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Abstract—This article addresses small-signal stability issues for
multi-parallel grid-forming converter systems based on a newly
developed extended passivity theory. The proposed methods
provide streamlined, decentralized stability conditions that cover
the full frequency range with reduced conservativeness, serving
as theoretical tools and practical guidelines for assessment, cause
localization, and mitigation of small-signal instability risks in
such systems. Numerical examples and experimental results are
provided to verify the effectiveness of the proposed methods.
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NOMENCLATURE

N Number of parallel converters
ki Rated power coefficient of the ith converter
Lfi Filter inductance of the ith converter
ZLi Line impedance of the ith converter
YLi Admittance matrix of the ith converter at the orien-

tation point
uLi,d,q d–q voltage of the ith orientation point
ii,d,q d–q terminal current of the ith orientation point
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�θi Angle difference between the ith local d-q frame and
the PCC d-q frame

Qi,θ Rotation matrix
Yi Equivalent admittance of the ith converter consider-

ing the line impedance
Gi(s) Current-loop transfer function of the ith converter.
Vg Grid voltage
di operating-point perturbation of the ith converter
Epcc PCC voltage
Zg grid impedance (predominantly inductive).
ν Input-feedforward passivity (IFP) index
ρ Output-feedback passivity (OFP) index
νR Rotated IFP index
ρR Rotated extended OFP index
R(ω) Frequency-dependent weighting matrix for extended

passivity definitions.
ωL Low/high frequency boundary.
νE Unified IFP index (low-frequency using νR, high-

frequency using ν).
ρE Unified OFP index (low-frequency using ρR, high-

frequency using ρ).

I. INTRODUCTION

AS GRID-FORMING (GFM) converters gradually replace
synchronous generators in power systems [1], [2],

[3], [4], the issue of small-signal instability induced by
GFM converter systems attracts increasing attention in recent
years [5], [6], [7]. These oscillations pose challenges and risks
for power system security and reliability. There is, therefore,
an urgent need for the analysis and mitigation of instability
risks in multi-parallel GFM converter systems [8].

The risk of small-signal instability is generally evaluated by
determining whether the system meets certain stability condi-
tions [9]. The small-signal stability conditions can be defined
in the frequency domain, following two main approaches:
centralized methods [6], [10], [11] and decentralized meth-
ods [12], [13], [14]. Centralized methods, such as Bode plot
analysis and generalized Nyquist criteria [15], can provide
necessary and sufficient stability boundaries without conser-
vatism. However, applying these methods requires detailed
information from all converters and the grid, which makes
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them hardly scalable for multi-converter systems. Additionally,
centralized approaches necessitate iterations of analysis when-
ever there is a change in the converter systems and involve
time-consuming processes [9], [16]. The centralized methods
are also difficult to pinpoint the instability causes within the
system. While participation factor analysis can theoretically
identify the influencing factors of stability [17], the high
computation load and sophisticated analysis procedure make
the method hardly scalable for systems with large number of
converters. Additionally, it is necessary to identify the critical
eigen-locus and the corresponding critical frequency range
before conducting participation analysis, which is not trivial
in practical applications.

Decentralized methods have been developed to facilitate
stability assessment for complex systems [9], [12], [13], [14].
These methods avoid the need for computing the closed-loop
poles and zeros based on the models of overall systems.
However, they tend to be more conservative, offering only suf-
ficient conditions for stability [16]. One of the most commonly
used methods is the passivity theory [12], which evaluates the
(energy) dissipative characteristics of the converter, quantified
using a passivity index. Ideally, when each converter is passive,
the system will be stable. However, converters cannot be fully
dissipative at low frequencies, particularly in the frequency
range around the fundamental frequency of the system, due
to their constant power characteristics [18]. The inherently
non-dissipative behavior renders the passivity-based stability
criterion unsuitable for stability assessment and system anal-
ysis at low frequencies [19].

To address the limitations of impedance passivity theory
at low frequencies, other decentralized methods have recently
been introduced [9], [16], [20], [21]. In [16], it is demonstrated
that using a transfer function matrix between power dynamics
(�P,�Q and derivatives of the polar components of the bus
voltage (�ω̃,�Ṽd

n ), significantly reduces conservatism at low
frequencies. However, this method is merely recommended
for low-frequency dynamics of converters, while impedance-
based passivity analysis is reserved for high frequencies.
Consequently, this approach introduces a “mid-frequency” gap
between the upper limit of low-frequency range (0.2 p.u. or
lower) and the lower limit of the high-frequency range (around
0.7 p.u.) and it requires that no oscillation modes exist within
this band, which hardly holds, since the complex voltage-
power couplings and interactions in GFM converters are likely
to occur in such mid-frequency range [22]. Additionally,
these different dynamic representations complicate practical
implementation.

In [20], the small gain theorem is applied at low frequencies
and the impedance passivity theory at high frequencies,
yet the stability conditions at low frequencies remain chal-
lenging to be met, especially with controllers that include
integrators [19], as these can lead to excessive singular
values (gains) of converter admittance. In [9], [13], impedance
modeling is retained, with the small gain theorem used
for low frequencies and the newly developed small-phase
theory [23], [24] applied at high frequencies. Unlike [20], a
weighting matrix called a multiplier [25], [26] is introduced to
facilitate these analyses. Stability is evaluated by comparing

the gain and phase on both the converter and grid sides at
low and high frequencies. However, there are still several
limitations when using small gain and small phase theories
together. First, although promising, the application of small
phase theory in power electronics systems still requires further
development, as the impedance of power electronic devices
often does not satisfy the sectorial condition [13]. This added
complexity limits the straightforward applicability of small
phase theory in practical scenarios. Second, the frequency
ranges where small gain and small phase theories are appli-
cable tend to be case-specific, meaning that decentralized
stability conditions based on these theories must adapt to each
system’s unique characteristics. Ideally, however, a more uni-
versal decentralized stability criterion—similar to the Nyquist
criterion—would be desirable. Such a criterion could serve
as a standardized guideline for impedance reshaping and a
consistent dynamics specification for converters to ‘follow’
directly, thereby reducing the need for frequent recalibration of
stability criteria in response to changing system configurations.
In [27], a decentralized stability criterion is proposed, similar
to the passivity theory but incorporates multipliers. However,
its focus is on frequency control (the low-frequency range)
in complex power grids, with limited attention given to the
dynamics of power electronic devices.

