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Abstract—This paper presents a comprehensive review of the
supplementary damping controllers (SDCs) proposed for the
mitigation of sub-synchronous interaction (SSI) between doubly-
fed induction generator-based wind parks (DFIG-WPs) and series
capacitor compensated grids. First, the terms sub-synchronous
control interaction (SSCI) and induction generator effect (IGE)
are clarified by delineating their occurrence conditions and
instability mechanisms in series compensated DFIG-WPs. Then, a
generic design and testing framework of SDCs is proposed as a
basis including the selection and adjustment of key aspects, and
tests of mitigation performance, transient response and practical
implementation. SDCs in the existing literature are classified into
four main types considering the control structures. Their strengths
and limitations are thoroughly discussed. Finally, the future
directions are indicated to develop adaptive SDCs with high
efficacy and robustness considering data-driven techniques.

Index Terms—DFIG, series capacitor compensated grids, SSI,
Supplementary Damping Controllers.

NOMENCLATURE
Phasor and error: with an arrow and witha A sign
DFIG terminal voltage and current: V; and I
Stator voltage and current: V; and I
Stator and rotor flux linkages: w, and v,
Stator resistance and leakage inductance: R, and L
Rotor resistance, leakage and mutual inductance: R,, L., L,
Rotor voltage and current: V; and I,
Synchronous speed and rotor speed: @, , o,
Slip and Laplace operator: sy, and s
Line current and power: [;,. and A
Series capacitor voltage and DC voltage: V,,, and V

GSC outer loop DC and AC voltage reference: V. and V;’
GSC d- and g-axis inner loop current references /; and I,
GSC and GSC modulation voltages: ¥y and V, , V,y and V,,
RSC d- and g-axis inner loop current references: /,; and / :q

RSC inner current loop PI parameters: K, and K,

This work was supported by the Hong Kong Research Grant Council for the
Research Project under Grant 25223118.

T. Xue is with the Department of Electrical and Electronics Engineering,
The Hong Kong Polytechnic University, Kowloon, Hong Kong.

U. Karaagac is with the Department of Electrical and Electronics
Engineering, Middle East Technical University, Ankara, Turkey.

I. INTRODUCTION

UB-SYNCHRONOUS oscillation (SSO) is a threat to the

safe operation of wind-integrated power systems. Real-

world SSO events in doubly-fed induction generator-
based wind parks (DFIG-WPs) have been documented in
Minnesota [1] and Texas [2] — [4] in the U.S. and Northwest
China [5]. All events share two common features: (i) the DFIG-
WP interacts with a series capacitor compensated grid, resulting
in the occurrence of the SSO, and (ii) the oscillations have no
fixed frequencies and can build up and grow rapidly.
Considering the second feature, the phenomenon is named sub-
synchronous control interaction (SSCI) under the umbrella of
sub-synchronous interaction (SSI) to distinguish it from sub-
synchronous resonance (SSR) and sub-synchronous torsional
interaction (SSTI) [2], [6]. SSCI is defined as “an interaction
between a power electronic control system and a transmission
line in sub-synchronous frequency range” [7], which is purely
electrical resonance and not related to mechanical systems. In
this paper, SSCI refers to the interactions between DFIG control
and the series capacitor compensated grid. However, the SSO
of DFIG-WP is also considered an SSR mainly influenced by
the induction generator effect (IGE) [8]. To provide clarity, the
IEEE Task Force report TR-80 proposes the term “series-
capacitor SSO” to describe the interactions between WPs
(mainly DFIG-WP) and the series capacitor compensated grids
[9]. This report explains that IGE and SSCI are “two forms” of
series-capacitor SSO but does not clearly illustrate the
occurrence conditions of IGE and SSCI in series capacitor
compensated DFIG-WPs. Hence, this paper will use the general
term SSI and delineate the boundary of SSCI and IGE.

To mitigate the SSI, optimizing control parameters [10] —
[12], regulating reactive power [13], and implementing
supplementary damping controllers (SDCs) [6] are proposed as
possible solutions. However, the control parameters and
reactive power can only be adjusted within a certain range, thus
limiting the mitigation performance. Besides, tuning control
parameters will also affect the transient behavior of wind
turbines (WTs). Hence, converter controller parameters need to
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be designed collaboratively for damping enhancement and
transient performance. The coordinated controller parameter
design method overcomes the limitations of other methods (i.e.,
bandwidth-oriented design [14], symmetrical optimum method
[15] and typical second-order system tuning method [16]) by
incorporating the interactions between different controls. As an
effective solution, the inner current controller and phase-locked
loop (PLL) parameters are determined and validated
considering adverse effects of PLL on current controls in weak
grids [17], [18]. This paper focuses on SDC design and testing
for instability mitigation techniques.

The early-stage SDCs originated around 2010. They are
inspired from the idea of power system stabilizers (PSSs), and
have a similar cascaded structure of filters, gains, and phase
compensations [6]. This type of SDC is referred to as lead-lag-
compensator-based SDC (LLC-SDC) in this paper. Since 2015,
three new types of SDCs have been gradually developed, which
are based on: observer and state feedback control (OSF-SDC)
[19], virtual impedance/admittance (VIA-SDC) [20], and
nonlinear control theory (NC-SDC) [21]. Besides, auxiliary
devices [22], and modifying control structure are also proposed
as alternative methods. Different SDCs have their own
advantages and drawbacks, which will be analyzed in detail in
Section I'V.

