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Abstract—This paper proposes a modulated model predictive
control (M2PC) method based on current control for a grid-
connected photovoltaic (PV) system integrated with shunt active
power filter (SAPF). In conventional finite control set model
predictive control (FCS-MPC), the optimal switching state is
selected at each sampling instant, which leads to a variable
switching frequency and causes current ripple and DC-link
voltage fluctuations due to the limited number of switching states.
To overcome this issue, the proposed method introduces a vector
modulation stage to improve control performance. The method is
applied to a grid-connected PV system integrated with SAPF that
can both supply active power and compensate harmonic currents
caused by nonlinear loads. Simulation results under varying solar
irradiance show that the proposed method reduces harmonic
distortion and improves the stability of the DC-link voltage
compared to FCS-MPC.

Keywords-Model predictive control; harmonic; photovoltaic;
power quality; active power filter.

.  INTRODUCTION

Currently, power electronic devices are rapidly developing
and widely applied; however, this also leads to a significant
increase in nonlinear loads [ 1], which are one of the main causes
of harmonic components in modern power systems. As a result,
the power quality of conventional power grids is degraded due
to the increasing distortion caused by renewable energy sources
and nonlinear loads. To address these challenges, various control
strategies combined with power electronic converters have been
proposed to improve the power quality of the system [2], [3], [4],
[5]. Among them, the shunt active power filter (SAPF) has been
widely used due to its fast dynamic response and robust
operation under varying load conditions [6]. This paper proposes
a grid-connected photovoltaic (PV) system integrated with
SAPF, while maintaining efficient power conversion to the grid.

Model predictive control (MPC) is a control strategy that has
been developed and applied since the 1970s in various industrial
control systems [7]. In recent years, with the rapid development
of power electronics, MPC has been increasingly adopted due to
its ability to explicitly handle constraints and provide fast

dynamic response [8]. Recently, MPC-based methods have been
studied to improve harmonic compensation performance and
reduce implementation costs [1], [5], [9], [10]. Among these
methods, finite control set model predictive control (FCS-MPC)
is one of the most widely used control strategies. This approach
utilizes state-space model to predict system behavior, evaluates
a finite set of switching states of the converter, and selects the
most suitable state based on a cost function [11]. However, due
to the absence of a modulation stage, the switching frequency is
variable, which may increase current ripple and degrade current
quality [12]. To address this limitation, a finite control set
modulated model predictive control (FCS-M2PC) method based
on reactive power compensation has been developed and applied
to SAPF systems to enhance harmonic filtering performance
compared to conventional FCS-MPC [13]. Unlike FCS-MPC,
this method synthesizes the output voltage using adjacent
voltage vectors within the same sector along with corresponding
duty cycles, thereby improving voltage accuracy and reducing
current oscillations. In this paper, an FCS-M2PC method based
on direct current control is proposed to enhance harmonic
filtering performance. The filter current reference is directly
derived from the error between the desired grid current and the
load current, enabling direct regulation of the harmonic
components to be compensated while maintaining conversion
efficiency between the PV system and grid.

The paper is organized into five sections. Section 2 presents
the system configuration and the mathematical model of the
grid-connected PV system integrated with SAPF. Section 3
describes the FCS-M2PC methods based on direct current
control. Simulation results under varying solar irradiance
conditions are presented in Section 4 to compare the
performance of conventional FCS-MPC and FCS-M2PC.
Finally, Section 5 concludes the paper.
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II. SYSTEM CONFIGURATION AND MODELING toward the MPP. The operating principle of the algorithm is
summarized in the flowchart shown in Fig. 3.
A. PV array
Rs Ipv TABLE L. SWITCHING STATE AND VOLTAGE VECTOR
NV_—
Switching state
IphI I l Voltage vector P P S
1 3 5
(I) % Rsn va VU 0 0 0
v, 1 0 0
v, 1 1 0
Figure 1. Equivalent circuit diagram of a PV cell v, 0 1 0
A PV array is composed of PV modules connected in series v, 0 1 1
and parallel. Each module consists of multiple photovoltaic cells o o )
that convert solar energy into electrical energy, as shown in Fig. Vs
1 [14]. The current generated by a PV cell is described as Ve 1 0 1
follows.
v, 1 1 1
q(Vpy + IR,) Vpy + IR
IPV:I”h_I"{exP[TTC -1 _R—Sh (1)

Where ), is the photocurrent generated by solar irradiance,
I,, is the diode reverse saturation current, g is the electron charge,
Vpy is the voltage of the PV cell, 7 is the cell current, n is the
diode ideality factor.

