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Abstract— This paper presents the overview instability
mitigation methods in modern converter-based power systems.
It provides a literature review covering state-of-the-art of
stability analysis and instability mitigation methods in power
systems dominated by converters. Some aspects of modelling
and analysis methods are discussed and aided by examples. The
paper explains available methods for stability analyses and for
instability mitigation together with their advantages and
disadvantages. Guidelines regarding the general approach to
such studies as well as system design are provided in the paper.
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I. INTRODUCTION
Nowadays, it is seen that the rapid transformation of power
systems from conventional with high natural damping, shortcircuit current and natural inertia to power-electronic-based
with limited damping, fault infeed and inertia may trigger
unstable operation, if not investigated carefully. Moreover, the
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) plants, wind power plants (PPs), and
offshore electrical network development. This power system
transformation creates challenges such as operational
coordination of grid-connected converters and small-signal
stability assurance both in the sub-synchronous and harmonic
(super-synchronous) frequency regions [1], [2].
A. Motivation
The increased use of power electronic converters in
modern electrical systems creates challenges w.r.t. power
system stability assurance but also simultaneously provides
wide range of power system performance and stability
enhancement solutions. Better understanding about the
application of various instability mitigation methods,
including impact on power system performance, use
depending on instability root cause, implementation
methodology, is needed. Power system operators, operators of
renewable PPs, transmission solution developers, renewable
generation developers, academic units and original equipment

manufacturers expect coordinated effort to understand when
and how to apply specific mitigation measures.
This paper presents the overview, status and outline of
instability mitigation methods in converter-based modern
power systems. The presented work is a part of the CIGRE
working group entitled “Multi-frequency stability of
converter-based modern power systems”. The paper describes
instability phenomena, explain instability root cause and
suggests optimal mitigation measures. Guidelines regarding
the general approach how to choose optimal instability
mitigation method is also suggested in the paper.
B. Stability in converter-based power systems
Converters are equipped with multi-timescale control
loops 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 [3].
In the low-frequency range, typically the 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. the sideband oscillations around the grid fundamental
frequency. Such asymmetrical dynamics are contributed from
the outer power and synchronization control loops, which can
introduce a negative damping, depending on the grid strength
and specific control schemes, e.g. the phase-locked loop
(PLL) used with grid-following inverters introduces a
negative damping, and it tends to destabilize the system in
weak grids, whereas the power synchronization control for
grid-forming inverters can bring in sideband oscillations in
stiff grids [3].
In contrast, converter control dynamics are typically
symmetrical in the dq frame in the high-frequency range,
which, thus, do not involve any frequency-coupling
oscillations. This high-frequency instability is resulted from
the interactions of inner vector current and voltage control
loops with the grid, where the time delay in the digital control
system brings a negative damping in the high frequency range,
and it can destabilize the grid resonance, if there is any.

Figure 1 Instability mitigation measures in converter-based power systems.

C. Modelling for stability analysis
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 [4]. To identify the causes of
originating from power electronic equipment instability in
power systems, the linearized modelling of power converters
is typically done. The majority (if not all) of instabilities seen
in converter-based power systems can detected applying
linear control system theory [5], [6], [7], [8].

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 [10]. 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.

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.

D. Stability of Converter-based Power Systems
Several small-signal stability analysis methods have been
used in converter-based power systems. In this paper the
following are used to investigate the stability as well as
effectiveness of instability mitigation methods:

It is worth noting that this general dq modelling approach
requires additional considerations for modular multilevel
converters (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 [9].

–
–
–
–
–
–

eigenvalue-based stability analysis,
eigenvalue sensitivity analysis,
participation factor analysis,
impedance-based stability analysis,
passivity-based stability analysis,
time-domain stability analysis.

1) Eigenvalue-based stability analysis
Eigenvalue analysis is using the principle that a non-linear
dynamic system can be linearized, described using linear
algebra and decomposed into several independent oscillatory
and non-oscillatory modes. Modal analysis has been used
extensively for classical power system stability studies
involving low-frequency oscillations and sub-synchronous
torsional interactions.
A state-space representation of the system dynamics is
used in modal analysis as 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 by ordinary differential
equation form

The ﬁrst-order sensitivity of an eigenvalue λi with regard
to a parameter α (e.g. controller gain) is defined by the
following equation:

ẋ =f(x,u)
y=g(x,u)

T ∂A
∂λi ui ( ⁄∂α)wi
=
∂α
uTi wi

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
Eigenvalue 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 =
√α2i +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 an eigenvalue also corresponds to
stability of that mode. Positive damping of all eigenvalue
determines the system stability for the system operating point.
Since the system modes may be excited by faults, load and
generation variations or harmonic injections (for example), it
is crucial to retain a positive damping ratio for all eigenvalues.
Eigenvalue-based stability analysis, contrary to
impedance-based stability analysis, does not require
partitioning of the system under into load and source
subsystems. Therefore, it is straightforward to apply also to
grids with many converters and complex topologies but has
the disadvantage that it requires state space models of each
subsystem.
2) Eigenvalue sensitivity analysis
Eigenvalue sensitivity, deﬁned as the direction and rate of
eigenvalue movement on the s-plane due to the variation of
system parameters, is an efﬁcient analysis method for tuning
and designing the control system as well as parameterizing the
system [11]. The eigenvalue sensitivity analysis with respect
to the controller parameter is used to fine tune PGUs and
assure stable operation.

