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Abstract

Inverter-based resources are widely integrated into power systems, which may interact
with each other and induce the risk of oscillation. This paper introduces a two-degree-of-
freedom elastic energy equivalent system (2DOF-EEES) to assess interactions in power
systems integrated with multiple inverter-based resources. Unlike traditional impedance-
based analysis, the 2DOEF-EEES intuitively represents the interactions between multiple
inverters and the power network by constructing an equivalent elastic structure with two
degrees of freedom. Initially, by equating parallel RLC circuits to a two-degree-of-freedom
spring—damper system, the 2DOF-EEES is established. Subsequently, the 2DOF-EEES
for the power system, integrated with multiple inverter-based resources, is developed by
deriving analytical expressions for common and differential-mode energy. The effectiveness
of this method in accurately assessing the oscillatory stability of the system is validated
through time-domain simulation. The results further reveal that the differential-mode
energy influences the common-mode energy via the equivalent elastic structure in the
2DOEF-EEES, thereby affecting the interaction between the wind farm and the network.

Keywords: doubly-fed induction generator (DFIG); two-degree-of-freedom elastic energy
equivalent system (2DOF-EEES); oscillatory stability; interaction

1. Introduction

Inverter-based resources (IBRs) are widely integrated into power systems for envi-
ronmental protection, which may interact with each other and induce the risk of oscil-
lation [1-4]. The sub-synchronous control interaction (SSCI), as one type of oscillation
between wind farms and the power grid, is analyzed by aggregating the dynamics of mul-
tiple wind farms. This follows the assumption that multiple wind farms are homogeneous
and connected in parallel to the ideal power grid [5-7]. Some single-generator equivalent
models have thus been proposed in many power system studies to enable a fast assessment
of wind farm performance and the impact on the grid [8-10]. However, in practical wind
power systems, the wind farms are heterogeneous, indicating that the operating conditions
and the parameters of wind farms are different [11]. Therefore, it is also significant to
reveal the interaction between wind farms on the oscillatory stability of practical wind
power systems [12-14].
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Eigenvalue analysis [15-18] and impedance-based analysis approaches [19-21] have
been used to analyze the interaction between the generator and the grid. As for the former
approach, Ref. [15] defines the overall participation factor for each equivalent generator
in a mode to identify the interactive mode and specify which generators dominantly
contribute to the interactive mode. In [16], the multi-machine wind farm is represented in
the state space to evaluate oscillations stemming from its spatial arrangement. In [17], the
impacts of various parameters as well as operating conditions on those oscillation modes
are investigated. In [18], a state-space model of the synchronous generator-DFIG system is
derived, and eigenvalue analysis is employed to identify the critical modes, based on which
a sliding-mode controller is proposed that effectively damps the low-frequency oscillations.
However, the physical meaning of interactions is difficult to reveal with the calculation of
modes and participation factors. The latter impedance-based analysis approach can provide
part of a definite physical meaning for such interactions. In [19], the interaction mechanism
of identical paralleled inverters is revealed through the impedance modeling approach
based on separate transfer functions. In [20], a clustering-based model is proposed to
evaluate the interaction among differently parameterized generators by corresponding
transfer function matrices. In [21], a DFIG-based frequency-domain impedance model
considering RSC control under small-signal perturbations is developed in a three-phase
stationary coordinate system.

