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Abstract— This paper presents an overview, status and
outline of multi-frequency stability analysis in converter-based
power systems. It provides concise definitions and literature
review covering state-of-the-art of stability analysis in power
systems dominated by converters. Some aspects of modelling
and analysis methods are discussed and aided by examples. The
paper describes the phenomena, consolidate definitions, and
explain available methods for analyses with their advantages
and disadvantages as well as provides a common understanding
on modelling, analysis, evaluation and mitigation techniques.
Guidelines regarding general approaches to such studies, about
the availability as well as choice of tools are also given in the
paper.
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I. INTRODUCTION
Power systems are changing on a fast pace pushed
significantly by the large-scale integration of solar and wind
power plants (PP). Future power systems will be characterized
by high penetration of renewable energy sources, limited
short-circuit power and reduced natural inertia. Moreover,
electrical infrastructure is becoming more complex due to the
introduction of long high voltage alternating current (HVAC)
cables, high voltage direct current (HVDC) connections,
widespread penetration of renewable energy sources, e.g.
photovoltaic (PV) PP, wind PP and offshore electrical
network development. Furthermore, the number of power
electronic converters, e.g. PV systems, wind turbines (WTs),
STATCOMs, HVDC transmission systems, etc., in modern
power systems is rapidly increasing.
In the past, devices such as WTs or PV systems were
directly coupled to low voltage (LV) grids and connected to
medium voltage (MV) and high voltage (HV) grids via
dedicated step-up transformers. However, with the greater
availability of modular multi-level voltage source converters
(VSCs), power electronic devices are increasingly directly
coupled to the HV grids. This trend creates challenges such as
operational coordination of grid-connected converters and
small-signal stability both in the sub-synchronous and
harmonic (super-synchronous) frequency regions [1], [2].
This is mainly due to such systems being characterized by
relatively low damping and hence exhibiting resonance as
well as weak grid interactions.

A. Motivation
As the number of power-electronic-based power
generation units (PGUs) and the power system infrastructure
complexity are rapidly increasing, there is a need for carefully
investing the system stability to assure robust and reliable
operation. However, no commonly agreed methods are
available for the analysis of potential sub-synchronous and
harmonic (or super-synchronous) stability problems. Hence,
there is a need to provide a general overview of the topic,
highlighting the root-cause of sub-synchronous and harmonic
stability issues of grid-connected power electronic devices
supported by state-of-the-art literature survey as well as
industrial experience.
This paper presents an overview, status and outline of the
CIGRE C4.49 working group entitled “Multi-frequency
stability of converter-based modern power systems”. A
literature review covering state-of-the-art contributions and
aspects of modelling and analysis methods are discussed and
aided by examples. The working group’s objective is to
describe the phenomena, consolidate definitions and explain
available methods for analyses with their advantages and
disadvantages as well as providing a common understanding
on modelling, analysis, evaluation, and mitigation techniques.
Guidelines regarding the general approach to such studies and
the availability as well as choice of tools are addressed by the
working group.
Furthermore, the interest in grid-connected converter
stability analysis is increasing among power system
stakeholders such as system operators, users, manufacturers as
well as academia. Therefore, several working groups within
CIGRE, IEC, and IEEE have been exploring this area to
increase the understanding of associated phenomena within
both industry and academia.
B. Documented converter instabilities
Several instability incidents related to control system in
PGUs have been seen until know. Some of them are briefly
summarized in this section.
1) Oscillations in PV systems with harmonic
resonances [3]
Measurements of unstable PV PPs are documented in [3].
The paper takes a model-based approach to predict instability
within the harmonic frequency range and improve robustness
in a PV PP. The measurements showing instability are
obtained from a commercially operating PV PP and are
presented in Figure 1.

Figure 1 Measurement of unstable behaviour of a PV PP with
oscillations the point of connection at 549 Hz as shown in [3].

The publication [6] presents the need to perform
eigenvalue-based stability analysis to investigate subsynchronous oscillations in an offshore wind PP. It is reported
that the instability happened during PP contingency operation
due to one export HVAC cable outage. Excessive power
oscillations were measured as presented in Figure 4.

Furthermore, the studies clearly show that increase of
power-electronic-based PGUs in electrical grids characterized
by weak conditions increase the need for power converter
controllers able to adapt to wide range of grid conditions. The
need to change from classical current-controlled VSCs to a
more adaptive approach is acknowledged.
2) Oscillations in wind PP with HVDC and harmonic
resonances [4]
The paper [4] shows measurements and analysis of one
instability incident that happened in German North Sea at an
offshore wind PP, connected to onshore by a VSC HVDC
system. After a switching operation of a cable an oscillatory
behaviour could be seen on the voltage waveform as shown in
Figure 2. The instability was caused by a control interaction,
most likely due to the WTs being sensitive to a grid resonance.
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Figure 2 Measured voltage during the instability from [4].

