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Abstract—This article proposes a Fixed Switching Frequency
Model Predictive Control (FSF-MPC) for Grid-Forming Inverters
(GFIs) in microgrids. The inner voltage and current loops are
implemented by means of the proposed FSF-MPC, and the primary
control is composed by an outer Droop and a PQ controller. Such
a PQ control allows a better steady-state response and enhanced
power management. The performance of the proposed FSF-MPC
for grid-tied and islanded modes is demonstrated using as an
example an ac microgrid equipped with 50 kVA grid-forming
inverters with output LC filters and different loads. The microgrid
is implemented in a Hardware-in-the-Loop (HIL) device, and HIL
case studies are presented for grid-tied and islanded modes, with
load and parametric variations and weak grid conditions. The re-
sults demonstrate the good performance of the proposed FSF-MPC
approach for GFIs in microgrids, such as fast dynamic response,
multivariable control, adequate load sharing between the inverters,
and robustness to parametric variations and unmodeled dynamics.

Index Terms—Grid-forming inverters (GFIs), microgrids, model
predictive control (MPC).

I. INTRODUCTION

THERE has been an increased demand for green energy
transforming how electrical power systems must be de-

signed and implemented in the modern distribution grids. As
such, microgrids are further comprised of distributed generation
units (DGs), Energy Storage Systems (ESSs), diesel gensets,
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consequently all the controls and communication infrastructure
for power electronics, distribution lines, loads, protection system
relays, communications must be now designed with a unified
power systems and power electronics approach, in order to have
enhanced performance.

Microgrid control is usually performed by means of a hier-
archical control structure [1], [2], where the zero layer is the
inner current and voltage control loops of the inverters; the
primary layer performs power sharing among parallel inverters;
the secondary layer is responsible for voltage and frequency
regulation; and the tertiary layer performs the interaction of
the microgrid with the main grid. In microgrids, some invert-
ers must operate as grid-forming inverters (GFIs), specially in
islanded mode. These GFIs synthesize the microgrid voltages
and perform power sharing to feed the loads. As a result, in
addition to the zero control layer, a primary controller must
also be implemented for GFIs, usually by means of cascaded
multiloop linear controllers such as Centralized or Distributed
Control, Circular Chain Control, Average Load Sharing, Virtual
Synchronous Machine (VSM), Master-Slave and Droop [3], [4],
[5], [6], [7].

As discussed, linear controllers usually have cascaded multi-
loop structures, with an outer voltage loop and an inner current
loop. In order for these loops to be decoupled, the bandwidth
of the outer voltage control needs to be much smaller than that
of the inner current controller; this in turn leads to bandwidth
limitations that result in slow dynamic responses of the system
as a whole [8]. Other limitations of these approaches include
steady-state errors in the active and reactive powers, complex
design procedures, the need for synchronization loops for con-
nection and reconnection to the grid, etc. [9], [10], [11], [12],
[13], [14]. The classical Droop control, e.g., can have significant
steady-state errors for the active or reactive powers (respectively
for resistive and inductive Droop); it also has problems to per-
form power sharing for nonlinear loads. Another issue is that, for
controller design and implementation, the system model must
be linearized around a given operational point, which can result
in bad performance for different operational conditions.

On the other hand, model predictive control (MPC) is being
increasingly used for microgrid control [1], [2], [3], [15]. The
Finite Control Set MPC (FCS-MPC) uses the discrete-time
model of the system to predict its future states [16], [17],
[18]. At each sample k, a cost function is calculated for all
systems inputs, and the one that minimizes the cost function
is selected and implemented. The cost function can be easily
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designed to include multiple control objectives, in contrast to the
linearization process and complex design procedures of linear
controllers. Consequently, FCS-MPC can inherently consider
the nonlinearities and operational constrains of the system, re-
sulting in faster dynamic responses when compared to classical
linear controllers [3].

