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This paper presents the issue of the Sub-synchronous resonance (SSR) phenomenon in a series compensated DFIG-
based wind power plant and its alleviation using a Battery Energy Storage-based Damping Controller (BESSDC,). A
supplementary damping signal is developed considering the angular speed deviation and is incorporated into the
BESS control system. Wide-area Measurement System data is used to determine the angular speed deviation. A lin-
earized system model is developed to perform eigenvalue analysis, and to detect and examine unstable SSR modes.
The variation of wind speed and three-phase fault are also taken into consideration to validate the robustness of the
controller. To further verify the efficacy of the proposed damping controller, time-domain simulations are performed
using MATLAB/Simulink. The application of the proposed BESSDC, stabilizes all the unstable system modes effectively
at wind speeds of 7 m/s, 9 m/s,and 11 m/s, and at 40%, 50%, and 60% series compensation levels, as well three-phase

Keywords Battery energy storage system, Damping controller, Doubly-fed induction generator (DFIG), Series

1 Introduction

The world is now focusing on renewable energy sources.
One of the best-paying and most accessible sources of
energy is wind. The areas where wind energy is abundant
are generally very remote to power-demand areas. Thus,
new wind energy power plants can be integrated into the
existing national grid through dedicated or existing trans-
mission lines by increasing the power transfer capability
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using fixed series compensation (FSC) or FACT devices
[1]. Installing FSC in a long transmission line is an inex-
pensive and efficient way to improve the capability of
power transfer of an existing transmission line [2]. How-
ever, the problem that may arise because of FSC in a long
transmission line is Sub-synchronous resonance (SSR),
which can lead to shaft failure and power system insta-
bility [3, 4]. Various historical events have already been
reported in which the undamped SSR outcomes caused
the complete failure of generator rotor shafts. The first
two incidents happened in the Mohave power plant, in
Nevada, USA, in 1970 and 1971, [5], and the first event
occurred in the wind plant in October 2009 at Zorillo
Gulf Wind Farm, Texas [6]. Following these incidents, the
research community has focused on finding ways to deal
with the SSR problem.
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The evolution of damping the SSR starts with design-
ing a power system stabilizer that can provide a proper
phase shift between the exciter circuit and the mechani-
cal system [7]. The damping technology obtained by
designing the controller was not very effective as the
controller response was sluggish. With the advance of
power electronic-based devices and the use of FACTS
devices, new controllers have been designed to have
a faster response [8, 9, 10, 1211 and ]. In this context,
Damping Controllers (DCL) were developed to be used
with the UPFC’s main controller [13], while a Band-Pass
Filter- (BPF) based DCL was developed for SSSC devices
to eliminate the SSR in a system having a non-identical
parallel interconnected generator [11]. Sub-synchronous
oscillation was minimized over a broad range for MMC-
STATCOM using an additional wide-band damping con-
trol approach, in which a notch filter was used to filter
fundamental frequencies and provide a damping control
signal for Sub-synchronous frequencies [14]. To optimize
the parameters of the fundamental controller employed
in the STATCOM control system, a BEOA (Bacterial For-
aging Optimization Algorithm)-based optimal controller
was proposed [15]. However, the usage of FACTS devices
for damping the oscillations is practically limited since
operational maintenance and installation of these devices
may not be economically efficient [16]. An adaptive sup-
plementary damping controller-based Phase-locked Loop
(PLL), which is simple in structure with simple parameter
control and flexibility in adapting to different operating
modes, was used in wind power plants to address the
problems of cost control and difficult parameter control
[17]. Reference [18] suggested Variable-gain Super-twist-
ing Sliding Mode Control (VGSTSMC) of DFIG-based
WPP to reduce Sub-synchronous control interactions
and maintain power system stability. An energy-shaping
L2-gain Controller (ESLGC) for direct-driven PMSG
converters was employed in [19], in which the ESLGC
increases system robustness against disturbances while
simultaneously ensuring global asymptotical stability. To
address the SSR issue in DFIG-based WPP, a nonlinear
Sliding Mode Control (SMC) was implemented in the
rotor side converter (RSC) [20]. The use of the Whale
Optimization Algorithm (WOA) for controller tuning
was studied in [21], to accomplish one degree of freedom,
namely pitch angle and external resistance connected to
the rotor of the generator, in order to reduce SSR.

In recent years, the increasing use of Battery Energy
Storage Systems (BESS) in power systems has led
researchers to focus on the application of BESS to pro-
vide balance and steady operation of devices in dynamic
power generation and consumption. Using BESS for
SSR damping offers many advantages, including quick
response time, flexibility, cost-effectiveness, scalability,
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and redundancy. These benefits make BESS an effective
solution to mitigate SSR in power systems. Here are some
benefits for using BESS for SSR damping purposes:

1. Quick response time BESS has a very fast response
time compared to traditional mitigating techniques.
BESS can respond within milliseconds to a change in
system conditions, providing an effective solution to
dampen the oscillations caused by SSR.

2. Flexibility BESS is a flexible solution for SSR damp-
ing purposes. The amount and phase angle of reac-
tive power injected or absorbed by BESS can be easily
controlled using power electronics converters. This
flexibility allows BESS to provide precise and efficient
SSR damping support.

3. Scalability BESS can be scaled up or down as needed,
making them a scalable solution for power systems of
different sizes.

4. Cost-effective The cost of BESS has decreased over
the years, making them a more cost-effective solution
for SSR damping than traditional solutions like syn-
chronous condensers or FACTS. BESS can be more
cost-effective in terms of installation, operation, and
maintenance costs.

