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Abstract—This paper reports on an ongoing research effort ~ Spectral analysis techniques have been successfullyeappli
between researchers in North America and Africa on the study to characterize the small signal oscillatory modes in the US
of the dynamics of loosely regulated and rapidly growing powr WECC interconnectiond], [4] and more recently in the US

systems, with focus on the Nigerian power network. A descrifion - . T
of the implementation of Virginia Tech's FDR (Frequency Didur- Eastern Interconnectios]| Ambient data analysis is used to

bance Recorder) at Bauchi, Nigeria is provided. We discusshe ~€stimate the inherent oscillatory modes of the power system
nature of the frequency dynamics observed throughout mulgple when the main source of excitation of the system modes are
hours of a day in Nigeria and other power systems. To cater to random load variations resulting in a low amplitude stotibas
the loosely regulated nature of the system frequency in Niga, time series referred to as “ambient noisé]. [Non-parametric

we propose an appropriate method for signal conditioning witch - . .
prepares the data for ambient analysis. Parametric and non- and parametric techniques, such as the Welch periodogram
parametric block processing techniques are applied to prainged [7], [€], [°] and Yule-Walker method1[]], [4], can be used

frequency recordings ranging from 8 to 19 hours, and estimas  to determine system modes, which are visible peaks in the
of modal frequencies and damping are obtained by computing spectrum estimate. Spectral estimates may also be used for
power spectrum densities and applying a mode meter algorith  1,44e shape estimation, the cross spectral function (CSD)

to the ambient data. The estimated modes from ambient analys b d t timate th hasi f th d
are in agreement with other studies based on power system can be used 1o eslimate the phasing o € mode among

models. the system generators, and coherency can be determined by

Index Terms—frequency disturbance recorder, power system the squared coherency functionl], [17]. Because these

identification, power system monitoring, power system parmeter  @lgorithms rely on block processing of data windows, they
estimation require several minutes of time-synchronized phasor data f

I. INTRODUCTION different locations in the power network. This study focise

Ensselaer Polytechnic Institute (RPI) and Abubaka) the ap_phcgtmn of block processing spectral technidaes
. . . mode estimation only. Due to the loosely unregulated nature

Tafawa Balewa University (ATBU) have established a . o
of the frequency in the Nigerian network we propose a pre-

coll_aborat|on_ to study the dynam|cs_ of Ioos_ely regulated a.rr[]:l)rocessing method that prepares the data for use with the mod
rapidly growing power systems, with particular interest ifi .~~~ ) i
timation techniques discussed above.

the Nigerian power system. A frequency disturbance reclrordeeS
9 P Y ' 9 y Finally, we compare the mode estimates obtained from

(FDR) has been installed at ATBU and several recordings _, . ! :
. bient data analysis to those obtained from a model-based
have been made. In two previous papers we have reporte L ; . )

maode estimation study'j] which uses ringdown techniques

on.FDR_ data analysis from d|stu_rba-nce events and pmpo.segnasmulated data. Although the model used for this study is a
university-based frequency monitoring network for the éNig ~." ™ . ) L

: .. = simplified representation of the Nigerian power networler¢h
rian power systeml]], [2]. Here we focus on the estimation;

. is a good agreement for several of the modes estimated with
of electromechanical modes from prolonged frequency tecor

ings using spectral techniques. First, we provide a summ armbient analysis techniques. Further studies will be ngede
: ' ? determine the nature of the modes that were not observed

of the implementation of the FDR at Bauchi, Nigeria, an L S .
In ,the simplified Nigerian power system model. This paper
analyze the nature of the system frequency over prolonged S . .
) should be seen as an initial step on developing techniques fo
recordings. Compared to system frequency measurements 0 . L
: electromechanical mode estimation that cater to the Igosel
other interconnected power networks, the loosely unrégdla

nature of the Nigerian frequency posses a challenge {(()argylated nature of the power system data obtained from

appropriately applying mode estimation techniques thaeharap'dly growing power systems such as the Nigerian network.

been used with data from tightly regulated power networks. 1I. FDR IMPLEMENTATION AND RECORDINGS
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Figure 2.  Comparison of the system frequency in differenwgrosystems
over a 4-hour period. The steady state frequency at the US€bken shifted
by 10 Hz to coincide with the system frequencies of the Nageand Nordic
networks.

