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Abstract

Impedance-based stability analysis (IBSA) is an effective method to identify subsynchronous interaction (SSI) problem
etween the inverter-based resources (IBRs) and series compensated or weakly tied AC grids. The electromagnetic transient
EMT) level positive sequence and dq-frame frequency scanning methods (p-scan and dq-scan, respectively) are used to obtain
he sequence single-input single-output (SISO) and dq multi-input multi-output (MIMO) impedance of IBRs, respectively. The
q MIMO impedance usage in IBSA provides more accurate results compared to the sequence SISO impedance. This paper
roposes an EMT-level αβ-frame frequency scanning method (αβ-scan) to obtain the αβ MIMO impedance and its usage

in IBSA. The αβ-scan requires significantly less time compared to dq-scan for the convergence of MIMO IBR impedance
representation and offers similar accuracy with dq-scan in IBSA. The accuracy of the proposed αβ MIMO IBSA is validated
by comparing with dq MIMO IBSA and EMT simulations on series capacitor SSI cases with different type IBRs (Doubly-
fed induction generator (DFIG)-based wind park (WP) and full-scale converter (FSC)-based WP). This paper also uses a
multivariable structure function(MSF)-based method for the first time in IBSA of SSI to achieve Bode plot-based analysis for
providing better visualized presentation of resonance frequency and stability margins compared to generalized Nyquist criterion.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Recent studies have shown that the controllers of IBRs can adversely interact with the series compensated
r weakly tied AC grids at subsynchronous frequency range [1–6]. This phenomenon is called subsynchronous
nteraction (SSI) and is confirmed with several real-life incidents [1]. Therefore, there has been a growing interest
n developing effective SSI identification tools and mitigation methods.
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Various methods are used in literature to investigate the stability issues related to IBRs, such as the state-space-
ased assessment (SSA) [4–7], impedance based stability analysis (IBSA) [8–13], and electromagnetic transient
EMT) simulation-based assessment [14,15]. SSA is an effective way for interpreting the instability mechanism as
he impact factors can be identified according to the participation of each state variable to dominant eigenvalues [7].
owever, it has accuracy problem due to simplifications while obtaining the linearized system model [4–7].
oreover, its application to large-scale power systems is not practical [2,3]. Therefore, SSA is mainly used for

SI mitigation design rather than SSI identification.
IBSA recently gained popularity due to its simplicity and applicability to large-scale power systems [2,3]. The

esired accuracy can be achieved when the frequency dependent IBR impedance is extracted using EMT-level
imulations instead of simplified analytical models. This method also allows extracting impedance characteristics
f manufacturer-specific models, hence widely used by the transmission system operators (TSOs) [3,11–13]. EMT
imulation based assessment is typically performed for representative scenarios to validate either the SSA or IBSA
esults.

The positive sequence frequency scanning (p-scan) is used to extract the single-input single-output (SISO)
mpedance of IBRs for IBSA. This method is widely used by TSOs due to its simplicity [3,11–13]. However,
t has accuracy problem as the phase locked loop (PLL) and different outer loop control strategies in d- and q- axes
hannels lead to an asymmetry and cross couplings in the impedance characteristics of IBR [16]. In [17–22], the
q rotating reference frame (dq-frame) multi-input multi-output (MIMO) model is developed for ultimate accuracy
n IBSA where the EMT-level dq-frame frequency scanning (dq-scan) is used to extract the IBR impedance model.

This paper proposes an EMT-level αβ-frame frequency scanning method (αβ-scan) to obtain αβ MIMO
mpedance and its usage in IBSA. The αβ-scan requires significantly less time compared to dq-scan for the
onvergence of MIMO IBR admittance representation. Moreover, αβ MIMO impedance usage in IBSA provides
imilar accuracy with dq MIMO impedance [23,24].