The works mentioned above are based on the frequency-domain approach; the ef-
fectiveness of such an approach is affected by the selection of the fixed operating point
for the system. However, the interactions in practical wind farms are affected by various
operating conditions, including wind speed, types of online wind turbines, parameters
of the converter controllers, etc. Such various operating conditions lead the operation
points of the system to keep on changing. Ref. [22] reveals that the change in SSO fre-
quency has a great influence on the suppression effect of the resonance controller. To tackle
this issue, energy-based analysis approaches are used to evaluate the interactions in the
wind power system. Refs. [23,24] evaluate the transient energy during the interaction by
defining the dissipation intensity according to the Lyapunov stability theory. In [25,26],
the single-degree-of-freedom elastic energy equivalent system (EEES) is established to
analyze the control interaction in the wind power system from the perspective of elastic
energy exchange and dissipation. The online dissipated energy criterion and potential
energy condition are then developed for evaluating the interaction. However, the existing
energy-based analysis approach only evaluates the generator and grid interaction. The
other interaction among the IBRs has not been revealed from the view of energy, which
may also affect the oscillatory stability of the system. Recent studies have primarily fo-
cused on frequency-domain impedance modeling [21,22] or aggregation-based stability
analysis [19,20]. Although these methods effectively identify resonance conditions and
interaction modes, they rely on linearized models around fixed operating points, which
limit their ability to capture time-varying dynamics. Energy-based methods [23-26] have
provided a physical interpretation of oscillatory energy exchange but are generally re-
stricted to single-generator or homogeneous systems. Hence, there remains a need for
an energy-based model that can reveal both grid—IBR and IBR-IBR interactions in het-
erogeneous multi-inverter systems. The proposed two-degree-of-freedom elastic energy
equivalent system (2DOF-EEES) addresses this gap. Unlike conventional impedance-based
or eigenvalue analysis approaches, which focus primarily on small-signal interactions
at fixed operating points, the proposed 2DOF-EEES establishes a dynamic energy-based
representation capable of analyzing both inter-inverter and inverter—grid couplings un-
der variable conditions. Furthermore, compared to single-generator equivalent models
that aggregate all inverters into one homogeneous source, the 2DOF-EEES retains the
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heterogeneity of individual inverters by introducing two energy coordinates—common
and differential—thus providing a more accurate and physically interpretable model for
interaction analysis. In fact, the single-degree-of-freedom EEES reveals the interaction
between the wind power system and the grid through an equivalent single spring-damping
branch. At this point, it is considered that each wind farm in the wind power system is
homogeneous and can be aggregated. When different wind farms within the wind power
system are heterogeneous (including the shunt devices) and cannot be aggregated, a new
model is required to describe the interaction between the wind power system and the grid,
as well as the interaction between each wind farm within the wind power system. The
contributions of this paper are summarized as follows:

(1) The 2DOF-EEES is proposed to describe the interactions in the power systems inte-
grated with multiple IBRs in real time.

(2) The 2DOF-EEES can decouple the interactions of the IBRs to the grid and IBR to
the IBR. This is achieved by calculating the work performed in the direction of the
common branch and in its vertical direction for the 2DOF-EEES, which is defined as
the common-mode energy and differential-mode energy.

(3) The existence of the differential-mode energy will affect the common-mode energy
through the equivalent elastic structure in the 2DOF-EEES, thus affecting the interac-
tion between the wind farm and the network.

The main structure of this paper is summarized as follows: Section 2 proposes the
2DOEF-EEES, which is the basis for modeling systems with multiple paralleled generators.
Section 3 establishes the 2DOF-EEES for the power systems integrated with the IBRs.
Section 4 simulates an example system with multiple doubly fed induction generator
(DFIG)-based wind farms and STATCOM to verify the effectiveness of the proposed model
and the accuracy of the stability analysis. Section 5 concludes the paper.

2. Proposed 2DOF Elastic Energy Equivalent System

The variables used in this paper, along with their definitions, are provided in
Appendix A (Table Al). Assuming that the oscillatory system is composed of multiple
RLC branches connected in series or parallel and the current of different branches has
its phase angle B_, the SDOF-EEES in [25] is incapable of modeling the aforementioned
characteristics. Alternatively, as for the parallel RLC branches shown in Figure 1a, the
nth RLC branch is selected as the common branch, and its current phase angle is defined
as B,_n, whose value is defined as zero. In addition, the current phase angle deviation
between the common branch and other RLC branches is defined as f3; ,,.

Then, the current phase angle deviation f3; ; is analogized as the angle deviation «; ,
for the spring-damper branches. This leads to the establishment of the two-degree-of-
freedom (2DOF) EEES, whose structure is shown in Figure 1b. A mathematical comparison
between 2DOF-EEES in Figure 1a and traditional impedance models in Figure 1b is shown
in Table 1.

Table 1. The mathematical comparison between the impedance models and the 2DOF-EEES.

Impedance Models 2DOF-EEES
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Figure 1. The analogy relationship between the parallel RLC branches and the 2DOF-EEES. (a) The
structure of parallel RLC branches. (b) The structure of the 2DOF-EEES.

