The Twenty-First Century
Substation Design

Mladen Kezunovic
Texas A&M University

PSERC Webinar
February 15, 2010

© M. Kezunovic, 2011. All rights reserved.




Outline

e Background
« Introduction
 Sub. design options & [ et
» Retrofit solutions

- Standardization
» Conclusion

« Publications

© M. Kezunovic, 2011. All rights reserved. 5



Background

This presentation is a summary of a Pserc report
10-15, September 2010

The report talks about primary (ASU) and
secondary equipment (A&M)

The report may be downloaded from:
http://www.pserc.wisc.edu/research/public_report
s/td.aspx

Several papers where details are available:
http://epipcOl.tamu.edu/resume/kezresume.htm#
Publications
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Substation design criteria

m Reliability

m Security
Interoperability

m Re-configurability
Controllability

B Maintainability
Operational Flexibility

Economic Cost

® Environmental Impact

Source: D. Atanackovic, D.T. McGilllis, F.D. Galiana, “The application of multi-criteria analysis to substation design”, IEEE Trans.
Power Systems, vol. 13, issue 3, pp: 1172-1178, 1998
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Design Optimization E
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Introduction

e Sensors
« Communication technology
* Intelligent Electronic Devices (IEDs)

- Data Processing technologies
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Current technology
Wiring

Quter Jacket

Plastic shield

T Glass fiber
Reinforcing material

G)mmunication media, netwob

device

Twisted pair
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Future technology

Signal Conditioning Unif
Y

Optical Coupler

Optical transmitter

4,

b

Optical recciver —

Sensor
Output
Signals

EXERERREY

Signal processor

Multiplexing: Fiber Fabry-Perot Interferometers (FFPIs) sensors
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Linking data and technology

MUX ~ S/H — A/D

-

PROCESSOR
+

MEMORY

(time stamping)

T 1PPS TIME CODET

GPS CLOCK RECEIVER
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Substation Design Options

1 Field Design

New Design

Retrofit Design

Current Substations
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Existing substations

v'Replacing the existing v'Expanding the existing
equipment by new substation due to operating
technologies due to: conditions and using new
technolonies
Added Transformer -
- Design criteria ? ,3 X

- Replacement schedule Control House
(maintenance strategy)

- Asset management
- Maintenance cost

Added Circuit Breaker

© M. Kezunovic, 2011. All ﬁgh@reser\)ed.
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Retrofit: fiber optic cables

Advantages: Disadvantages:
> Greater resistance to electromagnetic < Difficult installation, expert human
> Lower cost (due to Multiplexing) resource is required
> High reliability % Sensitive to twists

» Higher performance
> Lower weight
» Higher speed

» Longer distance of transmitting
information

AVID UINY

& MULTIPLEXER

a ERIMARY:
- EQUIPMENT

CONTROL 1

HOUSE RELIABILITY

* .‘\‘. DNV

& MULTIPLEXER
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Retrofit: Data uses

Protection engineer Maintenance engineer System operator

AN

N ~. 1 A\
DFRA, DPRA, CEMA
DFR DPR CBM
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Retrofit: Data Uses

Engineer Dispatcher

Brief Report

Comprehensive

Summary
Report

Report

E Gl G
o o o
o o o
o o o

Electronic and paper reports can be customized according to the need of
particular category of users and disseminated via fax, e-mail, website, pager, etc.

© M. Kezunovic, 2011. All rights reserved.
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New design

Design Approach

» Synchronized sampling
technology and multifunction
IEDs represent major elements of

the new design;

» The proposed design use
advanced concept for data and
Information processing;

Benefits

» New design merges the new
technology and design criteria;
» Automated integration of IED
data allows more comprehensive
view of the fault events and
related consequences;
» The new design will benefits
multiple utility groups: protection,
maintenance , asset management
and operations;
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Hardware implementation

PSERC

1rAR

Control center
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Merging Unit
Hardwire ,
connected PROCESS
LEVEL
Switchyard
Conventional Eg - g t ~_t
Switchgear and - i
Conventional CTs/PTs
Elcetronic CT/ PT Intelligent circuit breaker Electronic CT/ pT  Intelligent circuit breaker
Legacy substation diagram Proposed substation diagram
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Software Implementation

Automated Analyss System

PROCESSED DATA
SDNTABASE"

FAFL: Fault Analysis including Fault Location;
ISDB: Identification in Substation Data Base;
VSDB: Verification in Substation Data Base;

TSSE: Two-Stage State Estimation;
SSSV: Substation Switching Sequences Verification.

