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Abstract— The use of supplementary controllers for mitigating
subsynchronous control interaction (SSCI) in DFIG-based wind
parks is quite promising due to their low investment costs. These
SSCI damping controllers are typically designed and tested using
an aggregated wind turbine (WT) model that represents the entire
wind park (WP). However, no research has been reported on their
implementations in a realistic WP. This paper first presents
various implementation schemes for a linear-quadratic regulator
(LQR)-based SSCI damping controller, and discusses the
corresponding practical challenges. Then, an implementation
scheme which obviates the need for high rate data transfer
between the WTs and the WP secondary control layer is proposed.
In the proposed implementation, the SSCI damping controller
receives only the WT outage information updates from the WP
controller (WPC), hence it is not vulnerable to the variable
communication network latency. The SSCI damping controller
parameters are also modified when there is a change in WT outage
information for the ultimate performance. The effectiveness of the
proposed implementation scheme is confirmed with detailed
electromagnetic transient (EMT) simulations, considering
different wind speed at each WT and WT outages due to sudden
decrease in wind speeds.

Index Terms— Detailed design, doubly-fed induction generator
(DFIG), optimal control, series capacitor compensation,
subsynchronous control interaction (SSCI), wind park.

I. INTRODUCTION

S ubsynchronous control interaction (SSCI) is the
interaction between the power electronics control and the
series compensated transmission system that occurs at
frequencies below the system synchronous frequency. The
SSCI may occur between a doubly-fed induction generator
(DFIG) driven by wind turbine (WT), and the series
compensated transmission line [1]. This phenomenon has been
observed in US and China [2]-[5]. There has been recently a
growing interest in developing effective SSCI mitigation
methods [6].

Countermeasures against SSCI, includes detection
algorithms to trip the WTs [2],[7]; bypass filters across the
series capacitor [8]; phase imbalanced series capacitive
compensation [9]; and approaches using flexible ac
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transmission systems (FACTS) (for example, static var
compensator (SVC) [10],[11]; static synchronous compensator
(STATCOM) [12]; thyristor controlled series capacitor (TSC)
[13]; and gate controller series capacitor (GCSC) [13]-[16]).

The mitigation methods based on the application of
supplementary control signal (or signals) in DFIG converter
control part of the WT control (WTC) [9], [17]-[23] are quite
promising due to their low investment costs. The supplementary
SSCI damping controller has been designed based on static state
feedback control [17]-[19], partial feedback linearization (PFL)
[20], adaptive control [21], two degree of freedom (2DOF)
controller [22], lead-lag controller [9], and proportional-
integral (PI) regulator [23]. On the other hand, further research
is required to conclude on the effectiveness and/or feasibility of
those proposed methods as none of them discuss
implementation challenges in a realistic WP. Only [17]
considers a WP with a realistic reactive power control scheme
and designs the SSCI damping controller considering the
potential negative impact on the WT transient response during
faults.

Among the design approaches, static state feedback control
scheme is an effective and simple one [17]-[19]. The linear-
quadratic regulator (LQR) technique is one of the well-
established controller design techniques based on the state
feedback theory. The use of this technique results in an optimal
and robust controller, which ensures at least 60 degrees phase
margin, while preserving the order of the closed-loop system
similar to the plant. Moreover, this technique enables to adjust
the controller parameters to achieve the effective usage of the
available converter capacity. The LQR technique also does not
change the order of the closed loop system, hence it results in a
lower degree closed-loop system compared to many other
techniques used in literature.

In such control structure, the states of the overall system are
first estimated by an observer, and then utilized to damp the
oscillation using a supplementary controller. Despite their
satisfactory performance, these controllers require the
mathematical model of the system which may change
depending on the system operating conditions. They are also
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designed to operate in the secondary control layer of the WP as
the entire system inside the WP is represented with a single
aggregated WT. In such control scheme, the DFIG converter
currents of each WT are measured and transmitted to a central
SSCI damping controller as input signals. The output signals of
the central SSCI damping controller are also sent back to the
WTCs as input signals. This control scheme may be subjected
to noise, sensor delay or failure, and requires communication
links between the WTs and the central SSCI damping controller
with high transfer rate of data. An alternative approach is
integrating the SSCI damping controller into the WTC (if
possible). This scheme is referred to as local SSCI damping
controller as the damping controller uses only the local
measurements.

