
Grid-Forming Storage Networks: Analytical Characterization of
Damping and Design Insights

Kaustav Chatterjee, Ramij Raja Hossain, Sai Pushpak Nandanoori, Soumya Kundu,
Subhrajit Sinha, Diane Baldwin, and Ronald Melton

Abstract— The paper presents a theoretical study on small-
signal stability and damping in bulk power systems with
multiple grid-forming inverter-based storage resources. A
detailed analysis is presented, characterizing the impacts of
inverter droop gains and storage size on the slower eigenvalues,
particularly those concerning inter-area oscillation modes. From
these parametric sensitivity studies, a set of necessary conditions
are derived that the design of droop gain must satisfy to enhance
damping performance. The analytical findings are structured
into propositions highlighting potential design considerations for
improving system stability, which are illustrated via numerical
studies on an IEEE 68-bus grid-forming storage network.

Index Terms— Grid-forming inverters, energy storage, oscil-
lation, damping, droop control.

I. INTRODUCTION

Inverter-interfaced energy storage systems are becoming
increasingly important as the grid transitions to a future
with high renewable penetration [1], [2]. These resources
play a vital role in managing volatility from load-generation
mismatches, providing flexibility and stability to the electric
grid [3]. Traditionally, the storage resources in the grid
have operated as large-scale auxiliary devices supporting
ancillary services [1]. However, with the recent advancements
in power electronics designs and distributed control, there
is potential for a paradigm shift [2], [4], [5]. There is a
growing interest among electrical utilities and researchers, to
explore grid architectures with distributed storage resources
[6]. Instead of a few massive centralized storage units, these
approaches utilize a network of modest-sized grid-scale
storage assets distributed across the power system [7]. With
suitable interfacing controls, these resources can be made
sufficiently fast to respond to grid disturbances at transient
time scales [2]. Coordinated networks of distributed storage
resources operating at the transmission-distribution boundary
can act as an energy buffer between the systems, enhancing
the grid’s reliability multi-fold while providing support as
a core grid component. This has led to the emergence of a
concept called embedded storage network [7].

In recent years, grid-forming inverters (GFMs) have
emerged as a promising technology for interfacing energy
storage to power networks [4], [8]. Unlike their grid-following
(GFL) counterparts, GFMs do not require phase-locked loops
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for tracking grid voltage angles and synchronization to the
grid [9], [10]. GFMs actively control the frequency and
voltage at their point of interconnection (POI) and can
emulate the dynamic behavior of synchronous generators
(SGs) [4]. Different types of GFMs, like virtual synchronous
machines [11], droop-controlled GFMs [12], virtual oscil-
lator control [13], etc., have been proposed over the years.
These offer several advantages over GFLs, particularly, in
frequency regulation, inertia emulation, blackout restoration,
and operation of standalone microgrids [4]. There is also
evidence that suggests GFM-interfaced energy storage can
improve oscillatory dynamics and transient behavior of power
systems [4]. Research has shown that tuning the controller
parameters of the inverters can enhance system stability [14].
Particularly in droop-controlled GFMs, the choice of active
power-frequency droop parameter has a direct influence on
the system’s eigenvalues and their damping [12], [15]. In
addition, the inverters’ available headroom, storage capacities,
and grid strength also impact their dynamic performance [16].

Previous works [12], [17]–[19] analyzing these influences
have mainly relied on numerical simulations for deriving their
conclusions. Most of these studies are premised on computing
the loci of the eigenvalues from batch simulations sweeping
over the model parameters. The inferences derived, otherwise,
get restricted to the specific cases and can not be generalized.
Recent related efforts [20]–[23] have considered the problem
of deriving conditions for stability as upper limits on the
inverter droop gains. But these results are derived in the
context of microgrids, and do not address the problem of the
damping in a large-scale bulk grid network with both inverters
and synchronous generators. In this paper, we attempt to
address this gap. We present a theoretical analysis to compute
the sensitivity of the dominant eigenvalues with changes in
parameters like inverter droop setting and storage capacity.
We derive the necessary conditions on the droop gain for
enhancing oscillation damping. In particular, complementing
the existing work [20]–[23] which have prescribed upper
bounds on droop gains, we derive a lower bound on the
choice of droop, below which the damping performance is
degraded. The findings are summarized into stability-informed
design insights.