While existing literature explores SSI in WPs [23] — [25],
certain limitations preclude a comprehensive analysis. A broad
overview of phenomena, analysis methods, instability risks
across different types of WPs, and potential mitigation
strategies is presented in [23], though mitigation strategies lack
extensive investigation. The primary focus of [24] is the review
of IGE mitigation in WPs with Type-I or Type-II WTs using
flexible alternating current transmission (FACTS) devices with
less emphasis on mitigation solutions for DFIG-WPs. Although
SSI mitigation in WP with DFIG-WTs (Type-III WTs) by
SDCs is discussed in [25], a detailed comparative analysis of
different SDCs is not provided. Hence, this paper aims to bridge
this gap and delves into technical details that are seldom studied
in SDC research papers. Besides, the existing review papers
lack a generalized design and testing procedure to inform future
SDC development, which is also a void filled by this work. In
summary, the contributions and contents of this paper are:

1) Clarify terms SSCI and IGE in series capacitor
compensated DFIG-WPs by delineating their occurrence
conditions and instability mechanisms (Section II).

2)  Propose a generalized SDC design and testing procedure
as a guideline and indicate/emphasize the seldom studied
topics regarding transient response and practical
implementation aspects (Section III).

3) Discuss the strengths and limitations of SDCs in the
existing literature (Section I'V).

4) Highlight future trends in which the SDCs might be
effective and adaptive to mitigate different types of
instabilities based on data-driven techniques (Section V).

II. IGE AND SSCI OCCURRENCE CONDITIONS IN DFIG
When the crowbar is activated, the RSC is blocked and the

GSC is seen as an open circuit as no power flows from the RSC
(see red dotted box in Fig. 1 (a)). Then the IG is directly
connected to the series compensated grid, and the SSO may
occur only due to the negative rotor resistance caused by the
IGE (see red dotted box in Fig. 1 (b)). Therefore, the DFIG
structure is similar to a Type-I or Type-II WT, and the
instability under this condition is called IGE. Derivation of the
simplified circuit diagram of Fig. 1 (b) can be found in [11], and
the definitions of parameters are listed in the nomenclature.

During normal operation, both RSC and GSC are in service.
The SSO may occur because of both the negative rotor
resistance caused by the IGE and the impedance influenced by
the RSC inner loop control (see red and blue dotted boxes in
Fig. 1 (b)). Due to the significant impact of controls on
instability, this phenomenon is called SSCI [6]. Unlike the RSC
inner current loop, the RSC outer loop and the GSC controls
have only marginal influence [27]. Hence, decreasing the RSC
control bandwidth in a certain range is recommended to achieve
the desired SSCI damping [28].
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Fig. 1 Circuit explanation of SSR and SSCI terms and conditions: (a) Schematic
diagram of DFIG; (b) Simplified circuit diagram of DFIG (excluding GSC and
RSC outer loop impacts).

III. A GENERIC SDC DESIGN AND TESTING SCHEME

The generic SDC design and testing scheme, shown in Fig.
2, is synthesized based on the existing work described in
Section I'V. The procedure also incorporates pivotal yet seldom
studied topics. It is outlined beforehand to constitute a
framework for evaluating the strengths and limitations of SDCs.
When instability occurs, essential data is acquired including
waveform records, oscillation frequency, sequence of events.
Then the design and testing of SDC starts.

A. Step 1. Selection and Adjustment of Key Elements

Three key elements of SDC include the optimal location, the
control structure, and the appropriate input/output controller
signal (ICS/OCS).
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Fig. 2 The flowchart of the generic SDC design and testing scheme. Blue words: topics rarely studied in papers. Red words: augmented functions in future SDC.

1) Optimal Location of SDC

While there is no consensus on the optimal location for the
SDC, different preferences exist. It is inserted in the g-axis RSC
inner current loop by intuition (under the condition where RSC
is stator flux oriented), as the RSC has a significant impact on
SSI [6]. However, putting it in the GSC is also an option [30],
[31]. The SDCs in either g-axis or d-axis controllers of GSC
[32], [33] are proved effective by residue method to improve
the damping of the system. The residue reflects the change in
eigenvalue by calculating the normalized product of
controllability and observability [34], which can be used to
assess the damping effect and control effort of SDC. The
performance of SDCs in RSC and GSC is compared in [35], and
the result shows that the SDC in RSC has better damping
performance, lower control effort, and better robustness against
varying operating conditions. On the other hand, the impact of
SDC implementation in GSC on SSI mitigation is limited to the
GSC power transfer capability (up to 30% rated power). Hence,
the RSC inner loop is recommended as the optimal location,
which is then widely acknowledged in most VIA-SDC designs
which will be shown later in Section IV. C.
2) Control Structure of SDC

The structure of SDC depends on the control theory. The
SDCs in existing works can be classified into four types: LLC-
SDC, OSF-SDC, VIA-SDC, and NC-SDC as mentioned in the
Introduction section. The SSI mitigation mechanisms of those
SDCs will be illustrated in Section I'V.
3) ICS and OCS Selection

The ICS selection is an important design step in developing
control systems. This was extensively examined in early
foundational studies, while more recent works typically adopt
prevailing conclusions from earlier literature or omit explicit
discussion. On the other hand, while intrinsically linked to the
transient response characteristics, explicit examination of the
OCS selection remains scarce in the literature. Its selection will

be discussed in detail in Section III. C. A classic method to
select both ICS and OCS is to calculate the controllability and
observability of the linear system. Control efforts are reduced
when the variables with large controllability and observability
are selected as OCS and ICS, respectively. In [36], the active
power is calculated to have the largest observability, so it is
selected as the ICS, and the rotor voltage has the largest
controllability, so it is selected as the OCS. The ICS and OCS
selections in [36] align with the early research work described
in [6] with the sole divergence being ICS (active power error is
used in [6] while the active power is used in [36]). The residue
method can also be used to pair ICS and OCS in designing the
LLC-SDC, as a higher magnitude of the residue results in less
control effort and a lower phase lead/lag of the residue results
in less phase compensation effort [37]. Another way to select
the ICS is to choose the state variables with higher Hankel
Singular Values (HSVs) [38]. The HSV reflects the energy of
each state in the system, and the states with the larger energy
represent most of the system’s characteristics in terms of
stability, frequency, and time response.

