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Abstract—Current-limiting capability is crucial for fault ride-
through of grid-forming (GFM) inverters. Most current-limiting
schemes for GFM inverters are implemented within classical linear
controllers, which cannot guarantee optimal performance in case
of emergencies like faults. Additionally, the inherent cascaded
structure limits the bandwidth. The advanced model-predictive
control (MPC) has been developed for power converters thanks
to nonlinear objectives and constraints handling ability. One of
the well-known MPCs, i.e., the finite-control-set MPC (FCS-MPC)
has been employed to prevent overcurrent, which roughly includes
a nonlinear penalization for current magnitude violation in the
cost function. In this case, the cost function of FCS-MPC will go
to infinity during faults at the expense of the voltage and current
reference tracking ability, and thus, the power quality gets worse.
Besides, the weighting factor design is usually a nontrivial task for
MPC. To maintain the high bandwidth benefit of MPC and improve
the power quality during faults, a model-predictive dual-control
loop (MP-DCL) is proposed in this article. The proposed method
involves the outer-voltage MPC loop to generate the optimal cur-
rent reference. With the current-limiting factor applied, such a
constrained reference will be tracked through the proposed inner-
current MPC loop. The proposed MP-DCL expresses simple design
benefits and ensures the GFM system recovers from fault to normal
conditions smoothly with low overshoots and without oscillation.
Experimental results verify the effectiveness of the proposed strat-
egy through numerous comparisons with state-of-the-art solutions.

Index Terms—Current-limiting, grid-forming inverters, model-
predictive dual-control loop, power quality, resilient grid.

I. INTRODUCTION

GRID-FORMING (GFM) inverters are gradually favored
by industry and academia since they can not only operate

stably under weak grids [1] but also in grid-connected and
islanded modes [2]. However, unlike traditional synchronous
generators, which can tolerate several times of overcurrent under
faults, GFM inverters can only withstand 1.2–1.5 per unit (p.u.)
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of overcurrent due to the low thermal inertia of semiconductor
switches [3]. Moreover, with a high penetration of power elec-
tronic devices and critical loads in the modern power system,
inverters are required to remain connected to the power system
and ride through faults [4]. Therefore, fault ride-through (FRT)
strategies with superior current-limiting capabilities are vital for
GFM inverters.

The majority of existing current-limiting schemes for GFM
inverters are categorized into indirect current-limiting methods
and direct current-limiting methods [3], [4], [5], [6], [7], [8], [9],
[10], [11]. Indirect current-limiting strategies usually prevent
overcurrent via modifying voltage references [3], [4]; thus,
the dynamic response of indirect current-limiting methods is
usually slow, inducing transient overcurrent. Additionally, the
impedance design is complex and inflexible due to the high de-
pendency on system parameters and fault types [4], [11]. Despite
the virtual resistor implemented in terminal voltages can realize
fast current limiting, the impedance design still requires complex
tuning [10]. On the other hand, direct current-limiting schemes
straightly modify current references in the current-control loop,
ensuring a simple and fast current-limiting capability under
faults. They mainly comprise the instantaneous limiter [7], [11],
[12], the magnitude limiter [3], [6], [7], and the priority-based
limiter [5], [7], [9], [10], as introduced in [8]. However, wind-
up issues often occur in direct current-limiting strategies with
classical linear controllers during faults, impeding inverters’
recovery from fault to normal conditions. Therefore, additional
antiwindup schemes such as the tracking integration antiwindup
scheme must be applied and well designed in direct current-
limiting schemes with linear controllers [12], which further
complicates the system design.

Moreover, both indirect and direct current-limiting schemes
for GFM inverters are implemented within the classical linear
controller framework [3], [4], [5], [6], [7], [8], [9], [10], [11],
which cannot guarantee optimal performance in case of emer-
gencies like faults since classical linear controllers are usually
tuned based on an operation point. In addition, a cascaded struc-
ture (outer-voltage loop and inner-current loop) with linear con-
trollers, such as proportional-integral (PI)/proportional-resonant
(PR) controllers, is usually adopted to realize the voltage and
current reference tracking [13], where two groups of PI/PR
controller parameters should be tuned. Moreover, to decouple
the outer-voltage loop and the inner-current loop, the bandwidth
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of the outer-voltage loop is designed to be significantly lower
than the bandwidth of the inner-current loop, which not only
increases the tuning effort but also degrades the fault recovery
for GFM inverters [14].

Recently, model predictive control (MPC) has been widely
implemented for GFM inverters due to its superior advantages:
fast dynamic response, intuitive concept, multiobjective opti-
mization, nonlinear objectives, and constraints handling ability
[15], [16], [17]. They are mainly categorized into two types
according to the ways of generating control inputs: one is the
direct utilization of finite switching states to minimize the cost
function and sending the selected switching states to inverters,
i.e., finite-control-set MPC (FCS-MPC); the other is to deduce
the optimal voltage vector (OVV) that minimizes the cost func-
tion and synthesize the derived OVV by modulators. Currently,
MPC-based current-limiting strategies for GFM inverters under
faults or voltage sags are mainly implemented through FCS-
MPC [15], [18], [19], [20], [21], [22], and the typical manner
is to include the current magnitude violation penalization into
the cost function, which turns into infinity to penalize the cost
function under overcurrent conditions [15], [19], [22]. Similarly,
the supplemented nonlinear term is changed into the magnitude
of fault currents [20]. However, this penalization for current
magnitude violation sacrifices the voltage and current reference
tracking, resulting in significant voltage and current distortions.
The overcurrent mitigation strategy in [23] does not consider
grid faults, and it also adopts the nonlinear term in the cost func-
tion, which will also cause severe power quality issues during
grid faults. In addition, the FCS-MPC also preserves a drawback
that the high sampling frequency requirement is hindered by
the computational capability of general digital controllers [14].
Furthermore, a variable switching frequency from FCS-MPC
will increase switching losses and spread harmonic spectra [24],
and the nontrivial weighting factor makes it difficult to achieve
optimal performance, where both voltages and currents should
be regulated [15].