In this context, papers were presented using FCS-MPC for
GFIs, demonstrating a superior performance when compared to
linear controllers. In [8], an FCS-MPC without weighting factors
was proposed for GFIs with LCL filters, where the controlled
variable is the inverter output current; however, only the zero
layer was addressed, and the inverter operated with different
loads only in islanded mode. In [19], an improved FCS-MPC
for GFIs was presented, including an outer Droop for primary
control; it was extended in [20] to include the microgrid sec-
ondary control, but only islanded mode was considered. Power
sharing and transient results were presented for two inverters
in parallel feeding different loads, demonstrating the faster
dynamic response of FCS-MPC against linear control. In [21],
an FCS-MPC for grid-tied GFIs with output virtual impedance
was developed for Neutral-Point-Clamped (NPC) inverters with
output LCL filters; however, neither power sharing nor islanded
operation were addressed. In [22], a Master-Slave FCS-MPC
for microgrids was proposed. The microgrid was composed by
one Master NPC and two Slave NPCs. When the microgrid is
connected to the main grid, the Master and the Slaves operate
as grid-following inverters. When the microgrid is islanded,
the Master is controlled as a GFI, while the Slaves remain
grid-following inverters.

However, one of the main drawbacks of classical FCS-MPC is
the variable switching frequency, that results in widespread har-
monic content in the output voltages and currents. To overcome
this, MPCs with fixed switching frequency (FSF-MPC) were
developed. In [23], a FSF-MPC was proposed for a five-level
active neutral-point clamped (5L-ANPC) converter, that also
reduces the computational burden when compared to classical
FCS-MPC. The Space Vector Modulated MPC (SVM2PC) was
presented in [24], with fast dynamic response and low compu-
tational burden. It combines control and modulation in a convex
optimization problem to minimize the tracking errors of the
output variables. In [24] the SVM2PC was applied to GFIs,
but only the inner voltage control was considered. In [25], the
SVM2PC of [24] was extended to include the current liming
constrain in the formulation of the optimization problem, and the
modified algorithm was applied to a cascaded H-Bridge inverter
operating as a GFI.

An FSF-MPC for inverters in an islanded microgrid was
presented in [26], addressing challenges of traditional cascaded
linear controllers, such as slow transient response and suscepti-
bility to parameter variations. In [27] and [28], a Modulated
MPC (MMPC) was presented, where the duty cycles of the
inverter voltage vectors were calculated using the MMPC and a
carried-based PWM generated the pulses for the semiconduc-
tor switches, resulting in fixed switching frequency. A two-
vector Model-Free MPC was introduced in [29] for two-level
three-phase inverters, while a sequential MMPC was presented
in [30], eliminating the weighting factors and achieving constant

switching frequency. In [31], a Master-Slave FSF-MPC was
proposed for inverters in microgrids, where the Master is a
grid-following inverter when in grid-tied mode and a GFI in
islanded mode, and the Slave is a grid-following inverter in both
modes.

Even though various papers proposed FSF-MPCs, they have
not been extensively used for GFIs and microgrids. In this
context, this article proposes a FSF-MPC for GFIs in microgrids,
whose initial findings were presented in [31]. The zero layer
is implemented by the proposed FSF-MPC, an outer Droop
is used for the voltage primary control, and an outer PQ loop
allows for a better steady-state response. The proposed FSF-
MPC presents fast dynamic response, multiobjective control,
robustness against parametric uncertainties and variations, and
adequate power sharing for grid-tied and islanded modes. As a
result, it presents the main advantages of both FCS-MPC and
linear controllers and modulators. The main contributions of the
proposed FSF-MPC for GFIs are as follows.

1) It is a multifunctional GFI control that can, with a single
cost function, control the voltages of the capacitors of
the LC filters to 1) synchronize the inverter to the grid in
grid-tied mode; and 2) synthesize the microgrid voltages
in islanded mode; limit the current that flows through
the inverter semiconductor devices; control the inverter
currents to 1) perform a smooth transition from grid-tied
to islanded mode and vice-versa; and 2) compensate the
active and reactive power errors caused by the Droop
control, allowing for a good steady-state response.

