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ABSTRACT Grid-forming inverters (GFI) play an important role as power interfaces for distributed gener-
ation units in islanded microgrids, where inductive-capacitive-inductive (LCL) output filters are commonly
employed to mitigate the harmonics injected by voltage-source inverters. Due to advantages such as fast
dynamic response and straightforward handling of constraints, Finite-control-set model predictive control
(FCS-MPC) has become an attractive option for voltage control in GFI systems. However, conventional
FCS-MPC algorithms with short prediction horizon have performance limitations in the tracking of ac
references in systems with high-order dynamics, such as LCL-filtered GFIs. On the other hand, predictive
algorithms with extended prediction horizons suffer from an increased computational burden. This paper
proposes a new FCS-MPC algorithm to accurately control the capacitor voltage in an LCL-filtered GFI, using
a discrete-time prediction model to dynamically compute the reference for a FCS-MPC inverter-side current
controller. The main advantages of the proposed method are its simple implementation without requiring the
tuning of weighting factors in its cost function; and its short prediction horizon, which maintains a reduced
computational cost. Moreover, active resonance damping elements such as digital filters or ad hoc feedback
loops to deal with the LCL filter resonance are not required. Simulation tests and experimental results in a
laboratory-scale setup confirm the effectiveness of the proposed control algorithm, yielding lower distortion
of output voltage waveforms and increased robustness to modeling errors compared with the conventional
FCS-MPC approach.

INDEX TERMS DC-AC power converters, digital control, LCL filters, predictive control.

NOMENCLATURE
2L-VSI Two-level voltage-source inverter
Cf Filter capacitance
FCS-MPC Finite-control-set model predictive control
gconv Cost function of the conventional FCS-MPC

algorithm
g Cost function of the proposed FCS-MPC

algorithm
gi, glim Current tracking and current limiting com-

ponents of cost function g
GFI Grid-forming inverter
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ii Inverter current in the stationary αβ frame
iiα, iiβ α- and β-axis values of the inverter current
iia, iib, iic Three-phase inverter currents
ii∗ Inverter current reference in the stationary

αβ frame
Imax Preset inverter current limit
io Load current in the stationary αβ frame
ioα, ioβ α- and β-axis values of the load current
voa, vob, voc Three-phase load voltages
k Current time sampling instant
L1,L2 Inverter- and load-side inductances
LCL Inductive-capacitive-inductive
Np Prediction horizon
PI Proportional-integral
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PWM Pulse-width modulation
R1,R2 Parasitic resistances of the inverter- and

load-side inductors
Sk Set of the inverter switching states Sa, Sb, Sc
THD Total harmonic distortion
Ts Sampling period for the FCS-MPC algo-

rithms
vc Capacitor voltage in the stationary αβ frame
vcα, vcβ α- and β-axis values of the capacitor voltage
vca, vcb, vcc Three-phase capacitor voltages
vc∗ Capacitor voltage reference in the stationary

αβ frame
v∗cα, v

∗
cβ α- and β-axis values of the capacitor voltage

reference
ˆvcα, ˆvcβ Predicted values of the capacitor voltage in

the stationary αβ frame
Vdc Dc-link voltage
vi Inverter voltage in the stationary αβ frame
viα, viβ α- and β-axis values of the inverter voltage
via, vib, vic Three-phase inverter voltages
vo Load voltage in the stationary αβ frame
voα, voβ α- and β-axis values of the load voltage
ioa, iob, ioc Three-phase load currents
VR Virtual resistance
ZOH Zero-order hold

I. INTRODUCTION
Grid-forming inverters (GFI) are a key building block for
islanded microgrids, acting as power interfaces to integrate
distributed generation units to the electrical power system,
and contributing with desirable features such as high-speed
response and enhanced controllability [1]. GFIs operate as ac
voltage sources, with amplitude and frequency set according
to load requirements; therefore, high performance voltage
control is mandatory to ensure a correct operation of the
system [2].

