Power System Protection
Professor. A K Pradhan
Department of Electrical Engineering
Indian Institute of Technology, Kharagpur
Lecture No. 10
In the Presence of Decaying DC

Welcome to the NPTEL power system protection course. So, we are in module 2 on phasor

estimation.
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Lecture 10: In the Presence of Decaying DC

* Decaying DC issue in the fault signals
* Solution

In this lecture we will address how decaying DC becomes an issue to phasor estimation techniques

and what are the mitigation strategies for that.
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v(t) = Vsin(wt + 6)

i
i(t) = I,[sin(wt + 6 - 0,) = sin(6 - 6,) e 7]

A T
Here, 0, = tan l(ﬁ) =tan '(;—{)
0-0,=

6-0,= ’—j ; maximum transient, n=1,3,5..

nm ; zero transient, n=0,1,2,3..

Thus, for different faults, fault inceptions, the relay will see different amount of decaying DC
The decaying DC will result in larger magnitude of phasor, leading to incorrect relay
decision

So continuing with that, let us take a, take an equivalent system, we have a voltage source and a
transmission line that can be an approximate model have resistance and inductance only and then
a fault is triggered. This is RL transient situation, in that case the corresponding equation of system

voltage being sinusoidal can be like this.
V(t) = Vsin(wt + 6)

And the corresponding i(t) during this fault period will be
i(t) = Ly[sin(wt + 6 — 6,) — sin(0 — Hz)e‘%]

Where, tis the time constant that is L/R of the circuit and 6, which you have in these two
expression is obtained from,
wL
0, = tan~! = tan~! =
w, corresponds to the angular frequency of fundamental components. Note that in this transient
current, we have an exponential term which is exponentially decaying and a steady sinusoidal
current. So, this is voltage sinusoidal, this is current sinusoidal. So, in this part 8 is fixed and 6, is
also fixed depending upon the L and R. So, this part is a constant term and this is an exponential
term, so this part is nothing but that decaying DC part. So, we see that for a sinusoidal voltage

signal if a fault happens to be there, the current is expected to have sinusoidal plus decaying DC



part. This is a typical signal here, this is the before fault current, pre-fault current, and fault is
incepted at one second in this case and then we have a current signal like this steady state sinusoidal
current and in this transient period, it has a decaying DC component and that is what this
component is doing in addition to the sinusoidal part. So, this with the large time T, this part
vanishes, this becomes 0. Therefore, this part becomes no more contributing to the signal. Here in

this case, how these component influencing we will see that
6 — 8, = nm ; Zero transient, n=0, 1, 2, 3
0—6,= nz—” : Maximum transient, n=1, 3, 5

In the first case there will be zero transient for n=0, 1, 2, 3, only sinusoidal current signal presents.
On the other hand when 6 — 6, will be "2—” the sinusoidal component becomes 1 and transient

becomes maximum for n equalsto 1 3 5.

However, the switching event, 6 will depend upon that what instant it is being switched on.
Accordingly the magnitude of decaying DC will come into the picture to this corresponding current
signal. Note that this decaying DC part is an exponential part what we have discussed in frequency
response is either harmonics, inter-harmonics or complete only DC not exponential term not
decaying DC. So, how good is the corresponding phasor estimation technique to this challenge
that you have to investigate? This is what we will see from here that depending upon the fault
inception, fault location and different types of fault, the corresponding relay will be observing
decaying DC component, and this is an additional component to the sinusoidal component. Our
target is to capture the fundamental from this part from this modulated signal, therefore, what we
see here is that to use the corresponding things in that manner. Hence, the purpose is that how
influencing this part is to the phasor estimation technique. These decaying DC become significant
for this nmr/2 perspective, then we see that the current magnitude will be affected and therefore
over current relay, distance relay and so, which use the corresponding fundamental component
current are expected to malfunction, to avoid that we need solution, mitigation strategy to eliminate

the corresponding decaying DC part from the fundamental phasor estimation process.
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Mimic impedance where u(t)- unitimpulse

* This implies, decaying DC in the output has vanished

For that, we have a concept called mimic filter. Let us see what happens using this approach. First
we will talk about analog filter and then we will go to the digital mimic filter. So, this is the current
which is there during the transient process, this is the fault current in the primary side and it is
injected to R and L combinations. So, this fault current is being injected to an R and L’
combinations and we are taking the output of this Vo(t) to the relay site. This part is called the

mimic impedance. Now, how this corresponding circuit is useful we will see here.
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Solution: Elimination of Decaying DC using Mimic Filter :

t

ift) Let decaying dc, i(t) = e *
e V,(s) = (sL' + R)I(s)
£V(9) = c-‘l“;jf W - ;_
o g
V(1) =LE ! j = Lu(t)
Mimic impedance where u(t)- unit impulse

* This implies, decaying DC in the output has vanished



So, let the decaying DC current is

i(t) = e+

This 7 is the time constant L/ R of the power system circuit as you have seen in the earlier slide.