where α is the sensitivity parameter, A is the state matrix, ui
and wi are the left and right eigenvectors respectively
corresponding to eigenvalue λi.
3) Participation factor analysis
Furthermore, eigenvector and participation factor analysis
can be used to determine which grid components or converters
are mainly contributing to an instability or resonance problem
and indirectly help to pinpoint which control parameters or
modifications of grid or filter design can help mitigate such
instability issues.
The participation factors are defined as
pki =

∂λi
=u w
∂akk ik ki

where akk is the element from the k-th row and k-th column of
A, uik and wki are the k-th elements of the i-th left and right
eigenvectors. To provide a measure of the contribution of a kth state in an i-th eigenvalue the participation factor values can
be normalized so that their sum adds to unit [12].
4) Impedance-based stability analysis
In the power electronic industry, it is known that converter
controllers could by triggered to instability due to grid
resonances. To make sure that small-signal instability will not
occur after connection of a PGU, an impedance-based stability
criterion was proposed [13]. Taking this approach only the
frequency-dependent impedances of the converter (including
the controller) and the grid are needed. The prerequisites of
this method: (i) the converter itself must be stable alone, (ii)
the grid is also assumed to be stable [14].
For the PGU system the impedance representation can be
expressed as in Figure 2. Furthermore, incorporating the
controller of the PGU grid-connected converter as well as the
PP representation one could derive a control block structure as
in Figure 3.
Power Generation Unit

Power Plant and Grid
iac +

Ic

Yc

Vac

Zg
Vg

Figure 2 Simplified PGU (or PP) representation for the
impedance-based stability evaluation. The grid-connected
converter is considered as a source and the PP and grid as a
plant/load to which the source is connected.

Vg

i*

Ycl(s)

Gcl(s)

+
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-

Ycl(s)Zg(s)
Figure 3 Control block structure of the grid converter connected
to the plant.

The blocks of the control diagram presented in Figure 3
are including Gcl(s) – closed-loop gain of current control, Ycl(s)
– closed-loop admittance of current control. Based on that one
could evaluate the controller internal stability investigating:
Gcl(s), Ycl(s) as well as overall system external stability
investigating: Ycl(s)Zg(s)=Ycl(s)/Yg(s).
Moreover, the current injected by the grid-connected
converter into the plant is described as below.
Yc (s)Vg
Ic
1+Yc (s)Zg (s) 1+Yc (s)Zg (s)
Ycl (s)Vg
Gcl (s)i*
iac ≜
1+Ycl (s)Zg (s) 1+Ycl (s)Zg (s)
Furthermore, the manufacturers do not want to provide
detailed data which affects their intellectual property as they
only must provide a frequency-dependent impedance of their
generation unit. This impedance must include all passive
elements as well as the change of impedance due to active
controls. The controller can change the impedance profile.
Furthermore, the impedance can vary depending on operating
conditions.
iac =

An acknowledged by the industry advantage of the
impedance-based analysis for system operators is that “blackbox” models of converters provided by vendors can be directly
applied, i.e. no prior knowledge is required for the converter
control system. This fact significantly simplifies the stability
analysis of large-scale power systems dominated by multivendor power converters. This approach can be successfully
applied in the system stability screening or as to supplement
other analysis methods.
The stability margins can be observed/calculated from the
Bode plot to evaluate the system dynamic behaviour. One
could plot Ycl(s) and Yg(s) separately and investigate each
intersection of the curves as they can be critical. Therefore, the
phase margin (PM) must be calculated at each intersection.
Negative PM reflects unstable system.
As the criterion defines the stability of converters in
combination with the connected grid, it is not given that also
the stability of whole PP can be determined. Therefore, the
stability is calculated at the grid connection point of the PP in
the first step. To make sure that e.g. no pole/zero cancelation
happens, one should study the system looking from different
busbars. Another approach would be to consider each PGU as
a separated source by applying multiple-input multiple-output
(MIMO) representation. The method using the impedancebased stability criterion needs the calculation of the PM.

