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Abstract—Transient stability is a complex phenomenon pre-
sented in multi-machine and multi-converter systems, and it is
still considered a key limiting factor for stressed power systems.
The increasing integration of non-synchronous generation further
emphasises the need to address the challenges of improving
the transient stability faced by these power systems. Several
studies have focused on developing control strategies for Grid-
forming voltage source converter (GFM-VSC) to improve tran-
sient stability. These strategies include the use of current limiting
algorithms and/or control of active/reactive power injections. This
paper investigates the impact of fast voltage boosters (FVBs)
and hybrid current limiters (HCLs) on transient stability of
power systems with 100% grid-forming VSC-based generators.
Short-circuit simulations and critical clearing time analysis are
performed to evaluate the effectiveness of HCLs and FVBs in
improving transient stability. The simulation results demonstrate
the effectiveness of these approaches in avoiding the loss of
synchronism. This research contributes to the current studies
on transient stability in power systems and provides valuable
insights into the potential of HCLs and FVBs as effective
approaches to improve system stability.

Index Terms—Voltage source converter, VSC, grid forming,
transient stability

I. INTRODUCTION

Voltage source converters with grid-forming control (GFM-
VSC) play an important role in future power systems dom-
inated by Converter-Interfaced Generation (CIG) [1]. GFM-
VSCs interface renewable energy sources or energy storage
systems with electrical power systems by controlling the
output voltage magnitude and imposing the VSC frequency
at the point of common coupling (PCC). The key feature
of the GFM-VSCs is that it allows the creation of a grid.
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Self-synchronisation strategies are needed when operating
several GFM-VSCs in parallel, in order to ensure that all
converters reach the same frequency in steady state [2].
Self-synchronisation strategies use supplementary controller
strategies to mimic the behaviour of synchronous machines,
and several variants have been proposed in previous work,
such as virtual synchronous machine (VSM) control [3], [4]
or Integral-Proportional (IP) control [5], among others.

Transient stability is a complex phenomenon present in
multi-machine and multi-converter systems, and it is con-
sidered a key limiting factor in stressed power systems.
Previous studies have explored various methods to enhance
transient stability in power systems utilizing GFM-VSCs, due
to their flexible control. Active-power supplementary control
strategies in GFM-VSCs have been investigated in [5]-[8],
and voltage/reactive-power supplementary control strategies
in GFM-VSCs have been proposed in [9]-[12]. For example,
the work in [10] proposed Fast Voltage Boosters (FVBs) in
GFM-VSCs to improve transient stability, using to different
approaches, using local and global measurements. FVBs con-
sists on adding a supplementary voltage set-point in the GFM-
VSC during faults and proved to be an effective alternative to
improve transient stability.

Alternatively, current limiters in GFM-VSCs can be ex-
ploited as shown in [13]-[16]. Although their main objective
is to limit the magnitude of the converter’s current injection,
they can also have a significant impact on loss-of-sycnhronism
phenomenon in GFM-VSCs, since they limit electrical power
provided by the converter. The work in [14] analyses the
impact of current-limiting strategies on transient stability of
a GFM-VSC connected to an infinite grid. The study anal-
yses two current-limiting strategies: current-modulus limiter
in vector control (Current Saturation Algorithm, CSA) and
virtual-impedance-based (VI-CL) current limiter. Eventually,
the work proposes a combination of both strategies (hybrid
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current limiter, HCL), improving the performance of the cur-
rent limitation process as well as transient stability. The work
in [15] analysed transient stability behaviour of a GFM-VSC,
using VI-CLs and proposing an adaptive droop to improve the
performance. Meanwhile, the work in [16] analysed the impact
of the angle of the current when using CSAs on transient
stability of a GFM-VSC connected to an infinite grid, finding
an optimal angle. In [17], transient stability of GFM-VSCs was
improved significantly, using the concept of virtual unsaturated
power as feedback for the self-synchronisation mechanism of
the GFM-VSC, especially when the converter is forced into
current limit operation. Further analysis on the performance
of the virtual unsaturated power has been presented in [18].

Since [10] analysed FVBs in GFM-VSCs using CSA-based
current limiters only, a question that remains open is whether
FVBs maintain their effectiveness on transient stability when
using other types of current limiters. In particular, it is of
interest to analyse the performance of FVBs when using
HCLs, since they improve transient stability of GFM-VSCs,
in addition to their main application, which is to limit the
current of the power converter. Although their different nature,
both, FVBs and HCLs, add terms to the voltage set-point
of the GFM-VSC. In fact, in some cases, the supplementary
voltage set-point provided by the FVB and the HCL may be
remarkably different. For example, in case of short circuits
close to the GFM-VSC, during the fault, the FVB will include
a positive supplementary voltage set-point value, while the
HCL will include a negative supplementary voltage set-point
value. Hence, it is essential to assess the robustness of FVBs
and to analyse potential interactions when using FVBs together
with HCLs.

