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Abstract—This article proposes a novel current-limiting strategy
for grid-forming inverters under symmetrical and asymmetrical
faults. The method enables fault ride-through while providing grid
support in compliance with grid code requirements. During faults,
the power references prescribed by the grid code are imposed,
and the virtual EMF is modified accordingly through amplitude
and phase feedforward terms in the power loops. These terms
are derived from the space-vector diagram of the synchronous
machine emulated in the synchronous power control, enabling
effective current limitation while preserving grid-forming behavior
and avoiding windup in both inner and outer control loops. Such
a methodology is first developed for symmetrical grid faults and
then extended to asymmetrical faults, where positive- and negative-
sequence grid-current injection is prescribed. In this regard, the
former is regulated by modifying the positive-sequence virtual
EMF, while the latter is limited by a variable virtual reactance.
The inner current loop relies on finite-control-set model predictive
control to ensure fast dynamic and transient overcurrent limitation.
The effectiveness of the proposed method is assessed on a controller
hardware-in-the-loop platform and verified on an experimental test
bench, both in strong and weak grid scenarios.

Index Terms—Fault current limitation, fault ride-through, grid
code, grid faults, grid-forming (GFM) control, model predictive
control, multilevel inverters.
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I. INTRODUCTION

GRID-FORMING (GFM) control strategies allow the
inverter-based resources (IBRs) to contribute to frequency

and voltage regulations by emulating the behavior of tradi-
tional synchronous generators (SGs) [1], [2], thus representing a
promising solution towards the green transition [3], [4]. In case
of a grid fault, GFM inverters are expected to satisfy two funda-
mental requirements, i.e., actively support the grid, contributing
to voltage regulation, and limit the inverter current within the
semiconductor ratings. Regarding the first requirement, trans-
mission system operators (TSOs) from different countries are
continuously updating grid codes providing proposals and fu-
ture provisions related to grid support requirements in case
of both symmetrical faults, namely three-phase faults [5], [6],
[7], and asymmetrical faults, namely single line ground (SLG),
double line ground (DLG), and Line–Line (LL) [7], [8], [9].
In particular, they require fast fault current injection (FFCI)
capability, i.e., the injection of reactive current for voltage
support both at positive- and negative-sequence components
according to the severity of the grid voltage reduction and with
specified dynamic performance. The second requirement arises
from the reduced overcurrent that power electronics devices can
withstand during a grid fault (from 1.2 to 1.5 p.u.), if com-
pared to their SGs counterparts [10]. Consequently, including
an effective fault-current limiting strategy in GFM inverters
control is mandatory to guarantee the fault ride-through (FRT)
capability. A significant body of literature focuses on developing
current-limiting strategies, which can be mainly classified into:
Current limiter-based (CLB), virtual-impedance based (VIB),
and voltage-limiter based (VLB) strategies [11].

CLB strategies consist of constraining the current reference
supplied to the inner current loop. This task can be implemented
by ignoring the current references generated by the GFM con-
troller and imposing limited current references in grid-following
(GFL) mode. Although it can be easily adopted both for symmet-
rical [12] and asymmetrical faults [13], switching from GFM to
GFL operation requires a backup phase-locked-loop (PLL) with
loss of GFM capability during the fault, which may lead to a
slow postfault recovery and instability under weak grid scenarios
[14]. The approach proposed in [15] allows for overcoming
the described limitation with the use of a reference current
circular limiter, which preserves the phase of the reference
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current space-vector, thus maintaining the GFM behavior during
the fault. In any case, CLB strategies constrain the current
references rather than the actual inverter currents. Consequently,
the fault-current transient remains dependent on the closed-loop
dynamics and potentially dangerous current overshoots may
still occur. Moreover, the adoption of a saturator may lead to
the windup of the outer power loops, with consequent recovery
failure once the fault is cleared [16].

VIB strategies rely on increasing the virtual impedance value
to limit the reference current magnitude [17], [18]. Unlike the
CLB methods, they do not cause windup of the outer control
loops. However, the design of the virtual impedance is chal-
lenging since the worst-case scenario must be considered to
avoid system instability, thus limiting the actual inverter power
capability. Moreover, increasing the virtual impedance leads
to transient overcurrent at the fault occurrence and clearance,
which can still damage the inverter switches [19]. Most rel-
evant works in the literature address symmetrical faults [17],
[18], [19], and only recent works address both symmetrical and
asymmetrical faults [20], [21], [22]. However, they lack in ef-
fectiveness validation with both strong and weak grid scenarios,
and newest grid codes compliance is not considered.

VLB techniques achieve indirect current limitation by lim-
iting the virtual electro motive force (VEMF) generated in the
outer control loop. Similarly to CLB strategies, voltage limita-
tion is carried out by saturating both the magnitude and phase
of the VEMF, thus requiring appropriate antiwindup schemes,
which causes a worsening of the current harmonic distortion.
Moreover, the adoption of a PLL is required to carry out proper
voltage saturation, resulting in unstable operation under weak
grid scenarios. Even in this case, most of the works available
in the literature are designed for symmetrical faults [23], [24]
and only a poor minority addresses asymmetrical faults, as in
[25], where the proposed algorithm is validated in the simulation
environment by considering voltage dips only in one phase and
in a strong grid scenario. In addition, the negative-sequence
current is not controlled and overcurrents occur during the faults,
resulting in reduced FRT capability.

This literature review reveals the following research gaps.
1) The literature focuses on FRT capability, ignoring newest

grid code requirements related to voltage support.
2) Existing methods are affected by outer loop windup, com-

plex impedance design, need for backup PLL, and poor
dynamic performance.

3) Most of the works focus on symmetrical faults and only a
few papers address asymmetrical faults.

4) The effectiveness of current limiting strategies under a
weak grid scenario is poorly investigated.

Given the above, this work proposes a novel indirect fault
current limiting strategy for GFM inverters, namely variable
VEMF (VVEMF), aimed at addressing the identified literature
gaps, by enabling the inverter to ride-through both symmetrical
and asymmetrical grid faults while supporting the grid through
the FFCI capability. The key novelty of the proposed algorithm
lies in updating the active and reactive power loops set points
at the fault occurrence based on the grid code prescriptions,
and modifying the VEMF space-vector correspondingly through

VEMF amplitude and phase feedforward terms. Such a novel
approach does not fall into any of the previous categories and
exhibits the following key merits.

1) Effective grid current reference limitation without requir-
ing an explicit saturation stage, thus avoiding windup in
the outer power control loops.

2) Continuous GFM operation also during the fault without
any backup PLL, as the outer power loop is never disabled
or ignored.

3) Grid current control at the positive and negative sequences,
enabling voltage regulation under symmetrical and asym-
metrical faults and complying with the most up-to-date
grid codes.

4) Excellent performance even under a weak grid scenario,
i.e., short circuit ratio (SCR) = 1.9.

The outer loop is based on the synchronous power controller
(SPC) proposed in [26], a power-synchronization-based GFM
control strategy that integrates inertia emulation, damping, and
droop characteristics through the active power loop. The SPC
regulates the positive-sequence grid current by modifying the
positive-sequence VEMF through the virtual admittance (VA).
An additional outer loop based on a variable virtual reactance
is adopted in case of an asymmetrical fault to control the
negative-sequence currents. The inner current loop is based on
a modified version of the finite control set – model predictive
control (FCS-MPC) proposed in [27]. Its multiobjective capa-
bility enables the indirect control of the grid currents through the
direct regulation of the inverter currents and LCL-filter capaci-
tor voltages, allowing simultaneous compliance with grid-code
current requirements and inverter current limitation for FRT
operation. Unlike conventional current-limiting approaches, in-
verter current constraints are directly incorporated into the cost
function, thereby limiting the actual inverter currents rather
than only their references. Moreover, capacitor-voltage control
improves the converter behavior under weak-grid conditions
by mitigating the oscillations of the voltage at the point of
common coupling (PCC). These features, together with the
fast dynamic response of MPC, overcome limitations of con-
ventional proportional-integral (PI) and proportional-resonant
(PR) controllers related to their single-input single-output struc-
ture [27], [28], while addressing the main shortcomings of
existing fault-current limiting strategies, namely transient in-
verter overcurrents and poor performance under weak-grid
conditions.

The proposed current limiting strategy is validated under sym-
metrical and asymmetrical grid faults on a controller-hardware-
in-the-loop (C-HIL) platform and on an experimental test bench,
composed of an LCL-filtered grid-tied three-phase five level
(3P-5L) cascaded h-bridge multilevel inverter (CHBMI), in
both strong and weak grid scenarios. The fault current limiting
algorithm proposed in [15] has been selected as a comparison
target due to its improved postfault recovery capability and
continuous GFM operation. The rest of this article is organized
as follows. Section II presents the proposed fault current limiting
strategy for symmetrical faults. Section III extends the proposed
strategy to asymmetrical faults. Section IV describes the C-HIL
and experimental setup. Sections V and VI present the control
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Fig. 1. 3P-5L-CHBMI scheme used in the GFM inverter.

