February 2021 Texas Power Outage
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Generation Mix In New Mexico
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100% Carbon-Free in NM
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Figure 20 - Rank Based on Total Score in Twenty Criteria
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https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=10669

Blackouts

“...across all business sectors, the U.S. economy is losing
between $104 billion and $164 billion a year to outages.”

- Electric Power Research Institute (EPRI)

Annual Business Losses from Grid Problems

Primen Study: $1508 annually for power outages and quality issues

I $0.28 - $2B
B 528 - 548
o [ 548 - $78
» [1$78-%128
I $18.58

SOURCE-Forbes

Power outages after Sandy

In all, hurricane Sandy knecked out power to more
than 8.1 million US customers. These state totals are

as of 9 a.m. ET on Monday.

S PERCENTAGE OF CUSTOMERS

W N.H. 20%
MASS 9%
=R.1.23%
’} CONN. 31%

N.J.62%

DEL. 10%
D.C.1%
MD. 12%

SOURCE: US Department of Encegy

STATE

1. New Jersey

2. New York

3. Pennsylvania

4. Connecticut

5. Maryland

6. Massachusetts

7. Ohio

8.West Virginia

9. Virginia
10. New Hampshire
11. Rhode Island
12. Maine
13. Michigan
14, Delaware
15.Vermont
16.Indiana
17. North Carolina
18. District of Columbia

CURRENT
CUTOMER
OUTAGES

2,498,447
1,967,874
1,267,512
626,440
311,020
298,072
254,207
212,183
182,811
141,992
116,308
90,727
68,619
45,137
17,959
7,537
4,005
3,583
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https://plus.google.com/104661774344420828388/posts/8RVM29NvkXT

2021 Texas Blackout

> 4 1:20 am
o 12:15am EMERGENCY
EMERGENCY OPERATIONS
OPERATIONS LEVEL 3:
LEVEL 1: Rotating Outages:
Reserves Below 2 300 10,800 MW Load
1:07 am Dropped
EMERGENCY OPERATIONS
S LEVEL 2:
: > Reserves Below 1,750 Load Resources
;og. ¢ S, Deployed Conservation Urged
Temperature forecasts (C) >
0 o { Feb15
Z)o:;ce: National Weather Service, Noaa EorCarantin Sieven Berand
1pm 12|AM
- - ] |
Feb. 14 12:12am Feb. 15
2:00 pm WAT5C::I? I!'Jm . WATCH: Physical Responsive
. _ 1LH-Freezing Reserve Less Than 3,000 MW
News Conference: Precipitation Forces 9:58 pm
Forecast Emergency Transmission Qutages CANCELLED: Projected Reserve
Operations Capacity Watch
1:00 pm
State Operations 347 pm Afternoon 11:17 pm Source: ERCOT
Center Update ~ WATCH: Projected NWS Issues Wind| Deployed Responsive Reserve
Reserve Capacity Chill Warnings
Shortage 11:32pm
ADVISORY: Physical Responsive
Reserve Less Than 3.000 MW

Clarkson. m—_ss——




Net Generator Outages and Derates

Sunday (2/14) ﬂv‘londay (2/115) Tuesday (2/16) Wednesday (2/17) Thursday (2/18) Friday (2/19)
60 Gw Solar

I Wind
50 GW Y - B Natural Gas
40 GW - I Nuclear
B ESR
N --
20 GW
Natural Gas
10 GW
o GwW
Peak Demand: ~75GW
Generation Capacity: ~107GW » ~20GW Load Shedding
Out Generation: ~52GW/(48.6%)
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2020 California Rolling Blackout

Aug. 14&15

904
017

Excessive Heat Watch

Fagpemeemeeeee

Temperature (°F)

California ISO Daily Average Composite

60

Jul 1 Aug 1 Sep 1

Credit: final report, CEC

O The extreme heat wave experienced in August Q Air conditioner was heavily used
was a 1-in-30 year weather event in California O No demand response (reduction)

O This climate change-induced extreme heat O Less efficient thermal generators (derated)
wave extended across the Western United Q Fires reduce solar generation
States O State wide water resources 63% of average

Q Variability of renewables
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Blackouts In Texas and California

Cause Extreme Cold Weather Extreme Heat Wave
Generation ~52GWI Solar |, GTI
0
Load SO (U VES Weliies e LoadT, air conditioning

electricity for heating )

Power outages for 4.5 million Texas

homes (20 GW load shed) ~1GW load shed

Impact

Duration Up to 4 days Up to 1 hour
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Historical Blackouts in the U.S.

