


Stochastic reliability assessment of MV/LV networks

MOTIVATION: Quantify the impact of planned network development on customer interruptions due to
failures in the MV/LV network using probabilistic risk assessment.
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Monte Carlo simulation is well developed for reliability evaluation but has limitations for large networks
* High computing resources to execute power flow simulations
* Large memory requirements for the failure state estimation

¥ Long simulation times to complete the power flow simulations

MCS Optimized reliability assessment
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Key roadblocks for larger network evaluation

xox18 _ E-30m L-36m 1L1P;ist anvus T
e e Suburban MV/LV =
Urb MV/LV o5 g LHM o Lpa eom| Y
roan bom st I AT O 2
Main LV Bus E-30m x0026 C27m D=26m £-53m 6 m
415V Notes D-82m L-30m
o017 00024 Each customar has an ADMD of 2.27kW 20005, EmiOm E17m  sooa? — LP<4 m
o004 o
L-30m L<30m
|- - W6 |-
- H-30m H-30m H-60m H-60m 1P iz X018
e g woxxB s Lps
003 000Kk X0X5 X7 oactoP >
L-30m L-30m
&.L‘:Bbm o038 L=30m o039
11k xxx14 ® xoo XK1 oouxls wox17
kv
E-30m E-30m S00KVA 00038 Esam LP-14
x00016 o oot
kv 415V s ey L-35m L tps aw | L30m
Network ] K LP-13 3000041
r\_/ XXX xxxx1 L-36m Goust 22 wooza o Cust 000t P
— 2:=204 4328
200kVA 00 Lp-10 o8 LP12 < o2
KXXX {From MV Network) L=30m L=30m
(From MV Network) Acdzm o3 ArgOm B-4im C=35m D=33m ¥X42  E g7y g oos
xxxx31 E-30m xxxx33 HKx22. xnxe2g ]
» LP6 E=73m
L-35m 16 cust
000E32 L35 Key Hm guxe21  |Es7m coam .
X038 ¢ LP-8 2 . o r E-8am E-40m
3 cust A= 300mm* decore Cu XLPE Underground cable
s £-gom roc3s 185mm? 4=core Gu XLPE Und d cabl LPer 026
E.30m B~ 185m? ot Ca nderground cable E24m E-52m
€ = 120mm? 4wcore Cu XLPE Underground cable oozt § & Lagm o031 L30m_ oooodd | L aom _ oood?
0 m 0 n e n S xxxx30 ® 037 D -85mm? d-care Cu XLPE Underground cable Ls30m L-30m ub—tmn P ¥
! E - 70mm? decors Cu XLPE Underground cable woozs ¥ L8 Lo o P16 .
- H-30m H-30m H-60m XXX:'H H-80m H-30m :)00‘13 L -35mm? 2-care Cu PVC Servics cable
waxB | 000® xooex10 00012 XES g L0 g X0
3 344 CUStOmer‘s = Fuse E-aem LP-18
I @ o027 X034 00040 . Circut breaker D-78.6m et
XXXX2
E-30m E-30m E-30m E-85m
- | Lom _oos2 7
L-35m LP-5 L35m g o LP7 L-35m LP-g el
KHXX2B 5cust 10 cust 41 x4 B cust LP-19
1xXX28 Xxxxx35 xxxx36 YRR X 002 -
' 9,120 Customers
Simulation time: 12.06 hours '
. . .
- 1£. :6.64 h
Simulation time: 6. ours Meshed Topol
P ——
W Y = == = =
e e wr e s
Keam e e st Keam
Rural MV/LV o
oo o3 o00ess +35m IS +35m
ree® T T ® @ s uls — == ol
— ook wncs  wocs medt  ema: emos woss oo omes
an a Yt Y p=0 b= ==
v v . v
e 1Fs L= o iz e
Main Ly Bz K-30m K-30m K-30m K-30m K-30m
i
5 3 . s5m e samm oo
s ® e wn® s = — T
e o
s
8> Fu
bl sl
.
(From My Hetwork)
-—
e s g g ’ omponents
L=
Hotoe: om rzm
Sacn customes nas DD ot 2200
o o 2 cumtomers wth i e o 4236 s 4 C t
- R N e 646 Customers
R e T — e T T
K- 3 - core AU XLEE Aertal Bundied st
. q = M- 25 2 ccre Cu PUC Senice catie . ez Ke3om R3m aom o
. i
Simulation time: 8.41 hours e L N P Long Overhead Lines
0o ooentd oot i oo 1T oI o3




Key roadblocks for larger network evaluation
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Opportunity for GridFM

GridFMs to accelerate the
load flow simulations in
the order of X2 to X5

Fine tuning: Feature
reconstruction of voltage at
nodes to predict which
customers are interrupted
after a component failure

Steps of MCS-based Reliability evaluation

4 N

Import network model and reliability data
\ J

h

4 N
Assign failure rates and repair times for all

the components 1n the network
. J

y

Probabilistic estimation of the failure states
of all the network components in each
timestep of the MCS

A J

each timestep in each timestep

h 4

Identify mterrupted customers due to

(_
Simulation of AC power flow calculation ]

component failures

h 4

Calculate reliability indices ]

Potential benefits of the GridFM

- GridFM can predict the voltages at load
buses during the power flow simulations
to identify interrupted customers
following a grid failure

- Prediction-based approaches are faster
and require fewer computing resources
than computational methods that
compute the power flow solution at each
timestep.

