SAND2024-08166C

Funded by:

SOLAR ENERGY
TECHNOLOGIES OFFICE
U.S. Department Of Energy

Real-Time Adaptive Protection Optimization using CAPE

Matthew J. Reno, Trupal Patel, Dan Kelly
CAPE User Group Meeting
6/27/2023

Sandi
@ ot NIV R iics 2 @ Emera CLEMSON SIEMENS

Laboratories Technologies N T VERSITY




Funded by:

SOLAR ENERGY
TECHNOLOGIES OFFICE
| us. Department Of Energy

Problem Statement

* The grid is getting more complicated, with increasing number of possible states

*  The conventional protection system lacks the intelligence required to modify the protective
responses according to the system conditions

Current Protection Schemes

1
Local Fault Detection Logic-Based Adaptlve
Protection

* Well-tuned only for normal operating conditions * Reliant on communication, which also

* Does not work with distributed energy resources introduces cyber-security vulnerabilities
(DER) with reverse current or inverter-based * Based on a set of pre-defined logics
generation with low fault currents * Covering a limited number of contingencies

o Increasing % of
- non-synchronous
generation
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* Adaptive Protection Platform (APP) to be utilized in modern distribution
systems with high penetration of PV as well as AC and DC microgrids.

AC Microgrid
[ | — — — =pliwe]|« — —=plmw] . »| ApOME
e o et —eeT
D-5CADA | ndai~-«-" ------- vl ______________ Relay
Real-time measurements _.J' B AC
Breaker status f,:_‘:.“" e Microgrid
APP N
Management | 1
System [+ S
{APPMS) |
| B T Tig
e --Tig Breaker
Bi I I 0
- s DC Microgrid
' t \ =" appms
Ll
i Ll DC
X -k Microgrid
ll Relay|
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* Determine appropriate relay settings in real-time for all devices in the
network based on the current system state (switching, grid-connected,
generator dispatch, etc.)



Adaptive Protection Platform
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*  APP Management System (APPMS)
Model-based algorithms in Adaptive Circuit Model Management
Uses CAPE for model-based Short Circuit Study Module, and wide-area Sensitivity and

Coordination Study Module

Derive optimized and coordinated relay settings

Real-time
Circuit
Monitoring
Data

Adaptive Circuit
Model Management

Advanced Protection Analyzer

\_/\

: Protection
Short Circuit Study Sensitivity and Setting Calculation
Module Coordination Study Module
Module
A\ 4

Protection Settings are sent to

Coordination protection devices.
Report

Data Tree
Add Relay View Relay Options Search
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# X Executive | Relay Setting  Short Circuit | Coordination Graphies |

Digital 7SA513.21
Di 2.2

| UnitP-P Reach:3 33
| Unit.P-G Reach 3 38 S. Ohms @71.1 deg

|2 Digital_7SA513 22" Zone:2; Model. TSAS13 ¥
i Branch Main CT: 179 COMMERCE 115(115.0 kV) to 169 ckt 1; CTR 120
1000

VT at bus 179 (115 kV), VTR
S Ohms @711 deg

4. Backup "MI1P" Zone:1; Model SEL-311L

CT: 169 TOCCOA 115 (115.0 KV) to 168 ckt 1; CTR:120
9 (116 kV): VIR-1000

Unit P-P Reach 0.6 S. Ohms @71 deg

Unit 37 Reach 0.6 S Ohms @71 deg
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Adaptive Protection Platform W, ouniecy

Optimize relay settings (curve type, time dial, and pickup current)

[}
*  Minimize the sum of the relay operating times for all possible faults
* Ensure coordination with a coordination time interval (CTl) between relays of at least
0.25s for all fault types at various locations and resistances
* Fault Locations (L) Relay type/features
_ * Fault Typ_es (T) (distance, pilots, R?L?thii/feﬁ;:ges
Model Files System State (N) * Fault Resistances (R)  communication, etc.) communica'ti%n e’éc )