Along this line, the contributions of this paper are as
follows:

o Analysis of the impact of FVBs [10] and HCLs [14] in
GFM-VSCs on transient stability in power systems with
100% CIG.

o Demonstration of the effectiveness of FVBs when im-
plemented with HCLs. Not only no negative interactions
were observed, but also the use of FVBs together with
HCLs produces significant improvements in the critical
clearing times (CCTs) of different faults.

o Analysis of the impact of communication latency on
the performance of the global control strategy FVB-
WACS [10], when using HCLs.

The performance of the control strategies is demonstrated
by a theoretical analysis using the Equal Area Criterion (EAC)
and by simulation using Kundur’s two-area test system [19]
with 100% grid-forming VSC-based generation.

II. GRID-FORMING VSCs
A. Modelling and control

Fig. 1 depicts the equivalent model of a GFM-VSC-i, which
consists of a voltage source (€, ;) connected to the system
through a LC filter and a transformer [5].

Fig. 3 presents the GFM-VSC-¢ general control scheme [5],
which consists of a cascade AC voltage and current control
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Fig. 1: Model of a grid-forming VSC.

loops in d — g reference frame including: (a) a voltage
controller, (b) a virtual transient resistance (used to provide
damping during the transient [5]), (c) a current controller (with
current limitation), (d) a voltage modulation (with modulation
index limitations) and (e) a VSM control used for the self-
synchronisation of the GFM-VSC [1], [5].

The GFM-VSC-i controls voltage magnitude vy ; and fre-
quency wy; (and, thus, the voltage angle ;) at bus f;. The
angle ¢ ; (rad) is imposed by the GFM-VSC VSM control (e)
(see Section II-B), aligning v ; with the direct axis component
(d-axis) of the rotating d — g reference frame.

B. Virtual synchronous machine control (VSM)

One option for a self-synchronisation method in GFM-VSCs
is the so-called virtual synchronous machine (VSM), as shown

in Fig. 2 [3], [6].
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Fig. 2: VSM control in a GFM-VSC.
The swing equation emulated by a VSM is given by:

dAOJi o 0

3 Dgi — Pg,i (D

2Hv sc,i — Dysc,iAw;

where:

e Hygc,; (s) is the emulated inertia constant.

e Dygsc,; (pu) is the proportional gain of the primary fre-
quency response (PFR). It also plays the role of damping
coefficient.

o Aw; = w; — wopy (pu), where w; is the frequency
imposed by the GFM-VSC and wg ., = 1 pu.

. pg’ ; (pu) is a constant active-power set-point of the GFM-
VSC at the connection point.

e pg; (pu) is the active-power injected by the GFM-VSC
at the connection point.

e wo is the nominal frequency in rad/s.

By means of equation (1), the GFM-VSC-i imposes the
frequency w; (pu) at connection point (bus f;). The angles in
Fig. 2 are angle used for Park’s Transform (Fig. 3).

III. CURRENT LIMITERS (CL)

This section briefly reviews the current limiters of GFM-VSCs
analysed in this work [5]: (a) current saturation algorithm
(CSA), (b) current limitation based on virtual impedance (VI-
CL) and (c) hybrid current limiter (HCL).
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Fig. 3: General scheme of the control system of a grid- formlng VSC.

A. Current saturation algorithm (CSA)
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The magnitude of the resulting current set-point, 7.5, must
be lower than or equal to the maximum current of VSC-i:
igi", as illustrated in Fig. 4. Typical values of the maximum
current are ¢"/* = 1 — 1.25 pu. Equal priority for d- and

q-axis currents will be used in this work.

Fig. 4: Current saturation algorithm (CSA).
B. Current limitation based on virtual impedance (VI-CL)

When a fault is detected, a transient virtual impedance is
included into the voltage set-point of the GFM-VSC to limit
the its current and to improve transient stability [15], [20]:

ref Tef ref,VR ref’ VI
Vrdi = +Avy g " = Avg g 3)
ref _ ref,VR ref'VI
Viai = 0 +Av Yigqi AUf,q,i
where the terms of the virtual voltage drop read:
'VI . .
Av;ifi = TvItsdi — TVIls,q,i 4
A ref' \VI _ . . ( )
Vigi = TVIlsqi T TVIlsd,i

The VI-CL is activated only when the converter current
magnitude i,; exceeds a threshold value (i5; > Z%LIM“)
Terms xy 1 and ry; are given in (5) and (6).

. . . .VI
Ty = kprvl Jfﬂ/TAzsai’ Zf 7?"’77; > %thres,i (5)
07 Zf lsyi < Yihres,i
VI =TVI/Og)r (6)

where Aig; = is
defined in [15].

VI
— lpyes,;- Parameters kp, - and o/, are

C. Hybrid current limiter (HCL)

The work in [14] showed that (a) CSA is more effective than
VI-CL to limit the current injection of the GFM-VSC, while
(b) VI-CL presentes better behaviour than CSA in terms of
transient stability. Hence, reference [14] proposed a hybrid
current limiter (HCL), combining CSA and VI-CL current-
limitation algorithms to improve the overall performance.
In HCLs, both current limiters CSA and VI-CL are imple-
mented simultaneously and their activation is coordinated with
thresholds. If """ and zthmsi are the maximum current of
CSA and the threshold current of VI-CL, respectively, then
Y es.s < 10 must be satisfied. HCL results in an effective
algorlthm to limit the current, as well as to improve the
transient stability behaviour of the GFM-VSC.

