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Large number of distributed
generators, storage and
demand response

High penetration of variable
renewable resources

-

Data availabilities
Computation capabilities

-

Real-time distributed stream
processing

High performance

computing
Adaptive to data quality and
quantity 2
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Motivation: three application examples
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Functional structure of today’s power
system operations

Overloads &

Voltage Problems
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. \ \ System Model
estimate SySte m states ,/ \ // \ Description
d t . t | . t‘ | | Substation \ i Display to Operator
an g e n e ra e C rl I Ca I n p u . l’ RTU | |I \ Breaker/ .SWiFCh N Toepol‘;rgy _LE}.IP:;:'e:aISxﬂsot::; N ::I:;:g?;sc'.
for man y p ower SYSte m J SCADA DATA Co:::m:giiins :S‘a‘“s e | prosram J‘ State
. . : l\ Equipment } Analog Measurements e —— Dé:ﬂ'ﬁ;:;ﬂ';ﬁ:mr >
operational functions | [Substation ] | | Generation Narms
\ RTU I\\ / Raise/Lower Signals AGC
\ / 3 %)
\ / ' AN - Y, / T o g;‘
: AN - " T|a
Parallell Contingency N Gy 4
An aly S | S c:;:\:;:::r Calculation |
¥ OPF
Distributed System
Architecture ot e ComngEn o omonce— CoTE

“Obviously, the availability of this large amount of real-time data from each substation, time stamped at

high sampling rates, warrants the rethinking of wide-area monitoring and control applications.” -- Quote
from Prof Bose, IEEE Fellow, Smart Transmission Grid Applications and Their Supporting Infrastructure, IEEE
Transaction on Smart Grid, Vol.1. No.1, June 2010

June 27, 2012



Motivation: three application examples Relficlorttwest.

» Parallel State Estimation

» Parallel Contingency Analysis: help determine the impact of potential
equipment failures by considering “what-if” scenarios

106 ~ 108 cases, each with 100KB ~ 150MB data

For WECC model, a 500-times speedup was achieved with 512
processors

» Distributed System Architecture

Math Matrix Algebra Algebraic Equations Differential Equations Optimization Methods

Theory Network Theory J‘
1 p—
Off-Line i Power Flow — - 3 | Optimal Power Flow
Analysis sec Short Circuit 3 srinnl’ln Dynamic &
30 sec | Transient Stability
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Operations ~2min L Contingency Analysis Economic Dispatch | AGC

3 ~5 min




Motivation: three application examples

Parallel State
Estimation

Parallel Contingency
Analysis

Distributed System
Architecture:

provides a high level
interconnection between
each remote control
center

June 27, 2012
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tep:/ fhostname:-port fareal
State Estimation

top: f hostname:portfareal

State Estimation
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State Estimation
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Bad Data Detection

RN

IEEE

IEEE STANDARD FOR SYNCHROPHASORS FOR POWER SYSTEMS Std C37.118-2005

The Time Quality indicator code contained in the lowest 4 bits indicates the maxinmm time error as
determined by the PMU clock function. Bits 0-3 shall be all cleared to 0 when the time function is locked
onto its source (e.g., locked onto a satellite in the case of a GPS clock). Bits 0-3 shall be all set to 1 when
there is either a clock error or the clock has never been initially set. Conditions of accuracy between these
extremes are defined in Table 6. This table is the same as Table F.2, which details time and synchronization

methods.
Table 6—Four=-bit Time Quality indicator code
Binary Hex Value (weorst-case accuracy)
1111 F Fault—Clock failure, time not reliable
1011 B Clock unlocked, time within 10 s
1010 A Clock unlocked, time within 1 s
1001 9 Clock unlocked, time within 107! 5
1000 3 Clock unlocked, time within 102 s
0111 7 Clock unlocked, time within 107 s
0110 6 Clock unlocked, time within 107%s
0101 5 Clack unlocked, time within 107 s
0100 4 Clock unlocked, time within 107 s
0011 3 Clock unlocked, time within 107 s
0010 2 Clock unlocked, time within 1085
0001 1 Clock unlocked, time within 10~ s
0000 0 Normal operation, clock locked

6.2.3 Leap second bit timing examples
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PMU_3_1336170420000.data

P 60.00032068024318

60.00025536381106
60.000259753723847

2 #1336€170420.033333300#
3 1 60.000317397244466
4 7 60.000316116045938
5 1 60.00031474%07528
6 7 60.00031335031383
1 7 60.00031177308721
8 7 60.00031053503021¢
9 7 60.000308591184784
10 7 60.00030774498719
11 #1336170420.333333300%#
12 7 60.00030513834551
13 7 60.000303455595837
14 #1336170420.433333400%#
15 #1336170420.466c66700%#

7
7

12
7
12
12
12
12
12
12
12
12
7
12
12
7
7
12
12

0.025
60.000318828827254
0.025
0.025
0.025
0.025
0.025
0.025
025
025
0003062515109
0.025
0.025
0.000302204547154
0.000300542276276
.025
.025

12 0.025

0.
0.

