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Our agenda

Enhancing power flow along transmission lines
 Relief from congestion and renewable curtailment
 Benefits of grid-enhancing technologies (GETs)
Static line ratings

Dynamic System Rating (DSR) WAMPACS

* Dynamic line ratings (DLR)

* Dynamic power rating (DPR)

 Optimal power-flow controllers (OPFC)
Implementing a DSR WAMPACS

What DSR provides to operators and to EMS

Simulation results




Congestion / renewable-curtailment relief needed now

National Renewable Energy Laboratory grid capacity must triple to achieve zero carbon by 2035

US consumers paid $21 billion USD in congestion costs in 2022

More than 1.4 terawatts of renewable energy projects are stuck in interconnection queues

Europe to reduce greenhouse-gas emissions by at least 55% by 2030 and source 40% energy from renewables

Australia has 67 GW of renewable energy projects cannot connect because of congestion




Grid-enhancmg technologies (GETs) benefits

Situational awareness for safer, real-time operation
Asset deferral, to give time to implement longer-term solutions
Increased grid resilience

Asset health monitoring




Static line ratings

Maintain safe operating conditions on power lines from generation to loads
IEEE 738 “IEEE Standard for Calculating Current Temperature Relationship of Bare Overhead Conductors”
Conservative assumptions limit line usage

 Static weather conditions

 Average wind speeds and direction

* Average ambient temperatures
 Solar conditions for summer and winter

Cannot take advantage of favorable conditions
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FERC 881 ambient ratings

Public utility transmission providers implement
ambient-adjusted ratings (AAR) on transmission lines

Regional transmission organizations and independent system operators
(RTO / ISO) update transmission-line ratings electronically, at least hourly

Public utility transmission providers

Determine emergency ratings

Share transmission line ratings and transmission line rating methods with
respective transmission provider(s) and with market monitors in RTOs/ISOs

Maintain database of transmission owners' transmission line ratings and
transmission line rating methods

Open Access Same-Time Information System (OASIS) website




Dynamic system rating, DSR = DLR + DPR

DSR optimizes transmission network DPR

* DLR—dynamic line rating __l. . Angular stability
« DPR—dynamic power rating - === ‘rVoItage stability
DLR—thermal measurement

improvement over previous methods N

* AAR—ambient-adjusted ratings oY _ _
e AAR+—ambient-adjusted ratings, new g — Transient margin
DPR from phasor-measurement units (PMUs) DLR/

 Angular stability
 Voltage stability AAR+
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Dynamic line ratmg (DLR) increases thermal limit

A
Thermal line capability
* Sensor and computational analysis
e Computational fluid dynamics

Increases line power flow

Line flow power

Current limit—static rating

Hours per year




Dynamic power rating (DPR); angular stability

where
P, is electricalpower
P, 1s mechanical power
V, is transmitting line-termmal voltage
V, is receiving lne-terminal voltage
Xis line Impedance (neglect resistance R)

sin [Jis sine of the line angle
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Dynamic power rating (DPR); equal -area criterion

All lines in

Line out (N-X)




Dynamic power rating (DPR); voltage stability
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Dynamic power rating (DPR) nose curves

V
A2 is largest load level where transition
to N-1 contingency (Curve B) stable
operation is possible
A—all lines in A1
100% - A2 A3
B—one line out
B1 Curve A
Bus  |C—two lines ON B2 nose
voltage 7 7
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Optmal power-flow control (OPFC)

Adjust localresources P R \‘Jﬂ,{’ R 5 -
Shunt-connected devices change VI and V2 {Uy U‘\ﬁ %_ .'.u ¥ s D\ﬁ T U s [u
Series-connected devices change jX all " *
Phase-shifting transformers change o 35 ‘X"(}B R’ \2‘. R[JLD\ALEI,{{],

____________ o i Oﬁé S

Shunt connected change voltages, V1 and V2 Series connected change impedance, jX

Static VAr compensators (SVCs) Fixed, series-compensation capacitors
Synchronous condensers SSCs Static synchronous series compensators (SSSC)
Static synchronous compensator (STATCOM)

Shunt capacitors

Load-tap-changing transformers

Phase-shifting transformers change phase angle, 5

13



Stability control over time

Transient Voltage Stability Longer-Term Voltage Stability
. ___________________________________________________________| . ___________________________________________________________________________________|
Induction Motor Dynamics Load/Power Transfer Increase
Generator/Excitation Dynamics Load Tap Changers & Dist. Voltage Reg.

Prime Mover Control Load diversity/Thermostat

Mechanically Switched Capacitors Excitation Limiting Gas Turbine Start-up
Undervoltage Load Shedding Power Plant Operator
sSvC Generator Change/AGC
Generator Inertial Dynamics Boiler Dynamics Line/Transformer Overload
DC DC Converter LTCs System Operator

Protective Relaying Including Overload Protection

1 Minute 10 Minutes 1 Hour

T T T T T T T T T T T T T T T T T T T T T T T — T T T T T T T T T T T T

0.1 1 10 100 1000 10000
Time - Seconds

C. W. Taylor, “Power System Voltage Stability,” McGraw-Hill, 1994



Implementing proactive DSR WAMPACS: increasing DLR

WV LiDAR line sensor Weather
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LTE communica tion
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DSR I/O and calculations

Weather data
>

LiDAR sensors >

Node voltage, U;

Node phase angle,
L 4

Dynamic line thermal
rating (DLR)
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Dynamic System

BUsS 02
18.40 kv
1.022 Vyu

Renewable solar
G2 max 600 MW

299.99 MW T

Conventional G5 active

power dispatch;
Vrweg 1.025 pu

230.0 kv 230.

