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ABSTRACT: A wind turbine generator based long transmission network with series capacitance may suffer
sub-synchronous oscillations at low wind speed and high compensation. This paper presents an
enhancement of sub-synchronous resonance (SSR) stability caused due to extensive series compensation of
transmission line using linear quadratic regulation (LQR) based approach for a static synchronous series
capacitor (SSSC) in Doubly Fed Induction Generator (DFIG). An extensive use of series compensation even
at light wind can cause the prone conditions for invoking SSR in windfarms. Among all the signals of the
network, the electromagnetic torque produced by DFIG reflects SSR instability predominantly. Hence the
torque signal of DFIG is modulated and voltage injected by SSSC is regulated to dampen the SSR
oscillations in the torque signal using the LQR approach. For modulating the torque signal, the actuating
efforts are varied by SSSC. The impact of LQR based damping approach for improvement in SSR mode at
high compensation levels and low wind speed is examined using eigen value analysis and time domain
simulations. The proposed method can effectively improve SSR stability even at low wind speeds and high
compensation levels.

Keywords: Damping Controller, Linear quadratic regulation, sub-synchronous resonance, wind farms.
Abbreviations: SSR, Sub Synchronous Resonance; SSSC, Static Synchronous Series Compensator; FSC, Fixed
Series Capacitor; DFIG, Doubly Fed Induction Generator; RSC, Rotor Side Converter; GSC, Grid Side Converter,
IGE Induction Generation Effect; LQR Linear Quadratic Regulator

. INTRODUCTION

The share of green energy in the global power sector is
increasing rapidly. Wind energy is one of the most
widely utilized green energy resources. Modern wind

7]. This approach is inexpensive, and it makes a voltage
level through the transmission line constant and
therefore improves the system’s performance [8].
However, the adverse phenomenon called sub-

turbines are categorized into three categories based on
their location and how they connect to the grid: Land-
based (onshore) wind farms, offshore windfarms, and
distributed wind farms. The nameplate capacity of land-
based windfarms averages 250MW, whereas distributed
wind farms have a capacity of up to50 kW [1]. The
offshore wind farms are bulk in size, more vigorous, and
produce more power than land-based wind farms. lts
capacity range begins at 200 kW and continues to grow
significantly [2]. According to the list of biggest off shore
wind farms presently under construction, the lowest
capacity is 400MW, and the maximum is 8200 MW [1, 3,
4]. One of the most prevalent barriers to wind energy
integration into the grid is the need for a new
transmission line to connect wind farms with high-load
locations. Moreover, as the transmission length
increases, the losses related to power transmission and
inductive reactance of the transmission line increase [5].
As a result, it becomes difficult to transfer immense
power to a large load. In such cases, fixed series
capacitors placed in the transmission line directly
oppose the inductive reactance of the transmission line,
thus reducing the transmission line’s length virtually [6,
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synchronous resonance (SSR) can arise due to the
large-scale integration of induction generator-based
wind farms with series compensated transmission lines.
According to the survey of different types of wind power
generators connected with series compensated
transmission lines, the severity of SSR is high in doubly-
fed induction generators (DFIG) [9-12]. Thus, the DFIG-
based power network needs a suitable controller to
operate the system stably and securely.

Various approaches are proposed in the literature to
show the effectiveness of damping SSR oscillations
[13-15]. The mitigation through grid side converter
(GSC) and rotor side converter (RSC) is an economical
solution because they have in-built converter control
capabiliies. GSC has less potentiality over SSR
damping because the GSC power rating is only 25% to
30% of DFIG’s rating [16—18]. While the RSC converter
has a higher rating than the GSC converter and directly
controls the active and reactive power produced by the
DFIG [19]. As a result, oscillations caused primarily by
sub-synchronous control interactions (SSCI) are
effectively dampened [20, 21]. But SSR produced due to
other effects is less mitigated because increasing the
RSC control gain reduces aggregated transmission line
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impedance resistance, which may cause the induction
generation effect type SSR [22, 23]. The effectiveness
of static varcompensator (SVC) for SSR mitigation in a
series-compensated wind farm is explored in literature
[24, 25]. This approach is often applied due to the
benefits of reactive power support and its ease of
implementation. In a DFIG-based wind farm, the
impedance control technique at a fixed firing angle using
thyristor-controlled series capacitor (TCSC) provides
damping to SSCI owing to RSC [26]. The gate-
controlled series capacitor (GCSC) may also be used to
reduce SSR in DFIG-based wind farms; it utilizes power
scheduling controller (PSC) to regulate reactance in
order to maintain the transmission line’s power flow [27,
28]. Utilizing TCSC or GCSC can minimize sub-
synchronous oscillations in DFIG-based wind farms and
dampen unstable SSR mode, but it may also affect
super synchronous mode stability [29]. The above
literature remarks that an additional damping scheme is
needed with FACTS device to enhance the mitigation to
SSR mode without affecting other modes. Conversely,
the use of a linear quadratic regulator-based SSR
mitigation scheme with a FACTS device to mitigate SSR
in DFIG-based wind farms is obscure. Thus, this paper
shows the application of the Linear quadratic regulation
(LQR) approach with SSSC to demonstrate SSR
characteristics.

