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Swarm Grid
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Swarm Grid

* Central Instance
- Gathers measurements
— Calculates network state

- Sends control commands

|__commands
- ; \ DSO
- measurements -7\
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* Swarm Grid Nodes

act independently
don’t rely on centralized instance
share information

share computing power
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State Estimation
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State Estimation

* Distribution System State Estimation (DSSE)

* Assumption:

* Goal:

— Only some data is available B—] ; | ﬁ —p
B T

— Estimate missing data

Purpose:

— Prevent voltage limit violations

_ = P |
— Create load profiles
- Localize faults o= P
— Outage Handling
— Loss Monitoring
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State Estimation
in Literature (Wéresch 2018, Brandalik 2020) in this research project

* Low Voltage Systems are operated * Simplified symmetrical system

asymmetrically _
— Accepting errors
- Absolute value of line currents is not identical

- Phase shift and voltages are different from symmetrical
operation

- Thus: Calculation using simplified symmetrical system is not
possible (prone to errors)

* Solution: Split up into three symmetrical
components

- Positive sequence component (index 1)
- Negative sequence component (index 2)

- Zero sequence component (index 0)

2
Yy Yoo Yroos _ Ly 1 1 22 a .
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Y Y Y Complex AC 1 1 1
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State Estimation Algorithms

Model-based

A single set of measurement data Recursive updates of state
estimation

Weighted Least Squares
Least Absolute Value

Least Trimmed Squares
Least Median of Squares

Generalized Maximum Likelihood

Forecasting-Aided

Kalman-based Filters

Extended Kalman Filters

Unscented Kalman Filters

L[

Data-driven

Trained on existing data

ANN / DNN

Physics aware neural networks
(aware of structure of distribution
network)
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State Estimation

Literature

* In model-based algorithms
— One fully known state vector

- If values are unknown:
filled with replacement values

*  Virtual measurements
* Pseudo measurements

* Historical data

L[

In data-driven & forecasting-aided algorithms

Historical data

Fresh measurements
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Bad Data Detection m

* Measurement data may be flawed

* Obvious wrong data needs to be removed before state
estimation

* Additional available measurement data is helpful!

Model-based Data-driven
L2-Norm Linear regression
Largest normalised residual Support Vector machine
Chi-square test ANN, CNN
Margin Setting Algorithm
K-Means Clustering
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Algorithm
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State Estimation

Starting Assumptions

* Network topology is known
— Through topology estimation
— Through manual input
* Nodal admittance matrix is available
* Measurement data is partially available
* Radial Network Topology
— Meshes will be dealt with later

* Phase shift is known

— Definition of a slack node (usually
Transformer)

LVS
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State Estimation LVS

Example Grid, expected values

PandaPower Simulation
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State Estimation Vs e

Example Grid, known values
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State Estimation

Ohm’s Law with incomplete Vectors

ai

us dz1
Uy da1
\Us/  ast

di2 4aia

G =G
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State Estimation

Example Grid, Admittance matrix

0 (206.271... | (-5156.7... | O] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0]
1 (-5156.7... (129649.... (-207.36... (-522.29... O] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0]
2 0] (-207.36... |(429.906... 0] 0] (-222.54... |0j 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0]
3 0] (-522.29... |0j (798.098... | (-119.14... |0j (-156.65... 0] 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0]
4 0] 0] 0] (-119.14... |(465.162... 0] 0] 0] (-346.01... 0] 0] 0] 0] 0] 0] 0] 0] 0] 0]
5 0] 0] (-222.54... |0j 0] (222.542... | 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0]
6 0] 0j 0] (-156.65... | 0] 0j (487.126... | (-146.83... | 0] (-183.63... 0] 0j 0] 0j 0] 0j 0] 0j 0]
7 0] 0] 0] 0] 0] 0] (-146.83... |(295.168... 0] 0] 0] (-148.33... |0j 0] 0] 0] 0] 0] 0]
8 0] 0j 0] 0j (-346.01... |0j 0] 0j (346.016... 0] 0] 0j 0] 0j 0] 0j 0] 0j 0]
9 0j 0j 0j 0j 0j 0j (-183.63... |0j 0j (476.167... | (-174.11... 0] (-118.42... 0j 0j 0j 0j 0j 0j
10 0] 0j 0] 0j 0] 0j 0] 0j 0] (-174.11... |(589.015... 0] 0] 0j (-414.90... 0] 0] 0j 0]
11 0] 0] 0] 0] 0] 0] 0] (-148.33... |0j 0] 0] (148.332... | 0] 0] 0] 0] 0] 0] 0]
12 0] 0j 0] 0j 0] 0j 0] 0j 0] (-118.42... |0j 0j (608.731... (-189.17... | O] EVEEL 0j 0]
ER 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] (-189.17... (598.722... 0] 0] 0] (-409.54... 0]
14 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j (-414.90... 0j 0] 0j (414.901... 0] 0] 0j 0]
15 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j (-301.13... 0] 0] (619.252... | (-117.42... O] (-200.68...
16 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] 0j 0] (-117.42... |(117.429... Oj 0]
17 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] (-409.54... |0] 0] 0] (409.547... | 0]
18 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] 0] (-200.68... |0] 0] (200.689...
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State Estimation — —
Transformation of Ohm’s Law U * A — I

