 
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avoid such disturbances. This task has been accomplished by 
several methods and mathematical tools used in the area of 
digital signal processing, applicable to the field of power 
system protection. 

The initial works about the mitigation of the distortions in 
secondary currents of CTs considered the problem by means of 
hardware [2]-[3]. With the development of microprocessors, 
numerical techniques for detection of the CT core saturation 
and correction of the secondary current waveform were 
developed. Conrad and Oeding [4] is the first reference about 
this matter. The authors proposed a method in which the 
magnetic flux is obtained by numerical integration of the 
secondary current. In addition, a function that describes the 
minor hysteresis loops in the iron core is used to obtain the 
excitation current. So, the correction is performed adding this 
current to the distorted secondary current. A similar method 
was proposed by [5]. Additionally, a method to calculate the 
core flux prior to the fault was presented, which was based on 
the periodicity of the flux waveform in the steady state. The 
algorithm was tested in real time using a Digital Signal 
Processor (DSP). The reported results were good. However, 
this technique was not able to estimate the residual flux in the 
CT core. The same authors presented a method to detect the 
instants of the core saturation, which was based on third order 
difference functions [6]. Later, this method was combined with 
another based on second order difference functions to estimate 
the initial flux in the CT core [7]. 

The discrete wavelet transform was proposed by [8] to 
detect the CT saturation, in conjunction with a regression 
technique destined to correct the secondary current wave. 
Methodologies based on least squares curve fitting were 
presented by [9]-[11]. Despite the refined mathematical 
treatment, these methods impose an intense burden of 
computation to the relay. A simple method to reconstruct the 
primary current waveform is suggested in [12]. However, the 
accuracy might degrade if the primary fault current contains 
harmonics and noise. 

Techniques based on artificial neural networks (ANNs) for 
detection and correction were proposed by [13]-[15]. These 
methods might require a substantial amount of network 
training. 

The technique adopted in this work is the numerical 
correction of the distorted secondary current based on the 
estimation of the excitation current value, which, when added 
to the distorted secondary current, gives the value of the 
reflected primary current in the secondary winding. In 
conventional methods, using iron-cored CTs, the distorted 
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secondary current is integrated to obtain the flux linkage 
imposed by the primary current. This flux is added to the 
remaining amount of flux and then, by using a model 
characterizing the magnetic core of the CT, the excitation 
current is estimated. So, the knowledge of the remaining flux 
value in the core, CT load characteristics and secondary 
winding impedance, which in practice are not easy to be 
obtained with accuracy, are needed in this approach. In the 
proposed method, the flux linkage is obtained by integrating 
the voltage on a tertiary winding, which must be available and 
accessible, which can also be easily found in commercially 
current transformers. Thus, knowledge of the secondary 
winding impedance is not necessary. Further, with an open 
core, the value of the remaining flux can be ignored. Thus, the 
excitation current is determined directly by using the saturation 
curve of the core and added to the distorted secondary current 
to obtain a faithful reproduction of the waveform of the 
primary current. 

The following mathematical modeling of air-gapped CTs 
followed by the proposed method is presented. The hardware 
platform for real time simulation of an electrical system used 
as a model to validate the proposed correcting algorithm is 
shown. The development of a hardware and software set for 
acquisition and processing of the distorted secondary current 
signal is also described. Finally, analysis of the results from 
the real time implementation of the proposed method of 
correcting distorted waveform current in the secondary low 
remanence CTs winding and applicability of the method are 
performed. 

II.  CURRENT TRANSFORMER MODEL 

A way to improve the transient performance of CT is to 
insert air gaps in the magnetic core to reduce the remanent 
flux, as shown in the characteristics B - H (induction versus 
magnetic field) of Fig. 1 
 

 
Fig. 1.  Air gap effect in magnetic core of iron -silicon alloy ( Fe-Si). 
 

The main advantages of inserting air gaps in magnetic cores 
are [16]: reduction of the CT secondary time constant, which 
implies a reduction of the core cross section area (smaller 
physical size) to the same operating conditions compared to 
the TCs with closed core; less influence of load power factor 
in CT response in transient regime, compared to a closed core 

CT and a lower voltage appearing at the secondary terminals 
when they are open. 

The CT equivalent electric circuit is shown in Fig. 2. A 
third winding (tertiary), made by a thin wire, superimposed to 
the secondary, is used to provide the voltage u3 that will be 
integrated for determination of the magnetic flux in the CT 
core. 

