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The stability of ac power grids relies on ancillary services that mitigate frequency fluctuations. The
electromechanical inertia of large synchronous generators is currently the only resource to absorb fre-
quency disturbances on subsecond time scales. Replacing standard thermal power plants with inertialess
new renewable sources of energy (NREs) therefore jeopardizes grid stability against, e.g., sudden power-
generation losses. To guarantee system stability and compensate the lack of electromechanical inertia in
grids with large penetrations of NREs, virtual synchronous generators, which emulate conventional gen-
erators, have been proposed. Here, we propose a novel control scheme for virtual synchronous generators,
where the provided inertia is large at short times—thereby absorbing faults as efficiently as conventional
generators—but decreases over a tunable time scale to prevent coherent frequency oscillations from setting
in. We evaluate the performance of this adaptive-inertia scheme under sudden power losses in large-scale
transmission grids. We find that it systematically outperforms conventional electromechanical inertia and
that it is more stable than previously suggested schemes. Numerical simulations show how a quasiopti-
mal geographical distribution of adaptive-inertia devices not only absorbs local faults efficiently but also
significantly increases the damping of interarea oscillations. Our results show that the proposed adaptive-
inertia control scheme is an excellent solution to strengthen grid stability in future low-inertia power grids
with large penetrations of NREs.
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I. INTRODUCTION

Alternating-current (ac) power grids are dynamical
systems of oscillators—representing rotating generators
and frequency-dependent loads—connected to one another
by power lines [1,2]. Beyond transporting electricity from
producers to consumers, power lines have a dichoto-
mous role. On the one hand, they induce a sufficiently
strong coupling to maintain synchrony between oscilla-
tors [3,4]—this is necessary for the proper functioning
of the system. On the other hand, they propagate fre-
quency waves that may imperil that synchrony [5–11].
Neglecting internal degrees of freedom of generators, the
frequency dynamics of ac power grids about their syn-
chronous fixed point are governed by the swing equations
[12]. From this set of coupled nonlinear damped wave
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equations, it is clear that the electromechanical inertia of
conventional power generators based on rotating machines
is a very precious resource to absorb disturbances on
short subsecond time scales. Simultaneously, inertia favors
the long-distance propagation and long-time persistence
of subharmonic frequency oscillations [13] which, in the
worst instances, lead to grid instability and even blackouts
[14]. So far, this dichotomous nature of electromechani-
cal inertia has been dealt with by introducing frequency
control—in particular, the so-called droop control—which
damps frequency oscillations by adapting the power output
of generators to the ac grid frequency [12]. Both inertia and
droop control are crucial to the stability of ac power grids
and, as of today, both are provided almost exclusively by
conventional generators.

The current push toward decarbonization of the energy
sector—the largest contributor to global carbon dioxide
emissions [15]—induces a strong increase in penetra-
tion of new renewable energy sources (NREs) in elec-
tric power systems, as fossil-fueled power plants are
replaced by wind turbines, photovoltaic panels, and other
NREs. The latter differ from traditional power plants in at
least three fundamental ways. First, they are volatile and
have more fluctuating less predictable power production.
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Second, they are geographically decentralized. Third, they
are connected to the grid via electronic power convert-
ers and thus have an altogether different dynamics from
standard power plants with electromechanically coupled
rotating machines. Increasing the penetration of NREs in
power grids therefore implies a significant reduction in the
availability of ancillary services such as electromechanical
inertia and droop control, with a simultaneous increase in
power fluctuations. Because the voltage frequency directly
reflects imbalances between power generation and con-
sumption, these power fluctuations result in increased
frequency fluctuations [6,9,16–18]. The latter may affect
the proper functioning of the grid, as they induce poten-
tially damaging torques on rotating generators, reduce the
efficiency of frequency-dependent loads, impact industrial
processes that rely on high current quality, or trigger safety
devices such as circuit breakers, which operate based on
fluctuations of the voltage frequency. Increasing frequency
fluctuations while simultaneously reducing resources to
mitigate them introduces a number of challenges for grid
operators [19].

Various solutions have been proposed to increase the
stability of low-inertia grids, one of them being virtual syn-
chronous generators (VSGs) [20,21]. When equipped with
electrical-energy storage, VSGs can emulate the response
of inertiaful rotating generators by injecting amounts of
additional active power proportional to the rate of change
of frequency (RoCoF) [22,23]. As they are based on power
electronics, the inertia of VSGs is not physical as in con-
ventional generators and can be adapted to the state of
the system to improve their performance in, e.g., miti-
gating frequency fluctuations. Such control schemes go
by the name of adaptive inertia. In Ref. [24], it is that
the droop coefficient of the power-frequency control loop
should be varied with the RoCoF, which increases the
virtual inertia provided in large RoCoF events. Another
adaptive-inertia strategy attempts to minimize the RoCoF
and frequency deviation using an on-line optimization of
inertia and damping constants [25]. Other control strate-
gies vary both the inertia and the damping proportional
to the RoCoF [26]. In Refs. [27,28], a bang-bang con-
trol strategy is proposed, focused on a rapid recovery of
the synchronized state—a method that, however, displays
instabilities [29,30]. Finally, adding a power feedback loop
to virtual inertia is proposed in Ref. [31] to keep the RoCoF
within predefined bounds.