The cascaded linear controller-based current-limiting strate-
gies are complex in parameter design, and the low bandwidth
of the outer-voltage loop impedes the fault recovery perfor-
mance; the FCS-MPC-based current-limiting strategies result
in harmonic distortion during faults. To fill these gaps, in this
article, a model-predictive dual-control loop (MP-DCL) with
improved current-limiting capability is proposed to improve
the fault recovery performance and ensure the power quality
during faults for GFM inverters. The proposed scheme separates
the simultaneous voltage control and current control in one
cost function into two individual MPC loops. The outer-voltage
MPC loop realizes the voltage reference tracking and generates
the unconstrained current reference in a deadbeat manner. The
generated current reference from the outer-voltage MPC loop
may exceed the maximum FRT current threshold during faults;
thus, the current-limiting factor is adopted to proportionally
scale down the current reference to the current threshold, which
not only ensures a sinusoidal current reference but also fully
utilizes the overcurrent capability of GFM inverters [3], [8].
Consequently, the current reference tracking is implemented
in the inner-current MPC loop, where the OVV is derived by

Fig. 1. Single-line diagram of a grid-connected GFM inverter.

calculating the minimal analytical solution of the cost function
and synthesized by a sinusoidal pulsewidth modulation (SPWM)
block. In summary, the contributions of this article can be
summarized as follows.

1) Compared with the state-of-the-art cascaded linear
controller-based current-limiting strategies for GFM in-
verters, the control bandwidths have been enhanced, es-
pecially for the outer-voltage control loop. As a result,
around the fault clearance, the voltage recovers faster, the
active power recovers to normal values without oscillation,
and the reactive power recovers to normal values with
lower overshoots. Moreover, antiwindup issues can be
avoided in the proposed MP-DCL without the adoption
of classical linear controllers.

2) Compared with the state-of-the-art FCS-MPC-based
current-limiting strategies, the nontrivial weighing factor
design can be avoided and active and reactive power
overshoots around fault clearance are lower. In addition,
the power quality during faults can be guaranteed since
the current-limiting scheme only proportionally scales
down the magnitude of the current reference, and the
inner-current MPC loop ensures the current tracks such
constrained reference. At the same time, the capacitor
voltage during faults can track the voltage reference to
the maximum extent, which is better than the aggressive
manner by simply ignoring the power control property as
employed in FCS-MPC. The proposed MP-DCL, thus, ob-
tains better power quality. Moreover, the proposed strategy
also maintains the constant switching frequency benefit.

II. SYSTEM MODELING AND FCS-MPC-BASED

CURRENT-LIMITING SCHEME

A. System Modeling

Fig. 1 shows the single-line diagram of a grid-connected GFM
inverter, where Lf and Cf denote the inductance and capacitance
of the LC filter, T0 is a delta-wye transformer, Zg denotes the
grid equivalent impedance, and Zf denotes the fault impedance.
Similarly, vdc denotes the dc-link voltage, u denotes the inverter
terminal voltage, i denotes the inverter-side current, vC denotes
the capacitor voltage, io denotes the output current, P denotes
the output active power, and Q denotes the output reactive power.

According to Fig. 1, the continuous-time state-space model
is shown as
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Fig. 2. Inner-loop diagram of FCS-MPC-based current-limiting scheme [15].

where x= [i vC]T, i= iα + jiβ , vC = vCα + jvCβ , u= uα + juβ ,
and io = ioα + jioβ . The signals in the αβ-frame are transferred
from the abc-frame through Clarke transformation. According
to the zero-order-holder principle, (1) can be discretized to
deduce the predictive equation, which is

x (k + 1) = Adx (k) +Bdu (k) +Bgdio (k) (2)

where k is the current time instant. Assuming the sampling
period is Ts1, the discrete matrix Ad, Bd, and Bgd can be
calculated as

Ad = eATs1 =

[
a11 a12
a21 a22

]
,Bd =

∫ Ts1

0

eAτBddτ =

[
b1
b2

]

Bgd =

∫ Ts1

0

eAτBgddτ =

[
bg1
bg2

]
. (3)

B. FCS-MPC-Based Current-Limiting Scheme

The FCS-MPC-based current-limiting scheme from [15], [19]
is introduced in this section. The inner-loop diagram of the FCS-
MPC-based current-limiting scheme is shown in Fig. 2, where
voltage reference vCref = vCαref + jvCβref comes from the
outer-droop control loop, which will be specifically introduced
in the following section. To improve voltage control accuracy,
both capacitor voltage and inductor current tracking objectives
are integrated into the cost function. The current references can
be deduced from{

iαref = ioα − ωrefCfvCβref

iβref = ioβ + ωrefCfvCαref
(4)

where ωref denotes the angular frequency reference from the
outer-droop control loop. To compensate for the time delay, a
two-step forward prediction is employed, and the corresponding
equation to calculate the inductor current and capacitor voltage
at k + 2 instant is written as

x (k + 2) = Adx (k + 1) +Bdu (k + 1) +Bgdio (k + 1)
(5)

where x(k + 1) can be derived from (2), and io(k + 1) is substi-
tuted with io(k) due to the slow dynamics of the output current.
Eight switching states in FCS-MPC are utilized to minimize
the cost function to determine the optimal switching states in
each sampling period. The switching states and corresponding
voltage vectors are listed in Table I.

TABLE I
SWITCHING STATES AND VOLTAGE VECTORS

In addition to regulating voltages and currents, a nonlinear
term is also included in the cost function to prevent overcurrent
[15]. The final cost function g1 is written as

g1 = (vCαref − vCα (k + 2))2 + (vCβref − vCβ (k + 2))2

+γ
[
(iαref−iα (k+2))2+(iβref−iβ (k+2))2

]
+Ilim

(6)

where γ is a weighting factor, which can be determined by
trial and error [17]. Eight switching states for u(k + 1) will be
optimized to minimize the cost function g1, and the correspond-
ing optimal switching signals will be directly sent to inverters.
Moreover, Ilim is the nonlinear term to prevent overcurrent,
which is expressed as

Ilim =

{∞, if ‖i (k + 2)‖ > Ith
0, if ‖i (k + 2)‖ ≤ Ith

. (7)

As shown in (6), during normal conditions, Ilim is zero without
affecting the voltage and current reference tracking. However,
during faulty conditions, Ilim will go to infinity due to the current
magnitude violation, which penalizes the whole cost function. In
this case, both the voltage and current reference tracking cannot
be accomplished, and thus, the power quality will be impaired
severely.