60. 12 0.025

12
12

0.025
0.025

[s )}

0
0
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Bad Data Detection

= PMU_1_1336170420000.data | Proudly Operated by Baflelle Since 1963
1 7 3.2068024317607346E-4 12 0.025
2 7 3.188288272571762E-4 12  0.025
2 7 3.173972444682627E-4 12 0.025
4 $#1336170420.100000100# 7  3.161160453807393E-4 12  0.025
S 7 3.1474507527720806E-4 12  0.025
6 7 3.133503138340329E-4 12  0.025
7 7 3.117730972124804E-4 12 0.025
8 7 3.1053503021708645E-4 12  0.025
| 9 7 3.089118478420801E-4 12  0.025
PMU: SEL4511 10 7  3.077449871894695E-4 12  0.025
l 11 7 3.06251%610895562E-4 12  0.025
12 7  3.05138345507758BE-4 12  0.025
12 #1336170420.400000000# 7  3.03409595836723%E-4 12  0.025
oE— .
15 #1336170420.466666700# 7  3.00942276279303%9E-4 12  0.025
10 . L+] o - .
17 7 2.97937238471525E-4 12 0.025 H PMU_2_13361?D420004}_data]
| 49 7 30.000254822943813 12  0.025
PMUSEL351AI 50 7 30.000253473541854 12 0.025
51 #1336170421.9000000004# 7  30.00025220860501 12  0.025
52 7  30.000250692731147 12  0.025
PMU;lJK%1HMﬂMMﬂdma] 53 7 30.00024938542331 12 0.025
1 b 60.00032068024318 12  0.025 54 7 30.00024810054065 12 0.025
2 #1336170420.0333333004 7  60.00031882882729 55 7  30.000246475007298 12  0.025
3 60. 66 . 56 #1336170422.0666666004 7  30.0002452760817 12 0.025
4 7 $0.00031611604538 12  0.025 Y, . [ )
| 5 7  60.00031474%07%28 12 0.025 S8 7 30.000242467423323 12 0.025
PMUSEL4512 6 71 60.00031335031383 12 0.025 58 7 30.00024099906837 12 0.025
l 7 7  60.00031177209721 12  0.025 60 7  30.000239518468696 12  0.025
2 7 £0.000310535030216 12  0.025 61 7 30.000238265137153 12  0.025
% 7 £0.00030891184784 12  0.025 62 7  30.000236636150326 12  0.025
10 7  60.00030774498719 12  0.025 62 7 30.000235476914934 12  0.025
11 #1336170420.333333300# 7  60.00030625196109 ©4 7  30.000233898%777 12  0.025
12 o0. : 65 7 30.00023258935413 12  0.025
12 7 60.00030349595837 12  0.025
14 #1336170420.433333400# 7  60.000302204547154 12  0.025
e —— - —
o ol. o o
June 27, 2012 17 7 60.00029793723847 12  0.025 8
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Application in Distributed State Estimation Relficlorttwest.
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Tie-line between

Branches ] Branches Distributed State Estimation
e Area 4 and Area B e lin Steps:

rea A buses Iea b buses .
— T Subareas run their own

state estimation on HPC

Inj IPseudo Inj
P -y clusters
nnnnnnn Step 1: Solve the internal state estimation

for Area 1 and Area 3.

Step 2: Using the internal
measurements of Area 2, tie line
measurements, and the state
estimation output messages passed
from Area 1 and Area 3 perform the
state estimation for Area 2.

Preprocessing and data preparation: e.g.
partitioned IEEE 118-bus system

: r" """ =1 u}::ﬂir!i!l;u-!-'twh\
| R . ,(inam:mr#iﬂf/

= . ~tepy/fareal ho
tep:/fareal.host ™, i “_stname:pert/in ,)
—_name:portfin__~ S TN

- SERE - --- - - - - State Step 3: Pass updated tie-line
W Estimator timato B information obtained in step 2 to Area 1
L 'I'E'\ ___________ i e }{L __t and Area 3. Run state estimation for
\ N / J— ;__h augmented Area 1 and Area 3 with
Cﬂ:aﬁ:::fmh?t?] q 1:::;::;1}% i;;:_aﬁ_:g?yz; more measurements
o o data emhlng:d+

