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Critical clearing time determination and

enhancement of grid-forming converters

embedding virtual impedance as current
limitation algorithm

Taoufik Qoria, Frangois Gruson, Member, IEEE, Fréderic Colas, Member, IEEE, Guillaume Denis,
Thibault Prevost, Xavier Guillaud, Member, IEEE,

Abstract— The present paper deals with the post-fault
synchronization of a voltage source converter based on the droop
control. In case of large disturbances on the grid, the current is
limited via current limitation algorithms such as the virtual
impedance. During the fault, the power converter internal
frequency deviates resulting in a converter angle divergence.
Thereby, the system may lose the synchronism after fault
clearing and which may lead to instability. Hence, this paper
proposes a theoretical approach to explain the dynamic behavior
of the grid forming converter subject to a three phase bolted
fault. A literal expression of the critical clearing time is defined.
Due to the precise analysis of the phenomena, a simple algorithm
can be derived to enhance the transient stability. It is based on
adaptive gain included in the droop control. These objectives
have been achieved with no external information and without
switching from one control to the other. To prove the
effectiveness of the developed control, experimental test cases
have been performed in different faulted conditions.

Index Terms— Grid forming voltage source converter, virtual
impedance, current limitation, droop control, transient stability.

I. INTRODUCTION

rid-forming Voltage Source Converter (VSC) based on

droop control [1] has been widely studied in Microgrid

and uninterruptible power supply for several types of
applications: stability analysis in islanding mode [2], active
and reactive power sharing in parallel operation [3], [4],
decoupling control of active and reactive power [5]). These
studies have been recently extended to power transmission
systems dominated by renewable energy sources [6] where
new challenges appear such as power converter controllers
tuning for stable operation in case of low switching frequency
[7], [8], stability assessment for large power system [6],
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optimal placement of grid-forming converters in large power
system [9].

Unlike grid-following converters that behave as current
sources, grid-forming converters are very sensitive to external
disturbances. Indeed, due to the voltage source behavior of a
grid forming converter, the overcurrent protection deserve a
specific attention [10]-[12]. Compared to synchronous
generators (SGs) that can support up to seven times over its
rated current, power converters can only cope with few
percent of overcurrent 20% to 40%. Trying to mimic
synchronous machine would require a very large oversizing of
semiconductor components and induces large additional costs.
Therefore, power converters have to be protected against
extreme events as short circuits but also other events which
may induce small overcurrent: phase shift, connection of large
loads and tripping of a line [13].

Many control strategies have been proposed for grid-forming
converter in order to limit the current during transients. One
strategy is to limit the current with a saturated control
algorithm. This control strategy has been implemented in
different ways e.g.; [11], [14], [15]. Despite that the current
saturation limits the current during transient; if no PLL is
implemented, the voltage controller will not be able to keep
the output AC voltage aligned with the grid one. Thereby, the
system can become unstable during the post-fault phase [12].
Recently, innovative concepts based on Virtual Impedance
(VD) [10], [12], [16]-18] have been implemented to emulate
the effect of a physical impedance when the current exceeds
its nominal value. These methods have shown their
effectiveness to limit the current transients in case of lines
tripping [10] and heavy load connection [12] while keeping
the same nature of the power source “i.e.; voltage source”.
Moreover, they ensure more stability in comparison to the
current saturation [12]. Hence, the virtual impedance control
proposed in [12], [17] is adopted in this paper.

Conventionally, if a power converter loses the synchronism
and becomes unstable after large disturbances, it will be
disconnected from the main grid for safety purposes [19].
However, in future power systems dominated by renewable
energy sources (RESs), grid-forming converters have not only
to cope with current limitation, but also to feed loads and
provide services to the main grid even after fault clearing. In
the literature, some papers proposed to switch from voltage
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control based on the droop control to the PLL-based current
control [1], [20] in order to maintain the synchronism and to
ensure a transient stability. These methods require a complex
algorithm for fault detection, triggering conditions. Moreover,
as specified by [1], fault recovery could only be achieved
after a considerable retuning of the voltage controller and the
power controller in order to avoid AC voltage collapse.
Recently, the transient stability mechanism of the current
source VSC based droop control has been discussed in the
literature in [14], [21]-[23] in case of operating point change
and a 50% voltage sag. However, to the best of our
knowledge, the post-fault synchronization of the VSC based
on droop control and virtual impedance operating as voltage
source has not been discussed in the literature. Hence, the
contributions of the present paper consist to:

- Explain theoretically the synchronization process of a VSC
based on droop control and virtual impedance when it is
subjected to large disturbances such as a three-phase bolted
fault.