III. PROPOSED MODEL-PREDICTIVE DUAL-CONTROL LOOP

WITH IMPROVED CURRENT-LIMITING CAPABILITY

The block diagram of the proposed MP-DCL with improved
current-limiting capability is shown in Fig. 3, where the outer-
droop control loop, outer-voltage MPC loop, current-limiting
loop, inner-current MPC loop, predictive loop, and modulation
loop are illustrated.

A. Outer-Droop Control Loop

A typical droop control from [3], [4] is adopted, which is
shown as the outer-droop control loop in Fig. 3, where P and Q
denote average active and reactive powers, which can be deduced
as {

P = 1.5 (vCαioα + vCβioβ) s/ (s+ ωc)
Q = 1.5 (vCβioα − vCαioβ) s/ (s+ ωc)

(8)
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Fig. 3. Block diagram of the proposed MP-DCL with improved current-limiting capability.

whereωc denotes the bandwidth of the low-pass filter. The droop
control equation is written as{

ωref − ω0 = m (Pset − P ) + koqvCq

Vref − V0 = n (Qset −Q)
(9)

where Pset and Qset denote setting active and reactive power
values, respectively. Additionally, ω0 denotes the nominal an-
gular frequency, V0 denotes the nominal voltage magnitude,
m and n denote active power-frequency droop gain and reac-
tive power-voltage droop gain, respectively, ωref denotes the
angular frequency reference, θref denotes the reference angle,
and Vref denotes the voltage magnitude reference. The voltage
references can be deduced as vCαref = Vrefcos(θref) and vCβref

= Vrefsin(θref). koqvCq denotes the term of the transient stability
enhancement control (TSEC) to improve the system’s transient
stability during faults. vCq is the q-axis capacitor voltage, and
koq is a gain. The TSEC has been well proposed and analyzed
in [25], and it has also been adopted and verified in [3], [4].
Therefore, the TSEC will not be explained again in this article.

B. Outer-Voltage MPC Loop for Unconstrained Current
Reference Generation

The objective of the outer-voltage MPC loop is to implement
the voltage reference tracking and generate the current reference
for the inner-current MPC loop in a deadbeat manner, which is
shown as the outer-voltage MPC loop in Fig. 3. Employing the
forward Euler discretization method to the second raw of (1),
the discrete model is obtained as

i (k) = Cf/Ts1 (vC (k + 1)− vC (k)) + io (k) (10)

and considering a two-step forward prediction for the delay
compensation [16], (10) can be further deduced as

i (k + 1) = Cf/Ts1 (vC (k + 2)− vC (k + 1)) + io (k + 1)
(11)

where vC(k + 1) can be calculated from (2), and io(k + 1) is
substituted with io(k) due to the slow dynamics of the output
current. To realize the voltage reference tracking, vC(k + 2)
can be replaced by vCref = vCαref + jvCβref from the outer-
droop control loop. Consequently, i(k + 1) is transferred to
the inner-current MPC loop as the unconstrained inner-current
reference, which can be constrained by the following direct
current-limiting strategies, and the final equation to calculate

Fig. 4. Vector illustration of the effect of the current-limiting factor on the
current reference from the outer-voltage MPC loop during faults.

the current reference can be written as

iref = Cf/Ts1 (vCref − vC (k + 1)) + io (k + 1) . (12)

C. Inner-Current MPC Loop With Improved Current-Limiting
Capability

As shown by the current-limiting loop in Fig. 3, the current
reference from the outer-voltage MPC loop goes through an
instantaneous limiter and current-limiting factor (CLF) before it
is transferred to the inner-current MPC loop. The instantaneous
current limiter can directly limit the current reference between
−Ith1 and Ith1 against transient overcurrent before activation
of the CLF; thus, Ith1 is set a little higher than the current
threshold Ith of the CLF. The current reference ifref from the
outer-voltage MPC loop may exceed the FRT current threshold
Ith during faults, as shown in Fig. 4. The CLF is, thus, adopted to
proportionally scale down the magnitude of the current reference
ifref to the current reference iref [3], [7]. As shown in Fig. 4, the
constrained current reference iref is the largest current reference,
which can be generated by the outer-voltage MPC loop and
simultaneously satisfy the current FRT requirement. In this case,
the capacitor voltage during faults can track the voltage reference
to the maximum extent. The diagram of CLF is specifically
illustrated in the current-limiting loop of Fig. 3, where the
current reference iαβref is transferred into reference iabcref. The
second-order generalized integrator (SOGI) is adopted to delay a
signal by one-quarter period; thus, magnitudes Iabc of iabcref can
be calculated, as shown by the current-limiting loop in Fig. 3,
where the transfer functions of Hα and Hβ are shown as

Hα =
kω0s

s2 + kω0s+ ω2
0

, Hβ =
kω2

0

s2 + kω0s+ ω2
0

(13)
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where k is the SOGI proportional gain. Since the maximum
magnitude IM of iabcref has been obtained, the CLF gain KI can
be deduced from

KI =

{
1, IM ≤ Ith
Ith/IM , IM > Ith

(14)

where Ith is the current-limiting threshold, which is set as
1.5 p.u. of the base current in this article [3]. Moreover, KI

is a proportional gain that ensures the sinusoidal property of
the current reference, and the constrained current reference iref1
can be tracked by the inner-current MPC loop; hence, the power
quality during faults with the proposed scheme can be ensured.

To compensate for the inherent computational delay, a two-
step forward prediction method is also adopted [16]. To im-
plement current reference tracking in the inner-current MPC
loop, the cost function that only considers the current reference
tracking is written as

gi = (iαref1 − iα (k + 2))2 + (iβref1 − iβ (k + 2))2 (15)

where the predicted inductor current and capacitor voltage at the
k + 2 instant can be deduced from

i (k + 2) = a11i (k + 1) + a12vC (k + 1)

+ b1u (k + 1) + bg1io (k + 1)

vC (k + 2) = a21i (k + 1) + a22vC (k + 1)

+ b2u (k + 1) + bg2io (k + 1) . (16)

To find the (OVV u(k + 1) that minimizes the cost function
gi, a simple approach is to solve the following equation:{

∂gi/∂uα (k + 1) = 0
∂gi/∂uβ (k + 1) = 0

. (17)

Substituting (15) and (16) into (17), the OVV u(k + 1) can be
deduced as

u (k + 1) =
1

b1
iref − a11

b1
i (k + 1)

