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Compensation of the Current-Transformer
Saturation Effects for Digital Relays
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Abstract—A current transformer (CT) is accurately modeled for
representation of the CT saturation effects on digital protective re-
lays. Simulation studies performed in the PSCAD/EMTDC plat-
form are used to investigate the impacts of CT saturation on the
current phasor estimation. A new algorithm is also proposed for
detection and compensation of CT saturation effects, based on: a
least error squares (LES) filter which estimates the phasor param-
eters of the CT secondary current; a novel saturation detection
method which uses the output of the LES filter for saturation de-
tection; and a new minimum estimation error tracking approach
which enhances the precision of the phasor estimation. The pro-
posed saturation detection/compensation algorithm is independent
of the parameters of the CT, the burden, and the power system. The
study results show that the proposed algorithm: 1) reconstructs the
distorted current waveform, under dc and ac saturation conditions,
with the required precision and speed and 2) performs satisfacto-
rily under inductive burden and under deep and slight saturation
conditions.

Index Terms—Current transformer (CT), digital relays, least
error squares (LES) method, magnetic saturation, Preisach
theory.

1. INTRODUCTION

URRENT-TRANSFORMER (CT) saturation leads to in-

accurate current measurement which may cause malfunc-
tion of protective relays [1]. The saturation can be: 1) dc satura-
tion due to the high decaying dc component of the fault current
and/or the premagnetization of the CT core and 2) ac saturation
due to the large ac current magnitude [2]-[5]. Practically, it is
not viable to design a CT not to exhibit dc saturation [6]. AC
saturation can be avoided by proper selection of the CT with
respect to the maximum anticipated fault current magnitude.
However, unforeseen changes in the power system short-circuit
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capacity (e.g., due to topological changes) may lead to ac satu-
ration of even a properly selected CT.

Thus, a protective relay is practically subject to saturation
effects of the corresponding CT which adversely impacts its
performance, if appropriate methods for saturation detection
and/or compensation are not applied [7]. Several saturation de-
tection/compensation methods, to mitigate the adverse effects
of CT saturation on the protection relays, have been proposed
in the technical literature. These include:

* Saturation detection techniques to block/unblock the oper-
ation of certain protection functions. The main drawback
of this approach is the delayed operation and low/inade-
quate sensitivity [1].

» Reconstructing the distorted CT secondary current based
on an approximate CT model [8]-[11]. This is a viable
method if the CT burden, winding impedance, and the sat-
uration characteristic are available.

» Reconstructing the CT secondary current using artificial
neural networks (ANNSs) [2], [12]-[14]. This method ne-
cessitates the availability of a vast amount of training data
[15] and, hence, cannot be universally applied due to the
variations of burden and CT characteristics [7], [16].

» Estimation of the current phasor parameters from the un-
saturated portions of the current waveform [1], [7], [8],
[17], [18]. This approach needs an effective saturation de-
tection technique for accurate identification of the unsatu-
rated portions of the measured current waveform [1].

The majority of the existing saturation detection techniques
[8], [17], and [18] cannot reliably identify the saturation termi-
nation instant [2] and [19], especially under inductive burden
conditions [1]. The reason is that these methods generally de-
pend on the changes of the CT secondary current, which is
smoother under inductive burden conditions [2], [19]. Further-
more, some of these methods [8], [17] need the maximum fault
current magnitude and, thus, their performances depend on the
power system topology.

An accurate magnetic core characteristic model based on the
Preisach theory [20], adopted for a 300/1 A 5P20 class CT, is
used for precise simulation of CT saturation. The adopted CT
model represents minor loops, remanent flux, and eddy current
effects. Considering the shortcomings of the existing methods,
an efficient algorithm for the detection and compensation of CT
saturation effects is proposed to be used in digital protective dis-
tance and overcurrent relays in transmission and subtransmis-
sion systems. A least error squares (LES) filter [21] with a short
sliding data window is used for phasor parameters estimation
during unsaturated portions of the CT output current waveform.
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Fig. 1. CT model used for simulation studies.