- Propose an adaptive droop control to increase the critical
clearing time and to limit the angle variation during the fault,
and thereby, to enhance the system dynamics and its transient
stability after fault clearing.

This paper is mainly focused on a grid forming control with a
negligible inertial effect, which allows to develop some
simplified analytical expressions and to give some general
considerations in term of transient stability analysis. Since the
inertial effect can be modified by the control, it is also
interesting to study the case when it is not negligible.
Simplified approaches are not possible anymore, however, it is
still possible to use the same methodology, thanks to the
simulation results, to evaluate the transient stability and
enhance the critical clearing time.

Contrary to the conventional methods where the control has to
switch from one strategy to another one (e.g.; from droop
control to PLL), or require a triggering condition to avoid a
transient instability after fault clearing, the proposed control
does not need to switch to other strategies during fault which
simplifies its analysis.

To show the effectiveness of the developed control in ensuring
a current limitation as well as stable post fault
synchronization, an experimental test bench has been
developed to validate the proposed control algorithm.

The reminder of this paper is organized as follow. Section II
first describes the studied system and its control structure,
then, it recalls the operation principle of the virtual impedance
for current limitation and shows its impact on the system

dynamics. Section III presents the synchronization process of
Linearization Current Control
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the grid-forming based droop control during and after fault
clearing. Section IV proposes a variable droop control to
enhance the transient stability of the power converter.
Section V presents the developed experimental bench and the
experimental validation of the proposed control.

II. GRID-FORMING VOLTAGE SOURCE CONVERTER BASED ON
DROOP CONTROL AND VIRTUAL IMPEDANCE

A. Description of the system

The studied system is depicted in Fig. 1. It consists of a three-
phase 2-Level VSC supplied by a DC voltage source. On the
AC side, the VSC is connected to an AC grid through
an LyCL, filter. The AC grid is represented by an ideal AC
voltage source in series with its equivalent impedance (Lg R ).
In this paper, v,, represents the modulated voltage by the
converter, i; the output current through the filter L¢, e, the AC
voltage across the capacitor C, i, the grid current through the
transformer inductance L, vy, the AC voltage at the point of
common coupling (PCC) and u,, the DC voltage.

Mg My M

. [ Pwi ] . LR, LR .
AT Q)
o] T 1T
(,7f L {\4
VSC 2-Levels I_ ’ juv]

I 3

Fig. 1. Power electronic converter connected to an AC system via an LCL
filter.

B. Grid-forming control structure

Fig. 2 presents the grid-forming cascaded control structure.
The control consists of an inner cascaded AC voltage and
current loops represented in the synchronous rotating frame
(SRF) [8]. The inner control is ensured by two cascaded
proportional-integral controllers (PI), feedforward decoupling
terms and compensations. The AC voltage loop determines the
current reference to the current control, and generates the
modulated voltage to the linearization stage that delivers the
modulation signals to the switching stage of the power
converter. The control angle Oyg. and the AC voltage

references e, 4q ATC provided by a primary control based on the

droop control P — w and Q — E,.

Voltage Control

Primary Control

dmes

q*

Pmes

Fig. 2. Grid-forming control structure
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The primary control is expressed by the following equations:

Wysc — Wger = My Wy % (p* - pmes) (1)
* 1 *
€ga — Eset =n, [(TTQS) Qmes — 4 ] (2)

Wp, Wser, Wysc, M, and n, are respectively the nominal
frequency in rad/s, the nominal grid frequency in per-unit, the
internal frequency, the active and reactive droop gains. w, and
T, denote the cut-off frequency and the time constant of the
low-pass filters in the active and reactive droops, respectively.
The low-pass filter in the reactive power droop aims only to
filter the measurement, while, its role on the active power
droop is usually twofold: it is used to filter the measurement
and also to provide inertia to the system.

For the active power droop, the low-pass filter can be placed
on the active power measurementp,,.s, or on the error
between p,,.s and p*. However, the second possibility gives
an exact equivalence with the swing equation of the
synchronous machine [24]. Moreover, it eliminates the zero of
the closed loop transfer function of the active power [6].

C. Virtual impedance for current limitation
1) Recall on the virtual impedance principle

To cope with various kinds of events, a current limitation
strategy has to be implemented. In this paper, the virtual

impedance strategy for current limitation is adopted [12].
Overcurrent detection VI calculation AC voltage drop

deg,
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Fig. 3. Virtual impedance principle

As illustrated in Fig. 3, the VI operation principle is divided
into three main phases:

- Overcurrent detection and activation (i.e.; Activation only
when the current exceeds its nominal value I,, = 1 p.u).

