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Abstract

This paper designs a robust and practicable subsynchronous interaction (SSI) damping controller using H∞ technique for
he safe operation of series capacitor compensated wind farms (WFs) with doubly-fed induction generator (DFIG) wind turbines
WTs). Mixed sensitivity control design together with pole placement are formulated into a set of linear matrix inequalities
LMIs) to obtain the controller parameters. The LMI technique allows to include both desirable frequency and time domain
pecifications. The proposed damping controller is integrated into the WT controller (WTC) and receives the DFIG converter
urrents as inputs. The implementation of the proposed controller does not require any communication links between the WTs
nd WF secondary control layer. The controller output signals are applied to the inner control loops of DFIG converters and
re dynamically limited for the desired fault-ride-through (FRT) performance. The effectiveness of the damping controller
s verified through detailed electromagnetic transient (EMT) simulations. In these simulations, the complete medium-voltage
MV) collector grid is modeled with all details, and it is assumed that the wind speed at the location of each turbine follows a
aussian distribution. The collected results confirm the accuracy of the modeling of the entire WF as an aggregated WT with

he average wind speed.
2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Doubly-fed induction generator (DFIG)-based wind farms (WFs) can adversely interact with the series compen-
ated AC grids at subsynchronous frequency range [1]. This phenomenon is called subsynchronous interaction (SSI)
nd confirmed with several real-life incidents [2]. Several studies have been conducted for SSI mitigation particularly
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using SSI damping controllers (SSDC) [3–14] due to their low investment costs. These controllers are often designed
to operate in the secondary control level of the WF (i.e. central implementation like WF controller (WFC)) as the
entire system inside the WF is represented with a single aggregated wind turbine (WT). On the other hand, the
central implementation of SSDC may result in several practical issues such as vulnerability to delays in the feedback
control loops [12,13]. Especially, malfunction of sensors, or cyber-attacks on the communication structure between
the WTs and central SSDC can result in latency in the feedback loops and compromise the system stability [14].
On the other hand, integrating SSDC into the WT controller (WTC) may not provide the desired damping in all
operating conditions (such as WT outage scenarios) unless a robust or adaptive control approach is adopted.

The robust control techniques such as H∞ mixed-sensitivity and µ-technique have been used in various power
system applications [15–19]. The main advantages of such robust techniques over the other existing design methods
have been detailed in [20]. The H∞ and µ-based techniques are well-known frequency domain-based robust control
methods that can improve the damping of the closed-loop system despite uncertainties in system parameters. The
linear matrix inequality (LMI) framework allows mixing the objectives in time and frequency domains [15,21].
Confining the closed-loop system poles into a pre-desired region of the s-plane and H∞ design of the controller can
be merged into a set of LMIs, and solved simultaneously. The use of a numerical approach for solving the control
problem through the LMI formulation is advantageous as the resulting controller does not suffer from pole-zero
cancellation issues as discussed in [21].

This paper proposes using a robust mixed-sensitivity H∞ control with regional pole placement for SSDC design
to provide robustness and the desired performance characteristics, e.g., reference tracking and disturbance rejection.
In addition, using the pole placement technique confines the closed-loop poles within the desired region where the
SSI modes are perfectly damped. The proposed SSDC is integrated into the WTC and it only receives the DFIG
converter currents as its inputs. Hence, its implementation does not require any communication links between the
WTs and WF secondary control layer. The SSDC output signals are added to the inner current control loops of the
DFIG converters and they are dynamically limited to achieve the desired DFIG transient response against voltage
sags and swells.

SSDC is designed using the simple linearized version of the system. However, its effectiveness is verified through
detailed electromagnetic transient (EMT) simulations. In simulation model, WF includes the complete medium
voltage (MV) collector grid model with all details. Different wind speeds are applied to each WT considering a
reasonable Gaussian distribution. Representative simulations are also performed with the aggregated model to test
its precision.

The paper is organized as follows. Section 2 presents the system under study. The mixed-sensitivity technique
and SSDC design are presented in Sections 3 and 4, respectively. Section 5 presents the EMT simulation results.
Section 6 concludes the paper.

