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Abstract—Power electronic interfaced generation (PEIG) has
become significantly dominant in the electrical power grid.
This development is leading to a decrease in systemic inertia
and damping against electrical oscillations. This causes the
introduction of new and faster dynamic phenomena. One of
these phenomena is sub-synchronous control interaction (SSCI),
occurring as sub-synchronous oscillations (SSOs) in the system.
Several real-world events reported so far have been related with
large wind power plants (WPPs) and the improper tuning of
the grid side converter (GSC) of (type-4) fully rated converter
(FRC) wind turbines. As other PEIG have similar topologies and
control systems, it is a very relevant topic. Weak grid conditions
often contribute to the risks of SSO events. This paper proposes
supplementary wide-area damping (WAD) to the control system
of the GSC, focused on damping excursions of the phase locked
loop (PLL). Signals measured by a remote phasor measurement
unit (PMU) are communicated to the control system, which uses
it for dynamic damping control. The effects of the WAD are
tested by comparing the results of linearization-based eigenvalue
analysis with and without the addition of WAD. Supplementary
analysis conducted by using time-domain simulations and Prony
analysis confirm the positive effect of WAD. Numerical tests are
performed in DIgGSILENT PowerFactory 2023 SP2 on a modified
IEEE-39 bus test system.

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

I. INTRODUCTION

Power electronic interfaced generation (PEIG) have an
increasingly prominent role in the generation mix in the
electrical power system [1]. Wind power plants (WPP) have a
large contribution in this regard. This leads to new and faster
dynamic phenomena due to the reduction of synchronous
generation and their corresponding inertia [2]. Because of the
rapid transition in the electrical power system, the risk of
unknown or not well understood phenomena increases. Sub-
synchronous oscillations (SSOs) induced by large WPP are
one of these phenomena which have caused challenges in the
last couple of years [3] [4]. This is an oscillation in the power
system with a frequency below the fundamental frequency but
amplitudes which can exceed 1 p.u. in voltage or current.
Different categories of SSO are described in [5]. The first
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wind-related sub-synchronous events took place in 2009,
where the combination of type-3, induction generators, and
radially connected fixed series compensation (FSC) caused
a sub-synchronous resonance [3]. In following years, similar
events where reported in other parts of the USA and China [6]
[7]. Solutions were put forward to prevent radial connection
in combination with high levels of FSC [8].

In 2015, a new type of SSO was first observed in China
without the presence of any FSC [9]. This event was later
categorized by [5] as sub-synchronous control interaction
(SSCI) and where followed in 2017 and 2019 by similar events
in China [10] and the UK [4], respectively. The SSO in the
UK led to the activation of the protection in the WPP, which
in turn led to a significant loss of generation resulting in large
load shedding.

Type-4 WPPs, using fully rated converters (FRC), are

mainly involved in SSCI. This makes this topic also more
relevant for different types of PEIG, such as photovoltaics,
battery energy storage and high-voltage direct-current (HVDC)
links that have very similar topologies and control systems for
their converters. As these types of PEIG are the most important
in the intended transition of the energy system, it is essential
to understand SSCI and find ways to mitigate it.
Most SSCI has been caused by either improper tuning of the
control parameters of the grid side converter (GSC) or weak
grid conditions [4] [9] [10] [11]. A combination of the two is
also possible.

Among relevant control parameters, the inner control loop
and phase locked loop (PLL) have the most influence on the
sub-synchronous behaviour of the WPP. Different methods are
used to determine the influence of these control parameters.
In [12], Fourier analysis of time-domain oscillations is used
to determine the influence of different inner control loop
parameters on the SSO frequency. In [13], a linearized state-
space model is used to find the influence of control parameters
of the inner control loop on the sub-synchronous damping and
frequency.

The influence of the PLL is also investigated in literature.
The PLL keeps track of the rotating frame of the fundamental
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frequency at the bus the WPP is connected to. A deviation
in the measured value can lead to wrong power and reactive
output. In [9] a criteria is put forward on how the improper
tuning of the PLL can lead to an amplification of a sub-
synchronous disturbance. In the work of [14] and [15], the
sensitivity of the sub-synchronous mode to the tuning of the
PLL is investigated.

