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Abstract—In this paper, frequency dynamics in modern power
systems with a high penetration of converter-based generation
is analysed. A fundamental analysis of the frequency dynamics
is performed to identify the limitations and challenges when the
converter penetration is increased. The voltage-source behaviour
is found as an essential characteristic of converters to improve the
initial frequency derivative of Synchronous Generators (SGs). A
detailed small-signal analysis, based on the system’s eigenvalues,
participation factors and mode shapes, is then performed in a
reduced system for different converter penetrations, showing that
the flexibility of grid-forming (GFOR) converters as well as the
system’s inertia reduction may lead to have a more controllable
system frequency. First-order frequency responses can be pro-
grammed for high converter penetrations, when GFOR operation
can impose their dominance over SGs. These results have been
validated in the IEEE 118-bus system simulated in PSCAD.

Index Terms—Grid-forming, frequency dynamics, small-signal
analysis.

I. INTRODUCTION

ENEWABLE energy generation is currently increasing in
many countries to tackle the effects of climate change.
Small islands, like El Hierro (Spain) with a peak load be-
low 10 MW, have already achieved 100% of instantaneous
renewable power during several days [1]. Larger islands like
Ireland have securely operated the system with a renewable
penetration around 75% and it is planned to increase this
value to 95% by 2030 [2]. A renewable generation higher than
100% respect to the local demand has been achieved in Spain,
Denmark and Portugal during some hours of the year [3], [4],
while Italy and Germany have exceeded 80%. Swedish power
system is planned to be fully based in renewable generation
by 2040 [5], while Spain’s objective is set for 2050 [6].
Following these challenging targets, a massive amount of solar
and wind power plants are being installed, whose capacity
worldwide has been multiplied by eight in just a decade
[7], displacing conventional power plants from the generation
mix. Therefore, converter-based resources are replacing Syn-
chronous Generators (SGs) in electrical networks, resulting in
a deep transformation of power systems and their operation.
Voltage-Source Converters (VSCs) are fully controllable
devices that might provide higher flexibility to the system,
as they do not follow SG’s mechanical laws. However, they
do not have physical inertia and present a limited short-circuit
current, which differs considerably from the conventional SG’s
behaviour. The inertia reduction due to the SG replacement by
power converters poses new challenges for the power system
operation. System’s inertia is considered nowadays an essential

parameter to ensure frequency stability [8], [9], as it deter-
mines the initial Rate of Change of Frequency (RoCoF) after
a generation-load imbalance. Several Transmission System
Operators (TSOs) estimate the system inertia to guarantee a
minimum secure value [9], [10]. In some cases, the installa-
tion of synchronous condensers is also being considered to
increase the inertia and short-circuit current of the system
[11], [12]. On the other hand, faster active power response
of converters can reduce the minimum inertia required to
operate the system [13], changing the paradigm of the inertia
needs in the system. In October 2020, AEMO required a
primary frequency regulation to all converter-based generation
[14], helping to improve the frequency deviations in the
system. Figure 1 represents the probability of occurrence of the
measured frequency in Australia in September 2020 and May
2023, revealing the reduction in the frequency deviations after
including the converter-based generation into the frequency
regulation. In addition, an increasing interest in STATCOMs
with energy storage is also emerging as an alternative solution
to mitigate the impact of load imbalances [15]-[17].

Although frequency deviations can be mitigated by includ-
ing the converter-based generation and storage systems in the
frequency regulation (as shown in the Australian system in
Fig. 1), frequency dynamics during large transient events are
also a concern, specially when the system’s inertia is reduced.
In these cases, the frequency dynamics are more dependent
on the support provided by converters, which is determined
by their control structure. Grid-following (GFOL) VSCs can
provide limited support, as their active power injection de-
pends on the frequency measurement, resulting in a delayed
response. Additional control strategies have been presented to
improve the frequency support of GFOL converters consider-
ing also the frequency derivative [19]. However, the practical
implementation of these control schemes can be challenging to
apply. Additionally, it has been reported that high GFOL-VSC
penetrations can result in system’s instability [20], [21].
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Fig. 1. Measured frequency probability in Australia. Data from [18].
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To overcome such stability issues, several grid-forming
(GFOR) control structures have been presented [22]-[24]. In
contrast to the delayed GFOL’s response, GFOR VSCs can
inject active power instantaneously after a load imbalance,
which might help to mitigate the RoCoFs. Another important
characteristic of GFOR converters is that their frequency no
longer depends on physical laws, like the SG’s inertia, but just
on their control algorithms. This fact opens a new scenario,
where GFOR converters can shape the frequency dynamics in
power-electronic-dominated power systems. It should also be
noted that GFOR converters are self-synchronised units, so it is
also necessary to ensure synchronism among all the generators
in the system. Therefore, the selected control strategy will play
a key role in the future frequency dynamics.