 
Fig. 2.  The current transformer equivalent circuit. 
 

Fig. 2 shows the total resistance and inductance of the wires 
and burden (R2, L2), as well as the nonlinear magnetizing 
inductance of the iron core (Lm) and the linear inductance of 
the gap (Lg). In this figure, i1F is the primary fault current, i1 is 
the primary current reflected to the secondary, ie is the 
excitation current, i2 is the secondary current and u3 is the 
induced voltage on tertiary winding. 

The magnetic core properties are represented by the 
following expression, where λ is the flux linkage in the 
secondary winding and σ is the electric conductance related to 
the iron core losses: 
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The function f[λ(t)] describes the CT saturation curve (in 
peak values). So, the trajectories in the phase plane λ - ie 
describe asymmetric minor loops. The parameter σ is 
determined by trial-and-error method, by comparing dynamic 
loops λ - ie in 60 Hz obtained by computer simulations with 
those registered in the laboratory. 

For the circuit of Fig. 2, it follows that: 
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The term λ(t0) of (2) is the remanent flux in the magnetic 
core, λR, plus the initial secondary flux linkage λ0 imposed by 
the primary current. The remanent flux in the magnetic core is 
reduced to a negligible value by the air gap (CT class TPZ). 
However, λ0 cannot be neglected because small increases of λ 
cause large increases in ie when the core saturates. 

III.  THE PROPOSED METHOD 

The correction of the secondary current waveform is 
accomplished in accordance to the test setup block diagram 
shown in Fig. 3. The signal conditioning module has two 
inputs and two outputs connected to corresponding ports of the 
correction system. 



 
Fig. 3.  Test setup block diagram of the proposed method. 
 

The current in the secondary winding with N2 turns is 
applied to the input 1 of the module and converted into a 
proportional voltage. The third winding of the CT (tertiary), 
with N3 turns, is connected directly to the input 2 and the 
conditioned voltage u3 is numerically integrated by the 
correction system to provide the values of λ. Since there is no 
current flowing in the tertiary, the integration of u3 provides a 
suitable measure of the magnetic flux in the CT core. The third 
winding is necessary because the integration of the voltage in 
secondary winding requires an accurate knowledge of the 
resistance and reactance of the connecting cables to calculate 
the voltage drop caused by i2. Another additional advantage of 
the proposed methodology is that the initial flux linkage λ(t0) 
is measured directly by integrating the voltage u3, and not 
estimated as in other techniques, like in [7]. 

The flowchart of the proposed correction method is 
illustrated in the Fig. 4 and described in the following steps. 
 

 
Fig. 4.  General flowchart of the proposed method. 
 

1. Initially, the system makes the numerical integration of 
the voltage u3, recording after a few cycles the instantaneous 
value of the flux in CT core. At the same time, the value of the 
secondary current is sampled, recorded and sent directly to the 
system output. 

2. The fault is detected when the secondary current exceeds 
a threshold value, corresponding to 150% of the nominal 
primary current. 

3. During the fault condition, each value of λ, calculated by 
 (2), is used to determine the corresponding value of the 
excitation current, by the use of CT saturation curve and the 
parameter σ, as established in (3). 

4. For each new sample, the CT secondary current is added 
to the magnetization current in accordance with (4), to provide 
the corrected output. 

The threshold value was chosen as 1.5 pu, which is usually 
used in overcurrent protection schemes. In this process, three 
consecutive samples of current are tested in order to avoid 
incorrect operations due to the presence of noise in the current 
signal. 

IV.  THE SIMULATION PLATFORM 

A digital signal controller (DSC) was employed to simulate 
and provide three signals, in real time: the primary current, the 
distorted secondary current of the CT and the tertiary winding 
voltage to determine the flux linkage. The primary current is 
provided only for comparison purposes with the corrected 
current. 

The line diagram of the simulated primary system is shown 
in Fig. 5. This is a typical 230 kV transmission line of the 
Chesf (Hydroelectric Company of São Francisco) system. 

 

Fig. 5.  Electric power system considered in the study. 
 

In Fig. 6 is shown the single-phase equivalent circuit for 
simulating a fault at a distance L from the sending bus. 
 

Fig. 6.  Single-phase equivalent circuit of the system shown in Fig. 5. 
 

