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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 systemsis 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
measur ement.
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I. INTRODUCTION

avoid such disturbances. This task has been accdrag! by
several methods and mathematical tools used iratea of
digital signal processing, applicable to the fiedfl power
system protection.

The initial works about the mitigation of the digtons in
secondary currents of CTs considered the problemésns of
hardware [2]-[3]. With the development of micropessors,
numerical techniques for detection of the CT catumtion
and correction of the secondary current wavefornmrewe
developed. Conrad and Oeding [4] is the first exiee about
this matter. The authors proposed a method in whineh
magnetic flux is obtained by numerical integratioh the
secondary current. In addition, a function thatcdegs the
minor hysteresis loops in the iron core is usealain the
excitation current. So, the correction is perfornaeldiing this
current to the distorted secondary current. A simihethod
was proposed by [5]. Additionally, a method to cédte the
core flux prior to the fault was presented, whicksvbased on
the periodicity of the flux waveform in the steashate. The

HE fault currents in electric power systems presentalgorithm was tested in real time using a Digitagnal

sinusoidal component plus a dc decaying comporidrm.
first produces a sinusoidal magnetic flux in therreaot
transformer (CT) core. The second produces anallyiti
increasing flux which may lead to a high saturatewrel in the
core. This may cause severe distortions in the rnekoy
current supplied to protective relays. As consegesnthe
following problems may arise [1]:
1. Relays can operate inadequately.
2. Relays may not be sensitive to the distortibas teduce
the root-mean-square value of the secondargur
3. Relay operation may be delayed, for the reaged n
the previous item.
4. Fault locators may not show the correct indarati

Processor (DSP). The reported results were gooeekier,
this technique was not able to estimate the rekitluain the
CT core. The same authors presented a method ¢otdée
instants of the core saturation, which was basethioth order
difference functions [6]. Later, this method wasntined with
another based on second order difference functmestimate
the initial flux in the CT core [7].

The discrete wavelet transform was proposed byt§3]
detect the CT saturation, in conjunction with aresgion
technique destined to correct the secondary curnwete.
Methodologies based on least squares curve fittiege
presented by [9]-[11]. Despite the refined mathéraht
treatment, these methods impose an intense burden o

Those occurrences can cause thermal and electnmiygra computation to the relay. A simple method to retats the

damages, loss of coordination in the protectiomy®l and
difficulty of location of the faulted point, or lesof system
stability. Then, it is necessary to develop techeg that
provide the best accuracy in the process of tramsftion, to
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primary current waveform is suggested in [12]. Hoere the
accuracy might degrade if the primary fault curreantains
harmonics and noise.

Techniques based on artificial neural networks (ANfor
detection and correction were proposed by [13]-[IHjese
methods might require a substantial amount of netwo
training.

The technique adopted in this work is the numerical
correction of the distorted secondary current basedthe
estimation of the excitation current value, whialen added
to the distorted secondary current, gives the valtighe
reflected primary current in the secondary winding.
conventional methods, using iron-cored CTs, theodisd



secondary current is integrated to obtain the flunkage
imposed by the primary current. This flux is addedthe

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

remaining amount of flux and then, by using a model The CT equivalent electric circuit is shown in FB. A

characterizing the magnetic core of the CT, theitation
current is estimated. So, the knowledge of the maimg flux
value in the core, CT load characteristics and rsgacy
winding impedance, which in practice are not easybé
obtained with accuracy, are needed in this approbchhe
proposed method, the flux linkage is obtained kgdrating
the voltage on a tertiary winding, which must beikable and
accessible, which can also be easily found in cormialéy
current transformers. Thus, knowledge of the seagnd
winding impedance is not necessary. Further, withopen
core, the value of the remaining flux can be igdofEhus, the
excitation current is determined directly by usihg saturation
curve of the core and added to the distorted seogrzlrrent
to obtain a faithful reproduction of the wavefornf the
primary current.

The following mathematical modeling of air-gappedsC
followed by the proposed method is presented. Tdrevbare
platform for real time simulation of an electricistem used
as a model to validate the proposed correctingritfgo is
shown. The development of a hardware and softwairdos
acquisition and processing of the distorted secgndarrent
signal is also described. Finally, analysis of thsults from
the real time implementation of the proposed mettodd
correcting distorted waveform current in the seeopdow
remanence CTs winding and applicability of the rodtlare
performed.