This paper proposes a local SSCI damping controller with
outputs injected into the inner control loops of the DFIG
converters. The proposed controller is designed based on the
linear-quadratic regulator (LQR) technique [17] using the
simple linearized system model. The proper function of the
local SSCI damping controller is achieved by scaling the DFIG
converter currents considering WT outages in the WP. This
information is available at the WP controller (WPC) and
changes whenever there is a change in the number of WTs in
service (i.e. no continuous change). Hence, the high rate data
transfer between the WTs and the secondary control layer of the
WP is not required. Further performance improvement in
achieved by modifying the controller parameters considering
the WT outages. This adaptive scheme is achieved by designing
several controllers for different number of WTs in service. The
permissible slowest wind speed is considered in SSCI damping
controller design where the system is most vulnerable to SSCI.

The effectiveness of the proposed local LQR-based adaptive
SSCI damping controller and its superiority over its traditional
version (i.e. LQR-based central SSCI damping controller) is
confirmed with detailed electromagnetic transient (EMT)
simulations. The EMT model of DFIG [24] used in this paper
includes all the nonlinearities (in both electrical and control
system model) and essential transient functions to fulfill the
grid code requirement regarding FRT [25]. In EMT
simulations, the WP includes the detailed medium voltage
(MV) collector grid model and different wind speeds are
applied to each WT considering a reasonable Gaussian
distribution. Representative simulations with aggregated model
are also performed to confirm the accuracy of the aggregated
model that uses the average wind speed.

The major contributions of the paper are summarized below:

- A local SSCI damping control implementation scheme
that eliminates the high rate data transfer requirement
between the WTs and secondary control layer of the WP
as well as makes the communication system immune to
the excessive (even unrealistic) communication delays;

- An improved LQR-based SSCI damping controller
performance through an adaptive approach;

- Accuracy validation for the average wind speed
assumption based aggregated wind park model which is
traditionally used during SSCI damping controller
design as well as in the system wide studies.

It should be emphasized that, the existing researches in the
literature disregard the physical structure of the WPs by
considering the entire WP as a single large WT. Hence the
potential implementation difficulties and problems of the
proposed SSCI damping controllers never discussed. This paper
presents the first detailed discussion on the implementation of
SSCI damping control in practical WPs.

The paper is organized as follows. The description of the WP
and its control structure are presented in Section II. Section III
briefly describes the design procedure of the controller. The
proposed implementation scheme is addressed in Section IV.
The EMT simulations of the test system are presented in
Section V.

II. WIND PARK WITH DFIG WIND TURBINES

As shown in Fig. 1, the power produced by the WTs are
transmitted to the point of interconnection (POI) through the
MYV collector grid and WP transformer. Usually, the WP
transformer has an on-load-tap-changer (not shown in Fig. 1) to
keep the MV collector bus voltage around its nominal value.

The active power at POI (see Fig. 1) depends on the wind
conditions at each WTG inside the WP and determined by
maximum power point tracking (MPPT) function. On the other
hand, the WP reactive power control is based on the secondary
voltage control concept [24],[26]. At the primary level, the
WTC monitors and controls its own positive sequence terminal

voltage (V 45, ) with a proportional voltage regulator. At the

secondary level, the WPC modifies the WTC reference voltage
values (Véﬁg) via a proportional-integral (PI) reactive power

regulator to achieve the desired reactive power flow at POI
when operating under reactive power control function. A
typical WPC also includes voltage and power factor control
functions. Reader should refer to [24] for details. This paper
considers WPC operating under reactive power control
function.
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Fig. 1. A simplified single-line diagram of a typical wind park.

