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1. INTRODUCTION

The electrical power used in household, office, industrial, commercial, transportation, aviation,
military, and utility systems today relies on power electronics technology [1]. Power electronics technology can
make the system simpler and more compact [2], resulting in high efficiency [3], and more reliable accuracy
[4], [5]. The use of semiconductor components in power electronics technology for various equipment is
inseparable from the switching of electrical parameters, either current or voltage. The switching process in the
converter circuit produces pollution from the power-supply source. This semiconductor switch produces a
follow-up wave with a frequency multiple of the initial power supply frequency. Waves with frequencies that
correlate with the source frequency are known as harmonics [6]. This harmonic distorts the fundamental waves
such that the power supply waves become damaged and do not become purely sinusoidal. The magnitude of
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damage to the power supply wave due to harmonics can be determined using the total harmonic distortion
(THD), which is in the form of a comparison of the total wave with the frequency of generation to the size of the
fundamental part [7].

If an electrical grid has a large harmonic, then the influence on the conductor causes the Joule effect
losses [8], and in transformers, it causes an increase in copper and core losses [9]. Harmonic currents in
generators can increase hysteresis, eddy currents, and core losses [10]. In electric motors, the presence of
harmonics decreases torque [11]. Harmonics in electrical grid protection equipment result in malfunctions in
circuit breakers, fuses [12], protection relays [13], and control systems. In communication systems, they can
interfere with communication signals [14].

Harmonic reduction began with the discovery of harmonic waves in the network. Initially performed
using a passive power filter, this method is inexpensive, but only works on static loads and is unreliable with
dynamic loads [15]. The implementation of power electronics has led to active power filters that are widely used
in networks with dynamic loads from small to large [16]. These filters can reduce the harmonics caused by
networked converters. The converter generates harmonic waves in opposite phases, without fundamental waves.
When added to the point of common coupling (PCC), it eliminates harmonic waves caused by nonlinear loads
[17]. When generating this opposite-phase harmonic wave, the converter in the active power filter requires a
reference wave to generate a predicted wave for harmonic reduction. This reference wave is formed from
the extraction of load harmonic waves by various methods, including instantaneous reactive power theory
(IRPT) [18] by utilizing the reactance power of PQ, and then modifying IRPT [19] using synchronous reference
frame (SRF) [20] by transforming the three-phase system of abc into dq using the Clark and Park
transformations. This extraction method produces waves that are used as references to generate the opposite-
phase harmonic signals.

The converters used in active power filters vary depending on the configuration of the power grid, that
is, single-phase converters, three-phase three-wire converters, and four-wire three-phase converters. Single-
phase converters are used when the harmonics to be reduced are present in a single-phase load. In contrast,
three-phase three-wire converters are used in three-phase systems with three-phase loads or loads by applying a
phase-to-phase voltage. The use of the four-wire three-phase converter is wider, covering a single-phase load,
three-wire three-phase load, and four-wire three-phase load.

Multilevel inverters offer a lower THD owing to their higher voltage levels, which are close to the
desired sinusoidal signal in AC waves [21]. However, the more levels that are generated, the more
semiconductor components that are used, and the more complex the existing switching methods will be [22],
which will encourage a potential fault in the switch, so that protection is needed to prevent it [23]. Various
control strategies for active power filters have been proposed in literature. Anssari et al. [24] introduced an
adaptive sliding mode control (SMC) for PV systems to mitigate chattering phenomena and high-frequency
oscillations affecting traditional SMC. They proposed a particle swarm optimization (PSO) algorithm to fine-
tune the SMC gains, specifically to control the variable step of the standard perturb and observe (P&O)
algorithm. Sundaram et al. [25] improved the proportional-integral (P1) controller tuning for shunt active power
filter (SAPF) in systems with complex, dynamic, and nonlinear loads using a genetic algorithm (GA) and novel
queen bee assisted GA (QBGA) to achieve optimal gain values, ensuring the rapid generation of compensating
currents with minimal errors to nullify harmonic currents. Saad and Zellouma [26] enhanced three-level
inverters used as shunt APF by leveraging advantages of multilevel inverters. They introduced a fuzzy logic
controller for harmonic currents and inverter DC voltage, addressing the limitations of traditional two-level
APFs. Badra et al. [27] proposed a backstepping control strategy for a three-level four-leg SAPF system to
enhance the power quality by compensating harmonics and zero-sequence currents while achieving a unity
power factor. Monroy-Morales et al. [28] validated a new active power filter (APF) prototype based on a three-
phase, three-level neutral point clamped (NPC) inverter, designed to enhance power quality through selective
harmonic and reactive power compensation. They implemented a three-dimensional space vector modulator
(3D-SVPWM) technique to generate precise compensation currents. Mehrasa et al. [29] proposed a direct
Lyapunov-based control technique for active power filtering to enhance power quality and achieve a unity
power factor. It compensates for the harmonic current components and reactive power caused by nonlinear grid-
connected loads while ensuring seamless integration through multilevel converter topologies. In addition,
intelligence-based control techniques have been introduced to stabilize active power filters, such as artificial
neural network (ANN) [30], recurrent neural network (RNN) [31], deep learning [32], and long short-term
memory (LSTM) [33].

