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Abstract: A new approach to CT saturation assessment is presergiédations described is given in section IV. It is shown that
in the paper. Detailed algorithms for decaying DC componegfue to the reasons mentioned relay maloperation (over-
measurement and CT saturation prediction are proposed and ﬂi’ﬁﬁping) could occur. Thus application of the adaptivity idea

accuracy is discussed. The information on CT saturation period.is. . . .
further used for adaptation of the generator / transformer differentllgl indispensable to assure proper operation of the protection

protection. Improved stabilization for external faults is achieved g €xternal faults with small through currents accompanied
appropriate temporal adjustment of the differential curve for th&ith CT saturation due to DC component.

time period of CT saturation. The protection developed was tested In the following chapters the general idea of adaptive

with both EMTP-generated and real world registered currepfrotection together with the detailed information on the

signals. algorithms of current parameter estimation, CT operation
Index Terms: CT saturation, differential protection, digital signdPrediction and de_termination Of_ the necessary a_daptation
processing, measurement of decaying DC parameters, synchrondagree are described. The main attention is paid to the
machine, transformer. procedures of CT saturation assessment, which bring key

information for further protection adaptation.
I. INTRODUCTION
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VEN though the differential relays are considered quite

reliable and robust, there are situations when they may
malfunction. Contradictory requirements of high sensitivity
and selectivity can not reconcile in cases of faults with small
through currents which may evoke over-tripping if the CTs
saturate due to content of DC component with high value of
decaying time constant. Such conditions may arise e.g. during
external faults close to generator-transformer units when the
time constantTy is as high as 200-300ms. Sample signals
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observed during such faults are shown in Fig. 1b. Contrary to IV W W
high amplitude faults when the CTs saturate within first half- “T \H
cycle or full-cycle after fault inception (Fig. la), the 105 0.05 01 0.15 0.2
saturation effects for DC-induced cases appear only few cycles Time (s)
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later and have somewhat different nature. One can observe
(Fig. 1b) that the negative half of the signal wave is also
falsely transformed to the CT secondary side.

In Fig. 2 sample waveforms of DC components from CT
primary and secondary side as well as resulting magnetizing
current and flux density in the CT core are given,
corresponding to the case of CT saturation due to DC
component from Fig. 1b. One can see that in such a case the
total flux densityB does not rise suddenly at the beginning of
fault but becomes higher and higher gradually as an effect of
magnetizing with the growing DC component of the current
I, In the case presented the critical value of flux density 0.05 01 0.15 0.2
when the CT becomes saturated is reached after approx. two Time (s)
cycles Trom th? beginning _Of faUIt_' . . . Fig. 1. Primary, secondary and magnetizing currents of a CT during: a) high

An illustration of the differential protection operation (inamplitude faults, b) generator-close fault with small through current.
traditional, non-adaptive as well as adaptive versions) for the

Currents: Primary;'. secondary,. Magnetizing,, (A) &
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a) amplitude as well as the level of decaying DC is to be

[
o

< [\\ evaluated. The following subsections unfold the problems of
2 8 - choosing appropriate algorithms for the purpose.
N T
Q 6 A. Measurement of DC component parameters
g I \ izoc T The research conducted has included examination of
§ 4 various algorithms for calculation of DC component
© l ‘( parameters, i.e. its amplitudisc and time constaniy. Both
ﬂ% ? parameters are further used as input data for the adaptive
£, \ protection procedure described. In the literature the following
methods for DC component filtering (rejection) and/or
2 measurement can be found:
0 0,02 0,04 0,06 0,08 01 0,12 0,14 0,16 0,18 0,2 . . . . . .
Time (s) « Filtering (rejection) of decaying DC component (with only
b) coarse or without measurement of its parameters) is often
4 iuAC\m A nihn n in ia performed with application of band-pass or high-pass
§ 5 \ \ \ \ \ \ \ filters of FIR type [3] (non-recursive filters having sine

5 \ \ \ \ \ \ \ and cosine data windows or just a cosine filter) or the so

g WAV RV RV RYRYARAE called mimic filters [4].