These investigations have exclusively considered small
grids. Accordingly, they have focused on short-time
dynamical effects such as the RoCoF and entirely
neglected long-range oscillations that adaptive-inertia
schemes could generate or help to sustain. Having pointed
out above the dichotomous nature of inertia, here we fol-
low an altogether different approach and investigate a
novel adaptive-inertia scheme in large-scale power grids.
Our approach is tailored to explore regimes of clear

time-scale separation between fast frequency fluctuations
and slow coherent oscillations. This approach allows
us to differentiate the impact of adaptive inertia on
short-distance RoCoF phenomena versus long-range inter-
area oscillations [13]. The novel adaptive-inertia control
scheme that we propose incorporates a driving force,
increasing the inertia at a rate proportional to the absolute
value of the RoCoF, and a restoring force bringing the iner-
tia back to its initial low value. The scheme ensures that
the inertia (i) increases rapidly in cases of a large RoCoF
to quickly mitigate its impact and (ii) decreases quickly
once short-time fluctuations have been absorbed, to resyn-
chronize the system quickly and avoid driving long-range
oscillations. The performance of this novel adaptive-inertia
scheme is assessed against several metrics—frequency-
and RoCoF-based l22 norms, the resynchronization time,
and the inertial energy supplied to the grid. We find that
our adaptive scheme systematically outperforms conven-
tional electromechanical inertia. In particular, it is able
to resynchronize the grid at an intermediate frequency
value, due to the absence of any dependence on frequency
deviation. Finally, numerical results suggest that adaptive-
inertia VSGs should, as a matter of priority, be located in
peripheral zones.

The paper is organized as follows. In Sec. II, we intro-
duce our model. In Sec. III, we investigate the stability
of the extended swing equations. In Sec. IV, we investigate
the performance of the extended model on two grids. First,
the IEEE RTS-96 grid is used to demonstrate the impact
of the different parameters of the driving and restoring
force and to visualize the effect of the adaptive inertia. Sec-
ond, we use a model of the European high-voltage power
grid to investigate the effect of the adaptive inertia on a
strongly connected large-scale grid. We emphasize that the
impact of the adaptive inertia on the performance is largest
when it is located in peripheral areas. Conclusions and final
discussions are given in Sec. V.

II. THE MODEL AND THE ADAPTIVE-INERTIA
CONTROL SCHEME

The state of an ac power grid is determined by voltage
angles and amplitudes at all of its nodes. At steady state,
these cooordinates are determined by power-flow equa-
tions, which combine Ohm’s and Kirchhoff’s laws [1,12].
A perturbation such as a sudden line opening by a circuit
breaker, or a rapid disconnection of a large generator or
load, induces transient voltage dynamics. Under the stan-
dard assumption that there is a time-scale separation in
the dynamics of the voltage angle versus its amplitude,
and focusing on time scales from subseconds to a few
tens of seconds, that voltage amplitudes can be considered
constant and one can focus on the voltage-angle dynam-
ics. These dynamics are different at generator and load
nodes. Voltage angles at generator nodes are governed by
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the so-called swing equations. In the lossless line approxi-
mation—justified for high-voltage grids—the equation for
generator i reads [1,12]

miω̇i + diωi = Pi −
∑

j

bij sin
(
θi − θj

)
, (1)

where mi is the inertia of the ith generator, di is its damping
parameter, θi is its voltage angle, ωi = θ̇i is the deviation of
its angular frequency from the rated frequency, and Pi >

0 is the generated power. Finally, nodes are coupled by
lines with susceptances b̃ij and bij = b̃ij ViVj is the product
of that susceptance with the voltage magnitudes (assumed
constant) at nodes i and j . Renewable energy sources are
inertialess and are modeled as

diωi = Pi −
∑

j

bij sin
(
θi − θj

)
. (2)

We use the structure-preserving model [32], according
to which the voltage-angle dynamics at loads are also
described by Eq. (2), where di now gives the frequency
dependence of the load and Pi < 0 is the consumed power.

If all nodes had inertia, the dynamics of voltage angles
would be determined by a discrete nonlinear damped wave
equation, as in Eq. (1). In real power grids, typically
one node out of ten is a generator node; therefore, the
wave dynamics are superimposed on a background dif-
fusion equation [see Eq. (2)]. The frequency-dependence
constant di is, however, very small for loads, resulting in
a large diffusion constant and, accordingly, a quasiballis-
tic propagation of voltage-angle waves between generator
nodes.

