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ABSTRACT

Load Shedding plays a major role as the guard which protects the power system from a
disturbance-induced collapse. In Sri Lanka, Ceylon Electricity Board being the major
power network authorizer practice ‘under-frequency load shedding’ with the support of

under-frequency load shedding relays.

There are some drawbacks of this under frequency load shedding scheme which
promotes power system authorizers to shift into a computerized power management

system to form an ‘automated load shedding scheme’.

An intelligent load shedding system can provide faster and optimal load relief by

utilizing actual operating conditions and knowledge of past system disturbances [1]

As the first §tep in thisistudysal tessarth surveyswas dond abolt present load shedding
system ptac%d in CeylonrElactricity BaadoPast failureélanalysis was done to identify

major drawbacks of tHe'systerh.

During literature survey characteristics of an intelligent load shedding system were
observed and the way of forming an intelligent load shedding system in a power network

was studied.

Through selection of southern part of CEB network including seven grid substations,
two major hydro power plants, two thermal power plants and three mini hydro power

plants, model was designed using MATLAB software.

Initially a data bank was formed including load data, generation data for the selected
network. Load data at each grid substation for a week day, Saturday and for Sunday were
formed based on the load equations derived depending on the time of the day (off-peak,
day-peak, night-peak). Generation data was adjusted according to the total load

requirement. Feeders that can be shed were selected considering the category of load
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connected at each feeder and categorization by System Control center as high priority

feeders and low priority feeders.

Coding was built up in MATLAB software after importing excel sheets consisting all the
data collected and modeled to create a ‘Graphical User Interface’(GUI). Further code
was extended for the load shedding process which activates once a power imbalance
occurs between generation and demand. Simulation was done for tripping of major hydro

power plants which contribute to load shedding process.

Further comparisons were done between existing load shedding mechanism which is
under frequency load shedding(UFLS)and Intelligent Load Shedding (ILS) mechanism
in Power System Simulator for Engineering(PSS/E) software which is the software used
by System Control Center branch in transmission division for analyzing and simulating

power system performance.

It is concluded that reasonable improvements can be achieved through application of
intelligent load shedding mechanism to CEB network which contributes to quality of

uninterr
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Chapter 1

INTRODUCTION

1.1 Background

Considering the benefits from electric power systems to the human life, it is a sole responsibility
of the utility to secure reliability of this electric power system in every possible way. Through
power system blackouts a large group of consumers is left without electrical energy for some time
duration. At any critical situation operator has to shed down excess load to gain power system
stability. This process is called “load shedding” which keeps the system stable until the fault is
cleared. Requirement for shedding the optimum amount of load is high nowadays which results in

minimum interruptions due to a contingency.

1.2 Require
Mainly due to a generatiol ugh tripping ¢ to the system or
excess generatior aviates from the

permissible range. In Sri Lanka permissible range of system frequency is between 49.5 Hz and
50.5Hz. Without activation of load shedding mechanism, it may lead to total system collapse
which will affect a large number of customers and it will take longer time period for the system
recovery. Governors cannot respond quickly for sudden imbalances in generation and load.
Therefore load shedding mechanism should get activated in a proper way to reduce system

blackouts.

1.3 Motivation

Initially 1 studied the existing load shedding mechanism which is Under Frequency Load
Shedding (UFLS) mechanism used by CEB. Further | studied some partial system failures and a
major system failure occurred in recent past to identify the loop holes in the existing load

shedding mechanism.
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Through my study | found out major weaknesses of the existing load shedding mechanism as

follows;

1. Excessive load shedding.

2. Inadequate load shedding which may lead to system collapse.

3. Occurrence of more feeder interruptions.

4. Same pre-defined load shedding table is used for off-peak, day-peak and night-peak
(independent of time of the day).

5. Reactive power produced at each feeder is not taken into consideration.

Considering above major weaknesses, necessity for a more accurate load shedding mechanism is
identified which can make a fast, optimum and reliable load shedding decision. The “intelligent
load shedding” is a means enabling to improve power system stability, by providing a real time
adapted load control and load shedding, in situations where the power system otherwise would
go unstable[1].

In recent decades, the advantages of a.fast development in the computer and communication
technology have beer{?ytcessfully haryested-in.the majority. of technological areas for updating
various mechanisms a‘QZi processess:Povwer-systern gontrol and protection is no exception [6].

The outcome of this project is developing a load shedding mechanism to make an optimum and

reliable load shedding activity.

1.4 Objectives

1. To devise a load shedding mechanism to handle contingency situations more effectively.

2. To build knowledge database for the selected CEB network in MATLAB software.

3. To model an algorithm to monitor system frequency and frequency deviation rate and to
update optimal load shedding tables in MATLADB software.

4. To develop the algorithms to make an optimum and reliable load shedding activity through
intelligent load shedding application to CEB network.

5. To analyze and compare the proposed load shedding mechanism-‘intelligent load shedding’
mechanism with existing load shedding mechanism-UFLS in ‘Power System Simulator for
Engineering’(PSS/E).
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1.5 Methodology

1. Analyzing failures occurred in recent past and how the system has responded in such failure
events.

2. Selecting a reduced network from CEB network to form a model in MATLAB software.

3. Collecting data related to the network and modeling data for the uploading purpose in
MATLAB software.

4. Extracting load data of the feeders that can be shed.

5. Importing modeled data into MATLAB software.

6. Designing Graphical User Interface (GUI) in MATLAB software.

7. Developing the coding to update optimal load shedding tables and to activate load shedding
through monitoring system frequency and frequency deviation rate.

8. Application of case studies in MATLAB software.

9. Analyzing results of existing load shedding scheme (UFLS) in Power System Simulator for

Engineering (P

10.Application ﬁc ent ~ foad™ shedding(1LS) ™ "in™ Power™ Syst Simulator for
Engineering(P¢ !E.ffs_'.aﬁ‘
11. Result analysis throu 5.

Validation of the proposed load shedding mechanism- ‘intelligent load shedding’ was done
mainly through the results obtained through PSS/E as existing load shedding mechanism —
‘under frequency load shedding’ mechanism was also applied for the same case studies in PSS/E.
After completion of SCADA system for the CEB network, application of intelligent load

shedding is a possible action to be taken to improve system reliability.
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Chapter 2

ANALYSIS OF EXISTING LOAD SHEDDING SCHEME

Under normal operating conditions total generation equals to total demand plus total loss. Under
this balanced condition system operates at 50 Hz of system frequency. Whenever this balanced
state is disturbed system frequency varies and sometimes it may vary beyond the permissible

range.

The decline in frequency is due to insufficient amount of generation to meet the load demand.
This will cause load to acquire power from the stored Kinetic energy in a rotating system and

causes the slowing rotation. Slowing rotation causes the frequency to decline. Any frequency

violation may c ning reserve is
insufficient or slowsdgad shedding'1s'‘the best ‘Alternative ‘response 1o prevent the system
breakdown extensioii. Con I minimized [2].
Load shedding Frequency Load

Shedding’ (UFLS). Theoretical explanation for UFLS is disconnecting some selected loads so
that the system frequency does not drop below lowest acceptable limit. Relay used in UFLS
detects rapid change in frequency (frequency-wise and frequency deviation rate-wise) and
initiates operation of circuit breakers installed at loads that can be shed. Several stages are
included in UFLS scheme where at a certain stage relay waits a predetermined amount of time

which named as ‘time delay’ and rechecks system frequency before tripping the load breakers.