Voltage and Current Protection Setting

Build Model Set System ) Fault Current Constraint
State Model (impedance Solver Determination (phasors) through Optimizer
matrix, generator each relay for each p
Opens mo.del locations) fault tested (matrix
and compiles Modify circuit > Test all fault Determine PD x L¥T*R) Using fault currents
the circuit to the correct types, locations, which breakers > and knowledge of Settings for
and resistances = should trip for location, determine each PD for
that System

rotection settings
P & State N

system state
for switches
and generators

L*T*R fault tests that fault based

on distance to List of the Primary
faultand Relays that Should

Trip for Each Fault

for coordination
between devices

Protective Device Record voltages
Locations (PD) _ | | and currents at all generation
. PD behind the PD
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* Relay Settings Optimizer Functionality
Coordination between relays, reclosers, and fuses based on the capabilities of
each protective device in CAPE — device type, pickup range, time dial setting
range, time current curve choices
Uses relay, recloser, and fuse curves imported from CAPE
Fast and slow curve recloser coordination with fuse minimum melting and total
clearing time

Multiple protection function choices:
* Instantaneous overcurrent (50P/G)
* Time overcurrent (51P/G) — pickup, time dial setting, curve type
* Directional time overcurrent (67) — characteristic angle (ECA), forward angle limit
* Voltage-restrained time overcurrent (51V)
* Distance (21) —zone 1 and 2 impedance angle and magnitude, delay time
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Adaptive Protection
Interaction with CAPE
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1. Query equipment capabilities from CAPE

Available protection functions,
IEEE 123 Node System

curve types, and setting ranges 2 0 e e b %

2. Read real-time breaker status and system -y B O S ek ST
steady-state pre-fault data from streaming )
data from relays, PMU, and DER 0 > .

Updates real-time model in CAPE -

3. Run short circuit study in CAPE to -4 ¢
calculate voltages and currents at relays o ] L S

4. Determine optimal protection settings for [ e g e e e 00 Lo o b &

all relays ) e Y O
5. Update CAPE model with relay settings O
Run CAPE coordination macro
7. Push settings to relays

@
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» Settings optimizer needs short circuit data to find out properly coordinated settings

* The model consists of inverter-based resources (IBRs), the power flow is
bidirectional. During short circuit, fault is fed by both grid and IBRs.

*  This macro produces short circuit currents and voltages at all relay locations.

Each fault is attached
with low 0.05 Ohm and
high 1 Ohm Fault
resistance.

3 SLG faults, 3 DLG faults,
3 LTL faults and one 3-
phase faults are defined

Fault currents and
voltages are collected on
all relays in “CSV”
format.

Faults are applied to near
node to the relay and far
node from the relay.
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CAPE Distribution Coordination Macro et

* This macro runs to verify the
validity of the settings from
the adaptive protection
optimizer

* Each line is faulted according
to location specified.

* The macro finds out the pair
of relays for coordination for a
fault and their timing

* UPDATE:

*  Now includes information
about primary/backup

I

&

L

o

devices
* Directional settings
* Voltage restrained settings
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Integration with CAPE coordination Macro 7 = Il

Start >
< __ Faplted Seqment Data - Scart Bus: 76 IEFF123 ( 4.2 W) End Bus: 86 IEFF123 ( 4.2
Calculate settings € Heeoo Newwork Situation/Outages in Effect  Fault (BEL Fault Locatien Tina(:
712 Sysvem Hormal (Maximm shert-gizcuiz) 516 Close-in ten o 86 IEEELZI o039

Event: 1at 2.38 gycles: 0.040 seconds; (all times below in SECONDS)