- Virtual impedance calculation.

- AC voltage drop calculation.

The expressions of Xy,;, and Ry, are given in (3a) and (3b).

v = k pRVIO'X/R& if 81 >0 3a)
10 if SI<0
Ry, = XVI/O'X/R (3b)

where 81 = I, — I,,. kpr

as the virtual impedance proportional gain and the virtual
impedance ratio.
The parameter k,, Ry

and oy /g are defined respectively

is tuned to limit the current magnitude to

a suitable level I,,,, during overcurrent in the steady state,
while agy,p ensures a good system dynamics during the
overcurrent. The tuning method of these parameters is
explained in [12].

When the virtual impedance is activated, the new AC voltage
references are given by (4) and (5):

e!;d = g*;l - 66911 4
eg, = —0eg, 5)

where:

5egd = Ryisq — Xviisq (6)
6egq = RVIisq + XVIisd (7)
2) Impact of the virtual impedance on the system dynamics
A simplified quasi-static model including the virtual
impedance is derived with the following assumptions:
- The inner control dynamics are neglected.
- The resistive effect is neglected since X > R.
The simplified model in Fig. 4 gathers actual electrical
variables I, ,V; and the AC voltage E; modified by the virtual
impedance Xy,;. In quasi static operation, it is possible to
calculate the active power with the classical formula:
Eg' Vg .
Prmes = 3 ixixy; S (8) ®
& denotes the angle between the virtual VSC voltage E; and

ch f‘q ng

S

Virtual Impedance
Fig. 4. Simplified quasi-static grid-forming model including VI

Assuming the angle § is small, a second-order simplified
system including the droop control is obtained as shown in
Fig.5.

Fig. 5. Quasi-static model of the VSC based droop control

The closed loop expression of the transfer function p */p,,es
can be expressed as follow:
p* 1

= Xc+Xg+X Xc+Xg+X
Pmes 1+< ¢ g’ VI)S+< ctig ,VI)SZ
mpEg Vg mp(ucEg Vg

&)

where the damping ratio { and the natural frequency w,, are:

1 [(wc(Xc+Xg+XyD) _
¢= 2 mpEy'V, » Wn =
pEg Vg

The analytical formula (10) reveals the following information:
- When Xy, increases, the system becomes more damped (i.e.;
¢ increases) and slower (i.e.; w,, decreases).

- When m,, decreases, the system is overdamped and slower.
These considerations will be used in the following sections.

!
(mpwcEg'vy)
(Xc+Xg+XVI)

(10)

III. POST-FAULT SYNCHRONIZATION OF A GRID-FORMING
CONVERTER BASED DROOP CONTROL

Once the fault is cleared, the virtual impedance is disabled
progressively. The power converter should be able to
resynchronize to the AC grid only using local measurements.
The aim of this section is to analyze the behavior in case of a
large transient and to propose a method to enhance the
transient stability of the grid-forming VSC based on the droop
control. For the sake of simplicity, the L;C; filter, the inner
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control dynamics, and the reactive droop control are neglected
in this section. The validity of these assumptions is cheeked in
the next sections through time-domain simulations.

Some general trends are drawn from the simplified quasi-static
model in Fig. 4. Different phases during and after the fault are
explained with an increasing complexity i.e.; without and with
VI, without and with inertia effect. Since these considerations
are given on a very simplified model, some time-domain
simulations are presented to check the trends obtained with the
quasi static model.

A. Negligible inertial effect

The inertial effect is linked with the low-pass filter placed in
the active power droop. This effect can be reduced so that it
becomes negligible.

Based on the simplify model in Fig. 4, Fig. 6 depicts the
synchronization process of the grid-forming converter subject
to a three-phase bolted fault. In this first approach, the virtual
impedance is not introduced (i.e. Xy,; = 0).

A Pies
************** Pre
=
”T_j C
X
= P
= ™
o
= ~
) g
el =
% )
=] a /
™ e
ob N P
b i
Phase 1 Ymar 0
0 (5(_ Omm, 0

Fig. 6. pies(8) diagram of a droop control based VSC with inertial effect

For a given p*, there are two equilibrium points (a) and (a’),
where the power p,,.s is equal to its reference p*. However,
only the equilibrium point (a) is stable from the perspective of
small-disturbance analysis [25].
The initial angle §, is given by,

6, = asin (Pp* ) (11)
where
ELV,
L Xi-}‘(gg 12)

The maximum angle §,,,, of the operation point a’ is
expressed as,
Omax =T — 8 (13)

When a symmetrical three phase bolted fault occurs, pes
drops to zero. Since the filtering effect is neglected, the
frequency deviates instantaneously,