Figure 1. FDR installation at ATBU, and proposed locatiofisadditional
FDRs that could enable a university-based frequency mamitametwork

network (FNET) server at Virginia Institute of Technologyta I1l. FREQUENCYDYNAMICS OBSERVED FROM
State University VTech), Blacksburg, Virginia, USA. PROLONGEDFDR RECORDINGS

Figure 1a shows the low-voltage power supply installation Power systems constrained by insufficient generation ca-
and data transfer set-up adopted by ATBU'’s researchers. Tgaeity experience noticeable frequency changes when dubje
power supply for the FDR consists of a 230 V supply rail, twto disturbances or control actions. In these types of system
programmable switches, two PSUs (Power Supply Unit) atlde primary concern is to maintain the load and generation
an UPS (Uninterruptible Power Supply). The programmablelance, and therefore, frequency regulation is loosesiden
switches are used to switch on the FDR for scheduled dakee frequency measurements taken for a time window of
gathering. The PSUs are used to convert voltage and freguefaur hours as shown in Fig. This plot compares frequency
from a 230V/50 Hz to a 110V/50 Hz supply. Note that theneasurements from two different types of power systems: a
FDR was designed for operation at either power supply. Thasely regulated power system given by the Nigerian power
Ethernet devices (serial device server and router) useldein system, and two tightly regulated power networks, the US
installation, however, are not designed for230V/50 Hz. THeastern Interconnection (El) and the Nordic Power System.
data transfer set-up consists of a serial device server (MOX he measurements of the US Eastern Interconnection ane take
Box [14]) extracting data from the FDR through the serigrom a phasor measurement unit (PMU) in the northern part
port and sending it to a router. The router is enabled to seofithe El, and the measurements of the Nordic System where
data to VTech’s Information Management System (IMS) servebtained from a substation in Eastern Denmark.
and allows a dedicated PC to receive the information for From these four hour recordings we observe that the fre-
local storage (local storage is preferred). The physigation quency regulation band in the US Eastern Interconnection
of the FDR is shown in Figlb along with the proposed ranged from 49.95 to 50.05 HZA(f = 0.1 Hz), while the
locations of additional FDRs that could enable a universitjrequency regulation band in the Nordic system varied from
based frequency monitoring network (FNET). A descriptiod9.9 to 50.15 HzA f = 0.25 Hz). Compared with these power
of this proposed FNET is given ir]. systems, the frequency in Nigeria is loosely regulated with



variations ranging from 49 to 51 Hz, a full 1 Hz variatior

from the steady state of 50 Hz. In addition to the upper ar f
lower bounds of frequency variation, it is also important t Freql‘)‘;’lﬁ?gga;“ed
note that frequency can vary between these bounds in I

than 10 minutes, with abrupt frequency changes of 0.4-C
Hz in 1 min. windows. In contrast, both the US EI and th
Nordic System have a tightly regulated operation maintajni
frequency variations closely between the frequency ban
discussed above. Because the frequency variations in th
systems are close to their steady state frequency, it islpess Detrended |~ 1
to obtain suitable “ambient data” for spectral analysishwit Frequency, Af
limited pre-processing of the measurements.
Due the loosely regulated nature of the system frequen FIR Filter with

in the Nigerian grid, it is necessary to first condition thi 0.02 Hz cutoff frequency
measurement data so that spectral analysis techniquesecal

applied. We discuss a methodology for this purpose in thé ne
section. Filtered Af  f—-=—===——--- -

Detrending

I
|
|
HP Filter @- - > Af Moving

Average

\4

IV. MODE ESTIMATION FROM FDR AMBIENT DATA

Ambient data analysis is used to estimate the inhere Outlier
oscillatory modes of the power system when the main sour Removal
of excitation of the system modes are random load variatio l

resulting in a low amplitude stochastic time series refite Af with

as “ambient noise”{q]. There is a significant array of different ontliers removed

methods available to perform ambient data analygisHere, Af

we limit the discussion to block processing non-paramett..

and parametric methods. Block processing algorithms can dégure 3. Proposed method for pre-processing FDR data freniNigerian
termine mode estimates from a window of data, each winddR/Ve" System to be used in ambient data analysis

providing a new estimate. Therefore, these methods requir

large amount of phasor measurement data, and may nOtp Scessing method, while Fig.shows the results of applying

suitable fo_r real-time applications. _ . the method to a 10 min. data block from the Tue, Jan. 23,
A specially robust non-parametric spectral estimati 07 (N17) recording

methoq Is the Welgh pe’nodograrﬁ][ (€], 141, W.hICh gives The method starts by taking the raw frequency measurement
an estimate of a signal’'s strength as a function of the frﬁ—

guency. Here the dominant modes will be shown as signific N the FDR ) and applying a detrending algorithm-]