Fig. 2. Block diagram of the adopted GFM control with the proposed fault
current limitation strategy for symmetrical faults.

validation under symmetrical and asymmetrical faults, respec-
tively. Finally, Section VII concludes this article.

II. DESIGN OF THE PROPOSED CURRENT LIMITING STRATEGY

FOR SYMMETRICAL GRID FAULTS

In this section, the proposed indirect fault current limiting
strategy is designed for a three-phase grid short circuit. The
GFM inverter is an LCL-filtered grid-tied 3P-5L-CHBMI, whose
circuit diagram is reported in Fig. 1. Fig. 2 shows the GFM
control scheme. The outer loop is based on the SPC [26],
empowered by the proposed fault current limiting strategy. The
inner control loop is based on FCS-MPC.

According to Fig. 2, vinv = [vinv,a, vinv,b, vinv,c]T and
iinv = [iinv,a, iinv,b, iinv,c]T are the three-phase inverter-side
voltages and currents, respectively, vc = [vc,a, vc,b, vc,c]T is
the three-phase capacitor voltage, vg = [vg,a, vg,b, vg,c]T and
ig [ig,a, ig,b, ig,c]T are the three-phase grid-side voltages and
currents, respectively, and vPCC = [vPCC,a, vPCC,b, vPCC,c]T

is the three-phase PCC voltage. Moreover, L1 is the inverter-side
inductor, Cf is the filter capacitor, and L2 is the grid-side inductor,
and Lg is the equivalent grid inductance.

The whole control is formulated in the stationary orthogo-
nal αβ reference frame. Thus, the three-phase quantities ξ =
[ξa, ξb, ξc]T are transformed to ξαβ = [ξα, ξβ]T through the
transformation matrix T reported as follows:

T =
2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]
. (1)

It is also recalled that, in the adopted notation, an uppercase
symbol Ξαβ denotes the amplitude of the space-vector ξαβ ,
expressed as

Ξαβ =
√

ξ2α + ξ2β . (2)

Finally, it is worth mentioning that the active and reactive
powers P and Q at the PCC can be easily computed in the
stationary αβ reference frame from measured vPCC and ig
components as

P =
3

2
(vPCC,αig,α + vPCC,βig,β) (3)

Q =
3

2
(vPCC,βig,α − vPCC,αig,β) . (4)

For the sake of notation simplicity, theαβ subscript is omitted
in the remainder of the article, unless otherwise specified.

A. Synchronous Power Controller

The adopted GFM control is based on the SPC [26], a power-
synchronization-based GFM strategy that integrates inertia em-
ulation, damping, and droop characteristics within the active
power control loop, enabling PLL-less GFM operation.

The active power loop outputs the inverter frequency ω by
processing the active power error, i.e, the difference between
the active power set point P∗ and the measured active power
P, through the transfer function, GPLC(s), that emulates the
behavior of an SG, expressed in the Laplace domain as

GPLC (s) =
sKP +KI

s+KG
(5)

where KP, KI, and KG are the active power loop transfer function
gains, which depend on the desired values of virtual inertia H,
damping coefficient ζ and active power droop coefficient DP

[26]. One of the main advantages of the SPC is that inertia,
damping, and droop characteristics can be designed indepen-
dently, thus avoiding the coupling between damping perfor-
mance and droop behavior. In this regard, Zhang et al. [29]
provided guidelines for the SPC parameter tuning. In detail, the
damping coefficient ζ is chosen equal to 0.707 as it maximizes
the SPC phase margin, while the design of the virtual inertia H
and the active power droop coefficient DP depend on the TSO
requirements and on the available power reserve of the GFM
inverter. Given the above, in this work, H and DP are set equal
to 1 s and to 1 kW/Hz, respectively.

The inverter frequency ω is obtained by adding a frequency
feedforward term ω∗ to the output of GPLC(s). It is then inte-
grated in time to obtain the VEMF angle ϑ. The reactive power
loop computes the reactive power error, i.e., the difference be-
tween the reactive power set point Q∗ and the measured reactive
power Q, using a PI controller, whose transfer function GPI(s)
is reported as follows:

GPI (s) = kP,Q +
kI,Q
s

(6)

where kP,Q is the proportional gain and kI,Q is the integral gain.
These gains are tuned according to [15]. The VEMF magnitude
E is computed by adding a feedforward VEMF term E∗ to the PI
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output. Then, the VEMF magnitude E and angle ϑ are combined
in a voltage controlled oscillator to generate the VEMF signal e
= [eα, eβ]T, as follows:

e = E

[
cosϑ
sinϑ

]
(7)

The grid current reference signal i∗g = [i∗g,α, i
∗
g,β ]

T is obtained
by feeding the difference between the VEMF e and the PCC
voltage vPCC to a VA block, whose transfer function GVA(s) is

GVA (s)=
i∗g

e− vPCC
=

1

sL+R
(8)

where L and R are the virtual inductance and resistance, re-
spectively. According to [26], the virtual inductance L is set to
0.3 p.u., which is a typical value of a grid-connected SG, while
the virtual resistance R is set to 0.1 p.u., to guarantee sufficient
damping.

B. Indirect Fault Current Limitation Strategy

The indirect fault current limitation strategy must achieve the
following objectives during symmetrical grid faults: maintain
the GFM behavior and ensure FRT operation.

To maintain the GFM behavior, the structure of the SPC must
not be altered, i.e., the current reference i∗g must be computed
based on the active and reactive power set points through (5),
(6), (7), and (8). To this end, such set points must be recomputed
at the fault occurrence according to the grid code specifications.
In this regard, it is possible to express the active and reactive
power references as a function of the PCC voltage amplitude
VPCC, and of the desired grid fault current amplitude Ig,f and
power factor cosϕf, as

P ∗
f =

3

2
VPCCIg,f cosϕf (9)

Q∗
f =

3

2
VPCCIg,f sinϕf . (10)

In this application, the grid code [5] is adopted, as it specifies
the behavior that the GFM inverter must follow to perform
voltage support during symmetrical grid faults. In detail, when
the voltage amplitude at the PCC VPCC decreases more than
50% of its rated value VPCC,r, the GFM inverter must inject
zero fault active power Pf and the maximum available reactive
power Qf so that the resulting fault current amplitude Ig,f is equal
to the rated current Ir. According to (9), obtaining a zero fault
active power with nonzero VPCC and Ig,f requires a null power
factor cosϕf. Moreover, although the grid code [5] prescribes a
fault current equal to the rated current, (10) shows that for a given
cosϕf and VPCC, any reactive power value can be injected by
setting the magnitude of the desired grid fault current Ig,f. This
guarantees one extra degree of freedom, allowing for adapting
the proposed strategy to different grid codes. Prescriptions of
the grid code [5] are adopted to drive the SPC during the fault.
In detail, according to the control scheme in Fig. 2, when the
PCC voltage magnitude VPCC drops below 0.5 p.u., the fault
detection signal Fs is set to high and switches the power set
points, P∗ and Q∗, from the normal operating conditions to the

fault operating conditions, P ∗
f andQ∗

f , computed according to
(9) and (10), by imposing a null power factor and the desired
grid fault current amplitude Ig,f. It must be underlined that
different fault detection criteria may be adopted according to
the requirements of a specific application, utility, or grid code,
without affecting the formulation or operation of the proposed
control strategy.

However, updating the power set-points according to the grid
code prescriptions is not sufficient to guarantee fault current
limiting and FRT operation. Indeed, due to the slow dynamic
of the SPC loop, at the fault occurrence, the VEMF almost
coincides with its prefault value. Looking at (8), it is clear that,
for fixed VEMF and VA, a decrease in the PCC voltage due to
a grid fault causes an increase in the grid current reference i∗g ,
potentially leading to inverter switch damage. Equation (8) also
suggests that the current reference i∗g can be directly limited
through the adoption of a current saturator, or indirectly, by
acting on the virtual impedance or on the VEMF. Indeed, the
indirect fault current limitation strategy proposed in this work
acts on the VEMF to avoid switches damage and preserve the
GFM behavior. According to the control scheme in Fig. 2, when
the fault is detected, some additional feedforward terms are
introduced in the active and reactive power loops to instan-
taneously adjust the VEMF value. These feedforward terms
prevent slow fault VEMF variations that would otherwise lead
to undesired transient overcurrent, effectively accelerating the
response of the outer active and reactive power loops during the
fault. Specifically, in the reactive power loop, the feedforward
VEMF magnitude E∗ used in normal operating conditions is
replaced by its fault feedforward counterpart E∗

f . Similarly,
in the active power loop, the null feedforward VEMF angle
associated with the normal operating condition is replaced, at
the fault occurrence, by a non-null feedforward VEMF angle
γ, which modifies the VEMF phase ϑ into ϑf. It is worth
emphasizing that this mechanism does not ignore nor disable
the outer power control loops, but rather assists their dynamics,
thereby preserving the GFM behavior of the inverter during fault
conditions.

