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Abstract: The secondary current of a current
transformer (CT) becomes distorted and deviates from the
true picture of primary side when a magnetic core enters
into saturation. This may lead to severe problem in
proper protection decision during transient condition.
Wavelet transform with ‘Haar’ as mother wavelet is used
to detect the time instant of core saturation. The multi-
resolution analysis of the saturated secondary current of
a current transformer is carried out to extract the
information of points of inflections. The approach is
rigorousdly verified in MATLAB/SIMULINK environment
for initial study and finally the scheme is implemented in
real time by DSI1104 controller board of dSPACE.
Experimental results are shown to validate the detection
technique.
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1. Introduction

A current transformer (CT) is used in power
system to scale down the system current signals to
an adlowable level. If CT characteristic is not
properly selected for fault conditions, saturation will
occur which may affect the protection decisions [1]-
[3]. There are events where it is necessary to locate
protection devices far from the CTs. In these cases,
the wire resistance, which adds to the CT burden,
causes CT saturation at smaller currents than when
located close to the protection devices. The distorted
secondary current signal of CT may be asymmetrical
in nature and may contain DC offset resulting in CT
saturation. This leads to incorrect bus-bar different-
ial protection and transformer differential protection
in the case of an external fault [2]. For this reason,
most low impedance bus-bar differential relays use
CT saturation detection unit to avoid fase tripping
for externa faults which may produce large current

and significant CT saturation [3]. CT saturation
leads to unnecessary delay with IDMT characteristic
and coordination may fail. It also creates error in
impedance estimation in a distance relay and as a
consequence a distance relay can malfunction. Thus,
protection relay engineers have to take into account
the CT saturation problem when they design a
protection relay.

Several approaches may be found in the literature
to mitigate or eliminate the impact of CT saturation
on protection operation. Detection of CT saturation
with the use of agorithmic methods (measurement
of certain signal features) has been reported in [4]-
[7]. In[4], third difference of saturated CT seconda-
ry current has been used as an index of measurement
of points of inflection where saturation begins and
ends. Paper [5] aso uses the third difference of
current signal for the aforesaid detection purpose
because it is more effective than the second
difference in terms of saturation detection.
Moreover, this paper includes the effect of a low-
pass filter on the proposed algorithm as an anti-
aliasing low-pass filter softens the current and, thus,
reduces the values of the third difference at those
instants. However, a low-pass filter has a tendency
to introduce a significant phase shift at the output,
thereby causing a delayed detection of points of
inflection. A method of symmetrical component
analysis for the detection of CT saturation in a
numerical current differential feeder protection relay
is presented in [6]. However, this paper considers
that the probability of CT saturation occurring
during a heavy through fault condition only. In [7]
wavelet transform, and an artificial intelligence
based algorithm for CT saturation detection and
compensation has been presented.



This paper proposes a CT saturation detection
algorithm based on multi-resolution anaysis (MRA)
of Haar Transform which is the simplest of
transforms. Here, the detaill version of two-level
decomposition of the detail version of the signa
obtained from one-level decomposition successfully
detects the points of inflection where saturation
begins and ends. The proposed algorithm has been
tested in MATLAB/SIMULINK environment over
various case studies and finally, the scheme is
validated by rea time hardware implementation on
DS1104 controller board of dSPACE. A 15kHz
sampling frequency is chosen for both the simulation
and implementation purposes. The result shows
expected performance.

2. Methodology for CT saturation detection

In recent years, wavelet transform (WT)
techniques have been effectively used for multi-
scale representation analysis of signals to
demonstrate the local or detailed feature as well as
smoothed feature of a particular area of a large
signal. For the purpose of implementation, discrete
wavelet transform (DWT) has been considered.
Using DWT, asignal can be represented as a sum of
wavelets and scale functions with coefficients at
different time shifts and scales (frequencies) [§].
According to DWT, atime-varying function (signal)

f(t) e L*(R) , the linear vector space of square
integrable functions can be expressed in terms of
#(t) and o(t) asfollows
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where ¢(t), o(t), Coand d; represent the

scaling function, wavelet function, scaling (coarse)
coefficient at scale 0 and wavelet (detailed)
coefficient at scale j, respectively. The symbol Kk is
the trandation coefficient, which serves for the
localization (detection) of a signal for time. The
scalesj = 1, 2, ....denote the different (high to low)
frequency bands. The symbol j, could be any
integer. The trandated and scaled (detailed) version

of the wavelet, (2 't —K), used in the MRA will
construct a timefrequency picture of the
decomposed signal. ¢(t) will generate the detailed
version of f(t), whereas ¢(t) will generate the
coarse version of f(t). It can be shown that