. . . : 20 " 10 remove the steady state bias from the data. The result
peaks in the spectral estimate. This method is very insight . : . .
o . . . f applying this step to the 10 min. data block is shown
and uses limited assumptions. However, numerical estgnaie _. . . . . -
n Fig. 4awith a solid blue line (“Detrended Frequency” in

of the damping ratio and mode frequency are not direct . . ) )
provided. The most popular parametric method is the YuIePﬁe legend). The next step is to apply a high pass filter with

. L . cutoff frequency of 0.02 Hz to the data, this is shown by a
Walker algonth_m 14, [4] which |s_used to_ estimate the SYS- o4 solid (I]ine inyFig.4a (“Filtered A f Signal” in the Iegend)?/
tem modes using an autoregressive-moving-average (ARM applying this filter to the data we have effectively remdve
model. Several variations of this method have been proposg

in the literature . € moving average of the frequency which corresponds to the

) . slowest mode frequencies in the signals (below 0.02 Hz). In
In this study we have used parametric and non—parametlgic 4awe show in a magenta dashed line the moving average
algorithms, the Yule-Walker and Welch algorithms, respec—g' 9 9 9

tively; to obtain spectrogram estimates of thas frequency Calculated by subtracting the “Detrended Frequency” to the

AR . ; “Filtered Af Signal”. The frequency components removed
measurements at Bauchi, Nigeria. To obtain damping ra%o this steps correspond to the frequency of the process
estimates we use an energy technique implemented withing > SteP resp quency proc
mode meter algorithm similar tof], [6]. As a comprehensive involved in balancing the load and generation in the Nigeria

. . 9 . . P . network. Therefore, we have obtained an ambient signaltwhic
discussion of the methods is beyond the scope of this paper

the reader is referred to the cited references for furthezilde compris.es mostly.the electromechan-ical modes (.)f the system
The final step in the pre-processing method is to remove
) ) _ outliers from the filtered signal. To this aim we compute the
A. Data Pre-processing for Ambient Analysis mean and standard deviation of the filtered signal. Any point
To cater to the loosely regulated nature of the systewhich exceeds the mean by 3.5 standard deviations is removed
frequency of the Nigerian network we propose a method fmm the filtered signal (this point is not replaced by a zero)
pre-process the measurement data and obtain suitabler@mbfégure 4b shows the removed outliers in red stems and the
noise that can be used with the mode estimation techniquesfiltered signal with outliers removed in solid blue, the fae

escribed before. Figuré shows a block diagram of the pre-
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Figure 4. Appling the pre-processing method to a 10 min.-détaow from
the Tue, Jan. 23, 2007 (N17) data recording.

by quantization errors, and thus they where removed from the
analysis. The data is segmented in blocks of 10 minutes, and
pre-processed with the method described in the sectioneabov

1 To each 10 min. block of pre-processed data we apply the
Welch and Yule-Walker methods as described below.

We start by applying the Welch method to the pre-processed
data in Fig.4b to obtain its estimated periodogram spectrum.
We use 150 points in the FFT to calculate the Power Spectrum
Density (PSD) estimate. In addition, a Hanning window with
90% overlap is applied to the data. Figube shows the
estimated periodogram for the 10 min. data block in Big.

Next, we apply the Yule-Walker method to the same
block of pre-processed data. The estimated periodogram fro
Welch’s method is used to refine the ARMA model order of the
Yule-Walker method by comparing the PSD of both methods
while trying to maintain the model order as low as possibke. A
a result, excellent agreement was obtained between the PSDs
estimated from each method. In Fi§.we show the Yule-
Walker PSD along with the one obtained by Welch’s method.