This work is a further development of our previous
studies [19], [21]. In [19], we discuss the limitations of
traditional passivity theory in converter–grid systems. In [21],
we introduced an extended-passivity framework, whose
stability-specification ability was validated only on a simple
single-converter setup; the results therein cannot directly
address stability issues in multi-converter systems. This article
makes two key contributions. First, we extend the afore-
mentioned framework to multi-converter configurations and
develop a decentralized, passivity-based suite of stability
conditions and design methods for risk assessment, instability
localization, and mitigation. Second, we demonstrate the
applicability of passivity theory across the entire frequency
spectrum for system-level integration, in contrast to its tra-
ditional use solely for high-frequency control design. Thus,
this work significantly extends the application of passivity
theory in power-electronics-based power systems—from con-
troller design at the control level in [19], through stability
specification at the converter level in [21], to system-level
integration in multi-parallel converter configurations.

The methods presented in this article offer sev-
eral notable advantages over previous decentralized
approaches [9], [13], [16]. First, this approach eliminates
the need for multiple dynamic representations or analytical
tools; it relies solely on impedance modeling and extended
passivity theory to achieve full-frequency-range coverage.
This provides a clear and non-case-specific boundary for
identifying potential stability risks. Second, the causes of
instability can be localized within any subsystem partition
without requiring participation factor calculations. Finally, a
fully decentralized system design methodology is proposed,
enabling mitigation of small-signal oscillation risks without
considering various interaction levels in the system. This
includes avoiding the analysis of inner and outer loop
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Fig. 1. Multi-parallel grid-connected converter system.

Fig. 2. An illustration of �θi.

couplings within each converter, interactions between different
converters, and interactions between converters and the grid.

II. SYSTEM MODELING

A. System Description and Impedance Modeling

In Fig. 1, all converters are connected to a common AC bus,
considering the line impedance ZLi between the orientation
point of each converter and point of common coupling (PCC),
where the subscript i represents the i-th converter. An output
filter is placed at the output of each converter, and a constant
DC voltage is assumed. On the grid side, an inductive-
dominated grid impedance is assumed. The system is modeled
in the per-unit (p.u.) system. Here, it is assumed that the
voltage base value at the PCC is consistent with the grid
voltage, set at 1.0 p.u. The rated transmission power on the
common AC bus is defined as 1.0 p.u., implying that under
rated conditions, the total transmission power of all converters
sums up to 1 p.u. Consequently, in this p.u. system, the rated
power of each converter is represented by a coefficient less
than 1, denoted as ki, and they satisfy k1 + k2 + · · · + kN =
1. Since each converter may have its own base values, when
modeling the system, it is necessary to first convert the p.u.
parameters of each converter based on its own base values
to actual values, then calculate the p.u. values based on the
system base values. Here, it is assumed that the admittances
of all converters are modeled based on the system base values.
The admittance matrix of the i-th converter obtained at its
orientation point can be represented as[

ii,d
ii,q

]
=
[

YLi,11 YLi,12
YLi,21 YLi,22

]
︸ ︷︷ ︸

YLi

[
uLi,d

uLi,q

]
, (1)

where ii,d and ii,q are the d–q components of the converter’s
output current at its local orientation point, uLi,d and uLi,q are
the corresponding d–q components of the voltage, and YLi

denotes the converter’s equivalent admittance matrix. For each
element (YLi,mn) of the admittance matrix in (1), it is defined

Fig. 3. (a) Equivalent circuit of multi-parallel grid-connected converter
system. (b) Equivalent block diagram of multi-parallel grid-connected con-
verter system.

in terms of the steady-state operating point, control structure,
control parameters, and filter components shown in Fig. 1. The
impedance-modeling methodology for converters with arbi-
trary control architectures is now mature; general derivation
methods and expressions for the equivalent admittance of both
PLL-synchronized and Power-synchronized converters have
been derived in our previous work [28], [29], [30], [31]. Since
the orientation points of each converter differ, and considering
the presence of line impedance, these admittance matrices
require further processing [32]. As shown in Fig. 2, dsi and
qsi denote the d–q frame aligned with the ith converter’s local
orientation point, while ds and qs denote the common d–q
frame aligned with the PCC voltage. There exists a phase shift
�θi between each individual converter’s coordinate system and
the common PCC-oriented frame. Therefore, to express all
converter admittances in the PCC-oriented frame, we apply
the rotation

Qi,θ =
[

cos �θi − sin �θi

sin �θi cos �θi

]
. (2)

The equivalent admittance for i-th converter considering the
line impedance from the PCC, is[

ii,d
ii,q

]
=
[

Yi,11 Yi,12
Yi,21 Yi,22

]
︸ ︷︷ ︸

Yi

[
ud

uq

]
. (3)

Here, selecting the system coordinate system at the PCC as
the reference coordinate system, each converter’s admittance
matrix, along with the incorporation of line impedance, yields
the equivalent admittance Yi as follows:

Yi = Q−1
i,θ

[
Y−1

Li + ZLi

]−1
Qi,θ . (4)

The system is equivalent to the circuit shown in Fig. 3(a),
where Gi is the closed-loop transfer function of current
control. The current source here serves to capture the steady-
state operating point information. The transfer function Gi is
inherently stable and acts as a low-pass filter, as shown in [18].
For example, for a proportional current controller with gain Ra,
Gi(s) = Ra/(Ra + sL), where L is the filter inductance. Here,
Gi does not affect the stability assessment and is therefore
approximated as unity.

B. Centralized Stability Condition

The current reference value variations of each converter
and the disturbances in grid voltage are considered as inputs,
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while the currents and PCC voltage are taken as the outputs.
The equivalent block diagram corresponding to Fig. 3(a) is
shown in Fig. 3(b), where V refers to the voltage drop across
the grid impedance. When there are N parallel converters,
it can be observed that this system has N + 1 inputs and
N + 1 outputs. According to [33, Thm. 4.4],1 the stability
condition of this system is that the transfer function between
any input and output does not have any right-half-plane poles
or repeated poles on the imaginary axis. The input-output
relation is characterized by

⎡
⎢⎢⎢⎣

Epcc

i1
...

iN

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

T1, 1 T1, 2 · · · T1, N+1
T2, 1 T2, 2 · · · T2, N + 1

...
...

. . .
...

TN + 1, 1 TN + 1, 2 · · · TN + 1, N + 1

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

Vg

d1
...

dN

⎤
⎥⎥⎥⎦ (5)

where di denotes the small-signal disturbance around the
steady-state operating point, Vg is the grid-voltage disturbance
input, and Tm,n is the transfer-function matrix mapping the
nth disturbance to the mth output.