Even the system frequency has not recovered, relay has to wait for the next stage where another
frequency limit and a time delay are specified to trip another set of load breakers. This process
continues until system frequency is recovered or all the frequency relays have operated.
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2.1 Existing Load Shedding Scheme
Table 2.1: Existing Load shedding scheme in CEB
Load to be Tripping Load to be Reconnection
Stage . Remarks o o
Tripped (%) Criteria Reconnected (%) Criteria
| 5 48.75 Hz + t =100 ms 0 None
1 5 48.5 Hz + t = 500 ms 0 None
7% load on only frequency based | 48.25Hz+t=1sOR Freg. > 50
i 10 3% load on frequency based 49 Hz AND df/dt = 5 AND df/dt=
+ df/dt based 0.85 Hz/sec 0.2 Hz/sec
7% load on only frequency based 4800Hz+t=15s Freg. > 51
v 10 3% load on frequency based OR 49 Hz AND df/dt= 7 AND df/dt=
+ df/dt based 0.85 Hz/sec 0.2 Hz/sec
6% load on only frequency based | 47.5Hz +t=inst OR
Vv 10 4% load on frequency based 49 Hz AND df/dt = 0 None
+ df/dt based 0.85 Hz/sec
VI 10 o A&n;ff‘_ 0 None
F- of 'fju; sge

Under frequency

(1€

bl

T [ T s

T

ix load shedding

stages as tabulated above. As per the scheme 50% load of the total load at the time of failure will

be shed if all six load shedding stages get operated. A reconnection criterion was introduced for

the load shedding stages Ill and 1V.

Some percentage of loads falling under stage IlI, 1V and V also get rejected when frequency

deviation rate is 0.85 Hz/s. If frequency deviation rate is about 0.85 Hz/s when system frequency

is 49 Hz, it implies that system frequency is getting reduced very quickly, so that a quick and

noticeable response is required from load shedding scheme. This results in rejecting a

considerable amount of load in the system to make frequency stable.

System response under this load shedding scheme was studied and described below for three

historical failures occurred in the system.
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2.2 Historical Failure Analysis
Two partial failures and one major failure occurred in the system in recent past are analyzed,

1. Partial failure occurred on 06" May 2013.
2. Partial failure occurred on 29" October 2013.
3. Major failure occurred on 07" December 2007.

2.2.1 Analysis of partial failure occurred on 06th May 2013 at 20:41 hours

A failure has occurred on 06" May 2013 at 20.41hrs involving 132kV transmission lines, power
stations and 132 kV grid sub stations. Following five grid sub stations were affected:;

1) Kelaniya Grid Sub Station(GSS)

2) Maradana GSS

3) Havelocktown GSS

4) Dehiwala GSS

5) Sapug
Following six po ?J%t vere affected
€
1) NorochchigfepPower, Statiqn(P$s)
2) Wime
3) Kukule PS

4) Asia Power

5) AES - Kelanitissa

6) Berge Power
First | analyzed the frequency plot and Digital Fault Records obtained at this time. Through
analyzing frequency plot it is possible to identify each load shedding stage that was activated
after this failure.
Then | studied the reports prepared about this failure. As per the event records at Kelaniya and
Sapugaskanda GSS’s, there has been an earth fault at 20.41 hours. During that time, only the
circuit breaker at Sapugaskanda GSS of Sapugaskanda — Kelaniya line 1 has tripped due to
Distance Protection relay operation. The Circuit Breaker of above line 2 at Kelaniya end has
tripped due to operation of backup protection. Meantime, all lines connected to Kelaniya GSS

have tripped by operation of breaker failure protection causing the Kelaniya GSS to be dead.
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Sapugaskanda GSS has tripped operating ‘Over Current Protection’, since Sapugaskanda GSS
has been unable to feed the load connected to the GSS due to Kelaniya GSS being dead.

During the failure, power system frequency has dropped to 47.7Hz and it has resulted in tripping
of six power stations including Norochcholai power station. Due to earth fault detection at
Maradana GSS, Maradana — Kolonnawa line has tripped during the failure causing Maradana,

Havelock town and Dehiwala GSS to be dead.

Following mentioned figure is of the frequency plot of 132kV Sub C feeder at Kolonnawa GIS
on 06" May 2013 at 20.41 hours.

19 /

T
£
g
c
()
=]
g et H
w LSSttt >

Trip

LSSt3 ]

Trip N LSSt 2

48 Trip
LS St 4// \/
Trip
| 47.727H:z
-10 0 10 20 30 Time in s%% 50 60 70

Figure 2.1 Frequency plot of 132kV Sub C feeder at Kolonnawa GIS on 06™ May 2013 at 20:41:39 hrs
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DFR records at Kotugoda GSS and at Norochcholai power station were also observed which are

mentioned below;

Record 21649 - KOTUGODA 5/ =
; [Ele

Expansion 176 - 05/06/13 20:40:25.589 - 5000 Hz - Page 1/17

[EWEHTS I 11

[EMERITS B 1

[EMERITS [ 1

Z2E| Tl 1 1T
26

Z=[Elfasal 4 |E

43T -

T

ADRHMAMA T

ol BACARA
TR B

A1 LE A AW AW AN A WA AW WA AW AW AN
LAATAR
UUUI\“}U VAU

N W\ﬂﬂN\M(\ﬂﬂN\Mf\(\I\(\MMMMHMﬂﬂMﬂf\f\f\ﬂﬂ(\ﬂﬂﬂﬂ/\ﬂﬂﬂﬂﬂm\ﬂﬂ AR
UUUUUUU\)UUUUUU\/UUU\/UUUUUU\/UUUUUUUUUUUUUU\/UUUUUUUUUUUWUUUUUUU\/

L L
IHIEE] U WIEE] Wﬂl}l EMW um:m U}EB] MEI}I:J m?-l}lﬂ mm I}l.‘ﬂ:lﬂ Ml:lﬂ . ﬂl}m i) ]

Rigwie22, BFRJRsersai sotudoda GS5Sdt 20:41 hrs

';age vargtioyin'phase B can 9e noticed!

Record 5169 - Norochcholai Sy ‘E “s “ H 'H l"j Hm] R‘T "ﬂ g"-‘ I ! % [E=REcE N
- _| ) Expansmn 172 - UEII]EII] 20: 41 39. 409 20 Hz - Page 1/12 7@@

il 1 M =

FERVITANGONA 1 7
Z11.3 &

AR URTANEONA G
21136 &

I L L 1 L L L I L L 1 L L L L
R o ] U R AR SELED SRR TR pAE SR R

Figure 2.3 DFR record at Lakvijaya power station at 20:41 hrs

Frequency fluctuation during the failure has indicated in the DFR record at Norochcholai power
station at 20.41 hours.
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After obtaining MW value of each power station and grid substation which were affected just

prior to the failure and MW value of each load shed under existing UFLS mechanism, system

performance under this load shedding mechanism was evaluated.

» Loss of Generation

Table 2.2: Power stations tripped

_ At th':a/l'x\r/ne of Tripped before load shedding !'hré%%(ieggafter load
Power station failure
MW MW
WPS 2 25 25.00
Kukule 2x38 76.00
Asia power 42 42.00
AES Kelanitissa 160 160.00
Barge power 60 60.00
Sum of generation loss 203.00 160.00

Total generation loss = 363 MW
» Tripping of load

Tahle 2 3 Grid suhstations trinned

. :, J rippea-before.load | rppee a yad
G¢ m [* Sheddina/due to sheddifia 1 AR e
=) ictronic 1 hpscs & Diss¢rtations -

Kelaniya GSS los W 9:24
Sapugaskanda G¢
Maradana GSS 22.00
Havelock town GSS 24.88
Dehiwala GSS 17.82
Matugama Feeder 1 0.40

Feeder 5 0.83

Feeder 6 0.76

Feeder 8 3.56

Feeder 9 2.74

Feeder 10 2.67
Habarana Feeder 1 2.97

Feeder 3 5.45

Feeder 6 413

Feeder 7 413
Kiribathkumbura | Feeder 6 4.29

Feeder 7 5.61

Feeder 14 2.64
Thulhiriya Feeder 5 5.05

Feeder 6 1.65

Feeder 4 6.83

Feeder 2 1.52

Feeder 1 3.27
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Tripped before load shedding/

