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ARTICLE INFO ABSTRACT

The issue of harmonics in power systems has grown increasingly significant because of the extensive utilization
on nonlinear loads, leading to voltage distortion and degradation of power quality. To address these problems, a
single-phase shunt-active power filter utilizing a 5-level Cascaded H-Bridge (CHB) inverter is developed, as it
provides notable benefits such as modularity, flexibility, and component reduction. However, the CHB inverter
encounters voltage imbalance issues across its DC-link capacitors due to uneven switching operations and var-
iations in charging and discharging rates, which negatively affect system efficiency. To mitigate these problems,
an Adaptive Neuro-Fuzzy Inference System (ANFIS) control strategy is utilized to ensure the stability of voltages
among H-bridge modules and enhance the system’s dynamic performance. Furthermore, a dual-frequency
multicarrier pulse width modulation (DFMPWM) technique is integrated to distribute the switching pattern
evenly across each H-bridge module to improve voltage symmetry. With the combined ANFIS-DFMPWM ap-
proach, the proposed system achieves significant harmonic reduction, maintaining total harmonic distortion well
below the IEEE-519 standard limit, while improving the power factor (P) close to unity and minimizing the
angle difference between the supply voltages by the source and the resulting current, thereby enhancing overall
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power quality.

1. Introduction

In the modern era, the proliferation of power electronic converters
in industrial and commercial applications has led to increased interest
in multilevel inverters (MLIs) for active power filtering (APF). MLIs are
preferred because they can generate superior output waveforms, reduce
electromagnetic interference, and switching losses relative to tradi-
tional 2-level inverters [1]. Nonetheless, a common issue in MLI op-
eration is the unequal voltage distribution within the DC-link capacitor.
Voltage unbalance not only degrades output waveform quality but also
increases device stress and decreases system reliability, thereby un-
dermining the effectiveness of MLIs in performing APF [2].

Meanwhile, the various MLI configurations, the most commonly used
topologies are the Cascaded H-Bridge (CHB), neutral point clamped, and
flying capacitor inverters [3-5]. All techniques have their own strength
and weaknesses, which are discussed in detail in Refs. [6,7]. In compar-
ison, the CHB inverter has a more efficient response than other 2 MLI
topologies and does not require any clamping elements like diodes, ca-
pacitors, and has a smaller number of components [8,9].
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In contrast with advantages, when required to generate a higher
number of voltage steps, the CHB inverter topology suffers from voltage
imbalance issues because of series-connected H-bridge modules. This is
due to the fact that producing more output voltage steps requires the
use of additional series-connected H-bridge modules. Additionally, the
higher the quantity of H-bridge modules, the more switches are re-
quired, which increases the overall intricacy of the system [10,11].

Meanwhile, the most suitable algorithm for handling a higher
number of switches is multicarrier sinusoidal pulse width modulation
(PWM), which includes 2 types: level-shifted PWM (LSPWM) and
phase-shifted PWM (PSPWM), classified according to the arrangement
of the carrier signals [9,12,13]. For CHB inverters, PSPWM is typically
preferred because it provides effective harmonic reduction and ensures
efficient power distribution among the H-bridge cells [14]. Meanwhile,
LSPWM, also known as Phase Disposition PWM (PDPWM), operates by
amplitude shifting among multiple carrier signals and is regarded as a
more efficient method than PSPWM for reducing harmonics. In case of
CHB topology, LSPWM is generally less preferred because the even
distribution among the H-bridge modules is a big problem [12,14].
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Despite the advantages, various LSPWM-based topologies have been
introduced to enhance performance, techniques such as phase-opposed
disposition modulation, alternating phase-opposition modulation, and ro-
tating carrier modulation are employed to minimize uneven switching
stress on Insulated Gate Bipolar Transistors (IGBTs). These LSPWM var-
iants are implemented in the fundamental operation of the CHB inverter,
but still face limitations in managing the complex control of Multilevel
Inverter Active Power Filter (MI-APF) systems due to existing harmonics.

To mitigate this problem, Fig. 1 shows another advanced method of
LSPWM, proposed in [15] to control the operation of the CHB inverter,
and is not widely used in other algorithms, namely dual frequency
multicarrier PWM (DFMPWM). As shown in Fig. 1(b), where the pattern
of evenly distributed switching signals is proposed, which is integrated
in this project to monitor the balancing of the voltages within the dc
link capacitor on each H-bridge module.

As shown in Fig. 1, the 5-level CHB inverter consists of 2 H-bridge
modules connected in series, each comprising 4 switches. It is vital to
preserve uniform voltage across each capacitor. To maintain this, tra-
ditional control methods such as Proportional Integral (PI) controllers
are commonly employed because of their straightforwardness and ease
of implementation, but they often struggle to maintain DC-link voltage
balance under varying load and supply conditions. PI controllers re-
quire precise tuning and depend on accurate system models, and their
fixed gains limit their ability to adapt to nonlinear or uncertain en-
vironments [9].