Some publications have highlighted that GFOR converters
can help to improve frequency dynamics in systems with
high penetrations of power electronics. The synchronization
mechanism between SGs and VSCs is analysed in [25],
where the generation elements are simplified as second-
transfer functions. Adjusting the damping component in GFOR
converters can improve grid synchronization stability, espe-
cially for low-inertia systems. Similar conclusions are derived
in [26], where aggregated models are used to capture the
frequency dynamics. A qualitative analysis is provided in [27],
comparing different synchronization control techniques for
GFOR operation. However, a fundamental analysis on how
the frequency can evolve in modern power system is not
addressed in previous publications. An in-depth analytical and
simulation-based study is provided in [28], where the impact
of different droop variants on frequency dynamics is also
analysed. It is concluded by means of non-linear simulations
that the frequency dynamics progressively tend to a first-
order response when the penetration of droop-based GFOR
converters is increased.

In this paper, the fundamentals on frequency dynamics are
revisited. The impact of the GFOR operation is analysed for
different converter penetrations and converter control parame-
ters. The study is based on a small-signal analysis, providing
details about the oscillation modes (frequency and damp-
ing), participation factors and mode shapes. This small-signal
analysis allows to fully characterise the frequency dynamics,
which are later validated via EMT simulations implemented
in PSCAD. In particular, the following contributions are con-
sidered:

o A comprehensive study about frequency dynamics in
modern low-inertia power systems is provided, revealing
that the VSC’s dominance can be an opportunity to
improve frequency dynamics. It is demonstrated that high
penetrations of GFOR converters allow to shape the
frequency dynamics, which can be designed to follow
the desired response, e.g. a first-order response.

o The dominant modes of frequency dynamics are iden-
tified by small-signal analysis. These dominant modes
have been classified as Synchronisation mode and Global
mode, which fully describe the frequency behaviour in a
power system with multiple generation units.

o A sensitivity analysis of the GFOR VSC’s synchronisa-
tion control parameters is performed in a reduced system,

identifying their impact on the frequency dynamics for
different converter penetrations.

o The results obtained in the reduced system are validated
with a full non-linear model of the IEEE 118-bus system,
implemented in PSCAD, confirming that it is possible
to reshape the frequency dynamics also in large power
systems with GFOR converters.

o The voltage-source behaviour is shown as an essential
characteristic from converters to improve frequency dy-
namics with high penetrations of power electronics.

II. FUNDAMENTALS ON FREQUENCY DYNAMICS
A. Frequency dynamics in SG-based power systems

Conventional power systems have their foundations in syn-
chronous generators. The SGs performance is based on a
rotating magnetic field, typically produced by the current
injected by the exciter into the rotor windings, which induces
an electro-magnetic force in the stator windings proportional to
its angular frequency. The stator windings are then connected
to the rest of the system. Therefore, SGs perform as voltage
sources behind an impedance [29].

This voltage-source behavior of the SGs allows them to
naturally react to load imbalances, increasing or reducing
their active and reactive power based on the system’s needs.
Consequently, the SGs’ electrical torque changes as a result of
active power demand/generation variations. Due to the slower
dynamics of the turbine when applying the mechanical torque,
the extra electrical power injected to the network can only
be extracted from the kinetic energy stored in the machines,
resulting in a frequency deviation after a load imbalance. The
frequency dynamics in conventional power systems can be
described by the SGs’ swing equation:

df 1
dt  2H
where f is the SG’s frequency, Py, is the mechanical power
provided by the prime mover, P, is the electrical power
injected by the electrical machine and H is the SG’s inertia.

The dynamics of the prime mover can be approximately
described as the following first-order function [29]:
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where 7,4 18 the time constant of the turbine and P,y is the
reference power generated by the governor, which is usually
implemented as a droop control with a characteristic Ry_,
(measured in Hz/MW or pu/pu):

(Pmec_Pe) (1)
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where Py_,.y is the active power setpoint at the frequency ref-
erence fo_pey (typically the nominal frequency). Combining
(1), (2) and (3) leads to the model shown in Fig. 2a. Hence,
frequency dynamics after a load change in conventional power
systems can be characterised by the following second-order
transfer function:

f(s) TeurbS + 1
P.(s)  2HTup82 +2Hs + 1/Ry_g,

(4)
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Fig. 2. Frequency dynamics of a conventional power system: (a) Reduced-
order model; (b) Effect of SG inertia.

The turbine’s time constant 74, is in the order of several
seconds [29], which is considerably slower compared to the
electrical dynamics. Therefore, during the first seconds after a
load change, while the mechanical torque has not still reached
the new setpoint, only the inertia of the SGs can limit the
RoCoF. This can be observed in (1), where the frequency
derivative is inversely proportional to the inertia constant H.
Reducing the system inertia leads to higher values of RoCoF,
as shown in Fig. 2b, which can increase the probability of SG
trips or cause hard damages to SG-based power plants [30].

Since the inertia plays a key role on keeping the RoCoF
within proper limits during the first seconds, it is known as
inertial response [31]. It should be noted that inertial response
refers to the source of energy, which is provided by the kinetic
energy of the machines, while the operation principle of the
electrical power response is given by the SGs’ voltage-source
behavior.