To calculate the fault VEMF feedforward terms E∗
f and γ, the

voltage balance equation of the emulated SG connected to the
grid under generic operating conditions is considered

e = Rig + jωLig + vPCC (11)

with

j =

[
0 −1
1 0

]
. (12)

Equation (11) can be represented in the form of a space-vector
diagram in the αβ frame, as shown in Fig. 3.

Looking at the space-vector diagram, the VEMF can be
decomposed along the x and y axes, parallel and orthogonal
to the voltage space-vector vPCC, respectively, as follows:

E cos δ = VPCC +RIg cosϕ+ ωLIg sinϕ (13)

E sin δ = ωLIg cosϕ−RIg sinϕ (14)

where δ is the power angle, i.e., the angular displacement be-
tween the VEMF and the PCC phase voltage. Combining (13)
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Fig. 3. Space-vector diagram of the synchronous generator emulated by the
GFM loop.

and (14), the general expression for the VEMF magnitude E and
power angle δ can be derived as

E =
√

V 2
PCC + Z2I2g + 2VPCCIg (R cosϕ+ ωL sinϕ) (15)

tan(δ) =
ωLIg cosϕ−RIg sinϕ

RIg cosϕ+ ωLIg sinϕ+ VPCC
(16)

where Z = (R2+(ωL)2)1/2 is the impedance of the emulated SG.
Characterizing (15) and (16) for the fault condition prescribed
by the grid code, i.e., by imposing a null power factor, the desired
fault current magnitude Ig,f, and the measured fault PCC volt-
age amplitude VPCC,f, the fault VEMF magnitude E∗

f and the
power angle δf are obtained as

E∗
f =

√
V 2

PCC,f + Z2I2g,f + 2ωLVPCC,fIg,f (17)

δf = tan−1

( −RIg,f
ωLIg,f + VPCC,f

)
. (18)

The calculated fault VEMF amplitude E∗
f and power angle δf

are employed at fault occurrence to quickly modify the VEMF.
In detail, its amplitude is modified by using E∗

f as a feedforward
for the reactive power loop.

To compute the feedforward VEMF angle γ, the following
considerations can be carried out: according to Fig. 3, in a
generic working condition, the VEMF angle ϑ can be expressed
as a function of the PCC voltage angle ϑPCC and of the power
angle δ, as

ϑ = ϑPCC + δ. (19)

Characterizing (19) in the case of a fault, it follows:

ϑf = ϑPCC,f + δf (20)

where ϑf is the steady-state fault VEMF angle, ϑPCC,f is the
new PCC voltage angle due to the fault, and δf is the fault power
angle computed as in (18). By subtracting (19) and (20) term by
term, the fault VEMF angle ϑf can be expressed as

ϑf = ϑ+ΔϑPCC,f + γ (21)

where ΔϑPCC,f = ϑPCC,f – ϑPCC is the PCC voltage variation
due to the fault, and γ = δf – δ is the power angle adjustment to
guarantee grid code compliance. Since the SPC is never disabled,
(21) suggests that the active power loop should modify the

prefault VEMF angle ϑ by adding ΔϑPCC,f and γ. Such an ad-
justment would occur with the slow dynamic that characterizes
the active power loop. However, since grid faults predominantly
affect the PCC voltage magnitude, it is assumed that ΔϑPCC,f

is small. Thus, the VEMF angle ϑ can be rapidly adjusted to
closely reach ϑf by adding γ as a feedforward term to the output
of the active power loop, as shown in Fig. 2. In this regard,
computing the feedforward angle γ only requires the prefault
power angle δ, computed by means of (16), and the fault power
angle δf, computed according to (18). In this way, the active
power loop must only compensate for the residual ΔϑPCC,f.
Based on the abovementioned discussion, it is evident that the
SPC continuously computes the VEMF angle ϑ even during
fault conditions. Therefore, a PLL is not required, as the power
synchronization mechanism is inherently preserved.

Indeed, (17) and (21) enable a fast modification of the SPC
output at fault occurrence, in coherence with the updated power
references. Although the SPC would eventually converge to
Ef and ϑf even without feedforward terms, its inherently slow
dynamics would result in a sluggish transient and significant
current overshoot, potentially leading to a switch fault. There-
fore, the coordination between the power set point and the
feedforward terms does not introduce an abrupt perturbation
of the power control process, but rather shifts the SPC oper-
ating point toward the fault-support condition required by the
updated power references. Moreover, such a coordination allows
for intrinsically limiting the current reference i∗g , avoiding the
adoption of a current reference saturator or circular limiter, and
preventing the active and reactive power loops windup. Finally,
the fault current magnitude Ig,f can be chosen arbitrarily, being
independent of the prefault current value, differently from other
FRT strategies in the literature [15]. This feature represents a
relevant degree of freedom, as the proposed method can be easily
adapted to different grid code prescriptions and updated in the
case of future grid code revisions.

C. Finite Control Set Model Predictive Control

The inner current loop is based on a multiobjective FCS-MPC
for an LCL-filtered grid-tied 3P-5L-CHBMI [27]. The prediction
model consists of the grid-connected system state-space model
empowered by the 3P-5L-CHBMI control model. The system
continuous-time state-space model is derived by applying Kirch-
hoff circuit laws to the system scheme depicted in Fig. 2 as

ẋ = Ax+Bu (22)

where x = [iTinv, i
T
g , v

T
c ]

T
is the state vector, u = [uT

inv,

vT
PCC]

T is the input vector, and A and B are the dynamic matrix
and the input matrix, defined, respectively, as

A =

⎡
⎢⎣
−R1+Rd

L1
I2

Rd

L1
I2 − 1

L1
I2

Rd

L2
I2 −R2+Rd

L2
I2

1
L2

I2
1
Cf

I2 − 1
Cf

I2 02×2

⎤
⎥⎦

B =

⎡
⎣

1
L1

I2 02×2

02×2 − 1
L2

I2

02×2 02×2

⎤
⎦ (23)
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where I and 0 are the identity and zero matrices, respectively,
and Rd is the filter damping resistance. The inverter voltage
vector vinv is expressed as a function of the GCSs state variables
through the 3P-5L CHBMI control model. In detail, the inverter
phase voltage vxN referred to the neutral point N can be expressed
as

vxN = Vdc(Sx1 − Sx2 + Sx5 − Sx6) (24)

where x � {a, b, c} denotes the inverter phase, VDC is the HB
module DC-link voltage, and Sxj � {01} are the GCSs related
to the upper and lower HB modules when j � {1, 2} and j � {5,
6}, respectively. For future system state prediction purposes, the
continuous-time state-space model (22) is discretized through an
exact discretization method, as follows:

Ad = eATs (25)

Bd = A−1(Ad − I6)B (26)

where Ad and Bd are the discrete dynamic matrix and input
matrix, respectively, and Ts is the sampling time. To compensate
for the computational delay that can lead to steady-state error,
a double-step prediction strategy is implemented. Thus, the
predicted state can be expressed as

x(k + 2) = A2
dx(k) +AdBduopt(k) +Bdu(k + 1) (27)

where k denotes the kth sampling instant and uopt(k) =
[vinv,opt(k)

TT T , vPCC(k)
TT T ]T is the previous optimal con-

trol action. The control goals are synthesized into a multiterm
cost function, which aims at controlling the grid currents ig(k+2)
and the switching frequency. In this regard, the grid-current ref-
erence i∗g(k) generated by the GFM loop must be projected two
steps forward, according to the double-step prediction carried
out for the system state. Such a projection coincides with rotating
the grid-current space-vector by an angle Δϑ = 2ωTs in the αβ
frame, as follows:

i∗g(k + 2) = T DCi
∗
g(k) (28)

with

T DC =

[
cos(2ωTs) − sin(2ωTs)
sin(2ωTs) cos(2ωTs)

]
. (29)

Then, the grid currents ig are indirectly controlled through the
inverter currents iinv and the capacitor voltages vc by calculating
their reference values i∗inv(k + 2) and v∗

c(k + 2) from the grid
current reference i∗g(k + 2), as follows:

v∗
c(k + 2) =

L2

Ts
Δi∗g(k + 2) +R2i

∗
g(k + 2) + vPCC(k + 2)

(30)

i∗inv(k + 2) =
Cf

Ts
Δv∗

c(k + 2) + i∗g(k + 2) (31)

where Δi∗g(k + 2) = i∗g(k + 2)− i∗g(k + 1) and Δv∗
c(k +

2) = v∗
c(k + 2)− v∗

c(k + 1). It must be underlined that also
the PCC voltage space-vector vPCC must be projected two steps
forward accordingly.