Subsequently, we applied both methods to other 10 min.
data blocks of pre-processed data from different dates @% 20
and 2007: Monday Jul. 3, 2003 (N02); Sunday Nov. 26, 2006,
(NO7); Tuesday Nov. 28, 2006 (N09), Saturday Dec. 02, 2006
(N13, N14); Monday Jan. 22, 2007 (N16); Tuesday Jan. 23,
2007 (N17); and Friday Jan. 26, 2007 (N19). We show all
the estimated PSDs from the YW method in Figwhere
the dominant modes have distinctive peaks in the spectral
estimate. Comparing all the PSDs we have determined eight

used for ambient data analysis. Next we apply ambient aisalydominant modes for the Nigerian power system that lie within

techniques to prolonged frequency measurements from

the bounds shown in Fig:

Nigerian network, all of the data blocks involved in thesee Mode 1, 0.13 Hz with bounds of 0.12 - 0.2 Hz

calculations are subject to the pre-processing methoditesc
above.

B. Estimated Power Spectrum Densities and Mode Frequency
Estimates

For this investigation, we have used ambient data obtained

e Mode 2, 0.40 Hz with bounds of 0.375 - 0.475 Hz
Mode 3, 0.69 Hz with bounds of : 0.65 - 0.75 Hz
e Mode 4, 0.95 Hz with bounds of 0.915 - 1.025 Hz
e Mode 5, 1.20 Hz with bounds of 1.15 - 1.3 Hz

e Mode 6, 1.47 Hz with bounds of 1.4 - 1.55 Hz

during prolonged periods resulting in data sets which range )
from 2 hrs. to 19 hrs of continuous recording. We provide® Mode 7, 1.74 Hz with bounds of 1.7 - 1.8 Hz

results only for a limited number of these data sets. Some of Mode 8, 2.00 Hz with bounds of 1.95 - 2.05 Hz
these data sets contained large gaps due to the loss of the GPS
signal. In addition, some portions of the data was corruptedror convenience, the pre-processed signals are denotexifby
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Figure 5.  Welch and Yule-Walker estimated PSDs of a pregessed 10 Figure 6. Yule-Walker PSDs for 10 min. data blocks of proedss f signals
min. data block of thef signal measured by the FDR. The PSDs in this plofrom different measurement sets obtained in 2006 and 20B&.flequency
correspond to the\ f signal without outliers in Fig4b. bands show the modes that are common the recordings.



Contour — Welch PSD - Nigeria 7 Data Set Contour — Welch PSD - Nigeria 19 Data Set
Recording Starting at: Sun Nov 26 02:04:54 2006 (UTC) Recording Starting at: Fri Jan 26 19:00:00 (UTC)
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Figure 7. Welch and Yule-Walker PSD contours for the¢ signal obtained Figure 8. Welch and Yule-Walker PSD contours for thg¢ signal obtained
during Sun, Nov 26 '07 (NO7). The red colors represent marimwalues during Fri, Jan 26 '07 (N19). The red colors represent marinualues and
and the blue colors represent minimum values of the powestispe density the blue colors represent minimum values of the power spectiensity [dB].
[dB]. The time is given in hours in (UTC) starting from 02:64:hrs, local The time is given in hours in (UTC) starting from 19:00:00,Hezal time is
time is given in UTC+1 hr. given in UTC+1 hr.

We repeat the process described above for all the 10 mImFlg 8a and the Yule-Walker contour iBb. This contours
data blocks contained in the NO7, N16, N17, and N19 da¢gver the evening and night of a Friday where the system
sets. As a result, we obtained the contours shown in Figs.iS subject to a less stressed operating condition, and hence
9, and 8, respectively. Note that the data sets N16 and N1ize contours show a lower intensity on the modes (with the
form a continuous set of data recording. In the contoursete rexception of Mode 1). Nevertheless, the modes and bounds
colors represent maximum values and the blue colors represéiscussed previously are also visible through this timeoger
minimum values of the power spectrum density [dB]. From these contours it is important to note that all spectrum

For the NO7 data set the contour constructed with tffstimates are in agreement with regard to their dominant
PSDs from Welches' method is shown in Figa and the modes. Finally, we present the Yule-Walker contour for sase
Yule-Walker contour in Fig7b. Observe that the Welch andN16 @nd N17 in Fig.9, which had a data gap between
Yule-Walker contours are in close agreement confirming tifPProximately 8.7 and 9.7 hrs. In this contour the variation
existence of the modes and bounds discussed above. Phihe modes with the system stress becomes more noticeable
reduced mode frequency resolution in the Welch contoufdth the modes showing large excitation between 10 and 15
is a result of using large averaging in computing the PS[B,rS'* .corresp.ondmg to 7 - 12 am of Tuesday the 23rd. This is
however this does reduce the variability of the estimates. §Onsistent with the NO7 data set where we observed a good
the time frame from approximately 1.8 to 4 hrs the contouf€9ree of mode observability within that time window.
show a blue band, in this band there where data drops and
quantization errors, and thus, we have not computed the PSDsMode Frequency and Damping Estimates