B. Frequency dynamics in presence of grid-following VSCs

Replacing SGs by VSC-based generation can impact the
frequency dynamics since converters’ operating principles
differ from the electrical machines. GFOL VSCs operate as
current sources, whose references can be calculated from
outer control layers to support the grid, i.e. frequency and
voltage support [23]. As a result, GFOL VSCs do not respond
intrinsically to load imbalances, leaving this function to SGs.
Therefore, for the same load imbalance, SGs must inject a
higher power when their capacity is replaced by converter-
based generation. To include the effects caused by the addition
of GFOL VSCs into the power system, the swing equation
presented in (1) can be modified as:

df 1

E:m((l_a)Pmec_Pd+a6P9fOl) (5)

where H is the original inertia of the system with 100%
SGs, Py is the active power demand, Py, is the active
power injected by the converters, « is the converter penetration
(a € [0,1)) and S is the proportion of VSCs that provides
frequency support (8 € [0,1]). Increasing o would reduce
the total system inertia, challenging the frequency stability.
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Fig. 3. Frequency dynamics with an « penetration of GFOL VSC: (a) without
frequency support (8 = 0); (b) with proportional frequency support (3 = 1).

If converters do not participate in the frequency regulation,
the system frequency would experience larger deviations for
any VSC penetration, as shown in Fig. 3a. In addition, the
steady-state frequency is also affected as less generation units
participate in the primary regulation. Therefore, it is clear that
converters should participate in the frequency regulation.

To provide frequency support to the system, GFOL con-
verters modify their active power reference according to the
measured system’s frequency. A proportional droop control is
typically used for this purpose [32], resulting in the following
response:

P gfol(S) o
f(s)
where Ry_,r is the P-f droop characteristic, and 7, 7
and 7,_, o, are the time constants of the Phase-Locked Loop
(PLL), frequency filter (if exists) and active power control
(if exists) respectively. These three time constants can be
combined to obtain the overall time constant of the active
power injected by the converter after a frequency disturbance,
Tp—gfol- Combining (2), (5) and (6), a reduced-order model
for the frequency dynamics which considers frequency support

from GFOL converters can be obtained:

L/Rj—gfol _ V/Rj gy
(Tpll—l—Tf—i—Tp)S-l-l Tp,gfols—ﬁ-l

(6)
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where
as :2H(1 - a)Tturprfgfol (8)
ag :2H(1 - a)('rturb + Tp—gfol) (9)
aq =(2H + I/Rf_sg)(l — Oé) + Ttu'r'ba/B/Rf—gfol (10)
ao =(1 — @)/ Ry—sg + @/ Rf—gfol (1D

Converters can regulate their active power injection in
hundreds of milliseconds (in this case, 7,—gro; has been set
to 250 ms), while conventional SG governors and turbines
require a few seconds to provide mechanical torque to the
electrical machine. Therefore, converters can help to enhance
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Fig. 4. Frequency nadir and RoCoF evolution for different values of VSC
penetration («) and proportion of active VSCs in frequency support (3).

frequency dynamics as they have more flexibility in controlling
their active power compared to SG governors, as shown in
Fig. 3b. The minimum value of the frequency during the
transient, also known as frequency nadir, can be improved
by the fast converter response. However, the reduction of the
system inertia caused by the introduction of converter-based
generation results in a higher initial RoCoF due to the non-
intrinsic response of GFOL converters. GFOL VSCs operate
as current sources that react after frequency deviations to
compensate them. This response is significantly different from
the voltage-source behavior shown by SGs, which provide
power instantaneously after a load change. Fig. 4 shows the
frequency nadir and the RoCoF obtained for different values of
VSC penetration («) and proportion active VSC for frequency
support (3) respect to the 100% SG case. It can be observed
that for 3 higher than 70%, the nadir can be improved for any
VSC penetration. Nevertheless, the RoCoF is always larger
than the base case. Therefore, to limit the initial RoCoF,
converters must provide instantaneous response after active
power imbalances. In other words, they must behave as voltage
sources.

C. Frequency dynamics in presence of grid-forming VSCs

Grid-forming operation is characterised by controlling both
the magnitude and phase of the voltage either at the converter’s
terminals or at the Point Of Connection (POC) [23]. Conse-
quently, GFOR VSCs operate as voltage sources, providing
all the power demanded by the rest of the system while their
capacity is not exceeded and the energy resource is available.
Unlike SGs, a stand-alone GFOR converter can operate at
constant frequency even after load variations. The control
loop that ensures this operation is the voltage control (or an
equivalent control structure), which forces the converter to
inject the required current to regulate the voltage at the desired
level. In this sense, GFOR VSCs show a superior performance
compared to SGs, whose frequency dynamics depend on the
mechanical torque provided by the turbine.

When connecting a GFOR converter to other generation
units, such as SGs or other GFOR VSCs, a specific con-
trol loop is necessary to ensure synchronization. Several
implementations have been presented for this purpose in the
literature [23], in which the two main used are the Virtual
Synchronous Machine (VSM) and droop-based control. For
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Fig. 5. Power-frequency droop control in GFOR operation.
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Fig. 6. Frequency dynamics for different o of droop-based GFOR VSC.

the sake of simplicity, in this manuscript the droop-based ap-
proach has been selected as the option for the synchronization
loop.

