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Abstract

Grid-forming voltage source converter (GF-VSC) has been identified as the key technology for the operation of
future converter-dominated power systems. Among many other issues, transient stability of this type of power
systems remains an open topic of research because it is still a key limiting factor for stressed power systems.
Previous studies have proposed control strategies for GF-VSC to improve transient stability of this type of systems
by suitable current-limitation algorithms and/or control of active-power injections. As an alternative, this paper
proposes two fast voltage boosters to improve transient stability of power systems with 100 % of GF-VSC-based
generation with virtual synchronous machine (VSM). One control strategy uses local measurements, whereas the
other one uses global measurements of the frequency of the centre of inertia (COI). Both strategies improve transient
stability of this type of systems significantly. The advantage of using fast voltage boosters for this purpose is that
the set points linked to frequency/active-power injection (i.e set points linked to the primary energy source of
the VSCs) will not be modified. Furthermore, strategies such as current-limitation, active-power control and fast
voltage controllers for transient stability improvement are compatible and complementary.
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1 Introduction

Future power systems are planned for massive integration of renewable energy sources. Non-conventional renewable
generators, such as wind turbines and solar photovoltaic (PV) generators are interfaced through voltage source
converters (VSC). Grid-forming voltage source converter (GF-VSC) has been identified as the key technology for
the operation of future converter-dominated power systems, from small microgrids [1-3] to large transmission
systems [4,5]. The main characteristic of a GF-VSC (also known as voltage-controlled VSC) is that it controls
its output voltage magnitude and frequency and therefore, it is capable of creating a grid. This is not possible
with most extended grid-following VSCs (also known as current-controlled VSCs or grid-feeding VSCs). When
operating a power system with several GF-VSCs, they need a self-synchronisation mechanism, in order to ensure
that all of them reach the same frequency. Fortunately, unlike in grid-following VSCs, synchronisation can be
achieved without using a phase-looked loop (PLL) by means of supplementary control strategies. Although there
are variants of these supplementary control strategies, the philosophy behind most of them is that they control
GF-VSCs in order to mimic the behaviour of conventional synchronous generators. The most common option
in alternating-current (AC) microgrids is the so-called power-frequency (P-f) droop [1-3], while the most common
option in large power systems is the emulation of synchronous machines, in the so-called syncrhonverters [6] or
virtual synchronous machines (VSM) [7, 8]. Furthermore, the work in [9] proved that P-f droop supplementary
controllers and VSM supplementary controllers are equivalent. A different approach for self-synchronisation of
GF-VSCs is the concept of reactive-power synchronisation, proposed recently in [10].

Transient stability (or angle stability with large disturbances) is defined as the ability of the generators of
the system to remain in synchronism when large disturbances occur [ll]. Initially, this definition assumed that
the system contains synchronous generators, since the phenomenon is related to the rotor angle of synchronous
machines. However, recent publications have shown that transient stability is also a concern in power systems with
100% of GF-VSC-based generation. In other words, if GF-VSCs emulate synchronous machines, they can also lose
synchronism in case of severe-enough faults.