5. Redundancy In the event of a failure of a BESS unit,
other BESS units can take over, ensuring system sta-
bility and reliability.

6. Reducing transmission losses By injecting or absorb-
ing reactive power, a BESS can help reduce transmis-
sion losses and improve the overall efficiency of the
power system.

However, the extent of this technology is yet to be
explored. Previously, SSR was mitigated using Super-
conducting Magnetic Energy Storage (SMES) by man-
aging the active and reactive power of the system lines
[22]. Nonetheless, BESS not only provides the optimal
storage of renewable energy but is also responsible for
the smooth variation of PV, load shedding, and supply—
demand power response [23]. A conventional BESS com-
prises a step-up coupling transformer, a passive inductive
filter, a DC/AC power converter, and a battery bank.
Because of the low cost of BESS and its constraint-free
installation, it has become increasingly popular. How-
ever, there is still limited research on controller design
using BESS technology to dampen SSR. Solutions were
proposed for BESS to attenuate inter-area oscillation
[24], whereas an optimization approach was suggested
for appropriately positioning the BESS for oscillation
damping [25]. BESS was suggested for mitigating SSR for
heavy load fluctuations [26], while STATCOM equipped
with BESS was used to damp out SSR by improving grid
stiffness for a weak grid-connected wind farm [27]. The
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Existing work System type SSR damping The measured input  Analysis techniques  Stability addressed
techniques control signal
2019 [13] Wind (PMSG) UPFC-based-damping Locally measured Complex torque coef-  Electromechanical mode
techniques ficient method and
time-domain analysis
2020 [21] Wind(IG) Pitch and resistance con-  Locally measured Eigenvalue +Time Electrical, electrome-
trol technique domain analysis chanical, and torsional
mode
2020 [20] Wind(DFIG) RSC-based damping Locally measured Time domain analysis  Electrical mode
techniques
2021 [18] Wind(DFIG) VGSTSMC Locally measured Time domain analysis  Electrical and electrome-
chanical mode
2021 [15] Wind(IG) Optimized (BFOA) Locally measured Eigenvalue +Time Electrical, electrome-
STATCOM-based domain analysis chanical, and torsional
damping techniques mode
2022 [11] Conventional SSSC-based damping Locally measured Eigenvalue +Time Electrical and torsional
(Two non-identical techniques domain analysis mode
multi-mass systems)
2022 [19] Wind (PMSG) Energy-shaping L2-gain Locally measured Eigenvalue +Time Electrical, electrome-
controller domain analysis chanical, and torsional
mode
2022 [17] Wind (PMSG) PLL-based damping Locally measured Time domain analysis  Electrical mode
techniques
2022 [14] Wind (DFIG) MMC-STATCOM-based Locally measured Time domain analysis  Electrical mode
damping techniques
2018 [22] Conventional SMEs based damping Locally measured Time domain analysis  Torsional mode
techniques
2020 [27] Wind (PMSG) STATCOM/BESS-based Locally measured Time domain analysis  Electrical mode
damping techniques
2021 [28] Conventional BESS +TCBR-based damp- Locally measured Time domain analysis ~ Torsional mode
ing techniques
This work Wind (DFIG) BESSDC, WAMS techniques Eigenvalue +Time Electrical, electrome-

chanical, and torsional
mode

domain analysis

torsional oscillations in the shaft segments of steam
turbo-generator units because of poor reclosure were
minimized using a proposed fuzzy-based BESS [28]. In a
WPP, an energy storage system with a bi-directional con-
verter coupled to a DC connection was proposed, and an
adaptive damping controller for a STATCOM employing
a BESS was developed to reduce oscillations by control-
ling the active and reactive power of the grid side con-
verter (GSC) [29].

However, current research has not adequately
addressed the small-signal stability of a BESS-based
damping controller in a variety of circumstances in a
DFIG-based WPP. For the power system to operate
safely and securely, small-signal stability is recognized
as a key need. In contrast to earlier research, which only
employs a locally recorded feedback signal as the input
control signal (ICS) for SSR damping controller design, in
this work a supplementary damping signal is established
by taking the angular speed deviation as an ICS using
WAMS. The benefit of adopting this technology is the

ability to acquire real-time measurements from remote
places, providing a more accurate picture of power sys-
tem dynamics. The significance of this study in com-
parison to previous state-of-the-art research is shown in
Table 1.

The motivation for to pursuing this research as can be
deduced from Table 1 and includes:

1. Existing state-of-the-art techniques do not use BESS
technology to alleviate the Sub-synchronous oscilla-
tions due to the SSR phenomenon in a DFIG-based
WPP, nor do they analyze the small-signal stability.

2. Existing works use only locally measured feedback
signals.

3. Generally, existing studies only address either the
electrical or the torsional mode.

Thus, the critical contribution of this work is to design
a BESS Damping Controller (BESSDC;) and demon-
strate its effectiveness in alleviating Sub-synchronous
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oscillations due to the SSR phenomenon in wind genera-
tion systems along with detailed mathematical modeling.
The following are the specific contributions of the pre-
sent research:

(a) Analysis of small-signal stability of the modified
IEEE FBM of a DFIG-based WPP under various
compensation and wind speed levels.

(b) To alleviate sub-synchronous oscillations, a
BESSDC, is proposed and added to the busbar of a
DFIG-based WPP with an FSC transmission line.

(c) A supplementary damping signal is developed con-
sidering angular speed deviations with the help of
the WAMS technique.

(d) The efficacy of the proposed BESSDC; is authen-
ticated using eigenvalue analysis as well as time-
domain analysis at different compensation levels,
wind speeds, and in different fault conditions.