The generalized Nyquist criterion (GNC) is typically used in MIMO IBSA of SSI [25]. However, the resonance
requency and stability margins cannot be directly observed in the Nyquist diagrams. Bode plot provides direct
isualized presentation of resonance frequency and stability margins, but only works for SISO IBSA. The
ultivariable structure function (MSF) was first established for individual channel design in close-loop control

ystems [26,27], in which couplings of the system are considered. In this paper, the MSF is used for the first time
n the MIMO IBSA of SSI. In MSF-based analysis, the 2 × 2 system consisting of the αβ impedance of grid and αβ

dmittance of IBR is separated into two individual channels, and the stability of each channel is analyzed through
ode plot.

The paper is organized as follows. In Section 2, αβ-scan procedure is introduced, then the GNC and MSF-
ased αβ MIMO IBSA methods are presented briefly. In Section 3, the accuracy of αβ MIMO IBSA is validated

by comparing with dq MIMO IBSA and EMT simulations on series capacitor SSI cases with different type IBRs
(Doubly-fed induction generator (DFIG) based wind park (WP) and full-scale converter (FSC) based WP). Section 4
concludes the paper.

2. Multivariable IBSA in αβ-frame

.1. EMT-level IBR side αβ-scan

The schematic diagram of IBR side αβ-scan is shown in Fig. 1. Single-tone voltage perturbations are applied
o obtain the αβ-frame IBR admittance YIBR

αβ ( fi ), where fi is the perturbation voltage frequency. The transmission
rid is represented with a voltage source (v0 = vα0 + jvβ0) behind the Thevenin equivalent impedance (Zsys) at
0 Hz. EMT-type simulation programs have specific initialization methods for the IBR and certain time is needed
or initialization transients to vanish. To improve the simulation efficiency, the system snapshot is taken in the first
imulation when it reaches to steady state condition and used in the following voltage perturbation simulations. The
β-scan procedure is as follows:

• The appropriate single-tone sinusoidal perturbations vα
pert and v

β
pert are separately applied on top of

[0 vα0 vβ0]T .
• The αβ-frame signals are transformed into abc-frame and injected to the system through controlled voltage
source.
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Fig. 1. Schematic diagram of voltage perturbation based αβ-scanning method.

• Three-phase currents are measured at the point of injection and transformed back to αβ-frame. The discrete
Fourier transform (DFT) analysis is applied to extract the frequency spectrum of the current measurements.
It should be noted that the DFT window should span an integer number of the cycles of fundamental,
perturbation, and the corresponding mirror frequencies in order to prevent spectral leakage in DFT. The
αβ-frame admittance components of IBR are found by:

Y I B R
αα ( fi ) =

⏐⏐I α
α−mea ( fi )

⏐⏐⏐⏐V α
pert ( fi )

⏐⏐ (
̸ I α

α−mea ( fi ) − ̸ V α
pert ( fi )

)
,

Y I B R
βα ( fi ) =

⏐⏐I α
β−mea ( fi )

⏐⏐⏐⏐V α
pert ( fi )

⏐⏐ (
̸ I α

β−mea ( fi ) − ̸ V α
pert ( fi )

)
,

Y I B R
αβ ( fi ) =

⏐⏐⏐I β
α−mea ( fi )

⏐⏐⏐⏐⏐⏐V β
pert ( fi )

⏐⏐⏐
(

̸ I β
α−mea ( fi ) − ̸ V β

pert ( fi )
)

,

Y I B R
ββ ( fi ) =

I β

β−mea ( fi )⏐⏐⏐V β
pert ( fi )

⏐⏐⏐
(

̸ I β

β−mea ( fi ) − ̸ V β
pert ( fi )

)
(1)

where | · | and ̸ indicate magnitude and phase angle of a phasor, respectively; subscripts α-mea and β-mea in I
indicate the measured current components in α- and β- frames, respectively; and superscripts α and β of I and V
indicate on which axis the voltage perturbation is injected.

Convergence criteria are set to ensure that the variations in magnitude and phase angle of each impedance
component are negligible. The convergence criteria for Yαβ−I B R ( fi ) is below:⏐⏐∆Mag

(
Yαβ−I B R ( fi )

)⏐⏐⏐⏐Mag
(
Yαβ−I B R ( fi )

)⏐⏐ < tol &

⏐⏐∆Ang
(
Yαβ−I B R ( fi )

)⏐⏐⏐⏐Ang
(
Yαβ−I B R ( fi )

)⏐⏐ < tol (2)

where ∆Mag and ∆Ang are variations of magnitude and phase angle of IBR admittance components in user
pecified time period, respectively; tol is convergence tolerance value. Once the convergence criteria are met, αβ-

scan tool stops the EMT simulation, record the impedance for post-processing and repeat the simulation for the
next frequency.

