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Abstract—The main purpose of this article is to elaborate on the
limitations of using frequency-domain passivity theories in ana-
lyzing grid-inverter interactions within the low-frequency range.
It primarily covers three levels of limitations: 1) the limitations
and selection criteria of two kinds of passivity index, 2) potential
conflicts between different passivity index tuning methods, and 3)
the relationship between the frequency range of negative passivity
index and system stability robustness. The findings suggest that
caution should be exercised when applying passivity theory, par-
ticularly in the low-frequency range.

Index Terms—Control design, grid-connected inverters,
passivity, stability.

I. INTRODUCTION

GRID-CONNECTED inverters are commonly found in
modern power systems. An effective design of control

parameters for such inverters is critical for ensuring the stability
of the system [1]. The conventional methods of evaluating sys-
tem stability, such as eigenvalue-based or Nyquist criteria-based
analysis, require aggregating information from both the inverter
and the grid [2]. However, in a system with multiple inverters,
this aggregation of information is complex and computationally
burdensome [3]. Moreover, it is often not possible to obtain de-
tailed information on the grid. Passivity theory offers a valuable
decentralized perspective to system analysis [4]. The basic idea
is that if a system is composed of passive subsystems, then the
system is stable regardless of the complexity of the interactions
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among the subsystems [5]. When applying passivity theory to
analyze grid-connected inverter systems, it is not necessary to
know the detailed parameters of the grid side, assuming it is
passive [6]. The aggregation of information from the inverter
and the grid is also not required [7]. By properly designing
parameters [8] or adding additional controllers [9], the input
admittance of the inverter can have a positive real part in the
critical frequency ranges where poorly damped grid resonances
appear [10]. Thereby, destabilization of such resonances can be
avoided [7].

Passivity-based analysis can be categorized into high-
frequency and low-frequency cases [11]. In the high-frequency
scenario, the focus is on harmonic instability, usually in the range
of several hundred to several thousand hertz [4], [12]. In this
frequency range, system instability usually originates from the
impedance characteristics of the grid itself, the time delay due to
digital computation and pulsewidth modulation of inverters [11].
Slower outer loop control dynamics, such as power control (PC),
phase-locked loop (PLL), and alternating-voltage control (AVC)
are often ignored [1]. Numerous studies have focused on the
passivation or dissipation of grid-connected inverters, including
parameter tuning [4], improved sampling techniques [12], and
control design [13].

In the low-frequency range, the focus is on near-synchronous
oscillations, which are usually no more than three times the nom-
inal frequency [6]. In this range, asymmetric and slow dynamics
of outer loops can no longer be ignored [14]. Therefore, the
inverter needs to be modeled as a multiple-input multiple-output
(MIMO) system [1]. Two kinds of passivity index, namely, the
input feedforward passivity (IFP) index and output feedback
passivity (OFP) index are commonly used to analyze the MIMO
systems [15], [16]. In [3], [11], for example, it is demonstrated
that grid-connected inverters have inherently nondissipative
low-frequency regions that are difficult to avoid. As a result, the
passivity-based design usually recommends minimizing nondis-
sipative regions [6] or increasing the value of the passivity
index [16] to enhance system stability robustness. However,
there are gray areas in passivity theory when it comes to guiding
the design or assessing the stability of such MIMO dynamical
systems. First, the distinction between the IFP index and the OFP
index, the criteria for selecting different indices, and the varying
stability criteria based on these indices are all unclear. Second,
there is a lack of discussion on the selection, comparison, and

0885-8993 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: KTH Royal Institute of Technology. Downloaded on December 05,2025 at 12:46:09 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-5423-4326
https://orcid.org/0000-0002-6327-9729
https://orcid.org/0000-0002-3107-7073
https://orcid.org/0000-0003-4735-5872
https://orcid.org/0000-0003-2395-4838
https://orcid.org/0000-0002-2081-7347
https://orcid.org/0000-0001-5813-8289
https://orcid.org/0000-0001-5009-9481
https://orcid.org/0000-0001-5794-0165
https://orcid.org/0000-0003-1835-2963
https://orcid.org/0000-0001-9940-5929
mailto:feifanc@kth.se
mailto:xiongfei@kth.se
mailto:danwang@kth.se
mailto:liazhao@kth.se
mailto:hsan@kth.se
mailto:kallej@kth.se
mailto:lennart.harnefors@se.abb.com
mailto:szkhong@mail.nsysu.edu.tw
mailto:sou12@mail.nsysu.edu.tw
mailto:mikko.routimo@fi.abb.com
mailto:jarno.kukkola1@fi.abb.com
https://doi.org/10.1109/TPEL.2024.3428403


14466 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 11, NOVEMBER 2024

Fig. 1. Venn diagram of the relationships among stability of the system,
stability conditions based on passivity theory, and the limitations of passivity
theory in the low-frequency range.

solidness of two common passivity index tuning methods at low
frequencies.

