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Abstract- Finite-Control-Set Model Predictive Control (FCS-MPC) has shown great promise for controlling microgrid
converters. However, conventional FCS-MPC approaches applied to high-order dynamic systems, such as grid-connected
converters with LCL filters, require a long prediction horizon to achieve accurate grid current tracking, resulting in increased
computational burden. This paper proposes a simplified FCS-MPC strategy for grid-connected inverters with LCL filters,
addressing the computational complexity and tuning challenges of conventional methods. By tracking the filter capacitor voltage
instead of directly regulating grid-side or converter-side currents, the proposed approach reduces the required prediction horizon
from six steps (Np=6) to three steps (Np=3), significantly lowering computational burden. This reduction, coupled with a single-
objective cost function, slashes the computational time by over 300 times, from 7.8 ms to 25.3 us on embedded hardware (400
MHz CPU), making real-time implementation feasible. A single-objective cost function eliminates the need for weighting
factors, simplifying controller design and tuning. The method ensures sinusoidal current injection even under unbalanced grid
conditions by exclusively utilizing the positive sequence of the PCC voltage, extracted via a discrete-time quadrature signal
generator. The effectiveness of the proposed strategy is validated through both MATLAB/Simulink simulations and experimental
testing. The results demonstrate that the proposed controller achieves performance comparable to conventional FCS-MPC
approaches with longer prediction horizons, maintaining a low grid-current THD of 1.7%, while offering the distinct advantages
of reduced computational complexity, improved robustness against grid harmonics and voltage sags, and simpler implementation
without the need for tuning weighting factors.

Keywords Grid following inverter, LCL filter, finite-control-set model predictive control (FCS-MPC), prediction horizon.

1. Introduction developed countries to change the power system'’s structure to

suit the new grid's requirements with high penetration of RES

Conventional power systems are structured to allow
power flow from central plants to transmission and
distribution systems. However, the increasing quest to benefit
from renewable energy sources (RES) has prompted many

[1]. Furthermore, microgrids emerged and spread widely as
one of the solutions for integrating distributed generation
(DG) systems based on RES into conventional power systems,
apart from their notable role in enhancing reliability,
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flexibility, economical operation, and optimal use of
distributed energy resources [2].

Grid-connected inverters (GCI) play a crucial role in
microgrids as they serve as power interfaces that facilitate the
integration of DG units into the utility grid and contribute with
several advantageous characteristics, including controlling
active and reactive power flow and injecting high-quality
current into the grid [3], [4]. In this work, we focus on voltage-
source inverters (VSls), which are widely adopted in industrial
applications due to their simple structure, compatibility with
LCL filters, and ease of modulation [5], [6]. The simple two-
level inverter topology is most favored among the various
inverter topologies due to its simple operating principle, basic
structure, and extensive industrial utilization [7] [8]. The
researchers have developed several control strategies for
GCls. Among these strategies, simple control strategies like
traditional PID-based controllers and PR-based controllers are
widely employed for GCI applications [2], [4], and [9].
However, these approaches possess certain limitations [8],
[10]. The control structure, consisting of multiple complex
feedback loops and Pulse Width Modulation (PWM), leads to
a delayed dynamic response. Additionally, tuning Pl or PR
parameters is time-consuming, making the controller more
intricate. Furthermore, the inherent uncertainties in renewable
energy sources lead to fluctuations in the DC-bus voltage in
the case of a microgrid, thereby further deteriorating the power
quality on the AC side. Consequently, conventional cascaded
Pl or PR controllers may not effectively address these issues.
Moreover, in LCL filter-based two-level inverters with PWM
regulators, the stability is significantly influenced by the time
delay caused by the modulation process [11]. As a result,
implementing compensators and complicated tuning
techniques for Pl controllers becomes imperative, thereby
augmenting the intricacy of the solution [12].

To overcome the traditional controller problems
mentioned above, the Model Predictive Control strategy
(MPC) has emerged as one of the promising controller
solutions due to its fast dynamic response, ease of
implementation, and ability to control several parameters for
different variables through a single cost function. In addition,
MPC is characterized by possibly including constraints in the
cost function [13]. Despite that, the conventional MPC suffers
from inherent limitations, such as computational complexity,
variable switching frequency, average steady-state error, and
optimum weighting factor selection [13].