SSSC is an advanced type of controlled series
compensating device. SSSC injects reactive voltage in
the transmission line in quadrature with line current in
order to regulate power flow. For enhancing SSR
stability an LQR-based damping approach can be
applied with SSSC, which can dampen the oscillation
produced due to SSR by controlling the voltage injected
by SSSC. LQR is a state-feedback controller that
applies a state-space system form for optimally
designing and controlling the system [30]. The values of
the state-feedback gain matrix can be achieved using
the pole placement method. In this report, the SSR
characteristics of the study system with SSSC and the
proposed damping controller scheme are shown by
performing eigenvalue analysis and transient simulation.
The major objective of this paper is to demonstrate the
effect of SSSC with LQR for SSR alleviation at low wind
speed and high compensation levels. The results show
that the LQR improves the stability of SSR significantly.
The organization of this paper is as follows. Section 2
presents introduction of the study system and
mathematical model of SSSC. Section 3 Analysis of
SSR in DFIG-based wind farms at different passive
compensation levels and shows a comparison of
important results through eigenvalue analysis along with
the design of the proposed LQR control scheme is
presented, and Section4 involves eigenvalue analysis
and time domain response after including SSSRDC in
the study system.

Il. STUDY SYSTEM

The study system for the DFIG-based series capacitive
compensated transmission line is remodeled using IEEE
first benchmark model (FBM) for SSR studies [22]. It
consists of a 161-kV series compensated transmission
line interfaced with a 100 MW wind farm and infinite
grid, as shown in Fig. 1. It is reasonable to add fixed
series compensation since the transmission line is
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around 154 miles in length to increase its power transfer
capability. The wind farm is made up of 50 units of 2
MW wind turbine generating units. For stability analysis
of the study system, the small-signal models for each
subsystem, such as shaft system, |G, back-to-back
converters, and transmission line, are described in the
next subsections, and their parameters are listed in the
Appendix.
The complete differential equations-based model of the
study system and modal analysis of system modes for
the SSR study has been presented in the authors'
previous research [31]. Hence, this paper omitted a
detailed discussion on differential equations and
impacting parameters. The focus will be on the
application of the LQR approach with SSSC in a phased
manner using the controllability index for enhancing
SSR mode stability in DFIG-based series compensated
network. In summary, a 4th order model is used to
describe the dynamics of an induction generator's stator
and rotor currents in the synchronous reference frame.
As the induction generator (IG) is developed in the
synchronous reference frame, the series compensated
transmission network is also developed in the same
reference frame for easy mathematical analysis. A two-
mass model is used to relate the dynamics of the IG-
turbine drive train system. The |G is equipped with back-
to-back controllers with dc link capacitor. The dynamic
of the dc-link capacitor placed between the RSC and the
GSC is contemplated by a first-order differential
equation using active power balance consideration. The
RSC and GSC inside loops are current govern loops,
and the outside loops are the power/voltage govern
loops. In RSC control, the g-axis loop and d-axis loops
track the active and reactive power references,
respectively, as shown in Fig. 2. While through the GSC
control, the g-axis loop and d-axis loop track the dc-link
reference voltage and DFIG terminal voltage,
respectively, as shown in Fig. 3.
Additionally, SSSC is utilized in transmission lines along
with a fixed series capacitor (FSC) to increase stability
and power transfer through the line. The transmission
line's series compensation is split into FSC and SSSC at
a 2:1 ratio to improve stability at the transmission line's
peak compensation level. This paper proposes the
application of LQR control to SSSC to further improve
the SSR mode stability by steering the transmission line
model's states to stable surfaces. Hence subsequent
subsection shows the analysis of SSR under various
critical conditions such as peak compensation levels
and light wind.
Study System and Stability Assessment. This
subsection presents SSR analysis of the study system
with passive compensation in the transmission line
exclusively. Due to the insertion of FSC in the
transmission line, the line current carries two frequency
components f, and fs, where fs is a fundamental
frequency, and f, is a natural frequency according to the
compensation level. The natural frequency f, can be
estimated by