Wysc = mpp* + Wget (14)
Since wyg( is higher than w, (Hyper-synchronism), the angle
increases (phase 1). When the fault is cleared, the voltage is
supposed to recover instantaneously. The consequence is a
straight vertical line from the operating point (b) to (c) (phase
2). During this phase § = 6. . denotes the clearing angle.
At the end of phase 2, p,.s is higher thanp* leading
to wysc < wy (Hypo-synchronism). It results in a decrease of
the angle from (c) to the equilibrium point (a) (phase 3). At the
equilibrium point, wysc = wy and ppes = p*.
The stability limit is reached when the clearing angle
reaches 8,,4,. This specific angle is defined as the critical

clearing angle §,.. It can be concluded that when the inertial
effect is neglected, 8. = Opax-

B. Non-negligible inertial effect

When the inertial effect is considered, the two first phases are
unchanged. However, a new phase has to be introduced as
shown in Fig. 7.

A Pimes
ST T __,____Pmal
Phase 3 ¢
-
= C
] o/
)
= o
Q 5
= E
© =
%
<|| a ’
z &
o N P
b ! .
Phase 1 c o/ R S
0 O¢ ()C 6771,([.1 0

Fig. 7. Pmes(8) diagram of a droop control based VSC with inertial effect

Indeed, when the fault is cleared, wy g, starts to decrease from
the value calculated in (14) following the low-pass filter
dynamic. As long as wygc > w,, the angle keeps increasing
till wygc = wgy (phase 3). Once this condition is fulfilled, the
angle reaches its maximum value denoted &;. Then, since
Pmes 18 still higher than p*, the frequency keeps decreasing,
which results in a decrease of the angle, and thereby, a
movement of the operating point from (c’) to the equilibrium
point (a) (phase 4). Once again, at the equilibrium point,
Wysc = Wy and Pres = .

When the inertial effect is considered, the stability limit is
reached when 6, = §,,4,. Hence, it can be concluded that the
critical clearing angle &, is strictly lower than &,

C. Introduction of the virtual impedance

The effect of the virtual impedance is now introduced to
embed the current limitation in this analysis. Therefore, Fig. 6
is modified when the current exceeds its rated value.

A Pmes P
—————————————— max
-
=
=
=
= .
o} Damage area
= 5
Qo
L0
2l
« ,c\ __________ Pm,u.’l‘?
Al ~F
i 6 2 *
Phase 1 2l : ! .
= = >
0 5(’ ()mzntv] Omnzr 0
(a)
A Dmes P
************** max
-
=
=
Lg
=]
o)
=
=
(]
bl
2
z ]
2 a
< 2 e e e N PmaJtZ
=1 CA Phase 5 ®r
TR : i *

Phase 1

2
Pha
|
=

(5777571‘,'»1 577101 0
(b)

Fig. 8. Pimes(8) diagram of a droop control based VSC and virtual impedance ,

(a) with negligible inertial effect, (b) with considerable inertial effect
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The new expression of the maximum delivered active power
including the virtual impedance is expressed as follow:

Prgxz = ——220 (15)
MaxZ " X+ X g+ XV Iy
Xvimay 18 the virtual impedance defined from the current

limit ;-

Several p,,.s(8) may be drawn on Fig. 8.a for different values
of the virtual impedance comprised between Xy, . and 0.
The sequence of operations is now modified:

- Phase 1 is similar with or without virtual impedance.

- Phase 2, the fault is cleared. As a consequence, the operating
point moves first to (c), which is now located in the new
CUIVE Ppnes = Prax,Sin (6).

- Phase 3, the operating point moves from (c) to (d). In this
phase, Xy, progressively decreases until Xy,; is equal to zero
(i.e.; when the operating point is equal to (d)).

- Phase 4, the virtual impedance is disabled and the operating
point moves from (d) to the equilibrium point (a).

The activation of the virtual impedance results in a decrease of
Prax 10 Ppay, since the total impedance increases. As a
consequence, the system remains stable if the fault is cleared
before 8,4,y €xpressed in (16).