D

¢,..(k) = ¥ h(m - 2k)c, (m) )

d,.(k) = ¥ g(m-2k)c (m) ©)

where h(m—-2k) and g (mM—2K) are the low- and
high-pass filters or impulse responses, respectively.
Fig. 1(a) illustrates two-scale MRA for a signal, ¢,
[n] (discrete samples). The symbol h, g and *| 2’
denote low-, high-pass filters and the ‘down
sampling’, respectively [9]. When DWT is applied
on a signal taking Daubechiesl (‘dbl’) or ‘Haar’ as
mother wavelet, the process becomes the simplest of
transforms which is called the ‘Haar Transform’

(HT).
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Fig. 1. (a) Two-scale MRA for asignal, and (b) Modified
two-scale MRA (Wavelet Packet Transform)

The wavelet transform decomposes a signal into
different scales with different levels of resolution
(both time and frequency) by dilating a single
prototype function. It provides a time- loca
representation (in both time and frequency) of a
given signal; therefore, it is suitable for analyzing a
signal where frequency resolution is needed such as
disturbance transition events in a power qudity
study [10]. MRA isapowerful tool to decompose a
signal f(t) into its detailed ( indicating sharp
changes) and smoothed or scaled versions. A
rigorous mathematical treatment of MRA is
availablein[11].

The HT [11, 12] decomposes a discrete signal into
two sub signals of half of its length. One sub-signal
is a running average (scaing coefficients) or the
smooth signal; the other sub-signal is a running
difference (wavelet coefficients) or the detailed
signal. Let f(t) be a continuous signal and it is
sampled by a sample and hold circuits with sampling

timeT resultingasignal f  (t) where
f't)=f(kKT)=f,wheret=KT ,k=0,1,.n (4)
Scaling coefficients or Running average,



f + f
a, ="t 2" wherem=1.2,.. n/2 (5)
V2
Wavelet coefficients or Running difference,
f — f
b, ="t 2" wherem=1,2,..n/2 (6)
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By repeating the process in one level of HT,
multiple levels HT can be performed with the
application of MRA. In every level, energy of the
signal is preserved. Here, only the detail coefficients
obtained by MRA are used for saturation detection
purpose.

To detect the saturation points (i.e., start and end
of saturation in each cycle/points of inflection) HT is
applied taking ‘Haar' as mother wavelet using
modified two-scale MRA (often termed as Wavel et
Packet Transform) as shown in Fig. 1(b). In case

of detection of points of inflection on saturated CT
secondary current, at first, onellevel MRA is
performed on the signa to get its detailed version
(di[n]) and further one-level decomposition of d[n]
gives further detailed version of the signal (dd;[n],
Fig. 1(b)). These coefficients ( ddy[n]) contain al
the information of points of inflections. As ‘Haar’ is
a compactly supported wavelet having only two
filter coefficients, therefore, this agorithm can be
simply and effectively implemented to detect sudden
deviation in the waveform in real time. In Fig. 2(a),
scaled primary current and saturated secondary
current waveforms are shown. In ideal case, these
two waveforms must remain identica in all
operating conditions of the CT. But in practice these
two waveforms tend to deviate whenever a CT
saturates as shown in Fig. 2(a). Here al, a2, etc are
the Start of Saturation (SS) points and b1, b2, etc are
the End of Saturation (ES) points in each cycle.
Hereinafter, the proposed filter will be termed as
Discrete Haar Wavelet Filter (DHWF).
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Fig. 2. (a) Scaled primary current, Saturated secondary current, Start and end of saturation in each cycle, and (b) Sample

power system under consideration.