The unsaturated portions are detected using the proposed satu-
ration detection method based on the convergence of the esti-
mated current magnitude. Unlike most of the existing CT satu-
ration detection algorithms, the proposed method exhibits high
sensitivity in detecting deep and slight saturation, even under
inductive burden conditions. In addition, a minimum estimation
error tracking (MEET) approach is introduced to increase the
precision of the phasor estimation during the detected unsatu-
rated portions of the current waveform.

The proposed saturation detection/compensation algorithm
has a fast response. Its performance is independent of the power
system topology, the CT parameters and characteristics, and the
burden. Thus, it does not require any pre-specified threshold
values based on these factors. It is simple and, thus, suitable for
online implementation and has no cumulative estimation errors.
Moreover, it is able to reconstruct the fundamental frequency
component of the distorted CT secondary current waveform,
under ac and dc saturation conditions, and it is secure against
permissible levels of current harmonics. The CT model and the
saturation compensation algorithm are implemented and tested
in the PSCAD/EMTDC software environment.

II. CT MODEL

Fig. 1 shows a schematic diagram of the investigated CT,
where ¢, and R,, denote the excitation current and the winding
resistance, respectively. Table I provides the CT data. The exci-
tation current of the CT magnetic core is

1o = 1p + 7:oddy (D

where 4y, is the hysteresis current and determined based on the
Preisach hysteresis model, and %44y is the eddy current

ie(l(iy =0 X Ve (2)

where 0, = 8 x 107* Q7! is the eddy current factor of the
laminations [22], and v, is the excitation voltage. The total core
flux density B consists of two parts

B (H) = Bhys (H) + Bsat (H) (3)

where H is the core magnetic field intensity. Bys(H ) is the flux
density corresponding to the hysteresis component of the mag-
netization characteristic, defined by the Preisach theory. Mean-
while, Bg,t(H) is a linear single-valued function which de-
scribes the flux density in the saturation region as

le

Boos (H) = 323

LsatH (4)
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TABLE 1
CT PARAMETERS

Turn ratio 300/1
Fundamental frequency 50 Hz
Mean core length 0.448 m
Cross section area 0.00168 m?
Winding resistance 21Q

Air core inductance 0.85 mH
Saturation flux density 1.88 T
Nominal burden 8 VA
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Fig. 2. Major and minor hysteresis loops of the studied CT.

where Lg.¢, N, l., and A denote the air-core inductance, the
number of secondary turns, the core mean flux path length, and
the effective core cross section area, respectively [23].

The hysteresis loops of the CT are measured using a low fre-
quency (1 Hz) sinusoidal excitation voltage to minimize the ef-
fects of the stray capacitances. Using the method introduced
in [23]-[28], the measured hysteresis loops data are used to
identify the Everett function [29], which defines the hysteresis
loops for the Preisach model. Numerical implementation of the
Preisach model (i.e., determination of the magnetic flux den-
sity B as a function of the field intensity H) is illustrated in
[30]-[32]. The value of ¢}, in each sampling period is determined
by an iterative method adopted to solve the system equations.

Fig. 2 depicts the measured points of the major loop and the
simulated minor and major loops, when the field intensity H is
assumed to be a sinusoidal signal with an increasing magnitude.
This figure demonstrates that the CT core magnetization char-
acteristic is accurately represented.

III. INVESTIGATION OF THE SATURATION EFFECTS

In this paper, the fault current is described by
i =Ipc X e " 4+ I,,Cos (wt + ) (5)

where I,,, 8, and w denote the magnitude, phase angle, and fun-
damental frequency of the current phasor, respectively. Ipc and
7 denote the magnitude and time constant of the decaying dc
component (dc offset), respectively. To develop an appropriate
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Fig. 3. Primary current (dashed line), and scaled secondary current (solid line)
of the CT. (a) 7 = 50 ms and (b) 7 = 100 ms.

algorithm for compensating CT saturation effects, various pa-
rameters that may affect the saturation must be considered. Ac-
cording to [12], these parameters include /,,,, 7, the impedances
of the secondary winding, the burden, the remanent flux, and the
fault incidence angle which determines the value of Ipc.