The work in [12,13] observed that the loss-of-synchronism phenomenon can occur in AC microgrids with GF-
VSC generators equipped with P-f droop control; transient stability was assessed by means of Lyapunov’s theory.
Further studies are presented in [14,15], where the impact of current saturation [14] and fault-ride-through (FRT)
capability [15] of GF-VSCs on transient stability is analysed. References [16,17] analysed transient stability in power
systems with GF-VSC controlled as VSMs. The study in [17] included experimental results. A similar approach
is followed in [18], where a thorough analysis of transient stability of GF-VSCs is provided, and it also includes
experimental results. The work in [19] analyses the impact of current-limiting strategies on transient stability
of a GF-VSC connected to an infinite grid. The study analyses two current-limiting strategies: the conventional
current limiter for the current modulus in vector control and virtual-impedance-based current limiter. Eventually,
the work proposes an hybrid current limiter which is a combination of both, improving the performance of the
current limitation process as well as transient stability. The work in [20] goes a step further and analyses transient
stability of a GF-VSC connected to an infinite grid, using virtual-impedance current limiters of the GF-VSC. The
work proposes an adaptative droop in the GF-VSC by changing the proportional gain of the P-f droop controller
during the fault. Results show that the strategy increases the crititical clearing time (CCT) of a fault, significantly.
The work in [21] proposed an adaptive emmulated inertia in the GF-VSC in order to improve transient stability.
The three studies [19-21] include experimental results. Reference [22] analysed the case of a GF-VSC (with VSM)
and a grid-following VSC connected to an infinite grid. The study proposed a control strategy for the grid-
following VSC for transient stability disabling the PLL of the grid-following VSC during the fault and using,
instead, remote measurements to obtain the virtual rotor angle angle of the GF-VSC and use it for vector control of
the grid-following VSC. The work in [23] analysed transient stability of a power system with 100% of GF-VSC-based
generators working like VSMs. The work proposed an active-power (P) control strategy based on a PI controller
using, as input signal, the frequency deviation with respect to the frequency of the centre of inertia (COI), in order to
improve transient stability and producing promising results. The work in [24] proposes a supplementary P-control
strategy proportional to the frequency deviation with respect to the nominal frequency (using local measurements)
to improve transient stability of a GF-VSC connected to an infinite grid. The study provides guidelines for the
design of the proposed controller and it includes experimental results.

The research studies described above have shown that transient stability in power systems with GF-VSCs can
be improved (a) by implementing suitable current limiters [19,20] or (b) by implementing suitable active-power-



related control strategies [19-21,23]. However, the use of control strategies based on reactive-power (Q) injections or
voltage control to improve transient stability in power systems with 100 % of GF-VSC-based generation has not been
investigated in previous work. Furthermore, the use of reactive-power/voltage control strategies to improve transient
stability have been successfully applied in traditional synchronous generators (i.e. excitation boosters) [25-30], in
shunt FACTS devices [31] and in high voltage direct current systems based on voltage source converters (VSC-
HVDC) [32,33]. The good results obtained there, has motivated this research.

An important advantage of controlling voltage at the output of the filter of the GF-VSC is that the converter
will change its reactive-power injection, while the set points linked to frequency/active-power injection will not be
modified. In other words, this type of controllers do not involve changing the set point of the primary energy
source of the GF-VSC. Along this line, this work proposes two control strategies based on fast voltage boosters
to improve transient stability in power systems with 100% of GF-VSC-based generation. One control strategy uses
local mesurements, whereas the other one uses global measurements of the frequency of the COL Both strategies
improve transient stability of this type of systems significantly.

Specifically, the contributions of this work are as follows:

* Proposal of two fast voltage boosters to improve transient stability of power systems with 100% of GF-VSC-
based generation, one based on local measurements and the other one based on global measurements.

* Significant improvements on the critical clearing times of different faults, thanks to the two control strategies.

¢ Analysis of the impact of communication latency on the performance of the proposed global control strategy.
Results show that the proposed control strategy is robust for realistic communication latency.

* Discussion about the use of local and global measurements in this type of controllers.

2 Grid-forming VSCs

2.1 Modelling and control

This section describes the model of a GF-VSC, following the guidelines of [5,21,34-36]. Fig. 1 shows the equivalent
model of a GF-VSC-i. The converter is represented as a voltage source (&, ;) and it is connected to the rest of the
system through an LC filter, consisting of a phase reactor (zy ; = 17 ;+jw;Ly,;) and a capacitor (Zcs,; = —j/(w;Cy ;)),
and a transformer (Z.; = 7.; + jw;L ;).
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Figure 1: Model of a grid-forming VSC.

The GF-VSC-i will control:
* The magnitute of the voltage at bus f: v ;.
* The frequency at bus f: wy ;. This means that the VSC controls the angle of the voltage at bus f: 6y ;.

Fig. 2 shows the general control structure of a GF-VSC-i based on vector control [21,35]. It consists of: (a)
a voltage controller, (b) a virtual transient resistance, (c) a current controller, (d) voltage modulation and (e) a
grid-forming mechanism for self-synchronisation (e.g. VSM or any other variant). The details of the control system
can be found in [5,21,34-36]. Hence, only a summary is provided here.
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Figure 2: General scheme of the control system of a grid-forming VSC.