The time domain and impedance-based analysis showed
that the WT controllers in use had stability problems with a
very poorly damped resonance at the frequency around the 9th
harmonic. Due to the switching operation the resonance
frequency drops from 600 Hz to around 450 Hz which caused
the instability.
3) Oscillations in systems with Type 3 WTs and series
compensation [5]
The paper [5] describes a sub-synchronous resonance
observed in a wind PP in North China. The measured
oscillations were around 6-8 Hz (see Figure 3) and driven by
interaction between double-fed induction generators and
series-compensated transmission lines.

Figure 4 Measured reactive power oscillations due to subsynchronous instability reported in [6].

The paper shows that the effective short-circuit ratio
(SCR) at the MV terminal of the WT transformer dropped due
to the contingency to 1.2-1.5. Such extreme weak grid
conditions triggered WT controller instability.
It has been widely reported by the industry that gridconnected converters need to be carefully tuned to
accommodate specific grid conditions and control
instabilities. Other incidents are reported in [7], [8], [9], [10].
II. STABILITY OF CONVERTER-BASED POWER SYSTEMS
A. Scope and definitions
Sub-synchronous as well as harmonic instability is a type
of small-signal instability that is characterised by waveform
distortion below and above the power system fundamental
frequency. The small-signal dynamics of converters can
introduce negative damping in different frequency ranges, the
severity of which depends on both the controller type and the
power system conditions. Resonance interactions at harmonic
(or super-synchronous) frequencies will lead to high
frequency oscillations in the grid but these should not be
misinterpreted as high steady-state harmonics. The root cause
of such phenomena is the interaction of a converter controller
with a grid resonance. This differs from the steady-state
harmonics which are normally observed when a poorly
damped resonance is excited by a harmonic source.
Multi-timescale control loops are generally equipped with
converters to regulate the power and current exchanged with
the grid. Depending on the timescales and dynamic properties
of control loops, the frequencies of oscillation modes can be
categorized into the low- and high-frequency range.
1) Low-frequency range

Figure 3 Phase current at the 220-kV side reflecting subsynchronous oscillations as reported in [5].

The system vulnerable to sub-synchronous oscillations
was investigated using time-domain simulations and
supported by eigenvalue-based analysis to understand the
impact of grid parameters on the instability.
4) Oscillations in Type 4 WTs in weak grids [6]

In the low-frequency range, converter control dynamics
are asymmetrical in the synchronous dq-reference frame, and
instability
phenomena
feature
frequency-coupling
oscillations / distortions in the alternating current and voltage,
i.e., sideband oscillations around the grid fundamental
frequency. Such asymmetrical dynamics are contributed from
outer power and synchronization control loops, which can
introduce negative damping, depending on the grid strength
and specific control schemes. For instance, phase-locked loop
(PLL) schemes typically used in grid-following inverters

2) High-frequency range
In contrast, converter control dynamics are symmetrical
in the dq-frame in the high-frequency range, which, thus, do
not involve any frequency-coupling oscillations. This highfrequency instability results from interactions of inner vector
current and voltage control loops with the grid, where time
delay of digital control systems brings negative damping in
the high frequency range and can destabilize the grid
resonance, if there is any.

There are two principal frequency-domain methods for
analysing the stability of converter-based power systems. The
first method is based on the transfer function analysis, where
the general idea is to incorporate the grid impedance into the
converter control system, and then derive the transfer function

