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Modern power systems are facing a number of challenges related to stability when integrating large amounts of
power electronics, which is present in renewable generation, energy storage, flexible AC transmission systems
or high voltage DC links. This paper analyses the stability and operation limits in power systems with high
penetration of power electronics. In particular, steady-state, small-signal and transient analysis have been
carried out to examine the minimum synchronous generation required to ensure stability in presence of an

HVDC link based on a VSC operating in grid-following control. These analysis are based on performance
indices, which evaluate the main magnitudes of the system, such as the grid frequency and voltage, but also the
particular magnitudes of the system elements, mainly generators and VSCs. The use of these indices provides
a fast overview of the system performance that could lead to save analysis time of power system engineers in
the task of identifying critical cases for the system.

1. Introduction

The installation of new renewable generation, HVDC interconnec-
tions, storage, FACTS and active loads, such as electrical vehicle, is
increasing the number of power-electronics units connected to power
systems. The high penetration of converters is transforming the power
systems, posing important challenges for Transmission System Op-
erators (TSOs). Recently, several instability incidents have been re-
ported around the world. In [1-3] a number of interaction events in
China due to subsynchronous resonances have been studied in detail.
Harmonic frequency interactions between the export cables and the
HVDC-connected wind power plant BorWinl were presented in [4].
In addition, severe fault events have been reported in systems with a
high number of power electronics units. Power outages occurred after
cascaded trips in South Australia in 2016 [5] and 2018 [6] and in the
UK in 2019 [7]. It is clear that power electronics is introducing new
dynamics into power systems, leading to new instability mechanisms.
Then, power converter based power systems need to be studied in de-
tail, specially considering transient contingencies, to understand their
operation and to adequate the protection systems.

A number of publications have addressed stability analysis consid-
ering a conventional generation displacement due to an increase of
converter based generation. The Irish island has been widely studied
in [8-10]. The power system stability was evaluated in [8] modifying
the penetration of wind power generation. In particular, a power flow
and small-signal analysis were carried out, but the main findings are
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related to the frequency excursions after transient events, e.g. loss of the
largest infeed and faults. In [9], the steady-state voltage stability was
investigated using a probabilistic power flow to determine the maxi-
mum instantaneous wind power penetration, while transient stability
was considered in [10]. Voltage stability is analysed in [11], providing
also a maximum active power capability for converters connected to
weak grids. Moreover, the impact of storage systems with high pene-
tration of solar and wind generation was analysed in the French island
of Guadeloupe using dynamic simulations [12]. The effect of converter
based generation increase on electromechanical oscillation modes has
been evaluated in [13,14]. Specifically, the eigenvalue sensitivity to
the system inertia is investigated when the DFIG-based wind power
is increased in [13], while [14] considers the effect of distributed
PV systems. The impact of Power Oscillation Damping (POD) of wind
turbines in low-inertia systems is evaluated in [15]. In particular, most
of publications focused on the frequency stability due to the inertia
reduction, while the reduction of synchronous generation can also
involve other issues due to lower short-circuit current capability or
voltage regulation.

This paper extends the authors’ previous work [16], where the
stability of an essential system was investigated when the synchronous
generation was progressively reduced considering grid-following op-
eration for the converter. That study was focused on a small-signal
analysis, specifically evaluating the oscillation modes and participation
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Fig. 1. Flowchart of the index-based methodology.

factors of the system. In particular, this publication provides more
insights for the following aspects:

Transient stability analysis and operation limits are evaluated for
a power system with a Voltage Source Converter (VSC) operating
in grid-following mode when the Synchronous Generator (SG)
presence is reduced, identifying if new control algorithms, e.g.
grid-forming, are needed to overcome these limitations.

This analysis has been applied to a larger system. In particular,
the minimum SG size that ensures a proper system operation
is identified for a 9-bus system in presence of two SGs and a
VSC-HVDC link.

