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Abstract—This  paper  addresses the problem of
Subsynchronous Oscillations (SSO) in a Doubly Fed Induction
Generator (DFIG) wind farm originated by its interaction with
a series-compensated transmission line. Given its relevance
in the power system, several solutions and analysis methods
have been utilized to tackle this issue. This article proposes an
innovative function for a Battery Energy Storage System (BESS)
in mitigating SSO without compromising its primary functions.
To achieve this aim, the article explains the origin of SSO and
outlines how incorporating a BESS can effectively ease it. To
evaluate the feasibility of this proposal, we conduct extensive
simulations on a power system integrating energy-distributed
resources from DFIG-based wind farms, employing a BESS
to compensate for SSO induced by a series-compensated
transmission line. The results confirm that BESS is highly
effective in reducing or even eliminating SSO.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9029

Index Terms—Doubly Fed Induction Generator (DFIG), Bat-
tery Energy Storage System (BESS), Modal Analysis, Subsyn-
chronous Resonance (SSR), Subsynchronous Oscillations (SSO),
wind farm, DFIG.

I. INTRODUCTION

n recent decades, wind energy utilization has surged, par-
Iticularly with DFIG-based wind farms, leading to substan-
tial growth in this sector. However, challenges like Subsyn-
chronous Interactions (SSIs) have emerged, necessitating a
thorough understanding of their origins for effective resolution
[1]-[8]. Various analytical techniques have been employed to
study the instability caused by Subsynchronous Oscillations
(S8SO), including impedance equivalent models, Bode plots,
and Nyquist plots [9]-[18].

This paper implements the developed methodology pro-
posed in [19] and also addresses the mitigation and analysis
of the SSO. For instance, if SSO arises from Subsynchronous
Control Interactions (SSCI), adjusting power electronic con-
trollers may offer the most promising solution [20]. However,
it is noteworthy that investigating the root cause of SSO is
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not common. As an example, in [21] the authors describe the
basic characteristic of the phenomenon, and based on it, it
is assumed that the subsynchronous oscillations are due to
Subsynchronous Resonance (SSR).

According to previous research [22]-[24], it is proven
that, incorporating Battery Energy Storage Systems (BESS) in
modern power systems or microgrids can significantly enhance
the power management and system stability. For instance,
combining a BESS with a Static Synchronous Compensator
(STATCOM) offers superior flexibility and improved voltage
and power management capabilities [25]-[27].

Nevertheless, there remains a need for extensive research
on mitigating SSO using BESS as a multifunctional device in
Wind Energy Conversion Systems (WECS). For example, in
[28] the author mitigates the SSO by a BESS (without showing
the analysis of the origin of the oscillations), this work focuses
on the compensation of active power oscillation produced by
the SSO. On the other hand, in [20] the authors achieve max-
imum damping characteristics by optimizing the proportional
and derivative gains of the back-to-back controllers of the
DFIG. Those scenarios are implemented and compared with
the proposal in the following sections.

The structure of this paper is as follows: Section II provides
background information, while Section III discusses the sys-
tem under study, BESS controller, and presents the proposal
statement. Section IV thoroughly examines the system perfor-
mance, followed by small-signal stability analysis in Section
V. Section VI outlines the proposed mitigation scheme, and
finally, Section VII presents the conclusions drawn from this
study.

II. BACKGROUND

Subsynchronous interaction describes the oscillation of a
system with frequencies below the synchronous frequency
[16]. The phenomena are classified as SSR, SSCI, and Sub-
synchronous Torsional Interaction (SSTI).

SSR can be attributed to three phenomena: Induction Gen-
erator Effect (IGE), Torque Amplification (TA), and Torsional
Interaction (TI) [29]. IGE is an electrical phenomenon; the
system will experience negative damping if the rotor resis-
tance, as viewed from the stator terminals, is greater than
the stator and power system resistances. TA refers to the
interaction between an electromechanical system and a series-
compensated transmission line and this can be expressed as:

fm:foifer (1)
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where (1) defines the component of frequency induced (f,,) in
the generator due to the natural frequency of the transmission
line (fe..). f, represents the rotor electrical frequency. TI
refers to the interaction between the mechanical system of
the turbine-generator and an electrical network that has been
series-compensated [16], [29], [30]; the expression:

fen:fo:l:fn (2)

defines the component of frequency rendered (f.,) to the
terminals of the generator due to the natural frequency of the
shaft system (f,,) [16], [29], [30].