X
f=Talx

Total ( -1

Where Xc is the series capacitive reactance of the FSC
placed in the transmission line, and X is the
aggregate sum of inductive reactance of the study
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system submodules as a transmission line (Xo),
transformer (X7), and system (Xss). The induction
generation effect fundamentally provokes in the
induction generator due to slip sy defined as,

100 MW wind farm

Doubly Fed Induction Generator

fo— 1
1
fn (2)
where f; is electrical frequency in Hz based on IG rotor
speed.

069%F 161k EL0

Fig. 1. Study System with SSSC.

The dissimilitude among series-capacitive
compensation level of the transmission line and wind
speed may adversely affect the stability of DFIG-based
transmission system due to the induction generation
effect in the DFIG. In normal operation, If the wind
turbine is rotating at the rated speed and the
transmission line is series-compensated, then f. will be
higher than the natural Frequency (f,). In such
conditions, the smaller magnitude of sy with a negative
sign can make the rotor resistance R: higher than the
network and DFIG stator winding resistance (Rs + Ry).
Such incidents may provoke the risk of IGE-type SSR in
DFIG-based wind farms. The small-signal analysis is
accomplished using the differential equations of
subparts of the study system shown [40] to analyze the
SSR stability of the study system considering the
variation of wind speed and compensation level. Table 1
shows the list of eigenvalues for discrete compensation
levels at unvarying wind speeds, while Table 2 shows
the list of eigenvalues for different wind speeds at fixed
compensation levels.

From Table 1 and Table 2, it is seen that Mode-2 is
unstable when the compensation level is greater than
50%, and the wind speed is less than 8 m/s. Mode-2
can be associated with SSR phenomena because the
shaft of the turbine-generator model experiences two
frequencies (f, and f¢) when FSC is placed in the
transmission line. As the compensation level of FSC is
increased, the SSR mode leads to instability because
slip s1 is negative with less value. Due to this R is
greater than (Rs + Ry) which produces induction

generator effect type SSR in DFIG. The next section
provides a step-by-step mathematical representation for
SSSC with a controller to eliminate SSR.

Modeling of Static  Synchronous Series
Compensator. This sub-section presents the
mathematical modeling of SSSC in the qd reference
frame to improve the SSR characteristics of the system
by injecting a reactive voltage into the transmission line.
The schematic diagram of SSSC with the study system
is shown in Fig. 1. SSSC improves the power flow
through the transmission line and stability of the study
system by injecting the voltage.

The injection of SSSC voltage in RL transmission
network in qd reference frame can be shown as,

o,
-—~R, -

i|:l.qli| - XL | |:lqli|+
dt| iy @ —&R Iy
e X L

L

&|:vqx - vo - Eq j|

XL Vas —Vac — Ed

Where RL and X_ are resistance and inductive-
reactance of the transmission line respectively; E is the
voltage of the infinite grid, v; is the DFIG’s terminal
voltage, i is the transmission line current and vgc is the
voltage injected by SSSC.

The vgsc and vgsc are active and reactive components of
the SSSC voltage vsc.

Table 1: List of modes for varying compensation level at fixed wind speed.

Mode 3

Mode 4

-3.815+93.982i

-0.493946.1474i

-4.1877493.956i

-0.4936816.1476i

-5.8905493.811i

-0.4928516.1483i

-11.6024+91.825i

-0.4911946.1496i

-16.3994+82.919i

-0.4892316.1509i

at a fixed compensation level.

