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Lecture No. 52
Wide Area Measurement for Protection

Welcome to the power system protection course. We will be continuing with wide area

measurement based protection.
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CONCEPTS COVERED

Leoture 52 Wids Aréa Messuremént o Protection

+ Synchrophasor data for different protection applications

In this lecture, we will see different applications how synchrophasor data can be used. In the
last class we discuss on to avail synchrophasor data from PMUs or relays with GPS or like
other devices, data recorders and so in a substation. These time synchronized data gives
powerful applications which is of relevance to the grid in grid operations for reliability and for

better management.
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A snapshot from the PDC connected to PMUs In our Laboratory

Voltage and current phasors shown for every second
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We discussed about data from PMU. This is a phasor data of voltage and current phasors in our

laboratory collected from different PMUs through a PDC which shows different instant of time,
different instances, different seconds in between consecutive time to seconds also we can have
several collection of such phasor data. So, this talks about frequency, voltage, magnitude and

angle of phase - A current like that for phase - B and phase - C voltage and currents.

So, such synchronized data at any instant of time gives a scope for numerous applications in
the power system in particularly for protection. In protections applications such synchrophasors
can be applied in two aspects you can broadly divide offline and online. Offline means relay
setting perspective which requires parameters of the lines say distance relay, impedance of the

line and so which can be obtained from this synchrophasor data.

So like that offline application we can have real time applications on protection decision
perspective, but the difference here is that these wide area measurement system which is
associated with PMU data have latency and this latency has different aspects and components
as discussed in last class in the PDC level (phasor data concentrator), at the PMU level itself
also with the communication infrastructure. So, the total latency of the system from data to the
process is compatible to a particular protection application or not that has to be first check and
as you see here with the associated latency such protection from wide area measurements are
mostly for the backup arrangement. So, we have individual protection through the relays as we
have already discussed in several lectures earlier. Line protection with distance relay, line

protection with differential relay and so on, but now what we are discussing is on how the



synchrophasor data can be applied which has latency issues. So, this is an independent platform
which can collate, integrate data and then make a decision as fast as compared to the primary
protection. So, this can supplement the protection decision in general. Now if one-to-one two
PMUs are communicating or PMUs in a substation we can have very low latency of few
milliseconds, but if the PMUs several PMUs are being integrated in an area or at central level
it can be associated in terms of larger latency 100 ms to as 1 s also. So, this big difference
between the conventional protection schemes and the latency associated has to be seen in the

perspective of different applications.
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Where, Vi, Vg, Lig and | are positive sequence sending end voltage, receiving end voltage, positive
sequence sending end curent and receiving end current phasors respectively. Z, and Y, are positive
sequence Impedanca and admittance of the line respectively.
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Let us come to different applications we will go one by one. First one is transmission line
parameter estimation using synchrophasor data (synchronized data), data from the PMU. Note
that these we have already address that these synchronized data or the phasor measurement unit

data which can be availed from the relays with GPS facility.

So, this is a transmission system having sending and receiving end. We have current and
voltage measurements through this PMU at sending end, another PMU at the receiving end and
then they have dedicated communication systems for any other applications, then how we can
avail the data for parameter estimation of this line we will try to see it. So, let us model this

corresponding transmission line in terms of the - model.

Here you see that this is the Z; = R + jX the series part and the shunt path with Y1/2 and Y1/2.

So, like we talk about R and L and the corresponding capacitor and the conductance. So, our



measurements here from the sending and side is Vs£.0s and 1s£.0s. From receiving end VrZ 6r

and Ir£Or at any instant of time for any loading condition. So, then we can express the sending

end voltage (V1s) and currents (l1s) in terms of receiving and currents and voltage.

Y,
Vis = (1 +Z; ?) Vir — Z161R

Y? Y1
Ls=\Y1+Zy—/ |Vig — (1 +Z1_)I1R
4 2
So, that we know from this we can say that model. Then with this two expressions we can get
this two unknowns here Z; and Y1 in terms of the known values of Vs, I1s and the Vir and the
l1r given by
Vis — Viz

a Il.S‘VlR - VLS‘IlR

Z

IlS + IlR

Y, =2——
! Vis + Vig

From this we talk about a positive sequence voltage and current and associated positive
sequence impedance for this purpose. On that perspective this model belongs to the positive
sequence equivalent model. So, associated positive sequence voltage and currents are being

dealt with and we get this relations.
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Example: Parameter Estimation
From the PMU measurements avallable at both ends of the 100 km, 400 kV, 50 Hz line for a loading condition
obtain the parameters of the line. True values of positive sequence impedance and admittance for transmission
line (wsed during simulation) areZ,, =2+ 2867 Qand Y, = 18378 % 1078