Update setting in
cidpg Dmbagsa Update Objective Update Objective and Brimary L20P Brkr Total Avail
function with new Number of iteration/ Substaticn 1207 Mame TYPE Backup Time Time Time (TI 1
constraints function tolerance | e e e e
152123 23 MISC PRIGRY 0.040 0.000 0.040  N/A NORMAL OPERATION
Elenent: 31 AUX "VCTRL ENABLE1"; (SEL-351S) ; Contact logic Code: WCTRLL ; Op. Time: 0.000
Run Cape T T Element: 31 AT "VCTEL ENABLEZ"; (SEL-3515) : Contact Logic Code: VCTRLZ : Op. Time: 0.000
coordination macro - 4 Elenent: 31 DIR "3209G"; (SEL-3515) + Contact Logic Code: DIRG FW  : Op. Time: 0.001
v [ Blement: 31 DIR "320BG"; (SEL-3515) ; Contact Logic Code: DIRG RV ; Op. Time: 0.001
Element: 31 TOC "S1GIT"; (SEL-3513) _ ; Contact Logic Code: SIGL BW  ; Op. Time: 0.040
Blement: 31 TOC "51G21"; (SEL-3518) _ ; Contact Logic Code: 5162 RV ; Op. Time: 0,040
) ) ; Element: 31 TOC "51P1T"; (SEL-3315) ; Contact Logic Code: SIPLEW  ; Op. Time: 0,040
s ! Element: 31 TOC "51P27"; (SEL-3518) _ ; Contact Logic Code: 51PZ RV ; Op. Time: 0.040
" Dose CAPE
< coordination macro Yes—3 miscoordination - —nNo»CTl Violations > 0.05s- IE!H:. 34 ATK RT:ABIB]." (5EL-35  Contact Ljﬁﬁm 0.408 '31'33; 2125 :‘]gﬁg PREDICTED
) .?"W errors - : Element: 34 AUX "VCTRL ENABLE2"; :snrmg_&ﬂ"-‘ Contact Logic Code: VCTRL2 ; Op. Time: 0.000
Elenent: 34 DIR "320PG"; (SEL-351§) : Contact Logic Code: DIRG FW  ; Op. Time: 0.001
\ Elenent: 34 DIR "3I0RG*; (SBL-351§) : Contact Logic Code: DIRG RV ; Op. Time: 0.001
| Element: 34 T0C "51G17*; (SEL-3515) : Contact Logic Code: SIGL FW  ; Op. Tise: 0.406
No Element: 34 T0C "51621%; (SEL-3515) ; Contact Logic Code: 5162 RV ; Op. Time: 0.406
Elenent: 34 TOC "S1P1T*; (SEL-3515) ; Contact Logic Code: SIPL FW  ; Op. Time: 0.444
Send settings to ) Element: 34 TOC "51P2T"; (SEL-3515) ; Contact Logic Code: 51P2 BV ; Dp. Time: 0.444
Relays
1222123 E MISC SACHUR  0.7% 0.000 0.784 0.754 BREDICTED
Elenent: 37 AUX "VCTRL ENABLEL"; (SEL-351S) : Contact logic Code: VCTRLL ; Op. Time: 0.000
. . . . o Element: 32 AUX "VCTRL ENABLE2"; (SEL-351S] : Contact logic Code: VCTRL2 ; Op. Time: 0.000
Element: 32 DIR "3208G"; (SEL-35: + Contact Code: DIRG W ; Op. Time: 0,001
* If CAPE coordination macro identifies B o e, i o lBcam MO 3 I b
Element: 32 TOC "51G17*; (SEL-3515) ; Contact Logic Code: SIGLEW  ; Op. Time: 0.79%
. . . d . . . Elenent: 32 TOC "51627*; (SEL-351§) : Contact Logic Code: 5162 B : Op. Time: 0.794
- Element: 32 TOC "51P1T*; (SEL-3518) : Contact Logic Code: SIPL FW  : Op. Time: 0.893
any mis-operations, miscoordination is Ploent: 3 106 'SIP21S; (RLSST—  : Contact Logic Codes SIPTRV Oy, Tiaer .89
. _— . . 1EEE123 Al MISC BACKUR 1.073 0.000 1.073 1.033 PREDICTED
written as additional constraint with Bt 4000 VTR BAYs (S0 Gt st G YO 5. Tt 900
Elenent: 40 AUX "VCTRL ENABLE2"; (SEL-351S]__: Contact Logic Code: VCTRL2 ; Op. Time: 0.000
Elenent: 40 DIR "320PG"; (SEL-3518) ; Contact Logic Code: DIRG FW  ; Op. Time: 0.001
H H - - Elenent: 40 DIR "320RG"; (SEL-3518) _ ; Contact Logic Code: DIRG RV ; Op. Time: 0.001
adaptwe protectmn opt|m|zer re-run Elesent: 40 TOC 'SIGIT"; (SELISIS) Contact Logic Code: SIGL W ; Op. Time: 107
Element: 40 TOC "51G2T"; (SBL-3515) _ ; Contact logic Code: 51G2 RV ; Op. Time: 1.073
Element: 40 TOC "51P1T"; (SEL-3515) ; Contact Logic Code: SIPLEW  ; Op. Time: 1.473
Elenent: 40 TOC "51P27"; (SEL-3515) : Contact Logic Code: 51P2 RV ; Op. Time: 1.473
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Running CAPE in Real-Time
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For adaptive protection, CAPE represents a real-time digital twin of the

system, which is updated based on system conditions

Demonstrated using Opal-RT real-time hardware-in-the-loop simulator
Opal-RT grid simulator voltages and currents to the analog inputs of relays
Relays stream PMU data that updates CAPE model

A change in configuration was issued here. After blocking scheme was enabled,
the system configuration took effect.

