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Electromechanical Dynamics
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Mode Shape

9 10 11

Frequency | Damping
Mode (Hz) (%)
1 0.51 7.80
2 1.19 3.40
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e
Forced Oscillations

 Response of system to an apparatus in a limit cycle

— e.g. generator controller

e NOT A SYSTEM INSTABILITY

* Very common
— WECC = 16 events in 2008/9 operating season in WECC.

 Can be very severe if near a natural mode where the
system gain is high (resonance):
— WECC: November 30, 2005.
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WECC FO, Mar. 2015
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Resonance
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Do FOs Impose Any Threat?

e (Catastrophic event of rotor’s vibration at Sayano—Shushenskaya
hydro power station in 2009*

Before the accident After the acudent

SERRAINN
FH

i

https://en.wikipedia.org/wiki/2009 Sayano%E2%80%93Shushenskaya power station accident

e S. Maslennikov, IEEE PES GM 2017, Panel session on “Industry Experiences in Dynamic-System Operational
Monitoring and Control using PMUs” A
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https://en.wikipedia.org/wiki/2009_Sayano%E2%80%93Shushenskaya_power_station_accident

———
On-Line FO Monitoring Goals
e Detect any sustained oscillations
— Isit a FO or an un-damped transient?
— General frequency band
— Amplitude and locations of oscillations
— |Identify sustained forced oscillation source

e Control Actions

— Forced oscillations

e remove the driving source

— Low damped modes

e Solutions require significant studies (e.g., reduced

I(.ees loading on key corridors, PSS unit adjustment, etc
SPES S$IEEE
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Distinguishing between
FO
and
Un-damped Transients
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The Math

Forced
©o N b N b
UiV UiV
£.(t) = Z Z£ |A,,|cos | mwyt + 2 Amz,—”';l—l = FO
L jmwy — 4 b jmwy — 4;
/ m=t=t =t
Harmonic u e
+ Z () ® Zmﬁ.g@zz |e"itcos (wit + A(gi,.gigzz)) = Colored Noise
=1 i=1
Transient
2, (t) = 2[tnrvn2(0)|cos ( wpt + £ (Emynz(o)ﬂ = Transient
. M N
No Harmonics t .
+Z q(t)® Z@ryﬁzf |le“itcos (wft + A(Mrgfng)) = Colored Noise
=1 i=1
i#n
+ Z [q; t)® [|gm,gngm |cos(a)nt + /—Enrk’ném)]] = Sinusoid Noise
=1 . .
\ Unique to a Transient
- R. Xie and D. Trudnowski, “Distinguishing Between Natural and Forced Oscillations Using a Cross-Spectrum Index,” Proceedings of the
IEE IEEE Power & Energy Society General Meeting, July 2017.
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Distinguishing Between FO and Transient

« Consider oscillating signal y, at location r broken into 3 windows. The
“cross-spectrum difference function” is defined as:

Sr [-Q] = lA;r*\zwl l‘;rwz _ lH;?"asz l‘;rwg

* We now define a “cross-spectrum index” between channels r and g:

|E{s:[as,[a]}|*
E{s;[Qls,[Q]} E{s,;[Qls,[Q]}

CrglQ] 2

e LOTS of math shows:

CrglQy] = 1 for a transient
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MiniWECC Simulation Example
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Real-Life Example

WECC FO near system mode at 0.345 Hz for 15 min. (About 10 MW).
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Research has shown:

» Algorithm works great at inter-area modes.
 Works OK at local modes.

 Requires LOTS of data (minutes).
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Locating FO sources
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Approaches

e RMS Energy
— Requires no system model or knowledge
— Easy to implement for on-line use
— Works the vast majority of time

* Fails when FO is near system mode
— Lots of experience; currently used at BPA control center
e Energy Flow
— Requires some network information
— Cannot quantify the FO
— Seems to be reliable and robust for locating the FO source
— Being prototyped at ISO New England (Maslennikov)
* Swing Equation Estimation
— Only applicable to real-power turbine-induced FO
— Requires no model information but does require baselining
— Both quantifies and locates the FO
— Initial tests indicate a need to measure generator speed

@’f o 9 IEEE




RMS Energy Filter

BP > 2 gl Average - 1/2
( ) Filter ( )

Filter

Preprocess |

» Derived Signals =V, f, MW, MVAR.
 Bands:
 0.01to 0.1 Hz = Speed governor band.
e 0.15to 1 Hz = Interarea mode band.
e 1to5 Hz = Local mode and controls band.
* 5 to Nyquist = High frequency band.

M. Donnelly, D. Trudnowski, J. Colwell, J. Pierre, and L. Dosiek, “RMS-energy filter design for real-time oscillation detection,”
( IEEE Proceedings of the IEEE Power & Energy Society General Meeting, July 2015.
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RMS Energy Display at BPA

SYNCHROPHASOR: OSCILLATION DETECTION MAP 4/12i2016 1:30:36PM || [&] | LIST | TReENDs | cLose

CLICK ON A PMU
TO VIEW DETAILS

ENERGY BAND KEY

Generator, HVDC or SVC

Lecal Plant Controls
Inter-Area Oscillations
Local Plant Controls or AGC m

(epes
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Presenter
Presentation Notes
Map View of the application

Red horizontal bar at the top of the map flashes when App is in alarm status
Each PMU enabled substation being monitored for oscillations is shown with voltage level and 4 vertical status bars. Each status bar represents 1 of the 4 frequency bands in which oscillations are detected by the application
Frequency status bars are green when no oscillation is detected, red when an oscillation is detected at the time shown at the top of the map, and yellow when an oscillation was detected within the previous 30 min from the time displayed at the top of the map
Yellow asterisks denote the station that is detecting the most oscillation energy during an oscillation event
A key is shown at the bottom of the map that provides the frequency range for each band as well as likely sources of oscillations for each band. 
Clicking on the voltage level of the PMU station opens the site details and shows each measurement at that site that is being monitored for oscillations
(Next slide drills down to the 500kV PMU site showing the two yellow asterisk's)
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Energy Flow

H 1)

W, (t) & f t lAPem(E)Amm(E)dE + AQ,.,(t)d (Aln(Vm(E)))] = Energy Flow
0

AP, (t) = BP{P,,,(t)} = Filtered power flow

AQem(t) = BP{Q.m(t)} = Filtered reactive power flow
Aw,,(t) = BP{®,,(t)} = Filtered generator speed (frequency)

Vi (£) = Mean{V,, (t)} + BP{V,(¢)} = Filtered voltage

» Decreasing W, (t) implies oscillation dissipation

« Increasing W, (t) implies oscillation sourcing

* Requires a single frequency oscillation (or heavy filtering)
 Difficult to automate

¢ L. Chen, Y. Min, and W. Hu, “An energy-based method for location of power system oscillation source,” IEEE Trans. on Power Systems, vol. 28, no. 2, pp. 828-836,
May 2013.