B. Step 2: Mitigation Performance tests

The mitigation performance tests include small-signal and
large-signal disturbance tests [36], and are usually conducted in
offline simulations. The small-signal disturbance test is usually
conducted on a linearized system state-space model together
with a robustness check. Eigenvalues reflecting the SSI mode
are observed under different wind speeds, series compensation
levels, system load types, and demands [36], [40]. The design
of SDC should ensure that the eigenvalues stay in the left-half
plane under all possible operating conditions. The large-signal
disturbance test is usually conducted with electromagnetic
transient level (EMT-level) time domain simulations. The
DFIG-WP will be left radially connected to series capacitor
compensated grids after a fault, and different fault types, fault
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distances, and fault durations can be used to check the SDC
performance [40]. The after-fault operating conditions can be
selected like the small-signal disturbance test scenarios, so that
the corresponding results in two tests can match each other.
Two disturbance tests are designed in this manner in [36].

C. Step 3: Transient Response Tests

The OCS selection has a significant impact on the transient
response, but it is not considered if the OCS design is only
based on controllability. If the modulation voltage is selected as
the OCS, then a large OCS value in transients may lead to
overvoltage that activates crowbar operation. Inner current loop
references (output of outer control loops) are preferable, as they
are usually implemented with dynamic limiters to achieve the
desired transient response and fulfil grid codes [39], [40].

During normal operation, priority is given to the active
current injection, and the reactive current will be limited, as
shown in Fig. 3. The active current reference I, is limited to

the active current limit ., (within the circle):
I:c <1aclim (1 pu) (1)
The reactive current reference I, is limited to the reactive

current limit /i, determine by the dynamic limiting scheme:

. 5 e \2
Irc < Irclim = [lim _(Iac) (]lim = 11 pu) (2)
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% Iy
g \
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Outer loop —
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RSC/GSC

Fig. 3 Dynamic limiter implementation for inner current loop references
(normal operation).

When the FRT function is activated under fault scenarios, the
priority is given to the reactive current injection, thus reversing
the current dynamic limiting scheme in (1) and (2). For stator
flux-oriented RSC control, the active current is at g-axis and the
reactive current is at d-axis. For stator voltage-oriented RSC
control, the corresponding relationship will be the opposite. The
remaining reserves of active and reactive currents can be given
to the output of SDC, and similar dynamic limiter can also be
augmented to the sum of outer loop control output and SDC
output (see Fig. 8 (b) later). In this manner, the SDC will not
influence the transient response of the DFIG to fulfil the grid
code requirements. Besides, the dynamic limiting approach in
[40] also shows superior damping performance than blocking
SDC during faults [41].

The dynamic limiting approach sets current limits, additional
controls are required to improve the DFIG transient behavior
and prevent oscillations during grid faults such as RSC
inductance-emulating control for mitigating postfault rotor
overcurrent [42] and feedforward current references control for
tracking ability enhancement [43]. The over-modulation issue
under asymmetrical faults is a cause of oscillations. A control
solution encompassing transient flux linkage observer, transient
voltage and current calculators is proposed as a solution that
also maintains positive- and negative-sequence reactive
currents per grid code requirements [44].

Transient response tests are advised as necessary tests in
SDC design, which can be conducted in offline simulations,
hardware-in-the-loop (HIL) simulations, and on experimental
testbeds. This ensures grid reliability when implementing SDCs
during transients.

D. Step 4: Practical Implementation Tests

Most SDCs are designed based on simplified DFIG-WP
model, so the mitigation performance may not be guaranteed in
practice. Nonlinearities (dynamic limiters of inner loop current
references, converter saturation, etc.), FRT functions and
reactive power controller at the wind park controller (WPC)
should be considered in a detailed DFIG-WP model [45].
Hence, the mitigation performance of SDC needs to be
validated by EMT-level simulations with the detailed model.

SDCs are typically designed and embedded in the WP level
(called central implementation in WPC as shown in Fig. 4 (a)).
Centralized implementation relies on the high-resolution data
transfer of the communication networks between the WPC and
individual DFIGs. The SDC in WPC receives measurements
a; (i.e., voltages) as ICS, and outputs damping signals S; (i.e.,
currents) to WTs as OCS. The SDC performance can be
significantly deteriorated due to the communication delays in
practice. A Smith Predictor scheme based SDC can be utilized
as countermeasure against communication delays to maintain
the normal function of SDCs [46]. An alternative distributed
implementation proposed in [47] is not vulnerable to the
mentioned communication network latency issues as the SDC
is integrated into the DFIG-WT control and receives only the
WT outage information updates from the WPC to improve the
mitigation performance [47], as shown in Fig. 4 (b). N is the
number of WTs in service. ICS and OCS are generated in local
SDCs.