For the circuit of Fig. 6, we can write: 
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The constants R and L are, respectively, the total resistance 
and inductance between the voltage source and the fault; i is 
the current in the circuit. Thus, applying the Euler method, the 
primary current can be obtained by: 
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where k is the sample order and h is the integration step used 
in the simulation. 



For the circuit shown in Fig. 2, we can write: 
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Combining (7), (8) and (9), we have: 
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The sample of the magnetic flux linkage is calculated by: 
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The system data are the following: rated voltage, UN: 230 
kV; rated current, IN: 800 A; line length, LT: 85 km; series 
resistance, r: 0.0319 Ω/km; series reactance, x: 0.3311 Ω/km; 
short circuit power in 230 kV bus, SCC: 7.2 GVA; time constant 
in 230 kV bus, T1S: 35 ms; Thévenin impedance in 230 kV 
bus, ZT = 0.56 + j 7.35 Ω; equivalent impedance in receiving 
bus, ZR = 166 Ω; distance between fault and CT, L = 5 km. 

The CT has the following data: rated primary current: 900 
A; rated secondary current: 5 A; core cross section: 1.91 x 10-3 
m2; average length of magnetic path: 0.50 m; air gap length: 4 
mm; stacking factor: 0.96; secondary winding resistance: 
0.25Ω; secondary winding reactance: negligible; overcurrent 
factor: 20; rated secondary burden: 1 Ω. 

The CT saturation curve is shown in Fig. 7. 
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Fig. 7.  Saturation curve of the air-gapped CT. 
 

Real-time simulations were performed on a hardware 
platform consisting of a 32-bit digital signal controller 
TMS320F28335, with floating point arithmetic unit, 
manufactured by Texas Instruments, three 12-bit digital to 
analog converters DAC7621, manufactured by Burr- Brown, 
and three second-order low-pass filters, Butterworth type, with 

cutoff frequency at 5 kHz. The block diagram of the 
simulation platform is shown in Fig. 8. 
 

Fig. 8.  Block diagram of the simulation platform. 
 

The DSC performs real time calculations for processing the 
simulation algorithm. The calculations are performed at a 
sampling frequency of 20 kHz for future compatibility with 
RTDS® (Real Time Digital Simulator) systems. The calculated 
values are scaled and supplied in multiplexed way from the 
port A of DSC to a 12-bit data bus. The control bus from the 
port B of DSC has 3 bits, each of which is targeted to the chip 
selection pin of the D/A converters. When the corresponding 
bit is enabled, the data present on the data bus is loaded at the 
converter and its output is updated to the new value. The first 
converter (D/A-1) gives the primary current signal, the second 
converter (D/A-2) provides the CT secondary current signal 
and the third (D/A-3) provides the voltage in the tertiary 
winding. At every 50 microseconds, the DSC performs the 
following operations: 

• calculates the primary current, the secondary current and 
the tertiary voltage; 
• scales the magnitudes to 12 bits; 
• writes the resulting values on the data bus , one at a time; 
for each written value, the control bus selects the D/A 
converter to update the output to the correction system. 

The simulation is initiated in steady state condition. When 
the button “Fault Trigger” of Fig. 8 is pressed, the fault regime 
starts. When the button is released, the simulation goes back to 
the steady state condition. 

The system was assembled from the development kit 
eZdspTM F28335, from Spectrum Digital Incorporated, 
connected to D/A converters, separately mounted on dedicated 
printed circuit boards. The programing of the DSC was done 
using Code Composer Studio 3.3 development environment, 
based on C++ programming language. 

V.  THE CORRECTION PLATFORM 

Figure 9 shows the block diagram of the hardware platform 
used to correct the distorted secondary current. 
 

 
Fig. 9.  Block diagram of the correction platform. 



The platform consists of: 

• a digital signal controller (DSC) TMS320F28335; 
• two conditioning circuits for input signals; 
• a 12-bits D/A converter (DAC7621); 
• a low-pass filter in the output. 

Two inputs of the 12-bit analog-to-digital converter 
(ADCINA0, ADCINA1) of the DSC are used. The first 
channel performs the acquisition of a voltage signal 
proportional to the CT secondary current. The second reads 
the voltage on the tertiary winding.  

The acquisitions are made on a sampling frequency of 20 
kHz, so the quantities are taken every 50 microseconds. After 
the acquisition of the signals, the main routine of the algorithm 
performs the correction of the secondary current. 