Therefore, to ensure system stability, it is necessary to check
the stability of (N + 1) × (N + 1) transfer functions, which
is impractical in practice when N is large. Assuming there is
no pole-zero cancellation between the equivalent impedance
Yi of each converter and the grid impedance Zg, the stability
condition can be significantly simplified [33]. It is sufficient
to check the stability of any single transfer function in (5).
Take T1,1, which is the closed-loop transfer function matrix
from grid voltage disturbance to PCC voltage variation, as an
example. The expression is given as

T1,1 =
[

I + Zg

(
N∑

i=1

Yi

)]−1

. (6)

Therefore, the system is stable if and only if (6) does not have
right-half-plane poles or repeated poles on the imaginary axis,
which is equivalent to the absence of right-half-plane zeros
and repeated zeros on the imaginary axis in

det

[
I + Zg

(
N∑

i=1

Yi

)]
. (7)

Since the grid impedance consists of passive components,
and (7) is equal to

det
(
Zg
)

det

[
Z−1

g +
(

N∑
i=1

Yi

)]
, (8)

the stability of the system can also be determined by checking
whether there are any right-half-plane zeros or repeated zeros
on the imaginary axis in

det

[
Z−1

g +
(

N∑
i=1

Yi

)]
. (9)

1[33, Thm. 4.4]: Given a negative feedback interconnection of G and K
satisfying y = dy + Gu, u = du − Ky and denoted as [G, K], where u and y
are the system inputs and du and dy are the disturbance signals, the feedback
system is internally stable if and only if all four closed-loop transfer matrices
in u = (I + KG)−1du − K (I + GK)−1dy, and y = G (I + KG)−1du + (I +
GK)−1dy are stable.

Fig. 4. Relationships between stability and risk. (a) The proposed stability
condition is a sufficient condition for system stability. (b) If the system does
not satisfy the proposed stability condition, it is considered to be at risk, and
the system may be either stable or unstable.

Fig. 5. Interconnected feedback system of (a) [G1, G2]. (b) [Zg, Y].

III. THEORETICAL FOUNDATION OF DECENTRALIZED

RISK ASSESSMENT: A PASSIVITY-BASED APPROACH

The purpose of this section is to propose a decentralized
stability condition for multi-parallel GFM converter systems.
The relationship between system risk and system stability is
illustrated in Fig. 4. The Venn diagram in Fig. 4 shows the
relationship between system risk, the proposed decentralized
stability condition, and overall system stability. Generally,
a decentralized stability condition is a sufficient condition
for system stability, as shown in Fig. 4(a). Therefore, when
the system satisfies this condition, it is guaranteed to be
stable. However, when the system does not meet this stability
condition, it may be either stable or unstable, and is thus
considered to be at risk, as shown in Fig. 4(b).

A. Preliminaries

According to [34], for a multi-input-multi-output (MIMO)
system G, its input feedforward passivity (IFP) index at
frequency ω, denoted as ν[G(s), ω], is defined as

1

2
min λ

[
G(jω) + GH(jω)

]
, (10)

and the output feedback passivity (OFP) index at frequency
ω, denoted as ρ[G(s), ω], is defined as

1

2
min λ

(
G−1(jω) + G−H(jω)

)
, (11)

where min λ is the minimum eigenvalue and the superscript
H is the Hermitian operator, i.e., transpose–conjugate. For a
general MIMO interconnected negative-feedback system [G1,
G2] shown in Fig. 5(a), the feedback system is stable when
the open-loop systems satisfy the condition that

ν[G1(s), ω] + ρ[G2(s), ω] > 0,∀ω ∈ [0, + ∞]. (12)

B. Extended Passivity Theory

In [21], we extend the definition of passivity index. For
a MIMO system G, its extended input feedforward passiv-
ity (IFP) index at frequency ω, denoted as νR[G(s), ω], is
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defined as

1

2
min λ

[
RH(ω)G(jω) + GH(jω)R(ω)

]
, (13)

and the extended output feedback passivity (OFP) index at
frequency ω, denoted as ρR[G(s), ω], is defined as

1

2
min λ

[
RH(ω)G−1(jω) + G−H(jω)R(ω)

]
, (14)

where the matrix R(ω) is used to weight the system G. For a
general MIMO interconnected negative-feedback system [G1,
G2] shown in Fig. 5(a), the feedback system is stable when
the open-loop systems satisfy the condition that

νR[G1(s), ω] + ρR[G2(s), ω] > 0,∀ω ∈ [0, + ∞]. (15)

It should be noted that when R(ω) is the identity matrix,
the definition of the index is consistent with the conven-
tional passivity index definitions in (10) and (11). In this
case, the stability condition provided in (15) represents the
simplest version. A discussion on more general stability
conditions, considering the use of different weight matrices
across frequency bands, based on extended passivity theory, is
provided in [21].

C. Definition of Unified Passivity Index

The system in Fig. 3 can be represented in the form
of a negative feedback interconnected system, as shown in

Fig. 5(b), denoted as [Zg, Y], where Y = [
N∑

i=1
Yi]. According

to [21], the system is stable if it satisfies the following
condition:

νR(Y(s), ω) + ρR
(
Zg(s), ω

)
> 0, ∀ω ∈ [0, + ∞]. (16)

As in [21], the entire frequency range can be divided into
several sub-bands, with different weight matrices used for each
sub-band. As long as the sum of the indices for the converters
and the grid at each frequency band is positive, the feedback
system will be stable. Here, the frequency range is divided
into two bands: the low-frequency band [0, ωL) and the high-
frequency band [ωL,∞], where ωL ≤ 1.0 p.u. In the range
[0, ωL), R is chosen as

R =
[

cos
(

π
2

)
sin
(

π
2

)
− sin

(
π
2

)
cos
(

π
2

) ] =
[

0 1
−1 0

]
, (17)

while in the high-frequency band, the identity matrix is used.
We justify below the choice of R in (17) from the perspective
of Zg. Consider an inductive grid impedance Zg; in the d–q
frame, its complex representation is Zg = (s + jω1) Lg. By
itself, this expression does not contribute any positive passivity
index, while the converter’s index at low frequencies remains
negative, so passivity theory cannot be used for stability
specification in that band. However, if we choose to rotate
the term by −90◦, i.e., multiply by −j, then −j Zg = (ω1 −
js) Lg. Here, the original ω1Lg term, which appeared in the
imaginary part, now appears as a positive real part. This means
that the rotated Zg can provide a positive passivity index,
which can be used to compensate for the converter’s negative
index.

Fig. 6. Frequency range diagram of rotated passivity index and conventional
passivity index.