Omaxvi = T — asin (PT:MZ) (16)
Based on (16), a new stability limit is defined,
8cc = Omaxvi (17)

As previously explained, in case where the inertial effect is not
negligible, the angle keeps diverging till (¢’) after the fault
clearing, before recovering to the equilibrium point (a) (see
Fig. 8.b). In this condition, a new stability limit is defined,

6(:’ = 5maxVI (18)
Then 8. < Sy,

D. Critical clearing time calculation

Thanks to the previous considerations, it is now possible to
calculate the critical clearing time, which is the maximum
fault duration that guarantees the stability of the system. It is
determined based on the critical clearing angle. The choice has
been done in this paper to calculate the critical clearing time
only when the inertial effect is neglected. Indeed, it allows
obtaining a simple analytical formula from which it is possible
to deduce the way to enhance the transient stability.
Since pp,es 18 equal to zero during the fault, the evolution of
the angle in time domain is given by the following equation,
8(t) = myw,p*t + & (19)
The critical clearing time is obtained when § reaches§,.,
which is equal to 8,4y, as explained in the previous
subsection. It yields:

— [6maxvi—60l
t, = Lme (20)
(20) can be also written as follow:
mT—asin LM —asin P’
t, = [ (Pmax2> (Pmax>] (21)

mpa)bp*
E. Estimation of the critical clearing time from time-domain
simulations

To validate the accuracy of the information found with the
simplified modeling, time-domain simulations have been

carried out in Matlab/SimPowerSystem with the parameters
listed in Table I.

TABLEI
SYSTEM AND CONTROL PARAMETERS
Symbol Value Symbol Value
Py 1GW myp 0.04 p.u.
Cos¢ 0.95 Ecer lpu
fa 50 Hz R 0.01 p.u.
Ule 320 kV ph-ph Le 0.1 pu.
R=R. 0.005 p.u. [ 62.8 rad/s
L=L. 0.15 p.u. ng 0.25 p.u.
Cr 0.066 p.u. I, 1pu.
kpg,, 0.3387 p.u. Lnax 1.2 pu.
kpe 0.73 p.u. ko 0.52p.u
Ox/r 10 ki 1.16 p.u.
ki 1.19p.u. Ty 31.8 ms

A specific attention should be paid to the choice of w, (62.8
rad/s - 10 Hz). As previously mentioned, this filter has two
functions:

- To filter the power measurement.

- To bring inertial effect.

Therefore, the choice of the cut-off frequency w, is made in
such a way to keep filtering the active power measurement
and to have a negligible inertial effect. This will be checked
when analyzing simulation results.

Fig. 9 shows the time-domain simulation for fault duration of
154ms which corresponds to the stability limits found in
simulation. This duration is close to the theoretical value of
t. = 171ms.

] |

(0] —_— '

P05y E,

E 0F ; ; ; ‘ ; b
2 2.5 3 35 4 4.5

cll: :
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505¢F |
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=¥ 0» _pmcsf
2 2.5

32f

i

Rl

o0

=)

<O- I i I 1 I !
2 2.5 3 35 4 4.5

Time [s]
Fig. 9. Dynamic behavior of the system subjected to a three phase bolted fault.

During the fault, the active power is null as expected, the AC
voltage magnitude E; is not null due to the connection
inductance X.. Moreover, the evolution of the angle is nearly
linear as found in (19). After the fault, the active power
recovers following the dynamics of the droop control and the
virtual impedance as shown by (10). It can be noticed that the
angle starts to decrease just after the fault clearing, which
confirms that the inertial effect can be neglected.
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The red curve in Fig. 10 presents the dynamic p,,,.,(8) curve.
It is resulting from the time-domain simulations in Fig. 9.
Compared to the qualitative curve in Fig. 8.a, it can be noticed
from the dynamic p,,.s(8) that the general trend of the
evolution is confirmed. Indeed, the inertial effect can be
neglected since the angle starts to decrease as soon as the fault
is cleared.

2

—_
9]
L

4 PmaxZ
*

Active Power [p.u]

=
W

b
O L
0 405 1 1.5 % 2 2.5 3

0 [rad]

Fig. 10. Dynamic p,,.s(6) curves obtained from time-domain simulations
with negligible inertial effect

Some differences are observed between the theoretical
Pmes(6) curve in Fig. 8.a and the dynamic one from Fig. 10.
They can be explained by the fact that:

- The virtual impedance used for dynamic simulations takes
into account the resistive effect.

- The dynamic of the grid side that prevents the AC voltage to
recover instantaneously.

Additional simulation is gathered in Fig. 11 with an inertial
effect of H = 5s (equivalent to w, = 2.5 rad/s). Such a low
value of the cut-off frequency leads to a poor active power
damping as proved by (10). To avoid this issue, a derivative
action has been added to the power loop as explained in [26].

7 : : : : , :
ERRl! ]
= 1.5
5] A
% 1 d x Lnaxz
A 2 IS P
o
2
S ]
£ 0.5

0 e

0 9,05 1 4. 1.5 2 2.5 3
0 [rad]

Fig. 11. Dynamic p,,.s(6) curves obtained from time-domain simulations
with considerable inertial effect H=5s

Compared to the qualitative curve in Fig. 8.b, it can be noticed
from the red dynamic p,,.s(8) curve drawn in Fig. 11 that the
general trend of the evolution is confirmed, where the phases

described previously are clearly depicted.

