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= Multiple PMUs =3 LA — [®UCSanDiego @
currently on UCSD ey ﬂﬁ- 3 = iz
campus _“‘ - e

= Installation of 20 I (- =
additional microPMUs | ~E 2 e

= Lot of data being Sty <
generated TR ]

Objectives:

= Automatically detect PR _
and mark events o

= When event occurs, %
model dynamics : P
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== UCSD Motivation
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Not only applicable for UCSD PMUs (example: WECC May 30 event)

m How do we detect 60.05
Individual events? solf

= Can event detection be s R
distributed on each PMU?8 ol W

O

ncy [Hz]

Fr

59.8

= How can we dynamically sessf |
quantify these events? ;0 | ——PMU_Jack UCSDAreq

— PMU_NI_Denver-freq

: —— PMU_OSIsoft_San_Leandro-freq
59.65 [ ' ' 1 l |

12 13 14 15 16 17 18 19 20 21
time [hour]

May 30 data: 972000 data points (30Hz sampling noon-9pm)
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= UCSD Event detection — Approach
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Approach is based on dynamic and statistical analysis of PMU data

Mt AN

= Assume PMU observation
IS linear combination of:
= Main event signal filtered by
grid dynamics
= Small/random events filtered
by grid dynamics

grid
dynamics

m What's new here:

m Use knowledge on main modes

(grid frequency and damping) |

m Compute optimal detection signal
by reconstruction of
(filtered) main event signal
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= UCSD Event detection — Approach
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= Starting from initial dynamics

=UCSD | Mechanical and
Jacobs | Aerospace Engineering




= UCSD Event detection — Approach
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= Starting from initial dynamics MWM
= Invert signal mapping

=UCSD | Mechanical and
Jacobs | Aerospace Engineering




= UCSD Event detection — Approach

UMIVERSITY OF CALIFORNIA, SAN DIEGO
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= Starting from initial dynamics
= Invert signal mapping
= Model noise as output noise
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= UCSD Event detection — Approach
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= Starting from initial dynamics
= Invert signal mapping
= Model noise as output noise
= Add fixed noise filter (low pass)
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= UCSD Event detection — Approach

UMIVERSITY OF CALIFORNIA, SAN DIEGO
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= Starting from initial dynamics
= Invert signal mapping
= Model noise as output noise
= Add fixed noise filter (low pass)
= Minimize variance of OE signal

—
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= UCSD Event detection — Approach
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g Starting from initial dynamics
= Invert signal mapping

Model noise as output noise

Add fixed noise filter (low pass)

Minimize variance of OE signal

Define a Filtered Rate of Change
(FRoC) signal f(t) for detection via
differentiation (high pass) filter H

—
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= UCSD Event detection — Approach
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g Starting from initial dynamics
= Invert signal mapping

Model noise as output noise

Add fixed noise filter (low pass)

Minimize variance of OE signal

Define a Filtered Rate of Change
(FRoC) signal f(t) for detection via
differentiation (high pass) filter H

m End Result:

= f(t) =H(q)G(q)L(q)PMU(t)
= f(t) has minimum variance
m f(t) can be used for detection ,

t, 0

f(©) n |
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=== UCSD Event detection — lllustration
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1[:| | | | | | ] I
power disturbance
detection signal
9o -
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= UCSD / Event detection — Application to WECC
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Automatic Event Detection
Filtered Rate of Change (FRoC) results - May 30, Jack PMU at UCSD

60.1 l ! : ! ! ! ! ‘
= Models Go and Ho ok | % ?
. @ ’ N B0 T T e T -
estimate (“learned”) .
. > :
from preVIOUSIy % 599_ ................................................................................. |
measured disturbance 08;59_8_ ________________________________________________________________________ R e i
TR :
59.7+ 5 | 5 : 5 : ;
= Minimization of 2 13 14 15 16 17 18 19 20 21
.. . ti
prediction error via me
standard recursive 001 D ———
Opt|m|zat|0n = 0,005 v .................. — A B S threshold ||
= : : ; : : g ;
| | % 0* _______________________________________________________________________________________________________________________________________________________________________ i
= Event detection via @
threshold on 0005 - .................. .................. ................... o .................. e gl
Filtered Rate of -0.01 i i i i i | i |
: 12 13 14 15 16 17 18 19 20 21
Change signal time
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== UCSD FRoC Signal — what's the big deal?
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g Small thresholds

with small FROCU() — 60.05
during ambient =
behavior ;
8 59.95
L
= Detection of °9.9
events via: time
= Set threshold based 0.01 l
onambientdata _ .| o N | veshold]

o

= FRoC(k) outside
threshold for m
consecutive points

FRoC [Hz/s]

o
o
=)
o

.I
o
-

i i i
16:32:59 16:35:59 16:38:59
time

= Classify event by saving/analyzing NV data points

16:27:00 16:30:00
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== UCSD FRoC Signal — what's the big deal?
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Compare with ROCOF

= Much larger than g 6005

FRoC(k) > 60
b

= More false alarms 5 5095
L

59.9

0.01

o
o
=)
o

ROCOF [Hz/s]
o

o
o
=)
o

-0.01

— ROCOF
—threshold |

16:27:00 16:30:00

i i i
16:32:59 16:35:59 16:38:59

time
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== UCSD Once event has been detected: analysis
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Automatically:

m Detect event.
(via threshold on
Filtered Rate of
Change signal)

Estimate parameters.
Frequency,

Damping, and

Modal Participation
from a

Dynamic Model.