2. System under study

The 500 kV test system [12] is shown in Fig. 1(a). The WF consists of 268 DFIG WTs each with the rating of
1.5 MW. Line-1 and Line-2 connects the WF to two strong systems System-1 and System-2, respectively. Line-1
is 50% series capacitor compensated line. Disconnection of Line-2 leaves the WF radially connected to the series
capacitor compensated line.

Fig. 1. The system under study.
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As shown in Fig. 1(b), the WF is divided into four clusters and connected to the transmission grid through two
F transformers. All clusters are assumed to be identical, and each contains 67 WTs on five 34.5 kV feeders. The
F cluster is inspired from an actual system. Reader should refer to [12] for details.
As seen in Fig. 2(a), the WF reactive power generation has marginal impact on SSI mode damping. On the other

and, the equivalent rotor resistance of DFIG decreases at subsynchronous frequency with the decrease in wind
peed. Hence, the decrease in wind speed also causes significant decrease in the SSI mode damping. From Fig. 2, it
an be concluded that the most severe SSI problem can be expected at the slowest permissible wind speed (V = 0.6
u) when there are around 150 WTs in service.

Fig. 2. Impact of WF reactive power and WT outages on damping at different wind speeds.

Details of the linearized model can be found in [10]. The simplifications in the linearized model enables
traightforward analysis and low-order controller design. However, the obtained results remain conservative due
o disregarding the phase locking loop (PLL) dynamics and especially the low-pass measuring filters [22].

. Mixed-sensitivity control design

The state-space representation of the WF-integrated power system can be expressed as:

ẋ = Ax + Bu

y = Cx + Du
(1)

In this equation, x, u, and y are, respectively, the system state, input and output vectors. Moreover, the linearized
ehavior of the system is presented by matrices A, B, C, and D.

Fig. 3(a) depicts the schematic used for controller design based on standard mixed-sensitivity technique. In this
chematic, the open loop system is modeled by its transfer function G(s). This transfer function is obtained from the
tate-space linear representation of the under-study system, i.e., A, B, C, and D, as expressed in Eq. (1). K(s) depicts
he transfer function of the envisioned controller. Moreover, the transfer function between disturbance (d) and output
y) can be written as S = (I − GK)−1. Therefore, minimization of ∥S∥∞ will result in a controller design, which

can effectively reject the disturbances. Additionally, the transfer function between the disturbance and controller
input, i.e., ∥KS∥∞, should be minimized. However, it is not possible to design a controller that can minimize both
S and KS in a frequency range. Thus, for each transfer function, a frequency range is defined, and the value of
the functions are minimized in their respective range. To do so, two weighting filters W1 and W2 are defined to
minimize each transfer function over a pre-specified frequency range. In this scheme, W1 is a low-pass filter that
aims to reject the disturbances in a low frequency range, whereas W2 is a high-pass filter, which is designed to
decrease the controller’s effort in high-frequency ranges.

Based on these discussions, the design problem will be a (S/KS) mixed-sensitivity, which can be expressed as:

min
K∈Ω

 W1(s)S(s)

W2(s)K(s)S(s)


∞

< γ (2)

In this equation, Ω represents the set of all the transfer functions that are able to stabilize the plant, and γ is a
number that represents the robustness level of the system. It should be noted that a small value of γ results in a more
robust controller, whereas large value of γ results in a system with low stability margins. To solve this equation,
649
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Fig. 3. The controller design scheme and pole placement desired region.

the term inside the infinity norm, i.e., the transfer function between d and z, should be expressed by closed-loop
matrices as:

Tzd(s) =

[
W1(s)S(s)

W2(s)K(s)S(s)

]
= Ccl(sI − Acl)−1Bcl + Dcl (3)

The matrices of the state-space representation of the closed-loop system can be found in [16].
For robustness, ∥Tzd∥∞ < γ . Then, for partitioned matrices, such as the ones discussed above, the bounded real

emma and Schur’s formula [23] state that a closed-loop system will be asymptotically stable if the LMI of (4)
olds:⎡⎢⎢⎣

AT
clX + XAcl Bcl XCT

cl

BT
cl −γ I DT

cl

CclX Dcl −γ I

⎤⎥⎥⎦ < 0 (4)

here

X = XT > 0 (5)

For the proposed controller, it is a requirement to stabilize the system and damp the oscillations within a specified
ettling time. This is achievable if all the eigenvalues of the closed-loop system lie in an appropriate area of the
-plane. Assuming the pole placement region to be shifted half plane, the following LMI holds [24]:

AT PLMI + APLMI − CT W − WT C + 2αPLMI < 0 (6)

here PLMI is a positive definite matrix, and α is the maximum acceptable value for the real part of closed-loop
ystem eigenvalues (see Fig. 3(b)).