This platform was also mounted from eZdspTM F28335 
development kit and the C ++ language on the manufacturer's 
development environment was also used. 

Figure 10 shows the two hardware platforms used in the 
method validation, one in the simulation of the primary system 
and other in the correction of the secondary current. 
 

 
Fig. 10.  Hardware implementation of the two test platforms. 

VI.  RESULTS 

In the simulations, three different total impedance values in 
the secondary winding of the CT are considered: 1.0 + j 0.0 Ω, 
1.0 + j 1.0 Ω and 2.4 + j 0.7 Ω. In all cases, the fault incidence 
angle is 0°. 

To evaluate the performance of the algorithm, the transient 
error, εT, is calculated at every sampling instant [7]: 
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where kN is the turns ratio of the CT, i2 is the secondary 
current, i1F is the primary current and I1F is the RMS value of 
this current in symmetrical regime. 

Figure 11 to Fig. 13 show the primary and secondary 
currents. Figure 14 to Fig. 16 show the instantaneous RMS 
values of these currents. The transient errors are shown in Fig. 
17 to Fig. 19. 
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Fig. 11.  Currents i1, i2 (distorted, corrected) – Burden: 1.0 + j 0.0 Ω. 
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Fig. 12.  Currents i1, i2 (distorted, corrected) – Burden: 1.0 + j 1.0 Ω. 
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Fig. 13.  Currents i1, i2 (distorted, corrected) – Burden: 2.4 + j 0.7 Ω. 
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Fig. 14.  RMS currents i1, i2 (distorted, corrected) – Burden: 1.0 + j 0.0 Ω. 
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Fig. 15.  RMS currents i1, i2 (distorted, corrected) – Burden: 1.0 + j 1.0 Ω. 
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Fig. 16.  RMS currents i1, i2 (distorted, corrected) – Burden: 2.4 + j 0.7 Ω. 
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Fig. 17.  Transient errors – Burden: 1.0 + j 0.0 Ω. 
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Fig. 18.  Transient errors – Burden: 1.0 + j 1.0 Ω. 
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Fig. 19.  Transient errors – Burden: 2.4 + j 0.7 Ω. 



Table I shows the maximum transient errors, εT, that occur 
in the correction processes. 

TABLE I 
MAXIMUM TRANSIENT ERRORS 

Burden (Ω) εT – distorted (%) εT – corrected (%) 
1.0 + j 0.0 180.39 14.44 
1.0 + j 1.0 130.48 -11.18 
2.4 + j 0.7 179.19 -6.66 

 
The presented results indicate that the proposed method 

corrects the distorted secondary current in a satisfactory way 
and that the errors introduced by the iron core CTs are 
significantly reduced. 

VII.  CONCLUSIONS 

The success of the secondary current correction is 
extremely dependent on the accurate determination of the 
initial flux in the instant of the fault occurrence. In other 
methods, the initial flux is determined by estimation. However, 
such processes can cause significant errors. In the proposed 
technique, the initial flux imposed by the primary current is 
measured by the integration of the tertiary voltage winding of 
the CT. Moreover, the gap reduces the residual flux to a 
negligible value. 

The loss of accuracy caused by the increase of the exciting 
current is compensated by the numeric processing performed 
by the correcting system. So, it is possible to use the same type 
of CT in the protection and in the measurement schemes. 

The proposed correction method avoids the CT oversizing. 
Thus, the magnetic core dimensions become smaller and the 
ratio and phase errors are reduced. The inserted air gap allows 
an additional reduction of the core, because the secondary time 
constant, the remanence and the magnetic induction decrease. 
Another advantage of this technique is that the knowledge of 
the impedances of the load, secondary winding and connection 
wires to calculate the secondary excitation voltage is not 
necessary. This practice causes significant errors, because such 
impedances are not always precisely known. Another problem 
is that any change of their values requests modifications in the 
settings of the algorithm. 

The CT must have a tertiary winding. However, this is not a 
significant problem, because this type of CT is readily 
available in the trade. Many CTs are manufactured with two or 
more low current windings. Moreover, these characteristics 
can be specified in the proposal of acquisition of those 
devices, with practically no increase to the cost of the CT, 
because the current in tertiary winding is very low. In this case, 
the winding can be built with thin wire, which is only used for 
measurement of the induced voltage to calculate the magnetic 
flux in the iron core. 
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