In case of a grid fault, although the VEMF is updated instantly
through the feedforward termsE∗

f and γ, the current reference i∗g

still exhibits an overshoot at the fault occurrence and clearance
caused by the inductive behavior of the VA. Such an overshoot
is reflected through relations (30) and (31) in the inverter current
reference i∗inv and capacitor voltage reference v∗

c. Among them,
the overshoot in the inverter current reference i∗inv is the most
dangerous as it is directly responsible of the switch damage. To
face this issue, the tracking of this transient reference overcurrent
can be avoided by adopting an additional cost function term,
which penalizes the predicted overcurrent ΔIinv(k+2), defined
as

ΔIinv(k + 2) =

{
Ilim − Iinv(k + 2), Iinv(k + 2) > Ilim

0, Iinv(k + 2) ≤ Ilim
(32)

where Ilim is the maximum transient current, and Iinv is the
predicted inverter current amplitude. In detail, ΔIinv(k+2) is
nonzero only when the predicted inverter current amplitude is
higher than the maximum transient current. It must be underlined
that penalizing the predicted current amplitude ΔIinv allows for
directly limiting the actual converter current evolution within
the converter ratings, instead of its reference, representing a
fundamental difference with respect to conventional current
limiting strategies. This avoids the need for a reference current
saturator or circular limiter, thus preventing windup in the active
and reactive power loops and guarantees GFM behavior under
all operating conditions.

Given the above, the cost function J is formulated as

J = ‖i∗inv(k + 2)− iinv(k + 2)‖22 + climΔI2inv(k + 2)

+ wc ‖v∗
c(k + 2)− vc(k + 2)‖22 + λ‖Δvinv(k + 1)‖1

(33)

where wc, λ, and clim are weighting factors that allow for pe-
nalizing the capacitor voltage reference tracking, the switching
frequency, and the predicted overcurrent, respectively. The cost
function (33) is then minimized over a prediction horizon Np = 1
to find the optimal control action vinv,opt(k+1) to be applied
at the sampling instant k+1. Since the 3P-5L-CHBMI phase
voltage vxN � {–2VDC, –VDC, 0, VDC, 2VDC}, 125 voltage
vectors (VVs) should be investigated to find the optimal VV that
minimizes the cost function J. Considering the CHBMI GCSs
redundancies, the control problem computational complexity
grows easily, making the control implementation unfeasible.
Thus, the computational complexity is reduced through an of-
fline optimization process and online switching constraints [30].
The former is aimed at eliminating VV and GCSs redundancies:
the VVs selection criterion lies in minimizing the common mode
voltages, while the GCSs selection criterion lies in minimizing
the switching transitions. The latter aims to restrain the set of
online investigated VVs U (k+1) to minimize the cost function.
In details, only the previous optimal VV and its adjacent VVs are
investigated to find the solution of the optimal control problem.
In this way, only seven predictions are required, making the
FCS-MPC implementation feasible and computationally cheap.
A more detailed discussion concerning the offline optimization
process, the online switching constraints, and implementation
details is provided in [27] and [30].
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Finally, the optimal control problem is formulated as follows:

vinv,opt(k + 1) = argmin J (iinv (k) ,vc (k) ,vinv (k))

s.t.

⎧⎪⎪⎨
⎪⎪⎩

x(k + 2) = A2
dx(k) +AdBduopt(k) +Bdu(k + 1)
|ΔvxN (k + 1)| ≤ VDC

|iinv(k + 2)| ≤ Ilim
vinv(k + 1) ∈ U (k + 1).

(34)

III. EXTENDING THE PROPOSED CURRENT LIMITING

STRATEGY TO ASYMMETRICAL GRID FAULTS

In this section, the indirect current limiting strategy designed
previously for three-phase short-circuit is extended to address
asymmetrical grid faults. Throughout the text, the superscripts
“+” and “–” denote a positive- and a negative-sequence electric
quantity, respectively, while the superscripts “+,–” denote that
the considered equation is valid for both positive- and negative-
sequence.

A. Grid Code Requirements for Asymmetrical Faults

To account for asymmetrical faults, the grid code [9] is
adopted to impose the positive- and negative-sequence current
references. It prescribes a null active current and a linear relation
between the PCC voltage reduction ΔV +,−

PCC = V +,−
PCC,f − V +,−

PCC
due to the grid fault and the reactive grid current increment
ΔI+,−

g,Q = I+,−
g,Q,f − I+,−

g,Q to support the grid during the fault

ΔI+,−
g,Q = rIr

ΔV +,−
PCC

VPCC,r
. (35)

Supposing that during normal operation null positive-
and negative-sequence reactive current is injected, then
ΔI+,−

g,Q = I+,−
g,f . In this regard, the parameter r is a coefficient

representing an overcurrent factor, i.e., the ratio between the
injected reactive fault current and the rated current required to
provide adequate voltage support during asymmetrical faults.
The grid code [9] prescribes values of r in the range 2 – 6, depend-
ing on the country in which the grid code is applied. It is worth
emphasizing that the requirement of injecting a reactive fault
current 2 – 6 times higher than the rated current appears highly
demanding from a converter design perspective. Indeed, power
electronics devices are designed with respect to their rated cur-
rent capability, with only limited and time-constrained overload
margins [10]. Such prescriptions, although currently proposed
rather than formally adopted, would imply either operating the
GFM inverter beyond its safe operating area or significantly
oversizing the semiconductor devices, with evident penalties in
terms of cost, efficiency, and power density. Considering that
grid faults are rare and short-duration events, enforcing r > 1 at
the hardware level may lead to a disproportionate design effort
with respect to the expected operational benefit. For this reason,
in this work, r is set equal to 1, meaning that the inverter provides
voltage support up to its rated current capability. A broader
critical assessment of these emerging grid code requirements,
however, lies beyond the scope of this article. Given the above,

Fig. 4. Block diagram of the adopted GFM control with the proposed fault
current limitation strategy for asymmetrical faults.

Fig. 5. Postfault variable virtual resistance trend.

Fig. 6. Test bench: 1) Six DC sources; 2) 3P-5L-CHBMI; 3) LCL filter;
4) Grid connection switch; 5) Grid emulator; 6) Master and slave oscilloscopes;
7) PC with GUI; and 8) PED-Board with measurement shield.

(35) is updated as follows:

I+,−
g,f = Ir

ΔV +,−
PCC

VPCC,r
. (36)

B. Improved GFM Control With positive- and Negative-Fault
Current Limiting Control Capability

As the grid code [9] prescribes the injection of both positive-
and negative-sequence reactive current during asymmetrical
faults, the key improvement to maintain GFM behavior and
ensure FRT operation deals with calculating the symmetrical
components of the PCC voltage and grid current for control
purposes. In this regard, the improved GFM control scheme
with positive- and negative-sequence control capability is shown
in Fig. 4. To calculate the positive- and negative-sequence
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Fig. 7. C-HIL outer loops response comparison during a symmetrical fault obtained with the CL method (orange) and the proposed VVEMF method (green),
VPCC,f = 0.3 p.u., and an SCR = �.

Fig. 8. C-HIL main electrical quantities during a symmetrical fault obtained with CL method (left) and the proposed method VVEMF strategy (right),
VPCC,f = 0.3 p.u., and an SCR = �.

Fig. 9. Experimental outer loops response comparison during a symmetrical fault obtained with the CL method (orange) and the proposed VVEMF method
(green), VPCC,f = 0.3 p.u., and an SCR = �.

space-vectors i+,−
g , andv+,−

PCC , a double second-order general-
ized integrator (DSOGI) with frequency locked loop (FLL) is
adopted, as shown in Fig. 4. The interested reader can find more
details on the employed block scheme and transfer function of
the DSOGI-FLL in [31].

It must be underlined that, regarding the calculation of the
positive sequence grid-current reference i+∗

g , the adopted con-
trol scheme is identical to that designed for symmetrical grid
faults discussed in Section II. In detail, the fault is detected by

investigating the PCC voltage amplitude at the positive sequence
V +

PCC. This choice provides a unified fault detection criterion
between symmetrical and asymmetrical fault events.

At the fault occurrence, the positive-sequence grid current
reference i+∗

g is computed through the SPC (5), (6), (7), and
(8) by switching the power references from normal operation
to fault operation. Positive sequence active and reactive power
set points P+∗ and Q+∗ are, respectively, computed through
(9), characterized to guarantee a null positive-sequence active
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Fig. 10. Experimental results obtained with the proposed VVEMF during a
3PF, VPCC,f = 0.3 p.u., SCR = �, If = 1 p.u.

Fig. 11. Experimental results obtained with the proposed VVEMF during a
3PF, VPCC,f = 0 p.u., SCR = �, If = 1 p.u.

power, and by replacing the positive-sequence of (36) in (10).
Even in this case, the methodology behind the indirect fault
current limiting strategy for asymmetrical faults is identical to
that discussed in Section II. Indeed, it is based on updating
the feedforward terms E+∗

f and γ+ in the active and reactive
power loops to instantaneously adjust the positive-sequence
VEMF. With this aim, (16), (17), (18), and (21) are adopted.
The negative-sequence grid current reference i−∗

g is calculated
by imposing that such current must be in quadrature lagging the
negative-sequence PCC voltage v−

PCC. This implicitly imposes
the negative-sequence current component to be purely reactive,
according to [9]. Thus

i−∗
g = −j

v−
PCC

X− (37)

where and X− = VPCC,r/Ir is a negative-sequence virtual
reactance, computed by considering the negative-sequence grid
current injection requirement (36).