PMU Measurements: i Iy A
Vig = 2270112 - 80.997°kV 1y = 0.280£ ~ 120.120° kA ¥
Vg = 220412 - ATV i = 0.337248886° kA b i'T
Solution (] o S
Parameter estimation

“".'.\ ] X

W= = =2+ 050
Y hhie = Vighe (02802 120.120°) X i

24977) = (227011 = BO.SIT') x (1337 248 636")

oo hsthe 202802 -120120) + (0337248888) PRI
h= = =Xloall X 3
R Ay TOTIZ-ROSYT) + (2A0NZL - 82407

The estimated parameters from PMU data are accurate



Now see this how this corresponding parameter estimation with the m model we can extend it
to the other model also including long line model, ABCD parameters etc. Let us see here how

this parameter estimation can be done from the phasor measurement data.

Example: Parameter Estimation

So, we have this to a system of 100 km, 400 kV, 50 Hz line at a particular loading condition
PMU measurements

Vis = 227.0112 — 80.997° kV I;s = 0.2802 — 120.120° kA

Vig = 220.4122 — 82.497° kV Iz = 0.337248.888° k4

We have to estimate the parameters using the expression as is derived in the last slide. True
values of positive sequence impedance and admittance for transmission line (used during
simulation) are Zitre=2 + j 28.67 Q and Yirre= 2x183.78 x 10° S,

Solution: Substituting these values from the synchronize data we get the corresponding positive

sequence impedance (Z1) and admittance (Y1) as

2 2
Vis — Vir

Z. =
' LisVig = Vishg

_ (227.0112 — 80.997°)? — (220.412£ — 82.497°)?
~ (0.2802 — 120.120°) x (220.4122£ — 82.497°) — (227.0114 — 80.997°) x (0.337248.888°)

=2 +j28.580

Ls+Lz  2((0.2802— 120.120°) + (0.337.248.888°))
=2 = = 2x183.11 X 10765
Vis + Vig  (227.0112 — 80.997°) + (220.4122 — 82.497°)

So, it is clear that the estimated parameters using the PMU data or synchronize data are pretty
accurate. It means that such line data can be used for relay applications or any other applications

for the system.
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Application of Synchronized Data for Substation measurements
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Example: Real-time substation voltage measurement refinement /T\ “\L E

+ Each measurement can be written as, P

Vi=Eit+¢, F1lob
. — T
where, V| Measured Voltage E | True voltage &
£ emor ‘ %
« Caloulate 4% = |¥; ~ ¥ for all the buses,

o |f |AV)| > Threshold, flag it and do not use it further,

Voltage Estimate

+ Best estimation of the voltage measurementis obtained by, RelyS € Wit GPS

A L z!'\l:l v(
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This bus-voltage is sent to control center for further application

N= Number of measurements

LA b

Now furthermore in second application we will see how synchronized data in real time can be
used for substation measurements for the accurate information at the substation levels. Two
aspects, one is the voltage another is the current. So, first we will see that how voltage

measurements can be obtained in a better way at a substation.

We know a bus at a substation there are several measurements including that for the voltage
also. These relays have their corresponding voltage measurements through the PT or CVT
connection and they compute the phasors and if these relays are having GPS we can provide
synchrophasor also. Assuming these are corresponding synchrophasor platform or equivalent
to that PMU. Let us say here 5 relays are there. These relays provide us also the synchrophasor

data and now consider this for the voltage measurements.

So, at this one because they are measuring the same voltage therefore, all the voltages would
be same, but because of this PT and the associated computational process and the performance
of the relay or the PMU, the accuracy will be of different in nature and therefore we can say
that we will have even though we are measuring the same voltage, we will have different

measurements as shown by this relays or PMUs.
Let us say here each measurement by this devices can be expressed in terms of
Vi :Ei+6i' i=1to5

Where, V: Measured Voltage, E : True voltage, € = error



So, what we will do that we will calculate AV; = [V; —V;| where i, j are the respective
measurement devices. Thus the corresponding deviation to all the devices for all the bus
measurements are calculated. Now if |AV;| > Threshold we flag it, note it and discard it
further. Note that there is some erroneous measurement in the system we have to discard those
erroneous measurement measurements to get the best estimate by averaging the corresponding
correct measurements

N
E _ =V
correct — N

Where, N= Number of measurements. Such average measurements becomes more accurate
value for the further application in the substation or any near remote end. Therefore, this
processing leads towards bad data rejection. So, simple level of computation and also an
accurate value of voltage phasors it provides at the substation level which can be dispersed at
any control center for further application.
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Application of Synchronized Data for Substation measurements
Voltage measurements;
Example: 11 kV generating station