The CT saturation may occur either due to
excessive fault current or due to overburden in the
CT secondary or due to the presence of DC-offset
component in the primary current. The magnitude of
DC component depends on the instant at which the
fault occurs (i.e., Fault Occurrence Instance, FOI).
FOI is measured from the negative to positive zero
crossing of voltage waveform. Extensive case

studies have been made considering those three
different conditions. The proposed scheme is
verified by ssmulation in MATLAB/SIMULINK and
the scheme is findly realized using DS1104
controller board of dSPACE. Various case studies
have been made and encouraging results are
obtained.



3. Schemefor CT saturation detection

Discussed algorithm for CT saturation detection
has been developed in MATLAB / SIMULINK and
validated under various case studies.

3.1. Smulation of DHWF

Using the saturable CT model (APPENDIX 1) in
MATLAB/SIMULINK, different saturated CT
secondary current waveforms have been generated
by varying the CT primary fault current for the
sample power system as shown in Fig. 2(b). The
fault is created at the instant of zero crossing of the
supply voltage from negative to positive. One-level
DHWF has been smulated in MATLAB/
SIMULINK [13] environment and the simulation
blocks are shown in Fig. 3(a). The saturated CT
secondary current signal is fed as input to this filter
as analyzing signal.

Pulses ‘A’ and ‘B’ as shown in Fig. 3(a) are the
sampling pulses for the two Sample and hold (S/H)
circuits viz. S/H1 and S/H2 respectively. The
filtering process along with the timing diagram is
illustrated in Fig. 3(b). Pulse ‘A’ is formed in the

Pulse Generator
Frequency, fo= 15kH=

[nan

positive going edge of the clock of “Pulse
Generator” whose clock frequency is set at 15 kHz.
Pulse ‘B’ isformed in the positive going edge of the
clock pulse of the “Divided by 2 counter” and pulse
‘C’ is formed in the negative going edge of this
clock pulse. The outputs of the two S/H circuits
(S/H1 and S/H2) are subtracted with a “ Subtractor”
circuit (Fig. 3(a)). Output of the “Subtractor” circuit
is multiplied with a gain of %2 to get detailed version
of the analyzing (current) signal using ‘Haar’ mother
wavelet. The output of this “Gain” block is passed
through another S'H circuit (SYH3). The sampling
signal of this S/H3 is the sampling pulse ‘C'. The
output of S'H3 isthefiltered output at one-level.

Two-level decomposition is comprised of two
one-level DHWF modules in cascade as shown in
Fig. 3(c). Fig. 3d(ii) shows the sharp changes in
magnitude of the Wavelet Transform coefficients
(WTCsg) a two-level at those points of inflection
where saturation of the CT core begins and ends
otherwise their values are negligible. The sampling
frequency at any level of filtering should be half of
that of its preceding level.
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Fig. 3. @ Simulated circuit for one-level DHWF (in detail), (b) Filtering process along with the timing diagram,
c)Block diagram to determine two-level detail coefficients, and (d) waveforms for CT saturation detection: i) Scaled
Primary current and Saturated Secondary current, and ii)WTCs at Two-level.

the worst CT operating conditions in Fig. 4(iiia).
Fig. 4(ib)-4(iiib) show the WTCs, dd, [n] at the
points of inflection. Maximum absolute value of
WTCs, |[dd, [n]]| at the points of inflection for first
two cycles have been tabulated in Table 1 for these
different CT operating conditions.

3.2. Casestudieson CT saturation detection
Extensve case studies have been made for
previoudy mentioned three different conditions
keeping other two parameter fixed. Of them three
cases have been shown (Fig. 4(ia)-4(iiia)) including
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Fig. 4. Case studies on CT saturation detection: i) For Ry =7Q, FOI = 12ms, Burden =2Q: a) Scaled primary and
saturated secondary current, and b) WTCs, dd,[n], ii) For R; =4Q, FOI = 6ms, Burden =3Q: Scaled primary and
saturated secondary current, and b) WTCs, dd,[n], and iii) For Rf =1Q, FOI = Oms, Burden =5Q: Scaled
primary and saturated secondary current, and b) WTCs, dd,[n] .