− a12
b1

vC (k + 1)− bg1
b1

io (k + 1) (18)

where io(k + 1) is substituted with io(k), and u(k) is obtained
from the last period u(k + 1). Furthermore, the second-order
partial derivative of the cost function gi is calculated as

∂2gi

∂uα(k + 1)2
=

∂2gi

∂uβ(k + 1)2
= 2b21 > 0 (19)

where 2b21 in (19) is always positive; thus, the obtained OVV in
(18) can minimize the cost function gi. Consequently, the OVV
u(k + 1) is modulated by a SPWM block to generate PWM
pulses for GFM inverters, and a constant switching frequency
can be maintained. In addition, thanks to the dual-loop structure,
the nontrivial weighting factor design can be avoided for the
proposed scheme. Additionally, no parameter needs to be tuned
in the proposed scheme, which is simpler than the cascaded
linear controllers, where both voltage and current PR/PI con-
troller parameters should be tuned. Moreover, the fast dynamic
response is another merit of the proposed approach, especially

TABLE II
SYSTEM AND CONTROLLER PARAMETERS OF THE PROPOSED SCHEME

for the outer-voltage MPC loop, which will be explained in detail
in Section III-E.

D. Stability and Robustness Analysis Against Mismatched
Parameters

Accurate system parameters are crucial for MPC algorithms.
To check the system stability and robustness against mismatched
parameters with the proposed strategy, the closed-loop system
modeling should be first established. Substituting (18) into (2),
the closed-loop system modeling of the inner-current MPC loop
is deduced as

i (k + 1) = φ1i (k) + φ2iref +Di (20)

where φ1 = a11/(a11 + 1), φ2 = 1/(a11 + 1), and Di = a12/(a11
+ 1)(vC(k) – vC(k + 1)). Substituting (12) and (18) into (2), the
closed-loop system modeling of the outer-voltage MPC loop is
obtained as

vC (k + 1) = ϕ1vC (k) + ϕ2vCref +Dv (21)

where ϕ1 = a22b1Ts1/(a12b2Ts1 + b1Ts1 + b2Cf), ϕ2 =
b2Cf/(a12b2Ts1 + b1Ts1 + b2Cf), and Dv = (b2 + bg2b1 −
bg1b2)Ts1/(a12b2Ts1 + b1Ts1 + b2Cf) + [a21b1i(k) − a11b2i(k
+ 1)]Ts1/(a12b2Ts1 + b1Ts1 + b2Cf).

If the inner-current MPC loop and outer-voltage MPC loop
are both stable, the eigenvalues of (20) and (21) should lie within
the unit circle on the z-plane, which is equivalent to

|λi = φ1| < 1, |λv = ϕ1| < 1. (22)

The system and controller parameters of the proposed scheme
are listed in Table II, which illustrates that the eigenvalues
λi of the inner-current MPC loop and eigenvalues λv of the
outer-voltage MPC loop can be calculated from (20) and (21),
respectively. Fig. 5 shows the root loci of the inner-current
MPC loop and outer-voltage MPC loop with±30% mismatched
inductance, where λi and λv are far from the boundary of the
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Fig. 5. Root loci of the proposed inner-current MPC loop and outer-voltage
MPC loop with ±30% mismatched inductance.

Fig. 6. Root loci of the proposed inner-current MPC loop and outer-voltage
MPC loop with ±30% mismatched capacitance.

unit circle; hence, the inner-current MPC loop and outer-voltage
MPC loop have good stability and robustness ability against mis-
matched inductances. When the inductance increases from 0.7Lf

to 1.3Lf, poles λi and λv will move toward the origin; thus, both
the stability and dynamic response of the inner-current MPC
loop and outer-voltage MPC loop are enhanced. Additionally,
compared with poles λv, the poles λi are closer to the origin,
meaning higher stability and dynamics for the inner-current
MPC loop.

As shown in Fig. 6, increasing the capacitance, or reduc-
ing the capacitance has slight effects on the stability of the
inner-current MPC loop, where all poles λi are closed to the
origin. Therefore, the inner-current MPC loop also has a high
robustness ability against mismatched capacitances. When the
capacitance increases from 0.7Cf to 1.3Cf, the poles λv move
toward the origin; thus, both the stability and dynamic response
are improved. Additionally, even when the capacitance reduces
to 0.7Cf, the poles λv are still far from the boundary of the unit
circle. Therefore, the outer-voltage MPC loop has good stability
and robustness ability against mismatched capacitances.

E. Contribution Compared to the State-of-the-Art Solutions

The proposed MP-DCL has improved the control bandwidth,
especially for the outer-voltage loop. To verify this contribution,
the state-of-the-art cascaded PR-based current-limiting scheme
is adopted as a comparison case in this section. The same

Fig. 7. Outer-voltage loop and inner-current loop diagrams of the state-of-the-
art cascaded PR-based current-limiting scheme [3], [7].

outer-droop control loop in Section III-A is also employed and
omitted here. The outer-voltage loop and inner-current loop
diagrams with PR controllers are shown in Fig. 7 [3]. The CLF
is also employed to ride through faults [3], [7], which has been
introduced in Section III-C. For the PR controller parameters
tuning, they can be referred to [13], which are both omitted
due to page limitation. Consequently, the closed-loop transfer
functions from the current reference to the current and from the
voltage reference to the voltage with the PR controller can be
deduced from Fig. 7 and written as{

Gcli_PR =
iαβ

iαβref
= GdGPRi

ZLf+GdGPRi

Gclv_PR =
vCαβ

vCαβref
= GdGPRiGPRv

1+ZLfYCf+GdGPRiGPRv+YCfGdGPRi

(23)
where filter inductor impedance is ZLf = sLf, and filter ca-
pacitor admittance is YCf = sCf. GPRi and GPRv denote the
inner-current controller and outer-voltage controller, respec-
tively, while Gd = e-1.5Ts1 denotes the time delay [13].

The closed-loop transfer functions from the current reference
to the current and from the voltage reference to the voltage
with the proposed MP-DCL can be deduced from (20) and (21),
written as{

Gcli_MPC = i
iref

= 1
z(a11+1)−a11

Gclv_MPC = vC

vCref
=

b2Cf

z(a12b2Ts1+b1Ts1+b2Cf )−a22b1Ts1
.

