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OPEN A proposed methodology

for mollification of subsynchronous
oscillation in DFIG-based wind farm

Mohamed Abdeen?, Mahmoud A. El-Dabah?* & Ahmed M. Agwa?

High levels of series compensation in transmission lines, particularly those integrated with wind
farms, exacerbate the risk of sub-synchronous oscillation (5S0O), a phenomenon detrimental to
system stability. Gate-controlled series capacitor (GCSC) is one of the used means to mitigate the SSO
and enhance power transfer capability. In the previous studies, the combined proportional-integral
controller with supplementary damping controller was an effective approach for controlling the

GCSC and mitigating the SSO. In this paper, the ability to cascade a proportional-resonant controller
with a Pl controller for damping the SSO is investigated. The proposed method’s performance is
evaluated through extensive time-domain simulations using the modified IEEE First benchmark
model. The simulations incorporate a diverse range of wind speeds, compensation levels, as well as
sub-synchronous control interactions. Furthermore, a comparative analysis with recent SSO damping
techniques is conducted to assess the strategy’s performance under varying operating conditions. The
comparative results overwhelmingly demonstrate the superiority and effectiveness of the proposed
strategy in alleviating SSO, especially at low wind speeds and high compensation levels.

Keywords Series compensated transmission lines, Sub-synchronous oscillation, Gate-controlled series
capacitor, Proportional resonant, Supplementary damping control

The rapid expansion of renewable energy generation, driven by dwindling fossil fuel reserves and surging energy
consumption, necessitates innovative solutions for grid integration. Among these renewables, wind energy stands
out as the most prevalent source. However, transmitting the power generated by geographically dispersed wind
farms to consumption centers often requires high-voltage transmission lines. Series capacitors are strategically
employed within these lines to augment power transfer capability’. While increasing the compensation level
(reducing series capacitor reactance) enhances power transfer, it inadvertently creates conditions conducive
to sub-synchronous oscillation (SSO)**. This phenomenon, if not adequately mitigated, can compromise grid
stability, posing a significant challenge to the seamless integration of wind energy into power systems**. Upon
examination, it is discerned that such SSO shares similarities with the induction-generator effect (IGE). The
activation of IGE occurs when the rotor’s negative resistance surpasses the total network resistance at a frequency
lower than the rated system frequency, specifically, at sub-synchronous frequency®. The manifestation of this
IGE may occur in a wind plant-based doubly fed induction generator (DFIG) integrated with a fixed series
capacitor transmission line, contingent upon the level of series compensation and wind speed’. It is noteworthy
that SSO extends beyond the confines of IGE, encompassing diverse facets such as torsional interaction (TI),
torque amplification (TA), sub-synchronous control interaction (SSCI), and sub-synchronous torsional inter-
action (SSTI)®. Among these, the DFIG stands out as the most prevalently employed, owing to its proficiency
in harnessing maximum power across variable wind speeds. In the context of a DFIG-based wind turbine, the
principal types of SSO are ascribed to SSCI and IGE. The impact of the rotor-side converter (RSC) and grid-side
converter (GSC) parameters on the system stability have been investigated in Ref®. It was proven that the RSC
parameters affect the system stability, where the higher the parameters of RSC, the lower the system stability.
That is to say that increasing the RSC parameters has an adverse impact on the system stability. On the other
hand, the parameters of the GSC don’t influence system stability®.
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Failure to implement timely measures to prevent SSR may lead to various consequences, including the loss
of generated power, equipment damage, and deterioration of power quality. According to existing literature, the
mitigation of SSO can be achieved by employing a flexible AC transmission system (FACTS)!%-12 or by imple-
menting a supplementary damping controller (SDC) in the converters controllers of the DFIG'*'. It is important
to acknowledge that the FACTS series has been successfully implemented in numerous stations worldwide to
facilitate power-flow control and mitigate power oscillation'”.

The thyristor-controlled series capacitor (TCSC), which is the first generation of series controllable com-
pensators, is made up of a fixed capacitor for each phase and a thyristor-controlled reactor (TCR) connected
in parallel. The power transfer capacity of the current transmission lines is increased by this device. Numerous
scholarly works have examined the use of the TCSC in removing SSO potential dangers. A fixed capacitor and
antiparallel reverse blocking semiconductor switches (such as gate turn-off (GTO) thyristor) linked in parallel
make up the gate-controlled series capacitor (GCSC), a FACTS device that represents the second generation of
series controllable compensators. Different amounts of series compensation may be produced by varying the
turn-on period of semiconductor switches. Improved power quality is another benefit of using the GCSC in addi-
tion to controlling the power flow of transmission lines. Installing the GCSC over the TCSC may offer certain
advantages in several scenarios when using a controlled series compensator is deemed desirable. Table.1 below
provides examples of reported literature that utilized FACTSs in the mitigation of SSO.

