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Abstract—This paper presents an approach for assessing the
most suitable locations to provide virtual inertia by HVDC con-
verters. A frequency deviation index quantifying the maximum
distance in Hz from each bus in the power system to the Center
of Inertia (COI) is utilized as the starting point of the assessment.
From this index, the buses that are exhibiting the largest relative
frequency transients in response to power disturbances are
identified as candidates for introducing virtual inertia. Then,
the most suitable placement of virtual inertia contributions from
existing HVDC terminals or alternative connection points for
future HVDC links can be assessed. An example is presented by a
simulation study based on a 44-bus simplified model of the Nordic
power system implemented in DIgSILENT PowerFactory. This
study shows how the overall transient behaviour of the frequency
can be improved by operating an HVDC terminal as a Virtual
Synchronous Machine (VSM) for providing virtual inertia to a
bus with high frequency deviation index. The results also confirm
how the VSM-based control can improve the frequency transients
in terms of frequency nadir and rate-of-change-of-frequency.

Index Terms—Center of Inertia (COI), frequency transients,
HVDC converters, inertia distribution, virtual inertia

I. INTRODUCTION

The recent increase in power generation from renewable
energy sources with power electronic interfaces is causing
growing concerns on the reduction of inertia in power systems.
In Europe, this issue has become most critical for isolated
power grids like the Irish and British transmission systems [1]—
[4]. However, the combined effect from converter interfaced
sources and decommissioning of traditional thermal power
plants is also leading to challenges in large interconnected
power systems. Thus, most transmission system operators are
directing increasing attention towards future challenges related
to inertia distribution and frequency regulation [S]-[7].

The operation of traditional large-scale power systems with
a high share of generation from converter interfaced units
is still a relatively new condition. However, the emerging
challenges related to reduced equivalent inertia were predicted
already at an early stage of the ongoing development towards
distributed renewable power generation. Thus, strategies for
providing virtual inertia from power electronic converters
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have been proposed since the early commercial introduction
of variable speed wind turbines [8]-[10]. Indeed, the first
proposals for providing virtual or synthetic inertia from wind
turbines with doubly-fed induction generators were based on
a transient power injection proportional to the derivative of
the grid frequency. Such df /dt-based inertia emulation (IE)
can be introduced as an auxiliary function of conventional
“grid-following” control strategies [11]-[13]. Another general
approach for providing virtual inertia is to explicitly emulate
the power-balance-based synchronization mechanism of syn-
chronous generators. This control approach can be generally
referred to as a Virtual Synchronous Machine (VSM), as first
introduced in [14], [15]. Such VSM-based control strategies
require a more significant redesign of the control strategy for
power electronic converters, but provide inherent capabilities
for “grid-forming” operation [16].

Control of power converters for providing virtual inertia by
df /dt-based or VSM-based approaches has been studied for
a wide range of applications [13], [16]-[19]. Considering in-
ertia emulation with “grid forming” capabilities, utilization of
HVDC converter terminals can be of particular interest due to
the high rating, which enables significant support to frequency
regulation and islanding operations by a limited number of
units. However, the location of units providing virtual inertia
can significantly influence the frequency dynamics and the
worst case transients in response to disturbances. Therefore,
several recent studies have proposed methods for optimizing
the placement of units intended for providing virtual inertia
and transient frequency support [20]-[24]. Furthermore, an
analytical study of a two-machine system has indicated that the
highest impact of devices with IE functionality on inter-area
oscillations is obtained when they are placed electrically the
farthest away from the Center of Inertia (COI) [25]. On this
basis, an index based on the integral of the squared differences
between the frequency at a local bus and the COI frequency
was proposed to estimate the electrical distance from the COI
in large power systems [25].

Regardless of the methods applied for optimizing the loca-
tion of virtual inertia in power systems, the resulting placement
will rely on the network topology, the disturbance location, and
the initial distribution of inertia in the system. Furthermore, in
practical scenarios, the provision of virtual inertia from HVDC
converter terminals will only be relevant at a limited number
of specific buses in the power system.
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In this paper, an approach based on the COI concept is
applied to identify suitable locations for providing virtual
inertia from HVDC converter terminals. Different from [25],
the {,,-norm is proposed as an alternative metric to represent
the electrical distance between a bus and the COL In this
way, the maximum frequency deviation of each bus from the
COlI is obtained, which gives an indication of the maximum
impact from local oscillations. Then, this Frequency Deviation
Index (FDI) has a direct and simple physical interpretation.
The highest values of the FDI will indicate buses that are
suitable candidates for introducing virtual inertia. An example
of analysis is presented for a 44-bus model of the Nordic
power system simulated in DIgSILENT PowerFactory. Based
on an initial assessment of the system, it is shown how VSM-
based control of an HVDC terminal and its location will affect
the transient frequency behaviour. The results demonstrate how
placement of virtual inertia at an HVDC bus with high FDI
improves the overall transient behaviour of the frequency. This
is reflected in an improved frequency nadir and a reduced Rate-
of-Change-of-Frequency (RoCoF).