© M. Kezunovic, 2011. All rights reserved.
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Green field design

Features Benefits

the new design will provide the

© M. Kezunovic, 2011. All rights reserved. 20



Future Intelligent Substations

4——— CONTROL CENTER —»

<—— NEXT SUBSTATION NEXT SUBSTATION ——> Rsgional Distribution
Transmission Operator Control Center

e e e ey : .
! SUBSTATION SUBSTATION SUBSTATION :\IEXT

4 . APPLICATION #2 2 ‘ b
i APPLICATION #1 APPLICATION #3 i SUBSTATION Toad
i [ | I I | Serving Entity = "
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New Architecture

Source: M. Kezunovic, Henry Taylor, “New Solutions for
Substation Sensing, Signal Processing and Decision Making”,
Hawaii International Conference on System Sciences HICSS-37,
Waikoloa Vilage, Hawaii, January 2004.

Transmission Distribution

Substation Substation & i :
Fé?)sr:gl?:‘::rl > ‘ . Industrial
‘ Consumer
Commercial
Consumer

Generator
== Communications

O Sensors

Future Substation in an Integrated Energy and Communication System

Source: Dejan J.Sobajic and John H. Douglas, “Market Watch: an advanced framework for
real-time market operations and monitoring”, IEEE power & energy magazine, pp: 45-49,
March/April, 2004
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Intelligent Economic Alarm
Processor

Control Center

Fault Section
Estimation
Application

System

Topology
Analysis

] FRPN Fault
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Section
Candidate

")% System

Operator
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Economic Alarm

SCADA Processor Severity
Master Power Market Analysis
Computer Schedules and i
Trends =
[ Constrained LMPs ‘l Economic State
- Economic > Trendi
gj_" Dispatch ™| cateutation ﬂ .;l‘anrm:s
%‘

mergenc

Type Configuration Market
Parameters
Market

Ll Participants  Normal All MPs Complete  Within limits

Emergency  All MPs Complete Parameters violate
the limits

Substation A

Restorative  Structure Within limits

Substation B Substation C incomplete

*MPs (Market Participants) include generator companies,
transmission owners, load serving entities and other nonasset
owners such as energy traders.

IED#1 I|ED#2 IED#3 IED #4
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Multiple IED Records/Single

PSERC

Fault
Substation Bus

_]_

CB

To Other Substation

>

//\\

DFR No. 1 DPR No. 1 DPR No. 2 CBR No. 1 CBR No. 2

Event Record 1 Event Record 2 Event Record 3 Event Record 4 Event Record 5
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Retrofit: Time Synchronization

PSERC

‘ GPS ANTENNA
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Substation Assistant™

@® Data Integration:
DFR, DPR, CBR

® Automated Fault
Analysis

® Data Warehouse

@ Viewing Data and
Reports

CBR Assistant
Data Collection

l

DFR Assistant DPR Assistant CBR Assistant
Processing Processing Processing

Reports Sy e .
on ion
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Web Interface (DFR, DPR, CBR)

File Edit View Bookmarks Widgets Tools Help

Substation Assistant™ Data Management 3.0: System Events - Opera

€| €| => » D M| T I#’ http//192.168.0.98/DFRAWA/eventstable jsp?event=26437

4R ]

System Events
Get or Delete Event Data

LWTELRR

Waveform s

Filter Results

Client: IED: Circuit:

First Energy v IALL vl IALL vl
Event Table

(I= == J|_= ]| Page 3 of21 (| Gl |

2009-07-29
10:11:52.989 EDT
07-
10:16:52.927 EDT
2009-07-29
10:15:24.235 EDT
2009-07-29
2009-07-29
10:13:30.537 EDT

Illlllllllllllllllllllﬂ.l

2009-07-29
10:11:45.090 EDT

User Comments
No comment has been added for this
event.

Click on event time stamp to select an

2009-07-29
10:21:20.927 EDT
2009-07-29
10:09:00.357 EDT
2009-07-29

:17:11.974 EDT
2009-07-29
10:14:34.936 EDT
2009-07-29
10:15:10.233 EDT

Substation Assistant™ Data Management

Welcome admin, today is: Mon Nov 16 08:19:01 CST
2009. If you are not admin please click here.