The voltage control of a GFI is commonly implemented
using a multiple-loop structure composed of linear con-
trollers [3], where the bandwidth of the outer voltage loop
needs to be several times smaller than that of the inner
current loops to allow a decoupled control. This creates an
intrinsic bandwidth limitation that affects the performance
of higher control levels in applications such as microgrids
with hierarchical structure [4]. Furthermore, in LCL inverter
systems with pulse-width-modulation (PWM) voltage reg-
ulators, the stability depends strongly on the time delay
introduced by the modulation process [5], making neces-
sary the use of compensators and special tuning techniques
for PI controllers, which increase the complexity of the
solution [6]–[8].

Recently, finite-control-set model predictive control (FCS-
MPC) has demonstrated to be a suitable alternative to
PWM regulators in applications with LCL-filtered invert-
ers [9], [10]. Among the advantages of FCS-MPC are its fast
dynamic response, straightforward design of complex control

objectives, as well as intuitive handling of nonlinearities
and constraints [11]. Early works implemented simultaneous
current tracking and filter resonance damping by integrating
a frequency-dependent term in the cost function to penalize
components that might excite LCL resonances [12]. The
main drawback is the need of a band-pass digital filter tuned
precisely at the resonant frequency, which makes the system
vulnerable to parametric uncertainty, or complex resonance
scenarios in systems with multiple paralleled inverters [13].
Adaptive filtering techniques may be employed to enhance
the system robustness, but at the cost of higher complexity
and computational cost [14].

FCS-MPC algorithms for voltage control of GFIs using
one-step prediction horizons (Np = 1) have the advantage
of reduced computational burden [15], [16]. However, direct
implementations of FCS-MPC with such a short prediction
horizon lose accuracy in the tracking of sinusoidal refer-
ences when higher order output filters are employed, leading
to oscillations around the reference and increased distor-
tion [17]. To overcome this issue, algorithms with extended
prediction horizons have been employed. In [18], the same
candidate output vector in a two-level voltage-source inverter
(2L-VSI) is evaluated within two consecutive sampling peri-
ods, thus reducing the computational cost of sequential opti-
mization steps. Longer prediction horizons have been com-
bined with virtual resistance (VR) elements for resonance
damping, resulting in low switching frequency and increased
harmonic attenuation [19]. However, some VR schemes
require the time derivative of either the capacitor or grid
current, which can be difficult to obtain in practice due to
high-frequency components.

A comprehensive study of FCS-MPC algorithms, consid-
ering different current feedbacks and multi-variable control,
found that the most effective solution was grid-side current
feedback control with long prediction horizon (Np = 6), due
to the third-order dynamics of the LCL filter and its inherent
delay [20]. However, the use of longer prediction horizons
is limited by the available computational power, considering
that the number of calculations grows exponentially as the
length of prediction horizon increases [18].

Alternative multi-variable FCS-MPC schemes that com-
bine in a single cost function two or more of the system’s state
variables, namely inverter current, grid current and capaci-
tor voltage, have been successfully implemented [20], [21].
In a different approach, a FCS-MPC voltage controller with
a multi-objective cost function that simultaneously tracks
the capacitor voltage reference and its derivative was pro-
posed [17]. Nonetheless, the drawback of multi-objective
approaches lies in the critical influence of weighting factors
on the controller performance and the lack of standard tuning
procedures for these parameters, which increases the design
complexity [11]. Normally, the design of weighting factors is
a time-consuming task that requires a large number of simu-
lation runs and trial-and-error iterations. Automated methods
for the design of these factors based on artificial intelligence
have been recently proposed [22], but they still constitute an
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FIGURE 1. Three-phase two-level inverter with an LCL output filter.

additional component in the design process of the predictive
controller.