SSTI refers to oscillations below the system frequency pro-
duced when the natural frequency of the mechanical systems
interacts with the negative damping of the controller of the
power electronics [16]. SSCI refers to oscillation below the
system frequency produced when the natural frequency of the
network interacts with the power electronic control system
[16].

III. PROPOSAL STATEMENT

The study framework focuses on a BESS integrated with
a wind farm. Its primary role is managing active power sent
to the grid, either absorbing or supplying energy. Embedded
within this function is the proposal to mitigate SSO. In this
context, quantifying the impact of active power control and
the proposed mitigation method is crucial. So, this section
outlines the key features of the BESS and the implemented
methodology.

A. System Model

The system under analysis is shown in Fig. 1. The pa-
rameters of the wind, drive train, induction generator, back-
to-back converter and its PI gains, Voltage Source Converter
(VSC) for the BESS and its PI gains, transmission line, and
its mathematical models are obtained from [9], [19], [31]. In
this context, it is considered the following:

« The BESS has the task of ensuring the transmission of 1
pu of active power to the electrical network.

o It is considered an ideal DC source for the BESS.

« For analysis purposes, the series capacitive compensation
(K.s) is considered from 0% to 100% [32], [33].

Besides the statements above, this section sets up the control
for BESS. Fig. 2 shows the decoupled PI control scheme of the
BESS in the synchronous reference frame [34], where P and
(@ are the active and reactive powers, and the suffix bess, ref,
and dfig correspond to the BESS, reference, and wind farm
quantities, respectively, wy is the base frequency and L is the
BESS inductance. Those quantities are measured in the bus
B1 in dgq synchronous reference frame. The voltage of Bus
B1 is controlled through the DFIG scheme, in this scenario
igb_ref = 0. The voltage balance across the impedance for the
BESS is:
diyp

vB1 = Ups + Rptp + Ly 7

3
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The transformation of (3) into a dg synchronous oriented
reference frame [5], [16], [19], [35], as follows:

Ly d [i v, v i —i

Lo @ \lap| _ |\VaB1| _ |Vdb| _ Ry b | _ ws Lo b

wp dt |igb VUgB1 Ugb lgb +1dp )
where 4, and ¢4, are the BESS currents, vg, and vy, are

the VSC voltage. Equation (4) includes coupled terms, the
reference voltages with compensation terms are:

vh v +i v

’Uqb UgB1 —db Uqb
where the symbol * refers to a reference voltages and / refers
to the control signals.

(&)

B. Methodology

The active power control of the BESS and the proposed
mitigation control must be able to operate without conflict
between them. Considering the previous and the aim of the
research, the analysis methodology outlined can be summa-
rized as follows:

« Dynamic simulation is employed to determine the series

compensation limit where the wind farm exhibits SSO.

o Modal Impedance (MI) analysis is applied to find the
frequency of resonance and to establish if the resonance
is "induced or rendered".

« Subsequently, the Selective Modal Analysis (SMA) iden-
tifies critical modes and the physical components con-
tributing to SSI.

o Applying the SMA tools, a parametric analysis is per-
formed to show the misinterpretation of the results when
an integral analysis is omitted.

« Building on SMA findings, a targeted solution is proposed
due to the origin of the oscillation can be established.

Consequently, the contributions are twofold:

« The methodology implementation helps to identify the
phenomenon and the elements involved in SSI leading to
the correct interpretation of the results.

o The proposed mitigation scheme mitigates the SSO at
any level of series compensation; improving the case with
the active power control and the case with the parametric
analysis.

The objective of this Proposed Mitigation Scheme (PMS) is
to isolate the currents that generate SSO by separating the two
system elements interacting at low frequencies. Notably, the
simplicity of the PMS allows other control schemes to function
concurrently. Furthermore, to mitigate the SSI phenomenon,
the PMS requires finite energy, only during the initial transient
phase.

On the other hand, the results are obtained by simulating the
system in ODE’s of MATLAB/Simulink, validated by PSCAD.
The setup information of the dynamic equations in ODE’s can
be found in detail in [31].