Remark: The significance of the 2DOF-EEES is as follows: the 2DOF-EEES provides
a new reference frame for analyzing the oscillation in multiple branches, which can be
used to evaluate the energy exchange and dissipation among different branches in the
horizontal and vertical directions. This is achieved by calculating the work W, and W, (i.e.,
the work performed in the direction of the common branch and in its vertical direction)
of the 2DOF-EEES (given in Equation (1)) during the oscillation. The work, W;, and W,
performed over a while is defined as common-mode energy and differential-mode energy,
respectively. In Equation (1), the dissipated work, W, ; and W, 4, reflects the damping
performance of the 2DOF-EEES in the horizontal and vertical directions, respectively.
When the value of the W, ; and W, ; is larger than zero, it indicates that the damping
characteristics of the 2DOF-EEES are positive in the horizontal and vertical directions,
and vice versa. In addition, the damping contribution induced by each branch can also
be evaluated by separating the dissipated work W), ; and W, ; according to the physical
structure of 2DOF-EEES. For instance, the damping induced by branch 1 (as shown in
Figure 1b) in the horizontal and vertical directions can be expressed as Equation (2), where
W, 41 and W}, 41 are the dissipated work performed by branch 1, reflecting the damping
contribution of branch 1 on the vibration of the 2DOF-EEES in the horizontal and vertical
directions, respectively. Meanwhile, the work related to the potential energy (i.e., Wj,_,
and W;_p) reflects the resonant condition of the 2DOF-EEES in the horizontal and vertical
directions, respectively, which is used to identify the resonant condition for the 2DOF-EEES.
When W), , or Wy, is close to zero, it means that the resonant condition is satisfied in the
horizontal or vertical directions, and vice versa. The horizontal and vertical directions
in the 2DOF-EEES correspond to distinct physical processes: the horizontal (common-
mode) direction represents collective energy exchange between the inverter cluster and the
power grid, while the vertical (differential-mode) direction reflects relative energy exchange
among parallel inverters. Identifying which direction exhibits oscillation helps determine
whether instability originates from grid interaction or mutual inverter coupling.



Electronics 2025, 14, 4479 50f 19

n
Wy, = ¥ [ AF;cos(mm — o ) - dAlcos(mm — o y,)
i=1
=Wy 4+ Wh,p

2
i

It

1

n
cos? (71 — a; y) [ wmD;AI?dAOeg + Y cos® (1t — aj ) (;kiAl
i=1

1X;
_——Ye
2w, !

s

1

cos*(m— Bi n) [ R,'Ali2 A i cos?(rt — Bi 1) (
i=1

W, = i f AFZ‘ Sin(T[ — “i_n) . dAll SiI’l(TL’ - “i_n)
i=1

= Wy g+ Wv_p

Il
It

n I
sin® (7 — a; ) [ W DiAI2dABeg + Y cos?(m — a; ) (;kiAliz )
i=1 lo
I
Io

where ; ,, is the angle deviation for the ith spring—-damper branch. B; , is the current phase

n 1 X
sinz(r( - ﬁi_n)f RlAIlz . dAGgg + ‘21 Sil’lz(ﬂf - ,Bi_n) ( JAIZZ
1=

s

; 2 we

angle deviation between the common branch and ith RLC branch. F; and /; are the force
and deformation of the ith branch. W), and W, are the work performed in the direction
of the common branch and in its vertical direction. W), ; and W, ; are the dissipated
energy of the 2DOF-EEES in the horizontal direction and vertical direction. Wj,_, and
Wy_p are the potential energy of the 2DOF-EEES in the horizontal direction and vertical
direction. 0 is the voltage phase deviation of the RLC branch. D; and k; are the damping
and stiffness coefficients of the ith equivalent spring—damper branch. w;, and w, are the
angular frequencies of the mechanical system and series RLC circuit, respectively. [y and I
are the initial and real-time RMS values of the branch current. R; and X; are the resistance
and reactance of the ith series RLC branch.

Wo a1

=sin®(71 — a1 ) [ Wi D1AZdAOq
=sin?(71 — B1_y) [ R1IAI? - dAOeq
Wh_m

= cos?(m — a1_p) [ Wi D1AIFAAGq
= cos?(71 — B1_n) [ RiAIT - dAOyq

where W), 41 and W, ;41 are the dissipated energy of branch 1 in the horizontal direction
and vertical direction.

In conclusion, two criteria are developed to determine the occurrence of the oscillation
in the horizontal direction or the vertical direction:

(1) The dissipated work of the 2DOF-EEES is negative.
(2) The work related to the potential energy of the 2DOF-EEES is close to zero. In the
next section, the proposed 2DOEF-EEES is applied to analyze the SSCI.

In systems with multiple parallel generators, each generator branch contributes to the
total common- and differential-mode energy of the 2DOF-EEES. The two criteria, therefore,
indicate whether energy exchange among these generators leads to collective oscillations.
A negative dissipated work identifies insufficient damping across branches, while near-
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zero potential energy indicates resonance coupling. Together, they help determine oscilla-
tion risks in multi-generator systems.