This article explores and clarifies the gray areas of frequency-
domain passivity theory when applied to grid-inverter interac-
tion analysis. The contributions lie in the discussion of the limita-
tions of passivity theory at three levels. The first-level limitation
(limitation 1) discusses the distinction between the IFP and OFP
indices. The differences and connections between the indices
across different system representations (current source or volt-
age source) are clarified. Two different stability conditions based
on passivity indices are then introduced. Finally, the criteria for
selecting the passivity index in grid-connected inverter systems
are specified, and the consequences of incorrect index selection,
which inevitably lead to system instability, are theoretically
demonstrated. Specifically, the IFP index is considered a more
suitable choice for the inverter admittance. The second-level
limitation (limitation 2) lies in the selection of two commonly
used passivity index tuning methods: reducing the frequency
range of negative index values or increasing the minimum value
of the passivity index. The relationship between these methods
and system stability is discussed in depth both logically and
through case studies. Even when the index is chosen correctly
considering limitation 1, different methods of index tuning may
conflict with each other and lead to inconsistent results. The
third-level limitation (limitation 3) involves a deeper discussion
of the relationship between reducing the frequency region of
the negative index and system stability. The integrators in con-
trollers may cause the passivity index value to approach negative
infinity [17]. In such cases, the only way to tune the passivity
index is to narrow the frequency region where it is negative.
It is found that in this scenario, a narrower frequency range of
negative index does not necessarily imply improved stability
robustness, which may even cause low-frequency oscillations.
Based on the findings related to limitations 2 and 3, it is not
recommended to use passivity theory to analyze grid-inverter
interactions in the low-frequency range, especially near ω = 0
in the d− q frame. The limitations discussed and contributions
of this article are summarized in a Venn diagram shown in
Fig. 1.

Fig. 2. System configuration and block diagram of a grid-connected inverter.

Fig. 3. Controller structure of PLL-synchronized inverter. (a) PLL and Q-V
droop. (b) AVC. (c) CC.

II. GRID-CONNECTED INVERTER SYSTEMS

Fig. 2 shows the overall circuit and block diagram of the
grid-connected inverter system under consideration. Apart from
AVC and current control (CC), there are also synchronization
control and reactive power control. Currently, the mainstream
synchronization control includes PLL and PC [18]. Since this
article focuses on the application of the passivity theory in
grid-connected inverter systems, rather than the analysis of
different types of control schemes, examples from both PLL-
synchronized inverters and PC-synchronized inverters are pre-
sented. The corresponding detailed structures of PC, synchro-
nization control, voltage control, and CC are given in Figs. 3 and
4, respectively. The PLL is equipped with a P-dominant con-
troller. The integral part aims to eliminate the quasisteady-state
phase error caused by deviations in synchronous frequency from
its nominal value, which can be small [5]. The P gain is αp/E0,
where αp represents the PLL bandwidth and E0 denotes the
steady-state voltage amplitude (equivalent to Eref). The transfer
functions H(s), H1(s), and H2(s) model low-pass filters with
bandwidth αf . The parameter Ra is set as αcL, where αc is the
desired CC loop bandwidth and L is the filter inductance [5].

The impedance modeling technique of these two kinds of
inverters has been extensively discussed in previous studies,
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Fig. 4. Controller structure of PC-synchronized inverter. (a) P-f droop and
Q-V droop. (b) AVC. (c) CC.

Fig. 5. System circuit representation. (a) Based on the equivalent of a current
source. (b) Based on the equivalent of a voltage source.

which will not be repeated here. The modeling approach for
PLL-based inverter here is consistent with the technique de-
scribed in [5], [15], and [19]. The modeling of PC-synchronized
inverters aligns with the approach described in [2] and [16]. The
dc-link dynamics are not considered here and dc-link voltage is
assumed to remain constant [20]. For the grid, it can be viewed
as a voltage source in series with the grid impedance Zg . The
grid impedance is assumed to be primarily inductive-dominated
with inductance Lg , and the resistance Rg is disregarded when
modeling the system for worst-case analysis, where no passive
damping from the grid side is considered [16]. Regarding invert-
ers, there are typically two circuit representation methods [21],
namely the equivalent based on a current source in parallel with
the admittance Y and the equivalent based on a voltage source
in series with impedance, as shown in Fig. 5. The closed-loop
transfer function of the voltage or CC is denoted by G(s).
To avoid potential redundancy and confusion, the impedance
corresponding to the voltage source representation is represented
in this article using the reciprocal of admittance Y.

III. PRELIMINARIES OF PASSIVITY THEORY IN

GRID-CONNECTED INVERTER SYSTEMS

A. Definition of Passivity and Corresponding Physical Insights

For a general stable and minimum-phase MIMO system G,
G is said to be strictly “input feedforward passive” [22] if

min λ
[
G (jω) +GH (jω)

]
> 0, ∀ω ∈ [0,∞] (1)

holds and G is strictly “output feedback passive” [22] if

min λ
[
G−1 (jω) +G−H (jω)

]
> 0, ∀ω ∈ [0,∞] (2)

holds, where min λ is the minimum eigenvalue and the super-
script H is the Hermitian operator, i.e., conjugate–transpose.
The grid impedance is passive, as mentioned in Section II. Con-
cerning the inverter, the definition of “passive” has an intuitive
physical meaning as well. In Fig. 2, the positive direction of the
current is defined from the inverter to the grid. Consequently,
when power is positive, it implies that the inverter is injecting
active power into the grid. According to Harnefors et al.’s [5]
work, the power dissipation of the inverter is given as

