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Abstract—The amount of power electronic interfaced gen-
eration (PEIG) is significantly proliferating in modern cyber-
physical energy systems (CPESs). The limited capabilities (e.g.
inertia, over-current) of PEIG, together with their location and
technology-specific designed control systems, alter the dynamic
properties of different types of stability phenomena, e.g. sub-
synchronous oscillations (SSOs). A poorly damped SSO can
emerge, within a sub-second time scale, through conflicting inter-
actions between the controls of PEIG and the dynamic response
of the surrounding electrical network. This paper focuses on the
modelling and assessment of such interactions, with emphasis on
the integration of large-size full converter (a.k.a. type-4) based
wind power plants (WPPs). By combining different analysis tools,
the implemented model supports sensitivity assessment of the
occurrence and observability of a poorly damped SSO. State-
space model based eigenanalysis is iteratively used to ascertain
damping variability of a dominant SSO, excited by inappropriate
controller settings of the WPP. Power spectral density (PSD) anal-
ysis is used to qualitatively estimate the degree of observability
of the poorly damped SSO across different buses of a CEPS.
Numerical tests are performed on a modified version of the IEEE-
39 bus system by using DIgSILENT PowerFactory 2022 SP1.
Suggestions are provided for the deployment of data generated
from phasor measurement units (PMUs) in the monitoring and
wide-area damping control of critical SSOs.

Index Terms—Sub-synchronous oscillations, observability, pha-
sor measurement units, control interaction, wide area monitoring
and control

I. INTRODUCTION

Wind power and other types of power electronic interfaced
generation (PEIG) have an increasingly significant role in the
electrical power system. PEIG modify the physical nature of
dynamic phenomena or introduce new dynamics in modern
cyber-physical energy systems (CPESs). One of these new dy-
namics are PEIG induced sub-synchronous oscillations (SSO),
which have been usually attributed in fundamental research
studies to sub-synchronous control interactions (SSCI) [1].
Undesirable SSOs were first observed in the *70 in an event
in Mohave [2]. In this event, a compensated radial connection
using a fixed series capacitor (FSC) on the line had a similar
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resonance frequency as the shaft of the generator. During the
event, significant damage was caused to the shaft. Since this
event, solutions have been proposed to prevent this kind of
sub-synchronous resonance (SSR) [2].

A renewed interest in SSOs emerged when new sub-
synchronous events occurred in the integration of large-scale
wind power plants (WPP) in CPESs. The first known type of
these new events was reported in 2009 in Texas in relation with
the integration of type-3 wind turbine based WPPs [3]. In the
subsequent years, other events were reported in the USA and
China [4] [5]. The aforesaid events were caused by resonances
excited by FSC, which were amplified by the so-called induc-
tion generator effect. Limiting the amount of compensation has
been suggested as a possible effective mitigation measure [5].
Other alternative solutions are proposed in [6], such as SSR
blocking filters or special protection to prevent topologies of
CEPSs prone to SSR risk.

Another type of sub-synchronous phenomenon was then re-
ported in China in 2015 [7]. In this case, no FSC were present
nearby. This new event was categorized as SSCI [1]. In 2017
and 2019, other events were reported in China and the United
Kingdom (UK), respectively [8] [9]. As a result of the SSO, the
protection of WPPs and synchronous generation was activated
during the event, leading to a significant loss of generation. In
the event in UK this even resulted in a large load shedding.
These were all events in which type-4 fully rated converters
(FRC) played a role. Type-4 WPPs have a very similar layout
as other PEIG, such as photovoltaics, battery energy storage
systems and high-voltage direct-current (HVDC) links. As
all types of PEIG will predominate and define the dynamic
performances of future CPESs, it is crucial to understand
both the mechanisms leading up to SSO and their propagation
throughout physical electrical networks. Most SSOs have been
attributed to the improper tuning of the control systems of the
power electronic converters and weak grid conditions. [7] [8]
[9] [10].