The operation limits have been defined based on steady-state,
small-signal and transient analysis using performance indices,
which can help to simplify the analysis of several cases, reducing
the analysis time for power system engineers.

A global stability map has been generated based on previous
performance indices. In this paper, this map has been built based
on two variables, the rated power of two SGs, leading to a two-
dimensional map, which highlights the steady-state, small-signal
and transient unstable operation areas for the previous 9-bus
system.

2. Methodology to study system stability and operation limits

In this section, a methodology to analyse power system stability and
assess the operation limits is introduced. This methodology is based
on performance indices, which allow to evaluate the main magnitudes
of the system, such as the frequency or the voltage, but also the
properties of the particular system elements, such as the rotor angle
of a Synchronous Generator (SG) or the PLL synchronism of a VSC.

The starting point of the methodology is the model definition, where
the system models and parameters are introduced. A power flow model,
a linear dynamic model and a non-linear dynamic model of a specific
system have to be provided to carry out the analysis. The system
analysis is structured in three levels that provide different information:
steady-state analysis, small-signal analysis and transient analysis, as
shown in the flowchart in Fig. 1.

This methodology starts analysing the static operation point of the
system, looking at the generator angles, bus voltages and load level
considering current capacity of each element. If the system achieves a
feasible equilibrium point, then the small-signal analysis is performed.
Then, if the system is stable, i.e. all poles have positive damping, time-
domain simulations are performed to evaluate the system response
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after transient events, such as faults, generators trips or grid topology
variations. Each analysis level outputs several indices that provide
information about the stability and operation limits of the system. All
the indices have been normalised between 0 and 1, such that values
close to O refer to normal operation or low risk of instability, while
values above 1 indicate instabilities or operation limit violations. The
indices combination is used to identify potential problematic cases that
later can be studied in detail. This methodology allows reducing the
number of transient time-domain simulations because steady state and
small-signal analysis are used to discard part of the unstable cases.
The indices can be used to analyse many cases evaluating a reduced
number of electrical or stability magnitudes, which leads to a reduction
of analysis time for power system engineers.

2.1. Model definition

In this paper, a power system with high penetration of power
electronics is considered. This system might include synchronous gen-
erators, representing classic thermal power plants, and VSCs, modelling
wind or solar power plants or HVDC links. The SG is modelled using
the electrical machine and turbine dynamic equations along with the
exciter and governor controls. The exciter model implemented in this
paper is the AC4 [17], while the governor includes a conventional
frequency droop control. The VSC is represented using an average
model and a conventional grid-following control structure is assumed.
As shown in Fig. 2, the grid-following control includes a Phase Locked
Loop (PLL), an inner current loop, an AC voltage control, an active
power control and a frequency droop control. Other control approaches
could be also considered for the VSC [18], such as PQ operation
mode, AC voltage droop or include inertia emulation in the frequency
control [19].

The lines are represented as n equivalents while the loads are
modelled as constant impedances. A more detailed description about
the modelling of the system elements can be found in [16]. For the
steady-state analysis, some assumptions are considered, leading to the
following power flow models of the SG and VSC:

+ Synchronous generator: the classical model defined in [20] is used.
The SG is represented as an internal bus voltage E with an
impedance X,,, which corresponds to the sum of the leakage
stator impedance and the mutual inductance. The internal voltage
E depends on the field current i,,, such that E = X i, =
X4Vrq/Ryqs where vy, is the field winding voltage applied by
the exciter and R, is the field winding resistance. This model
provides fast computational solutions, while ensuring high accu-
racy. In case of SG defined as slack bus, §,, = 0° is added as angle
restriction.

VSC: representation as PQ or PV buses can be considered depend-
ing on the converter control mode. The frequency droop control
can be also implemented.

2.2. System analysis

The system analysis is structured in three levels: steady-state anal-
ysis, small-signal analysis and transient analysis.