The remainder of the paper is structured as follows. In
Section III the system model is described, consisting of the
reduced-order descriptions of the generators, GFM-interfaced
distributed storage resources, and the power network. Section
IV presents a detailed analysis of the sensitivity of the
eigenvalues on GFM droop and inverter capacity. The
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observations are generalized into propositions summarizing
the conditions under which damping increases with a decrease
in the droop setting. The numerical results from simulation
studies verifying the claims on a modified IEEE 68-bus system
are presented in Section V. The concluding remarks are
presented in Section VI.

II. PRELIMINARIES

Notations. The following notations will be used throughout
the text. In ∈ Rn×n denotes the n-dimensional identity
matrix, while 0 denotes a matrix (or, a vector) of appropriate
dimensions will all entries as zeros. For every complex num-
ber z ∈ C, z ∈ C denotes its complex conjugate, with similar
notation used to represent conjugate of complex vectors and
matrices; while ℜ{·} and ℑ{·} denote, respectively, the real
and imaginary parts of a complex scalar, vector, or matrix.
The notation |·| is used to denote the absolute value of a
complex scalar, while ∥·∥2 is used to denote the ℓ2-norm of a
complex vector and matrix. For any complex square matrix C ,
CH := C

⊤
denotes its Hermitian (i.e., conjugate transpose).

The maximum and minimum real eigenvalues of a Hermitian
matrix are denoted by λmax(·) and λmin(·) , respectively. We
use the notation ker (·) to denote the kernel (nullspace) of
a matrix. For any Hermitian matrix C , the notations C ≻ 0
and C ≺ 0 (equivalently, ⪰ and ⪯) are used to denote,
respectively, positive and negative definiteness (equivalently,
semi-definiteness) of the matrix C. For any n-dimensional
square matrix C∈Cn×n , we denote its Hermitian and skew-
Hermitian parts by Ch and Ch′ , respectively, defined as:

Ch :=
1

2

(
C + CH

)
, Ch′ :=

1

2

(
C − CH

)
. (1)

We present the following useful result:

Proposition 1. Consider an n-dimensional complex square
matrix C , and some n-dimensional complex vector v . Then

vHCv is real =⇒ vHCv = vHChv .

Proof: The proof is trivial when we write C = Ch+Ch′ ,
and notice that vHCh′v = 0 must hold for vHCv to be real.

III. SYSTEM DESCRIPTION

Consider a grid with ng synchronous generators (SGs) and
ni grid-forming inverter (GFM)-interfaced storage resources.

A. Synchronous Generator Model

The dynamics of each SG k ∈ Ng : {1, 2, . . . , ng} is
represented by the second-order swing model described in
(2).

δ̇k = ωk − ω0 (2a)
Mk ω̇k + Dk (ωk − ω0) = Pm

k − Pk (2b)

δk and ωk are respectively the internal angle and speed of the
kth machine. ω0 is the synchronous speed. Mk and Dk are
respectively the inertia constant and the equivalent damping
coefficient, and Pm

k and Pk are respectively the mechanical
input and electrical outputs of the SG.

We stack the variables from all ng SGs to define the
state vectors δg :=

[
{δk}

ng

k=1

]⊤
and ωg :=

[
{ωk}

ng

k=1

]⊤
, the

output vector Pg :=
[
{Pk}

ng

k=1

]⊤
, and the parameter matrices

M := diag.
[
{Mk}

ng

k=1

]
and D := diag.

[
{Dk}

ng

k=1

]
. Let us

denote by the following the largest and smallest diagonal
entries in the matrices M and D :

Mu := max
1≤k≤ng

Mk , Ml := min
1≤k≤ng

Mk ,

Du := max
1≤k≤ng

Dk , Dl := min
1≤k≤ng

Dk .
(3)

The state equations are next linearized about the operating
point. Assuming there is no change in the mechanical
power input, i.e., ∆Pm,k = 0, ∀ k ∈ Ng, the small-signal
representation of the SG dynamics may be written as follows.