2) It brings together the advantages of FCS-MPC (fast dy-
namic responses) and linear controllers with PWM mod-
ulation (fixed switching frequency).

3) It does not need extra grid synchronization loops.
4) It avoids cascaded control loops, simplifying the design

and implementation process and resulting in faster dy-
namic responses when compared to linear controllers.

5) It works in both grid-tied and islanded modes, having
smooth transition from one mode to another.

6) The outer Droop control allows for GFI operation and
proper power sharing for the inverters.

7) The outer PQ loop for current control can compensate
the active and reactive power errors caused by the Droop
control, yielding good steady-state responses for linear
and nonlinear loads.

8) As the Droop control is simple, the proposed FSF-MPC
can be easily extended to multiple parallel inverters.

9) It presents good performance for parametric mismatches,
load variations and weak grid conditions without the need
to include extra control loops. As the load and the line and
grid impedances are unmodeled dynamics, the proposed
FSF-MPC have robustness to unmodeled dynamics.

To validate the performance of the proposed FSF-MPC,
Hardware-in-the-Loop (HIL) case studies are presented for dif-
ferent operational conditions of the microgrid, including grid-
tied and islanded modes, dynamic load changes, weak grid and
parametric variations in the LC filters.

The rest of this article is organized as follows. Section II
describes the dynamic model of GFIs. Section III presents the



9082 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

Fig. 1. Schematic of the microgrid considered as example for the proposed FSF-MPC.

classic FCS-MPC for the inner voltage control of GFIs, while
Section IV presents the proposed FSF-MPC. Section V describes
the proposed primary control for the microgrid. Section VI
brings HIL cases studies to validate the performance of the pro-
posed FSF-MPC. Section VII presents a comparative discussion.
Finally, Section VIII concludes this article.

II. DYNAMIC MODEL OF GRID-FORMING INVERTERS

Parallel GFIs can be implemented with the proposed FSF-
MPC strategy that will be described in Section IV, considering
initially a three-phase microgrid composed of two inverters with
LC filters, a load, line impedances, a switch, and the main grid,
as presented in Fig. 1. Such a microgrid could be grid connected
or intentionally islanded with switch S1; a communication link
between the microgrid central controller and the inverters is also
needed, but it is out of the scope of this work and will be reported
in another paper.

First, let us present the discrete-time dynamic model of the
GFIs. The equations below are valid for both inverters, and
describe the inverter-side currents and capacitor voltages in αβ
coordinates. The amplitude invariant Clarke transformation was
used to obtain the model in αβ coordinates[
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or

iαβ(k + 1) = Aiiαβ(k) +Biuαβ(k)− Fivαβ(k) (3)

vαβ(k + 2) = vαβ(k + 1) +Bciαβ(k + 1)− Fcioαβ(k + 1)
(4)

where iαβ and ioαβ are the inverter-side and output currents,
uαβ are the inverter output voltages, vαβ are the filter capacitor
voltages, Ts is the sampling period and L, C and R are the filter
parameters. The output currents ioαβ are measured after the filter
and considered as disturbances. Eqs. (1)–(2) were obtained by
discretizing the continuous-time model by the Forward Euler
discretization method. As the MPC usually is implemented in a
Digital Signal Processor (DSP) the implementation delay must
be considered as

iαβ(k + 2)= Aiiαβ(k + 1) +Biuαβ(k + 1)− Fivαβ(k + 1)
(5)

vαβ(k + 3)= vαβ(k + 2) +Bciαβ(k + 2)− Fcioαβ(k + 2).
(6)

III. CLASSICAL FCS-MPC FOR GFIS

Some of the main control objectives of GFIs are: 1) to limit
the inverter-side currents; and 2) to control the filter capacitor
voltages. Considering this multiobjective control problem, a cost
function for classical FCS-MPC for GFIs can be

gj = (v∗
αβ(k + 3)− vjαβ(k + 3))2 + Ilim (7)

where v∗
αβ are the filter voltage references (the generation of

the voltage references will be described in Section V) and j =
0, . . .7 are the eight voltage vectors of a three-phase two-level
inverter. The term Ilim is included to limit the amplitude of the
inverter-side currents and avoid damage to the semiconductor
devices. If the norm of the calculated ijαβ for a given inverter
voltage vector is greater than the inverter maximum current, Ilim
assumes a large value, and zero otherwise [19], [20].