A. DC Saturation

DC saturation of a current transformer is caused by a dc com-
ponent in the CT primary current (e.g., the decaying dc compo-
nent of the fault current). This type of saturation is often encoun-
tered, since the fault current usually contains a considerable de-
caying dc component.

1) Effects of the Decaying DC Component: An asymmet-
rical fault current can saturate a CT at much smaller current
than a symmetrical current [12]. To investigate the effect of the
decaying dc component on CT saturation, a short-circuit event
with the current magnitude of 6 kA rms (20 times the nom-
inal current) and with the maximum decaying dc component is
considered. The CT carries its 8 {2 nominal burden at the unity
power factor. Fig. 3(a) and (b) depicts the primary and the scaled
secondary currents of the CT, when the time constant of the de-
caying dc component is set at 50 ms and 100 ms, respectively.
Fig. 3 illustrates that a higher decaying dc time constant results
in deeper CT saturation. Fig. 3 also illustrates that during dc
saturation, the CT output current waveform includes only one
saturated portion per cycle. The reason is that the flux reaches
the knee point only in one direction during dc saturation.

2) Effects of Burden: To investigate the effect of the burden
on dc saturation, the short-circuit event shown in Fig. 3(a) is
repeated with a lower burden value of 1 (2 [Fig. 4(a)] and a lower
power factor of 0.5 [Fig. 4(b)]. The CT primary current is the
same for the results shown in Figs. 3(a) and 4. Comparing the
simulation results of Fig. 4 with those of Fig. 3(a), one concludes
that during dc saturation 1) a higher burden results in deeper
saturation and 2) a lower power factor of the burden results in a
smoother CT output current waveshape.
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Fig. 4. Repetition of Fig. 3(a) when the CT carries (a) 1 €2 resistive burden and
(b) 8 2 burden at the power factor of 0.5.
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Fig. 5. Primary current (dashed line), and scaled secondary current (solid line)
of the CT corresponding to a 12 {2 resistive burden.

B. AC Saturation

AC saturation of a CT is caused by a high fault current mag-
nitude or a high burden impedance. Although a digital relay
introduces a low burden impedance to the CT, a high wiring
impedance may cause this type of saturation [33]. To investigate
the ac saturation effects, a 6-kA short-circuit event without a de-
caying dc component is considered. Fig. 5 depicts the primary
and the scaled secondary currents of the CT for a 12 €2 resistive
burden (i.e., 150% of the nominal value). Fig. 5 demonstrates
that, during ac saturation, the CT output current waveform in-
cludes two saturated and two unsaturated intervals per cycle.

C. Impacts of CT Saturation on Phasor Estimation

The performance of a full-cycle fast Fourier transform under
CT saturation conditions is investigated. The estimated phasor
parameters of the primary and the scaled secondary currents of
the CT, subjected to the dc saturation of Fig. 3(a) and the ac
saturation of Fig. 5, using a 20-sample Fourier filter, are depicted
in Figs. 6 and 7, respectively. These figures illustrate that dc and
ac saturation phenomena result in inaccurate estimation of the
magnitude and phase of the fault current phasor.

IV. PROPOSED SATURATION COMPENSATION METHOD

The proposed saturation compensation method is comprised
of a fast digital filter to estimate the current phasor parameters
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Fig. 6. Estimated (a) magnitude and (b) phase of the scaled secondary current
of the CT, using the Fourier filter, during the short circuit of Fig. 3(a).
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Fig. 7. Estimated (a) magnitude and (b) phase of the scaled secondary current
of the CT, using the Fourier filter, during the short circuit of Fig. 5.

during the unsaturated portions of the current waveform, and an
algorithm which detects and reconstructs the saturated portions.

A. Utilized Digital Filter

An LES digital filter with decaying dc component extraction
capability [21] is used for the estimation of the current phasor
magnitude and phase angle. A short data window length (3 ms)
is chosen for accurate phasor parameters estimation by using
the unsaturated portions of the current waveform. The sampling
frequency of the LES filter is 4 kHz.

A CT saturation compensation algorithm must quickly and
accurately estimate the current phasor parameters under various
saturation conditions. Hence, the proposed saturation detection/
compensation method is developed considering the impacts of
both dc and ac saturation conditions.