Considering a stand-alone converter now provided with a
power-frequency droop control, as the one shown in Fig. 5,
the characteristic transfer function of the frequency is:

f(s)

Pyfor(s)
where R;_gro, is the P-f characteristic and 7,_, o is the
time-constant of the measured active power filter. In contrast
to SGs, which exhibit a second-order response, the frequency
dynamics of GFOR converters employing the P-f droop con-
trol approach follow a first-order response after a load change.
Therefore, considering a power system with both SGs and
droop-based GFOR VSCs, both first-order and second-order
responses are expected for the frequency dynamics. Similarly
to (7) for GFOL, the equation which describes the frequency
response in presence of droop-based GFOR converters is:

Ry or
Tp—gfors +1

f(s) _ Tturb$ +1 (13)
Pu(s)  bas? + bis + by
where
by =[2H(1 — ) + Tp—gfore/ Ry—gfor] Teurs (14)
by =2H(1 — &) + (Teurb + Tp—gfor )/ Ry _gfor (15)
bo=(1—a)/Rp—sg+/Rs_gtor (16)

Fig. 6 shows the frequency response in (13) for different
values of converter penetration (), while 7,_g4,- has been
set to 100 ms. It can be observed that increasing a provides
higher damping to the system frequency, reaching first order
dynamics for high values of «. Therefore, the dominant
dynamics may depend on the specific proportion of SGs and
VSCs in the generation mix as well as the control values set
in the converter control. This will be discussed in the next
sections using a full detailed model, including all the dynamics
that are not considered in this preliminary analysis.

III. FREQUENCY DYNAMICS IN MODERN POWER SYSTEMS

This section investigates the frequency dynamics in modern
power systems with high penetration of renewables, where
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Fig. 7. System under study: (a) Complete system; (b) Grid-forming control.

the converter control can play a key role on the system
performance. In such futuristic scenario, the VSCs are as-
sumed to operate in GFOR control mode. To such end, a
reduced system has been considered, shown in Fig. 7a, which
is composed by a SG, a GFOR VSC and a load, capturing all
the essential dynamics of the main components. The GFOR
control, represented in Fig. 7b, is based on cascaded control
loops for the AC current and AC voltage, both implemented in
the qd reference frame. The synchronisation loop is based on
a P-f droop, while a -V droop is implemented to obtain the
AC voltage reference at POC. Two different cases have been
evaluated to analyse the effect of the converter’s penetration
in the system frequency dynamics:

o Case 1: Low VSC penetration (20%)
o Case 2: High VSC penetration (80%)

The main system parameters are shown in Table I. Addition-
ally, a sensitivity analysis of the VSC’s synchronisation control
parameters has been performed to illustrate their impact on
the frequency dynamics. All the cases are studied through
a small-signal analysis and EMT simulations. In particular,
system poles, Participation Factors (PFs) and mode shapes
are studied for the small-signal analysis, while a load change
increase of 10%, i.e. 40 MW, is considered as the disturbance
for the non-linear simulations. For the small-signal analysis,
the computation of a state-space model of the complete system
is required, which can be built following the methodology
presented in [33].

Firstly, the PFs have been examined to identify the os-
cillation modes that participate in the frequency dynamics,
i.e. poles associated to the SG frequency wgg and the VSC
frequency wy sc. The values of the PFs have been normalised
between O (no participation of a variable in a pole) and
1 (maximum participation). A greyscale has been used to
represent the PF matrices, in which white colour refers to no
participation and black colour indicates maximum participa-
tion. By analysing the characteristics of the participating poles,

TABLE I
MAIN SYSTEM PARAMETERS

Parameter Symbol Unit Case 1 Case 2
VSC penetration « % 20 80
Nominal frequency fn Hz 50 50
Rated SG power Ssg MVA 400 100
SG droop characteristic Ry _sq % 5 5
SG droop gain kf_sq MW/Hz 160 40
Rated VSC power Suvse MVA 100 400
VSC droop characteristic ~ Ry gror % 5 5
VSC droop gain kf_gfor MW/Hz 40 160
SG active power ref. P, MW 320 80
VSC active power ref. P MW 80 320
Initial power demand Pioad MW 400 400

the dominant dynamics on the frequency response can be
identified. Mode shapes are the right eigenvectors of the state-
space matrix and show how an oscillation mode is mapped
in the different state variables. They have been used in power
system analysis to identify coherent groups of SGs in electro-
mechanical oscillations [34]. Finally, the EMT simulation
results of the non-linear models are shown to validate previous
small-signal analysis.

A. Case 1: Low VSC penetration (20%)

Case 1 considers a converter penetration of 20%, consisting
of a system with a 400-MVA SG and a 100-MVA GFOR VSC.
The system power demand is 400 MW, which is proportionally
shared by the SG (320 MW) and the VSC (80 MW). The
impact of the active power droop filter of the converter has
been examined for four different values of 7,_g4o (10 ms,
100 ms, 1 s and 5 s), while the droop characteristic (Ry sc)
is kept constant and equal to 5% (40 MW/Hz).