In this article, within the frequency range [0, ωL), the
passivity index is referred to as the rotated passivity index,
while in the high-frequency band [ωL,∞], it is referred to as
the conventional passivity index. Based on the selection of the
weighting matrix in (17), the value of ωL is not fixed but may
range from 0 to ω1. The composition diagram of the unified
passivity index is shown in Fig. 6. In all following examples in
this article, ωL is selected as ω1, which is the base frequency
(100π). To streamline discussion and prevent confusion, this
article unifies the definitions of the rotated passivity index for
the low-frequency band and the conventional passivity index
for the high-frequency band. The resulting unified IFP index
for the converter, denoted as νE, is defined as

νE(Y(s), ω) =
{

νR(Y(s), ω), ∀ω ∈ [0, ωL),

ν(Y(s), ω), ∀ω ∈ [ωL, + ∞].
(18)

The unified OFP index for the grid side, denoted as ρE, is
defined as

ρE
(
Zg(s), ω

) =
{

ρR
(
Zg(s), ω

)
, ∀ω ∈ [0, ωL),

ρ
(
Zg(s), ω

)
, ∀ω ∈ [ωL, + ∞].

(19)

Note: Although we refer to νE and ρE as “unified” indices,
each is in fact defined piecewise in frequency (cf. (18)–(19)).
Specifically, for ω < ωL they reduce to the weighted (rotated)
indices νR and ρR, while for ω ≥ ωL to the original indices
ν and ρ. We adopt the unified symbols νE, ρE merely to
streamline the presentation across the full spectrum.

D. Decentralized Stability Conditions for Risk Assessment

According to [21], the stability conditions for multi-parallel
converter systems based on the extended passivity theory can
be obtained as

νE(Y(s), ω) + ρE
(
Zg(s), ω

)
> 0, ∀ω ∈ [0, + ∞]. (20)

Compared to condition (9), condition (20) allows
information from the converter side and the grid impedance
side to be calculated separately. However, the admittance of
each converter needs to be summed up before the minimum
eigenvalue is computed, which is computationally undesirable
and not scalable. According to Weyl’s inequality [33], a bound
on the minimum index value of the aggregated admittance Y(s)
by using the individual admittances Yi(s) of each converter
can be provided. Weyl’s inequality states that the minimum
eigenvalue of a sum of Hermitian matrices is at least the sum
of their individual minimum eigenvalues. Hence, the following
relationship holds:

νE(Y(s), ω) ≥
N∑

i=1

νE(Yi(s), ω). (21)

The relation in (21) further decentralizes the stability condition
in (20) by breaking it into a summation of individual converter
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contributions, a more decentralized version of the stability
condition is obtained as

N∑
i=1

νE(Yi(s), ω) + ρE
(
Zg(s), ω

)
> 0, ∀ω ∈ [0, + ∞]. (22)

It should be noted that this substitution comes with a
trade-off in conservatism. However, this is evidently a scal-
able condition given that the number on the left-hand side
can be reused for certifying system stability should a new
converter connect to the grid. After obtaining the stability
condition, the system’s risk can be evaluated in a decentralized
manner by comparing the converter-side index with the grid-
side index, without the need to calculate closed-loop poles
and zeros or plot Nyquist curves. Also, the index of any
individual converter can be determined not only through
analytical calculations but also through actual measurements.
As shown in (13), once the impedance information at a
specific frequency point is obtained via frequency scanning,
the index can be derived by simply substituting the measured
impedance into (13), requiring only an additional computation
step. Therefore, this approach is applicable even in practical
industrial scenarios where the analytical model cannot be
directly obtained.

IV. A PASSIVITY-BASED METHOD FOR RISK

CAUSE LOCALIZATION

When a multi-converter system is in operation, it is essential
to conduct a risk assessment for a specific converter or groups
of converters, especially when the system includes devices
from different manufacturers [35]. Identifying potential weak
points quantitatively within the system is crucial. This sec-
tion introduces a passivity-based approach for risk cause
localization.

A. Stability Conditions for Different Subsystem Partitioning

If the entire system is considered as a whole without
partitioning into subsystems, the equivalent admittance Ysys
of the system is

Ysys = Z−1
g +

(
N∑

i=1

Yi

)
. (23)

To ensure system stability, it is sufficient to meet the following
condition according to [36], [37]

νE

[
Z−1

g +
(

N∑
i=1

Yi

)
, ω

]
> 0, ∀ω ∈ [0, + ∞]. (24)

However, if one’s interest lies in a specific part of the system,
partitioning the system becomes necessary. In a system with
N converters, the system can be partitioned into up to N + 1
subsystems, including N subsystems for each converter and
one subsystem for the grid impedance. More generally, if the
number of partitioned subsystems is M, where M ranges from
1 to N + 1, the corresponding stability criterion is

M∑
i=1

νE
(
Ysub_i(s), ω

)
> 0, ∀ω ∈ [0, + ∞]. (25)

Fig. 7. GFM control within universal grid-connected converter control
architecture proposed in [38].

According to Weyl’s inequality [33], the stability condition
derived for the entire system as a whole, shown in (24),
is the least conservative. In contrast, the stability condition
derived by dividing the system into N + 1 subsystems, shown
in (22), is the most conservative. The stability condition (25)
occupies the middle ground. In practice, how to partition
the subsystems varies case-by-case and is not the focus of
this article. Therefore, this will not be discussed further.
When using the proposed system diagnosis and converter risk
assessment method, it is assumed that the system has already
been partitioned into several subsystems.

B. Risk Cause Localization

For M subsystems, if the sum of their indices satisfies the
conditions in (25), the system is considered stable. If (25)
is not met within a specific frequency band, this does not
necessarily indicate system instability but does suggest a
potential risk. The passivity index values can be utilized to
assess the risk level and identify high-risk subsystems.

The specific steps are summarized as follows:
Step 1: Partition the system into subsystems based on the

actual situation.
Step 2: Obtain the unified passivity index plot for each

subsystem through measurements or analytical methods.
Step 3: Plot the sum of the passivity indices of the

subsystems.
Step 4: Identify the frequency bands where the sum of the

passivity indices is negative.
Step 5: Find the subsystem with the minimum passivity

index in these frequency bands and redesign it to reduce the
risk.

Step 6: If a specific converter needs to be pinpointed, a more
precise localization can be achieved by analyzing the passivity
index of each converter within the highest risk subsystem.

C. Case Study

The GFM control used in this article is shown in Fig. 7,
which is same as [38]. Using a three-converter system as
an example, the system is divided into two subsystems:
Subsystem 1 consists of converters 1 and 2, while Subsystem
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Fig. 8. Subsystem partitioning of Case 1.