1) Impacts of DC Saturation on the LES Filter: Fig. 8
shows the estimated fault current magnitude using the LES
filter, during the short-circuit event of Fig. 3(a), and indicates
that the estimated magnitude is different when compared to
the output of the Fourier filter [Fig. 6(a)]. Fig. 9 shows the
scaled CT output current and its estimated magnitude, for one
cycle of the fundamental frequency during the dc saturation
of Fig. 3(a). Fig. 9 illustrates that the estimated magnitude is
erroneous and unstable (i.e., it does not converge to a constant
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Fig. 8. Estimated fault current magnitude with the LES filter during the short-
circuit event of Fig. 3(a).
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Fig. 9. (a) Primary (dashed line) and scaled secondary (solid line) currents of
the CT. (b) Estimated current magnitude by the LES filter.

value, during the saturated portion of the waveform (143 < t <
147 ms). Besides, it shows that during the unsaturated portion
(127 < t < 143 ms), the estimated current magnitude is stable
(i.e., converges to 6 kA), as the transition time of the LES
filter (data window length of 3 ms) expires. Thus, the phasor is
accurately estimated during the interval of 130 < t < 143 ms.

2) Impacts of AC Saturation on the LES Filter: For the ac
saturation event of Fig. 5, the scaled CT output current and its
estimated magnitude during one cycle of the fundamental fre-
quency are shown in Fig. 10. This figure illustrates that the esti-
mated current magnitude is unstable during the saturated por-
tions of the current waveform (133 < t < 137 ms and 143
< t <147 ms). Moreover, it shows that during the unsaturated
portions (127 < t < 133 ms and 137 < t <143 ms), the esti-
mated current magnitude becomes stable as the 3-ms transition
time of the LES filter expires (130< t < 133 msand 140 < t <
143 ms).

B. Proposed Saturation Detection Algorithm

Figs. 9 and 10 demonstrate that a sampled portion of the cur-
rent waveform can be assumed sinusoidal when the estimated
current magnitude converges to a constant value (i.e., the filter
output becomes stable). Accordingly, we propose a new satura-
tion detection approach which detects the unsaturated portions
of the current waveform by assessing the stability of the LES
filter output. The average deviation of the estimated magnitudes
of the CT secondary current is a reasonable filter output stability
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Fig. 10. (a) Primary (dashed line) and scaled secondary (solid line) currents of
the CT. (b) Estimated current magnitude by the LES filter.

index. However, the value of the average deviation depends on
the current magnitude. Therefore, the normalized average devi-
ation (NAD) of the last eight estimated magnitudes is used as
the output stability indicator of the LES filter (i.e., the satura-
tion detection index) and defined by

(8,35, e r))

1=—

0
_ 1
NAD = — M= - M; 6
i , < :Z_ ©)
where M;, i+ = —7...0 denotes the last ith estimated
magnitude.

During the sinusoidal portions of the current waveform, the
NAD value approaches to zero. Therefore, the sinusoidal por-
tions can be detected when the NAD value becomes less than
a prespecified threshold. However, the study results indicated
that the CT secondary current is sinusoidal not only during the
unsaturated portions, but also during the deeply saturated por-
tions. The reason is that at considerably high excitation currents,
the CT core characteristic is almost linear since the air-core in-
ductance of the CT is almost constant. Thus, during the deeply
saturated portions, the excitation current is sinusoidal which re-
sults in a sinusoidal CT secondary current with a very low mag-
nitude. This phenomenon is shown in Fig. 11 [magnification
of Fig. 3(a)], during the interval of 58 < t < 68 ms. Under
deep saturation conditions, the output of the LES filter becomes
stable after its transition time period expires 61 < t <68 ms in
Fig. 11(b), and results in a low NAD value [Fig. 11(c)].