The PF matrices are shown in Fig. 8. It can be observed
that the converter frequency wy ¢ and the SG frequency wsa
participate in different poles for low values of 7,_g o (10 ms
and 100 ms), as shown by the dark coloured squares in Figs. 8a
and 8b. The poles which participate in the wy gc dynamics
are highlighted in red, while those corresponding to wg¢ are
represented in blue. Therefore, the dynamics of wygsc and
wsg are decoupled for these values of 7,_gtor (10 ms and
100 ms). The characteristics of the participating poles, natural
frequency (f,) and damping ratio (§), are shown in Table II.
Modes associated to wy g¢ are faster than those related to the
SG. The dynamics of wy g are dominated by the pole pair
15-16 for 7,_yror = 10 ms and the pole pair 16-17 for 7,_gtor
= 100 ms. Therefore, it is expected that wy g¢ from the VSC
synchronisation loop oscillates at 11.38 Hz and 4.58 Hz for
each case, respectively. PF matrices indicate that wgg is not
affected by these oscillations, as it does not participate in these
modes (depicted in white colour for poles 15-16 in Figs. 8a
and poles 16-17 in Fig 8b). The participating poles of wgsa
are 29-30, which have an oscillation frequency of 0.08 Hz
and a damping ratio around 0.77. This oscillation mode is
very similar in both cases, as the VSC is much faster than
these dynamics and does not affect the SG frequency response.
For slower time constants of the VSC’s active power filter
(Tp—gfor = 1 s and 5 s), the dynamics of wygc are in a
similar time range compared to wgg, leading to oscillation



TABLE II
CASE 1: OSCILLATION MODES WHICH PARTICIPATE IN FREQUENCY DYNAMICS AND THEIR CHARACTERISTICS

Tp—gfor = 10 ms Tp—gfor = 100 ms Tp—gfor =18 Tp—gfor =58
Pole fn [Hz] 13 Var. Pole fn [Hz] 13 Var. Pole fn [Hz] I3 Var. Pole fn [Hz] 13 Var.
wsaGs wsaGs

15-16 1138 044 16-17 458 0.08 19-20 1.76 0.04 21-22 1.20 0.04
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2030 0.085 078 wge | 29-30 0.08 077  wse | 3031 0069 071 9SG | 3031 0047 063 “5G
wysc wysc

N !
0.8
E ]
g rmmy
2 . £ o | Rt 06
= T} r
= 1] |
2 s [ 1] ]
So i | NN 04
» . QC
+= Turb | L L
£ Exc [ LT m n
wn [ 1] | | . | | ||
. | u = u u [ o 0.2
IsG [ u
: i I e B B *
s X
vl : 0

9 111315171921232527293133
Pole

(b) Tp—gfor = 100 ms

1357 9111315171921232527293133 1
Pole

@) Tp—gfor = 10 ms

357

1357 9111315171921232527293133 1
Pole

(©) Tp—gfor = Ls

35 7 9111315171921232527293133

Pole
@ Tp—gfor = 5s

Fig. 8. Case 1: PF matrices for different values of 7,_4fo.. Color code that indicates participation: red = VSC; blue = SG; green = VSC + SG.

Synchronisation mode Global mode
L4 0.5 %
50
[ ]
— —~ ® 7/ =10ms
Z’;/ 0 g/ 0 o 75 =100 ms
) Tr=1s
-50 Tr=25s
. -0.5 o0
=36 -34 -2 0 -0.8 -0.6 -04 -0.2 0
R(A) R

Fig. 9. Case 1: Dominant poles of frequency dynamics.
o Tp-gfor = 10 ms Tp—gfor = 100 ms Tp—gfor = 18 Tp—gfor =08
g 90 90 90 90
E 135 15 135 45 135, 45 135 45
= ; i i
£ / : ! y
g 180 / 0 180 I 0 180 | 0 180 \ 0
‘g
g
£ 225 315 225 315 225 315
g 270 270 270 270
1)

90 90 90 90
o 135 45 135 45 135 45
=1
E
= 180 —_ 0 180 —_ 0 180 ~_ 0 180 / 0
=
[=]
O 225 5 5 5 225 5 225 315

270 270 270 270
Fig. 10. Case 1: Mode shapes of dominant poles.

modes associated to both variables. These modes are depicted
in green in Figs. 8c and 8d. Therefore, the two dominant pole
pairs are now related to both wgg and wy sc.

These two dominant modes can be classified as Synchro-
nisation mode and Global mode. The Synchronisation mode
refers to the fast dynamics found during the synchronisation
between the SG and the GFOR VSC. The Global mode can
be understood as the frequency dynamics of center of inertia,
which is slower compared to the Synchronisation mode. Fig. 9
represents the poles related to the Synchronisation and Global
modes. It can be observed that both dynamics follow a second-

order response which is highly affected by the value of
Tp—gfor-

The mode shapes of the Synchronisation and Global modes
are represented in Fig. 10 for all the values of 7,_gf,,. It
is observed that the Synchronisation mode mainly affects the
VSC for 7p_gfor = 10 ms and 100 ms. The converter is much
faster than the SG, whose frequency dynamics are more rigid
compared to the converter’s ones. Therefore, the VSC makes
all the efforts to adapt its frequency to remain synchronised
with the dominating SG, oscillating at 11.38 Hz and 4.58 Hz
for 7,_gfor = 10 ms and 100 ms respectively. For higher
values, both SG and VSC present counter-phase mode shapes,
indicating that both units swing against each other during
the synchronisation period with an oscillation frequency of
1.76 Hz and 1.2 Hz for 7,_4ror = 1 s and 5 s respectively.
Therefore, the synchronising task is shared between both units.
The mode shapes of the Global mode show that both units
are in phase and follow the same dynamics for the values of
Tp—gfor considered.