∆δ̇g = ∆ωg (4a)

∆ω̇g = −M−1D∆ωg −M−1 ∆Pg (4b)

B. Inverter Model

The inverter dynamics of each storage resource j ∈ Ni :
{1, 2, . . . , ni} is represented by the droop-controlled GFM
model described in (5).

δ̇j = ωj − ω0 (5a)

ω̇j =
1

τj

(
ω0 − ωj + mp,j (P

set
j − Pj)

)
(5b)

V̇j =
1

τj

(
V0 − Vj + mq,j (Q

set
j − Qj)

)
(5c)

δj and ωj are the angle and frequency of the internal bus of
the jth inverter respectively. Vj is the voltage magnitude of
the terminal bus to which the inverter is connected. P set

j and
Qset

j , and Pj and Qj are respectively the real and reactive
power set-points and outputs for the inverter. mp,j and mq,j

are respectively the real power-frequency and reactive power-
voltage droop coefficients of the GFM normalized to the
inverter capacity Sj (in MVA), i.e.,

mp,j =
m̂p,j

Sj
and mq,j =

m̂q,j

Sj
(6)

where, m̂p,j and m̂q,j are droop settings in percentages1. τi
is the time constants of the low pass filter used for the active
and reactive power measurements. The faster dynamics of
the GFM compared to the SG impose the condition 1

τj
≫

max
k

Dk

Mk
∀ j ∈ Ni. This implies, τj ω̇j ≈ 0 and τj V̇j ≈

0. Therefore, while analyzing slower dynamics from the
electromechanical transients it is reasonable to assume,

ωj = ω0 + mp,j (P
set
j − Pj)

)
(7a)

=⇒ δ̇j = mp,j (P
set
j − Pj) (7b)

We stack the variables from all ni GFMs to define the
state vector δi :=

[
{δj}ni

j=1

]⊤
, the output vector

1m̂p,j is the real power-frequency droop setting indicating the allowable
p.u. change in frequency for a 100 MW change in active power. For example,
a 5% droop (m̂p,j = 0.05 p.u./MW) implies for every 100 MW change,
the frequency is allowed to change 5 p.u. from nominal.
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Pi :=
[
{Pj}ni

j=1

]⊤
, and the droop matrix Mp :=

diag.
[
{mp,j}ni

j=1

]
= mp Ini . Assuming the power set-points

are held constant, the linearized angle dynamics of the GFMs
may be expressed as follows.

∆δ̇i = −mp ∆Pi (8)

C. Network Model

We consider the algebraic model of a meshed transmission
network where each line is represented by a Π-equivalent.
The active and reactive power injections at any bus j can
be expressed as functions of the state variables δg and
δi. Following which, we may write, Pg = f1(δg, δi) and
Pi = f2(δg, δi). The linearized expressions of these output
variables can therefore be expressed as,

∆Pg = Kgg ∆δg + Kgi ∆δi

∆Pi = Kig ∆δg + Kii ∆δi

where Kgg :=

[
∂Pg

∂δg

]
= K⊤

gg , Kii :=

[
∂Pi

∂δi

]
= K⊤

ii ,

Kgi :=

[
∂Pg

∂δi

]
= K⊤

ig , Kig :=

[
∂Pi

∂δg

]
= K⊤

gi

(9)
are the Jacobian matrices of the partial derivatives of power
injection with respect to the angle variables. Kgg and Kii

are diagonally dominant symmetric matrices which can be
expressed as:

Kgg = Kdiag
gg +KL

gg

Kii = Kdiag
ii +KL

ii

(10)

where Kdiag
gg and Kdiag

ii are diagonal matrices with positive
diagonal entries, while KL

gg and KL
ii have the structure of

weighted Laplacian matrices. Moreover, the matrices Kdiag
gg

and Kdiag
ii satisfy the following property in typical networks:

Assumption 1 (Network). The matrices Kgg , Kii, Kgi, and
Kig satisfy the following positive definiteness condition:

Kgg −Kgi

(
K⊤

ii

)−1
Kig ≻ 0

Assumption 2 (Network). KgiK
⊤
gi and K⊤

igKig are invert-
ible.