IV. PERFORMANCE OF THE SYSTEM
A. Dynamic Simulation

Dynamic simulations (performed in MATLAB/Simulink
2018b) investigate the series compensation limit that the
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Fig. 1. BESS integration into the DFIG-based wind farm [19].
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Fig. 2. Active power control of the BESS [34].

system can handle before an SSO arises. To apply the PMS, it
is essential to understand the Active Power Control (APC)
capabilities. Two scenarios are examined: the wind farm
without the BESS and the wind farm with the APC in the
BESS, both near the compensation limit.

When the system remains in the steady state a change
of series compensation can be applied, in this context, Fig.
3 shows simulations near the resonance zone, starting with
K.s = 10% without BESS, the system remains stable up to
K.s = 70% but becomes unstable at K., = 71%, establishing
the compensation limit at 71%. However, with APC in the
BESS, the system remains stable at K., = 71%. The limit of
compensation that the APC can handle before SSO is analyzed
in Section V.A.

With this information, the SSO frequency shows a dominant
magnitude of 41.7 Hz in the electric torque (Fig 4). This fre-
quency results from the interaction between two subsystems,
which is paramount to the research objectives. SSCI and SSTI
can be assessed using small-signal analysis, while SSR can
be evaluated using MI analysis [36]. Identifying the origin
of the phenomenon is essential before establishing a targeted
solution.
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Fig. 4. FFT of the electric torque, K.s = 71%, without BESS; Fig.
3.

B. Steady-State Equivalent Circuit

The equivalent circuit is used for MI analysis, which
combines driving point impedance and eigenvalue analysis to
verify the natural frequencies (f.,.) of electrical elements in the
power system. Fig. 5 shows the steady-state equivalent circuit
of the system, where S, is the rotor slip, Res(;” is the SSR
equivalent rotor resistance, X, is the rotor leakage impedance,
X, is the mutual impedance, R is the stator resistance, X
is the stator leakage impedance, the subscript , refers to GSC
impedance, the subscript ;, refers to the BESS impedance, and
the subscript 4, refers to the transmission line and transformer
impedance.

Compensated
transmission line

Induction generator \D
Filter, BESS and GSC impedances

Fig. 5. Equivalent electric circuit of the wind farm.

Considering the compensation limit, MI analysis, and equa-
tion (1), Fig. 6 shows frequency versus series compensation
level. The compensation limit (magenta line) is at 71%. The
frequency component f., (blue line) intersects the compensa-
tion limit at 19.53 Hz, and the induced component frequency
is 41.67 Hz. For the induction generator, the rotor’s electrical
speed is f, = fsx Slip, with f; as the synchronous frequency
and Slip = 1.02 [15], [19].

The dynamic simulation shows an SSO frequency of 41.7
Hz, and the MI analysis indicates an induced frequency of
41.67 Hz at the compensation limit. Thus, the SSO is due to
the induced component f,,. SSCI, IGE, TI, and TA can be
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Fig. 6. Subsynchronous resonance frequency versus series compen-
sation level.

the origin of the SSO as they all involve series compensation
topology. The next step is identifying the frequencies of the
modes of interest and the interacting physical elements causing
SSI.

V. SMALL-SIGNAL STABILITY ANALYSIS

The system dynamic equations, a set of nonlinear ODEs,
are simulated in MATLAB/Simulink 2018b. To apply SMA,
the system is linearized using MATLAB’s fsolve function to
compute the steady state and Jacobian matrix. This analysis
compares the system without BESS to one with APC in the
BESS, including a parametric variation case study. Based on
these results, the proposed scheme is developed in the next
section.

A. FEigenvalue Analysis and Participation Factors

This analysis investigates the two elements involved in the
SSO phenomenon; the system enhancement is quantified. The
following cases are proposed:

« Base Case: series compensation of 10%, 70%, and 71%

without the BESS.

o Case A: series compensation of 10%, 70%, 71%, 77.7%,

and 77.8% with the BESS with APC.

Following the procedure in [19], mode 12/13 (complex
conjugates) is identified as the critical mode that causes system
instability. Table I shows the characteristics of this critical
mode for the Base Case and Case A.