2.2.1. Steady-state analysis

This first approach allows to identify steady-state operation limits
through power flow analysis [20]. Three indices related to the static
results are defined:

+ Generator Angle Index (GAI) [21]: shows the highest rotor angle
among the n, generators of the system in relation to a maximum
admissible value 6,,,,- The maximum admissible angle §,,,, se-
lected in this paper is 90°, which corresponds to the steady-state
stability limit. However, other values could be used. In [21], the
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Fig. 2. VSC average model and implemented grid-following control.

maximum admissible angle was set to 120°, which is a typical
value used to adjust the load angle protections of synchronous
generators.

max (61,...,5ng>
GAl= ——M8M =, §

adm

adm = 90° (1)

Voltage Index (VI): shows the maximum voltage deviation among
the n;, buses of the system in relation to a maximum admissible

value 4v,,,:

max(|1 =vl,... |1 _U”b|>
Av,

VI = , Av,, =0.1 pu 2)

adm

Current Index (CI): is the maximum current in relation to the
nominal value among the n, elements of the same k category:

CI, =max(]kfl/lff';‘,...,lkfnk/l,:f';'k 3)

where k, in this paper, corresponds to three categories: generators
g, converters ¢ and lines /. In case of the generators, only the
armature current limit has been considered.

2.2.2. Small-signal analysis

The small-signal analysis includes the linear dynamic response of
the power system components, e.g. converter control algorithms. The
main mechanisms of instability and interactions can be identified from
the eigenvalues and Participation Factors (PFs), which are obtained
from a state-space model of the system. The initial conditions of the
state-space model are defined by the operation points obtained from
the previous power flow analysis. In particular, the power flow provides
the magnitude and angle of the bus voltages and the active and reactive
power exchange between buses. The linear system requires as inputs
the initial values of voltages and currents expressed in the gd reference
frame. In this manuscript, the rotor of the SG connected to the slack
bus is used as reference for the gd frame, referred as Grid Reference
Frame (G-RF). Then, the bus voltages can be expressed in the G-RF as:

ol = \/ng”i cos (8,), v = —\/ngv,- sin (&) @

where v; and §; are the magnitude and angle of the i-bus voltage
from the power flow solution and V, is the base RMS voltage used to
calculate the pu magnitudes. Line currents can also be expressed in the
G-RF. First, the RMS value of the current through each of the »; lines
can be calculated as:

2 2
VP + O

L=+—"_""""vie[ln] 5)
V3V,

where P,_; and Q,_; are the active and reactive power flowing through

the line / from the bus i. Then, the qd components of the currents can

be obtained as:

i = V21, cos (6i—¢ii). il = —/2I; sin (6 — b1y) 6)

where ¢,_; is the angle between the i-bus voltage and the /-line current,
which is calculated as:

¢_; = cos! _ B sign <%> @2

P_.
2 2 (=
VEL+ O '

Three more indices have been defined based on the damping ratio
and PF matrix provided by the small-signal analysis:

» Damping Index (DI): indicates the minimum damping & of the M
system modes:

DI =1 —min(&, ..., &) (8)

An index value higher than 1 indicates an instability.
Interaction Index (Inl): reveals interactions between two elements
from different categories, i.e. SGs, VSCs and lines. The InI of each
mode m is calculated as the geometric average of the maximum
PF within the elements of each category:

Inl,, = \/max(PFm_kl )2 +max(PF,_ 2, Vme [1,M] ©)

where k; and k, with Vk,k, € {g, c,1} and PF,, is the vector
of PFs of each mode m. Then, a value equal to zero corresponds
to no interaction while an index close to 1 indicates a strong
interaction between two elements. Also, the maximum interaction
of the system is defined as InI = max(Inl;, ..., Inl,,).