Tripped after load

GSS due to load shedding shedding
MW MW
Kosgama Feeder 8 3.14
Feeder 5 3.47
Feeder 2 3.30
Galle Feeder 6 3.30
Feeder 2 2.48
Feeder 1 1.82
Matara Feeder 7 8.58
Feeder 6 4.29
Feeder 2 1.82
Bolawatta Feeder 3 4.46
Feeder 4 7.62
Feeder 5 2.77
Feeder 8 941
Feeder 2 4.62
Katunayaka Feeder 2 2.41
Feeder 8 2.71
Biyagama Feeder 4 5.61
Feeder 6 3.96
Feeder 3 5.61
Badulla Feeder 4 3.30
Feeder 3 2181
Pannipitiya FEeds; 8 1.75
Rieder 4 360
fFeeder 3 353
Horana Feeder 3 6.93
Feeder 4 4.22
Feeder 2 2.57
Feeder 5 2.44
Veyangoda Feeder 6 0.50
Feeder 4 4.79
Feeder 3 3.80
Feeder 7 4.95
Ratmalana Feeder 7 0.17
Aniyakanda Feeder 3 3.99
Feeder 1 0.56
Pannala Feeder 2 4.42
Feeder 4 3.27
Feeder 6 1.19
Ambalangoda Feeder 3 3.27
Kolonnawa Feeder B1(13) 2.64
Feeder B2(14) 1.22
Feeder A1(15) 3.96
Feeder A2(16) 5.28
Kotugoda Feeder 13 5.08
Feeder 11 3.99
Feeder 9 6.70
Feeder 12 7.39
296.18 46.88
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According to the above table,

Total load disconnected = 343.06 MW

» Total loss of generation after the failure occurrence and prior to the load shedding process

activation is 203 MW.

» Total load disconnected after the failure occurrence and prior to the load shedding process

activation or due to the load shedding process is 296.18 MW.

» If we consider separately total load shed under the load shedding mechanism, it is 238.13

MW.

From the above observations, it is clear that under the existing load shedding mechanism

excessive loads were disconnected. Load interrupted unnecessarily is about 93.18 MW.

2.2.2 Analysis of partial failure occurred on 29thQctober 2013 at 15:27 hours

Lakvijaya power plant was tripped at 15:27 hours giving the indication as ‘drum level low’. Load

shedding process was activated up to

stage IV.

Load tripped under egeh load, shedding stage was analyzed incorder to consider each load shed

individually. Frequefié

220 kV bus is mentlcﬁjfgne;d‘;:below;

\:}ij;l-;ot drawp fram;thersystep.frequanecy Vajues extracted from Veyangoda

Frequency (Hz) df/dt(Hz/sec)
- 1.4
51 ]
- 1.2
50.5
i -1
T T TN
50 -
J L 0.8 ——Frequency (Hz)
495 II // —df/dt reference
4o LSV / - 0.6 ——df/dt
| L TINY, | pd
a5 L LS N T (I - 0.4
. L~
| Ls-Ii w'l II "ll*h"nllmllulll.mln.m wi
g LSV / WWWWMWMM&".. . toa2
475 \IW\I\MMMU\J %- 0
47 -0.2
5 0 5 10 15

Time(seconds)

Figure 2.4 Frequency plot at 15:27 hours on 29" October 2013
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Loads shed under each load shedding stage are graphically represented as below;

Load (KW) Load Shed Stage - |

14,000 1

12,000

10,000

8,000

6,000

4,000

2,000 I I

I B BB EEEEEND
&§$> «6b ‘65 ‘g» «<> &5b «69 &§§a «da <§» Csp Q§56>

Figure 2.5 Load of the feeders shed under load shedding stage-I

Through analyzing above graph, loads which were unnecessarily interrupted can be clearly
identified. Loads of Matugama GSS feeder 01, Thulhiriya feeder 06 and Galle feeder 02 were
very less values and also not in the category which usually contribute greatly to reactive power
value. Therefore these loads were unnecessarily interrupted through this existing load shedding
mechanism due to pre-defined load shedding tables.

Load of the feeders shed under load shedding stage-Il is illustrated below which also shows
Matugama GSS feeder 05 was unnecessarily interrupted. Unawareness of the load of each feeder
which can be shed at the time of the failure leads to this situation.

Page | 12



Load (kW) Load Shed Stage - Il
A
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5,000

4,000

3,000

2,000

o
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$ S ¢ S 3 g S s N &
2 2 2 2 2 N2 2 2 N2 2
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Loads shed under Ib 20 di‘n'fg‘ Stage 1y snd NEafsivstatad BEIGWONS
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Figure 2.7 Load of the feeders shed under load shedding stage-IlI
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Load Shed Stage -IV
LoRd (kw)
7,000

6,000 -
5,000 -
4,000 -

3,000 -
2,000 -
1,000 -

0 -

Sapugaskanda- Pannipitiya- feeder Pannipitiya- feeder
feeder 03 04 08

Figure 2.8 Load of the feeders shed under load shedding stage-1V

Loads of Matugama feeder 06, Kiribathkumbura feeder 07 and Pannipitiya feeder 03 were not
contributing much for the total real power, but as per the predefined toad shedding table these

loads were shed.
-j’//_\\
[ A

\ R

%

Through the analys}_%_,,_;_f;]c this, fatlurgand Jdoad. shedding process it can be concluded that
unnecessary load shedding was occurred due to predefined load shedding tables under existing

under frequency load shedding mechanism.

2.2.3 Analysis of major failure occurred on 07t"December 2007 at 04:48 hours

Kelanitissa Combined Cycle power plant (KCCP) was tripped at 04.48 hours rejecting 163 MW
from the system due to a mechanical fault. Load shedding was operated up to stage-V. In the
meantime ACE Embilipitiya was tripped after about 8 seconds. Associated frequency drop
cascaded in to a total system collapse.
After data collection relevant to this failure following details were observed.

e Total generation available prior to the failure= 856.5 MW

e Generation loss after KCCP tripping =163 MW (19%)

e Generation loss after Ace Embilipitiya tripping= (163+70)MW = 233 MW(27%)

Then I calculated the total load shed under existing under frequency load shedding mechanism.
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Table 2.4: Load shed under existing load shedding mechanism on 07" December 2007 at 04:48 hrs

LOAD SHED.

TRIPPED

STAGE FEEDER AT RESTORED AT LOAD (MW)
Mathugama F1 -
Mathugama F3 -
Kotugoda F8 -
| Thulhiriya F1 4:48 6:00 1.7
Thulhiriya F5 4:48 6:09 4.3
Sapugaskanda F9 4:48 5:10 0.8
Sri J'Pura F3 Off
Sri JPura F8 4:48 5:52 0
Sapugaskanda F4 4:48 5:52 4.1
Sapugaskanda F6 4:48 5:16 1.45
Sapugaskanda F10 4:48 5:16 2.3
Rathmalana F2 4:48 5:15 0.5
Rathmalana F6 4:48 5:55 4.5
Rathmalana F7 4:48 5:57 0.25
I Pannipitiya F2 -
Mathugama F5 -
Mathugama F6 -
Mathugama F8 -
Kotugoda F6 -
Dehiwala F7 4:48 6:04 4.4
Habarana F8 4:48 6:20 1
Habarana E6 4:48 6:20 3.25
KobigodajF4 ;
i Katiigoda F7 -
Bentwala P8 4:48 6:02 3.65
Sapugaskanda F3 4:48 5:16 8.65
Mathugama F10 -
Thulhiriya F2 4:48 6:09 1.1
Thulhiriya F6 4:48 6:10 1.65
Kolonnawa Al Off
V-1 Kolonnawa A2 4:48 5:29 2.2
Kolonnawa B1 4:48 5:48 24
Kolonnawa B2 4:48 5:28 2.2
Pannipitiya F8 -
Pannipitiya F7 -
Pannipitiya F4 -
Dehiwala F6 -
Sub E F 252 4:48 5:58 15.8
Sub E F337 4:48 5:56 0
V-2 Sub F F 08 4:48 5:54 8
Sub F F 346 4:48 5:54 5
Sub F F 351 4:48 5:54 4
Pannipitiya - Rath 1 and 2 -
\Y Kotugoda - Veyan 1 and 2 -
Badulla - Ampara line 4:48 6:15 16
New Anuradhapura - Trinco 1 and 2 4:48 6:33 21
TOTAL LOAD SHED (MW) 120.2
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Before tripping of Ace Embilipitiya power plant, load shedding was operated. Even the
generation loss due to tripping of KCCP was about 163 MW, total load shed was only 120.2
MW. Due to this insufficient load shedding, system frequency was not stabilized and this has
caused a total system collapse.