TABLE 1
MODES 12/13, CRITICAL MODE

Cases Kes(%) o f (Hz) ¢ D. State/PF
Base 10 —18.12  38.14 7.538x 2 Aig, 7.31

Case 70 —0.1696  41.68 6.477 x 1074 Aig, 9.03

71 0.4385  41.67 —1.675x 1073  Aig, 8.81

10 —19.75 3826  8.187x 1072  Aig. 7.50

70 —4.701  41.76 1.791 x 1072 Aig, 10.6

Case A 71 —4.038  41.76 1.539 x 1072 Aig, 10.3
7.7 —0.0189  41.67  7.234x107°  Aig, 8.59

77.8 0.03604  41.67 —1.376 x 10~*  Aig, 8.57

o — real eigenvalue, f — oscillation frequency, ( — damping ratio.

The study evaluates the stability of a system with the BESS
employing the APC and the system without the BESS. In the
absence of the BESS, the system stability is tested at various
compensation levels, indicating instability at 71%. However,
with BESS employing the APC, the stability improves sig-
nificantly until K., = 77.7%, shown by their eigenvalues
and damping factor. According to Table I, the rotor current
is identified as the critical state variable in the unstable mode,
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highlighting this mode showing SSO despite BESS integration
after a compensation level of K.; = 77.8%. Furthermore, the
instability is found at 41.67 Hz for both cases.

Given these findings, it is imperative to investigate the
interaction of the modes involved in the SSO condition before
proposing a mitigation strategy. According to the state of the
art, the modes involved in SSO condition are related to the
mechanical and electrical transferring-energy-process; i.e., if
two modes are close enough SSO condition can occur [29], in
this context according to Fig. 7 the electromechanical mode
and subsynchronous induced mode are getting close. Fig. 7
also shows the evolution of mechanical mode. The modes
shown in Fig. 7 are compared, the modes without the BESS
and those with the BESS playing the APC. Using the analysis
from Section IV-B supersynchronous electrical mode (SupSR
Elec Mode) and the subsynchronous electrical mode (SSR Elec
Mode) are computed, illustrated in Fig. 7a, those are used to
identify the induced modes for the small-signal analysis [19];
corresponding to modes 8/9 and 10/11. The electromechanical
mode is identified as mode 12/13. The mechanical mode is
identified as mode 16/17, with A\y5,17 = —63.9 + j11.7 for
K.s from 0% to 100%.

The modes that are getting closer are the subsynchronous
induced mode and the electromechanical mode, those modes
produce the SSO. In conclusion, the series capacitor transfers
energy to the electromechanical system by inducing subsyn-
chronous components to the induction generator. Those are the
elements that are interchanging energy on the SSO condition.
In conclusion, according to the definitions of SSI, torque
amplification is identified as the origin of the SSO.

TABLE 11
PARTICIPATION FACTORS WITH K. = 10%

Modes  Variable Case without BESS (%) Case with the APC (%)
Nigs 19.9 19.8
Nigy 26.6 26.8
A Nigr 17.8 17.7
8/9 Aig, 24.8 24.9
AVyes 5.1 5.1
AVyges 5.1 5.2
Aigs 20.2 20.1
A Nigy 30.4 30.5
10710 Adgy 18.2 18.1
Nigy 28.7 28.8
Aigs 8.9 8.6
N Nigs 38.2 38.5
12713 Adgy 8.3 8.1
Nig, 41.4 41.6
Adgs 5.5 5.6
Nigy 1.4 1.6
Y Nigr 6.9 7.1
16/17  Adg, 1.5 1.8
AXy 41.4 40.1
AXo 42.4 42.0

< Maximum value

Up to this point, the modes involved in the SSO have
been identified and, consequently, the phenomenon has been
identified. Moreover, according to Table II the rotor and stator
currents are the state variables with more participation, their
contribution to the dynamics of the resonance condition is
much higher than the rest of the state variables. Now, as a
study case, the damping can be improved even more with
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Fig. 7. Evolution of the main eigenvalues, without the BESS and the BESS with APC. (a) Evolution of the frequency without the BESS. (b)
Evolution of the real part without the BESS. (c) Evolution of the frequency with the BESS with APC. (d) Evolution of the real part with

the BESS with APC.

the BESS applying only the APC. To achieve that, sensitivity
analysis is required, and based on it, a mathematical expression
is developed to figure out which parameter can be modified.