In DFIG WTs, the stator of the induction generator (IG) is
directly connected to the grid. The wound rotor of the IG is
connected to the grid through an ac-dc-ac converter system
consists of two three-phase pulse-width modulated converters
(Rotor-Side Converter (RSC) and Grid-Side Converter (GSC)).
A line inductor and shunt harmonic ac filters are utilized at the
GSC for improving the power quality. A crowbar is used for
RSC overcurrent and dc capacitor overvoltage protection. The
RSC is blocked and the IG consumes reactive power during
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crowbar operation. To avoid its operation during faults, a dc
resistive chopper is widely used to limit the dc voltage.

The considered control scheme is illustrated in Fig. 2. The
RSC operates in the stator flux reference frame and the GSC
operates in the stator voltage reference frame. q- and d-axis
currents of the RSC (7, and i, ) are used to control the active

power output and positive sequence terminal voltage of the
DFIG (Fypq » V g ), respectively. d-axis current of GSC (i, )

is used to regulate the dc bus voltage (¥, ) and g-axis current
of GSC (i,, ) is used to support the grid with reactive power

during faults. In Fig. 2 and henceforward, all variables are in pu
and primed variables are used to indicate the reference values
transmitted from controllers.

Both RSC and GSC are controlled by a two-level controller.
The slow outer control calculates the reference dg-frame
currents and the fast inner control allows controlling the
converter ac voltage reference. The reference for DFIG active
power output (P, ) is given by the MPPT algorithm. The

reference for DFIG positive sequence voltage (Vdj'ﬁ(g ) is
modified by the WPC. AV, in Fig. 2 is the output of the WPC

PI reactive power regulator.
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Fig. 2. Schematic diagram of the DFIG wind turbine control.

During normal operation, GSC operates at unity power factor
@ a’,g =0) and RSC controller gives the priority to the active

current.

The grid code requirements, such as [25], include the WT
transient response against severe voltage disturbances. To
comply with this requirement, an FRT function is traditionally
added to the WTC. The FRT function becomes active following
a severe voltage sag or swell condition, and it modifies the
active and reactive current references produced by the outer
loop of the WTC considering the grid code requirement. This
paper considers a DFIG WT that has an FRT function compliant
with the requirement in [25]. Reader should refer to [24] for
details.

III. SSCI DAMPING CONTROLLER

The radially compensated wind park model used in the SSCI
damping controller design is shown in Fig. 3. The model
disregards all shunt branches except the DFIG aggregated
harmonic filters. The series RLC branch in Fig. 3 represents the
aggregated DFIG transformers, the equivalent collector grid,
the aggregated WP transformers and the series compensated

high voltage (HV) grid.
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Fig. 3. Radially compensated wind park model used in SSCI damping
controller design.

The linearized state-space representation of the system can
be described as follows:
X = Ax+Bu

y =Cx+Du
where X, u and y denote the vectors of the system states,

(M

inputs, and outputs, respectively. The matrices A, B, C and
D determines the small signal behavior of the linear system.
The LQR control scheme consists of a full-state observer and
a static gain controller [27]. The design procedure in [17] is
adopted in this paper. The RSC and GSC currents in dq

reference frame ([i,, i, 1,4 14 ]T ) are selected as the inputs of

the controller. The outputs of the controller ([u,. 1, tq 4, T

) are augmented into the current control loops of the DFIGs.
The LQR controller is designed using the linearized model of
the system, and Q and R matrices. These matrices denote the
coefficients of state and control signals in a trade-off between
the energies of the control signals and the controlled outputs.
The LQR controller is then obtained by solving the Ricatti

equations. In this paper, Q is assumed to be equal to C'C and
R is adjusted by considering the system response following
large disturbances such as faults. This step requires performing
several EMT simulations and updating the matrix R
accordingly. The matrix R should be selected to use the
maximum available capacity of the DFIG converters for SSCI
damping. It should be noted that large control effort will cause
converter saturation. Initially, the matrix R is set to be unity
matrix with appropriate dimension (i.e. R=1), and updated
based on EMT simulation results to achieve an acceptable
converter capacity usage. The behavior during severe voltage
sags (due to fault) is disregarded as the output signals of the
controller are limited dynamically to ensure the desired DFIG
response during normal and FRT operations [17].