From the above table it is observable that some feeders included in the load shedding table were
not energized at that time due to some reason. But system was not aware about that. Online data
monitoring is not possible within CEB system and load shedding tables are not updated.

Same pre-defined load shedding table is used without consideration of the time of the day (off-

peak/day-peak/night-peak).
2.3 Weaknesses of the existing load shedding mechanism

Through the analysis of above partial and major failures occurred in recent past, following
weaknesses were identified for the existing load shedding mechanism;

() Possibility of system collapse due to inadequate load shedding.

(1) Excessive load shedding due to pre-defined load shedding taples.

(1) Occurrence (g"’@'ore feeder interruptiens, than keqgdred,

(V) Reactive powg_r’_produced at-aach feeder, is not under consideration.

(V) Same pre-defined load shedding table for off-peak, day-peak and night-peak.

To overcome these weaknesses, a properly managed updated load shedding mechanism is
required to be implemented. Through the literature survey I learnt ‘intelligent load shedding
mechanism’ is the best application to adapt in CEB network which can be practiced after
completion of SCADA (Supervisory Control and Data Acquisition) which facilitates online data
monitoring.

An intelligent load shedding system can provide faster and optimal load relief by utilizing actual

operating conditions and knowledge of past system disturbances [1].
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Chapter 3
INTELLIGENT LOAD SHEDDING MECHANISM

An effective load shedding mechanism requires knowledge about power system dynamics,
process constraints and system disturbances. This is possible within ‘intelligent load shedding
mechanism’.

An intelligent load shedding system can be illustrated as below;

system monitoring &
Simulation System

. Qaf‘ N3 o e A LY
\ ) & T1 s
[ ILS Séever

“Knowledge Base +

\
‘\
\
Computation Engine  \
) B A
Updated Optimal System
Load Sheddlng disturbance Load Sheddi
oad Shedding
Tables N signal Load Circuit
[ PLC ]— Breakers
Load Shedding

—

Signal
PLC ]

Load Circuit
Breakers

Figure 3.1 Basic representation of intelligent load shedding system

Here system data is continuously observed through advanced real time power system monitoring

and simulation system. These system data can be generation of each on-site unit, total
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generation, total load demand, load demand of each feeder which is in the list of low priority
feeders, spinning reserve.
These data is collected at data collection servers located at each substation. ‘Intelligent Load
Shedding server’ (ILS server) which is a combination of ‘knowledge base’ and ‘computation
engine’ is located at System Control Centre. This ILS server gets data from data collection
servers continuously. Based on the input data and system updates, the knowledge base
periodically sends requests to the ILS computation engine to update the load shedding tables,
thus ensuring that the optimum load will be shed when a disturbance occurs [3].
These updated optimal load shedding tables are getting transferred to Programmable Logic
Controllers (PLC) installed near feeders which can be shed. Whenever a system disturbance
occurs, load shedding gets activated following updated optimal load shedding tables.
An intelligent load shedding scheme provides following main benefits;

1. Time-variant load shedding tables which reflect true status and loading conditions for the

loads which can be shed.
2. Optimal b ads feeders \ | can. be shec maximize load

preservations £

\ s/

3. Fast respc 31*0 disturbance
4. Environn _ ) and validate load

shedding decisions [4].

3.1 Forming mathematical model in MATLAB software
As in CEB network online data accessing is not possible, MATLAB software was selected to

build-up a model which facilitates ILS. Following steps were followed in this process;
i. Selecting a reduced network from CEB network to form a model in MATLAB software.

ii. Collecting data related to the network and modeling data for the uploading purpose in
MATLAB software.

iii.Extracting load data of the feeders that can be shed.
iv. Importing modeled data into MATLAB software.
v. Designing Graphical User Interface (GUI) in MATLAB software.

vi. Developing the program algorithm and coding to update optimal load shedding tables and
to activate load shedding through monitoring system frequency and frequency deviation
rate.

vii. Application of case studies in MATLAB software.
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3.1.1 Selection of reduced network

Following reduced network was selected in order to build-up a model in MATLAB software to

apply ILS;

EW LANARANA

18 6} F1 F2F3 F4 5 F6 F7 F3

%315 EMBILIMTIYA

2 .
MVA

M'll'A- ATV
7 N T L
FLE2E3FAES F6 F8  E7 FL F2 F3 M4 F5 F6F7 F8 MY
- Edasaw ([0 63
o
ACE MATARA

ZEEEREE

iy E2F3 F4 FS F6 F7 F8

(EMBILI PITI'f-’-kI

Figure 3.2 Selected network for MATLADB modeling

Two major hydro power plants, two thermal power plants and mini-hydro power plants are
located in this network with below mentioned generation capacities;

O New Laxapana Power plant — 2 x 50 MW

O Samanalawewa Power plant — 2 x 60 MW

U Ace Power Matara—4 x 5 MW

O Ace Power Embilipitiya — 100 MW

O Mini-hydro power plants in Ratnapura —22.05 MW

U Mini-hydro power plants in Deniyaya — 4 MW

U Mini-hydro power plants in Balangoda — 25.85 MW
Total generation produced at mini-hydro power plants were considered as constant values for
this study.
There are seven grid substations located in this network as follows;
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e Embilipitiya GSS
e Matara GSS
e Balangoda GSS

e Deniyaya GSS
e Galle GSS
e Hambanthota GSS

e Ratnapura GSS

3.1.2

Data collection and modeling

Initially MW readings of each GSS were modeled after deriving demand curve equation for each

GSS. Average Watt readings extracted from energy meters located at GSS were obtained and

demand curves were derived for day-peak, night-peak and off-peak as below;

Table 3.1: Derived Demand curve equations for each GSS based on time of the day

i. Embilipitiya GSS:

- Tine-of the day
Day —
[Rappak Night-paak Off-peak
Weekday | y= 0.02 x%=0.35x+9 .54 yaceAk+39.3 x -368 y=0.24 X?-0.97 X +5.05
Saturday | y=-0.02x"+0.66x+ 4.55 y = -0.93x° + 36.2x —337.5 y = 0.11x" -0.39x+ 5.4
Sunday | y=0.011x*-0.175x+8.78 y = -1.02x° + 39.6x —369.04 y=0.15x"-0.813x+6.5
ii. Matara GSS:
Time of the day
Day n
Day-peak Night-peak Off-peak
Weekday | y=-0.014x* +0.53x+14.35 y=-1.17 x* +44.65x -400 y=0.54 x* — 2.15x +11.9
Saturday |y=-0.07x°+1.83 x+ 7.08 y=-1.12 x* + 43.12 x - 387 y= 0.28 x* -1.264x+12
Sunday | y=0.004x*+0.008 x+15 y=-1.28 x* + 50 x - 454 y= 0.245 x* -1.33x+12.41
iii. Balangoda GSS:
Time of the day
Day
Day-peak Night-peak Off-peak
Weekday | y=0.07x* +1.27x+34.3 y=-3.63 x* +141.43x -1326 y=0.87 x* — 3.5x +18.2
Saturday |y=-0.098x*+3.28 x+ 22.75 y=-4.65 x> + 180.95 x —1687.7 y= 0.539 x? -1.95x+27
Sunday | y=0.034x*+0.525 x+26.35 y=-3.058 x* + 118.7 x - 1107 | y= 0.5 x* -2.44x+19.5
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iv. Deniyaya GSS