for this time frame, i.e. the PSD has been set to zero for a”The Yule-Walker a|gorithm used above produced estimates
the frequencies within the time range. It is important toenofor different modes. Some of these modes are true system
that the frequency and damping ratio of the electromeclnignodes, and others are numerical artifacts Here, we use
modes are influenced by the system loading and configurati®imodal energy method to determine which modes have the
of the power grid. Even with the loss of data, the contoysrgest energy in each of the ranges discussed above. An
still aids in observing how the modes vary as the loadinggorithm similar to the one reported ir][ [6] was used for
condition of the power system changes. Hour zero corresponiis purpose.
to 02:04:54 (UTC) (the local time is UTC + 1 hr.), the range |n Fig. 10 and 11 we show the frequency and damping
from 5 - 9 hrs corresponds to 8:00 - 12:00 in local time. Hencgstimates for the Fri, Jan 26 '07 (N19) data set. Similar
it is possible to see how as the loading of the power syste@sults were obtained for the NO7, N16, and N17 data sets.
increases, the modes become more pronounced. However we have omitted the corresponding plots due to space
Similarly for the N19 data set, the Welch contour is showeonstraints. We plot the damping and frequency estimates



Contour - Yule-Walker PSD - Nigeria 16 and 17 Data Sets
Recording Starting at: Mon Jan 22 19:00:00 (UTC)
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Figure 9. Yule-Walker PSD contour for th& f signal obtained during Mon, Jan 22 '07 and Tue., Jan 23 '076(BAd N17). The red colors represent
maximum values and the blue colors represent minimum vabfigbe power spectrum density [dB]. The time is given in hoirUTC) starting from
19:00:00 hrs, local time is given in UTC+1 hr.
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Table | Table Il

MODE METERESTIMATES FORDATA SET OBTAINED DURING FRIDAY MODE METERESTIMATES FORDATA SET OBTAINED DURING SUNDAY
JAN. 26, 2007 (N19) Nov., 26, 2006 (NO7)
MoDE | f (H2) of d (%) oq4 MoDE | f (Hz) of d (%) o4
1 0.13212 | 0.00883 | 16.01679| 6.43567 1 0.12896 | 0.00616 | 14.50442 | 5.49251
2 0.40013 | 0.02853 | 23.29541| 5.90203 2 0.39317 | 0.02380 | 19.25457| 5.57782
3 0.69430 | 0.02175| 14.85070| 5.20165 3 0.69352 | 0.02431| 13.14500| 3.46854
4 0.96062 | 0.02570| 9.77720 | 2.78303 4 0.96624 | 0.02528 | 8.51961 | 2.57832
5 1.21054 | 0.03941| 8.58043 | 3.89700 5 1.21058 | 0.03877 | 9.17073 | 8.84033
6 1.47489 | 0.03719| 8.94971 | 6.27755 6 1.46013 | 0.04066 | 7.59083 | 4.41675
7 1.74164 | 0.02819| 6.57345 | 2.49628 7 1.75755 | 0.02424 | 6.51783 | 1.67768
8 1.99151 | 0.02502 | 6.66627 | 6.75880 8 1.97501 | 0.02985| 7.28166 | 5.57282

for each 10 min. block, and accompany them with theg@greement in the mode frequencies and damping estimates
corresponding PSD contour from the Yule-Walker metho§omputed for each different date.
Observe that as a result of the load variation through the 9-The contour plots from Welch’s method accompanying the
hr. period the estimated frequency and damping ratio foh ea@ode frequency and damping estimates in Fif$.and 11
mode present changes. The most important characteristicfevide insight into the damping ratio of each mode. A
note is that the the damping estimates are less variableesasifPad frequency band in the contour as the one shown for
system becomes more stressed. In other words, the mode mitede 2 in Fig.10b (shown mostly in red between 0.35-0.5
algorithm estimates are more reliable as the system stses$l7) corresponds to a high damping ratio, in this case the
increased. average damping ratio is between 19-24%. Conversely, a less
In addition, we have computed the average mode frdistinctive frequency band will indicate a lower dampingaa
quencies and damping estimates along with their stand&i@f €xample Mode 6 has slightly narrower frequency band
deviations. We provide these statistics in Tabl®r Fri, Jan approximately between 1.4 Hz and 1.55 Hz as shownlbig.
26 '07 (N19) data set, and in Tablefor the data set obtained (Shown mostly in yellow and red). This band corresponds to
during Sunday Nov., 26, 2006 (N07). Note that there is a clo@dower damping ratio whose average is between 7.5- 9%.