(24)
The closed-loop transfer functions Gcli_PR and Gclv_PR in

the s-domain can be discretized into z-domain with the Tustin
method, then bode diagrams of Gcli_PR, Gclv_PR, Gcli_MPC,
and Gclv_MPC are depicted in Fig. 8 for comparison, where
the bandwidths of the proposed inner-current MPC loop and
the state-of-the-art inner-current PR are both close to 1200 Hz;
thus, the dynamic response of the inner-current loop with the
two schemes is similar. However, the bandwidth of the proposed
outer-voltage MPC loop is around 700 Hz, which is significantly
higher than the 170 Hz of the state-of-the-art outer-voltage
PR. Therefore, the proposed MP-DCL has a higher dynamic
response than the state-of-the-art cascaded PR controllers for
the outer-voltage loop, which can enhance the voltage recovery
dynamics after fault clearance.

Another contribution of the proposed strategy is that the power
quality during faults can be ensured, which cannot be achieved
by the FCS-MPC-based current-limiting strategy and has been
introduced in Section II-B. To verify the above two contribu-
tions of the proposed scheme, the voltage and current refer-
ence tracking around the fault occurrence and clearance with
the state-of-the-art cascaded PR-based and FCS-MPC-based
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Fig. 8. Bode diagrams of closed-loop transfer functions of Gcli_PR, Gclv_PR,
Gcli_MPC, and Gclv_MPC.

TABLE III
CONTROLLER PARAMETERS OF STATE-OF-THE-ART PR AND FCS-MPC

current-limiting schemes, and the proposed MP-DCL are first
developed in MATLAB/Simulink. The controller parameters of
the cascaded PR and FCS-MPC are listed in Table III. Taking a
line-to-line fault as an example, which is activated at t = 3 s and
deactivated 2 s later. More detailed verification is developed by
experiments in the following section.

Fig. 9 shows the voltage and current reference tracking around
the fault occurrence with the state-of-the-art cascaded PR-based
current-limiting scheme, the state-of-the-art FCS-MPC-based
current-limiting scheme, and the proposed MP-DCL with im-
proved current-limiting capability. As shown in Fig. 9(a) and (c),
the current reference tracking takes around 2 ms with both the
state-of-the-art cascaded PR-based current-limiting scheme and
the proposed MP-DCL since the bandwidth of the inner-current
loop for the two methods is similar, as shown in Fig. 8. In
addition, the voltage reference tracking of both methods cannot
be simultaneously implemented due to the adoption of the direct
CLF). As shown in Fig. 9(b), during faults, the voltage and
current reference tracking is damaged with the state-of-the-art
FCS-MPC-based current-limiting scheme, and voltages and cur-
rents get distorted in each period. This phenomenon is caused by
the aggressive penalization for the current magnitude violation
in the cost function, which is at the expense of the voltage and
current reference tracking and has been analyzed in Section II-B.

Fig. 10 shows the voltage and current reference tracking
around the fault clearance with the three schemes. As shown in
Fig. 10(b), the state-of-the-art FCS-MPC-based current-limiting

strategy can accomplish the fast voltage and current reference
tracking around the fault clearance because both voltage and
current regulation objectives are included in one cost function
with a high bandwidth. Comparing Fig. 10(c) to (a), the voltage
reference tracking around the fault clearance with the proposed
scheme only takes around 3 ms, significantly lower than the
30 ms with the state-of-the-art cascaded PR-based current-
limiting method, which verifies the bandwidth improvement for
the outer-voltage loop with the proposed strategy. Additionally,
the current reference tracking around the fault clearance takes
1ms, which is lower than the 3 ms with the PR-based method
since the slow voltage recovery with the PR-based method may
affect its current reference tracking.

In summary, compared to the state-of-the-art cascaded PR-
based current-limiting scheme, the voltage recovery dynamics
have been significantly enhanced with the proposed MP-DCL
with current-limiting capability thanks to the improved band-
width of the outer-voltage loop. Additionally, compared to
the state-of-the-art FCS-MPC-based current-limiting scheme,
which sacrifices both voltage and current reference tracking
to prevent overcurrent, the power quality during faults can be
ensured with the proposed scheme since the current reference
tracking can be accomplished.

F. Simplicity Analysis Compared to State-of-the-Art Solutions

In terms of the parameter design, the proposed MPDCL cer-
tainly expresses simpler design benefits than the PR-based strat-
egy and FCS-MPC-based strategy. For the cascaded PR-based
current-limiting strategy, at least two groups of PR parameters
(e.g., two proportional gains and two resonant gains) need to be
carefully designed [3], [7]. Additionally, these parameters are
designed based on the constant operating point. If the operating
point varies, new PR parameters should be redesigned to achieve
optimal performance. Moreover, the antiwindup strategy must
be designed for the PR-based strategy [12].

For the FCS-MPC-based current-limiting strategy, the
weighting factor design is significantly nontrivial [15]. The
most commonly utilized method is the trial-and-error approach,
which relies on numerous time-consuming simulations [26].
In addition, some artificial intelligence-based methods are also
adopted to design the weighting factor, e.g., the neural network
[27]. However, these methods are all complex and take a long
time. Moreover, whether the weighting factor designed during
normal conditions is still effective during grid faults has not been
investigated. Therefore, compared with the PR-based strategy
and FCS-MPC-based strategy, the proposed MPDCL reveals a
simpler parameter design and can be implemented with lower
efforts.

IV. EXPERIMENTAL VERIFICATION

To verify the advantages of the proposed MP-DCL with
improved current-limiting capability over the state-of-the-art
cascaded PR-based current-limiting scheme [3] and the state-
of-the-art FCS-MPC-based current-limiting scheme [15], [19],
an experimental platform with the same topology as Fig. 1 is
established and depicted in Fig. 11. All system and controller
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Fig. 9. Voltage and current reference tracking around the fault occurrence. (a) State-of-the-art cascaded PR-based current-limiting scheme. (b) State-of-the-art
FCS-MPC-based current-limiting scheme. (c) Proposed MP-DCL with improved current-limiting capability.

Fig. 10. Voltage and current reference tracking around the fault clearance. (a) State-of-the-art cascaded PR-based current-limiting scheme. (b) State-of-the-art
FCS-MPC-based current-limiting scheme. (c) Proposed MP-DCL with improved current-limiting capability.