230.0_kV

235.74 kv

BUsS 08

12.05 MW

1.025 Vou
235.73 kv

DLR (%)

Dynamic Line

Rating online line
capacity

BRANCH 1 100.
BRANCH 2 1(0.
BRANCH 3| 125,
BRANCH 4 100.
BRANCH 5 100.
BRANCH 6 100.

BRANCH 7 100.

\
RES CURTAILMENT
GEN 2 300.01 MW
GEN 3  249.99 MW
TOTAL  550.01 MW
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Unused renewable

energy

., 1.025 Vg 8.05 MVAr
B,
. Rd‘vc‘;.-
Loading: LOAD 3 &
3.3 % 299.25 MW
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78.10 MVAr

BRANCH 7

f ‘ Conventional G4 active:

Loading:

Rating simulation use case

OLTC and Cap. bank

SYSTEM MO ,
online tap Control
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246.11 kv
1.070 Vpu

¥

Loading:
7.5 %

T 250.01 Mw

GEN 3

Loading:
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BUS 04 €2 %
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5.5/230 K\ LAP
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Transmission
TRANSMISSION mterconnection

INTERCONNECTION

Renewable wind
G3 max 500 MW




Without DSR (base case)

System initial conditions

* Renewables at 50%

e Cap bankat Tap 0

e Xfmr OLTCs at centers

e Branch 3 loading at 67%

GEN 5

230

1.025

235.74 kv 312.05 MW
BUS 02 BUS 07 BUS 08 ¢ sus 03
18.0 kv 230.0 kV 230.0 KV 1.025 Vpe 8.05 MVAr BUS 09 )
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' pe Loading: LOAD 3 § 1.070 Vpu £
XFMR 9 cB 2 3.3 % 223 I Loading: XFMR 10
18/230 kV > 78.10 MVAT 7.5 % 13.8/230 kv
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H BRANCH 3 BRANCH 7 ;F
299.99 MW T == GE?N 4 ’ BRANCH 4 _SL T 250.01 Mw
TAP Loading: Loading: | TAP
17 67.3 % 28.2 % TLoading: CAPBANK 1 17
| 22.8 % el MvAL s
367.00 MW rap
BUS 05 107.76 MVAr 3
GEN 2 230.0 kv v } -100.17 mvar BYS 0¢ GEN 3
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S0 &, WIND
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B 235.73 kv R 2 %C‘lz . 253.23 kv
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. =
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o o TAP
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oL Uen I.A. 1000 mva 10
DLR (%) RES CURTAILMENT
BUS 01
GEN 2 300.01 MW 18.5 kv
BRANCH 1 100.0
GEN 3 249.99 MW 17.16 kv T -381.40 MW
BRANGE 2| 100.0 TOTAL  550.01 MW 1.040 Vpa 78.62 MVAr
BRANCH 3 125.0
BRANCH 4 100.0
BRANCH 5 100.0
BRANCH 6 100.0
BRANCH 7 100.0
TRANSMISSION
INTERCONNECTION
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Maxmmizing renewables with DPR power evacuation

Use controllable elements in
localzone to adapt power flow

Gen 2 injecting 230 MW more

Gen 3 increased to full
capacity

Taps optimized

Branch 3 loading at 100%
(static rating)

GEN 5
BUS 02 BUS 07 AT KN i 20 o
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: Loading Loadins :
19 1.025 Vpy 100.59 =« 3.96 Loading CAPBANK 1 T]fng
- | 29.25 180, MVA:
BVE 384.0 mw 1
18 kv L ¥ 329.0 MVAr 100.4 MVAr 208 06
235.73 kv LOAD 1%% 2 ¢ 230.44 kv
1.025 Vpy 323.4 mw - & LoAD 2 e
81.4 MVAr Lond s Loading 179.1 MW - e
54.78 @ 8.33 i -0.7 MVAr
BUS 04 e
KEME 8 LINE DLR (%)
230.8B kv Pl
LA__AJ BEISERIN NS ol o BRANCH 1 | 100.0
Res Generator 2 3 1.004 Ve rv‘"V] = = 14 100-0
BRANCH 2
: BUS 01 -
Curtailment (Mw) | 72.9 0.0 e BRANCH 3 | 100.0
17.16 kv -594.0 Mw BRANCH 4 | 100.0
1.040 Vpy ¥ 285.9 myar Pamncu s ].160.0
BRANCH & 100.0
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BUS 03

13.66 kv
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.
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DSR fully optimized; DPR plus DLR

GEN 5
Dynamic Line Rating updates 25 Vpa
Branch 3 rating to 125 MW
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What DSR provides to operators and to EMS

Information

* Power-transfer limits per line in a power corridor

* DLR (thermal) and DPR (angular and voltage stability)
for each line

* Worst-constraint imit (overall dynamic system limit )

Actions

* Operator suggestions for control of power-flow elements to
optimize energy transfer, changing operating schedule
(redispatch)

e Commands for operator confirmation
(e.g., L1 West Terminal: raise LTC two taps)

* Direct control of power-flow elements where fast
response is needed (e.g., “Bus 3: SVC to 3MVAr")
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Benefits of DSR

Enables more power transfer across a line

Fosters use of the least-cost marginal power from renewable sources
Accelerates interconnection of renewable assets

Reduces congestion and curtailment

Enhances grid resilience

Increases situational awareness

Supports asset health insight
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Conclusions

Traditional methods used static ratings and state estimation
Now, proactive WAMPACS employs dynamic system rating (DSR)

DSR combines dynamic power rating (DPR) voltage / angle calculations
to supplement thermal dynamic line rating (DLR)

Real-time calculation and contingency analysis redirects and redispatches power flow

Maximum safe power flow occurs on lines and load buses in PMU monitored area

DSR relieves grid congestion and curtailment
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