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Currently, inverter-based stand-alone microgrids are gaining interest due to the advantages of obtaining energy
from renewable sources. To manage the operation, these microgrids include storage systems connected in par-
allel to the PCC through electronic inverters that are controlled as voltage sources in order to support the fre-
quency and voltage at the PCC. For the purpose of ensuring P and Q sharing among inverters and also the
synchronization stability of the microgrid, droop control is widely used, achieving a satisfactory performance in
normal operation. Nevertheless, in the presence of overloads or short-circuits, the inverters must limit the current
for self-protection, thereby modifying the performance of the system that then becomes prone to suffer transient
stability problems. In this paper, first the performance of the inverter-based stand-alone microgrids with the
conventional P-f and I,.f droops is analyzed, obtaining the stability boundaries during current limitation. In
order to always ensure the synchronization stability of the system, this paper then proposes the G-f droop that
consists in employing the equivalent conductance seen by each inverter for its frequency droop control.
Furthermore, as this variable always correctly represents the inverter power angle, the system dynamics are not
affected by the operating conditions. The theoretical results have been validated by means of simulation and

Hardware-In-the-Loop results, showing the superior performance of the proposed G-f droop.

1. Introduction

Traditionally, stand-alone systems have used fossil fuel-based gen-
erators to provide electricity. However, these are now being replaced by
renewable generation sources and storage systems that offer a more
attractive alternative in order to reduce the cost of electricity and ensure
sustainable, environmentally-friendly energy production [1]. These
generators are connected together through electronic inverters, giving
rise to inverter-based stand-alone microgrids [2,3].

In these stand-alone systems, the parallel-connected inverters used in
the storage systems are controlled as voltage sources due to the fact that
they are responsible for maintaining the frequency and voltage at the
point of common coupling (PCC). For this purpose, a widely used
method is the control droop [4-8], which makes it possible to guarantee
active and reactive power sharing among the different inverters forming
part of the system, in line with their capacity. Furthermore, this control
technique is performed using local measurements in each inverter and,

therefore, there is no need for communication between inverters. This is
of great interest due to the decentralized nature of the different systems
making up the stand-alone microgrids.

Generally, droop control comprises two parallel control loops, the
active power-frequency (P-f) droop and the reactive power-voltage (Q-
V) droop. These are used to calculate the reference frequency and
voltage that must be generated at the inverter output based on the active
and reactive power measurements, respectively. This droop control is
carried out under the assumption that the output impedance is inductive
due to the fact that the inverters always include switching harmonic
filter coils [7]. In normal conditions, i.e. with currents below the rated
value, P-f droop makes it possible to maintain the synchronization of the
inverters by providing stable performance and, at the same time,
balancing the active power sharing [9,10].

However, in the event of overloads or transient short-circuits (SCs),
situations in which the inverters must also remain connected, the cur-
rents exchanged by the inverters may be several times over their rated
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Fig. 1. Overall schematic diagram of two high-power three-phase inverters connected in parallel forming an inverter-based stand-alone microgrid.

value, which would lead to their destruction [11]. To prevent this, a
number of control strategies have been proposed in order to limit the
inverter current to its maximum value. These techniques ensure that the
inverters remain connected with no risk of damage, while they provide
the highest level of current possible in order to trigger the protection
systems. Some of these methods include the cascade control with inner
current loop [12-15], the transient virtual impedance emulation at the
voltage references [16,17], the transition from the voltage source con-
trol mode to the current source control mode [18,19], or the dual
voltage-current control in which the voltage and current controls always
operate in parallel [20].

The majority of these methods limit the current by reducing the
voltage amplitude imposed by the inverter, so that the Q-V droop and
the voltage control remain inactive. By contrast, the P-f droop must stay
active in order to maintain the system frequency and ensure the syn-
chronization of all the inverters. However, the traditional P-f droop does
not offer stable performance in current limiting conditions due to the
modification of the system response [21].

As a result, the analysis of the synchronization stability of grid-
connected inverters in grid-forming mode, in current limiting situa-
tions, has recently taken on greater importance [22]. This problem can
be studied from the large-signal (transient) synchronization stability of a
system, consisting in determining whether or not there are equilibrium
points in the operating conditions considered. In [23-25], it is shown
that P-f droop controlled grid-connected inverters may exhibit transient
stability problems for certain voltage dip depths.

In order to extend the stability range, different techniques have been
proposed for grid-connected systems. These consist in modifying the
frequency control when the current is limited. In [18,26], the study
proposes to change to a current source control based on a backup phase-
locked loop (PLL), i.e. operation in grid-following mode when an over-
current is detected. This method does improve operation when the in-
verters are connected to the main grid in which the synchronous
generators guarantee that the frequency is maintained. However, this
method cannot be used in inverter-based stand-alone microgrids due to
the fact that the inverters would stop regulating the frequency and
system stability would not be ensured [27].

To avoid the use of a backup PLL during current limitation, [24]
proposes the variable droop control that consists in slowing down the P-f
droop during the fault by adaptively reducing its slope based on the
amplitude of the output voltage. This makes it possible to increase the
critical clearing time in order to avoid instability problems at the SC
output, irrespective of its duration. However, this method does not
resolve the problem of transient stability under current limitation and it
is therefore not valid for stand-alone systems in which is necessary to
achieve an equilibrium point, for example, in light permanent or harsh
transitory overload conditions.

Another control strategy proposed for grid-connected systems is the

stability enhanced P-f droop control [28,29], which consists in including
a term proportional to the g-axis component of the inverter output
voltage, vg, in the conventional P-f droop curve. This strategy is based on
the fact that, with the current limiting methods employed in [28,29], the
inverter stops imposing the phase provided by the frequency droop on
the voltage and, therefore, vq is no longer equal to zero under current
limitation, providing information on the phase lag of the inverter in
relation to the PCC. Although this technique provides greater transient
stability margins in current limitation than the conventional P-f droop, it
does not prevent instability in situations of deep voltage dips [28]. For
this reason, it cannot be used in stand-alone systems due to the fact that
it does not guarantee the large-signal stability of the system in severe SC
situations.

Due to the fact that one of the causes of the malfunctioning of the P-f
droop in current limitation is the great influence of voltage on active
power, the active current-frequency droop has also been proposed (Igc+-f)
[21]. This implementation of the frequency droop offers a similar per-
formance in normal operating conditions and improves the performance
of the P-f droop during overloads and transient SCs. Despite this, the I,
f droop still exhibits stability problems in some operating conditions, as
demonstrated in this article.