This paper presents a new FCS-MPC strategy for capacitor
voltage control of an LCL-filtered GFI, with reduced distor-
tion using a short prediction horizon. A discrete mathemat-
ical model of the system is employed to dynamically com-
pute an inverter-side current reference at a future sampling
period, whose tracking results in the desired capacitor voltage
behavior. Therefore, the original voltage control problem can
be solved using a simple current-tracking FCS-MPC algo-
rithm. The main features of the proposed controller are the
following:
• The cost function of the FCS-MPC is designed only
for current tracking, therefore the heuristic and time-
consuming process of weighting factor tuning is
avoided.

• No nested loop structures are required, thereby avoiding
interactions between voltage and current control loops,
and simplifying the controller design process.

• The proposed method does not require additional active
damping elements such as frequency-sensitive compo-
nents in the cost function [12] or filtered current feed-
back [23].

• The FCS-MPC is implemented with a short prediction
horizon, keeping the computational burden low.

The remainder of this paper is organized as follows.
In Section II a discrete model of the inverter and filter system
is developed; in Section III the proposed control algorithm
is explained in detail. Simulation and experimental results
that confirm the effectiveness of the proposed controller and
its robustness against modelling errors are presented in Sec-
tions IV and V, followed by the concluding comments in
Section VI.

II. SYSTEM UNDER STUDY: VOLTAGE-SOURCE
INVERTER WITH LCL FILTER
The schematic diagram of a 2L-VSI with an LCL output
filter is presented in Fig. 1. The main passive elements of the
system are the inverter- and load-side inductances, given by
L1 and L2, respectively; and the filter capacitor Cf . Parasitic
resistances of the inductors are represented by R1, and R2.

The dynamics of the system are modeled by the following
set of equations:

d ii
dt
=

1
L1
(vi − R1ii − vc) (1)

dvc
dt
=

ii − io
Cf

(2)

d io
dt
=

1
L2
(vc − R2io − vo) , (3)

where ii and io are the inverter and load currents, respectively;
vi, vc and vo are the inverter, capacitor and load voltages,
respectively. All the electrical variables in this model are rep-
resented as complex vectors in the stationary αβ frame, and
can be obtained from the corresponding three-phase voltages
and currents using Clarke’s transformation:

ii = iiα + jiiβ =
2
3

(
iia + aiib + a2 iic

)
(4)

io = ioα + jioβ =
2
3

(
ioa + aiob + a2 ioc

)
(5)

vi = viα + jviβ =
2
3

(
via + avib + a2 vic

)
(6)

vc = vcα + jvcβ =
2
3

(
vca + avcb + a2 vcc

)
(7)

vo = voα + jvoβ =
2
3

(
voa + avob + a2voc

)
, (8)

where a = ej2π/3 and via, vib, vic are the inverter phase
voltages with respect to the negative bus (N ), which depend
on the dc-link voltage Vdc and the switching states of each
inverter leg Sa, Sb and Sc. The inverter voltage in vector
notation can be expressed in terms of the switching states as:

vi =
2
3
Vdc

(
Sa + aSb + a2 Sc

)
= VdcS, (9)

where S is the αβ-frame representation of the switching
states.

From the point of view of the predictive controller, with the
objective of tracking a capacitor voltage reference, the mathe-
matical model should be able to accurately predict the behav-
ior of the controlled variable, i.e., vc. From (2) it is clear that
the capacitor voltage dynamics is determined by the inverter
current ii and the load current io. Therefore, for this control
problem, if the load current can be measured, then it is not
necessary to use (3) to predict its value, thus allowing to
reduce the order of the prediction model.