Five bus voltage measurements:

V= 1054 2021°KV Voltage Difterence Calculation

V,=10.64 2018 KV

Vy=10.80 019KV Wi-Yal | =Yy | =il |1y =Yy
V=101 20210 kV 015 033 047 255
Ve=8.02020° kv [V= V] | Vy=Vl | 1V,=Vs

; 019 037 266

Flag V;and do not use it further 1 A
. . 1 ) ") )
(considering 1.0 kV threshold) . | m
Bogriat= AthEVIN, 10742022 Ky V-Vl

; 4 . 3.01

We will see an example on voltage measurement at 11 kV generating stations we have 5 bus
measurements like that what we see. So, these 5 meters, relays, PMUs they provide V1, V2, V3,

V4, Vs at one instant of time one loading conditions are given by
V1=10.54 £0.21°kV, V,=10.64 £0.19° kV, V3=10.80 £0.19° KV, V4= 11.01 £0.21° kV

Vs=8.0 £0.20° kV



If you observe these five measurements there is a large difference between Vs and rest of the
measurements. So, as you see there is a chance of error with the fifth measurements. So, what
we will do that as already mentioned in the earlier slide we find the voltage differences.

Therefore, calculate like this

Vi— V2 =0.15 IVi— V3 =0.33 Vi— Vi =047 IV1— Vs| = 2.55
V2— V3| = 0.19 IV2— Vi =037 IV2— Vs| = 2.66

Vs— V4= 0.21 IVa— Vs| = 2.82

IV1— Vo[ = 3.01

So we have 1, 2, 3, 4 columns for these differences. Now, what you notice is that out of these
we check here that V1 - Vs, all these V. - Vs, V3 - Vs, V4 -Vs all these different values are
significant as compared to the other differences. So, this gives us a score to check that whether
Vs is common in all the differences. So, we doubt over the Vs and if this Vs is flag is set because
the difference is significantly high. Let us in this case we have considered a 1 V threshold and
this crossing 1 V threshold in all the differences so we flag Vs and discard this measurements.
Therefore, the corrected value after discarding the Vs,

Vi+V,+ Vs + 1,
Ecorrect = Z = 10.7420.20kV

So, this value should be used at this substation level or should be dispersed to the other centers.
This gives us a refinement perspective for the substation voltage and gives a scope to discard
bad voltage measurement. Thereby you can suspect the associated PT or the device itself and

then we can have the correction for that.
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Application of PMU Data for Substation measurements

Current measurements- KCL application

+ Check for
3 ° i

ZA' < KCL'n;,vﬂ'u)[d

6

+ f ahove condition is valid, then the current measurements
are refined, Otherwise, at least one of the measurements

is bad. If so, refinement is not possible o
* Error, 4=|2i'_',|‘|| | 'I] Al|0||: fl!|4||} ,4!’ Current measurements
where,

A Curent measurement of branch i
f;: Current estimate of branch i

Similarly, in a substation we can have this corresponding current measurements and in current
measurements we can apply Kirchhoff’s current law, then this current law can be used for
checking whether measurements are correct or not. So, some of the current measurement at a
bus with all measurements coming to this bus. Ideally, this summation is close to 0 and is less

than a threshold, then we declare that the measurements are okay, otherwise we suspect.

3
ZAL' < KCLThreshold
i=1
If above conditions is valid then the current measurements are refined or goes to the further
refinement or we can do process something. Otherwise, at least one of the measurements is
assumed to be bad so refinement is not possible unlike that in voltage what we see. So, we

define error here as ¢ is equal to
€ :|ZL-3=1E | + |I: _A1|+|I; _A2|+|IA3 _A3|

Where 4; : Current measurement of branch i I, Estimated current of branch i . So this gives us
the corresponding error part for individual branch and then we have summation of this current

as you see from KCL this will be close to 0.
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+ Rewriting the error equation in matrix form to minimize, 0
Al
A2
A3

i
;
Iy

=0

|

+ Using the pseudo-inverse of malrx, the current estimales can be oblained as,

m (3 -1 =14 pa,
EEE
4

|
14 34 -1/4

X
-1 =14 3

+ From the above equation, we can also write

fai 1ifa
=1

where, n: number of all currents directed Inward

L‘L

So, with that error if we write that corresponding error equation in matrix form,