A way to improve the transient performance of CTtds
insert air gaps in the magnetic core to reducerémeanent
flux, as shown in the characteristiBs- H (induction versus
magnetic field) of Fig. 1
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Fig. 1. Air gap effect in magnetic core of irofliemn alloy ( Fe-Si).

The main advantages of inserting air gaps in magoetes
are [16]: reduction of the CT secondary time camtstevhich
implies a reduction of the core cross section gseaaller
physical size) to the same operating conditions paoed to
the TCs with closed core; less influence of loawgofactor
in CT response in transient regime, compared tlosed core

third winding (tertiary), made by a thin wire, suipgposed to
the secondary, is used to provide the voltage¢hat will be
integrated for determination of the magnetic fluxthe CT

core.
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Fig. 2. The current transformer equivalent circuit

Fig. 2 shows the total resistance and inductantkeeofvires
and burden R, L,), as well as the nonlinear magnetizing
inductance of the iron cord.{) and the linear inductance of
the gap I(g). In this figure,i; is the primary fault current; is
the primary current reflected to the seconday,is the
excitation currentj, is the secondary current ang is the
induced voltage on tertiary winding.

The magnetic core properties are represented by the
following expression, where. is the flux linkage in the
secondary winding andl is the electric conductance related to
the iron core losses:

dA(t)

o (1) = TAO]+o =0~ 1

The functionf[A(t)] describes the CT saturation curve (in
peak values). So, the trajectories in the phaseepla- i,
describe asymmetric minor loops. The parameteris
determined by trial-and-error method, by compauiygamic
loopsA - ie in 60 Hz obtained by computer simulations with
those registered in the laboratory.

For the circuit of Fig. 2, it follows that:

ME) =Mto) + ] Ug () dit. )
io () = f MO +ouy(t). ®)
1 (1) =16 (1) +15 (1) )

The term(ty) of (2) is the remanent flux in the magnetic
core, g, plus the initial secondary flux linkagg imposed by
the primary current. The remanent flux in the maigneore is
reduced to a negligible value by the air gap (CasslTPZ).
However,\, cannot be neglected because small increasks of
cause large increasesiiiwhen the core saturates.

Il. THE PROPOSEDMETHOD

The correction of the secondary current waveform is
accomplished in accordance to the test setup bifi@fgram
shown in Fig. 3. The signal conditioning module ha®
inputs and two outputs connected to correspondinmts pf the
correction system.
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Fig. 3. Test setup block diagram of the proposethod.

The current in the secondary winding wiMp turns is
applied to the input 1 of the module and convertgd a
proportional voltage. The third winding of the Cierfiary),

with Nz turns, is connected directly to the input 2 and th

conditioned voltageus is numerically integrated by the
correction system to provide the values\ofSince there is no
current flowing in the tertiary, the integration wf provides a
suitable measure of the magnetic flux in the CTec@he third
winding is necessary because the integration of/tiiage in
secondary winding requires an accurate knowledgehef
resistance and reactance of the connecting cablealtulate

the voltage drop caused by Another additional advantage of

the proposed methodology is that the initial flinkdgeA(to)
is measured directly by integrating the voltage and not
estimated as in other techniques, like in [7].

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

INTEGRATE U
SAVE AND OUTPUT RECEIVED i SAMPLE

ALREADY HAS THE CALCULATED
INSTANTANEOUS VALUE OF A ?

CONTINUE INTEGRATE U 5
SAVE AND OUTPUT RECEIVED i, SAMPLE

FAULT DETECTED ?

USE THE ACTUAL L VALUE TO DETERMINE
THE EXCITATION CURRENT

v
CALCULATE AND OUTPUT
CORRECTED i, SAMPLE

Fig. 4. General flowchart of the proposed method.

1. Initially, the system makes the numerical ingign of
the voltageus, recording after a few cycles the instantaneo
value of the flux in CT core. At the same time, tadue of the
secondary current is sampled, recorded and segttljito the
system output.

3. During the fault condition, each valueXgfcalculated by
(2), is used to determine the corresponding valtieghe
excitation current, by the use of CT saturationveuand the
parameten, as established in (3).

4. For each new sample, the CT secondary currexddsd
to the magnetization current in accordance with t@provide
the corrected output.

The threshold value was chosen as 1.5 pu, whiasually
used in overcurrent protection schemes. In thisgss, three
consecutive samples of current are tested in oraeavoid
incorrect operations due to the presence of naiske current
signal.