The previous small-signal analysis has been validated
through EMT simulations of the non-linear model. The results
of VSC and SG frequencies, active power increase (AP) and
angle difference (A#) are depicted in Fig. 11 for all values
of Tp_gfor (10 ms, 100 ms, 1 s and 5 s), which confirm
the conclusions drawn from the small-signal analysis. It can
also be observed the voltage-source behavior of the GFOR
VSC, which responds instantaneously to the load change. The
VSC active power increase is very similar for the four values
of Tp_gfor during the first 10 ms approximately, confirming
that the responsible of voltage-source behavior is the voltage
control. After this time, the VSC frequency deviates from
the steady-state value according to the time constant 7,_ o,
implemented, initiating the synchronisation and power sharing
process between the converter and the generator. Table III



TABLE III
CASE 1: MAIN CHARACTERISTICS OF THE FREQUENCY RESPONSE

Tp—gfor =10mMs Ty _gror =100ms 75 _gror =18 T _gror =58
SG freq. nadir 49.65 Hz 49.65 Hz 49.67 Hz 49.73 Hz
SG freq. RoCoF -0.36 Hz/s -0.35 Hz/s -0.28 Hz/s -0.12 Hz/s
Average VSC power (500 ms) 4.39 MW 5.92 MW 11.47 MW 25.38 MW
Average VSC power (1 s) 6.86 MW 7.66 MW 12.90 MW 24.84 MW
Average VSC power (2 s) 10.10 MW 10.54 MW 14.44 MW 23.93 MW
Average VSC power (10 s) 9.88 MW 9.94 MW 10.53 MW 13.51 MW
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Fig. 11. Case 1: Non-linear simulation results.

shows the main characteristics of the frequency response:
SG frequency nadir, maximum SG RoCoF (measured using
a moving average with a time window of 500 ms) and the
average VSC active power for different time windows (500 ms,
1s, 2 s and 10 s) after the disturbance. It can be observed
that the RoCoF is within the operational limits of 0.5-1 Hz/s
defined by several TSOs [30], [35], [36]. In addition, higher
values of 7,40 lead to better results of frequency nadir and
especially the RoCoF. However, for such nadir and RoCoF
improvements, a large active power injection is required from
the converter, which shares most of the load increase even
when its rated power is much lower, potentially exceeding its
capabilities or available resource.
Finally, some key observations can be drawn for Case 1:

¢ The GFOR VSC acts as a voltage source, responding to
load changes in a few milliseconds.

e The VSC active power variation is the disturbance for
the synchronisation loop, which modifies the internal
frequency of the VSC according to the time constant of
the active power filter.

o The information provided by the small-signal analysis,
through system poles, PFs and mode shapes, can be used
to fully characterise the frequency response.

o Low values of 7,_gtor (10 ms and 100 ms) lead to very
low contribution of the converter to the SG’s inertial
response, but ensures fast synchronisation. The RoCoF
mainly depends on the SG inertia.

« High values of 7,_4f,- (1 s) results in a higher VSC’s
contribution to the SG’s inertial response, which helps
to reduce the initial RoCoF. Oscillations against other
self-synchronised voltage sources, like SGs, are expected.
Since the two element are very stiff, they oscillate until
they reach synchronism.

e For very high values of 7,_g4ror (5 s), the converter

-14
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provides most of the power required during the transient,
imposing its frequency dynamics, closer to a first-order
response. Nevertheless, the converter capacity can be
exceeded.

B. Case 2: High VSC penetration (80%)

The same analysis is performed for Case 2, where the con-
verter penetration is increased to 80%. Therefore, the SG rated
power is 100 MVA while the GFOR VSC'’s size is 400 MVA.
PF matrices, pole diagrams of the Synchronisation and Global
modes and their characteristics are shown in Fig. 12, Fig. 13
and Table IV, respectively. It can be observed that the Global
mode is in the order of ten times faster compared to Case 1.
Additionally, it should be noticed the presence of first-order
responses in the frequency dynamics due to the larger size
of the VSC, which can impose its dynamics to the Global
frequency response. This behaviour differs from Case 1, where
both Synchronisation and Global modes followed second-order
functions.

Analysing the particular responses of the VSC and SG
frequencies for different values of 7,_4 o, it can be observed
that the Global mode is still ruled by a second-order function
when 7,_gror = 10 ms (see the complex pole pair of the
Global mode in Fig. 13), corresponding to poles 22-23 in
Fig. 12a and Table IV, with f,, = 1.14 Hz and £ = 0.67. Unlike
Case 1, the Synchronisation mode now follows a first-order
response with a time constant of 0.011 s (1/f,, = 1/89.22 Hz
= 0.011 s), which agrees with 7,_gt,.. This can also be
observed in the real pole of the Synchronisation mode in
Fig. 13. Although the converter’s rating is higher than the
SG’s one, the VSC is still much faster than the SG. Thus, the
VSC adapts its frequency during the synchronisation period
while the Global mode is still influenced by the SG inertia.



