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Abstract—This paper compares the impact on power system
frequency transients from virtual inertia and Fast Frequency
Reserve (FFR) provided by HVDC converters. Specifically,
frequency nadir, Rate-of-Change-of-Frequency (RoCoF), and
the required energy during the frequency support are
evaluated. Two control schemes for providing virtual inertia are
considered, including a current controlled Virtual Synchronous
Machine (VSM) and a grid-following control with frequency
derivative-based inertia emulation. The studied FFR provides
either short or long support according to the guidelines of
the Nordic synchronous area. Simulation studies are conducted
in DIgSILENT PowerFactory using a 44-bus simplified model
of the Nordic power system. With the same peak power, the
results show that the different strategies have similar impact
on the frequency nadir, while only the virtual inertia improves
the RoCoF. Furthermore, the strategies for virtual inertia
support can provide improvement of the frequency nadir with
significantly less injected energy than the FFR long support.

Index Terms—Fast Frequency Reserve, Frequency Nadir,
Inertia Emulation, Rate-of-Change-of-Frequency, Virtual Inertia,
Virtual Synchronous Machines

I. INTRODUCTION

The ongoing transformation of the power system towards
dominant shares of converter-interfaced generation is leading
to declining equivalent inertia [1]–[3]. Thus, the power system
research community and the Transmission System Operators
(TSOs) are dedicating increasing efforts towards identifying
and extending the limits for safe operation of power systems
with low levels of physical inertia in terms of rotating mass
directly connected to the grid [4]–[7].

To mitigate the effects of declining physical inertia, a wide
range of control strategies have been proposed for utilizing
power electronic converters to provide virtual inertia [8]–[12].
These control methods can generally be organized within
two categories, depending on whether the implementation
is based on “grid-following” or “grid-forming” control [13].
Specifically, virtual inertia provided by “grid-following”
control relies on conventional grid synchronization strategies,
for instance by a Phase Locked Loop (PLL), for introducing
frequency-derivative-based Inertia Emulation (df/dt IE) as an
auxiliary function [8], [14], [15]. Virtual inertia provided
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by “grid-forming” control strategies is instead based on
explicit emulation of a virtual swing equation as part of
a power-balance-based grid synchronization mechanism [9],
[16], [17]. Thus, most “grid-forming” control strategies
intended for providing virtual inertia can be considered to fall
within the concept of Virtual Synchronous Machines (VSMs)
[10]. However, fast frequency services such as Fast Frequency
Reserve (FFR) are currently the main established mechanism
for limiting frequency deviations in power systems [18], [19].

Power system support by FFR represents a fast active power
provision that is available within a few seconds after a major
disturbance. The profile of the provided power is usually
not critical, but the grid codes specify requirements for the
maximum activation time and the duration of support [19].
While FFR and strategies for providing virtual inertia have
similar purposes in terms of limiting the maximum frequency
deviations of a power system, the mechanisms of operation
are rather different. Thus, they have been typically studied
in different contexts. For instance, most studies related to
“grid-following” or “grid-forming” strategies for providing
virtual inertia have focused on the controller design and the
performances of individual units. In contrast, studies related
to FFR have been mainly related to power system operational
aspects. The differences in focus are also amplified by the
contrast between the many possible schemes for virtual inertia
control and the simplicity of implementation for FFR. Indeed,
the FFR specifications in [19] imply a direct power injection
that does not significantly depend on the local control of the
unit providing the service.

A comparative discussion of synthetic (or virtual)
inertia versus fast frequency response was presented in
[18]. This study defined synthetic inertia control to
be a frequency-derivative effect, without considering the
combination with a frequency droop. Furthermore, the
evaluated control for fast frequency response was based
on a droop control and not a power injection according
to the recently introduced specifications for FFR services.
Considering the increasing penetration of wind power
generation as an example, the differences in impact on the
frequency dynamics from the the virtual inertia and the
droop control were discussed. It was also highlighted that the
pure virtual inertia control will not improve the frequency
regulation during normal operation. A further comparison978-1-6654-6738-4/22/$31.00 ©2022 IEEE
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between virtual inertia and “fast” Frequency Containment
Reserves (FCRs) was performed in [20], [21] by employing
either batteries or electric vehicles as energy sources. However,
the studied “fast” FCR included only a droop, in a similar
way as the example of fast frequency response implemented
in [18]. Thus, the impact on the frequency transients from
the operating principle of the FFR according to the grid code
specifications, i.e., acting mainly as a constant power injection
during a few seconds after major disturbances, has not been
addressed in these studies.