Several discussions related to MPC in active power filters have been widely conducted by various
researchers. Sahli et al. [34] proposed a modified packed U-cell five-level inverter (MPUCS5) with an MPC
strategy for single-phase APF applications and to eliminate harmonic currents and compensate reactive power at
the PCC, addressing the issues caused by local non-linear loads connected to the grid. Adam et al. [35] develop
a finite control set MPC technique for controlling voltage source inverters (VSIs) in APF and to enhance
harmonic current mitigation and eliminate asymmetrical loads in power distribution networks affected by
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nonlinear loads, distributed generation, and renewable energy sources. Skjong et al. [36] evaluated a distributed
control hierarchy with real-time MPC implementation for dynamic systems, specifically focusing on harmonic
mitigation in power systems and addressing the challenges associated with implementing MPC in fast dynamic
systems, including high computational loads and limited flexibility in embedded devices. However, the
development of this method for active power filters remains open. With more advanced embedded technology,
the iteration process required for MPC will be easier. To the best of our knowledge, the use of multilevel
inverters as active power filters in the MPC method is still very limited.

The main problem addressed is the reduction of harmonic distortion in three-phase, four-wire power
grids, which is critical for maintaining power quality. Harmonics from nonlinear loads and power electronic
converters cause issues such as increased losses, equipment overheating, and malfunctioning of protective
devices. Conventional passive filters are limited to static load conditions and fail to adapt dynamically. While
more effective, active power filters require precise current reference generation and advanced control strategies.
This study focused on the implementation of a five-level multilevel inverter as a hybrid active power filter
controlled by MPC. The challenge is to develop an efficient and adaptive control mechanism to minimize THD
and address load imbalances while ensuring a robust and scalable solution for complex power systems.

The main contributions and novelty of this study are as follows: i) This paper presents a hybrid power
filter based on a five-level multilevel inverter using MPC to reduce harmonic distortions in a three-phase, four-
wire power grid. The simulation results show its capability to lower the THD below 5%, meeting power quality
standards. ii) The proposed system reduces harmonic currents and addresses load imbalances, thereby
significantly reducing the neutral current by up to one-tenth of its original value. This feature improves the
stability and efficiency of the power distribution systems. iii) This study explored MPC for active power-filter
applications in multilevel inverters, an area with limited research. This advances the understanding of MPC
effectiveness in improving the power quality and balancing loads in complex power systems.

This paper is organized into several sections to systematically demonstrate its contributions and
relevance. Section 1 introduces the significance of power electronics in various applications and the
challenges posed by harmonic distortions in power grids, emphasizing the novelty of using a five-level
multilevel inverter with an MPC to address these issues. Section 2 reviews existing harmonic mitigation
techniques, highlighting the limitations of passive filters and traditional active filters, while identifying
research gaps in applying MPC to hybrid power filters. Section 3 describes the research methodology, details
the hybrid active power filter design, the use of SRF theory for reference current generation, and the
implementation of MPC for optimizing inverter switching patterns to reduce harmonic distortion. Section 4
presents the simulation results, demonstrating the effectiveness of the proposed system in reducing the THD
below 5%, balancing loads, and minimizing neutral currents under both balanced and unbalanced load
conditions, with a discussion comparing it to conventional methods. Finally, section 5 concludes the paper,
summarizes the achievements, and suggests future directions.