Measure Ipv(n),
va(}’l)

Ppv(n) = Vpv(n).Ipv(n)
B. DC/DC boost converter and P&O Algorithm for MPPT 2};: ’;’;%I’ZZZ

The DC/DC boost converter consists of power electronic
components, as shown in Fig. 2. The voltage generated by PV is
fed into DC/DC boost converter, where it is stepped up and
regulated to a DC-link reference value. The DC/DC boost
converter applies maximum power point tracking (MPPT)
algorithms by generating modulated switching signals to [ Increase [DeereaseJ [ Increase

maximize the power extracted from the PV array [15], [16], [17]. Vv Vv Vv
I [ [

Decrease
Vpv

Ipv Linv

—>— b

L

_I_U s c Figure 3. P&O Algorithm flowchart
va —> -1 Ve

va(n) = va(n—l)
Vou(n) = Vin(n-1)
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C. Shunt active power filter
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’
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Figure 2. DC-DC boost converter topology = T AC ,*
. . . T Tm(n +1)
The relationship between the PV input voltage and the DC-
. P&O Algorithm Switching Pattern NLL
link output voltage can be expressed as follows.

opt| o opi| opt .
Vdc 1 Tml Tm: Tmo Tsecmyop,
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! ' i ()
= T=D 1501+ 2)| Reference )

N Generator de

In this paper, the Perturb and Observe (P&O) algorithm is Predictions and Fae )
used due to its simplicity and ease of implementation in PV Mipmizion of
system. The P&O algorithm operates by observing the variation . i ()
in power resulting from the PV voltage and current variable, v, ()

thereby determining the direction to adjust the operating point (o)

Figure 4. Scheme diagram of proposed system
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The SAPF can be considered as an inverter interfacing AC
grid and DC-link. In the proposed configuration, the DC-link is
connected to the PV source, as shown in Fig. 4. In addition to
harmonic current compensation to mitigate the impact of
nonlinear loads on the grid, the SAPF also transfers the active
power generated by PV system while maintaining DC-link
voltage at its reference value. To simplify the model, a balanced
three-phase system is assumed, and the effects of grid and
nonlinear load impedances are neglected [13]. The current
dynamics can then be expressed as follows.

dirq

1
= L Y0~ 111700 = 325,00 = 5200 = S5 (OVag
di 1
= Vo) = 10 = 5 (2550 = 5,0 = S0,

lfc(t) = _[lfa(t) + Lfb(t)]

S1(t), S3(t) and S5(t) are inverter switching states, Ry and
Ly are the filter resistance and inductance, respectively. The DC-
link voltage is given as follows.

dv,
e (1,00 ~ Ss (O + (5200 = S5O ipy (O} ()
bus

The grid-side current is expressed as follows.

iga(t) = ila(t) - ifa(t)
igp(t) = iy () — ifp (L) (5
igc(t) = _[iga(t) + igb (t)]

Equations (3), (4) are combined and discretized using the
forward Euler method for controller design. The discrete-time
state-space model of the system is given as follows.

. rTs Ts Ts
lfa(n + 1) = (1 - —f> Lfa(n) +— L ga(n) Xls(n)vdc(n)

R Ts
irp(n+1) = ( L >lfb ) + Vgp(n) — XZS(n)Vdc(n) (6)

Vdc(n + 1) S

Where n denotes the discrete-time sampling instant, T is the
sampling period, S(n), X;, X;, V3, Y, represent the switching

state matrix and corresponding coefficient matrices,
respectively, which are defined as follows.
§(n) =[S:(M) S;(n) Ss(m)]"
2 -1 -1 -1 2 -1
w35 welzss]oC
I3 3 3 2713 3 3 %
i=[1 0 —1] ,=[0 1 -1]

1. MODULATED MODEL PREDICTIVE CONTROL
BASED ON CURRENT CONTROL

A. Generate reference current for SAPF

To allow the cost function to evaluate the deviation from the
reference value, thereby determining the optimal control input,
the generation of a reference current is required. In PV integrated

SAPF system, the reference grid current depends not only on the
fundamental component of the load current but also on the power
required to maintain the DC-link voltage. In the proposed
configuration, the PV source can partially or fully supply the
required power of the DC-link. However, when the PV power is
insufficient, a DC-link charging current is required to regulate
the DC-link voltage. The grid-side reference current is expressed
as follows.