~1 [0
I
14,
L|- =0

13 A2
Using the pseudo-inverse of matrix, the current estimates can be obtained as,

ocoorR R
O RO
R OO R

L] [3/4 -1/4 -1/4

Ll=|-1/4 3/4 -1/4||a2
nl =4 -1/4 3741143

Therefore, that 11, 12, 13 can be obtained from this pseudo inverse of this matrix. And then we
have A1, A2, As so that leads to situation we can say that from the above equation we can simply

mention also that individual current to be estimated by

Where, n: number of all currents directed inward. So, this is a straight forward relations and all

currents directed inwards then only the KCL becomes a valid perspective.
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EXample:  Case.1: Cument Measurements

Measured phase currents (A) Erroneous measurements {A) After refinement (4)

Set-1 set'z for set-)

139012~ 1432 13762 £ - 1432 138.45 £ - 14.390

169,57 £161,57° 17127 £161.57° 170.43 £161.60°

348 £-36.29° 32,07 £-35.52° 3290 £-35.20°
KCLSUM =0 KCLSUM = 3.382154,11° KCLSUM = 0,84 2 154,11°
No refisament required

KCL SUM <5 A {Threshold considered)
Case-2: Current Measurements

Measured phase corents (4)  Eroneous measurements (o) Refinement For set2

Set-l Set- At least one

139012~ 1432 12652 - 14,32 maasurement i bad.
169,57 2161.57° 1695 2161570 No refinement possible.
3048 £-36.09° 323943552

KCLSUM =0 KCLSUM = 12,37 £ 163.66°

No refleement required

KCL SUM » 5 A{Threshold considered)

Now we will see example for this case three measurement system. So, let us see A1, A2, Az are
the measurements in the first set so these is case 1 and we see the corresponding measurements
in this process the KCL sum becomes equals to pretty small value. So, we say that no
refinement is required. Now what you see here in the second set that these are modified
measurements where intentional errors are being put into this data and we see now from the
corresponding KCL this becomes equals to 3.382154.11%nd then we have a threshold as
already mentioned in the earlier slide. The KCL summation becomes less than 5 A. So, this is

acceptable so we can go for this refinement.

So, from this set 2 which are having little erroneous data as compared to the set 1, for the same
condition, then we see that the corresponding currents after the refinement using that relation
of matrix as pseudo inverse or the refined current becomes this and we found that the KCL
summation becomes equals to 0.84 ~ 154.11%s compared to 3.39 in the actual measurement

perspective. So, therefore we see that the refinement reduces the error in that perspective.

We have another case of current measurements from the same Az, A2, As, three measurements
these are better measurements and now we added error into this and there is significant
difference between the A; and the first measurements here. So, this shows that if we go for the
KCL, this becomes significantly high 12.372163.66°. So, this crosses the corresponding 5 A
threshold. So, it means that there is a bad data here and that bad data in that case we cannot
have a refinement perspective because you have to apply KCL So, this shows two cases, in one

case we have a bad data and in one case refinement is possible.
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Line differential Protection using PMU data

e,

+ However due lo the need lo ensure the synchrenlzabion of inpul signals at both ends of the proleced
Iransmissicn line, true differential protection was nof posable before synchronized phasor measurements,

« The avallablity of synchronized measrements using GPS technology end the Improvement In
communication technology make It possibée fo consider true dferential protection of fransmission lines and
cables, thereby improving line profection pegformance ysing phaser measurements from the remate ands of
The line

+ The reporting rate shoukl be compatble fo the protection need

o Today, relays with GPS are having such a scope,
) (CHly] |

Now furthering our application perspective on line differential protection using synchronized
data we have seen this application in line differential perspective and already we have covered
in earlier lectures. So continuing with that, if we have PMU data either directly or in a wide
area measurement system perspective, then we can use this PMU data for this line differential
protection perspective. This can act as a backup or also normal with GPS technology and all
these things we can have synchronized data and you can use as a primary protection also. So,
this if you have indirect way of collecting these data for any other applications if the PMUs are
available, so this can act as a backup also. So, synchronized measurements gives us that 11 - I>
otherwise, we cannot do as only pointed out the concept of synchrophasor. So the only thing is
that if the reporting rate and the corresponding and associated latency are compatible to this

particular protection requirement, then this can be directly applied.