Time of the day

Day -
Day-peak Night-peak Off-peak
Weekday y=0.02x? -0.34x+9.25 y=-0.98 x* +38x -357 y=0.23 x* — 0.942x +5
Saturday y=-0.09x*+2.6 x+ 9.9 y=-1.57 x* + 60.37 x -541.9 y= 0.386 x* -1.77x+16.7
Sunday y=0.022x* -0.35 x+17.6 y=-2.04x*+79 x - 738 y=0.3 x* -1.63x+13
v. Galle GSS
Time of the day
Day -
Day-peak Night-peak Off-peak
Weekday |  y=-0.02 x* +0.74x +20 y=-1.64 x* +62.5x -560 y=0.76 x* — 3.01x +17
Saturday | y=-0.105x°+2.93 x+ 11.326 y=-1.8 x* + 69 x 619 y= 0.44 x* -2.023x+19.05
Sunday | y=0.006x*+0.011 x +19.5 y=-1.7 x* +64.5 x -590 y=0.32 x* -1.33x+16.2

vi. Hambanthota GSS

Time of the day

Day -
Day-peak Night-peak Off-peak
Weekday | y=-0.007 x* +0.26x +7.18 y=-0.584 x* +22.33x -200 y=0.27 x* — 1.08x +6
Saturday | y=-0.034x+ x+.3:54 = (03561 X% + 21,6 X =193 137 x* -0.633x+5.95
Sunday | y= 0002480042675, i . Y2064 X, 425 X22] ).123 X2 0.7%+6.2
vii. Ratnapura GSS - — - % o
Day —— X
Day-peak Night-peak Off-peak
Weekday | y=0.06 x* -1.06x +28.6 y=-3.02 x* +118x -1105 y=0.72 x* — 2.9x +15.15
Saturday | y=-0.08x*+2.626x+ 18.2 y=-3.72 X + 14476 x—1350.16 | y= 0.43 x*-1.56x+21.7
Sunday | y=0.05x*-0.7 x+35 y=-2.5 x* +99 x -922 y= 0.6 x* -3.25x+26

In these demand curve equations, x defines time of the day in hours while y represents the load at

the particular time. Total load of each GSS was calculated based on this demand curve equation.

After analyzing readings taken by System Control branch at off-peak, day-peak and night-peak

feeder wise, relationship between demand of each feeder and total demand was observed. Total

demand value at a particular time was distributed over feeders based on this relationship.

Demand database was formed as per the above criterion. Depending on the total demand at a

particular time, generation database was formed. Main concern was on dispatching hydro

generation units such as New Laxapana and Samanalawewa. Mini hydro generation was kept as

constant.

Page | 21




3.1.3 Extracting load data of the feeders that can be shed

Electricity demand of the feeders which can be shed were filtered and entered in a separate sheet.

Feeders which can be shed were selected depending on the demand of each feeder which is not

categorized as ‘high priority feeder’.
(i) Embilipitiya feeder 06
(ii) Matara feeder 01
(iii)Matara feeder 06
(iv)Matara feeder 07
(v) Balangoda feeder 05
(vi)Deniyaya feeder 01
(vii) Galle feeder 04
(viii)Galle feeder 07
(ix)Hambanthota feeder 05
(x) Ratnapura feeder 01
(xi)Ratnapura feeder 08

Here reactive powerg‘k‘;’gmponent of each. feeder. whighreap_he.shed was also calculated and

entered. Power factor._;\(alue was -obtainedfor €ach.GSS from readings taken by grid operators

recently. Reactive power was calculated based on this power factor value.

Feeders which can be shed were arranged in descending orders of real power and reactive power

as below;

Table 3.2: Descending order of real power and reactive power of feeders which can be shed

Descending order of real power

Descending order of reactive power

Ratnapura feeder 08 Ratnapura feeder 08
Balangoda feeder 05 Balangoda feeder 05
Galle feeder 04 Galle feeder 04

Galle feeder 07 Matara feeder 06
Matara feeder 06 Matara feeder 07
Ratnapura feeder 01 Ratnapura feeder 01
Matara feeder 07 Matara feeder 01
Matara feeder 01 Hambanthota feeder 05
Embilipitiya feeder 06 Galle feeder 07
Hambanthota feeder 05 Embilipitiya feeder 06

Deniyaya feeder 01

Deniyaya feeder 01
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Based on above order, load shedding sequence was built up as below;
(i). Ratnapura feeder 08
(ii).Balangoda feeder 05
(iii).Galle feeder 04
(iv).Matara feeder 06

(v). Matara feeder 07
(vi).Galle feeder 07
(vii)Ratnapura feeder 01
(viii)Matara feeder 01

(ix) Hambanthota feeder 05
(x) Embilipitiya feeder 06
(xi) Deniyaya feeder 01

3.1.4 Importing modeled data into MATLAB software

Excel sheets consist of demand data, generation data and demand of feeders which can be shed
were imported to MATLAB software.

Calculation of systeng?[g’quency was, dane using. following,equation;

Jnew = fo S2 (0.17) Here 0.1 is At in seconds

dt
% = rate of change of frequency (Hz/s)

The basic characteristic of the frequency change of a power system is derived from the following
equation;

af (PL—Pg) _fo
- B X T PXM

fo = frequency at the time of disturbance (Hz)

H = System inertia constant on system base (3.35)
P.= Load prior to generation loss (MW)

P = Generation sum after loss (MW)

D = Power system load damping constant in pu/Hz
Af = Change in frequency (Hz)

D depends on the load categories and varies between 1% and 2%. To simplify the model ‘D’ is

assumed as ‘zero’.
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df fo
E = AP X ﬁ
Here, AP = (Ginti{0)
Pg

AP= Power change (per unit in system load base)

3.1.5 Designing Graphical User Interface (GUI) in MATLAB software
Coding was built-up in MATLAB software to form Graphical User Interface (GUI) where user
can select required details as follows;

» Day of the week user wants to view data.

» Required plots such as ‘load vs. generation’ or ‘operation of power plants vs. time’, etc.
» Resolution in minutes and update speed in milliseconds.
>

Manual option to trip a machine.

Here manual option was given for the user to input time for a machine tripping and time when
relevant machine is coming back .to the. system, This facility was included in order to view the

behavior of the systerﬁ'@r each rpaghine trpping.

(B o shetting Smatztor AR (=
File Edit View Inset Tools Desktop Window Help Ll
Ogde A0 EL- S/ 0EH O
—eethate — Set Resolation (minutes) ——————————— Set Update Specd(miliseconds) Set Disnlay Owtion: Option:
@ Sunday [7] Load vs Generation
() Monday [] Operation of Power Plants v Time
(©) Tuesday [] Demand vs GSS
() Wednesday || System Frequency
() Thursday [T] Feeder Shutdowns
() Friday
() Saturday
— Power Plants Setti
Power Plants Time Pairs
Laxapana 01 00
Laxapana 02 00
Samanalawewa 01 oo
Samanalawewa 02 [
|ACE-atara oo
\ACE Embilipitya 00
| Simulate:

Figure 3.3 Graphical User Interface (GUI)
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Imported data into MATLAB software can be accessed as below;

24 Simulation Plot Windo

File Edit View Inset Tools Desktop Window Help

Ndde | k|AROIRL- G 0B |nD
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time (hour)
Operation of Power Plants vs Time
T I I
= 40+ - -
= -
) I — — i
o /

=
o
=

Power (MW)
2 & 8

time (hour)
Demand vs GSS

=3

—|| RATNAPURA

|| HameanTHOTA]

BALANGODA
MATARA -
DENIYAYA
GALLE

EMBILIPITIYA

Figure 3.4 View of selected plots for a Sunday

3.1.6 Developing the program algorithm and coding to update optimal load shedding

tables and to activate load shedding

Initially developing program algorithm for the operation of intelligent load shedding mechanism

is done.

Flow chart representation is illustrated below;
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STA RT% .
/

/ Read GTotal / / Read TotalLoad

detP = TotalLoad — Gtotal

GTotal
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Figure 3.5 Flow Chart for the load shedding mechanism

Here L= Load of the feeder no.(j) which can be shed, at the time load shedding is required.
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Each MATLAB file (‘m’ file) created is attached at the end of this report as appendix-B,
appendix-C, appendix-D, appendix-E, appendix-F, appendix-G and appendix-H.