Finally, it has been observed in the simulation environment
that, at the asymmetrical fault clearance, severe oscillations in
the PCC voltage are recorded in the weak grid scenario. Such
oscillations occur as the PCC is strongly correlated to the grid-
current trend in weak grid scenarios. To face this issue, a variable
postfault virtual resistance is implemented according to [15].
The postfault resistance trend has been designed by trial-and-
error fashion, and it is depicted in Fig. 5. At the fault clearance,
the virtual resistance is tripled within a sampling interval Ts,
equal to 50 μs in this work. Then it is maintained at a value of
3R for six subsequent sample intervals, and, finally, it decreases
to the prefault value in 20 ms (i.e., 400 sampling instants).

Once the references i+∗
g and i−∗

g are obtained, they must be
projected two-steps forward to account for the delay compen-
sation strategy adopted in the FCS-MPC through (28). In this

regard, since positive-sequence space-vectors rotate counter-
clockwise in the αβ frame, then T+

DC = T DC, and the matrix
reported in (29) can be used to compute the projected positive-
sequence grid-current reference i+∗

g (k + 2). The projected
negative-sequence grid-current reference i−∗

g (k + 2) is obtained
by considering that the negative-sequence space-vectors rotate
in the αβ frame in the opposite direction with respect to their
positive-sequence counterparts. Thus, the argument of sine and
cosine functions in matrix (29) must be inverted, which leads
to T−

DC = T T
DC. Projected positive- and negative-sequence grid-

current references are composed to obtain the total grid-current
reference i∗g(k + 2), as follows:

i∗g(k + 2) = i+∗
g (k + 2) + i−∗

g (k + 2). (38)

At this point, the remaining operations regarding the inner
FCS-MPC, i.e., inverter-side current and the capacitor voltage
references calculation, future system state predictions, and cost
function minimization are unchanged.

Overall, the FRT methodology proposed in Section II for
symmetrical faults can be extended to asymmetrical grid faults
with only minor modifications. In practice, the only addition
consists of a control loop for computing the negative-sequence
current reference, while the rest of the control structure remains
essentially unchanged. This highlights the versatility of the
proposed approach, which allows the fault current to be shaped
according to the desired operating objective. It is also worth
noting that different grid codes have been adopted for symmet-
rical and asymmetrical faults to demonstrate the capability of
the proposed method to adapt to different requirements, since
its formulation relies on fundamental electrotechnical relations
rather than on a specific grid code prescription. Finally, also in
the asymmetrical case, the proposed strategy preserves the GFM
behavior, enabling both FRT capability and active grid support
during the fault.

IV. C-HIL AND EXPERIMENTAL SETUP DESCRIPTION

The proposed indirect fault current limiting strategy is val-
idated both in a C-HIL environment and on an experimental
setup. In both cases, the control algorithm runs on a sbRIO-
9651 controller. In the C-HIL environment, the power stage
is emulated in real time on a Typhoon HIL 404, replicating
the experimental setup shown in Fig. 6, consisting of a 3P-
5L-CHBMI prototype, six 75 V DC sources, an LCL filter,
and a grid emulator. This approach allows verifying the correct
functionality and real-time feasibility of the algorithm before
proceeding to experimental validation. Moreover, it enables safe
testing under potentially critical operating that could be harmful
to the real hardware conditions (e.g., weak grid or zero voltage
at the PCC). The main system parameters are reported in Table I.
More details on the experimental setup can be found in [27].

V. CONTROL VALIDATION UNDER SYMMETRICAL FAULTS

In this section, the proposed strategy is validated under
symmetrical grid faults. To prove the benefits of the proposed
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Fig. 12. C-HIL outer loops response comparison during a symmetrical fault obtained with the CL method (orange) and the proposed VVEMF method (green),
Vg,f = 0.3 p.u., and an SCR = 4.

Fig. 13. C-HIL main electrical quantities during a symmetrical fault obtained with CL method (left) and the proposed VVEMF strategy (right), Vg,f = 0.3 p.u.,
and an SCR = �.

Fig. 14. C-HIL outer loops response during a symmetrical fault obtained
with the proposed VVEMF strategy, Vg,f = 0 p.u., VPCC,f = 0.5 p.u., and an
SCR = 1.9.

Fig. 15. C-HIL main electrical quantities during a symmetrical fault obtained
with the proposed VVEMF strategy, Vg,f = 0 p.u., VPCC,f = 0.5 p.u., and an
SCR = 1.9.

strategy, the current limiting algorithm proposed in [15], here-
inafter referred to as the CL method, is considered as a com-
parison target. It is a CLB approach that employs a circular
limiter to constrain the grid current reference while preserving
the GFM behavior during the fault. Moreover, also the CL
method employes the SPC as GFM structure, and incorporates
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Fig. 16. Experimental main electrical quantities during a DLG fault (vg,b and
vg,c go to zero) with an SCR = �.

Fig. 17. Experimental main electrical quantities during a SLG fault (vg,a goes
to zero) with an SCR = �.

Fig. 18. Experimental main electrical quantities during a LL fault (vg,b be-
comes equal to vg,c) with an SCR = �.

power set-point adjustment to comply with grid-code require-
ments and a variable virtual impedance to improve the postfault
recovery performance. Therefore, the CL method shares most
of the key features of the proposed VVEMF strategy and the
main difference is related to the current limiting mechanism.
For this reason, the CL method represents an ideal benchmark
for assessing the effectiveness of the proposed current limit-
ing approach. It employs standard PR controllers in the inner
current loop with a PWM stage and is tuned according to the
zero-pole cancellation strategy [32]. To verify the FRT and FFCI
capability of the compared strategies, a grid voltage reduction
up to 0.3 p.u., which lasts 0.15 s, is investigated in the case
of both strong and weak grid scenarios. The comparison is
performed in terms of current, power, and frequency overshoot,
settling time, and steady-state error. In particular, settling time
and steady-state error quantify the compliance with grid-code
dynamic requirements, whereas the current overshoot represents
a key indicator of the fault current limiting effectiveness and
the resulting FRT capability. Since the injected fault current
depends on the maximum transient current Ilim with its weight
clim and on the fault current magnitude Ig,f, to inject the rated
current as specified by the grid code, these parameters are set to

TABLE I
SYSTEM PARAMETERS

11 A (1.1 p.u.), 50 and 10 A (1 p.u.), respectively, as reported in
Table I.

A. Strong Grid Scenario (SCR = �)

The comparison between the outer loop responses to the grid
voltage reduction produced by the proposed VVEMF strategy
and by the CL strategy, in terms of active and reactive power,
inverter frequency, and main electrical quantities, is carried out
in the C-HIL environment and it is depicted in Figs. 7 and
8, respectively. It should be noted that the frequency depicted
in Fig. 7 is an inner control quantity; thus, it is not directly
measured. It is obtained through the active power loop transfer
function (5), based on the active power error. Looking at the
active power trends shown in Fig. 7, although both strategies
impose the same active and reactive power references variations,
the proposed VVEMF strategy guarantees a much more precise
and fast response. Indeed, at the fault occurrence, the proposed
VVEMF strategy allows for reaching the active power reference
within 40 ms with a reduced power overshoot (about 12%),
while the CL strategy never reaches the active power refer-
ence over the fault duration of 150 ms and an almost constant
active power error of about 500 W is recorded. At the fault
clearance, the proposed VVEMF strategy allows for injecting
the reference active power in about 40 ms with an overshoot
of 12%; on the contrary, the CL strategy exhibits a relevant
active power overshoot (about 65%) at the reference variation
and reaches the active power reference after about 150 ms.
Similar considerations are valid for the frequency trends: even
in this case, only the proposed VVEMF allows for following
the grid frequency of 50 Hz with a frequency overshoot of
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Fig. 19. Experimental positive and negative sequence electrical quantities during a DLG fault (vg,b and vg,c go to zero), SCR = �.

Fig. 20. Experimental positive and negative sequence electrical quantities during a SLG fault (vg,a goes to zero), SCR = �.

Fig. 21. Experimental positive and negative sequence electrical quantities during a LL fault (vg,b = vg,c), SCR = �.