In a classical FCS-MPC, at each sampling instant k, the
inverter-side currents and the filter capacitor voltages are pre-
dicted for all inverter voltage vectors using (5)–(6), and cost
function (7) is evaluated. Then, the inverter voltage vector that
results in the minimum value of (7) is chosen and implemented
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TABLE I
SWITCHING SEQUENCES FOR EACH SECTOR OF THE SV DIAGRAM

TABLE II
NORMALIZED INVERTER VOLTAGE VECTORS

in the next sampling period Ts. Even though the FCS-MPC
is a simple and effective control strategy, it results in variable
switching frequency. Therefore, to solve this issue, the proposed
FSF-MPC is described in the next Section.

IV. PROPOSED FSF-MPC FOR GFIS

To achieve fixed switching frequency, the inverter voltage
vectors must be modulated in a way similar to a carrier-based
Pulse-Width Modulation (PWM) or Space Vector Modulation
(SVM). In the proposed FSF-MPC, a switching sequence is
defined offline for each of the six sectors of the Space Vector
diagram of the inverters of Fig. 1. The switching sequences are
comprised of two nonnull voltage vectors and both redundancies
of the null vector, and are designed for Ts/2, i.e., half the carrier
period (a triangular carrier is considered, with sampling at the
underflow and period match). The switching sequences and the
normalized inverter voltage vectors are respectively presented
in Tables I and II.

For the proposed FSF-MPC, for each Ts, first the inverter-side
currents and the filter capacitor voltages are predicted for all
inverter voltage vectors through (5)–(6), and cost function (7)
is evaluated. The next step is the selection of the sector and
its corresponding switching sequence to be implemented by the
inverter. The duty cycles for the three vectors in each sector are
calculated as described in [23]

d1 =
g2g3
G

d2 =
g1g3
G

d3 =
g1g2
G

(8)

G = (g2g3 + g1g3 + g2g1) (9)

where g1, g2, and g3 are the costs of the vectors of a given sector,
and d1 + d2 + d3 = 1. The sector cost function is

gs = d1g1 + d2g2 + d3g3 (10)

where s = 1. . .6 are the six sectors of the SV diagram. The
sector with the lowest value of gs is selected and its respective
switching sequence is implemented over Ts, resulting in fixed
switching frequency. This procedure is depicted in the block
diagram presented in Fig. 2.

V. MICROGRID PRIMARY CONTROL

As mentioned in the Introduction, the control of a microgrid
can be implemented by a hierarchical strategy. However, it is
well known that standard grid-forming strategies based on linear
controllers can have limitations [9], [10], [11], [12], [13], [14],
such as slow dynamic responses. In order to overcome these
problems, in this article an outer Droop and a PQ controller are
used for the primary control of the microgrid, and the inner FSF-
MPC described in Section IV provides a faster dynamic response
to the system [19], [20]. The Droop law can be written as

v(k) = vnom − kp(P
∗ − P (k)) (11)

ω(k) = ωnom + kq(Q
∗ −Q(k)) (12)

where v is the amplitude of the voltage reference, vnom is the
nominal amplitude voltage, ω is the frequency reference, ωnom

is the nominal frequency, kp and kq are the Droop coefficients,
P ∗ and Q∗ are the active and reactive power references, and P
and Q are the inverter instantaneous active and reactive powers
calculated as

P (k) =
3

2
(vα(k)ioα(k) + vβ(k)ioβ) (13)