Equations (1) and (2) give the dynamics in a power grid
with conventional and NRE generators. When, addition-
ally, one has a VSG with adaptive inertia—say, at node
i—Eq. (1) is augmented by

ṁi = αi|ω̇i| − βi(mi − mmin,i), (3)

which defines our novel adaptive-inertia scheme. It
assumes that there is a minimal amount mmin,i > 0 of iner-
tia present at all times. Two control parameters further
determine the dynamical evolution mi(t) as a frequency
disturbance ω̇i �= 0 hits node i. First, the gain αi > 0 con-
trols the short-time increase and the maximum amount of
inertia to absorb that disturbance. Second, βi > 0 mod-
els a restoring force and controls the rate at which inertia
returns to its minimal amount, in order to minimize its
contribution to the further propagation of frequency distur-
bances. A block diagram of the proposed control scheme
[see Eq. (3)] is shown in Fig. 1. An important feature of
our adaptive-inertia scheme is that because it depends only
on the frequency derivative—the RoCoF—and not on the
frequency itself, it is able to synchronize at an interme-
diate frequency value unlike, e.g., the bang-bang scheme,

−

−

+P 1
s

ω

d

Pgrid

s|·|α

β

+

−

+ mmin1
s·−1

β

m

FIG. 1. The block diagram of our proposed adaptive-inertia
scheme. Pgrid is the power flow across the lines connected to the
generator. It is given by the sine terms of the power-flow equation
[Eq. (1)].

which explicitly depends on the frequency. The two control
parameters, αi and βi, need to be tuned to optimally absorb
large RoCoF values and to make the system return quickly
to the steady state. In Sec. S1 of the Supplemental Material
[33], we give an illustrative example that demonstrates the
action of our adaptive-inertia method on a single-machine
infinite-bus model.

III. STABILITY OF THE CONTROL SCHEME

Previously proposed adaptive-inertia schemes gener-
ate instabilities in certain circumstances [29,30] and we
first show that our scheme does not introduce any such
instability. Equation (3) cannot be linearized about the syn-
chronous state, as the derivative of |ω̇| is not defined at
ω̇ = 0. We therefore introduce a small dead band ε ≥ 0
into Eq. (3) without changing the fixed point,

ṁi = 1
2
αi (|ω̇i + ε| + |ω̇i − ε|) − βi(mi − mmin,i) − αiε,

(4)

where 0 < ε � 1. For ε → 0, we recover the original
Eq. (3). This mathematical trick allows us to linearize Eqs.
(1)–(3) about a fixed point with ωi = δω, θi = θ0

i + δθi,
mi = mmin,i + δmi, and P = P0

i + δPi. Without loss of gen-
erality, we assume that there are only generator nodes with
adaptive inertia. The linearized equations then read

⎡

⎣
δθ̇

δω̇

δṁ

⎤

⎦ =
⎡

⎣
0 1 0

−M−1
m L −M−1

m D 0
0 0 −β

⎤

⎦

⎡

⎣
δθ

δω

δm

⎤

⎦ +
⎡

⎣
0
δP
0

⎤

⎦ ,

(5)

where δθ = (δθ1, . . .), δω = (δω1, . . .), δm = (δm1, . . .),
δP = (δP1, . . .), Mm = diag

(
mmin,i

)
, D = diag (di),
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β = diag (βi), and L is the network Laplacian, defined as

Lij =
{

−bij cos(θ0
i − θ0

j ), for i �= j ,∑
k bik cos(θ0

i − θ0
k ), for i = j .

(6)

The stability matrix in Eq. (5) is negative semidefinite
because (i) its sub-block

A =
[

0 1
−M−1

m L −M−1
m D

]
(7)

is the stability matrix of a system with conventional gen-
erators with inertia mmin,i and (ii) the restoring param-
eters βi > 0. This guarantees the linear stability of our
adaptive-inertia control scheme.

IV. NUMERICAL SIMULATIONS

We evaluate the efficiency of our adaptive-inertia con-
trol scheme by investigating the frequency response fol-
lowing a step change in the active power injected by a
generator. We consider both step changes in the produc-
tion of conventional generators and of VSGs. We measure
the grid response against four different performance mea-
sures, chosen to be sensitive to various dynamical aspects.
We consider l22 norms of the frequency and of the RoCoF:

l22(ω) =
∑

i

∫ ∞

0
(ωi(t) − ωsync)

2dt, (8)

l22(ω̇) =
∑

i

∫ ∞

0
ω̇i(t)2dt (9)

and the energy injected into the grid by the inertial
response,

Erot = −
∑

i

∫ ∞

0
mi(t)ω̇i(t)dt, (10)

as well as the resynchronization time tre. We define the
latter as the time it takes to damp frequency deviations
down to less than 1 mHz on all nodes. These four per-
formance measures are sensitive to various dynamical
features—from short-time rapid frequency disturbances to
long-time large-scale coherent interarea oscillations. Opti-
mizing our adaptive-inertia scheme with respect to all of
these—which is feasible, as we find below—guarantees an
overall quasioptimal disturbance-mitigation protocol.