Thus, one concludes that the calculated NAD becomes less
than the threshold value (i.e., the sampled current waveform por-
tion is sinusoidal), when:

1) the CT is not saturated under normal operation conditions;

2) the CT is not saturated under short-circuit conditions;

3) the CT is saturated during a short-circuit event, and the
sampled portion is an unsaturated portion of the CT sec-
ondary current waveform (73 < t <79 ms in Fig. 11);

4) the CT is saturated during a short-circuit event, and the
sampled portion is a deeply saturated portion of the CT
secondary current waveform (62 < t < 68 ms in Fig. 11).
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Fig. 11. (a) Primary current (dashed line), and scaled secondary current (solid
line) of the CT. (b) Estimated current magnitude by the LES filter. (c) NAD of
the estimated magnitude.

Fig. 11(b) shows that the case 4 results in a very low esti-
mated magnitude (lower than twice the magnitude of the nom-
inal CT secondary current [,,). Moreover, it never lasts for one
cycle. Hence, to make a distinction between these cases, the last
estimated magnitude M, and the duration of the detected por-
tion with low estimated magnitude, denoted by 7}, are con-
sidered. Therefore, based on the proposed saturation detection
algorithm, the sampled current waveform portion is unsaturated
when one of the following terms is satisfied:

* ((NAD<O0.1) & (Mo<2d,,) & (Tiow>20ms)), — case 1;

* (NAD <0.1) & (My > 2x I,)), —case2or3

and saturated or highly distorted when one of the following
is satisfied:

¢ ((NAD<O0.1) & (Mo< 2 I,,)&(Tiow<20 ms)), — case 4

* (NAD > 0.1). — saturated or distorted signal.

The value of the NAD threshold depends on one hand on the
permissible harmonic and noise levels and on the other hand on
the maximum acceptable estimation error. A compromise must
be made between these two factors. The performed simulation
studies indicated that a NAD threshold value of 0.1 results in
desirable performance of the algorithm.

The output of the proposed saturation detection algorithm
(i.e., the indicator of unsaturated portions) is the “UNSAT”
signal. Its value is set at 1 when the algorithm assumes that
the sampled portion of the current waveform is not saturated,
and the estimated current phasor parameters can be used by a
digital relay. Otherwise, the UNSAT signal is set at 0.

The performance of the proposed saturation detection algo-
rithm is investigated considering a 6 kA short-circuit event with
the maximum decaying dc component and time constant of 40
ms. The CT carries a pure resistive burden of 12 2. The ob-
tained results shown in Fig. 12 indicate that dc saturation occurs
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Fig. 12. (a) Primary current (dashed line), and scaled secondary current (solid
line) of the CT. (b) Estimated current magnitude by the LES filter (solid line) and
the corresponding threshold (dashed line). (c) NAD of the estimated magnitude
(solid line) and the corresponding threshold (dashed line). (d) Indicator of the
unsaturated segments.

during the first four cycles after the fault initiation and gradu-
ally changes to ac saturation [Fig. 12(a)]. The estimated cur-
rent magnitude and the corresponding threshold (2 x I,, = 0.6
kA) are compared in Fig. 12(b). The calculated NAD and its
threshold value of 0.1 are compared in Fig. 12(c). The UNSAT
signal is shown in Fig. 12(d).

Fig. 12 illustrates that the proposed saturation detection al-
gorithm performs satisfactorily under both dc and ac saturation
conditions. As shown in Fig. 12(c), during the unsaturated por-
tions of the current waveform, the calculated NAD becomes less
than the prespecified threshold value, after the transition times
of the LES filter (3 ms) and the NAD calculation algorithm (2
ms) expire. Accordingly, the proposed algorithm can detect an
unsaturated interval which is at least 5 ms, and can be used for
reconstructing the CT secondary current waveform under deep
saturation conditions.

C. Proposed Reconstruction Algorithm

Assume the estimated magnitude and phase angle of the cur-
rent phasor in each sampling period using the LES filter are de-
noted by My and 6y, respectively. The outputs of the reconstruc-
tion algorithm (i.e., the compensated estimates of the current
magnitude and phase) are denoted by M, and 6.,, respec-
tively. The proposed reconstruction algorithm is described as
follows.