The establishment of the 2DOF-EEES model is based on the following assumptions:
(1) inverter and grid dynamics are linearized around their steady-state operating points;
(2) high-frequency switching harmonics are neglected, as their influence on sub-synchronous
oscillations is minimal; (3) the grid voltage is assumed to be quasi-stationary within the
analyzed frequency range (5-45 Hz); and (4) mutual coupling among inverters is repre-
sented by equivalent RLC branches. These assumptions are standard in small-signal and
energy-based modeling [23-26] and are validated by the simulation results in Section 4,
which align closely with time-domain simulations of the full nonlinear system.

3. The 2DOF-EEES of the DFIG-Based Wind Farms

The test system in this paper is shown in Figure 2. Multiple DFIG-based wind farms
(DFIGWF) and a shunt STATCOM are integrated in parallel into an infinite power source
via a transformer and a series-compensated network. Existing works have revealed the
interaction between the IBRs (i.e., DFIG-based wind farm or a shunt STATCOM) and the
series-compensated network. This section uses the 2DOF-EEES to evaluate the interactions
of the wind farms with the network and the IBRs.

RSC

-

|

-

Series compensated
network

Se

STATCOM
The energy between wind The energy S
—> - TATCOM
farms and network <> between IBRs
Controllable dissipated Controllable. potential DFIGWF
energy of wind farms energy of wind farms

Figure 2. The physical structure of the test system.

The corresponding equivalent circuits of the test system can be obtained from
Figure 3a [26]. Then, based on the analogy relationships in Section 2, the equivalent circuits
can be analogized as 2DOF-EEES (shown in Figure 3b). In Figure 3, the potential energy
and dissipated energy generated by the equivalent reactance and resistance in Figure 3a
correspond to the energy generated by the spring and damper in Figure 3b, respectively. In
addition, according to whether this energy is related to the converter controllers, the energy
can be further defined as controllable energy and inherent energy, respectively. Specifically,
the controllable energy originates from the dynamic responses of control systems within
inverter-based resources, such as the active damping, current control, or voltage control
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loops of DFIGs and STATCOMs. This energy reflects how control parameters influence
system stability and oscillation suppression. In contrast, the inherent energy is deter-
mined by the passive components of the network, including line impedance, transformer
reactance, and machine parameters, which characterize the natural oscillatory behavior
of the electrical system without control intervention. By distinguishing controllable and
inherent energy, the proposed 2DOF-EEES can reveal how control strategies interact with
the system’s physical characteristics to influence overall oscillatory stability.

Grid Side
|||—@—|:H:|— _mrn.|_|:,nm_=,:._

U (S RSC_ R “ ! GSC 1 ls 1
cr_1
C
Rotor Side RSCAI ]
DFIGWF_,
id Si SCL
+ Rotor Side Grid Side R
Ill—@—:H:I— _IYM.|_|:|M_|_,|_,_
L Netwurk
* R 1r_2 R R <«
U Z(S{QRSC’Z 2 | Resc_aLys p 52702 Ig
CRSC72 I
2 —
DFIGWF_n 1

cr_ star (8) 'I|_@_:" _':'_Nm_

Royr 1 R Ly STATCOM
CSTAT _>
STATCOM In DFIGWF

(@)

= Inherent potential energy
Controllable potential energy
———  Inherent dissipated energy

——  Controllable dissipated energy

Rotor Side Grid Side Series compensated network

MWW T MWWH
—— «— |
™ Ay g Fg

L

DFIGWF_n

Network

STATCOM
DFIGWF

(b)
Figure 3. The circuits of the test system. (a) The electrical equivalent circuit. (b) The 2DOF-
EEES circuit.
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Then, the explicit expressions of the damping and stiffness coefficients Dpricwr i,
kDFIGWF_ir Dstarcom and kstarcom for the DFIG-based wind farm have been derived [26],
which are given in Equation (3). The derivation process of kprigwr ; and Dstarcom is
similar to the damping coefficient and stiffness coefficient of wind farms and will not be
repeated here.

wmDprigwr_i = Rprigwr_i(s) = Ry + Ryrsc_i(s)
+Rs i + R i + Rycsc i(s)

wmDstarcom = Rstarcom(s) = Rsrar(s)
3
kpricwri = Xpricwr_i(s) = sLiy j +8Lys ; —sLp ; + ﬁ ®)
(Lm+Lls_i)