To assure stable system operation the PM cannot be
negative. To provide robust system design, it is of common
industrial practice that the system operates with PM not lower
than 30° [2]. This stability margin is to account uncertainties
related to (i) system modelling, (ii) the linearization process,
(iii) system topology changes.
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 single-input
single-output (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, therefore
MIMO representation is needed and thus the multi-variable
Nyquist criterion is required for the stability assessment.
In [15] and [16] it has been described that sequence
domain impedance representation has advantages in
comparison to the dq impedance representation, since it results
in scalar impedances and not 2×2 matrices as in dq. However,
it has been shown in [17] that the PLL creates a coupling term
in the sequence domain impedances, and therefore, the final
impedances are also 2×2 matrices. For both cases MIMO
approach is needed for detailed stability investigation.
Moreover, the sequence domain impedance representation has
a noticeable disadvantage, which is the frequency coupling
within lower frequency range, thus making the analysis more
complicated than in dq.
5) 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 likelihood to
exhibit unwanted oscillatory behaviour. 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 [18], 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 the 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 cause instability after being connected
to the grid. However, the system can still be stable if the
converter impedance is non-passive. Hence, the passivity is a
sufficient, but not, necessary stability condition.
Further, due to the constant power control of converter, it
is not feasible to obtain a passive impedance over the full
frequency range and, particularly at the frequencies nearby the
grid fundamental frequency. Hence, passivity indices are
useful to qualify the extent to which the converter impedance
is non-passive.
6) Time-domain stability analysis

Time domain stability analysis allows to consider the
large-signal non-linear dynamics of the different elements and
hence it is complementary to the small signal analysis
techniques described above. Due to the multi-timescale
instability phenomena in converter-based power systems, 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 a likelihood of
converter-converter
or
converter-grid
interactions.
Fortunately, quite large area of power system stability analysis
can be covered and explained by small-signal analysis
techniques.
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 unwanted oscillatory behaviour [19].
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. Thus, such analytical methods as
described above are critical to perform detailed stability
analysis.
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 dynamic simulations with small perturbations or
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.
II. INSTABILITY MITIGATION METHODS
When the instability phenomenon is identified and its rootcause are unveiled, suitable mitigation measures can be
selected pertained to a balance between cost and effectiveness.
In this section, we provide an overview of recommended
practice based on documented academic as well as industrial
experience to mitigate such instability risk, which will be
further supported be simulations results later in this paper.
A. Corrective and preventive methods
Figure 1 shows potential instability remedial and
corrective mitigation methods which will be further
elaborated in this section:
–
–
–
–

internal operational scenarios,
external operational scenarios,
converter setpoint adjustment,
converter control adjustment,

–
–
–

system fault level increase,
additional passive filter,
shunt-connected active damper.

1) Internal operational scenarios
Control interactions can often be avoided by changing the
electrical topology. A change of the PP internal electrical
infrastructure will affect the short-circuit power and / or shift
the resonance points in the system. Avoiding specific PP
contingency operation cases can maintain the short-circuit
ratio (SCR) on satisfactory high level. Moreover, if the
outcome of the analysis demonstrates that a hazardous
resonance point can be avoided in a specific PP electrical
infrastructure configuration, then this grid topology can be
considered as an intermediate or final mitigation measure. The
operational measures can only be chosen according to the
individual situation and will always be very specific.
Adjustment of operational scenarios within the PP is rather
considered as corrective mitigation measure, however, can be
applied also during the design phase as a preventive measure.
2) External operational scenarios
All electrical components and subsystems are
interconnected within the entire power system and contribute
to a certain degree to assure stable operation. Thus,
operational scenarios may not be changed only within the PP
internal electrical infrastructure but also within the power
system to which it is connected. That also includes
neighbouring PPs. In many cases the transmission system
operator (TSO) has much more flexibility to define
operational philosophy focused on maximizing fault infeed
and avoiding unwanted resonances, thus consequently
improve the entire system robustness. Adjustment of
operational scenarios within the grid is rather considered as
corrective mitigation measure to address grid expansion or
connection of new PPs.
3) Converter setpoint adjustment
The PGU frequency response changes depending on an
operating point, e.g. active power setpoint, voltage setpoint.
That is important for stability analysis within lower frequency
range where the influence of PLL and controllers with lower
dynamics, e.g. voltage control, is visible. Combination of
specific setpoints and grid impedances, especially in case of
low SCR, can trigger unwanted instability. One can perform
mapping of different operational points and schedule only the
one not leading to any oscillatory behaviour. This mitigation
measure can be applied within the design phase and during PP
operation. However, it is rather considered as corrective
mitigation measure when any hardware changes are not
available.
4) Converter control adjustment
The stability of a voltage-sourced converter (VSC), when
considering controller design (e.g. PLL, current control) and
hardware (e.g. output filter), is mainly dictated by the selected
controller parameter, local grid strength, the inherent total
digital delay and its LCL filter resonance point (in the case of
MMC-VSC, it is the output L in combination with the
grid / line equivalent inductance and capacitance). Controller
parameter tuning, digital delay compensation and LCL filter
resonance damping methods can be applied to improve the
inherent stable operating region, all of which are digital
modification that can be rapidly applied mostly without