The remaining part of the paper is organized as follows.
The investigation of the study system, which is based on
the IEEE FBM, and the analysis of the small-signal sta-
bility of the system are described in Sect. 2. Section 3
presents the alleviation of sub-synchronous oscillations
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by using BESS and discusses the detailed design of
BESSDC;. Section 4 presents the findings and discus-
sions of the proposed system, while Sect. 5 presents the
conclusions and observations.

2 Study system

As illustrated in Fig. 1, a modified IEEE FBM model-
based study system is used to analyze the SSR phenom-
ena. A 100 MW DFIG-based WPP is connected to the
infinite bus system over a 161 kV fixed series compen-
sated transmission line. The frequency of the generated
voltage is 60 Hz [25], and the 100 MW WPP is composed
of 67 wind turbines each rated at 1.5 MW. An analo-
gous lumped machine model represents the aggregated
behavior of a set of wind turbines, and it was validated by
several recent studies in [20, 30] that wind farm aggrega-
tion is a good estimate for investigating system intercon-
nection. This method has also been employed in system
studies in [2, 9, 10, 23], which stated that “simulations
of bulk system dynamics using a single machine equiva-
lent are sufficient for most planning investigations”. The
Appendix contains the parameters for both the single and
aggregated models.

Bus2 Xs Infinite Bus

Te and Qs Control
(RSC Controller)

Fig. 1 Modified IEEE FBM for SSR study [9, 23]
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2.1 Small-signal modeling of the study system

2.1.1 Modeling of wind turbine

The output of wind turbines, the relationship between
mechanical torque and wind speed is expressed as [31,
32]:

_ PRAG, V2,

T
" 2

(1)
where p represents the air density (kgm™). The wind tur-
bine rotor radius in meters (m) is represented by R, A is
the blade sweep area (m?), V‘ﬁi represents the speed of
wind (m/s), and the blade power coefficient is C, and is
expressed as:

RC.
RC —0.255(
C, = o.5</ —0.022 %6 — 2.()>e ( 7 ) @)

3
Vo ®3)
where €2, denotes the mechanical angular velocity
(rad/s).

2.1.2 Modeling of shaft system

Torsional dynamics are commonly represented by a
two-mass system when studying power system analysis.
Considering that Mass-1 is a low-speed wind turbine
shaft and Mass-2 represents the DFIG high-speed shaft
system, this two-mass system is expressed in state-space
representation as [32]:
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electromagnetic torques of the generator are represented
by T, and T, respectively. The damping coefficient and
inertia constants of the wind turbine are denoted by D;
and Hy, respectively. Hy, Ky and Dy are,respectively,
the inertia constant, damping coefficient, and shaft stiff-
ness of the turbo-generator of the two-mass system. T is
expressed in terms of the d—q axes of the stator and rotor
currents and air gap leakage fluxes of the DFIG as:

Te = 1~lfqmia,’r - qfdmiqr (5)
lpqm = Xm (iqs + iqr) (6)
Vam = Xm(as + iar) 7)

2.1.3 Modeling of DFIG
A 6"-order dynamic model is used for the DFIG modeling
[31, 33], described as:

X = AprcXpriG + BoricUpriG (8)

where state variables are denoted by Xprg. Uprig
denotes the DFIG inputs, Bprig denotes the electrical
parameter constants, and Aprjg denotes the constants of
state variables, while there are:

XprIG = [iqs§ ids; G0s5 iqrs ldrs iOr} 9)

Upric = [Vqs; Vds: Voss Vgrs Vdr: VOr} (10

The stator and rotor sides, direct, quadrature, and zero
sequence components are denoted by the subscripts
r,s,q,d and 0, respectively. The parameters ios, oy, Vos and
vor are equal to zero because the system is balanced.

Aprig and Bpryg are expressed as:

ws ws
wxs R 0 —mxe 0" o
T op S S T, tm
0 0 R 0 0 0
ApriG = —Bpric —oy oy (11)
0 OSSOy, 0 R 9S2erX, 0
Ws— Wy Ws— Wy
—essey, 0 0 —essery, R0
0 0 0 0 0 R
—1
Xs 0 0 X, 0 O
—Dy—D, D, _
d [ @ 2th “ DﬁD ﬁ Wy 2%” 0 Xg;) 0 X, O
R j— _. - _1 —T,
a\ )= m omowm |\ Bomg = —wp| o o 280 00 (12)
T, Koo Koo, 0 Ty 0 X, 0 0 X, 0 0
e e 0 X, 0 0 X, 0
(4) 00 0 0 0 X,

where the wind turbine, rotor speed of the DFIG, and
internal torque of the model are represented by state
variables w;, w, and Ty, respectively. The mechanical and

All variables and parameters are expressed in per-unit
(pu) terms, except wy, wy, and ws, which are in rad/s.
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2.1.4 Modeling of DC-link
The DC-link capacitor dynamic equations of the RSC and
GSC are defined using a first-order model as [33, 34]:

avy
CchdCTC :Pr_Pg (13)
t
1 . )
P, = ) (Vquqr + Vdﬂdr) (14)
1 , ,
Pg=3 (Vagiqg + Vagiag) (15)

where P, and P, are the active power of the RSC and GSC,
respectively. V. is the actual DC voltage value, whereas
Vars Lgrs Vdrs bdr» Vagr lqgr Vdg» Idg are in pu terms.