1965 Northeast Blackout 30 Million Affected [:> RTU and EMS
1977 N'YC Blackout

1982 West Coast Blackout

1996 Western N.A. Blackout

2003 Northeast Blackout on Af _ IE:> PMU (EMS issue)
2011 Southwest Blackout

2012 Derecho BlackoUt

2012 Hurricane Sandy

2020/21 Controlled Blackout 4.5 Million Affected

August 14

Blackout hits Northeast United States
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Root Causes of Power Outages

Why outages =
may occur:

Weather

= HBEB8BB8
#  HHEBEE8

\ Animals in the system

4

_____ S

Vehicle wrecks
; ‘ < 1 %
v : , y & B

TO REPORT AN OUTAGE:
PNM.com/outage ~ +
Or call 1-888-DIAL-PNM |

¥ Asing equipment (888342-5768) PNM
. Natural disasters . High energy demand
Top 10 Root < Motor vehicle accidents «  Power line damage
Causes of . Equipment failure . Damage from public
Outages . Fallen trees . Cyberattacks
. Wildlife interference . Planned power outages
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Outage Management System (OMS) of
Electric Power Distribution Systems

1. Y. Jiang, “Data-Driven Fault Location of Electric Power Distribution Systems with
Distributed Generation,” IEEE Transactions on Smart Grid, 2020

2. Y. Jiang, “Toward Detection of Distribution System Faulted Line Sections in Real-Time: A
Mixed Integer Linear Programming Approach,” IEEE Transactions on Power Delivery, vol.
34, no. 3, pp. 1039-1048, Jun. 2019

3. Y. Jiang, C. C. Liu, M. Diedesch, E. Lee, and A. Srivastava. “Outage Management of
Distribution Systems Incorporating Information from Smart Meters,” IEEE Transactions on
Power Systems, vol. 31, no. 5, pp. 4144-4154, Sept. 2016

4. Y. Jiang, C.C. Liu, and Y. Xu. “Smart Distribution Systems,” Energies, vol. 9, no. 4, Apr.
2016
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Energy Meters

Analog Meter

Electromagnetic
Sensor

Regular Visits for
Maintenance and
Meter Readings

New Mexico: 62% (665,660)

AMR Meter

Digital IC sensor

Automated Meter
Readings

One-Way
Communication

26% (281,830)

7

Smart Meter

Digital IC Sensor

Automated Meter
Readings

Customer’s Info.

Two-Way
Communications

129% (131,043)

ST,
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Outage Management of Distribution Systems

? RFI1
eI
F4 F5
FLSk F3 RFI2
Fault 4
Cl C2 C3 C4 C5 c6 C7 cC8 C9 CI10
Customer
ﬁ reporting o Transformer  —\/\,~ Fuse R | Recloser
outage
C ston?er no - RFI Candidate
l;e ortin Escalation overcurrent éFauIt% fault
P J path notification — location
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Optimization for Outage Manageent

Maximize the credibility of the outage scenario
Subiject to:

« Logical
constraints

Generate
hypotheses

N In objective
Vi) missing outage reports from smart meters function

@ Clarkson.
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Multiple-Hypotheses Analysis

Hypotheses

Optimization »
Model

¥

Evidence

Most Credible Outage Scenario(s)

Credibility
of
Hypotheses
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Real-World Distribution Feeders

True outage scenario:

» Two faults occur at Link4 and Link10;
e Fuse20 and Fusel9 are activated:;
* 64 smart meter outage reports

 Fault current notifications from feeder
Sensors

CB 342
21
ol a
713
AN
=
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Outage Management Results

HVDO Actuated Faulted N N N Abnormality of fault indicator Cred

ypo. device(s) section(s) SM-Correct * "SM-Unreport - TTSM-Incorrect  fa|res and protection miscoor. '

1 Fusel9 Link10 22 19 44 %) 0.232

2 Auto.R2 Link12 64 570 2 R2-R3 miscoor. 0.549

3 Auto.R2 Link3 64 570 2 R3 should not send a flag 0.424

. R2-R1 miscoor.