Remark 1. Note that for Assumption 2 to hold, we must
have ni > ng , i.e., the number of grid-forming storage
units on the network must be larger than the number of
synchronous generators, which is the premise of the concept
of the embedded storage network as proposed in [7].

D. Grid Strength and Bounds on Kii

Note that, the diagonal entries in Kii, denoted by Kii,k

∀ k ∈ Ni, are functions of the line admittances between
the inverters’ internal bus and their points of interconnection
(POI). Therefore, they are an indirect measure of the grid
strength [16]. Recent studies on stiff grid conditions have
shown GFMs to be vulnerable to instability under high short-
circuit impedance at POI [16]. Considering this, it is prudent
to assume that the stability-enforcing designs would ensure
the inverter admittances to be lower than a critical value.

Similarly, to avoid a very weak grid scenario, the admittances
must also satisfy a lower bound. Especially, the entries of the
diagonal components Kdiag

ii in (10) are related to the shunt
admittances connected at the POIs of the grid-forming storage
units. Therefore:

γlIni
⪯ Kii ⪯ γuIni

,

where γl := min
j∈Ni

Kdiag
ii,j > 0 ,

γu := max
j∈Ni

[
Kdiag

ii,j + 2KL
ii,j

]
> 0 ,

(11)

with Kdiag
ii,j and KL

ii,j denoting, respectively, the j-th diagonal
entries in Kdiag

ii and KL
ii .

E. State-Space Representation and Oscillation Modes

Substituting (9) in (4) and (8), the state-space representation
of the overall system can be written compactly as follows:

ẋ = Ax

where, x :=
[
∆δ⊤g ∆ω⊤

g ∆δ⊤i
]⊤

and A :=

 0 Ing
0

−M−1Kgg −M−1D −M−1Kgi

−mp Kig 0 −mp Kii

 .

(12)
The eigenvalues of A characterize the natural modes of
oscillation in the system. If λ = ℜ{λ} + j ℑ{λ} is an
eigenvalue of A, then the modal frequency, fΩ, and damping
ratio, ζ, for this mode are defined as follows.

fΩ(λ) =
ℑ{λ}
2π

(in Hz) , (13a)

ζ(λ) =
|ℜ{λ}|
|λ|

× 100 (in %) (13b)

This work analyzes the oscillation modes in the frequency
range 0.1 < fΩ < 1 Hz. These are the slower eigenvalues,
commonly referred to as the inter-area modes in a power
system, for which a group of generators in one area oscillates
in unison against another group from other areas in the system.
The reduced-order system model of (12) is reasonably ade-
quate for studying these slower electromechanical dynamics.

Assumption 3 (Slow Eigenvalues). The eigenvalues λ ∈ C
of interest of the matrix A, that correspond to the inter-area
modes of oscillations, satisfy the condition |λ| ≪ mp ∥Kii∥2 ,
and that the matrix (λIni + mpKii) is invertible.

Next, in the paper, we perform eigenanalysis on A to
characterize the damping of the oscillation modes and their
sensitivity to the changes in system parameters.

IV. MAIN RESULTS: EIGEN-ANALYSIS AND DAMPING

A. Characterization of Slow Eigenvalues

Lemma 1 (Eigenvectors). For any eigenvalue λ of interest of
the matrix A in (12), satisfying Assumption 3 , the following

Λ(λ,mp) :=λ2Ing+ λM−1D

+M−1
(
Kgg−mp Kgi(λIni +mpKii)

−1Kig

)
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is a singular matrix. Moreover, for any pair of ng-dimensional
non-zero complex vectors u∗, v∗ ∈ ker (Λ(λ,mp)) , the pair
of vectors u, v ∈ C2ng+ni given by

v =


(
λ Ing

+M−1D
)

Ing

− (λ Ini
+mp Kii)

−1
K⊤

gi M
−1

 v∗ ,

and u =

 Ing

λ Ing

−mp (λ Ini
+mp Kii)

−1
Kig

 u∗ .

are, respectively, the left and right eigenvectors associated
with the eigenvalue λ of the matrix A .