_|_
s((Lm+Las_i)kin+(kpokin+kinkp1 ) EsLm )

kstarcom = Xstarcom(s) = sLstar(s)

where R, ;, R; ;, and R; ; are the resistances of the rotor winding, stator winding, and
transmission line of the ith DFIG-based wind farm, respectively. R;rsc ; and Ry,gsc ; are
the equivalent resistances of the rotor-side converter (RSC) and grid-side converter (GSC)
controllers of the ith DFIG-based wind farm. Ly, ;, L;s ;, and Ly ; represent the inductances
of the rotor winding, stator winding, and transmission line of the ith DFIG-based wind
farm, respectively. L, is the magnetizing inductance. Es is the amplitude of stator voltage.
kp1, ki1, kp2, and k> are the proportional and integral gains for the inner and outer control
loops of the RSC controller. ky4 and k;4 are the proportional and integral gains for the
inner control loop of the GSC controller. Rgrar and Lgt4T are the equivalent resistance and
inductance of the STATCOM.
Denote

kiok; EsL
Rursc.i(s) = (kpokpn + 5242 ) pEl 1 ko
(Lm+Llsfi)

Cursc_i = (Lm+Lys_i)kio+(kpakin+kinkp1 ) EsLn
Rucsc_i(s) = kpa

1
Cwcsci = 75

RstaT(8) = Re(ZsTAT ave)
Lstar(s) = Im(ZsTAT _ave)

where Cyrsc ; and Cygsc ; are the equivalent capacitors of the RSC and GSC controllers of
the ith DFIG-based wind farm.

Substituting Equation (3) into Equations (1) and (2), the common-mode energy Wj,
and differential-mode energy W, of the test system can be derived as follows:

W= Wiwrnxw+Wp we Nw

n
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where W wr nyw and Wy, wr_nw are the common-mode dissipated and potential energy, re-
flecting the total energy exchange and dissipation between the wind farms and the network.
Wi wr_and W, wr_ are the differential-mode dissipated and potential energy, reflecting
the total energy exchange and dissipation among the IBRs. «; , and Al; correspond to
the component current phase angle deviation j; ,, and amplitude Al;, respectively. B; ,
and Al; can be obtained by measuring the output current of each wind farm through a
phasor measurement unit (PMU) and then decoupled by the discrete Fourier transform
(DFT). Finally, based on the parameters and measured data of the test system, the inter-
actions in the test system can be evaluated by Equation (4). An algorithm flowchart is
shown in Figure 4 to demonstrate the feasibility of real-time evaluation for 2DOF-EEES.
In practice, the interaction estimation process based on Equation (4) proceeds as follows:
First, the phasor measurement units (PMUs) record the output current and voltage of each
inverter branch at the common bus. These signals are processed using the discrete Fourier
transform (DFT) to extract the amplitude Al; and phase angle B; ,, of the sub-synchronous
components. Second, these measured quantities, together with system parameters such as
equivalent resistance (R), reactance (X), and the derived damping and stiffness coefficients
(D and k), are substituted into Equation (4) to compute the common-mode energy (W) and
differential-mode energy (W,). The signs and magnitudes of the dissipated and potential
energy terms (W; and W)) then indicate the degree of coupling and damping between dif-
ferent branches. Specifically, a negative dissipated work (W; < 0) and a near-zero potential
energy (W), ~ 0) imply that strong oscillatory interaction exists either among inverters or
between the inverter cluster and the grid. This procedure enables real-time evaluation of
the system’s dynamic interactions using both measurement data and known parameters.

‘ Acquire PMU data ‘

(sliding window)

Extract sub- svshronous
components

[ Compute features

parameters

model and compute
energies

‘ Update equwalent l

‘ Construct 2DOF-EEES

Evaluate
stability conditio

Unsstable

| Raise alarm
Store and ’4;
visualize results Trigger mitigation

Figure 4. The algorithm flowchart of the real-time application of 2DOF-EEES.




Electronics 2025, 14, 4479 10 of 19

As for the generality, the 2DOF-EEES method provides moderate-to-high generality
by combining its two degrees of the dynamic models and PMU measurements, making it
adaptable to multi-generator systems. As for the complexity, 2DOF-EEES requires an equiv-
alent dynamic model and real-time measurement data but is less computationally heavy
than eigenvalue-based analysis approaches. As for the real-time applicability, 2DOF-EEES
can achieve high real-time applicability by dynamically updating operating parameters
and integrating measurement information for online stability evaluation.