modification of hardware. Controller can be adjusted during
all phases of the asset lifecycle, i.e. design, commissioning,
operation, thus can be considered as preventive as well as
corrective instability mitigation measure. However, much
more flexibility in controller parameters adjustment aa well as
control structure modification is possible during the design
phase. Adaptive control where the parameters are changed on
the fly is also an attractive option, however complex to
implement.
5) System fault level increase
The SCR is typically calculated to measure the strength of
the grid to which converter-based PP is connected. It typically
reflects the voltage stiffness of a grid at the connection point.
In power system analysis the SCR is mainly used to develop
an understanding of the system stability implications and to
quantify the instability risks associated with high-level
integration of converter-based generation [20]. Any attempt to
improve SCR by increasing the fault level at the PP point of
common coupling (PCC) can improve the stability. It can be
achieved by (i) avoiding severe contingency operation, (ii)
improving transmission system capabilities by adding e.g.
extra lines, (iii) installing synchronous condensers
characterized by short-circuit current contribution. Increasing
the fault level can improve the system robustness within the
low-frequency range as it reflects the system impedance at the
fundamental frequency. This mitigation measure is considered
to be preventive because can be much easier initiated during
the planning and design phases. Due to the complexity in
power system modifications to improve SCR, it is difficult to
think about it as a corrective measure, unless one could easy
avoid severe contingency operation leading to low SCR.
6) Additional passive filter
Contrary to described earlier operational measures and
control adjustment, a high-voltage (HV) passive filter can be
added to alter the resonance frequency of the power grid at the
point of interest. There is a large variety of passive filters
being able to improve damping within harmonic frequency
range (see Figure 4).
In [21] it is described how different passive filters can
attenuate unwanted resonances. One could distinguish to
major types of passive filters depending on damping
capabilities: (i) tuned and (ii) high-pass filters. Tuned (e.g.
single-tuned, double-tuned) filters are very effective however
sensitive to components tolerances as well as system
uncertainties, i.e. specific resonances that does not change for
different operational conditions can be damped. High-pass
(e.g. 2nd order, C-type) filters are much better to cover wider
frequency range to address uncertainties caused by system
topology changes.
In [22], a so-called C-type filter is applied in the HV power
grid to reduce the grid resonance peak near 100 Hz. By
reducing the resonance peak magnitude around 100 Hz and
shifting the actual resonance frequency, the potential
converter control interaction (e.g. related to the PLL
dynamics) with the power grid at 100 Hz can be mitigated by
the installation of the carefully designed C-type filter.
Despite the effectiveness and wide-band damping effect
offered by the C-type filter in the low frequency range (e.g.
below 500 Hz), non-passivity at higher frequency (e.g. above
1000 Hz) is difficult to mitigate with either power converter
control tuning or placement of a clunky (e.g. physical

equipment dimension, Mvar size, etc.) C-type filter. For this
reason, it is recommended to consider a purposely built highpass filter to alter the overall frequency behaviour of the power
converter output at its point of connection (POC).
Installation of a passive filter is considered as preventive
mitigation measure. It is much easier to add the passive filter
during the design phase. Moreover, passive filters provide
extra damping which together with stability enhancement can
also reduce transient overvoltage (TOV) and harmonics
within specified frequency range.
Single-tuned

Double-tuned

High-pass

C-type
High-pass

Figure 4 Exemplary passive filter topologies.

7) Shunt-connected active damper
The control interaction is a phenomenon caused by the
active participation of PGU converters, which can occur with
e.g. purely damped plant, weak grid, resonant network. This
is because the PGU converter control loops play an important
role in defining the overall impedance of PP. The impedance
of each PP can be reshaped by the addition of supplementary
shunt-connected VSCs, such as a STATCOM to provide extra
resistive damping at the hazardous resonance frequency via a
damping controller. As this type of mitigation requires
additional equipment it is considered as preventive mitigation
measure. However, STATCOMs are more often installed with
renewable-based PPs and additional damping can be provided
on already existing assets, thus in that case active damper one
can consider also as corrective instability mitigation
technique. Moreover, active damper control scheme can be
adjusted on already operating assets to address potential
power grid topology changes.
B. Real-life examples
1) External operational scenarios
Control interactions can often be avoided by changing the
configuration of the power grid. A change of the grid
configuration will always shift the resonance points in the
system. If the outcome of the analysis demonstrates that a
hazardous resonance point can be avoided in a specific grid
configuration, then this specific grid configuration can be
considered as an intermediate or final mitigation measure. The
operational measures can only be chosen according to the
individual situation and will always be very specific.

admittance Yg(s) around 2.72 kHz and the PM, for both cases,
is below zero (i.e. more than 180° phase difference).

Figure 5 Example of several power electronics devices connected
to a PCC [5].

An example follows of several wind PPs that are
individually connected by a long cable to the grid (see Figure
5) [5]. It became evident that the grid configuration with only
four specific offshore HVAC transmission cables (i.e. 1, 2, 3
and 4) and one wind PP in operation (WF1 in Figure 5) lead
to control interactions (as presented in Figure 6). In this
specific case, WF1 was feeding energy via cables 1 and 2. To
energize the other wind PPs, an attempt was made to energize
the remaining cables. After cable 3 and cable 4 were
energized, the control interactions commenced, and the
system was switched-off before any damage occurred.

Figure 7 Impedance-based stability analysis with and without
active damping in Bode diagram – grid impedance Yg as solid blue
line, VSC input admittance with Kd=0 as dash-dotted orange line,
with Kd=0.32 as dotted yellow line, with Kd=1 as dashed purple
line.