Fig. 22. C-HIL main electrical quantities during a DLG fault (vg,b and vg,c
go to zero) with an SCR = 1.9.

about 1 Hz, while the CL strategy maintains a frequency error
of about 0.2 Hz. At the fault clearance, the VVEMF strategy
exhibits a lower frequency overshoot (about 1 Hz), compared to
the CL method, and nulls the frequency error in about 40 ms. On
the contrary, the CL method reaches the grid frequency much
more slowly, in about 150 ms. Moreover, looking at the active
power and frequency trends, it is evident that the frequency
dynamic is always driven by the active power error. Indeed,
the proposed method preserves the GFM behavior even during
the fault, as expected. Regarding the reactive power trends, at
the fault occurrence, the proposed strategy allows for following
the reference in about 40 ms, while the CL method reaches the
reference in about 100 ms with comparable overshoots. Indeed,
only the proposed VVEMF strategy allows for meeting the 50 ms
requirement imposed by the grid codes in [5] and [7]. At the fault

Fig. 23. C-HIL main electrical quantities during a SLG fault (vg,a goes to
zero) with an SCR = 1.9.

clearance, both strategies exhibit similar overshoot. However,
the proposed VVEMF strategy exhibits a faster step response,
similar to the active power and frequency trends discussed so far.
The comparison between the VEMF magnitude trends reported
in Fig. 7 clearly explains the main difference between the com-
pared current limiting methods. Indeed, at the fault occurrence,
the CL method produces a very slow VEMF amplitude increase,
causing a huge increase of the current reference, according to
(8), and the adoption of the reference current limiter leads to the
windup of the outer loops. Such behavior is evident by looking
at the current trends reported in Fig. 8. In detail, although the
current references (identified by the dotted lines) are saturated,
the outer control loop windup produces a severe inverter- and
grid-current overshoot (almost double of the rated current) at the
fault occurrence. Moreover, the CL strategy maintains a relevant



SORRENTINO et al.: VIRTUAL EMF-BASED CURRENT LIMITING CONTROL FOR GRID-FORMING INVERTERS 21971

Fig. 24. C-HIL main electrical quantities during a LL fault (vg,b becomes
equal to vg,c) with an SCR = 1.9.

d-current error during the fault (about 0.5 p.u.) and determines
a slow recovery at the fault clearance. Conversely, the proposed
strategy instantaneously updates the VEMF through magnitude
and phase feedforward terms from the normal to fault operating
conditions, as shown in Fig. 7, coherently with the fault active
and reactive power reference values. This allows for preventing
the outer loop windup, intrinsically limiting the current reference
while preserving the GFM behavior and enabling the injection of
reactive power during the fault to support the grid. Such features
are evident by looking at the inverter- and grid-current trends
reported in Fig. 8. With the VVEMF strategy, the dq-currents
follow the updated references with a settling time of 40 ms
and a negligible overshoot (lower than 1.1 p.u.), while the CL
method determines the inverter overcurrent up to 2 p.u. The
VVEMF strategy also guarantees good performance at fault
clearance. Finally, under strong grid conditions, both compared
strategies exhibit good current THD. The same grid voltage
reduction is replicated on the experimental setup to validate
the real-time simulation results. In this sense, the experimental
trends of the active power, reactive power, frequency, and VEMF
shown in Fig. 9 reveal nearly identical results in settling time,
overshoot, and steady-state error, both at the fault occurrence
and clearance, if compared to the C-HIL results shown in Fig. 7.
The main electrical quantities, namely the converter-side and
grid voltages and the converter-side and grid-side currents, are
depicted in Fig. 10. Experimental results show that the proposed
VVEMF strategy properly limits the inverter currents during the
fault. Moreover, the grid-side current is updated fast enough to
follow the new fault power references, and no current distortion
worsening is recorded during the fault.

Finally, the proposed VVEMF method is tested by performing
a three-phase bolted fault, which represents the worst-case sce-
nario to test the fault current limiting capability of the proposed
algorithm. According to Fig. 11, the proposed method exhibits
superb current limiting capability, constraining the inverter cur-
rent to the rated current with an almost null overshoot and
extinguishing the transient within 50 ms as prescribed by the grid
code. Thus, the proposed current limiting strategy is independent
of the voltage amplitude at the PCC.

B. Weak Grid Scenarios (SCR = 4 and SCR = 1.9)

The performance comparative analysis between the proposed
VVEMF strategy and by the CL strategy at the grid voltage
reduction is replicated under weak grid scenario (SCR = 4),

and main power and electrical quantities are shown in Figs. 12
and 13.

Looking at such figures, it can be noted that the proposed
VVEMF strategy still guarantees excellent system performance
under weak-grid conditions, with fast and precise current and
power step responses. Thus, no relevant differences are high-
lighted in comparison to the strong grid scenario. Conversely, the
CL strategy exhibits a significant performance degradation. In
detail, Fig. 13 shows that the CL strategy determines pronounced
voltage and current distortion during the fault, resulting in severe
overcurrent that goes above 2 p.u. and, consequently, a failure in
accomplishing the fault current limiting task. Moreover, Figs. 12
and 13 show a much slower postfault recovery in terms of
reactive power and VEMF, whose amplitude continues growing.

To further prove the effectiveness of the proposed strategy, it is
tested in an even weaker grid scenario (SCR= 1.9). In detail, the
test is performed by reducing the grid voltage to 0 V. Under this
condition, the voltage at the PCC drops to approximately 0.5 p.u.,
which corresponds to the voltage drop across the grid impedance
when the rated current flows. This value also represents the
minimum voltage at the PCC for such a high grid inductance
(Lg= 23 mH). Even in this case, the proposed method effectively
limits the inverter-side current to the rated value and supports
the grid by injecting only reactive power, as shown in Figs. 14
and 15. By comparing frequency and power trends obtained for
SCR = 4 and SCR = 1.9, no significant differences in terms
of settling time and overshoot are recorded. This behavior is
explained by the multiobjective capability of the FCS-MPC,
which simultaneously controls the inverter-side current and the
capacitor voltage, providing several benefits. In detail, since the
capacitor voltage closely approximates with the PCC voltage,
regulating this variable allows for effectively shaping the PCC
voltage. This feature is particularly beneficial under low SCR
conditions, where the PCC voltage strongly depends on the
grid current due to the high grid impedance, and the interaction
between the injected current and the PCC voltage may lead to
oscillatory behavior. Moreover, a high grid inductance due to
the grid weakness affects the LCL filter resonance frequency,
potentially compromising the GFM inverter stability. However,
since the LCL filter dynamic is captured in the control model,
the FCS-MPC guarantees intrinsic active damping capability
[27], thereby mitigating voltage and current oscillations. These
features demonstrate that the proposed control strategy ensures
excellent dynamic performance and FRT capability indepen-
dently of the grid weakness.

VI. CONTROL VALIDATION UNDER ASYMMETRICAL FAULTS

In this section, the current limitation performance and grid
code compliance of the proposed fault current limiting strategy
are validated under DLG, SLG, and LL faults, which last 0.15 s.
Tests are conducted on the experimental setup in a strong grid
scenario (SCR = �) and in the C-HIL environment under a
weak grid scenario (SCR = 1.9).

A. Strong Grid Scenario (SCR = �)

Figs. 16–18 show the main electrical quantities during DLG
(vg,b and vg,c go to zero), SLG (vg,a goes to zero), and LL
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Fig. 25. C-HIL positive and negative sequence electrical quantities during a DLG fault (vg,b and vg,c go to zero) with an SCR = 1.9.

Fig. 26. C-HIL positive and negative sequence electrical quantities during a SLG fault (vg,a goes to zero) with an SCR = 1.9.

Fig. 27. C-HIL positive and negative sequence electrical quantities during a LL fault (vg,b = vg,c) with an SCR = 1.9.

(vg,b becomes equal to vg,c) faults, respectively. Independently
of the considered fault, the proposed method effectively lim-
its the inverter-side current, always being lower than 1.2 p.u.
Positive- and negative-sequence grid voltages and currents dur-
ing the previously mentioned faults are depicted in Figs. 19–21,
respectively.

To better investigate the symmetric components dynamic
response, the grid side currents and their references are reported
in terms of their dq components. It can be noticed that, in all three
investigated cases, the proposed method injects the positive-
and negative-sequence reactive current prescribed by the grid
code in about 50 ms, complying with the settling time grid code
requirements of 60 ms [9]. Thus, the proposed method exhibits
an excellent FRT capability even under asymmetrical fault con-
ditions, guaranteeing inverter current limitation and positive and
negative sequence reactive current injection according to the grid
code prescriptions.

B. Weak Grid Scenario (SCR = 1.9)

The same analysis for the strong grid scenario is repeated in
the case of the weak grid. In Figs. 22–24 the main electrical
quantities in case of DLG, SLG, and LL faults are depicted,
respectively. It can be noticed that, although one or more of the
phase voltages drop to zero, a nonzero voltage at the PCC is
measured. This corresponds to the voltage drop across the line
inductance Lg and, therefore, depends on the grid fault current.

Looking at the inverter-side currents, the proposed method
can effectively limit the current in all three fault cases, even in a
weak grid scenario. The trends of related positive and negative

sequence quantities are depicted in Figs. 25–27 for each fault,
respectively. The overall dynamic behavior closely resembles
that observed in the strong grid scenario. The only noticeable dif-
ference concerns the positive-sequence current, which exhibits a
slightly slower transient response due to the lower grid stiffness.
However, the reactive current dynamic still complies with grid
code specifications, which prescribe a settling time of 60 ms
with a tolerated delay of 20 ms. Another difference appears
in the positive-sequence postfault operation, where oscillations
arise due to the interaction between the injected current and the
PCC voltage in the weak grid condition. Nevertheless, these
oscillations are effectively damped by the variable postfault
virtual resistance introduced in the control strategy.