V. COMPARISON WITHESTIMATED MODES FROM A

SYSTEM MODEL
Mode Meter Estimates for the N19 Data Set (1.7-1.8Hz)

T 2 » In [13] the authors have applied three different mode iden-
B 1) [kttt chpaglogesi Faa tification methods to determine the electromechanical mode
g0 e of a simplified model of the Nigerian power system. Although

’ ? - s ° ’ this is a simplified model of the network, several of the modes

=)

identified in the study are also visible from the ambient data
analysis presented in this paper. Estimates are provided fo
; . . all the modes within the bounds defined in this paper, with

e [hrs.] the exception of Modes 2, 3 and 8 (0.4, 0.7, and 2 Hz). The
HYTR ) ” J damping estimates inl[] are more optimistic for Mode 1
1-7“ ' l‘ “ ‘ ' which is determined to be the main interarea mode between
"% 2 6 8 hydro and fossil fueled generation areas.

o el Further analysis of a more elaborate power system model
_i_u__ of the Nigerian power network will be necessary to determine
U the nature of Modes 2, 3, and 8 which were not present in the

(a) Mode 7 model-based studylLf].
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Mode Meter Estimates for the N19 Data Set (1.95-2.05Hz)

T 207 VI. CONCLUSIONS
2 lge_ G GO e T S o e = . .
-4 I ¥ We have reported on an ongoing collaborative research
|, 5 4 p s effort between researchers in North America and Africa to
¥ Tirme [hs] study the dynamics of loosely regulated power systems, with
e o focus on the Nigerian power network. This paper focused
fgélf et on the application of spectral analysis techniques to amtbie
= 2 4 6 8 data obtained at Bauchi, Nigeria. Due to the loosely regdlat
E- - See i - nature of the Nigerian grid, we have proposed a methodology
¥l 2 N " ' : . .
E% ZJ l' ' ‘ | ‘4 to condition the measurement data. With this methodolagy it
g 1, o 2l . , possible to obtain ambient data suitable for use with antbien
£ e ) data analysis techniques.
_Pomrsﬂ[@]__ Using parametric and non-parametric methods, we have
213 14 15 16 1718 computed eight dominant low-frequency modes that are con-
(b) Mode 8 sistent through several prolonged FDR recordings obtained
Figure 11. Continuation of FiglO during different dates in 2006 and 2007. The estimated modes



are in close agreement with mode identification results of4] NPort 5110 Series Manual, 1st ed., Moxa Technologies Co., December

tained from a simplified model of the Nigerian power system, 2004, available onlinenttp://www.moxa.com

Furth Ivsi i detailed power svstem model [(1)?] Sgnal Processing Toolbox 6 User's Guide, The MathWorks, Inc.,

urther analysis of a more p yst September 2009,

the Nigerian system will be necessary to determine the eatur

of modes not present in the simplified model which where

observed from the FDR data. In addition. the installation &Figi Vanfretti (Sudent Member '03) is a Post-Doctoral Research Associate
. . ) . ’ . at the Electrical, Computer, and Systems Engineering Deeat at Rensse-

additional FDRs will allow the creation of a wide-area freéper polytechnic Institute, from where he obtained his Ph2009, and MS

guency measurement network from which measurements ¢ap007, both in Electric Power Engineering. He was a vigitiesearcher at

be obtained to compute the CSD, determine coherency,

é Department of Electronics and Electrical Engineerif@twe University

of Glasgow, Scotland, during Fall 2005. His research istsrare modeling,

Obt.ai!"_mOde shapes. The_ results in_ this paper should t?e S€efyRamics, stability and control of power systems; appiticest of PMU data,
an initial step on developing techniques for electromeid@n and open source software for power system engineering.

mode estimation that cater to the loosely unregulated @a@tur joe H. Chow (F'92) received his MS and PhD degrees from the University
the power system data obtained from rapidly growing powet lllinois, Urbana-Champaign. After working in the GerleEdectric Power

systems such as the Nigerian network.
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