Proof: Let us consider that v =
[
v⊤1 v⊤2 v⊤3

]⊤
is

a left eigenvector of A for the eigenvalue λ, for some pair
of ng-dimensional vectors v1, v2 ∈ Cng and ni-dimensional
vector v3 ∈ Cni , i.e., v⊤A = λ v⊤ . Therefore, we have:

−v⊤2 M−1Kgg − v⊤3 mp Kig = λ v⊤1

v⊤1 − v⊤2 M−1D = λ v⊤2

−v⊤2 M−1Kgi − v⊤3 mp Kii = λ v⊤3

(14)

Solving the second and the third equality conditions yield:

v1 = (λ Ing +M−1D) v2 ,

v3 = − (λ Ini
+mp Kii)

−1
K⊤

gi M
−1 v2 .

which leads to the aforementioned left eigenvector v . Using
the above identities in the first equality condition in (14), we
obtain the following:

Λ(λ,mp) v2 = 0 ,

i.e., Λ(λ,mp) must be singular, with v2 ∈ ker (Λ(λ,mp)) .
This proves the first part of the lemma. Next, considering any
v∗ ∈ ker (Λ(λ,mp)) , and setting v2 = v∗ , we prove that
v =

[
v⊤1 v⊤2 v⊤3

]⊤
is a left eigenvector of A , associated

with the eigenvalue λ . The right eigenvector is obtained in a
similar fashion, and the details are omitted for brevity.

In the following, we characterize the sensitivities of these
dominant modes as the penetration of grid-forming storage
resources increases, i.e., we analyze how the eigenvalues
λ ∈ C of interest of the matrix A change as mp varies. In
particular, the inter-area modes of oscillation of interest for
this study are identified by their distinct frequencies which
are largely determined by the inertia of the synchronous
generators, and do not vary (significantly) with the changes
in grid-forming storage droop settings and/or their size, i.e.,

Assumption 4 (Inter-Area Modes). The eigenvalues λ ∈ C
corresponding to the inter-area modes of oscillation will
satisfy:

lim
∆mp→0+

∆ℑ{λ} ≈ 0 .

B. Parametric Sensitivity of Slow Eigenvalues
Let us define the following matrices:

U1 := Kgi K
−2
ii Kig ∈ Rng×ng

U2 := Kgi K
−3
ii Kig ∈ Rng×ng

Q(λ) := 2λM +D = Q(λ)⊤ ∈ Cng×ng

Θ1(λ) := U1

(
2 |λ|2M + λD

)
∈ Cng×ng

Θ2(λ) := λU2
1 + 2 |λ|2U2

(
2λM+D

)
∈ Cng×ng

R(λ,mp) := Kgi (λ Ini
+mpKii)

−2
Kig ∈ Cng×ng

Θ(λ,mp) := λR
(
mp R+Q

)
∈ Cng×ng

(15)
The conditions in (9) and (11) imply that U1 ≻0 , U2 ≻0 ,
and R is symmetric. We establish the following relationships:

Proposition 2. For slower eigenvalues λ ∈ C satisfying
Assumption 3, and for sufficiently large mp , the matrices R
and Θ can be approximated as follows:

lim
mp→∞

R(λ,mp) ≈
1

m3
p

(
mp U1 + 2λU2 +O (1/mp)

)
,

lim
mp→∞

Θ(λ,mp) ≈
1

m3
p

(mp Θ1(λ) + Θ2(λ) +O (1/mp))

Proof: See Appendix I for details.
We are now ready to present our main result which offers

a set of necessary conditions for the enhancement of damping
of the oscillatory modes of interest due to increase in the
size of the grid-forming storage units.

Theorem 1 (Damping). Consider any of the slower eigen-
values λ ∈ C that satisfies Assumption 3 and Assumption 4.
For sufficiently large mp, a necessary condition for ℜ{λ} to
decrease due to an incremental decrease in mp is given by:

mp λmax(Θ1,h(λ)) + λmax(Θ2,h(λ)) > 0 , (16)

where Θ1,h(λ) and Θ2,h(λ) denote, respectively, the Hermi-
tian components of Θ1(λ) and Θ2(λ) .

Proof: Let ∆mp be the incremental perturbation in
the droop coefficient of each inverter. Consequently, the
perturbation in the system matrix A is expressed as

∆A =

 0 0 0
0 0 0

−Kig 0 −Kii

 ∆mp.