8)

Where i}, is the fundamental component of the load
current, i, is the instantaneous DC-link charging current, which
is in phase with the grid voltage and whose amplitude I, is
determined according to (9), assuming that inverter losses are
neglected [18].

i;abc(n) = ilabcl (n) + idc(n)

_ ZCbus{[V;c(n)]z - [Vdc(n)]z}

I, =
dc VmT

)

Where 1}, is the peak value of the grid voltage, T is the
period of the grid frequency. Finally, the reference filter current
is defined as follows.

i;abc(n) = i;abc(n) - ilabc(n) (10)

B. Modulated model predictive control

At the sampling instant n, the system state at n+1 is predicted
based on the measured variables. Due to computational time
delay, the control signal calculated at n is applied at n+1;
therefore, the FCS-M2PC method employs a two-step prediction
to estimate the system state at n+2 [13]. Unlike conventional
FCS-MPC, which directly applies single switching states, the
voltage vector at instant n is approximated by an equivalent
voltage vector using duty cycles and voltage vectors within the
optimal sector. This approach provides a more accurate
synthesized voltage vector using the corresponding duty cycle as
expressed below.

Seq(n) = mo(n)So(n) + my (WS (n) + m,(n)S,(n) (11)

Based on the established discrete-time model (6), the future
state of the system at n+2 is predicted for each candidate
switching state S(n+1) as shown in Table I, to evaluate the cost
function. The two-step prediction model is formulated as
follows.

Xp(m+2) = A4,[S(n + DIX() + B,[S(n+ D]U() (12)

Where A,,B, are the equivalent discrete-time system
matrices for the two-step prediction model, obtained by
combining the system dynamics over two sampling periods and
depending on the candidate switching state S(n + 1). The

variables X (n) and X (n + 2) denote the state variable vector at

instants n and n+2, respectively, U(n) is the manipulated
variable at instant n, as shown in (13).

ip(n+2) Vge(n+2)7
irp n) Vagcm]"
ng (n)]T

X,(n+2) = [ira(n +2)
X() = [ira(n)
U(n) = [Vga(m)

(13)
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Due to the high switching frequency, the following

expressions can be considered acceptable A time-varying solar irradiance profile, as shown in Fig. 5,
» — is applied in the simulation to evaluate the system performance
Vie(m+2)=[0 0 1]X,(n+2) (14) under realistic operating conditions. Variations in irradiance lead

fapc(M +2) = ifgpc(M) to changes in the generated PV power, which directly affect the

DC-link voltage as well as the grid-side variables.
First, the cost function is evaluated for each candidate

Solar Irradiance Profile

voltage vector at instant n+1, as given in (14), where y is a 1100
weighting factor that balances the different terms in the cost 1000 —
function.

900

800

Qsnsn) = Y[Vic(n+2) = VI.(n+2)|

Irradiance [W/mz]

D
—ip (n+ 2)| (15) 556
- l.;)C(Tl + 2)| 600
500
Next, the cost function in (15) is evaluated for the three
candidate voltage vectors in each sector in the af§ frame. The “% o5 1 15 2 25 3 35 4 45 s
resulting cost values are then combined to compute the duty Time ]

cycles my, m; and m,, and to determine the overall cost of each
sector. The sector that yields the minimum cost, along with its
corresponding duty cycles, is selected as the optimal solution.

Qsopt(n +1) =mpQy + myQ; + m,Q; (16)

Figure 5. Solar irradiance profile

The duty cycles m,, m; and m, are expressed as follows.

my = 000, + go 82 + 0.0 w"“m‘"\u‘mm'w”‘l\\w"“vumwHm\"1|1Hh|"'\\|”5<ﬂ“u‘w"‘n‘}"wuu‘<\\\"‘m‘"“m‘“"mmwm’ll\mwm‘u“”wm»‘u\mw‘“m‘mlu'"ﬁl“'m‘mmmlumu“mm‘wm‘"w‘wmuwm'u"‘m‘"uumwm\u\'”vln‘"\v"t\\\\“"‘u\"\ll‘"“urmw‘wmwl‘""m‘”\umli'\‘u
o1 o2 12 3 E : : :
o 000s a7)
, =
Qo0Q1 + Qo0Q2 + Q102

mo =1—(m; +my)

Finally, the optimal duty cycles are applied to switching
pattern block, where the switching sequence is formed using the
voltage vectors of the optimal sector to generate the converter
control signals [19].