2.2. Extraction of grid side αβ-frame impedance using phasor solution-based frequency scanning tool

Grid side impedance is typically obtained using the phasor solution-based frequency-scanning tool available
n EMT type programs while screening SSI risk in large-scale power systems [3]. The IBRs inside the grid side
ubsystem are typically represented with their frequency-dependent impedance tables, which are obtained through
MT-level frequency scanning [3]. Then the sequence domain grid side impedances are transformed into αβ-frame
sing [28]:

ZGrid
αβ ( fi ) = diag

([
Z Grid

αα ( fi ) Z Grid
ββ ( fi )

])
=

1
2

[
1 1

− j j

]
  diag

([
Z Grid

p ( fi ) Z Grid
n ( fi )

]) [
1 j

1 − j

]
   (3)
C−1 C
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where Z Grid
p ( fi ), and Z Grid

n ( fi ) are the positive and negative sequence grid impedances, respectively. As the grid
side subsystem is sequence decoupled, its αβ-frame impedance is a diagonal matrix.

.3. MIMO IBSA methods

.3.1. IBSA with GNC
The GNC is widely used for MIMO IBSA [25]. The αβ impedance-based closed-loop transfer function of the

hole system is given as [29]:

H ( jω) = YIBR
αβ ( jω)

/ (
I + ZGrid

αβ ( jω) YIBR
αβ ( jω)

)
(4)

here ω = 2π f is the angular frequency. The system is stable if the encirclement of eigenvalue-loci of
Grid
αβ ( jω) YIBR

αβ ( jω) to (−1, j0) is zero under following assumptions: (i) the grid voltage is stable without IBR,
ii) the IBR is stable when connected to ideal voltage source [29].

.3.2. IBSA with MSF
The MSF [26,27] is used in the MIMO IBSA of SSI. This method decouples the MIMO system, and provides

he stability of each individual channel [26]:

FC1 (s) = Z Grid
αα (s) Y I B R

αα (s) (1 − γ (s) h2 (s))

FC2 (s) = Z Grid
ββ (s) Y I B R

ββ (s) (1 − γ (s) h1 (s))
(5)

where γ , h1, and h2 are defined as:

γ (s) =
(
Y I B R

αβ (s) Y I B R
βα (s)

) / (
Y I B R

αα (s) Y I B R
ββ (s)

)
h1 (s) = Z Grid

αα (s) Y I B R
αα (s)

/ (
1 + Z Grid

αα (s) Y I B R
αα (s)

)
,

h2 (s) = Z Grid
ββ (s) Y I B R

ββ (s)
/ (

1 + Z Grid
ββ (s) Y I B R

ββ (s)
) (6)

The resonance frequency and stability margins can be obtained through Bode plot-based analysis to FC1 (s) and
FC2 (s).

3. Case study

The benchmark in [22] is adopted for validation (see Fig. 2). The WP is radially connected to 230 kV strong
system through series connected identical 50 km transmission lines (Line-1 and Line-2). A series capacitor is
connected at the system side of the Line-2. Its value changes with parameter k as shown below:

|XC | = k |X Line|

where X Line is the total impedance of Line-1 and Line-2, XC = 1/ ( jωbC) is the impedance of series capacitor
(C) at fundamental frequency (ωb = 2π × 60).

Fig. 2. Single line diagram of the system under study.

The considered cases are presented in Table 1. In cases 1 and 2, the WP consists of 66 DFIG-based wind turbines
(WTs), each one with 1.7 MW power rating. In cases 3 and 4, the WPs consist of 50 and 200 FSC-based WTs (2
MW each), respectively. The hypothetical switch bypasses Line-2 and series capacitor. Opening that bypass switch
causes series capacitor SSI in cases 2 and 4. The FSC- and DFIG-based WP models used in the paper are based

on [30,31], respectively. [30] was developed by the IEEE Task Force for EMT-type modeling of WT generators and
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Table 1. Study cases.