− (1/2)
(
vH i+ iHv

)
(3)

where v and i are complex phasors for voltages and currents at the
point of common coupling (PCC), respectively. If the system is
modeled as a current source in parallel with the input admittance
Y, then the relationship between voltage and current at PCC is
given by

i = −Y(jω)v. (4)

Then

− (
vH i+ iHv

)
= vH

[
Y (jω) +YH (jω)

]
v. (5)

If Y(jω) +YH(jω) is positive definite for all ω, then

vH
[
Y (jω) +YH (jω)

]
v > 0, ∀ω ∈ [0,∞] (6)

so active power is always dissipated, i.e., the system is passive.
Y +YH is positive definite if and only if

min λ
[
Y (jω) +YH (jω)

]
> 0, ∀ω ∈ [0,∞] . (7)

Similarly, if the system is modeled as a voltage source in series
with the input impedance Y−1, then the relationship between
voltage and current is

v = −Y−1(jω)i. (8)

Hence, the active power is given by

− (
vH i+ iHv

)
= iH

[
Y−1 (jω) +Y−H (jω)

]
i. (9)

If Y−1(jω) + Y−H(jω) is positive definite for all ω, then active
power is always dissipated, i.e., the system is passive. Y−1 +
Y−H is positive definite if and only if

min λ
[
Y−1 (jω) +Y−H (jω)

]
> 0, ∀ω ∈ [0,∞] . (10)

Equations (7) and (10) correspond to the definitions in (1) and
(2).

B. Passivity-Based Stability Conditions and Their Extensions

According to [21] and [23], the circuits depicted in Fig. 5 can
be transformed into a MIMO interconnected feedback system.
It should be noted that the interconnected systems come in
various forms, but all can reflect the same system stability [21].
If voltage is chosen as the input and current as the output, one
corresponding interconnected system can be represented as [Zg,
Y], where Zg is the forward gain, and Y is the feedback gain,
as shown in Fig. 6(a). The other interconnected system can
be represented as [Y−1, Z−1

g ], which is shown in Fig. 6(b).
According to Theorem 2.44 in Bao et al.’s [22] work, for a
general MIMO interconnected negative-feedback system [G1,
G2], as shown in Fig. 6(c), if bothG1 andG2 are strictly passive,
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Fig. 6. Interconnected feedback system of (a) [Zg , Y], (b) [Y−1, Z−1
g ], and

(c) [G1, G2].

then the interconnected negative-feedback system [G1, G2] is
stable.

To extend the passivity-based stability conditions to more
general cases that encompass both passive and nonpassive sys-
tems, passivity indices that quantify the degree of passivity
are defined [22]. The basic idea is that in an interconnected
system, there are both passive and nonpassive subsystems. If the
excessive passivity of the passive subsystem can compensate for
the passivity deficit in the nonpassive system, then the system
remains stable. The passivity indices are defined in a similar
manner to (1) and (2). The IFP index at frequency ω is defined
as

νF [G(s), ω]
Δ
=

1

2
min λ

[
G (jω) +GH (jω)

]
. (11)

Similarly, the OFP index is defined as

ρF [G(s), ω]
Δ
=

1

2
min λ

[
G−1 (jω) +G−H (jω)

]
. (12)

For [G1, G2], here we assume that G1 and G2 are both stable
and minimum phase systems (more general cases, including
nonminimum phase systems, will be discussed in the next sec-
tion), G1 is nonpassive, and G2 is passive. According to the
definition of passivity indices, G1 lacks passivity (both input
feedforward and output feedback), while G2 has an excess of
passivity (the passivity index of G2 is larger than 0). There are
two methods for asserting system stability [22]. The first one is
that the feedback system is stable if

νF [G1(s), ω] + ρF [G2(s), ω] > 0, ∀ω ∈ [0,∞] . (13)

The second method is that the feedback system is stable if

ρF [G1(s), ω] + νF [G2(s), ω] > 0, ∀ω ∈ [0,∞] . (14)

In this way, the conservativeness of the original passivity-based
stability condition is reduced, allowing the passivity-based the-
ory to be applicable even if some subsystems are not passive. For
grid-connected inverter system [Y, Zg], the extended passivity-
based stability conditions introduced in (13) and (14) are also
applicable. Compared to the stability conditions in (7) or (10),
those in (13) and (14) are less conservative since they do not
require the inverter to be passive.

