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Abstract—This paper exploits the availability of frequency available frequency recordings and another system ceallaps
disturbance recorder (FDR) measurements and knowledge of recorded on January 2007 were reporteddh [3], [4]. The
the underlying operational data from the Nigerian National Nigerian power system has suffered a large amount of systems

Power System to develop a model capable of reproducing the -
most important characteristics of one of the many collapses cOllapses between 2002 and 2005 as documented.imhe

in the Nigerian grid during the last recent years. The collae aim of this investigation is to develop several models, bépa
investigated in this paper was captured on December™®, 2006, of replicating the collapse of the Decembé&f 22006; in three

with an FDR unit installed at Abubakar Tafawa Balewa Univer-  different simulation environments: PSCAB][ PSAT [7], and
sity (ATBU). Using operational information from the National  nj a1 aB/Simulink [8]; the computer models are shown in

Control Center (NCC) at Osogbo, three models representing . . . . . .
the Nigerian power system were developed to capture the most Fig. 11, Fig. 12 and Fig.13, respectively, in pp7/—8. For this

relevant dynamics of the grid during the cascading failure These PUrpose, valuable operational information from the Natlon
models include both detailed representations of the diffeent Control Center (NCC) at Osogbo, available froth fvas also
network components, as well as average frequency dynamicsysed for developing the models:

only. Comprehensive simulation results show how the models )
are capable of representing the most important features ofte ~ ® At 14:00 Hrs. frequency dropped sharply from 50.34 to

collapse of the system, and hence, their continuous improxeent 47.8 Hz. followed by a system collapse. Efforts made to
through model validation may allow their use in the developnent clear load at the Osogbo 132 kV transmission station failed
of load shedding mechanisms which are needed for mitigating — telephone calls were unanswered. On the operator’s

cascading failures in the Nigerian system. display, it was observed that circuits G3B, B1T, B5W,

Index Terms—Frequency disturbance recorder, power system B6W and B12J as well as S3B at the Benin 132 kV

monitoring, model validation, system collapse, average éguency transmission station were in “open” status.
modelling, Nigerian power system models ] ) )
e At 14:20 Hrs. on inquiry, the Benin control center reported

|. INTRODUCTION an explosion with fire on circuits G3B — yellow phase of
Ensselaer Polytechnic Institute (RPI) and Abubakar the circuit breaker (CT). As a result, circuits B5SW, B6W,
Tafawa Balewa University (ATBU) have established a B1T and B12J were opened to remedy the situation.

collaboration to study the dynamics of loosely regulated arrhe developed models and simulation results obtained & thi
rapidly growing power systems, with particular interest i@rticle where aimed to capture the most important dynamic
the Nigerian power system. A frequency disturbance recordgharacteristics of the collapse. The time-based evensirwut
(FDR) [1] has been installed at ATBU and, being operationglom the operator's daily report of NCCO] and FDR,
since April 2006, several recordings have been made. In twg well as other operational databases on network/generato
previous papers we have reported on FDR data analysis frgarameters that included all ancillary electrical and raedtal
disturbance events and proposed a university-based ineguesubsystems.
monitoring network for the Nigerian power systeiy[ 3], [4]. The reminder of this paper is organized as follows. In
This paper exploits the availability of frequency disturSectionll a preliminary analysis highlighting the main charac-
bance recorder (FDR) measurements and knowledge of tBistics of the system collapse are given. Sectibshows the
underlying operational data from the Nigerian National Bow analysis procedure developed for inspecting the availebRR
System to develop a model capable of reproducing the meséasurements. Next, in Sectiovi, the simulation approach
important characteristics of one of the many collapses for replicating the system collapse is outlined, while &ect
the Nigerian grid during the last recent years. The collapse presents the results from the different simulation studies
investigated in this paper was captured on DecemB€r 2carried out. Discussions on these results are summarized in
2006, with an FDR unit installed at Abubakar Tafawa BalewgectionVI, and conclusions are drawn in SectigH .
University (ATBU) since April 2006 as part of a US-Africa

collaborative research effort. The preliminary analydish® ||, CHARACTERISTICS ANDPRELIMINARY ANALYSIS OF

N, N - THE SYSTEM COLLAPSE
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(a) Nigerian Transmission Grid (b) One-line diagram of the Nigerian Transmission Grid aBetember 24, 2006;

showing three islanded areas.
Figure 1. Complete Nigerian Transmission Grid, and One-agram and 11-Machine 39-Bus Model

13. Furthermore, the NCC at Oshogbo could only provide
-« soww  Information pertinent to Area 1 for simulation studies. Due
to the lack of availability of FDR measurements in Areas 2
& 3, their respective frequency response characterist#s c
. only be inferred through system simulations. It is worth to
-— note that that total system collapses rarely occur in well
established power systems but when they occur, they are
accompanied by detailed investigations to forestall theiire
occurrences [(]. Although the Nigerian power system has
experienced large number of system collapses, not a single
one has attracted detailed investigation as attemptedisn th
article.