Existing literature suggests that the proportional-integral (PI) controller, despite its widespread adoption due
to its ease of implementation and user-friendliness, may exhibit limitations in ensuring stability during abnor-
mal grid conditions within DFIG-based wind plants. The IEEE benchmark model itself reflects this selection,
primarily valuing simplicity over robustness. Recent advancements have seen the proportional resonant (PR)
controller emerge as a potential alternative to the PI controller in grid-connected current control applications.
The PR controller’s versatility shines in a wide range of applications, from controlling voltage source inverters®>"!
and active power filters*** to managing electric railway traction systems*. Studies have demonstrated that the
PR controller offers superior performance under abnormal grid scenarios compared to the PI controller, poten-
tially addressing the stability concerns associated with the latter. This shift presents an opportunity for further
research and exploration into the potential benefits of integrating the PR controller within the control strategies
of DFIG-based wind plants, particularly in light of increasing demands for grid resilience and power quality.

The main contributions of this research can be succinctly summarized as follows:

(i) This study proposes the synergistic integration of a proportional-resonant (PR) controller with a well-
established proportional-integral (PI) controller to generate an optimal turn-off angle for superior damp-
ing of sub-synchronous oscillations (SSOs).

(ii) The efficacy of the proposed control strategy is rigorously assessed through time-domain simulations
across a spectrum of compensation levels, variable wind speeds, and instances of sub-synchronous
control interaction (SSCI).

(iii) A comprehensive comparative analysis is conducted to evaluate the proposed method’s effectiveness and
robustness in damping SSOs. This analysis compares the proposed method against established techniques
such as supplementary damping control (SDC) and a standalone PI controller.

Refs. Utilized controller/ Approach Remarks
The authors investigated the appropriate parameters of
16 PI controller TCSC
Investigation of the proper synchronization signal
17 Proportional resonance with harmonic compensators Coordinated design of PR + HC with TCSC
(PR+HC)
. Instability can result from the SSO caused by the IGE bein
* Static synchronous compensator (STATCOM) | PI controller visible w}}llen the transmission system resista);ce is reducedg
There is a crucial for using an auxiliary damping controller
19
PI controller with the GCSC
20 Static synchronous series compensator (SSSC) | Fuzzy logic control alei(liiltl;non in steady state error and increased damping
2 Static var compensator (SVC) Adaptive neuro-fuzzy inference systems (ANFIS) EfOﬁSNHSS ability to damp SSR and low-frequency oscil-
» Fractional sliding mode control The proposed contr(')lller quickly mitigates SSCIand
increases system resilience at the same time
» Voltage source converter-based HVDC PI controller fr/lltlgrgaacttli(())rrll of the torsional oscillation and equipment
24 Unified power flow controller (UPFC) PI controller Proposes UPFC? novel cop't rol strategy
Enhanced damping capability
= GCSC Takagi-Sugeno fuzzy control Cost-effective solution for SSO damping
% GCSC PI controller Using additional supplementary damping control signal
27 GCSC Turn off angle generation based on frequency and maxi- Fast response and simple implementation
mum voltage value estimation

Table 1. Sample of reported literature that utilized FACTS in SSO alleviation.
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This paper is organized into six sections. Section “GCSC description” delves into a detailed description of
the GCSC, providing a thorough understanding of its components and functionalities. Section “Proposed con-
trol approach” then shifts focus to the proposed methodology. Subsequently, Sect. “IEEE test system” presents
the power system model employed in the research. Section “Simulation outcomes and discussion” unveils the
simulation results and engages in insightful discussions to elucidate their significance. Finally, Sect. “Conclusion”
succinctly summarizes the key findings and outcomes of the conducted research.