Based on these equations, the controller can be designed using the LMIs if the solvers are able to find two
ositive semi-definite matrices PLMI = X and K that satisfy (4) and (5) simultaneously. It should be noted that

can be retrieved from the closed-loop matrices, which are expressed in (3), by solving LMIs (4) and (5). The
eighting filters can also be used to achieve a multi-objective design. A set of guidelines for proper design of these
eighting filters can be found in [24]. To solve the LMIs, the Robust Toolbox of MATLAB software has been used.
ince the order of the controller, which is designed using this technique, is typically high, a model order reduction

echnique is required. It should be noted that due to sensitivity to noise and implementation difficulties, in most
ractical cases, it is not feasible or preferable to use high-order controllers. Thus, in this work, a model reduction
echnique based on the Hankel singular value (HSV) is utilized. The HSV of a state-space system defines the energy
n each of its states [25]. The system model reduction based on keeping the highest energy states preserves most
f its characteristics. The HSV defines as:

σ i
h =

√
λi (MN) (7)

In this equation, matrices N and M represent the controllability and observability grammians satisfying these
equations:

AM + MAT
+ BBT

= 0 (8)
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AT N + NA + CT C = 0 (9)

The Hankel norm of a system is defined to be its largest HSV. Based on the Hankel norm of a system, this
technique finds a reduced order model of a system in a way that ∥Gnom − Gred∥∞, i.e., the infinity norm of error,
becomes minimized.

4. SSI damping controller (SSDC) design

SSDC design is performed based on H∞ mixed-sensitivity method combined with the pole placement technique.
To avoid communication requirement between the WTs and WF secondary control layer, only the rotor side
converter (RSC) and grid side converter (GSC) output currents are selected as the damping controller input
signals.

y = [iqr idr iqg idg]T (10)

where idr and iqr are the dq reference frame RSC currents, and idg and iqg are the dq reference frame GSC currents.
The outputs of SSDC are added to the inner loop current references of both RSC and GSC. These assumptions

address a simplified system with 34 states, 4 inputs and 4 outputs. Similar to [10–14], the desired FRT operation
is achieved by limiting the outputs of SSDC dynamically.

The pole placement technique moves all the system modes to a specified region. However, shifting certain modes
(especially the mechanical modes) far to the left side of the s-plane needs high control signals. This may cause
converter saturation, hence, reduced performance in SSDC. Therefore, the order of the system is decreased by
Hankel reduction order techniques using Robust Control Toolbox [26] of the MATLAB software to consider mainly
the SSI modes.

From the open-loop system HSVs, shown Fig. 4, the SSI modes are unstable. It can be also seen that the SSI
modes have the most energy among the other system modes. Thus, reduction of system order even up to 2-state
will preserve the SSI modes.

Fig. 4. Reduced order system HSVs.

The selection of the weighting factors (W1 and W2) is a common practice in the H∞ multi-objective
echnique [24]. The weighting function W1 is a low-pass filter with a cut-off frequency of 5 Hz, and W2 is a
igh-pass filter with a cut-off frequency of 160 Hz. These frequencies are obtained to reject disturbances and noise
n the behavior of the system. For instance, the objective of W2 is to reject noise and minimize control efforts in

high-frequencies, which are resulted from the switching harmonics of the converters. These cut-off frequencies are
obtained based on the time domain simulations and specifications of the under-study system.