The previous paragraph shows a lot of effort has been put
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into investigating the factor leading up to SSO caused by
type-4 WPPs. This includes control parameters on the current
controller and phase locked loop (PLL) as well as network
strength. Additionally, a different set of model and data driven
tools is used in various published works. In [11], Fourier
analysis is performed on sub-synchronous oscillations. By
considering different ranges of control parameters for the inner
control loop, the impact of a varying number of wind turbines
in a WPP and network impedance on a sub-synchronous
oscillatory frequency are investigated. In [12], the influence
of the inner control loop parameters and additional filters is
looked into. In these studies, linearized state-space model and
signal record based eigenanalysis supported by experimental
time-domain simulations are suggested as suitable assessment
tools. The main emphasis of the assessment has been on
possible changes of oscillatory frequencies and damping ratios.
Furthermore, the influence of the PLL is receiving significant
attention in recent research works. The PLL is used to track
the rotating frame of the fundamental frequency of the sys-
tem. In [13], the influence of the PLL control parameters
is investigated by performing time-domain simulations and
eigenanalysis in selected operating conditions. [7] presents
an analytical derivation on the amplification of a small-size
disturbance through the PLL. From this analytical assessment,
a criterium is suggested to determine when a disturbance could
be amplified.

The aforesaid works are focused to critical factors leading to
unstable sub-synchronous oscillations. This leaves a gap in
knowledge in propagation of SSO in a high voltage trans-
mission network. Since bus voltages and power flows are not
state variables in a linear state-space model, it is challenging to
determine the observability analytically. In [14], an analytical
derivation is given on voltage oscillations using a network
model and mode shapes of the state variable of the rotor angles
of the synchronous generators. Since type-4 WPP induced
SSOs are not caused by rotor angle oscillations, this method
cannot be used. However, a similar fundamental study for
PEIG based power systems could provide great insight into
the propagation and observability of SSOs.

In view of the above, this paper aims at qualitatively shedding
light on the observability of SSO induced by large-size type-
4 WPPs integraged in CPESs. Also the potential of the use
of PMU data for the detection and damping control systems
is shown. This paves the way for future work on analytical
data driven methods to determine the observability of a poorly
damped SSO. For instance, this can be used to determine
the observability for Phasor Measurement Unit (PMU) based
applications of critical SSO modes caused by PEIG. Supple-
mentary wide-area monitoring and control (WAMC) systems,
which yield new forms of supplementary damping support,
could also be developed, taking PMU signals into account.
Section II of the paper describes the adopted methodological
aspects. This involves the use of a linear dynamic CPESs
model for state-space based eigenanalysis. This is used to
determine the oscillatory mode sensitivity to the control pa-
rameters of the inner control loop of the WPP. This is followed

by time-domain simulations on an identified poorly damped
mode and its power spectral density (PSD) analysis. Section III
analyses the results of the time-domain simulations by using
Fourier analysis. These results are represented in the context of
the network topology in order to visualize the variable levels of
observability of the SSO. In section IV, concluding reflections
and an outlook for future work are concisely given.

II. METHODOLOGY

To analyse the behaviour of SSOs in a transmission network,

an operating condition is created in which a WPP excites a
poorly damped SSO mode. A modified IEEE-39 bus system
simulated in DIgSILENT PowerFactory 2022 SP1 is chosen.
The 39 bus system originally has 10 synchronous generators,
19 loads and no PEIG [15]. Previous works show that weak
nodes are more prone to sub-synchronous oscillations [11],
[12]. Therefore, a WPP model is connected to bus 12. At
the same time, transformer 11-12 is disconnected, which is
one of the two transformers connecting this bus. The adopted
WPP model corresponds with the DIgSILENT FullyRated-
Conv WTG 6.0MW template [16]. The model only represents
only the grid side converters of the WPP. The model uses
175 aggregated wind turbines resulting in a WPP with a rated
output of 1050 MW.
A linearized state-space model enabling eigenanalysis is used
to analytically evaluate the resulting sub-synchronous oscil-
latory behaviour. This is supplemented by PSD analysis of
selected signals generated by time-domain simulations. The
effects on the bus voltage phasors are analysed. This is
separated in terms of voltage magnitude V; and voltage angle
0; of each bus i. A schematic overview of the adopted methods
is shown in Fig. 1.

