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How will voltage and reactive power management work in 
distribution grids 

with high penetration of distributed energy resources?

Analysis of the Converter-Driven Stability of Q(V)-Characteristic Control in Distribution Grids

Sebastian Krahmer // SEST 2022, Eindhoven // 05.-07. Sept. 2022

central optimized reactive power management

distributed reactive power management
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Stability Terms in Power Systems
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• PV generation

• controller dead times [And15]

• damping time constants [Mar18, Lin18]

Low Voltage Level



No practically relevant limitations
on the penetration rate for
Q(V)-controlled PV-generators. [Lin18]



Stability is term of local controller
setting and grid interaction.
How to assess?
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• wind generation

• centralized / decentralized plant controls [Chi15, Asa20]

• consideration of communicaton delay [Hau17]

• control interactions [Qia16, Egg21]

Medium and High Voltage Level
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DER approximation using PT2-fitting

PT2 𝑠 =
𝜅

1 + 2 ⋅ 𝐷 ⋅ 𝑇 ⋅ 𝑠 + 𝑇2 ⋅ 𝑠2

PT2-DER
• fit based on known DER model
• fit quality evaluated via frequency response

PT2-TAR
• fit based on admissible generic control

response in grid codes (e.g. German TAR)
• fit quality evaluated via step response

Models for Distributed Energy Resources
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Circle Criterion

Stability Assessment via Circle Criterion
Multiple-Input Multiple-Output (MIMO)
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Ω(s) = I + Mβ
 G(s) must be strict positive real

• I : identity matrix

• Mβ : diag (β1, …, βn)

•  G(s) : remaining linear system
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Ω(s) = I + Mβ
 G(s) must be strict positive real

• I : identity matrix

• Mβ : diag (β1, …, βn)

•  G(s) : remaining linear system

 Strict Positive Realness can be checked
with the criterion of [Sho08]

Ω(s) = I + Mβ
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Verification and Comparison of Stability Assessment
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Assessment of
voltage stability resp. 

slow-interaction
converter-driven

stability

Comparison

DER model Grid model

via 
Moyland and Hill [Kra18]

via 
Circle Criterion [Kha02] 

• Detailed control model

• Approximated model

• High voltage grids

• SimBench grids [Mei20] 
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powerfactory-utils
• Toolbox for easy powerfactory interaction
• Python based
• Export of structured grid model data
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Verification and Comparison of Stability Assessment
Models for High Voltage Distribution Grid (DG)
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380 kV 380 kV

65 nodes
5 wind farms

380 kV 380 kV

50 nodes
50 wind farms

380 kV 380 kV

210 nodes
40 wind and solar farms

380 kV

realistic distribution grid
rDG 1

realistic distribution grid
rDG 2

380 kV 380 kV

61 nodes
23 wind farms

380 kV

synthetic distribution grid
sDG 1

synthetic distribution grid
sDG 2
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Verification and Comparison of Stability Assessment

Analysis of the Converter-Driven Stability of Q(V)-Characteristic Control in Distribution Grids

Sebastian Krahmer // SEST 2022, Eindhoven // 05.-07. Sept. 2022

1 2 3 4 5

Constraints
• DER models are based on FRC wind farm type
• each DER has the same parameterization (e.g. 𝛽)

Results
• Circle criterion allows for much higher Q(V) slopes

than the Robust Criterion
• Circle criterion is validated as it is below the

PowerFactory reference

Simulation based Verification
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Verification and Comparison of Stability Assessment
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Constraints
• DER models are based on FRC wind farm type
• each DER has the same parameterization (e.g. 𝛽)

Results
• Circle criterion allows for much higher Q(V) slopes

than the Robust Criterion
• Circle criterion is validated as it is below the

PowerFactory reference

• Benefits for optional PT2-models
• PT2-models are more conservative then

detailed DER model
• PT2-models offer a shorter computing time 

Simulation based Verification
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Conclusion
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• Introduction of Circle Criterion
• Application to MIMO systems to assess small-signal stability
• Results are much less conservative compared to previous work
• Analytic method is much faster than time-domain analysis

• DER model approximation
• Complexity reduction of DER models via PT2 fits
• Compromise between accuracy and complexity possible

• Open Source Python toolbox PowerFactory Utils to export grid data from PowerFactory

Stability Assessment of Q(V) Controlled DERs
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Thank you for your attention!
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PowerFactory Utils

 Python toolbox for interaction
with DIgSILENT PowerFactory

 Purpose: automation and
interoperability

 www.github.com/ieeh-tu-dresden
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German Research Foundation (DFG) – 442893506.

https://tu-dresden.de/ing/elektrotechnik/ieeh/ev/die-professur/mitarbeiter/sebastian-krahmer
mailto:sebastian.krahmer@tu-dresden.de
http://www.fis.tu-dresden.de/
https://www.researchgate.net/project/STABEEL-Stabilitaet-dezentraler-Erzeuger-im-Elektroenergieversorgungsnetz-bei-der-Erbringung-von-Systemdienstleistungen
http://www.github.com/ieeh-tu-dresden


slide 16

Analysis of the Converter-Driven Stability of Q(V)-Characteristic Control in Distribution Grids

[And15] F. Andren, B. Bletterie, S. Kadam, P. Kotsampopoulos and C. Bucher, "On the Stability of Local Voltage Control in Distribution Networks With a High 
Penetration of Inverter-Based Generation," IEEE Trans. Ind. Electron., no. 4, pp. 2519-2529, April 2015.