Under this assumption, the system can be represented in a
state-space form:

ẋ = Ax(t)+ Bu(t), (10)

with state and input vectors defined as x(t) = [ii vc]T and
u(t) = [vi io]T , respectively; matrices A and B are given by:

A =

−
R1
L1

−
1
L1

1
Cf

0

 (11)

B =


1
L1

0

0 −
1
Cf

 . (12)

Predictive control algorithms require a discrete-timemodel
of the system to calculate future values of the state variables
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FIGURE 2. Absolute prediction error when assuming a constant load
current within the prediction horizon.

starting from instantaneous measurements or estimations at
the current sampling instant k . The discrete representation of
the system (10) is given by:[

ii,k+1
vc,k+1

]
= Ad

[
ii,k
vc,k

]
+ Bd

[
vi,k
io,k

]
. (13)

Matrices Ad and Bd are computed through a zero-order-hold
(ZOH) or exact discretization of the continuous system using
a sampling period Ts [24]:

Ad = eATs =
[
a11 a12
a21 a22,

]
(14)

Bd =

∫ Ts

0
eAτBdτ =

[
b11 b12
b21 b22,

]
, (15)

where aij and bij, with i, j ∈ {1, 2}, are the numerical coeffi-
cients of matrices Ad and Bd.
The main limitation of the reduced-order discrete-time

model is that it is unable to predict future values of the
load current io. However, as explained later in Section III-B,
the proposed controller requires predictions of this current up
to sampling instant k + 2. To overcome this problem, in the
control algorithm the load current is regarded as constant
within the two future sampling periods after each measure-
ment. To evaluate the validity of this assumption, simulation
tests using a full-order discrete model and the parameters
listed in Table 1 have been used to analyze the absolute
prediction error in the load current, defined as

∣∣iok+2 − iok
∣∣.

The simulation results in Fig. 2 show the prediction error
for a range of XL/R ratios of the load side impedance. The
absolute prediction error is below [0.1]A and decreases for
higherXL/R ratios due to the higher inductance slowing down
the dynamics of the load current. The average percent error in
the whole range of load XL/R ratios is [1.89]%. From these
results it is concluded that the assumption of constant load
current in a limited time scale is valid, and the reduced order
model can be used in the predictive algorithm.

III. PREDICTIVE VOLTAGE CONTROLLERS
The conventional FCS-MPC algorithm for capacitor voltage
control in a GFI with LCL output filter, and the operating
principles of the proposed FCS-MPC algorithm are explained
in this section.

TABLE 1. System parameters.

A. CONVENTIONAL FCS-MPC
FCS-MPC algorithms for power converters use an exhaustive
search optimization to generate the converter switching sig-
nals directly, without requiring a modulator [11]. The control
objectives and constraints for the application are translated in
a cost function, which is a measure of the divergence between
the predicted response and the desired behavior of the system.
This cost function is evaluated sequentially for each one of
the feasible switching states of the power converter. Finally,
an optimization procedure selects the switching state that
produces the minimal value of the cost function. For voltage
reference tracking in a three-phase VSI, the cost function of
the conventional FCS-MPC in theαβ frame is defined as [15]:

gconv =
(
v∗cα − ˆvcα

)2
+

(
v∗cβ − ˆvcβ

)2
, (16)

where v∗cα , v
∗
cβ and ˆvcα , ˆvcβ are the reference and predicted

values of the real and imaginary components of the capacitor
voltage vector, respectively.

A challenge of controlling higher-order systems, such as
the capacitor voltage of a GFI with LCL filter, using a short
prediction horizon FCS-MPC is to accurately predict the
effects of a future control action on the controlled variable
within the prediction horizon. The ZOH discretization yields
a model with relative degree equal to one, which theoretically
allows controlling the output voltage using predictions up to
the instant k + 1, i.e., with a prediction horizon Np = 1 [25].
However, as can be deduced from the state-space model (10),
the time-derivative of the capacitor voltage is not directly
determined by the control input vi. This is reflected on the
discrete-time model by very small values of the coefficient
that connects the future state vc,k+1 with the input vi,k
in Eq. (13). Consequently, the capacitor voltage change is
mainly determined by the inverter current and only slightly
affected by the control input. Therefore, it takes a minimum
of two sampling periods for the output to react to a control
action, i.e., there is a minimal practical prediction horizon
of Np = 2. This issue has been previously pointed out as a
limiting factor in applications of conventional FCS-MPC to
inverter output voltage control with higher-order filters [17],
[18], [20].