Slava Maslennikov, Bin Wang, Eugene Litvinov “Dissipating Energy Flow Method for Locating the Source of Sustained Oscillations”, International Journal of
(E IEEE Electrical Power and Energy Systems, Issue 88, 2017, pp.55-62.
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Energy Flow in the Freg Domain

Parceval’s theorem applied to general signals x,(t) and x,(t) is

fo i (D () dE = f )

XiPXPAf =2 [ RefSuye, (P)df

0

where S, ,, is the cross-spectral density.
If we assume tis large, Parceval’s applied to W, (t) is accurately estimated by

co

W (f) = 2Re f {ﬁapem(t)Awm(t) (f)+ §AQem(t)d(Aln(Vm(t)))(f)} af

0
where § is the estimated cross-spectral density up-to time t. Therefore,

o |If §Apem(t)ﬂwm(t)(f) > 0 oscillation dissipation at frequency f
o If S"Apem(t)ﬂwm(t)(f) < 0 oscillation sourcing at frequency f

« Enables analysis of multiple frequencies.
 Easy to automate.

R. Xie and D. Trudnowski, “Tracking the Damping Contribution of a Power System Component Under Ambient Conditions,” IEEE Trans. on Power
@i Systems, vol. 33, no. 1, pp. 1116-1117, Jan. 2018 E
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Swing Equation Decomposition

AP¢p=AP, — Ry (fo) Ay, = Estimated FO power
f, = frequency of FO
AP,,, = Fourier Series component of AP,,,,(t)

Aw,, = Fourier Series component of Aw,,(t)

SwPe,m (f)
Sww,m(f )

R, (fo) = Pre-calculated ambient ratio=

R. Xie and D. Trudnowski, “Locating and Quantifying Turbine-Induced Forced-Oscillations for System Operations,” [EEE PESGM
(@E E @lEEE
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o | Example 1

* Forced Oscillation
at Gen 11-1

e 1.6 Hz
e 25 MW
e Not near a mode

e 9 IEEE
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Example 1
FO at 1.6 Hz at Gen 11-1
Power Plant RMS RMS
- Gen Energy Energy W (pu) T¢ (MW)
(mHz) (MW)

1-1 0 1 0.00 0
2-1 0 2 0.00 0
3-1 0 1 0.01 0
4-1 1 5 0.00 0
5-1 0 3 0.00 0
6-1 1 5 0.00 0
7-1 0 2 0.00 0
7-2 0 2 0.00 0
7-3 0 2 0.00 0
8-1 1 8 0.00 0
9-1 1 9 0.00 0
10-1 1 20 0.00 0
11-1 10 78 0.55 25
11-2 1 16 0.00 0
12-1 0 1 0.00 0
13-1 0 0 0.00 0
14-1 0 0 0.00 0
14-2 0 0 0.00 0

1 1 0.00 0

@E 15-1

Power & Er1erg1,r Society®
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mpm_sig_G11F1p6M0p0236_Noise

		mpm_sig_G11F1p6M0p0236_Noise

		FO at gen 11, 1.6 Hz, Mag. = 25.0316 MW

		Power Plant - Gen		RMS Energy (mHz)		RMS Energy (MW)		W (pu)		Tf (MW)

		1-1		0		1		0.00		0

		2-1		0		2		0.00		0

		3-1		0		1		0.01		0

		4-1		1		5		-0.00		0

		5-1		0		3		0.00		0

		6-1		1		5		0.00		0

		7-1		0		2		0.00		0

		7-2		0		2		0.00		0

		7-3		0		2		0.00		0

		8-1		1		8		0.00		0

		9-1		1		9		0.00		0

		10-1		1		20		0.00		0

		11-1		10		78		0.55		25

		11-2		1		16		0.00		0

		12-1		0		1		0.00		0

		13-1		0		0		0.00		0

		14-1		0		0		-0.00		0

		14-2		0		0		-0.00		0

		15-1		1		1		0.00		0

		15-2		1		1		0.00		0

		16-1		1		4		0.00		0

		17-1		1		4		-0.00		0

		18-1		1		4		-0.00		0

		18-2		1		4		-0.00		0

		19-1		0		3		-0.00		0

		20-1		1		3		0.00		0

		21-1		0		12		-0.02		0

		22-1		1		4		-0.00		0

		23-1		1		2		-0.00		0

		23-2		1		2		-0.00		0

		24-1		1		2		0.00		0

		25-1		1		5		-0.00		0

		26-1		1		2		-0.00		0

		26-2		1		3		0.00		0

		26-3		1		3		0.00		0

		27-1		1		9		-0.00		0

		27-2		1		9		-0.00		0

		28-1		0		9		-0.00		0

		29-1		0		8		0.00		0

		30-1		0		9		-0.00		0

		31-1		0		1		0.00		0

		32-1		1		3		0.00		0

		33-1		0		1		-0.00		0

		34-1		0		9		-0.03		0





mpm_sig_G37F1p6M0p0236_Noise

		mpm_sig_G37F1p6M0p0236_Noise

		FO at gen 37, 1.6 Hz, Mag. = 25.0316 MW

		Gen		RMSeF (mHz)		RMSeS (mHz)		RMSeP (MW)		WPf		WQf		Wf		WPs		WQs		Ws		Tfact (RMS MW)		TfFest (RMS MW)		TfSest (RMS MW)

		1		0.1445085695		0.1498653107		1.0229721624		-0.0010940849		-0.0020469462		-0.0031410311		0.0024931786		-0.0020469462		0.0004462324		0.0403141186		0.0562579459		0.0404359956

