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Abstract - The advancement in inverter topology has led to the development of the Three-Phase Four-Switch (TPFS)
inverter, which minimizes losses, reduces complexity, and lowers costs. This compact and cost-effective solution offers
improved performance, making it an attractive option for a wide range of applications. The TPFS inverter must
synchronize its output with the grid's voltage and frequency when connected to the grid. This paper introduces a novel
Fuzzy Logic Controller (FLC) designed to optimize the performance of a TPFS inverter. The key design considerations
of this system include Maximum Power Point Tracking (MPPT) control, grid synchronization, and maintaining a Total
Harmonic Distortion (THD) within permissible limits. The proposed approach uses a TPFS inverter instead of a
traditional Three-Phase Six-Switch (TPSS) inverter for grid-connected PV systems. The FLC with TSFS inverter is
simulated and compared to a conventional Synchronous Reference Frame (SRF) based Proportional Integral (PI)
controller. It was found that the proposed FLC is more robust than the SRF-PI controller in terms of cost reduction and
low THD. A Space Vector Pulse Width Modulation (SVPWM) control algorithm is proposed for the TPFS inverter
inspired by the operating principles of the TPSS inverter. The TPSS inverter divides the af plane into six sectors, and
the necessary reference voltage space vector is formed using effective (mean) vectors. This principle forms the basis of
the space vector PWM algorithm for the grid-connected TPFS inverter using Clarke’s Transformation.

Keywords —: Three-Phase Four-Switch (TPFS) Inverter, Three-Phase Six-Switch (TPSS) Inverter, Space Vector Pulse
Width Modulation (SVPWM), Synchronous Reference Frame (SRF) controller, Fuzzy Logic Controller (FLC)

the minimized switch interaction in TPFS inverters reduces
the risk of switch damage. The three-phase inverter with four
switches, proposed by Van der Broeck and Van Wyk [3],
aimed to minimize component costs. This configuration is
referred to as the Three-Phase Four-Switch (TPFS) or (B4)
inverter, distinguishing it from the conventional B6 inverter,
as illustrated in Figure 1.

I. INTRODUCTION

Over the years, Three-Phase Six-Switch (TPSS) inverters
have been the traditional choice for variable-speed
Alternating Current (AC) motor drives. However, recent
research has explored the potential of Three-Phase Four-
Switch (TPFS) inverters for uninterruptible power supply
and variable speed drives. [1]- [2]. The growing interest in

TPFS inverters can be attributed to their numerous It has one power leg comprising two serial capacitors

advantages over traditional TPSS inverters. One major
benefit is the reduced cost due to fewer switches, leading to
lower switching and conduction losses. Additionally, TPFS
inverters have simplified interface circuits and logic signal
supply for switches, making them easier to control. The
control algorithms for logic signal generation are also
simpler, reducing the computational burden. Furthermore,
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and two switching legs, each containing two IGBT switches
with the phase ‘a’ connecting to the midpoint of the two DC-
link capacitors and the phases ‘b’ and ‘c’ connected to the
two inverter legs. The primary challenge in TPFS inverters
is the voltage balancing of DC-link capacitors, as it directly
impacts the output current harmonics. The voltage imbalance
issue may arise due to the inherent four-switch structure. To

© 2025,1JREAM All Rights Reserved.