Case WT type Series compensation WP size EMT simulation

1
DFIG

9% of X Line 66 × 1.7 MW
Stable

2 10% of X Line Unstable

3
FSC 50% of X Line

50 × 2 MW Stable
4 200 × 2 MW Unstable

parks. [31] was validated with field measurements in [32]. Those models are recommended to use in SSI studies
in [33]. Readers should refer to [30,31] for details about the configurations and control schemes of WTs, and [22]
for parameters of the benchmark.

EMTP-RV [34] is used for impedance scans and EMT validation with 50 µs simulation time step. In αβ-scan,
the αβ-frame single-tone sinusoidal perturbation magnitude is 1% of the system nominal voltage, DFT window size
is 1 second, and the convergence tolerance is 0.5%. The αβ-scan is performed for 1–59 Hz frequency range with
1 Hz resolution.

For accuracy validation of αβ MIMO IBSA, dq-scan is also performed with the same procedure of αβ-scan (see
Section 2.1). The voltage perturbation magnitude, DFT window size and convergence tolerance are also same in
both αβ- and dq-scans. To perform dq MIMO IBSA, the sequence domain grid side impedances are also transformed
into dq-frame using:

ZGrid
dq ( fi ) = C−1

· diag
([

Z Grid
p ( jωi + jωb) Z Grid

n ( jωi − jωb)
])

· C (7)

.1. DFIG-based WP series capacitor SSI

The αβ admittance of the DFIG-based WP (YWP
αβ ( fi )) and the αβ impedance of grid (ZGrid

αβ ( fi )) are presented
in Fig. 3(a) and (b). As seen in Fig. 3(a) YWP

αβ ( fi ) meets:

Y W P
αα ( fi ) = Y W P

ββ ( fi ) , Y W P
αβ ( fi ) = −Y W P

βα ( fi ) , (8)

As the off-diagonal elements of grid meet Z Grid
αβ ( fi ) = Z Grid

βα ( fi ) = 0, they are not presented in Fig. 3(b).
ZGrid
αβ ( fi ) meets

Z Grid
αα ( fi ) = Z Grid

ββ ( fi ) (9)

Fig. 3. The obtained (a) WP αβ admittance (G, B, real and imaginary components of WP admittances, respectively) and (b) grid αβ

impedances.

The eigenloci of ZGrid
αβ ( f ) · YWP

αβ ( f ) and the Bode plot of FC1 (s) for cases 1 and 2 are shown in Fig. 4(a)–(d).
he corresponding stability margin and resonance frequency ( f ) are shown in Table 2.
r
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Table 2. IBSA results of the DFIG based WP series capacitor SSI.

Case αβ-scan dq-scan

fr (Hz) Stability margin fr (Hz) Stability margin

1 fMag = 6.4
fAng = \

PM = 4.0◦

GM = Infinity
fMag = 6.3
fAng = \

PM = 4.8◦

GM = Infinity

2 fMag = 6.6
fAng = 6.4

PM = −1.7◦

GM = −1.9 dB
fMag = 6.6
fAng = 6.5

PM = −1.5◦

GM = −1.6 dB

Note: f Mag and f Ang are the identified resonance frequencies with |ZGrid
αβ ( f ) · YWP

αβ ( f ) | = 1 and ang(ZGrid
αβ ( f ) ·

YWP
αβ ( f )) = −180◦, respectively.

Fig. 4. IBSA for cases 1 and 2.

According to the generalized Nyquist diagram and Bode plot analysis presented in Fig. 4(a) and (b), case 1 is
stable. On the other hand, the encirclement of (−1, j0) in Fig. 4(c) indicates instability in case 2. The phase margin
(PM), gain margin (GM) and resonance frequency of the system are calculated using the Bode plots and presented
in Table 2 together with the dq MIMO IBSA results. Both Table 2 and the EMT simulation results presented in
Fig. 5 confirm the accuracy of the αβ MIMO IBSA: The oscillation in WP active power is damped in case 1
(Fig. 5(a)), and no oscillation components are found in the voltage frequency spectrum (VFS) (see Fig. 5(b)); In
Fig. 5(c), sustained oscillations are observed in active power due to controller saturation, 7 Hz oscillation component
is found in the VFS in Fig. 5(d).