B. Eigenvalue Sensitivity

According to [15], the mathematical definition of eigenvalue
sensitivity is:
O\

aak Jj

1/)1 k¢] A (6)
where ¢ is the eigenvalue of interest, ay ; is the element of
the Jacobian matrix of the k — th row and j — th column.
It is necessary to improve the critical eigenvalue by shifting
it to the left in the s-plane. In this case, it is required to
compute the sensitivity matrix for such mode (S'2/13), but
the more significant sensitivity value and its linearized state
of the Jacobian matrix (A = J(Xo) = |m X,) is analyzed.

The matrix S'?/'3 is shown in Flg “8: a common level
of series compensation of 10% is set. Here, the maximum
sensitivity of the eigenvalues can be found in the 7th row and
the 7th column; S, 12/ 3 The equation (6) can be re-written as:

A)\12/13 -
Aa777 -

12/13
7,7

(7

To estimate the motion of the eigenvalue A;5/13, a general
expression can be used. Taking Aaz 7 ~ a7, — a9)7, where
ar,7 1s the element on 7th row and 7th column of the Jacobian
matrix, the power 0 is the current value and the power n is
the expected value. In this sense, from (7) the next statement
is deduced:

n

12/13(a7 :

—a9;) ®)

To improve the stability, AT, /13 must be moved to the left
side of the s-plane. Considering )\12/13 = —19.749+7240.408

and 512/13 = 7.474+30.6155. When computing (a% ; —a9 ;),

)‘12/13 ~ >‘12/13 + 5

Sensitivity

Group of maximum
eigenvalue sensitivity

Magnitude

25 30

20
15

Rows Columns

Fig. 8. Sensitivity matrix, S'2/1%, with K., = 10%.

the result must be negative. Taking into consideration the
differential equations of the system, the partial derivative of
az,7 of the A matrix is:

where all the quantities in a7 7 are in pu, D = wy/(L?, —
L. L) and the partial derivative 2va- al is computed numerically
through MatLab/Simulink.

Based on (8) and (9), the condition (a} , — af ;) < 0 must
be fulfilled to A;2/13 moves toward the left side. As a case of
study, the parameters in (9) are modified, as the rotor leakage
inductance (L;.) and the proportional gain K p;q. from the
rotor voltage controller.

Fig. 9 displays the eigenvalue of A;y,13; real part versus
compensation level. According to Fig. 9, the stability of
the system can be improved by parametric variation. The

a’Udr

ar7 = D <RT‘LS — L, ®

aidr
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eigenvalue turns positive at 88% when the inductance L, is
adjusted. When Kp,4, is modified, the system can alleviate
damping during SSO. This finding underscores that enhancing
system stability, observed during SSO by adjusting control
gain parameters, does not necessarily indicate a control-related
origin [37]. On the other side, stability is improved through
parametric variation, however, a resonance condition persists
under a specific level of series compensation.
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Fig. 9. Real part of the electromechanical mode with parameters
variation.

VI. DESIGN PRINCIPLES OF PROPOSED MITIGATING
SCHEME

In this section, we develop the PMS and conduct a SMA
to showcase the scope of our proposal. The performance of
the PMS is then compared with a scenario involving BESS
with only APC. The objective is to mitigate or eliminate
subsynchronous resonance conditions at any level of series
compensation.

A. Designing the Scheme

According to the previous small-signal stability analysis, the
stator and rotor currents are the means by which the energy is
transferred between the two elements under TA. According to
Fig. 10, the stator currents are related to the subsynchronous
natural frequency (f.,) by:

(10)

iy =i —ig —ip

where ¢, ¢4, 15, and i, are the currents of the line, back-to-back
converter, induction generator, and the BESS, respectively.
Under a transient (with a series compensation of K., = 71%),
the electrical network shows a subsynchronous natural fre-
quency of f., = 19.53 Hz. This component is induced into the
generator through the stator currents according to (10) and then
through the rotor currents; a simplification of the induction
generator [19], [31] can be used to show the relation between
those currents as follows:

Ldiae — (4,0 — Ryigs + wsthgs)Lim /Ly Lscl

wp dt
. +(Udr — R,igr + wslipwqr)/LTa (1)
wLb_Zi(iL = _(qu - Rsiqs - ws¢d5)Lm/LTL5a