IV. SIMULATION RESULT

To validate the effectiveness of the proposed algorithm in
comparison with the conventional FCS-MPC method,
simulations of the proposed system are carried out using
MATLAB/Simulink. In this section, the algorithm is evaluated
under varying solar irradiance to assess its harmonic

3 mumﬂu\ w»wwh\\ 00O

compensation performance, and its ability to process power QR

fluctuations caused by variations in solar irradiance. The system
nominal parameters are first presented in Table II.

TABLE II. SYSTEM PARAMETERS

Nominal parameter

Parameter Unit Value
Filter Inductor Ls mH 7.5
Filter Resistor R Q 0.4

! ()
Rated DC Voltage Vie A% 700

Figure 6. Simulation result of proposed system using (a) conventional FCS-

DC-link Capacity Chpus mF 22 MPC (b) FCS-M2PC
Rated PV power By kW 4
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In terms of current waveforms, both methods maintain
balanced three-phase grid currents and achieve effective
harmonic compensation throughout the irradiance variation.
However, FCS-M2PC leads to smoother grid current waveforms
with significantly reduced high-frequency ripples compared to
conventional FCS-MPC, as shown in Fig. 6. This improvement
can be attributed to the fact that FCS-M2PC synthesizes the
output voltage using multiple voltage vectors through duty
cycles, rather than selecting a single switching state as in FCS-
MPC. As a result, switching transients are reduced, leading to
improved current tracking performance. Furthermore, the DC-
link voltage exhibits better stability, as the power exchange
between the AC and DC sides is more smoothly distributed by
virtue of modulator, instead of depending on discrete switching
states as in FCS-MPC. This contributes to improved energy
regulation across the DC-link.
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Figure 7. Grid current THD: (a) Before compensation (b) After
compensation using conventional FCS-MPC (c¢) After compensation using

FCS-M2PC
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Figure 8. Conversion effienciency (a) conventional FCS-MPC (b) FCS-
M2PC

Regarding the harmonic spectrum in Fig. 7, FCS-M2PC
reduces the total harmonic distortion (THD) from 28.42% before
compensation to 4.64%, which is lower than the 6.14% obtained
with FCS-MPC in the same condition. The use of multiple
voltage vectors through duty cycles enables the synthesized
output voltage to more closely match the reference value,
thereby improving current tracking performance and reducing
control error within each sampling period, especially under
varying irradiance conditions. However, due to the assumption
that certain variables remain constant between consecutive
sampling instants at high switching frequency, arising from
computational delay, together with inaccuracies in extracting the
fundamental component of the load current, even-order
harmonic components appear after compensation.

Finally, the conversion effienciency of both methods reaches
a high value of approximately 97.3%, as shown in Fig. 8.
However, FCS-M2PC exhibits more stable performance with
smaller fluctuations over time. Overall, the proposed method
improves power quality and system stability mainly due to its
ability to flexibly synthesize the output voltage vector and to
mitigate the effects of single switching states, while maintaining
comparable efficiency.

V. CONCLUSION

This paper has proposed an FCS-M2PC strategy based on
current control for a grid-connected PV system integrated with
shunt active power filter. The proposed controller enables the
inverter to simultaneously transfer active power into the grid and
compensate for harmonic currents caused by nonlinear loads.
Simulation results under varying irradiance conditions are
shown in the previous section, although both FCS-MPC and
FCS-M2PC can maintain balanced grid currents and effective
harmonic compensation, the proposed FCS-M2PC achieves
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better steady-state performance, including lower current THD
and reduced DC-link voltage fluctuations. Specifically, the grid
current THD is reduced from 28.42% before compensation to
4.64% using FCS-M2PC, compared to 6.14% with the
conventional FCS-MPC, while both methods maintain an
efficiency of approximately 97.3%. These results demonstrate
that the proposed strategy is effective in improving power
quality in multifunctional grid-connected PV systems.
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