IV. LIMITATION 1: INAPPROPRIATE SELECTION OF PASSIVITY

INDEX-BASED STABILITY CONDITIONS

A. Two Passivity Index-Based Stability Conditions in
Grid-Connected Inverter Systems

When the system in Fig. 2 is modeled as [Y,Zg], the negative-
feedback system is stable when it satisfies the requirements in
(13)

νF [Y(s), ω] + ρF [Zg(s), ω] > 0, ∀ω ∈ [0,∞] (15)

or in (14)

ρF [Y(s), ω] + νF [Zg(s), ω] > 0, ∀ω ∈ [0,∞] . (16)

Similarly, when the system in Fig. 2 is modeled as [Z−1
g , Y−1],

the negative-feedback system should be stable when it satisfies
(13)

νF
[
Y−1(s), ω

]
+ ρF

[
Z−1

g (s), ω
]
> 0, ∀ω ∈ [0,∞] (17)

or (14)

ρF
[
Y−1(s), ω

]
+ νF

[
Z−1

g (s), ω
]
> 0, ∀ω ∈ [0,∞] . (18)

According to the definitions of (11) and (12), it is easy to
conclude that

νF [Y(s), ω] = ρF
[
Y−1(s), ω

]
(19)

νF [Zg(s), ω] = ρF
[
Z−1

g (s), ω
]
. (20)

Upon substituting (19) and (20) to (17) and (18), it can be seen
that (15) is equivalent to (18) and (16) is equivalent to (17).
Therefore, it is sufficient to consider the case of [Y, Zg] to
cover all situations. It is clear that (15) and (16) are two distinct
methods, with different requirements for the index of Y. Equa-
tion (15) necessitates the calculation of the IFP index of Y, while
(16) requires the OFP index of Y. However, the aforementioned
conditions in (15) and (16) are based on the premise that both
Y and Zg are stable and minimum-phase. When Y fails to meet
this prerequisite, yet we still let the system satisfy (15) or (16),
the corresponding implications remain undisclosed.

B. Erroneous Selection of Stability Conditions Ignoring the
Nonminimum-Phase Characteristics of Inverter Admittance

To reveal the distinctions and limitations resulting from the
choice of different passivity index-based stability conditions,
how the satisfaction of (15) or (16) guarantees system stability
needs to be explored.

When (15) holds, it can be shown that the Nyquist curve of

det
[
I+ Zg(s)Y(s)

]
(21)

does not encircle the origin. Similarly, when (16) holds, it can
be shown that the Nyquist plot of

det
[
I+ Z−1

g (s)Y−1(s)
]

(22)

does not encircle the origin. The detailed proof is placed in the
Appendix.

For the grid-connected inverter system, a necessary and suffi-
cient condition for system stability is that the closed-loop system
does not contain right-half-plane (RHP) poles. According to
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Skogestad and Postlethwaite’s [24] work, the zeros of (21) and
(22) are the poles of the closed-loop system. Therefore, if the
determinants have no RHP zeros, the system is stable. However,
the fact that the Nyquist curve of (21) and (22) does not encircle
the origin does not directly imply that the closed-loop system
is stable. The encirclement of the origin is determined by Pcl

= N+Pol, where Pcl represents the number of RHP poles of the
closed-loop system, N is the number of clockwise encirclements
of the origin by the Nyquist plot of det [I + L(jω)], and Pol

denotes the number of open-loop unstable pole in L. Here, it is
assumed that there is no cancellation of poles and zeros between
the physical grid impedance and the inverter system. When N =
0, to ensure that Pcl is also 0, Pol must be 0.

For (21), L is ZgY. For (22), L is Z−1
g Y−1. For different L,

the number of open-loop unstable poles is also different. When
L = ZgY, Pol is determined by both Y and Zg . However, since
Zg itself is passive physically and does not contain any RHP
poles, the RHP poles of L are equal to the RHP poles of Y. In
this case, if Y is stable, there are no RHP poles in L, then det [I
+ L(jω)] not encircling the origin implies no RHP pole in the
closed-loop system, which in turn implies system stability. On
the other hand, when L = Z−1

g Y−1, Pol is determined by Y−1

since Zg is passive and hence minimum phase. In this case, Y
does not need to be stable; instead, Y should be the minimum
phase. This is because the RHP poles of Y−1 are equal to the
RHP zeros of Y. Hence if Y is a minimum-phase system, det [I
+ L(jω)] not encircling the origin implies no RHP poles in the
closed-loop system, and the system is stable.

To ensure the correct application of the stability conditions
given in (15) and (16), the grid-connected inverter system must
meet the corresponding requirements. Since these requirements
are mathematical, limitation 1 is general and is not affected by
grid conditions, the inverter control structure and parameters, or
operating conditions. Generally, when the inverter is modeled
as a current source model in parallel with admittance Y, no
matter the inverter is PLL-synchronized or PC-synchronized, it
is relatively easy to ensure the stability of Y. However, ensuring
a minimum phase Y is more difficult. As has been reported
and observed in [16], [21], and [23], Y has RHP zeros that are
difficult to be eliminated. If Y is a nonminimum phase system,
and if (16) holds with N = 0, the number of RHP poles in the
closed-loop system is equal to the number of RHP poles of the
open-loop and the system must be unstable. To avoid potential
risks, it is essential to examine the zeros in Y, and using (16)
requires extra caution.

C. Numerical Examples

Figs. 7– 10 provide four numerical examples to intuitively
illustrate the differences resulting from choosing conditions (15)
and (16) when ignoring the nonminimum phase characteristics
of Y. In Fig. 7, the filter inductance L, grid inductance Lg , grid
resistance Rg, desired CC bandwidth αc, PLL bandwidth αp,
Ra, Gad, Gaq , αa, and Kv active power P are set to 0.08,
0.9, 0.4, 0, 10.0, 0.8, 2.0, 2.0, 0.2, and 1.0 p.u., respectively. In
Fig. 7(a), the zero-pole plot of the system is shown, indicating
that Y is a nonminimum phase system. Fig. 7(b) presents the

Fig. 7. Numerical example when (15) does not hold. (a) Pole-zero map of Y.
(b) IFP index of Y. (c) Pole map of the closed-loop system. (d) Passivity indices
of Y and Zg .