Among these approaches, the Adaptive Neuro-Fuzzy Inference
System (ANFIS), a neural network-based adaptive controller, has
emerged as a promising technique. ANFIS uses data-driven learning to
capture the nonlinear dynamics of MLIs, enabling it to respond effec-
tively to parameter variations and load disturbances. Compared to PI
controllers, ANFIS can achieve faster dynamic response, lower steady
state error, and more stable capacitor voltage regulation under chan-
ging conditions [16]. In the context of APF, applying ANFIS-based
voltage balancing control can enhance the harmonic compensation
performance of MLIs while maintaining stable capacitor voltages, even
under rapidly changing load profiles [17]. Consequently, the adoption
of ANFIS for voltage unbalance mitigation directly addresses the cur-
rent industrial need for reliable, adaptive control solutions in high-
performance power electronic systems.

de
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Fig. 1. Configuration of 5-level cascaded H-bridge inverter: (a) conventional setting (b) DFMPWM.

In recent years, the power electronics domain has witnessed a per-
vasive adoption of artificial intelligence (AI)-based techniques, parti-
cularly the ANFIS technique. This surge in popularity can be attributed
to the notable performance of ANFIS in effectively handling serious
load disturbances and nonlinear loads. Considering these aspects, the
integration of ANFIS-based control techniques for voltage balancing
offers an effective solution to address voltage imbalance issues and
improve the overall efficiency of MI-APF. The aim of this research is to
develop an ANFIS-driven voltage balancing algorithm combined with a
DFMPWM switching scheme, leveraging Al to enhance MI-APF perfor-
mance and ensure better power quality within distributed generation
systems [16].

The rest of the paper is organized as follows. Section 2 presents the
overall control structure of the single-phase shunt-active power filter
(SAPF) along with the corresponding power circuit. Section 3 discusses
the limitations of the existing method, provides an overview of the
DFMPWM technique, and explains the working principle of the pro-
posed ANFIS-based voltage balancing algorithm. Section 4 evaluates
the performance of the overall framework and validates the effective-
ness of the proposed approach. Finally, Section 5 summarizes the key
findings and contributions of the study.

2. Control structure of SAPF inverter

The SAPF inverter’s control methodology, depicted in Fig. 2, gives
an overview of this project. The harmonics are generated by a rectifier
circuit supplying either a capacitive or an inductive load [18,19]. Ty-
pically, a 5-level CHB inverter contains 2 H-bridge modules connected
in series with 4 switches in each module. In operation, the I; load
current contains both harmonic Iy and fundamental fcomponents,
which are induced by nonlinear loads and will also be available further
in the source current I. These components create disturbance, decrease
efficiency, and stability within the power system. To mitigate this
problem, the compensating current Iy, is injected into the power system
affected by harmonics, according to the following relationship.

L=1I — Ly = (I + Iy) — Iy (@)

According to the Eq. (1), the harmonic (Iy) and mitigation (I;)
current will deduct each other and will remain the fundamental current
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Fig. 2. SAPF based on 5-level CHB inverter: (a) Overview of control system (b) Algorithms applied for 5-level CHB inverter-based SAPF. ANFIS = adaptive neuro-

fuzzy inference system; CHB = cascaded H-bridge; DFMPWM = dual-frequency multicarrier pulse width modulation; SAPF = shunt-active power filter.

I, within the source current I. In this manner, the system will be
functioning in phase with the grid.

To control the operation of the SAPF inverter, 4 main techniques are
employed: harmonic detection, Direct Current (DC) bus voltage reg-
ulation, capacitor voltage equalization, and gate pulse generation, as
mentioned in Fig. 2(b). These methods are interconnected. In this study,
the focus is on voltage balancing, which is elaborated in Section 3. The
technique used to manage the generation of IGBT gate pulses is gen-
erally referred to as the switching or current control method [7].
Moreover, the Adaptive Neuro-Fuzzy Inference System (ANFIS) is uti-
lized to control and stabilize the overall DC-link voltage. In Refs.
[20-22], the efficacy of ANFIS is reported, particularly in achieving
favorable outcomes in voltage regulation and balancing within MLIs.
ANFIS is known for its ability to handle complex, dynamic systems and
transient response, and demonstrates notable success in enhancing the
precision and adaptability of control mechanisms. Its utilization in
switching applications not only reflects its versatility but also under-
scores its potential to address challenges related to voltage control,
making it a compelling choice for advancing control strategies in di-
verse contexts, including MLI systems.

In operation, the control strategy is carried out in several stages.
Initially, the harmonic extraction technique is utilized to identify and
isolate the harmonic content from the load current I;. The harmonic

current estimation is performed using the Synchronous Reference
Frame (SRF) method. This method offers enhanced active and reactive
power control under dynamic load conditions in the balanced systems
[23]. The measured current I is first converted into a 2-axis (o« — f8)
system using an orthogonal signal generation technique. The grid phase
angle, obtained from a phase-locked loop (PLL), is then used to trans-
form these currents into a rotating d-q reference frame through Park
transformation. In this synchronous frame, the fundamental component
of the load current is converted into a DC quantity, whereas the har-
monic component appears as Alternating Current (AC) ripple compo-
nents. By applying an allow pass filter to the p-axis current, the DC
component corresponding to the fundamental active current is ex-
tracted. The harmonic currents are estimated by subtracting this fun-
damental component from the total current in the synchronous frame,
thereby isolating the oscillatory harmonic component.