The operation of the reconstruction algorithm includes “RE-
FRESH” and “HOLD” modes. In the REFRESH mode, the sam-
pled portion is unsaturated and the estimated phasor parame-
ters are accurate. Thus, the instantaneous estimated variables
(M and ) are directly assigned to the output of the algorithm
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Fig. 13. Flowchart of the proposed CT saturation detection/compensation al-
gorithm.

(Moyt and 6oy4). In the HOLD mode, the sampled portion is
saturated or highly distorted, and M, and 6, are kept un-
changed at the values of the last REFRESH operation.

To determine the operation mode of the reconstruction algo-
rithm, first, the value of the UNSAT signal must be set. Accord-
ingly, in each sampling period, if the sampled portion is not un-
saturated (i.e., the value of the UNSAT signal is 0), the algorithm
activates the HOLD mode. Otherwise, the REFRESH mode is
activated. Using this approach, during the saturated or highly
distorted portions of the current waveform and the transition
time of the digital filter, the HOLD mode prevents inaccurate
estimation of the phasor parameters.

During the unsaturated portions, the algorithm outputs
should not be necessarily refreshed in each sampling period.
The study results demonstrated that during these intervals, a
lower NAD value corresponds to more precisely estimated
phasor parameters. Therefore, to achieve a higher estimation
accuracy, a MEET approach is introduced in the reconstruction
algorithm. Based on this approach, during each unsaturated
portion, the REFRESH mode is activated only in the sampling
periods which have lower NAD values compared with the
NAD value of the last REFRESH operation. Therefore, after a
REFRESH operation in the first sampling period of each unsat-
urated portion, any subsequent REFRESH operation results in
a more precisely estimated set of parameters. It must be noted
that the internal variables M*, 6*, and N AD* are used to store
the outputs of the algorithm (Mo, and 6,y4), and the calculated
NAD value, respectively, during the last REFRESH operation.
Fig. 13 depicts the flowchart of the proposed saturation detec-
tion/compensation algorithm.

V. PERFORMANCE OF THE ALGORITHM

The performance of the proposed CT saturation detection/
compensation algorithm is evaluated under various saturation
conditions and in the presence of current harmonics. The results
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Fig. 14. (a) Primary current (dashed line) and scaled secondary current (solid
line) of the CT. (b) Indicator of unsaturated segments. (c) Estimated (solid line)
and actual values (dashed line) of the magnitude. (d) Estimated (solid line) and
actual values (dashed line) of the phase angle. (e) Reconstructed current wave-
form.

of the performed simulation studies in the PSCAD/EMTDC
platform are presented in this section.

A. CT Saturation Detection/Compensation

Fig. 14 illustrates the performance of the proposed saturation
detection and compensation algorithm, under inductive burden
and high decaying dc time constant (i.e., deep dc saturation, con-
ditions). Fig. 14(a) shows that under a 8 €2 burden at the power
factor of 0.8, the CT is highly saturated by the 6 kA fault current
(time-constant of 200 ms). Fig. 14(b) illustrates that the satura-
tion detection algorithm prevents erroneous phasor estimation
at highly saturated cycles (e.g., the second cycle after the fault
initiation). The estimated and the actual values of the fault cur-
rent phasor parameters are shown in Fig. 14(c) and (d), which
indicate that the current phasor magnitude and phase angle are
estimated in 3.5 ms with less than 4% and 0.011 rad errors, re-
spectively. Fig. 14(e) depicts the corresponding reconstructed
fault current waveform and shows that the proposed phasor es-
timation method does not reconstruct the decaying dc compo-
nent of the fault current. It should be noted that the level of the
decaying dc component is seldom used in protection relays [7].

Fig. 15 depicts the performance of the proposed saturation
compensation algorithm under a slight saturation condition
while the CT carries a resistive burden of 0.5 2 and the fault
current magnitude is 3 kA (time-constant of 50 ms). Fig. 15(b)
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Fig. 15. (a) Primary current (dashed line), and scaled secondary current (solid
line) of the CT. (b) Indicator of unsaturated segments. (c) Estimated (solid line)
and actual values (dashed line) of the magnitude. (d) Estimated (solid line) and
actual values (dashed line) of the phase angle. (e) Reconstructed current wave-
form.

illustrates that the proposed saturation detection algorithm is
also effective under slight saturation conditions (140 < t <180
ms). Fig. 15(c) and (d) shows that the magnitude and phase
angle of the fault current are estimated in 4 ms with less than
5% and 0.015 rad errors, respectively.