In applications of FCS-MPC the controller’s performance
is affected by a delay originated in the algorithm’s computa-
tion time in digital processors. The duration of this delay dif-
fers greatly from that in PWMsystems, which can bemodeled
as 1.5 times the PWM sampling period, and is about [600]µs
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for typical applications [26], [27]. On the other hand, in FCS-
MPC the delay amounts to a single sampling period, which
in most applications using modern digital control platforms is
shorter than [50]µs [28]. Therefore, computation delays that
affect FCS-MPC are much smaller and easy to compensate
than those of PWMcontrollers. An effective delay compensa-
tion technique consists on applying the optimal control action
at the next sampling instant rather than immediately after
the optimization process [29]. Adopting this compensation
method implies that even in low-order systems where control
with Np = 1 is feasible, the predictions need to be evaluated
up to the sampling instant k + 2.

B. PROPOSED CONTROLLER
As discussed in Section III-A, the minimal practical predic-
tion horizon for capacitor voltage control in an LCL-filter is
Np = 2. However, taking into account the processing delay
and the corresponding compensation method, this horizon
needs to be extended to Np = 3. Therefore, the control
problem consists in selecting the inverter voltage vector to be
applied to the system, so that the capacitor voltage can reach
its reference at the future sampling instant k + 3.
From the discrete state-space model (13), and the numeri-

cal coefficients defined in equations (14) and (15), the pre-
dicted value of the capacitor voltage in the αβ frame is
given as:

vc,k+3=a21ii,k+2+a22vc,k+2+b21vi,k+2+b22io,k+2. (17)

Accordingly, the inverter-side current that needs to be reached
at the sampling instant k + 2 can be calculated from (17),
substituting vc,k+3 by its set-point value vc∗,k+3:

ii∗,k+2 =
vc∗,k+3 − a22vc,k+2 − b21vi,k+2 − b22io,k+2

a21
. (18)

Given that the voltage reference is designed at grid frequen-
cies, it changes slowly in comparison with the sampling
frequency of the FCS-MPC algorithm and the approxima-
tion vc∗,k+3 ≈ vc∗,k can be employed. Moreover, the term
vc,k+2 can be readily predicted by iterating the discrete
model (13).

Equation (18) requires the future value of the load cur-
rent io,k+2, which can not be predicted using the reduced-
order model (13). A simple approach is to consider that
the load current is a slow-varying disturbance compared to
the algorithm’s high sampling frequency, as it is filtered by
the load-side inductance L2. Therefore, the load current is
assumed to remain constant within the prediction horizon
so it can be approximated by the instantaneous measured
value, i.e., io,k+2 ≈ io,k . The same assumption is made
with respect to the dc-link voltage measured at the sampling
instant k , Vdc,k . The cost function for the proposed FCS-MPC
algorithm is defined as:

g = gi + glim, (19)

FIGURE 3. Block diagram of the proposed FCS-MPC algorithm.

where gi has the purpose of tracking the current refer-
ence (18), and is defined in the αβ frame as follows:

gi =
(
i∗iα,k+2 − iiα,k+2

)2
+

(
i∗iβ,k+2 − iiβ,k+2

)2
. (20)

The second component of the cost function has the objective
of penalizing control actions that would lead to unacceptably
large currents, and is defined as:

glim =

{
||ii,k+2||, if ||ii,k+2|| ≥ Imax

0, otherwise.
(21)

The overcurrent term (21) activates only when the magnitude
of the inverter current vector exceeds the preset limit Imax.
When active, glim takes the value of the current magnitude
||ii,k+2||, thereby favouring control actions that force the
current down to normal values. It is important to note that
the cost function (19) does not require the design of any
weighting factors, despite having multiple components. This
is because the current-limiting part should be zero in normal
operating conditions.

