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Abstract—In this paper we report on the preliminary results of ~ resulting in a low amplitude stochastic time series refirre
a collaborative investigation effort between researcherin North  to as “ambient noise” 4). Non-parametric and parametric
America and Europe aiming to baseline the electromechanid¢a techniques, such as the Welch periodograip [6], [7] and
modes and mode shapes of the Nordic system from synchronizedY le-Walk ’ thod > b dtod ,t T t
phasor measurement data. We provide an overview on the Dartis ule-vva er. metho $] _[ ], can be ‘%59 0 getermine syg em
power grid and its interconnections, and describe the feaes Modes, which are visible peaks in the spectrum estimate.
of an experimental phasor measurement unit designed by DTU Spectral estimates may also be used for mode shape esti-
which is used to provide the measurements used in this inveég- mation, the cross spectral function (CSD) can be used to
tion. Parametric and non-parametric block processing techiques estimate the phasing of the mode among the system generators

are applied to 48 hours of ambient data recorded at the Radsté d coh be det ined by th d coh
and Hovegard substations in Eastern Denmark. The estimated and coherency can be determined by the squared coherency

modes are in agreement with those shown in eigenanalysis sies, function [J], [10]. Because these algorithms rely on block
and other measurement-based investigations. More importaly, processing of data windows, they require several minutes of

the emergence of a new 0.8 Hz mode in Sjeelland is reported.  time-synchronized phasor data from different locationshia
Index Terms—synchronized phasor measurements, power sys- POWEr network. This StUdy focuses on the application ofbbloc
tem identification, power system monitoring, power system @ processing spectral techniques for mode estimation only.
rameter estimation The estimated interarea modes obtained in this paper are in
agreement with other investigations using measurements [
|. INTRODUCTION [17] and studies that use eigenanalysis techniques applied to

PECTRAL analysis techniques have been successfull nning models 13]' The resu_lts in this paper are of value
Sapplied to characterize the small signal oscillatory mod power planners in the Nordic system as they may serve to

in the US WECC interconnection], [2] and more recently refine their power system models. In addition, we report @en th

in the US Eastern Interconnectio®][In this paper we report dr:scor\]/ery of ?30'8 ';_Z oscnl?jtqry mode n _Easte_rn I_Denm(_all_rrl:
on the preliminary results of a collaborative research refig 2t as !“Ot een discussed in previous |nve_st|gat|on$ !
de is likely to be of interarea nature involving genersitor

between researchers in North America and Europe aimiﬂbo
to baseline the electromechanical modes and mode shc';1'|5'e§\’veo|en and Eastern Denmark.

as observed from PMU data recorded in the Nordic system.

First, we provide an overview on the Danish power grid and Il. THEDTU-PMU AND ITS DEPLOYMENT IN THE
its interconnections to Germany and the rest of the Nordic DANISH GRID

System. In addition, we briefly describe some of the featur@s The Danish Electric Power System

of an experimental phasor measurement unit designed byl_

DTU which is used to provide the measurements used in this he Danish power system is divided in two parts, Eastern
and Western. Each of these parts belong to different syn-

investigation. .
g ecfnronous AC systems. The Eastern Danish system belongs

Ambient data analysis is used to estimate the inher . ) .
oscillatory modes of the power system when the main sourk ethe Nordic system (preylously Nordel), while the Wes_tern
stem belongs to the continental European system (prayiou

of excitation of the system modes are random load variatio@% . L o
y TE (Union for the Coordination of Transmission of Elec-
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Figure 2. The DTU PC-Based Phasor Measurement Unit

clock that is synchronized to the GPS receiver. The GPS
will latch and report a time stamp based on a signal from
the PMU. This allows the PC to synchronize its internal
time clock within 1 us of UTC time, based on the GPS
accuracy of+100 ns. Synchrophasor reporting is based on
UTC time intervals. After each phasor is calculated, the PMU
compares the phasor estimate time with the UTC time. If it is
o Kl time to report a synchrophasor, the PMU estimates the UTC
referenced phase angle and magnitude from the 1 or 2 phasors
Ll HydoPowerPlant == 550-750kVline = DC-line proportionately that cover the interval. Note that the gkted

Hl Thermal Power Plant : 380-400kV line  e——o Interconnection for phasors are Synchronized with the power system and will

Legend:

) g 7 voltage < 220 kV . . . .
T Wind Power Farm 800-330 kVfine probably not coincide UTC reporting intervals. The equévl

e Substation 220 kV line skl Double line system .
5 @TEEET T e Nordel priority cross |~ SYNchrophasor must be estimated fro.m 1 or 2 phasors and the
section angle must be adjusted to the UTC time.
The DOS PC will report the estimated synchrophasor to
Figure 1. The Danish power grid and its interconnections the windows PC based instrument. The production unit can

locally store up to eight phasors for every UTC 20 ms time

The electric power transmission system in Denmark h&gndovx{. AII_data i; stored Ioically; there is no real-time aat
always been divided by the Great Belt between Sjeelland aftput in this version. Data files can be remotely downloaded

Fyn, but there are plans to connect the two transmissi¥fthout interrupting data acquisition and storage. Thermai
systems with a DC cable. characteristics of the DTU-PMU are:

e 16 channels sampling at a rate of 1600 Hz
B. The DTU-PMU e 300 ns time stamp for each sample

This unique phasor measurement device consists of two PE- FFT analysis for 50 Hz component
units that combine to perform a PMU function. One PC unite Phase accuracy et 0.5 us (=0.01 degree)
runs only the disk operating system (DOS). It has an inters Data collection through the Internet
rupt system designed for reasonabl_e handling of holds fror Uninterrupted local data storage on the PC’s hardrive
administrative peripherals, such as timer, keyboard, UBAR o )
(Universal Synchronous/Asynchronous Receiver/Trarterjit ® 1ransmission of one data package for each 20 ms in UTC
direct memory access (DMA), etc. This can be altered by tme
the user so that the user’s own processes can have priority ) ) )
operation. The second system has a Windows 2000 operatﬁ'lgDTU PMUs in the the Danish Grid
system which facilitates higher level administrative sgluch ~ Ten PMU devices were manufactured and placed in different
as data 1/O, file creation and storage, etc. locations around the Danish power grid using the phasor
To obtain accurate phasor estimates, the PMU estimatg@gasurement technology discussed above. Figushows
the frequency of the AC power input signal and synchronizéhe location of the DT-PMUs installed in in Sjeelland. The
sampling with it. Synchronizing the sampling to the actudlistribution of the PMUs is as follows:
power system signal eliminates problems in phasor estimati (1) One PMU at Sneesveerket (400kV)
64 or 128 samples over the fundamental frequency period ar®?) Two PMU in Hovegérd (400 and 132 kV)
taken with a 16-bit A/D converter. The phasor is calculated(3) One PMU in Radsted (132 kV)
with a Goertzel algorithm, which is a simplified FFT analysis (4) One PMU in Nysted (165 MW offshore windfarm)
that only extracts one frequency component. The next task i§5) One at the CET-DTU (0.4kV) - not shown in Fig.
translating the phasor to the UTC time reference.
In addition to keeping an internal frequency estimate, the/!l. M ODE ESTIMATION FROM AMBIENT PHASOR DATA
PMU also synchronizes an internal clock with the external Ambient data analysis is used to estimate the inherent
UTC time derived from GPS. It does this with a softwarescillatory modes of the power system when the main source
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Figure 4. A detrended 15 min. data block of tFe signal of Radsted, and
(3) Radsted (RAD132) its estimated PSDs using the Welch and Yule-Walker methods

¢ A. PSDs for Radsted and Hovegard

For this investigation, we have used ambient data recorded
for a period of 48 hours on two different dates and locations.
of excitation of the system modes are random load variatioR§t@ from the Radsted substation (RAD132, in Rywere
resulting in a low amplitude stochastic time series retétee Obtained during 03-20-2008 and 03-21-2008. The data for the
as “ambient noise”4]. There is a significant array of differentHovegaard substation (HVE400, in Fig).was obtained during

methods available to perform ambient data analy§isHere, 04-15-2007 a“‘_j 04-16-2007.
we limit the discussion to block processing non-parametric/n séveral signals available from the PMUs the modal
and parametric methods. Block processing algorithms can @@ntent was not strong enough, and thus we have not included
termine mode estimates from a window of data, each wind&@Y ©Of their corresponding results here. For the active powe
providing a new estimate. Therefore, these methods requirQ_OW*_ the low modal content is due to the fact that a particular
large amount of phasor measurement data, and may notlipg is not part of a major transfer path where the modes can
suitable for real-time applications. propagate. In the case of the bu§ frequency, some modes are
A specially robust non-parametric spectral estimatigpot observable when the PMU is close to the pivot of the

method is the Welch periodograri][[6], [ 7], which gives an SYStém for each oscillatory mode. ,
estimate of a signal’s strength as a function of the frequenc 1h€ data is segmented in blocks of 15 minutes, and pre-