C. Comparison With Other Existing FRT Strategies

Table II provides a comparative assessment between the
proposed VVEMF strategy and existing fault current limiting
methods. The comparison shows that most available approaches
address only a subset of the requirements of modern GFM con-
verters. While GFM operation preservation and FRT capability
under symmetrical faults are commonly achieved, asymmetrical
fault management, negative-sequence current control, voltage
support according to grid codes, and operation under weak-grid
conditions are only rarely addressed. Moreover, several methods
exhibit significant transient overcurrents during fault occurrence
and clearance (up to 2 p.u.). Conversely, the proposed VVEMF
strategy successfully combines all these features while main-
taining excellent dynamic performance under both symmetrical
and asymmetrical fault conditions.
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TABLE II
COMPARISON WITH STATE-OF-THE-ART FAULT CURRENT LIMITING STRATEGIES

VII. CONCLUSION

This article proposes a novel indirect fault current limiting
strategy for GFM inverters operating under both symmetri-
cal and asymmetrical grid faults. The proposed approach is
based on the coordinated update of the active and reactive
power references, computed according to grid-code prescrip-
tions, and the corresponding modification of the VEMF through
dedicated feedforward terms. In this way, the inverter cur-
rent is effectively limited without requiring explicit current-
reference or voltage saturation stages, while preserving con-
tinuous GFM operation, providing effective voltage support
during the fault, and avoiding outer-loop windup phenom-
ena. The effectiveness of the proposed strategy has been vali-
dated through C-HIL and experimental tests under symmetrical
and asymmetrical grid faults, both in strong- and weak-grid
conditions.

The obtained results demonstrate that the proposed method
enables the inverter to successfully ride-through symmetrical
and asymmetrical grid faults while simultaneously providing
the voltage support required by the most up-to-date grid codes
through FFCI capability. Moreover, the proposed strategy guar-
antees effective current limitation, stable operation, and fast
dynamic performance even under severe weak-grid conditions,
confirming its suitability for future power systems with high
penetration of IBRs.

ACKNOWLEDGMENT

This work is carried out in the following laboratories: Sus-
tainable Development and Energy Saving Laboratory, Rapid
Prototyping Lab, and Laboratory of Applied Electrotechnics at
the Department of Engineering, Building no.9, University of
Palermo, Italy.

REFERENCES

[1] R. Rosso, X. Wang, M. Liserre, X. Lu, and S. Engelken, “Grid-forming
converters: Control approaches, Grid-synchronization, and future trends—
A review,” IEEE Open J. Ind. Appl., vol. 2, pp. 93–109, 2021.

[2] D. B. Rathnayake et al., “Grid forming inverter modeling, control, and
applications,” IEEE Access, vol. 9, pp. 114781–114807, 2021.

[3] R. H. Lasseter, Z. Chen, and D. Pattabiraman, “Grid-forming inverters:
A critical asset for the power Grid,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 8, no. 2, pp. 925–935, Jun. 2020.

[4] H. Golpîra, H. Seifi, A. R. Messina, and M.-R. Haghifam, “Maximum pen-
etration level of micro-grids in large-scale power systems: Frequency sta-
bility viewpoint,” IEEE Trans. Power Syst., vol. 31, no. 6, pp. 5163–5171,
Nov. 2016.

[5] National Grid ESO, “Workgroup consultation GC0137: Minimum spec-
ification required for provision of GB grid forming (GBGF) capabil-
ity (formerly virtual synchronous machine/VSM capability),” London,
U.K., Mar. 2021. [Online]. Available: https://www.nationalgrideso.com/
document/189381/download

[6] Grid Connection European Stakeholder Committee, “Expert Group
on connection requirements for Offshore systems – Phase II
(Proposal for the NC HVDC amendment),” Dec. 2023. [Online].
Available: https://eepublicdownloads.blob.core.windows.net/public-
cdncontainer/cleandocuments/Network%20codes%20documents/GC%
20ESC/CROS/Final_Report-_Phase_2_01.pdf

[7] IEEE Standard for Interconnection and interoperability of inverter-based
resources (IBRs) interconnecting with Associated Transmission Electric
Power Systems, IEEE Std 2800-2022, pp. 1–180, Apr. 22, 2022.

[8] M. Nagpal, M. Jensen, and M. Higginson, “Protection challenges and prac-
tices for interconnecting inverter-based resources to utility transmission
systems,” Power System Relaying Control Committee, Tech. Rep. PES-
TR81, Jul. 2020. [Online]. Available: https://resourcecenter.ieee-pes.org/
publications/technicalreports/pes_tp_tr81_psrc_wgc32_071520

[9] S. Rüberg, V. Sewdien, and J. L. Rueda Torres, “Demonstration of mit-
igation measures and clarification of unclear grid code requirements,”
Deliverable D1.6., MIGRATE – Massive InteGRATion power Electron.
devices, Dec. 2019.

[10] L. Meysenc, M. Jylhakallio, and P. Barbosa, “Power electronics cooling
effectiveness versus thermal inertia,” IEEE Trans. Power Electron., vol. 20,
no. 3, pp. 687–693, May 2005.

[11] B. Fan, T. Liu, F. Zhao, H. Wu, and X. Wang, “A review of current-limiting
control of grid-forming inverters under symmetrical disturbances,” IEEE
Open J. Power Electron., vol. 3, pp. 955–969, 2022.

[12] L. Zhang, L. Harnefors, and H.-P. Nee, “Power-synchronization control
of grid-connected voltage-source converters,” IEEE Trans. Power Syst.,
vol. 25, no. 2, pp. 809–820, May 2010.

[13] D. Ríos-Castro, D. Pérez-Estévez, and J. Doval-Gandoy, “Grid-connected
converter with Grid-forming and Grid-following modes presenting
symmetrical and asymmetrical fault ride-through capability,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 12, no. 2, pp. 2082–2096,
Apr. 2024.

[14] M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “An overview of assess-
ment methods for synchronization stability of grid-connected converters
under severe symmetrical grid faults,” IEEE Trans. Power Electron.,
vol. 34, no. 10, pp. 9655–9670, Oct. 2019.

[15] M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “Current limiting
control with enhanced dynamics of grid-forming converters during fault
conditions,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 2,
pp. 1062–1073, Jun. 2020.

[16] N. Bottrell and T. C. Green, “Comparison of current-limiting strate-
gies during fault ride-through of inverters to prevent latch-up and
wind-up,” IEEE Trans. Power Electron., vol. 29, no. 7, pp. 3786–3797,
Jul. 2014.

[17] A. D. Paquette and D. M. Divan, “Virtual impedance current limiting for
inverters in microgrids with synchronous generators,” IEEE Trans. Ind.
Appl., vol. 51, no. 2, pp. 1630–1638, Mar./Apr. 2015.

[18] X. Lu, J. Wang, J. M. Guerrero, and D. Zhao, “Virtual-impedance-based
fault current limiters for inverter dominated AC microgrids,” IEEE Trans.
Smart Grid, vol. 9, no. 3, pp. 1599–1612, May 2018.

[19] N. Baeckeland, D. Chatterjee, M. Lu, B. Johnson, and G.-S. Seo, “Overcur-
rent limiting in grid-forming inverters: A comprehensive review and dis-
cussion,” IEEE Trans. Power Electron., vol. 39, no. 11, pp. 14493–14517,
Nov. 2024.

https://www.nationalgrideso.com/document/189381/download
https://www.nationalgrideso.com/document/189381/download
https://eepublicdownloads.blob.core.windows.net/public-cdncontainer/cleandocuments/Network%20codes%20documents/GC%20ESC/CROS/Final_Report-_Phase_2_01.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdncontainer/cleandocuments/Network%20codes%20documents/GC%20ESC/CROS/Final_Report-_Phase_2_01.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdncontainer/cleandocuments/Network%20codes%20documents/GC%20ESC/CROS/Final_Report-_Phase_2_01.pdf
https://resourcecenter.ieee-pes.org/publications/technicalreports/pes_tp_tr81_psrc_wgc32_071520
https://resourcecenter.ieee-pes.org/publications/technicalreports/pes_tp_tr81_psrc_wgc32_071520


21974 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 12, DECEMBER 2026

[20] M. Pouresmaeil, R. Sangrody, S. Taheri, D. Montesinos-Miracle, and E.
Pouresmaeil, “Enhancing fault ride through capability of grid-forming
virtual synchronous generators using model predictive control,” IEEE J.
Emerg. Sel. Topics Ind. Electron., vol. 5, no. 3, pp. 1192–1203, Jul. 2024.

[21] I. Khan and S. Doolla, “Improved fault ride-through response of grid form-
ing inverters under symmetrical and asymmetrical faults,” IEEE Trans.
Energy Convers., vol. 40, no. 1, pp. 394–408, Mar. 2025.