Before presenting numerical results, we qualitatively
discuss the influence of the control parameters αi and βi
on the performance measures. Equation (3) makes it clear
that the large RoCoF following a fault increases the inertia
until the RoCoF is sufficiently small or the inertia suffi-
ciently large that the second term on its right-hand side

dominates and relaxes the inertia back to its minimal value.
The short-time behavior is therefore dominantly impacted
by αi and the long-term behavior by βi. Next, the fre-
quency performance measure, given in Eq. (8), is strongly
influenced by long-lived sustained frequency oscillations,
while the RoCoF performance measure, given in Eq. (9),
is mostly determined by the short-time dynamics directly
following the fault. Finally, the resynchronization time is,
by definition, linked to the long time system dynamics.
Putting all this together, we expect the frequency and the
resynchronization-time performance measures to improve
with increasing βi, whereas the RoCoF performance mea-
sure should improve with αi. We furthermore expect
that the injected energy performance measure, given in
Eq. (10), depends nontrivially on both αi and βi, as it
explicitly depends on both the RoCoF and the inertia. The
response of the system is stronger when the size �P of the
fault increases. We further expect a scaling behavior where
the response remains the same when

αi

�Pi
= const. (11)

This follows from the fact that the RoCoF is given by [12]

ω̇i(t = 0) = �Pi

mi
(12)

together with Eq. (3). This scaling is confirmed in Fig. 4.
We next compare the performance measures for net-

works with and without VSGs. The networks considered
are the IEEE RTS-96 network [34] and PanTaGruEl,
a model of the synchronous grid of continental Europe
[7,35].

A. IEEE RTS-96

We begin by investigating the IEEE RTS-96 test case
shown in Fig. 2. It is partitioned into three areas with ten
generation units each. The remaining nodes are loads. In
the default case, all of the generation units are conventional
generators. For evaluation of our method, we promote two
of the generation units in each area to VSGs equipped
with the adaptive-inertia method [see Eq. (3)]. Following
the standard of power systems, all physical quantities are
expressed in the per unit system, which is obtained by
division with some common base unit [12]. Static physi-
cal quantities such as line capacities and power injections
and consumptions are defined in Ref. [34]. The inertia of
conventional generators is randomly drawn from a uniform
distribution, mi ∈ [0.1 PU, 1, 1 PU] and each damping cor-
responds to a fixed ratio di/mi ≈ 0.3. The chosen inertia
range is typical for generators with a maximum produc-
tion of the order of 100 MW to 1 GW. For the adaptive
generators, the initial inertia mmin is set to one third of the
randomly drawn inertia in the default case. Other param-
eters are the same for all VSGs. The fault considered is
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I

II

III

FIG. 2. The IEEE RTS-96 network. The red squares are con-
ventional generators, the black triangles are VSGs equipped with
the adaptive-inertia method [see Eq. (3)], and the blue circles are
load nodes. The black arrow indicates the VSG where the power
is varied and the red arrow indicates the conventional generator
at which a fault is applied. The roman numerals label the different
areas and the dashed lines indicate their boundaries.

an instantaneous 25% reduction of the power generated by
the VSG with adaptive inertia, marked by a black arrow in
Fig. 2. In Fig. 3, we show the ratio of each of the four per-
formance measures with and without VSGs. Figures 3(a),
3(b), and Fig. 3(d) confirm our above expectations that
the frequency performance measure and the resynchroniza-
tion time improve with β, while the RoCoF performance
measure improves with α. Figure 3(b) further shows that
l22(ω̇) has a weak dependence on β, which is only visible
at small β, when generator oscillations following a fault
persist longer. Next, the data in Fig. 3(a) depend on the
ratio α/β and not individually on α or β. We find that
this is the case because fixing α/β gives similar time pro-
files for m(t), with, in particular, a similar maximal inertia
value. Increasing α and β while keeping their ratio fixed
gives a faster rise of virtual inertia, which does not affect
the long-time dynamics. It therefore leaves l22(ω) mostly
unchanged. It is remarkable that the injected-energy per-
formance measure, shown in Fig. 3(c), exhibits the same
behavior as l22(ω). This suggests that it is dominated by
long-term dynamical effects. Finally, the resynchronization
time exhibits a more intricate behavior, with an optimal
performance at large α and medium β instead of β 	 α

as expected. We find that this behavior, however, depends
on the fault location and even more on the network consid-
ered. In Fig. 4, we show the validity of the scaling, given
in Eq. (11). The three subplots look the same when the
horizontal axis is scaled with the size of the fault. Addi-
tionally, we find, but do not show, that the performance
improves with the number of VSGs in the grid. Overall,
the best global performance is obtained for both α, β 	 1.