GCSC description

Figure 1 shows the GCSC block diagram. It comprises a fixed capacitor (X¢) connected in parallel with a pair

of GTO thyristors. The capacitor current, line current, and GTO thyristor current are represented, respectively,

by the variables I¢, ILin., and IgTo. The line current’s zero crossings are used to calculate the turn-off angle ().
The effective reactance of the GCSC (Xgcsc) in respect to the turn-off angle is shown in Fig. 2. It is feasible

to compute this reactance in this way:
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Fig. 1. GCSC configuration.
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Fig. 2. GCSC reactance with respect to turn-off angle.
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Xc .
Xeesc(y) = ?(2)/ — 27 — sin(2y)) (1)

Figure 2 shows the relation between the turn-off angle and GCSC reactance. It is clear that as the turn-off angle
changes from 90° to 180, Xgcsc declines gradually from 1.0, the capacitor is fully integrated into the circuit, to
zero, the capacitor is entirely eliminated from the circuit. In other words, the higher the turn-off angle, the lower
the Xgcsc, and thus the lower the total compensation level (Fixed series capacitor plus Xgcsc). That is to say, by
changing the turn-off angle, the total compensation level changes, affecting the system’s stability. It is worth to
be mentioned that, the higher the compensation level, the lower the system stability*>.

Proposed control approach

Figure 3 illustrates the block diagram of the active power regulation of the GCSC. Within this diagram, T},
represents the time constant of a first-order low-pass filter that is linked to the measurement of the DFIG output
power. Both the measured and reference active powers are required. First, the Py,¢4, is the active power flowing
in the transmission line and can be calculated by measuring the voltage and current at the GCSC?. Second, the
wind speed at the WTG is needed to communicate with the GCSC to obtain the P, as previously introduced
in many research papers®>*. The Lookup table is used to obtain the Py at a given wind speed. The resulting
error is then fed into a proportional-integral (PI) regulator whose gains are K, and K; to generate the suitable
turn-off angle. In this study, Kp = 20, and K; = 10. This method cannot mitigate the SSO within a wide range
of compensation levels and wind speeds because the generated turn-off angle is less than the required value*-’.

To overcome this issue, an additional supplementary damping controller (SDC) is integrated into the CPC
approach, as shown in Fig. 4. The SDC is a proportional controller whose input signal and gain are I;;,, and Kgp,
respectively?>*’. The main goal of SDC is to increase the turn-off angle which in turn leads to cancel part of the
compensation level and thus maintain the system stability.

With the traditional method (PI+SDC)%, at low wind speed or high compensation level, the higher turn-off
angle is generated to reduce the total compensation level which in turn makes the system stable. In this study,
Kspc = 26, Kp = 20, and K; = 10. Even so, the PI controller encounters certain limitations in terms of sensitivity
towards parametric variables and dynamic conditions. For instance, when faced with significant disturbances,
the PI controller’s anti-windup capability becomes compromised!’.

The PI controller is widely employed due to its relative ease of implementation. This simplicity facilitates
control and filtering within the system. However, PI controllers exhibit limitations. Firstly, their performance
suffers from cross-coupling between the “d” and “q” components in rotating reference frame control methods.
This necessitates the introduction of decoupling terms and voltage feedforward to enhance performance®. Sec-
ondly, PI controllers struggle to eliminate low-order harmonics, which can be problematic in grid-connected
applications™.

Turn of f
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Fig. 4. Generation of turn-off angle using PI controller with the aid of SDC*.
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The PR controller emerges as a promising alternative to the PI controller. Combining a proportional term
with a resonant term, the PR controller offers several advantages. One key benefit is its ability to eliminate steady-
state error by providing additional gain at the specific resonant frequency of the controlled signal*’. Addition-
ally, the PR controller offers the capability to integrate a harmonic compensator (HC) without compromising
dynamic control, leading to high-quality current control*'. Furthermore, the complexity of current control is
reduced by employing a stationary reference frame compared to the synchronous reference frame “dq” method.
This is because Park’s transformation, a source of complexity, is no longer required. Importantly, currents in the
alpha-beta (a—p) coordinates of the stationary frame are not cross-coupled, eliminating the need for decoupling
circuitry®. Finally, the PR control can function as a notch filter to compensate for harmonics within the control
signal®®. Therefore, the PR controller was utilized in several applications such as controlling voltage source
inverters?, and active power filters*>. Moreover, cascaded predictive-integral-resonant controllers were used for
disturbance attenuation of permanent magnet synchronous motors*.