Area 2
- South East Network and
2 Thermal Generator
Stations

- Part of the South
Network + 1 Generator
Station

P, =94 MW
l 1814 MW — )
AP = 101 MW

— 409 MW

Area 1
- Northern Network and
3 Generator Stations
- South West Network
and 3 Thermal

Generator Stations

— 439 MW

129.8 MW Area 3

- Reminder of the South
Network and 3 Thermal
Generator Stations

AP = 347 MW

i 2saw L

—_— 02 MW

Figure 2. Three Islanded Areas due to the System CollapgeeiiNigerian

erd [1l. FDR MEASUREMENTDATA ANALYSIS

in Fig. 1b with the transmission lines that tripped, due to The flowchart in Fig.3 depicts the procedure used for the

an explosion at the Benin 330 kV bulk substation, depictezhalysis of captured FDR data. This procedure was developed

using dotted red lines. As a consequence of the explosi¢m,navigate through the FDR data captured during thfe &

several lines tripped, and as recorded by NCC, the Natioria¢cember of 2006, and from which the data along the duration

Grid was split into three islanded areas which, in the absenaf the system collapse period were extracted and benchoharke

of coordinated load shedding mechanisms, led to the uimatgainst the daily report of the NCC during that day.

collapse of the entire national grid. The three islandedsre The GPS time-stamped measurements of the FDR captured

are depicted conceptually in Fig. the system collapse shown in Hg.(the measurements are
The simulation study in Sectiov focuses on Area 1 shown after necessary processing). It is worth mentioriag t

— not only because it forms the largest block, but alsturing the time of system collapse, the FDR installed at Bauc

because the FDR installed at Bauchi, central to systempsmlarecorded the frequency decay of Area 1 delineated in Fig.

simulation replication task, is electrically located ndaus 4b. In the next Section, we outline the simulation procedure



Table |

FDR-BASED AND PMU-BASED MONITORING SYSTEMS

STATION | AVAILABLE | INSTALLED| ACTUAL GENERATION
UNITS AVAIL - GENER- AT 06:00

ABLE ATION HRsS.
CAPACITY CAPACITY
(MW) (MW)

Kainiji 1G6 - 10| 540 420 386

Hydro & 12

Jebba 2G1-6 578.4 540 258

Hydro

Shiroro 411G1, 2| 450 450 300

Hydro & 4

Egbin WT1-3& | 880 880 574

Steam 5

Ajaokuta | ST1 & | 110 90 88

(ASCO) | ST2

A.E.S GT202 - | 287.1 287.1 287.1

(GAS) 205, 207 -

211

Sapele ST1 120 67 67

ST

Okpai GT12 & | 320 236 236

Gas/Steam ST1

AFAM GT19 & | 276 276 274

(Gas) 20

Delta GT6 - 15, | 525 471 471

(Gas) 18 & 20

Total 47 4086.5 3717.1 2941.1

Units on | — — 2991.1

max. ca-

pacity

Data Retrieval
From FDR Local Computer
(Mass Data Storage)

é l

A 4

Data Processing
- Fill-in missing samples
- Sorting

A

A 4

A

FDR Event Data

Extraction
- Examine daily operation for

events

- Select events for analysis
- Extract data and time-stamp

National Control Center
(Daily Operation Events)

Y

Data Analysis
(Filtering, FFT, Prony, etc)

FDR Data
Extraction

Figure 3.
Procedure used for this Study

employed to replicate the hypothesized cascading eveats tfy,

FDR?

New data
retrieval from

Flowchart Depicting the FDR Measurement Data ysial

led to the system collapse of 2nd December, 2006.

IV. SIMULATION APPROACH
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(b) Expanded view of Figda after the onset of the system collapse
Figure 4. FDR Measurement Data from the Detd 22006 System Collapse

software:

e PSCAD version 4.24];
e PSAT version 1.3.47]; and
e MATLAB/Simulink 6.0 B].