Fig. 8. Numerical example when (15) holds. (a) Pole-zero map of Y. (b) IFP
index of Y. (c) Pole map of the closed-loop system. (d) Passivity indices of Y
and Zg .

IFP index of Y, showing the presence of a negative region
at low frequencies. Fig. 7(c) shows the zero-pole plot of the
closed-loop system, revealing the existence of a pole in the
RHP. In this case, the system is unstable. Fig. 7(d) illustrates the
relationship between passivity indices in (15), indicating that in
the low-frequency range, the sum of the indices for Y and Zg

is less than zero, implying a risk of instability in this frequency
range, corresponding to the result in Fig. 7(c).

In Fig. 8, while keeping the other parameters the same, the
PLL bandwidth is reduced to 0.35 p.u. In this situation, Y
remains a nonminimum phase system. However, from Fig. 8(d),
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Fig. 9. Numerical example when (16) does not hold. (a) Pole-zero map of Y.
(b) OFP index of Y. (c) Pole map of the closed-loop system. (d) Passivity indices
of Y and Zg .

Fig. 10. Numerical example when (16) holds. (a) Pole-zero map of Y. (b) OFP
index of Y. (c) Pole map of the closed-loop system. (d) Passivity indices of Y
and Zg .

it can be observed that the excessive passivity in grid impedance
can compensate for the lack of passivity in Y at low frequencies.
The system satisfies (15), and thus, the system is stable. The
assessments of system stability in Fig. 8(c) and (d) are consistent
in this case. Fig. 9 provides an example related to (16). The
PLL bandwidth, AVC gain, Rg, and active power are set to
0.88 p.u., 1/Ra, 0.8 p.u., and 0.8 p.u., respectively. In this case,
according to the results in Fig. 9(d), the relationship between
IFP and OFP does not satisfy (16). Fig. 9(c) shows that the
system is stable in this scenario, which is reasonable. Meeting
(16) is only a sufficient condition for system stability. If it is not

met, it does not necessarily mean that the system is unstable.
In Fig. 10, the active power of the system is increased to 1.0
p.u., and it can be observed that the minimum value of OFP
for Y is improved. Under the same grid conditions, the system
satisfies (16). However, due to the presence of an RHP zero in
Y, meeting condition (16) implies the existence of RHP poles
in the closed-loop system, indicating system instability.

V. LIMITATION 2: CONFLICTS BETWEEN DIFFERENT PASSIVITY

INDEX TUNING METHODS

A. Inability to Satisfy Passivity-Based Stability Conditions in
Practice

For grid-connected inverter systems, it is often challenging to
satisfy passivity-based stability conditions, even in their reduced
conservativeness versions given in Section IV-A. There are two
reasons. One reason for this is that the passivity index of the
inverter is inherently nonpositive at low frequencies [1], [16].
Taking the PLL-synchronized inverter as an example, according
to Chen et al. [25], the expressions of its input admittance
matrix ([Ydd, Yqd;Ydq, Yqq]) without considering time delay are
as follows:

Ydd = Ra

sL+Ra
Gad +

1
sL+Ra

s
s+αf

Yqd = Ra

sL+Ra

iq0
E0

αp

s+αp

Ydq = − Ra

sL+Ra

Kv

s

Yqq

= Ra

sL+Ra

(
Gaq

s
s+αp

− id0
E0

αp

s+αp

)
+ 1

sL+Ra

(
s

s+αf

s
s+αp

)
(23)

where id0, iq0, and E0 are the steady-state operating point
parameters. L and Lg are the line parameters, including the
filter and grid impedance. Ra, αf , αp, Kv , Gad, and Gaq are
the controller parameters, which are specifically discussed in
Section II. The positions of the physical parameters and control
parameters are illustrated in Figs. 2 and 3, respectively. In the
case where the AVC is not adopted (Kv is 0), Ydq is 0, and when
s approaches 0, other elements can be approximated by

Ydd (jω) ≈ Gad

Yqd (jω) ≈ iq0/E0

Yqq (jω) ≈ −id0/E0.
(24)

The IFP index of Y can be calculated as

νF ≈ 1

2

⎛
⎝Gad − id0

E0
−
√(

Gad +
id0
E0

)2

+

(
iq0
E0

)2
⎞
⎠ ≤ 0.

(25)
It should be noted that the approximation in (24) is obtained
by substituting s = j0 into (23). Therefore, the expression in
(25) accurately represents the passivity index value at ω = 0.
The use of the approximate symbol here leverages the property
of the passivity index at ω = 0 to approximate its value near
ω = 0, thereby making the inherent nondissipative characteris-
tics at low frequencies more analytically intuitive. All passivity
index plots in this article are drawn using the exact admittance
expressions without any approximations. If active power or
reactive power injection is not equal to zero, the IFP index
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Fig. 11. Passivity index variation of PLL-synchronized inverter. (a) With
reactive power. (b) With active power.