2.1.5 Modeling of a transmission line with fixed series
compensation

Usually, the dynamic model of a power transmission

line having FSC is ignored, but it is crucial for SSR anal-
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2.1.6 Overall system modeling without BESSDCL
Considering the overall system as an integration of the
different subsystems [33], the overall system model is
expressed as:

(X) = (Ass) (Kszs) + (Bos) (Usys) (19)

(Xsys) = (Xshaft XpriG X Xdc) (20)

The system matrix of the integrated system model is
given by:

Aggp 0 0 0
( A ): 0 Aprc O O
5ys 0 0 Xg O
0 0 0 Ay

(21)

The above integrated subsystems communicate with
each other through the state and control variables of the
individual interconnected subsystem. The algebraic equa-
tions of vy, vys, igs and iy are used to link the controllers,
and are expressed as:

ysis. The transmission line is characterized by an RLC Vds = Vg + Xiglgg (22)
series network and the synchronous reference frame is
used to quel a trans‘mlsswn ‘hne having fixed series Vas = Vag + Xigiag (23)
compensation. Dynamic equations for each phase are
stated as [33]: . . ,
lds = ldg — Ldl (24)
) dir
Ry.ip + LL7 +ve=vs—Vp (16) ) ) )

t lgs = lgg — lgl (25)
dve | Stator reactive power and developed torque are repre-
7 (17)  sented by:

The state-space representation of the FSC power Ty = Xon (idrigs — lasiqr) (26)
transmission line is:
, R 1 . Vgs— Vi
S X 0 O\ (ia X,
/ L 1 / Vigs—
_ ldr = wp —We -X 0 —X ldr + wp Yds_ 7Bd X, Bd (18)
dt | veq Xc 0 0 —we VCq 0
ved 0 Xc w, O ved 0
1 . .
Qs = 2 (Vqslds - Vdslqs) (27)

where ig; and iy are the direct and quadrature axes cur-
rents of the power transmission line. (vcyvcy) and (Vg
,VB4) are the quadrature and direct axes voltages across
the capacitor and infinite bus, respectively. wj; and w, are
the base speed and synchronous reference speed, both
equaling 377 rad/s or 1 pu.

A state-space model is used to carry out the small-sig-
nal stability analysis of the study system. The eigenvalue
analysis as well as time-domain analysis for the study
system without damping controller are discussed in the
results and discussion section.
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3 Design of battery energy storage system
damping controller (BESSDC,)

A conventional BESS comprises a step-up coupling trans-
former, a passive inductive filter, a DC/AC power converter,
and a battery bank [35]. Using the DC/AC power converter
part of the BESS can alleviate the oscillations due to the
SSR phenomenon using a Supplementary Damping Signal
(SDS). Therefore, in the proposed system, to deal with the
SSR phenomenon, a 200 kW battery energy storage system
is added to Bus 2 of the 161 kV FSC power transmission
line, as illustrated in Fig. 2. For designing the BESS-based
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damping controller, an SDS is added to the active power
controller block of the converter in the BESS, and is trig-
gered during transient conditions to dampen the oscilla-
tions. The Wide Area Measurement System (WAMS) and
Phasor Measuring Units (PMU) are used in the proposed
system to provide real-time information to the SDS.

3.1 Modeling of battery

Figure 3 depicts the electrical battery model and its elec-
trical model parameters are calculated using [36]. In the
first step, a specific capacity for the battery is determined.

_'|RE§T:_—— IK}?—

GSC.

A
Ise Generation
Te and Qs Control Vdc and Vs Control

" 7 (RSC Controller)
A DFIG

Bus 1

T R

—@——m—m—

(GSC Controller)

Bus2 Xs Infinite Bus

.

Wide Area Measurement
System(WAMS)

SSR

Fig. 2 Proposed system model under study for the mitigation of SSR
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Vsd
dxp A
ot dxid
ldref +dt Kp1+Kn
Parer — | Kes+Kn >l P >
S _ Vref
1d > Ls
Vabe—»
»| Ls
dxQ
dt Varef
Qaret + Kp4+K14 Kp2+Kn i -
iS) S

Fig. 4 Traditional control strategy of BESS

Considering a 200 kW Li-ion battery as the energy storage
system, the battery capacity can be computed as follows:

Cpe = Capacity(flc) (ng)3600 (28)

where Cy, is the capacity of the battery when completely
charged, Capacity is denoted by nominal capacity in
Ahr, the cycle number correction factor is denoted by
fic while the temperature-dependent correction factor is
for. The following parameters are taken as given in [36]:

Ve = —1.030e3°5%¢ 3.6 4 0.2Sbc — 0.152, + 0.3S3,

(29)
Rye = 0.15620e24375b¢ 4 00744 (30)
Ry 1 = 6.6030e 195255 10,0498 31)
Cr 1 = 6065.0¢~21255¢ 1 44750 (32)
Rr s = 0.32080e~2%145b¢ 1 0.0466 (33)
Cr s = —752.90e 135155 4 703,60 (34)

where V. is the battery voltage in the open circuit con-
dition, Sbc is the battery cell’s state of charge, and Ry, is
the resistor in series. R s and Ry ; are the short and
long transient resistors, respectively, while the short and
long transient capacitors are Cr s and Cr j, respectively.

Vs

The generated battery energy is then sent to the grid via
a three-phase converter. As demonstrated in Fig. 4, the
BESS employs constant power control and PQ control.