2. METHOD

A three-phase, four-wire power grid circuit connected by a nonlinear load generated a harmonic
current. This circuit was then connected to a serial-mounted passive power filter with an active power filter at
the point of common coupling (PCC). It has an active power filter in the form of a three-phase, four-wire,
multistage converter network. Current and voltage sensors are processed using the SRF method to generate
the reference current used in the MPC method. The full range of these networks is illustrated in Figure 1. The
simulated network was a three-phase, four-wire voltage network that accommodated the presence of a single-
phase load connected to a three-phase network. These single-phase loads affect the load balance. The
magnitude of this load imbalance affected the magnitude of the neutral current.

2.1. Multilevel converter

A clamped diode cascade converter is a multilevel inverter that produces an output voltage with a
low harmonic distortion (low THD). This inverter uses a combination of semiconductor switches and
supporting components to produce output voltage levels approaching sinusoidal waveforms. This converter
has four semiconductor switches clamped with a diode on each arm. The four arms consisted of phases a, b,
¢, and neutral, as shown in Figure 2. For the power supply supplied by Vq, the voltage is equal to the use of
C: and C, with the same value, such that Vci = V2 is ideal.

There were four IGBTS in each arm: Sia, Sza, S'1a, and S'a. S1a and S'ia are negative with each other,
and so are Sza and S'za, SO if Si1a has a value of "1" then S'1, has a value of "0" and if Sy, has a value of "0"
then S', has a value of "1." From the combination of each arm, 3* = 81 possible switches were produced. The
three possibilities for each arm are listed in Table 1.
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From Table 1, two levels of positive voltage can be adjusted, plus two levels of negative voltage, so
that five levels of voltage with zero are obtained at this level. When switching conditions Si1a and Sz, are on, a
voltage of Vdc is produced, which is measured between phases a and N. When Sy, is on, V¢, will be
measured between phases a and N, and if S1, and Sy, are off, the voltage value of phases a to N will be zero.

The voltage generated from phase x to point N depends on the switching signal of each IGBT in
each arm; this can be seen from (1) [37].

Van Sal SaZ
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VUen =V Scl + Ve2 SCZ (1)
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While the phase voltage x to point n is generated from (2).
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Figure 1. Power grid-connected nonlinear loads with active power filters
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Figure 2. Network of three-phase, four-wire multilevel converter

Table 1. Switching state of multilevel converter

Switching signal Output voltage
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2.2. Reference current generation

The synchronous reference frame (SRF) theory is employed to transform three-phase currents (ia, i,
ic) into a rotating reference frame (dg0) using Clark and Park transformations. This transformation simplifies
the analysis and control of three-phase systems by converting the sinusoidal waveforms into DC components
in the dg0 domain. The process begins with the Clark transformation, which projects three-phase currents
into a two-phase stationary reference frame (). This was achieved by using the following equation:

1 ,
i _[' Tz [
[iﬁ]—o CERE e

lc

where i, and ig represent the two orthogonal components of the three-phase current in the stationary reference
frame.

Once the currents are in the of frame, the Park transformation is applied to rotate this stationary
frame to align it with the synchronous reference frame (dg). This alignment is achieved by utilizing the
system’s instantaneous angular position (6) to project the currents onto the rotating dg-axis using:

[id]z cos@  sinf [la]
[ —sinf cos6

here, iq represents the direct axis component, which aligns with the system voltage, and igi_giq represents the
quadrature axis component orthogonal to iq. These components are now DC signals, making them easier to
filter and process for control.

The final step is to generate the reference currents by filtering the iq and ig components using a low-
pass filter to remove harmonic distortion. The filtered idi_did component is further corrected using a DC
regulator, while the ig and io components are transformed back to the three-phase abcabcabc domain via
inverse Park and Clark transformations. These reference currents (ia,ref, ib.ref, icref) guide the inverter switching
patterns to inject compensating currents, ensuring harmonic reduction and a balanced system operation.