Central SDC |....... ’? 3.

a3
B
a;: measurements (ICS)

B;: damping signals (OCS)
j=1,2,3..k
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Q
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Fig. 4 SDC practical implementation schemes: (a) centralized, (b) distributed.

The dependency on cyber systems also makes the DFIG-WP
prone to cyber threats [48], as shown in Fig. 5. The internal
cyber-attacks target the WPC, which may create long
communication latency or deliver wrong signal packages. The
external cyber-attacks target the external grid, which may cause
tripping of switch and leads to the WP radial connection to
series-capacitor compensated grid (SSI risk). A robust state
observer is designed to detect internal cyber-attacks and remove
wrong signals, and a robust static-output feedback SDC is
designed for SSI mitigation under external cyber-attacks [48].
Hence, immunity to communication delay and cyber-attacks is
proposed as the Augmented Function I in Fig. 2. Last but
important, the practical implementation tests are recommended
as the final step, which can be conducted in offline simulations
and on-site in real projects. This ensures the reliability of SDC
performance in real working conditions of WPs.
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Fig. 5 The internal and external cyber-attacks.

IV. EVALUATION OF THE SDCS IN EXISTING LITERATURE

The strengths and limitations of four main types of SDCs will
be evaluated based on the proposed framework in Section III.

A. Lead-Lag Compensator based SDC (LLC-SDC)

A typical control structure of an LLC-SDC is shown in Fig.
6, including gain, wash-out block, bandpass filter, and phase
compensation. The LLC-SDC is inspired by the idea of a PSS
and the bandpass filter is not a compulsory block but can
improve the performance of the LLC-SDC. The gain K
determines the damping provided by the LLC-SDC. The wash-
out block is a high-pass filter to filter out the steady-state
components [32]. The second-order bandpass filter (BPF)
extracts the sub-synchronous component by setting the center
frequency . as the sub-synchronous frequency w,, or its
complement of fundamental frequency (w, — w,,;, , it depends

on whether the ICS and OCS are in the dq domain or abc

domain, etc.). The damping coefficient ¢ is proportional to the

bandwidth, and a smaller bandwidth results in a better effect of
extracting center frequency but less tolerant to the deviation of
the oscillation frequency. The phase compensation block
consists of one or more (denoted as the index m) cascaded
blocks with similar transfer functions. The time constants T,

and T, can be adjusted by the classic residue method [36] or

the advanced optimization algorithms like the particle swarm
optimization (PSO) technique [49] to compensate for the phase
lead/lag of the ICS and OCS.

sTy 20wes (1+sT Y
ICS 1+sTy, s2+2fwcs+wcz \1 +sT2) 0Cs
Gain Wash-out  Bandpass Phase
a block filter =~ compensation

Fig. 6 A typical control structure of an LLC-SDC

The ICS, OCS, and control structure of some typical LLC-
SDCs in existing literature are listed in TABLE I. The ICS is

usually selected from @, R , Iy, and V,,, . However, @, or

Aw, is not a good selection as it has low observability. A high
gain K is needed to ensure the damping improvement, but it
may also lead to instability of other modes [50]. B and [y,
with high observability [37] can be measured at WP substation,
so they can be considered as local measurements in SDC
implementation [41]. The V,,, is also found to be an effective

ICS in [50], but it cannot be measured locally and should be
approximated by I, [31]. The OCS selection and SDC

location have been discussed in Section III, and SDC
implemented in RSC and OCS added to inner loop current
references are recommended. However, most studies take GSC
as SDC location, and OCS for modulation voltages. This is not
preferred for future SDC designs.

TABLEI
ICS, OCS, AND CONTROL STRUCTURE OF THE LLC-SDCs
Papers and ICS Structure 0OCS
years
No wash-
[6] 2010 Ao, out e BPF V. (RSC)
[30]2010 Aw, N/A V. (GSC)
[31]2012 Line OF Vg, N/A V. (GSC)
[37]2012 e OF B N/A I, (GSC)
[41]2014 e OF B All I, (GSC)
[33] 3815 o, B orv,, No BPF Vs Ao,
[50]2015 (GSC)
No wash- "
V. (R
[36] 2016 I3 out block a (RSC)
[49] 2016 o, All V.., V. (RSC)
[51]2017 R No BPF V)., V. (GSC)
[5212018 AV, No BPF I: (GSC)
No wash- *
[53]2018 Ao, ou block V., (RSC)
[54]2020 Vea No BPF V" (GSC)
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B. Observed State Feedback based SDC (OSF-SDC)

A typical control structure of an OSF-SDC is shown in Fig.
7. The OSF-SDC design includes system model reduction, state
observer gain design, and state feedback gain design. The
damping mechanism relies on the state feedback loop (indicated
by green words in Fig. 7), and the feedback gain matrix -Kgump
can be designed by optimal quadratic technique (this method is
also called linear quadratic regulator, LQR) [55]. The cost

function J :j(yTQy+uTRu) dt is minimized to calculate

-Kamp » Where the matrices Q and R can be selected to

represent a tradeoff between control energy spent by control
output (y ) and control actuators (U ) [35]. The state feedback

uses the estimated internal states ( x, ) of the reduced order
model rather than the real state variables ( X ). Those internal
states have no physical meaning and cannot be measured.
Hence, the internal states should be obtained through a low-
order approximation neglecting state variables that have
marginal effects on the SSI mode damping [19]. The reduced
order model can be obtained by balanced model truncation
using Schur method [56]. The state observer gain matrix K,

can also be designed by LQR method like designing -Kgump

[35], [38], [57], eigenvalue placement by linear matrix
inequality (LMI) method [40], [45], and Kalman filter [55].