The BESS grid voltages are V,, Vi, and Vi, and their dg
axes components are V; and V. The BESS controller out-
put voltages are Vp,, Vi, and Vi, and their dg axes com-
ponents are Vp; and Vg, The BESS output currents are ig,
ip and i, and their dq axes components are iz and i;. The
inductance of the BESS grid line is Ls and o represents the
angular synchronous frequency. The DC side capacitor,
voltage, and current are referred to as Cy.p, Vg and iy.p,
respectively. Considering iy, ig, XQ, *id» Xp, %ig and Vg, as
the state variables, the small-signal model for the BESS can
be configured as follows [24, 27-29]:

Transmission line state space equations:

dig o .
7 fS(Vdrq’ + Lsig) (35)
diy ® .
2 L (Vqref + led) (36)
S

Controller state space equations:
dx . ,
7: = Pyrer — (Vsgia — Vsaiq) (37)
dxid . . ‘
I =Kp (Pdref — (VSqld — nglq) + Kp1 (xp — ld))

(38)
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dx ) .
715Q = eref - (VSdld - VSqlq) (39)
dxiq . . .
% = I(p4(eref - (V.S'dld - VSqlq) + K4 (xQ - lq))
(40)
DC capacitor state space equation:
dVy o , .
B _ (VBdle + VBqqu) (41)

dt B Cch Vch

For the model analysis, the entire system models are
represented by:

X =fX, U (42)

whereas X = ( Xguapp XpriG Xy Xac XpEss ) is assembled
in MATLAB/Simulink to obtain the eigenvalue analysis.

3.2 Control system of BESSDCL

The configuration of the Voltage Source converter
(VSC)-based BESS is used to mitigate the sub-synchro-
nous oscillation in the WPP. The major component of
the BESS is the inverter controller. Figure 5 depicts
the schematic diagram of a distinctive grid-connected
VSC-based BESS [37]. There are four levels of con-
trol involved in the developed controller, including
SDS, power controller block, inner current control-
ler block, and a Pulse Width Modulation (PWM) unit.
This paper considers WAMS data to obtain the angular
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speed deviation as the input for the SDS. It is denoted
by U and is supplemented by the active power of the
power controller block as depicted in Fig. 5, in order
to dampen the sub-synchronous oscillations. The out-
put of the primary power controller block is to provide
igref and iger reference currents to the inner current-
controller block, which regulates the AC side currents
of the VSC [38]. First, iy and i; are compared to iz, and
igref> respectively, as shown in Fig. 5. The decoupling
of the feed-forward signals is used to improve the out-
puts of the Proportional-integral (PI) controllers, which
process error signals. For the PI parameter tuning a
systematic trial-and-error approach is used to produce
fast step response and short settling time with less than
10% overshoot. The inner controller block provides the
dq reference voltages, which are translated to abc ref-
erence frame to be fed into the PWM unit to generate
pulse signals. The LCL filter is used in the system, and
is interconnected through a coupling transformer, to
minimize the ripples at the AC side of the VSC so that
the system can deliver low distorted current and voltage
at the output [39].

3.3 Design of the supplementary damping signal

Figure 6 illustrates the configuration of the SDS, whose
objective is to provide additional damping. This can be
achieved without reducing the synchronizing torque. A
washout, two lead-lag compensators, a gain as well as a
limiter block comprise the SDS design technique in this

Aw
Kr3+Kn
S 5
Supplementary E
Damping Signal id E
Vabe—w] PLL |- @

Kp4+Ki4

Vsd
+
| KertKi
dq
Ls
P
.__> V
M
Ls
abc
Decpupling Fged-Forwa{d .

Kr2+Kn
’ a—

S

Fig. 5 BESSDC, controller for the SSR mitigation
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study, as illustrated in Fig. 6 [40, 41]. The design of the SDS
transfer function is defined as:

STW T(S)

(43)
and the transfer function of the lead-lag compensator
T(s) is defined as:

K(1+ sT1)(1 + sT3)
(1+sT2)(1 +sTy)

I'(s) = (44)
whereas Ty denotes the washout time constant, while
the washout block acts as a high pass filter to prevent DC
and low-frequency components. K represents the gain
of the damping signal. This determines the strength of
the damping. A higher gain will provide stronger damp-
ing, but may also introduce instability. The gain should
be carefully tuned to achieve the desired damping effect
without introducing instability. T;, Ts, T,, and T, are
the time constants of the two-stage lead-lag compensa-
tor block. The compensator consists of a lead network
and a lag network, each of which contributes to the over-
all phase shift of the system. The phase shift of the lead
network should be chosen to align with the frequency
of the sub-synchronous oscillation, while the phase shift
of the lag network should be chosen to provide addi-
tional damping. The compensator parameters are tuned
based on the eigenvalues of the system matrix and their
locations in the complex plane along with systematic
trial-and-error methods to achieve the desired level of
damping.

The number of unknown parameters is six and they
need to be determined. The number of algebraic equa-
tions must equal the number of the unknown controller
parameters according to the model theory. The required
parameters for the controller may be obtained simply by
solving the set of linearized algebraic equations of (43).
Therefore, the parameters of the controller are deter-
mined by substituting the desired eigenvalues corre-
sponding to modes 3, 4, and 6 to the closed loop system
characteristics equation:

IsI — (A + B.SDS(s)C)| = 0 (45)
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Table 2 Parameters for the supplementary damping signal
Min and Max

Parameter K Tw T, T, T; T,

Value 1.38 10 0.1 0.01 04 2 F0.1

where I is the identity matrix of the same dimension as A.
To obtain optimal parameters, a systematic trial-and-
error procedure is used to tune the SDS parameters to
produce a fast step response, less settling time, and less
than 10% overshoot to minimize the impact on system
stability and transient response efficiently. The condi-
tions that should be followed are T;>T, and T;<T, The
obtained optimal parameters are shown in Table 2.