Fig. 11. Experimental setup of the grid-connected GFM inverter.

parameters listed in Tables II and III have been employed in
experiments. The ac grid is simulated by a MX30 power sup-
ply, and the dc source is provided by a TC.GSS bidirectional
power supply. Moreover, the dSPACE MicroLabBox DS1202
is adopted as the digital controller. The line-to-line voltages
vCab and vCbc are collected by the voltage sensor LV20-P.
The inverter-side currents ia and ib and the inverter output
currents ioa and iob are all collected by the current sensor

LA55-P. The sampling rates of the PR-based strategy and the
proposed MPDCL are both 10 kHz, and the sampling rate of the
FCS-MPC-based strategy is 25 kHz. The sampling rate of the
oscilloscope is 20 MHz. Experiments of single-line-to-ground
(SLG) fault and line-to-line (LL) fault have been developed to
verify the effectiveness of the proposed scheme.

A. FRT Performance Comparison for Voltage and Current

Figs. 12–15 show the experimental waveforms of the volt-
ages and currents with the state-of-the-art cascaded PR-based
current-limiting scheme, the state-of-the-art FCS-MPC-based
current-limiting scheme, and the proposed MP-DCL with im-
proved current-limiting capability around an SLG fault and an
LL fault occurrence and clearance, respectively. These three
strategies can all mitigate overcurrent during grid faults, where
all maximum currents are lower than the current threshold Ith.

However, the three strategies’ FRT performance regarding
voltage recovery time (VRT) after fault clearance and power
quality during grid faults significantly differ. As shown in
Figs. 13(a) and 15(a), the VRT after fault clearance with the
PR-based current-limiting strategy are both around 30 ms, which
is significantly higher than 3 ms with the FCS-MPC-based
current-limiting strategy in Figs. 13(b) and 15(b) and the pro-
posed strategy in Figs. 13(c) and 15(c). The low bandwidth
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Fig. 12. Experimental waveforms of voltages and currents around an SLG fault occurrence. (a) State-of-the-art cascaded PR-based current-limiting strategy.
(b) State-of-the-art FCS-MPC-based current-limiting strategy. (c) Proposed MP-DCL with improved current-limiting capability.

Fig. 13. Experimental waveforms of voltages and currents around an SLG fault clearance. (a) State-of-the-art cascaded PR-based current-limiting strategy.
(b) State-of-the-art FCS-MPC-based current-limiting strategy. (c) Proposed MP-DCL with improved current-limiting capability.

Fig. 14. Experimental waveforms of voltages and currents around an LL fault occurrence. (a) State-of-the-art cascaded PR-based current-limiting strategy.
(b) State-of-the-art FCS-MPC-based current-limiting strategy. (c) Proposed MP-DCL with improved current-limiting capability.

Fig. 15. Experimental waveforms of voltages and currents around an LL fault clearance. (a) State-of-the-art cascaded PR-based current-limiting strategy.
(b) State-of-the-art FCS-MPC-based current-limiting strategy. (c) Proposed MP-DCL with improved current-limiting capability.

of the voltage control loop for the cascaded PR-based strategy
causes such a long dynamic response, which has been analyzed
in Section III-E. Additionally, although the bandwidth of the
voltage control loop with the FCS-MPC is higher than the one
with the proposed strategy, as shown in Figs. 13(b) and 15(b), the
severe power quality of voltages and currents with the FCS-MPC
impedes the fault recovery process. On the contrary, as shown in
Figs. 13(c) and 15(c), both voltages and currents recover from a
good power quality with the proposed strategy; hence, the VRT

after fault clearance with the proposed strategy is similar to the
FCS-MPC. Consequently, for convenient comparison, the VRT
with the three strategies is summarized in Table IV, which can
verify that the proposed strategy can significantly improve the
fault recovery dynamic response in reducing the VRT.

Severe power quality will be caused by the FCS-MPC. As
shown in Figs. 12(b)–15(b), obvious voltage and current dis-
tortions with the FCS-MPC can be observed during grid faults.
Due to the adoption of a nonlinear term in the cost function
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TABLE IV
VOLTAGE RECOVERY TIME AND POWER QUALITY COMPARISON FOR THREE SCHEMES

Fig. 16. Experimental FFT spectrum of currents during an SLG fault. (a) State-of-the-art cascaded PR-based current-limiting strategy. (b) State-of-the-art
FCS-MPC-based current-limiting strategy. (c) Proposed MP-DCL with improved current-limiting capability.

Fig. 17. Experimental FFT spectrum of currents during an LL fault. (a) State-of-the-art cascaded PR-based current-limiting strategy. (b) State-of-the-art FCS-
MPC-based current-limiting strategy. (c) Proposed MP-DCL with improved current-limiting capability.

to prevent overcurrent during faults, the voltage and current
reference tracking cannot be simultaneously accomplished for
the FCS-MPC, which causes such severe power quality issues
during faults. On the contrary, as shown in Figs. 12(a)–15(a)
and 12(c)–15(c), sinusoidal waveforms of voltages and currents
during grid faults with the PR-based strategy and the proposed
strategy can be observed since these two strategies both realize
the current reference tracking during grid faults.

To further compare the power quality among the three strate-
gies, the experimental FFT spectrum of currents iob and ioc
during SLG faults and LL faults are shown in Figs. 16 and 17,
respectively. Moreover, the total harmonic distortions (THDs)
of voltages and currents and the magnitude percentage of the
fundamental current in third harmonic order, fifth harmonic
order, and seventh harmonic order are summarized in Table IV.
It is clear that the THDs of voltages and currents with the

FCS-MPC are the highest among the three strategies during
SLG and LL faults. Moreover, high THDs of currents with the
FCS-MPC are caused by significant odd harmonics, as shown
in Figs. 16(b) and 17(b). On the contrary, the THDs of voltages
and currents for the PR-based strategy and the proposed strategy
are similar during SLG and LL faults. As listed in Table IV, the
highest voltage THD is 1.6% and the highest current THD is
7.7% for the PR-based strategy and the proposed strategy, which
are both significantly lower than the highest voltage THD of
10% and the highest current THD of 34% with the FCS-MPC.
Therefore, the experimental results of THDs and FFT spectrum
can verify that the PR-based strategy and the proposed strategy
can both ensure superior power quality during grid faults.