The reference currents to be used in the MPC method were generated using the synchronous
reference frame (SRF) theory. The decomposition diagram blocks to generate the reference currents iager,
ingren, and icrer) @are shown in Figure 3. The change of phase current abc to dq current is done using (3).

sin(wt) sin (a)t — ?) sin wt + h l

[lql 3 cos(wt) cos( t——) cos wt+ 3)

1 1

2 2

The iqery current was obtained via ig filtering using a low-pass filter and correction from the DC
regulator. The currents iqrery and iogery are generated by converting by -1 of iq and io. It was then converted
again to generate the reference currents iagen, inren, and icgen USINg (4).

sin(wt) cos(wt)

. 17..
la(ref) o o La(ref)
lprep| =M (“’t B ?) cos (“’t - ?) Wigere 4)

iC(ref) sin (wt + 2?71) Ccos (wt + 2?7:) 1 iO(ref)

i dq ——> larer
i abe 7y ) i
ic dq [} % 'I> lo(ref). abc ic(ref)

Figure 3. The method reference currents were generated using the SRF method
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2.3. Model predictive control
The MPC is chosen for generating optimal switching patterns in multilevel inverters because of its
ability to predict future currents i(k+1) based on the system parameters and applied switching states. By
leveraging a cost function g = lirr— i(k+1)], the MPC minimizes the difference between the reference current
(iver) and predicted current, effectively reducing THD and enhancing power quality. Its flexibility allows it to
adapt to dynamic and unbalanced load conditions, ensuring consistent performance in three-phase four-wire
systems. Furthermore, MPC’s computational efficiency of MPC, enabled by advancements in embedded
technologies, makes it practical for real-time applications. The capability of the algorithm to handle
multilevel switching with numerous combinations (e.g., 81 for a five-level inverter) ensures an optimal
voltage output while maintaining precision. These advantages make MPC an ideal choice for improving
control accuracy and reliability in multilevel inverter applications.
The MPC algorithm used in this study is as follows:
- Initialize parameters
The initial value of i(k) (current at time k) is set. We define the network parameters, including R, L, C,
and the sampling time Ts.
- Calculate reference current
Transform the three-phase current (ia, in, ic) into the dg0 domain using Clark and Park transformations as
in (5):

lg
Iy
apply a low-pass filter to iq to remove harmonic components and generate the reference current (irer).

- Predict future current
Use the system equation (based on electrical circuit dynamics) as shown in (6).

®)

iq
lq
io

i(k + 1) = i(k) + T (peetine — 20 'R'“")) (6)
Current i(k+1) is predicted using inverter voltage (Vin).

- Evaluate cost function
Compute the cost function (g) as the absolute difference between the predicted current i(k+1) and the
reference current (i), as shown in (7).

g = lires —i(k +1)] ()

- Optimize switching pattern

Iterate all 81 possible switching combinations for the multilevel inverter. Select the switching pattern that

minimizes g.
- Generate switching signal

The optimal switching pattern is applied to the inverter to produce the desired voltage (Viny).
- Repeat the process

Update i(k) with the predicted value i(k+1). Step 3 is continued for the next sampling period.

To generate a switching signal with the MPC method, a reference current derived from harmonic

signal extraction, as shown in (4), and a predicted current signal are required. The predicted current is built
from the equation of the system series in the form of a closed loop, as shown in (8).

Vpeex = Lo+ Ri+=[idt + vy, ®)
Where vpeex is the voltage at the point of common coupling phase x, L, R, and C are the values of resistance,
inductance, and capacitance of the passive power filter, respectively, and vin is the value of the inverter
voltage according to (2) from phase x to n or according to (9).