		2		0.3057617119		0.3919118789		2.1069524426		0.0013091456		0.0020727084		0.003381854		0.0015687825		0.0020727084		0.0036414909		0.0303824391		0.0657258132		0.0304834179

		3		0.2039768368		0.3277798899		1.3569386433		0.0037894411		0.0044172722		0.0082067134		0.0037113241		0.0044172722		0.0081285964		0.0171534998		0.2134980725		0.0179097135

		4		0.5961324604		1.1489537996		4.60530013		-0.0017790374		-0.0000301503		-0.0018091877		0.0000297585		-0.0000301503		-0.0000003917		0.005621901		0.7126659291		0.0054580403

		5		0.2283926059		0.4199561852		3.220340157		-0.0025890803		0.0000991331		-0.0024899471		0.0000368385		0.0000991331		0.0001359716		0.0062828445		1.1092145654		0.0063289034

		6		0.5070585225		1.7481795079		4.5582096058		-0.0031258041		0.0001467573		-0.0029790468		0.0000286823		0.0001467573		0.0001754396		0.0043946519		0.9479908125		0.0046035247

		7		0.258662823		0.4310522739		1.9720452557		-0.0003428123		0.0001754003		-0.000167412		0.0007872107		0.0001754003		0.000962611		0.0075489752		0.0502290411		0.0076994324

		8		0.5015198274		1.3696555042		8.284904945		-0.0055870699		0.0007115396		-0.0048755303		0.0008520522		0.0007115396		0.0015635918		0.0050818994		4.6692704449		0.0064834922

		9		0.9885281767		3.5144534		9.3981429572		-0.0059850997		0.0002294574		-0.0057556423		0.0000594078		0.0002294574		0.0002888651		0.0035050941		2.0717861577		0.0029404633

		10		0.9611353019		2.3140712154		19.5344874159		-0.0273713594		0.0012207119		-0.0261506476		0.0011930801		0.0012207119		0.002413792		0.0054171605		5.847053008		0.00890451

		11		1.2906043849		4.9360382618		16.1188883548		-0.0196101101		0.0004039285		-0.0192061816		0.0000611507		0.0004039285		0.0004650792		0.0045367726		5.6571330683		0.0045022991

		12		0.3677893075		0.8192033342		0.5080140707		-0.0000840147		0.0000913635		0.0000073488		0.0000050124		0.0000913635		0.0000963759		0.0015581743		0.0380877682		0.0016574706

		13		0.119109692		0.1720896609		0.4745322409		0.0004835572		-0.0003392797		0.0001442775		0.0010436955		-0.0003392797		0.0007044158		0.008799465		0.1304163773		0.0093790685

		14		0.0843406595		0.1121534245		0.1911089449		-0.0021225141		-0.00027059		-0.0023931042		-0.0017015808		-0.00027059		-0.0019721708		0.0101934949		0.0737524327		0.0099125277

		15		0.6135824722		1.7372885918		1.1797476854		-0.0004588945		0.0000182077		-0.0004406868		0.0000066401		0.0000182077		0.0000248478		0.0023748088		0.1860056722		0.0026330657

		16		0.5284638738		0.8906420452		4.1059195027		-0.0044886973		0.0028996574		-0.0015890398		0.0005525546		0.0028996574		0.0034522121		0.0119642657		0.2522473271		0.0131793996

		17		0.6353456311		0.8454115554		3.9900682505		-0.0053789535		-0.0003068309		-0.0056857844		-0.0000228944		-0.0003068309		-0.0003297253		0.0046047156		0.6043617812		0.0044780257

		18		0.672456107		0.828713997		4.4959569495		-0.0050342252		0.0000120776		-0.0050221476		-0.000749603		0.0000120776		-0.0007375254		0.0047714203		0.7144696975		0.0048989493

		19		0.4041750662		0.5956759274		3.1899530456		-0.0015030677		0.00010358		-0.0013994877		-0.0002585257		0.00010358		-0.0001549458		0.0125890445		0.1145107187		0.0125687647

		20		0.6270382638		0.9158455893		3.3090705023		-0.0016643481		0.000094667		-0.001569681		0.0000050976		0.000094667		0.0000997646		0.0072320174		0.0572858331		0.0072453321

		21		0.3243340364		0.3867722314		11.6280440656		-0.0286736098		0.0005117001		-0.0281619098		-0.0213522003		0.0005117001		-0.0208405003		0.0761260391		0.3002433641		0.0758369094

		22		0.6519430955		0.7787367246		3.5073285568		-0.0020419967		-0.0001418315		-0.0021838282		-0.0000018662		-0.0001418315		-0.0001436977		0.0062868411		0.0273820435		0.0062358464

		23		0.7996925234		0.7043959574		2.3041131648		-0.0054819001		0.0000352668		-0.0054466334		-0.0025336169		0.0000352668		-0.0024983502		0.0022611441		0.0055926903		0.0022387398

		24		0.580397045		0.4820351966		2.2635440769		-0.0000924732		0.0006977084		0.0006052352		0.000652692		0.0006977084		0.0013504004		0.0059880669		0.0455193276		0.0061015591

		25		0.5090341266		0.5044637107		5.4522569788		-0.0016277799		-0.0001200235		-0.0017478034		-0.0003910755		-0.0001200235		-0.0005110991		0.0230372609		0.1984560009		0.0229664694

		26		0.7508411285		1.0831577607		2.375946049		-0.0027137162		0.0000384135		-0.0026753027		-0.0023025774		0.0000384135		-0.002264164		0.0090800249		0.0055409752		0.0089206862

		27		0.5632740417		0.9121511468		9.208016622		-0.0037508697		-0.0001029575		-0.0038538272		-0.0014377278		-0.0001029575		-0.0015406854		0.0107368616		0.27353946		0.0113482265

		28		0.425146823		0.6299670323		8.8262748337		-0.0063666736		0.0001376943		-0.0062289793		-0.0028202705		0.0001376943		-0.0026825763		0.0404295382		0.1700923973		0.0401776111

		29		0.3628495251		0.4365761071		8.4530287127		-0.0063128688		0.0001560183		-0.0061568505		0.0001425922		0.0001560183		0.0002986105		0.048881623		0.3383626349		0.0484950232