The second method is impedance-based analysis, which
originates from the input filter design of dc-dc converters, and
recently emerged as a popular tool for screening the resonance
characteristics of converter-based power systems. Differing
from the transfer function-based approach, the impedancebased method divides the overall system into two subsystems
at the bus of interest, which can be either the point of
connection of the converter or a given bus of the system. This
is illustrated in Figure 5, where subscripts s and l refer to
source and load subsystems, respectively.
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B. Stability analysis methods
Converters operate in a time-varying, nonlinear manner;
their variation over time is due to switching modulation, and
the nonlinear behaviour is caused by the variable duty cycle
within the closed-loop control [11]. In order to identify the
causes of small-signal instability in modern converter-based
power systems, the linearized modelling of power converters
is required.
A general linearized modelling process firstly applies the
moving average operator to the switching state variables and
transforms the converter from a discontinuous dynamic
system to a continuous system, where switching parasitic
parameters and the deadtime effect are neglected. Then, the
time-varying dynamics introduced by the ac sinusoidal
operating trajectory are transformed as time-invariant
dynamics by applying the Park transformation. However, this
time-invariant modelling only works for three-phase balanced
operating trajectories. Next, the Taylor series can be applied
to linearize the nonlinear but time-invariant dynamics of
converters. Depending on the methods used for the system
stability analysis, the time delay involved in the digital control
system may have different approximations, i.e. the
exponential transfer function can be used to model the time
delay in the frequency-domain analysis, while the Padé
approximation has to be adopted in the modal analysis.
It is worth noting that this general dq modelling approach
requires additional considerations for MMCs. This is due to
the essential single-phase operations of MMCs, where the
submodule voltage variation and circulating current dynamics
tend to introduce more frequency coupling dynamics, which
cannot be captured by the single dq-frame modelling [12].
For three-phase unbalanced systems, multi-frequency
modelling methods are required to characterize the couplings
of multiple frequency components. There are several multifrequency modelling approaches reported in the literature, e.g.
harmonic linearization, dynamic phasor modelling and the
harmonic state-space approach [13]. All these methods are
mathematically based on the multi-input describing function,
and the harmonic transfer function matrices are formulated to
characterize the dynamic couplings among multiple frequency
components.

matrices for the whole system [2]. In this approach, the
voltage at the point of connection of converter will not be
treated as a disturbance input but a state variable of the system.
Reference-to-output transfer function matrices for the outer
power or dc-link and ac-bus voltage control loops will be
derived.
Dynamic couplings between power control loops can thus
be characterized by plotting frequency responses of referenceto-output transfer function matrices. Multivariable frequencydomain analysis tools can be applied to analyse the return ratio
(i.e. the loop gain) of power control loops. Further, with the
help of loop-at-time dynamic analysis, transfer matrices can
be converted into single-input single-output (SISO) transfer
functions, which enables a controller design-oriented analysis.
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Figure 5 Impedance-based representation of grid and converter.

In Figure 5, the converter electrical and control dynamics
are characterized by their point of connection disturbance-tooutput transfer function, which is physically interpreted as the
input admittance for grid-following converters. The grid is
represented by its output impedance as seen from the point of
connection. Then, stability can be assessed by rearranging the
circuit equations resulting from Figure 5 to allow for a typical
negative feedback control loop block diagram representation,
as shown in Figure 6.
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introduces a negative damping, and it tends to destabilize the
system in weak grids, whereas the power synchronization
control of grid-forming inverters can bring in sideband
oscillations in stiff grids.
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Figure 6 Negative feedback control loop for stability analysis.

From Figure 6, it is straightforward to demonstrate that
stability can be assessed by defining the system loop gain as
L(s)=Zs (s)Yl (s)
and, then, by applying, for instance, the Nyquist stability
criterion, or the generalized Nyquist criterion in case of multivariable admittance and impedance representations.

A remarkable advantage of the impedance-based analysis
for system operators is that no prior knowledge is required for
the converter control system, and thus “black-box” models of
converters provided by vendors can be directly applied. This
fact significantly facilitates the stability analysis of large-scale
power systems dominated by multi-vendor power converters.
In addition, impedance modelling provides further insights
into the stability impact of controller parameters, which allows
a design-oriented analysis.
The frequency-domain model of grid-connected
converters can be represented by either single-input singleoutput (SISO) transfer functions or multiple-input multipleoutput (MIMO) transfer matrices, depending on the converter
dynamics in the dq- or αβ-frames. Consequently, either the
scalar or the multi-variable Nyquist stability criterion must be
used for the system analysis.
Since the inner vector voltage/current control loops are
implemented symmetrically on the d-/α- and q-/β-axis, the
closed-loop transfer matrices of inner control loops are
symmetrical, which can then be reduced to SISO transfer
functions with complex space vectors. In contrast, the outer
active and reactive power control loops, as well as the grid
synchronization control loop, are individually applied on the
d-/α- and q-/β-axis, which lead to asymmetrical closed-loop
transfer matrices, and thus the multi-variable Nyquist criterion
is required for the stability assessment.
3) Passivity-based stability analysis
Following the impedance-based modelling of converters,
the frequency-domain passivity concept recently emerges as
an attractive way to quantify the converter impedance. The
passivity of a MIMO impedance implies
Z(jω)+ZH (jω)>0
and of a SISO impedance implies Re{Z(jω)}>0.
Moreover, as outlined in [14], the passivity condition
given above can be equivalently understood by a small gain
condition from which the peak gain can be used as a measure
of passivity. By doing so, a relative passivity index, or Rindex, can be defined as