TABLE I
PARAMETERS OF CASE 1–CASE 3

of Y becomes negative in the low-frequency range, as shown
in Fig. 11. Therefore, to satisfy (15), the grid impedance must
provide additional passivity. Since grid impedance is typically
composed of RLC components, it is straightforward to obtain
passivity indices of 0 for both L and C based on the definitions.
Hence, excessive passivity in grid impedance mainly refers to
the resistance in the lines. However, in grid-connected inverter
systems, the exact value of the grid impedance, including line
resistance, is unknown generally. Moreover, adding extra resis-
tance to the line to improve system stability is rarely practical as
it would increase active power losses. Considering the previous,
the excessive passivity in grid impedance, as shown in Fig. 3,
is usually considered to be 0. The above-mentioned conundrum
makes it not a feasible goal to satisfy (15) in practice.

B. Inconsistent Results Arising From Two Different Passivity
Index Tuning Methods

The objective has to be modified to make Y closer to passive,
and the degree of closeness is characterized by the passivity
index. To compare which set of control designs will make Y
closer to being passive, there are two perspectives. An intuitive
idea is to enhance system stability robustness by reducing the
nondissipative frequency region of Y [6]. Another approach is
to alleviate the passivity deficiency, meaning to increase the
minimum value of the passivity index [16]. Many examples
demonstrating the effectiveness of these two methods have been
provided in previous studies, and the following examples will
focus specifically on potential issues.

Fig. 12 presents three cases involving PC-synchronized in-
verters, where the Q-V droop gain, αc, αf , L, and active power
are set to 0.03, 8.0, 8.0, 0.08, and 1.0 p.u., respectively. The
primary parameter distinctions among these three examples are
presented in Table I. In Fig. 12, it is evident that Case 2 exhibits
a noticeably “better” passivity index compared to Case 1. From
the negative region perspective, Case 2 has a narrower negative
region. In terms of the minimum value of the passivity index,
Case 2 has a higher value. Therefore, from either perspective, it

Fig. 12. Control design that is based on improving the passivity index. (a)
Comparison among the passivity indices of Case 1 to Case 3. (b) Zooming. (c)
Zooming. (d) Zooming.

can be considered that Case 2 is a better design (as it is expected
to give rise to better stability robustness). Comparing Case 2 and
Case 3, it can be observed that Case 2 has a better design from the
perspective of the negative region. However, on the other hand,
the minimum value of the passivity index in Case 3 is larger
than that in Case 2. A conflict arises between the two methods
mentioned previously in Fig. 12. In situations such as Case 2
and Case 3, to the best of our knowledge, there is no reliable
method to determine which design enables better closed-loop
system stability robustness.

VI. LIMITATION 3: INSUFFICIENT RELATIONSHIP BETWEEN A

NARROWER NEGATIVE PASSIVITY INDEX FREQUENCY RANGE

AND ENHANCED STABILITY ROBUSTNESS

A. Integrator-Induced Passivity Index Divergence

In some cases, it is not practical to improve the passivity from
the perspective of increasing the minimum values of the indices.
For example, when the AVC gain in Fig. 3(a) is not zero and the
Q-V droop in Fig. 3(b) is absent, as s approaches 0, the IFP index
ofYwill tend toward negative infinity. In (23), if an integral AVC
is adopted, the input admittance matrix can be approximated as
follows within the low-frequency range:

Y (jω) =

[
Gad iq0/E0

−jKv/ω −id0/E0

]
, ω ≈ 0 (26)

when the frequency is low, Kv/ω is the dominant term. Accord-
ing to (11), the IFP index can be approximated by

νF = −1

2

Kv

ω
(27)

which approaches negative infinity asω →0. When this situation
is present, the only passivity degree metric that can be improved
is the frequency region of the negative index, as shown in Fig. 13.
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Fig. 13. Impact of Kv on the passivity index.

Fig. 14. Misleading control design based on passivity index. (a) Passivity
index variation withGaq . (b) Corresponding root locus of the closed-loop system
in (a). (c) Passivity index variation with Gad. (d) Corresponding root locus of
the closed-loop system in (c).

B. Impact of Narrowing the Negative Passivity Index
Frequency Range on Stability Robustness

Fig. 14 shows misleading examples on narrowing the fre-
quency range of negative passivity index on designing d-axis
and q-axis active damper for PLL-synchronized inverters, where
PLL bandwidth and AVC gain are set as 0.7 and 1.0 p.u.
Fig. 14(a) indicates that increasing the AD gain Gaq can reduce
the frequency region of negative passivity index. However, the
root trajectory in Fig. 14(b) shows that the system is still unstable
even though the gain has been increased to an unreasonably large
value (70 times the recommended value in Harnefors et al.’s [20]
work). Fig. 14(c) indicates that increasing the AD gainGad has a
consistently positive impact on the passivity index. However, the
root trajectory in Fig. 14(d) shows a nonmonotonic effect, where
increasing Gad initially stabilizes the system, but continuing to
increaseGad will render the system unstable again in Fig. 14(d).