4. Case Study and Result Analysis

Simulation is performed based on the test system given in Figure 5. The control and
network parameters of the test system can be found in [25], which are also given in Table 2.
Two equivalent DFIG-based wind farms and a shunt STATCOM are directly integrated
into the common bus. The number of online wind turbines in the two wind farms is
23 [called wind farm 1, WF1] and 77 [called wind farm 2, WF2], respectively. Each wind
farm is interfaced via RSC/GSCs and connected to a 220 kV substation and integrated into
a 500 kV infinite voltage source through a 500 kV series-compensated transmission line. To
verify the effectiveness of the proposed 2DOF-EEES, two operating conditions have been
conducted: the first one is to set up two wind farms with different resistance values of the
transmission line connected to the common bus, and the second one is to set up different
control parameters of the STATCOM.

Remark: There are four steps to evaluate the stability of the oscillatory system in the
real world by the 2DOF-EEES, as shown in Figure 5.

Step 1: Measure and calculate the sub-synchronous oscillatory information (including
Alj, Abeg, we, and f; o) by PMU at the terminal bus of the wind farm and shunt devices
and DFT.

Step 2: Construct the 2DOF-EEES based on the equivalent frequency-scan or analytical
model and the sub-synchronous oscillatory information.

Step 3: Calculate the common-mode energy and the differential-mode energy of the
2DOF-EEES in real time.

Step 4: Evaluate the risk of the oscillation by the energy-based stability criteria.

60MVA  250MVA 300MVA
23\}2;‘:1‘” 35/0.60kV  35/220kV 220/500kV Step 1: Measure the sub-synchronous
RptjweLn  jodn JoeLrs bypass Switch oscillatory information by PMU.
Rptjwe Ly Ritjow. Lin g
CEls
o 100km 300km Serleg Capacitor Infinite Power A\ 4
PMU 1jwCsct Grid
o [] Step 2: Construct the 2DOF-EEES of the
LHE | 52| €=e i'ii sub-synchronous oscillatory information.
\4
8 i . Step 3: Calculate the common-mode
TTX2MW el T]fji_ﬂs‘f(lll']%i()m Ty Rin X Biine energy and the differential-mode energy
i Line (p.u)  35kv 0.0328 0.1587 0.3335
WF2 H -
220kV 0.0129 0.0678 0.1335 of the 2DOF-EEES.
500kv 0.0036 0.0336 0.1136
DC 4
PMU E —
4
rse [ £ asc AC! STATCOM Step 4: Evaluate the risk of the oscillation
STIATRETR DFIGWF by the energy-based stability criteria.

Figure 5. The power systems integrated with heterogeneous DFIG-based wind farms.
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Table 2. The control and network parameters for simulation in case study.

Variables Definition Value
Py, The capacity of the wind farm 1. 46 MW
Py, The capacity of the wind farm 2. 154 MW

u, The rated voltage of wind farm. 0.69 kV
fn The synchronous frequency. 50 Hz
Uy, The rated value of DC voltage between RSC and GSC. 1.15kV
Cac The value of DC capacitor between RSC and GSC. 10 mF

ok The proportional and integral gains of the outer loop in 0.5. 10

prs il RSC controller. ’

ok The proportional and integral gains of the inner loop in 068

par Ri2 RSC controller. '

ok The proportional apd integral gains of the Uy, regulator 8 400

pss Bid in GSC controller. ’

Ky ia The proportional an;leigrllltleagtgf gains of the current 0.83, 5
Rs The stator resistance. 0.023 p.u.
R, The rotor resistance. 0.016 p.u.
Lis The inductances of the rotor winding. 0.18 p.u.
Ly, The inductances of the stator winding. 0.16 p.u.
L The magnetizing inductance. 29p.u.
Es The amplitude of stator voltage. 1.0p.u.

As for the first operating condition, the STATCOM is bypassed. WF2 is connected to
the common bus through a transmission line with a resistance of 0.05 p.u. and 0.01 p.u.
(called Case I and Case II), respectively, and WF1 is directly connected to the common
bus. Based on the impedance analysis approach [9], the equivalent impedances of the
test system (shown in Figure 5) are calculated in Table 3. It can be seen from Table 3
that when the resistance of the transmission line connected to WF2 Ryyr> decreases from
0.05 p.u. to 0.01 p.u., the resonant frequency changes from 9.5 Hz to 10.3 Hz and the
equivalent resistance varies from —0.0087 to —0.0093, indicating that the damping of the
oscillatory system is decreased. Thus, the oscillation of the test system will aggravate from
the view of frequency-domain impedance analysis. Simulation is also conducted under the
same operating condition; the results (given in Figure 6) show that the oscillation curve
of the sub-synchronous current of the system changes from divergence to convergence,
indicating that the damping of the oscillatory system is changed from negative to positive,
which is inconsistent with the conclusion drawn from the perspective of frequency-domain
impedance analysis.