Hence, a lot of effort has been put into understanding the
causes of SSCI and how tuning could be a solution. However,
the ideal tuning is often only valid for a specific grid topology.
When transmission lines are taken out of service, the grid
can become weaker, subsequently leading to risks of a SSO.
In [16], the need for supplementary damping system in the
control systems of the GSC is addressed. This paper proposes
an additional layer to the control system, focused on damping
PLL signal oscillation by using remote measurements using
phasor measurement unit (PMU) based measurements. The
supplementary wide-area damping (WAD) preserves most of
the original control system. This enables easier understanding
and implementation of the WAD.

Section II of the paper describes the modified IEEE-39 bus
system used to test WAD performance. Section III introduces
the proposed modified control system for the WPP. It also
describes the expected behaviour of the system. In section
IV the implemented WAD is tested and compared to the
original control system of the WPP. First, eigenvalue analysis
is performed, which compares the sub-synchronous modes and
the corresponding participation factors. This is followed by
time-domain simulations where the system response is tested
in response to disturbances. These results are quantified using
Prony analysis. In section V, concluding reflections, together
with an outlook for future work are given.

II. MoDIFIED IEEE-39 BUS SYSTEM

To perform this research, the IEEE-39 bus system has been
used. A WPP plant has been added to bus 12 in the system
as depicted in Fig. 1. The DIgSILENT FullyRatedConv WTG
6.0MW template is used to model a WPP of 175 aggregated
wind turbines [17]. The WPP will operate at 5% of the rated
power. The control parameters for the current controller and
both PLLs are depicted in table I. At bus 6 a remote PMU
signal is modelled as a PLL block. This block sends the
voltage angle 6,..,,, to the control system of the WPP.

The control systems, which are described in the next
paragraph, are tested during a disturbance of disconnecting
transformer 11-12. This leads to a change of voltage angle
and magnitude at bus 12 due to the changed impedance to the
network. Before the system operates at a new stable operating
point, the output power of the WPP will oscillate.

III. WPP MODIFIED CONTROL SYSTEM

The control system of the WPP was modified in order to add
WAD functionality. This is done by adding dynamic damping
to the local PLL signal. This signal is used to transform the
V4 and Vj, signals to an abc frame. Using this implementation,
most of the original control system will remain intact and make

TABLE I
CONTROL PARAMETERS OF WPP CURRENT CONTROLLER

Control Parameter | Value
Ky q 0.2
Kp.q 0.2
K;q 40
iq 40
Kprrp 100
Kprp,i 3
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Fig. 1. Part of the modified IEEE-39 bus system around the connected WPP.
Load flow results are shown, which show the equilibrium state before the
disturbance. The measurements which are used as input for the control system
are shown in red.

it easier to comprehend the workings of the damping. In the
default situation, the signal voltage angle signal 6;,. of the
local PLL is directly used for the inverse Park- and Clarke-
transformation. As described in [9], PLL interaction can have
a critical role in the amplification of a SSO.

The supplementary WAD is implemented to appropriately
dampen local PLL signal oscillations. For this damping, an
additional proportional control system is added. The gain
factor K (wyem ) is dynamically dependent on a remote signal.
This relation is described in (1). In this case, only one remote
signal is. However, more advanced schemes could be designed
using more than one input signal.

K (wrem) = Kloc + Kremwrem (1)
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Fig. 2. Control system of the GSC of the WPP. The inner control loop is
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A remote PLL takes a measurement of the remote voltage
angle at bus 6 (Fig. 1). This is communicated to the control
system of the WPP. A time delay is modelled to accommodate
for the communication and processing of this signal and is set
t0 Tgeray = 0.2 s. The remote signal 0,..,, is differentiated to
acquire the relative voltage angle speed wy.,,. This quantity is
used to determine K (wyerm ). TWo more gain parameters are
used to tune the dynamic behaviour of K (wyem ). Krem is
used to tune the dependence on the remote signal. Addition-
ally, K, is introduced. This ensures that even if the remote
voltage angle is stable, the voltage angle used for the Park-
and Clarke- transformation will go to the local voltage angle
and give a correct result. In this paper, values for the gain
parameters were set to K, = 0.05 and K., = 1. More
research can be performed to find the optimal tuning of these
newly proposed gain parameters.