Here the dominant modes will be shown as significant peaR&cessed for analysis. For the active power flow signals,
in the spectral estimate. This method is very insightful arfl® Pré-processing is simply done by detrending the data. A
uses limited assumptions, however, numerical estimatéiseof S2MPle 15 min. block of the detrended power signal is shown
damping ratio and mode frequency are not directly providel. F19- 4a. For bus frequencies, we fist compute the numerical
The most popular parametric method is the Yule-Walker algg€rivative of the measured bus voltage angle, and lateryappl

rithm [€], [2] which is used to estimate the system modes usiﬁ’gtr?nd'_ﬂg' This is done to avoid taking into account any pre

an autoregressive-moving-average (ARMA) model. Sevefdjering in the _PMU used to obtain bus frequency estimates.
variations of this method have been proposed in the litegatu/© €ach 15 min. block of pre-processed data we apply the
[4]. Welch and Yule-Walker methods as described below.

In this study we have used parametric and non-parametricWe start by applying the Welch method to the pre-processed

algorithms, the Yule-Walker and Welch algorithms, respeg-ata to obtain estimated periodogram spectrums. We use ten
tively; to obtain spectrogram estimates of twive power flow minutes of data for the number of FFT points used to calculate

measurements arbolis frequencyat the two PMU locations. € Power Spectrum Density (PSD) estimate. In addition, a
To obtain damping ratio estimates we use an energy technitﬁféhman window with 80% overlap is applied to the data. Fig.
implemented within a mode meter algorithm similar # [4]. bshows the estimated periodogram for the 15 min. data block
As a comprehensive discussion of the methods is beyond {pdia. 4a

scope of this paper, the reader is referred to the citedeebers 14, convenience, pre-processed active power flow signalsianoted by
for further details. P;, wherei is the line number from where measurements are made.

Figure 3. Deployment of the DTU-PMU in Eastern Denmark



regular weekday working hours. Itis interesting to obseinas
as a result of the different loading conditions the freqyeofc
Mode 2 varies during hours 0-32 hrs.

In Fig. 7 we show the Yule-Walker contours for all the active
power signals from Radstead, witR; having the highest
power densities (corresponding to the highest line loagjing
From these contours it's important to note that all spectrum
estimates are in agreement with regard to their dominant
modes. In Fig6b we show a surface plot of the Yule-Walker
PSD for theP; signal, which allows to appreciate the mode
frequencies of the power system due to the variation of the
power system loading.

Similarly for Hovegard, we can compare the Welch contour
in Fig. 8awith the YW contour in Fig.8b which also shows
excellent agreement for the estimated PSDs for the first two
modes. However, the third mode about 0.8 Hz it is hardly

i i < observable except for 14-16 hrs. and 30-32 hrs. Thus, we
0.3 0.5 0.7 0.9 1.1 could speculate that the 0.8 Hz mode is local, but eigenaizaly
Frequency [Hz] in SectionlV suggests that the 0.8 Hz is an interarea mode.

Figure 5. Yule-Walker PDS for all the active power flow signat Radsted 2rd i ; ; inai
and Hovegard. The 15 min. data blocks for the signals at Radstre taken The surface plOt for Hovegard in Fige prowdes InSIth on

during 03-20-2008 and for the signals at Hovegard during.54007. dynamics of the power system during the 48 hr. period, note

that for 04-15-2007 the modes are not observable during 2 -
Next, we apply the Yule-Walker method to the pre-9 harss.éi:(?;) ar;nor-nilr(]):OO am in local time) which corresponds
processed data. The estimated periodograms from Wechs y 9

method are used to refine the ARMA model order of the Yul&. Mode and Damping Estimates
Walker method by comparing the PSD of both methods. As The algorithms discussed above produce estimates for dif-

a result, excellent agreement was obtained between the P%ng modes. Some of these modes are true system modes

estimated from each_ method. In F'gb we show th’e Yule- and others are numerical artifacty.[Here, we use a modal

Wal_ker PSD along with the one obtained by Welch's me_thognergy method to determine which modes have the largest