Risky Interaction Index (RInl): extends the Inl considering also
the damping ratio, revealing interactions that can be potentially
unstable. Then, the RInl for each mode m is expressed as:

RInl, = (1-¢,) \/max(Pmekl)2 +max(PF,_,)%, VYme[l,M] (10)

2.2.3. Transient analysis

Time-domain simulations are the most accurate method to assess the
stability of a power system. It allows the study of transient events, such
as SG disconnections or faults, which cannot be analysed with the pre-
vious methods. However, this approach requires greater computational
effort and time. Six indices are defined from time-domain simulations
results:

» Dynamic Generator Angle Index (DGAI): indicates the maximum
rotor angle reached by the n, SGs after a transient event, deter-
mining how close the SG is from losing synchronism. This index
has the same definition (1) as the GAIL During a fault, the SG
angle can reach high values, preventing the recognition of the
synchronisation loss. Then, this index is calculated considering
the maximum SG angle 100 ms after the fault clearance.

Dynamic Voltage Index (DVI): it is based on [21], but here it is
defined to analyse the overvoltage after a transient event. Then,
only bus voltage deviations above 1 pu are considered and DVI is
calculated in relation to an admissible voltage deviation 4v,

adm*

max(1, max(vy, ..., vnb)) -1
DVI = ,
Av,

Avgy, = 0.1 pu an

adm
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Fig. 4. Steady-state and small-signal indices obtained for Case 1.

Dynamic Current Index (DCI): is equivalent to the definition of CI
in (3), but applied to time domain results.
Maximum Frequency Deviation Index (MFDI): shows the max-

imum SG frequency deviation from the nominal value after a
transient event in relation to a maximum admissible value Af,,,,:

max(|Afy, ..., |Afng D
Afadm

MFDI = . Afygm=1Hz (12)

Frequency Derivative Index (FDI): shows the maximum frequency
derivative reached by the SGs, which is measured within a time
window of 0.5 s [22,23]. The maximum admissible value depends
on the specific system under study, ie. this is set by the TSO.
Currently, the ROCOF protections in isolated systems are set at
1 Hz/s, such as Ireland [22] and UK [23]. However, higher
ROCOF levels, as 1.5 or 2 Hz/s, are also considered as safe limits
for SGs [24,25]. As an example, a maximum admissible ROCOF

equal to 2 Hz/s is adopted. Then, the FDI is expressed as:
max(|Af|/4t, ..., |Af,,g|/At)

13
Af g/ At ' (a2

Af g/ At =2 Hz/s

+ PLL Index (PLLI): reveals the maximum deviation of the frequency
measured by the PLL of the converters. The definition of PLLI is
the same as (12) for MFDI. This deviation could be caused by
a deviation of the actual system frequency or by a VSC loss of
synchronism. Analytical expressions to evaluate how close is the
PLL to lose synchronism based on the fault depth are suggested
in [26,27], which could save simulation time.

3. Case studies

In this section, the methodology described in the previous section
have been applied to a power system based on the 220 kV grid of the
Mallorca island. This island system is modelled as a 9-bus grid, shown
in Fig. 3(a), including two classic thermal power plants connected to
buses 5 and 6 and a VSC-HVDC link connected to bus 1. The complete
state-space model of the system is also represented in Fig. 3(b).

Two case studies are analysed, considering a high presence of
synchronous generation (Case 1) and a reduction of synchronous gen-
eration (Case 2). The SGs active power reference is set to 70% of their
rated power, while the VSC-HVDC link provides the rest of the demand.
Then, the previous methodology has been applied for these two case
studies to exemplify how the indices can help to analyse the system
operation. The contingencies considered for the transient analysis are
the SG2 disconnection and a three-phase fault located in bus 6.