The main aim of the observer is to estimate the state vector
of the system (x). To stabilize the internal dynamics of the

observer error (e=x-x), the gain of the observer (L) is

obtained using the linear matrix inequality (LMI) technique.
The observer design is the pole placement of A -LC
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eigenvalues. This technique enables the designer to adjust the
fastness of the error dynamic (A-LC) by moving its
eigenvalues far to the left half plane. However, a very fast
observer will result in a control system which is sensitive to
measurement noise. The corresponding observer gain matrix
(L) is designed based on the method discussed in [28] as:

L=(WP) @)

where
APy + APy —CW-W C+2y Py <0 (3)
Py >0 and W are the solutions of the LMI described in

(3), and y is a parameter corresponded to the fastness of the

observer.

The observer is designed to shift the poles of the closed-loop
system into a region with real value less than -10 (i.e.
Re(s) <—10). These values are obtained through EMT

simulations of the considered system and provide the desired
transient response. The details can be found in [17], [27].

IV. PROPOSED IMPLEMENTATION

The SSCI damping controller is designed based on the
aggregated WT model. As the entire WP is represented with a
single WT during design (although the WPC is taken into
account), the designed controller requires the sum of RSC and
GSC currents of the WTs. Hence, it is expected to be located in
the secondary control layer of the WP. In this implementation,
each WTC sends the DFIG converter current measurements to
the central SSCI damping controller (« in Fig. 4) and receives
the output signal of the central SSCI damping controller ( £ in

Fig. 4). This implementation requires communication links that
enables high rate data transfer between the WTs and the central
SSCI damping controller.

Fig. 5 shows the proposed local SSCI damping controller in
which it is integrated into the DFIG control. This
implementation will not function properly when there are
significant WT outages in the WP. On the other hand, the wind
conditions and reactive power generation at each WT is
expected to be similar. Hence, proper function of SSCI damping
controller can be achieved by scaling the measured DFIG
converter currents considering the number of units in service (
N in Fig. 5). It should be emphasized here that, the aggregated
model used for SSCI damping controller design also assumes
the same wind conditions and reactive power generation at each
WT. The status of WTs as well as the status of WT certain
protection relays are transmitted to the WPC through a low-
speed communication link between WPC and WTs. Hence, the
information N is available at WPC and can be transmitted to
WTCs with the voltage reference generated by the WPC (
AVd}ig in Fig. 2). The signal N only changes whenever there

is a change in the number of WTs in service (i.e. no continuous
change). Hence, the high rate data transfer between the WTCs
and the WPC is not required. It should be noted that, sudden
and large changes in N can be expected following a fault
inside the WP or following a sudden drop in the wind speed that
results into partial tripping in the WP due to different wind
conditions at each WT.

In order to improve the SSCI damping controller
performance, this paper proposes an adaptive approach that
modifies the controller considering number of units in service.
In this approach, a separate SSCI damping controller (i.e. LQR
gain and observer) is designed for each WT outage scenario,
and the selection is made with the signal N (i.e. the number of
WTs in service) as illustrated in Fig. 6.

The adaptive approach used in this paper switches the SSCI
damping controller based on the gain scheduling technique. 10
different controllers are designed for 10 different WT outage
scenarios from zero to 90%. For example when 50 WTs are out
of service in a 268 WT wind park, (i.e. N =218), the controller
switches to the parameters designed for 20% (50/268 = 18.7%)
WT outage scenario. The performance of this adaptive
approach can be improved further considering the wind speed
in addition to the WT outage scenarios. On the other hand, the
improvement is quite marginal and the corresponding results
are not presented in the paper.

It should be noted that, the same adaptive approach can be
also used in the central SSCI damping controller (see Fig. 4) as
the number of WTs in service is known at secondary control
level.
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Fig. 4. Central implementation scheme of the SSCI damping controller.
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Fig. 5. Proposed local implementation scheme of the SSCI damping
controller.
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Fig. 6. Local SSCI damping controller schematic.
V.STUDY SYSTEM
To assess the proposed SSCI damping controller

performance, the 500 kV system shown in Fig. 7 is adopted as
test system. The WP consists of 1.5 MW 268 DFIG WTs and
connected to two large systems, System-1 and System-2,
through the transmission lines Line-1 and Line-2. Line-1 is
series compensated with 50% compensation level using two
identical capacitor banks located at its ends. When Line-2 is
disconnected, it leaves the wind park radially connected to the
series capacitor compensated line Line-1. The circuit breakers
CB1 and CB2 are used to clear the faults on Line-2. Reader
should refer to [17] for the details of the 500 kV system and the
impact of wind park operating conditions (wind speed, reactive
power generation, WT outage) on SSCI mode damping.