+('Uqr - Rriqr - wslipwdr)/Lru

The stator currents ¢45 and 74, induce the subsynchronous
components f., into the dynamics of the rotor currents i,
and %4,-. It should be seen that voltage dynamics and fluxes
can also induce such frequencies. According to (1), on a
resonance condition, the induced frequency is f,, = 41.67
Hz. In this study case, it is considered the two-mass model
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representation of the drive train [31] and the electrical torque
can be calculated using:

Te = Lm (idsiqr - Z.qsidr’) (12)

in pu units. The electrical torque 7, induces the oscillation in
the drive train at the induced frequency f,,, according to the
next equation [31]:

dwg 1
dt  2H,

where w, oscillates at the frequency fy,. In conclusion, when
the oscillation frequency of the electrical torque closely aligns
with the natural frequency of the drivetrain (electromechanical
mode), the system will exhibit TA.

The PMS is integrated into the APC of the BESS. This
integration involves an additional reference that is selectively
activated only in the presence of low-frequency oscillations,
specifically those that lead to TA. The primary objective of the
PMS is to isolate the two modes responsible for TA, namely
the induced mode and the electromechanical mode. To achieve
this goal, it is necessary to separate the subsynchronous
currents in the stator from the rotor currents.

Fig. 11 shows the transformation of the signal of interest
(%14, t1p, and 7;.), from three-phase to a dg synchronously-
oriented reference frame 6, a second-order transfer function is
applied to decouple the low frequencies from the fundamental
frequency. The signal 74, (i€., s and ¢,4¢) is the current of
the fundamental frequency. The signal 744, (i.€., 45 and i4p),
represents the subsynchronous components to be isolated from
the generator.

(T — Fug —T.) (13)

A /

s i
— —
-é>

Fig. 10. Flow of the currents.
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Fig. 11. Feedback currents of the PMS.

The BESS control scheme including the auxiliary signals
is shown in Fig. 12, where 74, and ¢4, are inside of a blue
box. The primary objective of the PMS is to provide feedback
for the subsynchronous current signals to the inner loop of
the BESS controller. As a result, the BESS operates as a
multifunctional device capable of simultaneously mitigating
TA and controlling the active power. In particular, the PMS is
activated automatically only in the presence of subsynchronous
current components.
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Fig. 12. BESS scheme control with the feedback currents from the
PMS.

According to the dq transformation theory, the fundamental
components of current ¢qq¢ are constant on amplitude, and
the subsynchronous components %445, oscillate. To obtain the
proper feedback signals, the second-order transfer function
has the objective to filtrate the fundamental signal (seen as
a constant in dgq reference frame) from the subsynchronous
oscillation, avoiding its amplification and phase shift; the
second-order transfer function is:

. 2
Ld‘]f — 5 wp (1 4)
52 + 2(pwps + w2

idqt

The second-order transfer function must ensure an infinite
phase margin and infinite gain margin; with ¢, = 0.7 and
wp = (4)(2)(m), the objective can be achieved.

B. Performance of the PMS and APC

In the preceding sections, we discussed the damping en-
hancement achieved by the BESS solely with APC. Specifi-
cally, the system exhibits instability at a series compensation
level of 71% without the BESS. However, when the BESS
is integrated with only the APC, stability is restored, and the
system remains stable at a higher series compensation level up
to 77.8%. It is essential to note that while this enhancement is
attributed to active compensation, subsynchronous oscillations
persist beyond K5 = 77.8%. Now, under the same conditions,
the PMS is tested to demonstrate the outstanding results
achievable with the proposed solution.

First, the SMA is conducted to show the performance of the
PMS. A compensation K. from 0% to 100% is considered
for three cases of study, as follows:

o The system without the BESS.

o The system with the BESS and only the APC; without
the 745, and ¢4, feedback components of the inner loop
in the control scheme.

o The system with the BESS and only the PMS; without
the outer loop in the control scheme.

For the above cases, only the critical mode is plotted. Fig.
13 shows in a red straight line the limit where the system
becomes unstable (resonance zone). The system becomes un-
stable without the BESS at 71% of series compensation (black
line). The next case shows that when the APC is integrated
into the BESS the system becomes unstable at 77.8% of
series compensation (blue line). Meanwhile, the case with
only the proposed mitigation scheme (green line) shows an
improvement of the electromechanical mode in all spectra of
series compensation, since the PMS turns the eigenvalue more
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negative as the series compensation increases. These results
confirm that PMS not only improves the damping of torque
amplifications but also proactively prevents their occurrence.
The APC, on the other hand, dampens the problem of torque
amplifications only in a limited range.