C. Collados-Rodriguez et al.

International Journal of Electrical Power and Energy Systems 138 (2022) 107728

«10% Main Zoom 1
5 -
%)
g %< 500
< < ®
> >
© «
go08 [Ee s8] 8 0 [soee]
(o) o
@ @ o
£ £ -500
-5 : : ;
-6000 -4000 -2000 0 -1200 -1000 -200-100 O
Real Axis Real Axis
Zoom 2 Zoom 3
°
2 10 2 01
x x Y
< <
> >
®© () ° ®© ° ° ° o0
g 0 C g 0
o) o
® ®©
E E-01
-10 °
-100 -80 -20 35 -3 -25 -2 -04 0
Real Axis Real Axis
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Table 1 Table 2
Parameters for cases 1 and 2. Comparison of power flow and simulation results of case 1.
Parameter Symbol Case 1 Case 2 Unit Mag. P. flow Sim. Mag. P. flow Sim.
SG1 rated power Ssa1 250 100 MVA v, (pu) 1.0000 1.0000 5, () 0.573 0.573
SG2 rated power Ssar 250 100 MVA v, (pu) 0.9956 0.9956 8, (°) 0.041 0.041
VSC rated power Sysc 500 500 MVA vy (pw) 0.9953 0.9953 55 () -0.220 -0.220
Total system demand Poua 500 500 MW v, (pu) 0.9940 0.9940 8, (©) 0.072 0.072
us (pu) 0.9929 0.9929 55 () 0.362 0.362
e (pu) 0.9934 0.9934 56 () 0 0
v; (pu) 0.9932 0.9932 5 ) -0.274 -0.274
3.1. Case 1: high presence of synchronous generation vg (pw) 0.9932 0.9932 8 () -0.324 -0.324
vy (pu) 0.9929 0.9929 5y () -0.510 -0.511
L . . . S ) -61.27 -60.12 by ) -54.48 -53.50
This first case study considers that the SG-based installed capacity P (MW) 173.3 173.4 0,1 (Mvar) -53.8 -53.8
is equal to the rated power of the VSC-HVDC link, which is 500 MVA, P, (MW) 173.4 173.4 0,,, (Mvar) -25.0 -25.0
as shown in Table 1. Then, both SGs generate 350 MW (70%) of the P, (MW) 147.3 147.4 Q,;c (Mvar) 52.3 52.3
demand, while the VSC supplies the rest, i.e. 150 MW (30%). f (Hz) 50.013 50.013
Following the methodology, the steady-state analysis is carried out
first. The power flow results are shown in Table 2, which gathers the Table 3
bus voltages (magnitude and angle), the rotor angle of the SGs, the Pole characteristics in case 1.
active and reactive power injected by the SGs and VSC and the system Pole Group/s f [Hz] & Inl RInl
frequency. An stable operation point is reached, with a very low bus 1-32 Grid 2427-6779 0.056-0.25 0.09 0.06
voltage and frequency deviations. The maximum voltage deviation is 33-36 VSC 380.3-507.2 0.87-0.93 0.27 0
found in buses 5 and 9, which show a voltage equal to 0.9929 pu, 37-40 VSC-SG 93.5-106.3 0.81-0.86 0.93 0.03
resulting in a VI of 0.071 in Fig. 4. The rotor angle of the SGs is also 41-44 Grid 50.01 0.10 0 0
ithin normal values, around 50-60° [20], which is equivalent to a 45-46 5G 3000 0.018 0 0
w R > a 47-48 VSC-SG 34.34 0.76 0.61 0.03
GAI of 0.68. The indices related to the currents, Clygc, Clgg and Cly, 49-50 VSC 0 1 0.28 0
show that there is no overload in any of the elements of the system, 51-52 SG Exc 0 1 0 0
as all of them are lower than 0.8. Therefore, the indices show that the 53-54 Isg 0 1 0.26 0
maximum admissible limits of steady state operation are not exceeded. 55-56 Mechs 1.69 0.10 0.03 0.03
. 57-58 VsC 0 1 0.07 0
In addition, the power flow results have been compared to the 59 Isg 0 1 012 0
steady state points obtained from the time-domain simulation in Ta- 60-62 Tvsc-Isg 0-0.29 0.79-1 0.83 0.03
ble 2. Only the rotor angles of the generators differ (difference less 63-65 Isg 0 1 0.41 0
than the 2%) due to the simplified representation of the SGs. This 66-67 Mechs 0 1 0.20 0
68-71 Exc-Isg 0.008-0.017 0.77-0.89 0.47 0.03

comparison validates both models for the small-signal and transient
analysis.