The proposed FCS-MPC algorithm is represented by a
block diagram in Fig. 3. The reference calculation block
shown in the left uses the instantaneous capacitor voltage
reference and load current measurements, together with the
predicted capacitor voltage, to compute the inverter-side cur-
rent reference for the FCS-MPC according to Eq. (18). The
current tracking is performed by minimization of the cost
function (19), using predictions given by the model estab-
lished in (13).

A detailed description of the proposed FCS-MPC algo-
rithm, executed in each control period, is given in Fig. 4 and
consists in the following steps:

1) Measure voltages and currents in the system at the
present sampling period (k): ii,k , vc,k , io,k and Vdc,k .

2) Apply the optimal switching state S(jop), computed in
the previous sampling interval. This memory operation
is represented in Fig. 3 by a unitary delay at the input
of the VSI’s switching signals. The resulting voltage
vector generated by the inverter, vi,k , is given by (9).

3) Predict future values of the inverter current ii,k+1 and
capacitor voltage vc,k+1 using (13). These predictions
are computed using the inverter voltage vector pro-
duced in the previous step.

4) Evaluate the cost function (19) for each of the candi-
date control outputs, which belong to a set of seven
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FIGURE 4. Flow diagram of the proposed FCS-MPC algorithm.

elements for a 2L-VSI, considering the redundancy
of the zero voltage vector. The predicted values of
ii,k+2 and vc,k+2 are computed using (13), whereas
the inverter current reference to be tracked by the con-
troller, ii∗,k+2, is obtained from (18).

5) Minimize over the set of cost function values to find
the optimal control action. Store the optimal switching
state to be applied on the next iteration of the algorithm.

IV. SIMULATION RESULTS
Simulation results using MATLAB/Simulink and PSim,
interfaced through the SimCoupler module, are presented in
order to validate the operation of the proposed FCS-MPC in a
wide range of load-side impedance conditions. Fig. 5 shows
steady-state waveforms of the capacitor voltage, obtained
using both the conventional FCS-MPC and the proposed
algorithm described in Sec. III-B.

In the case of Fig. 5(a) an XL/R ratio of 0.02 is considered,
which represents the operation with the system parameters

FIGURE 5. Simulation results: capacitor voltage control with the
conventional (left column) and proposed (right column) FCS-MPC
algorithms and diferent load-side impedance XL/R ratios.

given in Table 1. The other cases consider a much larger
inductance in the load side with XL/R ratios of 1 and 2 for
cases (b) and (c), respectively. It can be seen that both FCS-
MPC algorithms are able to track the voltage references
consistently, regardless the changes in the load impedance.
However, the proposed FCS-MPC clearly presents lower dis-
tortion with reduced THD in all the tests. Moreover, the THD
of the proposed FCS-MPC tends to reduce with increasing
XL/R ratios. This behavior is related to a reduction in the
prediction error of the load current within the prediction
horizon, as discussed in Sec. II and shown in Fig. 2.

V. EXPERIMENTAL RESULTS
Experimental tests were made to validate the proposed con-
troller and to compare its performance against a conventional
FCS-MPC algorithm. The power stage is composed by a
Semikron Semiteach 2L-VSI with a three-phase LCL output
filter and a [4500]W -rated resistive load. The control algo-
rithms were implemented using a dSPACE DS1202 Micro-
LabBox compact prototyping unit, programmed in C lan-
guage with Real-Time Library functions. Fig. 6 shows a
photograph of the laboratory setup, and its main parameters
are presented in Table 1. For inverter overcurrent protection,
a current limit of [10]A was set by means of the Imax param-
eter, defined in (21).
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FIGURE 6. Photograph of the experimental setup.

A. STEADY-STATE PERFORMANCE
The steady-state performance of both the conventional and
the proposed FCS-MPC algorithms was evaluated while
tracking a balanced three-phase sinusoidal voltage reference,
with fixed amplitude and frequency of [100]V and [50]Hz,
respectively. A balanced three-phase [22]� resistor set was
connected as a load. The results are presented in Fig. 7,
comparing the three-phase voltage waveforms obtained with
the two controllers. The proposed FCS-MPC achieved a
50.9% lower total harmonic distortion (THD) than that of the
conventional controller.