Table 3. Equivalent impedances of the test system with different resistance values of the transmission
line connected to the common bus.

Resonant Frequency Equivalent Impedances Phase Angle

Casel 10.3 Hz —0.0093 p.u. 182.5
Case II 9.5 Hz —0.0087 p.u. 181.6
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Figure 6. Simulation results with different resistance values of the transmission line connected to the
common bus.

Then, by measuring the sub-synchronous variables (i.e., Al, A8, w,, «; _g) at the terminal
bus of each branch (extracting from the sub-synchronous current given in Figure 6) and
then analogizing the test system (shown in Figure 5) into its equivalent 2DOF-EEES, the
common-mode dissipated and potential energy (i.e., Wy_wr_nw and W, wr_nw) and the
differential-mode dissipated and potential energy (i.e., Wy_wr_wr and W,_wr_w) of the
2DOF-EEES are calculated based on Equation (4). The results are shown in Figure 7.

As shown in Figure 7a,c, when the resistance of the transmission line for the WF2
is 0.05 p.u., the W;_wr_nw is smaller than zero and the W), wr nw is close to zero, which
satisfies the criteria in Section 2, indicating that the divergent oscillation occurs between
the wind farm and the network in the test system. In contrast, when the resistance of the
transmission line for the WF2 is 0.01 p.u., as shown in Figure 7b,d, the W; wr nw is larger
than zero and the W), wr_nw is close to zero, which does not satisty the criteria in Section 2,
indicating that the oscillation converges between the wind farm and the network in the
test system.

As for the second operating condition, the WF1 is bypassed. The STATCOM is directly
connected to the common bus. Based on the impedance analysis approach, the equivalent
impedances of the test system (shown in Figure 5) are calculated in Figure 8. It can be
seen from Figure 8 that when the inner current control parameter of STATCOM changes
from 2 to 0.1, the equivalent resistance varies from negative to positive, indicating that the
damping of the oscillatory system is increased. The oscillation curve should change from
divergence to convergence. However, the simulation results given in Figure 9 illustrate
that as the parameters change, the oscillation first diverges, then converges, and finally
diverges, rather than exhibiting a single trend of change. In contrast, the results obtained
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by the 2DOF-EEES given in Figure 10 are consistent with the simulation results since it
considers both the common-mode energy and differential-mode energy.

--------- Total Dissipated Energy W,y wr wr

'iA 5 x107° o~
g e ‘4 S g 0"";,,.‘, ..... -\-ﬁ;"i'o
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Figure 7. The common-mode energy and differential-mode energy of the test system with different
resistance values of the transmission line connected to the common bus for the first operating
condition. (a) Total dissipated energy of Case I. (b) Total dissipated energy of Case II. (c) Total
potential energy of Case I. (d) Total potential energy of Case II.

It should be mentioned that the existence of the differential-mode energy will affect
the common-mode energy through the equivalent elastic structure in the 2DOF-EEES, thus
affecting the interaction between the wind farm and the network. However, from the
view of the impedance analysis, such characteristics will not be reflected in the impedance
network, which may bring inaccurate results in evaluating the risk of SSCI. The results
in Figures 7 and 10 demonstrate that variations in differential-mode energy alter the
evolution of common-mode energy during transient events. When the differential-mode
dissipated energy becomes negative, indicating strong inter-inverter coupling, the common-
mode damping decreases, leading to system-wide oscillations. Conversely, when the
differential-mode energy is well-damped, it stabilizes the common-mode behavior. This
dynamic linkage highlights that the internal interactions among parallel inverters can
either stabilize or destabilize the overall system, depending on their phase alignment and

control coordination.
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Figure 9. Simulation results with different control parameters of the STATCOM connected to the
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In addition, the sensitivity analysis results of certain parameters are given below.
When the control parameters of the STATCOM and wind speeds are changed by £20%, the
variation range of the common-mode dissipated energy Wd and potential energy Wp at
the sub-synchronous frequencies (ranging from 5 Hz to 45 Hz) can be calculated as shown

in Table 4.
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Figure 10. The common-mode energy and differential-mode energy of the test system with dif-
ferent resistance values of the transmission line connected to the common bus for the second

operating condition.
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Table 4. The variation range of the common-mode dissipated energy and potential energy.