AlBA)-Uh] =118l = —A[3,7] - U[H]

—

1.

v, 3 are those row indices of known values in U

7

U
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State Estimation

Transformation of Ohm’s Law

Weighted Least Squares
- weights = measurement accuracies

—_
- systematically fill in values in U U [f}/] -
- minimize residuals between left side and right side
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State Estimation

Fill partial vector into full vector
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State Estimation

Preparation for Constrained Least Squares

.—*
Incomplete vector Il

I;:A*ﬁ

Minimize: ||f2c T Egllz
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State Estimation

Constrained Least Squares

Minimize: ||f2c T I—;lCHQ

Constraints: sum(l) =0

Boundaries:

- Consuming nodes: 1 <0

- Producing nodes: | > 0

- Voltages in defined range e.g. 210 < U < 250
Weights:

- measurement accuracies
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e
" Admittance Matrix, Voltage and

Current Measurements

State Estimation |
. Ohm's Law Lo
Overview ‘ } -
exchange known Principal Pivot Transform ‘
cuments with b a . ’
unknown voltages i
| Transformed Admittance Matrix, |
J mixed vectors
Bring all unknowns to the left ; i I
and all knowns to the right [~ E TR Sl EEN }‘ """"""""""" !
_ v i I
: measurement
‘ Weighted Least Squares }(—{ S AIFARIEE
) L 4
‘ One complete vector ‘
210 = U <250 —
| = 0for Bounded, constrained
COnsuMmers ’{ minimization S
1 =0for l
producers |
‘ Two complete vectors ‘
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State Estimation

Principal Pivot Transform dir a2 13 a5 E
dp1 dop do3 dpq dos

us a3l dg2 diz d3q azxp| = |3

Uy dq1 d42 443 daq  ass I
\Us/ ds1 ds2 ds3 dsq ass

Exchange elements from . .
Current to voltage vector UxA=1
- requires Matrix transformation
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State Estimation

Principal Pivot Transform

(ut [b11 biz biz bia bis| [y
uz

bs1 bsy bsg bss  bss

A[Oj]_1 _A[a]_1 X% A[O:,(Sé]
PPUA @) = atz o] = Ala]~! Ala] — Ala, o] « Ala] ! * Ala, a]
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State Estimation

Principal Pivot Transform
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State Estimation
Principal Pivot Transform
* Transformation results in equation system
with fewer equations and fewer unknowns

* Mostly similar results

* Results in different matrix shape m x n with
m>=n

- Allows minimization for overdetermined
systems using QR Decomposition

* Python Library for PPT published on Github
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Worst Case Analysis
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Worst Case Analysis
Improvement Strategies

* Transform estimation bus to Zero Injection
Bus (ZIB)

*  Worst case:
— Power consumption at the end of line
— Results in highest line currents

— And highest voltage drops

* Remove estimation bus at the beginning of
line (closest to nearest measurement bus)
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Worst Case Analysis

1 4 5 6
Improvement Strategies § f f
s S h =y 3

D
7 8 9

Daw QO
O—>»0 w

O—=>»0 »
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O—>»0 o
O—») o

28.03.2023 Grid State Estimation Technology
Markus de Koster Arts Sciences
Seite 30 TH Koln



LVS

Worst Case Analysis

Problematic Topologies
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Results
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RGSUltS Difference based on ratio between estimation and measurement busses
1.0 1 T
* Lower ratios: 0.5 _

— more known values

| ] - OInr 1
- better results - 1] L
. g =057 RERRE
* 21000 grids e
S - -
= _1'0 7 o T |
— L. 59 i T
—2.0 A : I
—2.5 1 - 4
O.Il 0.2030405060708091.02.03.04.05.06.07.08.009.0
ratio n_est / n_meas
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RGSUltS Difference based on ratio between estimation and measurement busses
0__”._7_%%,-_,wgﬁ11 L
* Extremely accurate for =
low ratios
_2 - T
* Caveats:
- Also shows ZIB E ~3 - T T T i
= Outliers removed %I il I T
— Not all ratios 4
represented equally —E
_6 -
—7 - 1 1 | (-
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
ratio n_est / n_meas
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Outlook
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Outlook

* Combination of Topology Estimation and
State Estimation

* Improve worst case assumptions
* Asymmetrical network calculations

* Compare multiple algorithms
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