State observer

r—
\
\
\
\
\
\
\

Fig. 7 The state-space representation, the state observer, and the state feedback
(control law) of the system.

The ICS and OCS selection of some typical OSF-SDCs in
existing literature are listed in TABLE II. Local measurements
like stator currents Iy, , rotor currents [, (equal RSC

currents), GSC currents [y, , or their combinations are selected
as the ICS. Ref. [35], [38] select RSC modulation voltage 7,

and Ref. [57] selects GSC outer loop AC voltage reference V;’

as the OCS, which might cause overvoltage issues as discussed
in section III. It is not recommended if not equipped with extra
voltage limiters. The inner loop current references are chosen
as OCS in [40], [47], so that the DFIG with SDC
implementation can achieve the desired transient response,
which is advised in practice.

6
TABLE IT
ICS AND OCS oOF THE OSF-SDCs

Papers and Time ICS OCS

[38]2015 Iy, Vg (RSC)

[57] 2015 Laq v (GSC)

[35]2015 Lag s Tug Vg (RSC)

4012017 . .

Lol 201s L L I (RSC), I, (GSC)

C. Virtual Impedance/Admittance based SDC (VIA-SDC)

A typical control structure of the VIA-SDC is shown in Fig.
8, which includes two main types: virtual impedance (VI-SDC)
and virtual admittance (VA-SDC). Both VI-SDC and VA-SDC
can be implemented in the RSC or GSC and can operate at dq-
or abc-frame (Implementation in RSC and operation at dg-
frame is presented as an example in Fig. 8). The ICS and OCS
selections are fixed, if ICS is current and OCS is voltage then it
is classified into VI-SDC, if opposite then it is VA-SDC. There
is also a third version called harmonic voltage/current
compensation (HVC/HCC) by selecting voltage/current both
for ICS and OCS, which is omitted here for simplicity.

Vedg.
| Outer loop H Limiter )—Q—{ Inner loop Park ! SPWM
Traber i ParkI AT

Zdam
P I
rdqsm

Trabe | [rdq
L V,dq* Viab iy
]i};?;irtr;c i ——‘ Inner loop H Park }——{ SPWM‘

Additional dynamic limiter
RLI“ \mmu reserve OT\COI'I\ erter currents
Vedq

[*+—" rabc

(b) Virtual admittance type SDC (VA-SDC)
Fig. 8 Typical structure of the VIA-SDC.

SSI mitigation by VI-SDC (VA-SDC) is through a series
(parallel) connection of impedance (admittance) at the output
terminal of RSC to absorb the oscillation energy [58], which is
shown in Fig. 9. The impedance Zg,y,, (admittance Yy, ) is

usually comprised of a filter and a PID controller. The filter can
be a bandpass, band stop, lowpass, and high pass filter (denoted
as BPF, BSF, LPF, and HPF, respectively) or their
combinations, with the function of extracting the oscillation
frequency component from the ICS. Then, according to the
definition of impedance and admittance, the P, I, and D
controllers represent virtual resistance, capacitance, and
inductance in VI-SDC, while they represent virtual
conductance, inductance, and capacitance in VA-SDC. Hence,
the VI-SDC mitigates the instability by a voltage drop in Zy,m,

containing the oscillation frequency component, and the VA-
SDC mitigates the instability by a current flow containing the
oscillation frequency component through ¥, -
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Turbine

Choke
GSc Filter

Virtual Impedance and DC bus capacitor and
Virtual Admittance at RSC chopper

Fig. 9 Circuit explanation of Virtual impedance and virtual admittance
implementation in DFIG.

The control structures of some typical VIA-SDC in existing
works are listed in TABLE III. It can be seen that most works
([59] - [64], [66] - [68]) select RSC to implement the VI type
SDC. Implementation in the d-axis rather than g-axis of the
RSC [61], using VI-SDC rather than HVC [62], and using
virtual capacitance (I controller) rather than virtual resistance
(P controller) of VI-SDC [64] are proved to have better
mitigation effects than their counterparts. The mitigation effects
of the VIA-SDC are often explained by impedance-based
stability analysis (IBSA) as improving the phase margin (seen
in the Bode diagram) [58] or increasing the system resistance
(seen in the R-X diagram) [62]. The parameters of the virtual
impedance/admittance (represented by PID controller) can also
be optimized using the genetic algorithm [63], [66].

However, the current design of VIA-SDC lacks testing
transient performance. Most existing works select VI-SDC
rather than VA-SDC as the main type, thus may lead to
overvoltage conditions with modulation voltage as OCS. The
VA-SDC can select inner loop current references as the OCS,
so the transient response can be ensured by implementing an
additional dynamic limiter as a secondary limiting module in
series with the existing limiter of the outer loop, as shown in
Fig. 8. The amount of VA-SDC output currents is determined
by the remaining reserve of converter currents, which can be
improved by implementing insulated gate bipolar transistors
(IGBTs) with higher overcurrent ability. As the VI-SDC and
VA-SDC are comparable in terms of mitigation performance
[58], the VA-SDC is preferred with the consideration of the
transient performance.