Considering the limitations of existing literature, a
comparative evaluation of different methods for virtual inertia
control and FFR provision by utilizing HVDC terminals
is presented in this paper. For this purpose, a simplified
44-bus model of the Nordic power system [22], simulated
in DigSILENT Power Factory, is applied as a test case.
A reference condition is established by simulating a large
load transient without considering any FFR or virtual inertia
control. Then, four cases with virtual inertia or FFR support
are simulated. These include the df/dt-IE as an example of a
grid-following strategy for providing virtual inertia, a Current
Controlled (CC)VSM as an example of a “grid-forming”
strategy for providing virtual inertia, and FFR with short
(5 s) or long (30 s) duration according to the specifications
of the Nordic synchronous area. The time domain response
for the five conditions are compared to evaluate how
the fast frequency support influences the frequency nadir,
the Rate-of-Change-of-Frequency (RoCoF), and the energy
required for providing the frequency support. The results
confirm how the different strategies for inertia emulation and
the FFR have a similar impact on the frequency nadir as
long as the peak injected power is the same. However, the
FFR cannot influence the maximum RoCoF value, which
occurs before reaching the frequency levels where the FFR is
activated. Furthermore, the results show that the virtual inertia
control can provide the same improvement of the nadir as the
FFR with less required energy than the FFR long support in
the initial 30 seconds after the disturbance.

II. CONTROL OF HVDC CONVERTERS FOR FREQUENCY
SUPPORT

A. Conventional Control with Fast Frequency Reserve support

This work considers an FFR contribution according to
the specifications defined for the Nordic power system [19],
[23]. In this case, the FFR responds with a fast active
power support to specific frequency deviations. The Nordic
synchronous area operates at a nominal grid frequency of
50 Hz. In the event of major imbalances between active power
generation and consumption, the frequency should not drop
below 49 Hz. The FFR complements the upwards Frequency
Containment Reserve for Disturbances (FCR-D) to secure
frequency stability when the system kinetic inertia is low [23].

Table I indicates the frequency activation levels and the
corresponding maximum activation time (ta) for the FFR.
In addition, short and long support duration are considered,
as illustrated in Fig. 1. In the short support duration, the

TABLE I
FFR ACTIVATION REQUIREMENTS IN THE NORDIC POWER SYSTEM [23].

Alternative Activation level [Hz] ta [s]
A 49.7 1.3
B 49.6 1.0
C 49.5 0.7

FFR [MW]

time [s]

PFFR

𝑡𝑡𝑎𝑎𝑡𝑡0

𝑡𝑡𝑠𝑠

Short support duration:
𝑡𝑡𝑠𝑠 = 5 s: Deactivation rate is 0.2 PFFR/s

Long support duration:
𝑡𝑡𝑠𝑠 = 30 s: Step wise deactivation

(Activation instant) (Full activation time)

(Support duration)

Fig. 1. Basic FFR definitions in the Nordic power system.
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Fig. 2. Conventional converter control with additional power reference
provided by the FFR.

active power support should last at least 5 s and the rate of
deactivation is limited to maximum 20% of the FFR provision
per second. In the long support duration, the support is for at
least 30 s and the deactivation can be stepwise [23].

In this work, the FFR is provided through HVDC converters
by including an additional power reference in a conventional
PLL-based control structure. Fig. 2 shows an overview of the
control system consisting of inner loop current controllers and
closed loop control of active and reactive power. When the
frequency estimated by the PLL (ω

PLL
) reaches one of the

activation levels in Table I, the additional power reference
(∆p∗o) follows the shape illustrated in Fig. 1.