address this problem, several studies have proposed
modifying traditional modulation strategies by introducing
additional constraints [4],[5],[6]-[7]. Previous studies have
investigated the application of Fuzzy Logic Controller
(FLC)-based Induction Motor (IM) drives [8]-[9].
Additionally, a few works have explored the integration of
FLC with Space Vector Pulse Width Modulation (SVPWM)
for Three-Phase Four-Switch (TPFS) inverters in grid-
connected Photovoltaic (PV) systems. The main contribution
of this paper is to propose a new SRF-FLC of a three-phase
four-switch inverter with a grid-connected PV system
compared with other works to investigate the dynamic
performance of the TPFS inverter using the FLC.
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Figure 1 Three-Phase Four-Switch Inverter
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This paper makes the following key contributions: 1)
investigating the performance of a TPFS inverter using SRF-
FLC, 2) validating the proposed SRF-FLC through
simulations by comparing it with the conventional SRF-PI
controller, and 3) comparing the performance of the
proposed TPFS inverter and the TPSS inverter using THD.
The discussed topology has a PV Array, MPPT Perturb and
Observe (P&O) Algorithm, and Boost Converter. This paper
also suggests a modified SVM strategy, adapted to the
proposed converter, to eliminate the effect of the voltage
imbalance problem of capacitors. MATLAB/Simulation has
been done to evaluate this topology's performance and
compare simulation results with past works.

Il. SPACE VECTOR MODULATION

The method for producing PWM signals that regulate the
voltage applied to the motor phases is referred to as
SVPWM. It has several benefits compared to conventional
PWM methods, including reduced switching losses, greater
DC bus voltage consumption and enhanced harmonic
performance. From Figure 1 the switching status is denoted
by binary variables S1 to S4, which are set to "1" when the
switch is closed and "0" when open. In addition, the switches
in one inverter branch are controlled complementary (1 on,
off), therefore:

S1+S2=1

S3+S4=1 1)

The output voltages Van, Vbn, and Vcn of the inverter in
the form of switching states are given by Equations (2)-(4):

Van =

ZE[451 - 252 - 1] )
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Vbn = VT‘” [4S2 — 251 — 1] A3)

2vdc
3

Ven = [1—-S1-S2] (4)

The combinations of switching states (S1-S4) result in four
general space vectors (Table 1). The components of these
space vectors are obtained from the abc voltages using
Clark's transformation, which converts the three-phase
voltages into a two-dimensional representation displayed in
Equation (5).

1 1
Vo 2| "2 KZ ©)
v.l 3|nv3 _ B
q 05 —5 |lve

The Vref and angle (o) are given as in the Equations (6) &

(7)
vrefl = [V + 77 (6)

a= tan‘l(z—g) (7)

Figure 2 SV diagram of (a) TPSS inverter (b) TPFS
inverter (c) comparative analysis of SVPWM

Figures 2 (a) and (b) show the space vector diagram
of the TPSS inverter where af plane is divided into six
sectors and four sectors for the TPFS inverter, and Figure
2(c) indicates the comparative analysis of both inverters [10].

The SVPWM technique for a four-switch three-
phase inverter is derived from the principle of similarity with
a six-switch inverter, where the plane is divided into four
sectors instead of six, each corresponding to a unique vector
[11]-[12]. The active vectors and their durations in a
sampling interval are chosen and calculated for these sectors
V1, V2, V3, and V4 based on the location of Vref. For a
four-switch inverter, the active vectors are divided into four
vectors named V1, V2, V3, and V4. The duration of these
vectors in a sampling interval is calculated using Vref
location [13]-[14]. After calculating vectors V1, V2, V3, and
V4 vectors which divide the afPlane into four sectors and
each sector is of 90°.

Each sector represents a specific range of voltage
vector angles, determining the appropriate switching
sequence for the inverter's power switches. Table | indicates
the switching states and voltage components for the TPFS
Inverter.
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Table I  Switching vectors, Phase, and line voltages

Volta | Switchin | Phase Voltages | Line-voltages

ge g
vector | Vectors
> a |b |[Va|Vb |Vc |Va |Vb]|Vc
n n n b c a
V1 0 0 - - 213 |0 1011
1/3 | 1/3
V2 1 0 1 -1 |0 2 1] -1
V3 1 1 13 | 13 |- 0 1 -1
2/3
Vs 0 1 11 0 2 |1 1
Table Il Sectors and Range of Angles
Sector | Range of Angle Space Vectors
_ o _ o 2
1 120°<a<-30 2, _120°
3
_2N° o 2
2 30°<a<60 2, 300
V3
o o 2
3 60°<a<150 2,600
3
o _ o 2
4 150°<a<-120 ~ 150
V3