8 \ NIRRTV « Least error squares based methods [5] in recursive or non-

% V \" \" \" \" \" Y recursive versions are also used to filter out the DC

E ® \1 TH—T‘I’\ ! \ f component that is either taken or not taken into

§ 8 v, \ } \ f \H ” } U consideration as a part of the signal model.

g BIRVRIR R + State space algorithms, where the DC component is
2 A A . considered as one of the state variables, have a special
145 O,OZHWOM 006 008 01 0,1; 0.14 016 018 02 mixed rejection-measurement character; examples of the

Time (s) algorithms of this kind are the state observer and the

©) 2 Kalman filter [6, 7], with a common weakness related to

18 Al Al a the necessity of knowing the statistical features of the
16 J/ \/ / / / signal to be measured and its expected noises.

14 A » Algorithms for elimination and partial measurement of

T 12 / the DC component based on the assumption of a detailed

:5 L / deterministic sighal model and modified half- or full-cycle

= 1/ filters (Fourier or Walsh functions) [8, 9, 10].

m oe / Below three algorithms belonging to the last group of
' / estimators are described and their accuracy and dynamics are
o / analyzed.

02 The algorithm described in [8] is based on signal filtering
%6 002 0,04 006 008 01 012 014 016 0,18 0.2 with half-cycle Fourier filters (HCDFT). The equations for

Time (s)

determination of decaying DC component parameters are as
Fig. 2. Currents and flux density components of a CT under fault conditions: fg)|ows:
DC components of primary and secondary currents, b) components of the CT

magnetizing current, ¢) components of flux density in the CT der@l, T
Ioc=l1, TN=300ms. Ty =qT, = - 1)
In(Q)
II. CT SATURATION ASSESSMENT and

The evaluation of CT saturation period is necessary if the oo = Nic(N/2) =i (N/2+1)] @)
adaptivity concept is to be implemented in practice to get 4cos@m/ N)Q@+QN'2)
required improvement of the differential protection operatioRynhere
It is to be emphasized that a kind of CT saturation prediction : _
procedure has to be developed since the traditional saturatign. o-1/a - [i(N/2+2) =i (N/2+2)]cos@r/ N) 3)

detection methods (e.g. as described in [1, 2]) are not able to [ic(N 12+ -i (N /2)] cos@rmr/ N)

recognize the situation until it appears. Furthermore, before ianal after filterindr i

suitable formulae for calculation of time to saturation and it§ ~ current signa arter ilterindl, — sampling rate antl —
end can be fired, the fundamental frequency compone%.Imber of samples in one cycle of fundamental frequency.



The algorithm described in [9] is based on full-cyclesignals from fault recorders installed in a real network. The
filtering with first order Walsh function (W1), which in results of DC parameters measurement with the algorithms

recursive form is given by the formula
i,a(K) =i, (k=D +wah(Ki(k) +i(k—N/2) . 4)

The sought time constaifi; is then calculated from

mentioned for three chosen fault cases are gathered in Table |
(description of the cases under the Table). It is seen that all
the algorithms are almost perfect for the signals that are not
contaminated by any additional components. For real cases,
however, when some harmonics or other noise is present in
current signal their accuracy is lower. Ranking positions

T . .
Ty=———H—, (5) assigned according to the level of measurement errors clearly
In[r (k)] indicate that the best performance is expected when the full-
, - i i ithm (WO) i .
with the coefficient(k) defined as cycle averaging algorithm (W0) is used
|iwL(k)_iwt(k_D| TABLE |. ERRORS OFDC PARAMETERS MEASUREMENT
rk)=r K=D—i (k=2 " (6) Case Measurement errors Algorithm used
fuak—D=iy(k=2) for Ipc HCDFT | W1 (N/2) | WO(N)
@) @) (10)
With this method correct estimation results Tf are 1 absolute [A] 0,0 0,05 0.1
. . relative [%] 0,0 1,7 0,3
expected aftek=N/2+1 sampling periods counted from the — absolute [A] 09 04 01
fault inception moment, at the earliest. The coefficiens relative [%] 40,9 18,2 45
often additionally limited upwards to the level of 1.0 and,| 3 absolute [A] 0.14 0,04 0,02
. . relative [%] 8,2 23 11
downwards, with a lowest reasonable time constaardms. Ranking 3 > 1