Q(k) =
3

2
(vβ(k)ioα(k)− vα(k)ioβ(k)). (14)

No filters are needed for P and Q when the inner control is
implemented with MPC [19], [20]. Then, the voltage references
can be defined as

v∗α(k) = v(k) cos(ω∗Ts)−Rvioα(k) (15)

v∗β(k) = v(k) sin(ω∗Ts)−Rvioβ(k) (16)

where Rv is a virtual impedance. A virtual resistor is imple-
mented, as it does not vary with the frequency as a virtual
inductor. It also provides damping to the microgrid, contribut-
ing to system stability [19], [32]. As seen in (6), the voltage
references must be calculated for k + 3. Therefore, (15)–(16)
are extrapolated to k + 3 as

v∗α(k + 3) = vα(k)cos(3ωTs)− vβ(k)sin(3ωTs) (17)

v∗β(k + 3) = vβ(k)cos(3ωTs) + vα(k)sin(3ωTs). (18)

A classical GFI controller usually generates only the voltage
references for the inverter. However, these implementations can
have other problems besides slow dynamic responses, such
as steady-state errors for the active and/or reactive powers,
problems to perform power sharing for nonlinear loads, grid
synchronization, etc. [9], [10], [11], [12], [13], [14]. Therefore,
recent papers have explored the integration of voltage and
current control to achieve better performance for GFIs [33],
[34], [35], [36], [37], [38], usually by integrating GFI and grid-
following functionalities in the same controller. In the proposed
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Fig. 2. Block diagram of the proposed FSF-MPC for parallel grid-forming inverters.

FSF-MPC, this can be achieved by including a term in cost
function (7) that is responsible for controlling the inverter-side
currents as

gj = λ1(v
∗
αβ(k + 3)− vjαβ(k + 3))2

+ λ2(i
∗
αβ(k + 2)− ijαβ(k + 2))2 + Ilim (19)

where λ1 and λ2 are weighting factors and i∗αβ are the inverter-
side current references. The control of the inverter-side currents
allows the control of the active and reactive powers injected
into the grid or load, improving the steady-state performance of
the Droop controller with the proposed FSF-MPC, as will be
demonstrated in Section VII. To generate the current references,
an open-loop PQ control is used [39]

i∗oα(k) =
2

3

1

v2α(k) + v2β(k)
(vα(k)P

∗ + vβ(k)Q
∗) (20)

i∗oβ(k) =
2

3

1

v2α(k) + v2β(k)
(vβ(k)P

∗ − vαQ
∗(k)). (21)

For proper power sharing, P ∗ and Q∗ for each inverter are
set in this article as half the total active and reactive powers
demanded from the load. These power references can come from
the secondary control layer of the microgrid, that is out of the
scope of this article. To obtain the inverter-side currents, the
reactive power of the LC filter must be compensated

i∗α(k) = i∗oα(k)− ωCvβ(k) (22)

i∗β(k) = i∗oβ(k) + ωCvα(k). (23)

Then, the references are extrapolated to (k + 2)

i∗α(k + 2) = i∗α(k)cos(2ωTs)− i∗β(k)sin(2ωTs) (24)

i∗β(k + 2) = i∗β(k)cos(2ωTs) + i∗α(k)sin(2ωTs). (25)

Therefore, the proposed FSF-MPC is a multifunctional GFI
control that can, with a single cost function, control the voltages
of the capacitors of the LC filters to: 1) synchronize the inverter
to the grid in grid-tied mode; and 2) synthesize the microgrid
voltages in islanded mode; limit the current that flows through
the inverter semiconductor devices; control the inverter currents

TABLE III
SYSTEM PARAMETERS FOR THE CASE STUDIES

to 1) perform a smooth transition from grid-tied to islanded mode
and vice-versa; and 2) compensate the active and reactive power
errors caused by the Droop control, allowing for a good steady-
state response for both parallel inverters, as will be demonstrated
in the next section.