Finite Control Set Model Predictive Control (FCS-MPC)
is a type of MPC strategy classified as a direct MPC that
controls the converter switches directly. The most significant
advantages of this strategy are its fast transient response and
its suitability for direct control systems such as (direct torque
control) DTC and (direct power control) DPC. However, FCS-
MPC is plagued by two significant limitations: the variable
switching frequency and computational complexity [14], [15].
Given that the optimization variable in FCS-MPC is
represented as an integer, the formulated optimization
problem can be classified as a mixed integer program.
Consequently, the computational complexity of this problem
grows exponentially with the number of candidate solutions.
Furthermore, it can become computationally intractable

because the FCS-MPC optimization function must be solved
in real time, typically within a few tens of microseconds [15].

Several strategies have been developed to reduce the FCS-
MPC average computational burden. One of those strategies
is proposed in [16] and [17] with one-step prediction horizons
(Np=1). In [18], the evaluation of candidate inverter voltage
vectors within two consecutive sampling periods is proposed.
This approach effectively reduces the computational cost
associated with sequential optimization steps. Nevertheless,
when higher-order output filters like LCL filters are
incorporated, such strategies will fail to track the sinusoidal
references, and thus distortions will increase [19].

A comprehensive analysis was conducted in [20] to
evaluate the performance of the FCS-MPC algorithm in a grid-
connected inverter incorporated with an LCL filter for various
state feedback controls and concluded that the prediction
horizon longer than 6 with the grid-side current as a control-
feedback is the practical solution to overcome the third-order
dynamics of the LCL filter. Nevertheless, as mentioned
earlier, increasing the prediction horizon length led to an
exponential increase in the required calculations.

Multi-objective FCS-MPC strategies have already been
proposed in the literature; in such strategies, two or more state
variables are controlled using a single cost function. The FCS-
MPC algorithm for a grid-connected inverter with LCL filter
proposed in [21] considers the capacitor voltage, grid current,
and inverter current as state feedback control variables.
Furthermore, [19] proposed a different approach,
recommending tracking the capacitor voltage reference and its
first derivative as control variables feedback for the cost
function. However, the presence of weighting factors is the
main drawback of this approach, as the values of these factors
decisively affect the controller's performance; unfortunately,
there is no specific strategy or clear methodology to determine
the optimal values of these factors, which makes the controller
tuning process a complex and time-consuming task [14].
Therefore, some works in the literature have developed
advanced strategies based on artificial intelligence, neural
networks, or fuzzy logic techniques to tune these factors [22]-
[24]. However, such strategies increase the complexity of the
predictive controller design.

However, most existing FCS-MPC schemes for LCL-
filtered grid-connected inverters still face a trade-off between
computational efficiency and control accuracy. Conventional
FCS-MPC with long prediction horizons and multi-objective
weighting improves current quality for third-order LCL
dynamics, but at the cost of high per-cycle computation and
difficult tuning. This paper presents an FCS-MPC strategy that
bridges the gap by reducing the prediction horizon from (N,, =
6) to (N, = 3), while eliminating weighting factors. By
tracking the LCL filter capacitor voltage instead of grid-side
current, the proposed method decouples the control loop from
the grid’s delayed dynamics, enabling shorter horizons
without compromising performance. This reduction
significantly lowers the number of candidate solutions
evaluated per control cycle, making real-time implementation
feasible on low-cost embedded platforms. The approach
retains the benefits of conventional FCS-MPC, such as fast
transient response, while simplifying tuning and enhancing
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robustness against grid disturbances. The key contributions
of the proposed controller are listed below:

» The proposed method reduced the prediction horizon
from Np=6 to Np=3 compared to conventional methods.

» The proposed method implements FCS-MPC using a
single-objective cost function without weighting factors,
thereby reducing design complexity and eliminating time-
consuming tuning.

» The controller effectively eliminates grid current
distortion caused by the amplification of high-frequency
switching harmonics, which typically arises when tracking the
converter-side current.

> It extracts the positive sequence of the PCC voltage
and utilizes it exclusively, ensuring sinusoidal current
injection even under unbalanced grid voltage conditions.

» The proposed method is validated through real-time
embedded implementation using the NI sbRIO GPIC (Single-
Board RIO Grid Processor-in-the-Loop  Controller)
Evaluation Kit.