		30		0.4081246415		0.4749446411		8.9772984847		-0.0134761902		-0.0002101955		-0.0136863858		-0.0043731246		-0.0002101955		-0.0045833201		0.0834338607		0.5424612455		0.082824094

		31		0.300161444		0.4069873668		1.3114482432		-0.0018524843		0.0001329711		-0.0017195132		0.0000283675		0.0001329711		0.0001613386		0.0075953695		0.1870304824		0.0075845976

		32		0.7068736837		0.9875283476		3.0331181559		-0.0023583463		0.0008384145		-0.0015199318		0.0011609657		0.0008384145		0.0019993803		0.0072497571		0.1768797174		0.0075278459

		33		0.4533260582		0.555312107		1.4027296156		-0.0019489092		0.0000226951		-0.0019262141		-0.0012103162		0.0000226951		-0.0011876211		0.0103146052		0.1779647709		0.0102139821

		34		0.2497161797		0.3116921772		9.3478842348		-0.0308769765		-0.0003084591		-0.0311854356		-0.0254880619		-0.0003084591		-0.025796521		0.1917448729		0.8021827034		0.1905454322

		35		0.2594231698		0.4291156526		1.9649675089		-0.0003444635		0.0001760747		-0.0001683889		0.0007874718		0.0001760747		0.0009635465		0.0075830722		0.0324500343		0.0077395451

		36		0.2602317479		0.4311082569		1.9651612252		-0.0010744253		0.0001760002		-0.0008984251		0.0000222858		0.0001760002		0.000198286		0.0075926576		0.0314298565		0.0075457022

		37		10.4542595363		29.8031686631		77.6500363374		0.0938035729		0.0039561187		0.0977596916		0.5507545385		0.0039561187		0.5547106571		25.0523052289		53.9019560371		25.052013712

		38		0.0843406595		0.1121534245		0.1911089449		-0.0021225141		-0.00027059		-0.0023931042		-0.0017015808		-0.00027059		-0.0019721708		0.0101934949		0.0737524327		0.0099125277

		39		0.6135824722		1.7372885918		1.1797476854		-0.0004588945		0.0000182077		-0.0004406868		0.0000066401		0.0000182077		0.0000248478		0.0023748088		0.1860056722		0.0026330657

		40		0.6723861046		0.8278667991		4.4951129883		-0.0043271587		-0.0000021641		-0.0043293228		-0.0000298081		-0.0000021641		-0.0000319721		0.0047317688		0.7114821834		0.0046710872

		41		0.7996925234		0.7043959574		2.3041131648		-0.0054819001		0.0000352668		-0.0054466334		-0.0025336169		0.0000352668		-0.0024983502		0.0022611441		0.0055926903		0.0022387398

		42		0.7701072385		1.1456772808		2.5997550934		-0.000520154		0.0000290777		-0.0004910763		0.0000111383		0.0000290777		0.000040216		0.0097721381		0.0056009209		0.0097627806

		43		0.7701072385		1.1456772808		2.5997550934		-0.000520154		0.0000290777		-0.0004910763		0.0000111383		0.0000290777		0.000040216		0.0097721381		0.0056009209		0.0097627806

		44		0.5632740417		0.9121511468		9.208016622		-0.0037508697		-0.0001029575		-0.0038538272		-0.0014377278		-0.0001029575		-0.0015406854		0.0107368616		0.27353946		0.0113482265
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Example 2

FO at 1.14 Hz at Gen 26-2

Power Plant RMS RMS

Energy Energy W (pu) T¢ (MW)
- Gen

(mHz) (MW)
26-1 33.5 123.3 -0.24 0.1
26-2 33.5 182.7 7.04 79.7
26-3 34.8 137.4 0.14 0.1
27-1 16.4 237.3 0.04 0.2
27-2 16.4 237.3 0.04 0.2
28-1 6.1 174.1 -0.06 0.2
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mpm_sig_G26F1p14M0p072_Noise

		mpm_sig_G26F1p14M0p072_Noise

		FO at gen 26, 1.14 Hz, Mag. = 79.7616 MW

		Gen		RMSeF (mHz)		RMSeS (mHz)		RMSeP (MW)		WPf		WQf		Wf		WPs		WQs		Ws		Tfact (RMS MW)		TfFest (RMS MW)		TfSest (RMS MW)

		22		2.5174657182		4.5661352916		17.7522050232		-0.0383907312		-0.0009323218		-0.039323053		0.0000469795		-0.0009323218		-0.0008853423		0.0035724531		6.6384415798		0.0163620383

		23		6.6273947191		9.3240961863		24.5073214635		-0.2076836856		0.0010116262		-0.2066720594		-0.0142712952		0.0010116262		-0.013259669		0.0028594414		5.0359364059		0.0149188414

		24		2.3858696324		5.7226514905		22.4858150592		-0.0287987765		0.0045691883		-0.0242295881		0.001394178		0.0045691883		0.0059633663		0.0099049726		1.9807190322		0.0246877416

		25		2.5127248188		4.8165360148		39.9463554538		-0.0195662781		-0.0099392008		-0.0295054789		-0.0006993894		-0.0099392008		-0.0106385903		0.0274508514		4.2471543769		0.0489426395

		26		29.8889254973		56.3056518267		158.7728495341		4.5674586482		-0.1232186561		4.4442399922		5.8381746117		-0.1232186561		5.7149559556		79.7326021458		127.6679056248		79.7352243388

		27		15.1694509155		25.2242678725		219.9634966858		-1.1444974764		0.0078279483		-1.136669528		0.0266955635		0.0078279483		0.0345235118		0.0388180163		16.7323152157		0.1412988345

		28		5.6041683229		10.3648597838		161.2860876933		-0.3308958215		-0.0261212759		-0.3570170974		-0.0267042576		-0.0261212759		-0.0528255335		0.0683724464		12.7913487014		0.203413737

		41		6.6273947191		9.3240961863		24.5073214635		-0.2076836856		0.0010116262		-0.2066720594		-0.0142712952		0.0010116262		-0.013259669		0.0028594414		5.0359364059		0.0149188414