(P
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a) b)

c) d)

(PU)
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FIG. 3. The dependence of (a) the frequency performance
measure l22(ω) [see Eq. (8)], (b) the RoCoF performance mea-
sure l22(ω̇) [see Eq. (9)], (c) the injected inertial energy Erot [see
Eq. (10)], and (d) the resynchronization time, tre, on the VSG
control parameters α and β defined in Eq. (3). The fault consid-
ered is a change in the power at the generator, indicated by the
black arrow in Fig. 2. The ratios of the performance measures
with VSGs compared to those with only conventional genera-
tion are color coded. The blue-colored areas correspond to the
adaptive method performing better than conventional generators.

Finally, we point out that the performance improves with
the number of VSGs in the grid.

In the following, we investigate dynamical effects in
some more detail for α = β = 5 PU. In Fig. 5, we illustrate
the dynamics of the faulted generator, for the constant-
inertia case (black curve) and the case with homogeneous
VSGs with α = β = 5 PU (red curve). To better connect
with ac power engineering, we plot the voltage frequency,
f = ω/2π and frequency RoCoF, ḟ = ω̇/2π . First, the
amplitude of oscillations of the frequency, as well as their
short-period components, are significantly reduced by the
adaptive-inertia method. This is directly reflected in the
frequency performance measure and in a reduced resyn-
chronization time, tre,adapt = 16.3 s < tre,const = 18.5 s. Sec-
ond, the adaptive inertia also improves the RoCoF per-
formance measure significantly, as it quickly leads to
smaller slower oscillations of ḟ . Furthermore, once ḟ has
decreased sufficiently, the lower inertia leads to even fewer
oscillations and a rapid recovery of the system in the
adaptive scheme. There is a large initial RoCoF when the
faulted generator is a VSG. This is expected, as the RoCoF
is inversely proportional to the inertia right after the fault
[see Eq. (12)] and the initial inertia mmin in the adap-
tive case has been chosen at one third of its value in the
constant-inertia case.
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a) b) c)

FIG. 4. The frequency performance measure, given in Eq. (8), for a fault of size (a) �P = −0.1 PU, (b) �P = −1.0 PU, and
(c) �P = −3.0 PU on the VSG marked by a black arrow in Fig. 2. The ratios of the performance measures with VSGs compared
to those with only conventional generation are color coded. The blue-colored areas correspond to the adaptive method performing
better than conventional generators.

That feature affects only the dynamics of the faulted gen-
erator and is not a problem as long as the latter functions
purely on power electronics. However, in cases in which
mmin is provided by physical electromechanically coupled
inertia, or if the VSG is connected to the same bus as some
conventional generation, this large initial RoCoF needs to
be mitigated. This can be achieved by resetting the inertia
to a larger value m(t ≤ 0) > mmin once the frequency stays
within some predefined range over a period of time (e.g.,

−40

−20
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f
(m

H
z)

l22 = 8.71
l22 = 7.81
l22 = 8.01

−0.5

0.0

ḟ
(H

z
s−

1
)

l22 = 10.93
l22 = 8.89
l22 = 6.41
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0.25
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m
 (
PU

) Erot = −2.97

Erot = −2.64
Erot = −2.68

t (s)

Default Adaptive Adaptive Adjusteda)

b)

c)

FIG. 5. The time evolution of (a) the frequency, f = ω/2π ,
(b) the RoCoF, ḟ = ω̇/2π , and (c) the inertia following a change
of δP = −1 PU at the VSG indicated by the black arrow in Fig. 2.
The black line corresponds to the default case with only conven-
tional generation. The red line corresponds to the scenario with
six generators being equipped with our adaptive method. The
blue line corresponds to the adaptive scenario adjusted with an
initial inertia of the VSGs set to the value of the default case.

it does not deviate by more than 0.05 Hz from the syn-
chronized state for 1 min). This adjusted adapted-inertia
scheme adds the benefit of greatly decreasing the initial
RoCoF while not losing the advantage of the decaying
inertia. In our case, setting mi,adapt.(t = 0) = mi,const leads
to a small penalty on the frequency performance mea-
sure and the energy injected while more than halving the
maximum RoCoF and decreasing the RoCoF performance
measure significantly (blue curves in Fig. 5). In Fig. 5, we
finally show the time evolution of the inertia of the faulted
generator. With the adaptive scheme, the inertia shoots up
right after the fault and then decays back to its minimal
value.