The remainder of this paper is organized as follows:
Section 1l presents the system description and modeling.
Section I1 provides a brief review of conventional FCS-MPC
strategies for GCls and discusses their associated challenges.
In Section 1V, the proposed FCS-MPC strategy is introduced
in detail. Section V presents both simulation and experimental
results that validate the effectiveness, dynamic performance,
and robustness of the proposed controller under various
operating conditions. Finally, Section VI concludes the paper.

2. System Overview

Fig.1 illustrates the schematic diagram of a two-level
three-phase voltage source inverter connected to a grid
through an LCL filter. Using Kirchhoff's voltage law (KVL)
at the inverter output, the dynamic model of the system is
obtained as the following equations:

_I__ viny  Linv
m-t_{ﬁ

PCC
Vpce

Rinv jinv igrid  Lg Rg

Grid

cf

T

Fig. 1. Single line diagram of the grid-connected inverter
with an LCL filter.
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Where i, and ig,;q are the inductor currents of the inverter
side and the grid side filter, respectively, V;,, is the output
voltage of the inverter, Vp. is the voltage at PCC, V, is the
filter capacitor voltage, L;,, and L, are the inverter side and
the grid side of the LCL output filter, respectively, C; is the

filter capacitor and R;,,,, and Ry, are the parasitic resistances of
the inductors. This model can be described in a simple State-
Space Model form as follows:

X =Ax + Bu 4
_.iinv Vimv
x = \igria| 2w =[] ©)
[ v, P
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Rgrid 1
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The discrete-time model of the system described in Eq.
(4) can be obtained for the sampling time using the Euler
forward method:

iinv (k + 1) iinv(k)

. [ Vi k
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Liny 0 }
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To ensure sampling-frequency adequacy during the
discretization. The system is discretized with forward Euler at
the sampling time (Ty) equal to the control/switching period.
The T should be selected for (f; = 1/T; = f..s)- With:

1 [Ly+L,
214 L1L,C’

(x = 20) and f..s = and ensure (fs > fgria)-

Hence (wg.Ts < 1), making the Euler local error
0((wT5)?) negligible for our prediction horizon. The one-
sample implementation delay is handled by applying the
computed switching state in the next interval.

Moreover, the point of common coupling (PCC) voltage,
denoted as v,,, at the time step (k+n) can be expressed as:

ﬁpcc(k +n) = Upcc(k)ejans (11)

Here, o represents the grid angular frequency, while the term
wT, captures the phase shift of the PCC voltage over a single
sampling interval T;. When the sampling interval is
sufficiently small, the PCC voltage can be assumed to remain
approximately constant within that interval. Thus,

Tpec(k + 1) = vpec (k) (12)
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The relationship between the inverter output voltage v;,,,
and the DC-link voltage V,. is determined by the switching
states S of the individual inverter legs. In the af reference
frame, this relationship can be described by:

2
Viny = EVdc(Sa + aSb + azsc) (13)

Where, S,,S;,,S. € {0,1} are the switching states for the
inverter legs (phase A, B, and C, respectively), and a is the

complex operator a = e/2%/3 which represents a 120° phase
shift.

3. Conventional FCS-MPC

Finite Control Set Model Predictive Control (FCS-MPC)
algorithms directly determine the converter switching signals
by formulating the control objectives and system constraints
into a cost function. This cost function quantifies the deviation
between the desired reference values and the predicted
behavior of the system. At each sampling instant, the cost
function is evaluated for all feasible switching states of the
converter, and the state that minimizes the cost is selected and
applied.

For grid-connected inverters (GCIs) employing an LCL
output filter, three primary approaches have been reported in
the literature for designing the FCS-MPC cost function [20].

The first approach uses the converter-side current as
feedback to track the reference current. This method is
relatively straightforward and avoids the need for extended
prediction horizons (typically N, <2 ). Moreover, the
dynamic nature of the converter-side current can be effectively
handled by appropriately designing the LCL filter parameters.
However, this method may result in distortion of the grid-side
current due to the amplification of high-frequency switching
harmonics, which are pronounced near the resonant frequency
of the LCL filter. Such distortions may lead to violations of
grid code requirements. The associated cost function is given

by:

. e )2
9 = (ifpy = i) + Guim (14)
Where if = and i, denote the predicted and reference
converter-side currents, respectively, and g;;,,, the constraint
penalty term, a function designed to enforce system limits
(e.g., capacitor voltage limits, switching frequency reduction,

)

The second approach involves using the grid-side current
igriq as feedback. This method simplifies the control of power
flow at the PCC by eliminating the need for explicit reactive
power compensation. The associated cost function is also
simpler:

. N
9= (lgrid - lgrid) + Giim (15)

Where i;’rid and ig,;4 denote the predicted and reference grid-

side currents, respectively. However, due to the third-order
dynamics introduced by the LCL filter, the impact of
switching actions on iy, is delayed by at least three sampling
intervals (i.e., noticeable at k + 3). While the filter effectively
attenuates high-frequency switching harmonics, this also

reduces the responsiveness of the system to switching inputs.
As aresult, longer prediction horizons are required to maintain
performance, leading to a significantly increased
computational load.