TABLE III
CONTROL STRUCTURES OF THE EXISTING VIA-SDCs

Paper and Time Type Control Structure and Location
[58]2015 VI, VA BPF (GSC)
D controller +LPF+ phase
(391 2015 Vi compensation (RSC)

[60] [61] 2015 VI BSF (RSC)
[62]2016 HVC BSF (RSC)
[63]2018 VI BPF+PI controller (RSC)
[64]2019 VI BPF+I controller (RSC)
[65] 2020 VI HPF+P controller (GSC)
[66] 2021 VI BSF+BPF+HPF+PD controller (RSC)
[67] 2021 VI HPF (RSC)

[68] 2021 VI HPF+PD controller (RSC)

D. Nonlinear Controller based SDC (NC-SDC)

The NC-SDC can be implemented on the RSC or GSC
control by two strategies: substituting the existing PI controller
or adding to the existing PI controller. The substitution type of

NC-SDC [72], [73], [75] — [77] should also be responsible for
the normal operation of converters, while the add-on type of
NC-SDC [21], [46], [48], [69] — [71], [74], only serves for SSI
mitigation. The ICS, OCS, controller type, and implementation
strategy in existing works are listed in TABLE V.

TABLE IV
ICS, , CONTROLLER TYPE AND IMPLEMENTATION OF THE NC-SDCs
CS, OCS, C C-SDC
Paper Controller Type and
and Time Implementation 1CS 0cs
(2112016 Pamgl .feedback . Output of . X
(6912017 linearizing (PFL) inner loop PI Viaa» Vg
Add-on, controller
(Add-on, GSC) 11
H oo controller * .
[70] 2018 (Add-on, RSC) Aliq Vg
PFL and Exact feedback Output of
[7112019 linearizing (EFL) inner loop PI Vg Vi
(Add-on, RSC & GSC) controller
Sliding mode controller
{Z} ggig (Substitution, RSC & Vi Via s Vi
GSC)
[74]12019 . controller I I rr
[46]12021 | (Add-on, RSC & GSC) s> Tde > dq
Active disturbance
[7512020 rejection controller Al :dq Vr:q
(Substitution, RSC)
Sliding mode controller * x
(7612020 | g bstitution, RSC) Tuq V
Energy-shaping * « «
(7712021 (Substitution, RSC) T+ L Vi
Static-output feedback « .
1,
[48] 2021 (Add-on, RSC & GSC) T Laa Taa s Lag

The rotor, stator, or converter currents from the local
measurements are the ICS and the modulation voltages are the
OCS in most of the existing literature. The reason for the OCS
selection is that the output of substitution type NC-SDC must
be the modulation voltages for the sinusoidal pulse width
modulation (SPWM). An extra voltage limiter is implemented
to prevent overvoltage issues of substitution type NC-SDC in
[76]. However, the add-on type of NC-SDC can be modified by
selecting inner loop current references as the OCS.

E. SDC in Auxiliary Devices

Auxiliary devices can also be utilized to mitigate SSI. This
idea originates from using FACTS devices to mitigate SSR in
WPs with Type-I or Type-Il WTs. FACTS devices already
existed in the WP medium voltage bus, so they only need a
software update incorporating SDC functions. FACTS devices
used for SSR mitigation include static var compensator (SVC)
[78], [79], static synchronous compensator (STATCOM) [80],
[81], thyristor/gate turn-off thyristor (GTO) controlled
switched  capacitors (TCSC/GCSC) controlling line
impedances [82], [83], and unified power flow controller
(UPFC) [84]. Other works related to FACTS mitigating SSR
can be found in the review paper [24].

There are synergies between SDCs and other grid
technologies. SDC can be either a software update to existing
grid devices, or a main function of auxiliary devices for SSI
mitigation. The auxiliary devices can be connected at the point
of interconnection (Pol) of the WP, but they need extra
investments. The mechanism is to use the auxiliary devices to
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absorb the oscillation energy, so the ratings of auxiliary device
capacity are the key considerations. The type of SDC and the
ratings of auxiliary devices in existing works are listed in
TABLE V. The above-introduced LLC-SDC, VIA-SDC, and
OSF-SDC are utilized in these auxiliary devices. The ratio of
the device over WP capacity ranges from 0.17% to above 100%,
as they are designed under different operating conditions. For
ratios less than 1% [84] — [87], the auxiliary devices aim at
mitigating SSI in low wind speed scenarios (less than 10% WP
output power). For MMC station [88] and SVC [92], their main
functions are not SSI mitigation, so their capacities can be very
large. For the VSC with BESS [89], [90], their capacities
depend on the investments.

TABLEV
SDC TYPES AND RATINGS OF AUXILIARY DEVICES IN EXISTING WORKS

Paper Time | SDC type | Rating and ratio of WP capacity
Cascaded H-bridge converter
[84]2015 VA-SDC SMVA/3000MVA (0.17%)
[86]2019 | VA-,HCC-SDC 12MVA/2400MW (0.5%)
[87]12020 | VA-, HCC-SDC 10MVA/2000MW (0.5%)
MMC station
[88]2021 | OSF-SDC | 500-2500MW (>100%)
VSC with BESS
[89]2021 PI controller 10MW/OMW (111%)
[90] 2022 VA-SDC 30MW/100MW (30%)
SVC with SDC implementation
[91]2012 LLC-SDC N/A
120MVA inductive & 100MVA

(9212014 LLC-SDC capacitive/1224 MW (10% & 8%)
[93]2017 VA-SDC N/A

F. Modifying Control Structure

Eliminating the RSC inner current loop is proposed to
minimize the impact of negative resistance on SSI [94].
However, it abandons the current limit functions of RSC and
may lead to converter overcurrent under fault conditions.
Virtual synchronous generator (VSG) control substituting the
RSC PI controllers in [95] may also be a solution by providing
positive resistance in sub-synchronous frequency range.
Resonant controller is also proposed to control the oscillation
component of the current utilizing the advantage of following
sinusoidal references [96]. A new term of “motion-induction
amplification” is proposed in [97] to explain that the root cause
of SSI originates from the speed voltage term of the rotor (see

ja)sﬁ in Fig. 1) and the elimination technique of this term is

improved in [98]. However, these works need further
verification as the established understanding of the SSI root-
cause is the negative impedance influenced by the RSC control
rather than the speed voltage term [6].