A. Linear Dynamic Model for Eigenanalysis

By using the state-space modelling functionality of Power-
Factory, the dynamic system is linearized around the consid-
ered equilibrium point. The linear model is defined by (1).

dx

where X is a vector containing the 180 state variables of
the dynamic model. These state variables are both physical
quantities, such as rotor speeds of the synchronous generators,
as well as controller signals. A is a square matrix which
represents the state-space model dynamic behaviour. From
the state space model, eigenvalues and right eigenvectors are
obtained by using the e ig function of MATLAB R2021b. The
calculation is represented by (2).

Ad; = \;d; 2

where ¢; is the right eigenvector associated with the j-th
eigenvalue \; of corresponding mode j. A; is related to the
frequency and damping of a system oscillation mode by the
imaginary and real part of the eigenvalue respectively. ¢
represents the amplitude and phase of each state variable
using complex values for mode j. There are as many modes

Authorized licensed use limited to: TU Delft Library. Downloaded on May 23,2023 at 09:00:14 UTC from IEEE Xplore. Restrictions apply.



Select WPP
connected to a weak
bus

SILEN
= ‘

Vary WPP control
parameters to find
mode sensitivity and
determine an unstable|

operation point
Y Y
Obtain the linearized _Time-domain
state-space simulations for a

representation given condition
exciting a SSO

Vi(t) and 6i(t)

Matrix A

Perform Fourier
analysis on voltage
signals to obtain
spectral densities

+F9,i(f), Foe,i(f)

Determine normilized

spectral densities and
phases at all buses

Y Y

Compare results of

linerearized model

and time-domain
simulations

Perform eigen-
analysis on the state
space model

2K
Identify the critical
SSO mode and
associated modal
vectors

Fig. 1. Overview of methodology used in a complementary model based
eigenanalysis and time-domain simulation based PSD.

and thus eigenvalues and eigenvectors as the number of state
variables in the dynamic system. Because of these properties,
the eigenvalues can be used to identify and trace a critical
sub-synchronous oscillation in the complex plane.

B. Control Parameter Sensitivity

The WPP power output is set to 50% of the rated output.
The control system of the WPP model consists of an outer
and inner control loop [16]. Previous work has shown that
the inner control loop and the PLL mainly influence the sub-
synchronous behaviour due to their faster dynamics [7]. The
inner control loop is connected to a PLL, which uses a PI
controller, to track the voltage angle at the interconnection
bus. This angle is used to transform the current output to a
dg-frame. This allows for separate PI control of the d- and
g-currents. Improper tuning of these control parameters can
lead to an increased risk of a SSO [17].

The sensitivities to the control parameters of the inner control
loop are investigated. Start values consider reference values of
gains assumed as Kprr,, =3, Kprr,; = 100, K4 =K, ,=0.2,
and integral gains assumed as K ;=K ;=40, which are based
on the standard values of the WTG template in PowerFactroy.
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Fig. 2. Parametric sensitivity of the eigenvalue of the sub-synchronous mode
to proportional gains of the inner control loop. The red point indicates the
eigenvalue for the reference value of the control parameter. The gains are
varied between 0.04 and 0.4. The dashed lines indicate the damping ratio.
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Fig. 3. Parametric sensitivity of the eigenvalue of the sub-synchronous mode
to integrational gains of the inner control loop. The red point indicates the
eigenvalue for the reference value of the control parameter. The gains are
varied between 20 and 100. The dashed lines indicate the damping ratio.

For the analysis, one of the inner control loop parameters is
varied at a time, while other parameters are kept constant. In
this way, a single parametric influence on the sub-synchronous
oscillatory mode is traced. The results of the parametric sensi-
tivity are shown in Fig. 2 and 3. In each figure, the eigenvalue
defining the sub-synchronous oscillatory mode Aggo in the
start reference values of the parameters is highlighted with red.
Similar to results from literature, these results show that the
proportional gains mainly influence the damping of the sub-
synchronous oscillatory mode [10]. The integral gains have
also a strong influence on the frequency of sub-synchronous
mode.