To address the limitations associated with converter-side
current distortion and the computational burden of long
horizons, multi-objective FCS-MPC strategies have been
proposed. These strategies incorporate multiple feedback
variables, either the filter voltage combined with the
converter-side current or the filter voltage combined with the
grid-side current. The corresponding cost functions are
formulated as:

9 =48, = itw) + (2 = 1)’ + Gim (16)

9= ia = iria)” + (0 =) + Guim

Where, A_i and A, are the weighting factors for the current and
capacitor voltage tracking terms, respectively.

(17

While these formulations can improve performance by
balancing multiple objectives, they introduce increased
complexity in controller design, particularly in the tuning of
weighting factors. Moreover, the interplay between different
control variables may result in unpredictable performance
under varying operating conditions.

All FCS-MPC implementations are subject to time delays
introduced by the computational process, which depend on the
capabilities of the digital processor used. In modern systems,
this delay typically remains below 50 microseconds [25],
significantly shorter than that of pulse-width modulation
(PWM) based controllers, which can be around 600
microseconds [26]. Nonetheless, to maintain optimal control
performance, this delay must be compensated. A practical and
effective compensation method is to apply the optimal
switching state calculated at the current step in the next time
interval [27]. As a result, even in systems where a prediction
horizon of N, = 1 would theoretically suffice, extending the
horizon to N, =2 becomes necessary to account for
processing delays.

4. Proposed Controller

This study proposes an FCS-MPC strategy that leverages
the filter voltage (v,) for direct tracking of its reference (v;).
The approach utilizes a single-objective cost function, thereby
eliminating the need for tracking either the converter-side or
grid-side current.

As discussed earlier, the switching actions applied to the
converter do not produce an immediate effect on the filter
voltage. Instead, their influence becomes evident after N, = 2
two discrete time steps. As a result, a minimum prediction
horizon of N, = 2 is required to observe any impact of the
control input on v,.. Similarly, the control signal applied at k +
1 influences the filter voltage at k + 3, effectively requiring a
prediction horizon of N, = 3 .

To ensure accurate tracking of the reference voltage, it is
therefore necessary to predict the values of v.(k + 2) and
v.(k + 3). To reduce computational complexity, this paper
derives explicit expressions for v.(k + 2) and v.(k + 3) as

4
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direct functions of system variables measured at time step k.
This approach eliminates the need for step-by-step recursive
calculations from k 4 1through to k + 3. Utilizing the system
dynamics defined in Egs. (8) — (10), these relationships are
analytically derived and presented as follows:

vc(k + 2) = alvcf(k) + o‘Ziinv (k) + O3 igrid (k) +

A Viny (k) + asvpec (k) (18)
vc(k + 3) = YIvcf(k) + Yziinv(k) + Y3igrid(k) +
YaViny (k) + YsVinp (k + 1) + Yevpcc (k) (19)
Where:
Ts2 ( 1 1 ) T TsRiny
o =1—— +—1, a=—(2— >
1 Cf Linv Lg 2 Cf Linv

W L (2 Tng> o T2 - T2
3= T 4 - ’ 4 = ) 5=
Cr Ly CrLiny Crlgy

y =1_T_52< 3 +i>+T53Rinv
! Cr \Liny Lg)  Crl?

mv

T3R,
CrlLG

Ts <3 3T5R inv TSZR iznv> Ts3
Y = — —_ J—
? Cf Liny L%nv Cf Liny Lg
Tsz (2 Ts R inv ) T52
Y4 = - y Y5 =
* Cf Linv Linv s Cf Linv

TZ TR
ey
=g g

4.1 Reference Calculation

The primary objective of the proposed grid-following
converter control system is to enable decoupled regulation of
active and reactive power injected into the grid, thereby
allowing operation at a controlled power factor. The
relationship between active/reactive power and the point of
common coupling (PCC) voltage in the af frame is given by
[28]:

[P] _ 3 V;)Cca
Ql ™ 2|V,
Where Ve . Vpccﬁ
voltage, and Ig‘rida! Ign-dB are the ¢ components of the grid-

Vcc I Ti
e

_Vpcca Igridﬁ

are the af components of the PCC

side current.