A Successfully change of circuit configuration. Closing Relay TL3 and Opening Relay TL 4.

13
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CAPE Model Update with New Settings W s

* Uses PMU data to update real-time digital twin in CAPE
* Updates relay settings in CAPE based on the optimizer output
UPDATE: directional overcurrent settings are now available

This will run in sequence

-: after the protection Q- Optimizer provides new
LI system sees the change O set of settings.
in system.

From CAPE, each LZOP
]ili.l are matched with
corresponding data

from optimizer.

CAPE model updater
macro runs to update
settings data in LZOP

(((
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Write Settings to Writing Settings to Relays

Relays

i=i+1 ~ *k
PMU data is streamed at el ST B Takes ~62; 10 seconds

Write to APMS
30 messages/sec

Database

Did System
Change?

Run Sensitivity

Write to LAMP ertlng Settings to LAMP

Influx Database

Database takes ~1 seconds

Write Settings ta Writing Settings to AMPS

AMPS Database
Sensitivity Check takes Database takes ~1 seconds

~ 5, 0.3 seconds
True Run Optimizer.

Get PMU Data and Optimizer takes

SC Report.

Generate Settings ~35, 1 1 S e CO n d s

Recalculate True|
Settings?

B o CAPE SC Report takes
] e ~35 seconds

The total process takes ~2 1 min or ~4.5mins with the CAPE coordination check enabled
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Adaptive Protection HIL

* CAPEcanberunina Collect PV Wit setngs

parallel thread for |
Run Sensitivity check Write to

improved speed F AP nl
Changer-

Write settings

* The parallel thread can database
be interrupted for real- i
. . un Optimizer
time analysis Generate new

settings

Yes
Interrupt Run CAPE
' thread




Modeling Inverter-Based
DER in CAPE
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* For distribution protection studies, one of the key pieces is if DER will:

Ride-through the fault and contribute fault current, or

Enter momentary cessation before the protective devices can react

*  Two methods developed for incorporating DER momentary cessation
curves into CAPE
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Modeling IBR in CAPE W s

oz g LI L Ll 1 e
* Adding Undervoltage Protection Relays to e TR i

\00 — - _ Continuous OperationCapabilty _ _ _ _ _ _ _ _ _ _ __ __
{subject ta requirements of clouse 5

CAPE Model to each IBR to model the IEEE e s
1547 momentary cessation and disconnect  i.| “ms—

shall trip

Legend
«— range of allowable settings ||

Q default value

* Using the standard CAPE tools, such as
sequence of operations and coordination
studies, the IBR momentary cessation of
each IBR will appear at the appropriate time

shall trip zones

I:l may ride-through or

‘may trip zones

an ating regions
des:rlb ing performance
T
R TTT
100

14 protective Device Data: Query x

[] [« [» [ mi[ =]« 7% [&] | copyRecora | [ close | [orignal | prntsetungs | | sewngsio |
_ Voltage Clearing time (s) e e e I

Substation IEEE123

LZOPID  From: (3008 Bus_3008) To: (8 IEEE123) Stalus: Closed LZOP Rank Dlarcnived
1.2 pu 0.16 il S
Device name  [FTNED \

mmmmm played | Rename Copy | Delete | Compare | Move | Tools

ovi 1.1 pu 13 ‘\ s | oo | somsiowe | @

1000

Scheme e Manufacturer: ‘Generic
ments Common Taps Documents Device Inputs.
(UAVA R 0.88 pu 21 Comectct || comect T ComnectAUXnputs | [IFiterrid Rows
Type Dasignation Zon: Seftting (secondary) LogicCot Trip C Operating CT: CTQty Opt VTc VTQty Fun
ov ABC
ovz ABC
uv2 0.5 pu 2 w ;-
. uv2 7.5 272 ABC
AUX ovT PU=0;00=08
UUUUUU PU=0,D0=08
AUX VT U=21; DO=0 27T_1
UUUUUU 'U=2; D0=0 S 21T 2
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Modeling IBR in CAPE