II. HVDC CONVERTER CONTROL

This study considers the problem of where to place the ca-
pability of providing virtual inertia from an HVDC converter,
as will be discussed in Section III. The assumed approach for
providing virtual inertia from the HVDC converter terminal is
to apply VSM-based control. The implementation is based on
the voltage controlled VSM introduced in [26], and adapted
for an HVDC converter terminal in [27]. An overview of the
control system is shown in Fig. 1. As indicated in the figure,
the inertia emulation of this control strategy is provided by a
virtual swing equation, which is defined by:

dwvsm pr* Po kaq (wVSM — wPLL)

i T T, T, M

where Ty, is the emulated inertia, k4 is the damping constant,
and p, is the measured output power from the converter
terminal. The input power to the virtual swing equation (p"™*)
is defined by a ‘governor’ function which, in this case, is a
simple power/frequency droop:

pr* = p: + kw (W* - wVSM) . 2

The emulated inertial dynamics are defined by the virtual
rotor speed w,, according to (1), and by the corresponding
phase angle 0, resulting from the integral of w,,. Thus,
the virtual rotor position 6., is defining the reference frame
orientation of the control system and is used for all dg-
transformations.

It should be noted that the Phase Locked Loop (PLL) shown
in Fig. 1 is only utilized to detect the grid frequency w,, for
implementing the damping in (1). Thus, the PLL is not utilized
for the grid synchronization of the control system, and the
applied VSM-based control strategy is inherently designed for
having grid forming functionality.

The control system in Fig. 1 includes an outer loop reactive
power controller which provides the voltage amplitude for the

inner loop control of the converter. A Virtual Impedance (VI)
is included to ensure capability for stable operation in weak
as well as strong grid conditions. For this purpose, a quasi-
stationary VI representation is assumed:

Vo = 0" — (ry, — jy,) * o, 3)

where the bold symbols indicate vector representation of the
dq quantities of voltages and currents.

The control functions of inertia emulation, power-frequency
droop, and reactive power control are ensuring emulation of
the general operational characteristics of a synchronous ma-
chine. In addition, the applied VSM implementation includes
an inner loop dg-frame voltage controller which generates
the references for an inner loop current controller. An active
damping controller is also included to suppress potential LC-
oscillations in the grid interface. Further details about the
implementation and modelling of this VSM-based control
system are available in [26]—[28]. Since only the dynamics on
the ac-side are studied in this context, a conventional average
model of a voltage source converter is utilized to represent the
HVDC converter without considering the internal dynamics of
modular multilevel converter-based terminals.

III. FREQUENCY DEVIATION WITH RESPECT TO THE
CENTER OF INERTIA

An index for estimating the electrical distance of any bus in
a power system from the COI was proposed in [25]. Following
a power disturbance, the index for a bus k is defined by
normalizing

Su0) = [ (5(0) = (02 . @

T

with respect to the highest S; obtained for all buses, where
funlt) = 2 D0 5)
CcoIl Z;ﬂ:1 H]

is the center of inertia frequency in Hz. Furthermore, f}, is the
frequency at bus k, f; and H; are, respectively, the frequency
and the inertia constant of the synchronous generator j, and m
is the total number of generators. The index Sy (4) is evaluated
over a predefined time interval of duration 7.

After normalization, the indexes obtained from (4) range
from O to 1 and are sorted from the lowest to the highest
value [25]. The bus with the lowest index is interpreted as the
closest bus to the COI and the bus with the highest index
is the farthest from the COI. Numerical simulations have
shown that this index is highly affected by the system topology
and by several power system characteristics as the inertia of
synchronous machines and the line parameters [29]. However,
rather than indicating only if the buses are close or far from the
COI, an index that quantifies how the frequency at each bus
differs from the COI frequency immediately after a disturbance
would also be of interest. This could give an indication of how
large local oscillations are, while (4) does not provide a clear
physical meaning for such purposes.
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Fig. 1. Block diagram of the applied VSM-based control strategy for power-controlled HVDC terminal providing virtual inertia.