The initial value of DC component is here determined from

1) Current defined in MATLABT\=300ms,|pc=3A, [:=5A, f=50Hz
2) Fault current (EMTP-Simulationjy=20ms,|pc=2,2A,1,=3,9A,f=50Hz

| TR Ky ) 3) Current at the generator terminals (real fault case)t20ms,
DC™ 9 loc=1,7A, 1:=3,8A, f=60Hz
with the exponential term in (7) introduced to compensate for 6 HCDFT

the time going by.

The algorithm based on full-cycle signal averaging (which
corresponds to filtering with the 0-th order Walsh filter — WO0)

can be expressed in recursive form as [10]

o (K)=i 0 (K—D+waly (K)]i (k)+i (k-N)] 8)

Coefficient r(k) dependent on the decaying DC time

constant is further calculated as

_ lwo(K)
r(k)m . 9)

The value of time constanTy is then obtained as
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Fig. 3. Comparison of DC parameters estimation with various measurement
algorithms for the real fault case (No. 3, description under Table ).

previously, i.e. from eq. (5), while the initial value of DC The DC parameters measurement process is illustrated

component is calculated from

oo =)t (10)

Dr(k-n)"

also in Fig. 3 for a chosen real current signal from the
generator terminals (case No. 3 — close external fault with CT
saturation due to DC component with high time constant).
The best estimation results are obtained for the algorithm WO,
which is seen especially up to some 35ms after fault inception
before the CT saturation begins. It is to be mentioned that the

Accurate measurement results are here guaranteed wi&Hmation of DC parameters was done only once — just at the

k=N+1 current samples after fault inception are available.

beginning of fault, which explains further discrepancy

The above-described algorithms for DC componeretween the signal and its estimated DC component.

parameters calculation have been extensively tested

for The analyses described allowed finding acceptance for the

accuracy with the signals defined arbitrarily in MATLAB asdlgorithm WO for further use in the adaptive relay described.
well as with signals from EMTP-ATP simulations and current



B. CT saturation prediction AR
. . t, =T, In| —22% |, (15)
The problems related to quality (accuracy) of primary s | B,
current transformation to the secondary side of conventional
CTs during severe saturation of their core have already beenThe flux density valu®, leading to CT saturation and the

described in several papers, e.g. [11], [12], as well as jRaximal expected flux density levBhyin the CT core may
international standards [13]. The relationships given beloyg determined as [12]
originate from the references mentioned, with certain
modifications introduced by the authors of this paper to match H WKy (16)
them to the saturation phenomena due to DC component. S '
The estimation of CT saturation starting tintg)(can be
done with use of one of the following three relationships: W
a) Non-linear formula for the magnetic flux densByat the B =Ew2|2 [TN JTW'TN + L (17)

beginning of saturation period [11] e Tw wT,,
I T - - .
BS—HW%[#@ /W _g7tst/TN )J, (11) whereas the time constahj, can be calculated from the CT
w~ N

parameters as follows

solvable for the timey e.g. with the least error squares Ly, Lo+l +L,
method. Herein argl — magnetic permeability of the iron TW:E:RZ?R;—Rb.
core,w, — number of turns of the secondary windihg;
middle length of magnetic force lines in the CT iron core,
I, — amplitude of the secondary current (fundamentftil
. : or
frequency component),y — CT time constanfly — time
constant of the network seen from the fault poi

(18)

Needless to say, the application of the above-presented
mulae is possible in dependence on the availability of the
n?T and network parameters.

