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— « WaveApps is a distributed platform that enables wide-area monitoring based on point on
= wave (POW) data

« POW measurements are analyzed within substations by distributed instances
* Analysis results are then

streamed to the central platform ﬁgggg I ﬂ_%_ |
for coordination, alarming, and 259953 él""\\ 7] ﬁ‘ =
visualization —|—
_ , Menigh-Speed | [0 = = =)
« Streaming will be comparable to = [T ) ) ] Distributed
— (11111---0 | (111--- 0| (1= 0| (11110 | Analysis
'g PMU(,jso existing networks can — — — —
eused T T e
. . . . nalysi = = i
« Four high-value applications will Restits \ ] Coordingtion
be developed and demonstrated Tk T waming [T
e Extensible to allow additional = Osci.IIati.on Correlation A.naI).(sis
. . Oscillation Source Localization Operations
app“catIOnS Nuisance Trip Detection

Grid Strength Monitoring
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Hardware & Network

« SEL-735 streams 3 ksps
POW over manufacturer-
modified C37.118 protocol

* Advantech ECU-579
substation computer runs

"\, WaveApps

* Results transmitted via the
Streaming Telemetry
Transport Protocol (STTP) to

virtual server hosting
Ny WaveApps

Substation A
/— SEL-735 \

SEL] =

Advantech ECU-579

—)> (C37.118 mod

—)p STTP |IEEE 2664
- Virtual Server

s

‘ Analysis Results

l Analysis Results

-

Advantech ECU-579

\ Substation B /
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 Modular- adapter based
= Deploy applications separately
* Manage applications independently

= Date/Time Filter: &
Trend Data i
evia Devices / Measurements Start (2 End @
@syste 04/01/2026 05:19:19.501 PM 04/01/2026 05:19:49.502 PM a8
earch Pc [ LestiScoond | tostiSScconds | betiMinwte | ntiSMinutes [ Thisbow ] Todey ]
Found 58 | LastSSeconds |  tastd0Seconds |  lastMinutes |  Last30Mintes |  lastMowr |  Vesteay ]
Deice St Clear [ Lstt0seconds ] Lasta Seconds | tasti0 Minutes | st as Minutes ] Last 60 Minutes 1 Last 24 Hous |
ikl Measurement(s) Al
[oe 15 [ ]
«}rPhasors Point Tag Description  Signal Type £33 i
) g s ~ I ) .
|| Measurements GPA_STATION_ = e
l £ 05
= 3
(>Add Device 3
! GPA_STATION_ UTSA Point-On- S
WA Analog Wave = 004
Value Current 5
N 2:SinglePointO £-05
dapte 5
GPA_STATION_ o +
@hctic 10
GPA_STATION_ UTSA Point-On- == GPA_STATION &:IW2
@input Ad Analog Wave s
Value Current T T T T ——
@' Jutput Adapters 3SinglePoint 550 600 650 700 750 BOO 850 900 950 000
Dingiet o Duration {ms) 04/01 17:19:48
7 Filter Adapters GPA_STATION_

B listoriar GPA_STATION_ UTSA Point-On-

Analog Wave .
Value Vaoltage 1.04
Metadata - 4:SinglePointQ
P— GPA_STATION_ » — GEA STATION A:VMd
(Mcompanies gos
$ Vendor GPA_STATION_ UTSA Point-On-
Analog Wave & 0.04
[{l' SnElor evices Value Voltage L
5:5inglePointO 5
OOinterconnections e 05
GPA_STATION_ ;
()Signal Type .
GPA_STATION_ UTSA Point-On- 04 RETaee— ”
Version: 3.0.17.0 (Debug) i Wave v = GPA_STATION_A:VWS
" T T T 1
500 600 700 800 900 v

A
Ul Version: 1.0.0 * 4 Gl

H

Point-On-Wave Voltage

B
Hl

Early-stage web-based management interface Concept for Grafana-based result visualization
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Northwest Oscillation Source Localization The University of Texas at San Antonio”
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 Dissipating Energy Flow (DEF)
» Well-established PMU-based method developed and used by ISO-NE
* Traces the flow of dissipating energy back to the source

« A POW-based version has been developed to address oscillations at
frequencies too high for PMU-DEF, enabling timely and actionable mitigation