Viny = VUxn ©)

The next process is to discretize (8), both derivatives and integrals, using forward Euler so that the
prediction current used in the switching process is obtained as in (10).
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itk+1) = (L;<vpccx ~ Vinw — (% - TLS) (l(k))> (10)

Ts)
TR+

Where i(k+1) is the prediction flow using the MPC method. Ts is the time sampling and i(k) is the
extrapolation current at time k. To determine the best switching pattern such that the predicted current is the
same as the reference current, the cost function is used, which is the absolute value of the difference between
the reference current and the reference current, as in (11). In one sampling time, 81 iterations were performed
to obtain the smallest g-value. This smallest G produces a prediction value that is the result of switching,
according to (2).

g = |ia(ref) - ia(k + 1)| + |ib(ref) - ib(k + 1)| +
|ic(ref) - ic(k + 1)| + |in(ref) - in(k + 1)| (11)

3. RESULTS AND DISCUSSION

The model was tested by simulating the circuits and equations using MATLAB Simulink. The
simulation had three main parts: a plant with a three-phase, four-wire source connected to a nonlinear load;
reference current generation using SRF derived from load currents and voltages; and a hybrid power filter
comprising an LC passive filter and an active filter as a three-phase four-wire converter. Simulink was used
to simulate the circuit for the basic parameters described in MATLAB. MPC programming is performed
using (10), where i(k+1) is the predicted current obtained from the inverter voltage vinv from (2). The
predicted current must be close to the reference current to reduce harmony, as determined using the cost
function in (11). To assess the performance of the model, tests were conducted using balanced and
unbalanced nonlinear loads.

3.1. Balanced load simulation

The balanced load test was performed by connecting a three-phase, four-wire electrical network
with a single-phase rectifier connected to the resistive load R and an inductor L with a value of Ra = Rb =
Rc = 25 Q while the inductor value is 70 mH. The load circuit is illustrated in Figure 4. Simulations are
performed to assess the performance of the hybrid power filter when subjected to nonlinear loads. Figure 5(a)
illustrates the load current, which shows significant distortion, whereas Figure 5(b) depicts the corresponding
load voltage. The presence of harmonic distortion causes the load current to deviate from the ideal sinusoidal
waveform. Specifically, the THD of the load current was measured to be 32.34%, as shown in Figure 5(c),
whereas the load voltage exhibited a THD of 3.11%, as shown in Figure 5(d).

The load current, which contained harmonic distortion, as shown in Figure 6(a), was analyzed and
processed using the SRF method, as outlined in Figure 3. This process begins with the Clark transformation,
which converts three-phase currents (abc) into a two-phase stationary reference frame (dq0), producing the
signal depicted in Figure 6(b). The resulting dq0 signal was then passed through a low-pass filter to remove
high-frequency harmonics, yielding a smoothed reference current in the dg0 domain, as shown in Figure 6(c).
Finally, the reference current in the dq0 domain is retransformed back into the three-phase abc reference
frame using inverse Clark transformation. This retransformation, illustrated in Figure 6(d), provides the
reference currents required to guide the switching patterns of the inverter for effective harmonic
compensation and load balancing.

2 1 LL
RL,

i %

do— |
2 1 LL
+— RL,
A A
= 1 LL

n RL
A A

Figure 4. Load circuit
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Figure 6. Current waveform: (a) load current in abc, (b) load current in dq0, (c) reference current in dg0, and
(d) reference current in abc

The injection of compensating currents by the converter voltage at the PCC effectively reduced the
current drawn from the source, thereby decreasing the harmonic content of the source current. This reduction
in harmonics was confirmed by the observed decrease in THD of the source current. Figure 7(a) illustrates
the source current waveform, whereas Figure 7(b) depicts the corresponding source voltage waveform. The
THD values for the source current and voltage are presented in Figures 7(c) and 7(d), respectively,
highlighting the improved power quality achieved by the hybrid power filter. In addition, the installation of
the hybrid power filter significantly reduced the neutral current. Before filter installation, the neutral current
at the load averages 5.5 amperes; after the filter is applied, the neutral current at the source decreases to
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approximately 0.8 amperes. This reduction underscores the effectiveness of the filter in balancing the load
and mitigating the effect of harmonic distortions on the power system.

Under balanced load conditions, harmonic current generation was consistent across the phases, with
no notable discrepancies. In the SRF, the ripples in the ig current are attributed to harmonic distortion. The
simulation demonstrated the connection between harmonic currents and the increased neutral current.
Implementing a harmonic power filter effectively reduces the THD in the current of each phase, ensuring a
balanced reduction. In addition, the hybrid power filter significantly decreased the neutral current, leaving
only minor spikes caused by the MPC algorithm during inverter switching.