First of all, the VSC imposes an angle 6; (rad) for the mobile d — g reference frame which rotates at a speed w;
(pu), as illustrated in Fig. 3. The angle 0; is referred to an arbitrary mobile R — I reference frame rotating at the
synchronous frequency. The position of the d axis with respect to a static reference frame (angular speed equal
zero), 0;, is the one used in Park’s Transform to refer variables to the d — g reference frame. The way in which this
angle is obtained from the self-synchronisation method (VSM control in Fig. 2) will be described in Section 2.2.
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Figure 3: Grid-forming VSC: d — g axes.

The voltage control loop (Fig. 2) controls vy 4, and vf,; with proportional-intergral controllers (PI) where
set-point values are given by:

ref _ ref ref,VR
f di fz +Av f d,i (1)
ref _ ref,VR
Vigi = 0+Av fai
where v f{ is the set point of the magnitude of the voltage and v f {J; ; is controlled to zero. Av f{J; VR and Av ref VR

represent the transient virtual resistance: they only have impact during transients and are used for dampmg [35]
Eventually, the voltage controller aligns the voltage v ; with the d — g axes of the VSC (see Fig. 3).

The outputs of the voltage controller are the set points of d — g current components of the current controllers,
which have a current limiter and PI controllers. The current limiter is implemented with the conventional current
saturation algorithm used in vector control [19] (i.e. the modulus of the current vector is limited). The outputs of



the current controllers are the modulated voltages e, 4,; and e, 4 ;, related to the DC voltage as:
8m,i = MiVac,i, with ey; <m v, (pu). 2)

where #1; is the modulation index. The maximum modulation index (magnitude), in pu, can be calculated as:

3 Vdc B
max _ |2 3

where V. p is the DC -voltage base value (pole to pole) and V, p is the AC-voltage base value (phase to phase).

2.2 Virtual synchronous machine control (VSM)

A virtual synchronous machine (VSM) is implemented as a supplementary controller that manipulates the set
points of the outer controllers of the GF-VSC. Guidelines for the implementation of VSM controllers and different
implementations can be found in [5,7,21,23,35]. This work considers a VSM supplementary controller amulating
a classical model of a synchronous machine and equipped with a primary frequency controller, as shown in Fig. 4.

a)o, pu
Aa)l a)i 4 0 el
() > 5 -
a) 0 5|
S

Figure 4: Supplementary controller of a virtual synchronous machine (VSM) implemented in a GF-VSC.

The VSM emulates the swing equation of a synchronous machine:

dAw;
pgri_pgri_DVSC,iAwi = 2HVSC'i_dt1 "

where:
* Hygc,i (s) is the emulated inertia constant.

* Dygsc,i = 1/Rppr; (pu) is the proportional gain of the primary frequency controller (or primary frequency
response, PFR). It is the inverse of the primary frequency droop constant (Rpgg ;).

* Aw; = w; — wq,py (pu) is the frequency increment of the GF-VSC ouput frequency, w;, with respect to the
nominal frequency, wg, =1 pu.

. pg‘ ; (pu) is a constant active-power set point of the GF-VSC at the PCC. This term represents the emulated
mechanical power of the VSM.

* Pg,i (pu) is the active-power delivered by the GF-VSC measured at the PCC.

* wy is the nominal frequency in rad/s.

Summarising, eventually GF-VSC-i of Fig. 1 will impose the frequency given by the swing equation (Fig. 4 and (4)):
w; (pu). The emulated rotor angle, o; (rad), is the angle of the d — g reference frame (Fig. 3) and 6; (rad) is the
angle used for Park’s transformation in Fig. 2. It should be remarked that (4) is a control algorithm imposed by the
VSC.



3 Proposed fast voltage boosters to improve transient stability

In this section, fast voltage boosters for GF-VSCs are proposed to improve transient stability. The proposed
controllers are based on reactive-power/voltage control in the VSCs and they were inspired by the excitation
boosters for synchronous machines proposed in [28-30] to improve transient stability in multi-machine systems.