The advantage of such a differential protection is that this line is having capacitor having
FACTS devices or multi-terminal lines, then we can explore such facility for accurate
protection. So, multiple lines may be emanating from a different points. So, in that case the
best solution will be the differential protection and if we go for synchronized data, then it

becomes easier and more accurate.
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Fault Locatlon

(O LS
e = R

Vy =Vt 300y Wy = Vet (1= )2y
with Synchronized data we can write,

(Vy = V) + 2l

il i
Ty +1y)

M

Fault location we have seen in travelling wave perspective so there also we mentioned about if
we have synchronized data at both the ends from PMUs application, fault location is offline
business there is no issue of speed. So, in this case, if we have a fault at x so then we can write
down this side single phase synchronized basic equation if you write and then we can extend

to three phase concept also. The voltage and current relation at bus M can be written as
Ve = Ve + xZ, 1
Similarly for bus N
Vy = Ve + (1= x)Z, 1y
Now fault location x can be represented by the synchronize data at both ends Vv and Vn as

Vu = V) + Z 1y
Z,(Iy +1Iy)

X =

So using the voltage and current measurements and the line parameters the fault location can

be accurately estimated.
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Example fault location En |
PMU data ‘/--\,' S WA (e
w9 )
R Vg Vi Iy Iy A 7 =
0 | Maglkv) | Anglef) Mag(kV)‘Angle[l Maglka) | Angle('] | Maglka) | Angle()
: Line Length = 100 km
0 | 400 | 0 400 5 | 5307 | 8429 | 1769 | -19.29 Z,,73+00

10 400 | 0 _4@_[ 5 | AL | -2837) 932 | 200 | Fauk Location = 25% from M

211 | asx | Theee different faults with
, R, =00, 100 and 1000

One-end impedance based Method:  Tuo-end Synchronized Data Based method:

00 | 400 | o | a0 | 5 | 1809|4208

Fault distance Fault distance

Ry (1) (pu) Yoerror Ry() (ool Yherror
0 0.2500 0 0 0.2500 0
10 05505 30,0225 10 0.2500 0
100 1473 692.7255 100 0.2500 0

A ¥

So, this is for the two bus line 100 km line, the line impedances are like this and we say that Ry
the fault resistance variations of 0 Q, 10 Q and 100 Q for 3 different fault situations of phase
A to ground fault and then we have got the V1, V2, |1, |2 of both these sides measurements and
then we apply this from one end if you could do the calculation then the corresponding fault

was having 25 km from this side.

So, we got the per unit distance to be 0.25 for 0 fault resistance, but with increase in fault
resistance, the impedance based approach gives us erroneous fault distance, but with two end
synchronized data the formula we used in the last slide. Using that we can say that in all the
cases we are getting 0.25 because the Vr fault voltage does not influence the corresponding
accuracy. So, this is the strength of synchronized data being used for fault location application

also.
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Faulted Line Identification using WAMS data

- supplementing zone-3 protection of distance relay

+ Fallure of relay at bus 5 as backup protection for relay at bus 7 in WSCC 8-
bus system,
Situation: Three phase fault accurs near bus 8, should be in zone-2 of relay
atbus-7 (line 78), but breaker failure at bus-7, needs backup at bus 5

Logt s one = 12X (L5 * L) = 24846 Q)
Ly pss= Bl 57 = 316.7 Q2
Note infeed at bus-2
Ll |
+ Inabilityin zone-3 at bus 5.

« With PMU data- faulted line can be identified
and breaker at bus-5 can be opened- a correct
and desirable decision will result, How

Bus7 I

Ak

Now next we will go for another applications in real time perspective how the corresponding

PMU data can supplement the zone 3 protection for better decision. In this perspective we say
faulted line identification. So, what do you see that any line having a fault in this 9 bus system
can be identified from different measurements of the PMUs, then we can use that for the backup

protection also.

Let us consider a situation here how that can be extended. Now see failure of relay at bus 5 as
backup protection for relay at bus 7. So, from this one this part is taken care. So, we see here
failure at bus 7 so the relay at bus 7 fails to protect for this fault let us say three phase fault that
is towards the end in zone 2. If this breaker does not operate this breaker must operate. So, that
means that for this it will be a zone 3 fault. Now what happens to the situation? So the zone 3

settings for the relay at bus 5 will be
Zset puss_zone3 = 1.2 X (Zs7) + Z(78)) = 248.46 Q

So, that becomes equals to let us say for this case is 248.46, but the impedance seen at a given
instant of time because of the infeed from bus 2 happens to be 316.7 Q. So, that leads to a
underreach situation because this setting is 248 Q only and now its apparent impedance is 316
Q so this relay at zone 3 will not pick up. So, the fault will continue because breaker at this
point is not able to clear the fault. So, the inability of this zone 3 at bus 5 leads to dangerous
situation. So, with PMU data if we can identify the faulted line and then this Z at bus 5 breaker
can be opened from the independent protection arrangement that can supplement the valuable

protection schemes then it will be better. Now the question is how that can be implemented?
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Faulted Line Identification using WAMS data