Energy Classification

Parameters

Variation Range

Common-mode dissipated energy

Common-mode potential energy

Inner current control parameter of STATCOM k4
Wind speed Vy,

Wind speed V,

Inner current control parameter of STATCOM k4

—0.002-0.001
—0.0015--0.0005
0.000005-0.00004

0.00001-0.00002
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As shown in Table 4, the variation range of the common-mode dissipated energy
resulting from a +20% change in wind speed is larger than that caused by other parameters
during the oscillation. This observation indicates that wind speed has a higher sensitivity
to SSCI compared to the inner current control parameter ky4 of the STATCOM. Sensitivity
analyses for the remaining parameters can be performed in a similar manner and are
therefore not repeated here.

5. Conclusions

This paper proposes a two-degree-of-freedom elastic energy equivalent system (2DOEF-
EEES) to analyze the interactions in multi-inverter-based resource (IBR) heterogeneous
systems. Compared with conventional impedance analysis, the 2DOF-EEES can simultane-
ously reveal and evaluate interactions between IBRs and the network and among different
IBRs themselves. This is achieved by constructing an equivalent elastic structure with
two degrees of freedom (i.e., the horizontal and vertical directions). By increasing the
length of the collection line or increasing the current inner loop control parameters of STAT-
COM, the IBR can improve the system damping from the analysis of the frequency-domain
impedance aggregation modeling approach. However, when considering the interaction
between IBRs from the analysis of 2DOF-EEES, the damping of the system cannot be
improved under the same operating conditions. The simulation results are consistent with
the results obtained by 2DOF-EEES. Based on the proposed 2DOF-EEES, the sensitivity of
parallel device parameters can be evaluated, and the safe range and adjustment direction
of parameters can be determined, thereby forming a suppression strategy to deal with the
interactions in the power systems integrated with heterogeneous IBRs.

Future studies should explore the oscillatory instability induced by the interaction of
different types and operating conditions of IBRs based on the 2DOF-EEES. The proposed
approach also has the potential to be applied in multi-region or HVDC systems. In addition,
the 2DOF-EEES can only evaluate the energy flow at a certain frequency; the energy flow
between different frequencies should be further studied, which may require a higher-
dimensional EEES.
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Appendix A

Table Al. The variable definitions of this paper.

Variables

Definition

Br_n

The current phase angle of the common branch,
Bu_n=0.

,Bi_n

The current phase angle deviation between the
common branch and ith RLC branch.

& p

The angle deviation for the ith spring-damper
branch.

Wh/ W’U

The work performed in the direction of the
common branch and in its vertical direction.

Wi 4, Wy a4

The dissipated energy of the 2DOF-EEES in the
horizontal direction and vertical direction.

Wi, p Wo p

The potential energy of the 2DOF-EEES in the
horizontal direction and vertical direction.

Fi/li

The force and deformation of the ith branch.

Qeg

The voltage phase deviation of the RLC branch

Rir Xi

The resistance and reactance of the ith series RLC
branch.

Di/ ki

The damping and stiffness coefficients of the ith
equivalent spring-damper branch.

Wi

The angular frequency of mechanical system.

We

The angular frequency of series RLC circuit.

I, I

The initial and real-time RMS value of the branch
current.

Dpricwr i kpricwr i

The damping and stiffness coefficients of ith
DFIG-based wind farm.

Dstatcom, kstaTcom

The damping and stiffness coefficients of the
STATCOM.

Wi wr_nw, Wp_wr_nw

The common-mode dissipated energy and
potential energy between the wind farms and the
network.

Wi wr, Wy_wr

The differential-mode dissipated energy and
potential energy among the IBRs.

I;

The output current of ith DFIG-based wind farm.

R, i, Rs i, Ry

The resistances of the rotor winding, stator
winding, and transmission line of the ith
DFIG-based wind farm.
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Table Al. Cont.

Variables Definition

The inductances of the rotor winding, stator
Liy i, Lis i, Lp winding, and transmission line of the ith
DFIG-based wind farm.

Ly The magnetizing inductance.
Es The amplitude of stator voltage.
R R ' The equivalent resistances of the RSC and GSC of
WRSC_ir TwGSC the ith DFIG-based wind farm.
C c ' The equivalent capacitor of the RSC and GSC
WRSC_ir ~wGSC_i controller of the ith DFIG-based wind farm.
The equivalent resistance and inductance of the
Rstat, LstaT STATCOM.
o ke The proportional and integral gains of the outer
pls Ki1 loop in RSC controller.
o ko The proportional and integral gains of the inner
p2/, Ki2 loop in RSC controller.
e ko The proportional and integral gains of the Uy,
p3: %i3 regulator in GSC controller.
The proportional and integral gains of the
kpa, kig

current regulator.
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