The reference compensating current is generated based on this ex-
tracted harmonic component. Additionally, the DC-link voltage con-
troller processes the voltage error to produce an active current com-
ponent required to maintain the DC-link voltage at its reference value.
This component is combined with the extracted signals in the d-q frame
to perform the final reference current (I.). The reference currents are
then transformed back to the stationary frame using the inverse Park
transformation, producing the reference compensating current that the
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SAPF must inject. By forcing the inverter current to track this reference,
the source current becomes sinusoidal, balanced, and free of harmonic
distortion [4,31].

Simultaneously, a voltage handling unit in this module carries out
grid synchronization by transforming the input voltage V; into a unity
sinusoidal waveform. Concurrently, V;._o; and V.o , which is voltage
regulation across each H-bridge is designed by 2 ANFIS controllers to
generate 2 currents I, and Iy, required for voltage balancing and ca-
pacitor charging. For the reference current signal Iy, it is derived by
utilizing the extracted harmonic data, estimated current I, and I, and
the unity since function. For system stability, the reference current I, is
then compared with the measured source current I , and finally, to
minimize the error between Iy and I, the switching control method
will be applied to manage the operation of 5-level CHB inverter.

3. Methodology

The architecture of the suggested controller is detailed in Subsection
3.1, presented the problem scheme of the existing method. In
Subsection 3.2, an overview of the generation of the gate pulses
switching algorithm. In Subsection 3.3, discussed the structure and
control scheme of proposed algorithm. In Subsection 3.4, discussed the
configuration of the proposed algorithm. In Subsection 3.5, discusses
the equation for the selection of parameters.

3.1. Conventional PI controller

To attain effective voltage balancing, the integration of a feedback
control mechanism is necessary. This is because the equal distribution
switching technique cannot provide identical output voltage steps for
the lower and upper H-bridge cells, resulting in minor discrepancies.
Hence, feedback control is utilized to minimize these deviations. To
minimize these effects, it is crucial to develop a voltage balancing al-
gorithm that is more efficient in both steady and transient responses in
comparison to the PI controller. This algorithm usually applies because
of a straightforward structure and is used to enhance the overall voltage
stabilization across the capacitors represented as Vy._g; and Vge_gp,
which is typically crucial in an ideal condition. These issues make the
system unstable due to uneven switching stress on the capacitor, di-
minished inverter performance, and increased in harmonic distortion.
Therefore, achieving and sustaining voltage balance is of paramount
importance for the effective operation of a SAPF.

The structure shown in Fig. 3, consist straight forward techniques
and has a fast response, but PI cannot handle when a nonlinear load
occurs. To mitigate these challenges, this project introduces the im-
plementation of an adaptive neural fuzzy interference system ANFIS,
this algorithm has the capability to mitigate the nonlinear load condi-
tion and has fast dynamic and steady state response.

3.2. Overview of switching control algorithm

To address the voltage imbalance in each DC-link capacitor, iden-
tifying the root cause is essential. The main factor behind these im-
balance problems is the control parameter of the signals that operate
the IGBT’s. An uneven distribution of switching sequences results in
irregular charging and discharging of the inverter’s DC-link capacitors,

Ki|
Vée ref
—+ e +
Vde Inc
— -
Vae1 *
Vdc2 kp

Fig. 3. Structure of PI controller. PI = proportional integral.
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which in turn amplifies both transient and steady-state responses. In
addition, both Dc-link capacitors experience voltage imbalance pro-
blems in the 5-level CHB inverter. Moreover, Fig. 4 demonstrates the
overall voltage waveform of the existing PI controller method, along
with the overall voltage of the 5-level CHB inverter, individual voltages
Vie—o1 and Vj._¢, and variation between the voltages (Vje—o1 — Vie—o2)- It is
clear from Fig. 4(a) that at 0.22s, the total voltage Vj.r decreases to
approximately 390 V of Vj.r and 180V (Vje—o1 — Vic—02)and then settles
down at 0.63 s as shown in Fig. 4(a) and Fig. 4(b). Meanwhile, the DC
ripple is observed to oscillate between 4 V to -4V as shown in Fig. 4(c).
This comparison shows that the PI controller is less efficient and still
needs to enhance stability with fast dynamic and steady state response
by configuring the control signal.

To mitigate the above challenges, as illustrated in Fig. 4, Fig. 1(b)
shows a power control configuration for the 5-level CHB inverter SAPF
application with a uniform switching pattern. This system consists of 2
H-bridge modules connected in series, each consisting of 4 switches and
supported by Dc voltages with equal magnitude in symmetrical op-
eration. The 3 voltage steps are generated by each H-bridge module that
is (+Vj, 0, -V;.), and the final voltage steps should be (+2Vj, 0, -2Vj.)
with 5 voltage steps [1,24]. This uniform pattern enables the switches
in each module to operate with appropriate on and off durations.
However, when voltage steps are generated using the conventional
method, the switching sequence becomes irregular, leading to im-
balance issues within the power system of each H-bridge module. As
illustrated in Fig. 1(a), the switching pattern is unevenly distributed,
causing both H-bridge modules to conduct unequally [25]. The dis-
tribution of the even switching pattern is represented ‘H’ is input high
and ‘L’ is low input, as shown in Table 1.