The SSCI damping controller is designed using the average
wind speed assumption based aggregated model of WP for the
operating condition in which the SSCI problem is most severe
(i.e. the permissible slowest wind speed and 132 WT in
service). The effectiveness of the controller has been already
validated in [17] through EMT simulations for various
operating conditions using the aggregated model of the WP.

The focus of this paper are to discuss the SSCI damping
control implementation challenges in a realistic WP and to
propose practicable and effective implementation methods.
Hence, detailed EMT model of the WP is considered. As shown
in Fig. 8, the considered wind park is divided into four clusters
and connected to the 500 kV power system through two wind
park transformers (WF TR-1 and WF TR-2). Each cluster is
assumed to be same and contains 67 WT on five 34.5 kV
feeders. The WP cluster is inspired from an actual system and
one of the feeders is presented in Fig. 9.

VI. EMT SIMULATIONS

The EMT simulations are performed using EMTP [29] using
the generic models in [24] for the WTs. The DFIG converters
are represented with average value models (AVMs). The
simulation time step is 50 us.

A three-phase metallic fault is applied at wind park end of
Line-2 at t = 1.2 s and cleared with the operation of circuit
breakers CB1 and CB2 (as shown in Fig. 7). The operating
times of CB1 and CB2 are 80 and 60 ms, respectively. The

simulation scenarios are presented in Table 1. o(1),) represents
the Gaussian distribution with mean value and standard
deviation of n and f, respectively. It should be noted that, SSCI
problem is more severe at slow wind speeds. At 0.8 pu wind
speed and higher, the SSCI damping controller exhibits much
better performance, hence not presented here.

System-2
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vi % 230 230
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Fig. 7. The case study system
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Table I: Simulation Scenarios

Scenario SSCI Controller Wind Speed Outage

S1 No SSCI controller 6 (0.7pu,0.1pu) No outage

S2 Central SSCI controller 6 (0.7pu,0.1pu) No outage

o | Sl ooty o ouss

S4 Local SSCI controller 6 (0.7pu,0.1pu) No outage

S5 Central SSCI controller 6 (0.7pu,0.1pu) | 34 x4 WTs

S6 Local SSCI controller 6 (0.7pu,0.1pu) | 34 x4 WTs

S7 Central SSCI controller 0.6 pu No outage

S8 Local SSCI controller 0.6 pu No outage

S9 Local SSCI controller 0.6 pu 34x4 WTs

S10 Local SSCI controller 0.6 pu Cluster I and II

si1 Local SSCI controller 0.6 pu 52326\;%;‘?13;’2

S12 Local SSCI.controller with 0.6 pu Sudden outage of]
20 ms delay in feedback loop 34x4 WTs at 1.5s

The WT outages in simulation scenarios S5, S6, S9 and S10
(see Table I) are assumed to take place prior the fault
simulation. For example, there are 132 WTs in service inside
the WP in steady-state. On the other hand, in the simulation
scenarios S11 and S12, there are 268 WTs in service (i.e. no
WT outages) and outage of 136 WTs takes place suddenly at
the 1.5s of the simulation. These sudden WT outage scenarios
(i.e. S11 and S12) are essential to demonstrate the immunity of
the proposed local SSCI damping controller implementation to
the excessive (even unrealistic) communication delays.
Moreover, these simulations will also confirm the effectiveness
of the proposed gain scheduling scheme following a large
amount of sudden WT outage just after the fault (i.e. before the
SSCI oscillations damped completely).