Coding written for the checking of system frequency and frequency deviation rate is shown
below;

File Edit Test Go Cell Tools Debug Desktop Window Help
EEL IR Y IR XTI RE-E-E LY K
BB | - 1.0 + =+ [1a = | =F% 255 | @

118 — for k = 1:48

119 — if (dfdtc (k) >= 0.85 && fnew(k) <= 49.0)
120 — =load=s = =sheddable=s (date, k, =) -

121 — cutldxs = cutoff (delcP(k), sloads) ;
122 — disp (cucId=xs=) »

123 — if(cucIidxs~=0)

124 — for tmd = l:isize(cutIdxs,Z2)

125 — map (txd, k) = 0O:

126 — end

127 — gavedP (k) = sum(=sloads (cuclId=xs) ) »
128 — end

i1zs — elseif (fnewi(k) <= 48.75)

130 — pau=ze (O.001)

131 — if (Efmnew(k) <= 48.75)

132 — sloads — sheddables (date,k, ) 7
133 — cutldx=s = cutoff (deltP(k), =loads) :»
134 — disp (cucId=xs) ;

135 — if(cucIdas~=0)

136 — for twxd = l:size (cucldxs=s,Z2)
137 — map (cxd, kY = 07

138 —

139 — savedP(k = ey (sloads (cupdadxes
140 — Ll ERS

141 — é“% ey

laz — /5 g EneEds [ kX =1 BCS

143 — AR AT cutIdx=s =

144 — s eRAg

145 — =

146 —

147

148

149

Figure 3.6 MATLAB Coding for checking frequency and frequency deviation rate

Here, a time delay of 100 ms is introduced before activation of load shedding to check whether
frequency is improved or not. This is the same time delay used by CEB to avoid unnecessary

interruption of load.

3.1.7  Application of case studies in MATLAB software

Following case studies were implemented using the algorithm developed in MATLAB software;
(1). Shutting down of machine-02 in Laxapana power station at t=1000 minutes (16:40 hours)
and bringing back to the system at t=1110 minutes (18:30 hours).

(2). Shutting down of machine-01 in Samanalawewa power station at t=1140 minutes (19:00

hours) and bringing back to the system at t=1170 minutes (19:30 hours).
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(3). Shutting down of machine-01 in Laxapana at t=1200 minutes (20:00 hours) and bringing
back to the system at t=1230 min (20:30 hrs) and shutting down machine-01 in Samanalawewa

at t=1210 minutes (20:10 hours) and bringing back to the system at t=1240 minutes (20:40
hours).

3.1.7.1  Shutting down of machine-02 in Laxapana power station at t=1000 minutes (16:40
hours) and bringing back to the system at t=1110 minutes (18:30 hours)

The above time pairs when machine tripping occurs and coming back to the system were entered
in GUI under ‘power plants settings’ column. Initially plots of ‘load and generation vs. time” and

‘operation of power plants vs. time’ were obtained as below;

Simulation Plot Window
File Edt View Inset Tools Desktop Window Help

JJHé [% +\\@@‘E£' @J DE EM

Load vs Generation
240

iaJ'r'éalje Shedding f 7

[

=

=
I

o
=

Povver (MWW

=
=
T

\ | |
10 15 bl P
time (hour)
Operation of Power Plants vs Time

e
=

=4
[

.
=
I

Power (MW
=]
T
,//
1

time (hour)

=

Figure 3.7  Plots of ‘load and generation vs. time” and ‘operation of power plants vs. time’ for example-

Machine-02 in Laxapana power station was generating about 40 MW which was almost 29% of
total generation available at that time. Plot line represented by ‘pink colour’ shows MW
generated by machine-02 in Laxapana power station.

Plot of feeder shutdowns is shown below which represents shedding of feeder 08 in Ratnapura

GSS, feeder 05 in Balangoda GSS, feeder 04 in Galle GSS, feeder 06 and 07 in Matara GSS. It
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can be said that it is the best combination of the loads to be shed by looking at system frequency

behavior.

24 Simulaticn Plot Window

Odde| k

File Edit View Insert Tools

LROPELA- S

200 H

I}
=)

Desktop  Window  Help

08 eO

Load vs Generation

Total Generation
Balance after Shedding
Total Load

time (hour)
System Frequency

20

time (hour)

Feeder Shutdowns

Figure 3.8 Piots of ‘ioad and generation Vs. time’, ’frequency Vs. time’ and feeder shutdowns

For example-01

3.7.1.2  Shutting down of machine-01 in Samanalawewa power station at t=1140 minutes
(19:00 hours) and bringing back to the system at t=1171 minutes (19:31 hours)

The above time pairs when machine tripping occurs and coming back to the system were entered

in GUI under ‘power plants settings’ column. Initially plots of ‘load and generation vs. time’ and

‘operation of power plants vs. time’ were obtained as below;
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g Simulation Plot Window.
File Edit View Inset Tools Deskiop Window Help

DHEL| bR TDEL-B|08 8D

Load vs Generation
250 T T

200

1580 —

Power (W)

100

50 | | | |
0 5 10 15 20 25

time: (hour)

Operation of Power Plants vs Time
T T T

Power (VW)
T
|

time: (hour)

Figure 3.9  Plots of ‘load and generation vs. time’ and ‘operation of power plants’ for example-02

Machine-01 in Samanalawewa power station was generating about 50 MW which was almost
22% of total generation available at that time. Plot line represented by ‘black colour’ shows MW
generated by machine=81 in Samanalawewa power station.

Plots of frequency w&E@tlme ano-feaden shutdewns-are shownbealowwhich represents shedding
of feeder 08 in Ratné{p'_ﬁrva GSS, ferder DolinBalangoda GSS, feeder 04 in Galle GSS, feeder 06

in Matara GSS;

Simulation Plot Window:

File Edit View Insert Tools Desktop Window Help o

DEES | kR 0DEL4- 3 0H a0

Load vs Generation

Total Generation
2001 Balance after Shedding _
Total Load
150 —
100 —

time (hour)
System Frequency

Power (M)

Frequency (Hz)
o
S
T
1

time (hour)

Feeder Shutdowns

nz =520

Figure 3.10  Plots of ‘load and generation vs. time’, ‘frequency vs. time’ and ‘feeder shutdowns’ for

example-02
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3.7.1.3 Shutting down of machine-01 in Laxapana at t=1200 minutes (20:00 hours) and
bringing back to the system at t=1230 min (20:30 hrs) and shutting down of
machine-01 in Samanalawewa at t=1210minutes (20:10 hours) and bringing back to
the system at t=1240 minutes (20:40 hours)

The above time pairs when machines’ tripping occurs and machines’ coming back to the system
occurs were entered in GUI under ‘power plants settings’ column. Initially plots of ‘load and

generation vs. time’ and ‘operation of power plants vs. time’ were obtained as below;

2] Simulation Plot Window |
i

File Edit View Inset Tools Desktop Window Help ¥

DEde | ARGV EL- 3| 0E|aD

Load vs Generation
250 T

Total Generation

Balance after Shedding T
200 H Total Load \ n

mn_?: t%: Lt P R | \ |

0 A, ] 15 2 2

Power (MWV)

a

0 -

Power (MWW)
I

time (hour)

Figure 3.11  Plots of ‘load and generation vs. time” and ‘operation of power plants’ for example-

Machine-01lin Laxapana power station was generating about 20 MW which was about 9% of
total generation available at that time. Plot line represented by ‘cyan colour’ shows MW
generated by machine-01 in Laxapana power station.