+ Voltage sorting for selection of faulted line connected bus
In the system

+ Bus with lowest voltage selected

+ Line with highest phase angle difference between vollage
and current connected to selected bus - Faulted Line

(direction of fault)

+ Other calculationsfinformation may add value to the
decision proceds

So, for that perspective, let us see in this 9 bus system we have few PMUs at bus 7, bus 9 and
bus 4. Now how this data can be used for faulted line identification and then how we can
supplement the zone 3 protections that we like to put as an example. So, we see this fault in
line 8, 9 and in that case the corresponding voltage everywhere dips and as you know that the
voltage dips to a greater extent at the adjacent buses. So, bus 8 and 9 should be affected. Now
we can say that the corresponding Es is this one that goes to significantly low and this side is
the generator due to that reason voltage is little bit higher. What we like to say that if we see
this magnitude and dip in these voltages from one PMU, it is clearly observed and further in

the corresponding bus the dip will be smaller and smaller.

Thus from the voltages to identify the faulted bus with lowest voltage and selecting the line
with highest phase angle in the current respect to that bus voltage indicates the faulted line
because the phase angle will indicate the direction. In that perspective this phase angle will be
in negative direction. So, what we like to say that the PMU data here can be useful for decision

process which add value to the protection scheme.



(Refer Slide Time: 30:42)

Case-1: Available Measurements; Bus 4, Bus 7 and Bus 8

Measurements (Positive Sequence)
I T
B, 2016609672  E=1S5ILTBA0 E,= 21006485420

o= 0242151970 1A 126216197 | =079217087

= 02515059 /= 0.Me7422 1202823042

\ioiages In (kY), Currents In (k&)

Step- Step-2, ®
Voltage magnitude Is the lowest I 5 having highest phase angle
compared 1o bus 4 and bus 9 difference with E; compared 10 by
Bus 7 selected Line 7-8 s the faulted one

A\

Now let us see an example here what is being done? So, we have three PMUs and a fault
happens to be there between bus 7 and 8. So, at that time we collected data in the simulation
process so at bus 4, bus 7, bus 9 these are the PMU data, positive sequence data three phase
fault happens to be there. So, E4, 1, 145 are the corresponding line at bus 4 we have two lines
45 and 46. So, these are the currents associated at bus 7 we have two lines this line and this line

the currents are there and bus 9 we have two lines 98 and 96.

So, all currents associated with that PMUs are also available including the voltages. So, three
voltages 291, 115 and 210 so the minimum one is 115. So, bring out this corresponding bus 7
as the choice of low voltage bus so that is why bus 7 selected in this case. So after this bus 7
we say we consider at bus 7 the corresponding currents are I7g and Iz7s. And then we check with
this voltage at bus 7 which current is having larger angle. So, the highest phase angle difference
between E7 and I7s which happens to be there. So, therefore, line 7, 8 this is Iz so with this we

can say that angle tells about lines 7, 8 is the faulted line.
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Case-2 Avallable Measurements: Bus 4, Bus 7 and Bus 9

Measurements (Positive Sequence).
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Another case we see here fault is created between 9 and 6 and the measurements are this so in
this set positive sequence voltages and current we say the minimum voltage comes out to be
104 so bus 9 is selected. Two lines are there 98 and 96 the angle between this voltage and this
current that happens to be significantly high. So, the corresponding 96 line is that is the correct
value. So, in both the examples we see that from the PMU data if available we can find the

faulted line correctly and this faulted line can be useful for further influential processing.
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Backup Protection application
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Relays 4 7 9

Calculation for
Faulted line identification (PDC-Controller)

Fault in Zoned
Block allow Zone:-3 of any Relay ?
at different locations

The PDC-confroller will have sufficient information to make a trip decision in the
50-100 ms time frame—significantly less than the present backup time of 500-
1000 ms. This is advantageous also for stability issue.

Now what do you see that this is the 9 bus systems and we have PMUs we collect at a control

center to this PMU and this control center can process the corresponding PMU data, align them



in terms of the times alignment and then it can be used. So, we have this three PMUs and then
we calculate the corresponding faulted line, identify the faulted line perspective using this PDC
and the controller level this level. And once it is done you can calculate whether the fault is in
zone-3 or not. So, we calculate for different relays at this centralized levels we calculate that is
the corresponding fault is any zone 3 of any relay here? If it is yes then the corresponding relay
should remain active otherwise we can say it should be blocked. So, common issue from here
also through the relays at different points to activate the corresponding breaker in this stipulated

time without waiting for that.

