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Abstract

Purpose: With the depletion of fossil fuels, the
landscape of electrical energy generation has
witnessed a transformative shift towards alternative
sources such as fuel cells and photovoltaic (PV)
systems that produce direct current (DC) electricity.
In the realm of distributed power generation, three-
phase voltage source inverters (VSIs) are
extensively utilized for converting energy from DC
sources to alternating current (AC) for the grid or
loads. The pivotal objective of this study is to
investigate and compare the performance of
fractional-order Proportional-Integral (PI) and
Proportional-Integral-Derivative  (PID) control
structures against their integer-order counterparts
in the voltage control loop of a VSI connected to a
dynamic load system.

Materials and Methods: The research employs
frequency response analysis to design and
implement both fractional-order PI/PID and
integer-order PI/PID control structures for the
voltage control loop. The simulation of the
controlled  system is  conducted  using
MATLAB/Simulink, considering two distinct test
scenarios — unstable and stable dynamic load
conditions. The primary focus is on analyzing the
inverter output voltage in the d-q axis under these
scenarios.

Findings: The analysis of the simulation results
reveals noteworthy distinctions between the

https://doi.org/10.47672/ajce. 1774

fractional-order and  integer-order  PI/PID
controllers in the context of controlling the inverter
system with dynamic loads. These findings shed
light on the advantages of employing fractional
order controllers, particularly in dynamic load
scenarios, showcasing superior performance in
comparison to their integer-order counterparts.

Implications to Theory, Practice and Policy: The
study's outcomes hold significant implications for
the theory and practice of voltage control in
distributed power generation systems. The
superiority of fractional-order Pl controllers
underscores their potential for enhancing power
quality, especially in systems with unstable and
time-varying dynamic loads. These insights can
inform the development of more effective control
strategies for voltage source inverters, influencing
both theoretical frameworks and practical
applications. Policymakers may consider these
findings when formulating regulations and
incentives to promote the adoption of advanced
control strategies in the evolving landscape of
electrical energy generation.

Keyword: Voltage Source Inverter, Fractional-
Order PI Controller, Frequency Response
Analysis, Dynamic Load, Power Quality,
MATLAB/Simulink Simulation.
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1.0 INTRODUCTION

In the ever-evolving landscape of technological advancements, the demand for diverse forms of
electrical energy continues to escalate. This surge is notably propelled by the strides made in power
electronics, resulting in the development of numerous inverters catering to various applications.

Among these, three-phase voltage source DC/AC inverters stand out as pivotal power electronics
converters, converting input direct voltage into different output AC voltages essential for a myriad of
industrial applications requiring three-phase AC voltage. The contemporary surge in microgrid plants
fueled by renewable energy sources accentuates the increasing significance of three-phase Voltage
Source Inverters (VSIs) in the Power System World. Functioning with DC voltage as an input source,
the VSI system contributes AC voltage or current to the load and/or grid. Achieving a clean three-
phase AC waveform at the inverter output becomes imperative, posing a formidable challenge,
particularly in the face of unstable and/or stable static/dynamic loads within power systems
applications.

Problem Statement

The complexity arises in controlling the output voltage to ensure high-quality energy transfer under
diverse load conditions. This becomes especially challenging when dealing with dynamic loads in
power systems, where the load behavior undergoes substantial variations within the same time of day,
season, or even between different distribution facilities under similar weather conditions. Furthermore,
the load behavior may exhibit variations between day and night under various weather conditions.
Therefore, the development of control strategies for inverter systems capable of dynamically adapting
to these changing load structures at each sampling time becomes imperative.