R =‖(I-Z)(I+Z)-1 ‖∞
and be further used as a measure for passivity. It is noted that
Z(jω) is passive if and only if R > 1.
If a converter can be designed with a passive output
impedance, it will not destabilize the grid. However, the
system can still be stable if the converter impedance is nonpassive. Hence, the passivity is a sufficient, but not, necessary
stability condition.
Further, due to the constant power control of converter, it
is impossible to obtain a passive impedance and, particularly
at the frequencies nearby the grid fundamental frequency.
Hence, passivity indices are introduced to qualify the extent to
which the converter impedance is non-passive.
4) Eigenvalue-based stability analysis
Modal analysis is based on the observation that the
behaviour of any linear system can be decomposed into
several independent oscillatory and non-oscillatory modes.
For harmonic stability analysis the oscillatory modes are of
primary interest. Modal analysis has been used extensively for
power system stability studies involving low-frequency
oscillations and sub-synchronous torsional interactions. The

mathematical framework used there is also applicable in the
study of harmonic stability.
For power systems of nontrivial size, modal analysis is
most conveniently carried out using a state-space
representation of the system dynamics which also gives a
detailed description of the required mathematical framework
that is only briefly reviewed here. The behaviour of a dynamic
system, e.g., a power system, can be described in ordinary
differential equation form
ẋ =f(x,u)
y=f(x,u)
Here, x is a state vector composed of the state variables.
This typically includes currents of inductive elements and
voltages of capacitive elements, but also internal states
associated with integrators in converter control systems and
delay approximations. The vector u is a vector of external
control or disturbance inputs and y is the output vector,
typically corresponding to measurements. Modal analysis is
most often carried out around an equilibrium point where the
nonlinear model is linearized, yielding
∆ẋ =AΔx+B∆u
∆y=CΔx+D∆u
The free motion of the system is given by
Δẋ =AΔx
Modal analysis is based on a diagonalizing coordinate
transformation, which results in an equivalent state equation
formulated in modal coordinates
ż =Φ-1 AΦz=Λz
The matrix Λ is diagonal, i.e., the state equations in modal
coordinates are decoupled and each mode can be analysed
separately. The free motion in modal coordinates is given by
Δxi (t)=Φi1 c1 eλ1t +Φi2 c2 eλ2t +…+Φin cn eλnt
The eigenvalues λi are also called system poles and
describe the free motions of the individual resonance modes.
Each pair of complex conjugate eigenvalues corresponds to an
oscillatory mode. If the eigenvalue is expressed in Cartesian
form as λi = αi ± jωi, then the damping ratio ζ is defined as
-αi
ζi =
√αi 2 +ω2i
The frequency of the oscillatory behaviour in radians per
second is given by ωi. Damping is positive if αi is negative,
i.e., the complex eigenvalue resides in the left-half plane.
Positive damping of a mode also corresponds to stability of
that mode. Since modes may be excited by faults, background
load and generation variations or harmonic injections (for
example), it is crucial to retain a positive damping ratio for all
modes.
Furthermore, eigenvector and participation factor analysis
can be used to determine which grid components or converters
are contributing to an instability or resonance problem and
help pinpoint which control parameters or modifications of
grid or filter design can help alleviate such issues. In the
specific case of participation factors, these are defined as
pki =uik wki
where 𝑢𝑖𝑘 and 𝑤𝑘𝑖 are the 𝑘-th elements of the 𝑖-th left and
right eigenvectors. Their values can be normalized so that
their sum adds to unit and they provide a measure of the
contribution of a 𝑘-th state in a 𝑖-th oscillatory mode.
5) Time-domain stability analysis

III. CONVERTER-BASED BENCHMARK POWER SYSTEM
To compare various stability analysis methods in
converter-based power systems a small-scale version of an
actual AC cable connected PGU have been proposed. This
paper considers aggregated and distributed PGUs connected
to an AC power grid as presented in Figure 7 and Figure 8.
The parameters of the aggregated system have been derived
by aggregation of the distributed system such that the
dynamics of the converters and their interaction with the grid
in both are consistent.
The main objective of the benchmark power system is to
provide a reference system where converter-to-converter as
well as converter-to-grid interactions can be investigated. It
can be used in a small, easy-to-model system studies and can
be a basis for benchmarking the various methods for stability
analysis that are presented in this paper and will be further
elaborated in the resulting CIGRE technical brochure. The
benchmark system consists of an aggregated grid-following
converter or a group of converters and an extensive MV and
HV cable network. The model is set up in the dq-frame to
allow stability analysis with both impedance and modal
approaches and allow comparison between the respective
results.