So what is the advantage of this that such a platform can give us trip decision between 100 ms
and therefore, we may not have to wait for 500 ms to 1 s which the conventional zone 3
operates. So, that will speed out the process of decision because it will be able to know that it
is the decision with zone 3 when zone 1 is not operating. Therefore, we can say that all zone 2
is not operating there is a failure. So, it can go for the protection decision at the faster rate. Thus
we see that PMU data can be used as a backup arrangement, as a supplementary arrangement

to the zone 3 protection perspective which seems to be compatible from latencies also.
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Islanding Detection Using Synchrophasor Measurements

Protecting perscnnel
Preventing equipment demage
Providing good power quality in power systems with distributed generation (DG)

PMU 1 sends the synchrophasor data to PMU 2 at
specific time intervals (60 messages per second,
say). Controller calculates the difference between
the local and remote synchrophasor angle value

().
Atk thinterval of time,

PN
This angle of Its derivatives can be used for identification
of gnid disconnegtion at PMU1 end. Islanding can be
initiated accordingly.

¥ .

Islanding detection for the larger system we talk about out of step protection where the rest of

grid side is having problem, then to retain this local area we can have an islanding situation. In
that case the local area should manage the corresponding load and generation or it should shut

down all its generations to bring it to a standstill. In a distributed generation systems we require



also Islanding detection that we do generally from the frequency information or voltage

information perspective.

But we can also use the corresponding PMU data or synchronized data. Like this is a power
system connected to this local power system is connected to the corresponding PV plant and
so any renewable resources or DG this side you can say to the bulk power plant. If this
corresponding bulk power plant connections is disconnected, then this local system may not be
able to manage at this corresponding PV plant or renewable generation.

So in that case an Islanding detections the DG plant will be disconnected because otherwise it
will lead to issue with the safety of the personnel, equipment damage locally and also the power
quality issue. So, for that reason the island detection becomes an essential one and in that case
the local islanding detection schemes can be useful and if that fails also the PMU data are

available it can supplement that in the high voltage side or in the distribution system also.

Further, the angle between the two voltages this side and that side that angle is indicative in
case of this islanded system, if this breaker is opened the angle drifts independently between
these two. There is no synchronization between them and therefore, it drift to any forward or
backward direction. So, that angle is indicative of the corresponding situation normal situation
when grid is connected these delta angle becomes smaller and it will be consistently having
closer value to the steady state value. So, therefore this corresponding angle is indicative of in
terms of the islanding situation, its derivative or double derivative can be faithfully used for

such detections.



(Refer Slide Time: 37:41)

System integrity protection schemes (SIPS) using WAMS data

+ System integrity protection schemes (SIPS), are installed to protect
the integrity of the power system or strategic portions thereof, whereas
conventional protection systems -dedicated to a specific element

The SIPS encompasses special protection system (SPS), remedial action
schemes (RAS), as well s other system Integrity schemes, such as
underfrequency (UF), undervoltage (UV), out-ofstep (OOS), ete

+ These schemes provkde reasonable countermeasures to slow andior stop
cascading outages caused by extreme contingencies

+ Synchronized data provide a good platform for such applications

System integrity protection scheme is a concept which is already there in the system. Most of
the system integrity protection schemes used this SCADA data also. Note that system integrity
protection scheme is different from the conventional protection address individual element like
differential protection for transformer, line protection with distance relay or differential

arrangement for individual line distribution system and so generated protections.

These are individual protection we talk about, but system integrity protection schemes are
installed to protect integrity of the power system or strategic portion was thereof whereas
conventional protection is for element wise element specific protection. This is to retain the
system intact its integrity particularly from possibility like large scale disturbance or blackout

and so.

This SIPS encompasses special protection scheme, remedial schemes any integrated schemes
and it also includes under frequency, under voltage and out of step functions to retain the
integrity of the system. This schemes provide reasonable countermeasures to slow and to stop
cascading effects for varying possible large scale disturbances. Synchronized data provides a
good platform for such applications. So, we will find many applications today in different grids
on that perspective. This cedar system which was catering this SIPS can be supplemented with

wide area measurement systems because that gives us a better scope for such applications.
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System Integrity protection schemes (SIPS)

in Maxico

In case two 400kV parallel lines are lost
between Angostura and Chicoasen, both
areas remain connected only through the
115KV network,

The 115KV network Is overloaded until the
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blackout,

Requirgment- Utility must shed Angostura
generation in order to maintain system
stabilty If the link between Chicoasén and
Angostura is lost,

Let us see an example how in Maxico grid SIPS using synchrophasor data is being
implemented. So, this is a part of Maxico , Angostura and Chicoasen, this 400 kV line they are
parallel lines, double circuit lines and there are number of connections for the 100 kV line and
that 115 kV network. So, what happens that this 900 MW generations possess power to the
national grid and other portion of the system through double circuit line and also there is a

connection of 115 kV line also.