2.0 LITERATURE REVIEW
Theoretical Review

Control systems have been developed to meet every need with developing technology and are used in
many areas in daily life. Controllers of different structures and characteristics have been developed
for industrial use and research purposes. Despite progress in control strategies, structurally simple PlI,
PID, and lag/lead controllers widely used in control systems. These type controllers are generally used
as P, PI, PD, and PID, allows the control of systems by taking the ratio-integral-derivative values of
the input and/or combinations thereof. The parameters of PID controllers can be obtained both
experimentally and analytically (Astrom & Hagglund, 2009; Guzman et al, 2006). Also, the design
stages do not involve further processing. Therefore, Pl and

PID controllers are the most popular controllers used in the industry (Astrém & Hagglund, 2009). In
parallel with the developments in technology, computer-aided analysis and designs are used
extensively in control systems; the use of fractional order PID (PI*D*) and PI (PI*) controllers are
becoming widespread instead of the classical PID and PI controllers. The classic PID controllers
consist of three terms, Kp, Ki and Kd, while fractional-order PID controllers have the terms A and p,
the degree of the integral operator, and the degree of the derivative operator, respectively. This allows
the flexibility function to depend on five variables in the optimization process, allowing for more
flexible designs. Various research in practical systems indicates that fractional-order controllers
perform better related to robustness and transient response (Gil & Tan, 2019; Malek, 2014; Yang et
al., 2018).
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Conceptual Framework

It is observed that the load behavior of the same distribution facilities changes greatly during the same
time of day or the same season of the year, or this change may be noticed in different distribution
facilities under similar weather conditions. Furthermore, the load behavior may vary between day and
night in various weather conditions. Therefore, control strategies for inverter systems with dynamic
load structures that changed dynamically for each sampling time must be developed.

Figure 1 shows the control structure for three-phase PWM (pulse width modulation) VSI where the
voltage output voltage is controlled. A voltage control loop is used to control the VVSI system to supply
the desired quality AC voltage to dynamic stable/unstable loads. In this research, a fractional-order
PI/PID and integer-order PI/PID controllers are designed for the voltage control loop of the inverter
with the dynamic load. For this purpose, the transfer function of the considered system is obtained
first. Then, the parameters of the controllers used to control the voltage control loop in the VSI system
with dynamic load are designed based on the same cut-off frequency and phase margin values by
utilizing the frequency response analysis of closed-loop voltage control system in this paper. For a
case study, simulations are performed in Matlab/Simulink environment to compare the control
performance of the integer-order controllers and fractional order controllers for the VSI system
connected to stable and unstable dynamics loads conditions by using simulation results. Analyzes are
made by comparing the voltage waveforms of inverter output voltages in the d-axis (Vq) and g-axis
(Vq) and reference voltage waveforms Varer and Vgrer for the case study. The control strategy aims to
regulate the voltage output from the inverter to follow a specified reference signal. So, the effect of
controller structure determination on the system response is interpreted in this research. The analysis
of the results shows that the superiority and the feasibility of FOPID/FO-PI controllers.

Dynamic Load
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Figure 1: VSI Structure Diagram for Voltage Control
Research Gaps

However, as technology progresses, fractional-order PID (PI*D*) and P1 (PI*) controllers are gaining
prominence over classical PID controllers. The fractional-order controllers, characterized by
parameters A and p, offer more flexibility in design with five variables in the optimization process.
Research indicates that fractional-order controllers exhibit superior performance in terms of
robustness and transient response compared to their classical counterparts.
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In the subsequent sections, this study delves into the design and analysis of fractional-order PI/PID
and integer-order PI/PID controllers for the voltage control loop of a three-phase PWM (pulse width
modulation) VSI, specifically addressing the challenges posed by dynamic loads in power systems.
The investigation employs frequency response analysis and MATLAB/Simulink simulations to
compare the control performance of both controller types under stable and unstable dynamic load
conditions, shedding light on the superiority and feasibility of fractional-order controllers.

3.0 MATERIAL AND METHODS
Dynamic Load

When creating a voltage control structure for a system, load characteristics and their models should
be understood. When making load models in a power system, it should be considered that there are
loads with very different characteristics in the load bus bar. In a power system, electrical loads are
generally analyzed in two groups: dynamic load and static load. Because static load models do not
change over time and gives the current function of the bus voltage and/or frequency as the load, the
traditional static loads are not enough to characterize the transient behavior of real electric loads which
is driven by things such as cooking, TV, lighting, entertainment electronics, etc, so there is a necessity
to design dynamic load in power system simulations to get more favorable results.