As a starting point for defining an alternative index of
frequency deviation, consider a vector of distances dj:

dk = [fkl - fCOI,l?fk,Z - fcon,zﬁ 7fk,n - fcoLn]Tv (6)

with n samples corresponding to a time interval T'=nt, within
a power disturbance, where ¢, is the sampling time in seconds.
The /5-norm of (6) is calculated as:

(7

n 1/2
La(k) == [|dk|2 = (Z |dk,i|2> )

i=1

which represents the distance over time between the local
frequency and the COI frequency. Therefore, the metric (7)
can be suitable for assessing the impact of oscillations in the
local frequency with respect to the COI. However, it will not
necessarily represent the worst case or maximum deviation
of the local frequency, as would be critical for assessing
the impact of virtual inertia support on the initial frequency
transients after a disturbance. Thus, we define the frequency
deviation index, FDI, of a bus k as the /..,-norm of the vector
of distances (6), which gives the largest magnitude of distances
in the vector. In this way, the ¢,,-norm for a bounded vector
sequence dy, here referred as Fy(k),

(®)

represents the maximum deviation of the frequency at bus &
from the COI frequency (in Hz), after a power disturbance
occurs in the system. By considering the maximum index
(F4,max) obtained for all buses after a specific disturbance, the
normalized index Fy(k) is given as the ratio Fji(k)/Fumax-
Thus, normalized values suitable for graphical representation
will range from O to 1, as in [25].

Fy(k) := ||di||oo = max;|dy ],

From the FDI defined by (8), the buses that are exhibiting
the largest frequency transients in response to power dis-
turbances are identified as candidates for introducing virtual
inertia. As the provision of virtual inertia from HVDC con-
verter terminals will only be relevant at a limited number of
specific buses, the most suitable candidates are HVDC buses
geographically closest to buses with the highest indexes or
HVDC buses with the highest indexes.

IV. DESCRIPTION OF THE POWER NETWORK

The Nordic power system, consisting of the grid in Nor-
way, Sweden, Finland and Eastern Denmark, is assumed as
a reference case for assessing suitable locations of virtual
inertia provided by HVDC terminals. The Nordic area is
interconnected to central Europe with HVDC connections and
an interconnection to United Kingdom is under construction.
In this paper, the Nordic power system is modelled with a sim-
plified representation with 44 buses, referred to as the Nordic
44-bus (N44) model [30]. This model includes 13 hydro-power
stations and 5 thermal generation plants based on synchronous
generators. Nine HVDC interconnections are included in the
model, accounting for a transfer capacity of 3500 MW. An
overview of the N44 model is displayed in Fig.2, and has
been implemented in DIgSILENT PowerFactory as a quasi-
stationary phasor model.

Since this study focuses on the frequency dynamics, the
inertia and the governor of the generators have been calibrated
to reproduce responses comparable to what has been observed
in the actual Nordic power system. Table I shows a comparison
of the peak frequency transient obtained from the N44 model
with real values shown in [7], after trips in the power system.
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Fig. 2. Overview of the Nordic 44-bus power system model.

TABLE I
COMPARISON OF MINIMUM/MAXIMUM FREQUENCY VALUES (IN Hz)
OBTAINED FROM N44 WITH REAL VALUES AS SHOWN IN [7]

Trip of Simulation results Real. values
from N44 as in [7]
Line in South-Eastern Norway 49.61 49.63
HVDC link at bus 5620 50.34 50.35
HVDC link at bus 7020 50.12 50.18

V. SIMULATION RESULTS

Simulation results are initially presented to illustrate the
behavior of the FDI (8) for the Nordic 44-bus model. In this
case, all HVDC connections are modeled as loads. Finally,
section V-B presents simulation results including a point-to-
point HVDC connection with one terminal controlled as a
VSM for inertia emulation. The objective is to verify the effect
of placing virtual inertia from HVDC links according to the
obtained results for the FDI in the N44 model.

A. Frequency Deviation Index on the Nordic 44 Bus Model

Fig.3.a shows how the FDI is distributed within the N44
model when a load step disturbance of 700 MW occurs in bus
6100 at 1s. In this case, the farthest bus from the COI is the
bus where the disturbance occurs. Furthermore, the region with
the buses farthest from the COI, i.e. where Fy > 0.75 Fj max,
includes bus 5300, which is in the neighborhood of 6100
in Norway (as illustrated in Fig.2). The region with the
buses closest to the COI, ie. Fy < 0.25 Fymax, includes
buses in Sweden: 3100, 3359 (central nodes) and 8500, which
is connected to the synchronous machine with the largest
inertia constant. Fig. 3.a also indicates the location of HVDC
terminals in the N44. The frequency behaviour for the buses
closest to and farthest away from the COI is illustrated in
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Fig. 3. Localized disturbance of 700 MW at bus 6100. (a) FDI (horizontal
lines indicate, from the bottom to the top, 0.25Fj max, 0.5 Fg max and
0.75 Fg max); (b) frequency in bus 6100, COI, and bus 3100.