Machine-01in Samanalawewa power station was generating about 50 MW which was almost
22% of total generation available at that time. Plot line represented by ‘black colour’ shows MW

generated by machine-01 in Samanalawewa power station.
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Plot of feeder shutdowns is shown below which represents shedding of feeder 01 and08 in
Ratnapura GSS, feeder 05 in Balangoda GSS, feeder 04 and 07 in Galle GSS, feeder 06 and 07
in Matara GSS;

g4 Simulation Plot Window

Power (M)

Frequency (Hz)
o
S

File Edit View Insert Tools Desktop Window Help

DEEe kRO ELWL- G 0EH O

Load vs Generation

ol

Total Generation
Balance after Shedding
Total Load

time (hour)
System Frequency

time (hour)

Feeder Shutdowns

Figure 3.12

Plots of “load and generation vs. time’, "frequency vs. time” and ‘feeder shutdowns’ for
example-03

Even though intelligent load shedding can be implemented in MATLAB software, result analysis

cannot be done in a proper way as we have to apply ‘under frequency load shedding mechanism’

also in MATLAB software. It was decided to apply both load shedding mechanisms in ‘Power

System Simulator for Engineering’ (PSS/E) software for further verification. This is described in

the next chapter.
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Chapter 4

RESULT ANALYSIS IN PSS/E

4.1 Introduction to PSS/E software

Power System Simulator for Engineering (PSS/E) is an integrated program for simulating,
analyzing and optimizing power system performance. This software is a tool for use in the design
and operation of reliable networks. Transmission and Generation planning Engineers in CEB

also make use of this software tool in order to improve system performance.

4.2 Planning Criteria

The planning criteria were established to ensure quality and reliable supply of electricity under
normal operating conditions as well as under emergency situations. It was done in four important
areas;

(i). Voltage criterion

(i1). Thermal criterion .

(iii). Security criterigh’

(iv). Stability criterion=

4.2.1 Voltage criterion

Permissible voltage variations from standard voltage at any live bus bar of the network under

normal and single contingency operating conditions are defined.

Table 4.1 Permissible voltage variation in 220 kV, 132 kV and 33 kV systems

— TR
Bus bar voltage Permissible voltage variation (%)

Normal operating condition Single contingency condition
220 kV +5% -10% to +5%
132 kv +10% +10%
33 kv +1% +1%

Page | 33




4.2.2 Thermal criterion

This is a limitation for the loading of transmission network to avoid overheating under
‘overloading’.

4.2.3 Security criterion

The system performance is assessed under emergency situations in this criterion. The adopted
contingency level for the planning purposes is N-1 which implies outage of any one element of
the transmission system at a time. When N-1 situation arises the system should be able to meet
the distribution demand following voltage criterion and thermal criterion.

After system readjustment following a disturbance described above, the voltage and loading of
elements should return to their corresponding normal limits [7].

4.2.4 Stability criterion

Under stability criterion system stability must be confirmed during and after a system

disturbance.

For a” pertalnlng anttinmoent in canzire the cvietam chniild ramain ctahla in race I)f’

» Three-ph: %ﬁ&a Ry 'one-‘overhéad 1ine terminal; cléared by th imary protection
=) :
with succ "Sfuféi’]('." nsuccessful auto re=¢losing
» Loss of any one ¢

» Load rejection by loss of any transformer [7]

4.3 Static versus Dynamic Analysis
Static and dynamic analysis studies are two most common methods used within CEB for
analyzing power system stability.

4.3.1 Static Analysis
Static or steady-state analyses are the load-flow studies done when system is under equilibrium
state. Here generation always equals to load demand and losses. Voltage stability studies are

done through static analysis.

4.3.2 Dynamic Analysis

Dynamic analysis or time-domain analyses are the power system stability studies done when a

disturbance occurs.
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Here for the result analysis and for a better comparison, dynamic analysis was done for both load
shedding mechanisms- under frequency load shedding(UFLS) and Intelligent Load
Shedding(ILS) in PSS/E software.

4.4 Result Analysis

Simulation was done in PSS/E software for both load shedding mechanisms for three scenarios

as mentioned below;

CASE STUDY 1: Tripping of both machines in New Laxapana power station and both machines
in Samanalawewa power station.

CASE STUDY 2: Tripping of both machines in New Laxapana power station, both machines in
Samanalawewa power station and machines in Old Laxapana power station.

CASE STUDY 3: Tripping of both machines in New Laxapana power station, both machines in

Samanalawewa power station and machine 1 in Lakvijaya power station.

As in PSS/E load data are mentioned GSS-wise, initially | had to remodel load network in order

to view 33 kV feeders | ' load sheddi hanism is considering each
feeder separately l}@% se! Several! other Ymoaitications—Were <also to the modeled
PSSIE file for the injplementation of (13

As these three sc idered for a'l | also considered

another case study as mentioned below which has already been occurred in the system.

CASE STUDY 4: Tripping of machine-01 in Lakvijaya power station

Tripping of machine-01 in Lakvijaya power station was occurred on 07" April 2015 at 23:33
hours due to a failure in the cooling system. This scenario was considered as a practical case
study.

4.4.1 Implementation of ILS in PSS/E software

Following procedure was followed in implementation of ILS in PSS/E.

(). Load demand of each feeder in each GSS was collected for a particular date (14/12/2014).
(ii). Real power and reactive power were obtained for each feeder for the same date at 19:00
hours. Following equations were used in calculating real power (equation 1) and reactive

power(equation 2) of GSS where relevant MW or MV Ar meters are not available.

P = V3XxVXIXcosf —»@

Q =V3xVxIxsingd — »
Here, P=Active power or Real power in kW, V = Voltage in kV, | = Current in kA
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cos@ = power factor, @ = The angle of difference between current and voltage in degrees

(iii). Generation data was collected for the same date (14/12/2014) at 19:00 hours where readings

were taken in MW.

(iv). As feeders were not included in available PSS/E file for CEB network in System Control

Centre, feeders were included for each GSS up-to-date with active power (P) and reactive power

Q).

PSS®E 33 - [\2014Dec\CASEINTN 2014 sav

=T ]

RE=A" R NEEN -4 i P =T S E 1 I — o — = b b b o B e I mow T b A e e F X RN
File Edit View Diagram PowerFlow Fault OPF Trans Access Dynamics Disturbance Subsystem Misc 1O Control Tools Window Help
100% = @ QP& F @ s B EFCE Bk o 0 F ¥ B BEH & =
g PRPREAEAAR T L7 v o ol ol FE
Plot Tree View ¥ 2 X | Networkdata x
= Plot Data Bus Bus Area Area Zone Zone Owne|  Owner In Pload | Gload IPload 1Qload -
& 1 Chanrel Files Humber Name [ code| yum Hame Num Hame r Name Service | SCalable| Interruptible) e, (Mvar) (v (Mvar)
3 Comirade Files 3120 WIMALZ 330 : 1 = 1 1 1 [ W] Yes: [ 11.2000 . 76813 0.0000 0.0000: |
3 Functions 3150 AMPA3 330 1 1 i i i [t Yes T 21000 13058 4.0060 00000 ;| =
3150 AMPA3 330 2 1 3 i i [ i[] Yes | [ 70000 11283 0.0000 0.0000
350 AMPA3 330 3 1 3 i i [t Yes T 285000 47548 4.0060 06000
| 3160 INGIN-3  33.000. 1 1 i i i [ i[] Yes | [ 00000 0.0000 0.0000 0.0000
UKUWE3 330 1 = i i i [ i) Yes T 60000 0.0000 4.0060 0.0000
UKUWE-3 330 2 = 4 i i [ i[9] Yes | [ 00000 0.0000 0.0000 0.0000
UKUWE-3 3303 = 4 i i [ i) Yes T 11,0500 | 30694 0.0060 0.0000
UKUWE-3 330 4 = 4 i i [ i[9] Yes | [ 52500 . 15028 0.0000 0.0000
UKUWE-3 330 5 = 4 i i [ i) Yes T 14,0000 | 38290 0.0060 0.0000
VAVUN-33 331 1 i i i [ i[9] Yes | [ 28500 04594 0.0000 0.0000
VAVUN-33 33 2 1 4 i i [ i) Yes T ii000 04773 0.0060 0.0000
VAVUN-33 333 1 4 i i [ i[9] Yes | [ £1500 03301 0.0000 0.0000
VAVUN-33 3304 1 4 i i [ i) Yes T 11500 oissd 0.0060 0.0000
VAVUN-33 335 1 4 i i [ i[9] Yes | [ 33500 06205 0.0000 0.0000
RANTE:Z 3301 = i i i [ i) Yes T 02000 0.0640 0.0060 0.0000
MAHIVANGE 33 1 1 q q i W i[v] Yes | [ 58000 15473 0.0000 0.0000
| MAHWVANGE 23 2 1 i i i W i) Yes T 37500 06044 0.0060 0.0000
WAHIVANGE 23 ; 3 1 03082 0.0000 0.0000
| | 14903 0.0060 0.0000
| | 18605 0.0000 0.0000
CH 3 i <1 6.0000 0.0060 0.0000
i i i 0.0000 0.0000 0.0000
| | 10950 0.0060 0.0000
| | 01512 0.0000 0.0000
| | i 08510 0.0060 0.0000
| * 18198 0.0000 0.0000
| 0.0000 0.0000 0.0000
| 0.7545 0.0000 0.0000
| 7.6475 0.0000 0.0000
| 36351 0.0000 0.0000
| 34207 0.0000 0.0000
| 39781 0.0000 000007 -
4 I3
[ <l »[m[\ Bus } Plant } Machine } Load j Fixed shunt j, Switched Shunt Induction Machine }, Branch }, Bresker }, 2Winding } 3 Winding Impedance table ) FACTS J, 2-TermDC_}, VSC
Output Bar >~ o x

Figure 4.1 Load modeled feeder wise in PSS/E

(v). Collected generation data was entered to the same PSS/E file as shown in figure 4.2.