The dynamic load can be performed in the Matlab/Simulink environment by switching static load by
IGBT or Breaker switches which are shown in Figure 2 (Karabiber et al., 2016). In this way, the power
drawn by the static loads can be changed dynamically for each sampling time. In this study, we prefer
IGBT dynamic load model because of breaker model has a shubbed capacitor which needs reactive

power and ripple occur at switching time.
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Figure 2: Dynamic Load Model Using IGBT and Breaker Switches

Mathematical Model of Three-Phase Voltage Source Inverter System with Dynamic Load

The circuit topology of three-phase PWM VSI is illustrated in Figure 3 (Mu et al., 2011), where
Li=L>=L3=L, R1=R2=R3=R, C1=-C>=C3=C are inductor, resistance, and capacitor of the filter; uqcis the
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DC bus voltage, Ioc is DC side current, ira, iro, irc are load current and RL is the load. Moreover, Uea,
Ueb, Uec is filter capacitance-voltage; ia, in, ic and ua, Up, Uc are the inverter bridge output current and

voltage.
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Figure 3: The Structure of Three-Phase PWM VSI

The mathematical model of the system can be obtained by using circuit equations. The voltage
equations for each phase of the system are given in (1) - (4). (Malek, 2014; Mu et al., 2011).

L (didt) = —Ria+ udc(Sa— 173 Yj=ab,c Sj) — Uea (1)
L (div/dt) = —Rip + uac(Sp— 13 Yjzapc S) — teb @)
L (digdt) = —Ric+ udc(Sc— 173 Yj=ab,c Sy) — Uec (3)
C (dueadt) = —ira+ ia,  C(duerdt) = —iry + in, 4)

C (der/dt) =—irct+ ic

where, Sa, Sb and Sc are the switches in the respective phase arms.

The inverter system is a nonlinear time-varying system as can be seen in (1), (2), (3) and (4). In this
research, we used Park transformation (dq transformation) to convert a three-phase, threedimensional

system into a two-dimensional and also a single-phase system. If we apply dq transformation to the
mathematical model of the VSI system, our new mathematical equations are;

L (diadt) = —Rid+ Lwiq+ Sdudc— Ued= —Rid + Lwig+ Ud — Ued (5)
L (digdt) = —Riq— Lwid+ Squdc— Ueq= —Rig— Lwid + Uqg— Ueq (6)
C (dueadt) = —ira + Cwueq+ id (7)
C (dueqdt) = —irq— CwUed + ig (8)

where o is the angular frequency of the system and d and q represents the direct and quadrate part of
parameters.

An average model of the inverter can be defined as follows (Mohan,1995);
ud(t) = (ude’2) ma(t) 9)
uq(t) = (uao’2) mq(t) (10)
mgq and mq are the inverter modulation signals. To decuple two nonlinear coupled terms, Lwiq and
Lwiq in (5) and (6), mg and mq are defined as;
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ma=2udc (Va— Lwig+ Ued) (11)
mqg= 2Udc (Vq + Lwid+ U.eq) (12)

where V4 and V4 are two new control input signals and should be adjusted so that the inner voltage
loop can be used to regulate the voltage.

(5) and (6) can be rewritten as linear time-invariant equations; by using (9), (10), (11) and (12);

L(diadt) =—Ria+ Vg (13)

L(diadt) =—Ria+ Va (14)

By decoupling the current and voltage equations, the transfer function of inverter and filter will be;
GrL(s) = V#id = Vylig= IALs + R) (15)

The active and reactive component of delivered power to the grid is calculated from this model as;
P =32 (Vdig + Vyig) (16)

Q =32 (Vdig+ Vyid) a7

We want the values of quadrates part of the reference voltage and current to be zero so that the reactive
power drawn by the load is zero.

Design of Voltage Controller

The purpose of this control system shown in Figure 4 (Malek, 2014) is to obtain values at the inverter
output g-axis and d-axis voltages that correspond to the reference voltages we set.