Let (λ + ∆λ) be the eigenvalue of the perturbed matrix (A +
∆A). The perturbation in the eigenvalues can be quantified
as

lim
∆mp→0+

∆λ = lim
∆mp→0+

v⊤ ∆Au

v⊤u
. (17)

where v and u are the corresponding left and right eigenvec-
tors. Using the eigenvectors from Lemma 1, and after some
algebraic manipulation, we obtain the following:

dλ

dmp
:= lim

∆mp→0+

∆λ

∆mp
= λ

v⊤∗ M−1Ru∗

v⊤∗ M
−1 (mp R+Q)u∗

= λ
wH

∗ RU∗
(
mpR+Q

)
w∗

|wH
∗ (mpR+Q)u∗|2

(18)
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where we define w∗ :=M−1 v∗ and U∗ := u∗u
H
∗ . Further,

recall that R and Q are defined in (15) and that v∗, u∗ ∈
ker (Λ(λ,mp)) . The final expression in (18) is obtained
by multiplying the numerator and the denominator by the
conjugate (transpose) of the denominator.

As per Assumption 4, we are interested in the eigenvalues
for which the imaginary parts do not change (significantly),
i.e., when dλ/dmp is real. Applying Proposition 1, we argue:

dλ

dmp
is real ⇐⇒ wH

∗
[
λRU∗

(
mpR+Q

)]
w∗ is real

=⇒ wH
∗
[
λRU∗

(
mpR+Q

)]
h
w∗ is real

Moreover, dλ/dmp must take positive values for ℜ{λ} to
decrease due to an incremental decrease in mp for every
eigenvalue of interest λ satisfying Assumption 4. Therefore:

dλ

dmp
> 0 =⇒ wH

∗
[
λRU∗

(
mpR+Q

)]
h
w∗ > 0

=⇒ λmax

([
λRU∗

(
mpR+Q

)]
h

)
> 0

=⇒ λmax(Θh(λ,mp)) > 0

where, the last condition follows from the positive semi-
definiteness of U∗ , and Θh(λ,mp) denotes the Hermitian
component of Θ(λ,mp) introduced in (15). On application
of Proposition 2, we obtain the following necessary condition:

lim
mp→∞

dλ

dmp
> 0 =⇒ λmax(mpΘ1,h(λ) + Θ2,h(λ)) > 0

which completes the proof.

C. Analytical Design Insights

While Theorem 1 provides a necessary condition for
stability, it is possible to synthesize derived conditions that
provide useful design insights. Let us introduce the following:

D∗(λ) :=
Mu

(
1/γu + 4|λ|2Ml

)
γu/γl

ζl(λ) :=
2 |λ|Du (γu/γl)

3

1/γu + 4 |λ|2 Ml

ζu(λ) :=
2 |λ|Mu (γu/γl)

2

Dl

(19)

where γl, γu are defined in (11) and Mu,Ml, Du, Dl in (3).

Theorem 2 (Design Insight). Consider inter-area oscillatory
modes characterized in Assumption 4 and satisfying the
following condition (with ζ(λ) defined in (13)):

Du Dl < D∗(λ) , and ζl(λ) < ζ(λ) < ζu(λ) . (20)

Then, for the condition in Theorem 1 to hold, the droop control
parameter mp must satisfy the following lower bound:

mp > m∗(λ) :=

(
1 + 4|λ|2Ml γu

)
(ζ(λ)−ζl(λ))

γ2
u Dl (ζu(λ)− ζ(λ))

. (21)

Proof: The Hermitian components of Θ1 and Θ2 are
given by:

Θ1,h= |λ|2 (U1M +MU1) +
1

2

(
λU1D + λDU1

)
Θ2,h=ℜ{λ}U2

1 + |λ|2
[
U2

(
2λM+D

)
+ (2λM+D)U2

]
Using (3) and noticing that λU1+λU1=2ℜ{λ}U1≺0 and
λU2+λU2=2ℜ{λ}U2≺0 (negative definite), we obtain:

λmax(Θ1,h) ≤ 2|λ|2Muλmax(U1)− |ℜ{λ}|Dlλmin(U1)