In summary, the PR-based strategy causes the longest VRT
and the FCS-MPC causes the worst power quality during grid
faults. On the contrary, the proposed strategy not only presents
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Fig. 18. Experimental active and reactive powers under an SLG fault. (a) With
the state-of-the-art cascaded PR-based current-limiting scheme around the fault
occurrence. (b) With the state-of-the-art cascaded PR-based current-limiting
scheme around the fault clearance. (c) With the state-of-the-art FCS-MPC-based
current-limiting scheme around the fault occurrence. (d) With the state-of-the-art
FCS-MPC-based current-limiting scheme around the fault clearance. (e) With
the proposed MP-DCL with improved current-limiting capability around the
fault occurrence. (f) With the proposed MP-DCL with improved current-limiting
capability around the fault clearance.

the lowest VRT as the FCS-MPC but also ensures superior
power quality as the PR-based strategy. Therefore, regarding
both the VRT after fault clearance and power quality during
grid faults, the proposed strategy performs the best among the
three strategies.

B. FRT Performance Comparison for Power

Figs. 18 and 19 show the experimental active and reactive
powers with the state-of-the-art cascaded PR-based current-
limiting scheme, the state-of-the-art FCS-MPC-based current-
limiting scheme, and the proposed MP-DCL with improved
current-limiting capability under an SLG and LL fault, respec-
tively. For a convenient comparison, the time duration is written
as 0 s to 1 s for all figures. As shown in Fig. 18(a), (c), and (e)
and Fig. 19(a), (c), and (e), the tendency of powers around the
fault occurrence is similar for all three strategies; therefore, will
not be further discussed.

As shown in Figs. 18(b) and 19(b), there is an active power
oscillation with the state-of-the-art cascaded PR-based current-
limiting scheme around the fault clearance, and the reactive
power overshoot is 177.6 Var under the SLG fault and 255.5 Var
under the LL fault, respectively. The active power oscillation
and high reactive power overshoot may be induced by the slow

Fig. 19. Experimental active and reactive powers under an LL fault. (a) With
the state-of-the-art cascaded PR-based current-limiting scheme around the fault
occurrence. (b) With the state-of-the-art cascaded PR-based current-limiting
scheme around the fault clearance. (c) With the state-of-the-art FCS-MPC-based
current-limiting scheme around the fault occurrence. (d) With the state-of-the-art
FCS-MPC-based current-limiting scheme around the fault clearance. (e) With
the proposed MP-DCL with improved current-limiting capability around the
fault occurrence. (f) With the proposed MP-DCL with improved current-limiting
capability around the fault clearance.

voltage recovery and high currents after the fault, which have
been observed in Figs. 13(a) and 15(a). As shown in Fig. 18(d)
and Fig. 18(d), there is no active power oscillation with the state-
of-the-art FCS-MPC-based current-limiting strategy around the
fault clearance. However, there is an additional active power
overshoot, which is 216 W under the SLG fault and 47.5 W
under the LL fault. Additionally, the reactive power overshoot
around the SLG fault clearance is 174.4 Var with the FCS-MPC,
similar to the 177.6 Var with the cascaded PR, and the reactive
power overshoot around the LL fault with the FCS-MPC is
295 Var, which is higher than the 255.5 Var with the cascaded PR.
This may be caused by the distortion of voltages and currents
with the FCS-MPC during the fault, the inconstant switching
frequency, and large currents around the fault clearance, as
shown in Figs. 13(b) and 15(b).

On the contrary, as shown in Figs. 18(f) and 19(f), after the
fault clearance, the active power with the proposed MP-DCL
rises smoothly to the normal value without any oscillation.
Moreover, the reactive power overshoots with the proposed MP-
DCL around the SLG and LL faults clearance are 66.2 Var and
111.5 Var, which are significantly lower than the other state-of-
the-art methods. This advantage is attributed to the fast voltage
recovery, good power quality during faults, and small currents
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TABLE V
OVERSHOOT AND OSCILLATION COMPARISON AMONG THREE SCHEMES

TABLE VI
PERFORMANCE UNDER MISMATCHED PARAMETERS

after the fault clearance with the proposed strategy, as shown
in Figs. 13(c) and 15(c). The active power overshoot, reactive
power overshoot, and active power oscillation around the SLG
and LL fault clearance with the three schemes are summarized
in Table V, where “×” denotes no existence, and “�” denotes
existence. As shown in Table V, the proposed MP-DCL is the
only strategy that does not cause active power overshoots and
oscillations around the fault clearance. Moreover, the reactive
power shoot around the fault clearance is the lowest with the
proposed MP-DCL compared to the other two schemes. There-
fore, the fault recovery for powers with the proposed MP-DCL
performs significantly better than the state-of-the-art cascaded
PR-based and FCS-MPC-based current-limiting schemes.

C. Robustness Test of the Proposed Scheme

To verify the robustness of the proposed MP-DCL with
improved current-limiting capability against mismatched pa-
rameters, the voltages, currents, active powers, and reactive
powers with the proposed scheme around the LL fault oc-
currence and clearance under +30% mismatched inductance,
−30% mismatched inductance,+30% mismatched capacitance,
and −30% mismatched capacitance are shown in Figs. 20–23.
The performance under the SLG fault is similar to the LL fault;
thus, the results under a severe fault (LL fault) are provided
here. As shown in Figs. 20(a)–23(a), the overcurrent can be
quickly mitigated by the proposed scheme with only two small
overcurrent peaks. In addition, the steady-state THDs of voltages
and currents under different mismatched parameters are all sum-
marized in Table VI, which are all small and close to the values
under normal parameters listed in Table V; thus, the proposed
strategy has a good robustness in mitigating overcurrent and
ensuring the power quality against mismatched parameters. As
shown in Figs. 20(b)–23(b), the voltage recovery time around
the fault clearance with the proposed strategy takes around 3 ms
under different mismatched parameters; hence, the proposed
strategy has a good robustness for the fast voltage recovery
around the fault clearance against mismatched parameters.

Fig. 20. Experimental results of voltages, currents, powers for +30% mis-
matched inductance with the proposed scheme under an LL fault. (a) Voltages
and currents around the fault occurrence. (b) Voltages and currents around the
fault clearance. (c) Powers around the fault clearance. (d) Powers around the
fault clearance.