A. System configuration
Transmission system is represented as a long HVAC cable
connected to a simple Thevenin grid equivalent. The 420 MW
PP is aggregated into two PGUs of 180 MW and 240 MW.
Grid Following
Converter

5 x PGU
Power Plant
Transformer

5 x PGU
5 x PGU

66 kV

Long
HVAC Cable

5 x PGU

66 kV

220 kV

220 kV

400 kV

Grid
Transformer

5 x PGU
5 x PGU
5 x PGU

External Grid

Figure 7 Case 1: All grid following converters connected to an
ideal grid.

Long HVAC cable connected to a simple Thévenin grid
equivalent. The 420 MW PP is represented in detail, i.e. 7x5
PGUs of 12 MW.

66 kV

66 kV
66 kV

220 kV

Long
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220 kV

Grid
Transformer

Aggregated
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66 kV

Power Plant
Transformer

400 kV

Time domain stability analysis allows to consider the
large-signal non-linear dynamics of the different elements and
hence it is a complement of the small signal analysis
techniques covered before. Due to the frequency range of
interest, time domain stability analysis should be based on
electro-magnetic transient (EMT) simulation and/or real-time
simulation (RTS) techniques.
The application of time domain techniques to relatively
large systems is computationally extensive and hence, it
should be limited to the areas where there is likelihood of
converter-converter or converter-grid interactions.
The advantages of using EMT tools are that controllers can
be compiled versions of the actual controls, and all element
and control non-linearities can be considered. This is
particularly important, as converter non-linearities and
realistic delays might have a large impact on the development
of harmonic oscillations [15].
However, real time analysis has the drawbacks that it is
resource intensive to set-up, verify and to carry out the
simulations. Therefore, a reduced number of contingencies is
analysed, with the risk of missing contingencies and scenarios
that could cause instability. Moreover, once an instability is
detected, it is difficult to determine the device and parameters
that cause the instability.
Models are usually provided by vendors for specific
studies, so they might omit certain behaviour (particularly
protections). This is especially true for the initial studies of a
project, where the different controllers might still be in a
process of development. Finally, the study of high frequency
interactions caused by power electronic equipment nonlinearities (e.g. dead-time) can require very small time-steps.
Besides the direct use of EMT tools for stability analysis,
they can be used to assist small-signal stability tools by
performing frequency sweeps in order to obtain small-signal
equivalents of black boxed models provided by manufacturers
and as validation of instability found with other techniques.

Grid Following
Converter

Electrical Grid

Figure 8 Case 2: Aggregated grid following converters connected
to a resonant grid.

B. Passive components
The accurate representation of frequency-dependent losses
associated with transformers, transmission lines and
underground cables is critically important for the assessment
of stability-related phenomena. In the case of cables, for
example, accurate calculation of the series impedance and
consideration of skin and proximity effects using advanced
methods for use in small-signal stability assessment has been
demonstrated [16]. This paper, for the sake of simplification,
does not consider this level of modelling for power system
components. However, for real-life system design studies it is
recommended to follow modelling guidelines from [17].
1) Collection cable
Two types of collection cable are used, i.e. 500 mm2 and
150 mm2. There are five power generation units within one
cable string. For the last two power generation units in a string
the 500 mm2 3-core cable is used and for first three power
generation units in a string the 150 mm2 3-core cable is used.
The cable length between PGUs is constant and equal to 5 km.
Table 1 Collection cable equivalent electrical parameters.
Parameter

3x500mm2

3x150mm2

Voltage (kV)

66

66

Resistance (R1, Ω/km)

0.06

0.14

Inductance (L1, mH/km)

0.34

0.41

Capacitance (C1, µF/km)

0.29

0.19

2) Transmission cable
Underground cables (UGCs) and submarine cables (SMC)
have a significantly higher capacitance than overhead lines
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Figure 9 Converter structure assumed in the investigations.

and their addition to the transmission system therefore
lowers system resonance frequencies. The connection of
UGCs and SMCs to the transmission system alters the system
impedance, resonance frequencies and short-circuit capacity.
Lowering the short-circuit capacity can cause stability
problems.
Parameter

1200mm2

Voltage (kV)

220

only model components such as transformers, lines, cables,
etc., solely based on their values at nominal frequency.
CIGRE provides extensive guidelines on modelling of power
system components for harmonic studies [17].
However, for the sake of simplicity and to allow
demonstration of application as well as comparison between
different small-signal stability analysis methods, this paper
considers a simplified grid representation. For detailed design
studies accurate modelling of the grid is strongly
recommended.
Table 4 Short-circuit power of the 400-kV grid.