In order to perform time-domain simulation of an undesirable
sub-synchronous oscillatory behaviour, an unstable operating
condition is selected. The proportional gains are lowered to
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Fig. 4. Eigenvalues of the modified IEEE-39 bus system, which includes
a large-size WPP at bus 12. The red eigenvalue corresponds to the sub-
synchronous mode.

Kqp = Kqp = 0.1, while the other control parameters are
kept at their reference settings mentioned previously. This
set of control parameters and under weak network operation
yields an unstable oscillatory mode, which is located in the
right-hand plane. Fig. 4 shows all eigenvalues of the system.
The sub-synchronous mode is clearly distinguished from the
other modes by its higher frequency. The eigenvalue of the
sub-synchronous oscillatory mode is Agso = 10.3 £ 797.8.
The other modes correspond to known low-frequency electro-
mechanic oscillatory modes of the IEEE-39 bus system [15].
The participation factors are calculated to corroborate if the
identified sub-synchronous oscillatory mode can be associated
with the added WPP. Similarly to the definition of right
eigenvector ¢, a left eigenvector is defined by (3).

VrA = Pprg (3)

where VP, is the k-th left eigenvector and xj, is an eigenvalue
related value. The elements of the left and right eigenvector
are used to calculate the participation factors.

ik = Gr W5k )

where p; ;. represents the participation of the k-th state variable
in the j-th mode. The participation factors are normalised
(dimensionless) values.

The most significant participation factors are shown in Fig.
5. All other state variables have an insignificant participation
factor. The participation factors show that the controller of
the WPP plant has a significant participation in the sub-
synchronous oscillatory mode. Especially, the inner control
loop and the PLL have a significant participation. No other
state variables of other system components have a significant
participation in the sub-synchronous oscillatory mode. This
confirms that this mode is caused by SSCI of the WPP.
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Fig. 5. Participation factors associated with the unstable sub-synchronous
oscillatory. A small section of the current controller and the PLL of the WPP
are depicted as well. Each red character denotes the state variable of the block.

C. Time-domain simulations and PSD analysis

In order to qualitatively ascertain the observability of the
SSO, PowerFactory 2022 SP1 is used to perform root-mean-
square time-domain simulations. The simulations are per-
formed over 10 s with an integration step of 0.1 ms. During
each simulation, the voltage phasors on all buses are stored
for analysis. The voltage magnitude V;(¢) and voltage angle
0;(t) of all buses are shown in Fig. 6 for the first 4 seconds
of the simulation. These quantities are chosen for the analysis
because they resemble signal records that can eventually be
acquired by using PMU devices. During the first 2 seconds,
the system is stable. From the equilibrium initial conditions, it
takes about 2 seconds before the instability becomes visible.
No event is simulated to trigger this oscillation, which is
expected due to the identified unstable oscillatory mode of the
system. Between 2-3 seconds, a growing oscillation is visible.
After 3 seconds, a sustained oscillation is observed. This
oscillation stabilizes until the end of the simulation period,
which is not fully shown.

The results of the sustained oscillation between 4-10 seconds
are used to perform a Fast Fourier Transform (FFT) in
MATLAB R2021b. This results in a PSD of the oscillations
AV;(f) and A6;(f). The obtained PSDs are shown in Fig.
7. A high peak is visible at 16.9 Hz, representing the sub-
synchronous frequency fsso. This frequency is close to the
frequency given by the eigenvalue frequency imag(Agso) of
15.6 Hz, shown in Fig. 4.

For further analysis, the PSD at the sub-synchronous fre-
quency are normalized to the PSD of bus 12, where the WPP
is connected. This results in the values of Fy; and Fj; for
each bus ¢ in the system. (5) and (6) are used to calculate
these values.