The experimental results of the VSC current output are
shown in Figure 8 validating the impedance-based analytical
results. It is evident that modifying the controller parameter
can significantly improve / deteriorate the converter
interaction with the power grid.
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Figure 6 Frequency scans taken at cable 1 at the wind farm side
for the impedance-based analysis [5].

To overcome the above-mentioned instability phenomena,
it was calculated that only the resonance around 450 Hz was
critical. Simulation showed that the system would be stable if
cable 5 and 6 were to be energized before cable 3 and 4.
2) Converter control adjustment
a) Active damping in current controller
The stability of a VSC, when considering its current
control and output filter, is mainly dictated by the inherent
total digital delay and its LCL filter resonance point (in the
case of MMC-VSC, it is the output L in combination with the
grid / line equivalent inductance and capacitance). Digital
delay compensation and LCL filter resonance damping
methods can be applied to improve the inherent stable
operating region.
An example of tuning the active damping parameter is
presented via comparison of the impedance-based analytical
analysis results with the experimental time-domain results. In
Figure 7, the dashed purple line (Kd=1) intersects with the grid
admittance Yg(s) near 3 kHz yet the phase margin (PM) is
above zero (i.e. less than 180° phase difference) indicating a
stable system. Additionally, the dotted yellow line (Kd=0.32)
and dash-dotted red line (Kd=0) both intersect with the grid
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Figure 8 Experimental results of the VSC current output when Kd
changed from 1 to 0.32.

b) Impedance shaping by control tuning

Figure 11 Sub-synchronous torsional oscillation in the
synchronous generator rotor.

The issue can be resolved by software reshape of the WT
grid-side converter control (see Figure 12) using the
hardware-in-the-loop (HIL) simulation platform (see Figure
13) for the positive-sequence impedance reshaping.

Figure 9 Power system oscillation issue with high penetration
level of renewable infeed observed in China in July 2015.

A real-life example from China is provided to demonstrate
the effect of controller parameter tuning. In Figure 9, the
power system of Xinjiang region (i.e. West of China), where
high penetration level of Type-4 WTs was found (see the
upper part of the illustration). Instability was found on July 1,
2015 with the wind power infeed current containing interharmonics at 23 Hz and 77 Hz respectively (see Figure 10).

Figure 12 Type-4 WT impedance reshape before and after control
software modification.

Figure 10 Fourier decomposition of oscillating current output
from Type-4 WTs seen at the interconnection point.

The sub-synchronous current component eventually
resulted in sub-synchronous torsional oscillation exceed the
protection limit of synchronous generators located around
200 km away and the tripping of 3 x 660 MVA synchronous
generators in the region causes severe power transmission
network security issue.

Figure 13 Hardware in the loop WT input impedance test setup.

3) Additional passive filter

Alternatively, to power grid topology changes or gridconnected converter controller damping enhancement, an HV
passive filter can be added to alter the resonance frequency of
the power grid at the point of interest. In [22], a so-called Ctype filter is applied in the HV power grid to reduce the grid
resonance peak near 100 Hz. By reducing the resonance peak
magnitude around 100 Hz and shifting the actual resonance
frequency, the potential converter control interaction with the
power grid at 100 Hz can be mitigated by the installation of
the C-type filter.
In Figure 14, an example with and without C-type passive
filter tuned at 100 Hz to mitigate TOV is shown. Thanks to the
wide-band damping effect added by the C-type filter, the
network resonance point is significantly reduced as can be
visualized in the red dashed curve when compared to the solid
blue line without the filter connected, and this also greatly
reduce the risk for negative interaction with the offshore wind
PP.

Figure 15 Output impedance with (right) and without (left) 5 Mvar
high-pass 12th harmonic filter. The frequency range shown from
100 Hz to 3000 Hz. Angle below 90° shows passivity (or positive
damping) within the frequency range of interest after adding a
passive filter.

4) Shunt-connected active damper

Figure 14 Offshore wind PP grid impedance scan, (red dashed
line) – with 100 Hz TOV filter, (blue solid line) – without 100 Hz
TOV filter.

Despite the effectiveness and wide-band damping effect
offered by the C-type filter in the low frequency range
(e.g. below 500 Hz), non-passivity at higher frequency (e.g.
above 1000 Hz) is difficult to mitigate with either power
converter control tuning or placement of a clunky C-type
filter. For this reason, it is recommended to consider a
purposely built high-pass filter to alter the overall frequency
behaviour of the power converter output at its PCC. An
example is given below for a grid-following converter which
exhibits negative output resistance around 1500 Hz and could
equipped with a 5 Mvar passive filter tuned to the 12th
harmonic with a q-factor of 1.5 to ensure positive output
resistance throughout the entire frequency range. A system
impedance comparison with and without the filter is seen
below in Figure 15.

a) Active damping in rotor-side controller
The sub-synchronous control interaction (SSCI) is a
phenomenon caused by the active participation of doubly-fed
induction generator (DFIG) WT (i.e. Type-3) converters,
which can even occur without series-compensated
transmission lines. This is because the WT converter control
loops play an important role in defining the impedance of a
WT. The impedance of each WT can be reshaped by the
addition of supplementary control loops called rotor-side
damping controller (RSDC). In this way the impedance of the
whole wind PP can be altered. Figure 16 demonstrates the
effect of RSDC implemented, where the SSCI phenomena is
successfully mitigated.
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Figure 18 Guyuan wind power system with SVSDC (GSDC in the
figure).