However, little analysis has been made of the large-signal stability of
stand-alone microgrids based on electronic inverters in current limiting
situations. This paper will firstly make an analysis of the transient sta-
bility synchronization of an inverter-based stand-alone microgrid when
the inverters are controlled with the P-f and I,.-f droops in the presence
of overloads or SCs at the PCC. To do so, the possible equilibrium points
are calculated based on the frequency droop method employed and the
phase lag between inverters. This makes it possible to obtain the syn-
chronization limits for the large-signal stability of P-f and I,.-f droops,
showing the inability of both methods to guarantee the synchronization
of the inverters in the event of any large disturbance.

The use of the conductance-frequency droop (G-f) is then proposed,
consisting in the implementation of the frequency droop with a variable
which we define as the equivalent conductance seen by the inverter, G.
This variable is calculated as the ratio between the active current
exchanged by the inverter and the voltage generated by the same. As will
be demonstrated, the G-f droop maintains the same performance in
normal operating conditions as in overload or SC situations, always
guaranteeing the synchronization stability of stand-alone microgrids.
Moreover, the G-f droop makes it possible to always maintain the
maximum voltages and currents at the load, and facilitates the rapid
recovery of voltage, with no stability problems, at the end of the over-
load or SC. A further advantage of the proposed method is that the
system dynamics scarcely depend on the operating point in current
limitation, in contrast to the response with the P-f and Io.-f droops.

The rest of this paper is organized as follows. Section 2 describes the
stand-alone microgrid under study, which comprises two grid-forming
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Fig. 2. Blocks diagram of the method selected for the voltage control with a current limiting capability implemented in the high-power inverters of the stand-alone
microgrid under study.

inverters, and shows the analysis of the system operation during current reactive powers demanded by the loads.
limitation. In Section 3, the synchronization transient stability of the More specifically, the inverter control is formed by two control loops,
case study microgrid is analyzed during current limitation when using the droop control as a superior loop and the voltage control with a
the P-f and I,.~f droops. Section 4 presents the proposed G-f droop and current limiting capability as an inferior loop. The droop control cal-
its performance during current limitation is also analyzed according to culates the frequency and amplitude references of the voltage, f * and
operating conditions. Simulation and Hardware-In-the-Loop (HIL) re- V¢*, through the corresponding setpoints fp and Vj and local measure-
sults are shown in Sections 5 and 6, respectively. Finally, conclusions are ments. To calculate the reference V¢*, the conventional reactive power-
given in Section 7. voltage (Q-V) droop control is implemented. The method employed for
calculating the frequency reference f * is not specified in this subsection,
2. System overview since three different techniques are considered for the frequency droop
control in this paper and will be explained in detail in the following
2.1. Description of the stand-alone inverter-based microgrid subsections.
With regard to the voltage control with a current limiting capability,
The system under study consists in a stand-alone microgrid that is Fig. 2 shows the method considered in this study. A single voltage
formed by two high-power inverters as shown in Fig. 1. These are con- control without an inner current control is generally implemented in
nected in parallel at the PCC through their respective LC filters, where L; high-power inverters due to their low switching and sampling fre-
is the converter-side inductor and C; is the filter capacitor, considering quencies [11]. In this case, the voltage control consists in the open-loop
the subindex i as the number of inverters. The output inductance, Loy ;, control of the inverter frequency to f * by imposing the phase of the
could encompass the transformer leakage inductance, if included, and inverter voltages eq., 0., obtained from integrating f *. In relation to the
the line inductance. Given that high-power inverters are under study voltage amplitude, a feedback loop is implemented to control the
and assuming short lines in the microgrid, the parasitic resistances of the amplitude of the capacitors voltages, V¢, to track V¢* [30,31]. As this
components can be disregarded so that the output impedances of the technique does not provide the inverter with a current limiting capa-
inverters are modelled as purely inductive, as shown in Fig. 1. bility, the implementation of an additional control is required. The
Furthermore, the inverters feed an impedance Zj,qq, which models the selected method to limit the current, proposed in [32], consists in
set of local loads connected to the system at the PCC. Both inverters including a feedback loop to control the current amplitude, I, to the
present the same local control that calculates the corresponding refer- inverter rated current, I, This control reduces the voltage amplitude
ence voltages, es qpc, Which are imposed by each converter, by using the imposed by the inverter, Ej,,, when I} > I as shown in the block called
inverter frequency setpoint, fy;, the voltage setpoint, Vy; and the amplitude current control. As this method is not fast enough to limit the
measured inductor currents, if; qpc, and output capacitor voltages, Vi abc- current at the beginning of the overloads or faults, a hardware protec-
The setpoints fy; and Vp; of both inverters may be different due to tion is also included in order to transiently limit the currents when these
supplementary tasks such as controlling the sharing of the real and exceed the selected maximum current by disabling the PWM pulses.
E,
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Fig. 3. Phasor model of the stand-alone microgrid during current limitation, including the equivalent circuit for one phase and the phasor diagram.
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Further information about the selected strategy to provide the grid-
forming inverter with a current limiting capability can be found in
[32]. Despite using this specific technique for the current limiting, the
subsequent analysis is also applicable for any method that ensures,
under current limitation, the generation of the voltage phase determined
by the frequency droop control, such as the dual voltage current control
[20] or some of the proposals based on the cascaded control [33].

In this way, in normal operation, the inverter is controlled as a
voltage source imposing the frequency f * and Vg = V¢* as I < Ly
Whereas in the presence of overloads or short-circuits, i.e. during cur-
rent limitation, the control still imposes f * but V¢ is reduced below V¢*
to guarantee that I; = Iq. As a result, the inverter frequency and thus the
inverter phase are always dictated by the frequency droop control.

2.2. Analysis of the microgrid operation during current limitation

Figure 3 shows the phasor model of the stand-alone microgrid shown
in Fig. 1 with both inverters operating under current limitation,

including the equivalent circuit and phasor diagram considering V as
the phase angle reference. In this way, the phase angles of the inverters
voltages, §; and 2, correspond to the inverters power angles. This model
has been considered to study the synchronization stability of the system
during current limitation, which strongly depends on the frequency
droop control employed. Perfect reference tracking is assumed for the
voltage and current controls. As a result, it can be considered that I} ; =
Irqr.1 and I, 3 = Irq;2 during current limitation.