Table 2 Transmission cable equivalent electrical parameters.

Resistance (R1, Ω/km)

0.047

Inductance (L1, mH/km)

0.406

Capacitance (C1, µF/km)

0.208

Max
Min

3) Transformers
Table 3 Transformers electrical parameters.
Parameter

Grid
Transformer

Power Plant
Transformer

Power Generation
Unit Transformer

Rated power
(Sn, MVA)

430

2001 and
2702

12

Voltage ratio

400/220 or
320/220

220/66

66/0.69

Short-circuit
voltage (uk, %)

12

12

9

Copper losses
(PCu, kW)

600

5001 and
5502

75

Core losses
(RFe, kW)

75

75

5

No load current
(I0, %)

0.1

0.1

0.1

Vector group

YNyn0

YNd11

Dyn11

4) The grid
Accurate modelling of the grid significantly influences the
results of converter stability studies, especially at high
frequencies where damping is increased due to skin and
proximity effects. This additional damping means that
resonances will not reach extreme values and that calculation
results will be more realistic. Therefore, it does not suffice to
1

For the power plant cluster rated of 180MW.

Sbase [MVA]
100
100

Sn [MVA]
3000
600

SCR
30
6

R/X
0.1
0.1

C. Active components
The converter structure is assumed to be of a typical
insulated-gate bipolar transistor (IGBT)-based two-level VSC
structure rated at 12 MW. It is noted that the rating is
representative of currently available offshore WT systems,
however it is emphasized that, in the interest of simplicity, the
mechanical system and its respective controllers are not
considered in the analysis.
The converter control is designed so that it acts as gridfollowing unit. A vector control in dq-frame is assumed and a
synchronous rotating frame (SRF) PLL is applied for grid
synchronization. The dq-converter currents are used to control
the dc link voltage and the voltage or reactive power measured
at the converter terminals, respectively. An active damping
control based on capacitor current feedback is as well
considered.
The converter systems are connected to the benchmark
grids through 0.69/66 kV transformers. It is noted that the LV
reactance of the transformer corresponds to the grid-side
reactance of the LCL output filter. The assumed converter
structure and its main controller blocks are illustrated
in Figure 9.
The basic and electrical parameters of the converter and
transformer are provided in Table 5 and the applied controller
parameters are given in Table 6.
2

For the power plant cluster rated of 240MW.

Table 5. List of basic parameters for assumed converter system.
Name
Sbase
f_sw
f_samp
k_mod
v_dc_nom
r_f
l_f
r_cf
c_f
c_dc
St
r_t
l_t

Value
12
2950
2∙f_sw
√3/2
2
l_f/20
0.1055776
0.003
0.0757204
6.6654∙10-3
14
0.0054
0.1

Description [unit]
Rated Power [MW]
Switching frequency [Hz]
Sampling frequency [Hz]
Modulation constant (sine PWM) [pu]
Nominal dc voltage [pu] = 1.38 kV
Filter resistance [pu]
Filter inductance inverter side [pu]
Filter resistance [pu]
Filter capacitance [pu]
DC capacitor [pu]
Transformer rating [MVA]
Trafo resistance [pu]
Trafo inductance [pu]

Table 6. List of controller parameters used in converter system.
Name
k_p_PLL
k_i_PLL
w_LP_PLL
w_s
k_pc
k_ic
k_ffv
v_droop
k_p_vctrl
k_i_vctrl
k_p_qctrl
k_i_qctrl
k_p_vac

Value
0.1
2
500
2∙π∙50
0.2
5
1
0.05
0.03
0.2
0.5
20
1∙10-4

Description [unit]
PLL proportional gain [pu]
PLL integral gain [pu]
PLL filter [rad/s]
Rated angular frequency [rad/s]
Current controller proportional gain [pu]
Current controller integral gain [pu]
Current controller feedforward gain [pu]
Droop gain of voltage controller [pu]
Voltage controller proportional gain [pu]
Voltage controller integral gain [pu]
Reactive power control. proport. gain [pu]
Reactive power control. integral gain [pu]
AC voltage control. proportional gain [pu]