IV. FAST VOLTAGE BOOSTERS (FVBS)

Fast voltage boosters (FVBs) for GFM-VSCs were proposed
in [10] to improve transient stability, motivated by the ex-
citation boosters (EBs) used in synchronous machines [21],
[22]. FVBs in GFM-VSCs are based on reactive-power/voltage
control, adding a supplementary voltage set-point, Av;if TS,

when faults occur in order to improve transient stability:

ref

_ fTS
vfl Uf@ re

+ A 7)

where the voltage set-point of the GFM-VSCs is the one
described in Fig. 3.

The active power injection of a GFM-VSC (Fig. 1) can be
approximated as follows:

Vf,iVg,i
T

sin(df,; — dg,i) (8)

When a short circuit occurs, the voltage at the connection
point of the GFM-VSC, v, ;, decreases. Hence, its active-
power injection, p, ;, also decreases. According to the em-
ulated swing equation of the GFM-VSC (1), this results in an
acceleration of the converter (i.e., its frequency increases). If
the fault is severe enough, the GFM-VSCs could eventually
lose synchronism. Appropriate control strategies should pull
together the frequencies of GFM-VSCs to avoid a loss of
synchronism between them. A FVB manipulates the voltage
at the connection point of the GFM-VSC, vy ; in order to
improve transient stability of the system. By changing vy ; in
GFM-VSCs, the active power injection changes pg;, which

Pg,i =

(X
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is related to their virtual electromagnetic torque. This means
that FVBs can be used to slow down or accelerate GFM-VSCs
in the system. Two control strategies based on [10] will be
analysed:

o Local fast voltage booster (FVB-L).

o Fast voltage booster using a wide-area control system

(FVB-WACS).

Only a brief description of the FVBs are presented in this

paper. The interested reader is referred to [10].

A. Local fast voltage booster (FVB-L)

This control strategy provides fast voltage support by using
local measurements of the terminal voltage and the frequency
deviation of each GFM-VSC-i (v, ; and Aw;) as input signals,
as shown in Figs. 5 and 6. Mainly, FVB-L is activated when
the voltage at the connection point is lower than a certain
threshold and it remains activated if the frequency difference
is greater than a certain threshold (v4 ;, vp,; and Wipres,i)-

Vi
1
Vg,i“
:
0l Vi Vei1 Vai
if (A, 2 @)
72=1
Aw, —else
72i=0
end
Fig. 5: Strategy FVB-L.
Vi 7i
oRrR
Il
(H]]
delay of one
time step
Vai

Fig. 6: Strategy FVB-L. Logic circuit for fault detection.

Transient stability is driven by the relative frequency in
multi-converter systems with GFM-VSCs. This means that
effective controls should slow down some GFM-VSCs but
accelerate other ones. Since FVB-L uses local measurements
only, the information of the rest of the system is not available.
FVB-L strategy should be only activated in GFM-VSCs close
to faults since these GFM-VSCs would accelerate faster, and
they should be therefore slowed down. This is achieved by
using a low value of parameter v4; of Fig. 5 (e.g. va,; =
0.5 pu) [10].

B. Fast voltage booster using a WACS (FVB-WACS)

This control strategy uses FVB support in each GFM-VSC
with a wide-area control system (WACS) to calculate the
frequency of the COI, defined as:

1 n
B Htot

n
> Hyscx

k=1

©))
where wy, is the frequency of each GFM-VSC of the system
and Hy gc y is its emulated inertia.

Hysc rwi (pu) , with Hypy =
k=1

The block diagram of the strategy FVB-WACS is depicted in
Fig. 7. The frequency set-point of each VSC- is calculated as
the frequency of the COI from Eq. (9): w:ef TS — weor. The
philosophy of the FVB-WACS control strategy is to increase
(decrease) the voltage at the connection point of GFM-VSC-
1 if its frequency (w;) is above (below) the frequency of the
COlI, in order to slow down (accelerate) the GFM-VSC. The
effect is to pull together the frequencies of the GFM-VSCs of
the system. The strategy FVB-WACS is more powerful than
strategy FVB-L, because it uses global measurements and,
therefore, each GFM-VSC has information of the rest of the
system. Naturally, the implementation of FVB-WACS is more
difficult, because a communication system is needed.

o TS AV',“?X
( 1 L STy, L5 AV ref TS
4’%)_' 1sT [ |1/~ & 1+5Ty, = FYed fii
—AV{Y
; !

Fig. 7: Strategy FVB-WACS.

V. THEORETICAL ANALYSIS

This section presents a theoretical analysis of the impact of
FVBs and current limiters (CSA and HCL) in GFM-VSCs
on transient stability by means of the well-known Equal Area
Criterion (EAC) [19]. Analysis of active-power/angle (P — )
curves and EAC applied to transient stability assessment of
GFM-VSCs has been used in previous work [9], [11], [12],
[14], [15], [17].