(equivalent to time constant of DC component in fault 04
current).
b) Simplified version of (11), with CT time constafity 0% \
assumed as infinite (significantly higher as the network  os e
time constanty), in the form 5 \\ (simulation)
8 0.25
B[ S e\
t,=-T, Ih 1—;} (12) g \N
* N [ TN |R2 |:[|2 ‘u"o_) 0.15 \
. = R
¢) Formula proposed in IEEE Standard C37.110-1996 [13]: ' <¥
0.05 \ﬁ\\\ —— N
- - = 13 T
£, = C Rl K g - KT (19 0 i
2T[f (X/R) wTN 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative level of DC componeig /I,
Vv Fig. 4. Time to saturation as a function gk and I, — comparison of

with Ksﬁj — saturation factoX, R— reac- measurement and calculation results for the kg,
2 b

tance and resistance of the network at the fault spot, 10 €valuate the quality of the formulae far andte

R, — resistance of the CT secondary windirig, — Calculation a number of simulation tests have been conducted.
resistan-ce of the lead®, — apparent impedance of the” variety of simulation cases with diverse combinations of
CT burden. fundamental frequency and decaying DC components

amplitudes and time constants were prepared. Introductory
analyses and simulative investigations have shown that the
values obtainable with formula (12) are very close to those
resulting from simulation of CT operation and real-world

recordings. The outcomes of equation (13) are usually
by i =1 €™ (neglect of ampere turns due to fundamentainderestimated, i.e. smaller than in reality (Fig. 4). That
frequency current), one can derive a formula for the cmeans the IEEE standard formula delivers rather conservative
saturation end time.f) in the form values ofty, being (in our case) situated on the right side in

From the magnetic flow law

BS=IEW i (14)

2's 7



the sense of eventual adaptation being realized somewhae fault occurred close to generator terminals and was
earlier than really required. On the other hand, the formutecompanied with DC induced CT saturation.
(13) is the only one that may be applied in the cases whenlIn Fig. 6 the current signals from both sides of the
precise data on required CT parameters is not available. protected generator (secondary signals, phase L1) are shown
with additionally superimposed DC component. One can see
Ill. ADAPTIVE DIFFERENTIAL PROTECTION that the DC parameters (calculated according to (5) and (10))
The adaptive approach to the differential protectioffe found quite correctly, since the DC curve follows closely
developed is summarized in Fig. 5. The procedure of adaptf}¢ maxima of current waveforms, especially for the time
adjusting of the differential characteristic consists of theeriod before CT saturation for which the values were
following steps: determined. Higher values from those calculated for currents

e Calculation of the initial value (amplitudd)c and time

(o]

, a)
constantTy of the decaying DC component as well as the | ) ot
. D
amplitude of the current fundamental frequency compdnent § 4.5 —— |
for the time instant just after fault inception, g (I 'l
e Calculation of the expected CT saturation period, i.e. time lL_J \
instantdy and ty of saturation beginning and fizzling out, g 15 -
« Determination of the necessary level of adaptation for given £ _ | \ /
. . . o L
fault case (shifting up of the differential curve or slope 35~ \ r—‘—/
. e . . <]
changing of the stabilizing section), B -15 \
. £ .
* Measurement of the through current amplitude values 3 \ \’ I 2
- . . . =1 3|
(differential curve adjusting takes place for fault currents close \ Vi U
. . =
to nominal ones, i.e. up td.3 g 45 L == = == e
» Execution of the on-line adaptation of the differential curve © ' " Timels] ' '
. . b 5
for the time periodtf, to). 8) 125 10,0255
= e
11,2> i1(n) Adaptive adjusting 3 1 \
IIS: liz(n) of the differential curve E / 11, Nout ‘
d ’ [ (no ad., l
Pick-up, gral // 2 075
Start of the ’ < ©_ N
procedure e = =3 \
o7 I,
l T S 05 / \
2
Calculation of Yes g _ \/\L
115, TLy 1s<3l,, ? = 1=0.081s [/ Nl \
IZDC’ TZN ;D 0.25 Out
i ] t.,=0.062s 5 \
I o] & \!
cT - Sty Determination of E’ o / -b)
data Calculation of adaptation a 0 0.05 0.1 0.15 0.2 0.25
¥, 1, 12,12, degree Time [s]
Idmax ' Id”S 0.5

m,'=0.41

—_—

N

Fig. 5. Block scheme of the adaptive protection.
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It is worth to notice that the calculation of mentioned
above values is performed for the signals from CTs at both
sides of the protected plant (big indexes 1, 2 — Fig. 5). The \
adaptation is carried into effect at or slightly before the
predicted time instant of CT saturation (lower from both
calculated values is accepted for this purpose). The detailed f m,=0.25
equations for the expected valueslgf.x and ratioly/ls, in P
dependence on CT saturation beginnigg or saturation /’,:;;:’3—"" J A:

durationte-ty, may be found in [14]. % 02 o4 oo o8 T 2 14
)