The circuit under study is formed by two meshes, defined as 1 and 2
in Fig. 3, that are connected through the load impedance, which can be
defined as

N )
Zisad = Ricaa + J * Xioad = Zioad|Proaa- @

Applying Kirchoff’s voltage law to meshes 1 and 2 of the equivalent
circuit, the following two equations are obtained:

— X — = [ =
EV = (X1 + Xoua) T + Zaoa (1 + 1), @
—_ i — = [ =
E =) (X2 + Xou2) T2 + Zioad '(11 + 12)~ 3)

From the phasor diagram in Fig. 3, the phasor of the total current fed
to the load, 7, is defined as

[ —
I =5L+L=1-¢,u “)

Considering the case that Iyt ; = Irqr,2 = Ira, the current Tin (4) can
be expressed as

7 = 2:1,4-cos <m>
2
From (4) and (5), the phase angle ¢, can be expressed as a function of
¢1 as

02 =2Plo0s — 91 - (6)

Then, substituting (5) and (6) into the mesh equations (2) and (3)
gives the following set of four equations:

_¢1+(P2

> )

E;-cos(6) = (Xl 4+ Xour,1 ) LrarSIN(@;) + 2-Zigad Lrar €OS(@1 — Pioua) @
Ey-sin(8)) = (X + Xous ) -Lrar-cos(g0,) @)

EZ'COS(52) = (XZ + Xaur.Z) 'Irar'Sin(2'¢]pad - (0]) + Z'le)ad'lraf'cos(w] - ¢lvad)
)
Ey-sin(6;) = (Xz + XW,ﬂz)AIm,~cos(2~¢mm — ). 10)

The system operating point during current limitation is defined by
solving (7)-(10) as a function of the power angles, 5; and 52. However, as
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Fig 4. v-Aé curves during current limitation with yjoqq = 2.5 and ¢oaq = 5°.

87 and &, are both referred to the PCC voltage phase, they are not in-
dependent and the system actually presents just one independent vari-
able. For this reason, the variable

A = 61— 6= el — 0('.2 s (11)

which represents the phase difference between the voltages generated
by the inverters, is selected as degree of freedom. In this way, by giving
values to &, the values of the variables &7, 82, E7, E2 and ¢; can be ob-
tained by means of (7)-(11) and, from these, the value of any other
variable of the system can be also calculated. For instance, the RMS
amplitude of the PCC voltage, V, can be determined using (5) as

V= I'Zlvad = 2'Iml'Zload' COS(¢1 - ¢]gad) . (12)

In the following, the system variables are expressed in per unit values
in order to generalize the transient stability analysis to inverter-based
stand-alone microgrids of any power capacity level. Considering the
rated power of one inverter, S,4, as the base power and the rated voltage,
V:ar, as the base voltage, the per unit voltage v during current limitation
can be obtained from (12) as

y =

-c0s(@1 = Proaa), 13)
Yioad

where Yioad = 1/Z10q4d is the per unit load admittance.

In contrast to normal operating conditions where the PCC voltage v
remains practically equal to the rated voltage regardless of A, during
current limitation, the voltage v varies with the load parameters yj,qq
and ¢joqq and also with the phase angle ¢; that in turn depends on AS.
According to (6) and (13), the maximum feasible voltage Vmax = 2/Yioad

is achieved when ¢; = @2 = ¢oq¢ meaning that the currents ﬁ, H and T
are in phase and the inverters do not exchange current. Fig. 4 depicts the
voltage v as a function of A during current limitation for a case study
overload with ¢joqq = 5° and yjoqq = 2.5, equivalent to a 25 % overload as
the rated load admittance of the case study microgrid formed by two
inverters is Yioadrat = 2. The output impedances of the inverters have
been considered equal, i.e. X7 4+ Xou,1 = X2 + Xous,2, in order to facilitate
the exposition.

As can be observed, the maximum voltage corresponds to the theo-
retical maximum Vg = 2/¥ioqq- In this case, since X; + X1 = X2 +
Xout,2, this point happens when the inverter voltages are completely in
phase, AS = 0. As A¢ increases, the difference of the current phase an-
gles, p1—¢2, also increases, causing the inverters to start to exchange
current. As a result, the current fed to the load decreases, leading to a
reduction in the voltage. Therefore, in order to provide the load with a
current that is as high as possible, thereby ensuring a voltage close to
Vmax at the PCC during current limitation, the frequency droop control
should maintain the inverters synchronized with a low A§. This is
important in order to reliably operate the microgrid, which requires
maintaining the voltage v within the limits required by the codes during
light permanent overloads and providing a high level of current in the
presence of short-circuits in order to help trigger the opening of the
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Fig. 5. Ap;2-Aé curves in normal operating conditions and during current
limitation with yjpqq = 2.5 and ¢jeqq = 5° including the equilibrium points with
P-f droop for Ap;_ge¢q = 0.05 and Ap;geq = 0.1.

protection systems. During current limitation, the phase displacement
between inverters considerably depends on the method employed for
the frequency droop control.

3. Transient stability analysis during current limitation
3.1. Analysis with P-f droop

The analysis of the synchronization transient stability is carried out
by assessing, under different operating conditions, whether or not a
stable equilibrium point exists. A necessary condition to reach this
equilibrium point is that all the inverters in the microgrid must be
synchronized. This means that they all generate exactly the same fre-
quency in steady-state operation. In this way, the transient stability
depends on the method employed for the frequency droop control.

Assuming that the two grid-forming inverters of the case-study
microgrid regulate frequency with the conventional P-f droop and the
same droop gain, My, the inverter frequency is dictated according to the
following relationship:

£ =foi— My pe;withi=1,2 14
where p.; is the estimated active power of each inverter in per unit
value.

Considering the per unit offset errors, pofsi, that are generally
introduced in the local estimation of the active power, the power p,; can
be expressed as

Pei = Pi +p1y7xet.i with i = 1727 (15)
where p; is the per unit active power of each inverter.

The equilibrium point will be reached once f;* = f2*. Replacing (14)
and (15), this condition results in

Jou = Mp-(P1 = Pogsent) =for — My (P2 — Poger2) - (16)

According to this, in order to reach the equilibrium point, the system
has to be capable of achieving a difference of Ap;.2 = p; - p2 equal to
Joa —foz

0,1 —
Apl,zyé,q = —M + (Poﬁ‘ser.l _poﬁ‘ser.z)a
f

17

where Apj.3.q is the per unit active power difference required by the P-f
droop at the equilibrium point.