A GFM-VSC connected to an infinite grid is considered, as
shown in Fig. 8. The GFM-VSC is represented as a voltage
source at bus f of Fig. 1 (¥), in order to analyse the impact of
the FVBs. Some approximations are made to be able to carry
out the theoretical analysis: series resistances are neglected,
the shunt capacitor (Cy) is neglected (i.e., is ~ i ) and the
current and voltage controllers of the GFM-VSC are not taken
into account.

pf! qf X T pe' qe
[E—— C [
i YN | I

+ +

v v Ve

Fig. 8: GFM-VSC connected to an infinite grid.

The infinite grid is the reference for the angles: v, = v.Z0.
The initial steady-state operating point of the GFM-VSC is
50 = pg + qu and 17? = v?éé?. The active power injection
of the GFM-VSC can be written as:

Dg = Pe = 9% ing
Ttot
where § = dy is the angle of the voltage of the GFM-VSC at
bus f, v¢, with respect to the infinite bus, and x¢or = . + T,
is the total series reactance.

A three-phase-to-ground short circuit will be applied at bus

e, for illustrative purposes. The GFM-VSC has an initial angle

(10)
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of do. The fault is produced at time ¢; and it is cleared at t,;.
The angle of the GFM-VSC at the fault clearing time will be
called d.;. During the fault, v. = 0, which implies p, = 0.
Hence, according to the VSM law of the GFM-VSC (Fig. 2),
during the fault the frequency of the GFM-VSC accelerates
according to:

2Hysc—— e 0 0

dt Dy _M

A. Impact of current limiters on transient stability

+ Dy scAw (1)

The base case is considered, where the AC voltage of the
GFM-VSC is assumed constant: vy = v?c.

1) Base case - no CL:
First of all, and for comparison purposes, it is assumed that the
GFM-VSC does not have current limiter (CL) and its active-
power injection is given by:

v? Ve

Dg = sin § (12)

Ttot

The the P — § curve of the GFM-VSC is shown in Fig. 9-(a).
The maximum active-power injection is pi**! = v?cve /Ttot-
The GFM-VSC is initially operating Wlth an angle §p and
active-power injection pg. The fault is cleared when the angle
reaches ;. The accelerating area is called A;, and it is shown
in shaded red. To maintain synchronism, the decelerating area
As (shaded blue) needs to be equal to the accelerating area
A;, which means that the decelerating energy is equal to the
energy increase during the fault. During the re-synchronisation
process a maximum transient excursion angle is reached
(5mte)- )

The critical clearing angle (65*") is the maximum angle
that can be achieved before clearing the fault without loss of
synchronism, which is directly related to the critical clearing
time of the fault. The EAC criterion for the critical clearing
angle is illustrated in Fig. 9-(b), where 6575 = 7 — &o.

2) Base case - CSA:

The GFM-VSC has now a current limiter with CSA algorithm
whith equal priority to d— and g—axis currents (Section III-A).
The current limit is reached during the fault and the instants
after the fault clearing. When the fault is cleared, the angle
reaches the value J.;. Angle J, represents the angle at which
the current limit (¢7'**) is reached. From that angle, the P —§
curve is no longer a sinusoidal function, because the GFM-
VSC has the current injection saturated. The active-power
injection of the GFM-VSC is given by [17]:

f

Tto

© sin §, si 0 < dq(is < i52X)

pg =
g 'u?'uC sin § . max .
-1 S1
\/(v(})zﬁ»uzf?v?vc coss °

0 > 0a(is = 1%X)
(13)

Fig. 10-(a) shows The the P — & curve of the GFM-
VSC with CSA. Clearly, the P — § curve is reduced dra-
matically and a higher maximum transient excursion angle
Omte 18 required to achieve A; = A, and prevent loss of
synchronism of the GFM-VSC, in comparison with the case

of no CL. The maximum active-power injection is given by
Pt = v?ve sin(d.) /1o, which is much lower than pj*e**.
This results in a much lower critical clearing angle 5”” (10-
(a)). Hence, transient stability margin of the GFM- VSC with
CSA is much lower, in comparison with the case without CL
(see [14], [15], [17D).

3) Base case - HCL:

The GFM-VSC has now a current limiter with HCL algorithm
(Section III-C). As explained before, the performance of HCL
current limiter in terms of transient stability is governed by
VI current limiter and CSA algorithm just ensures that the
current injection of the GFM-VSC is not greater that the
current limit during specific moments of the transient. Hence,
for this analysis, it it assumed that the GFM-VSC is in VI
current-limitation mode when it saturates (Section III-B).

To simplify the analysis, it assumed that the virtual
impedance included when the current threshold is reached is
constant and the virtual resistance is neglected: zy; = jzyr,
with xvy = kp, 0./ A" and Al =05 — i s

When HCL limiter is activated, the virtual voltage of the
GFM-VSC is given by: 17} = 0§ + Zviis, T/f = 0}46}.(14) Let
us define the angle J as the angle of the virtual voltage of the
GFM-VSC with respect to the infinite grid: § = (5}. Notice,
that when the HCL is not activated (virtual impedance equal
to zero: zy; = 0) leads to 6} = ¥y and, therefore, the angle
0 is the angle of the AC voltage at bus f, as in previous
subsections. For mathematical purposes, the virtual voltage is
estimated as: ©) =9} + zy ;i (15) where the current used
for the calculation, 22 , 1S an approximation with maximum
magnitude 77'** and equal phase than the current at the initial
operating point.