λmax(Θ2,h) ≤ −|ℜ{λ}|
[
λmin

(
U2
1

)
+ 4|λ|2Mlλmin(U2)

]
+ 2|λ|2Duλmax(U2)

Applying the bounds from (11), we have:

λmax(Θ1,h) ≤
|λ|Dl ∥Kgi∥22

γ2
u

(ζu(λ)− ζ(λ))

λmax(Θ2,h) ≤ −|λ| ∥Kgi∥22
γ4
u

(
1 + 4|λ|2Ml γu

)
(ζ(λ)−ζl(λ))

Note that the condition DuDl < D∗(λ) in (20) ensures
that ζu(λ) > ζl(λ) . The rest of proof follows by using
the conditions (20) and the above bounds on λmax(Θ1,h)
and λmax(Θ2,h) to derive necessary condition for (16) (in
Theorem 1) to hold.

Remark 2. Note that the lower (ζl) and upper (ζu) bounds on
the damping ratio are not too restrictive, when one considers
sufficiently low damping (Dl, Du) on the system.

The condition (21) in Theorem 2 in establishes system-
level insights into controller parameter tuning and sizing of
grid-forming storage units into bulk grid. For example, the
droop controller setting (i.e., m̂p) must be greater than a
certain value determined by a combination of the network
admittance parameters γl, γu which are related to the system
strength at the POI, as well as system inertia (Ml,Mu) and
damping (Dl, Du) parameters. We study the dependence in
a simplified scenario:

Corollary 1. In the limiting case of low damping (D → 0+)
in the network, and uniform network admittance parameters
at the POI, i.e., γl = γu , we have the following:

lim
D→0+

m∗(λ)

∣∣∣∣
γl=γu

=

(
1 + 4|λ|2Ml γu

)
2|λ|Mu γ2

u

ζ(λ)

Proof: The proof is omitted due to brevity.
The lower bound (m∗) on the droop control parameter,

as presented in Corollary 1, quantifies the restrictive design
requirements (higher droop settings) as the POI gets weaker
(lower γu). The design requirements are also influenced by the
available inertia in the system (with lower inertia restricting
design choices). Moreover, since mp is inversely related to
the inverter capacity Sj ∀j ∈ Ni, the above observation also
places an upper limit on the size of the grid-forming storage
that can be connected at a given POI. Numerical results,
presented next, illustrate a deterioration in the damping
performance at very low droop control gains, and/or extremely
large storage size.
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Remark 3. Theorem 2 prescribes a lower bound on droop
control gain for inter-area damping enhancement, which com-
plements the upper limits on droop control gains prescribed in
the literature [20]–[23], that stem from various small-signal
and nonlinear stability considerations.

V. NUMERICAL RESULTS AND SIMULATION STUDIES

The positive-sequence phasor model of the IEEE 16-
machine 68-bus test system is considered. The synchronous
generators in the system are represented by the 4th-order
machine model. The generator and line parameters are
obtained from [24]. The system is modified to include inverter-
interfaced energy storage units on all load buses. Droop-
controlled GFMs [25] act as the grid interface for these
distributed storage assets. The GFMs are equipped with
limiters and relays for over-current protection. The GFM
parameters are obtained from [25].

This study is focused on analyzing the impact of GFM
parameters on the inter-area oscillation modes of the system.
The base case of the IEEE test system with only SGs, i.e.,
before the addition of the GFMs, has four dominant inter-area
oscillation modes. These correspond to the modal frequencies
0.40 Hz, 0.50 Hz, 0.66 Hz, and 0.78 Hz, as shown in Figs
1. Observe that, for each mode, the damping is very poor
with ζ < 1%. Next, we introduce the GFM-interfaced storage
resources into the test system. For a fixed storage size (10%
of the total system load), we sweep mp over a wide range.
As we progressively decrease the droop setting m̂p,j from a
high value (i.e., the synchronous generator-only base case2) to
lower values, typically prescribed by IEEE design standards,
the damping of the inter-area modes increases, as shown in
Fig. 1. This verifies the claims made in Section IV. However,

Fig. 1: Loci of the four dominant eigenvalues (corresponding to
the 4 inter-area modes) of the IEEE 68-bus system for variation in
the droop gain m̂p,j .

if m̂p,j decreased to very low values, the trend in damping
reverses. The critical limit on mp is attained below which the
necessary conditions guaranteeing ℜ{∆λ}

∆mp
> 0 do not hold.