B. Conventional Control with df/dt Inertia Emulation

Similar to the FFR scheme used in this work (Fig. 2), the
df/dt IE scheme is also based on calculating an additional
power reference for the power electronic converter. The
converter control is the same conventional control scheme
as for the FFR, but with the FFR block of Fig. 2 replaced
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Fig. 3. Overview of the CCVSM (QSEM) control structure [24].

by the calculation of the equivalent inertial response of a
synchronous machine. This includes the frequency reference
ω∗ as an additional input to the block. Then, the additional
power reference is calculated as [14], [15]:

∆p∗o(s) = −kJ
sω

LPF

s+ ω
LPF

ω
PLL

(s) + kω(ω
∗(s)− ω

PLL
(s)) ,

(1)
where the first term represents the filtered derivative of the
grid frequency estimated by the PLL, and the second term
is a frequency droop. The filtered derivative ensures that the
transfer function is proper and attenuates high frequency noise.
In (1), ω

LPF
is the crossover frequency of the low-pass filter,

kJ is the constant associated with the equivalent inertia, and
kω is the frequency droop gain.

C. Current Controlled Virtual Synchronous Machine (VSM)
A third case considered in this work is a CCVSM with a

Quasi-Stationary Electrical Model (QSEM) for implementing
a virtual impedance. This scheme has been labelled as a
CCVSM QSEM, and an overview of the control structure is
shown in Fig. 3 [24]. The dynamic behavior of the virtual rotor
position is defined by a simulated swing equation model as:

s ωV SM (s) =
pr∗(s)

Ta
− po(s)

Ta
−kd

ωV SM (s)− ωPLL(s)

Ta
(2)

s δV SM (s) = ωV SM (s) , (3)

where ωV SM and δV SM are the virtual rotor speed and
position. Moreover, po is the output power from the converter,
kd is a damping coefficient, and Ta is the inertia time
constant. This model ensures a power-balance-based grid
synchronization mechanism and provides the virtual rotor
position that is utilized in the Park transformation instead of
the voltage phase angle from a PLL.

A frequency droop is introduced in the virtual power input
to the simulated swing equation, to mimic the steady-state
operation of a governor in a synchronous generator. The droop
effect is defined by:

pr∗(s) = p∗o(s) + kω (ω∗(s)− ωV SM (s)) , (4)

where kω has the same function as for the df/dt IE.
Furthermore, the references for the current controller are

obtained by the QSEM implementation of the virtual
impedance, as:

i∗cv(s) =
v̂e(s)− vm(s)

r + j ω l
, (5)

where r and l are the resistance and inductance of the virtual
impedance. The variables vm and v̂e represent the filtered
dq voltage components measured on the converter terminal
and the amplitude of the induced voltage on the virtual stator
windings, respectively.

III. NUMERICAL SIMULATIONS

This section presents a comparison of the effects of virtual
inertia and FFR on the transient behaviour of the grid
frequency, and the additional energy supplied by the HVDC
converter terminal providing the fast frequency support.

A. Power network and simulation parameters

The numerical simulations employ the Nordic 44-bus (N44)
model [22], which is a simplified representation of the Nordic
synchronous area. Fig. 4 shows the single-line diagram of the
model, as implemented in DIgSILENT PowerFactory. More
details about the N44 model and how the inertia and governor
of the generators were calibrated for this work can be found
in [25]. In the simulation model, only the primary control is
implemented, which corresponds to the actuation of frequency
containment reserves.

The simulations consider nine HVDC interconnections
modelled as loads, except for the link providing frequency
support. In this case, the parameters of the controlled terminal
represent the bipolar HVDC Nordlink, which has rated
capacity of 1500 MVA ± 525 kV dc, and is implemented as
described in [26]. The converters are connected to the N44
model through grid-side filters and transformers in one side.
In the other side, the converters are connected to an equivalent
ac voltage source, which represents a simplified strong grid.
The main parameters of the HVDC link, including FFR, df/dt
IE and VSM-based control schemes, are listed in Table II.