Fig.3.b. It can be noted that bus 6100 exhibits inter-area
oscillations while bus 3100 has a smoother transient when
compared to the COI frequency.

An FDI map for a localized disturbance of 700 MW at
different load buses is shown in Fig. 4.a. The x-axis represents
the disturbed buses, while the y-axis represents all 44 buses of
the power network. The disturbances have occurred at different
instants of time in all buses with connected loads, except
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Fig. 4. FDI map for localized disturbances of 700 MW: (a) initial system; (b) virtual inertia placed at bus 3020; and (c) virtual inertia placed at bus 6000.
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Fig. 5. Normalized maps for localized disturbances of 700 MW for the initial system: (a) FDI; (b) normalization of Lg; and (c) normalization of Sy.

HVDC buses. The highest values of the FDI corresponding
to the largest deviations from the COI are observed for a
load disturbance either at 6100 or 6700. Furthermore, the
normalized FDI map in Fig.5.a illustrates for which cases a
bus acts as weak or strong node, i.e. far from or close to the
COL. For instance, 3000 and 3300 are weak nodes only when
the disturbance is at the bus or in its neighborhood (e.g., at
3100, 3359, 8500). However, peripheral buses like 5300 and
6100 are more frequently far from the COI. The normalized
map also shows that while bus 6100 is the weakest node for
most of the disturbances, 6700 has the largest deviations from
the COI only when the disturbance is at this bus.

Fig.5.b and Fig.5.c show the map for normalized values
of metrics from (7) and (4), respectively. Since both metrics
penalize large deviations over the interval, buses with the
largest deviations (e.g. 6100 and 6700) have a much higher
index than others after normalization. The difference with
respect to Fig. 5.a is lower for Fig.5.b than for Figs.5.c due
to the square root operation of the {5-norm. In contrast to (4)
and (7), (8) indicates only the maximum deviation without any
weighing. Therefore, the map in Fig. 5.a highlights that a bus
is often far from the COI when there is a disturbance at the
bus itself or around its neighborhood.

B. Placement of Virtual Inertia provided by HVDC converters

This section verifies the impact of placing virtual inertia
from an HVDC link according to the FDIs obtained for the

N44 model. The buses with HVDC terminals geographically
closest to buses exhibiting the largest frequency deviations
according to the FDI are initially identified as the most suitable
candidates for introducing virtual inertia.

For all the simulation results, the HVDC interconnection
with one terminal controlled as the VSM is based on the
planned Nordlink interconnection, which is a bipolar HVDC
link rated at 1500 MVA +£525kV dc, modelled as described
in [27]. The converters are connected through grid-side filters
and transformers to the N44 network in one side, and to an
equivalent ac voltage source representing a simplified strong
grid in the other side. The main parameters of the HVDC
configuration and VSM-based control are shown in Table II.

Simulation results obtained for the frequency deviation
index in section V-A showed that the bus 6100 is the node
with the largest deviations from the COI bus for most of the
load disturbance cases. Geographically, the closest bus to 6100

TABLE I
MAIN SIMULATION PARAMETERS HVDC AND VSM-BASED CONTROL
Parameter Value | Parameter Value
Rated ac voltage 285kV| Rated grid frequency | 50Hz
Frequency droop gain (k) | 20pu | Filter capacitance 0.074 pu
VSM damping factor (kg) 150 pu | Filter inductance 0.08 pu
VSM inertia constant (1) | 10s Filter resistance 0.003 pu
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with an HVDC link is bus 6000, where the North Sea Link will
be constructed to connect the electricity systems of Norway
and UK. Thus, the VSM-based control is initially implemented
at this HVDC converter terminal.

To illustrate how the FDI is affected by introducing virtual
inertia at different locations, Fig. 4.c and Fig. 4.b show the FDI
map for localized disturbances of 700 MW when the HVDC
link at bus 6000 or 3020 is controlled as a VSM. It should
be noted that prior to each load disturbance, the system is
operating in steady-state conditions with a power transfer of
750 MW (0.5pu) through the VSM-controlled HVDC link.
When compared to the initial system (Fig.4.a), the FDI at
the central area of the map (load disturbance bus from 5100
to 6100) is reduced when the VSM is at bus 6000. However,
there is no clear difference in the same area when the VSM
is located at bus 3020, since this node is affected mainly
by disturbances in its neighborhood (as shown in Fig.5.a).
In addition, it has been verified that the largest deviations at
buses 6100 and 6700 are respectively reduced by 15% and
21%, when virtual inertia are placed exactly at the buses.