Two more PLL-synchronized designs are performed with a
short circuit ratio of 1.1 and a desired CC loop bandwidth of
12 p.u. in Figs. 15 and 16. The d-axis AD gain, PLL bandwidth
are set as 1.0 and 0.5 p.u., respectively. The difference only
exists in the AVC. In Fig. 15, the AVC gain Kv is set as 1.5
p.u. while the Kv in Fig. 16 is set as 0.16 p.u. Although Fig. 16
exhibits a “better” passivity index in the sense that the negative

Fig. 15. Stable PLL-based system with wider passivity index. (a) Passivity
index. (b) Pole map of the system.

Fig. 16. Unstable PLL-based system with narrower passivity index. (a) Pas-
sivity index. (b) Pole map of the system.

Fig. 17. Stable PC-based system with wider passivity index for. (a) Passivity
index. (b) Pole map of the system.

Fig. 18. Unstable PC-based system with wider passivity index for. (a) Passivity
index. (b) Pole map of the system.

region is narrower, the poles of the system reveal an opposite
conclusion. In fact, despite having a “better” passivity index,
Fig. 16 is unstable, whereas Fig. 15 is stable.

Figs. 17 and 18 show two PC-synchronized inverter designs,
where the filter inductance L, grid inductanceLg , grid resistance
Rg, desired CC bandwidth αc, PC gain Kp, Ra, Gad, Gaq , αa,
active power P are set to 0.08, 0.1, 0.0, 6.0, 2.0, 0.48, 1.8, 1.8, 0.2,
and 1.0 p.u., respectively. Kv in Fig. 17 is set as 0.0 p.u. while
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Fig. 19. Experimental platform.

Kv in Fig. 18 is set as 2.0 p.u. Like the cases in Figs. 15 and 16,
In Fig. 17, the index has a wider negative region but the system
remains stable, while in Fig. 18, with a narrower negative region,
it is unstable. The above-mentioned discussion indicates that
destabilization of the system typically does not occur in regions
with positive indices. Therefore, the negative index region can
serve as an indicator of potential intervals where instability may
occur. However, it is important to clarify that in the examples
given previously, narrowing the negative index region merely
suggests that the frequency intervals at which instability may
occur have become narrower. This does not necessarily imply a
reduction in the probability of instability occurring.

Unlike the cause of limitation 1, the root cause of limitations
2 and 3 is that the passivity-based stability condition is only
a sufficient condition for system stability. Once the suitable
passivity index is selected, as discussed in limitation 1, if any of
the conditions in (15)–(18) are met, the system is undoubtedly
stable. However, when a sufficient condition is not met, logically,
the system can be either stable or unstable. This means that the
two passivity index tuning methods discussed in limitation 2
do not correlate with system stability. Compared to the tradi-
tional eigenvalue-based analysis method, passivity theory does
not offer a significant advantage. Therefore, to avoid incorrect
analysis results, it is not recommended to use passivity theory
in the low-frequency range.

VII. EXPERIMENTAL RESULTS

To verify the correctness of the theoretical and numerical
analysis, experimental tests are conducted. The experimental
platform is shown in Fig. 19, which mainly includes the inverter,
output filter, grid impedance, and the grid itself. The inverter side
uses back-to-back converters, allowing the dc-bus voltage to be
controlled independently from the other converter. The inverter
output is filtered using an inductive–capacitive (LC) filter. The
grid impedance is purely inductive, and the grid is formed
by a grid simulator. The system and controller parameters are
listed in Table II. Normalization to per-unit (p.u.) variables and
parameters is done here. This is because p.u. values are generic

TABLE II
PARAMETERS OF THE EXPERIMENTAL PLATFORM AND THE CONTROLLERS

Fig. 20. Experimental results of PLL-synchronized inverter. (a) Increasing
AVC gain. (b) Increasing PLL bandwidth.

and apply to both small and large converters (in terms of voltage
and power).

Two different grid conditions (strong grid and weak grid)
and two types of inverter control (PLL-synchronized and PC-
synchronized), are tested. A grid inductance of 1 p.u. means
that the converter can barely inject its rated power into the grid
as seen from its connecting point, indicating a very weak grid.
Here, the value of Lg in a weak grid is considered as 0.824
p.u., providing a small margin to the rated power. Grids are
considered to be very strong if Lg < 0.2 p.u. [20]. Here, Lg is
set to 0.103 p.u. to simulate a strong grid condition. The design
of the inverter parameters is based on the conclusions discussed
in [20] and [26]. Moreover, all experiments are repeated three
times on different dates to avoid the influence of random factors.
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Fig. 21. Experimental results of PLL-synchronized inverter when increasing
Gad. (a) Gaq=1.0 p.u. (b) Gaq=10.0 p.u.

Fig. 20 shows the experimental waveforms of a PLL-
synchronized inverter in a weak grid condition. In Fig. 20(a),
the system becomes unstable when increasing the AVC gain
Kv . As discussed in (26) and (27), in this case, the only passivity
index tuning method is to narrow the frequency range where the
inverter is nondissipative. According to Fig. 13, increasing Kv

enlarges the frequency region of the negative index. Therefore,
the waveforms in Fig. 20(a) indicate that, for the case of varying
AVC gain Kv , narrowing the nondissipative region of the in-
verter to improve the stability robustness is effective. Fig. 20(b)
shows the system instability caused by increasing the PLL
bandwidth. According to Harnefors et al.’s [6] work, increasing
the PLL bandwidth enlarges the nondissipative region. Thus,
for the PLL bandwidth, narrowing the nondissipative region
of the inverter is also effective in improving system stability
robustness.