Notice the close agreement between both spectrum estimalgs, o in the signal in each of the ranges discussed above.
Subsequently, we applied both methods to all remaining sign aigorithm similar to the one reported ][ [4] was used

nals from Radstead and Hovegérd, for 15 min. time-windovgy this purpose.

similar to the one in Fig4a. We show all the estimated PSDs |, Fig. 10 we show the frequency and damping estimates
from the YW method in Fig5 where the dominant modesfq, signals P;, P, and P, from Radsted. Similar results
have distinctive peaks in the spectral estimate. Note that t{yere obtained for Hovegard. However, we have omitted the
estimates for Hovegard are obtained for a different data thé‘orresponding plots due to space constraints. We plot the
those of Radsted. Comparing all the PSDs we have determjﬁ@npmg and frequency estimates for each 15 min. block,
three dominant modes for the Nordic system at approximatgjyq accompany them with their corresponding PSD contour
0.3, 0.5, and 0.8 Hz, with bounds shown in Fig. from Welch’s method. Observe that as a result of the load
We repeat the methodology explained above for all the datariation through the 48 hrs. period the estimated frequenc
blocks for a period of 48 hrs. As a result, we obtain thend damping ratio for each mode also present changes. The
contours and surfaces shown in Figsand 7 for Radsted, most important characteristic to note is that the the damp-
and in Fig.8 for Hovegard. For theP; signal of Radsted we ing estimates are less variable as the system becomes more
show its Welch contour in Figha, and its corresponding YW stressed. In other words, the mode meter algorithm estimate
contour in Fig.7a observe the close agreement between bo#élle more reliable as the system stress is increased.
contours confirming the existence of the modes and boundsn addition, we have computed the average mode fre-
discussed above. quencies and damping estimates along with their standard
The dynamics of the power system vary over the 48 hmdeviations. We provide these statistics in Tabfer Radsted,
measurements of Radstead. Note that 03-20-2008 was a “tgpd in Tablell for Hovegard. Note that the damping of each
ical day” (in terms of the power system loading), while 03mode is different at each substation.
21-2008 was a national holiday with decreased loading. It isThe contour plots from Welch’s method accompanying the
important to note that the frequency and damping ratio of ttmeode frequency and damping estimates in Hi.provide
electromechanical modes are influenced by the system lgadinsight into the damping ratio of each mode. A narrow
and configuration of the power grid. For example, Mode 2 (Odistinctive frequency band in the contour as those shown for
Hz) is present throughout 03-20-2008, but due to decreagddde 1 in Figs.10aand10d (shown mostly in red between
loading on 03-21-2008 it is not visible during the 32-42 hr€.27-0.28 Hz) represents a low damping ratio, in this case
segment (9:00 am - 7:00 pm in local time), which includethe average damping ratio is between 2.774 - 5.1224% at

Power Spectral Density [db]

4
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Figure 6. Welch and YW PSD Contours, and Yule-Walker Surfaceghe P; signal from Radsted. The red colors represent maximum sanel the blue

colors represent minimum values of the power spectrum tefdB]. The time is given in hours in (UTC) starting from 00:00 hrs, local time is given in
UTC+1 hr.
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Table | Table Il

MODE METERESTIMATES FORRADSTEAD MODE ESTIMATES COMPARISON WITHEIGENANALYSIS STUDY FOR THE
INTERAREAMODES
£ 1 (9
MODE | SiGNAL | f (H2) 7f d (%) 9d Eigenanalysis Ambient Data Analysis
P 0.2784 | 0.0054 | 2.7741 | 3.5577 MODE | f (Hz) | d (%) f (H2) d (%)
Mode 1 P; 0.2789 | 0.0056 | 5.1224 | 4.1227
i) 0.2776 | 0.0052 | 3.1023 | 3.5267 Mode 1| 0.33 | 0.99 | 0.2776-0.2943 | 2.7741 - 14.0157
P 0.5462 | 0.0185 [ 7.0530 | 4.4575
Mode 2 Py 0.5354 | 0.0195 | 10.053 | 4.1227 Mode 2 | 0.48 | 5.05 | 0.4926 - 0.5462| 7.0530 - 14.0157
Py 0.5331 | 0.0210 | 7.8131 | 3.7418
P 0.8190 | 0.0221 | 5.1698 | 3.5451
d P 0.8224 | 0.0219 | 5.8718 | 3.0722 generators in Southern Norway and Finland oscillating regjai
Mode 3
Py 0.8291 | 0.0116 | 4.8269 | 3.5301 th t of th ¢
- | 08258 | 0.0352| 7.3992 | 3.5089 € rest ot the system. N
The eigenanalysis study §] focused on determining modes
Table Ii that were most observable and controllable within the Rinis