Figure 16 Actual SSCI event in DFIG wind farm (a) Stator current
of the DFIG with and without RSDC (b) DFT plots with and
without RSDC.

b) Dedicated shunt-connected active damper
Alternatively, a shunt-connected VSC, such as a
STATCOM can be utilized and provide extra damping at the
hazardous resonance frequency via a shunt VSC-based subsynchronous damping controller (SVSDC). The placement of
SVSDC is shown in Figure 17.
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Figure 17 A series-compensated wind power system with SVSDC.

The proposed SVSDC controller is successfully
commissioned onsite (see GSDC in the Figure 18 at bottom
left and actual controller installed in substation in Figure 19).

Figure 19 SVSDC installed at Chabei substation in the Guyuan
wind power system.

A control-hardware-in-the-loop (CHIL) simulation results
are shown in Figure 20 to demonstrate the effectiveness of
SVSDC during a series capacitor switching event. Clear
damping effect can be visualized from the current output of
the wind PP in the Figure 20(a).

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 equivalent PGUs of 180 MW and
240 MW.

66 kV
66 kV

Aggregated
Cable

66 kV

220 kV

220 kV

400 kV

(a)

Long
HVAC Cable

66 kV

Power Plant
Transformer
Grid
Transformer

Grid Following
Converter

Electrical Grid

Figure 21 Aggregated grid following converters connected to a
resonant grid.

(b)

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 in [23]. However, 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 [24].
1) Collection cable

(c)
Figure 20 Switching of series capacitors (a) current with and
without SVSDC, (b) active power with and without SVSDC (c)
output of the SVSDC. Note the legend GSDC refers to SVSDC
controller.

III. CONVERTER-BASED BENCHMARK POWER SYSTEM
To compare various instability mitigation methods in
converter-based power systems a small-scale version of an
actual AC cable connected PP is proposed. In this section the
benchmark system proposed by CIGRE C4.49 and described
more in detail in [3] is used. This paper considers aggregated
PGUs connected to an AC power grid as presented in Figure
21. The parameters of the aggregated system have been
derived by aggregation of the detailed system representation
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
instability mitigation methods 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 and an extensive MV
and HV cable network. As the sequence domain impedance
representation has a noticeable disadvantage [17], which is the
frequency coupling within lower frequency range, therefore
the modelling and analysis is done in dq.

Two types of PGU’s array cable are used, i.e. 500 mm2 and
150 mm2. There are five PGUs within one cable string. For the
last two PGUs in a string the 500 mm2 3-core cable is used
and for first three PGU 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 Array cable equivalent electrical parameters.
Parameter

3x500 mm2

3x150 mm2

Voltage (Uph-ph, 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
Submarine cables (SMCs) and underground cables
(UGCs) have a significantly higher capacitance than overhead
lines, therefore their installation in the transmission system
lowers system resonance frequencies. The connection of
SMCs and UGCs to the transmission system alters the system
impedance, resonance frequencies and short-circuit capacity.
Lowering the short-circuit capacity can cause stability
problems.
Table 2 Transmission cable equivalent electrical parameters.
Parameter

1200 mm2

Voltage (Uph-ph, kV)

220

Resistance (R1, Ω/km)

0.047

Inductance (L1, mH/km)

0.406

Capacitance (C1, µF/km)

0.208
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Figure 22 Grid following converter structure used in the stability investigation.

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
only model components such as transformers, lines, cables,
etc., solely based on their values at nominal frequency.
IGRE Technical Brochure 7
“Network modelling for
harmonic studies” provides extensive guidelines on modelling
of power system components for harmonic studies [24].
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.
The SCR is typically calculated to measure the strength of
the grid to which converter-based PP is connected. It typically
1

For the PP cluster rated of 180MW.

reflects the voltage stiffness of a grid at the connection point.
Power system areas identified with a low SCR may require
detailed stability studies – as presented in this paper – because
they indicate low system strength being sensitive to
disturbances.
In power system analysis the SCR is mainly used to
develop an understanding of the system stability implications
and to quantify the instability risks associated with high-level
integration of converter-based generation. It should be noted
that the strength of a system (i.e. the measure of voltage
stiffness) with converter-based technologies differs from
conventional generation system strength. The SCR is a
screening measure to identify weak areas of the grid [20].
For the sake of simplicity in this paper the SCR is
calculated at 400 kV POC with the base value equal to
420 MVA. The SCR metric is more meaningful at the
converter terminals or where the converter control feedback
measurements are acquired. CIGRE Technical Brochure 671
“ onnection of wind farms to weak
networks” provides
more information on how to calculate SCR in converter-based
power systems [25].
C. Active components
1) Grid following converter
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 reference 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.
2

For the PP cluster rated of 240MW.

