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Analysis methods

Multi-Frequency Stability in Power Systems
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– Classical approach used 
in control theory.

– Requires data from 
suppliers and TSOs.

– Black-box model 
approach.

– Indicates stability and 
quantifies robustness.

– Inconvenient for root 
cause analysis.

Transfer-function-
based

– Previously used in DC 
grids.

– Requires data from 
suppliers and TSOs.

– Black-box model 
approach.

– Indicates stability but 
difficult to quantify 
robustness.

– Difficult to perform root 
cause analysis.

Impedance-based

– Commonly used in 
traction / railway 
systems.

– Requires data from 
suppliers and TSOs.

– Black-box model 
approach.

– Indicates stability but 
difficult quantify 
robustness.

– Difficult to perform root 
cause analysis.

Passivity-based

– Commonly used in 
power system studies.

– Requires data from 
suppliers and TSOs.

– Black-box model 
approach but more 
information revealed.

– Indicates stability and 
quantifies robustness.

– Convenient to perform 
root cause analysis.

Eigenvalue-based

– Commonly used for 
dynamic simulations.

– Requires data from 
suppliers and TSOs.

– Black-box model 
approach but more 
information revealed.

– Indicates stability but 
difficult to quantify 
robustness.

– Convenient to confirm 
stability.

Time domain

Source: CIGRE C4.49, “Multi-frequency stability of converter-based modern power systems”.
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Depending on the asset lifecycle phase

Stability Investigation Methods
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Source: TB 563, Modelling and Simulation Studies to be performed during the lifecycle of HVDC Systems

PHASE

METHOD

INITIAL DESIGN DETAILED DESIGN COMMISSIONING OPERATION

IMPEDANCE-BASED

STABILITY ANALYSIS


– Limited information

– Initial studies for screening


– Sufficient, if not instability detected

– To prove grid code compliance


– Good for inspection with limited information

– Applicable, if some further tuning needed


– Good to assure limited data exchange

– Applicable for interoperability optimization

EIGENVALUE-BASED

STABILITY ANALYSIS


– Better technical insight

– Root-cause analysis if instability  is 

detected


– Good, if root-cause analysis needed

– Requires extensive modelling effort


– Requires extensive system modelling

– Applicable for interoperability optimization

– Relevant for root-cause analysis

TIME-DOMAIN

STABILITY ANALYSIS


– Validation of analytical results

– Specific cases to be investigated

– Possible control parameters tuning


– Limited number of cases to reproduce

– Part of compliance analysis


– Utilizing universal simulation platform

– Detailed modelling is needed

 - occasionally

 - moderate

 - intensively
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Depending on the asset lifecycle phase

Stability Mitigation Methods
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 - occasionally

 - moderate

 - intensively

PHASE

METHOD

INITIAL DESIGN DETAILED DESIGN COMMISSIONING OPERATION

CONTROLLER

PARAMETRIZATION


– Generic technical 

requirements 


– Main parameter tuning

– Preferred to avoid any other 

mitigation


– Additional parameter tuning


– Subsystem freeze after commissioning

– Depending on root-cause can be modified

– Possible hardware limitation

OPERATIONAL

SCENARIOS


– Rather optional at this stage of 

lifecycle


– Rather optional at this stage of lifecycle

– Used, if other options not available


– Effective ad-hoc solutions

– Sometimes used permanently to avoid costs

PASSIVE FILTER


– To be integrated in the entire 

system design


– Beneficial as centralized solution

– Quite long lead time

ACTIVE DAMPING


– Initial allocation in the 

converter design


– Provides wide range of mitigation 

solutions


– Applied, if integrated in the design

– Could be considered as a separated device
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▪ Investigate small-signal stability

Use frequency domain methods to show the system 
stability. Investigate the root cause in case of instability.

▪ Validate small-signal stability

Reproduce the frequency domain results in time domain 
for specific operating points using non-linear models.

▪ Perform large-signal stability

Perform time domain simulations including large-signal 
perturbations such as faults, phase jumps, etc.

▪ Implement instability mitigation

Apply specific mitigation methods depending on the root 
cause as well asset lifecycle phase.

Stability Analysis Flowchart

Simplified case
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START

Investigate small-signal stability 

studies in frequency domain

System 

stable?

Perform large-signal stability 

studies in time domain 

Implement instability 

mitigation method

Validate small-signal stability 

studies in time domain

YES

System 

stable?
NO

END

NO
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Stability Analysis Example

7

Source: Ł. Kocewiak, Ch. Buchhagen, Y. Sun, X. Wang, G. Lietz, M. Larsson, “Overview, Status and Outline of the New CIGRE Working Group C4.49 on Converter Stability in Power Systems,” in Proc. The 18th International 

Workshop on Large-Scale Integration of Wind Power into Power Systems as well as Transmission Networks for Offshore Wind Farms, Energynautics GmbH, 16-18 October 2019, Dublin, Ireland.

– Relevant for SISO or MIMO (e.g. in dq) 
systems.

– Nyquist stability criterion could be 
applied.

– Phase and gain margins can be 
calculated.

Impedance-based

– Eigenvalues negative real part can be 
investigated.

– Participation factor analysis can 
determine the root cause.

– Damping ration can be estimated to 
evaluate the robustness.

Eigenvalue-based

– Nonlinear components and controls can 
be included.

– Time-series analysis can be applied to 
validate frequency domain.

– Global and local stability can be shown.

Time domain
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▪ CLASS 1.    SIMULATED/CALCULATED BASED ON WT DESIGN

Harmonic model development based on simulations/calculations or software in the loop 
(SIL) studies incorporating actual design of a WT taking into account precise product 
specification, e.g. harmonic model developed based on WT design documentation and 
detailed models (e.g. EMTP-based, C-code from the control software, etc.).

▪ CLASS 2.    VERIFIED BY LAB

Harmonic model development based on control hardware in the loop (CHIL) and/or  power 
hardware in the loop (PHIL) studies in a controlled environment. The test will incorporate 
the actual WT components such as the control or/and converter systems.

▪ CLASS 3.    VERIFIED BY FIELD MEASUREMENTS

Harmonic model is verified by measurements and model outputs are verified by 
measurement of the WT. The measurements can be done either at the test rig/bench or in 
the field, e.g. harmonic model verified by measurements or an prototype WT or at the test 
stand.

Converter Model Quality to 
Perform Studies

Wind turbine model validation
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Source: IEC TR 61400-21-3:2019, Wind energy generation systems - Part 21-3: Measurement and assessment of electrical characteristics - Wind turbine harmonic model and its application
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▪ CIGRE C4/B4.52 “Guidelines for Sub-synchronous Oscillation Studies in Power Electronics Dominated Power Systems”

▪ IEC SC8a TR “Control interaction and power system damping (due to grid resonances)”

▪ CIGRE B4.81 “Interaction between nearby VSC-HVDC converters, FACTs devices, HV power electronic devices and 
conventional AC equipment”

▪ IEC TR 61000-2-15 “Assessment of instability/non-linear phenomena between AC-DC/DC-DC Converters and the Grid”

▪ CIGRE B4.67 “AC side harmonics and appropriate harmonic limits for VSC HVDC”

▪ CIGRE B4.70 “Guide for Electromagnetic Transient Studies involving VSC converters”

▪ CIGRE C2/C4.41 “Impact of high penetration of inverter-based generation on system inertia of networks”

▪ IEEE P2800 “Standard for Interconnection and Interoperability of Inverter-Based Resources Interconnecting with 
Associated Transmission Electric Power Systems”, “Wind and Solar Plant Interconnection Performance Working Group”

Relevant Working Groups on 
Stability
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