Therefore, Vo(s) the Laplace transform of output voltage will be
Vo(s) =I(s)(sL + R)

The Laplace inverse of this voltage which will give us the

sL' + R’
Vo(t) = L_l[ 1 ]
+ —
$ T
Now, when
T= R

This is the filter we have put in the circuit connecting to the relay, when 7, the time constant of
the power system matches with the time constant of this additional circuit which you have put
here; in that case we see from this expression,
sL' + R’
L7 ———| =Lu(t)

1
S+?

Where u(t) is the unit impulse. So, the output in i(t) that consists of decaying DC in the power

system, but if we connect the corresponding signal to R and L™ with condition that is % equals to

the time constant of the power system circuit, then the output of this in terms of voltage does not

contain any decaying DC; that is the beauty of this filtering process. This part you can say is called

!/

the mimic impedance, mimicking the power system circuit in terms of the perspective of T = :—

!/

and this process eliminates the decaying DC part.
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Relay current with Mimic Filter

+ Decaying DC is filtered out.

+ This introduces phase lag, that has to be compensated for correct phasor estimation.

Now, if you see this as performance wise, the results what you see is without mimic filter and with
mimic filter. Mimic filter introduces a phase lag perspective because this is a RL combinations.
So, we have these corresponding things, without mimic filter we have the black one that having
the decaying DC, with mimic filter we have the blue one where the corresponding decaying DC
part is almost overcome, but there is a phase displacement due to the presence of the L in the circuit

that need to be compensated in the phasor computation techniques.
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Elimination of Decaying DC using Digital Mimic Filter :

+ With a mimic circuit consisting of R-L in impedance form K(1+st), then the exponentially decaying component at the output will
vanish, provided its time constant is equal to .

+ The differentiator circuit, as with s-term, can be emulated by digital FIR filter: (1-z)
+ The impedance can be represented as: K[(1+ 1) -t 2]

+ Khas to be setin such a way that, at rated frequency (50/60 Hz), the filter gain will be 1
+ The corresponding gain Gain(f) = [K[(1+ 1)- te /@4 = 1
f=50/60 Hz

+ Solving this equation for K, we obtain 2 _ 1

[(1 4 1) = tcos(2n/N)]? + [tsin(2n/N)]?

N = number of samples per cycle

+  Thus using mimic filter, the current sample at p™ instant can be obtained as,

i'(p)=K[A+1)*i(p)—t*i(p-1)]



Now, extending this idea of putting and R’ and L’ in this circuit that is a mimic filter, you can
emulate this to digital filter also. Now, let us see with mimic filter consisting of RL combinations
and which is nothing but represented in terms of Laplace transform into K(1+st), t the time
constant of the circuit, then the exponentially decaying component of the output will vanish, that

IS what you observed and with the time constant T matching with the L’ and R”.

So, the ‘s’ term in this is nothing but actually a differentiator circuit and that with a digital filter
can be represented by(1 — z~1). Therefore, substituting ‘s’ by(1 —z~1). This impedance
becomes K[(1 + ) — 7z~ ]. K has to set such that the filter gain has to be 1 for the 50 or 60 Hz

nominal frequency. In that case, we have from these relations,
G() = |K[(1+ 1) —te /2 =1
For the corresponding 50 or 60 Hz frequency. In our earlier examples, we are considering 50 Hz
nominal frequency. Thus, solving this equation, we got
1

K2 =
[(1+7)—Tcos (ZWH)]Z + [T cos (ZWH)]2

Where N corresponds to the number of samples per cycle. Thus using the mimic filtering concept,

the signal output for a current samples at p™ instant is obtained from

i'(p) = K[(1+ Di'(p) — 7' (p — 1)

So, for the p'" instance the corresponding output in the mimic filter against that signal will have
no more decaying DC component. This differential current of present sample and just past sample
with this weightage will leads to elimination of the decaying DC component successfully. This is

what the digital mimic filtering approach is.
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Fault current response using Digital Mimic Filter with phase shift compensation:

Phase shift with mimic filter,

P = tan™? (

tsin(2r/N) ) Gain(f) = [K[(1+ 7)- re~/*4]| = 1
(1+7) ~7cos(2n/N) 7 = decaying time constant
N = number of samples per cycle

Current (kA)

Time (s)

G. Benmouyal, "Removal of DC-offset in current waveforms using digital mimic filtering,” IEEE Trans. Power Del., vol. 10, no. 2, pp. 621-630, Apri
1935,

However, if you see this gain, then for a particular nominal frequency the gain becomes 1 it has
an imaginary and real component. So, the phase shift by the mimic filter, which we see in the

analog domain also, that becomes equal to

TSin(ZWn)

— -1
P = 10 [(1 + 1) — TCOS(ZWH)

This phase shifting can be obtained and that can be compensated in the digital platform. So, by
doing that compensating we have two plots; without mimic filter and using a digital mimic filter
with phase compensation, we say that the black one is without mimic filter; it has a decaying DC
component and with digital mimic filter and compensating this phase compensation, you get the
corresponding blue one with the dotted points. Therefore, we see that it has overcome the decaying
DC part and also the phase is being compensated; and the current signal does not require any

further change in angle as compared to the voltage or so.

Note that such exponential decaying part that we have demonstrated here for the current can be
applicable to voltage also, particularly when it is using the capacitor voltage transformer, when the
fault happens to be close to that, the corresponding output signal contains exponential decaying
part. So, in that case also we can put such perspective to overcome the issue to extract the

fundamental component successfully.
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Least Square Estimation in Presence of Decaying DC

ip = Isin(wt, +0) + koe‘t_r'l where i, is current sample at t,,
t,=ndt;0<n<N-1
1,8, k,,  are unknowns
From Taylor series expansion

i tn &
koe ™ = kl,—k07+k0——

2

Neglecting higher order terms,
k(,e'[_r” =ky— kul—'I
T
Thus, i, = Isinwt, cos @ +Isin 6 cos wt, + k, - k(,%

Xy =1cos#, Xy =1sinb, X, =k, Xy=—

ay; = sin(wty), ay; =1,

ayp = cos(wty),

Now, from the above discussion we see that the 1 cycle DFT which is influenced by the decaying
DC part can integrate with the digital and analog mimic filter before processing for phasor
estimation technique. Now, we will see how the corresponding decaying DC can be incorporated
in the least square estimation modeling perspective and how it can successfully eliminate the

decaying DC part.

So, we know from our earlier discussion that the decaying DC signal is an exponential term and
have a sinusoidal component. Therefore, for the nth sample of the corresponding signal can be

written as

t
i, = Isin(wt, + 0) + kge T

So, we can model the corresponding fault current component with a decaying DC and a sinusoidal

component as you see.

Now, in this case the corresponding I, 6, ko, and t are the unknowns in this signal, which need to

be estimated to get the fundamental correctly. Now, if we expand this using the Taylor series, then

tn t tn
koe T = ko — ko= + koo — -



So, approximating for this series and neglecting higher order terms we first only consider these
first two. If you require more accuracy, you can extend it or take it to further terms also. Thus,
considering only first two terms these decaying DC part can be
_tn ty
koe T = ko - ko -
T
Therefore, expressing this corresponding current

t
i, = Isin(wt,) cos(8) + Icos(wt,)sin(8) + k, — ko?n

If you remember in least square estimation technique, we use the same in this part as earlier. Now,
we will set the unknown vector and the corresponding A matrix. The unknown vectors, as like to

the earlier case become
Xy = Icost ;X, = Ising; X; = ko ; Xy =2

So, these are the 4 unknowns in this signal that we like to estimate in our least square formulation
and the corresponding small a coefficients for this signal model are

an1 = sin(wt,) ;a,, =cos(wty,) ;a3 =1; apy = —t,
So, to multiply these a and the corresponding X then you will get the original signal.
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Least Square Estimation in Presence of Decaying DC

sin(wt,) cos(wt;) 1 -t

X=| k
ko

sin(wty) cos(wty) 1 —tp 1 cos @ i
Isin@ 4 3
A i

sin(wt,) cos(wty) 1 —t, T

X=(ATA)A™m

X
I= /xf+x§ 6= tan™" (X—Z)
1

Note, here I(ms) = \LE




In that fashion, for the four unknowns that are 1 2 3 and 4 and we have 1 2 3 4 in the A matrix and
like that to be taken and from 0" samples, then you will multiply this A into X, you get io to i
the n+1 samples in the measurement process. So, we say AX = m and this is the corresponding

signal model perspective for the system.