We conclude that for sufficiently large control parame-
ters α and β, our adaptive-inertia control scheme outper-
forms the constant-inertia method for all four performance
measures. In Figs. 3 and 5, we make it clear that this
occurs because VSGs perform equally as well as con-
ventional inertial generators at absorbing the short-time
RoCoF but damp frequency oscillations more quickly. A
closer look at how this is done in practice reveals an
interesting dual action, in which VSGs simultaneously
fight inter- and intra-area oscillations. In Fig. 6(a), it is
shown that areas I and II (see Fig. 2) oscillate against
each other—the fault has triggered an interarea oscilla-
tion mode. We find that these modes are more efficiently
damped by VSGs than by conventional generators. Fur-
thermore, VSGs equipped with our adaptive-inertia control
scheme lead to a more homogeneous response and an
enhanced intra-area coherency. The effect is quantified by
the coherency measure

l22(coh) =
∑

i

∫ ∞

0
(ωi(t) − ω̄area(t))2 dt, (13)

where ω̄area(t) is the mean frequency in the area corre-
sponding to node i. In Fig. 6(b), it is shown that the
integrand of Eq. (13) decays exponentially faster with than
without VSGs. Due to VSGs, all generators within one area
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FIG. 6. (a) The time evolution of the average frequency f̄ in
each of the three areas of the RTS96 model of Fig. 2. Interarea
oscillations between areas I and II can clearly be seen. (b) The
time evolution of the frequency variance around f̄ in each area.
The coherency of each area is enhanced in the presence of VSGs
with adaptive inertia (red curve), with an exponential reduction
of (f − f̄ )2 (dashed red line).

quickly respond coherently, with their frequency oscillat-
ing closer and closer to the area average shown in Fig. 6(a).
We find that the coherence measure for the adaptive case
is only 75% of the measure for the constant case. A very
interesting finding is therefore that the adaptive-inertia
scheme of Eq. (3) damps not only interarea oscillations but
also intra-area machine-machine oscillations.

Finally, we find that the situation is similar for a fault
on one of the conventional generators. For a fault on the
generator marked by the red arrow in Fig. 2, we find that
the results for the frequency performance measure as well
as the energy and resynchronization time closely resem-
ble panels Fig. 3(a), 3(c), and 3(d). The adaptive case also
performs better than the conventional inertia case. For the
RoCoF performance measure, however, the improvement
is significantly smaller than the one shown in Fig. 3. This is
not surprising when the fault is some distance away from
the nearest VSG, since the RoCoF is mostly determined
by local short-time dynamics. These results are shown in
Sec. S2 of the Supplemental Material [33].

B. PanTaGruEl model of the synchronous grid of
continental Europe

Large-scale power-grid models have a clearer time-scale
separation and accordingly enable better evaluations of
the performance of our adaptive-inertia control scheme.
Therefore, we now turn our attention to a continental-
size transmission grid. PanTaGruEl is a model of the
synchronous transmission grid of continental Europe. It

FIG. 7. The PanTaGruEl model of the synchronous grid of
continental Europe. The dots indicate the geographical locations
of power generators. The black dots correspond to generators
that are always conventional machines with electromechanical
inertia. The colored dots correspond to VSGs with adaptive iner-
tia in configurations corresponding to central distribution (blue),
peripheral distribution (orange), and homogeneous distribution
(green) of VSGs and to conventional generators otherwise. All
of the colored dots are VSGs in the configuration corresponding
to the total distribution.

consists of 3809 nodes and 7343 lines, encompassing all
lines at voltages of 200 kV and above [7,35]. We use a
generation dispatch where 448 nodes are generators and
promote some of those generators to VSGs with adaptive
inertia. We choose how the VSGs are located following
three different distributions where 30 VSGs are located
centrally, peripherally, or homogeneously, according to the
resistance-distance centrality [35,36]. Details of how this
is done are discussed below. We further consider a dis-
tribution including all 86 different VSGs from these three
distributions (four VSGs are included in both the homoge-
neous and either the central or the peripheral distribution).
In Fig. 7, we show the location of the VSGs and of the
conventional generators for each of these distributions.

The minimum inertia mmin,i of the VSGs is set at one
third of their original constant inertia. We choose α =
β = 10 PU which according to Fig. 3 is expected to give
excellent performance. This is confirmed in Fig. 8 for the
PanTaGruEl model, where we show a parameter sweep
similar to the one in Sec. IV A for a 100-mW fault on a
VSG in Switzerland. In Sec. IV A, we have focused on
the effect of our adaptive method when the power change
occurs at one VSG. In this section, we want to investigate
the effect on the overall stability of the grid when a fault
occurs at a conventional generator. This is motivated by the
much larger scale of PanTaGruEl compared to the RTS-96
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a) b)

c) d)

FIG. 8. The dependence of (a) the frequency performance
measure l22(ω) [Eq. (8)], (b) the RoCoF performance measure
l22(ω̇) [Eq. (9)], (c) the injected inertial energy Erot [Eq. (10)], and
(d) the resynchronization time, tre, on the VSG control param-
eters α and β defined in Eq. (3). The fault considered is a
100-mW power loss at a VSG in Switzerland. The ratios of
the performance measures with VSGs compared to those with
only conventional generation are color coded. The blue-colored
areas correspond to the adaptive method performing better than
conventional generators.

grid and the fact that for practical financial reasons, only a
minority of generators can be promoted to VSGs in a real
large-scale power grid. Of particular interest is to deter-
mine if the significantly improved network performance
discussed in Sec. IV A persist when the distance between
faulted generation and VSGs grows.