B. Simulation results

The simulation results present two case studies with a
disconnection of production units at bus 5300, in Norway,
corresponding to a loss of about 2500 MW after 5 seconds
of simulation. In Case Study 1 (CS1), fast frequency support
is provided by one HVDC interconnection at bus 5620, while
in Case Study 2 (CS2), the support is provided by two HVDC
interconnections, at buses 5620 and 6000.

Fig. 5 shows a comparison of the CS1 results for the
initial system without frequency support from the HVDC
converter, and for the system when the HVDC converter
control implements the CCVSM with QSEM, df/dt IE, FFR
short support, and FFR long support. The results show the
frequency of the generator at bus 5400 (G5400), the centre of
inertia (COI) frequency, the output power from the converter
negative terminal, and the mechanical power at the generator
G5400. Fig. 6 presents a zoom of the initial transient for 30 s
after the disturbance, which is the relevant time-window for
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Fig. 4. Single-line diagram of the Nordic 44-bus model.

TABLE II
MAIN SIMULATION PARAMETERS HVDC AND FREQUENCY SUPPORT

SCHEMES.

Parameter Value Parameter Value
Rated ac voltage 285 kV Rated grid frequency 50 Hz
Frequency droop gain (kω) 20 pu Filter capacitance 0.074 pu
VSM damping factor (kd) 75 pu Filter inductance 0.08 pu
VSM inertia constant (Ta) 5 s Filter resistance 0.003 pu
df/dt IE kJ constant 10 FFR activation level 49.7 Hz
df/dt IE crossover
frequency (ωLPF )

0.16
rad/s

FFR short/ long
support duration (ts)

5 s/
30 s

fast frequency support provided by FFR. Notice that to make a
fair comparison of the methods, the VSM- and df/dt IE-based
control strategies are tuned to provide the same peak power
as the reference power for the FFR support (Fig. 5.c).

In the simulation results, the FFR results in a small
overshoot for both types of support (short and long), while
the virtual inertia schemes provide a more damped response,
which depends on the tuning of parameters (Fig. 5.a and
Fig. 5.b). For all the cases with fast frequency support from
the HVDC converter, the frequency nadir is improved when
compared to the initial system. However, the RoCoF is only
improved for the virtual inertia schemes, as the activation
instant of the FFR support is about 1.5 s after the incident,
i.e. when the frequency passes the threshold value of 49.7 Hz.
Table III summarizes the obtained results of nadir and
maximum RoCoF (over a window of 500 ms) for both case
studies. It can be seen that the FFR short support duration
results in a slightly lower nadir, as the power is reduced before
the frequency starts to rise again (Fig. 6.c). In addition, the
peak power at G5400 is higher during the initial transient,

TABLE III
FREQUENCY NADIR AND MAXIMUM ROCOF AFTER THE UNIT TRIPPING.

Type of support Nadir (Hz) RoCoF (Hz/s)
CS1 CS2 CS1 CS2

Initial system 48.70 48.70 0.80 0.80
CCVSM (QSEM) 49.02 49.20 0.73 0.68

df/dt IE 49.03 49.21 0.71 0.64
FFR short 49.00 49.10 0.80 0.80
FFR long 49.02 49.20 0.80 0.80

when the FFR short support is implemented (Fig. 6.d).
Fig. 5.b shows that the frequency does not reach the nominal

value of 50 Hz in steady-state, as the secondary control, or
Frequency Restoration Reserve (FRR), is not implemented.
Due to the steady-state error in the frequency, the droop term
included in the virtual inertia schemes (VSM and df/dt IE)
prevents the power injected by the converter from returning
to the initial condition, i.e. zero in this case. In the real
system, the FRRs should be activated within 30 seconds after
the incident to restore the frequency to the nominal value,
and to release the FCRs. This would gradually return the
power injection to the initial condition, according to the regular
set-points for the HVDC transmission.

Fig. 7 compares the energy (Wo) provided by the
converter(s) for both case studies. For the initial 10 s after the
incident, the energy is nearly the same for all the fast frequency
support schemes. However, within the time-window of 30 s
after the incident, the FFR short support required about 75%
less energy than the long support and about 50% less than the
virtual inertia schemes. Furthermore, the virtual inertia control
required about 50% less energy than the FFR long support.
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Fig. 5. CS1 simulation results: Full time-series of (a) frequency at G5400,
(b) COI frequency, (c) output power from the converter negative terminal, (d)
mechanical power at G5400.