4 Auto.R1 Link3 66 881 0 and R3 should not send a flag 0.410
Fusel9 and Link4 and

> Fuse20 Link10 o4 o4 2 %, Ui
Auto.R2 and Link8 and :

6 Fuse23 Link12 66 595 0 R3-R2 miscoor. 0.550
Auto.R2 and . .

7 Fuse23 Link3 and Link8 66 595 0 R3 should not send a flag 0.425
Auto.R2 and Link4/9 and Fuse20/21-R2 miscoor.

8 Fuse23 Link8 66 595 0 and R3 should not send a flag 0.425

* The true outage scenario that Fusel9 and Fuse20 melted to isolate the faulted

line sections of Link4 and Link10 is captured;

* The two false outage reports from smart meters are identified.
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Outage Management of Transmission Systems

1. Y. Jiang, and A. Srivastava, “Data-Driven Event Diagnosis in Transmission Systems with
Incomplete and Conflicting Alarms Given Sensor Malfunctions,” IEEE Transactions on Power
Delivery, 2019

2. Y. Jiang, S. Chen, C.C. Liu, W. Sun, X. Luo, S. Liu, N. Bhatt, S. Uppalapati, and D. Forcum,
“Blackstart Capability Planning for Power System Restoration,” International Journal of
Electrical Power & Energy Systems, vol. 86, pp. 127-137, Mar. 2017

3. Y. Jiang, G. Wang, S. Roy, and C.C. Liu, “Power System Severe Contingency Screening

Considering Renewable Energy,” Proceedings of the 2016 IEEE PES General Meeting, Boston,
MA
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Transmission Automation

Substation Bay Protection . .
Controllers Relays & PMUs [l Close circuit breaker
[] Open circuit breaker - P |
MP
PBP
i
SS1
i CB1 L1
S GPS precision
time
synchronizing SER
Digital X . Merging units & Redundancy SS: SUb_Station . SER PBP PBP SER
Instrument B #l Switchgear [ Ethernet MP: main protection SBP
Transformers - controllers Switches PBP: primary backup protection SEp BEP

SBP: secondary backup protection
BFP: breaker failure protection

Source: Securing IEDs against Cyber Threats in Critical Substation Automation
and Industrial Control Systems by Pubudu Eroshan Weerathunga and Anca
Cioraca

. Protection for grid assets

. Main protection

. Primary backup protection

. Secondary backup protection
. Breaker failure protection

() Clarkson.

. Phasor Measurement Unit (PMU)
. Digital Relays
. Intelligent Electronic Device (IED)
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Transmission Event Diagnosis

Grid Data Analytical Model SERSEL

Data
s Power J / Main protection

. _ PMU data
* Primary backup protection
 Secondary backup protection
« Breaker failure protection SCADA data
[ Protection * Breaker tripping logic
Configuration « Failure or malfunction logics SER data
N
\C =/

k- Temporal correlation of sensor alarmsj

¥

Failure or Failure or Missing and
malfunction malfunction incorrect
of CBs of relays alarms

Network
. Topology

Faulted
component
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Event Diagnosis Results

Alarms Time Tags Alarms at Control Center
11:12:1:200 MP of CB9 operated
11:12:1:233 CB9 operated to open
11:12:1:700 SBP of CB12 operated

s 11:12:1:701 SBP of CB1 and CB2 operated
11:12:1:702 SBP of CB15 operated
11:12:1:734 CB1 and CB2 open
11:12:1:735 CB15 operated to open