TABLE I
PARAMETERS OF THREE CONVERTERS OF CASE 1-1 IN P.U.

Fig. 9. Steps 1 to 5 for system diagnosis and risk assessment in Case 1-1.
(a) Unified passivity index of sub-system 1. (b) Unified passivity index of
sub-system 2. (c) Sum of the unified passivity index of sub-system 1 and
sub-system 2. (d) Closed-loop system pole map before de-risking.

2 includes converter 3 and the grid, as shown in Fig. 8 where
the line impedance is ignored for simplicity. The short circuit
ratio (SCR) is 1.1, and the converter parameters are listed in
Table I. It should be noted that αf denotes the bandwidth of the
first-order low-pass filters H1(s) and H2(s) shown in Fig. 7.
This scenario is referred to as Case 1-1.

Fig. 9 presents the index plots and the pole-zero plot for
Case 1-1. It is important to reiterate that the discontinuity
in the index plot arises from the differing index definition
methods across frequency ranges, as outlined in (18) and (19).
In Fig. 9(a), the unified passivity index for Subsystem 1,
representing Y1 + Y2, is shown. Fig. 9(b) shows the index

Fig. 10. Step 6 for system diagnosis and risk assessment in Case 1-1.
(a) Unified passivity index of converter 3 before tuning. (b) Unified passivity
index of converter 3 after tuning. (c) Sum of the unified passivity index of
sub-system 1 and sub-system 2. (d) Closed-loop system pole map after de-
risking.

plot for Subsystem 2, which includes the grid impedance and
converter 3. Fig. 9(c) shows the sum of the indices for both
subsystems. According to (25), if the sum in Fig. 9(c) is
positive at all frequencies, the system is stable; if negative at
certain frequencies, those bands suggest potential instability.
From Figs. 9(a)-(c), it is evident that for frequencies above
1 p.u., both subsystems show positive indices, indicating no
instability risk. However, at frequencies below 1 p.u., Fig. 9(c)
reveals a negative peak between 0.3 and 0.6 p.u., indicating a
significant risk of low-frequency resonance. Fig. 9(d), showing
the closed-loop system pole plot, indicates critical stability,
with a pair of poles near the imaginary axis at 0.372 p.u.

To mitigate this risk, the negative peak in Fig. 9(c) must
be eliminated. By comparing the two subsystems, it is clear
that the negative peak originates from Subsystem 2, as shown
in its index plot in Fig. 9(b). Therefore, further diagnosis of
Subsystem 2 is conducted, as shown in Fig. 10. Subsystem
2 consists of converter 3 and the grid impedance (repeated).
Since the grid impedance provides excess passivity at low
frequencies, the negative peak cannot be attributed to it; thus,
converter 3 is identified as the source of the issue. Fig. 10(a)
shows the index plot for converter 3, where a negative peak
manifests. Eliminating this peak will reduce the resonance risk
of the system. Fig. 10(b) presents the corresponding index plot
of the re-tuned Converter 3 (Gad and Gaq tuned to 1.38 p.u., αa

tuned to 0.072 p.u.), showing that the negative peak has been
eliminated. Fig. 10(c) shows the unified passivity index plots
for Subsystem 2 after being re-tuned and the summed indices
for both subsystems (Subsystem 1 is not shown as its plot
remains unchanged). The combined indices are now positive
across both frequency bands (below and above 1.0 p.u.),
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TABLE II
PARAMETERS OF THREE CONVERTERS OF CASE 1-2 IN P.U.

indicating that the system meets stability conditions in (25).
Fig. 10(d) confirms that the resonance risk has been eliminated
because the poles in the near-synchronous frequency range
have moved away from the imaginary axis.

The second case study, denoted as Case 1-2, is presented
to further demonstrate the proposed method using the
same system configuration and subsystem partitioning as
in Case 1-1 (Fig. 8). For this case, the parameters of the
three converters are given in Table II, and the corresponding
passivity index plots are shown in Fig. 11. From Fig. 11(a),
it can be seen that the index plot of subsystem 1 exhibits two
frequency bands where the index is negative—namely around
ω = 0 and ω = 1. Fig. 11(b) shows that the index plot of
subsystem 2 remains positive across all frequencies, which
from a passivity perspective indicates that subsystem 2 is not
destabilizing. Fig. 11(c) presents the sum of the two indices:
the passivity deficiency of subsystem 1 near zero frequency
is compensated by the excessive passivity of subsystem 2, but
for ω > 1 the sum is negative, signaling a potential oscillatory
risk. The closed-loop pole–zero map in Fig. 11(d) confirms
the presence of a pole very close to the imaginary axis, with
the system on the verge of instability.

To eliminate the oscillations, it is necessary to restore
passivity at frequencies above ω = 1. As seen in Fig. 11(a),
subsystem 1 (i.e., converter 1 and converter 2) presents a high
risk. Figs. 12(a) and 12(b) show the individual index plots
for converter 1 and converter 2, respectively. Converter 1 has
a positive index in the high-risk band and can therefore be
considered low risk, whereas Converter 2 exhibits a negative
index in the band of interest and is the main culprit. Therefore,
we adjust Kv of converter 2 from 1.35 p.u. to 0.54 p.u.
Fig. 12(c) shows the plot of the sum of the indices of
subsystem 1 and subsystem 2 after this readjustment. It can
be seen that the negative region for ω > 1 is eliminated, the
stability condition is satisfied, and the risk is removed. The
closed-loop pole–zero map in Fig. 12(d) also shows that the
pole near 1 p.u. has shifted to the left.

V. A FULLY LOCAL AND DECENTRALIZED SYSTEM

DESIGN METHOD FOR MITIGATING SYSTEM

OSCILLATION RISKS

In addition to the risk localization and mitigation methods
mentioned in the previous section, another way to avoid
oscillation risks in the system is to design the converters
appropriately from the outset. When applying the passivity-
based stability conditions in (20) or (22) to assess system

Fig. 11. Steps 1 to 5 for system diagnosis and risk assessment in Case 1-2.
(a) Unified passivity index of sub-system 1. (b) Unified passivity index of
sub-system 2. (c) Sum of the unified passivity index of sub-system 1 and
sub-system 2. (d) Closed-loop system pole map before de-risking.