AVi(fsso)

— ohlisso) (5)
AVwpp(fsso)

A
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Fig. 6. Bus voltages of the modified IEEE-39 bus system, illustrating the
excitation of a poorly damped SSO. The voltage magnitudes V;(t) are shown
on the left. The voltage angles 6;(t) are shown on the right. The largest
oscillations are on bus 12.
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Fig. 7. PSD of the sustained SSOs. The computed PSDs for bus voltage
magnitudes are shown on the left. The computed PSDs for bus voltage angle
are shown on the right.
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The PSD results have a magnitude and phase components
which can be simultaneously analyzed. The phase represents
the lag or lead of oscillation relative to other buses. In (5)
and (6) the phases of the normalized values are set relative
to the results of bus 12 by using the conjugate value in the
denominator.

(6)

0.

IIT. ANALYSIS OF RESULTS

The magnitudes of the normalized values of Iy,; are shown
in Fig. 8. The results are represented in the context of the

Normalized PSD of voltage magnitude 1

0.9

0.8

10.7

10.6

10.5

10.4

0.3

Normalized magnitude

0.2
0.1

0

Fig. 8. Magnitude of the PSDs of the voltage magnitude oscillation at the
sub-synchronous frequency FYy/; in the modified IEEE-39 bus system. Bus
12 is indicated in the black square.

network topology. Bus 12, indicated in red, is where the
WPP is connected to. Other buses have a significantly lower
PSD, which corroborates the fact that the SSO is a local
phenomenon.

In Fig. 9, the values of F} ; are shown. These results generally
show a similar result compared with FYy,; where the strongest
PSD is close to the WPP. However, the decay in PSD moving
away from the WPP is stronger for the voltage angle oscilla-
tion, indicated by the darker blue colors.

To understand the sub-synchronous behaviour, a perturbation
for sub-synchronous current injection iggo is introduced. As
the control parameters of the WPP are not properly set, this
change is not damped. As the injected current has a sub-
synchronous frequency, it oscillates relative to the voltage.
This causes a perturbation for active power output and reactive
power output. This is refered to as Psso and Qgso respec-
tively. As voltage phasor angles are associated with active
power flows and voltage magnitude with reactive power flows,
this suggests that Qgso flows penetrate the network more
prominently than Psgo. The penetration of these oscillations
are limited by the resistance in the lines which dissipates
these oscillations. In Fig. 10, the phases of the normalized
values Fy; and Fp; are shown in the network topology.
These phase shifts are related to a lag or lead of the SSO
in V(t); and 6(t);. The results show a significant phase shift
in a different parts of the network for the SSO. The SSO
created in this scenario only has one source, which makes it
fundamentally different from other low-frequency oscillation
modes (e.g. intra area modes of synchronous generators). The
phase differences at different buses are only the results of the
impedance and inherent damping throughout the network. The
phases of ZFYy; lag to the oscillation at the WPP. The phases
of the voltage angle oscillations ZFy ; show a more complex
response. Moving away from bus 12, the oscillations leads.
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synchronous frequency fsso in the modified IEEE-39 bus system. The red
circle indicates the connection of the WPP.

However, at buses where a synchronous generator is connected
to the system, the oscillation lags to the connected bus. This
is caused by the interaction of damping in active power of the
synchronous generators. This further points out a difference in
active power oscillations and reactive power oscillations of the
SSO. The phase difference throughout the network are slightly
influenced by the distance from the source. This contrasts
with the oscillation magnitude. These findings are essential
to identify the source of a SSCI in a transmission network.

IV. CONCLUSIONS

In this paper, SSOs are simulated in a modified IEEE-39
bus system, integrating a WPP. Small-signal analysis is used
to find the sensitivity of the sub-synchronous mode to the

inner control loop parameters. Using these results, an unstable
operation point is determined. State-space model based eigen-
analysis is performed to show SSCI due to type-4 WPP as the
source of the SSO. A time-domain simulation corroborates the
excitation of the unstable SSO. Time simulation is analysed
further to find qualitative results on the propagation of the
SSO in magnitude and phase throughout the network. The
findings from the qualitatively analysis can be used to define
and test a multi-parameter analytical method to determine the
observability of SSO induced by PEIG. Such an analytical
method for the observability of SSO could yield analogous
analytical observability metrics like those presented in [14].
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