As can be observed, Ap;.2¢q depends on the difference between the
frequency setpoints. In fact, the frequencies fy ; and fy » are modified in
normal operation to carry out tasks such as managing the energy of the
stand-alone system [34,35], or secondary regulation [36]. Moreover,
even if f 1 = fo 2, the offset errors in the estimated active power lead to
Ap1.3,¢q # 0. Thus, the active power difference between inverters, Ap;.a,
must always offer the capability of increasing up to Apj.z.q so that the
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equilibrium point can be achieved.
Given the equivalent circuit in Fig. 3, the active power provided by
each inverter, P;, can be expressed as

_3E-V

=— 18
Xi + X(mt.i ( )

i : Sil’l(&,’) withi = 1, 2.
Thus, the active power difference between both inverters can be

calculated as

-sin(8;)

AP, , =P, — P, =3 V~( ~sin(§2)>.

1 2
X1+ Xour1 Xo + Xour2

19

Based on (19), Fig. 5 shows the Ap;_2-Ad curves for normal operation
and during current limitation for the case study overload. If there were
no current limitation, i.e. in normal operation, as the voltages E; and V
remain practically unchanged, Ap;.» quickly increases with AS. As a
result, a high difference Ap;.2 can be obtained with low AS as shown in
Fig. 5. In the figure, the points apno,0.05 and apno,0.1 represent the
equilibrium points in normal operation for Ap;.3eq = 0.05 and Apy.g.eq =
0.1, respectively, achieved since Ap;.; = Apy_3¢q- As can be observed, for
Ap1.2.¢q = 0.05, the phase difference between inverters at the equilib-
rium point is Adp,no,0.05 = 0.45°, while for Ap;.3 ¢q = 0.1, the equilibrium
point is reached with Adpno,0.1 = 0.91°. Thus, the P-f droop presents a
transiently stable response in normal operation maintaining the in-
verters synchronized with a low Aé independently of the value of Ap;y.5,
eq-

However, this method does not offer such a satisfactory performance
during current limitation. In this situation, the voltages E;, E; and V
decrease with Aé to maintain I ; = I, 2 = Iy resulting in the modifica-
tion of the Ap;_»-Aé curve. As shown in Fig. 5, this causes Apj.; to slowly
increase for low A§ and in fact Ap;_» can either increase or decrease with
AS. There is thus a maximum achievable active power difference, Ap;.
2,max, that can be reached when the inverters are in these conditions. As a
result, depending on the value of Apj.max and Apj.peq, the P-f droop
presents two different performances during current limitation:

i. Ap1.2.eq < Api-2.max: an equilibrium point ap cr,0.05 exists for Apy.z.eq
= 0.05, as shown in Fig. 5, meaning that the system is transiently
stable with P—f droop during current limitation. Nevertheless, the
phase difference between inverters at ap,cr,0.05 is Adp,cr,0.05 = 2.53°,
almost six times higher than Adp no,0.05 causing a higher decrease of
the PCC voltage v (see Fig. 4).

ii. Ap1.2.eq > Ap1.2.max: As can be observed in Fig. 5, there is no equi-
librium point during current limitation for Ap;.z¢q = 0.1, therefore
the system with P—f droop in this scenario is transiently unstable
leading to the desynchronization of the inverters.

In this way, the stability boundaries of the P-f droop during current
limitation are defined by the maximum achievable difference Ap;.3 max-
In order to calculate AP;_5max, equations (8), (10) and (12) are firstly
substituted into (19) leading to express the active power difference AP;_,
as

c08(2:¢1 = 3Pypa) |- (20)

Then, the derivative of (20) in relation to ¢; is imposed to be equal to
zero leading to the following two solutions:

APy = 3Zipaa - Iy - [€OS(2:0, = Proaa) —

Solution 1: @ ap,.. = Proaa + 45+ Prapry. = Proua — 45 1)
Solution 2: ¢y ap. = Pioat =45 s Prarpe = Poaa + 45

where @1 Apmax and @2 Apmax are the phase angles of the currents ﬁ and

=4 . . . . .
I, for which the maximum active power difference, AP; 3mayx, is

reached.
Substituting (21) into (20), the maximum achievable active power
difference is calculated as
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Fig. 6. Ap;»-Ab and Aig ;2-AS curves in normal operating conditions and during current limitation with y;pqq = 2.5 including the equilibrium points with P-f and

Icef droops for Api.eq = Alger,1.2,¢¢ = 0.05 in two different cases: a) With ¢ioaq = 5°. (b) With joqq = 1°.

APJ—Z.mnx =+£6- Zlund’ Irzar' Sin((/)load) (22)

From (22), the maximum difference AP;_3 max can be expressed in per

unit value as

< 8in(Proaa)- (23)

2
Api g e = &

Yioad

According to (23), the maximum achievable active power difference
between inverters during current limitation, which determines the
transient stability boundary when using the P-f droop, depends on both
the magnitude and power factor of the load impedances seen by the
inverters, Yjqq and ¢poqq- In particular, in the event of a pure resistive
overload or short-circuit, the maximum achievable difference Ap;_2 max
will be equal to zero according to (23) causing any offset error in the
estimation of p; to lead to Apj.z¢ # O and to provoke the transient
instability of the system regardless of yj,qq4. Thus, the P-f droop cannot
guarantee the transient stability of the inverters for all possible oper-

ating conditions.

3.2. Analysis with I.—f droop

The transient stability margins of the stand-alone microgrid can be
enhanced by using the I—f droop. Assuming that the two grid-forming
inverters of the casestudy microgrid regulate the frequency with the
Iy droop and the same My, the inverter frequency is dictated according
to the following relationship:

IL =i = My - ey withi = 1,2, (24)
where ig e is the estimated active current of each inverter in per unit

value.
In order to model the per unit offset error, igc offser,i» introduced in the

estimation of the active current, the current i ; can be defined as
iarr.c.i = lgeri + iacr.uﬂ”ser.i with i = ly 27 (25)

where iq; is the per unit active current of each inverter.
Based on the condition that f;* = f,* at the equilibrium point, the
substitution of (24) and (25) results in

(26)

Jor—Jo2 | . .
==t (Eacroffser,1 — Tact.offser2)

Aiachl—z,eq - M
f

where Aiaer1-2.¢q is the per unit active current difference required by the
Ioerf droop at the equilibrium point.