IV. THE SMULATION PLATFORM

A digital signal controller (DSC) was employed tmslate
and provide three signals, in real time: the prin@anrent, the
distorted secondary current of the CT and theasrtivinding
voltage to determine the flux linkage. The primatyrent is
provided only for comparison purposes with the ected
current.

The line diagram of the simulated primary systershiswn
in Fig. 5. This is a typical 230 kV transmissiondiof the
Chesf (Hydroelectric Company of Sdo Francisco)esyst
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Fig. 5. Electric power system considered in thelgt

In Fig. 6 is shown the single-phase equivalentugirfor
simulating a fault at a distantefrom the sending bus.
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Fig. 6. Single-phase equivalent circuit of thetsysshown in Fig. 5.

For the circuit of Fig. 6, we can write:
dld(t) _ u(t) - Ri(t) . 5)
t L
The constant® andL are, respectively, the total resistance
and inductance between the voltage source andatlig if is
the current in the circuit. Thus, applying the Euteethod, the

lf)srimary current can be obtained by:

i g +h—]
k-1 dt et

i = (6)

2. The fault is detected when the secondary cueereeds \herek is the sample order ardis the integration step used
a threshold value, corresponding to 150% of the inaim jn the simulation.

primary current.



For the circuit shown in Fig. 2, we can write:

cutoff frequency at 5 kHz. The block diagram of the

dA _ di.(t simulation platform is shown in Fig. 8.
—=R2|2(t)+L2A. (7)
dt dt Fault Trigger 12 bif data bus
iy (1) =iy (1) =iy (t). (8) L (s ot A cWem
. Port B >
o= T(A). (9)+33v Sec Current
ini . DsC
Combining (7), (8) and (9), we have: TMS320F28335 » for Voltage
- 0
Ro[iy(t) = f(M] + L, — —
L dt (10) |
dt df (A) 3 bif control bus
1+ |—2 T Fig. 8. Block diagram of the simulation platform.
The sample of the magnetic flux linkage is caledavy: The DSC performs real time calculations for proresthe
B dA simulation algorithm. The calculations are perfodmat a
Ae=Aia * ha ’ : 1) sampling frequency of 20 kHz for future compattlyilivith
-1

The system data are the following: rated voltdde, 230
kV; rated currently: 800 A; line length,Ly: 85 km; series
resistancer: 0.0319Q/km; series reactancg, 0.3311Q/km;
short circuit power in 230 kV bu§.: 7.2 GVA; time constant

RTDS® (Real Time Digital Simulator) systems. The calteda
values are scaled and supplied in multiplexed waynfthe
port A of DSC to a 12-bit data bus. The control Eesn the
port B of DSC has 3 bits, each of which is targetethe chip
selection pin of the D/A converters. When the cgpoading

il::] 230 I_(V bus, Ty 35 ms; The\lleniq impgdancg n 230 kit js enabled, the data present on the data bosded at the
us,Zr = 0.56 +] 7.350Q; equivalent impedance in receViNgeonverter and its output is updated to the newevaline first

bus,Zz = 166Q; distance between fault and QT+ 5 km.

The CT has the following data: rated primary cutr&@0
A; rated secondary current: 5 A; core cross secfiddix 10°
m?; average length of magnetic path: 0.50 m; air lgagth: 4
mm; stacking factor: 0.96; secondary winding resise:
0.25Q; secondary winding reactance: negligible; ovemtrr
factor: 20; rated secondary burder21

The CT saturation curve is shown in Fig. 7.
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Fig. 7. Saturation curve of the air-gapped CT.
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Real-time simulations were performed on a hardware

platform consisting of a 32-bit digital signal cmiter
TMS320F28335, with floating point arithmetic
manufactured by Texas Instruments, three 12-bittadigo
analog converters DAC7621, manufactured by Burewar,
and three second-order low-pass filters, Buttetwonpe, with

unit

converter (D/A-1) gives the primary current sigrthe second
converter (D/A-2) provides the CT secondary currgighal
and the third (D/A-3) provides the voltage in thextibiry
winding. At every 50 microseconds, the DSC perforims
following operations:
« calculates the primary current, the secondaryectirand
the tertiary voltage;
« scales the magnitudes to 12 bits;
* writes the resulting values on the data bus ,areetime;
for each written value, the control bus selects EHA
converter to update the output to the correctictesy.