Besides H∞ design approach, pole placement constrain is also included in the LMI conditions of the design
procedure to confine the eigenvalue of the closed-loop system in the pre-defined region. The LMI region has
been chosen to determine the trade-off between the maximum damping, acceptable transient behavior and avoiding
converter saturation. The controller is designed for the circumstances in which the SSI problem is the most severe
(i.e. the slowest permissible wind speed). α is selected as −4. It should be mentioned that the LMIs may have

o solutions. In such a case, the controller with the defined specification does not exist. On this basis, the design
arameters are selected so that (i) the LMIs have solutions and (ii) the system damping performance becomes
cceptable.
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5. EMT simulations

The simulations have been performed using EMTP [27] with 50 µs time step and using the generic WT models
n [28]. The DFIG converters are represented with average value models (AVMs).

The simulation scenarios are presented in Table 1. σ (η, β) represents the Gaussian distribution in which the
ean value and standard deviation are equal to η and β, respectively. In all the scenarios, a three-phase bolted fault

s applied at the WF end of Line-2 and removed by the Line-2 circuit breakers. (CB1 and CB2 in Fig. 1(a)). The
ault clearing times of CB1 and CB2 are 80 and 60 ms, respectively.

Table 1. Simulation scenarios.

Scenario SSDC Wind speed Outage Scenario SSDC Wind speed Outage

S1 Without SSDC σ (0.7 pu, 0.1 pu) No outage S5 Without SSDC 0.6 pu No outage
S2 With SSDC σ (0.7 pu, 0.1 pu) No outage S6 With SSDC 0.6 pu No outage
S3 With SSDC σ (0.7 pu, 0.1 pu) 34 × 4 WTs S7 Without SSDC 0.6 pu 34 × 4 WTs
S4 With SSDC σ (0.7 pu, 0.1 pu) Cluster I and II S8 With SSDC 0.6 pu 34 × 4 WTs

The scenarios S1 to S4 are also simulated using the aggregated representation of each cluster to validate the
ggregated model precision. Reader may refer to [28] for calculation of the aggregated WT model parameters, and
o [29] for calculation of equivalent MV collector grid parameters.

The active and reactive power outputs of WF Cluster-1 (see Fig. 1(b)) are presented Figs. 5–10. The EMT
imulation results presented in Figs. 5, 9 and 10 indicate an SSI problem following the fault removal, and they are
orrelated with the eigenvalue analysis presented in Fig. 2(b). The severity of the SSI problem increases with the
ecrease in wind speed and for certain WT outage scenarios. As seen in Figs. 5–10, the proposed SSDC provides
esired SSI damping while maintaining the desired DFIG transient performance. Moreover, Figs. 6–10 confirm
he precision of the aggregated model based on average wind speed assumption. Although not presented here, the
ccuracy of the aggregated model is similar in simulation scenarios S5–S8.

Fig. 5. WF Cluster-1 active and reactive powers (Scenario S1).

Fig. 6. WF Cluster-1 active and reactive powers (Scenario S2).

6. Conclusions

This paper used mixed-sensitivity H∞ control and pole placement technique to design a robust and practicable
SSDC for SSI mitigation in a series compensated DFIG-based WF. The proposed controller was integrated into
652
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Fig. 7. WF Cluster-1 active and reactive powers (Scenario S3).

Fig. 8. WF Cluster-1 active and reactive powers (Scenario S4).

Fig. 9. WF Cluster-1 active and reactive powers (Scenarios S5 and S6).

Fig. 10. WF Cluster-1 active and reactive powers (Scenarios S7 and S8).

the DFIG control system, and it receives only the RSC and GSC currents as inputs. Its implementation does not
require any communication links between WTs and the WF secondary control layer. The SSDC output signals were
supplemented to the RSC and GSC inner control loops. The desired FRT operation of the DFIG was achieved by
limiting the SSDC output signal dynamically to avoid saturating the DFIG converters.

The simple linearized system model was used for the SSDC design. The linearization was performed for the
slowest permissible wind speed to account for worst condition. However, the effectiveness of the SSDC was
demonstrated through EMT simulations for various wind speed and WT outage scenarios. The simulation model of
the WF was complete. All details regarding MV collector grid was represented and different wind speeds at each
WT was considered. Unlike the most of the previous research in literature, the WF realistic structure and potential
implementation challenges are accounted in mitigation design.
653
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EMT simulations verified the effectiveness of the proposed SSDC. The desired SSI damping was achieved
ithout affecting the DFIG transient responses against faults. EMT simulations also confirmed the accuracy of

he aggregated model that uses the average wind speed.
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