Accordingly, the grid-side current components in the af
frame can be derived from the desired active P and reactive

power Q as:
2PXVpcc, 2QXVpcc g

2 2 2 2
ecntiecy) | (oheeyoheey)

igrida = (21)

2P><17pCCB 2Q><17pgca

2 2 2 2
3(vpcca+vpccﬁ) 3(vpcca+vpccﬁ)

(22)

l . —
grldﬁ

These expressions are used to determine the current references
required to inject the desired power into the grid. To ensure
sinusoidal current injection, only the positive sequence of the
PCC voltage is utilized in the computation. Hence, the current
references at time step k are given by:

i;rida(k) = Kp(k) X v;cca(k) + Kq (k) X vgccﬁ(k)
i;ridﬁ(k) = Kp (k) X v;ccﬁ(k) - Kq (k) X v;cca(k)

Where vgcca, Vpec g are the a8 components of the PCC voltage

(23)

(24)

positive sequence, and K,,, K, are given as:

2P
P swh?

_ 20
7 3?2

(25)

And VI is the positive sequence amplitude of the PCC
voltage. Using Egs. (8) — (10), the grid-side current at time
step k + 4 is predicted as:

igria(k +4) = 1 (V(k +3) = Rylgria(k +3) =

~Vpec(k + 3)) + lgria(k +3) (26)

Accordingly, the reference filter voltage at k + 3, required to
achieve the desired current injection, is given by:

. Lg( .+ .
0 (k +3) = 22 (igriaCk + 4) = igria(k +3)) +

Ryigrig(k + 3) + v, (k + 3) (27)
4.2 Cost Function Formulation

The proposed FCS-MPC approach employs a single
objective cost function focused on minimizing the error
between predicted and reference filter voltages. The cost
function is defined as:

9= (v (k+3) = v (k + 3))2 + (vc*ﬁ(k +3) -

2
vcg(k + 3)) + Gigim (28)
Here, g;,,,, is a penalty term that discourages excessive
voltage magnitudes:

v.(k+3)|; i
gilim:{” e( : I if
This formulation ensures that under normal conditions, the
cost function remains purely focused on voltage tracking,
while under constraint violations, it shifts priority to voltage
regulation.

lve(k + 3 = Vipax

29
otherwise (29)

4.3 Positive Sequence Extraction

As previously mentioned, the proposed control strategy
focuses solely on tracking the positive sequence component of
the PCC voltage. This approach ensures sinusoidal current
injection into the grid in scenarios of voltage sag or
unbalanced grid voltage. The proposed method extracts the
positive-sequence component of the PCC voltage using a
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discrete-time quadrature signal generator (QSG) and sequence

decoupling in the stationary af3-frame. A harmonic oscillator
model generates orthogonal signals vgﬁ from vz, governed

by:

Vap _ _ oy  Wap
dt 0¥aBr gt

= wov?, (30)

Discretizing using the Euler-forward method with sampling
time T:

vep(k +1) = wOTsvgﬁ (k) + vgp (k) (31)
vgﬁ (k + 1) = —woTyvap (k) + vgﬁ(k) (32)
Solving recursively, the quadrature component at step k is:

vap()— (03T +1)vgp(k—1)
woTs

vgﬁ (k) =

As evident from Eq. (33), the quadrature voltage component
can be readily obtained using only the current and past voltage
values. Fortunately, the proposed control strategy inherently
provides these values, enabling the extraction of the positive
voltage sequence in the frame, as shown below:

(33)

1 vg(k)—(w3Té+1)vg(k—-1)
vg (k) =5 v+ —F (34)
+ _ 1 va(R)—(wTE+1)va(k-1)
vg (k) =-vp ronTe (35)

These expressions ensure accurate real-time extraction of the
voltage positive sequence using only present and past
measurements, making them well-suited for implementation
in the proposed predictive control framework.