This is shown in Fig. 2. As observed, the trend is consistent

2The synchronous generator-only base case is equivalent to having
inverter sizes Sj → 0 and mpj infinitely large ∀j ∈ Ni (see, (6))

0.78 Hz mode

0.66 Hz mode

0.5 Hz mode

0.4 Hz mode

onset of stability reversal 

of at lower droop gains 

eigenvalue loci with 

decrease in droop gain 

Fig. 2: Loci of four dominant eigenvalues (corresponding to the
inter-area modes) for a wide range of m̂p,j variation. In the
standard range of droop gains, damping increases with a decrease
in m̂p,j , however, at very low droop values the trend is reversed.

Fig. 3: Loci of four dominant eigenvalues (corresponding to the
inter-area modes) with variation in the storage size.

for all four eigenvalues. However, it is worth noting that
the m̂p,j values in this simulation, for which this reversal
of trend in damping was observed are much smaller than
the typical droop setting (2 − 5%) prescribed in the IEEE
standards [26]. So, it may be still reasonable to state that in
the standard design range of droop coefficients, a decrease in
m̂p,j results in an increase in oscillation damping. That said,
in low-inertia systems (low Mk from the retirement of SGs
and large Sj from GFM-based storage), it may be possible
for this reversal to occur at a relatively higher m̂p,j . Future
work in this direction shall explore this aspect in detail.

From (6), it is expected that the increase in damping
observed from a decrease in m̂p,j in Fig. 1 should also be true
for an increase in Sj . In other words, between two distributed
storage networks with the same topology and the same droop
settings on the GFMs but different storage capacities, the
network with a higher storage capacity on individual inverters
will have better damped inter-area modes. This is verified in
Fig. 3. Observe that, as the storage capacities of the individual
inverters are gradually increased from 5% of the system load
to 20%, with the droop mp,j fixed at 3%, a significant increase
in the damping is observed for all four inter-area modes.
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VI. CONCLUSIONS

This paper presented an analytical treatment for the
characterization of damping in power networks with droop-
based grid-forming resources. It was shown that both the
capacity of the individual storage units and the droop settings
on the GFMs influence the damping of the low-frequency
inter-area oscillation modes. It was proved that damping of
the inter-area modes increases with a decrease in the active
power-frequency droop of the GFM and also with the increase
in the sizes of their storage capacities. Theoretical analysis
also revealed that these relationships between damping and
droop setting, and storage capacity, are not monotonic. There
exists a critical point beyond which decreasing the droop
gains results in a decrease in damping.
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APPENDIX I
PROOF OF PROPOSITION 2

Using Assumption 3, we can approximate:

lim
mp→∞

(λ Ini
+mpKii)

−2

=
(
λ Ini

+mp Kii

)2 (|λ|2Ini
+ 2ℜ{λ}mpKii +m2

pK
2
ii

)−2

≈
(
2λmp Kii +m2

pK
2
ii

) (
m2

pK
2
ii +O (mp)

)−2

=
1

m3
p

(
2λK−3

ii +mp K
−2
ii +O (1/mp)

)
Applying (15), we obtain:

lim
mp→∞

R ≈ 1

m3
p

Kgi

(
2λK−3

ii +mp K
−2
ii +O (1/mp)

)
Kig

=
1

m3
p

(
mp U1 + 2λU2 +O (1/mp)

)
The expression for Θ follows similarly, when we notice that:

lim
mp→∞

(
mp R+Q(λ)

)
≈ 1

m2
p

(mp U1 + 2λU2 +O (1/mp)) +Q(λ)

≈ 1

mp

(
U1 +mp Q(λ) +O (1/mp)

)
=⇒ lim

mp→∞
Θ = lim

mp→∞
λR

(
mp R+Q(λ)

)
≈ 1

m3
p

λ
[
mp U1 Q(λ) + U2

1 + 2λU2 Q(λ) +O (1/mp)
]
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