3.3. Working concept of ANFIS

In addition, ANFIS is used in some works showing its merits over
other fuzzy-based algorithms. The study proves its robustness in Dc-link
voltage regulation, adaptive learning capability that enables effective
compensation of harmonic currents generated by nonlinear loads, re-
sulting in a significant reduction of source current total harmonic dis-
tortion (THD). Furthermore, it highlights improved enhancement
during load variation and output waveform quality [26-28]. controller
enhances reactive power compensation and power factor correction
while maintaining stable DC-link voltage under nonlinear load condi-
tions, achieving a reduction in source current distortion and improved
compensation dynamics during load variation [29]. This algorithm can
model nonlinear relationships effectively with relatively small datasets,
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Table 1
Switching pattern for 5-level cascaded H-bridge inverter
S11 S13 821
S23 Output (V) Output (V) Total (V),
H, H, H;, & H,
H L H L + Vde + Vi + 2Vgc
H L L L + Vdce 0 + Ve
H L H H + Vde 0
L L H L 0 + Vi
H H H L 0 + Vi
L L L L 0 0 0
L L H H 0 0
H H H H 0 0
H H L L 0 0
H L L H + Vde — Vde
L H H L — Ve + Ve
L H L L — Vde 0 — Ve
L H H H — Vde 0 — Vi
L L L H 0 — Vde
H H L H 0 — Vie
L H L H 0 — Vde — 2Vjc
ti (Turget
SYSTEM [
Xi (Input) @i(error)

TSK FIS

Yi (Output)

Fig. 5. Block diagram of ANFIS. ANFIS = adaptive neuro-fuzzy inference
system.

incorporating human expertise through fuzzy rules and offering good
generalization in uncertain environments [30]. The ANFIS is a flexible,
learning-based network structured around the conventional fuzzy in-
ference framework, and a comprehensive description can be found in
[31]. It utilizes a first-order Takagi Sugeno Kang fuzzy model, which
initially forms a basic fuzzy system and then employs learning algo-
rithms to minimize the error to zero [32]. Fig. 5 presents the block
diagram illustrating its ability to improve system stability while main-
taining minimal error [33,34].

By adjusting the model parameters, its behavior can be matched to
that of the real system. To achieve this, the mean square error (MSE) is
employed as the cost function [35].

_1_§yN 2
MSE———Zizl e;

N (2)

Eq. (2) defines e as the error value, i as the index representing each
sample, and N as the total number of data points. The model parameters
are adjusted so that the cost function reaches its minimum value, a
process known as training. The input-output relationship of the fuzzy
model is represented in Eq. (3).

2
[xi_,nil)
m n - 1
_ lely Hi:1e K

]
i

> I ef(x:i’w) ®)

The Eq. (3), y, represents the output, while x; denotes the input of
the controller. The parameters m! and o correspond to the Gaussian
membership function parameters, commonly referred to as tuneable
parameters, which are adjusted to minimize the cost function. Whereas,
[ indicates the quantity of fuzzy rules ranging from 1, ...... , m, and n
represents the total amount of data points ranging from 1, ...... , L

i

_ml\?
Consider, if w! =H:’:1 exp(—(%) ) as an approximation in Eq. (3),
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Fig. 6. Control structure of ANFIS. ANFIS = adaptive neuro-fuzzy inference
system.

then the cost function will be written as below in Eq.(4).

zlrilyfzwl a
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1 N 1
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In Eq. (6), a and b are approximated by utilizing the descending
gradient method, Eq. (5) also be drive by a differential equation. In Eq.
(5), t; and y, represented as the desired value and the resulting output of

the ANFIS controller as shown in Fig. 6, and the parameter m/ can be
described as shown in Eq. (6) and Eq. (7).
0E OE(0y da _ow! 9y b _ owt
3= _X_lx_l+_x_lx_l
om{ dy\da ow' om; b ow'  Im;
—2(t — y —m!
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dm| N b (a)? b?
!
o= mh),y
()
E  —4Ati— ) [xi—m! .
;= S| T =D
om| N (a7) (6)
MK + 1) = ml (k) — a2
om; @

According to Eq. (7), a is the learning rate coefficient that adjusts
according to the descending gradient method in ANFIS, aiming to op-
timize the controller parameters. For the parameter of o/, it can be
represented as follows.
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6E
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The Fuzzy C-Means clustering technique is utilized for the initial
fuzzy system. This approach enables each data point to be associated
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with several clusters simultaneously, each with a different membership
value. It is commonly applied to minimize the cost function.

D N
_ m L — 12
I = zi=1 Zj:l K Ibe; = gl

In Eq. (10), D represents the total number of data points, where N is
the number of clusters, x; is the i data point, C; is the center of Jjt
cluster, and ,ul.]'." indicates the membership degree of x; in the j* cluster.
The cluster equation is written as follows.