Mode 3

Mode 4

-11.6024+91.825i

-0.4911946.1496i

-7.1014455.389i

-0.4743846.1557i

-86.199438.091i

-0.3231146.1673i

Comp. level Mode 1 Mode 2
15% -6.6168+489.9i -5.3671+263.35i
25% -7.11224522.75i -5.19044230.08i
50% -8.3147+582.99i -3.8851+168.88i
75% -9.5903+629.17i 1.6034+123.7i
90% -10.424653.25i 6.3734+108.15i

Table 2: List of modes for varying wind speed

Wind speed Mode 1 Mode 2

7m/s -9.5903+629.17i 1.6034+123.7i

8 m/s -9.4742+629.14i -3.0053+121.9i
9m/s -9.4227+629.14i -4.4819+121.73i
10 m/s -9.3961+629.13i -5.1831+121.68i

-86.5974+37.942i

-0.5688816.2055i
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Fig. 2. Phasor representation of SSSC with transmission line.

Fig. 2 shows the insertion of SSSC voltage in the
transmission line system through a phasor diagram. The
active component and reactive component of vsc can be
further expressed as

V==, —jv e =v e
qC J dac ( P J cr) sC (4)

Eventually, SSSC voltage vsc makes the phase angle
(y+9). In (5), y is an angle by vsc lags line current i.. The
Vep is in phase with i, and vcr is in quadrature withil.
They can be further expressed as v, = vsc(cos(y)) and
Ver = Vsc(Sin(y)). @ is phase-angle of line current il which
is defined as

i(y+9)

l
tang = —-L

Ly (5)
In this paper, ve is considered as positive if vsc lags line
current il. It signifies that if v, leads il then the working
mode of SSSC is inductive, and if v lags il then the
working mode is capacitive. Here v, is negligible due to
a very small loss in DC capacitor of VSC. That will only
be conceivable if y is close to 90-. It can be expressed
mathematically as

State space model of
SSSC

y=sgn(V_) —ﬂ+05
2 ©)

The dynamic response of DC capacitor of VSC is

expressed as

d G iA'dC

—_—Vv , =——V_ +
dr c' c (7)
Where vgqc is the voltage applied across the DC link
capacitor of the VSC; G and C, respectively, are its
conductance and capacitance. Using a power balance
estimation in steady state operation, the power on the
DC side of VSC is considered the same as the active
power on the AC side of VSC. Hence,

4 o . . .
vxdclxdc = Re(vxC ll ) = vcpll = kvxdcll SInd. (8)

In this approach, to stabilize the network, the ratio of the
ac voltage output of SSSC to DC voltage across VSC in
SSSC (k = vsc/vsae) is held constant, and its value is
held 2v6/m by assuming 12-pulse VSC is used for
SSSC. The angle a is controlled. In Fig. 2, the active
and reactive voltage added by SSSC is defined by
considering in-phase and quadrature elements of vsc.
LQR Control Approach.

SN
I Vo 4
troll
comrorer | Magnitnde
] and Angle
_—— i — cal culator ¥

From —
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To  lea— O e

transmission
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Fig. 3. Schematic representation of SSSC with transmission line current.
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The LQR is an optimal control approach for multi-input
and higher-order system [32], where the optimal
performance of the system can be achieved by the
proper chosen of the state-feedback gain matrix (K).
The values of K are determined depending on the
desired location of poles using the pole placement
method. Given amulti-input linear system

x=Ax+ Bu (9)
The optimal pole location can be defined by the LQR
depending on the cost function. The optimal solution is
determined using the control input (u), which is used to
minimize the quadratic cost function (J)

J :T(xTQx+uTRu)dt (10)

where Q is coefficient of convergence rate and rate is
coefficient of cost Q=0 and R > 0 are symmetric,
positive (semi-) definite matrices of the appropriate
dimension. This cost function represents a balance
between the distance of the state from the origin and the
cost of the control input. By choosing the matrices Q
and R, described in more detail below, we can balance
the rate of convergence of the solutions with the cost of
the control.

The solution to the LQR problem is given by a linear
control law of the form

u = -R'B"Px (11)
Where P is a positive definite, symmetric matrix that
satisfies the equation

PA+ A'P - PBR'B'P + Q = 0. (12)
Eqgn. (13) is known as the algebraic Riccati equation and
can be solved numerically by using the “lqgr’ command in
MATLAB.