In the proposed method, the ability of the cascaded PR-PI controller to dampen the SSO is investigated. The
PR controller can be mathematically described as follows:

2kiw.s

Gpr($) =kp + ————
PR(S) = kp 2 2005 + @

2)
where kp, k; are the proportional and resonant factors, respectively and w, is the cut-off frequency of the quasi-
resonant controller. As illustrated in Fig. 5, the error signal generated by subtracting the measured active power
from the reference active power is fed into the PR controller. The output of the PR controller is then used as the
input for the PI controller.

The control performance of the resonant controller depends on these factors. The proper values for ky, k;,
and w, were chosen by trial and error in order to develop the PR controller. This control structure parameres

has to be carefully set to ensure its damping capability. Table 2 provides the parameter values for the controllers
as utilized in this research.

IEEE test system

To investigate sub-synchronous resonance (SSR) behavior in DFIG-based wind farms, the original IEEE bench-
mark platform was modified by replacing the synchronous machine with a DFIG wind plant. This research
utilizes a 100 MW wind farm composed of 67 individual 1.5 MW turbines. The DFIG’s output voltage of 575 V
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Fig. 5. Generation of turn-off angle using the proposed method (PR-PI controllers).

Parameters Value

PR controller

kp 20
ki 10
wy 900
we 0.8
PI controller

Kp 20
Ky 10

Table 2. Parameters for the proposed method (PR-PI controller).
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is connected to a 161 kV series capacitor transmission line via a step-up transformer, enabling integration with
the infinite bus as depicted in Fig. 6. The transmission line series impedance is denoted by Z, = Ry, + jX}, where
Xrc denotes the fixed series compensation capacitor. To perform SSR analysis on this modified system, a previ-
ously published mathematical model for DFIG-based wind farms was employed, with parameter values readily
available in the literature®?>*-4",

Simulation outcomes and discussion

This section leverages MATLAB/Simulink software to conduct a time-domain simulation, thereby validating the
proposed approach’s superiority and effectiveness in mitigating the SSO phenomenon compared to the conven-
tional methods. In a DFIG-based wind farm interfaced with a series-compensated network, there are only two
types of oscillation because of the low shaft stiffness coefficient of the DFIG-wind turbine, namely, induction
generator effect (IGE) that occurs due to the high compensation level or low wind speed, and sub-synchronous
control interaction (SSCI)*!*#%, IGE occurs because of the interaction between the series-compensated transmis-
sion line and rotor electrical dynamic of DFIG. Thus, IGE is purely an electrical phenomenon. Whereas SSCI
occurs due to the interaction between power electronic devices (DFIG controllers) and a series capacitor of the
transmission line*®.

Different series compensation level

Initially, the system is stable where the compensation level is low (10%), and the wind speed is held constant at
7 m/s. Then, at t=15 s, the compensation level is increased to 40%, 50%, and 60% as shown in Figs. 7, 8, and 9,
respectively. Without a controller, it is clear from Figs. 7, 8, and 9 that the higher the compensation level, the

higher the electrical natural frequency, f,, or lower sub-synchronous frequency f;s,. Thus, the lower the sub-
fvx _fm
fn

synchronous slip value, Sssp = , which in turn makes the equivalent rotor resistance,Rr/ Sssks exceeds the

total resistance of the armature and network?. Therefore, the oscillation appears and the system becomes more
unstable as the compensation level increases. It should be noted that f, is the difference between the fundamen-
tal frequency and the electrical natural frequency (fio = f — f). From Figs. 7, 8, and 9, f,,,= 32 Hz, 28.5 Hz, and
25.5 Hz for K=40%, 50%, and 60%, respectively.

The performance of the previous methods*?® and the proposed method for damping the oscillation is dis-
played in Figs. 7, 8, 9, and 10. With the PI controller®, the oscillation is completely damped after around 1.6 s at
a40% compensation level as shown in Fig. 7a, whereas the system lacks stability at higher compensation levels
where the oscillation ranges from —0.23 to— 0.3 p.u. for K=50%, and ranges from —0.21 to—0.32 p.u. for K=60%,
as shown in Figs. 8a and 9a, respectively. On the other hand, the same performance is achieved by Ref*® and
the proposed method at 40% compensation level, where they consume roughly 0.25 s to reach the steady state.
Whereas the proposed method achieves faster convergence at 50% and 60% compensation levels compared to
Ref?, where the proposed method consumes 0.25 s while?® takes around 0.45 s to reach the steady state as shown
in Figs. 8b and 9b. Also, it can be observed that the overshoots provided by the proposed method are almost
equally or slightly greater than that of Ref**.