[22] J. Benjamin, A. Kumar Sahoo, and P. Bhui, “Overcurrent limitation and en-
hanced fault current utilization by grid-forming inverter using hybrid meth-
ods during short circuit faults,” IEEE Access, vol. 13, pp. 58870–58886,
2025.

[23] T. Erckrath, P. Unruh, and M. Jung, “Voltage phasor based current limiting
for grid-forming converters,” in Proc. IEEE Energy Convers. Congr. Expo.,
Detroit, MI, USA, 2022.

[24] J. Erdocia, A. Urtasun, and L. Marroyo, “Dual voltage–Current control
to provide grid-forming inverters with current limiting capability,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 10, no. 4, pp. 3950–3962,
Aug. 2022.

[25] J. Chen, F. Prystupczuk, and T. O’Donnell, “Use of voltage limits for
current limitations in grid-forming converters,” CSEE J. Power Energy
Syst., vol. 6, no. 2, pp. 259–269, Jun. 2020.

[26] W. Zhang, A. M. Cantarellas, J. Rocabert, A. Luna, and P. Rodriguez,
“Synchronous power controller with flexible droop characteristics for
renewable power generation systems,” IEEE Trans. Sustain. Energy, vol. 7,
no. 4, pp. 1572–1582, Oct. 2016.

[27] G. Scaglione, G. Sorrentino, C. Nevoloso, G. Schettino, A. O. Di Tom-
maso, and R. Miceli, “A FCS-MPC for low-switching-frequency grid-tied
CHB inverters complying with EN50160 and IEEE Std 1547-2018 stan-
dards,” IEEE Open J. Power Electron., vol. 7, pp. 475–502, 2026.

[28] G. Scaglione et al., “On the benefits of model predictive control for
cascaded-H-bridge-fed IPMSM drives operating at very-low switching
frequency,” IEEE Access, vol. 14, pp. 48346–48373, 2026.

[29] W. Zhang, D. Remon, and P. Rodriguez, “Frequency support characteristics
of grid-interactive power converters based on the synchronous power
controller,” IET Renewable Power Gener., vol. 11, no. 4, pp. 470–479,
2017.

[30] G. Scaglione, C. Nevoloso, G. Schettino, A. O. D. Tommaso, and R.
Miceli, “A novel multiobjective finite control set model predictive control
for IPMSM drive fed by a five-level cascaded H-bridge inverter,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 12, no. 2, pp. 1959–1973,
Apr. 2024.

[31] R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Photo-
voltaic and Wind Power Systems. Hoboken, NJ, USA: Wiley, 2011.

[32] G. Schettino, G. Sorrentino, G. Scaglione, C. Nevoloso, A. O. Di Tom-
maso, and R. Miceli, “A general analytical formulation for LCL filter
design for grid-connected PWM-driven cascaded H-bridge inverters,”
IEEE Open J. Power Electron., vol. 5, pp. 1129–1148, 2024.

Giuseppe Sorrentino received the M.S. and Ph.D.
degrees in electrical engineering from the University
of Palermo, Palermo, Italy, in 2023 and 2026, respec-
tively.

He is currently a Postdoc Researcher with the Sus-
tainable Development and Energy Saving Laboratory,
University of Palermo. His research interests include
design of novel grid-following and grid-forming con-
trol strategies for grid-connected multilevel inverters.

Gioacchino Scaglione received the M.S. and Ph.D.
degrees in electrical engineering from the University
of Palermo, Palermo, Italy, in 2021 and 2025, respec-
tively.

He is currently a Postdoc Researcher with the
Sustainable Development and Energy Saving Labo-
ratory, University of Palermo. His research interests
include advanced control strategies for electric drives
supplied by multilevel inverters for industrial and
automotive applications, with particular emphasis on
model predictive control techniques.

Claudio Nevoloso received the M.S. and Ph.D. de-
grees in electrical engineering from the University of
Palermo, Palermo, Italy, in 2016 and 2020, respec-
tively.

He is currently a Researcher with the Sustainable
Development and Energy Saving Laboratory, Univer-
sity of Palermo. His main research interests include
the design, mathematical modeling, control and char-
acterization of electrical machines, implementation
of modulation strategies, and control techniques for
electric drives fed by multilevel power converters.

Dr. Nevoloso is the recipient of the 2022 Transaction on Industry Application
Second Prize Paper Award by the Transportation Systems Committee at 2023
IEEE Energy Conversion Congress and Exposition, Nashville, TN, USA, in
2023, and the 2023 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN

POWER ELECTRONICS Second Place Prize Paper Award.

Giuseppe Schettino received the M.S. degree in
electrical engineering and the Ph.D. degree in en-
ergy and information technologies from the Univer-
sity of Palermo, Palermo, Italy, in 2015 and 2018,
respectively.

He is currently a Researcher with the Depart-
ment of Engineering, University of Palermo. He
has coauthored more than 100 papers published
in international conference proceedings and jour-
nals. His research interests include multilevel power
converters, modulation techniques, and control strate-

gies for grid-connected and electrical drive applications.

Guoqing Gao received the B.S. degree from Xidian
University, Xi’an, China, in 2017, the M.S. degree
from Xi’an Jiaotong University, Xi’an, China, in
2020, and the Ph.D. degree from Aalborg University,
Aalborg, Denmark, in 2024, all in electrical engineer-
ing.

He is a Postdoctoral Researcher with Aalborg Uni-
versity and a Carlsberg Foundation Internationaliza-
tion Postdoctoral Fellow collaborating with Imperial
College London and the University of Oxford. His
research interests include control, protection, and

stability of converter-dominated power systems.
Prof. Gao is a member of two IEEE task forces and a CIGRE joint working

group. He is an Associate Editor of Open Journal of Power Electronics and an
Editorial Board Member of npj Power Electronics.



SORRENTINO et al.: VIRTUAL EMF-BASED CURRENT LIMITING CONTROL FOR GRID-FORMING INVERTERS 21975

Antonino Oscar Di Tommaso received M.S. and
Ph.D. degrees in electrical engineering from the Uni-
versity of Palermo, Palermo, Italy, in 1999 and 2004,
respectively.

He was a Post Ph.D. Fellow of electrical machines
and drives, from 2004 to 2006, and Researcher, from
2006 to 2019, with the Department of Engineering,
University of Palermo, where he is currently an Asso-
ciate Professor of electrical machines and drives. His
research interests include electrical machines, drives,
diagnostics on power converters, and diagnostics and

design of electrical machines.

Rosario Miceli (Member, IEEE) received the M.S.
and Ph.D. degrees in electrical engineering from the
University of Palermo, Palermo, Italy, in 1982 and
1987, respectively.

He is currently a Full Professor of electrical ma-
chines with the University of Palermo, where he is
also a Personnel in Charge of the Sustainable De-
velopment and Energy Savings Laboratory. His main
research interests include mathematical models of
electrical machines, drive system control and diag-
nostics, renewable energies, and energy management.

Frede Blaabjerg (Fellow, IEEE) received the Ph.D.
degree in electrical engineering from Aalborg Uni-
versity, Aalborg, Denmark, in 1995.

He was with ABB-Scandia, Randers, Denmark,
from 1987 to 1988. He was an Assistant Professor
in 1992, an Associate Professor in 1996, and a Full
Professor of power electronics and drives in 1998
at AAU Energy. From 2017, he became a Villum
Investigator. He is honoris causa with University
Politehnica Timisoara, Romania in 2017 and Tallinn
Technical University, Estonia in 2018 as well as hon-

orary professor with the University of Parma in 2025. He has authored and
coauthored more than 800 journal papers in the fields of power electronics and
its applications. He is the coauthor of ten monographs and editor of twenty
books in power electronics and its applications, e.g., the series (4 volumes)
Control of Power Electronic Converters and Systems published by Academic
Press/Elsevier. His current research interests include power electronics and its
applications such as in wind turbines, PV systems, reliability, Power-2-X, power
quality, and adjustable speed drives.

Dr. Blaabjerg was the recipient of 49 IEEE Prize Paper Awards, the IEEE
PELS Distinguished Service Award in 2009, the EPE-PEMC Council Award in
2010, the IEEE William E. Newell Power Electronics Award 2014, the Villum
Kann Rasmussen Research Award 2014, the Global Energy Prize in 2019, and the
2020 IEEE Edison Medal. He was the Editor-in-Chief of IEEE TRANSACTIONS

ON POWER ELECTRONICS from 2006 to 2012. He was Distinguished Lecturer
for the IEEE Power Electronics Society from 2005 to 2007 and for the IEEE
Industry Applications Society from 2010 to 2011 as well as 2017 to 2018. In
2019 and 2020, he was a President of IEEE Power Electronics Society. He was
Vice-President of the Danish Academy of Technical Sciences. He is nominated
in 2014–2021 by Thomson Reuters to be between the most 250 cited researchers
in Engineering in the world.

Open Access funding provided by ‘Università degli Studi di Palermo’ within the CRUI CARE Agreement



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