Then, the active-power injection of the GFM-VSC is given
by:

%, . . ;
wft - sin g, if 0 <d(is < zi‘t/h,lres)
Py = , (10
V Ve . . - VI
m Sin (5, Zf o> 617(28 > Zthres)

where 4, is the angle at which the VI current threshold is
reached and the maximum value of the curve is p"“””3 =
v} e/ (Ttot + TV

Fig. 11-(a) shows The the P—§ curve of the GFM-VSC with
HCL. Notice that there is a discontinuity of the active power
function at d, due to the introduction of the virtual impedance
of the HCL. Clearly, the P — § curve with HCL is larger than
the one obtained in the case of GFM-VSC with CSA (Fig. 10),
and the GFM-VSC has more margin to maintain synchronism
by achieving the EAC: As = A;. As a consequence, the
critical clearing angle (55}"“) obtained with HCL (Fig. 11-(b))
is much greater than the one obtained with CSA (Fig. 10-(b)).
Naturally, the P —§ curve with HCL (Fig. 11) is smaller than
the one obtained in the case of no current limitation (Fig. 9),
having the former a lower critical clearing angle 65,

Further details of theoretical analysis of transient stability
of GFM-VSCs using VI current limiters can be found in [14],
[15].
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B. Impact of FVBs on transient stability

The GFM-VSC is now equipped with a FVB as the ones
described in Section IV. Hence, the AC voltage of the GFM-
VSC is given by: vy = v?c + Av}rs

vy =09+ Avf® (17)
where the term Avf
the FVB.

Again, certain assumptions are made, in order to carry out
the theoretical analysis. A positive voltage increment produced
by the FVB (AU?S > () when the fault is detected is assumed.
This is true for FVB-L and FVB-WACS (see Section IV) in
case of faults close to the AC connection point of the GFM-
VSC, because the fault will produce that the frequency of
the GFM-VSC is greater than the frequency of the COI. The
second assumption is a constant voltage increment produced
by the FVB (Av?s = AU?S’CO"S). This is true for FVB-
L, but not for FVB-WACS, because the latter modulates
the supplementary voltage set-point according to frequency
measurements in the system. Nevertheless, the impact of
generic FVBs with constant supplementary voltage set-point
is useful to illustrate their impact on transient stability, which
is the purpose of the analysis; and the general conclusions are
valid for both FVB-L and FVB-WACS. The constant voltage
used for the P — § curves when the FVB is applied is called
vl 7= =" 7T AUTS

1) FVB - no CL:

The GFM-VSC does not have current limiter (CL) and a FVB
is used. Then, its active-power injection is given by:

is the voltage increment produced by

v]lc Ve

Dg = sin (18)

Ttot
where v} = v} + AvTS.

Fig. 12 shows The the P —§ curve and the EAC. The max-
imum active-power injection is p*** = v fve ot > et
With FVB, the critical clearing angle 5t is greater than the
one obtained in the base case (V-A), because the AC voltage
of the GFM-VSC is higher v} > v?c and the P — § curve is
higher.

2) FVB - CSA:

The GFM-VSC has now a current limiter with CSA algorithm
with equal priority to d— and g—axis currents (Section III-A)
and a FVB. Angle §,. represents the angle at which the current
limit (¢7*%*) is reached. From that angle, the P — J curve is
no longer a sinusoidal function, because the GFM-VSC has
the current injection saturated. The active-power injection of
the GFM-VSC is given by the same expression as in (13),
with the difference that now the GFM-VSC has a higher AC
voltage due to the FVB (v} = v} + A’U?S ):

v}ve

Ttot

sin §, if 8 <de(is < i)

p =
g v}ve sin §

\/(v})2+vg—2v}ve cos §

‘mazx
s ’

if 0> 6dc(is

— maz)

19)

Fig. 13 shows The the P —§ curve and the EAC. The P —§
curve is reduced dramatically and the FVB is not capable of
increasing significatly the P — . Although the P — § curve
obtained with CSA and FVB is higher than the one obtained in
the base case with CSA (Fig. 10), both are very similar. In fact
their maximum values of the curve are almost equal pg ~ pg
and the critical clearing angles 657* are similar. Although it
will be shown in a numerical example that using FVB the
critical clearing angle increases slightly with FVB (Section
V-O).

3) FVB - HCL:

The GFM-VSC has now a current limiter with HCL algorithm
(Section III-C) and FVB. The virtual impedance is activated
during the fault and in the instants after the fault clearing,
when the current excess the threshold (see Section III-B). The
virtual voltage used for the P — § curve is estimated as:

i}t = o} + 2l (20)
where the AC voltage of the GFM-VSC is U} = U(} + A’U?S.

The active-power injection of the GFM-VSC is given by the
same expression as in (16), with the difference that now the
GFM-VSC has a higher AC voltage due to the FVB (v} =

v} 4+ AvT?®) and a higher virtual voltage (U}:/)I

mfve sin 6, if 6 <dalis <ipl.,)
by = v t; @1
Yoo o . . VT
oo sin 8, if 6> 04(is > iyres)

where 04 is the angle at which the VI current threshold is
reached and the maximum value of the curve is pm‘“‘6 =
09 ve/ (Thor + wy 1) > pIae.