		42		32.3927554413		52.7756177053		127.8282231217		-0.7616405513		0.1111211242		-0.6505194272		0.0082556817		0.1111211242		0.1193768059		0.0212705372		3.7211166531		0.0648159201

		43		32.3927554413		52.7756177053		127.8282231217		-0.7616405513		0.1111211242		-0.6505194272		0.0082556817		0.1111211242		0.1193768059		0.0212705372		3.7211166531		0.0648159201

		44		15.1694509155		25.2242678725		219.9634966858		-1.1444974764		0.0078279483		-1.136669528		0.0266955635		0.0078279483		0.0345235118		0.0388180163		16.7323152157		0.1412988345





mpm_sig_G42F1p14M0p072_Noise

		mpm_sig_G42F1p14M0p072_Noise

		FO at gen 42, 1.14 Hz, Mag. = 79.7616 MW

		Power Plant - Gen		RMS Energy (mHz)		RMS Energy (MW)		W (pu)		Tf (MW)

		26-1		33.5		123.3		-0.24		0.1

		26-2		33.5		182.7		7.04		79.7

		26-3		34.8		137.4		0.14		0.1

		27-1		16.4		237.3		0.04		0.2

		27-2		16.4		237.3		0.04		0.2

		28-1		6.1		174.1		-0.06		0.2





mpm_sig_G43F1p14M0p072_Noise

		mpm_sig_G43F1p14M0p072_Noise

		FO at gen 43, 1.14 Hz, Mag. = 79.7616 MW

		Gen		RMSeF (mHz)		RMSeS (mHz)		RMSeP (MW)		WPf		WQf		Wf		WPs		WQs		Ws		Tfact (RMS MW)		TfFest (RMS MW)		TfSest (RMS MW)

		22		2.6767279639		4.8538856254		18.864516708		-0.0441003216		-0.001050225		-0.0451505466		0.0000466827		-0.001050225		-0.0010035423		0.003514402		7.1468972342		0.0170713219

		23		7.0974766097		9.9845472691		26.2336120405		-0.2396962132		0.0011962167		-0.2384999965		-0.0161366378		0.0011962167		-0.014940421		0.003262332		5.4179763821		0.0158858375

		24		2.572772495		6.1712094716		24.2228403011		-0.0334045025		0.005205721		-0.0281987815		0.0015162621		0.005205721		0.0067219831		0.0101714601		2.1304516764		0.0270254925

		25		2.7123267954		5.197604779		43.0293746152		-0.022485384		-0.0115384463		-0.0340238302		-0.0007298111		-0.0115384463		-0.0122682574		0.0276567384		4.5637881341		0.0532984841

		26		33.5222081447		52.6976302428		123.339279942		-1.0725709705		0.1203081214		-0.9522628491		-0.3614512121		0.1203081214		-0.2411430907		0.0215959657		3.7151399111		0.0622464044

		27		16.3513008145		27.1993662456		237.2519304093		-1.3255193603		0.0090725064		-1.3164468539		0.0307579359		0.0090725064		0.0398304422		0.0427663035		18.0023182681		0.1529250406

		28		6.0549320737		11.1896353068		174.0741291232		-0.3819160267		-0.0303286607		-0.4122446874		-0.0305433724		-0.0303286607		-0.0608720331		0.0702801101		13.7785047098		0.2158649756

		41		7.0974766097		9.9845472691		26.2336120405		-0.2396962132		0.0011962167		-0.2384999965		-0.0161366378		0.0011962167		-0.014940421		0.003262332		5.4179763821		0.0158858375

		42		34.8157590684		56.742404934		137.4169417388		-0.8837698369		0.1288348978		-0.7549349391		0.0098656336		0.1288348978		0.1387005314		0.0230250711		4.0119237048		0.0699667892

		43		33.5210123678		64.3905213478		182.6822000135		5.4827679618		-0.1342066146		5.3485613472		7.1746446641		-0.1342066146		7.0404380495		79.7322938315		131.8436541678		79.7385411838

		44		16.3513008145		27.1993662456		237.2519304093		-1.3255193603		0.0090725064		-1.3164468539		0.0307579359		0.0090725064		0.0398304422		0.0427663035		18.0023182681		0.1529250406
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Example 3
FO at 0.37 Hz at Gen 7-1
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Power Plant RMS RMS
Energy Energy W (pu) T¢ (MW)
- Gen
(mHz) (MW)
1-1 48 92 0.28 0
2-1 42 68 0.35 0
3-1 31 52 0.61 0
4-1 39 42 -0.01 0
5-1 40 86 0.00 0
7-1 39 129 6.34 100
7-2 39 47 0.18 0
7-3 39 46 0.01 0
8-1 35 53 0.23 0
10-1 34 72 0.31 0
13-1 40 31 0.27 0
21-1 14 130 -0.43 0
24-1 22 31 0.09 0
25-1 22 62 0.02 0
27-1 25 71 0.09 0
27-2 25 71 0.09 0
28-1 24 129 -0.17 0
29-1 10 55 0.07 0
30-1 24 127 -0.16 0
34-1 34 236 -0.54 1

. 9 IEEE



mpm_sig_G7F0p37M0p0513_Noise

		mpm_sig_G7F0p37M0p0513_Noise

		FO at gen 7, 0.37 Hz, Mag. = 100.3597 MW

		Power Plant -  Gen		RMS Energy (mHz)		RMS Energy (MW)		W (pu)		Tf (MW)

		1-1		48		92		0.28		0

		2-1		42		68		0.35		0

		3-1		31		52		0.61		0

		4-1		39		42		-0.01		0

		5-1		40		86		0.00		0

		7-1		39		129		6.34		100

		7-2		39		47		0.18		0

		7-3		39		46		0.01		0

		8-1		35		53		0.23		0

		10-1		34		72		0.31		0

		13-1		40		31		0.27		0

		21-1		14		130		-0.43		0

		24-1		22		31		0.09		0

		25-1		22		62		0.02		0

		27-1		25		71		0.09		0

		27-2		25		71		0.09		0

		28-1		24		129		-0.17		0

		29-1		10		55		0.07		0

		30-1		24		127		-0.16		0

		34-1		34		236		-0.54		1





mpm_sig_G11F0p37M0p0943_Noise

		mpm_sig_G11F0p37M0p0943_Noise

		FO at gen 11, 0.37 Hz, Mag. = 100.0203 MW

		Gen		RMSeF (mHz)		RMSeS (mHz)		RMSeP (MW)		WPf		WQf		Wf		WPs		WQs		Ws		Tfact (RMS MW)		TfFest (RMS MW)		TfSest (RMS MW)