D
Zi=1 #i;nxi
D
DIy

(10)

Cj:
(€8]

3.4. Configuration of proposed algorithm

Fig. 6 shows the internal structure of ANFIS, which contains 4 steps,
in the first step required new data pairs, second step training of the data
pair is required, third step is to decide the membership function and
epochs and in last fourth step testing the train data. The more you apply
membership function and epochs the system gets more efficient and
more stable, but the processing and computational work would also be
increased. The SAPF has effectively functioned with remarkable miti-
gation capabilities by adding benefits of ANFIS. However, there are
only a few works focusing on the use of ANFIS in voltage balancing

control that have been documented. This may be because integrating
them is tough and complex, especially when it comes to ensuring
compatibility between voltage balancing and the accompanying current
control approaches. In addition, careful parameter adjustment is still
necessary for ANFIS design, and the optimization process usually in-
volves a difficult iterative process.

Furthermore, Fig. 7 illustrates the fuzzification process, where the
input parameters are converted into their linguistic representations
through corresponding fuzzy membership functions. The Gaussian
membership function is used in this case. Based on the training data,
fuzzy rules are formulated to describe the mapping between the input
and output control actions, as illustrated in Fig. 8, followed by the
defuzzification stage. After defuzzification, the fuzzy output is trans-
formed into a numerical control signal. This procedure represents the
ANFIS mechanism for regulating voltage deviations within the system.
The internally structured rules are outlined as follows.

1. If the voltage difference (Vjc—o1 — Vic—02) is NB,
“negative big”.

2. If the voltage difference (Vie—01 — Vie—02) is NS,
“negative small”.

3. If the voltage difference (Vie—o1 — Vic—o2) is ZE,
“zero”.

4. If the voltage difference (Vge—01 — Vie—o2) is PS,
“positive small”.

the output is NB,
the output is NS,
the output is ZE,

the output is PS,

Overall DC-Link Capacitor Voltage Regulation

Output

Output

_ Voltage Balancing of Individual Capacitor

Fig. 8. Input and output relationship of the capacitor and voltage balancing:
capacitors.

. On
,

(b)

(a) Total DC-link capacitor voltage stabilization (b) Voltage stabilization of individual



S.Z. ul Hasan Naqvi, Y. Hoon, K. Chew et al.

Next Energy 11 (2026) 100602

Table 2
Control parameter of power circuit
Parameters Value
Ideal supply, Vs 230V, 50 Hz

Distorted supply, Vs (THD =8.49%)

Fundamental component 230 V3rd Harmonic component 20 V5th Harmonic component10V7th

Harmonic component 15 V9th Harmonic component 5V

Dc link voltage, Vge 400V
Individual H-bridges (Vic—o1 & Vie—o2)voltage 200V
Dc link capacitor, V. (G and C5) 4700 uF

Load resistor, Ry, 250

Load capacitor, Cy, 1100uF

Load inductor, L, Filter inductor 160 mH 3 mH
Choke inductor 1mH
Switching frequency, f; 5kHz

5. If the voltage difference (Vje—o1 — Vic—02) is PB, the output is PB,
“positive big”.

3.5. Design of power circuit parameters

3.5.1. Selection of DC-link voltage V. and filter inductor Ly

The function of the DC-link capacitor is to serve as an energy storage
element that maintains a DC voltage for the inverter, enabling it to
generate the required I,; current to the I current. In conventional
systems, a PI controller regulates the DC-link voltage by comparing the
instantaneous voltage with its reference value. However, this approach
may not ensure precise voltage regulation, leading to fluctuations in the
DC-link voltage and consequently affecting the quality of the output
voltage. To ensure adequate Dc-link voltage for effective compensation,
the following condition must be satisfied:
Vc,max = % Ve (12)

Vemax represents the peak value of the system output voltage, V.
represent Dc-link voltage, and m is the modulation index, which will be
0<m < 1. The selection of the modulation index is very important be-
cause if the DC-link voltage is high, the inverter can only generate the
limited AC voltage depending on the modulation index.

For stable operation, the DC-link capacitor voltage should be
maintained at a level exceeding two-thirds of the grid voltage to ensure
proper generation of the compensating current. The minimum required
capacitance value can be calculated as follows:

t
L max L hy ()]

T AVemax 13

Where the above equation represented as,

Iy is the injection current, and AV¢ e is the maximum ripple
voltage of the DC-link capacitor. Furthermore, during the charging
process, as discussed in the introduction, the voltage of the DC-link
capacitor always changes from the desired voltages, which contributes
to the difference in energy storage AE in the DC-link capacitor is re-
presented as below.