Fig. 11 shows The the P — § curve and the EAC of the
GFM-VSC with HCL and FVB. The critical clearing angle
(67 obtained with FVB and HCL is greater than the one
obtained in the base case with HCL.

C. Numerical example

The system of Fig. 8 is considered (a GFM-VSC connected
to an infinite grid). The rating of the GFM-VSC is 900 MVA
and its data are the ones of VSCI1 of Table V of the Appendix
(one of the converters to be used in the results’ section of this
paper). The infinite grid has voltage v. = 1£0° and series
reactance z, = jz. = j0.1 pu The operating point of the
GFM-VSC is pg = 0.7 pu, qg 0.0490 pu, vf 1.0152
pu and 5y = 5? = 9.93°. For the CSA current limiter, a
maximum current of 7'* = 1.25 pu is assumed. For the
HCL current limiter, a current threshold of iy/7% = 1.0 pu, rest
of parameters as in the Appendix, the resistance is neglected
and a constant impedance is used for the EAC analysis, as
explained in Section V-A3. This leads to a virtual impedance
of zy; = jxyr = 0.1225 pu. The voltage increment of the
FVB is Av?s pu. All the parameters are in pu with respect
to the converter rating.

Table I summarises the main results of the EAC analysis:
the critical clearing angle, which is used to quantify transient-
stability margin, and the maximum value of the P — § curve,
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for each case. In the base case without CL, the critical clearing
angle is 05" = 120.32°, and it decreases to 39.13° with CSA.
With HCL, 65/ = 105.83°, significantly increasing transient
stability margin in comparison with the base case with CSA.

With FVB and without CL, the critical clearing angle is
6¢rit = 123.24°, which is slightly higher than the one obtained
in the base case. With FVB and CSA, the critical clearing
angle decreases to 41.65°, which is slightly higher than the
one obtained in the base case with CSA. With FVB and HCL,
52{“ = 109.61°, which is higher than the one obatined with
FVB and HCL.

The analysis shows that HCL current limiters and FVBs
increase transient stability margin, and both approaches are
compatible. The improvements are higher with the HCLs. It
should be mention that time-domain simulation have shown
higher improvements with FVBs in comparison with the base
case [10]. This is due to the fact that the main improvements of
FVBs are due to the control actions after the current limitation.
In the EAC analysis, the GFM-VSC reaches its current limit
during the complete post-fault re-synchronisation process,
because its controllers are neglected. This does not occur
in time-domain simulations, where greater improvements of
FVBs are expected, as will be analysed in Section VI of this

paper
TABLE I: EAC. Results.

Case 6cz"1t pmax
; c g
Base case - no CL | 120.32° | p*“®1 =4.06 pu
Base case - CSA 39.13° pg“l“ =1.27 pu
Base case - HCL 105.83° p;"‘“”3 =2.73 pu
FVB - no CL 123.24° p;"”‘l = 4.46 pu
FVB - CSA 41.65° p;”’”5 =1.25 pu
FVB - HCL 109.61° | pp®®6 =2.99 pu
VI. RESULTS

Simulations were carried out to analyse the impact of the
simultaneous use of FVBs and HCLs on Kundur’s two-
area test system [19] with 100% grid-forming VSC-based
generation (see Fig. 15). Synchronous machines of the original
system were replaced by GFM-VSC-based generators using
VSM control, with the same nominal apparent power as the
generators of the original system (900 MVA). The Appendix
provides the system data. The VSC_Lib tool was used: an
open-source tool based on Matlab + Simulink + SimPow-
erSystems developed by L2EP-LILLE [23]-[25], which uses
average electromagnetic-type models.

The following cases will be analysed and compared:

« Base case: current limiter only (CSA or HCL).

o FVB-L (local) and current limiter (CSA or HCL).

o FVB-WACS (global) and current limiter (CSA or HCL).

Parameters of of the FVBs and current limiters are provided
in the Appendix. Note that VI-CL current limitation strategy
is not analysed, since HCL presents better behaviour in terms
of current limitation as shown in [14].

Fig. 15: Kundur’s two-area test system with 100 % GFM-
VSC-based generation.

A. Short-circuit simulation

A three-phase-to-ground short circuit is applied to line 7-8a
(close to bus 7) of the system in Fig. 15, and the fault is
cleared by disconnecting the circuit 140 ms later.

Fig. 16 shows the angle difference between GFM-VSC-1
and GFM-VSC-3 for the six cases analysed, while Fig. 17
shows the frequency deviations of the GFM-VSCs with respect
to the frequency of the COL. In the base case with CSA and no
FVBs, GFM-VSCs lose synchronism. The system maintains
synchronism for the rest of the cases (see Fig. 16). Results
show that strategies FVB-L and FVB-WACS improve transient
stability when using CSA and HCL current limiters.