For the minimization of the cost function the weights Q
and R should be chosen by studying the behavior of the
system which is to be controlled. A particular
combination of diagonal weights for Q and R, are found

9 0

0=<0 . 0 (13)
: 0 g,
r, 0

R=p30 "-. 0 (14)
0

For this choice of Q and R, the individual diagonal
elements describe how much each state and input
(squared) should contribute to the overall cost.

LQR is used for dampening of SSR oscillations to
improve stability by regulating the oscillatory signal in
literature [33, 34]. In this paper, LQR is used for the
enhancement of SSR mode and is connected with the
SSSC controller. Since SSSC injects the reactive
voltage to regulate the power flow and improve the
system stability, the LQR used in this paper uses
voltage injected by SSSC in order to minimize the error
of electromagnetic torque of DFIG. Since the torque
produced by DFIG reflects SSR instability in the best
way, the error between reference torque value and
actual torque is chosen as a quadratic performance
index (J), which will be regulated by SSSC voltage. The
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electromagnetic torque(Te),
expressed by

produced by DFIG is

1 N L
T;’ = 5 Xm ((qu + lqr )ldr + (qu + lqr )lqr ) (1 5)

Where, Xm is the magnetizing reactance of the induction
generator. Since the study system is found unstable at
75% compensation level and 90% compensation level,
at 7 m/sec wind speed, these two cases are considered
for assessment. In both cases, R is kept 1 and the
weighted matrix Q for 75% and 90% compensation are
as below

(02526 0 0 0
0 07289 0 0
_ 16
O 0 0  1.969x107 0 (16)
|0 0 0 0.6965
(02440 0 0 0
0 07350 0 0
_ 17
O 0 0  85392x10° 0 (a7
0 0 0 0.6929

Here o_ff-diagonal elements are penalty factors for state
variables associated with Te.

lll. RESULTS AND DISCUSSION

In the previous section LQR method is discussed for the
calculation of Q and R weighted matrices in order to
reduce the error in electromagnetic torque (Te) signal.
Hence this section elaborates on the efficacy of LQR
with  SSSC for SSR mode dampening through
eigenvalue analysis and time domain simulations. In
Section 2, the analysis of SSR stability at different wind
speeds and compensation levels is shown, and critical
conditions which can lead the system to instability were
investigated through eigenvalue analysis.

Eigenvalue Analysis. This section shows the analysis
of the eigenvalues computed to verify the efficacy of the
proposed approach. The comparison of the list of
eigenvalues for important modes is discussed, which is
shown in Table 4 and 5. These tables include a list of
eigenvalues for only SSSC and SSSC with the LQR
approach for 75% and 90% compensation levels,
respectively. With the LQR approach, both tables shows
significant improvement in the stability of SSR mode.
For 75%, compensation level damping of SSR mode is
increased from 6.58%to 50.49%, and for 90%,
compensation level damping of SSR mode is increased
from 1.028% to 8.68%. Table 3 and Table 4 shows that
with low wind speed (7 m/s) and high compensation
level (75% and 90%) sub-synchronous mode and super-
synchronous mode are stable. In both compensation
level cases along with SSR mode, shaft mode,
electromechanical mode, and torsional modes are also
found stable in both compensation level cases after
inclusion of LQR approach. The results exhibit the
significant increment in damping ratio of all important
modes too.

Eigenvalue plot for study system, study system after
adding SSSC controller and study system with LQR
approach for both compensation level cases are shown
in Fig. 4 and 5. In both cases, SSR mode has shifted
significantly left side of s-plane at new poles as listed in
Table 3 and Table 4.
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Table 3: Lists of Eigenvalues for 75% Compensation Levels and 7 m/s wind speed.