AE = S 1(Vie-)’ = (Vae-o)’) a
In Eq. (13), C represents the capacitance value, V;,_g; corresponds to
the reference Dc-link voltage, V., represents the instantaneous Dc-
link voltage. The energy supplied by the single-phase AC system to
charge the capacitor, E,. can be expressed as follows,
E,. = Pt,

Eue = Vislye cos 61, (15)

Where P is the real power, f. is the capacitor charging time, V},, is the
value of supply voltage, I;. is the charging capacitor current, 6 is the
difference of phase angle within the supply voltage and charging

capacitor current and t, can be represent as g, where T is the time
period of the supply frequency which is 5kHz. If we neglect the
switching losses according to the law of energy conservation, the
equation yields [36,37]:

AE = E,,

VI T

S0 = Vil = 2

2C [ (Vae—02)* = (Vae—o1)*]
VT (16)

The filtering inductor (Ly) is used to attenuate the ripples of the filter
current due to the switching of the converter. This inductor limits the
compensating current ripple, ensures stable current control, and de-
couples the inverter switching harmonics from the grid. Hence, the
design of L; is based on the principle of harmonic current reduction,
and the equation for SAPF is defined as:

Vae
2f Aic

g

Ly =

a7

4. Comparative analysis of the proposed algorithm

Additionally, to assess the performance analyses of the MI-APF, a
detailed evaluation of its steady-state conditions for both Resistor
Capacitor (RC) and Resistor Inductor (RL) loads under ideal and dis-
torted supply conditions is presented. Table 2 outlines the simulation
parameters employed in MATLAB Simulink.

4.1. Steady- state analysis

The analysis compares the analysis of the existing control method
with the proposed approach, highlighting improvements in the form of
(Vpp) peak-peak voltage swing (voltage ripples), (Vi) maximum
overshoot, as can be observed from Figs. 9-12, the reduction of V,, as
also shown in Table 3.

Figs. 9 and 10 shows the total voltage of 5-level CHB inverter V;.r,
individual H-bridge voltage Vj._¢; and V;._q, and the voltage deviation
(AV) within the Dc-link voltage (Vje—o1 — Vic—o2) considering ideal and
distorted supply under RC load, while Fig. 11 and Fig. 12 shows the
total voltage of 5-level CHB inverter V.7, individual H-bridge voltage
Vae—o1 and Vj._g, and the voltage deviation (AV) within the Dc-link
voltage (Vge—o1 — Vic—02) considering ideal and distorted supply under
RL load. Furthermore, it is demonstrated that, the proposed method
presented lesser V,, of =5V to +5.1V and —4.1V to +4.2V for RC
load and —2.1V to +2.2V is achieved from RL load under ideal and
distorted supply. Meanwhile, the existing method presented a higher
Vypof —=5.6Vto +5.5Vand —5.3Vto +5.3V for RCload, while —4V
to +4V and —3.8V to +3.8V for RL load under ideal and distorted
supply as summarized in Table 3.
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Fig. 9. Steady-state dc voltages waveforms obtained considering ideal supply and RC load, which include total Dc-link voltage V4., individual H-bridge voltage Vjc_o1
and Vj._,, voltage difference (Vo1 — Vie—o2)for: PI controller and (b) Proposed ANFIS method. ANFIS = adaptive neuro-fuzzy inference system; CHB = cascaded

H-bridge; PI = proportional integral; RC = resistor capacitor.
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Fig. 10. Steady-state dc voltages waveforms obtained considering distorted supply and RC load, which include total Dc-link voltage V., individual H-bridge voltage

Vie—o1 and Vg_qp, voltage difference (Vge_o1 — Vic—o2)for: PI controller and (b) Proposed ANFIS method. ANFIS =

cascaded H-bridge; PI = proportional integral; RC = resistor capacitor.
4.2. Transient state analysis

Furthermore, it is depicted from Figs. 13-16, the PI controller
regulates the Dc-link voltage up to the desired level, (t;) response time
at approximately 0.63s with the maximum overshoot (Vj.x) of Var
(620V to 630V), Vic_o1, Vic—o2 (330 V to 340 V) and AV (50 V) with £
(0.6s) under RC load, while Vi (555V to 580V), Vic_o1, Vac—oz
(280V) and AV undershoot of (-31V to -33V) with t; (0.41s and
0.6 s), is observed under RL load condition. It is also analyze that after
Vinax, DC-link voltages Vyr and Vj._o;, Vi decreases to 180V ap-
proximately at t; (0.1s to 0.4 s) and starts to settled down after 0.5s
under both loads and supplies, whereas the ANFIS controller achieves
the same target around 0.35s with the V. of Vier (530V), Vie_o1,
Vie—o2 (255 V t0 260 V) and AV (10 V to 11 V) with ¢, (0.21 s) under RC
load, while Vaer (510V to 530 V), Vae—o1> Vie—o2 (255V to 260 V) and
AV undershoot of (-20V to -21V) with t, (0.15s and 0.215s) is ob-
served under RL load condition without any voltage variation within
the Dc-link voltages, as shown in the highlighted results from
Figs. 13-16 and summarized in Table 4, achieved under an ideal and
distorted supply environment.

adaptive neuro-fuzzy inference system; CHB =

This analysis indicates that the proposed ANFIS approach responds
nearly twice as fast as the conventional PI controller. In addition, ANFIS
significantly reduces voltage ripples by 9.0% for the RC load and 46.26% for
the RL load under ideal supply condition, ripple reduction further improves
in both ideal and distorted supply environments, achieving 21.69% for the
RC load and 42.10% for the RL load, as summarized in Table 3. These
results demonstrate that the proposed control strategy delivers superior
dynamic performance and enhanced ripple mitigation compared to the
existing method, confirming its overall effectiveness and efficiency.