		1		39.12		43.03		75.3		0.06		-0.10		-0.03		0.28		-0.10		0.19		0.0		0.1		0.1

		2		34.30		38.24		55.0		0.18		0.04		0.22		0.19		0.04		0.23		0.0		0.2		0.0

		3		25.09		28.38		41.8		0.24		0.10		0.34		0.30		0.10		0.40		0.0		0.6		0.0

		4		31.92		34.30		34.4		-0.04		-0.01		-0.04		0.00		-0.01		-0.00		0.0		0.0		0.0

		5		32.49		35.12		70.5		-0.14		-0.00		-0.14		0.00		-0.00		-0.00		0.0		0.1		0.0

		6		28.38		29.66		17.9		0.00		0.00		0.01		0.00		0.00		0.01		0.0		0.0		0.0

		7		31.89		35.16		37.9		0.10		0.00		0.10		0.12		0.00		0.12		0.0		0.0		0.0

		8		28.94		31.20		43.8		0.16		0.04		0.20		0.12		0.04		0.16		0.0		0.1		0.0

		9		29.14		30.53		18.8		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.0		0.0

		10		28.04		30.21		58.9		0.21		0.06		0.27		0.16		0.06		0.22		0.0		0.1		0.0

		11		28.43		34.96		112.4		4.02		-0.05		3.97		4.55		-0.05		4.50		100.0		104.9		100.0

		12		30.72		33.64		5.1		-0.01		-0.00		-0.01		0.00		-0.00		-0.00		0.0		0.0		0.0

		13		32.84		35.68		25.6		0.16		-0.05		0.11		0.23		-0.05		0.18		0.0		0.0		0.0

		14		35.38		36.17		19.8		-0.23		-0.04		-0.27		-0.18		-0.04		-0.23		0.0		0.0		0.0

		15		25.04		25.89		4.2		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.0		0.0

		16		13.94		14.11		17.6		0.11		0.15		0.25		0.06		0.15		0.21		0.0		0.5		0.0

		17		10.15		9.78		13.8		0.01		0.02		0.03		-0.00		0.02		0.02		0.0		0.6		0.0

		18		10.02		9.63		13.2		0.01		0.02		0.04		0.00		0.02		0.03		0.0		0.6		0.0

		19		8.88		9.69		16.9		-0.02		0.01		-0.01		0.00		0.01		0.01		0.0		0.4		0.1

		20		8.17		9.02		11.9		-0.01		0.00		-0.01		0.00		0.00		0.00		0.0		0.3		0.0

		21		11.65		12.60		107.3		-0.52		0.04		-0.48		-0.33		0.04		-0.29		0.1		2.6		0.4

		22		16.09		18.00		22.6		-0.05		0.00		-0.05		0.00		0.00		0.01		0.0		0.3		0.1

		23		19.32		21.98		18.3		-0.15		0.00		-0.15		-0.10		0.00		-0.10		0.0		0.1		0.0

		24		18.27		20.26		25.3		0.03		0.01		0.04		0.05		0.01		0.06		0.0		0.3		0.1

		25		18.33		19.85		51.1		-0.04		-0.00		-0.04		0.01		-0.00		0.01		0.0		0.5		0.1

		26		20.36		21.75		16.3		-0.10		-0.00		-0.10		-0.09		-0.00		-0.09		0.0		0.1		0.0

		27		20.34		21.85		58.3		-0.00		0.00		-0.00		0.06		0.00		0.06		0.0		0.7		0.1

		28		19.79		21.41		106.1		-0.22		-0.01		-0.23		-0.10		-0.01		-0.11		0.0		1.0		0.2

		29		8.10		8.49		45.6		-0.07		0.05		-0.03		0.00		0.05		0.05		0.0		2.9		0.2

		30		20.23		21.86		104.7		-0.27		0.01		-0.26		-0.12		0.01		-0.11		0.1		1.4		0.3

		31		5.33		4.28		6.1		0.00		0.02		0.02		-0.00		0.02		0.02		0.0		1.1		0.0

		32		7.93		7.89		7.4		0.02		0.02		0.04		0.01		0.02		0.03		0.0		0.3		0.0

		33		6.76		5.87		3.5		-0.00		0.01		0.00		-0.01		0.01		0.00		0.0		0.2		0.0

		34		28.10		30.10		193.7		-0.60		-0.03		-0.63		-0.34		-0.03		-0.37		0.2		1.4		1.0

		35		31.89		35.15		37.9		0.10		0.00		0.10		0.12		0.00		0.12		0.0		0.0		0.0

		36		31.88		35.07		37.5		-0.02		0.00		-0.02		0.00		0.00		0.00		0.0		0.0		0.0

		37		28.20		29.42		22.1		0.01		0.00		0.02		0.00		0.00		0.01		0.0		0.0		0.0

		38		35.38		36.17		19.8		-0.23		-0.04		-0.27		-0.18		-0.04		-0.23		0.0		0.0		0.0

		39		25.04		25.89		4.2		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.0		0.0

		40		10.03		9.66		13.9		0.01		0.02		0.03		-0.00		0.02		0.02		0.0		0.6		0.0

		41		19.32		21.98		18.3		-0.15		0.00		-0.15		-0.10		0.00		-0.10		0.0		0.1		0.0

		42		20.40		21.98		17.3		-0.01		-0.00		-0.01		0.00		-0.00		0.00		0.0		0.1		0.0

		43		20.40		21.98		17.3		-0.01		-0.00		-0.01		0.00		-0.00		0.00		0.0		0.1		0.0

		44		20.34		21.85		58.3		-0.00		0.00		-0.00		0.06		0.00		0.06		0.0		0.7		0.1





mpm_sig_G15F0p37M0p4351_Noise

		mpm_sig_G15F0p37M0p4351_Noise

		FO at gen 15, 0.37 Hz, Mag. = 99.9902 MW

		Gen		RMSeF (mHz)		RMSeS (mHz)		RMSeP (MW)		WPf		WQf		Wf		WPs		WQs		Ws		Tfact (RMS MW)		TfFest (RMS MW)		TfSest (RMS MW)