The active-power injection of the VSC at the connection point (see Fig. 1) can be approximated as:

ViV )
Pgi = Msm(bf,i —0g,i) ©)

xC,l

Eq. (5) is useful for qualitative analysis. Loss-of-synchronism in power systems with 100 % of GF-VSC-based
generation follows the same pattern as in multi-machine systems with synchronous generators. When a fault
occurs, the voltage at the PCC, vy ;, is reduced dramatically, reducing the active power injection pg; (i.e. the
virtual electromagnetic torque of the VSC). This produces the acceleration of the VSCs (see the (4)). Depending on
the location of the fault, some VSCs will accelerate more than others and severe-enough faults could produce loss
of synchronism of GF-VSCs.

Equation (5), shows that the active-power injection can be modified by changing voltage v ; and this is feasible,

since voltage controllers of GF-VSCs have fast responses. Therefore, the voltage set point of each GF-VSC-i can be

ref,TS

modified with an additional term (Av £i ) seeking the improvement of transient stability:

r ref,TS
vfif = V}),i + Avff{ (6)

re

where vfo, ;s the initial voltage set point. Notice that voltage set point v f,zf is actually the input of the voltage

controller (1) (see Fig. 2).

A control strategy will be effective to improve transient stability if it is able to act during the fault and/or
inmediately after the fault clearing. In fact, VSCs might not be able to produce any effect during the fault, because
the converter will limit its current injection, if the fault is close enough.

Transient stability of a single GF-VSC connected to the grid can be improved by slowing down the VSC,
following a pattern similar to the one used for a single synchronous machine connected to an infinite grid [26,27].
Transient stability of a power system with 100 % of GF-VSC-based generation is a more complex phenomenon. A
fault will produce that some VSCs accelerate faster than others during the transient and control actions should try
to pull their frequency together. In other words, some VSCs will have to be slowed down while others will have
to be accelerated. This is, again, analogous to the case of a multi-machine system with conventional synchronous
generators, where the use of the speed of the centre of inertia (COI) has proved to be useful [28-30].

The frequency of the COI in a power system with 100 % of GF-VSC-based generation can be defined as [23]:

1

Hyscrwg (pu) , with Hyyp = > Hygc k. 7

wcor =
H,
tot 37 k=1

n n
Two control strategies are proposed in this work:

¢ Local fast voltage booster (FVB-L, for short).

¢ Fast voltage booster using a wide-area control system (WACS) (FVB-WACS, for short).

3.1 Local fast voltage booster (FVB-L)

This control strategy was motivated by previous work on excitation boosters in synchronous machines [27] and on
supplementary controllers for transient stability in shunt FACTS devices [31]. It consists in a fast voltage support.
Strategy FVB-L uses local measurements as input signals: the voltage at the terminal of VSC-i, vy ;, and the
frequency deviation of each GF-VSC-i, Aw; = w; — w p, (in pu) and its block diagram is shown in Fig. 5.

The philosophy of local strategy FVB-L is as follows:



* Binary variable yy ; is set to 1 if a voltage sag is detected with an hysteresis, as shown in Fig. 5. If vy ; < vy ;,
then 1 ; =1 and remains equal to 1 until vy ; > vp ;. if a fault is not detected, then y; = 0.

* Binary variable ), ; is set to 1if the frequency deviation of GF-VSC-i (with respect to the nominal frequency)
is greater than or equal to a certain threshold: Aw; > w;pys ;. Otherwise, y,; = 0.

* The supplementary controller is activated with binary variable y;, which is the result of a logic circuit with
71,i and Y, ; as inputs, as shown in Fig. 5.

The supplementary voltage set point is given by: Av;elf 5 - yiAv}"?x, where Av}”?x > 0 is a parameter of

the controller (y; = 0 if the controller is deactivated and y; =1 if the controller is activated).
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Figure 5: Strategy FVB-L.
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Figure 6: Strategy FVB-L. Logic circuit for fault detection.

The logic circuit rules for the activation of the controller can be summarised as follows:

* The controller will be activated if a voltage sag is detected. Therefore, ;; will drive the activation of the
controller.