1. Total distribution of adaptive inertia

We simulate instantaneous power losses of 100 MW
on each of the 281 conventional generators with P0

i ≥
100 MW (there are 81 generators that produce less than
100 MW in the used dispatch) and first compare the con-
ventional inertia case to a grid with a distribution of
VSGs on all 86 colored nodes in Fig. 7. In Fig. 9, we
show the ratio of the four performance measures with
and without adaptive-inertia VSGs, for the 281 individual
faults. Our adaptive-inertia scheme clearly almost always
outperforms the constant-inertia case: the frequency per-
formance improves in all cases, while approximately 17%
less energy is needed to stabilize the grid. Resynchroniza-
tion occurs faster for 88% of the faults considered. The
situation is less clear when considering the RoCoF perfor-
mance measure of Eq. (9), which varies by over 3 orders
of magnitude. This is so because the RoCoF is a local
measure: faults on weakly connected generators with low
inertia give rise to much larger RoCoF values compared
to faults on large power plants in very densely connected

Fault number

Frequency

Synchronization Time

FIG. 9. The ratio of the performance measures with constant
inertia only versus those with adaptive inertia on 86 VSGs
located on the colored dots in Fig. 7, on a log scale. The val-
ues below the dashed line correspond to our adaptive scheme
performing better and the values above correspond to the default
case, with only constant inertia performing better. To improve
readability, the faults are ordered independently for each curve
to make the latter monotonically increasing.

areas. In 82 % of all cases, the RoCoF performance mea-
sure improves with adaptive inertia. Generally, it does not
improve when the faulted generator lies in a central well-
connected area with a high density of inertial generators,
where RoCoFs are small to start with. For instance, the two
worst cases where the performance measure decreases by
more than 20% correspond to faults the RoCoF responses
of which are among the seven smallest ones, out of the 281
considered faults. We conclude that our adaptive-inertia
control scheme significantly improves grid performance
for all faults that may be problematic in the constant-inertia
case.

2. Geographical distribution of adaptive inertia

Previous work has shown that geographically homoge-
neous distributions of conventional inertia optimize the
grid response against frequency disturbances [37,38] and a
practical question that naturally arises is where financially
limited resources of adaptive inertia should, as a matter of
priority, be located. The fact that VSGs do not improve
the RoCoF performance for central faults suggests that the
performance is better when VSGs are distributed in periph-
eral regions that support interarea oscillations [13,39] and
where disturbances are larger to start with [35]. To test this
hypothesis, we compare the performance for three different
distributions of 30 VSGs. The first two have VSGs dis-
tributed either centrally or peripherally. They are obtained
by picking every other generator out of the 60 most or
least central ones, respectively, according to their average
resistance-distance centrality [36]. The third one considers
30 VSGs homogeneously distributed in terms of their cen-
trality. The location of the VSGs in each case is shown in
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Frequency

Fault number

Resynchronization Time

a)

b)

FIG. 10. The ratio of the performance measures for 30 VSGs
distributed in (a) the peripheral and (b) the central parts of the
grid with those obtained for a homogeneous distribution of VSGs
(see the discussion in the text and Fig. 7). In (a), the values below
the dashed line correspond to the peripheral distribution perform-
ing better and the values above correspond to the homogeneous
distribution performing better. Similarly, in (b), the values below
the dashed line correspond to the central distribution perform-
ing better and the values above correspond to the homogeneous
distribution performing better. To improve readability, the faults
are ordered independently for each curve to make the latter
monotonically increasing.

Fig. 7. To ensure legitimate comparisons, we have fixed
the total minimum amount of inertia in the grid at the same
value in all cases.

The results are presented in Fig. 10. First, we can clearly
see that the central distribution worsens the grid response
according to all performance measures, in almost all fault
cases, especially from the point of view of the RoCoF
and resynchronization performance measures. Second, we
find that, overall, peripheral and homogeneous geograph-
ical distributions of VSGs perform similarly, according to
the frequency, the energy, and the resynchronization-time
performance measures. Third, the peripheral distribution
of VSGs improves the RoCoF performance measure in the
majority of fault cases over the homogeneous distribution.
Furthermore, we find that in almost all instances where the
peripheral distribution gives a worse RoCoF response than
the homogeneous distribution, the RoCoF response itself
is small, so that the worsened response is unproblematic.

Our results therefore indicate that both homogeneous
and peripheral distributions of VSGs are viable options,

FIG. 11. The locations of the machines with adaptive inertia
(blue dots) and the conventional machines (black dots) for a
future scenario in which generators powered by fossil fuels have
been replaced with renewable (inertialess) generation. The gen-
erators that are turned into renewable generation and not replaced
with VSGs are shown by red crosses. Note the reduced density
of generators in Portugal, Spain, Italy, Greece, Germany, and
Denmark.

with a slight, but not too significant, advantage for the
peripheral distribution. Interestingly, the latter significantly
outperforms all other distributions when the fault is located
in the Balkans or the Iberian Peninsula. These are the
areas supporting the modes driving the east-west inter-
area oscillations [39], which corroborate the hypothesis
made in the previous paragraph, that the adaptive-inertia
control scheme also improves the damping of interarea
oscillations.