In comparison with (17), both the P-f and I,f droops require a
similar per unit difference at the equilibrium point according to the
reference frequencies and per unit offset errors. Thus, in the same way,
the real active current difference between inverters, Aig 7.2, must al-
ways offer the capability of increasing up to Aigc1.2¢q S0 that the
equilibrium point can be reached.

The active current provided by each inverter, I, ;, can be locally

calculated as

(27)

P,
S'Va_withi: 1,2.

According to Fig. 3, the active power exchanged by each inverter, P;,
can be also expressed as

Liti =

:3 i Vei (28)

i X, -sin (6,,,‘,.,') withi=1,2,

where &y, i = 6; — 8¢ is the inverter power angle, representing the phase
difference between the voltage generated by each inverter, E;, and the
voltage at the output capacitors of each inverter, VT;;

In this manner, substituting (28) into (27), the active current can be

expressed as

E; .
Lieri = )? sin (8, ) with i = 1,2. (29)

1
Thereby, the difference in the active current between both inverters,
Al 1-2, can be calculated as

E E.
Alyeyy = o $in (St ) — w2+ $in (82 (30)
X 53
In comparison with (19), the main difference between AP;., and
Al 1-2 is that the latter presents a lower influence of the voltage at the

PCC.
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Based on (30), Fig. 6 shows the Ap;.o-Aé and Aige 1.2-Ad curves for
normal operation and during current limitation for an overload of yjoqq
= 2.5 with two different power factors: (a) ¢jpad = 5°, (b) Proed = 1°. In
normal operation, the Ap;.-Aé and Al 1.2-Ad curves are equal and thus
the I,.-f droop provides the same stable performance as the P-f droop. In
fact, considering that Apj.peq = Aiger,1-2,¢g = 0.05, the equilibrium point
with Ie-f droop in normal operation, a;no,0.05, shows the same phase
difference between inverters as the equilibrium point with P-f droop as
shown in Fig. 6. As a result, the I.-f droop also maintains the inverters
synchronized with a low A irrespective of Aigej.zeq in normal
operation.

By contrast, during current limitation, the Ap;.o—Aé and Aige, 1.2-AS
curves present a different trend. The difference Ai, ;.2 always increases
with Aé due to its lower dependence on the voltage v leading to Aig 1.2
> Apj.2 for any value of Aé. Despite this, the slope of the Aiy.2-A
curve decreases with Aé resulting in a maximum difference Aigcs1-2max
that can be reached. Consequently, the I,.-f droop also presents two
different performances depending on the value of Aigct 1.2, max in relation
to Adger1-2,eq-

i. Alger1.2.eq < Alger1-2.max: As shown in Fig. 6(a) with ¢jeq = 5°, an
equilibrium point exists during current limitation for Aigct1-2¢q =
0.05, ajc1,0.05, meaning that the I,-f droop maintains the transient
stability of the system in this case. As can be observed, the phase
difference between inverters at ajcro.05 iS Adpcro0s = 1.57°,
considerably lower than Adp cr,0.05 = 2.53°. Thanks to this, a higher
voltage is ensured at the PCC during current limitation (see Fig. 4)
with Ip.-f droop, thus offering better performance than the P-f droop.
However, the I,.-f droop also gives a lower response than in normal
operation as Adycr,0.05 > AdLNO,0.05-

ii. Alger1-2.6g > Alger1-2.max: As shown in Fig. 6(b) with ¢jpqq = 1°, in this
situation there are no equilibrium points with either the P-f droop
or the Io-f droop for Apr.geq = Algey1-2e¢ = 0.05 during current
limitation. As a result, the system will become transiently unstable
with the I,.f droop in this case leading to the desynchronization of
the inverters.

In a similar way to the P-f droop, the stability boundaries with the
Ioef droop during current limitation are defined by the maximum
achievable difference Aig 1.2 max. In order to facilitate the calculation of
an approximate Al 7-2max, the active current of each inverter is
determined as

P;
Licti =3V withi=1, 2. (€29)
In this way, substituting (18) into (31), the difference Al ;.2 can be
calculated as
P =P, E,
Vo X+ X

E,
Xo + Xoura

Algeri-2 = . Sin(lsl) - . Sin(&z)‘ (32)
Substituting (8) and (10) into (32), the difference Aly ;-2 during

current limitation can be also expressed as

Alyeri-2 = L [c08(py) — 082 Prp0q — #1) ] (33)
Thus, the derivative of (33) in relation to ¢7 is imposed to be equal to

zero leading to the following two solutions

= ¢laad - 90

ct.max

Solution 1 : SN Droaa + 907, ?2, Al

Solution2: @ A= i = 905 P2 Al = Pt + 0
(34)

where ¢ 1,AlL and ¢ 2, At max 2T€ the two phase angles of the

ct,max
— — . . . .
current I; and I, for which the maximum active current difference,
Alget, 1-2,max, OCCUTS.
As aresult, Aiger 1.2,max is achieved when |p;-¢2| = 180° resulting in
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I =0 and thus V = 0 according to (5) and (12), so this is not a desired
operating point. Substituting (34) into (33), the maximum active current
difference is calculated as

AIacr.l—Zmax =+2 'Irar' Sin(¢1{)ud>‘ (35)

From (35), the maximum difference Al 1.2max can be expressed in
per unit value as

AiacLl—Z,mm‘ =42 Sin(¢luad)‘ (36)

In comparison with (23), Aigi1-2max is not influenced by the
overload level, yjpqq, leading to |Aigeti-2max| > |AP1-2,max|/for any
overload or short-circuit with ¢j,qq # 0. Thus, the Io-f droop provides a
wider range of synchronization large-signal stability than the P-f droop,
i.e. Alger1-2,max > AP1-2,max, Whenever ¢joqq > 0°. However, in the event
of a pure resistive disturbance, the maximum achievable difference
Aiger, 1-2,max Will also be close to zero causing any offset error in the
estimation of iy ; to entail the synchronization transient instability of
the system such as when using the P-f droop. Thus, neither is it possible
for the I,f droop to guarantee the transient stability of the system for
all possible operating conditions.