. F‘;“_" Generator Data: Query b
* To implement the momentary :

1 [l «|[» ][] #][=][a] [%][&] | copyrecora || ciose |

Original

cessation requested by IEEE 1547, we = us_3000 (4151%) i Sevice Do —
used the voltage-controlled current o s ETEE :"’,:| =
SC Machine Type Generator v Name l

source model in CAPE for IBRs.

1 Data last changed on 12112/2022 by DB user SYSDBA

Data last changed on 12/12/2022 by OS user binodpoudel309 | <<Advanced |

* This helps us gather correct fault

Impedance Power Flow Data Miscellaneous CurrentLimit External Formats IEC Correction

HR Type of Limit Voltage-controlled Currant § -
currents to optimize TOC elements A |
since IBRs stop injecting current after ¥ olseie) [ Cumentisnps) [Dog CormVotl [ | 1, ountat aeconts

1 1 2 09 7494 A1 Td" | Default(0.033
. 3 0.7 87.15 33.06 : -
5 cycles if their voltage falls below 0.5 1« om0
4 0.5 97.15 65.38 e
u 5 0.49 0 0 L VoW Dednits
p ’ g 2':5 g g Operating Voltage (per unit)
Voltage range Minimum ride-through | Maximum response 8 02 0 0 L @
2 2 Operating mode/response time (s) time (s) L) L] g g Maximum 1.1
(p-u.) (design criteria) (design criteria)
V=1.20 Cease to Energize® N/A 0.16
1.10<F=1.20 Momentary Cessation® 12 0.083 -
0.88=F=1.10 Continuous Operation Infinite N/A
0.70 =¥V <0.88 Mandatory Operation 20 N/A
0.50°=F=<0.70 Mandatory Operation 10 N/A
V=<0.50° Momentary Cessation® 1 0.083




Ensuring Fault Clearing Before
Equipment is Damaged

Using CAPE Equipment Databases
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Equipment Damage Considerations Z s

* Optimizer is minimizing the average clearing time for all possible faults in
the system, but this does not necessarily guarantee all faults will be
cleared fast enough to make sure we do not enter any transformer or line
damage curves

*  The equipment damage curves can be specifically added to the optimizer
as a constraint to ensure all faults are cleared before equipment is
damaged



Distribution Feeder Coordination Macro

@ ACME Electric Company distribution feeder coordination study ? X

Macro to perform distribution feeder protection coordination study.

1: Select first line of distribution feeder IN
THE DOWNSTREAM DIRECTION
(149 IEEE123)-(1 IEEE123) ckt 1 ‘

8: Select file containing network changes:
file must have been saved with the
"Snapshots | Save Network Changes to
File" option in SC or §§

ingle-Line-Ground
hree-Phase-Ground
[ Line-to-Line
] Double-Line-Ground
3: Specify first fault resistance in primary
ohms for SLG_RF (0 if none desired)
Range: 0-150

4: Specify second fault resistance in primary
‘ohms for SLG_RF (0 if none desired)
Range: 0-150

5: Specify first fault resistance in primary
ohms for DLG_RF (0 if none desired)
Range: 0- 150

6: Specify second fault resistance in primary
ohms for DLG_RF (0 if none desired)
Range: 0-150

7: Specify fault locations that should be
checked
[] Select Al
Local Close-In
[]10%

[115%
50%
[185%
[90%
Remote Close-In

+ Modify i — | =
Z :::ccll(f:dbo““ (TSl EE S 9: Select file containing network changes; file

must have been saved with the
"Snapshots | Save Network Changes to
File" option in SC or SS
[ =
10: Simulation depth (Number of levels of
backup to consider)
Range: 1-4 step1

Value:

I

11: Minimum desired CTI (default 0.30
SECONDS)
Range: 0.01-1 step 0.01

Value: 0.3

12: Maximum allowed CTI between primary and
backup (default 16.65 SECONDS); enter
999 to NOT PERFORM this check