&

Qutcome:

2008-07-22
05:50:51.685 EDT
2008-07-21
18:26:57.7Q5 EDT
2008-074¥0
11:59:34.343 EDT
2008-07-20
11:59:34.305 EDT
2008-07-20
11:59:34.302 EDT

2008-07-20
11:59:34.295 EDT
2008-07-20
11:59:34.207 EDT
2008-07-16
19:08:44.137 EDT
2008-07-16
19:08:44.157 EDT
2008-07-16
19:08:44.217 EDT
2008-07-09
11:27:52.280 EDT

Sammis
Highland
Sammis
Wylie Ridge
Sammis DPR Highland Pri
Highland Primary
Highland DPR Sammis Pri
Sammis Primary
Sammis DPR S Canton Pri
South Canton Primary

Highland
Sammis
Sammis
South Canton
Sammis
Highland
Highland
Hanna
Highland DPR Sammis Pri
Sammis Primary
Highland DPR Sammis Pri
Sammis Primary

L= JL== J|< J|Page3of21 |v|| > ]| >> J| >
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File View Help
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View Report (DPR example

Substation Assistant™ Report Viewer v3.0

PSERC

File View Help

=

| #080720... x | [Rj080720,11... X

[/080720,115934307,-4t,Sammis | -

A1] 1A
[A2] 1B
V] [A3] 1ICA™
[A4] 1GA)
[AS] VAKV)
[A6] VB(KV)
[A7] VCKV)
L1[A8] VS1kVW)
L1[A9] VS2kkv)

[][A10] VIMEMK&V)

[][A11] FREQ
[][A12] TRIG
[][D1] LOPHC
[][D2] SPOA
[][D3]SPOB
[ [D4] SPOC
[][D5] SPO
[][D6] 3P0
[]1ID7) 27APO
[] (D8] 27BPO
[][D9] SOTFE
[][Dp10] ILOP
[][p11] LOP

i |

[4]

DFR/DPR Assistant - Automated Analysis of DFR Recordings

Copyright: Test Laboratories International, Inc., 1996-2008 E&
**%* Relay Event Summary ***
DFR Assistant Client:
Substation:

DFR Native File Name:
Affected Circuit:

Trigger Date and Time:
Start Date and Time:

Event Description: AGND_FAULT
Fault Location: 24.93 [Miles]
Event Outcome: -

First Energy

Sammis DPR S Canton BU

Sammis-S.Canton BU 2008 07 20 11 59 34 307.EVE
South Canton Backup

2008-07-20 11:59:34.307

2008-07-20 11:59:34. 207

*** Native File ***

2"FID", "RID","SID", "03E2"

"FID=SEL-421-3-R123-V0-2010010-D20070223", "Sammis: S. Canton 345kV, Backup","Sammis: S. Canton
"MONTH", "DAY", "YEAR", "HOUR", "MIN", "SEC", "MSEC", "OACA"

7,20,2008,11,59, 34,307, "0468"

"EVENT_NUM", "EVENT", "LOCATION", "FREQ", "NFREQ", "SAM/CYC_A", "SAM,/CYC_D", "NUM_OF _CYC", "SER_NUM", "P
10468, "AG T*,24.93,60.00,60,8,8,30.125, "2007241325", "YES*,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,4
"TACA)", "IBCAY", "IC(A)", "IG(A)", "VACKV) ", "VB(KV)", "VC(KV) ", "VS1(KV) ", "VS2(KV) ", "VIMEM(KV) ", "FRE
142,-552,422,12,8.32,-181.42,176.62,-0.09,0.03,7.34,60.00, , "0014000000200000000000000000000000)
471,-491,25,5,153.92,-197.59,46.37,-0.02,0.01,152.27,60.00, , "001400000020000000000000000000000
524,-143,-386,-5,209.37,-98.02,-111.06,0.06, -0.01, 207.99,60.00, , "00140000002000000000000000000)
270,290,-571,-12,142.16,58.97,-203.42,0.09, -0.03,141.88,60.00, , "001400000020000000000000000000)
-142,552,-422,-11,-8.32,181.41,-176.62,0.09,-0.02, -7.34,60.00, , "001400000020000000000000000000)
-470,491,-25,-4,-153.93,197.60, -46.36,0.03, -0.01, -152. 26,60.00, , “00140000002000000000000000000)
-524,143,386,5,-209. 36,98.03,111.05, -0.05,0.01,-207.99,60.00, , “0014000000200000000000000000000)
-270,-289,571,12,-142.17,-58.97,203.41,-0.09,0.02, -141.88,60.00, , "0014000000200000000000000000)
142,-552,422,12,8.32,-181.42,176.63,-0.08,0.02,7.34,60.00, ,"0014000000200000000000000000000000)
471,-491,25,5,153.92,-197.58,46.37,-0.03,0.01,152. 26,60.00, , "001400000020000000000000000000000)
524,-143,-386,-5,209.37,-98.02,-111.05,0.04, -0.01, 207.99,60.00, , "00140000002000000000000000000)
270,289,-571,-12,142.16,58.96,-203.42,0.09, -0.02,141.88,60.00, , "001400000020000000000000000000)
-142,552,-422,-12,-8.31,181.41,-176.63,0.09, -0.02,-7.34,60.00, , "001400000020000000000000000000)