Next, Figs. 17 and 18 present the voltage and current waveforms,
including (V;) source voltage, (I;) load current, () injection current,
and (I;) source current is shown for both RC and RL loads under ideal
and distorted supply conditions. The findings indicate that the applied
compensating current effectively reduces the harmonic content in the
load current. Meanwhile, the results in Table 5, supported by Figs. 17
and 18, comparatively illustrate the mitigation performance of the
SAPF. The waveforms show that all source currents maintain a sinu-
soidal shape and remain in-phase with the source voltage (V;) under
both ideal and distorted supply conditions. The findings clearly proved
that the existing and the proposed method have effectively mitigated
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Fig. 11. Steady-state dc voltages waveforms obtained considering ideal supply and RL load, which include total Dc-link voltage’s V., individual H-bridge voltage
Vic-01 and Vge_o», voltage difference (V.01 — Vie—o2) for: (a) PI controller and (b) proposed ANFIS method. ANFIS = adaptive neuro-fuzzy inference system; CHB =

cascaded H-bridge; PI = proportional integral; RL = resistor inductor.
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Fig. 12. Steady-state dc voltages waveforms obtained considering distorted supply and RL load, which include total Dc-link voltage’s V;., individual H-bridge voltage

Vie—o1 and Vg._g,, voltage difference (Vie—o1 — Vic—o2) for: PI controller and (b) proposed ANFIS method. ANFIS

cascaded H-bridge; PI = proportional integral; RL = resistor inductor.

Table 3
Comparison of DC-link voltage (V) differences (Vic—o1,Vac—02) between PI and ANFIS

adaptive neuro-fuzzy inference system; CHB =

Condition PI controller

ANFIS % Reduction

Ideal supply, (Vpp)

= RC load -5.6V to +5.5V(Total= 11.1V)

= RL load -4 V to 4 V(Total= 8.0 V)
Distorted supply, (Vpp)

= RC load -5.3V to 5.3 V(Total = 10.6 V)

= RL load -3.8V to +3.8V(Total = 7.6 V)

-5V to 5.1 V(Total = 10.1V) 9.0%

-2.1V to 2.2 V(Total = 4.3V) 46.25%
-4.1V to +4.2V(Total = 8.3V) 21.69%
-2.1V to 2.2V(Total = 4.4V) 42.10%

ANFIS = adaptive neuro-fuzzy inference system; PI = proportional integral; RC

current harmonics from both resistive and inductive loads, as sum-
marized in Table 5.

4.3. Dynamic state analysis under 20% load reduction
This section discusses the performance of MI-APF under dynamic

conditions. Figs. 19-21, illustrate the effectiveness of the proposed
ANFIS controller when the load is decreased by 20% from the nominal

resistor capacitor; RL = resistor inductor.

value to 20Q. Fig. 19 shows that the existing PI controller exhibits a
higher Dc-link voltage ripple V,,, ranging from —5V to +5.1V. In
contrast, the proposed ANFIS controller achieves a significantly lower
V,p —2.8V to +2.8V, indicating improved ripple mitigation and en-
hanced voltage stability within the Dc-link.

Further analysis from Fig. 20 shows that the response time of the Dc-
link i.e.Vir and Vie_o1, Vae—o2 is 0.51s using PI controller, with the
voltage difference AV settling at approximately 0.5s. Meanwhile, the
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Fig. 13. Transient state comparison of Dc-link voltages, RC load under ideal supply: PI controller (b) ANFIS controller. ANFIS =

system; CHB = cascaded H-bridge; PI = proportional integral; RC =
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Fig. 14. Transient state comparison of Dc-link voltages, RC load under distorted supply: PI controller (b) ANFIS controller. ANFIS = adaptive neuro-fuzzy inference
system; CHB = cascaded H-bridge; PI = proportional integral; RC = resistor capacitor.

Fig. 15. Transient state comparison of Dc-link voltages, RL load under ideal supply: PI controller (b) ANFIS controller. ANFIS =

system; CHB = cascaded H-bridge; PI = proportional integral; RL = resistor inductor.
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Fig. 16. Transient state comparison of Dc-link voltages, RL load under distorted supply: PI controller (b) ANFIS controller. ANFIS = adaptive neuro-fuzzy inference
system; CHB = cascaded H-bridge; PI = proportional integral; RL = resistor inductor.

Table 4

Comparison of Dc-link response time (t,), voltage overshoot (Vi) and % reduction

Condition

Ideal supply

Distorted supply

PI controller ts
Vinax

ANFIS ts
Vinax

% Reduction ts
Vinax

RC
RL
RC
RL
RC
RL
RC
RL
RC
RL
RC
RL

Vier

0.63s
0.63s
630V
580V
0.35s
0.35s
530V
530V
44.4%
44.4%
15.8%
8.62%

Vac-01,Vac—o2
0.63s
0.63s
340V
280V
0.35s
0.35s
260V
260V
44.4%
44.4%
23.5%
7.14%

\4
0.6s
0.6s
50V
-33v
0.21s
0.21s
10.1V
-20V
65.0%
65.0%
79.8%
39.3%

Vder

0.63s
0.63s
620V
555V
0.35s
0.35s
530V
510V
44.4%
44.4%
14.5%
8.10%

Vdc—o01,Vdc—o02 \4
0.63s 0.6s
0.63s 0.41s
330V 50V
280V =31V
0.35s 0.21s
0.35s 0.15s
255V 11V
252V -20V
44.4% 65.0%
44.4% 63.4%
22.7% 78.0%
10.0% 35.4%

ANFIS = adaptive neuro-fuzzy inference system; PI = proportional integral; RC = resistor capacitor; RL = resistor inductor.
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Fig. 18. Overall waveform of V, I, I;j, I;: RL load with distorted supply (b) RC load with distorted supply. RC = resistor capacitor; RL = resistor inductor.