The angular speed deviation signal is used as the input
control signal in the proposed system, and the SDS
input is designed to alleviate SSR while WAMS is used
to measure the frequency deviation of the generator. As
shown in Fig. 5, the SDS output is added to the battery
controller, and this regulates the BESS’s reference active
power generation.

3.3.1 Input control signal

The major challenge of selecting a speed deviation as an
Input Control Signal (ICS) is to capture the angular speed
deviation of a generator and transmit it to the other com-
ponents of the system that are far away from the genera-
tor. The advance in technologies such as WAMS, PMU,
and communication networks allows obtaining the most
accurate and real-time data on the dynamic parameters of
a complex power system [42, 43]. At the same time, it is
essential to have real-time data for the parameters such as
frequency, voltage, and current from the generating station
to the transmission system. However, this paper focuses
on using speed deviation as an ICS for designing a damp-
ing controller to mitigate the SSR. Generally, PMUs are
installed to measure the voltage and frequency at a bus-
bar. These can be transmitted to other substations. The
installed PMU captures the data regarding current, volt-
age, frequency, and other parameters at regular intervals
on a sample basis, and the data are stored in data concen-
trators. Each PMU is generally time synched with the GPS
devices, and the data stored in the form of samples are
time-stamped and can be used for the analysis of complex
power systems. The samples taken from the PMU devices
should be in milliseconds so that exact analysis can be
done at the remote end for frequency deviations observed
in the synchronous generator [44]. The time-stamped
data of analog parameters stored in the data concentrator
are transferred to the remote end with the support of the
WAMS network. The role of WAMS is to monitor the data
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transmission from PMUs to the central controller, ensur-
ing reliable data transfer from several stations to the com-
putation center. This paper analyzes the BESS technology
controller to dampen the SSR oscillations, while WAMS
serves the purpose of providing real-time data of angular
speed deviation at the synchronous generator to the con-
troller input installed in BESS technology at the remote
end busbar unit. The details and arguments for employing
WAMS to capture rotor speed data have been described in
[36] and are thus not described further in this paper.

4 Results and discussion

To further analyze the small-signal stability, the eigen-
value method is used. To validate the eigenvalues, time
domain analysis is also carried out in this section using
MATLAB/Simulink.

4.1 Eigenvalue analysis without damping controller

To study the small-signal stability of a dynamic system,
the eigenvalue method is a fundamental and effective
methodology. In this method, the order of the system

Table 3 Eigenvalues of the study system model with 50% fsc
level and 7 m/s wind speed

Modes Eigenvalue Frequency (Hz) Description
Mode 1 —1790+)889 141 Very high
frequency
Mode 2 —19.2+j568.2 90.4 Super-syn-
chronous
Mode 3 16+j187.8 29.9 SSR
Mode 4 —-063+j1838 2.86 Electrome-
chanical
Mode 5 —524+j79 1.25 Torsional
mode
Mode 6 —641+j86 1.36 Torsional
mode
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matrix decides the set of eigenvalues, while the analysis
of eigenvalues reveals the stability of the system. The sys-
tem is unstable if any real components of the eigenvalues
are positive, and stable if the real parts of the eigenval-
ues are negative. The oscillating frequencies are decided
by the imaginary parts of the eigenvalues. The eigenvalue
analysis exhibits six unstable modes of oscillatory behav-
ior when applied in the above linearized study system
without any damping controller. Table 3 displays the set
of eigenvalues of the six modes at an FSC level of 50%
and 7 m/s wind speed. Mode 1 and Mode 2 show high
frequencies with a super-synchronous phenomenon, and
are always stable.

Mode 3 belongs to the sub-synchronous frequency
range and is not stable in this operating state. As can be
seen from Table 4, the system may become progressively
unstable at increasing series compensation level. Mode
4 is the electromechanical mode due to the dynamics of
electromechanical systems, while the remaining Modes 5
and 6 are the torsional modes. As the series compensa-
tion level is increased, it can be seen from Table 4 that
the positive real parts of the eigenvalues are increasing.
This shows that the system is tending towards instability.
On the other hand, the real parts of the eigenvalues are
decreased when the speed of the wind is increased. This
shows that at higher wind speed, the system becomes
more stable. The time-domain simulation of the same
system is provided in the following subsections.

4.2 Small-signal model validation

In order to verify the small-signal model of the proposed
study system, a detailed electromagnetic transient model
is built in the MATLAB/Simulink simulation platform.
Accordingly, IEEE’s first benchmark model is simulated
for a wind speed of 7 m/s and a 50% series compen-
sated transmission line. Figures 7, 8 and 9 show the
simulation results. The dynamic behavior of the active,

Table 4 Mode-3 eigenvalue at varying percentage of series compensation and wind speed

Compensation Wind speed (m/s) Mode 3
Eigenvalue Frequency (Hz)