VI. CASE STUDIES

To validate the proposed FSF-MPC, the microgrid of Fig. 1
was implemented in a Typhoon HIL 604 HIL device. The system
parameters are shown in Table III, and apply to both GFIs. The
controllers were implemented in the ARM core of Typhoon
HIL 604, including the implementation delay. The weighting
factors are λ1 = 10000 and λ2 = 4000 for grid-tied mode and
λ1 = 2000 and λ2 = 400 for islanded mode. A strong grid was
considered, with R = 0.3Ω and L = 1 mH and X/R ratio
of 1.05. Case studies for different operational conditions are
provided to demonstrate the good performance of the proposed
FSF-MPC.

A. Transition From Grid-Tied to Islanded Mode, Load
Changes, and Transition From Islanded to Grid-Tied Mode

In the first case study, the microgrid transitions from grid-tied
to islanded mode and vice-versa, and load changes are applied
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Fig. 3. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for the proposed FSF-MPC.

in islanded mode. The results are depicted in Fig. 3, that shows,
from top to bottom, the filter capacitor voltages, grid-side cur-
rents, active and reactive powers of both GFIs, and active and
reactive power references (the voltages and currents of both GFIs
are superimposed). First, the microgrid is connected to the grid
and to a balanced three-phase RL load (R = 1.03Ω and L =
3.3 mH). Then, the microgrid is islanded, and the following
load changes are performed:

1) unbalanced RL load (Ra = 1.03Ω and La = 3.3 mH,
Rb = 4Ω andLb = 10 mH andRc = 2Ω andLc = 6 mH);

2) nonlinear load (three-phase diode rectifier with inductive
input filter of 1 mH and an RL load equal to R = 5Ω and
L = 5 mH;

3) same unbalanced RL load;
4) same balanced RL load. Finally, the microgrid is again

connected to the main grid.
The results presented in Fig. 3 demonstrate that the GFIs

properly perform power sharing, providing the total load power.
The fast transient response of both inverters is observed in all
waveforms, as their active and reactive powers speedily converge
to the new set points after the load changes; consequently, the
currents and voltages also present fast dynamic responses. As
seen in (5) and (6), the load is not included in the model; thus,
these results demonstrate the good performance of the proposed
FSF-MPC for unmodeled dynamics.

1) Comparison of the Proposed FSF-MPC and Classical
FCS-MPC: To demonstrate the superior performance of the
proposed FSF-MPC over classical FCS-MPC, a comparative
analysis is presented here. The classical FCS-MPC was imple-
mented with the same parameters of Table III and the same
weighting factors. As it has variable switching frequency, the
value of fs shown in Table III does not apply. The results are
shown in Fig. 4, presenting the same waveforms and events as
Fig. 3. Even though the fast transient response is maintained,
the ripple on the active and reactive powers, as well as on the
currents, is much higher than for the proposed FSF-MPC; this
results in a degraded steady-state performance, leading to higher
Total Harmonic Distortion (THD).

The THD of the grid-side currents for the proposed FSF-MPC
and the classical FCS-MPC for grid-tied mode are shown in

Fig. 4. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for a classical FCS-MPC.

TABLE IV
THD OF THE GRID-SIDE CURRENTS FOR THE CLASSICAL FCS-MPC FOR

GRID-TIED MODE WITH BALANCED RL LOAD

Fig. 5. FFT of voltages vab and vbc for the proposed FSF-MPC.

Table IV, with the balanced RL load as example. The fixed
switching frequency is demonstrated by the spectra of the
inverter output line-to-line voltages, measured before the LC
filters. Fig. 5 shows the FFTs of the output line-to-line voltages
vab andvbc for the proposed FSF-MPC. The first significant set of
harmonics is at 10 kHz, validating the fixed switching frequency.
On the other hand, Fig. 6 shows the FFTs of vab and vbc for the
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Fig. 6. FFT of voltages vab and vbc for a classical FCS-MPC.