G. Performance Comparison of SDCs and Selection Guide

Performance of the four main SDCs is compared in TABLE
VI. The wind speed comprises of all the working conditions in
existing SDCs, and compensation level is concluded from the
optimal SDC ability in each type, and the properties are distinct
functions in each literature.

The LLC-SDC is a preliminary solution to SSI in the first
stage as it is easy to design and implement. The mitigation is

achieved through simple feedback control, so its effectiveness
is guaranteed only in one specific operating point in 6 — 13 m/s
wind speed with no more than 85% compensation levels [51].
Ref. [49], [50], and [52] — [54] discuss tuning the parameters of
the LLC-SDC to improve its robustness when small deviations
exist in wind speeds and compensation levels. An adaptive
control idea of gain scheduling is also proposed in [50] and [54]
to design a lookup table for the gain of the LLC-SDC. However,
those works only consider radial connection DFIG-WP to a
single series capacitor compensated line.

The OSF-SDC can be regarded as an improvement of the
LLC-SDC, as the mitigation of the OSF-SDC is similar to the
LLC-SDC by using feedback control. However, its
performance highly depends on the accuracy of the reduced-
order model. This can be solved by augmenting the order of that
model, but it increases the complexity of the control design,
opposing the initial objective. In general, it improves robustness
by using the internal states to represent the main dynamics of
the system, so it is effective in varying operating points in 3.25
—9.75 m/s with no more than 75% compensation level [35] (a
little narrower range than LLC-SDC). However, the OSF-SDC
can handle larger oscillation frequency deviations due to
multiple compensated line outages [47].

The VIA-SDC can work in varying operating points in 3.5 —
11 m/s with no more than 90% compensation level [64] and
enhance the FRT performance simultaneously [59]. However,
the dissipation of oscillation energy through the virtual
impedance/admittance in the DFIG model raises physical
concerns, as the ultimate sink for this energy in a real system
remains unspecified. Hence, VIA-SDC is theoretically effective
but needs practical experiments and validations (a practical
example is presented in [66]). Furthermore, the mitigation
efficacy of VIA-SDC highly depends on the frequency
extraction function of the filter. Hence, improving the
responsiveness of the filter across a wider frequency range
presents an area for future enhancements.

NC-SDC has competitive performance than other linear
SDCs, which is effective in 5 — 12 m/s wind speed with no more
than 90% compensation level [77]. Except for adaptability in
multiple compensated line outages [46], NC-SDCs boost the
disturbance rejection ability to changes in external
environment. Hence, the SDC robustness are significantly
improved by employing different nonlinear control theories.
The sliding mode controller remains effective when DFIG
electrical parameters decrease by 50% [72], or GSC filter
parameters vary by 20% [73]. The p controller is robust when
the line resistance, inductance and capacitance varies by 30%,
17% and 17% [74], and the Hamilton energy shaping controller
exhibits similar properties by addressing 25% — 50% increase
of line inductance [77]. The other NC-SDCs include EFL/PFL
control [21], [69], [71], Hoo controller [70], the active
disturbance rejection controller (ADRC) [75] and the static
output feedback controller [48]. However, the NC-SDC
increases the complexity of design and the computation burden
of the hardware controller in practice, so it is not widely used.
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TABLE VI
PERFORMANCE COMPARISON OF LLC-, OSF-, VIA- AND NC-SDCs
SDC-Type Effective Operating Region Wind Speed Com{g]l::l tion Properties
LLC-SDC One specific operating point 6-13m/s <85% [51] Radial compensated line
with small deviations

OSF-SDC Varying operating points 3.25-9.75 m/s <75% [35] Multiple compensated lines [47]
a. Radial compensated line

VIA-SDC Varying operating points 35-11m/s <90% [64] E Eﬁ\fe?gi?gﬁa;ciz;{? ssrl(l);/ement (9]
d. Reliance on frequency extraction filters
a. Multiple compensated lines [46]
b. Robustness further improves when:
. DFIG parameter [50% [72]

NC-SDC Varying operating points 5-12m/s <90% [77] e GSC filter parameter +20% [73]
. Line R X Xc varies 30%, 17%, 17% [74]
e  Line Xy 125% —50% [77]
c. Complex design and computation burden

The potential concern of SDCs in auxiliary devices is the
additional costs and cyber threats. Auxiliary devices need to be
carefully considered for SSI mitigation, as this involves extra
investments which is not preferred by the manufacturers. On the
other hand, using the existing devices in the system with SDC
software implementation needs efficient communication with
the WPC, which can be easily influenced by network latency
and cyber-attacks. Those devices need to shift from their
normal operation to SSI mitigation after receiving the SSI
emergency order from the WPC. Modification of control
structures provides insights to instability phenomenon but
requires further investigations.