MODE METERESTIMATES FORHOVEGARD grid. Here, we provide additional results from the study in

[13] which are relevant to the ambient-data analysis results

MODE | SIGNAL | [ (Hz) | oy d (%) 7d discussed in this paper, and that where not reported ih [
[Model[ P, [ 0.2943] 0.0144 [ 14.0157 | 3.2173 | During this eigenanalysis study several modes within the
Mode 2 Py 0.4926 | 0.0186 | 14.0157 | 3.2173 frequency range of 0.80 - 0.88 Hz were observed. These modes

Py 0.5243 | 0.0369 | 13.2147] 3.7919 behave either as local modes in Eastern Denmark or interarea
. | 08238 0.0138 | 56573 | 3.6906

Mode 3 P 08323 | 00181 | 62275 | 36686 modgs in Southern Swedgn and_ Denmark, and are therefore
. 0.8132 | 0.0295| 8.0509 | 4.3171 outside the scope of the discussion i

Within the frequency range mentioned above, there was a
Radstead. Conversely, a broader frequency band will itelicdighly observable mode in Eastern Denmark with a frequency
larger damping ratio. For example Mode 2 has a broadef 0.82 Hz, and damping of 11.12%. This 0.82 Hz mode is
frequency band approximately between 0.45 Hz and 0.6 ldn interarea mode between Sweden and Eastern Denmark. A
as shown Figs10band10e (shown mostly in yellow and red mode shape derived from eigenanalysis of a 3000 - bus model
in 10, and in green, yellow, orange, and red ifg. This of the Nordic power system is shown in Fig. Presumably,
band corresponds to a higher damping ratio whose averagéhig 0.82 Hz oscillation observed in this paper is related
between 7.053- 10.053 % at Radstead. to the same mode as observed during the studylif. [

In summary, from Tables and Il, the average frequencyThe average mode frequency and damping for Mode 3 (0.8
and damping of the dominant electromechanical modes &iz) from ambient-data analysis is between 0.8132 - 0.8323
between the following ranges: Hz and 5.1698 - 8.0509 % damping. As mentioned before,
o Mode 1: 0.2776- 0.2943 Hz, with 2.7741 - 14.0157 % damping the frequency and damping of oscillatory modes are closely
o Mode 2: 0.4926 - 0.5462 Hz, with 7.0530 - 14.0157 % dampingelated to the operating state of the power system. Thexefor
o Mode 3: 0.8132 - 0.8323 Hz, with 4.8269 - 8.0509 % dampingthe difference in operating state between the studies dhumul
where Mode 1 and Mode 2 are interarea modes. regarded as one of the influencing factors on the deviation in
their results.

IV. COMPARISON WITHEIGENANALYSIS INVESTIGATIONS

In this Section we compare the estimated modes from
ambient data analysis to those reported in an extensive eige
nanalysis investigation of the Nordic systeat]. Additional
results of this eigenanalysis study not availablelif] pre also

0.82Hz Moce

Northern Sweden

Central Sweden
Southern Sweden

repo rted. Northern Norway
The modes determined fronij] are obtained for a high ‘S::ma‘h":f:vzjy
loading scenario corresponding to the winter, while the iamb Finlanet .
ent analysis was performed using measurements from Spring Eas‘ﬁ’ﬂ"é""‘ﬁ"ﬂ‘%
'07 and Spring '08. Therefore, differences between theltgsu . \_‘_;- -
of both methodologies are expected. Table shows the 7*
interarea modes obtained by each study. The interarea modes fTHN

estimated in this study are in agreement with the interarea
modes reported in1[3], it should be noted that the damping
estimates from ambient data analysis are more optimistic.
The eigenanalysis studylj] also determined the most
important mode shapes for the Nordic System. For Mode 1
(0.3 Hz) the mode shape shows generators in Finland os-

cillating against the rest of the Nordic system, includingigure 9. Bus Voltage Angle Mode shape of the 0.82 Hz modaeirom
Eastern Denmark. For Mode 2 (0.5 Hz) the mode shape shaotggnanalysis of a 3000 bus model of the Nordic power system
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