Fig. 21. Experimental results of voltages, currents, powers for −30% mis-
matched inductance with the proposed scheme under an LL fault. (a) Voltages
and currents around the fault occurrence. (b) Voltages and currents around the
fault clearance. (c) Powers around the fault clearance. (d) Powers around the
fault clearance.

The active power oscillation around the fault clearance with
the proposed scheme can be avoided under various mismatched
parameters, which can be observed in Figs. 20(d)–23(d). The
active power overshoot around the fault clearance with the
proposed scheme can be eliminated under +30% mismatched
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Fig. 22. Experimental results of voltages, currents, powers for +30% mis-
matched capacitance with the proposed scheme under an LL fault. (a) Voltages
and currents around the fault occurrence. (b) Voltages and currents around the
fault clearance. (c) Powers around the fault clearance. (d) Powers around the
fault clearance.

Fig. 23. Experimental results of voltages, currents, powers for −30% mis-
matched capacitance with the proposed scheme under an LL fault. (a) Voltages
and currents around the fault occurrence. (b) Voltages and currents around the
fault clearance. (c) Powers around the fault clearance. (d) Powers around the
fault clearance.

inductance, −30% mismatched inductance, and +30% mis-
matched capacitance. An active power overshoot of 56 W with
the proposed scheme under −30% mismatched capacitance
exists, but fortunately, this small value will not affect system
safety. The reactive power overshoots around the fault clear-
ance with the proposed scheme under different mismatched
parameters are shown in Figs. 20(d)–23(d) and summarized in
Table VI. These values are all close to 111.5 Var with accurate

parameters and lower than the values with the state-of-the-
art cascaded PR-based and FCS-MPC-based current-limiting
strategies. Therefore, the proposed strategy has a good robust-
ness for the power recovery around the fault clearance against
mismatched parameters. It is noticed that the power recovery
performance under −30% mismatched capacitance is slightly
worse than the other three mismatched parameters, which is
consistent with the robustness analysis in Fig. 6, where all poles
under −30% mismatched capacitance are much closer to the
boundary of the unit circle. Consequently, the GFM inverter
performance that embraces the active power overshoot, active
power oscillation, reactive power overshoot, voltage recovery
time around the fault clearance, and steady-state voltage and
current THDs during faults with the proposed MP-DCL with im-
proved current-limiting capability under different mismatched
parameters are all summarized in Table VI for a convenient
comparison.

In summary, the performance of the proposed scheme is
similar across different mismatched parameters and better than
the state-of-the-art cascaded PR-based and FCS-MPC-based
current-limiting strategies. Therefore, the proposed MP-DCL
with improved current-limiting capability has good robustness
against mismatched parameters in FRT performance for GFM
inverters under grid faults.

D. Computational Burden Comparison Among the Three
Strategies

The execution times of the PR, FCS-MPC, and the proposed
strategy are measured by dSPACE Profiler 4.0. The execution
time of the PR is 14.6 μs, which only occupies 14.6% of the
sampling period for the PR controller. The execution times
of the FCS-MPC and the proposed strategy are 18.92 μs and
19.68 μs, respectively, which are similar to each other. However,
the sampling period of the FCS-MPC is 40μs; thus, the execution
time of the FCS-MPC occupies 47.3% of the sampling period.
On the contrary, the sampling period of the proposed strategy
is 100 μs; hence, the proposed strategy occupies 19.68% of the
sampling period.

In summary, the computation burden of the PR is 14.6%, the
lowest due to its linear control strategy. The computation burden
of the proposed strategy is 19.68%, slightly higher than the PR,
which is reasonable due to the matrix calculation of the proposed
strategy. However, the computation burden of the proposed
strategy is significantly lower than 47.3% of the FCS-MPC due
to the shortest sampling period for the FCS-MPC.

E. Summary and Comparison Based on Experimental Results

The advantages and disadvantages of each technique based
on the experimental tests are summarized and compared in
Table VII to verify the superior performance of the proposed
strategy. As shown in Table VII, the PR-based strategy can
guarantee good power quality during grid faults, fast current
limiting, and the lowest computational burden, and there is no
active power overshoot after fault clearance. However, voltage
recovery after fault clearance with the PR-based strategy is the
slowest. Additionally, high reactive power overshoots and active
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TABLE VII
ADVANTAGES AND DISADVANTAGES OF EACH TECHNIQUE BASED ON THE EXPERIMENTAL TESTS

power oscillations are produced after fault clearance with the
PR-based strategy. The current limiting and voltage recovery
after fault clearance with the FCS-MPC-based strategy are fast,
and no active power oscillation after fault clearance is induced.
However, terrible power quality during faults will be caused
by the FCS-MPC-based strategy, and high active and reactive
power overshoots after fault clearance are brought. Besides, the
computational burden of the FCS-MPC is the highest.

Compared with the PR-based strategy and the FCS-MPC-
based strategy, the proposed strategy can ensure fast current lim-
iting during faults, good power quality during faults, low compu-
tational burden, fast voltage recovery after fault clearance, and
the lowest reactive power overshoot after fault clearance. More-
over, there are no active power overshoots and oscillations after
fault clearance with the proposed strategy. The high robustness
against mismatched parameters for the proposed strategy is also
tested by experimental results. Therefore, the proposed strategy
reveals a superior FRT performance to the PR-based strategy
and the FCS-MPC-based strategy.

V. CONCLUSION

This article proposes a model-predictive dual-control loop
with improved current-limiting capability to address overcur-
rent issues for GFM inverters. The nontrivial weighting factor
selection in general MPC strategies can be avoided in the pro-
posed strategy. The power quality during faults can be guar-
anteed since the direct current-limiting scheme can be applied
to proportionally scale down the current reference generated
from the outer-voltage MPC loop in case of overcurrent, and
such constrained current reference tracking can be implemented
through the inner-current MPC loop. The optimal voltage vector
can be derived in a continuous form by calculating the analytical
solution of the cost function and synthesized by an SPWM block;
thus, a constant switching frequency can be ensured. Ultimately,
the voltage can recover rapidly from faults to normal conditions
with the proposed strategy thanks to the high bandwidth of the
outer-voltage MPC loop. Additionally, the active power can
recover from the faulty value to the normal value smoothly
without oscillation, and the reactive power can recover from
the faulty value to the normal value with low overshoots.
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