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Motivation

« Coordination and limitation of harmonic emissions for installations require harmonic simulations

« Simulations based on reliable models of all relevant components, incl. downstream distribution networks

« Models of component require realistic frequency-dependent impedances

Measurements Simulations

- Implementation of frequency-dependent impedances of in simulations

> Determination of equivalent circuit models
for the aggregated representation of downstream HV networks
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Downstream HV networks
Test network

Iransmission system

« 17 Nodes in 380 kV

« 22 Nodesin 220 kV

« 16 Generators (60% MMCs)
- 5 compensation devices

Distribution system
39 Nodesin 110 kV
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» 37 aggregated networks

> 2 detailed networks
(with 3 in-feeds)

Region
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Downstream HV networks

Detailed 110-kV-model . A
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Downstream HV networks Downstream HV impedance

Impedance characteristics (1) (at 110-kV-side of Grid 2)
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700 700 700
« Focus on positive sequence impedances 6007 | 600 600
- 500 f 500
T T
400 G 400
« Multiple resonances for downstream < 200 < 200
impedance of detailed 110-kV-model ~ 00 ~ 00
- Similar resonance frequencies at in-feeds 100 100
0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Harmonic order — Harmonic order — Harmonic order —
135 135 : 135
90t 90 90
4457 4 457 445
S o < o c 0
~N N N
N g5t N 45t N5
90} « 90} -90
135 135 -135
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Harmonic order — Harmonic order — Harmonic order —
TECHNISCHE Determination of ivalent circuit model ﬁ
UNIVERSITAT Inesiietute o&:‘tEOIec(sriceSIuPo?NzrtSi/stceungs aondeljigh Voltage Engineering Slide 6 EsnEciDItEN
DRESDEN Academia-Industry Workshop // November 8, 2023 P |



Downstream HV networks
Impedance characteristics (2)

« Multiple resonances for downstream
impedance of detailed 110-kV-model

- Similar resonance frequencies at in-feeds

Field measurement:

Focus on positive sequence impedances

- Different network topology

 Excititation using transformer
in-rush currents at 380 kV

« Comparable impedances
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Downstream HV impedance
(at 110-kV-side of Grid 2)
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Equivalent circuit models

Frequency-dependent A

downstream impedance

obtained from: Model fitting

« impedance measurements or

« detailed network simulations / Circuit \

‘ parameters

Circuit

topolo
K pology /

Equivalent circuit models
* increased sample size
* representative variety
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Equivalent circuit models
Circuit parameters (1)

Estimation of circuit parameters

« Finding parameter values for defined circuit
topology to fit downstream impedance Zy¢

« Typical optimization problem for:
— Nonlinear least squares

— Constrained nonlinear
multivariate functions

— Particle swarm optimization

« Limit search space for meaningful results
(lower and upper boundaries for
parameters e.g. R=1[0, 200] Q)

« May require initial parameters values
(e.g. middle of search space Ry =100 Q)
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Equivalent circuit models
Circuit parameters (2)

RL series (IEEE Model 1) 500 — o2 East
Estimation of circuit parameters |

Zrc(s)=R+s-L

with s = jw = j2nf

« Finding parameter values for defined circuit
topology to fit downstream impedance Zy¢

« Typical optimization problem for:
— Nonlinear least squares

— Constrained nonlinear Optimization function 0 10 20 30 40 50
multivariate functions , Harmonic order —
— Particle swarm optimization minf(s) := Z|ZDS(S) = ZEC(S)l 135
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Equivalent circuit models M1

Circuit topologies (1)

L
« Defining circuit topologies essential
for the aggregated representation »
1
- Conventional load models alone not ' IEEE Model 1
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Equivalent circuit models
Circuit topologies (2)

« Defining circuit topologies essential
for the aggregated representation

« Conventional load models alone not
suitable for (multiple) resonances

« Requires parallel and series
resonant circuits:

— (€01 = 1x parallel/series resonances
— (02 = 2x parallel/series resonances
— (03 = 3x parallel/series resonances
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Equivalent circuit models
Application results (1)

« Estimation of circuit parameters for different:
— Fitting methods
— Circuit topologies
— Downstream impedances
— Parameter search spaces
— Initial parameter values

measure of fit —
— w

o
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Equivalent circuit models

Application results (2)

Example application

 Fitting of measured downstream LV impedances

« Implementation for MV simulations

 Artificial increase of sample size by averaging
parameters for combinations of fitted circuits

Range of parameter values
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Challenges
Model fitting

Suboptimal fitting for multiple resonances

Selection of circuit topologies 500 ___G1North
« Modified load models 4 4007
< 300
« Combinations of multiple load models = 500l
N
100
0

0 10 20 30 40 50

Estimation of circuit parameters _
” ’ Harmonic order —

« Parameter selective search spaces 135
- . 90t ]
« Additional constraints | _
< of -
N
N 451 1
Alternative approaches 201
-135 - - - :
« Deduct circuit topologies from vector fitting results 0 10 20 30 4030
Harmonic order —
(e.g. number of poles > resonances)
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Challenges

Model implementation
Distribution network with multiple in-feeds

Multiple in-feeds & o
z Z
 Individual equivalents per in-feed A
« Determination of “meshed” equivalents g g
— N13 -1
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N2 > V-T -N11
Sequence systems S s e
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Thank you for your attention!

¥ max.domagk@tu-dresden.de

ﬂf* R +49 351 463 35223
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