Data communication connects subareas 9



Measurements and Observations

TIME COST FOR STATE ESTIMATION ON THE WHOLE |IEEE 118-BUS SYSTEM
AND ITS THREE AREAS WITH DATA EXCHANGE (TIME:SECOND)

Measurement 118 Areal Area 2 Area 3
system
Perfect power 0.8501 0.2738 0.4359 0.2756
flow+5% noise
Perfect power flow 0.8891 0.2745 0.4486 0.2488
+ 10% noise
Perfect power flow 0.9006 0.2765 0.4489 0.3104
+ 20% noise
THE EVALUATION METRIC J OF DIFFERENT CASES
5% noise 10% noise 20% noise
Areal 8.85e-4 9.69e-4 5.97e-4
Area 2 8.31e-4 9.09e-4 9.38e-4
Area 3 1.85e-3 3.87e-4 1.99e-3
Augmented 6.82e-4 3.27e-4 5.33e-4
Area 1
Augmented 6.88e-4 3.79-4 9.20e-4
Area 2
Augmented 4.26e-4 3.36e-4 3.77e-4
Area 3

N
1
j = NZW V) V= VPP

N
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Computing Delay

Total time taken (in 3 steps) to run
concurrent distributed real-time
state estimations on BA level is
comparable to run the whole
system

Accuracy

With the help of data exchange, the
accuracy of state estimation

increases

10



Outline

» Motivation
B HPC-enabled power models
B Distributed computing in Power
Grid
B Data affect the distributed data
communication

» Adaptive Middleware for
Distributed State Estimation with
PMUs

B Middleware architecture
B Adaptive middleware components
B Testbed prototype

B Architecture validation by
simulation

» Future Work
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Integration with GridOPTICS™ —
Grid Operation and Planning
Technology Integrated Capabilities
Suite

http://gridoptics.pnnl.gov/
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Middleware Architecture for Stream ProcessingfacfisNorthwest
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Linux: Pe6/Ubuntu Vbox
Linux: Pel/Computational Node
Middleware
OpenPDC H - DSE
Output PEIMIESSREN  nout | Output B Actifact
S SRS 37,118 [Timing Service: 55555 Datafpp 1 ______ r
|P;105.1.au1 I |Data Service: 55556 rout outout I
par.do4 : Linux: Pe2/Computational Node
DSE File Part Middleware
VM: Windows: 4101 (10.6.1,254) — & » Timingservice| Inpur | Output > Ar?]sfsct
5 A
OpenPDC . 52 r
Input Output Dataipp D.‘TE File Part P2 %E -F—_—-r——————
PMU: SEL351A —C37.118Hm |Data Service: 55555 | —C37.118—9 Input | Output ]
1P 10.6.1.201 ﬁ —— -
T Linux: Pe3/Computational Nade
VM: Windows: 4102 (10.7.1.254) | Middieware
DSE File Part o| DSE
OpenPDC | Artifact
Input Output Datakpp
PMU; SELA512 |—C27.118 s [Data Service: 55555 | |—C37.118 Input | Output
1P; 10.7.1.201
Port; 4444
Step 1: Configure Machine Registry User Specific Machine Registry Default Machine Registry
] W olympus.pnl.gov W olympus.pnlgov
:if . chinook.emsl.pnl.gov . chinook.emsl.pnl.gov
APls d
) : hannibal.pnl.gov ' hannibal.pnl.gov
1. addMachineRegistry -
2. addCodeRegistry Machine Registry
! alympus.pnl.gov
Code Regist Scheduler
Step 2: Launch Launch Registry - -
DSE -> /path/to/dse path -> “fusr/bin
-ﬁ’gpm 3 queus name -> parallel
h Stormp -» /path/to/fstomp Time limit -> 00:30:00
1. Launc i3 ST i Mo o
2. JobStatus DAM2E CR02E 2 - 5

6/27/2012



PMU File
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-
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Components
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A Testbed Prototype

prni.gov. i Windows - —

IR

=t prnl gov/showexp phpa7pict=HA1857Beid = dsel

Jew Favarites Tools Help

@/ lab.poweret pnlgov - Experiment (.