To mitigate harmonics from LCL resonance or grid
distortion, a cascaded moving average filter (MAF) is applied
to v, before sequence extraction. The MAF with window
length Ny = fi/f, (Where f; = 1/T; ) attenuates harmonics
at integer multiples of f,:

Flit;n 1 <Npap-1
Vop (k) = mznf()‘w Vap(k —n)

(36)

This pre-filtering ensures robustness against 5th, 7th, and
higher-order harmonics common in grid voltages.

Fig.2 illustrates the flowchart of the proposed finite
control set model predictive control (FCS-MPC) algorithm,
detailing the sequence of control operations executed at each
sampling instant.

5. Results and Discussions

5.1 Simulation Results

To evaluate the performance of the proposed controller, a
simulation of the system was conducted using MATLAB. The
proposed controller's performance with three-step prediction
horizons (Np=3) compared to a conventional grid-current-
feedback-based FCS-MPC with Np=6, which exhibited the
most favourable performance among other conventional
controllers.

The steady-state performance of both the proposed and
conventional controllers was evaluated under constant
reference values of active power (P = 3 Kw) and reactive

power (Q = 0 var). Fig.3 illustrates the waveforms of the
grid-injected current for both controllers. It can be observed
that the proposed controller, with a reduced prediction
horizon, achieved a sinusoidal injected current with a THD of
1.7%. This value is remarkably close to the 1.6% THD
achieved by the conventional controller with an extended
prediction horizon.

Acquire measurements at step k
(Ver» Veces Voe: Tinvs Igrid)

v

Compute Vi, at the optimal
switching state

v

Predict Vpee(k+3), Vpec(k+4) and
extract positive sequences

v

Predict v ¢ (k+2)

v

Gp=0, 1= 0

Eqns.
(11), (34), (35)

Egn. (18) ------ >

A 4

Eqgn. (13) -=---- > Compute v;n,(k+1) for Sapc(j)

v

Calculate voltage reference
Vgr (k+3) and Predict ve; (k+3)

v

Evaluate the cost function

v

Ifg< Yop:
9p=9 2 Jop=1]

Eqn. (27) ------ >

[—Yes

j=j+1

No
Fig. 2. Flowchart diagram of the proposed control method.

A critical component of testing the robustness of the
proposed control system is evaluating its performance under
model-plant parameter mismatch, where the parameters used
in the predictive model deviate from the actual parameters of
the physical system.

LCL filter parameters are the key system parameters that
affect the predictive model. To assess the controller robustness
under filter parameters mismatch, Simulations were
conducted by varying the converter-side inductance, filter
capacitance, and grid-side inductance while maintaining the

6
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model parameters themselves. Fig.6 presents the resulting
grid-injected current waveforms and their corresponding total
harmonic distortion (THD) for the following scenarios: 50%
increase and 50% decrease in converter-side inductance, 50%
increase and 50% decrease in filter capacitance, and 50%
increase and 50% decrease in grid-side inductance. These
results illustrate that the system is robust against a wide range
of mismatch model parameters.

(a) Proposed Controller

Grid Current [A]

0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time [s]

(b) Conventional Controller

Grid Current [A]

0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time [s]

Fig. 3. Steady-state Waveforms of Grid Injected Current

Under Stiff Grid Condition: (a) proposed FCS-MPC with

Np=3, (b) Conventional grid current feedback-based FCS-
MPC with Np=6.

(aI) Proposefi Control!er

w

Grid Current [A]
i =

0.025 0.03 0.035 0.04 0.045 0.05 0.035
Time [s]

(b} Conventional Controller
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'
LA

Grid Current [A]
[

. . . . . |
0.025 0.03 0.035 0.04 0.045 0.05 0.055
Time [s]

Fig. 4. Transient waveforms of grid injected current for step-
up from 1.5 [KW] to 3 [KW] under stiff grid condition: (a)
proposed FCS-MPC with Np=3, (b) Conventional grid
current feedback-based FCS-MPC with Np=6.
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Fig. 6. Grid-injected current waveforms under mismatch
parameters.

To further substantiate the robustness of the proposed
controller, its performance was evaluated under weak grid
conditions, a common scenario characterized by parameter
mismatches. In this assessment, the grid inductance was
significantly increased from 0.5 mH to 5 mH. Fig.7 presents
the waveforms of the PCC voltage, filter voltage, inverter-side
current, and grid-injected current. As shown, despite the grid
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voltage exhibiting a high harmonic content, with a THD of
6.03%, the proposed controller successfully maintained the
injection of a near-sinusoidal current into the grid, achieving
a current THD of only 2.01%. This demonstrates the
controller’s strong resilience to substantial grid impedance
variations and weak grid conditions.
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Fig. 7. PCC Voltage, filter voltage, inverter current, and grid-
injected current waveforms with grid inductance increased to
5 mH.