Vi
Gls)—=1Gls) =1 Gpds) 1

Vref

Figure 4: The Control Schematic of Voltage for the Three-Phase Inverter System

Gc(s), Goe(s) and Gp(s) are defined as respectively, the transfer function of the controller, the time
delay, and noise transfer function caused by the inverter and filter of inverter and the transfer function
of the inverter and filter of the inverter. The open-loop transfer function of the feedback voltage control
system is founded as;

G1(s) = Gpe(s)Ge(s)Gri(s) (18)
Grpc(s) = Goe(s)GrL(s) = Kie T4/(Ls + R) (19)
Gr(s) = (Kie T4s(Ls + R)) Gc(s) (20)

Design Specifications of Controller Turning Procedure

The transfer function of the three-phase VSI system connected to the dynamic load as shown generally
in (19) is;

Grpe(s) = Ke Ls(Ts + 1) (21)
https://doi.org/10.47672/ajce. 1774 17 Ozan Gl (2024)
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where T = L/R, L = Tq and K = K1/R are constant numbers. The transfer functions of Pl, PID, FOPI
and FOPID controllers that we use to control the voltage control loop at the VSI system in this study
are respectively as follows;

PI: Gei(s) = Kp+ Kis (22)
PID: Geo(s) = Kp+ Kis + Kas (23)
FOPI: Ges(s) = Kp + K6 (24)
FOPID: Gea(s) = Kp+ K6+ Kas? (25)

where Kp, Ki, Kd, u € (0,1) and X € (0,1) are considered positive real number in this research.

Several methods have been proposed to determine the parameters of PID/Pl and FOPID/FOPI
controllers so that the controlled system has the desired stability structure (Liu et al., 2012; Maiti et
al., 2008; Malek, 2014). The parameters of the controller must be determined according to the
following three design constraints (Malek, 2014)

Argl[Gr(jwc)] = Arg[Gc(jwc)Groc(jwe)] = —1 + @m (26)
|Gr(jwc)|ae = | Ge(jwe)Groe(jwe)|as = 0 (27)
d[Arg[Gc(jw)Gprpc(jw)]Vdw =0 at w = wc (28)

where wc is the gain crossover frequency, ¢m is phase margin.

Design Process of PI/PID and FOPI/FOPID Controllers

The open-loop transfer function of voltage control loop of VSI system can be written as;
G1n(s) = Gen(s)Groe(s) (29)

We can get the frequency response of PI/PID and FOPI/FOPID controllers transfer function as
follows;

Ga(jw) =Kp+ Kijw (30)

Geos) = Kp+ Kvjw + Kajw (31)

Ges(s) = Kp+ Kijw)* (32)

Gea(s) = Kp+ Kijw) * + Ka(jw) # (33)

The phase and gain of controllers can be written as;
Arg[Gen(jw)] = tan 1 (AwBn ) (34)
where for PI controller
Arg[Gei(jw)] = tan"}(AvB1 ) = tan Y(—Ki/wK>p ) (35)
for PID controller
Arg[Gea(jw)] = tan 1} (AB2 ) = tan Y(Kaw? — KvwKp) (36)
for FOPI controller

Arg[Ges(jw)] = tan™1(A3 /B3 ) = tan™! (— Kiw™* sin(L:)/Kp + Kjw™* cos(L;) ) (37)
for FOPID controller

https://doi.org/10.47672/ajce. 1774 18 Ozan Gl (2024)
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v sin(P™) - Kiw-2 sin™
Kqw'’ sm(z) Kiw san(z) )

Arg[Gea(jw)] = tan Y (AsBs ) = tanl( Kp+ Kjw ™ cos(F ) +Kqw cos(5)

(38)

Also, the gain of controller is founded by (39)

Gen(j)| = /(An)? + (B)? (39)
We can express the frequency response of the transfer function of the three-phase VSI system as;
Geoc(jw) = Ke 7@LTjw + 1 (40)
The open-loop frequency response of the controlled system is;
Gr(jw) = Gen(jw)Groe(jw) (41)
Based on the first design specification (26), the phase of the controlled system is expressed as;
Arg[Gra(jw)] = tan }(AvBn ) —tan (Tw) — Lw == -7 + ¢m (42)
Based on the second design specification (27), we can get;
Gra(jo)| = K (V(Ap)? + (By)?2/{1% + (Tw)?) = 1 (43)
According to third design criteria about the robustness to variation in the gain of the controlled system;
d (Arg(Gr(jw))ydw = [tan  (AwBr ) — tan ! (Tw) — Lw] =0 at w = wc (44)