4. Proposed frequency droop control, G-f droop

As demonstrated in the section above, the P-f and I,-f droops cannot
guarantee that the microgrid inverters will remain synchronized
regardless of the operating conditions since the variables P and Iy
depend highly on the system voltages. To avoid this, in this article, it is
proposed to implement the frequency droop control by using the vari-
able G; that can be locally calculated as

I, acti P i

G="

withi=1,2. 37)

The division of the exchanged active power P; (unit W) by the
product of the voltages E; - V¢,; (unit V2) leads to the unit Q! that is the
standard unit of conductance. Therefore, the control variable G; can be
defined as the equivalent conductance seen by each inverter. In this way,
the sum of the equivalent conductances of all inverters connected in
parallel is equal to the total conductance of the load impedances con-
nected at the microgrid. It is worth noting that the calculation of the
conductance G; does not imply the introduction of additional sensors,
since the amplitudes E; and V; are already determined at the inverter to
carry out the voltage control and other tasks.

Substituting (28) into (37), the equivalent conductance can also be
expressed as

1
Gi=y Sin(Sjuy,1) withi = 1,2. (38)
Therefore, G; only changes with the power angle of the inverter, i,
constantly providing reliable information with regard to the phase

displacement between the inverter voltage, ﬁ and the capacitor

voltage, V_>c,

Based on the equivalent conductance G;, the G-f droop is proposed in
this article to maintain the inverters synchronized under all possible
operating conditions. Similarly to the P-f and I,.-f droops, this method
dictates the inverter frequency according to the following relationship:

£ =foi — My g withi=1,2, (39)

where g, ; is the per unit estimated equivalent conductance seen by each
inverter that is calculated as
Gej 3 Vz

=Gy, 40
GV(H ’ SV[U : ( )

8ei =

where G, is the rated conductance of one inverter.
In order to model the per unit offset errors, gofes,i» introduced in the
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Fig. 7. Ap;.2-AS, Aige1-2-A6 and Agy.o-Ad curves in normal operating conditions and during current limitation with yjoeq = 2.5 and ¢joqq = 5° including the equi-
librium points with P-f, I.-f and G-f droops for Apj.peq = Alge1-2,e = A&1-2,¢g = 0.05.

estimation of the equivalent conductance, the conductance g.; can be
expressed as

8ei = 8i +goff5eu' with i = 1727 (41)
where g; is the per unit equivalent conductance seen by each inverter.
Substituting (41) into the condition f;* = f>*, the difference Ag;.2 =
g1 —g2 required to achieve the equilibrium point with G-f droop, Ag;.2,eq,
is
Joi —Joo

Agl—z,eq =+ (gofﬁvef,l - gof[rezl) .

M, (42)

Recalling (17) and (26), the G-f droop requires a similar per unit
difference at the equilibrium point as the P-f and I,-f droops. Therefore,
the real difference of equivalent conductances between inverters, Agj.2,
must always offer the capability of increasing up to Agy.seq so that the
equilibrium point can be reached.

From (38), the difference of equivalent conductances between both
inverters can be defined as

AG] 2= XL -sin (5,»"‘,,1 ) — XL -sin (5,‘,,“2) . (43)
1

2

The difference of equivalent conductances AG;_» only varies with the
phase difference between inverters without depending on the system
voltages E; and V¢;. In this way, the maximum value of the difference
AGj.2 scarcely changes with the operating conditions, avoiding the
decrease of the maximum reachable difference under current limitation
as it happens to the active power and active current (see (23) and (36)).
Thanks to this, the proposed G-f droop can reach an equilibrium point
regardless of the voltage amplitude ensuring always the transient sta-
bility of the microgrid and, thus, improving the performance of the P-f
and Iy-f droops.

Based on the model presented in Section 2.2, Fig. 7 shows the Ap;j_o-
A8, Aige1-2-A6 and Agyo-Aé curves in normal operation and during
current limitation for the case study overload. In normal operation, as E;
~ V ~ 1 pu, the Ag;_»-AS curve is equal to the Ap;.o-Ad and Aigct 1.2-A8
curves. As can be noted, the equilibrium point when using the G-f droop
for Agigeq = 0.05 in normal operation, ag no,0.05, exhibits the same
phase difference between inverters as the corresponding equilibrium
points with P-f and In-f droops, ap,no,0.05 and ag no,0.05. Therefore, the G-
f droop provides the same stable response in these conditions as the
other methods maintaining the inverters synchronized with a low AS
independently of Ag;.2 ¢, and ensuring the same accurate sharing of the
active power between grid-forming inverters irrespective of the differ-
ence between line impedances.

Table 1

Parameters of the microgrid under study — power and control stages.
Symbol Description Value
Srat Inverter Rated Power 1.64 MVA
Vyiar Rated Voltage 630 V
Lt Rated Current 1500 A
Ve DC-bus voltage 1100 v
Sra Rated frequency 50 Hz
fow Switching frequency 3 kHz
fs Sampling frequency 6 kHz
Ly, L, Converter-side filter inductor 0.14 pu
Cy, Co Filter capacitance 0.03 pu
Lout 1> Lout,2 Output inductance 0.01 pu
Inax Maximum current 1.1 pu
My Frequency droop gain 0.5 Hz
My Voltage droop gain 0.12 pu
for Cutoff frequency of H(s) 5Hz

During current limitation, as Ag;.2 does not depend on the voltages,
the Ag;2-Ad curve is similar to normal operating conditions always
maintaining the same rapid increase of Ag;.2 with A8. Thanks to this, a
high difference Ag;_» can also be obtained with low A§ during current
limitation meaning that the equilibrium point with Ag;.2 = Agy.2¢¢ can
always be achieved. As a result, unlike the P-f and I,.-f droops, the in-
verters controlled with G-f droop maintain the transient stability
regardless of the value of fo1, f0,2, Soffser1> &offset,2s Yioad and Pioads
providing the system with robustness under any operating conditions.

Furthermore, if the P-f and I,.-f droops provide stable performance
during current limitation, these methods require a higher phase differ-
ence than the G-f droop to reach the equilibrium point due to the
modification of the Ap;.2-Ad and Aige 1.2-Ad curve with the operating
conditions. For instance, as shown in Fig. 7 for Apj.geq = Algct1-2,e¢ =
Ag1.2.eq = 0.05 during current limitation, the relationship between the
phase differences required by the three methods at the equilibrium point
is Adp,cr,0.05 > Adcr,0.05 > Adg,cr,0.05 causing the G-f droop to ensure the
highest voltage at the PCC (see Fig. 4). Moreover, the certainty of
maintaining a low A8 with the G-f droop ensures that the highest level of
current is delivered to the short-circuit protection system in order to
trigger rapid opening.