PSS®E 33 - [\2014Dec\CASELNTN 2014.5av
= PR e En WM =r =1 2 Wk |z 30 g0 LI A SN R [c S [ - oo
File Edit View Diagram PowerFlow Fault OPF Trans Access Dynamics Disturbance  Subsystem Misc 1O Control Tools \Window  Help
100% x| @ QB @ # i I = B @i oie a » ¥ F & faz] AR B B =
gl P HERHE &M L oFef R W [0 [0 [ EE b
Plot Tree View - X Network data  x
=iz Plot Data a | Area Area Zone Zone coge| VSched | Remote n PGen Phax PMin en Qmax a .
[ Channmel Files Num Name Hum Name (pu) Bus. service (hawy) (hawY) (hawY) (Mvar) (Mvar) [
(3 Comtrade Files T 2 7 = 1.0000 AR 30,0000 25.0000 0.0000 —3.0000 5.0000 ]
£ Functions 2z z 1 -z 1.0000 T 24,0000 250000 0.0000 20000 810000 4
1 2 1 -2 1.0000 o (%] 25.0000 25.0000 0.0000 0.0000 5.0000
1 2 2 1 2 1.0000 e 25,0000 25,0000 0.0000 0.0000 5.0000
i 3 1 =2 4.0100 o ] 38,0000 375000 0.0000 40000 17.6000
2 2 1 -2 1.0100 o [w] 37.0000 37.5000 0.0000 4.0000 17.0000
i 2 1 = 1.0000 0 26,0000 30,0000 0.0000 0.0000 50000 -
2 2 1 2 1.0000 o [w] 25.0000 30.0000 0.0000 0.0000 5.0000 1
1170 | SAMAN-1 13201 1 1 2 1.0200 o [¥] 60.0000 60.0000 0.0000 7.4232 27.0000 -1
1170 | SAMAN-1 13202 1 1 2 1.0200 o [¥] £0.0000 £0.0000 0.0000 74232 27.0000 -1
1200 | UKUWE-1 13201 4 1 -2 1.0000 o ¥ 19.0000 19.0000 0.0000 0.0000 10.0000
1200 | UKUWE-1 132 2 4 1 -2 1.0000 o =] 0.0000 15.0000 0.0000 1.5307 10.0000
1210 BOWAT-1 132 1 T 1 2 1.0100 0 & 37.0000 40,0000 0.0000 37744 15,0600 |
1300 | KELAN-1 132 1 [ 1 -2 1.0000 o [l 0.0000 16.0000 0.0000 0.0000 7.0000
1410  KUKULE-1 132 1 8 1 -z 1.0100 0 T 38,0000 35.0000 0.0000 -6.0000 15,0000
2 e 1 -2 1.0100 o [¥] 38.0000 35.0000 0.0000 -5.0000 15.0000 -
1 6 1 -2 1.0100 o ] 0.0000 51.0000 0.0000 30.0000 30.0000
1 1 1 -2 1.0500 o =] 0.0000 100.0000 0.0000 30.0000 30.0000 -
1 7 1 -2 1.0100 o [} 0.0000 100.0000 0.0000 5.0000 35.0000
1 6 1 -2 1.0000 o |l 0.0000 £0.0000 0.0000 35.0000 35.0000
i1 5 1 -2 1.0200 o [w] £8.0000 £0.0000 0.0000 -5.0000 20.0000 -
2 5 1 -2 1.0200 o [¥] 58.0000 60.0000 0.0000 -5.0000 20.0000 -
| 1 2 1 2 1.0000 o ] 0.0000 13.0000 0.0000 7.0000
| 1 4 1 -z 1.0000 o =] 0.0000 17.3000 0.0000 2.0000
1 5 1 -2 1.0000 o il 0.0000 5.8000 0.0000 0.0000
1 6 1 -z 1.0200 o [l 0.0000 32.0000 0.0000 7.0000
1 [ 1 -2 1.0200 o [l 0.0000 32.0000 0.0000 7.0000
1 8 1 -2 1.0000 o i} 0.0000 20.2000 0.0000 12.0000 -
1 ) 1 -2 1.0000 o =] 0.0000 18.5000 0.0000 £.0000
1 3 1 2 1.0000 o i} 0.0000 19.7000 0.0000 4.0000
1 [ 1 -2 1.0150 o [l 0.0000 22 5000 0.0000 7.0000
1 1 3 1 -2 1.0000 o [} 0.0000 24.0000 0.0000 3.0000
| 1 1 1 -2 1.0000 o [l 0.0000 35.4000 0.0000 10.0000 -
« i - v
[ <1 »I M Bus } Plant } Machine / Load }, Fixed Shunt Switched Shunt Induction Machine Branch } Breaker 2 Winding 3 Winding Impedance table FACTS , 2TermDC }, VSC

Figure4.2 Machine file updated with generation data in PSS/E
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(vi). Depending on active power and reactive power descending order, best load shedding

sequence was obtained as attached in appendix-I.

(vii). Diary file(.dyr file) was written for each 4 scenario as mentioned above (case study 1, case

study 2, case study 3 and case study 4) with the use of best load shedding sequence.

Screenshot of each diary file is given below;

| 2014 DYRE CASEL -
File Edit Format View Help

4300
4300
4300

3580
3650
3770
3600
3530
3600
3520
3890
3790
3820
3420
3200
4920
3570
3580
3705
3260
3570
3680
3560
3590
4435

'GENROU'

'SEXS'
'GAST'

'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'
'LDSHBL'

1

LN S s S S W N WL S N U W = Lo N

0.049 1.18 0.066 8 0.5 1.81 1.77 0.259
0.1 10 100 0.05 0 3.5 !
0.05 0.4 0.1 3 1 2 0.95 0

0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 0 0.0 0.0
0.0 0.0 1] 0.0 0.0
0.0 0.0 i 0.0

60 010 0 0l

0.0 0.0 0 0.0

0.q¢ 4.0 (1] 8,0

0.0 0.0 0 0.0 0.0
0.0 1) 0 [E:] 0.0
0.¢ o 0 il 0.0

0.344

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.g6
0.86
0.06
606
0.06
0.06

0.06

0.179

N T

0.1

0.125

0.589

/

Figure 4.3 Diary file written for case study-01

| 2014 DYRE CASEZ - Notepad =
File Edit Format View Help

3580 'LDSHBL' 2 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3650 'LDSHBL' 3 48.73 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3770 'LDSHBL' 1 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3600 'LDSHBL' 3 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3530 'LDSHBL' 3 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3600 'LDSHBL' 5 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /!
3520 'LDSHBL' 2 48.73 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3890 'LDSHBL' 1 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3790 'LDSHBL' 5 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3820 'LDSHBL' 3 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3420 'LDSHBL' 2 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3200 'LDSHBL' 3 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
4920 'LDSHBL' 1 48.75 0.1 1 0 0.0 0.0 0 0.0 0.0 0.06 /
3570 'LDSHBL