Fig. 18 shows the supplementary voltage set-point (provided
by FVBs) and the output voltages of each GFM-VSC. The
FVB-L strategy provides a positive supplementary voltage set-
point in all converters that detect the fault. Only the converters
close to the fault (GFM-VSCs 1 and 2) activate the FVB-L
strategy but not those far from it (GFM-VSCs 3 and 4). This
behaviour is due to the logic rules of Fig. 6 and an appropriate
design of the FVB-L controller parameters. Therefore, this
strategy is very effective whether implemented with CSA
or HCL current limiters. Strategy FVB-WACS can provide
a positive or/and negative supplementary voltage set-point
during the first swing. This action depends on whether the
converter frequencies are above or below the frequency of the
COI (see Fig. 17). Thus, GFM-VSCs 1 and 2 provide a positive
supplementary voltage set-point Av;eif TS, slowing down the
GFM-VSCs. While GFM-VSCs 3 and 4 provide a negative
Av;if TS they accelerate as is shown in Fig. 18 (blue and
purple), reducing the risk of loss of synchronism. Strategy
FVB-WACS is also effective when using CSA or HCL.

Fig. 19 shows the active power injections of the GFM-
VSCs and Fig. 20 their current injections. The fault activates
the current limiters (either CSA or HCL) in those converters
closer to it, leading to fast variations in the active-power
injections until the fault clearing. After the fault is cleared,
converters supgly a positive or negative additional voltage set-
point Av}'if 15 by the action of FVB controllers (FVB-L and
FVB-WACS). The supplementary voltage set-points increase
or decrease the active powers injections of the converters
according to (8). Precisely, (electrical) active-power injections,
Dg,i» drive the slowing down or the acceleration of the GFM-
VSCs, according to (1). Current limiters CSA are activated
just after the fault in GFM-VSCs 1, 2 and 3, where the
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Fig. 16: Fault I cleared after 140 ms. Angle difference of the

VSCs.
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Fig. 17: Fault I cleared after 140 ms. Frequency deviations of
the VSCs with respect to the frequency of the COIL.

ymax

current limit is reached (i3";*" = 1.25). The current injections
of those converters closer to the fault hit a peak, reaching
their maximum allowed value according to Fig. 4. In the
cases where the CSA is used alone (without FVBs), converters
remain at the maximum limit value allowed by CSA until
the fault clearance. Meanwhile, when HCLs are used, the
current injections of GFM-VSC:s initially reach the CSA limit,
and then they are reduced by the virtual-impedance action,
impeding the loss of synchronism and improving transient
stability.

The effectiveness of FVBs when using HCLs is due to the
fact that actions of both controllers take place at different
stages of the transient. During the fault, the HCL has priority
and it introduces a supplementary voltage set-point to the
GFM-VSC. Once the fault has been cleared, the HCL is
disabled and the FVB introduces a supplementary voltage set-
point to the GFM-VSC. Therefore, the use of FVBs together
with HCLs takes advantages of both.

B. Critical clearing times (CCTs)

Tables III and IV show the critical clearing times (CCTs) of
the faults described in Table II with/without FVBs, using CSA
or HCL current limiters. Strategy FVB-WACS increases the
CCTs of all faults. In contrast, the FVB-L strategy significantly
increases the CCTs only on faults I and II, with no impact
on faults III and IV. This behaviour is because the FVB-L
strategy is designed to be activated only for severe-enough
faults as a consequence of the activation conditions of the
local strategy FVB-L described in Section IV-A. Comparing
Tables IV and III, results shows that HCL with no FVBs
significantly improves the CCTs of faults III and IV with
respect to CSA with no FVBs. However, the improvements
for faults I and II are very small. This confirms that HCL is
more effective than CSA.

The use of HCL algorithms with FVB strategies improves
the CCTs in all faults, even in those where the FVBs and
the HCLs cannot improve when applied independently. The
best results are obtained when implementing FVB-WACS with
HCL current limiter.

TABLE II: Fault description.

Short circuit

close

Base case (CSA) FVB-L (CSA) FVB-WACS (CSA)
Base case (HCL) FVB-L (HCL) FVB-WACS (HCL)
015 15
=2 = P
& 01 a1
= 2 I
52005 205
g <
0 1 2 3 4 0 1 2 4
time (s) time (s)
015 15
3 —_
& o I -
. £
hon
£4=50.05 os
a4 RN
0 1 2 3 4 0 1 2 4
time (s) time (s)
—~ 0
3 =
[=) = 1
= 005 E
S = 09
CEI <
< = o8
0 1 2 3 4 0 1 2 3 4
time (s) time (s)
—~ 0 12
5 —_
i =] L
:,T; -0.05 e; 1 AN
62 o =
4 =08
0 1 2 3 4 0 1 2 4
time (s) time (s)

Fig. 18: Fault I cleared after 140 ms. (left) Supplementary
voltage set-points of the VSCs and (right) voltages of the

VSCs.