B. NON-LINEAR LOAD
A Semikron SKD 51/14 full-bridge diode rectifier with a
capacitive output filter of [1100]µF and a resistive load of
[22]�was employed to test the performance of the predictive
voltage controllers operating with a non-linear load. The
results are presented in Figs. 8 and 9 for the conventional and
the proposed FCS-MPC algorithms, respectively. In this case

FIGURE 7. Experimental results: capacitor voltage control in steady state
using (a) conventional and (b) the proposed FCS-MPC algorithm.

FIGURE 8. Experimental results of steady-state voltage control with
conventional FCS-MPC and a non-linear load.

the proposed FCS-MPC also presented a lower voltage THD
with [3.02]% versus the [6.26]% obtained with the conven-
tional algorithm, which implies a reduction of [51.76]% in
the voltage distortion.

A summary of the steady-state performance of both the
conventional and the proposed FCS-MPC algorithms, with
linear and non-linear loads, is presented in Table 2.

C. PERFORMANCE UNDER LOAD AND REFERENCE
DISTURBANCES
To assess the transient performance and disturbance rejection
capability of the proposed predictive algorithm, two tests
were carried out. The first one considered a load step change
by connecting an additional [22]� three-phase resistor bank
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FIGURE 9. Experimental results of steady-state voltage control with the
proposed FCS-MPC and a non-linear load.

TABLE 2. Performance comparison of the FCS-MPC algorithms.

in parallel with the nominal load. The second test consisted in
a reference amplitude step change from the nominal [100]V
to [50]V .

The results of the load step change for both the conven-
tional and the proposed FCS-MPC algorithms are presented
in Figs. 10 and 11, respectively, where the instant of the load
step is marked with a dashed line. In Fig. 10 it is clear that
after the load impact the conventional FCS-MPC exhibits
increased voltage and load current oscillations. On the other
hand, the proposed FCS-MPC maintained its steady-state
performance both in voltage and currents, showing a superior
load disturbance rejection performance.

The responses of both the predictive controllers to a ref-
erence step change from [100]V to [50]V in amplitude are
detailed in Fig. 12, with the resulting voltage waveforms
presented in the αβ frame. It can be observed that the con-
ventional FCS-MPC exhibits amore oscillatory response than
the proposed algorithm. Table 2 summarizes the transient
performance of the predictive controllers in terms of per-
centage overshoot and settling time to a 10% band around
the reference. In terms of these indices, the proposed FCS-
MPC shows a superior performance with a [30.53]% smaller
overshoot and a [60.87]% smaller settling time compared
with the conventional approach.

FIGURE 10. Experimental test of the transient response to a +100% load
step change with conventional FCS-MPC.

FIGURE 11. Experimental test of the transient response to a +100% load
step change with the proposed FCS-MPC.

D. PERFORMANCE UNDER MODELING ERRORS
The robustness of the proposed FCS-MPC against parametric
modeling errors has been experimentally evaluated by using
mismatched values of the main parameters in the predic-
tion model. As can be seen from (11) and (12), only the
inverter-side inductance L1, its parasitic resistance R1 and
the filter capacitance Cf are relevant in the dynamic model
of the system. The load-side filter components and load
parameters are not part of the prediction model, under the
assumption that the disturbance current io can be measured or
estimated.

The steady-state voltage waveforms obtained with the pro-
posed FCS-MPC under various parametric modeling errors
are presented in Fig. 13. In each case the parameter value
used to compute the discrete model was either increased or
decreased by a [50]% with respect to the physical values
of the filter elements given in Table 1. These results show
that even under severe errors in the parameter values used

VOLUME 8, 2020 81253



H. A. Young et al.: Simple FCS-MPC of GFIs With LCL Filters

FIGURE 12. Experimental comparison of the transient response to
a −50% reference step-change with (a) conventional and (b) the
proposed FCS-MPC algorithms. Results shown in the αβ frame.