Table 5

Total harmonic distortion (THD %) and phase difference (@) between the load current (I;) and source current (Is) under different conditions
Current Ideal supply Distorted supply

PIcontroller ANFIS %]Improvement Plcontroller ANFIS %Improvement

RC load condition
Load current, I, 63.23 63.23 - 61.2 61.2 -
Source current, Iy 3.29 2.97 9.72% 3.50 3.27 6.57%
Power factor, Py 0.999 0.999 - 0.999 0.999 -
Phase difference, By 0.4 or 75.0% 0.5° 0.2 60.0%
RL load condition
Load current, I, 35.42 35.42 - 38.25 38.25 -
Source current, I 2.67 2.41 9.73% 3.31 3.03 8.45%
Power factor, Py 0.999 0.999 - 0.999 0.999 -
Phase difference, By 0.4 01 75.0% 0.5° 0.1 80.0%

ANFIS = adaptive neuro-fuzzy inference system; PI = proportional integral; RC =

Total Voltage of S-level CHB Inverter, (V

402

dtT)

resistor capacitor; RL = resistor inductor.
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Fig. 19. Dc-link voltage performance after 20% load reduction: (a) PI controller and (b) proposed ANFIS method. ANFIS = adaptive neuro-fuzzy inference system;
CHB = cascaded H-bridge; PI = proportional integral.

ANFIS controller achieves the same target in 0.32's for V. and Vje_o1,

Vic_o2, while AV much faster at 0.1s.

Overall, the proposed ANFIS controller reduces the response
time of Vy.r and Vo1, Vae—02 by 37.25% and decreases the response
time of AV by 80%, while maintaining stable Dc-link performance
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under RL load condition. These results demonstrate that the pro-
posed control strategy provides superior dynamic performance and
enhanced ripple mitigation compared to the conventional con-
troller, confirming its robustness and overall effectiveness under
load variation.
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proportional integral.

4.4. Main achievement of the proposed ANFIS controller

Notably, the effectiveness of the proposed ANFIS controller is further
validated through the reduction achieved in key performance parameters
across various load and supply conditions. For the RC load under ideal
supply, the ANFIS controller yields an improvement of 9.72% in source
current (I;), and 75.0% improvement in phase difference (F;). Similarly,
for the RL load under ideal supply, improvements of 9.73% in source
current (I;) and 75.0% in phase difference (P;) are observed.

Specifically, under distorted supply conditions, the controller
maintains its effectiveness. For the RC load, the optimization recorded
are 6.57% in source current (J;) and 60.0% in phase difference (F;). In
the case of the RL load, optimization of 8.45% in source current (I;) and
80.0% in phase difference (F;) are achieved. It is further tested after the
load variation decreases 20%, that the system behaves with superior
performance. The findings demonstrated that the proposed method
ANFIS method exhibits superior performance compared to PI controller,
achieving lower THD, minimal phase difference, no overshoot with fast
response. These results collectively confirm that the ANFIS controller
provides consistent and significant performance enhancement in terms
of current quality, power factor correction, and phase alignment across
different operating conditions.
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5. Conclusions

In this work, the first improvement is to enhance the voltage bal-
ancing with minimal overshoot and response time by using ANFIS
controller designed for a single-phase SAPF. It clearly shows from the
above Table 3 and Table 4, the proposed adaptive neural fuzzy inter-
ference system (ANFIS) algorithm achieved a response time of 2 times
faster compared to PI.

The proposed algorithm has demonstrated strong robustness in re-
sponding to sudden variations in load conditions, i.e., by achieving a
response of 0.35s with no overshoot and faster response time while
maintaining an effective reduction of V},, 9.0% and 21.69% under RC
load, 46.25% and 42.10% under RL load, highlighting the effectiveness
in both ideal and distorted supply conditions. Meanwhile, Table 5 de-
monstrated the mitigation performance of the currents and improve-
ments of Source current (I;), Phase difference (B;). The proposed method
is mainly designed to maintain the effectiveness when nonlinear load
applied, i.e., optimization recorded are 6.57% in source current (I;) and
60.0% in phase difference (F;), while successfully maintaining the
power factor. The results confirm the improved stability and perfor-
mance achieved using the ANFIS algorithm in MLI systems. They
highlight the effectiveness of ANFIS in practical applications,
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underlining its significant contribution to enhancing power perfor-
mance and strengthening the dependability of contemporary power
systems.
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