WTCs, |[dd,[n] | at points of
Fig. Ri, | FOI | Bur inflections
No. | (Q) | (ms) ((jen 1% cycle 2™ cycle

Q)

SS ES SS ES
4(i) 7 12 2 02 | 003 | 01 | 0.04
A(ii) 4 6 3 02 | 004 | 01 | 0.02
4(i) | 1 0 5 04 | 003 | 02 | 002

Table 1. Maximum absolute value of WTCs (|ddy[n]|) at
the points of inflection for different CT operating
conditions

4. Hardware lmplementation

Hardware implementation of the proposed scheme
has been done using DS1104 controller board of
dSPACE on a saturated CT secondary current.

4.1. DS1104 Controller Board

Fig. 5(a) shows an overview of the architecture
and the functional units of the DS1104 [14]. The
DS1104 is equipped with two memory sections such
as 32-MByte synchronous DRAM (SDRAM) global
memory and 8 MByte, divided into 4 blocks of 2
MByte each Flash memory. The DS1104 board is
equipped with 6 timer devices driven by the bus
clock. The DS1104's main processing unit,
MPC8240, consists of a PowerPC 603e
microprocessor (master PPC), running at 250 MHz
(CPU clock) on which control models are

implemented. The master PPC on the DS1104 has 4
parallel ADC (analog-to-digital converter) and 8
paralel DAC (digital-to-analog converter) units with
16-bit resolution and £10 V input voltage range. The
DS1104's slave DSP (Digital Signa Processor)
subsystem consists of a Texas Instruments
TMS320F240 DSP running at 20 MHz. This DSP
provides a timing I/O unit that can be used to
generate and measure pulse-width modulated
(PWM) and square-wave signals.

4.2. Experimental study

The code for the proposed algorithm for the
processor is downloaded through MATLAB/
SIMULINK to which dSPACE controller board is
interfaced. The waveforms are captured in plotter of
Control Desk Version3.3. CT saturation is achieved
with the help of an experimental setup shown in Fig.
5(b). Saturated CT secondary current waveforms
were aobtained in a 5VA CT by varying burden
between 0-26Q, fault resistance (R;) between 1-10Q,
load resistance (R) between 0-26Q2 and load
inductance (L) between 50/100/200mH. The replica
of the saturated secondary current waveform is
captured as a voltage drop across 1Q resistance (Ry).
Typica waveforms of saturated secondary,
corresponding scaled primary current and DHWF
output are shown in Fig. 5(c). Experimenta results
show that the points of inflection on saturated
secondary current have been successfully detected.
The time taken for detection process is 0.3 ms
approxi mately for 15kHz sampling frequency.
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Fig. 5. Real time implementation: a) Block diagram of architecture and functional units of DS1104 controller board, b)
A simple experimental set-up to generate saturated secondary current, and c) Scaled primary (scaledpri),
Saturated secondary (satsec) and Saturation detected signal (satdet) for FOI ~ 0 ms.

5. Conclusion

This paper demonstrates the application of Haar
transform using detail component to detect the
points of inflection on the saturated CT secondary
current where saturation begins and ends. Unlike [7],
Haar is used as mother wavelet which consists of
four times less filter coefficients than that of
Daubechies 4 mother wavelet, resulting in a very
easy rea time implementation. The scheme is very
simple and it is independent of cut-off frequency of
the filter as described in [5]. The proposed method is
implemented in real time with DS1104 controller
board of dSPACE. The time taken for this detection
process is (4/15kHz) 0.3ms which is significantly
less without disturbing the protection decisions.
Experimental results justify the use of the proposed
method of filtering to obtan a satisfactory
performance.

APPENDI X

Saturable transformer block model specifications for
simulation study:

Type: C400 (2000:5), 25VA, 50Hz; Winding 1, 2
parameters: R; (p.u.) =0.001, L, (p.u.) =0.04;
Saturation Characteristics (i (p.u.), flux (p.u.)):
[0.0,0.0; 0.01, 3.0; 1.0, 3.5];

Coreloss resistance, Rm (p.u.) =100 ohm.
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