The simulation is initiated in steady state cowditiVWhen
the button “Fault Trigger” of Fig. 8 is presseck fault regime
starts. When the button is released, the simulajo@s back to
the steady state condition.

The system was assembled from the development kit
ezdsg" F28335, from Spectrum Digital Incorporated,
connected to D/A converters, separately mountedeaticated
printed circuit boards. The programing of the DS&swdone
using Code Composer Studio 3.3 development envieotbm
based on C++ programming language.

V. THE CORRECTIONPLATFORM

Figure 9 shows the block diagram of the hardwaa¢fgnim
used to correct the distorted secondary current.

Conditioning Circuits 12 bit dafa bus
Corrected
Sec Curr Sec Current
ADCINAO —
acnvao POTA o ~
*Ter Volt DSC
TMS320F28335

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

converte _

(ADCINAO, ADCINAL) of the DSC are used. The first§

channel performs the acquisiion of a voltage dign@

proportional to the CT secondary current. The sdomads
the voltage on the tertiary winding.

The acquisitions are made on a sampling frequefd&0o
kHz, so the quantities are taken every 50 micrasgsoAfter
the acquisition of the signals, the main routing¢hef algorithm
performs the correction of the secondary current.

This platform was also mounted from ezH$pF28335
development kit and the C ++ language on the matwiar's
development environment was also used.

Figure 10 shows the two hardware platforms usethén
method validation, one in the simulation of thenary system
and other in the correction of the secondary ctirren

Fig. 10. Hardware implementation of the two tdatfprms.

VI.

In the simulations, three different total impedamagies in
the secondary winding of the CT are considered+3.0.0Q,

RESULTS

=

=]
]

Fig.

Current (A)

1.0 +j 1.0Q and 2.4 4 0.7Q. In all cases, the fault incidence

angle is 0°.
To evaluate the performance of the algorithm, thadient
error,er, is calculated at every sampling instant [7]:
— kNiZ ~ ilF (12)

& =—F———,
' \/EIIF
where ky is the turns ratio of the CTi, is the secondary

current,i is the primary current andr is the RMS value of
this current in symmetrical regime.

Current (A)

Figure 11 to Fig. 13 show the primary and secondary

currents. Figure 14 to Fig. 16 show the instantase@MS
values of these currents. The transient errorskman in Fig.
17 to Fig. 19.
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Table | shows the maximum transient err@ss,that occur

in the correction processes.
TABLE |
MAXIMUM TRANSIENT ERRORS

Burden ) er— distorted (%) | er—corrected (%)
1.0 +j 0.0 180.39 14.44
1.0+j 1.0 130.48 -11.18
2.4 +j0.7 179.19 -6.66

The presented results indicate that the proposetthatie
corrects the distorted secondary current in afaatmsry way
and that the errors introduced by the iron core Gfs
significantly reduced.

VII. CONCLUSIONS

The success of the secondary current correction
extremely dependent on the accurate determinatfoth®
initial flux in the instant of the fault occurrencén other
methods, the initial flux is determined by estiroatiHowever,
such processes can cause significant errors. Iptbeosed
technigue, the initial flux imposed by the primamyrrent is
measured by the integration of the tertiary voltageding of
the CT. Moreover, the gap reduces the residual fana
negligible value.

The loss of accuracy caused by the increase ofxbiting
current is compensated by the numeric processingrpeed
by the correcting system. So, it is possible tothsesame type
of CT in the protection and in the measurementreeise

The proposed correction method avoids the CT aziersi
Thus, the magnetic core dimensions become smaliérttze
ratio and phase errors are reduced. The insenteghpiallows
an additional reduction of the core, because therstary time
constant, the remanence and the magnetic indudgorease.
Another advantage of this technique is that thenkadge of
the impedances of the load, secondary winding andection
wires to calculate the secondary excitation voltagenot
necessary. This practice causes significant erb@sause such
impedances are not always precisely known. Angbheblem
is that any change of their values requests meadifins in the
settings of the algorithm.

The CT must have a tertiary winding. However, thisot a
significant problem, because this type of CT isdiga
available in the trade. Many CTs are manufacturitd two or
more low current windings. Moreover, these charésties
can be specified in the proposal of acquisition tiebse
devices, with practically no increase to the cdsthe CT,
because the current in tertiary winding is very.ltmthis case,
the winding can be built with thin wire, which islg used for
measurement of the induced voltage to calculatertagnetic
flux in the iron core.
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