- GridFM can provide faster predictions
than AC power flow computations

- GridFM can facilitate multi-level MCS
where higher resolution timesteps can be
evaluated when failures occur.

- @GridFM can enable simulation of network
reconfiguration after failures to depict

network operation.
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Distributed Al for more resilient power grids

What is hindering wider adoption?

5
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Designing deep graph structures
with dynamic handling

Transfer learning across
graph structures

Limited interpretability

Large data requirements

Rising Uncertainty:
Weather-dependent
renewables, new demand
patterns, and climate events
require simulating millions

Required numbers of scenarios

The Gap: Our ability to
simulate and analyze the
grid is falling behind the
reality of operating it.
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Complexity
Uncertainty

of scenarios, not thousands.

SRl u ]

104

Required numbers of scenarios

Decarbonization Decentralization Digitization Today's computational
capabilities
Rising Complexity: 4103
INCREASED COMPLEXITY More nodes, more DER,
more variables. i
Transmission 103 104 105 106 107 Distribution &
Transmission

System size / numbers of nodes




Introducing GridFM

v'  Linear scaling v" Predictions consistent with Physics laws

v' Generalizable across multiple grid topologies

Multi-Grid Self-Supervised Physics-Informed

Pre-training Learning Loss Function
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How GridFM works

FEATURE RECONSTRCUCTION PACKAGE Z
pred containing: m
= RES ¢ m
6% %ba' Nodal power flow predictions; (@]
@ T(: - Voltage magnitude and angle
'8 = B - Power generation
— —| - Power demand
QO Rootbus §| Large Data O PyTorch
O PVoPQbus |
QO Flexible bus

=== Additional branch

FINE TUNING PACKAGE

Muttiple network i Poliferation of DERs
configurations { Hybrid AC/DC networks /

Fine-Tuning : o+0 p | Fine-tuned
Pipeline of PF datastets > Task Specific Supervised Type of Task + <. OC:O*. Model
Data Source Labeled Data Learning Hyperparameters : ;o"

Specific task
prediction

{ lapo2ag

Inference Encoder/decoder

DATA GENERATION PACKAGE

Encoder

Multiple gen/ _ .
Fine-tuned Foundation Model
load levels

Power flow
solutions

Network
contingencies

Downstream Applications

Radial & meshed Transmission Regression Classification Forecasting
configurations and distribution Power flow Line limit violation Load & generation
networks Contingency Analysis Cascading failure forecasting

Unit commitment
Network overload

Different network

@ P model types




GridFM for accelerated reliability assessment
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DATA GAPS > Contingency power flow — Training Data Generation

v Distribution networks (MV/LV)
v Contingency analysis (N-1, N-2, N-3)
v"Memory optimised

23 networks with different MV/LV configurations
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4. Save Sequentially
Numbered Results

3. Simulate and Analyze
Exports detailed results into separate bus
Each Batch and branch CSV files for each batch.
Loops through each scenario, applies the ~
contingency, and runs a power flow calculation. 1.2 million scenarios gene rated
[¢) R . . .
10% 17.2 million in pipeline
1. Load & Index 2. Generate Scenarios in (L
Network Model Optimal Batches A Complete, e
Ingests a power grid model from an Creates all N-1, N-2, and N-3 fallure gggaa::ef:r Anilvete I A [ |
Excel file or pandapower object. combinations in memory efficient J
Ras e 4 LARGE STORAGE CAPACITY
The process generates a Bus Results Branch Results Run Summary
dedicated folder with all bus_batch_000001.csv  branch_batch_000001.csv  network_info.txt RE Q UIRED
simulation data and a Bus voltage, power Admittance data for Key statistics on
summary file. flow, and status network branches the network and
per scenario. per scenario. the analysis run.

"3 Custom kit

SCENARIOS INCREASE QUADRATICALLY WITH
NETWORK SIZE AND NUMBER OF CONTIGENCIES




Loss function to predict voltage loss after network failure

Physically Connected — Voltage is Present

REF
Model Prediction

Ci = 0.1
(Disconnected)

Ay
L Xo

Model Prediction

V;=09
(Energized)

i

If reachable, penalize for
node voltage V;_0

L.each PeNalizes voltage
inconsistencies for reachable nodes

LVDC’ o— /\(Lreach + Lunreach)

D@ @

Physically Islanded — Voltage Must Be Zero

¥}
x- ¥ x

o1

Unreachable
Set (U)

If unreachable, penalize
for node voltage V;> 0

Lunreach PeNalizes impossible
voltages for unreachable nodes

Predict node
voltage based on
connectivity to
reference bus

Fully Differentiable Loss
to predict disconnected
nodes following a
network failure

!

Accelerated load flow
simulations in reliability
assessment
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Preliminary findings and way forward

> Before training:

Ground truth Voltage magnitude

Masked Voltage magnitude

Reconstructed Voltage magnitude
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> Key limitations:

1.

4.
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Memory requirement for graph propagation
increases quadratically with the depth of the graph

Quadratic attention scaling for larger networks

High training costs due to preliminary
computations of propagation depth and healthy
graph for each forward step

Setting maximum propagation depth K__,

» Next steps:

1.
2.

Generation of training data sets

Training of the GridFM and performance
evaluation

Fine tuning task to estimate reliability indices
following prediction of interrupted customer
following grid failure y
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