5. Simulation results
To validate the theoretical analysis of the system performance when

using the P-f droop, the If droop and the proposed G-f droop, the
inverter-based stand-alone microgrid in Fig. 1 was simulated under
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Fig. 9. Simulation waveforms of the inverter-based stand-alone microgrid with P-f droop (red), Io..-f droop (blue) and G-f droop (green), requiring Ap;.s.eq = Algct,1-2,
eq = Agi1-2,¢9 = 0.05 in the presence of a 25 % permanent overload, yioqq = 2.5, With ¢;5qq = 5°. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

different operating conditions. Table 1 shows the main parameters of the
two high-power inverters forming the case study microgrid, including
values for both the power and control stages. The same droop gain My
equal to 0.5 Hz is employed for the three frequency droop controls under
study, in such a way that the microgrid frequency will vary between 49.5
and 50.5 Hz in normal operation.

Figure 8 shows the droop control method employed to calculate
separately the frequency and voltage references, f* and V¢*. The
implementation of the three techniques considered for the frequency
droop control is depicted including the calculation of the per unit value,
a first-order low-pass filter, H(s), and the droop relationship. The voltage
droop control is based on the reactive power, Q, and is implemented
similarly to the frequency droop control.

Figure 9 shows the simulation waveforms of the stand-alone micro-
grid with the three frequency droop controls, namely P-f, Iof and G-f
droops. In all cases, fo; = fo 2 is imposed and an estimation offset is
included in such a way that Apj.zeq = Algct1-2eq = Ag1-2,¢q = 0.05. At
first, the inverters are working in normal operation feeding a load with
Yioad = 1 and are controlled as voltage sources causing the voltage at the
PCC to remain equal to the rated voltage. In these conditions, the system

reaches the same equilibrium point with the three methods, presenting a
phase difference A5 ~ 0.45° and the differences Ap;.o = Aiger 1.2 = Ag1-2
= 0.05 required to reach the equilibrium point.

At second 3, an overload with ¢qq = 5° and yjpaq = 2.5 (25 %
overload) is introduced leading to a transiently stable response in all
three cases, as the inverters reach their respective equilibrium points.
However, the performance of the system changes depending on the
method employed during current limitation. As can be observed, the
response with the P-f and Io.-f droops leads to a higher phase difference
between inverters at the equilibrium point than in normal operation.
This does not occur with the G-f droop since the inverters maintain a
similar phase difference in both operating conditions, resulting in Adp.¢
> Ady,-f > Adg.f, which is in line with the theoretical results shown in
Figure 7 As a result, the G-f droop ensures the highest voltage at the PCC,
VGf > Vi,.-f > VP, in the presence of the overload. In fact, the voltage vg.s
remains close to the maximum value Vpgx = 1/¥ioqd, cOrresponding to
Vmax = 0.8 for the overload introduced. Furthermore, as the equivalent
conductance g; scarcely depends on the voltage, the G-f droop provides
the fastest dynamics following the overload, reaching the equilibrium
point in less than 0.3 s and maintaining the same rapidity as in normal
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Fig. 10. Simulation waveforms of the inverter based stand.alone microgrid with P f droop (red), Io..f droop (blue) and G.f droop (green), requiring Ap;.,.eq = Algct,1-2,
eq = Ag1.2.¢g = 0.05 in the presence of a 25 % permanent overload, yioaq = 2.5, With ¢joqq = 2.5°. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 11. Simulation waveforms of the inverter-based stand-alone microgrid with P-f droop (red), Ioc-f droop (blue) and G-f droop (green), requiring Ap;_z eq = Alger1-
2,eq = Ag1.2.¢g = 0.05 in the presence of a resistive symmetrical transient short-circuit with ucc = 0.15 and a duration of 2 s (from normal operation to short-circuit and
back). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

operation. In contrast, the system dynamics with P-f and I,-f droops
become slower when the overload happens due to the stronger influence
of the voltage.

Figure 10 shows the simulation waveforms of the stand-alone
microgrid with the three frequency droop controls, when imposing
fo1 = fo2 and including an estimation offset that leads to Apj.ze =
Aiger1-2.0g = Ag1-2,e¢ = 0.05. At second 3, an overload with ¢jpeq = 2.5°

10

and Yipaq = 2.5 (25 % overload) is introduced. In this case, when using
the P-f droop an equilibrium point does not exist since Ap;.3 max < Api-2,
eq» and the system becomes transiently unstable. As a result, the inverters
lose the synchronism and the voltage at the PCC drops uncontrollably.
As shown in Fig. 10, the maximum difference of active power achieved
with yjoaqd = 2.5 and ¢oaq = 2.5° is Ap1.amax = 0.037 matching the
theoretical Ap;_gmax = 0.035 calculated according to (23). With regard
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to the I ~f and G-f droops, the system is transiently stable with both
methods, but the second provides the system with a better performance
during overload. For ¢jpqq = 2.5°, the Io-f droop requires a higher phase
difference than for ¢,qq = 5° to reach the equilibrium point and, thus,
the voltage at the PCC decreases to 0.7 pu. Moreover, the I~f droop
becomes slower with the decrease of v; - leading to a higher settling
time. Conversely, the G-f droop requires the same phase difference at the
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equilibrium point for ¢jpeq = 2.5° and ¢jpqq = 5° resulting in the same
voltage vgs during the overload in both cases. Furthermore, the dy-
namics of the G-f droop are not affected by ¢jyqq and the settling time is
similar to that obtained in the previous case.

Figure 11 shows the simulation waveforms of the stand-alone
microgrid with the three frequency droop controls again imposing fy, 1
= fo,2 and including an estimation offset that leads to Ap;.5eq = Alger1-2,
eq = Ag1.2¢q = 0.05. In this figure, a resistive symmetrical transient
short-circuit, with a short-circuit voltage ucc = 0.15 and a duration of 2
s, is introduced at second 3. Since the short-circuit is purely resistive, the
maximum achievable differences are Ap;.amax = 0 and Aige1-2max =
0 according to (23) and (36). This can be observed in Fig. 11 where the
differences Ap;.2 and Aige ;.2 remain close to zero during the distur-
bance. As a result, there are no equilibrium points when using P-f and
Ioerf droops and the phase differences Adpsand Aly.¢ increase contin-
uously meaning that the inverters become desynchronized. In contrast,
the G-f droop provides the system with synchronization stability main-
taining the inverters synchronized with the same Adgs as in normal
operation, despite the harshness of the short-circuit. Therefore, thanks
to the proposed G-f droop, the inverters feed the short-circuit with the
highest level of current.