Fig. 12. Step 6 for system diagnosis and risk assessment in Case 1-2.
(a) Unified passivity index of converter 1 before tuning. (b) Unified passivity
index of converter 2 before tuning. (c) Sum of the unified passivity index of
sub-system 1 and sub-system 2 after converter 2 is re-tuned. (d) Closed-loop
system pole map after de-risking.

stability, calculating or measuring the passivity index of each
converter independently can help reduce information accu-
mulation. However, this approach still cannot fully decouple
the coupling between each converter and the grid impedance,
as the overall system stability depends on the sum of these
indices.
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The main objective of this section is to propose a passivity-
based design method for multi-converter systems that ensures
system stability without needing to consider interactions
between converters or between converters and the grid. With
this approach, each converter only needs to meet its own local
design reference to ensure system stability.

A. Local Passivity-Based Design

In high-frequency ranges, the unified passivity index of the
grid impedance is zero. To avoid oscillations, the converter
admittance should be designed to be dissipative. In low
frequencies, according to [21], the unified passivity index of
the inductive grid impedance is inherently non-negative. This
surplus passivity can compensate for the passivity deficiency
of a converter, making the passivity index of the grid a
viable frequency-domain design reference for converters. By
allocating the excess passivity of the grid proportionally based
on the rated power of each converter ki(

∑N
i=1 ki = 1), each

converter can be assigned a non-negative kiρE(Zg(s), ω).
Thus, considering the entire frequency range, to ensure system
stability, it is required that each converter satisfies

νE(Yi(s), ω) + kiρE
(
Zg(s), ω

)
> 0, ∀ω ∈ [0, + ∞]. (26)

If each converter meets this condition, then it is guaranteed
that the overarching inequality (22) is satisfied when summing
across all converters. Notably, (26) offers a local passivity
criterion for individual converters. Furthermore, as highlighted
in [21], an increase in the SCR leads to a higher passivity index
for the grid impedance in the low frequencies. Therefore, if
the SCR of the grid is known during system design, it can be
directly utilized. In scenarios where grid impedance details are
absent, assuming an SCR of 1.1 can approximate the worst-
case scenario, facilitating a conservative design. The proposed
approach is summarized as follows:

Step 1: Check the grid impedance information:
• If the SCR is known, use the corresponding unified

passivity index of grid impedance.
• If the SCR is unknown, simulate the worst-case scenario

by using the passivity index when SCR=1.1.
Step 2: Distribute Excessive Passivity:
• Allocate the excess passivity of the grid impedance

(positive at low frequencies and zero at high frequencies)
to different converters based on their proportions of the
total rated power.

Step 3: Passivity Index Tuning:
• Tune the passivity index for each converter to ensure that

it meets the local stability condition (26).

B. Case Study

This numerical example is denoted as Case 2. Consider
a system with three GFM converters, each active power
rated at 0.33 p.u., and an SCR of 1.1. The control structure
of the converters adopts the universal architecture proposed
in [38], which is shown in Fig. 7. The parameters for the
three converters are provided in Table II. According to the rec-
ommended steps, one-third of the grid impedance’s passivity

TABLE III
PARAMETERS OF THREE CONVERTERS OF CASE 2 IN P.U.

Fig. 13. Case 2. (a) Unified passivity index of converter 1
and corresponding design reference. (b) Unified passivity index of converter
2 and corresponding design reference. (c) Unified passivity index of converter
3 and corresponding design reference. (d) Closed-loop system pole map.

degree is allocated to converter 1. This allocation yields the
local stability condition for converter 1, i.e., k1 = 1/3

νE(Y1(s), ω) > −k1ρE
(
Zg(s), ω

)
︸ ︷︷ ︸

design reference

. (27)

The conditions for the remaining two converters are the
same. In practical tuning, specific measures include adjusting
the gains of the P-f droop and Q-V droop (with gains
constrained by the operator and the converter own capacity),
as well as tuning the inner loops, particularly the voltage
control structure and parameters, and adjusting the active
power output. The specific tuning methods are not the focus of
this article and, therefore, will not be discussed in detail here.
The parameters of the three converters and their corresponding
index plots are shown in Fig. 13, where the blue curve rep-
resents νE(Yi(s), ω), while the red reference curve represents
−kiρE(Zg(s), ω). The passivity index curves are distinguished
by solid and dashed lines, which denote the low-frequency
and high-frequency bands, respectively. Fig. 13(d) presents the
pole-zero plot of the closed-loop system, demonstrating that
the system is stable.
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Fig. 14. Comparison of different system partitioning.

Fig. 15. Impact of filter capacitance. (a) SCR=1.1. (b) SCR=10.

Fig. 16. Impact of line impedance.

VI. DISCUSSIONS

This section examines the applicability of the proposed
method, taking into account the effects of grid impedance, line
impedance, converter operating conditions, and system parti-
tioning. A comparative analysis with other existing methods
is also provided.

A. Impact of System Partitioning

Equation (25) presents a highly general decentralized sta-
bility criterion that remains valid regardless of how the overall
system is partitioned. In this subsection, we examine how
different partitioning strategies affect the conservativeness of
the proposed method. The three-converter system in Fig. 8 is
reused, with each converter having the same parameters as
in Case 2. Fig 14 compares the sum of the stability indices
obtained under five alternative partitions, denoted P1–P5:

• P1: The entire system is treated as a single plant (no
partitioning);

• P2: converter 1 and converter 2 form Subsystem 1,
while converter 3 plus the grid impedance constitute
Subsystem 2;

• P3: converters 1–3 are grouped as Subsystem 1, and the
grid impedance alone is Subsystem 2;

• P4: converter 1 is Subsystem 1, whereas converters 2–3
together with the grid impedance make up Subsystem 2;

• P5: converter 1, converter 2, converter 3, and the grid
impedance are treated as four separate subsystems.

As shown in Fig. 14, the numerical results show that
P1 yields the least conservative condition (largest aggre-
gate index), whereas P5 is the most conservative (smallest
aggregate index); the outcomes for P2–P4 lie in between.
This agrees with the theoretical expectation in Section IV-A:
analyzing the whole system as a single entity minimizes con-
servativeness, while treating every component as an individual
subsystem maximizes it. Consequently, if the stability criterion
is satisfied under the most conservative partition P5, the system
is guaranteed to be stable under any other partition. Therefore,
condition (22) can be regarded as a recommended robust
stability condition, independent of the chosen partition, albeit
at the expense of maximal conservativeness.

B. Impact of Electrical Resonance and Line Impedance

In the preceding analysis, the filter capacitor (Cf ) and the
line impedance were neglected for simplicity. This subsec-
tion evaluates how the inclusion of these two elements affects
the proposed method.