T T [
101 Resonance zone T

£
d"i -10[ Electromechanical modes B
=20 .
3
& -30 f—Without BESS g

40 ||==With only APC i

=—With only PMS
50 T | ! ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 90 100

Compensation Level K, (%)

Fig. 13. Evolution of the electromechanical modes for the three cases.

Now, it is required to investigate if the APC and the PMS
can operate simultaneously in the BESS. In this scenario,
the system is series compensated at K.; = 10%, and two
scenarios are proposed:

o The system with the BESS and only the PMS; only the

inner loop.

o The system with the BESS and the PMS plus APC;

included the outer-loop and the inner-loop.

At 100.3 seconds, a change of series compensation level
from K., = 10% to K., = 78% occurs. By using the
controller parameters shown in Table III and in [19], Fig.
14 shows the active power evolution through time. With only
the PMS, the transient is mitigated due to the action of the
proposed controller and the active power is slightly above 0.9
pu. In the scenario with the APC plus the PMS, the dynamic
behavior is the same as the previous case (dynamics due to the
PMS) but with the active power reaching 1 pu. The APC and
the PMS achieve their objectives. In this case, it is shown that
despite both schemes being applied to the BESS, the dynamics
of the SSO are controlled only by the PMS and the active
power compensation achieves its purpose without affecting the
PMS objectives.

TABLE III
GAINS OF THE BESS CONTROL [31]

Gain Value Gain Value

Kpyp 0.1595 Kjyp 4

Kpiap 3 Kriay 80

Kpq 0.1595 Kjq 4

Kpigp 3 Kpigp 80
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Time (s
Fig. 14. Performance of the active power for the APC and the PMS.

Fig. 15 illustrates the DC voltage of the BESS converter.
The scenarios align with those described for APC. Signif-
icantly, in this case, the scenarios with the PMS and the
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scenario with APC plus PMS demonstrate identical dynamics,
as evident from the overlap of their respective response. It is
crucial to highlight that the oscillations in all state variables
follow the same dynamics. This observation emphasizes the
interoperability of both control schemes, suggesting their
effective concurrent utilization.

1.015

—Only PMS

< 101 Change of |—=With APC plus PMS
g compensation level
21005 /‘\ ‘\ f"\
= 1 f A A AN A
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3
- 0.995] \
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Fig. 15. Performance of the back-to-back DC voltage for the APC
and the PMS.

Regarding the energy requirement by the BESS to mitigate
the TA phenomenon, Fig. 16 illustrates the reactive power and
the active power delivered by the BESS with only the PMS
activated. Notice, that when a resonance condition is detected
in the system, the powers from the BESS start to oscillate
interchanging energy with the rest of the system. The results
indicate that the PMS effectively damps the unstable oscilla-
tions due to the TA, ultimately leading to their disappearance
with a finite amount of energy at the same series compensation.

T T T T
= Only with PMS —Activt? Power of the BESS
& 01 —Reactive Power of the BESS
g 0

) i o1

&b
S -02f Powers tend to be zero T o s T 1

| | | | | | |

100.3 100.4 100.5 100.6

Time (s)

100.7 100.8 100.9 101

Fig. 16. Active power and reactive power delivered by the BESS only
with the PMS.

VII. CONCLUSION

According to the structured process of analysis developed
in this paper, it is demonstrated that it is possible to identify
the physical elements related to the SSO and their natural
frequency as well. This structured process entails identifying
the phenomenon that produces the SSO.

Besides, it is demonstrated that, if a structured process of
analysis is not used a misinterpretation of the origin of the
SSO can occur, leading to a solution that partially fixes the
problem.

Finally, once the phenomenon has been identified, a pro-
posed mitigation scheme applied in the BESS is designed
to mitigate the SSO with a capability of interoperability
allowing the operation of the preconfigured control objectives
of the BESS. The proposed mitigation scheme is activated as
automatically when subsynchronous currents are detected in
the system. Moreover, the energy required by the proposed
mitigation scheme is limited. In this context, the two physical
elements that produce SSO are isolated successfully.
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APPENDIX A
GAINS

The gains of the BESS control, back-to-back converter, and
all model parameters, can be found in detail in [31].
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