I’\/wmegreﬂpps I

’\/\F'iguﬁ’:’eAPPS N WaveApps S Y
» """ | s s
O— —0 N .1’ . O
< >__« i %O ______ : _____ > O « —_— —_ O
/W gveApps N\ WaveApps mTTTTTTS 4
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Oscillation
Correlation Analysis o me o wn
Supports root cause analysis 2
of IBR-induced oscillations
and early identification of o
latent configuration issues 2 o
=
Extracted
= I Oscillation




_- \?f/ Oscillation

| I
I ,\/CentrYEApps I
‘ Northwest Correlation Analysis
or es
ATIONAL LASORRTOR y New oscillation detected
Data aggregation from : (A
Streamed every second multiple sites Alert
‘ "\, WaveApps } ““““““““““““ "
« System conditions
» Oscillation detection and characterization
« System change detection
_______________________ ’ |dentify system |dentify system
‘ "\/Y{gveApps } changes before changes during
oscillation onset oscillation
‘ "\, WaveApps } ————————————————————— "
» Determine correlation confidence p—
« Determine match with previously .| =
identified patterns il ©
Report
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Example: Oscillation following Generation Change

Matching rule found: 0.62 Hz oscillations following P ramp at Site A.
(Previously seen: #95)

Site A

Site B

Site C

oscillation window

® 10w conf change

high conf change

‘ during-event change
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* Wide spectrum grid and IBR impedance monitoring

» Grid impedance monitoring at fundamental frequency
= Small signal impedance estimation at POl — Both of grid impedance and IBR impedance

* Provides system operator with:
» Grid strength monitoring capability — P and Q transfer limits, voltage stability, etc.

= Sub-synchronous oscillation prediction and stability margin estimation

<10° . POI measurement Grid Strength } IBR Impedance
‘ ‘ = l ‘ ! ‘ l ‘ ‘ l L. ‘ —— Frequency sweepin I I
s? nHHl\mH.l\.H‘l\..u 3 X Tebea, 1, | [T
8 0 >2;33 g L
*, s T v T v v i, Zp
i | ! i X1q4 T T T T T T T )
0 2 4 6 8 10 S 3 E ngTruevaIueong
;;2.6 —
B 26 1 I | | [ 1 | | |
I ! 1 2 3 4 5 6 71 8 9 10
A R e o s
U R e e i AL T SCRowmensn | L]
| 0 307 £ —
B
1 2 3 4 5 6 71 8 9 10
t (S) Frequency (Hz)
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Waveform Measurements: v, i pc
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Voltage Waveforms £ AEMRED
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Nuisance Trip Detection

f\J \!iglgvehpps

Phasor Estimation,

IEEE-2800 Compliance Determination

Event Detection, and IBR Status Identification (using phasors and waveforms)

RMS Voltage Ride-Through Compliance

T I T
= Frequency & AE0QQH T = =
T go2 L t=-10.000s B I S , £ ’
— bu. — Frequency s - -
& 60 ¥ ¥ ¥
5 598 & & :
2506 - - - J--c-o il -l d-oooIi-o--Loook > 0.5 > 0.5 =05
E 594 I ! I I ! ! I I ! I cﬁ = Z
8 6 4 -2 0 2 4 6 8 10 ~
Time (s)
—_ Voltage Phasor Magnitudes
=] g 9 Time (s) Time (s) Time (s)
£ 4 —|Va|
§ __________________________________ g——I\"o) [
Z08 Vel Automated Event Report with
o
© I I I I I M M M
= P Compliance Justification
Time (s)
Gy Current Phasor Magnitudes IBR_Compliance.IBR1
g 1 —|la
W _l l Field ~ Value
9 lIb] .
_g 0.5 [lc| c|h Status ‘trip'
g o . ‘ . . | | | | . str, Compliance "does not comply with IEEE-2800 r
= 8 6 4 2 0 2 4 6 8 10 U] Justification 19 cell
Time (s) c|h| Standard '|EEE-2800'
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Point of

A\ _{ i

/\T 22 Interconnection — .