		1		30.07		33.07		57.8		0.04		-0.06		-0.02		0.16		-0.06		0.11		0.0		0.1		0.1

		2		26.35		29.39		42.2		0.10		0.03		0.13		0.11		0.03		0.14		0.0		0.1		0.0

		3		19.24		21.76		32.0		0.14		0.06		0.20		0.18		0.06		0.24		0.0		0.5		0.0

		4		24.51		26.40		26.5		-0.02		-0.00		-0.02		0.00		-0.00		-0.00		0.0		0.1		0.0

		5		24.93		27.11		54.4		-0.07		-0.01		-0.08		0.00		-0.01		-0.01		0.0		0.3		0.0

		6		21.71		23.23		14.0		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.3		0.0

		7		24.48		27.00		29.1		0.06		0.00		0.06		0.07		0.00		0.07		0.0		0.0		0.0

		8		22.24		24.10		33.8		0.10		0.03		0.13		0.07		0.03		0.10		0.0		0.2		0.0

		9		22.40		23.59		14.5		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.1		0.0

		10		21.53		23.35		45.5		0.13		0.04		0.17		0.09		0.04		0.13		0.0		0.4		0.0

		11		21.65		22.76		17.1		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.1		0.0

		12		23.61		25.87		3.9		-0.00		-0.00		-0.00		0.00		-0.00		-0.00		0.0		0.0		0.0

		13		25.30		27.49		19.7		0.10		-0.03		0.07		0.14		-0.03		0.11		0.0		0.0		0.0

		14		27.29		27.89		15.3		-0.14		-0.03		-0.16		-0.11		-0.03		-0.13		0.0		0.0		0.0

		15		24.39		61.86		109.8		2.72		-0.07		2.65		5.62		-0.07		5.55		100.0		104.8		100.0

		16		10.64		11.12		14.1		0.07		0.09		0.16		0.04		0.09		0.13		0.0		0.3		0.0

		17		7.74		7.63		11.5		0.01		0.01		0.02		-0.00		0.01		0.01		0.0		0.4		0.0

		18		7.63		7.49		11.0		0.01		0.01		0.02		0.00		0.01		0.02		0.0		0.4		0.0

		19		6.89		7.50		13.1		-0.01		0.00		-0.01		0.00		0.00		0.01		0.0		0.4		0.1

		20		6.33		6.97		9.3		-0.01		0.00		-0.01		0.00		0.00		0.00		0.0		0.2		0.0

		21		9.05		9.79		83.5		-0.31		0.03		-0.28		-0.20		0.03		-0.17		0.1		2.1		0.3

		22		12.51		13.99		17.5		-0.03		0.00		-0.03		0.00		0.00		0.00		0.0		0.3		0.0

		23		15.00		17.07		14.2		-0.09		0.00		-0.09		-0.06		0.00		-0.06		0.0		0.1		0.0

		24		14.22		15.75		19.6		0.02		0.01		0.02		0.03		0.01		0.03		0.0		0.2		0.0

		25		14.27		15.43		39.6		-0.02		-0.00		-0.02		0.01		-0.00		0.01		0.0		0.5		0.1

		26		15.84		16.90		12.6		-0.06		-0.00		-0.06		-0.05		-0.00		-0.05		0.0		0.1		0.0

		27		15.84		17.00		45.3		-0.00		0.00		-0.00		0.04		0.00		0.04		0.0		0.6		0.1

		28		15.41		16.66		82.4		-0.13		-0.01		-0.14		-0.06		-0.01		-0.07		0.0		0.8		0.2

		29		6.57		6.84		37.1		-0.04		0.03		-0.02		0.00		0.03		0.03		0.0		2.4		0.2

		30		15.90		17.17		82.1		-0.16		0.01		-0.16		-0.07		0.01		-0.07		0.1		1.1		0.3

		31		4.45		3.71		5.6		0.00		0.01		0.01		-0.00		0.01		0.01		0.0		0.8		0.0

		32		6.21		6.20		5.9		0.01		0.01		0.02		0.01		0.01		0.02		0.0		0.2		0.0

		33		5.26		4.65		2.8		-0.00		0.00		0.00		-0.00		0.00		0.00		0.0		0.1		0.0

		34		21.91		23.47		150.8		-0.37		-0.02		-0.39		-0.22		-0.02		-0.23		0.2		1.1		0.8

		35		24.48		26.99		29.1		0.06		0.00		0.06		0.07		0.00		0.07		0.0		0.0		0.0

		36		24.47		26.92		28.7		-0.01		0.00		-0.01		0.00		0.00		0.00		0.0		0.0		0.0

		37		21.65		22.76		17.1		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.1		0.0

		38		27.29		27.89		15.3		-0.14		-0.03		-0.16		-0.11		-0.03		-0.13		0.0		0.0		0.0

		39		19.19		21.43		3.5		0.00		0.00		0.00		0.00		0.00		0.00		0.0		0.2		0.0

		40		7.63		7.51		11.5		0.01		0.01		0.02		-0.00		0.01		0.01		0.0		0.4		0.0

		41		15.00		17.07		14.2		-0.09		0.00		-0.09		-0.06		0.00		-0.06		0.0		0.1		0.0

		42		15.87		17.08		13.4		-0.01		-0.00		-0.01		0.00		-0.00		0.00		0.0		0.1		0.0

		43		15.87		17.08		13.4		-0.01		-0.00		-0.01		0.00		-0.00		0.00		0.0		0.1		0.0

		44		15.84		17.00		45.3		-0.00		0.00		-0.00		0.04		0.00		0.04		0.0		0.6		0.1





mpm_sig_G27F0p37M0p025_Noise

		mpm_sig_G27F0p37M0p025_Noise

		FO at gen 27, 0.37 Hz, Mag. = 99.8788 MW

		Gen		RMSeF (mHz)		RMSeS (mHz)		RMSeP (MW)		WPf		WQf		Wf		WPs		WQs		Ws		Tfact (RMS MW)		TfFest (RMS MW)		TfSest (RMS MW)