Calculation of each Sectors angle difference and Range of
angles are shown in Table Il

I1l. STRUCTURE OF THE GRID-CONNECTED PV SYSTEM
WITH THE TPFS INVERTER

A TPFS inverter with SRF-FL Controller comprises of a
PV A system, MPPT controller, SRF-FL controller, and Grid.
PVA is connected to the Boost Converter through the MPPT
controller. After maximum power extraction of the PVA, the
boost converter is connected to a four-switch inverter. The
output of the TPFS inverter is connected to an LC filter for
harmonics compensation and further connected to the grid.

A. Photo Voltaic Array (PVA)

A solar photovoltaic (PV) cell, commonly known as a solar
cell, is a device that converts sunlight directly into electricity
through the photovoltaic effect [15]. The Photo Voltaic
Array (PVA) is designed with a specific combination of
series and parallel panels to generate the required voltage
Vpv and current Ipv for the B4 inverter to inject power into
the grid. A boost converter is necessary to achieve maximum
power extraction from the PVA and maintain a stable DC
voltage.

B. Maximum Power Point Tracking (MPPT)

MPPT is an efficient DC-to-DC converter used to maximize
the power output of a solar system. Due to the fluctuating
sunlight intensity (irradiance) throughout the day, solar
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panels experience continuous variations in voltage and
current output. To optimize energy harvesting, Maximum
Power Point Tracking (MPPT) algorithms systematically
sweep through the panel voltage range to identify the optimal
combination of voltage and current, known as the 'sweet
spot’, which yields maximum power output. The MPPT
controller continually monitors and adjusts the PV voltage to
ensure maximum power generation. The boost converter is
controlled by the P&O MPPT method, a fast and simple
technique for controlling the converter [16]. After maximum
power extraction of the PVA power, the boost converter is
connected to a three-phase four-switch inverter. The
following flowchart provides a visual representation of the
Perturb and Observe (P&O) algorithm is shown in Figure 3.

AP(K)=P(K)-P(k-1)
AV(K)=V(-V(k-1)
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Figure 3 P&O algorithm for MPPT technique

A. Boost converter

The conventional DC-DC boost converter circuit
configuration is illustrated in Figure 4, which shows the
typical topology of a boost converter, including the power
switch (IGBT), diode, inductor, and capacitor. Here input for
the boost converter is from a solar PV cell that acts as a DC
input voltage source Vin, a controllable IGBT switch, an
inductor L, a capacitor C, a load resistor R, and a PWM
block.VVo represents the voltage across the capacitor and I,
represents the current through the inductor.

The duty ratio of the boost converter switch is adjusted based
on changes in PVA voltage and current determined by the
MPPT technique. These values vary according to changes in
the solar irradiation.

B w0 —
by LT
1 |

Figure 4 PV connected Boost converter
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B. Synchronous Reference Frame

For sharing the PVA power to the grid, synchronization of
three-phase voltages needs to be done where the voltage
amplitude, frequency, and phase need to be matched. To
achieve this Synchronous Reference Frame (SRF) controller
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is mtegrated into the TPFS inverter [17], [18] [19]. The SRF
controller operates by taking feedback from grid and inverter
voltages and currents respectively. The SRF controller is the
finest control module for the integration of renewable
sources into the grid. The SRF control structure is very
simple and has a less complex mathematical model which
helps the controller with faster response [20]. The SRF
controller is generally used for generating reference voltages
to any PWM technique controlling the voltage source
inverter. The SRF controller takes feedback from the grid
phase voltages and TPFS inverter currents (in per unit
representation) and calculates the reference signals [21]-
[22]. The complete structure of the SRF controller can be
observed in Figure 5.