* Once the controller is activated, the supplementary voltage set point is maintained if at least one of the two
following conditions are satisfied: undervoltage ()1 ; = 1) or frequency greater than or equal to the threshold

(v2i=1)

. . sy . . . ce . , TS P
With this controller, VSC-i will increase its voltage setpoint with a positive increment Av;g{ = Av}”?x if it

detects a fault, trying to slow down the converter. This mechanism will improve transient stability of the grid-
forming VSC connected to the rest of the system. The behaviour of each converter in a power system with several
GF-VSCs can be summarised as follows. When a fault occurs, the frequency of all GF-VSCs will increase and all of



them will see a certain voltage sag during the fault. The frequencies of GF-VSCs close to the fault will grow faster
than the frequencies of GF-VSCs far from the fault. As discussed previously, the key point in transient stability
is the defference between frequencies of the GF-VSCs and not the absolute value of those frequencies. However,
with this control strategy, converters do not have this information, because each VSC uses local measurements,
only. This problem can be tackled by proper design of thresholds v, ;, vg; and wyy,.s; and with the logic circuit
proposed of Fig. 6. With proper design of those thresholds, only controllers of GF-VSCs close to the fault will be
activated, and not the ones of VSCs far from the fault. Hence, transient stability in power systems with 100 % of
GF-VSC-based generation can be improved.

3.2 Fast voltage booster using a WACS (FVB-WACS)

This control strategy was motivated by previous work on excitation boosters in synchronous machines using the
speed of the COI [28-30]. The proposed controller uses a fast voltage booster in each GF-VSC using a wide-area
control system (WACS). Following the scheme of Fig. 7, where Kryp; is a proportional gain, Ty ; is a low-pass filter

used for noise filtering, Tyy ; is a wash-out filter used to avoid any control actions in case of steady-state offsets and

. . . . . ,TS
Av??x is a saturation parameter. The input of the controller is the error between a frequency set point (a)iref )

and the frequency of each GF-VSC (w;), in pu. A deadband of te; is used to apply the control actions only when
the system is subject to large-enough perturbations.

The frequency set point of each VSC-i is calculated as the frequency of the COI (Eq. (7)):

,TS
C‘)irEf = wcor (8)
Hence, a communication system is needed.
max
ref ;TS AVf ;
! —( )_>—1 > T /L ST ol 1 Ko /. Avref TS
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Y : max
—AV¢;

Figure 7: Strategy FVB-WACS.

The philosophy of FVB-WACS controller is as follows:

o If the frequency of VSC-i is above the frequency of the COI, VSC-i will increase its voltage setpoint, trying
to slow VSC-i down.

o If the frequency of VSC-i is below the frequency of the COI, VSC-i will decrease its voltage setpoint, trying
to accelerate VSC-i.

¢ Therefore, control actions will pull together the frequencies of GF-VSCs of the system.



4 Results

The behaviour of Kundur’s two-area test system [26] with 100% of grid-forming VSC-based generation has been
investigated (see Fig. 8). Synchronous machines of the original system were replaced by GF-VSC-based generators
with VSM control, with the same rating as the original generators (900 MVA). Data of the system are provided in
the Appendix. Simulations were carried out with VSC_Lib tool, an open-source tool based on Matlab + Simulink
+ SimPowerSystems developed by L2EP-LILLE [37-39]. Average electromagnetic models are used.

ig
Ay

L7 L9
2 4

vscz |1 £ }| vsca

Figure 8: Kundur’s two-area test system with 100 % of GF-VSC-based generation.

Table 1 shows the results of the steady-state initial operating point.

Table I: Initial operating point.

VSC | vg,i (pu) Og,i(deg) Fpi (MW) Qp; (MVAr)
VSC1 | 10475 0.44 693.00 0.00
VSC2 | 10309 0.45 693.00 90.00
VSC3 | 0.9900  0.00 642.60 -69.93
VSC4 | 0.9738 0.16 693.00 180.00

Three cases are compared:
* Base case: no supplementary controller for transient stability is implemented in the GF-VSCs.

* FVB-L: VSCs applying FVB-L strategy (Figs. 5-6), with parameters: v4; = 0.75 pu, vg; = 0.9 pu, Wypyres,; =

1073 pu, AvPH¥ = 0.15 pu.

» FVB-WACS: VSCs applying FVB-WACS strategy (Fig. 7), with parameters: Kpyp; = 50 pu, Ty; = 0.1 s,
Tw,=10s, Av}f?" =0.15 puand €; = 1073 pu.