Design Process of Voltage Controller

In the simulation of the VSI system at this research, the values of resistance and inductance of output
filter are, respectively, 0.7 2, 10mH, and DC bus voltage are 380V. And also we set the sampling time
at 500kHz. Considering the low cut-off frequency and high sampling time, the phase delay in the
system is low enough to be ignored (Malek, 2014). According to these values, the linear transfer
function of the VSI system to be controlled the output voltage by an integer and fractional order
controllers is;

Groc(s) = 140.01s + 0.1) = 10(0.1s + 1) (45)

If we want to design controllers for the voltage control loop with the frequency response method, we
need to know which frequency and phase margin we will design our system. In the time response
analysis of the system, we should select our damping ratio as &= 0.707 for 5% overshoot value. For
0.707 damping ratio, Liu et al. (2012) work have denoted that the optimal range crossover frequency
to control the VSI system will be in the range of [100,640] rad/sec and phase margin needs to be gm
= 60°.

In this research, the authors propose the cut-off frequency and phase margin of the controlled system
as ¢ = 200 rad/s, om = 60°. The tuned voltage controllers for w¢ = 200 rad/s, om = 60 are;

PI(s)=1.7 + 210% (46)
PID(s) = 1.68 +270% + 0.001s (47)
FOPI(s) =1.25 + 60/s%7 (48)
FOPID(s) = 1.2 + 80/5°78 + 0.005s%¢ (49)
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4.0 FINDINGS

In this section, the simulation result of a three-phase VSI system which is controlled by PI/PID and
FOPI/FOPID voltage controller has been demonstrated. In this simulation, the power demand of
dynamic load is modelled by taking energy consumed at the home between 00:00-12:00 according to
Fig. 5 using hourly switching on or off the household appliance (Gl and Tan, 2019). Each hour of
the day is conducted for 0.1 s at Matlab/Simulink simulations for this research.

4500

4000

3500 W Dishwasher
3000 W Oven

2500

2000 ™

1500 M Refrigerator

1000 1 m Heating/Cooling
500 -
0 - T T T

0000-07:00 O700-03:00 O0300-09:00 O09:00-12:00

Figure 5: The Control Schematic of Voltage for the Three-Phase Inverter System Energy
Consumption of Household Appliances in Watt Between 0-12 Hours

Voltage waveforms in d and q axis of VSI controlled system using PI, PID, FOPI, and FOPI are plotted
for stable and unstable dynamic load conditions, respectively in Figure 6 and Figure 7. In the first
scenario, it is assumed that each phase of the inverter output provides power to equal loads. Therefore,
experiments (Ra=Rp=Rc) are performed for a balanced dynamic load case. The second test scenario
assumes that the VSI system drives the power load at different values for each phase (Ra=4/3Rp=2R¢).
This test scenario means an unbalanced load condition.

We set the desired amplitude of voltage reference Varer to 220V and Vgrerto OV to make injected reactive
power to be zero in this paper. By interpreting the Figure 6 and 7, we can examine the change in
voltage waves (Vg and Vg) caused by the time-varying dynamic load and perform performance analyses
of the control structures used to control our system by comparing voltage waves with reference
voltages (Varerand Vgrer). Analysing these results shows the control quality of the control structures we
use.

https://doi.org/10.47672/ajce. 1774 20 Ozan Gl (2024)


http://www.ajpojournals.org/

- g and Engineer AIPE
American Journal of Computing and Engineering

ISSN 2790-5586 (Online)

Vol.7, Issue 1, pp 13 — 24, 2024 www.ajpojournals.org
Pleontoled ) —VdVolzge FOPlcontoled ¢
ml_ T T T T|—VaVotege T ® T T T
0 10
) - )
gwo M Do 1 S r'xl Wand ]
b ' ’ W . TR — Pt
0 1 0 1
@ | | | | | @ | | | | |
0 02 04 08 (1} { 12 0 02 04 06 08 ! 12
fe e i )
Pertokd ) FPDeeroled 4
ml_ | ] % |
) il
oM oM
0 0
20 - >
2 wﬂumm o
D -
9 ! ! ! ! ! 9 L ! ! | !
0 02 04 08 08 { 12 0 02 04 06 08 ! 12
fe e i ]