3.2. FSC-based WP series capacitor SSI

The generalized Nyquist diagram shown in Fig. 6(a) does not encircle (−1, j0), and the Bode plot shown in
Fig. 6(b) indicates a critical stable condition in Case 3 with very small PM and GM. The resonance frequency, PM,
and GM obtained with the Bode plot are shown in Table 3. The dq MIMO IBSA produces similar results which are
also presented in Table 3. It should be noted that SISO IBSA indicates instability in case 3 in [22]. On the other

hand, encirclement of (−1, j0) in Fig. 6(c) and the negative PM and GM determined by the Bode plot in Fig. 6(d)

753



L. Meng, U. Karaagac, M. Ghafouri et al. Energy Reports 9 (2023) 748–756

2

t

o
S
w
d

F

d

f

Fig. 5. EMT simulation results: (a) WP output active power in case 1, (b) WP phase a VFS in case 1, (c) WP output active power in case
, (d) WP phase a VFS in case 2.

Table 3. IBSA results of the FSC-based WP series capacitor SSI.

Case αβ-scan dq-scan

fr (Hz) Stability margin fr (Hz) Stability margin

3 fMag = 2.5
fAng = 2.7

PM = 0.6◦

GM = 1.9 dB
fMag = 2.5
fAng = 2.6

PM = 1.0◦

GM = 1.4 dB

4 fMag = 4.0
fAng = 1.7

PM = −8.1◦

GM = −13.2 dB
fMag = 3.7
fAng = 1.5

PM = −7.8◦

GM = −12.7 dB

indicate case 4 is unstable. The EMT simulation results confirm the accuracy of the αβ MIMO IBSA: the damped
and sustained oscillations in WP active power are presented in Fig. 7(a) and (c), indicate cases 3 and 4 are stable
and unstable, respectively. 3 Hz dominant and 117 Hz mirror frequency components are found in the WP VFS in
Fig. 7(d).

The total EMT simulation time of αβ- and dq-scans for 1–59 Hz range with 1 Hz resolution are presented in
Table 4. All simulations were performed on a desktop PC with the following specifications: CPU (Intel Core i5-7600
3.50 GHz), 16 GB RAM, 64-bit operating system. The αβ-scan usage reduces the total simulation time (compared
o dq-scan) 9% and 36% in DFIG and FSC-based WP, respectively.

Table 4. Simulation time of αβ- and dq-scan (1–59 Hz).

WP type Simulation time (s)

αβ-scan dq-scan

DFIG 3615 3957
FSC 1207 1878

4. Conclusion

This paper proposed a αβ-scan method to obtain the αβ MIMO impedance and its usage in IBSA. The accuracy
f αβ MIMO IBSA was validated by comparing with dq MIMO IBSA and EMT simulations on series capacitor
SI cases with different type IBRs (DFIG- and FSC-based WPs). The αβ MIMO IBSA offers similar accuracy
ith dq MIMO IBSA. As the αβ-scan is conducted in stationary frame, it has the following advantages over the
q-scan:

(1) The αβ-scan usage reduces the total simulation time (compared to dq-scan) by 9% and 36% in DFIG- and
SC- based WPs, respectively.

(2) The αβ MIMO IBSA inherently differentiates the resonance and mirror frequencies, which is the major
rawback in dq-scan method.

Hence, it is a better alternative to dq-scan and the associated dq MIMO IBSA.
This paper also used an MSF-based method for the first time in IBSA of SSI to achieve Bode plot-based analysis

or providing better visualized presentation of resonance frequency and stability margins compared to the GNC.
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Fig. 6. IBSA of scenarios 3 and 4.

Fig. 7. EMT simulations of cases 3 and 4. (a), (b) WP output active power and WP VFS (phase a) of case 3. (c), (d) WP output active
power and WP VFS (phase a) of case 4.
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