4.1 Short-circuit simulation

A three-phase-to-ground short circuit is applied to line 7-8a (close to bus 7), which is cleared by diconnecting the
line 150 ms later (Fault I). Fig. 9 shows the angle difference between VSC-1 and VSC-3. In the base case, VSC-based
generators lose synchronism. However, synchronism is maintained with the proposed supplementary controllers

FVB-L and FVB-WACS (see Fig. 9).

Fig. 10 shows the frequency deviations of the VSCs with respect to the frequency of the COI, while Fig. 11 shows
the supplementary voltage set point provided by the control strategies and the voltages of the VSCs. Notice that
local strategy FVB-L is only activated in VSCs 1 and 2, which are close to the fault and not in VSCs 3 and 4,
which are far from the fault. This is why strategy FVB-L is also effective in multi-converter systems with 100 % of



grid-forming based generation, and this is the consequence of the logic rules in Fig. 6 and an appropriate design of
the controller parameters. In control strategy FVB-WACS, a positive supplementary voltage set point is provided
by VSCs 1 and 2 immediately after the fault clearing, because their frequencies are above the frequency of the COI
(see Fig. 10). Meanwhile, VSCs 3 and 4 provide a negative supplementary voltage during the first swing, because
their frequencies are below the frequency of the COL Therefore, VSCs 1 and 2 will slow down while VSCs 3 and 4
will accelerate, reducing the risk of loss of synchronism.
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Figure 9: Fault I cleared after 150 ms. Angle difference of the VSCs.

VSC1 & VSC2
.
N
=
~
S
O
3
| -
3 o4t .
06 VSC3 & VSC4 ]
Base case
0.8 1 1 1 1
0 1 2 3 4 FVB-L

Figure 10: Fault I cleared after 150 ms. Frequency deviations of the VSCs with respect to the frequency of the COL

Finally, Fig. 12 shows the active-power injections of the VSCs. During the fault, the current limiter leads to
variations in the P injections, in order to maintain the current within its limit. After the fault clearing, P injections

are affected by the supplementary voltage set point of the proposed control strategies (FVB-L and FVB-WACS). By
supplying a positive (negative) additional voltage set point Av}ezf TS (Fig. 11), the active-power injection increases
(decreases), according to (5). Precisely, (electrical) active-power injections, pg ;, drive the slowing down or the

acceleration of the GF-VSCs, according to (4).
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4.2 Critical clearing times (CCTs) and impact of communication latency

The critical clearing time (CCT) of different faults (described in Table 2) will be used to quantify transient-stability
margins. Furthermore, the impact of communication latency on the performance of strategy FVB-WACS will also
be analysed. Hence, the input error signal of the supplementary controller of Fig. 7 will be delayed as:

uj = e (wcor — w;) ©)
where 7 is the communication delay. The work in [40] reported total communication delays in WACS within the
range 50-80 ms. Total communication latency delays of 50 ms and 100 ms will be considered in this work.

CCTs of faults described in Table 2 are given in Table 3. The proposed supplementary controllers FVB-L and
FVB-WACS increase the CCT of Fault I significantly. Strategy FVB-L also increases the CCT of Fault I, although
the improvement is smaller than the one with strategy FVB-WACS. Furthermore, with strategy FVB-L, the CCT
of Fault IV is decreased from 420 ms of the base case to 400 ms. This is due to the conditions of activation of
local strategy FVB-L described in Section 3.1. With a proper design of the activation thresholds, this strategy is
only activated for severe-enough faults and this is why no negative impact is produced for any fault. For example,
if parameter v, ; of Fig. 5 is changed from 0.75 pu to 0.5 pu, the CCT of Fault IV is not reduced (see Table 3).
Besides, there could be other faults (e.g. Fault III) in which the control strategies will have no impact. In general,
strategy FVB-WACS produces better results than FVB-L. Results of Table 3 also prove that strategy FVB-WACS is

robust against communication latency.