40% 7 0.01+j207 32.96
9 —0.04+j206.9 3294
11 —0.12+j206.8 3292
50% 7 1.66+j187.8 29.90
9 1.56+j187.7 29.87
11 143+j187.5 29.84
60% 7 326+j1709 27.25
9 3.15+j170.7 27.14
I 295+j1704 2718
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Fig. 7 Dynamic behavior of the active power (pe), reactive power
(Qe), and DC-link voltage (Vdc) of the DFIG at a FSC of 50%

reactive, and DC-link voltage of the DFIG are shown in
Fig. 7, and the waveforms show undamped oscillations
at a 50% compensation level. The eigenvalues in Table 3
show that Mode 3 is unstable at a wind speed of 7 m/s
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and 50% compensation. The obtained eigenvalues of
Mode 3 at varying series compensation and wind speed
are shown in Table 4. The frequencies of Mode 3 are
32.94 Hz, 29.87 Hz, and 27.14 Hz at series compensations
of 40%, 50%, and 60%, respectively. For the validation
of the results seen in the eigenvalue analysis, the time-
domain analysis and its Fast Fourier Transform (FFT)
are analyzed. Figure 8 shows the dynamic behaviors of
the electromagnetic torque (Te) at 40%, 50%, and 60%
compensation levels at 9 m/s wind speed, and the FFT
analysis results. Figure 9 shows the dynamic behavior
of the electromagnetic torque (Te) at 7 m/s, 9 m/s, and
11 m/s wind speed at 50% series compensation, with the
corresponding FFT analysis. As seen, the FFT analysis of
the time domain signals has the same frequencies as the
eigenvalue analysis shown in Table 4.

4.3 Eigenvalue analysis with BESSDCL

The proposed BESSDC; is applied in the benchmark
model to study the efficacy of the proposed damping con-
troller by eigenvalue analysis. This was performed with-
out the damping controller in the previous section with
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Fig. 8 Dynamic behavior of the electromagnetic torque (Te) of 40%, 50%, and 60% compensation level at 9 m/s wind speed: a FFT analysis for 40%
series compensation; b 50% series compensation; and ¢ 60% series compensation
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Fig. 9 Dynamic behavior of the electromagnetic torque (Te) of 7 m/s, 9 m/s and 11 m/s wind speed at 50% series compensation: a FFT analysis for

7 m/s wind speed; b 9 m/s wind speed; and ¢ 11 m/s wind speed

six modes of oscillations obtained. Mode 3 is undamped
and is an unstable mode at sub-synchronous frequency.
Table 5 displays the eigenvalues of the study system with
a BESSDC,. This shows that all modes are stable even
when the series compensation is set to 50%. Table 6
displays the eigenvalues of the study system with the
BESSDC, at different compensation levels and wind
speeds, and it is found that even after increasing the
compensation level, the controller is capable of providing
positive damping and all the resultant modes are in a sta-
ble condition.

Table 5 Eigenvalues of the study system model with BESSDC,
AT 50% FSC transmission line and 7 m/s wind speed+

Modes Eigenvalue Frequency(Hz)
Mode 1 —17.93+j887 141.2

Mode 2 —16.24j524.5 83.51

Mode 3 —1.5+j2292 36.49

Mode 4 —494+j109 173

Mode 5 —-0.63+j188 299

Mode 6 —45+j10.2 1.62

Table 6 Mode-3 eigenvalue at varying series compensation
level and wind speed with BESSDC,

Compensation Wind speed Mode 3

(m/s)
Eigenvalue Frequency(Hz)
40% 7 —3.0+£j2559 40.74
9 —3.04£j25584 4074
11 —3.09+j2558 40.73
50% 7 —1.54j229.23 36.50
9 —1.54+j229.2 36.49
11 —1.6+j229.1 3648
60% 7 —1.04%j207 32.96
9 —1.09+j206.8 3292
11 —1.16%j206.82 3293

4.4 Time-domain analysis for BESSDCL

It has been shown that BESSDC; equipped with an SDS
composed of the angular speed deviation can damp out
oscillations due to SSR. To enhance BESSDCL perfor-
mance, further time-domain simulations are carried out
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in MATLAB/Simulink. The baseline scenario is con-
sidered at a wind speed of 9 m/s and 50% FSC, and the
IEEE FBM model is used to analyze the performance of
the proposed damping controller. The equivalent model
is the same as shown in Fig. 2 with the same parameter as
illustrated in the Appendix.

4.4.1 Damping performance of the BESSDCL

The simulation is done for the baseline scenario to verify
that the BESSDC; can damp out the undamped oscilla-
tions due to SSR. Figure 10 shows the system dynamic
responses for the DFIG output active power, reactive out-
put power, electromagnetic torque, and DC-link voltage
with and without the proposed BESS damping controller.
As seen, active power of 0.53 pu is achieved with 9 m/s
wind speed, while the power factor is adjusted to 1 at the
stator and grid side terminal, ensuring that the expected
reactive power for the DFIG for steady-state conditions
is zero. The DC-link voltage reference is 1150 V. Fig-
ure 10 shows that the system responses are stable when
using the proposed damping strategy based on the BESS.
Taking the case without using BESSDC,, due to SSR, the
rotor circuit action on damping SSR is negative. Hence,
undamped sub-synchronous oscillations are generated
on DFIG responses resulting in an unstable system.

4.4.2 Robustness of the BESSDCL

The simulation for the baseline scenario is further
expanded to validate the robustness of the proposed
BESSDC, in mitigating the sub-synchronous oscillations
due to SSR in three cases as follows: (i) varying fixed
series compensation levels; (ii) varying wind speeds; and
(iii) three-phase fault condition.
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4.4.2.1 Varying fixed series compensation levels The base-
line scenario is simulated at 50% and then 60% of FSC while
other parameters are fixed. The system damping is directly
related to the FSC level, and the performance of the pro-
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Fig. 11 The output active power of DFIG with and without BESSDC,
at: a 50% series compensation and 9 m/s wind speed; b 60% series
compensation at 9 m/s wind speed
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Fig. 12 DC-link voltage with and without BESSDC, at: a 50% series
compensation and 9 m/s wind speed; b 60% series compensation at
9 m/s wind speed
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posed BESSDC, at various series compensation levels is val-
idated. This is equivalent to the performance of BESSDC;,
in various damping conditions. As depicted in Fig. 8, when
the level of FSC increases, the amplitude of the undamped
oscillation increases, and eventually, the system becomes
unstable. The amplitude of the output power oscillation is
reduced when BESSDC, is added to the system even when
increasing the FSC level from 50 to 60%. Figure 11 depicts
the active power of the DFIG with and without BESSDC,,
while Fig. 12 displays the DC-link voltage.