Now what happens in case of any of the lines trip in this 400 kV line so the rest of the power
will be dispersed through the 115 kV line. In that process, the 150 kV line get stress and there
is a possibility of this 115 kV line at different portions can be overloaded and overloading
operations will go and that leads to different several outages of this line and make cascade
events may go and that leads to more stress in the system from this generation units to the
national grid level. When both the lines are out it is more severe in nature and then there is a
chance that this region can be out from the national system level case. In that case this to avoid
this situation particularly the contingency of double circuit line outage at 400 kV level and so
the requirements becomes the utility must set this generator to reduce the generation or to

withdraw all the generator at this location.
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SIPS in Maxico

£ Qo ALKy
AGSS{Automalic Generation Shedding ¢ i
Scheme) at Angostura Hydroelectric E‘— i L e —@”’W
Power Plant monitors the loss of the § a
transmission link between Chicoasen E lll \IE

Cheoasen Sibino M|

and Angostura, (m N; lmu n.,c.:.,.

A method fo detect loss of fransmission !
capacity using relays with synchrophasor
measurements and control capabilties,
The relay at Angostura receives remote
bus voltage from the relay at Chicoasén.

FMU

Southern Neghonal Load

Chicgsen Angosiura 900 WY taramsson hot wien garalhel 115 K retmank

It time-aligns the synchronized local and
remote phasor data, calculates the angle
difference, compares it to the angle-
difference sefting, and issues a
generator rip If the calculated angle
difference exceeds the phase-angle-
difference.
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So, what is being done we see here that we have a PMU place at this end and we have PMU at
this end through available region with GPS facility. Now this PMU sends data information to
this one in real time to communication system and the corresponding voltage data here and
voltage data are here they align and then from the alignment the processing processor here does

sees that what is the angle deviation between this side and this side.

Note, when the corresponding angle in general is in a limit where 400 kV both lines are there.
One line is out the angle between this side and that side goes to the higher value and when both
angles are out, the angles becomes further higher. So that is being noticed so in this automatic
generator shedding scheme that hydro plant giving 900 MW or so. Therefore, a method to
detect loss of transmission capacity is by this angle measurement between this two sections.

So, that is being used.
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SIPS in Maxico

A doubledine outage produces an
angle difference of 14° degrees,
resulting I instability. A single-line
outage causes an angle difference of

Local Phaser Argle + B
less than 7° and does not cause  aesa e
Instability. Based on these results, CFE
chose an angle difference of 10" as the o

detection threshold for double-line Argle b gl or eretarsp
outages.

Pamate Phasee
Arge Chcoasen

So, what is being done here that the double line outage produces 14° angle between these two
sides and one line outage provides around 7° angle difference between both ends. So, a
threshold of 10° is being selected and then we can say that between these two phasors. Angle
between these two voltage phasors one at the generating station side and other at the remote
one. So this two angle differences gives us & and if the & is greater than 10°, then it is a drifting
of selected generator is to be accomplished. This gives that once the generator stations reduces
generation or the generators are out, then the stability of the system can be retained and the
cascade tripping can be avoided in this perspective. So, this gives a systematic protection

schemes using phasor measurement needs at remotely placed PMUs.
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Remarks

Synchronized data- PMU, Relays

Applications scope- online, oft-ine

Latency - compatible
Emerging technology.

In other areas of applications- control and moniloring
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So, in overall we say that synchronized data from PMUs, from relays with GPS facility can be
used for different applications. We have real time applications as well as offline application of
relevance to the protection perspective that you see like SIPS for online applications,
differential protection and quadrilateral identification for zone 3 application perspective and

also for offline perspective for parameter estimation and so.

But in real time application, latency is the challenge, the late arrival of data, if that is compatible
the corresponding synchronized data through wide area measurement systems can be a good
addition for system level protection including element level protection as a backup or
supplementary. Emerging technology this field is and newer and newer applications are coming
in different grid application. Such technology is not only limited to protection, this is also

going on for the control applications of the power system and also for monitoring applications.
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Power System Protection
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So, this is the last lecture we have for the power system protection course. Our focus was on
numerical relaying principles algorithm which are available today and are being used in
different applications of the grids. Many more relays are available, many different protection
schemes are available like generator protection and so. This is beyond scope of this course.
This course deals dealt with the basic in nature. If anyone desires to be more details on this lot

of resources are available.

Hope you enjoyed the course any remarks, comments is always welcome. There is definitely
some errors. If you can point it out and communicate to us it will benefit all of us. Thank you

best wishes.