3. Future scenario with reduced electromechanical
inertia

We finally investigate a future scenario of a well-
developed energy transition, in which the penetration of
renewable energy sources has been significantly increased.
Accordingly, we turn all the fossil-fuel generators in
Greece, Italy, Germany, Denmark, and the Iberian Penin-
sula into renewable generators of the same rated power,
i.e., by turning their dynamics from Eq. (1) to Eq. (2),
while keeping the damping parameter the same. This corre-
sponds to droop-controlled inverters providing frequency
control [40]. In total, 94 generators are changed, corre-
sponding to a total inertia reduction by 31 %. They are
indicated by red crosses in Fig. 11.

To investigate whether adaptive inertia can compen-
sate for the inertia reduction, we consider three different
distributions of VSGs. First and second, we consider
VSGs on the peripheral and homogeneous distributions,
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Frequency

Resynchronization Time

Fault number

a)

b)

FIG. 12. The ratio of the performance measures for 30 VSGs
distributed in (a) the peripheral part of the grid and over (b)
removed conventional generators, with those obtained for a
homogeneous distribution for the new renewables scenario. The
values below the dashed line correspond to our adaptive scheme
performing better and the values above correspond to the default
case with only constant inertia performing better. To improve
readability, the faults are ordered independently for each curve,
to make the latter monotonically increasing.

respectively, the excellent performance of which has been
emphasized in Sec. IV B 2. We further take account of
the fact that rotating machines can be converted into syn-
thetic inertia as power electronic controlled synchronous
condensers. Accordingly, we consider a third distribution
in which 30 of the fossil-fuel generators turned renewable
generators are promoted to VSGs with adaptive inertia.
This new distribution of inertial generation is shown in
Fig. 11. To ensure that the minimum amount of inertia is
the same in all three cases, we set the minimum inertia to
10% of the inertia of the former conventional generation
for the VSGs installed at renewable buses and to 110%
of the constant inertia for VSGs installed at buses with
conventional generation.

The results are shown in Figs. 12 and 13. Figure 12
confirms the results of Sec. IV B 2: the peripheral dis-
tribution of VSGs has a slight, though still significant,
advantage over the homogenous one. They both perform
better than the case in which VSGs are distributed over
fossil-fuel generators turned renewables. We stress that this
latter distribution still contains buses over a large range of
centralities. Nevertheless, this latter distribution performs
significantly better than turning fossil-fuel generators into

Frequency

Fault number

Resynchronization Time

FIG. 13. The ratio of the performance measures for 30 VSGs
distributed over the removed conventional generators to those of
the case without VSGs for the new renewables scenario. The val-
ues below the dashed line correspond to our adaptive scheme
performing better and the values above correspond to the default
case with only constant inertia performing better. To improve
readability, the faults are ordered independently for each curve
to make the latter monotonically increasing.

renewables without inertia compensation, as is clearly
shown in Fig. 13. There are very few faults for which the
resynchronization time increases a little, which, however,
correspond to the shortest resynchronization times. We
conclude that VSGs with our adaptive-inertia schemes are
solutions of choice to support grid stability upon increasing
the penetration of renewable generation.

V. CONCLUSIONS

Decarbonization of the energy sector requires a strong
increase in the penetration of new renewable sources of
energy. This increase will be accompanied by a significant
reduction of available electromechanical inertia. There-
fore, guaranteeing the dynamical stability of future electric
power grids is one of the main challenges facing the energy
transition. Motivated by the ambivalent nature of inertia,
which absorbs frequency disturbances at short times but
helps them propagate at later times, we propose to deploy
virtual synchronous generators controlled by an innovative
adaptive-inertia scheme, given in Eq. (3), to guarantee the
stability of future power grids. Unlike previously proposed
virtual-inertia schemes, ours is always stable. Moreover,
it outperforms the electromechanical inertia from conven-
tional generators for both short- and long-time effects,
essentially regardless of the location of the considered
fault. In fact, our scheme not only absorbs strong frequency
disturbances at short time scales but, moreover, it effi-
ciently damps long-range long-time interarea oscillations.
While the evidence suggests that VSGs with adaptive iner-
tia should, as a matter of priority, be located in peripheral

033003-10



STABILIZING LARGE-SCALE ELECTRIC POWER GRIDS... PRX ENERGY 3, 033003 (2024)

areas, distributing them homogeneously or where fossil-
fueled generators have been replaced by NREs also sig-
nificantly enhances grid stability. VSGs controlled with
the proposed adaptive-inertia scheme should therefore be
considered as serious candidates to help stabilize future
decarbonized power grids.
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