TABLE IV
CASE 2: OSCILLATION MODES WHICH PARTICIPATE IN FREQUENCY DYNAMICS AND THEIR CHARACTERISTICS

Tp—gfor = 10 ms Tp—gfor = 100 ms Tp—gfor =18 Tp—gfor =58
Pole fn [Hz] 13 Var. Pole fn [Hz] 13 Var. Pole fn [Hz] I3 Var. Pole fn [Hz] 13 Var.
15 89.22 1 wysc | 21-22 2.09 0.23 :}\fscc 21-22 1.58 0.08 wsa 21-22 1.51 0.08 wsaG
22-23 1.14 0.67 wsa 26 5.28 1 wsa, 28 0.974 1 wy sc 31 0.22 1 wy sc
wvsc

B
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Fig. 12. Case 2: PF matrices for different values of 7,_fo,. Color code that indicates participation: red = VSC; blue = SG; green = VSC + SG.

Synchronisation mode 10 Global mode
[
10 L4
— —~ ® 7/ =10ms
= =
o 0 e =0 L4 e 77 =100 ms
& & _
Tr=1s
-10 ° Tr=5s
e -10
-90 -89 -2 0 -8 -6 -4 -2 0
R(N) R(N)
Fig. 13. Case 2: Dominant poles of frequency dynamics.
o Tp-gfor = 10 ms Tp—gfor = 100 ms Tp-gfor =18 Tp-gfor =58
E 90 90 90 90
E 135 45 135 .45 135 45 135 15
=] 1
.2 i
3 /
g 180 —— 0 180 / 0 180 0 180 0
2
< 225 5 225 5 225 315 225 315
g 270 270
4]

90 90
5 135

Global mode

270 270 270 270

gs]
ey
aa
—
S

. Case 2: Mode shapes of dominant poles.

When 7,_g o, is increased to 100 ms, the frequency response
is fully modified. PFs matrices in Fig. 12b show that both
wysc and wgq participate in the Synchronisation and Global
modes, which now follow second and first-order responses
respectively, as represented by the complex pole pair and real
pole, respectively, in Fig. 13. During the synchronisation, the
VSC and the SG swing against each other, as it is depicted
by mode shapes of the Synchronisation mode in Fig. 14.
The inertia reduction makes the SG more sensitive to suffer
from electro-mechanical oscillations, as the generator is more
flexible. Regarding the response of the Global mode, its time

constant is 0.19 s (1/5.28 Hz), that is slightly higher than
Tp—gfor> revealing that the SG inertia still plays a role in the
Global mode dynamics. Larger values of 7,_g7o (1 s and
5 s) make the VSC’s frequency more rigid, forcing the SG to
adapt its frequency to reach synchronisation. This is observed
in poles 21-22 in Table IV, which show that the SG suffers
from very low damped oscillations of 1.5-1.6 Hz. This is the
opposite behaviour of Case 1 with low value of 7,_, 7o, Where
the converter took all the synchronisation efforts due to the
slower dynamics of the SG. The dominance of the VSC is
also visible in the Global mode, which follows a first-order
dynamics of 1.03 s (1/0.974 Hz) for 7,_g5or = 1 s and 4.54 s
(1/0.22 Hz) for T4 or = 5 s. This is a key difference between
Case 2 and Case 1, which shows that droop-based GFOR
VSCs can enable first-order frequency dynamics in modern
power systems with high penetration of converters.

Analogously to Case 1, EMT simulations of the non-linear
model have been executed to validate the results obtained in
the small-signal analysis, whose results are shown in Fig. 15.
Table V gathers the main information about the frequency
response. The frequency nadir is similar for any value of
Tp—gfor and higher than those obtained in Case 1, showing
that converter’s flexibility can help to improve the maximum
frequency deviation. It should be noticed that the frequency
nadirs in Case 2 are close to the steady-state value after the
load change, which is 49.8 Hz, revealing that the frequency
dynamics are similar to a first-order response. Regarding the
RoCOF, 7,_4for can have a big impact on the SG frequency
derivative. For low values of 7,_gfor (10 ms and 100 ms),
the RoCoF obtained is higher than in Case 1, but are still
within the secure operational range of 0.5-1 Hz/s even for
such a low-inertia system. For higher values of 7,_4f,,, the
converter imposes a slower response to the frequency, whose



TABLE V
CASE 2: MAIN CHARACTERISTICS OF THE FREQUENCY RESPONSE
Tp—gfor =10mMs Ty _gror =100ms 75 _gror =18 T _gror =58
SG freq. nadir 49.77 Hz 49.79 Hz 49.79 Hz 49.80 Hz
SG freq. RoCoF -0.44 Hz/s -0.44 Hz/s -0.15 Hz/s -0.08 Hz/s
Average VSC power (500 ms) 24.94 MW 26.20 MW 31.41 MW 34.23 MW
Average VSC power (1 s) 2891 MW 29.16 MW 31.67 MW 33.81 MW
Average VSC power (2 s) 30.91 MW 31.06 MW 32.44 MW 34.47 MW
Average VSC power (10 s) 32.59 MW 32.64 MW 33.20 MW 35.12 MW
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Fig. 15. Case 2: Non-linear simulation results.

RoCoF is drastically reduced until 0.08 Hz/s for 7,_gror =5 s.
The energy required from the converter considerably increases
for higher values of 7,_4 ., but it should not be an issue due
to its larger size.