Source Current Source Voltage
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Figure 7. Source parameters: (a) source current wave, (b) source voltage wave, (c) THD source current, and
(d) THD source voltage

3.2. Unbalanced load simulation

For the unbalanced load simulation with different load values per phase, the load resistance phase
RLa =25 Q and inductance load phase LLa = 70 mH, the phase b values are RLb = 13 Q and LLb = 60 mH,
and for phase ¢, RLc = 37 Q and LLc = 50 mH. The simulation produced different currents for each phase:
7.96 A, 14.96 A, and 5.6 A for phases a, b, and c, respectively. The differences in amplitude across the load
currents are illustrated in Figure 8(a), with phase b exhibiting the highest amplitude. However, as shown in
Figure 8(b), the load voltage remained consistent across all the phases, indicating no significant variation
despite the current amplitude differences. The THD of the load current varied significantly between phases,
with phase b having the highest THD of 38.25%, corresponding to its larger current amplitude. The harmonic
spectrum of the load current is depicted in Figure 8(c), which shows the frequency components contributing
to the distortion. The voltage harmonic spectrum shown in Figure 8(d) indicates a relatively low THD of
approximately 3% across all phases, with phase b slightly higher at 3.75%. This highlights the more
pronounced harmonic distortion in the current compared with the voltage, which remains relatively stable
and within acceptable limits.

The different load currents owing to imbalance, according to Figure 9(a), are transformed in the
SRF to produce the current dqo, as shown in Figure 9(b). The ripples in the ig, iq, and io currents were higher,
indicating a load imbalance. The filtering of the dq0 current to generate the reference current in dqo is
depicted in Figure 9(c). Through Clarke retransformation, a reference current in the abc phase was obtained
for the switching pattern, as shown in Figure 9(d).
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The inverter voltage connected to the PCC produces the source current, as shown in Figure 10(a).
A significant balance of the phase current exists with minimal differences: phase a = 8.25 A, phase b = 8.27
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A, and phase ¢ = 8.47 A. On average, the voltage remained relatively stable at 230 V, as shown in Figure
10(b). In the harmonic spectrum of the current, the largest decrease occurred in phase ¢ (2.90%), followed by
phases a (4.54%) and b (14.44%). The high THD current of phase b is due to a spike anomaly in the
algorithm. The THD current for each phase is shown in Figure 10(c). The harmonic spectrum THD voltage
was approximately 3%, as shown in Figure 10(d). As a result of the load imbalance in variation 2, the neutral
current increases to 10.71 amperes. After installation of the power filter, the neutral current decreases to 1.45
amperes due to load-balancing. The load current flowing to the source becomes balanced, thereby reducing
the neutral current flowing to the source.
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Figure 10. Source parameters: (a) source current waves per phase; (b) source voltage waves per phase;
(c) THD source currents phases a, b, and c; and (d) THD load voltage phases a, b, and ¢

4. CONCLUSION

This study successfully demonstrated the effectiveness of a hybrid power filter based on a five-level
multilevel inverter controlled using MPC in mitigating harmonics and enhancing the power quality in three-
phase, four-wire power grids. The proposed system reduced the THD to below 5%, met industry standards,
and significantly minimized the neutral currents by up to one-tenth of their original values, even under
dynamic and unbalanced load conditions. By integrating a passive LC filter with an active power filter, the
solution provides robust load balancing, ensuring a stable and efficient operation. The adoption of MPC for
optimal switching control proved to be highly effective, advancing its application in active power filter
systems, which has been underexplored in previous research.

Future research could expand upon this work by exploring the application of hybrid power filters in
other power system configurations, such as distributed generation or renewable energy sources. Investigating
the integration of advanced reference current generation techniques, such as those leveraging artificial
intelligence or machine learning, could further enhance harmonic compensation accuracy. Additionally,
hardware implementation and real-world testing of the proposed system would validate its scalability,
reliability, and adaptability to various operational conditions, providing a pathway for industrial adoption.
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