Filter capacitor lumped into the grid side. By assigning
the filter capacitor to the grid-impedance branch, Fig. 15(a)
and Fig. 15(b) show the grid-impedance passivity index when
the capacitor varies from 0 to 0.15 p.u. for (i) SCR =
1.1 (Lg = 0.9 p.u.) and (ii) SCR = 10 (Lg = 0.1 p.u.),
respectively. For ω > 1, the presence of Cf has no impact on
the index; within 0 < ω < 1, Cf slightly reduces the index,
thereby increasing conservativeness. Given that practical filter
capacitances are typically below 0.1 p.u. [38], their influence
on the proposed criterion is negligible.

Line impedance included in the converter admittance.
Fig. 16 depicts the converter admittance Y re-computed
according to (3) as the line impedance increases from 0 to
0.4 p.u. Adding line impedance marginally lowers the index
at low frequencies (around 0 p.u.), yet raises the passivity
value at higher frequencies. Hence, line impedance does not
significantly tighten the proposed stability condition; in fact,
it reduces conservativeness over most of the frequency range.

C. Impact of Converter Operating Point

Using converter 1 in Case 2 with fixed control parameters,
Fig. 17 presents the passivity-index curves as the output
power is swept from the rated value down to zero. It is
evident that, with increasing output power, the passivity index
drops in the low-frequency range; hence the rated-power
condition represents the worst case for the converter index.
In the previous examples, the system was therefore assessed,
localized, and mitigated at this rated operating point via the
proposed method.
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Fig. 17. Impact of operating point.

Fig. 18. Comparison of the proposed method with existing methods.
(a) Proposed method, (b) Conventional passivity, (c) Weighted small-gain,
(d) Conventional small-gain.

It must be emphasised that, once a subsystem is flagged as
risky, the recommended mitigation strategy is not to reduce its
output power, but rather to retune the controller parameters
while maintaining rated power. On the other hand, if the
analysis of a specific operating point is desired, the passivity
index can be re-evaluated accordingly; reshaping the converter
index by lowering the output power remains a viable option
when appropriate.

D. Similarity and Difference Between Passivity Index Value
and Phase Information

This subsection explores the relationship and distinction
between the passivity-index value and phase information. We
first revisit the conventional passivity concept for a SISO
model. Let the converter admittance be denoted by Y(jω).
Passivity requires that, for all ω ∈ [0,∞], the real part satisfies
Re{Y(jω)} > 0, while no explicit constraint is imposed on the
imaginary part Im{Y(jω)}. Consequently, for SISO systems,

Fig. 19. Comparison between index value reduction and phase change.

the passivity condition can be re-expressed as: the phase of
Y(jω) must lie within ±90◦.

However, a phase jump does not necessarily correspond
to a meaningful change in the passivity index. Consider
Fig. 19: let ωi and ωi+1 be two adjacent frequency points.
A 180◦ phase jump—from the purple segment to the red
segment—may leave the real part almost unchanged. By
contrast, the transition from the purple to the blue segment
represents the passivity index crossing from positive to nega-
tive, yet the associated phase variation is clearly not 180◦.

For MIMO systems the link between phase and index value
becomes even weaker. We compute the real part of a matrix
using the definition in (10) and interpret it conceptually as
an analogue to the SISO real part. Moreover, the notion of
“phase” for MIMO systems remains an emerging topic in
the control-theory community [24]. Existing definitions often
rely on sectorality conditions that the admittance matrices
of power-electronic converters fail to satisfy, making them
unfeasible for direct application in practical converter mod-
els [13]. Here, the stability criterion requires that the sum of
all indices be positive. Consequently, a negative index value
in the vicinity of the oscillation frequency is used to identify
the cause of instability.

E. Numerical Comparison With Existing Decentralized
Stability Criteria

Fig. 18 compares the proposed method with existing decen-
tralized approaches. The converter parameters are chosen
identically to those of converter 1 in Case 2. Note that
the format in this figure is consistent with (27): the grid-
side indicator serves as the reference for the converter-side
indicator. Commonly used methods include passivity, small-
gain [9], and phase approaches [24]; however, the phase
method is new, and power-electronic systems do not satisfy the
sectorial conditions required for phase-theory-based analysis,
which warrants further investigation [13].

For clarity, Fig. 18 (a) reproduces Fig. 13(a), i.e., the
proposed method. Fig. 18 (b) shows the conventional passivity
index, which—due to the system’s inherent non-dissipativity at
low frequencies—cannot achieve full-frequency range stability
specification. Fig. 18(c) and Fig. 18(d) depict the small-
gain theorem, another common decentralized stability-analysis
framework. The difference between Fig. 18 (c) and Fig. 18
(d) is that Fig. 18 (c) introduces a multiplier related to the
grid impedance to reweight the subsystem dynamics (see [9]
for details). For the closed-loop system [Zg Y], the small-
gain stability condition requires σ̄ (Zg(jω)) σ̄ (Y(jω)) < 1,∀ω,

where σ̄ denotes the maximum singular value. To facilitate a
more direct comparison with the proposed method, rewriting
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this in the form of (27) yields the equivalent stability condition
−σ̄ (Y(jω)) > − 1

σ̄ (Zg(jω))
,∀ω. In the weighted gain-based

approach, the expressions are identical to those of the conven-
tional gain-based method, except that Zg and Y are multiplied
by the corresponding weighting multipliers. Although gain-
based methods can in principle support stability assessment,
localization, and mitigation, in practice—as discussed in [9],
[13], [20], [39]—the small-gain criterion remains overly con-
servative, especially for GFM converter systems, making it
difficult to directly apply gain-based stability indicators for
full-frequency specification.

Modal analysis is a well-established system-diagnostic
technique [40], [41]; however, its implementation differs fun-
damentally from the proposed passivity-based method. Modal
analysis typically requires an explicit analytical model to
compute the closed-loop system poles, followed by the calcu-
lation of participation factors for each subsystem to identify
the “culprit” state variables. In contrast, the passivity-based
approach developed here is applicable to both analytical
and measured models: although the impedance modeling in
this work employs analytical information, impedance data
obtained through measurement can be directly used to calcu-
late passivity index. Furthermore, the proposed method locates
the risk frequency bands directly from the negative regions
of each subsystem’s passivity index plot and identifies the
responsible subsystem by the magnitude of its negative index.
This procedure is both simpler and more direct than first
determining critical modes and then computing participation
factors.