75% Compensation Level

Mode Without LQR control With LQR control
otiw 6(%) otiw §(%)
Super-synchronous -12.344 £ 556.39i 2.21% -68.9616+539.08i 12.68%
Sub-synchronous -5.030 + 138.23i 3.65% -84.8478+145.02i 50.49%
Shaft 0.48842 + 6.1493i 7.91% -0.4970 £ 6.1465i 8.06%
Torsional -85.883 £ 37.936i 91.47% -88.9875 + 38.14i 91.91%
Electromechanical -9.6224 £ 94.729i 10.10% -4.5571 £ 93.6414i 4.56%
Table 4: Lists of Eigenvalues for 90% Compensation Levels and 7 m/s wind speed.
90% Compensation Level
Mode Without LQR control With LQR control
gtiw 6(%) otiw 6(%)
Super-synchronous -13.605 + 570.94i 2.38% -68.831+555.83i 12.28%
Sub-synchronous -2.2401 + 114.64i 1.02% -82.964+115.06i 58.48%
Shaft -0.48455 + 6.15041 7.85% -0.4987 + 6.1483i 8.08%
Torsional -86.534 + 37.766i 91.65% -90.40 + 38.8064i 91.89%
Electromechanical -19.362 +91.845i 20.62% -4.76 +93.5226i1 5.06%
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Fig. 5. Comparison of Eigenvalues for 90% compensation level at 7 m/s wind speed.

Time Domain Analysis. In this section, time domain
results obtained through transient simulation of a
combined study system without SSSC, with SSSC, and
with SSSC added with LQR are discussed. For transient
simulation, MATLAB-SIMULINK is used. A study
discussed in Section 2 shows that when wind speed is
low (7 m/s) and compensation level is high (75% and
above), the system suffers SSR instability due to IGE.
The effectiveness of SSSC for SSR alleviation is studied
with two scenarios:

1. Wind speed is 7 m/s and compensation level is 75%,
2. Wind speed is 7 m/s and the compensation level is
90%.

The initial values of state variables of the study system
are computed through equilibrium conditions where all
derivative terms are assumed to be zero.

A. Scenario 1

Fig. 6 shows a comparison of dynamic responses of the
study system with above mentioned three cases when
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wind speed is 7 m/s and compensation level is 75%.
The red line denotes the system added with SSSC, the
blue line denotes the system without SSSC and the
green line shows the study system's response with LQR
and SSSC. It is seen that the system without SSSC is
unstable due to large oscillations when the
compensation level is 75%. In comparison, the
response of the study system with only SSSC shows
transients in the initial period. Response of study system
after adding LQR approach shows further significant
improvement in mitigating SSR oscillation. Fig. 6 shows
dynamic responses of electromagnetic torque Te, rms
current through transmission line il and voltage across
series capacitor v, rotor speed of induction generator w.
Waveforms shown in both figures verify the eigenvalue
stability results.
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Fig. 7. Dynamic responses of study system variables for
different approaches for 90% comp. Level and 7 m/s
wind speed.

B. Scenario 2

In this scenario compensation level is 90% with 7 m/s
wind speed and transient responses of discussed study
system are shown in Fig. 7. It is seen that initially
transient report is observed up to few milliseconds and
then waveforms have followed to stable value for new
operating condition obtained after adding SSSC. But the
response of study system with SSSC along with LQR
waveforms shows highest improved stability. The
magnitude of oscillation has reduced significantly. This
proves that LQR provides positive damping torque. In
both scenarios, results obtained through time-domain
simulations corroborate the eigenvalue analysis
discussed in the previous section. Thus, SSR is
observed in unstable conditions at higher compensation
levels, and the light wind is further significantly damped
through the SSR damping controller with LQR, as
shown in the above time domain results.

IV. CONCLUSION

This paper presents the design procedure and ability of
LQR with SSSC for the enhancement of SSR
alleviation. The LQR-based damping control scheme for
the DFIG-based series compensated network minimizes
the error of electromagnetic torque of DFIG as it reflects
SSR instability superiorly. To alleviate SSR oscillations,
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the LQR controls the voltage injected by SSSC in order
to modulate the torque signal. Since the response of
DFIG torque depends on stator and rotor currents, the
effectiveness of the proposed approach is shown by
choosing the weight matrices to damp SSR oscillation
quickly. The eigenvalue results show that LQR shifts
and detunes SSR mode and damping ratio has
increased significantly. Time domain results also verify
the proposed approach's effectiveness by exhibiting the
damped and stable response of the study system after
incorporating LQR control.

FUTURE SCOPE

This paper shows the efficacy of LQR based mitigation
approach with SSSC to mitigate SSR by regulating the
electromagnetic torque signal of DFIG and modulating
the SSSC output. Furthermore, there are different
signals that exhibit the SSR instability such as line
current, fixed series capacitor voltage, DFIG terminal
voltage, and rotor speed. Such signals can also be
regulated to dampen the abrupt SSR oscillations.
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