It is noted, however, that this example violates the
assumption of open loop stability for the grid system often
required, since the grid system is unstable also with one of the
aggregated PGUs disconnected. Nevertheless, impedance
analysis yields correct results.
B. Eigenvalue-based stability analysis
Figure 11 shows modal analysis results for the base case
PP configuration with four weakly negatively damped
(unstable) modes in a frequency range between 1120 and
1320 Hz. Closer inspection of the corresponding participation
factors reveals that two modes are related to the oscillation
paths between the PGUs and the PP transformers and two
modes related to an oscillation path that spans also the long
HVAC cable. Both groups of oscillation modes are also
affected by the time delay element in the PGU model which
destabilized the mode. The participation factors of the mode
at 1290 Hz that exhibit the strongest instability are shown in
Figure 12.

Figure 11 Modal analysis results for the base case configuration
including modes with damping less than 15%.

IV. SMALL-SIGNAL STABILITY ANALYSIS RESULTS
A. Impedance-based stability analysis
By means of example, the impedance-based stability
analysis approach is applied to the base case system from
Figure 8 as seen from the connection point of the aggregated
PGU of the upper string. For this purpose, the dq admittance
matrices of the upper PGU and of the grid seen from its
connection point are calculated. Subsequently, the loop gain
is calculated, and the generalized Nyquist criterion is used for
the analysis. The resulting Nyquist eigenvalue loci are shown
in Figure 10. Close inspection of the plot shows that the base
case is unstable, with a gain margin -22 dB at 915 Hz and
phase margin -3.0° at 1190 Hz, which is consistent with the
detailed modal analysis results in the next section.

Figure 12 Participation factors of the 1288 Hz mode.

Figure 10 Nyquist diagram showing eigenvalue loci of the loop
gain transfer function matrix.

Figure 13 illustrates the effect of reducing the grid strength
from a strong grid with short-circuit power 3000 MVA to a
very weak grid 600 MVA as presented in Table 4. Whereas
such a dramatic change in grid strength are usually not
expected during operation, it could be relevant in case of
multiple contingencies in the transmission grid to which the
PP is feeding in power. The figure shows critical behaviour of
the DC voltage control loops in the aggregated PGUs which
has a 45% damping at 28 Hz in the base case but becomes
unstable when the grid strength is reduced below 950 MVA

and the PLL which has a damping of 55% at a frequency of
3.2 Hz in the base case and becomes unstable at a grid strength
of 700 MVA.

effective damping scheme is used. Figure 16 shows
corresponding results for an increase in the active damping
gain.

Figure 13 Parameter sweep of grid short-circuit ratio.

V. INSTABILITY MITIGATION MEASURES
Following the investigations and discussions of previous
sections on instabilities and their root-causes, this section
outlines recommended practices for risk mitigation. Within
C4.49, the following methods have been identified and will be
further elaborated in this section:
A. Converter control tuning
B. Power grid operational measures
C. Passive filter placement
D. Active damper

Figure 15 Parameter sweep of voltage feedforward gain.

A. Converter control tuning
1) Determining critical parameters
Modal analysis also allows the determination of critical
parameters through modal sensitivity analysis which is used
to identify the effect of design parameters related to the control
system or network on the various resonance modes.
Figure 14 shows results for the four unstable modes and
reveals that the instability is connected to the tuning of the
voltage feedforward, current control and active damping gains
in the PGU control system. From the figure one can conclude
that an increase in the active damping gain or decrease in the
current control gain could be used to stabilize the unstable
modes. It, therefore, shows that retuning of the controller is
one possible way to mitigate instability.

Figure 16 Parameter sweep of active damping gain.

B. Passive filter placement
As shown in the previous section, the unstable high
frequency modes can be stabilized through changes in the
converter control systems. However, if they are not accessible
or possible to change, the high frequency modes can also be
stabilized by passive filters through targeted damping of the
non-passive regions. Analysis of the participation factors of
the unstable mode revealed the oscillation paths across the PP
transformers for all unstable modes. Therefore, a candidate
location of the filters is on the low voltage side of the PP
transformers.
1) Passivity-based stability analysis
For this purpose, the relative passivity index of the entire
PGU string is computed, as shown with the blue line in Figure
17. This indicates the frequency range where additional
passivity is required.

Figure 14 Modal sensitivity analysis results for the four unstable
modes.