The effectiveness of the proposed controllers is shown in Fig.
10. The system becomes unstable in S1 following to fault
removal. On the other hand, the system becomes stable with the
proposed local and central SSCI damping controllers. Although
all units are in service in scenarios S1 - S4 (i.e. the adaptive
approach implemented at the local SSCI controller has no
impact), the local SSCI controller exhibits better performance
in S4 compared to its central implementation counterpart in S2.
The reason is the different wind speed conditions and different
reactive power generations at each WT. It should be noted that,
the central SSCI damping controller uses the total active and
reactive currents produced by the WT converters. This results
an averaging effect. Moreover, all WTCs receive the same
signal from the central SSCI damping controller although their
operating conditions are different. On the other hand, each local
SSCI damping controller produces its output signal based on
the WT operating condition.

The delay sensitivity of central implementation is illustrated
in Fig. 11. The system does not remain stable when there is 2
ms delay in the feedback loop.

The unstable operation in simulation scenario S3 can be also
identified using frequency scan based analysis. In this method,
the impedance characteristics of the turbine for the
subsynchronous range is obtained through EMT type
simulations [30], [31], [32]. On the other hand, the grid side
impedance is obtained with traditional frequency scanning
technique. The SSCI prediction is made by adding the turbine
side and grid side impedances [30] (combined scan analysis).

Any reactance crossover in combined scan with negative total
resistance indicates potential SSCI. The details of the utilized
frequency scanning method can be found in [30].

In this study, the turbine side frequency scanning is
performed using the aggregated model for 132 WTs and 0.6 pu
wind speed. The 2 ms delay is applied in the feedback loop of
the aggregated model to obtain the impedance characteristics of
the turbine for the simulation scenario S3. The combined scan
analysis (the sum of turbine side and grid side impedances) are
presented in Fig. 12. Unlike scenario S2, the total resistance (R)
is negative in simulation scenario S3 at the reactance crossover
frequency.
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Fig. 10. Active and reactive powers in scenarios S1, S2 and S4.
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Fig. 11. Active and reactive powers in scenarios S2 and S3.
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The impact of implemented adaptive approach on SSCI
damping controller becomes apparent in Fig. 13 which presents
the 136 WT outage simulation scenarios for ¢ (0.7pu, 0.1pu)
wind speed. The SSCI damping controller in S6 modifies
controller parameters considering the number of units in
service, and achieves much better performance compared to its
central implementation counterpart in S5. It should be noted
that, the performance difference between central and local SSCI
damping controllers become less noticeable when the
parameters of the central control are also modified for the
number of WTs in service.

The effectiveness of both controllers can be seen in Fig. 14
for the permissible slowest wind speed (0.6 pu). In this scenario,
there is no WT outage and the wind speeds are same at all WTs.
Hence, the performance difference between the local and
central SSCI damping controllers only results from the different
reactive power generation at each WT. As seen from Fig. 14,
the performance difference is not significant compared to the
simulation scenarios in Fig. 10, and Fig. 13.

The results presented in Fig. 15 confirm the effectiveness of
the proposed local SSCI controller at the permissible slowest
wind speed for various extreme WT outage scenarios.
Modifying the SSCI controller parameters for the WT outages
provides the ultimate performance. Moreover, as shown in Fig.
16, the proposed implementation does not only eliminate the
high rate data transfer requirement between the WTs and the
secondary control layer of the WP, but also make the system
immune to the excessive (even unrealistic) communication
delays. As illustrated in Fig. 11, the central implementation
counterpart is very vulnerable to communication delays and its
usage may not be feasible in practice.

This paper considers fixed series capacitor compensation.
However, the effective compensation level may decrease
during operation due to outages in the system (i.e. increase in
the equivalent reactance). Moreover, one of the series
capacitors can be bypassed by the overvoltage protection during
fault and it may not be reinserted immediately after the fault
clearance if spark gaps are used for overvoltage protection. It
should be noted that the system is less vulnerable when the
series compensation level decreases. To demonstrate the
effectiveness of the proposed controller, the remote series
capacitor is bypassed following the fault in the simulation
scenario S9. The results are presented in Fig. 17 and confirm
the effectiveness of the proposed controller.