at line ¢ — j | to bus clearing
Fault I 7-8a 7 Disconnect 7-8a
Fault IT 5-6 5 short circuit cleared (line not disconnected)
Fault III 10-11 11 short circuit cleared (line not disconnected)
Fault IV 8-9a 8 Disconnect 8-9a
TABLE III: CCTs with CSA.
CCT FVB-WACS with delay
(ms) Base case | FVB-L 7 =0 ms 50 ms 100 ms
Fault I 130 250 270 270 260
Fault IT 270 310 360 340 320
Fault IIT 220 220 230 230 230
Fault IV 420 420 880 870 890
TABLE IV: CCTs with HCL.
CCT Base case | FVB-L | FVB-WACS (HCL) with delay
(ms) (HCL) (HCL) | T=0ms 50 ms 100 ms
Fault 1 140 280 290 290 280
Fault II 280 330 370 370 360
Fault 1T 600 600 700 700 690
Fault IV 510 510 930 950 940
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Fig. 19: Fault I cleared after 140 ms. Active-power injections
of the VSCs.
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Fig. 20: Fault I cleared after 140 ms. Current injections of the
VSCs.

C. Impact of communication latency

The impact of communication latency on the performance of
strategy FVB-WACS, using CSA and HCL current-limitation
algorithms, has been analysed. The input error signal of FVB-
WACS of Fig. 7 with a communication delay reads:

u; = e T (weor — w;) (22)

Total communication latencies (7) of 50 ms and 100 ms
will be analysed, which are consistent with realistic delays
in WACS [26].

CCTs obtained with strategy FVB-WACS with communi-
cation latency, when using CSA and HCL current limiters

are shown in the last three columns of Table IV. The CCTs
decrease as the communication delay increases. Results prove
that strategy FVB-WACS is robust against communication
latency, when using the two options of current-limitation
strategies: CSA and HCL.

VII. CONCLUSIONS

This paper analysed the impact of hybrid current limiters
(HCLs) and fast voltage boosters (FVBs) in GFM-VSCs on
transient stability of power systems with 100% converter-
interfaced generation.

The conclusions obtained in this chapter are as follows:

e HCLs are effective in limiting the current of GFM-
VSCs (their main application) and they can also improve
transient stability, significantly, depending on the fault.

e« FVBs in GFM-VSCs improve transient stability when
using CSA and HCL current limiters. Moreover, FVBs
together with HCL significantly improve transient stabil-
ity for all faults analyzed. This means that FVBs and
HCLs are complementary and compatible.

o The effectiveness of FVBs when using HCLs is due to
the fact that the actions of both controllers take place at
different stages of the transient. During the fault, the HCL
has priority and it introduces a supplementary voltage set-
point to the GFM-VSC. After the fault clearing, the HCL
does not act any more and then FVB introduces a sup-
plementary voltage set-point to the GFM-VSC. Hence,
the use of FVBs together with HCLs takes advantages of
both.

o« FVB strategies improve transient stability with local
(FVB-L) and global (FVB-WACS) measurements. FVB-
WACS is the most effective, when using both current-
limitation algorithms analysed (CSA and HCL).

o« FVB-WACS is robust against communication latency,
when using both current-limitation algorithms analysed
(CSA and HCL).

APPENDIX: DATA

Table V depicts the data of the grid-forming VSCs. The
data of the original two-area Kundur’s test system can be
found in [19]. In this work the same conditions of [10] were
considered: (Load at bus 7: 917 MW & 100 MVAr; load at
bus 9: 1817 MW & 100 MVAr). Nominal frequency is 50 Hz.

TABLE V: Parameters of the VSCs

Parameters
VSC’s rating are base values for pu
Rating VSC, DC voltage, AC voltage

900 MVA, 640 kV, 300 kV

Max. modulation index (mj*** = % . 2‘@:{:@) 1.31 pu
Series filter resistance (ry ;)/reactance (z f ;) 0.005 pu / 0.15 pu
Shunt filter capacitance (C'y ;) 0.0660 pu

Transformer resistance (7. ;)/reactance (. ;)
(900 MVA 300/220 kV transformer)

Current prop./int. control (K¢, p /K¢, 1)
Voltage prop./int. control (Kv, p,i/Ky,r,:)
Virtual transient resistance (rv,/Tv r,i)
Emulated inertia (Hy sc,;) of VSCs 1, 2,3 & 4
Primary freq. controller gain. (Dy sc ;)

0.005 pu / 0.15 pu

0.73 pu / 1.19 pu/s
0.52 pu / 1.16 pu/s
0.09 pu / 0.0167 s
45s/45s/4.175s/6.175 s
20 pu

Parameters of the FVBs:
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FVB-L: Figs. 5-6 with: v4; = 0.5 pu, vp; = 0.9 pu,
Wihres,i = 1073 pu, Av#* = 0.15 pu.

FVB-WACS: Fig. 7 with: Kpyp,; =50 pu, Ty ; = 0.1s,
Tw,; =10 s, Avf{® = 0.15 pu and ¢; = 1077 pu.

Parameters of the current limiters:

[1]

[3]

[4]

[5]

[6]

[7]

[8

=

[9

—

[10]

(1]

[12]

[13]

[14]

CSA: """ = 1.25 pu (equal priority for d — g axes).
VI-CL: iy7% = 1.0 pu, kp, = 0.098 pu, 0,/ = 5.
HCL: Parameters of CSA and VI-CL are used.
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