		1		21.42		23.60		41.7		0.02		-0.03		-0.01		0.09		-0.03		0.06		0.0		0.0		0.0

		2		18.74		20.94		30.4		0.06		0.01		0.07		0.06		0.01		0.08		0.0		0.2		0.0

		3		13.84		15.71		23.4		0.08		0.03		0.11		0.10		0.03		0.13		0.0		0.4		0.0

		4		17.47		18.80		18.9		-0.01		-0.00		-0.01		0.00		-0.00		-0.00		0.0		0.0		0.0

		5		17.80		19.30		39.0		-0.04		-0.00		-0.04		0.00		-0.00		0.00		0.0		0.0		0.0

		6		15.52		16.34		9.9		0.00		0.00		0.00		0.00		0.00		0.00		0.0		0.0		0.0

		7		17.48		19.29		20.9		0.03		0.00		0.03		0.04		0.00		0.04		0.0		0.0		0.0

		8		15.89		17.20		24.3		0.05		0.01		0.07		0.04		0.01		0.05		0.0		0.1		0.0

		9		16.01		16.82		10.4		0.00		0.00		0.01		0.00		0.00		0.00		0.0		0.0		0.0

		10		15.39		16.65		32.6		0.07		0.02		0.09		0.05		0.02		0.07		0.0		0.1		0.0

		11		15.48		16.21		12.2		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.1		0.0

		12		16.86		18.49		2.8		-0.00		-0.00		-0.00		0.00		-0.00		-0.00		0.0		0.0		0.0

		13		18.13		19.72		14.2		0.05		-0.02		0.04		0.08		-0.02		0.06		0.0		0.0		0.0

		14		19.60		20.10		11.0		-0.07		-0.01		-0.09		-0.06		-0.01		-0.07		0.0		0.0		0.0

		15		13.71		14.42		2.4		0.00		0.00		0.00		0.00		0.00		0.00		0.0		0.0		0.0

		16		7.66		8.35		11.1		0.04		0.05		0.09		0.02		0.05		0.07		0.0		0.5		0.0

		17		5.52		5.73		9.5		0.01		0.01		0.01		0.00		0.01		0.01		0.0		0.4		0.0

		18		5.42		5.61		9.1		0.01		0.01		0.01		0.00		0.01		0.01		0.0		0.4		0.0

		19		4.00		4.63		8.3		-0.00		0.00		-0.00		0.00		0.00		0.00		0.0		0.3		0.0

		20		3.60		4.18		5.8		-0.00		0.00		-0.00		-0.00		0.00		0.00		0.0		0.2		0.0

		21		5.62		6.37		55.8		-0.15		0.01		-0.14		-0.11		0.01		-0.10		0.1		1.4		0.1

		22		8.21		9.34		11.8		-0.01		0.00		-0.01		0.00		0.00		0.00		0.0		0.1		0.0

		23		10.15		11.52		9.7		-0.05		0.00		-0.05		-0.03		0.00		-0.03		0.0		0.1		0.0

		24		9.55		10.64		13.4		0.01		0.00		0.02		0.01		0.00		0.02		0.0		0.1		0.0

		25		9.58		10.42		26.9		-0.01		-0.00		-0.01		0.00		-0.00		0.00		0.0		0.1		0.0

		26		10.95		11.78		8.9		-0.03		-0.00		-0.03		-0.03		-0.00		-0.03		0.0		0.1		0.0

		27		11.37		14.05		123.0		1.59		0.00		1.59		1.86		0.00		1.87		99.9		104.8		99.9

		28		10.47		11.43		57.0		-0.07		-0.01		-0.07		-0.03		-0.01		-0.04		0.0		0.1		0.1

		29		3.08		3.82		21.7		-0.02		0.01		-0.00		-0.00		0.01		0.01		0.0		2.4		0.1

		30		9.94		10.84		52.4		-0.08		0.00		-0.08		-0.04		0.00		-0.04		0.1		0.2		0.1

		31		2.77		3.24		4.9		0.00		0.00		0.01		0.00		0.00		0.00		0.0		1.0		0.0

		32		4.36		4.67		4.6		0.01		0.01		0.01		0.00		0.01		0.01		0.0		0.3		0.0

		33		3.50		3.65		2.2		-0.00		0.00		0.00		-0.00		0.00		-0.00		0.0		0.3		0.0

		34		15.63		16.71		105.8		-0.21		-0.01		-0.22		-0.13		-0.01		-0.14		0.2		0.5		0.2

		35		17.47		19.28		20.9		0.03		0.00		0.03		0.04		0.00		0.04		0.0		0.0		0.0

		36		17.47		19.23		20.7		-0.00		0.00		-0.00		0.00		0.00		0.00		0.0		0.0		0.0

		37		15.48		16.21		12.2		0.01		0.00		0.01		0.00		0.00		0.00		0.0		0.1		0.0

		38		19.60		20.10		11.0		-0.07		-0.01		-0.09		-0.06		-0.01		-0.07		0.0		0.0		0.0

		39		13.71		14.42		2.4		0.00		0.00		0.00		0.00		0.00		0.00		0.0		0.0		0.0

		40		5.43		5.62		9.4		0.01		0.01		0.01		0.00		0.01		0.01		0.0		0.4		0.0

		41		10.15		11.52		9.7		-0.05		0.00		-0.05		-0.03		0.00		-0.03		0.0		0.1		0.0

		42		10.98		11.90		9.4		-0.00		-0.00		-0.00		0.00		-0.00		-0.00		0.0		0.1		0.0

		43		10.98		11.90		9.4		-0.00		-0.00		-0.00		0.00		-0.00		-0.00		0.0		0.1		0.0

		44		11.11		12.21		32.9		0.00		0.00		0.00		0.02		0.00		0.02		0.0		0.3		0.1






e~
Conclusions

* FOs are significant and can cause harm.
 Worst case is a resonance.

e RMS Energy monitoring is a proven simple approach
for detection and locating. Does not work in the
resonance case.

 Energy Flow is emerging as a better locating method.

e Distinguishing between FOs and Natural transients is
very difficult. But, un-damped natural transients are
extremely rare.
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