Fig. 7. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for the proposed FSF-MPC without the outer PQ loop.

classical FCS-MPC, where the widespread harmonic content
is evident. Even though the THDs of the output line-to-line
voltages are similar for both MPCs, the fixed fs of the proposed
FSF-MPC allows for better filtering of the harmonics. The
current THD of the proposed FSF-MPC is considerably smaller
than for the classical FCS-MPC.

2) Comparison of the Proposed FSF-MPC With and Without
PQ Control: Now, let us demonstrate that the inclusion of the
outer PQ control in the primary layer improves the steady-state
response of the FSF-MPC. To do so, the proposed FSF-MPC was
implemented only with the Droop control, using cost function
(7). As an example, Fig. 7 shows the results of this implementa-
tion for grid-tied mode and balanced RL load. It can be seen that,
for the system considered, the inverter output currents are dis-
torted, and there is a high steady-state error for the active power
(which is expected for resistive Droop). On the other hand, Fig. 8
shows the same results for the proposed FSF-MPC with the outer
PQ loop, using cost function (19). In this case, the current control
term in (19) compensates the previous problems, achieving low

Fig. 8. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for the proposed FSF-MPC with the outer PQ loop.

Fig. 9. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for the proposed FSF-MPC for weak grid.

steady-state error for the active power. The same holds for the
reactive power, where it is seen that the ripple is smaller than
for the FSF-MPC only with Droop. The calculated steady state
error for the active powers of the FSF-MPC only with Droop
is 37.27% and 39.48% for inverters 1 and 2, respectively, and,
for the reactive powers, 0.74% for both inverters. In comparison,
the steady state error for the active powers of the FSF-MPC with
Droop and PQ control are 0.86% and 0.43% for inverters 1 and
2, respectively, and, for the reactive powers, 0.40% and 0.11%
for inverters 1 and 2. Therefore, we can see that the proposed
FSF-MPC with Droop and PQ control performs better than the
same FSF-MPC implemented only with Droop.

B. Operation With Weak Grid

To verify the performance of the proposed FSF-MPC for weak
grid conditions, a weak grid with impedance R = 0.01Ω and
L= 10 mH is considered, with X/R ratio of 314.15. The results
are shown in Fig. 9, that present the same transient events and
waveforms as Fig. 3. It can be seen that the proposed FSF-MPC is
stable and presents good dynamic and steady-state performances
for weak grids. The grid impedance is also an unmodeled dynam-
ics, as it is not included in (5) and (6). These results demonstrate
the good performance of the proposed FSF-MPC with respect
to grid unmodeled dynamics.
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Fig. 10. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for the proposed FSF-MPC for increased filter parameters.

Fig. 11. Filter capacitor voltages, grid-side currents, active and reactive powers
of both inverters for the proposed FSF-MPC for decreased filter parameters.

C. Parametric Variations in the LC Filter

To verify the robustness of the proposed FSF-MPC to para-
metric variations, two examples are shown, in which the filter
parameters are increased and decreased in the system, but are
kept equal to the nominal values in (5)–(6). These results are
presented in Figs. 10 and 11, that show the same waveforms and
events as Fig. 3. First, Fig. 10 shows the results for an increase
in the filter parameters; the nominal values are presented in
Table III, and the increased ones areR = 0.018Ω, L = 550μH,
and C = 350μF. In this case, higher ripples appear at the
currents and voltages, that are reflected in the active and reactive
powers. However, the transient response is still satisfactory.
Fig. 11 presents the same results, but now with the filter param-
eters decreased to R = 0.01Ω, L = 450μH, and C = 250μF.
Again, the inverters operate properly for all conditions. The
main differences now are seen in the higher ripple on the active
and reactive powers, as the filter inductance is smaller than the
nominal value. Higher distortions also appear at the currents
and voltages. However, the system in stable for both cases, and
these results demonstrate that the proposed FSF-MPC is robust
to parametric variations.