Then, the small-signal analysis is applied considering the power
flow results as the initial values of the state variables. The poles and
the PF matrix are represented in Figs. 5 and 6, respectively, using the
same colours for each group. In case of the PFs in Fig. 6, dark colours
show a high participation of a variable in a specific mode. Note that
the participation of a variable in the different modes of the system
corresponds to each row of rectangles. The variables have been grouped

in different names for clarity, e.g. I,,. groups the gd converter currents
or I,, groups all the SG currents also expressed in the gd reference
frame. Also, the poles characteristics are shown in Table 3, where poles
are arranged according to the frequency, including the damping and
small-signal indices.
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The PF matrix in Fig. 6 reveals strong interactions between the VSC
and the SGs, as observed in poles 37-40, with participation of VSC and
SG currents, and poles 60-62, with participation of VSC active power
and AC voltage control and SG currents. The participating variables in
each of the previous oscillation modes, i.e. the variables with highest
PFs (darkest colour), have been highlighted with a red square in the
PF matrix shown in Fig. 6. These interactions are also indicated in
the Inl with values equal to 0.93 for poles 37-40 and 0.83 for poles
60-62. However, the risk of instability of these modes is very low, as

factor matrix of Case 1.

they present a high damping (around 0.8 in Table 3), resulting in a
very low RInl equal to 0.06. Besides, modes related to the SG currents
(poles 45 and 46) show the lowest damping of the system, which is
equal to 0.018, leading to a DI very close to 1 (0.982). Therefore, the
indices clearly identify interactions between the SGs and the converter
and confirm that the system is stable.

Finally, the transient analysis is carried out with EMT time-domain
simulations. The system remains stable for the fault at bus 6 and SG2
disconnection, as observed in Figs. 7 and 8. In the fault case, the VSC
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Fig. 8. Results of Case 1 after the disconnection of SG2.

saturates current at 1 pu, while the SGs provide the fault current,
injecting around 5 pu, as shown in Fig. 7. This is directly indicated
by the current indices in Fig. 9, DClygc and DCIgg. Due to the high
SG current injection during the fault, the ROCOF reaches a maximum
value around 0.6 Hz/s. As the fault is a short-time event, the maximum
frequency deviation is not very remarkable, being less than 0.3 Hz.
Both frequency-related values are within the accepted ranges defined in
Section 2, which is also observed from the FDI and MFDI in Fig. 9 with
values around 0.3. Although the rotor angles reach high values during
the fault, the SGs keep synchronism after the fault clearance, leading to

a DGAI around 0.6. The PLL also keeps the VSC synchronised with the
system despite of the sharp voltage variations during the fault, which is
reflected in the PLLI with a value equal to 0.2. Finally, the overvoltage
after the fault clearance is up to 1.05 pu, i.e. the voltage is kept within
the limits and results in a DVI equal to 0.5. Therefore, even though the
current-related indices show a high increase of SG current, the rest of
the indices are under the defined limits, which is translated in a stable
transient operation.

The disconnection of the SG2 implies a reduction of the system
inertia to half of the initial value, as well as a 35% loss of the
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Fig. 10. Indices from Case 2.

total active power generation, leading to higher values for frequency-
related indices. The FDI is close to 1, almost exceeding the maximum
admissible ROCOF of 2 H/s, while the MFDI is equal to 0.85, which
indicates that frequency nadir is also lower than in the fault case,
reaching around 49.15 Hz. The rest of the transient indices do not show
abnormal operation, which confirm a stable operation.

3.2. Case 2: reduction of synchronous generation

In this case, the rated power of each SG is reduced to 100 MVA, as
shown in Table 1. Then, the SGs provide 140 MW (28%) of the total
demand, while the VSC supplies the remaining 360 MW (72%).