Ratio of stabilizing to nominall /1 currents (pu
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IV. RELAY TESTING
Fig. 6. Operation of the proposed adaptive differential protection for a real-

The developed adaptive protection has been tested vw\tgrld registered external fault case: a) current signals and estimated DC
simulation and real-world recorded fault signals. Below orf@mponent, b) differential and stabilizing currents, protection output signals, c)

. . . agaptive adjustment of the differential curve inlté(ls) plane.
example of its operation for an external fault is presentecﬂ P : (1Jp



at both generator sides were taken as input variables fgr A.A. Girgis and R.G. Brown, “Application of Kalman filter in computer
. . relaying”, IEEE Transactions on Power Apparatus and Systeviok
calculations at further adaptation steps. 100, No. 7, 1981, pp. 3387-3397.
The effects of adaptive adjusting of the differential curvis] Jyh-Cheng Gu and Sun-Li Yu, “Removal of DC offset in current and

n n in Fia. nd 6c. Appropriate changes (version b voltage signal_s using a novel Fourier filter algoritht®EE Transactions
can be see 9 6b a bpprop 9 ( on Power DeliveryVol. 15, No. 1, January 2000, pp. 73-79.

— setting new value of the stabilizing slope) were introducgs} g Rosotowski, J.4ykowski and B. Kasztenny, “A new half-cycle adaptive

at time instantty (12):62_3ms, i.e. before the non-adapti\/e phasor estimator immune to the q;caying DC component for digital
: - : : protective relaying”, irProc. of the 32" Annual NAPS-20Q0Waterloo,

relay picks up_(cur\_/e Out (no ad.) in Fig. 6b). The calculated Canada, October 23-24, 2000, pp. 2-17 - 2-24.

end-of-saturation timéy 157363ms was greater than the[10] E. Rosolowski and Jzykowski, “Adaptive supressing of decaying DC

time range presented in Fig. 6. The neWIy set stabilizing slope component from rglaylng mput_ s_lgnaIsT,gchnlczna Elektrodinamika,

fulfill h . . h bili . diti h Problemy Sycasnoj Elektrotehnikart 7, Kiev 2000, pp. 82-87.

ulfilled t € expectations, I.e. the stabilization conditions a\{?l] A. Fischer and G. Rosenberger, “Verhalten von linearen und

been significantly improved and unwanted tripping for the eisengeschlossenen Stromwandler bei verlagerten KurzschluRstrémen”,
; ElektrizitatswirtschaftJg. 67 (1968), Heft 12, pp. 310-315.
external fault was avoided. [12] A. Wiszniewski, Przekfadniki w elektroenergetyc®/NT, Warszawa,
wyd. | - 1982, wyd. Il — 1992.
V. CONCLUSIONS [13] ANSI/IEEE C37110 Standard:HEE Guide for the application of current
. . . . transformers used for protective relaying purposes.
A new comprehensive approach to differential protections) w. Rebizant, K. Feser, T. Hayder and L. Schiel, “Differential relay with

of generator and transformer taking into account CT adapt?ﬂé’”f rdL:Ling S:rtuéai?gmpgfricc)’i ngncggiff‘;réfcnjfg?;:gd Paper
saturation due to slowly decaying DC component is described. glcgfgniea’ S%pteml?gl\'l 2003'_ ’
Detailed algorithms for determination of the required

parameters of DC component as well as prediction of the VIl. BIOGRAPHIES

coming CT saturation are presented. The adaptive procec" '~
developed includes appropriate on-line modifying of the rel
differential curve, thus enabling improvement of protectic
stabilization for the cases of close external faults accompar
with DC current of high time constant. Testing of th
developed adaptive procedure with EMTP simulated and re
world current signals proved much better relay performa
when compared to traditional relay version witho
adaptation.
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