V. FUTURE TRENDS OF SDC

The DFIG not only faces SSI risk (in sub-synchronous
range). Weak grid instability risk (in super-synchronous range)
of DFIG-WP is also predicted in [99], [100], and confirmed by
real-world incidents in Northwest China [101], [102]. Hence,
adaptiveness to different instabilities of inverter-based
resources (IBRs), and online instability detection and
classification are proposed as the Augmented Functions II and
IIT in Fig. 2. A promising future direction is to design data-
driven and machine learning-based techniques to mitigate the
instabilities in a WP, a highly uncertain and time-varying plant.
These data-driven controllers can (i) replace one of the wind
park conventional control structures, e.g., RSC inner loops due
to their significant impact on the SSI, or (ii) be used to design
the SDCs, which are integrated into the RSC and GSC control
loops. Such controllers have been previously used in various
power system applications, e.g., transient stability improvement
of WPs [103], permanent magnet motors [104], power
electronic converters [105], transient stability improvement
[106], low voltage ride through [106], and MPPT performance
[108].

Application of data-driven SDC in conventional SG-based
power system stability has been studied for decades.
Reinforcement learning (RL) [109] is commonly employed in
these control scenarios, as the learning process bears similarity
to the interaction between a controller and control plant [110].
The foundational study of RL in power system stability arised

around two decades ago [111], introducing an ideal online and
a practical offline mode to train and apply the RL-based agent
(RL-Agent) to damp the inter-area oscillations. RL-Agents are
trained to adjust the thyristor controlled switched capacitor
(TCSC) [112], the resistor damper [113], the power system
stabilizer (PSS) [114] and replace the wide-area damping
controller [115], [116]. However, the early-stage studies mainly
focus on a two area four machine system [29], as the damping
performance is limited by the RL-Agent output in discrete
action spaces. In recent years, the performance and efficiency
of RL have been improved with the development of deep
learning [117]. The deep RL-Agent (DRL-Agent) works in
continuous action spaces [118], and is capable of stabilizing
inter-area oscillations in the IEEE 10 machine 39 bus system
[119], 16 machine 68 bus system [120], and adjusting several
PSSs simultaneously [121]. DRL can also be coordinated with
deep supervised learning to enhance system stability under
different operating conditions [122].

However, the applications in mitigating SSI or weak grid
instability have just been initiated and require further
investigations. Current challenges include but not limited to:

1) DRL-Agent implementation in IBRs. Due to distinct control
and protection strategies of IBRs compared to conventional
SGs, the location, control structure, ICS and OCS of the
DRL-Agent need to be elaborately re-designed.

2) Training, validation and testing scheme design. Provided
that data of the wind park encompassing real-world
incidents is accessible from simulations or historical
measurements, a huge dataset is available. A general and
systematic scheme needs to be specified to guide the use of
the dataset in the three fundamental procedures of DRL.

3) Training time increase. Unlike the inter-area oscillations
simulated in electro-mechanic transient timescales,
conducting two computationally intensive  works
simultaneously (EMT simulation and DRL training) is a
heavy burden for a single CPU. Parallel computing of
several CPUs, high computing speed of GPU, real time
simulations can provide promising solutions.

4) Trust from the system operators. Although data-driven
SDCs might be more effective and adaptive than
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conventional SDCs, their solutions might be challenging to
interpret. Hence, physics-informed artificial intelligence
(AI) [123] incorporates the human-knowledge accumulated
in centuries with the advanced computational machine
learning algorithms, and it may provide reliable solutions
for system operators to trust.

VI. CONCLUSIONS

This paper has provided a comprehensive review of the
design, development, and future directions of SDCs for
mitigating SSI in DFIG-WPs. The paper first delineates the
mechanisms and occurrence criteria distinguishing IGE and
SSCI instabilities. The latter represents the more prevalent SSI
as events predominantly occur without crowbar activation.

Through detailed analysis of prior works, a generalized SDC
design framework is derived to assist readers in engineering
their SDC designs. The synthesized methodology presented in
this paper can serve as a basis to evaluate the strengths and
limitations of the existing designs. Recommendations of this
paper are provided as a reference:

1) The location of SDC is recommended in RSC rather than
GSC to ensure better damping performance, lower control
effort, higher power transfer capability, and improved
robustness against varying operating conditions.

2) Four main types of controllers demonstrate distinct
advantages and limitations: LLC-SDC is suitable for one
specific operating point while OSF-SDC can handle varying
operating conditions. VIA-SDC is theoretically effective
and can also improve FRT performance but needs practical
experiments and validations. Advanced NC-SDC is robust
but may increase the computational burden. Alternative
approaches like auxiliary devices depend on capacity and
require extra investments, while control structure
modifications show promise but need further investigation.

3) Signals with high observability are recommended as ICS,
while those with high controllability should serve as OCS.
For optimal wind turbine transient performance, inner loop
current references with dynamic limiters (controlled by the
outer loop) are more effective as OCS compared to
modulation voltages.

4) Future SDC tests require rigorous assessment of transient
performance and practical implementation considerations.
To achieve this, close collaboration between academia and
industry will be essential.

Proposed future avenues, including immunity to
communication delays and cyber-attacks, adaptive wide
frequence range operation, integrated detection, classification,
and compatibility with the transient response of converters are
discussed to guide further investigations. Data-driven methods
like physics-informed Al may prove promising to achieve
resilient SDCs. By addressing the identified challenges and
knowledge gaps, SDCs can fulfill stability needs in modern
power electronics-based grids.
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