Steady-state and small-signal indices, shown in Fig. 10(a), reveal
an adequate operation of the system. In this case, the Clygc is much
higher, increasing from 0.31 in Case 1 to 0.72 in Case 2, as the
VSC compensates the SG generation reduction increasing its active
power injection. The maximum RInl is 0.25, which is also higher than
in Case 1, denoting the presence of interactions with higher risk of

instability. However, this RInl is still low enough to ensure stability.
The remaining indices are similar to Case 1.

Regarding the transient operation, the system is not stable due to
the fault at bus 6. The VSC does not keep synchronism, since the
PLL frequency rapidly drops from 50 Hz, as shown in Fig. 11. This is
observed in the PLLIL, which is widely exceeding the admissible limits as
seen in Fig. 10(b). The indices related to the SG frequency, i.e. FDI and
MEFDI, are also greater than 1, but lower than the PLLI, indicating that
the VSC is the element that causes the system instability. Otherwise, the
PLLI would be equal to the FDI, showing that the VSC is synchronised
even after a large deviation of the frequency, as in Case 1. Additionally,
as the voltage does not recover after the fault, the DVI is equal to 0.

When the SG2 disconnection is produced, only the 14% of the
active power is lost from the system. This active power unbalance is
lower than in Case 1, when the active power loss was 35%. Then,
even though the system has lower inertia than in Case 1, the VSC can
compensate this active power loss with less frequency deviation. This
can be observed in Fig. 10(b), which shows the FDI and MFDI for this
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Case 2, which are around 0.5, while these indices were above 0.8 for
Case 1.

4. Stability and operation limits when the SG presence is reduced

In this section, the system stability and operation limits have been
studied when the synchronous generation is progressively reduced in
the 9-bus power system presented in Fig. 3(a). In particular, the rated

Transient indices when the SG presence is reduced in the system. Colour code: « Steady-state unfeasible operation point.

power of both SG1 and SG2 is reduced from 250 MVA to 30 MVA in
intervals of 10 MVA, resulting in 529 cases. As in Section 3, the SG
power references are set to 70% of their rated power, while the VSC
provides the rest of the demand.

Figs. 12 and 13 show the performance indices obtained for all the
combinations. The indices are represented with a colour code, where
those depicted in a greyscale correspond to stable cases, i.e. indices
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lower than 1, while those represented in different tones of red or orange
correspond to a limit violation or instability, i.e. indices higher than 1.

The indices from the steady-state analysis show several cases where
the Load Flow (LF) algorithm cannot find a solution, which are rep-
resented with dark red bullets («) in Fig. 12(a). In addition, several
unstable cases are also found, which correspond to some limit violation.
These instabilities are related to the generator angle (GAI) and are
depicted in red () in Fig. 12(a). As shown in Table 2, the SG1 reactive
power absorption is higher compared to SG2. When the SG1 rated
power is reduced, the maximum generator angle increases due to the
high reactive power exchange of SG1, resulting in a steady-state rotor
angle instability. This is observed in the GAI, which changes from
white (minimum value, GAI=0.68) to black (GAI=1) and finally red
(GAI>1) at the left side (lowest SG1 power). The load flow has been run
considering a terminal voltage for the SGs and the VSC equal to 1 pu.
Adapting these voltage references could also lead to different results,
reducing the reactive power needed from SG1. Regarding the VSC, the
Clysc index reveals that the VSC compensates the demand when the
SGs are reduced. The voltage deviation is very reduced, since the VI is
between 0.06 and 0.07.

The indices derived from the small-signal analysis are depicted in
Fig. 12(b), which include the non-feasible steady-state operation points
(depicted with red bullets «). The small-signal analysis does not reveal
any additional unstable case, i.e. DI is lower than 1 for all cases. The InI
exposes a high variability in the maximum interaction between the SGs
and the VSC when the SG power is reduced. This might be caused due to
different interaction mechanisms, e.g interactions related to currents,
voltage or PLL, whose dominance changes throughout the SG power
variation. The RInl reveals a clear tendency, as the interactions have
higher risk of instability when the SG size is reduced. However, RInl
does not show which specific interaction is causing problems. This has
to be confirmed by analysing the poles and PF matrix of the specific
cases.