To have more general trends, a comparison between the
critical clearing times in Fig. 12 has been achieved between
three models for large range of operating points:

- The theoretical model in (21) (Yellow curve).

- The dynamic model with negligible inertia (red curve).

- The model with important inertia (H= 5s) (Blue curve).

It can be noticed that the red and yellow curves in Fig. 11 are
very close. Therefore, the information drawn from the
theoretical model can be considered as valid. If the inertial
effect is important, the theoretical model is not valid anymore
as expected. While, based on the observed results, the inertia
has a positive effect on the critical clearing time as it is well-

known in the conventional power system [25].
= 0.6 . , . Theoretical approach (without inertia)

—— Time domain Simulation (with negligible inertia)
—— Time domain Simulation (with H = 5s)

. \ X:0.9 )
X:0.9 Y:0.23

L Y:0.1714 m. i

: i§

X:0.9
0 1 L 1 Y:0.154 L

L
05 055 06 065 07 075 08 08 09 0095 1
Operating point [p.u]
Fig. 12. The theoretical approach compared to time-domain simulations

=}
~

L 1

Critical clearing time
(=]
(38

Focusing on a system with negligible inertia, (19) and (21)
highlights the large impact of the droop gain m,, on the angle
evolution, and therefore, on the critical clearing time: By
decreasing m,, during the fault, the critical clearing time
increases and the angle evolution decreases as well, therefore,
the system keeps the synchronism for a longer fault duration
and recovers to its equilibrium point faster after fault clearing.

IV. VARIABLE DROOP CONTROL FOR TRANSIENT STABILITY
ENHANCEMENT

The previous section has highlighted the impact of the droop
gain on the post-fault dynamics and the transient stability of
the system. A question arises about the way to manage the
evolution of m,,. Two different solutions are proposed in this
section.

To increase the critical clearing time, m,, must be decreased.
The 1* solution proposes to decrease m, in respect to the
current magnitude. The 2" solution proposes to decease m, in
respect the AC voltage magnitude resulting from the virtual
impedance.

At the end of this section, the effect of m,, is illustrated when
the inertial effect is not negligible.

All the system and control dynamics neglected previously are
considered in this section i.e., the L.Cy filter, the inner control
dynamics, and the reactive droop control.

A. 1" solution: Adaptive droop gain in respect to the current
magnitude

Intuitively, there is always a tendency to choose the current as
criterion to vary the parameter mp. The aim of this section
consists in showing the advantages and drawbacks of using
this solution.

m,, is defined by (22). a can take two empirical values as
defined in (23). If the output current exceeds its rated value,
m,, is equal to one-tenth of its nominal value. Once the fault is
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cleared and the current returns to a safe value, the droop gain
recovers to its initial value m,, = my,.

m, = am,, (22)
(1, < 1p.u
a= {0.1, I,>1p.u (23)

Fig. 13 illustrates the system behavior using the 1% solution.
For a given operating point p* = 0.9 p.u, a 400ms fault is
applied on the system. Contrary to the conventional droop
control, the variable droop control ensures a stable operation
even if the fault duration is much longer than the critical
clearing time computed in the previous section.

====:Conventional droop 15t Solution }—
1.5F — T T i
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d Y \ "
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0.5 , . . ] ]
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.g 4 L '/ | | | i
7
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1 L.5 2 2.5 3
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Fig. 13. Transient stability with and without variable droop control

Decreasing m,, may have a second positive side effect.
In Fig. 14, the system behavior for a 75ms fault duration based
on the conventional droop control (m,, =m,,,) and the variable
droop control (m,, =am,,) is analyzed. With the conventional
droop control, the system needs around 800s to recover,
whereas; with the variable droop control, the recovering time
is around 300ms. In fact, when the droop gain decreases
during the fault, the angle variation is limited as shown by
(19), which explains the faster steady state recovery.

1.4 #—-—-'Conventional droop 1%t Solution ’*
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Fig. 14. Comparison of the system dynamic behavior for 75ms fault duration
with constant or variable droop gain.

Nevertheless, the 1* solution may have a negative side effect
if the overcurrent occurrence is due to other kinds of events.
To illustrate clearly its drawback, a phase shift of 30° is
performed in Fig. 15 (In power transmission systems, the
phase shift are especially linked to lines tripping). When a
phase shift occurs, the current increase is limited by the virtual
impedance, however, the current remains higher than 1p.u, as
a consequence, the droop gain m, remains frozen inm, =
am,, which completely modifies the system dynamics as
proved by (10), therefore, the time to resynchronize is much
longer than with the conventional droop control.