F. Applicability and Limitations

The proposed method focuses on risk assessment,
localization, and mitigation of complex voltage–power
coupling interactions in multi-GFM converter systems.
Nevertheless, the theoretical framework applies to any MIMO
interconnected feedback system [21], including conventional
PLL-synchronized converters. In [21], the approach was val-
idated on a single-converter, PLL-synchronized system with
current control, a case not typically classified as GFM con-
verters. For large-scale systems featuring both GFM and GFL
converters, the proposed method remains fully compatible. In
this study, the dc-side voltage is provided by a dc voltage
source. This setup decouples the DC-side dynamics from the
converter of interest; as a result, dc-side dynamics are not
considered. However, since this work is based on passivity
theory and impedance modeling, the impedance-modeling
technique and passivity theory used here can fully incorporate
dc-side dynamics [42]. Therefore, the proposed method can
also be applied to scenarios with regulated dc-link dynamics.

In the authors’ earlier work [19], classical passivity theory
showed that a converter is non-passive—its behavior, par-
ticularly around ω = 0 in the d–q frame, is inherently a
power source. By introducing an extended passivity framework
and an appropriate control design, this work demonstrates
that, although the converter’s index remains negative, stability
specification is still possible. However, achieving a positive
index for a converter across the entire spectrum is still

TABLE IV
PARAMETERS OF THE EXPERIMENTAL PLATFORM

AND THE CONTROLLERS

unrealistic at present; from a passivity perspective, the grid
impedance must contribute the remaining positive component
to ensure stable low-frequency behavior. Hence, the proposed
method is most suitable for grid-connected converter systems,
where it enables complete risk assessment, localization, and
mitigation.

For a 100% converter-based power system, the method can
still assess and localize risks, but mitigation becomes difficult
because satisfying the stability condition without any support
from the local grid is excessively demanding. To the best
of the authors’ knowledge, no existing decentralized stabil-
ity indicator guarantees system stability while ignoring the
local grid [9], [13]. Further theoretical and analytical efforts
on decentralized stability indicators for power-electronic-
dominated systems are therefore needed.

VII. EXPERIMENTAL RESULTS

Experimental tests are conducted on a downscaled dual
GFM converter system, as shown in Fig. 20. The two con-
verters are labeled as VSC1 and VSC2, respectively. The
basic system and controller parameters are listed. The control
structures of the two converters are shown in Fig. 7, but the
parameters differ, distinguished by subscripts 1 and 2. The
system rated power is 2 kW, with each converter rated at 1 kW.
The grid voltage base value is 110 V, and specific parameters
and their p.u. values according to the system base are listed
in Table IV. However, it is important to note that for ease
of presentation, the p.u. values of the active power in the
following experimental waveforms are shown based on the
base value of a single converter.

Fig. 21 shows the waveform of stable operation. Initially,
both converters operate at 0.1 p.u. power output and eventually
at rated power (1.0 p.u.). Both converters adopt identical
designs, and Figs. b and c show the passivity index (blue) plots
and corresponding design references (red) at the operating
points. The gain of αa is set to 0.2 p.u., Kv is set to 0.55 p.u.,
Kp is set to 0.4 p.u., and Kq is set to 0.1 p.u., while all other
parameter designs are consistent with those described in [38].
It can be seen that at different operating points, the converters
satisfy the local passivity-based stability condition proposed
in Section IV, leading to a stable system.

Fig. 22 presents the system waveform at rated power output.
At 2s, the integrator gain of VSC2’s voltage loop is increased
from 0.2 p.u. to 0.5 p.u., while VSC1’s design remains
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Fig. 20. Experimental platform.

Fig. 21. Stable operation. (a) Waveform. (b) Index of the first operating
point and design reference. (c) Index of the second operating point and design
reference.

unchanged, causing system instability. Figs. b and c show the
sum of the indices and VSC2’s index plot, respectively. It
can be observed that the system does not satisfy the stability
condition proposed in equation (18), and VSC2 also fails
to meet its local design reference. From the perspective of
the passivity index plot, VSC2 represents a poor design.
The experimental waveforms in Figs. 21 and 22 verify the
effectiveness of the local passivity stability condition.

Fig. 23 presents the experiment on the interaction between
a newly connected converter and the original system. Before
2 seconds, only VSC2 is connected to the grid, outputting 0.2
p.u. of power. After the second, when VSC1 is connected, the

Fig. 22. Unstable operation. (a) Waveform. (b) Sum of the indices of VSC1,
VSC2, and grid impedance. (c) Index of VSC2 and design reference.

Fig. 23. Unstable waveform when VSC1 is connected to the grid.
(a) Waveform. (b) Index of VSC2. (c) Index of VSC1. (d) Index of grid
impedance. (e) Sum of the indices of two converters and grid impedance.

system oscillates. Figs. 23(b), 23(c), 23(d), and 23(e) show the
plots of converter 2, converter 1, grid impedance, and the sum
of the indices of the three subsystems, respectively. It can be
seen that near the oscillation frequency, the sum of the indices
is negative. Therefore, to stabilize the system, eliminating the
negative values is needed. Next, the passivity index is used
to assess which converter should be tuned. First, considering
converter 1, its index is very close to zero in the low-frequency
range. If VSC1’s index is adjusted to make the sum of the
indices in Fig. 23(d) positive across all frequency ranges, then
converter 1 would need an index of approximately 3 in the
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Fig. 24. Stable waveform when VSC1 is connected to the grid. (a) Index of
VSC2 after being tuned. (b) Sum of the indices of two converters and grid
impedance.

corresponding frequency range. In practice, this would be very
difficult to achieve through tuning. Another option is to tune
VSC2. From Fig. 23(b), it is clear that the system can be
stabilized by increasing VSC2’s minimum index value from -6
to around -3, meaning that tuning VSC2 is significantly less
costly than tuning VSC1. Fig. 24(b) shows the index plots of
converter 2 after adjustment. Fig. 24(c) shows the sum of the
indices of converter 1, converter 2, and the grid impedance,
from where it can be seen that the system is now stable. The
experimental results in Fig. 24(a) also confirm the correctness
of the theoretical analysis. Thus, when system oscillations
occur, at least one subsystem is a “bad design,” or the root
cause of the oscillations, requiring retuning. The passivity
index plot provides a clear means of quantifying the cost of
adjusting a specific converter or subsystem to stabilize the
system, allowing identification of the “bad design.”

VIII. CONCLUSION

This article presents extended passivity–based methods
for small-signal stability risk assessment, instability source
localization, and mitigation in multi-parallel GFM converter
systems. These methods include specially designed stability
conditions and practical guidelines. Numerical and experimen-
tal results validate the effectiveness of the proposed approach,
demonstrating streamlined implementation and reduced con-
servativeness. Future research may explore the impacts of
different controller structures and parameter choices within the
extended passivity framework, as well as applications to more
complex power-electronic systems.
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