VII. COMPARATIVE ANALYSIS

In this section, the proposed FSF-MPC will be qualitatively
compared to the hybrid GFI controllers cited in Section IV. First,

in [33], a multifunctional GFI control with a disturbance ob-
server was proposed with three different modes: 1) grid-forming;
2) grid-following; and 3) current control. It does not require extra
synchronization loops, as this is incorporated in the disturbance
observer. The proposed FSF-MPC also does not require an extra
synchronization loop, as this is achieved by the Droop and the PQ
control. In [33], the three control modes were incorporated in the
same disturbance observer, which is analogous to cost function
(19) with multiple control objectives of the proposed FSF-MPC.
However, as [33] is based on classical linear controllers, the
active and reactive power dynamic responses are slower when
compared to MPC. Also, in [33] the islanded operation of the
GFIs is not discussed, nor the operation of multiple inverters in
parallel.

In [34], a method to control parallel inverters that operate
in grid-following and grid-forming modes was proposed. The
controller uses two synchronized semiparallel control paths, and
when the grid-following inverters are disconnected from the
grid, they transition to GFI mode. In [34], the multiple control
modes were not integrated in a single control as in [33] and
in the proposed FSF-MPC. Other disadvantages of [34] are
that it requires a synchronization loop, which is avoided by
the proposed FSF-MPC, and the linear controllers have slower
dynamic responses when compared to MPC.

In [35], multiple linear controllers were cascaded to perform
direct and indirect control for an inverter that can operate as
grid-forming and grid-following. The indirect grid-following
control allows the inverter to act like a current source; for
grid-forming, it limits the currents through the semiconductor
devices. In contrast, the direct control eliminates the inner
current loop. The power is directly managed in grid-following
mode, while voltage and frequency are regulated in grid-forming
mode through the outer loops. Comparing [35] to the proposed
FSF-MPC, the multiple cascaded linear controllers result in
slower dynamic responses for the system. In addition, [35] needs
an extra synchronization loop.

In [36], a modified GFI based on VSM was proposed. An extra
synchronization loop is added to the VSM to achieve smooth
transition to grid-tied mode. In comparison, the proposed FSF-
MPC does not need extra synchronization loops, and the current
control makes sure that no high inrush currents will arise. In
addition, in [36] the analysis of multiple inverters in parallel
was not presented.

In [37], a GFI control for parallel inverters was proposed to
control active and reactive powers, perform smooth transition
from grid–tied to islanded mode and vice-versa, and perform
autonomous power sharing. A cascaded control structure is used,
and the reconnection to the grid is done by a central controller
with a synchro-check relay at the point-of-common-coupling
of the microgrid. In contrast, the proposed FSF-MPC achieves
faster dynamic responses, as cascaded control loops are avoided
by the use of a single cost function, simplifying the design and
implementation process of the controller.

Finally, in [38], a hybrid control strategy was proposed that
incorporates both PLL and Droop. It regulates the active power
by adjusting the phase angle across the filter inductance, similar
to a VSM. As it is a hybrid controller, it presents both grid-
forming and grid-following characteristics, similar to what is
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accomplished by cost function (20) of the proposed FSF-MPC.
However, [38] is also implemented with cascaded linear voltage
and current controllers, resulting in slower dynamic responses
when compared to MPC.

VIII. CONCLUSION

This article proposed a FSF-MPC for GFIs in microgrids. The
zero control layer is implemented by means of the proposed
FSF-MPC, and the primary control is composed by an outer
Droop and a PQ controller. The inclusion of the PQ control
allows for a better steady-state response of the system. To
validate the proposed FSF-MPC, Hardware-in-the-Loop case
studies were presented for grid-tied and islanded modes, with
load and parametric variations and weak grid conditions. The
results demonstrated the excellent performance of the proposed
FSF-MPC approach for GFIs in microgrids, such as fast dynamic
response, multivariable control, adequate load sharing among
the inverters and robustness to parametric uncertainties and
unmodeled dynamics.
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