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 22.

The base case PP is modelled using state space approach
to perform analytical small-signal stability studies. Figure 23
shows eigenvalue analysis results for the base case PP
configuration with four weakly negatively damped (unstable)
eigenvalues (modes) in a frequency range between 1270 Hz
and 1370 Hz.

The basic and electrical parameters of the converter and
transformer are provided in Table 4 and the default controller
parameters are given in Table 5.
Table 4 List of basic parameters for assumed aggregated
converter system equivalents.
Name
S_base
f_sw
f_samp
k_mod
v_dc_nom
l_f
r_f
r_cf
c_f
c_dc
S_t
r_t
l_t

Value
240 and 1803
2950
2∙f_sw
√3/2
2
0.1055776
l_f/20
0.003
0.0757204
6.6654∙10-3
13.8
0.0054
0.0522

Description [unit]
Rated power [MVA]
Switching frequency [Hz]
Sampling frequency [Hz]
Modulation constant (sine PWM) [pu]
Nominal DC voltage [pu] = 1.38 kV
LCL filter inductance from the inverter side [pu]
LCL filter resistance from the inverter side [pu]
LCL filter shunt resistance [pu]
LCL filter capacitance [pu]
DC-link capacitor [pu]
Transformer rating [MVA]
Transformer resistance [pu]
Transformer inductance [pu]

Table 5 List of controller parameters used in converter system.
Name
k_p_PLL
k_i_PLL
w_LP_PLL
w_s
k_p_c
k_i_c
k_ff_v
k_AD
v_droop
k_p_v
k_i_v
k_p_q
k_i_q
k_p_vac
k_i_dc
k_p_dc

Value
0.1
2
500
2∙π∙50
0.2
5
1
0.2
0.05
0.03
0.3
0.5
20
1∙10-4
2.16
0.5

Description [unit]
PLL proportional gain [pu]
PLL integral gain [pu]
PLL low-pass filter cut-off frequency [rad/s]
Rated angular frequency [rad/s]
Current controller proportional gain [pu]
Current controller integral gain [pu]
Current controller voltage feedforward gain [pu]
Active damping gain [pu]
Droop gain of voltage controller [pu]
Voltage controller proportional gain [pu]
Voltage controller integral gain [pu]
Reactive power controller proportional gain [pu]
Reactive power controller integral gain [pu]
AC voltage controller proportional gain [pu]
DC voltage controller proportional gain [pu]
DC voltage controller integral gain [pu]

IV. STABILITY ANALYSIS AND INSTABILITY MITIGATION
MEASURES
This section provides brief stability investigation and
application of instability mitigation methods, i.e. converter
control adjustment, system fault level increase, additional
passive filter.
A. Base case with instability
The base case is determined (see Figure 21) to be at the
stability boundary, i.e. the system is poorly damped and even
small parameter variation can lead to instability. The selected
stability analysis methods are applied to better understand the
system behaviour and propose dedicated instability mitigation
methods.
1) Eigenvalue-based stability analysis

3

For the two equivalent PPs.

Figure 23 Eigenvalue analysis results for the base case
configuration including modes with damping less than 15%.

2) Eigenvalue sensitivity analysis
Eigenvalue sensitivity analysis allows the determination of
critical parameters leading to instability which is used to
identify the effect of design parameters related to the control
system or network on the various resonance modes.
Figure 24 shows results for the four unstable modes and
reveals that the instability is connected to the tuning of the
voltage feedforward (kffv), current control (kpc) and active
damping (kAD) 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 24 Eigenvalue sensitivity analysis results for the four
unstable eigenvalues.

3) Participation factor analysis
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 1370 Hz that exhibits the strongest instability are shown in
Figure 25.

margin (180°-|Zg-Zm|) is found at 1420 Hz, which is equal
to the 1370 Hz mode in dq. The phase margin is 4° which is
very low, however still indicating stable operation, and much
below the recommended evaluation threshold of 30° [2].
Therefore, a relatively small change in grid impedance or
controller parameters could lead to instability, as will be
shown in the next sections. Thus, instability mitigation
measure is needed to apply to improve the system robustness.
Please note that the positive sequence impedance from
Figure 26 is obtained by doing the frequency sweep of timedomain models. Therefore, it shows positive phase margin as
stable system response is needed for impedance
measurements. To achieve that the voltage feedforward gain
kffv (see Table 5) was adjusted a little to assure stable response.
5) Time-domain stability analysis
Figure 27 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 analysis is clearly visible in the
Fourier spectrum as a distinct peak at 1370 Hz related to the
most unstable mode along with a smaller peak at 1270 Hz
related to another unstable mode, indicating the effectiveness
of the modal analysis.
Figure 25 Participation factors of the 1370 Hz eigenvalue.