The magnitude, frequency, and phase of the TPFS inverter
output voltages are controlled by the SRF reference signals
making it follow the grid. For generating the Sine reference
signals the complete controller is designed in d-q component
format using Park’s transformation equations given below:

Gc Y

Figure 5 SRF control structure with grid and inverter
feedback

Fq1

;|-

ESinwt Sin(wt—z?n) Sin(wt+-2§n-) 5(; (10)
3|Cos wt Cos(wt—z?”) Cos(wt+2?n) F.

In the given expression (10), ‘F’ represents any signal either
voltage “V’ or current ‘I’. ‘wt’ is the phase angle of the grid
voltage of phase ‘a’ determined by Phase Locked Loop
(PLL) [23]-[24]. The voltage d-q components for the
generation of reference signals are expressed as:

95 = Ud +9d + Lo, (11)
9; = Uq + 9q — Lwig (12)

Here, 9d 9q and i4i, are determined by equation (10) which
are the grid voltages and inverter currents d-q components.
The Ud and Uq components are determined by the current
controller (Pl controller) with input taken from error dq
current components as expressed below.

Ud = (iares — ia) (Kpi + L) (13)

N

Uq = (iqrer — iq) (Kpi * %) (14)

Here, igrer iqrer are the reference dg current components.
K, K;; are the proportional and integral gains of the current
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controller determined by the trial-and-error method. The
iqres IS Zero and the i, .. is expressed as:

ig ref = (ﬁdc ref — ﬁdc) (va + Kw) (15)

Here, 94 ref is the reference DC link voltage input to the
four-switch inverter. K, K;,, are the proportional and
integral gains of the voltage controller tuned as per the
response of the controller. The reference signals generated
by the expressions (11) and (12) are converted to Sine signals
using inverse Park’s expressions given as:

Sin wt Cos wt

I l ISln Wt——n Cos (wt—z?n) [gd] (16)

Sin Wt+ Cos (wt+2?n) !

The final reference signals 9, 9, 9, are given input to the
TPFS Inverter to determine the Vs signal for the generation
of pulses to the four switches.

C. Fuzzy Logic Controller (FLC)

FLC block generates the voltage reference value for the
SVPWM technique to generate pulses for the TPFS inverter.
To achieve this, the FLC receives two essential inputs. The
first input is the current error, which represents the deviation
between the reference current (Iref) and the actual d-axis
current (Id). This current error is a critical factor in
determining the required voltage adjustment. The second
input is the change in error (Ae), which is created by the
memory block and provides valuable information about the
rate of change of the current error. By processing these two
inputs, the FLC produces the optimal voltage reference
value. The inverter's actual currents are processed through
Clarke's and Park's transformations to compute the Id and Iq
currents. The reference current (lrer) is derived from the DC-
Link voltage and then compared with the actual currents to
calculate the error. This error is subsequently fed into the
FLC block, as illustrated in Figure 6.

& U ——o

a
) ) Fuzzy Logic
Controller

with Ruleviewer

v

Memory

Figure 6 Flow diagram of implemented Fuzzy Logic
Controller

The simplified FLC's fuzzy rule base maps input variables to
outputs using fuzzy IF-THEN-AND logic rules with five
linguistic expressions, as detailed in Table Ill. These
linguistic variables are expressed by “Negative Large (NL)”,
“Negative Small (NM)”, Zero (Z)”,” Positive Small (PS)”,
and “Positive Large (PL)”, for all variables. The Membership
Functions (MFs) of two inputs are 1d, I4 error (e), de (change
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in error), and Ud, Uq (voltage reference values) after
selecting the scaling parameters, the membership functions
(MFs) are determined, playing a crucial role in the FLC.
Figure 7 illustrates the MFs used for both input and output
fuzzy sets in generating reference voltages. Triangular MFs
are chosen for all fuzzy sets due to their simple mathematical
representation, which facilitates easier implementation of the
fuzzy logic inference engine while minimizing
computational complexity for real-time applications [25]-
[26]. Figure 8 shows the surface viewer of FLC.