_/'—' ~. 11:12:1:835 CB12 open
E PMU 11:12:1:233 CB9 tripped open from PMU1
Bls 1 11:12:1:735 CB15 tripped open from PMU2
‘.‘ SCADA CB1, CB2, CB9, CB12, CB15 open
i
\ )
' 11 il Bus 4 \,
\ .
' 1
Y i Fault occurrence t 11:12:1:200
' i
i Faulty Component L3
B : . Main Protection and Primary
""" : Failed Relay .
; Backup protection for CB8
~~~~~~ : Malfunctioned relay None
I Closebreaker [ Failed breaker = ] /.’
[C] oOpen breaker ; Fault .Bus-3 Failed CB None
Malfunctioned CB None
Missing alarm None
Incorrect time tag CB12

% Clarkson.
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Power System Restoration

Generator

. System Restoration Load Restoration
Restoration

1.Determine system status 1. Energize networks
2.Restart generators 2. Restore sufficient loads
3.ldentify cranking paths 3. Synchronize islands

1.Schedule load pickup
2.Minimize unserved loads

24



Optimal Blackstart Capability (OBC)

System

Restoration
Navigator (SRN)

EPI2 | weseheck wsmirure

Optimal
Blackstart
Capability (OBC)

() Clarkson.

System
restoration
training

Restoration Plans,

BSU Allocations

25



EPRI - OBC Tool
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Case Study-Blackstart Unit Allocation

8000

Electric and Gas Utilities Service Area ' l l I I *W**H* (10 Maximum voltage magnitude
y, .
o J* | 1.08 | Minimum voltage magnitude
. sof Cranking Non-BIacksE;ﬂt ] 106
2 .l units g 3 104
z i 5 1.02f
3 Y g
£ 4000 Iy £ 1
2 kd 3
'§ 3000 & |7 o)
E W 0.96
2000 wﬂ?’( b 094
1000} f@* . 0.821
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10 20 31£l)meT(p:)0 50 60 70 Time step t (pu)
ﬁ o K0 4
Photo from Duke ‘ ' —  Location 1
Energy FL - __ Location 2
£ T O Location 3 is more
s - :
Duke-Energy Indiana System z 5.5 super_lor than other )
27 NBSU g locations if the capacity
° O 54 .
> < of BSU is greater than 24
® 53
« 348 buses s 0 MW.
o ) O 53
* 397 transmission lines S L
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o
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Grid of the Future: Challenges

Increasing % of

: i
O Low Inertia f non-synchronous
generation

Q Variability
O Uncertainties

U Engineering practices/controller based
on conventional generation resources

RoCoF ~

Inertia
Source: Incite
Uncertainty Variability
25000
2500 ~ —— CSP Actual
20000 - - -2 b - - me b L et T el N oA A | e CSP Forecasted
, 2000 - v
15000 + P g
= ; 1500 - 3
= :
10000 - 1000 -
—— Wind Actual
50004 Forecasted Wind 500 -
0 T T T T T T T 1 0 ; :
0 6 12 18 24 30 36 42 48 0 18 24 42 48
Hours Hours

Source: Debbie Lew

T,
%
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Keep the Lights On?

O Capacity market?
O Higher price cap?

O Short-term BESS 3 Hardening?

O Long-term storage? PSH?
Hydrogen?

O Dispatch for reliability
Versus economics?

Grid
Resiliency

Storage

O More Inter-tied?
O Macro-grid?

O Price responsive load management?
O Internal/intrinsic motivation for
behavior intervention

Clarkson. m——_s—
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Resilient Carbon-Free Power Grid of the Future

100% Carbon Free Energy System:
can we still keep the lights on?

L Dream big
L Act on science/engineering

Lower Energy Cost
$

Keep the Lights On

Reduce Carbon Emission

30



Further Reading

1. Y. Jiang, “Probabilistic Fault Location of Electric Power Distribution Systems with Data Uncertainties,”
IEEE Transactions on Smart Grid, 2021

2. Y. Jiang, “Data-Driven Fault Location of Electric Power Distribution Systems with Distributed
Generation,” IEEE Transactions on Smart Grid, 2020

3. Y. Jiang, “Toward Detection of Distribution System Faulted Line Sections in Real-Time: A Mixed
Integer Linear Programming Approach,” IEEE Transactions on Power Delivery, vol. 34, no. 3, pp. 1039-
1048, Jun. 2019

4. Y. Jiang, and A. Srivastava, “Data-Driven Event Diagnosis in Transmission Systems with Incomplete
and Conflicting Alarms Given Sensor Malfunctions,” IEEE Transactions on Power Delivery, 2019

5. Y. Jiang, S. Chen, C.C. Liu, W. Sun, X. Luo, S. Liu, N. Bhatt, S. Uppalapati, and D. Forcum,
“Blackstart Capability Planning for Power System Restoration,” International Journal of Electrical
Power & Energy Systems, vol. 86, pp. 127-137, Mar. 2017

6. Y. Jiang, C. C. Liu, M. Diedesch, E. Lee, and A. Srivastava. “Outage Management of Distribution
Systems Incorporating Information from Smart Meters,” IEEE Transactions on Power Systems, vol. 31,
no. 5, pp. 4144-4154, Sept. 2016
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