FIGURE 13. Experimental steady-state voltage waveforms with the
proposed FCS-MPC under modeling errors in the filter parameters.
Inverter-side inductance L1 − [50]% (top left), + [50]% (bottom left); filter
capacitance Cf − [50]% (top right), + [50]% (bottom right).

in the prediction model, the proposed FCS-MPC remains
stable and with distortion limits close to its performance
in the nominal case.

The variation of voltage THD is presented in Fig. 14 for
several degrees of modeling error in the inverter-side induc-
tance (L1), filter capacitance (Cf ) and inverter-side inductor
parasitic resistance (R1). The voltage THD obtained with the
proposed FCS-MPC considering modeling inaccuracy in R1
is presented in Fig. 14(a). Changes of± [100]% and± [50]%
were applied in experimental tests, showing negligible effects
on the voltage distortion. For L1, parametric errors ranging
from − [50]% to + [50]% with increments of [10]% were

FIGURE 14. Voltage THD of experimental waveforms under modeling
errors in the filter parameters: (a) inverter-side inductor parasitic
resistance R1 (proposed FCS-MPC), (b) inverter-side inductance L1 and
(c) filter capacitance Cf .

considered. In Fig. 14b), the proposed controller showed a
slight rise in the voltage THD for increasing modeling errors
of the filter inductance, whereas theminimal THD is achieved
when L1 is set to its nominal value. In this case, the variation
of voltage THD is symmetrical, indicating that under- or over-
estimating the value of L1 has roughly the same effect on the
voltage quality. On the other hand, conventional FCS-MPC
presents higher voltage THD in all the cases, with an evident
increase in tests where the modeled inductance is higher than
the real parameter value.

Fig. 14(c) shows the changes of voltage THD for ± [50]%
and ± [20]% modeling errors in Cf . In this case the THD
changes asymmetrically, indicating that the use of Cf values
larger than the real capacitance has a more detrimental effect
than underestimating this parameter value. In fact, the min-
imal voltage THD was observed with a Cf value [20]%
lower than the real capacitance. Comparing the performance
of both predictive algorithms, the proposed controller keeps
a voltage THD below [4]% in all the tested conditions,
whereas conventional FCS-MPC shows a distortion level
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FIGURE 15. Experimental results: steady-state voltage with simultaneous
+50% parameter mismatch of inverter-side inductance and capacitance
with (a) conventional and (b) the proposed FCS-MPC.

higher than [10]% in the case where filter capacitance is
overestimated by [50]%.

Fig. 15 shows the steady-state voltage waveforms obtained
with the FCS-MPC algorithms considering simultaneous
modeling errors in L1 and Cf . The degree of mismatch that
led to the highest THD was selected, that is, + [50]% for
each parameter. Even though the THD level with the proposed
FCS-MPC is significantly higher than in the nominal case of
Fig. 7(b), its performance is clearly superior than that of the
conventional algorithm in terms of robustness to modeling
errors.

VI. CONCLUSION
In this paper, a simple and effective FCS-MPC algorithm for
the capacitor voltage control in a 2L-VSI with output LCL
filter has been developed. The proposed controller does not
require weighting factors in the cost function, which greatly
simplifies the design process. Moreover, it is implemented
with a short prediction horizon, thereby keeping the compu-
tational cost low.

Simulations and experimental tests using a laboratory scale
setup were carried out to show the feasibility and effec-
tiveness of the proposed method. Compared to a conven-
tional FCS-MPC algorithm, the proposed controller achieved
a superior reference tracking performance with reduced
harmonic distortion. Furthermore, the proposed controller
demonstrated a higher robustness to variations of the filter
parameters than the conventional FCS-MPC.
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