The effective compensation level may increase due to
investments in the system (such as new transmission lines and
power plants), i.e. due to decrease in the equivalent impedance
of System-1 in the simulation model. To demonstrate the

effectiveness of the proposed controller, the equivalent
impedance of System-1 is reduced to 75% in the simulation
scenario S9. The compensation level should be increased to
around 62% for the same reduction in the reactance seen from
the wind park terminals. The results are presented in Fig. 18 and
confirm the effectiveness of the proposed controller.

The LQR technique is proved to result in a robust controller
and it is able to provide desired damping following small
changes in the effective compensation level due to system
impedance variations. However, the SSCI damping controller
should be redesigned when the investments take place in the
vicinity of the WP and cause a dramatic change in the
transmission system (such as interconnecting the wind park to
the system with another series compensated transmission line).
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To confirm the accuracy of the aggregated model, simulation
scenarios S1 and S2 are simulated using the aggregated
representation of each cluster as shown in Fig. 19. Reader may
refer to [30] for calculation of the aggregated WT model
parameters, and to [33] for calculation of equivalent MV
collector grid parameters.

The simulations with aggregated models are indicated with
the “*” sign. It should be emphasized that, the aggregated
models for the simulation scenarios S2 and S4 are identical (i.e.
S2* and S4* are identical). As the waveforms are practically
indistinguishable from the ones presented in Fig. 10, the
differences are presented in Fig. 20 and Fig. 21.

As seen in Fig. 21, the results obtained with aggregated
model are very close to the central SSCI controller
implementation. The wind conditions and DFIG terminal
voltages are slightly different at each WT. Hence, local SSCI
damping controllers at the WTs produce slightly different
output signals as well. However, the central SSCI damping
controller uses the total active and reactive currents of the DFIG
converters and this has an averaging effect. Moreover, each
WTC receives the same signal produced by the central SSCI
damping controller. As the WT in aggregated model assumes
the average wind speed and same DFIG terminal voltage at each
WT, it provides closer results to the central SSCI controller

implementation scenario.
Equivalent 34.5 kV Aggregated Model
67x 1.5 MW

Collector Grid Model

1BH
1BH

Fig. 19. Aggregated cluster model.
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VII. CONCLUSION

This paper contributes to the literature by proposing an
effective implementation scheme for an LQR-based SSCI
damping controller considering the WP realistic structure as
well as the challenges due to communication requirements
inside the WP. In the proposed implementation scheme, a local
damping controller is integrated into the WTC for eliminating
high rate data transfer requirement between the WTs and
secondary control layer of the WP. The proper function is
achieved by scaling the DFIG converter currents considering
WT outages inside the WP. This information is available at
WPC and it changes only when there is a change in the number
of WTs in service (i.e. no continuous change). The performance
is improved further by using an adaptive approach that modifies
the damping controller considering number of units in service.

The desired FRT operation of the DFIG is achieved by limiting
the damping controller output signals dynamically to avoid
saturating the DFIG converters.

To demonstrate the effectiveness of the proposed
implementation scheme and compare its performance with the
central implementation counterpart, EMT simulations are
preformed using the complete WP model. The simulations
demonstrated that

- Both implementations provided the desired performance
(including the DFIG transient behavior). However,
damping performance of the proposed local controller is
slightly better compared to its central counterpart as it
accounts for the different wind speed conditions and
different reactive power generations at each WT.

- The proposed adaptive approach provides a significant
increase in the damping controller performance for the WT
outage scenarios.

- The proposed implementation does not only eliminate the
high rate data transfer requirement between the WTs and
secondary control layer of the WP, but also makes the
system immune to the excessive (even unrealistic)
communication delays. The central implementation
counterpart is very vulnerable to communication delays
and its usage may not be feasible in practice.

- The average wind speed assumption based aggregated
model provides acceptable accuracy.

The LQR technique is proved to result in a robust controller
and it is able to provide desired damping following small
changes in the effective compensation level due to system
impedance variations. However, the SSCI damping controller
may need to be re-designed when the investments take place
in the vicinity of the WP and cause a dramatic change in the
transmission system (such as interconnecting the wind park to
the system with another series compensated transmission
line).
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