C. Discussion

Virtual inertia and FFR services provide fast frequency
support to help alleviate the challenges of low inertia power
systems. However, the types of support are conceptually
different. Indeed, virtual inertia control mimics the inertial
response of synchronous generators, which can be naturally
combined with a droop response as in traditional power plants,
and provides a power response that follows the frequency
dynamics immediately after a frequency deviation. Instead,
the FFR provides a constant power response during a few
seconds after a major disturbance. This work considers the
current FFR regulations from the Nordic synchronous area.
In other countries, e.g., in Ireland, the new fast frequency
response service requires a sustainable power response for at
least 8 seconds within 2 seconds after an incident [27].

The main drawback of delaying the response to a power
imbalance is that the maximum RoCoF after the disturbance is
not affected. In the Nordic system, the RoCoF is not a critical
aspect, as the reference incident of the system did not involve
high RoCoF values [28]. However, low inertia conditions and

Fig. 6. CS1 simulation results: Zoom in transient period from 5 to 35 s: (a)
frequency at G5400, (b) COI frequency, (c) output power from the converter
negative terminal, (d) mechanical power at G5400.

Fig. 7. Energy required during the frequency support through the HVDC
converter(s): (a) CS1, (b) CS2.

the disturbance location might result in a different scenario.

© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other 
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, 

creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works. 

This is the accepted version of an article published in 2022 14th IEEE PES Asia Pacific Power & Energy Engineering Conference - APPEEC



The presented simulation results indicate that the considered
frequency support mechanisms provide similar impact on the
frequency nadir. However, the FFR short support (5 s of
duration) results in slightly lower values, as the deactivation
starts before the nadir is reached. This effect might become
more evident when a large number of converters are controlled
for fast frequency support purposes. While this effect does not
occur with the FFR long duration support, the energy used in
this case is much higher. In contrast, virtual inertia control
including a frequency droop results in a power response that
inherently follows the dynamics of the frequency. Furthermore,
for the compared metrics, no significant differences were
observed between virtual inertia support by “grid-following”
or “grid-forming” control schemes.

IV. CONCLUSION

The simulation results presented in this paper indicate how
both virtual inertia control and FFR can mitigate the power
imbalance in response to a sudden loss of generation. Thus,
both approaches for fast frequency support help to stabilise
the system frequency at acceptable values. However, the FFR
does not inherently reduce the maximum RoCoF since the
active power is injected more than 0.5 s after the disturbance
has occurred. Furthermore, virtual inertia control provides a
more damped response, as it naturally follows the frequency
dynamics of the power system. The results also show how the
frequency nadir is less sensitive than the RoCoF to how the
active power is provided; the support by FFR long duration
or by virtual inertia results in the same frequency nadir. The
FFR short duration results in slightly lower values because
the power injection is deactivated before the frequency has
reached the minimum value. For the initial transient within 30
seconds after the disturbance, the FFR long support requires
about twice the energy of what is required by the virtual inertia
schemes and four times what is required by the FFR short
support duration. Thus, virtual inertia control combined with
frequency droop can provide fast frequency support to improve
the nadir with less required energy than FFR long support,
with the additional benefit of improving the RoCoF.

REFERENCES

[1] Y. Wang, V. Silva, and M. Lopez-Botet-Zulueta, “Impact of high
penetration of variable renewable generation on frequency dynamics in
the continental europe interconnected system,” IET Renewable Power
Generation, vol. 10, no. 1, pp. 10–16, 2016.

[2] B. Hartmann, I. Vokony, and I. Táczi, “Effects of decreasing
synchronous inertia on power system dynamics – Overview of recent
experiences and marketisation of services,” Int. Trans. on Electrical
Energy Systems, vol. 29, no. 12, p. e12128, 2019.

[3] L. Mehigan, D. Al Kez, S. Collins, A. Foley, B. Ó’Gallachóir, and
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