Fig. 21 shows the experimental waveforms of a PLL-
synchronized inverter in a weak grid condition. The PLL band-
width is set as 0.2 p.u., with (a) and (b) representing waveforms
when increasing AD gains. In Fig. 14, it is shown that either
increasing the Gad or Gaq can reduce the frequency region of
the negative index. In Fig. 21(a), Gaq is set as 1.0 p.u., and as
Gad gradually increased from 5 to 5.5 p.u., the system exhibits
low-frequency oscillations with a frequency of 0.125 p.u. This
demonstrates that narrowing the frequency region of the negative
index does not necessarily imply greater stability robustness. In
(b), Gaq is set to 10 p.u., and as Gad increased from 6 to 7 p.u.,
the system experiences extremely low-frequency oscillations,
specifically at 0.04 p.u.

Fig. 22. Experimental results of PC-synchronized inverter when increasing
Kv .

Fig. 22 shows the measured waveforms of a PC-synchronized
inverter in strong grid conditions. Initially, oscillations are in-
duced in the system by increasing αa, and then Kv is gradually
increased from 0 to 1 p.u. From Figs. 17 and 18, it can be
observed that increasing Kv expands the frequency region of
the negative index. However, after increasing Kv , it can be
seen from Fig. 22 that the system transitions from instability to
stability. The comparison between Figs. 20 and 21 and the results
in Fig. 22 show that the passivity index tuning method is not
consistently effective. Even within the same control architecture,
different parameters can affect the effectiveness of the passivity
index tuning method. This validates the discussion in Section VI,
which states that the passivity-based stability condition is a
sufficient condition for system stability. When this sufficient
condition is not met, the system can be either stable or unstable.

VIII. CONCLUSION

Passivity theory has been demonstrated as effective through
extensive studies in analyzing grid–inverter interactions. How-
ever, due to the unignorable asymmetric dynamics of grid-
connected inverters in the low-frequency region, there are limi-
tations to the passivity theory-based analysis. First, the nonmin-
imum phase characteristics of the inverter admittance need to be
taken into account; otherwise, erroneous stability conclusions
may be reached. Subsequently, two passivity index tuning meth-
ods, including reducing the nondissipative frequency region and
increasing the minimum value of the passivity index, have been
found to potentially yield inconsistent results. Finally, the com-
mon perception associating a narrower negative passivity index
frequency range with enhanced system robustness has been
found to lead to misguided designs, resulting in low-frequency
oscillations in the system.

Given matrix M ∈ Cn×n, its complex conjugate transpose is
denoted by MH . M is said to be Hermitian if M =MH . When
this is the case, M > xI for some x ∈ R denotes minλ[M] >
x, where λ denotes the spectrum of M. M is said to be positive
definite if M > 0.

To prove that based on (15), (21) does not encircle the origin,
a close examination of the IFP index of Y and the OFP index of
Zg is required. Taking grid resistance Rg into consideration, Zg
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is expressed as

Zg =

[
Rg + sLg −ω1Lg

ω1Lg Rg + sLg

]
. (28)

At a certain frequency ω, the eigenvalues of Zg(jω) can be
obtained

λ1,2 = Rg + jωLg ± jω1Lg.

Zg(jω) is non-singular since λ1,2 �= 0. Hence det(Zg) �= 0.
Denote the value of the OFP index of Zg at frequency ω as
0.5 k > 0 as in Bao et al.’s [[22], (2.88) and (2.99)] work, from
which it follows that:

Z−1
g (jω) + Z−H

g (jω) = kI. (29)

Since (15) holds, based on (29) and (15), it can be obtained that
the value of the IFP index of Y is larger than –0.5k. Hence

Y (jω) +YH (jω) > −kI. (30)

Moreover, according to (29), it is easy to obtain that

κZ−1
g (jω) + κZ−H

g (jω) ≥ kI (31)

holds for any κ ≥ 1. Then

Y (jω) +YH (jω) + κZ−1
g (jω) + κZ−H

g (jω) > 0. (32)

According to the Lemma 1 in Griggs et al.’s [27] work, when
(32) holds, it can be obtained that

det
[
κZ−1

g (jω) +Y (jω)
] �= 0. (33)

Then

det

[
I +

1

κ
Zg (jω)Y (jω)

]
�= 0 (34)

since det[κZ−1
g (jω) +Y(jω)] equals to

det
[
1
κZg (jω)

]
det

[
κZ−1

g (jω) +Y (jω)
]

(35)

and Zg is nonsingular. According to Theorem 8.1 in Skogestad
and Postlethwaite’s [24] work, if (34) holds for all ω ≥ 0 and
κ ≥ 1, then the Nyquist plot of (21) does not encircle the origin.
The proof to show based on (16), the Nyquist plot of (22) does
not encircle the origin is a symmetric process from (29) to (35),
which will not be repeated here.
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