Variable wind speed

Initially, the system operates at a low compensation level (10%). The wind speed is set to 9 m/s in Fig. 10, and
11 m/s in Fig. 11. Then, at t=15 s, a high compensation level is increased to 60% in all studied cases. Since the
compensation level equals 60% in the two studied cases, the f;, equals 25.5 Hz in the two cases as shown in
Figs. 10a and 11a. Given that the wind speed increases, the DFIG rotor speed increases, and thus the electrical
frequency, f, increases. Thus, the sub-synchronous slip value becomes higher, and thus the equivalent rotor
resistance is less than the total resistance of the armature and network™®. Therefore, the amplitude of oscillation is
lower, where it ranges from - 2 to 0.8 p.u. for 9 m/s wind speed and ranges from — 1.2 to 0.1 p.u. for 11 m/s wind
speed, as shown in Figs. 10a and 11a. The performance of the previous methods?** and the proposed method
for mitigating the SSO is illustrated in Figs. 10 and 11.

Proposed method

RSC
Wi
: J,

Fig. 6. The IEEE test system.
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Fig. 7. The DFIG output torque response at a wind speed of 7 m/s and a compensation level of 40%.

As shown in Figs. 10a and 11a, the PI controller”® can damp the oscillation after around 2.5 s and 0.6 s for
9 m/s and 11 m/s wind speed, respectively. This proves that the system becomes more stable as the wind speed
increases. On the other hand, it can be noted a better performance is achieved by the proposed method at lower
wind speeds, as shown in Figs. 9b and 10b, while the PI1+SDC? provides less overshot compared to the proposed
method at 11 m/s wind speed, as shown in Fig. 11b.

Figure 12 shows the impact of increasing the wind speed gradually from 9 to 11 m/s. It is clear that the system
is stable, and the previous and the proposed methods have the same performance.

Sub-synchronous control interaction

The SSCI is the most hazardous type of SSO, where the oscillation grows too quickly due to the interaction
between the series-compensated transmission line and the DFIG controllers. To simulate the SSCI, a relatively
low wind speed (7 m/s), a high compensation level (60%), and a three-phase-to-ground-fault (LLLG) are applied.
The LLLG fault is created when t=15 s at the high voltage side of the coupling transformer and lasts for 200
ms. As depicted in Fig. 13, the system suffers from a big disturbance when there is no controller. It is clear that
both?® and the proposed method roughly have the same performance, where they have the same oscillation
amplitude, as shown in Fig. 13b. Also, it is observed that the oscillation amplitude by Ref* is greater than®® and
the proposed method.
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Fig. 8. The DFIG output torque response at a wind speed of 7 m/s and a compensation level of 50%.

Conclusion

In this paper, the ability of the cascaded PR controller with a PI controller for mitigating the SSO is investigated in
a DFIG-based wind farm interfaced with a series-compensated network. This combined approach aims to achieve
an optimal turn-off angle, leading to better SSO damping and enhancing the system’s stability. To meticulously
evaluate the effectiveness of this control strategy, extensive time-domain simulations were conducted within a
wide range of the compensation levels and wind speeds as well as SSO caused by SSCI. The results demonstrated:
(1) that the proposed method can successfully damp the SSO at different operating points with different oscil-
lation frequencies. (2) The superiority and effectiveness of the proposed method compared to the PI controller
technique, where the least settling time is observed. (3) That faster convergence is achieved by the proposed
method at high compensation levels and low wind speeds compared to the PI+SDC technique. (4) The cascaded
PR-PI controller can be used instead of the PI+SDC controller for damping the SSO. Moreover, the adaptability of
the proposed method for different grid strengths, using recent optimization methods for selecting the optimum
parameters of the proposed method, and its test practically will be the subject of future works.
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Fig. 9. The DFIG output torque response at a wind speed of 7 m/s and a compensation level of 60%
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Fig. 10. The DFIG output torque response at a wind speed of 9 m/s and a compensation level of 60%
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Fig. 11. The DFIG output torque response at a wind speed of 11 m/s and a compensation level of 60%.
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Fig. 12. The DFIG output torque response when the wind speed increases gradually from 9 to 11 m/s and the

compensation level equals 60%.
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Fig. 13. The DFIG terminal voltage response during the SSCIL.
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