Range: 0.5-999 step 0.5

Value: 6.5

13: Maximum allowed fault clearing time
(default 2.00 SECONDS)
Range: 1-5 step 0.1

I

Value:

14: Report conductor time-to-damage

YES ~
15: Print informational messages during the
study?
NO ~

16: Detailed File Reporting Options
@ Write report file for all cases tested
0 Write report file only for cases causing CTI
Viel./Miscoord. or other problems
17: Enter utility's name here for reporting
|ACME Electric Company]|

« Ok ¥ Ccancel
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Optimizer process diagram

CAPE
Distribution Feeder
Coordination Macro

23

v

U pper Bound Constraint for
Operating Time

v

Get Minimum Time-to-Damage
per Conductor

To Remeainder of Optimization
Code

v

Path Tracing — Relay Fairs &
Conductor to Relay Mapping

Output Relay
Settings
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Example relay to conductor mapping

From-To

Worst-case conductor in each Phase 149to 1 10.35
) . Ground 13 to 34 3.02
relay s zone of protection. _ Phase 13 t0 18 33.88
Ground 18 to 19 3.92

— Phase 18 to 21 60+

Lowest system-wide time-to- Ground 26 to 31 5.97
. ; R4 ] Phase & Ground 57 to 54 60+

damage highlighted. — Phase 60 to 62 10.12
Ground 108 to 109 11.95

“ Phase 60 to 62 10.12

Ground 36 to 38 5.64

| RTLL | (open) N/A N/A

_ Phase 13 to 18 33.88

Ground 18 to 19 3.92

_ Phase 300 to 108 60+

Ground 36 to 38 5.64
_ Phase 60 to 62 10.12
Ground 108 to 109 11.95
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Example CTlI improvement due to damage curve constraint:

Damage constraint ENABLED

Damage constraint DISABLED CTl Achieved

CTI Violated
| |
) 1% ——— R1,TOC_R1,51P1T
1% ——— R1,TOC_R1,51P1T TOC_R1,
R1 —————— Conductor: ACSR #1/0 1/0 19 R = Conductor ACSR#1/0 1/019

Reference curve: 1-TOC @ 5568.3 primary amps

Reference curve: 1-TOC @ 5568.3 primary amps Reference time: . 1.980 seconds

Reference time: 2.743 seconds

| | | |
| | | |
1000 10000 100000 10000( 1000 10000 100000 10000

CURRENT in P.Amps CURRENT in P.Amps
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Separate phase &

ground constraint Optimization Runtime Summary

No damage violations Average
: Runtime (sec. Violations
Sma.all !mpact c?n Base 2 =
optimization time
Constraint
Constraints
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* The protection setting optimizer can determine the optimal protection
functions and settings based on device capabilities

Adaptive protection updates in real-time with changing system conditions
* Integration with CAPE provides a robust and trusted fault current solver
* CAPE macros for protection coordination studies can be run in real-time to
check for any issues with the current system configuration and protection
settings
* Next Steps
New projects are expanding this to transmission systems

Could the real-time adaptive protection be used with grid-forming inverters
and microgrids?
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DAP/DPR Protective relays and ‘ Ellectrical power grid with
Algorithm power meters in the loop distributed renewable sources
== -| Planning and Engineering |¢— =

1=~ = New squipment addad 1o power grid @ ~

Real time simulator
with DAP/DPR il
Algorithm 1

1. Digital twin power t
grid module Voltages
2. Power flow analysis  cyrre
: module b
3. Decarbonization

power restaration v
service module c
wrol

Real time simulator with power
id

1

4. Electrical f~ \ 1
analysis r- ss signals ]

5. Driven Q 1 1
prctectlun i . ! breaker i
= @--- New relay settings | 1_ states __ _ _ _ J

b L Newrelaysettings _ _ _ _ _ _ _ | !
DAP/DPR: Driven Adaptive Protection/ Decarbonization Power Restoration ___ External loop

=== Internal loop

Contact: Matthew Reno (mjreno@sandia.gov)

This material is based upon work supported by the U.S. Department of Energy's Office of Energy Efficiency and Renewable Energy (EERE) under the Solar Energy Technologies Office Award
Number 36533. Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.