The Nigerian grid model developed in PSCAD is a sig-
nificantly modification of the existing model employed in
[11], [12], while its PSAT model is an update of the model
developed in [3]. For proper modelling, all the electrical
generators that included governors and excitation systems
were adequately represented with available system pagasnet
and where necessary typical parameters were used. The 330
kV transmission network status during Decembad,22006,
parameters, and loading conditions just before the onfsbto
system collapse period were used. Following similar apgroa

in [14], [15], an average frequency model shown of the
Nigerian grid in Fig.5 was also developed and used to emulate
the frequency measurements from the FDR installed at Bauchi
The relevant parameters used to implement this model in
MATLAB/Simulink were derived from the equivalent detailed
system model in Fig.lb using the parameter aggregation
approach in 14].

Because information on the complete system operating state
was not readily available, we relied on our engineering Khow
edge and Monte-Carlo based power flow studies to arrive at
credible system loading scenarios and generation levétsebe
e occurrence of the system collapse. We finally estaldishe
the most probable loading scenarios, as well as the geoerati
levels for the three areas as depicted in Bigvith total power
transfer of approximately 450 MW from Areas 2 and 3 to Area

Three models of the Nigerian grid, replicating its openatiol. The initial operating state of the detailed Nigerian powe
on December 2!, 2006 were developed using the followingsystem models in PSCAD and PSAT was computed on the
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Figure 5. Three Area Average Frequency Model
hypothesized generation levels, system loading pattends arid are presented in Figg, 8a-8c. Note from the FDR plots
inter-area power transfer. Finally, the cascading faguieat of Fig. 4a and Fig.4b that the steady state frequency was
led to the system collapse of the national grid on Decemk®0.5 Hz just before the onset of sudden frequency decline.
2nd, 2006 were simulated by implementing the followingConsequently, the initial operating system frequency fathb
sequence of events: models was ramped to 50.5Hz through predetermined load
e A bolted fault to ground on line (GB3) of 3 cycle duratiorshedding after which the hypothesized system disturbances
was used to simulate the explosion at Benin Transmissigfgre implemented. A frequency measurement unit attached to
Substation as reported by NCC, this was followed by Bus 13 (see FiglLb) for each aforementioned model essentially

« A sequential opening of lines GB3, BIT, B5T, B6T. Bj_zfimulated the actual FDR located at Bauchi. Figileand8c
and S3B T ’ ’ portray the frequency responses of the generating unitsrige

) ) ) . Areas 2 and 3, respectively, just before and immediatebyr aft
The sequential opening of the lines was completed withj

; i o He onset of the collapse of the Nigerian grid.
a time span of 30 cycles starting from the initial presumed
faulted line (GB3). The simulation procedure also made tise o
the existing knowledge of the Nigerian power system opegati VI. DISCUSSION OFSIMULATION RESULTS

philosophy, which was found advantageous to obtain goodThe simulation results obtained from both the PSCAD and
simulation results. PSAT detailed models of the Nigerian power system clearly
replicated the total system collapse of 2nd December, 2006
V. SIMULATION RESULTS as captured by the FDR installed at Bauchi. Several other
The simulation results obtained from the models describ&mhding scenarios of the Nigerian grid system were explored
in the preceding section are presented next. Figupeesents with similar simulation results recorded when subjecteth®
the simulation results obtained from the PSCAD model siame system disturbances. The adequacy of the Nigerian grid
the Nigerian National grid when subjected to the systemystem models deployed for this study appeared satisfactor
disturbances experienced on Decembeéf! 2006. Similar ~ The anatomy of the system collapse simulated in this
results obtained from the PSAT model of the Nigerian nafionarticle depends on knowledge about the grid status and the

4
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cause of the explosion was not immediately known. However,
it is suspected to be either due to a poor maintenance culture
or exposure to prolonged high voltage stress, resultingron a
inadvertent opening of a CT burden circuit. In the absence
of functional system event recorders, we relied entirely on
the NCC daily report which stated that the explosion was
remedied by opening several transmission lines within Beni
Transmission Substation, carried out by the system opatato
It is also suspected that the operators’ counteractiv®r&ti
were not carried out with sound engineering judgement. This
is because the uncoordinated line tripping of several liads

to the creation of three isolated areas (see Bjgwith the
following characteristics:

e Area 1, covering the south-west and northern sub regions,

which had deficiency in generation of approximately 400
MW at the on-set of system collapse;

e Areas 2 and 3 covering east and south-south sub regions,
respectively had excess generation of 400 MW.

Figure 9. Frequency Response in Area 1 computed from theeTArea As should be expected, without adequate load shedding mech-

Average Frequency Model

anisms, Area 1 suffered from a severe frequency decline, as

resulting three islanded areas created by cascaded gippiaptured by the FDR recording located in Area 1. The FDR
of several transmission lines after an explosive fault & tmecording as plotted in Figs4a and 4b was corroborated
Benin substation, near Benin (Bus 29 in Fidn). The actual by similar sharp frequency decline measurements recorded a
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