[sin(wto) cos(wty) 1 —to] Icos@ [iO]
[sin(wt;) cos(wty) 1 —to | Isin | |z |
= | x=| ks | m=]|.]|
l . . L ko H
sin(wt,) cos(wt,) 1 —t, T in

Here A is available to us like we did for the phasor estimation using least square estimation
technique, X is to be found out and measurements are the samples of the currents that are also
available to us. Therefore, the X the unknown vectors become

X =(ATA)1ATm

So, then from there you can find out the

X
I= /X12+X22 ; 6 =tan" 122
X1

Note that the corresponding RMS value of current is

[(rms) =

[
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Least Square Estimation in the Presence of Decaying DC: Example

tn
in = 100sin(100mt, +30°) + 250 e #0) (A), t, = nAt, where At=0.0025 s

Using first four sample points (half cycle),
1 0

0 1
299.38 sin(wty) cos(wtg) 1 -] |L 1 4 1 ;csfsg
_ (34595 A sin(wt;) cos(wty) 1 —t;| |V G ? el &
™= 133595 sinot;) cos(ory) 1~ |1 0 1 -1 g
275.21 sin(wts) cos(wts) 1 —t5) 1 _1 3 v
V2 V2 8.
From Least Square technique, X = (ATA) 'm
86.60 Estimated current
T 2i°é°3°8 1= X7+ 2= [86.62 +502 =100 (A)
0.12 Y ta,,_l(i)_ 0 [ms)=707(A)
1

Estimated current phasor = 70.7230° (A) Thisis the corect phasor.




For example, in the least square in presence of decaying DC how good is the least square estimation

technique in eliminating the decaying DC, we can evaluate here. Let us take a signal

tn
i, = 100sin(nt,, + 30°) + 250e 30 ; t,, = nAt, Where At = 0.0025s

Using first 4 samples points only that is half cycle least square part, because we have 4 unknowns.
So, at least we require 4 samples. We consider the 4 measurements for this signal, and then the

corresponding A and m matrix we have defined are expressed as

sin(wty) cos(wty) 1 —tg] [ O 1 10 299.38
. sin(wt;) cos(wt;) 1 —t,| |1/v2 1/v2 1 -1/8|  |34595
= Isin(wt,) cos(wty,) 1 —t,| | 1 0o 1 —1/4J'm‘ 335.95
sin(wt;) cos(wtz) 1 —t5 1/¥2 -1/42 1 -3/8 275.21

Using the least square techniques, the estimated values of X to be considered from this relation is

given by
Icos@
|Isin6| E;ggg
X=| k |=@TA1ATm =|""
| k° | (4"4) 249.38
| = | 0.12
T

From the first two elements of X matrix, we get the corresponding estimated value of | and & are

given by,

= 2 2 = m = . e _1ﬁ 0
I =X; +X; 86.6% + 50 100 (A) ; O =tan X 30

L p—
Finally, RMS value of current will lead to be

I(rms) = 199 _ 70.7 (A)
=5 =70

Therefore, we say that the estimated current phasor we consider 70.7£30° is the correct phasor.
Because, if you see here this current signal which you have considered here is 100sin(7t,, + 30°)
is the fundamental part and this is decaying DC part. So, even the corresponding signal is being
contaminated with this decaying DC, this 100 /v 2 is nothing but 70.7 that we correctly got from

the phasors by using this least square technique, where we have model the decaying DC component



in the least square approach. Thus we see least square estimation technique is able to eliminate the

decaying DC component successfully.
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Remarks
+ Decaying DC will affect phasor values unless being filtered out-

affects relay performance like- distance relay underreach
+ Mitigation-
* Mimic filter approach with DFT

+ Least square Technique- in the modelling we can incorporate

So, as a remarks, the decaying DC components can remain in the current signals and which may
affect the performance of the phasor estimation technique unless it is being filtered out. If it is not
being filter out and affects the phasor estimation technique, then the relay performance will be
affected like distance relay can see with higher current underreach issue over current may find CT
saturation issue, and also the over current may have a coordination problem and so. Therefore, to
mitigate such things, we have a mimic filter, both analog and digital type along with the DFT, if
we use it then decaying DC can be eliminated. The cosine filter has its inherent capability for
suppressing the decaying DC component or so, which we have already talked earlier. In least
square technique with proper modeling, we can overcome the decaying DC component. So, this is

all for the phasor estimation techniques. Thank you.