[Asa20] S. Asadollah, R. Zhu and M. Liserre, "Analysis of Voltage Control Strategies for Wind Farms," IEEE Trans. Sustain. Energy, vol. 11, no. 2, pp. 1002 - 1012, 
Apr. 2020

[Chi15] R. Chiandone, R. Campaner, V. Arcidiacono, G. Sulligoi und F. Milano, „Automatic voltage and reactive power regulator for wind farms participating to 
TSO voltage regulation,“ in 2015 IEEE Eindhoven PowerTech, 2015.

[Egg21] A. Eggli, S. Karagiannopoulos, S. Bolognani and G. Hug, "Stability Analysis and Design of Local Control Schemes in Active Distribution Grids," IEEE Trans. 
Power Syst., vol. 36, no. 3, pp. 1900 - 1909, May 2021.

[Hat21] N. Hatziargyriou, J. Milanovic, C. Rahmann and V. Ajjarapu et. al, "Definition and Classification of Power System Stability – Revisited & Extended," IEEE 
Trans. Power Syst., vol. 36, no. 4, pp. 3271-3281, Jul. 2021.

[Hau17] M. Hau and M. Shan, "Stability of Fast Q(U) Voltage Droop Control of Wind Parks in High Voltage Distribution Grids," in Conference on Sustainable 
Energy Supply and Energy Storage Systems (NEIS 2017), Hamburg, 2017

[Kha02] H.K. Khalil, Nonlinear Systems, New Jersey: Prentice Hall, 2002, Chapter 7.1.2, pp. 275–279.

[Kra18] S. Krahmer, A. Saciak, J. Winkler, P. Schegner and K. Röbenack, “On Robust Stability Criteria for Nonlinear Voltage Controllers in Electrical Supply 
Networks,” in 20th Power System Computation Conference (PSCC'18), Dublin, Irland, 2018.

[Lin19] M. Lindner and R. Witzmann, "On the stability of Q(V) in distribution grids," in IEEE PES Innovative Smart Grid Technologies Conference Europe (ISGT 
Europe), Sarajevo, 2018.

[Mar18] O. Marggraf und B. Engel, „Experimental and Field Tests of Autonomous Voltage Control in German Distribution Grids,“ in 2018 IEEE PES Innovative 
Smart Grid Technologies Conference Europe (ISGT-Europe), 2018.

[Mei20] S. Meinecke, D. Sarajlic, S. R. Drauz, A. Klettke, L.-P. Lauven, C. Rehtanz, A. Moser und M. Braun, "SimBench—A Benchmark Dataset of Electric Power 
Systems to Compare Innovative Solutions Based on Power Flow Analysis„, Energies, vol. 13, no. 12, p. 3290, Jun. 2020.

[Moy78] P. Moylan und D. Hill, “Stability criteria for large-scale systems”, IEEE Transactions on Automatic Control 23.2, pp. 143–149, 1978.

[Ras22] S. J. Rasti, S. Krahmer and M. Schmidt, powerfactory-utils - A toolbox for Python based control of PowerFactory, https://github.com/ieeh-tudresden,
2022.

[Sho08] R. N. Shorten, P. Curran, K. Wulff and E. Zeheb, "A Note on Spectral Conditions for Positive Realness of Transfer Function Matrices," IEEE Trans. Automat. 
Contr., vol. 53, no. 5, pp. 1258 - 1261, Jun. 2008.

[Qia16] Y. Qian, X. Yuan and M. Zhao, "Analysis of Voltage Control Interactions and Dynamic Voltage Stability in Multiple Wind Farms,“ in IEEE Power and Energy 
Society General Meeting, Boston, 2016.

[VDE4120] VDE-AR-N 4120:2018-11 Technical requirements for the connection and operation of customer installations to the high-voltage network (TCC High-Voltage).

Sebastian Krahmer // SEST 2022, Eindhoven // 05.-07. Sept. 2022



slide 17

Models for Distributed Energy Resources

Analysis of the Converter-Driven Stability of Q(V)-Characteristic Control in Distribution Grids

Sebastian Krahmer // SEST 2022, Eindhoven // 05.-07. Sept. 2022

1 2 3 4 5



slide 18

Circle Criterion

Stability Assessment via Circle Criterion
Multiple-Input Multiple-Output (MIMO)

Analysis of the Converter-Driven Stability of Q(V)-Characteristic Control in Distribution Grids

Sebastian Krahmer // SEST 2022, Eindhoven // 05.-07. Sept. 2022

1 2 3 4 5

Ω(s) = I + Mβ
 G(s) must be strict positive real

• I : identity matrix

• Mβ : diag (β1, …, βn)

•  G(s) : remaining linear system
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Comparison of DER models
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PT2-TAR 
• hits an overshoot of 15 % and a rise time of 5 s
 Intention: a very bad, but still allowed DER control

PT2-DER
• fits the frequency response of orig. DER very good
 valid model reduction for relevant input frequencies
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Verification and Comparison of Stability Assessment
Grid Models for Verification
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grid
connection 

points

110/380 kV

number of 
nodes

σPDER in MW
ρ

in kW/km

sDG1 2 50 480 1400

sDG2 3 61 1560 1440

rDG1 2 65 135 ≈ 200a

rDG2 3 210 840 ≈ 600a

ρ = 
σ  PDER inst

ℓgrid
.

a As concrete branch length of grid is unavailable, ρ of related DSO grid area is presented instead.

DER penetration rate:
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Backup
Grid Model sDG1
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Backup
Grid Model sDG2 - SimBench
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61 nodes
23 wind farms
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