4) Impedance-base stability analysis
Impedance-based stability analysis is quite easy to apply
and determine system instability. It evaluates the system
behaviour locally, i.e. at a specific busbar. The stability and
stability margins of the system can be evaluated by plotting
the converter impedance Zm and the grid impedance Zg
separately as a Bode plot and looking for magnitude
characteristics’ cross-sections, i.e. where the impedance ratio
is equal to 1. The positive sequence impedance characteristics
are presented in Figure 26.

Figure 27 Time domain simulation results showing 400 kV busbar
voltage waveform of the unstable base case.

B. Instability mitigation measures
1) Converter control adjustment

Figure 26 Positive sequence impedance scans at the aggregated
66 kV array cable string.

When the converter and grid impedances cross each other
the impedance ratio is equal to 1 (i.e. crossing the unity circle
on the Nyquist plot) and the phase margin can be calculated.
Negative phase margin indicates instability. The lowest phase

Based on the modal sensitivity analysis, the effect of
changing the identified parameters can be investigated
through parameter sweeps. Figure 28 shows the effect of
decreasing the PGU voltage feedforward gain (kffv) from the
default value of 1 p.u. to 0.7 p.u. All the unstable eigenvalues
are successfully stabilized. It is also worth noting is that the
damping versus frequency is nearly horizontal indicating that
effective damping scheme is used. Figure 29 shows
corresponding results for an increase in the active damping
gain (kAD).

As shown in the previous section converter control
adjustment is on the possible mitigation measures. However,
if the parameters 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.

Figure 28 Parameter sweep of voltage feedforward gain.

For this purpose, the relative passivity index of the entire
PGU string is computed, as shown with the blue line in Figure
31. This indicates the frequency range where additional
damping is required.

Figure 29 Parameter sweep of active damping gain.

2) System fault level increase
Figure 30 illustrates the effect of the grid strength
improvement, i.e. from a very weak grid of 600 MVA to a
strong grid with short-circuit power of 3000 MVA as
presented in Table 6.
Table 6 Short-circuit power of the 400 kV grid.
Max
Min

Sbase [MVA]
420
420

Sn [MVA]
3000
600

SCR
7.14
1.43

R/X
0.1
0.1

Whereas such a dramatic change in grid strength is 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 37% damping at 21 Hz in the base case but becomes
unstable when the grid strength is reduced below 1100 MVA
and the PLL which has a damping of 55% at a frequency of
3 Hz in the base case and becomes unstable at a grid strength
of 750 MVA.

Figure 31 Passivity index for a PGU string (blue), designed
passive filter (red) and compensated string (yellow).

The aggregated PP string impedance exhibits negative
damping in a frequency range between around 900 Hz and
1400 Hz in dq frame (see blue line in Figure 31). Therefore
single-tuned filter at the LV side of the PP transformers with
a tuning frequency around in the middle of frequency region
with negative damping is considered with its passivity index
shown by the red line. As shown by the yellow line, the
damping of PGU string can be successfully improved in the
high-frequency region by connection of the small shunt filter.
The single-tuned filter parameters are shown in Table 7.
Table 7 Details of passive filter tuned to improve damping of highfrequency modes.
Layout

Name

Single-tuned

Symbol Value

Units

Voltage level

Un

66

kV

Tuning frequency

fr

1100

Hz

Rated power

Qn

0.25

Mvar

Quality factor

Q

6

-

Resistance

R

66.1366

Ω

Inductance

L

57.4

mH

Capacitance

C

36.461

μF

V. SUMMARY AND CONCLUSIONS
Figure 30 The impact of short-circuit ratio improvement at the
400 kV busbar on modes damping and stability.

3) Additional passive filter

This paper presented various instability mitigation
measures in converter-based power systems. The work shown
here is done within the CIGRE working group C4.49 entitled
“Multi-frequency stability of converter-based modern power
systems”.

Together with converter modelling assumptions, the
following instability mitigation methods were presented and
evaluated using the proposed converter-based benchmark
system:
• internal operational scenarios,
• external operational scenarios,
• converter setpoint adjustment,
• converter control adjustment,
• system fault level increase,
• additional passive filter,
• shunt-connected active damper.

show which part of the entire system contributes the most to
instability. The most intuitive approach will be to start further
system optimization / tuning starting from the most significant
contributor to instability. However, due to various reasons
(e.g. substantial cost, performance violation, hardware
constraints) some of the mitigation methods may not be
sufficiently effective. Therefore, it is of common practice to
adjust the entire power system to maximize the robustness.
START

END

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

Instability
mainly caused by the
power generation
unit?

YES

– Converter setpoint adjustment
– Converter control adjustment

YES

– Internal operational scenarios
– Additional passive filter
– Shunt-connected active damper

YES

– External operational scenarios
– System fault level increase
– Shunt-connected active damper

NO
Instability
mainly caused
by the power plant
network?

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

Figure 32 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.

System stable?

NO

A. 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:
–
–
–

YES

NO
Instability
mainly caused by the
external grid?

Figure 33 Flowchart showing the application of various instability
mitigation methods depending on unwanted oscillation origin.
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