The intended behaviour is to dampen the amplification of
a SSO. Because the oscillation will be less present further
away from WPP, this implementation will dampen the PLL
reaction to a SSO. If a different type of wider disturbance
(e.g. frequency event), the WPP is still able to react quickly.

IV. PERFORMANCE OF WAD

To test the performance of the WAD, a disturbance event
is introduced to the system. At ¢ = 1 s, transformer 11-
12 is disconnected and reconnected at ¢ = 3 s. This event
relevant because the change in impedance to the network will
cause an voltage angle change. This will initiate a damped
oscillation in the PLL of the control system. First, the modes
in the case of the connected and disconnected transformer are
compared when no WAD is used and when it is activated.
These modes are obtained using eigenvalue analysis from
a linearized dynamic model of the system. The system is
also tested using a time domain simulation. Using Prony
analysis, damping and frequency response to the disturbance
are determined.

A. FEigenvalue analysis

Eigenvalue analysis is based on the linearization of the
dynamic system in a stable operating point. A linear model
is defined by (2) [18].

dx
— = A 2
7t X 2

where X is a vector containing all state variables of the
dynamic model. The complete system has 180 state variables
without the WAD and 186 state variables when the WAD is
implemented. A is a square matrix representing the dynamic
behaviour of the state space model. Using 3) the (right)
eigenvalues of this system are determined.

Ad; = A, 3)

where ¢; is the right eigenvector of mode j and A; is
the corresponding complex eigenvalue. In each state space
model, the number of modes is equal to the number of state
variables. The real part of the eigenvalue o; represents the
damping in the system of the mode, while the imaginary part
w; represents the frequency of the mode. The damping ratio
is calculated in (4) [18].

G = ——— )
\/ o7 +w?

In Fig. 3, the results of the eigenvalue analysis of the system
are shown. All eigenvalues are shown. The sub-synchronous
modes of the WPP are very easy to distinguish from the lower
frequency inter-area modes, which are known in the IEEE-39
bus system [19]. When both transformers are connected, the
system is better damped due to the stronger connection of the
WPP [11]. In both cases, the implementation of WAD has a
significant positive effect on the damping and frequency of the
sub-synchronous mode. The exact values are shown in table II.
Because the damping (real part) increases and the frequency
decreases, the damping ratio is positively influenced. The
damping ratio is calculated using (4).

In addition to the eigenvalues, the participation factors of
the sub-synchronous mode are compared. The participation
factors are calculated using both the right and left eigenvector
values. This results in dimensionless numbers representing the
participation of a state variable in a mode. The participation
factors are calculated in (5) and (6).

VA =pry ®)
ik = Pr Wk 6)
TABLE I

EIGENVALUES OF SUB-SYNCHRONOUS MODES.

1 transformer 2 transformers
Asso ¢sso Asso ¢ss0
No WAD -7.3 + 596.1 0.07 -354 + 5111.8 0.29
WAD -20.2 + j68.5 0.28 -45.5 + j86.7 0.46
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Fig. 3. Change in oscillation modes due to the implementation of a WAD
at WPP. On the left, the situation for the disconnected transformer is shown.
On the right, the situation with the transformer is shown. The damping ratio
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Fig. 4. Participation factors of state variables in the inner control loop (ICL),
outer control loop (OCL), WAD and PLLs in sub-synchronous mode. Left
shows the classic control system. Right shows the control system with the
WAD implemented.

where p; ;. represents the participation of state variable % in
the j-th mode.

The participation factors related to the control system of the
WPP are shown in Fig. 4. Participation factors not shown are
0.0045 or lower.

In the classic control system, the participation of the PLL
is around 0.25, which is almost completely removed by the
implementation of the WAD. It is expected the PLL is mostly
influenced since the additional damping is focused on the
voltage angle signal 6;,.. With the decrease in the participation
of the PLL, the participation of the other state variables
increases, which is expected as all participation factors of a
mode sum to one.