1% Solution ’*

====:Conventional droop

Time [s]
====:Conventional droop

1% Solution }—

Time [s]
Fig. 15. The impact of the 1* solution on the system dynamics

B. 2" Solution: Adaptive droop gain in respect with the AC
voltage amplitude

The AC voltage can be considered as a good indicator of the
fault nature. In case of a short circuit, the voltage is decreasing
and the droop control has to be decreased either. In case of a
phase shift, the voltage amplitude remains nearly the same and
the droop gain does not need to be modified. A solution could
be to adjust the droop value with respect to the AC voltage
level. The AC voltage can be considered as a good indicator of
the fault nature. In case of a short circuit, the voltage is
decreasing and the droop control has to be decreased either. In
case of a phase shift, the voltage amplitude remains nearly the
same and the droop value does not need to be modified. A
solution could be to adjust the droop value with respect to the
AC voltage level. However, it may lead to unwanted noises
and fast transient variations. Therefore; a proposed solution
consists in using the AC voltage reference, instead of the
measured one. The adaptive droop gain is expressed as follow:

%2 *2
my, = ’egd +e5q Mpo (24)

(24) shows that the droop gain can be slightly modified in case
of AC voltage reference change. To avoid this effect, (25) is
introduced. Hence, the droop gain is modified only when the
V1 is activated.

m, = \/(1 - Segd)2 + 8e3, Mpo

(25
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During the tault, the droop gain 1s moditied. It 1s possible to
calculate the new droop gain in order to evaluate the new
critical clearing time. During a three phase bolted fault at PCC
level, the droop gain 1is approximately equal to
my, = Zclpgemy,, = 0.7%, which results int. ~ 950 ms.
This value ensures a large stability margin compared to what
is required by the present grid-code [19].

Such a small value of m, cannot be maintained in normal
operation, because it would induce a large active power
variation in case of small frequency fluctuations.

The time-domain simulations of the system are performed for
a 400ms fault duration (Fig. 16) and a 30° phase shift (Fig.
17). A comparison is achieved between the first and the
second solution based variable droop control.

1.5 —( 1%t Solution ===="2"4 Solution }7

I [pu]

1 1.5 2 2.5 3

Time [s]
Fig. 16. Dynamic comparison between the 1* and 2™ solution based variable
droop control in case of a 3-phase bolted fault.
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Fig. 17. Dynamic comparison between the 1* and 2™ solution based variable
droop control in case 30° phase shift.

The obtained results show similar behavior in both solutions
for a 3-phase bolted fault (Fig. 16). In case of a phase shift, the
second solution reveals much better in terms of dynamic
behavior (Fig. 17). Indeed, since the voltage is nearly constant,
the droop gain is not modified so the dynamics of the system
does not change too much. Therefore, it is possible to
conclude that the 2™ solution is a generic solution that can
cope with various overcurrent situations.

In the following simulation, the same test cases in Fig. 16 and
Fig. 17 are performed, where the proposed solution is applied
to the system with an inertial effect of H = 5s. Simulation
results are gathered in Fig. 18 and Fig.19, respectively.

L I

1% L
? 0.8 - %4“{“ 1 [
a 0
2 o8 A R—
— 0.4 ====:2"¢ Solution with negligible inertia

0.2 2" Solution with H=5s

1 1.5 2 2.5 3
Time [s]

Fig. 18. The impact of the 2™ solution on the high inertia system subjected to
a three phase bolted fault
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Fig. 19. The impact of the 2™ solution on the high inertia system subjected to
a 30° phase shift.

As explained in the previous section, the system based on the
conventional droop control with H=5s remains stable if the
fault duration is £, < 230 ms for p* = 0.9 p.u. In this context,
the simulation results draw interesting results: with or without
inertia effect, the proposed solution shows it effectiveness to
ensure a transient stability of the system for longer fault
duration.