% My powerNET | Logout | News | Contact Us
e )

Expe
Experiment (H41857/dse118bus)

tuning networking

power app
(state estimation)

Submit a Trouble Ticket

View Actiity Logfile Experiment: H41857/dsell8bus
Swap Expanment In Srate: swapped

Terminate Experiment
Modity Expeniment

virtual Node Info:
m T
Make Experiment Risky

‘ype

Modify Sefiings
Show History
Dupiicate Experiment

virtual Lan/Link I
be] e

1 Free PCs, 4 reloading
peri0 Linko
i

1link0

stherner

5. H41857. example
5. H41857. exanple
s.H41857. example

(Kbs) Loss Ra

User

EIOC Intranet

NP

-

Legend

\ Users Server

condition

Boss Server

Pacific Northwest
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Proudly Operated by Baflelle Since 1965

VM Node

System Connection

Experiment Management

Connections
Experiment Connections




DE Director

Power Grid Inter-Area Data Transfer
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Modeling Middleware Behavior - PDC Relficlorttwest.
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& PDCPeriod: PDCPeriod

@sc 2 PMU data output
PDC _out

DiscreteClock PDCTimeDelay _
trigger delay of: PDC_index
jparend 0.5

5
E 3
FileReader

rigger .
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Power Grid Inter-Area Data Transfer
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» ? =S

Modeling Middleware Behavior - Network

@ linkLength: 400E3 link length in meters
e propagationSpeed: 1.98E8 propagation speed in m/s
e constantServceTime: 1E-3

@ packetLength: 128%8 packet length in bits
@ capacity: 1E9 channel capacity in bps

¢ standardDeviation: 0.5E-3

Server

o
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Gaussian

rigger ., ./H\'\, AssertPositive
- | e .
mdw:-t} 2rv:0 B *

meaan: 2*linkLength/propagationSpead +
constantSare icaTimea +
packelLength!capacity

sbandardDias iaticn- standardDies iaticn
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Power Grid Inter-Area Data Transfer

CurrantTime

Ulzplayinit

CurrantTima2

DEEComergad

Pacific Northwest
NATIONAL LABORATORY

Proudly Operated by Battelle Since 1962

& PMJPariod- 1,030 MASPIMetLink
& SCADAPeriod: 120 e ! L
9 POCPariod: 80 1
reairg et g B8
= -
PO Ia -
SaADA XY
IicdlewaraMetwork
| e—
POC
Area | .
FOCA B ) link1 PO i
h NASPILirka 14 by b . - ‘
MASPILINk o - b 18 5o paplinkS Foc ke
=10 = MASPILInkT
Terge - .
. 4
ingarming Iny fA02 |1 )
B POC2 S : link
1 . o g NASPILINkS e 7 T
EI]'D HASPILInKZ 0 s - e T 7 E]'D & NASPILinkS ::::lx:]:-v.mm_: P
Bl — L TR e (TP ERRry : ! (ol
— R %
o v o |G R
F_.—r‘
ncomingly Ayaa lll
(= POC3 i link2
e ooy NASPILinkG L jovideny . ’
MASPILInKY L., Py ] E}D —paplink
== - NASPLink) J
Ll L
link3
g ‘ s
L lirk4
SCADA 4
(AN ) L inkS

LN




Modeling Middleware Behavior — State Estimatitfisorthwest,,

» converged: false
» SCADAPeriod; 60
® PMUPeriod: 33e-3

PDC in

Consl Sefvarable

POCProcessingDelay

Proudly Operated by Battelle Since 1965

When new PDC data are received, the area sends out a query request

to the queue, and gets the global .index file, that contains timesteps for
#bad data# in 'any' area. Note thats DSE will not be run for these time instances,
since at least one area is missing data for this interval.

When a p2p message is received, it is checked whether the local results have

converged or not. If so, we calculate the round-trip-time of the DSE. If not,
another DSE run is performed and the result is passed along to the peers.

indexQuery

dalay of:
1.0

SCADA in

»

incoming_index

»

p2p

»

converged

Const? SetVariable?

»

— ;. converged

-

EUﬂIFEIHEWitm
- —= p2p_oul
AF '

Canstd
YRER. converged




Model Simulation Results of End-to-End Time

Taken
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File Help

1. 8039539900 5 TO COMpLETE DoE

2.1042819%486011 = to complete DSE

1.9544016510008 = to complete DSE

2.1509603925006 = to complete DSE

2.130574066201 = to complete DSE

2.1924517308998 = to complete DSE

2.1382926980004 =5 to complete DSE

1.8362524295007 =2 to complete DSE

1.8629172843011 = to complete DSE

1.81695675915995 =2 to complete DSE

2.207235%96565995 = to complete DSE
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Scalability of the Model and Middleware
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Pipeline Transmission Time Histogram
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Future Work Pacific Northwest

Proudly Operated by Battelle Since 1965

» Enhance the middleware with fault tolerance strategies
B How to overcome failed distributed participants (e.g. state estimators):

allow that part of the system to become unobservable, or have the entire
network split amongst the state estimators that are up and running

» Test the middleware for the WECC model

B Scale up to handle 10,000 of PMUs and 30~40 distributed participants in
peer-to-peer communication

B A tool suite to model a test case and provide simulation results of
computation and communication delays

June 27, 2012 24
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