Regarding the transient analysis, the events considered in Section 3
were a fault at bus 6 and the SG2 disconnection to study two particular
cases, Case 1 and Case 2. In this Section 4, these two events are also
considered, but also adding the SG1 disconnection. The fault indices
in Fig. 13(a) show a large amount of unstable cases, represented in
dark orange (<), which correspond to a VSC loss of synchronism, as
the PLL does not follow the actual frequency due to the large deviation
of the voltage. This can be observed in the PLLI, whose unstable cases
are represented in dark orange (-) with values higher than 5. These
instabilities are mapped in all the indices, as all the magnitudes of the
system are affected by the VSC instability. For example, the voltage
does not recover after the fault, so this area in the DVI is depicted as
white (DVI=0). A number of stable cases show a high ROCOF, which
is observed in the FDI, where many cases are represented in an orange
gradient, corresponding to a violation of the 2 Hz/s limit.

The SG2 disconnection indices in Fig. 13(b) does not reveal any
unstable case, but many frequency protection violations. This frequency
limits violation are observed in FDI and MFDI, which show many
cases with values above 1. Similar results are obtained for the SG1
disconnection. The indices in Fig. 13(c) are roughly symmetrical respect
to the SG2 disconnection in Fig. 13(b).

Combining all the results, a global system stability map is depicted
in Fig. 14, where each area corresponds to different instabilities or
limit violations. The stable area is depicted in green, which fulfils all
the transient requirements. Many cases are defined as quasi-stable in
Fig. 14, which means they are stable, but exceed frequency protection
limits. A distinction is considered for cases where only the FDI is
exceeded (depicted in clear green) or both FDI and MFDI are violated
(in clear orange). Note that modifying the frequency protection criteria
could extend the stable area. The orange area refers to unstable cases
after a transient event, which correspond to a VSC loss of synchronism
after the fault. This transient instability area could be modified by
changing the PLL implementation or design, e.g. including PLL blocking
during the fault. The steady-state and small-signal analysis have been
carried out for specific power flow conditions. This unstable area might
also differ if the operation points of the VSC and SGs are modified.
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5. Conclusions

In this paper, the stability and operation limits have been analysed
in power systems with high VSC penetration and reduced synchronous
generation. In particular, the minimum synchronous generation that
ensures a proper operation has been evaluated in a system with a
VSC-HVDC link considering steady-state, small-signal and transient
analysis. This study finally provides a stable operation area for the
power system, identifying also different areas according to the steady-
state, small-signal and transient stability and operation limits. The
transient stability was found to be the most restrictive aspect. Specif-
ically, the frequency protections limits are exceeded when a fault or
a SG disconnection is produced in cases with low SG presence. In
case of fault, the VSC losses synchronism when the rated power of
the SG is reduced, providing less short-circuit power and resulting in
deeper faults. Despite the minimum SG presence required for stability
may depend on the particular system, with a specific grid topology or
converter control algorithms, the results obtained indicate a clear trend
about potential issues when the SG is reduced.

This analysis has been carried out using performance indices, which
evaluate many magnitudes of the system, such the bus voltages, gener-
ator frequencies, currents in every element or the minimum damping
of the linearised model. The use of these indices provides a complete
overview of the power system operation, leading to save analysis
time of power system engineers, as the combination of indices allows
identifying critical cases that can be eventually studied in detail. In
addition, the performance indices can be applied to any power system,
considering different control approaches and protection algorithms.
Other elements, such as Line-Commutated Converters, could be also
included in the study, which may introduce new indices to consider
their performance. For large systems with multiple generators and
converters, these indices can be used to obtain a multidimensional
map, where steady-state, small-signal and transient unstable operation
regions can be identified.
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