To further challenge the system, the grid inductance was
increased to 20mH. In this more severe case, the PCC voltage
THD increased to 13.07%, while the grid-injected current
THD exhibited only a slight increase to 2.23% as shown in
Fig.8, further confirming the effectiveness and robustness of
the proposed control strategy under highly adverse grid
conditions. Table | summarizes the grid-injected current THD
of the proposed FCS-MPC for different operation scenarios.

Table 1. Grid-injected current THD

Op. Scenario THD; Op. Scenario THD;
Steady state 1.7% +50% Lgrig 1.84%
Step change 1.7% —50% Lgyiq 3.78%
+50% Ly 2.05% +50% Cf 3.62%
—50% Lipy 3.61% | —50% C; 3.95%
Z, = 5(mH) 201% | Z, =20(mH)  2.23%
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Fig. 8. PCC Voltage, filter voltage, inverter current, and grid-
injected current waveforms with grid inductance increased to
20 mH.

As previously described, the proposed controller extracts
the reference current based on the positive sequence of the
PCC voltage. This design strategy enables the controller to
track only the positive sequence component, thereby ensuring
that balanced currents are injected into the grid even under
unbalanced voltage conditions. To evaluate the controller’s
performance under such circumstances, simulations were
carried out for two test cases.

0.05

In the first case, a 30% voltage sag was introduced on phases
B and C, occurring between 0.1 s and 0.2s. Fig.9 illustrates
the PCC voltage and the grid-injected current waveforms for
this scenario. As shown, the proposed controller successfully
maintains the injection of balanced currents into the grid
throughout the voltage sag period.

In the second case, the grid voltage was defined with positive
and negative sequence components of (v* = 0.5 pu) with a
180-degree phase shift, and (v~ = 0.3 pu) with a 120-degree
phase shift, respectively. This setup emulates a more severe
unbalanced voltage sag. The corresponding PCC voltage and
grid-injected current waveforms are presented in Fig.10. As
observed, the proposed controller effectively maintains
balanced current injection into the grid despite the significant
voltage imbalance.
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Fig. 10. PCC voltage and grid-injected current waveforms
under unbalanced voltage sag with defined positive and
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5.2 Experimental Results

The performance of the proposed controller was
experimentally validated using the ECOSENSE Wind Turbine
RL Emulator as a real-time embedded system. The
experimental setup for this emulator is shown in Fig.11. This
system emulates wind turbine behavior by utilizing a DC
motor coupled with a permanent magnet synchronous
generator (PMSG), along with back-to-back converters and a
battery storage system connected through a bidirectional
converter to maintain the balance between generation and
load. This system utilizes an NI sbRIO GPIC evaluation kit
with the sbRIO-9683 RIO Mezzanine Card and the sbRIO-
9606 processor and FPGA card as a real-time embedded
controller.

The single-line block diagram of the system is presented
in Fig.12, and its main parameters are listed in Table 11. In this
study, a constant wind speed was assumed with constant DC
Bus voltage maintained by Turbine-side converter, and the
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proposed FCS-MPC controller was applied to the grid-side
inverter.

HIL Kit

vy N e
Wind turbine  Buck Converter
unit's inverter cards

Measurement

Host PC

Fig. 11. Experimental setup with some internal parts.
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Fig. 12. Block diagram of the experimental setup.
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Table 2. Experimental system parameters

Parameter Value Description

Vgria 380 v Ph-Ph voltage of the main grid

Vye 500 v DC bus voltage.
f 50 Hz Main grid frequency.
T 25 us Sampling time.

Liny 18 mH inverter-side inductance of the LCL filter
Cr 25 uF LCL filter Capacitor

L, 0.8 mH Grid-side inductance of the LCL filter

The steady-state performance of the proposed system was
experimentally assessed by setting a constant active power
reference of 500 [W] while maintaining unity power factor
(Q=0 [var]). The corresponding grid-injected current
waveforms and instantaneous active power are shown in
Fig.13 and Fig.14, respectively. It is evident from the results
that the proposed controller, even with a reduced prediction
horizon, successfully maintained the desired steady-state
behavior and achieved balanced current injection with
minimal harmonic distortion. The computational time of the
proposed FCS-MPC was measured at 25.3 ps on the 400 MHz
shRIO platform. In stark contrast, the conventional FCS-MPC
with Np=6 required 7.8 ms, making it over 300 times slower.
This decisive result demonstrates that the proposed method is
perfectly suited for real-time implementation on this
processor, whereas the conventional approach is
computationally prohibitive and would require significantly
more powerful hardware.