Finally, Fig.6 and Fig.7 illustrate the effect on the time
response by providing virtual inertia from an HVDC terminal
at different locations. The figures show the transient behaviour
of the frequency and the output power from the converter
terminal, when load step disturbances of 2200 MW are applied
at buses 6100 and 3300. For the disturbance at bus 6100
(Fig.6), placing the virtual inertia at either 5610 or 6000
results in smoother transient than placing at other nodes. When
the disturbance is at bus 3300 (Fig.7), placing the virtual
inertia at the HVDC bus 3020 results in slightly smaller
frequency deviation than at 6000. As illustrated in Fig.5.a,
the bus 3020 has higher FDI than bus 6000 and it is also
closer to the disturbed bus.

Table III shows the maximum observed values of RoCoF
and frequency deviation at the nadir for all 44 buses, including
results for the initial system without virtual inertia. A compar-
ison of maximum values obtained for the FDI and the /5-norm
(Lgq) is also shown. Although the FDI is reduced only when
the placement is at buses electrically farther from the COI
and geographically closer to the disturbance bus, inspection
of the /o-norm shows that the overall transient behaviour
improves. In all cases with virtual inertia provided by the
HVDC terminal, the frequency nadir is improved compared to
the initial system. In particular, when the disturbance occurs
at bus 6100, the VSM at 6000 results in nadir and RoCoF
very close to the lowest values, which are obtained when the
VSM is at 5610. The frequency deviation at the nadir and the
RoCoF are improved about 9% and 20%, respectively, when
compared to other allocations. When the disturbance occurs
at bus 3300, the corresponding improvements by placing the
VSM at bus 3020 are about 6% and 34%, respectively.

VI. CONCLUSIONS

This paper introduced a frequency deviation index (FDI) as
a metric to quantify the distance of a bus from the center of
inertia during a frequency disturbance in the power system.
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TABLE III
MAXIMUM VALUES OF FREQUENCY DEVIATION AT NADIR (HZ), ROCOF
(Hz/s), FDI (Hz), AND L4 (HZ) OBSERVED FOR ALL 44 BUSES AFTER A
LOAD STEP DISTURBANCE OF 2200 MW

Load Metric Initial | VSM at | VSM at | VSM at | VSM at
step system 7010 3020 5610 6000
A fradir 0.958 0.806 0.780 0.732 0.736
Bus RoCoF 1.014 0.971 1.078 0.852 0.860
6100 FDI 0.285 0.284 0.285 0.284 0.281
Lg 2.137 2.110 2.050 1.761 1.720
A fradir 1.020 0.864 0.805 0.821 0.825
Bus RoCoF 0.312 0.323 0.242 0.363 0.367
3300 FDI 0.090 0.101 0.082 0.093 0.094
Lg 0.960 1.159 0.629 0.861 0.837
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This index can be applied to identify the weakest nodes in the
power system from a frequency regulation perspective and the
locations where inertia support is most beneficial for limiting
the maximum local frequency deviation. In a planning phase,
the frequency deviation index could be applicable to evaluate
the possible benefits from inertia support on candidate buses
for the connections of an HVDC terminal. In an operating
phase, the index can be beneficial to assess which terminal is
most suitable for introducing virtual inertia.

The proposed FDI metric was evaluated by numerical simu-
lations for assessing the placement of virtual inertia provided
by an HVDC terminal in a simplified representation of the
Nordic power system. The resulting FDI map shows the impact
of disturbances located at different buses and can be useful for
indicating the magnitude of local transients, while a map with
the normalized indexes can indicate in which cases a bus will
be electrically far or close from the COI. The latter clearly
outlines that a bus is often far from the COI when there is
a disturbance at the bus itself or around its neighborhood.
However, this is not the only case when a bus is far from
the COI. For instance, numerical simulations with the N44
model showed that bus 6100 in Norway is the farthest from
the COI for most of the load disturbances, regardless of the
disturbance location. Furthermore, preliminary results showed
that by placing virtual inertia at an HVDC bus with high FDI
and geographically close to disturbance, the overall transient
behaviour of the frequency is improved, which is also reflected
in an improved frequency nadir and a reduced RoCoF.
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