1! == POy TN
IBR f o
Plant :
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I f\/\!iglgveApps I

Automated Event Report with Compliance and
Compliance Justification

IBR_Compliance. BRI

Figld = Yalue

|r| Status
E Compliance
Justification
|| Standard

‘trip'

"does not comply with [EEE-2200 ride-through requirements”
1x9 cell

'|EEE- 2200

Nuisance Trip Detection
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I N WaveApps I
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5.6% (2)

Ride-through
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From Other WaveApps Field Instances
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GRID PR®TECTION ALLIANCE

f\,!«_f&uanpps
High Resolution Point on Wave Analytics c
~
WaveApps Field \~\ Sry,
Local Instance at Richland, WA e pcoly,
S
\\\x,hqh['
~._Op

WaveApps Central

Central Instance at Chattanooga, TN

GRID PR®TECTION ALLIANCE

N\ WayeApps

High Resalution Paint an Wase Analytics ?‘:\
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Continuous voltage and current waveform measurements played into WaveApps Field from a local file

Measurements Date/Time Filter:
Overview ~
@Sys:em Zwstians start @ End @

\ 03/30/2026 05:27:06.000 PM (] 03/30/2026 05:27:09.000 PM (]

E)Devices Search PointTag Add New Record

Found 140 measurements [ oo i5econd | a8 Soconds | Lot 1 Miute | Lot 1SMinuten | ThiHou | Todey |

: (Lo 5 Soconds | Lo 30 Soconds | Lart5 Minutes | Last30 Minutes | lastrow | Veserdey ]
Devices Update Al Point Tags [t 10 Second | a5 Seconds | Lot 10 Mimater | Lot 5 Minoien | Lo 60 Miowres | Loet 24 v ]
D Devices
«-I—r"lwun Use the gear at the far right of the header row to choose columns to show or hide. x i .
M t ’

11| Measurements a Point Tag Enabled Source Q
rq})f:\fid Device & i — A STATION A TN
Wizard

GPA_STATION_A:IW1 oo :

- T 1
" : 06 50 0? 00 07 50 0800 08.50 Load Mare
Adapters ~ GPA_STATION_Adw2 v Duration (sec.ms) 03/30 17:27
n Adapters

(@)action Adapte GPA_STATION_AIW3 >

v
| LastiSecond | Lasti5Soconds | LastiMinute | LastiSMinutes | ThisHour |  Today |
(@)input Adapters | LastSSeconds | last30Soconds | lastSMinutes | Last3oMinwtes | tasttiour | vesterday |
GPA_STATION_A:VW4 v | Lost 10 Soconds | _Last 45 Seconds _|_Last 10 Minutes | _Last 45 Minutes | _Last 60 Minutes 1 _Last 24 Hours

v

GPA_STATION_ANWS v

@qujut Adapters

8 Filter Adapters

Ej'—hgtonarg GPA_STATION_AVWe v

1.0
0.5
0.0

05 w—FA_TTATTON_A:TH

=10

GPA_UTSA-PATIH v

VPOW [Volts]

Metadata ~
Eﬂ}fn'np:ﬂn-{'ﬁ GPA_UTSA-PAZIH W

v

Version: 3017.0 (Dev) 04 | iren pazin g . 06.50 07.00 07.50 08.00 0850

. ! 5 Duration (sec.ms) 03/30 17:27
Ul Version: 1.0.0 & »
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* Detects trip and momentary cessation events
« Determines compliance to IEEE 2800 and/or NERC PRC-029-01 ride-through requirements

< &

Metadata ~ Event Data

@CO!npmnei Date/Time Filter: =

$\.‘undo|s Start (3 End @

&) Vendor Devices 03/30/2026 05:27:00.000 PM o 04/03/2026 08:47:21.796 PM o

e rchnactions [ ttisewnd T mtiteess [ M T eiteim [ hedew [ ey )

| testSSeconds ] 0 ten30Seconds 1 0 testSMinutes 0  test3oMinutes 1 0 testhowr 1  Vesterdsy ]

(=)Signal Types L leti0Seconds ] lestdSSeconds ] lesttOMinutes ] lestsMinutes ] LeteMinutes ] let2dHoun ]
Event Selection:

Data

Q,Enporl O Timeline O Table ®.Ma|?f-_ B Event Selection: & .

. - T : : List of locall ded t
. s o ist of locally recorded events
1|1 Event \ \ & 7 :

I n D il e "
- 2 onProxyCalc 27:08 - 17:27
3 = PythonProxyCalc 1 17:27:08 - 17:27:09
Configuration ~ - T e L \‘.
e =t ey
SThemes - e - =, \ —— e honProxyCalc 2 17:41:45 - 17:41:46
= oS % e =
J e \ ey -
[ Device States 1‘\ v 8 T T vt ol PythonProxyCalc 3 17:51:47 - 17:51:48
- e A0
D Aarms ) 3 : N T, S
Security ~ . »
ATt Event Details
yAuth Providers
&Chlrn Groups
v
Version: 3.0.17.0 (Dev) . The selected event’s type has no additional Ul
Ul Version: 1.0.0 :