When the fault is cleared at second 5, although the voltage at the PCC
initially increases with P-f and I,.-f droops, the inverters continue
limiting the current due to the high phase difference between them. As a
result, the inverters remain desynchronized after the fault and the phase
difference increases leading to the decrease of the voltage at the PCC. In
contrast, the system does not present this undesired response when using
the G-f droop and the voltage at the PCC recovers immediately after the
fault as shown in Fig. 11. This is possible thanks to the low phase dif-
ference maintained by the G-f droop during the short-circuit, making the
activation of the current limitation unnecessary.

1.1 T T . ; . :
P-f droop
1 —Iacl-f droop| |
—— G-f droop
Q
&
> 08r — i
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Fig. 13. Time-domain HIL waveforms of the inverter-based stand-alone microgrid with P-f droop (blue), I.-f droop (red) and G-f droop (green), requiring Ap;.2.eq =
Alget1-2,09 = Ag1-2,¢q = 0.05 in the presence of a 25 % permanent overload, yjpaq = 2.5, With ¢jqq = 5°. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 14. Time-domain HIL waveforms of the inverter-based stand-alone microgrid with P-f droop (red), Iocf droop (blue) and G-f droop (green), requiring Ap;..eq =
Algey1-2.6g = Ag1-2.¢9 = 0.05 in the presence of a resistive symmetrical transient short-circuit with ucc = 0.15 and a duration of 2 s (from normal operating to short-
circuit and reverse). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The simulation results show the synchronization stability problems
of the system during current limitation when the frequency of the in-
verters is controlled by means of the P-f droop or the I,f droop.
Additionally, the superior performance of the G-f droop is validated,
ensuring the synchronization stability of the system irrespective of the
operating conditions.

6. HIL validation

Hardware-in-the-Loop (HIL) experiments based on the OPAL-RT
platform have been carried out to further verify the performance of
the microgrid during current limitation when using the P-f droop, the
Ioef droop and the proposed G-f droop. The HIL platform shown in
Fig. 12 includes the HIL simulator and the circuit boards and controllers
(DSPs) of two commercial inverters INGECON SUN STORAGE Power
1500 V. In this way, the inverter-based stand-alone microgrid, presented
in Section 2, is tested considering the same parameters for the power and
control stages as in the simulations. For validation, two cases of those
presented in Section 5 were replicated testing the system with the fre-
quency droop controls, and again imposing fo,; = fo 2 and including an
estimation offset that leads to Apj.5eq = Algcr1-2,e¢ = Ag1-2,eq = 0.05.

Figure 13 shows the time-domain HIL waveforms of the stand-alone
microgrid for the three frequency droop controls. Initially, both in-
verters were synchronized, feeding a load of yj,q¢ = 1 in normal oper-
ation, vpcc = 1, and the corresponding differences are Ap;.o = Aiger 1.2 =
Ag1.2 = 0.05. In the same way as the simulation (see Fig. 9), at second 3
an overload with ¢jpeq = 5° and yjoeq = 2.5 (25 % overload) was intro-
duced, transferring the inverters to current limitation and provoking a
decrease in the PCC voltage. As can be observed, the system is tran-
siently stable in all three cases, but the response is different depending
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on the method employed. With regard to the transitory response, the G-f
droop is the fastest method to reach the equilibrium point, while the P-f
droop is the slowest. At the equilibrium point, the best steady-state
operation of the system also occurs with the G-f droop, which main-
tains the highest Vpcc during the overload, specifically, vg.s = 0.783,
Vio-f = 0.761 and vps = 0.702.

Similarly, Fig. 14 shows the time-domain HIL waveforms of the
stand-alone microgrid for the three frequency droop controls. In this
figure, a resistive symmetrical transient short-circuit, with a short-
circuit voltage ucc = 0.15 and a duration of 2 s, was introduced at
second 3, in the same way as the simulation (see Fig. 11). When the
resistive short-circuit occurs, the differences Ap; and Aige ;2 drop
immediately to zero since the maximum achievable differences are Ap;.
2,max = Alge1-2,max = 0 for ¢ioaqa = 0° according to (24) and (37). As a
result, the required differences Apj.zeq = Aigct1-2¢ = 0.05 cannot be
achieved meaning that the system response when using the P-f and I-f
droops is unstable during the short-circuit and the inverters become
desynchronized, which is in line with the simulation results shown in
Fig. 11. Nevertheless, according to the HIL results, the phase differences
between inverters with P-f and I,.f droops undergo a slightly higher
increase than in the simulation causing the PCC voltage to decrease to a
lower value during the fault and to vary differently during the initial
instants of fault recovery. In relation to the response with G-f droop, the
system is transiently stable during the short-circuit, given that the
equilibrium point with Ag;.2 = 0.05 is reached, maintaining the in-
verters synchronized. Furthermore, the low phase difference maintained
by the G-f droop makes it possible to recover the PCC voltage immedi-
ately after the fault.

The results obtained by means of the HIL tests validate the transitory
and steady-state responses obtained in the simulation results and

act
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confirm the superior performance of the proposed G-f droop.
7. Conclusions

In this article, the synchronization stability analysis of an inverter-
based stand-alone microgrid in the presence of overloads and short-
circuits at the PCC is first carried out considering two conventional
methods to control the frequency of the inverters, the P-f and Iy f
droops. This study shows the instability problems of the P-f and Iny-f
droops that do not guarantee the continued synchronization of the
microgrid inverters under all possible operating conditions. In this way,
the stability boundaries of the system were obtained depending on the
method employed and as a function of the frequency setpoints, offset
errors and load parameters. The study makes it possible to conclude that
the performance of the P-f and I -f droops is somewhat affected by the
operating conditions due to the strong voltage influence on the active
power and active current.

To dictate the inverter frequency, this article then proposes the G-f
droop, which consists in implementing the frequency droop control by
using a variable defined as the equivalent conductance seen by each
inverter. As has been demonstrated, the equivalent conductance
scarcely depends on the voltage and the G-f droop exhibits the same
performance irrespective of the operating conditions, always ensuring
the synchronization stability of the stand-alone microgrid. Furthermore,
this method maintains the inverters synchronized with low phase dif-
ferences also in the presence of overloads and short-circuits, giving the
system considerable capabilities such as ensuring the maximum voltage
and current at the PCC or facilitating voltage recovery after the distur-
bance. The superior performance of the G-f droop compared to the P-f
and Iof droops was validated by simulation and HIL results, also
showing an enhanced dynamic system response.
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