(ring down analysis)

Freq [HZ]

60

59.95

59.9

59.85

59.8

59.75

59.7

Comparison of actual event in data and simulated event

— F_UCSD @ 30Hz sampling

F_Denver @ 30Hz sampling

F_San_Leandro @ 30Hz sampling
Multi-Output Ring Down Model

|
15:59:38
time

i
15:59:31

|
15:59:24
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= UCSD Analysis of Events - Realization Algorithm
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Approach:
= Assume observed event in frequency F(t) is due to a deterministic system

x(k +1) = Ax(k) + Bd (k)
F (k) = Cx(k)

where (unknown) input d(t) can be “impulse’ or “step’ or “known shape’
Store a finite number of data points of F(t) in a special data matrix H
Inspect rank of (null projection on) H via SVD and determines # modes
Compute matrices A, B and C via Realization Algorithm.

Applicable to multiple time-synchronized measurements! (multiple PMUS)
End Result:

= Dynamic model (state space model) can be used for
= Simulation: simulate the disturbance data
= Analysis: Compute resonance modes and damping (from eigenvalues of A)

Discrete-time model
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= UCSD Realization Algorithm — SVD
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= SVD can be computed by a numerically stable algorithm
= HOWEVER, SVD of Hankel matrix H will only be (ideally)

5, 0V .
H = [U U2] = b ¥, =diag(o,,0,,::+,0,), Gj>0
0V,

If there is NO noise on measurements F(t)

= In general: 0 Ty
H=[U, U ] :
0 =, |V,

5, =diag(o,, -, 7,)

Z2 — diag(o-nﬂ’ o Gm)

0., <<0,

= SOLUTION: decide on effective rank via threshold of singular

values <2 UCSD | Mechanical and
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= UCSD More fun with May 30t event
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= Use FRoC for automatic detection of event and begin of event
= Use all PMUs simultaneously to estimate a multiple output model

= Assume disturbance | Comparison of actual event in data and simulated event ,
4(0 is step disturbance o T e e _ oeeo

= Use 900 data points U | |\ I N R — Nl Gutpt Fing Bown ol
(30sec) |

u Compute SVD 5990 _____________________ _________________________ ________________________ _______________________ _________________________ ________ |
= Compute dynamic model | | z

o
w
o]
O

Freq [Hz]

59.8 -

Fn = 0.231811 Hz, D = 0.068505.
Fn = 0.392715 Hz, D = 0.082505. 59.75 |
Fn = 0.432960 Hz, D = 0.050235.
Fn = 0.663981 Hz, D = 0.083615. 97 | | |
Fn = 0.799182 Hz, D = 0.0730641. 15:59:24 15:59:31 15:59:38 15:59:45 15:59:52 16:00:00

time
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= UCSD More fun with May 30t event

UMIVERSITY OF CALIFORNIA, SAN DIEGO
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= Use FRoC for automatic detection of event and begin of event
= Use all PMUs simultaneously to estimate a multiple output model

= Assume disturbance sognr . omPerison of actaldistubarce in dela and simuated distubence
d(t) is step disturbance é | |

= Use 900 data points
(BOSeC) sose|

= Compute SVD
=  Compute dynamic model

5986 . .....

o
o]
o}
s

Freq [Hz]

Fn = 0.242626 Hz, D = 0.097361. el L
Fn = 0.373111 Hz, D = 0.065633.
Fn = 0.433994 Hz, D = 0.092822. I
Fn = 0.670271 Hz, D = 0.057847. 59781 | _Ezggﬁfgr@@ ssogilzzssaar;p;il?ng;
Fn = 0.759634 Hz, D = 0.043654. | | |

F_San_Leandro @ 30Hz sampling

_ : Ring Down Analysis Model

1 | | | I I I

16:05:52 16:05:56 16:05:59 16:06:03 16:06:07 16:06:10 16:06:14
time

59.76 -
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= UCSD Summary
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= Automatically detect when a disturbance/transient event occurs

= Automatically estimate Frequency, Damping and Dynamic Model
from disturbance event.

Main Features:

= Automatically detect event:

= Predict ambient Frequency signal “one-sample” ahead
= Observe when prediction deviates for event detection via FRoC signal

= Automatically estimate:
m # of modes of oscillations in measured disturbance
m Estimate frequency and damping of the modes
m Put results in dynamic mode

m All done in real-time!
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=< UCSD Software development

UMIVERSITY OF CALIFORNIA, SAN DIEGO
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) MATLAB 7.5.0 (R2007b) ) ;Iglil

File Edit Debug Desktop Window Help
| & %39 o |8 f = | O | curentDirectory: | D:\datalNASPIPMUCSD .=

>> pmucsd;

4 Startl OVE é\
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