Hide Event Details

Automated compliance report of a selected event

Event: Event760159.7271761055
Status: trip

L L L

Compliance: does not comply with IEEE-2800 ride-through requirements
Standard: IEEE-2800

Justification: Phase a RMS voltage below 0.90 pu for 0.0333 s < limit 3.00 s, Phase a RMS voltage below 0.75 pu for 0.0000 s < limit 2.50 s, Phase b RMS voltage below 0.90 pu for 0.0333 s < limit 3.00 s, Phase b RMS voltage below 0.75 pu for 0.0000 §3
£ < limit 2.50 5, Phase ¢ RMS voltage below 0.90 pu for 0.0167 5 < limit 3.00 5, Phase ¢ RMS voltage below 0.75 pu for 0.0000 s < limit 2.50 5, Phase a instantaneous voltage remained within continuous operation range (<1.2 pu), Phase b
instantaneous voltage remained within continuous operation range (<1.2 pu), Phase c instantaneous voltage remained within continuous operation range (<1.2 pu)

19
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« Events and compliance reports received from the local/field instance are logged
« Visualization modules being developed

4 8
" Event Data

Adapters ~ Date/Time Filter: w

@cton Adspters List of reported events from local/field instance

Event Selection: &
@Il'p:.: Adapters

@.[';.;rn_n Adapters O Timeline O Table @ Map Mumber of Events; 5 @
K IBR-LALL |
) oo 17:07:52.015 ”
? Filter Adapters + \M Vincouver Winripeq L
4 L gl : A T 17:20:52.015
i Rt kP IBR-CALC 2
Bi!'f‘.:'-: ians [~ T S~ 17:20:53.015
i Seanle P s
! SE Dk e Siperafral 17:27:08.015
\ tongen : ~ IBR-CALC 3
\ s 5§ 17:2709.015
t - . 17:41:45.01
Metadete | ® o = din 1BR-CALC 4 b
iﬂ]l ompanies i nland Swincad oo i "|I " 17:41:46.015
! Do uth Dakgs = Lagtet | & OponStectife IBR-CALC § 17:5147.015
$ Vieridiors | Baise ke bty *+ '8 CarnDB 17:51:48.015 »
o Event Details X
@ Vendor Devices
B Interconnections The selected event's type has no additional Ul

() Signal Types

Hide Event Details

Data Event: Event760159.7271761055

I.TJ Export Status: trip

|1 Event

Compliance: does not comply with IEEE-2800 ride-through requirements

Standard: |EEE-2800

Justification: Phase a RMS voltage below 0.90 pu for 0.0333 5 < limit 3.00 5, Phase a RMS voltage below 0.75 pu for QU000 s < limit 2.50 5, Phase b RMS veltage below 0.90 pu for 0.0333 5 < limit 3,00 5, Phase b RMS voltage below
0.75 pu for 0.0000 s < limit 2.50 5, Phase ¢ RMS voltage below 0.90 pu for 0.0167 5 < limit 3.00 5, Phase ¢ RMS voltage below 0.75 pu for 0.0000 5 < limit 2.50 5, Phase a instantaneous voltage remained within continuous operation
. range {<1.2 pu), Phase b instantaneous voltage remained within continuous operation range (<1.2 pu), Phase ¢ instantaneous voltage remained within continuous operation range (<1.2 pu)

Version: 3.0.17.0 (Dev) LatLong: 46.25,-119.26

I Version: 1.0.0
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« 6-month demonstration is {é‘“\y
scheduled to begin by June 30, DooDo — =
2027 23000 ﬁﬂ ﬁﬂ

» Hosted by Salt River Project 1k

(SRP) |
« WaveApps Field will be
deployed at two substations
= Co-located PV and BESS s WaveApps "\ WaveApps

» BESS
* Results from the four example |

applications will stream to

WaveApps Central /\/ WaveApps

Central
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* The WaveApps platform will address a gap in utilities’ ability to monitor high-
frequency oscillations and other high-speed behaviors

« A distributed architecture enables POW-based analytics while limiting
communication requirements

* The initial set of four applications will be extensible to meet emerging needs

 Looking forward:
» Platform finalized
= Algorithms translated to applications
* Field demonstration at Salt River Project

23
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This report was prepared as an account of work sponsored by an agency of the United States
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endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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