[ »

Il

» "00140000002000000000000000000
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View Phasors

Substation Assistant™ Report Viewer v3.0

File View Help,
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: 10
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[][D11] LOP
<] I I [»]

12 14 16 al & |South Canton Backup |vl

1 1 1 1 1

Manually Select Line:
1A [IAL]1AG® v
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Kl
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Troubleshooting (DFR Wiring)

Outcome: Maintenance Order (Fix DFR Wiring)

Substation Assistant™ Report Viewer v3.0

File View Help
[<| [[HZ015e74.. X | [ - X [® - % |
[ 201574 impons3z1166s822158 || AP [ | @ | | R Q. Qm QIQ S Select Line From INE
[ sammis-Highland Pri 090603,2313| -
: . 10 1Ci 30 4 80 9P 100 110 120 130 140
e | | | | | |
0 Substation Assistant™ Report Viewer v3.0
| File View Help
a3 [[Bzo15e74.. x | & i [ is-.. X [ [JZQ15e74... X |
~10Wbo A L]
mazjia [IQ QIR [7Q15e74_impon63711665822158 ."# o Q lelllsemml 1@2 Q -] [ S Select Line From INE
W 5o [E3sammis-Highland Pri 090603,2319) - - | !
YTy RNy LATERTIORy CORTIEree) b (Rt et E 700 800
10 kA ' ' ' ' '
3 1 N Select Line:
W
) 1A [[A13] HIGHLAND C1 -
0
1B [[A12] HIGHLAND C2 |
Ic ‘NONE ‘-]
mase [RQR =
R VA [NONE [+]
0 30 4 50
300 200 500 <00 708 200
10000 & ! ! ! ' ' VB [NONE [~]
1 vc [NoNE ~]
0 e
Kl ]
3 1IN
: [ 1 l [A12] HIGHLAND C2 IQ Ql IQ
! I
S
« il | D < Il ] [»]
[ Ch_[Mag (et [angle (eftjMag (right]Angle (ri..| Mag Diff | Angle Diff]
_—— 424.738 [106.478 |684.667 |-109.504|-259.928-144.018
| — 426.76_|163.427 |8388.565|-127.012|-7961.... |-69.56
14 N
[ i I [v]
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Interoperability

Layer 8: Economic/Regulatory Policy

Organizational
(Pragmatics)

Layer 7: Business Objectives

Layer 6: Business Procedures

Informational
(Semantics)

Layer 5: Business Context

Layer 4: Semantic Understanding

Layer 3: Syntactic Interoperability

Technical
(Syntax)

Layer 2: Network Interoperability

Layer 1: Basic Connectivity

Courtesy of Grid wise Architecture Council
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Preprocessing and database
interfacing to the Control Center

PSERC

Syntactic Interoperability

Engineering Office

A m / Utility Groups
L Intelligent
Optimized lar

Fault Location L
Processing

I

=Ny

n
XML, ASCII, I.I e
Binary... !I. Iy )
= S

SCAD .
Other En?erprlse
Locations

Data Processing

Data IEDs Data
Conversion
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IEC61970 (CIM)/IEC 61850 data [

Semantic Understanding

Engineering Office

Utility Groups

1.%

B Intelligent
Optimized WMiarn

Fault Location L
Processing

1 |

civ |. .I.

SCAD -
Other Eni_:erprlse
Locations

Data Processing

'~ 1 | [IEDs Data

Conversion
COMTRADE,
IEC61850
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i PS
Conclusion

» Substation retrofit may benefit from hardware,
software and middleware;

»New substation design should offer flexible
layout and functional capability to serve many
new applications;

» New substation designs should offer monitoring,
control and protection features that will
significantly enhance system resilience and
market support
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