Table 111 Rule Base for Five Membership Function

Change Error (e)

:Enrmr( de) NL |[Ns |[Z |[PS |PL

NL NL | NL | NL | NS | Z

NS NL | NL | NS | Z PS

Z NL | NS | Z PS | PL

PS NS | Z PS | PL | PL

PL Y4 PS | PL | PL | PL

L NS z Ps PL

- 1 o 1 =
inout variable ~e™

(@)

L NS z s L

e s

(b)

P rs = s L

Sartoast wariable o

(©)

Figure 7 Membership functions for, (a) current error
(e), (b) change of current error de (c) voltage reference
Ud Ug implemented in Matlab Simulink

Figure 8 Surface Viewer
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IV. SIMULATION AND RESULTS

In this section, Compares SRF-FLC with the conventional
classic control method, SRF-PI. For this purpose, the SRF-
Pl Controller has been considered and simulated in
MATLAB/Simulink. The PV model is connected to the
TPFS inverter through the DC-Link and the output is
connected to the three-phase utility grid via the Boost
Converter.

However, the conventional Pl controller introduces a higher

ripple, resulting in harmonics in the inverter currents.
Nevertheless, the inverter's voltage harmonics are relatively
lower compared to the currents. Simulation response output
voltage and current of a TPFS inverter using both the
controller displayed in Figures 9 (a) and (b). The traditional
SRF-based PI controller is shown in Figure 9(a) and the
proposed SRF-based FL Controller is shown in Figure 9 (b).
The output voltage of the SRF-FLC controller displays a
sinusoidal waveform, showing a notable enhancement
comparison to the SRF-PI controller. While the SRF-PI
controller's output voltage contains harmonics and ripples,
the SRF-FL.C controller's output voltage remains smooth and
sinusoidal, ensuring a higher quality of power delivery.

Inverter output voltage

vinv

(b)

Figure 9: Simulation response of voltage and current
of TPFS grid-connected PV inverter using (a) Traditional
SRF-PI controller (b) Proposed SRF-FLC

The inverter voltages of both six-switch and four-switch are
analyzed using the FFT analysis tool to determine the THD
of the signal and are presented in Figure 10. The Total
Harmonic Distortion (THD) for the TPSS inverter using the
SRF-PI controller is noted to be 2.81%. THD for the
proposed SRF-FL controller is 0.42% as recorded in Fig. 11.
The analysis of voltages is carried out at the same time with
the same rating of the system and PVA. It compensates with
a significant power output to the grid, making it a suitable
option for energy transfer. Therefore, the TPFS inverter
performs better than the TPSS inverter, as it is more efficient.
The performance of the TPFS inverter topology can be
improved by the SRF-Fuzzy Logic controller. THD and
injected power is delivered to the grid is improved by using
SRF-FLC as discussed above.
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Fundamental (S0Hz) = 333.2 , THD= 2.18%
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: = e : - c

Figure 10: THD using SRF-PI controller for TPSS
inverter

Figure 11: THD using SRF-FL Controller for TPFS
inverter

V. CONCLUSION

This paper presents an SRF-FLC with PVA grid
interconnection using different inverter topologies. The
paper provides the design and modeling of the TPFS inverter,
along with a mathematical model of the switching states. To
synchronize the inverter, an SRF controller is used to
generate reference signals for the four-switch SVPWM. The
paper also carries out a comparative analysis between the
SRF-PI and SRF-FLC of a four-switch inverter for the same
system and PV A rating. The harmonic distortion of the SRF-
PI controller for the TPSS inverter is 2.18% which is low as
compared to the TPFS inverter which is calculated to be
3.54%, while the SRF-FLC for the TPFS inverter has a
comparatively low harmonic distortion of 0.42% compared
to SRF-PI Con trollers for both TPSS and TPFS inverters.
Therefore, the Three-Phase Four-Switch inverter with SRF-
FLC outperforms the SRF-PI controller, as it is more
efficient and has fewer harmonics. The performance of the
proposed topology can be further improved by updating the
controllers.
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