Fig. 5. Power output of WPP during disconnection and re-connection of
transformer 11-12. On the left shows the results for no WAD implementation.
On the right the results for the implementation of WAD are shown.

B. Time Domain Simulations

In Fig. 5, the power output of the WPP is shown. The results
show clear power oscillations after the switch operations of
transformer 11-12. At ¢ = 1 s, the transformer is switched
off. The oscillations correspond to the eigenvalue analysis
with one transformer connected in the previous paragraph.
When the system is stabilized at ¢ = 3 s, the transformer is
reconnected, which corresponds to the eigenvalue analysis of
two connected transformers.

In Fig. 5, the ring downtime without WAD is much longer
compared to when the WAD is implemented. To quantify these
results, Prony analysis after each switching event. A damped
sinusoidal function is fitted on the ring down function, which
yields the damping and frequency after the disturbance as
shown in (7) [20].

AP(t) = asin (wssot + ¢)e?s5°7 @)

where a and ¢ are necessary parameters to fit the function
but are dependent on the placement of the Prony window.
wsso and oggo will yield the frequency and damping of the
oscillations.

In Fig. 6, the Prony windows are shown. In these zoomed
results, it is visible that the first swing of the oscillations is also
positively influenced by the WAD. Using the depicted Prony
windows and function (7), the results shown in Table III are
obtained. As the time response is a superposition of all modes
with amplitudes depending on the disturbance, care should be
taken in the placement of the Prony window. As there exist
modes with a lower frequency and less damping, the Prony
windows are placed as close to the start of the oscillation
as possible. Less damped modes will have a relatively larger
amplitude longer after the disturbance has taken place. Be-
cause the disturbance is focused on the WPP, other modes are
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TABLE III
RESULTS OF PRONY ANALYSIS ON POWER OSCILLATIONS.

1 transformer 2 transformers
osso | wsso | ¢sso || osso | wsso | Csso
[s~1] [rad/s] [s~1] [rad/s]
No WAD -5.7 94.8 0.06 -38.3 101.9 0.35
WAD -13.1 62.6 0.20 -44.9 94.0 0.43
40 40
Power signal
. Prony window
=
=3
o
<
1 1.1 1.2 2.95 3 3.05 3.1 3.15
t[s] t[s]
20 20
— 10 — 10
= =
= =
o o
< <
-10 -10
-20 -20
1 1.1 1.2 2.95 3 3.05 3.1 3.15
t[s] t[s]

Fig. 6. Prony analysis of power output oscillations AP after switching of
transformer 11-12. On top, oscillations without WAD are shown, and below
the oscillation with the implementation of the WAD are shown.

expected to have little influence directly after the disturbance.
The Prony analysis shows similar improvements by the WAD
as the eigenvalue analysis. It is also conformed the system is
generally better damped with both transformers connected.

V. CONCLUSIONS

This paper proposes a WAD system to dampen the SSO
induced by the control system of PEIG. The proposed WAD
uses a remote voltage angle signal which can be measured
by a PMU. The PMU signal is to be communicated quickly
to the control system of the GSC of the WPP. This signal
is only used for supplementary damping of the local voltage
angle. This results in a simple addition to the existing control
system. This approach makes implementation easier, as it is
only an extra layer to the control system which can switch on
or off.

The performance is tested within the IEEE-39 bus using
both eigenvalue analysis and the time response of the system
after a disturbance. The eigenvalue analysis shows a signif-
icant improvement when the WAD is implemented. This is
confirmed by the Prony analysis on the time response of the
power output oscillations after a disturbance. The participation
factors in the eigenvalue analysis show the almost complete
removal of the PLL in sub-synchronous mode due to the
implementation of the WAD.

Future work could explore the WPP response to different

disturbances, such as frequency events. Also, the optimal
placement and tuning of the PMU has the potential for
further improvements. Furthermore, the option of more than
one remote PMU could be considered. This would lead to a
more complex control system, but if designed properly, more
resilient to disturbances.
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