Similarly to Case 1, some key findings can also be drawn
for this case:

o Frequency dynamics in low-inertia systems can be an
opportunity to shape its behaviour due to the higher
VSC’s flexibility. First-order dynamics can be achieved.

o This flexibility must be ensured with enough converter
capacity and available resource to satisfy the transient
needs of the grid.

o The system can operate stably even for low values of
Tp—gfor- The RoCoF does not exceed the limits defined
for actual power systems.

o The frequency deviation can be reduced and controlled,
as the nadir matches the steady-state value after the
disturbance. This differs from nadir found in second-order
responses of conventional SG-based power systems.

e Due to the system’s inertia reduction and VSC’s dom-
inance, the remaining SGs might be more sensitive to
suffer from electro-mechanical oscillations during the
synchronisation. Therefore, the converter control should
be designed to ensure a safe SG’s operation.

IV. VALIDATION IN LARGE POWER SYSTEMS

In this section, the previous conclusions obtained in the
reduced system are examined for a larger power system with
multiple converters and generators. In particular, a modified
version of the IEEE 118-bus system has been implemented in
PSCAD. Details about the grid parameters and the specific
operation point can be found in [37]. This version of the
IEEE 118-bus system includes 28 generations units, which

©) Tp—gfor = I's (d) Tp—gfor = 5s

consist of one SG and one GFOR VSC connected in parallel
through transformers, as shown in Fig. 16. The generation
units comprise a wide variety of power ratings, from 40 MVA
to 610 MVA. The specific SG and VSC capacities are set
according to the VSC penetration («), keeping the same rated
power for the complete generation unit. The same values of
« used in Section III have been selected, 20% and 80%,
while two different values of 7,4, have been implemented,
100 ms and 1 s. The disturbance applied to the system is the
disconnection of the largest generation unit, which is supplying
547 MW, the 14% of the total generation.

Fig. 17 shows the frequency and active power (expressed in
MW and pu) of the SGs and VSCs that remain connected.
For « 20%, second-order frequency responses can be
observed for 7,_gtor €qual to 100 ms and 1 s in Figs. 17a
and 17b, respectively. As expected, for higher 7,_g 0., the
initial RoCoF and frequency nadir are slightly better. However,
the synchronisation period is much longer, as observed in the
oscillations in active power of the converters. While these
oscillations are visible during less than one second for 7,_ o
= 100 ms, for 7,_gtor = 1 s they are present in the system
for almost 10 s. Despite the different sizes of the converters,
their power-frequency characteristics are equivalent, as all they
present a 5% droop. This is observed in the AP expressed
in pu, where all the converters show the same response after
synchronisation.

When « is increased to 80%, the frequency response con-
siderably improves. While the nadir was around 48.8 Hz for
a = 20%, the minimum frequency obtained for o = 80% 1is
around 49.6 Hz. It can also be observed that the frequency
follows first-order dynamics during the first seconds after the
disturbance. During this time, the frequency is regulated by
the VSCs, as the mechanical torque from the SG turbines
is much slower, which finally helps to slightly increase the



Fig. 16. Scheme of the IEEE 118-bus system.
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Fig. 17. Non-linear simulation results of the IEEE 118-bus system.

frequency. Again, a longer synchronisation time is found for
Tp—gfor = 1 s. Therefore, increasing 7,_g o might be risky
for the system operation, as VSCs become very rigid, forcing
the rest units of the system to make the synchronisation task.
If all the converters are programmed to respond very slow, the
risk of undesired oscillations in the power or synchronisation
loss between them might be higher.

V. CONCLUSIONS

In this paper, the frequency response of power systems
with different penetrations of grid-forming converters have
been analysed. In particular, a small-signal analysis have been
performed in a reduced system consisting of a SG and a GFOR
VSC, identifying the main frequency dynamics that could be
found for different converter penetrations. Such dynamics can
be characterised by two oscillation modes, named here as
Global mode and Synchronisation mode. It has been found that
the SG inertia reduction and the higher converter flexibility
can help the system to have a more controllable frequency,
which can be programmed to have a first-order response.
These results have been validated in EMT simulations of a
the IEEE 118-bus system, confirming that power systems with
high penetration of converters can be an opportunity to shape
the frequency dynamics.

In this scenario with many converters, VSC operation has
a great impact on the system performance. Grid-forming
operation allows the converter to respond as a voltage source,
inherently compensating the generation-load imbalances. As
self-synchronised units, the control parameters of the synchro-
nisation loop (droop in this paper) can have an important
effect on the converter response. Low values of the time
constant in the droop’s active power measurement lead to fast
synchronisation among converters, reducing the oscillations in
the system. Higher time constants can limit the value of the
RoCoF, which can be a key aspect for a safe SG operation,
but a large amount of energy and power are required from the
VSC, which can be beyond the converter’s capability.

Therefore, ensuring enough active power capacity or reserve
for grid-forming converters is essential to compensate the load
imbalances. It has been already highlighted in the literature
that future power systems with high penetrations of renewable
will have significant curtailments [38]. However, having such
a reserve would be a cost for the renewable plant owner.
Specific grid services and market might be studied to stimulate
converter-based generation to have such energy and power
reserves and therefore providing flexibility through its voltage-
source capability to enhance the system frequency dynamics.
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