2) Effect of tuning modification
Based on the modal sensitivity analysis, the effect of
changing the identified parameters can be investigated
through parameter sweeps. Figure 15 shows the effect of
decreasing the PGU voltage feedforward gain from the default
value of 1 p.u. to 0.7 p.u. All the unstable modes are
successfully stabilized. It is also worth noting is that the
damping versus frequency is nearly horizontal indicating that

Figure 17 Passivity index for a PGU string(blue), designed
passive filter (red) and compensated string (yellow).

The string impedance is non-passive in a frequency range
around 1100 Hz, and therefore single-tuned 0.25 Mvar filter
per string with a centre frequency of 1100 Hz and Q factor of
6 is considered with its passivity index shown by the red line.
As shown by the yellow line, the PGU string can be
successfully passivized by connection of the small shunt filter.
VI. TIME-DOMAIN STABILITY ANALYSIS AND VALIDATION
Figure 18 shows the 400 kV bus voltage from time domain
simulation of the unstable base case. At simulation time 0.1 s
a 0.2% voltage perturbation is applied from the grid side. The
instability predicted by modal as well as impedance analysis
is clearly visible in the Fourier spectrum as a distinct peak at
1290 Hz related to the most unstable mode along with a
smaller peak at 1190 Hz related to another unstable, indicating
the effectiveness of the modal analysis.

passive filters have been added on the 66 kV side on the PP
transformer (yellow line). All the countermeasures have
successfully stabilized the unstable modes, however with
some impact on the PLL dynamics of the PGU. The
observations can also be easily detected in modal analysis.
VII. SUMMARY AND CONCLUSIONS
This paper presented an overview, status and outline of the
CIGRE working group C4.49 on converter stability in power
systems. The need to harmonize methodology regarding the
grid-connected converter stability in power systems was
emphasized.
Together with converter modelling assumptions, the
following stability analysis methods were presented and
evaluated using the proposed converter-based benchmark
system:
–
–
–
–

impedance-based stability analysis,
passivity-based stability analysis,
eigenvalue-based stability analysis,
time domain stability analysis.

Furthermore, the CIGRE C4.49 working group will
provide procedures and guidelines to industry and academia
on how to perform small-signal stability studies in modern
power-electronic-based power systems.

Figure 18 Time domain simulation results showing 400-kV busbar
voltage waveform of the unstable base case.

Even though modal analysis approach can yield detailed
insights into the root-cause of instabilities and be used to
determine appropriate countermeasures, it is imperative to
verify the effects of countermeasures on the overall power
system dynamic performance in time domain simulation. As
will be shown in the example, some modifications may have
undesired side effects that are easily overlooked.

A. Further considerations
In practice the application of described above methods
might be challenging due to uncertainties. When trying to
identify unstable grid configurations by e.g. impedance-based
stability criterion, a few limitations must be considered. If the
frequency-dependent impedances are given as Bode plot, the
evaluation of stability is based on evaluation of intersections.
However, it may happen that the impedance curves are only
getting very close to each other and do not intersect.
According to the theory this configuration is stable and may
not be further analysed, but due to modelling inaccuracies the
simulation result may not reflect reality and the configuration
can be unstable. In addition to that, minor changes in the grid
configuration can shift resonance points and probably cause
instability which is not covered by a specific simulation case.
To avoid this, it is recommended to cover many grid
configurations in the screening study and use a conservative
stability margin.
It is always recommended to verify relevant simulation
results from the screening study in time domain. However, it
might be challenging to reproduce unstable behaviour in time
domain. For example, it might be necessary to simulate many
converters in parallel. Obviously, the same grid resonance
must be present, so a simple RLC-circuit to reproduce the
resonance can lead to other simulation results. This might end
up in lots of simulation cases which are very time consuming.
B. Recommendations for stability analysis
As presented in this paper, impedance- and eigenvaluebased analysis methods are convenient to analyse converterbased power systems. Combined frequency- and time-domain
analysis tools constitute a comprehensive toolkit to:

Figure 19 Time domain assessment of the countermeasure
effectiveness based on the 400-kV voltage comparison.

Figure 19 shows simulation results where the active
damping gain has been increased (blue line), the voltage
feedforward gain has been decreased (red line) line and

–
–
–

identify any potential instability,
understand the root-cause of instability,
propose effective instability mitigation method.

Figure 20 shows proposed stability analysis workflow
which can be easily adapted to any power system with high

level of power electronic penetration such as PV PPs or wind
PPs.
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Figure 20 Proposed stability analysis workflow for converterbased power systems.
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