V. EXPERIMENTAL RESULTS

The aim of this section is to validate experimentally the
developments.

theoretical The experimental bench is

1- 2-Level voltage source converter
2- Controller dSPACE 1005
3- Transformer

4- DC supply

5- PCU-3X5000-BC amplifier

AC System

DC bus EA-PS 9750-60

£k

| dSPACE 1005

Smes
[P —

(b)
Fig. 20. The experimental bench. (a) Mockup presentation, (b) Functional
schema

The 2-Level VSC (1) is supplied by an ideal and 600V DC
voltage (4) source and connected to a high bandwidth AC
amplifier (5) through an LCL filter (3) as presented in Fig.
20.b. The amplifier is used to emulate the AC system (i.c.;
300V ph-ph) as well as to generate the events discussed in this
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paper (i.e.; a 100% voltage sag emulating a 3 phase bolted
fault and a phase shift). The 2-Level VSC is controlled with a
dSPACE DS1005 (2) with a 40 us time step. The switching
frequency of the converter is f;,, = 10kHz.

The electrical quantities displayed in experimentation are
respectively the grid voltages v, in (abc) frame, the active
pPOWer Py, and the internal frequency wygc as well as the AC
voltage amplitude across the capacitor E; and the VSC output
current I; in d — q frame.

The mockup parameters are listed in Table II.
TABLE II

MOCKUP PARAMETERS
Symbol Value
M 5.625 kVA
I, 10.8A
S 50 Hz
L 10.9mH
L. 12.9mH
Cr 9.2 uF

A. Balanced three-phase bolted fault

At t=t,, p* = 0.7p.u, then, a 200ms fault is applied. Fig. 21
shows the system dynamics based on the conventional droop
control and Fig. 22 shows the system dynamics based on the
adaptive droop control, i.e.; 2" solution proposed in section
Iv.

= 400( T T T -
& I g Vi;ﬂ
oot i

—_

o
o)

[=}
T

Active power &
internal frequency [p.u]

0.5 1 1.5 2
Time [s]
Fig. 21. System dynamics based on the conventional droop control

(=1

When the fault occurred, both strategies show that the AC
voltage drop induces an increase of the VSC output current I
which is limited to 1.2 p.u thanks to the virtual impedance.
The active power is not equal to zero because of the resistive
part of the system. During the fault, the frequency deviation is
more important with the conventional droop control resulting
in a slow recovering to the equilibrium point (around 1s) as
shown in Fig. 21, while, the variable droop ensures a faster
post-fault synchronization (around 250ms) as shown in

Fig. 22. The obtained results support the result obtained in the
previous section in terms of dynamlc improvement (F1g 14).

: i mnuu L mu—?E LW
HHH\Hnnunmm\mn* immnmmmmmmmnmmnnnmnnmmn

14

VSC AC voltage

internal frequency [p.u] & output current [p.u]

Active power &

0 0.5 1 1.5 2
Time [s]
Fig. 22. System dynamics enhancement based variable droop control
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Fig. 24. Transient stability enhancement based variable droop control
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In the previous test case, the fault duration was less than the
critical clearing time, in Fig. 23, a 250ms fault duration is
applied to the system controlled with the converntionl droop
control. During the fault the current is well limited to the
desired value, however, after fault clearing, the system loses
the synchonization and becomes unstable. The observed
unstability phenomenon is nearly similar to what has been
obtained in the previous section (Fig. 13). To show the
effectivness of the variable droop control, a higher fault
duration has been applied to the system (400ms) as depicted in
Fig. 24, once the fault is cleared, the obtained results show
that the system remains stable and reaches to its equilibrium
point within 300ms.

B. Phase shift

In this subsection, the power reference is first set to
p* =0.7p.u and a phase-shift of 45° is then applied as
illustrated in Fig. 25. The current rise to its maximum
allowable value I,,,,,, then, the system reaches its equilibrium
point. The results obtained in Fig. 25 show the ability of the
control to ensure a stable operation during a phase shift in
addition to the short circuit.

3 == ii:HJ
’Mm\nnnmmnmm I ﬂnmmmlnnHmmmnnmm‘

0.5 1 1.5 2

0 | I |
0 0.5 1 1.5 2

Time [s]

VSC AC voltage and
output current [p.u]

Fig. 25. Phase shift of 45°

VI. CONCLUSION

In this paper, the synchronization of a grid forming converter
based on droop control and virtual impedance is discussed
when the system is subjected to large disturbances. Neglecting
the inertial effect allows to derive a simple critical clearing
time analytical formula which brings out the main influent
parameters on the transient stability. A method to improve the
stability limit and the dynamic behavior has been proposed.
Comparisons between simulation and experimentation show
that the proposed simplified model is relevant for the
estimation of the critical clearing time and the understanding
the general behavior during the resynchronization period.
Even if the inertial effect has been analyzed qualitatively, the
general trends will remain effective for a droop control with
inertial effect. Some future works will be devoted to more
general theoretical approach including this inertial effect in the
study of the transient stability of grid-forming converters. In
addition, the case of asymmetrical fault will also to be
considered.
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