To further evaluate the dynamic performance of the
proposed FCS-MPC controller, the system was subjected to a
step change in the active power reference from 500 [W] to 750
[W]. Fig.15 and Fig.16 illustrate the grid-injected current
waveforms and the active power response during this transient
event. As observed, the controller exhibited excellent
reference tracking capability with negligible steady-state error
and no observable overshoot, demonstrating its robustness and
fast dynamic response under sudden changes in operating
conditions.
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Fig. 13. Experimental result of the grid-injected current in
steady state condition.
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Fig. 14 Experimental result of the active power injected into

the grid in steady state condition.
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Fig. 15. Experimental result of the grid injected current
during step change of the active power reference from 500 to
750 [w]
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Fig. 16. Experimental result of the active power dynamic
response during step change of the active power reference
from 500 to 750 [w].

To validate the performance of the proposed FCS-MPC
strategy under weak grid conditions, a 5 mH inductance was
connected between the grid and the point of common coupling
(PCC) to emulate a high grid impedance scenario. The system
was operated with an active power reference of 500 [W] while
maintaining unity power factor operation, corresponding to a
reactive power reference of 0 [VAR]. Fig.17 presents the PCC
voltage waveforms under these conditions, where it can be
observed that the addition of the inductance introduces

[
863.3

-100-} 0
863.267 863.28
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Fig. 17. Experimental result of the PCC voltage under a
weak grid condition.
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Fig. 18. Experimental result of the grid-injected current
under a weak grid condition.

significant distortion into the grid voltage. Despite this
adverse condition, the proposed controller effectively
maintained stable operation. Fig.18 illustrates the grid-
injected current waveforms, demonstrating that the controller
successfully regulated the inverter output, preventing the
voltage distortion from propagating into the current
waveforms. Furthermore, Fig.19 shows the corresponding
active power injected into the grid. It is evident that the
proposed FCS-MPC controller accurately tracks the active
power reference, delivering the commanded power without
being affected by the voltage distortion at the PCC. These
results confirm the robustness and effectiveness of the
proposed control strategy under weak grid conditions.

6. Conclusion

This paper proposed a simple, weighing-factorless finite
control set model predictive control (FCS-MPC) strategy for
grid-connected microgrids equipped with LCL filters. By
tracking the filter capacitor voltage rather than directly
controlling the grid-side current, the proposed approach
achieved accurate reference tracking with a significantly
reduced prediction horizon (Np = 3), thereby addressing the
computational complexity issues associated with conventional
methods requiring longer horizons and consequently
addressed the design complexity by avoiding the weighing
factors in the cost function.

Power [W]

42444 42446 424474

248
Time [s]

- ] w 30 il 1 )
424354 42438 4244

Fig. 19. Experimental result of the instantaneous active
power under a weak grid condition.

Both simulation and experimental results validated the
effectiveness of the proposed controller under a wide range of
operating conditions, including steady-state operation,
dynamic power reference changes, parameter mismatches,
and weak grid scenarios characterized by high grid impedance
and severe voltage distortions.

The performance of the proposed controller is
comparable to the conventional method, achieving a grid-
current THD of 1.7% in steady-state and 2.23% under a
severely weak grid (20 mH grid impedance), while reducing
the prediction horizon by 50%. Furthermore, it demonstrated
superior steady state and dynamic performance, achieving low
injected-current THD, accurate active power tracking, and
robust operation without requiring complex weighting factor
adjustment. Critically, the experimental implementation
confirmed a computational time of just 25.3 us for the
proposed method, over 300 times faster than the 7.8 ms
required by the conventional Np=6 approach, making it
uniquely suitable for real-time execution on embedded
hardware.

Overall, the proposed FCS-MPC strategy offers an
efficient and reliable control solution for grid-connected
microgrids, ensuring high power quality and reduced
computational burden, and showing strong potential for
practical deployment in real-world renewable energy
integration.
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