4.4.2.2 Varying wind speeds The baseline scenario is simu-
lated at a wind speed of 11 m/s and 7 m/s rather than 9 m/s,
whereas other parameters are fixed. Figure 13 depicts the
active power output of the DFIG with and without BESSDC;
at different wind speeds. It shows that after using the damp-
ing controller the undamped oscillations are damped out.
The results demonstrate that the proposed damping control-
ler is proficient in damping out oscillations at different wind
speeds. Correspondingly, Fig. 14 depicts the DC-link voltages
of the DFIG with and without BESSDC; .

4.4.2.3 Three-phase fault condition In an electrical power
system, three-phase faults are of severe concern and the dis-
turbances can be very serious. Consequently, it is essential to
test the proposed damping controller’s suppression capabil-
ity during three-phase faults. The baseline scenario is simu-
lated at an FSC level of 50% and a wind speed of 9 m/s, and
the series compensating capacitance is activated before the

" At R R
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——— With BESS damping controller

Output active power{Pe(pu)]

02 04 06 08 1 12 14 16 18 2 %2 0d s 0% a1 93
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(a) (®)
Fig. 13 The output active power of DFIG with and without
BESSDC, at:a 7 m/s wind speed; b 11 m/s wind speed at 50% series
compensation
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—— With BESS damping controller
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Fig. 14 DC-link voltage with and without BESSDC, at 50% series
compensation and: a 7 m/s wind speed; b 9 m/s wind speed
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fault. The fault is introduced at 0.2 s and eliminated at 0.4 s.
During the fault, the active power declines almost to zero, as
depicted in Fig. 15. Without the BESSDC;, the active power
generated by the DFIG experiences severe sub-synchronous
undamped oscillation and consequently the system loses
stability. When the BESSDC; is activated at 1 s, the oscil-
lation converges and the system regains stability, as seen in
Fig. 16. Figure 17 shows the DC-link voltage of the DFIG in
the three-phase fault condition. The simulation results show
that the BESSDC; has excellent restraining effect even in the
worst-case three-phase fault scenario.
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5 Conclusion

To investigate the SSR phenomena, a detailed mathematical
model of a 100 MW DFIG-based WPP interconnected to an
infinite bus with an FSC power transmission line has been
developed based on the IEEE FBM. With the help of eigen-
value analysis, the several modes of oscillation in the over-
all system, ie., electrical, electromechanical, and torsional
modes, are obtained. The estimated eigenvalues of the overall
study system for different operating conditions are used to
identify the stable and unstable modes of frequencies and
unstable SSR modes. Two cases are investigated for small-
signal stability, including varying compensation levels and
wind speeds. To alleviate the sub-synchronous oscillations
due to SSR and enhance power system operation, a BESSDC;
equipped with a supplementary damping signal composed of
the angular speed deviation is proposed to damp out oscil-
lations in wind-integrated power grids effectively even after
increasing the series compensation level from 50 to 60%. In
the proposed method, WAMS data is used to obtain angu-
lar speed deviation to be used as the input control signal. To
validate the performance of the proposed controller, eigen-
value analysis and time-domain simulation are carried out
using MATLAB/Simulink. The dynamic behavior of the
electromagnetic torque, active power, reactive power, and
DC-link voltage of the DFIG for various compensation levels,
wind speeds, and three-phase fault condition are investigated
in this paper. The results show that the proposed BESSDC;
is capable of damping out the oscillations in a very effec-
tive manner. Moreover, since the proposed BESSDC; -based
damping controller does not need the modification of other
power system controllers or the detection of harmonics,
it can easily be applied to various scenarios for minimizing
sub-synchronous oscillations caused by the SSR.

Appendix
See Tables 7, 8 and 9

Table 7 Parameters of the DFIG

Parameter Rating
Individual Aggregated
Rated power 1.5 MW 100 MW
Rated voltage 575V 575V
Rated frequency 60 Hz 60 Hz
Rs 0.023 0.023
Xis 0.18 0.18
R 0.016 0.016
Xir 0.16 0.16
X 29 29
DC-link voltage 1150V 1150V
DC-link capacitor 10,000 pF 67%10,000 pF
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Table 8 Parameters of drive train
Parameter Rating
He 4325
Hg 06855
Dt 0
Dy 0
Dyg 1.5pu
Kig 1.1
Table 9 Parameters of transmission line
Parameter Rating
Transformer Ratio 575V/ 161 kV
Base power 100 MVA
Re 0.02
X 0.50
Xc at 50% compensation 64.8 Q)
X7 0.14
Xsys 0.060

Abbreviations
SSR Sub-synchronous resonance

PMSG Permanent magnetic synchronous generator
WPP Wind power plant

BESS Battery energy storage system

FSC Fixed series compensation

GSC Grid side converter

ICS Input control signal

BESSDC,  Battery energy storage system damping controller
DFIG Doubly-fed induction generator

STATCOM  Static synchronous compensator

RSC Rotor side converter

SDS Supplementary damping signal

WAMS Wide area measurements system

PMU Phase measurement unit

FBM First benchmark model
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