Fig. 16 shows the performance of the proposed reconstruction
algorithm during the ac saturation case shown in Fig. 5. Fig. 16
demonstrates that the proposed algorithm performs satisfacto-
rily under ac saturation conditions, and the fault current magni-
tude and phase angle are estimated in 3.8 ms with less than 4%
and 0.05 rad errors, respectively. It must be noted that the esti-
mation error values are the maximum values encountered at the
first cycle after the fault initiation. As shown in Figs. 14-16, the
estimation errors become smaller at the subsequent cycles.

The performance of the proposed algorithm during an
evolving fault is also investigated. A 3 kA rms single-phase-to-
ground fault without a decaying dc component occurs at t =
27 ms. Subsequently, at ¢ = 96 ms, it changes to a 6 kA rms
three-phase-to-ground fault including a decaying dc component
with a time constant of 100 ms. The obtained simulation results
are shown in Fig. 17. This figure illustrates that the proposed
algorithm detects the fault-type change and refreshes the esti-
mated phasor parameters in 4 ms, as soon as the transition time
of the algorithm expires. The current waveform is reconstructed
satisfactorily (i.e., with magnitude and phase errors of less than
4% and 0.1 rad).
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Fig. 16. (a) Primary current (dashed line) and scaled secondary current (solid
line) of the CT. (b) Indicator of unsaturated segments, (c) Estimated (solid line)
and actual values (dashed line) of the magnitude. (d) Estimated (solid line) and
actual values (dashed line) of the phase angle. (e) Reconstructed current wave-
form.

B. Current Harmonics Effects

According to the standard [34] for the systems with voltage
levels higher than 69 kV, where the proposed algorithm is in-
tended to be utilized, the maximum-permissible magnitude of
the current odd harmonics is 2% for the harmonics of orders
lower than 11, and 1% for the harmonics of orders between 11
and 17. In order to evaluate the performance of the proposed al-
gorithm in the presence of harmonics, the odd harmonics of or-
ders lower than 17, with the aforementioned maximum permis-
sible levels, are added to the current signal under normal opera-
tion conditions. Fig. 18 shows the performance of the algorithm
in the presence of current harmonics. As shown in Fig. 18(c)
and (d), the algorithm estimates the current phasor magnitude
and phase with less than 4% and 0.05 rad errors, respectively.
Fig. 18(e) shows that the reconstructed current waveform is less
distorted than the original current waveform. This figure demon-
strates that the MEET approach significantly increases the pre-
cision of the phasor estimation.

VI. CONCLUSION

Using a detailed CT model that accurately represents the CT
saturation effects, a new algorithm was introduced to compen-
sate for the impacts of CT saturation on digital relays. The al-
gorithm, which reconstructs the distorted secondary currents of
saturated CTs, comprises novel saturation detection and com-
pensation methods. The former detects the unsaturated portions
of the CT secondary current by assessing the convergence of the
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Fig. 17. (a) Secondary current of the CT. (b) Indicator of unsaturated segments.
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Reconstructed current waveform.
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Fig. 18. (a) Secondary current of the CT. (b) Indicator of unsaturated segments.
(c) Estimated (solid line) and actual values (dashed line) of the magnitude. (d)
Estimated (solid line) and actual values (dashed line) of the phase angle. (e)
Reconstructed current waveform.

estimated current magnitude. The latter compensates the satu-
ration effects using the estimated phasor parameters based on
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the unsaturated portions of the current waveform. A minimum
estimation error tracking approach was also introduced, which
considerably enhances the precision of the phasor estimation.

The performance of the proposed algorithm was investigated
through several simulation studies in the PSCAD/EMTDC soft-
ware environment. The study results indicated that the proposed
algorithm reconstructs the saturated CT secondary current in
about 4 ms with acceptable magnitude and angle errors, under
deep and slight saturations of ac and dc types.
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