Table 2: Fault description

Short circuit | close clearing
at line i —j | to bus
Fault I 7-8a 7 Disconnect 7-8a
Fault I 5-6 5 short circuit cleared (line not disconnected)
Fault III 10-11 1 short circuit cleared (line not disconnected)
Fault IV 8-9a 8 Disconnect 8-9a
Table 3: Critical clearing times (CCTs).
CCT base FVB-L FVB-WACS  with delay
(ms) case | v4,=0.75pu v,,=0.5pu 7=0ms 50 ms 100 ms
Fault I 130 250 250 270 270 260
Fault I | 270 310 310 360 340 320
Fault IIT | 220 220 220 230 230 230
Fault IV | 420 400 420 880 870 890

4.3 Discussion on the use of local and global measurements

This section discusses two key factors of the proposed control strategies: implementation and effectiveness. In
strategy FVB-L, each GF-VSC uses local measurements, only, whereas in strategy FVB-WACS, they use global
measurements and, therefore, a communication system is needed. Clearly, the implementation of local strategy
FVB-L is easier and cheaper. The ideal control actions are supplying a positive (negative) supplementary voltage
in those VSCs with frequency above (below) the frequency of the COI Although strategy FVB-WACS produces
better results than strategy FVB-L, precisely because it uses global measurements (the frequency of the COI),
the activation thresholds of the local strategy FVB-L (described Section 3.1) can be tuned in order to ensure
that the control strategy is activated only for faults that are close enough, which are, in fact, the ones that
produce frequencies above the frequency of the COL As a general recommendation, local strategy FVB-L can be
implemented in grid-forming VSCs to improve transient stability for severe faults. Nevertheless, the use of strategy
FVB-WACS could be an interesting option in power systems which are vulnerable to transient stability, since the
latter can produce more significant improvements.
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5 Conclusions

This paper has proposed two fast voltage boosters to improve transient stability of power systems with 100% of
grid-forming VSC-based generation (GF-VSC). One is based on local measurements (FVB-L) and the other one is
based on global measurements (FVB-WACS). The conclusions obtained in this paper are as follows:

* Transient-stability phenomenon is present in power systems with 100% of GF-VSC-based generation.

* Local strategy FVB-L improves transient stability of severe faults significantly. However, its control actions
must be restricted to severe-enough faults tuning activation thresholds. This means that this control strategy
will have little effect on transient stability of non-severe faults.

* Global strategy FVB-WACS improves transient stability, significantly. It produces significant improvements
for severe and non-severe faults. The control strategy is robust when subject to communication latency.

¢ An important advantage of the two control strategies proposed is that they are based on fast voltage control,
avoiding changing the set points linked to frequency/active-power injection of the grid-forming VSC (i.e set
points linked to the primary energy source of the VSC).

Appendix: data

Data of the grid-forming VSCs are provided in Table 4. Data of the original two-area Kudur’s test system can
be found in [26]. Nominal voltage of the transmission grid and the nominal frequency (230 kV and 60 Hz,
respectively) were changed to 220 kV and 50 Hz in this study. Loads were modelled as constant impedances for
dynamic simulation. Besides, a critical case for transient stability was achieved by increasing the power transfer
from Area 1 to Area 2:

e Loads: bus 7: 917 MW & 100 MVAr; bus 9: 1817 MW & 100 MVAr.

Table 4: Parameters of the VSCs

Parameters

VSC’s rating are base values for pu

Rating VSC, DC voltage, AC voltage 900 MVA, +320 kV, 300 kV

Max. current 1.25 pu (equal priority for d — g axes)

Max. modulation index (m"** = \/g . ;ﬁ%) 1.31 pu

Series filter resistance (ry ;)/reactance (xf’i} 0.005 pu/ 0.15 pu

Shunt filter capacitance (Cy ;) 0.15 pu

Transformer resistance (r. ;)/reactance (x. ;) 0.005 pu/ 0.15 pu

(900 MVA 300/220 kV transformer)

Inner prop./int. control (K¢ p;/Kc 1) 0.73 pu /119 pu/s

Outer prop./int. control (Ky p;/Ky 1 ;) 0.52 pu / 1.16 pu/s

Virtual transient resistance (ry ;/Tyg ;) 0.09 pu/ 0.0167 s

Emulated inertia (Hygc ;) of VSCs 1 and 2 45s/45s

Emulated inertia (Hysc ;) of VSCs 3 and 4 41755/ 6175 s

Primary freq. controller gain. (Dysc,;) 20 pu
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