Figure 6: Inverter Output Q-Axis and D-Axis Voltages for Stable Dynamic Load Condition

(Ra=Rb=Rc) a) PI controlled system b) PID controlled system c) FOPI controlled system d) FOPID
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Figure 7: Inverter Output Q-Axis and D-Axis Voltages for Unstable Dynamic Load Condition

(Ra=4/3Rb=2Rc). a) PI controlled system b) PID controlled system c) FOPI controlled system d)
FOPID controlled system
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In Fig. 6 and Figure 7, when Vg voltage is examined, it is seen that Vg value is equal to Vgrer = 220 volt
value in systems controlled by PI, FOPI, and PID control. PIl, FOPI, and PID controls have been
successful in controlling the Vq voltage both in the effects caused by the dynamic structure of the load
and in cases where the loads at different values connected to the phase a, b and c. On the other hand,
the Vg value is measured respectively, as 130 and 150 volts in the VSI system which is controlled by
FOPID controller at 08:00 hour when the power consumption of household appliances decreases from
4070 watts to 2870 watts and at 09:00 hours and when become 1270 watts drops from 2870 watts for
stable dynamic load condition. Also for unstable dynamic load conditions, Vg value is measured 190
volts at 08:00 hour.

When the voltage Vq in Figure 6 and 7 is investigated, it is observed that we cannot keep the Vq value
at reference value 0 in all four control structures. In particular, increases in Vq are observed between
07-09 hours when load power demand rises. For stable load conditions, the highest measured Vq value
was 145 volts in the PI controlled system, while the highest measured Vq value was 152, 125, and 130
volts in the PID, FOPI and FOPID controlled systems at 08:00 hour. When we examine the 6 figures
more closely, it is observed that the Vq value fluctuates on average 10 volts in the PI controlled system,
while Vq values vary in the range of 20 volts, 5 volts, and 50 volts respectively in PID, FOPI and
FOPID controlled systems. For stable load conditions, the highest Vq values measured in PI, PID,
FOPI, and FOPID controlled systems are 105 volts, 125 volts, 80 volts, 115 volts, and Vq value was
observed to vary in the range of 15 volts, 30 volts, 10 volts, 50 volts.

The voltage output at the d-axis and g-axis of the inverter follows steadily a specified reference signal
against uncertainties and component variations show the success of the control structure used to
control the voltage control loop. In the PI/PID and FOPI/FOPID control strategies we used in our
research, both stable and unstable load cases Vq components follow their references satisfactorily.
However, our control strategies have not been successful in controlling the Vq component. In both
stable and unstable load, unacceptable the steady-state error values occurred. Also, high oscillation at
the Vq component was observed especially in PID and FOID controlled systems. Fractional-order Pl
controller shows better performance to control the Vq component according to less steady-state error
and less oscillation when compare with P1, PID and FOPID controllers.

5.0 CONCLUSION AND RECOMMENDATIONS
Conclusion

In this study, we conducted simulations to evaluate the performance of three-phase Voltage Source
Inverter (VSI) systems under dynamic load conditions, employing traditional Proportional-Integral
(PI), Proportional-Integral-Derivative (PID), and fractional-order Proportional-Integral-Derivative
(FOPI/FOPID) voltage controllers. The dynamic load was modelled based on energy consumption
patterns in a household, considering hourly switching of household appliances. Two distinct scenarios,
namely a balanced load condition and an unbalanced load condition, were examined to assess the
robustness of the control structures.

The voltage waveforms in the d and g axes of the VSI-controlled system were analysed for both stable
and unstable dynamic load conditions. Our analysis focused on comparing the performance of PI, PID,
FOPI, and FOPID controllers by examining the deviation of voltage waves from the reference voltages
(Varef and Vgrer). The desired amplitude of the voltage reference was set to 220V, with Vrer Set to OV
to eliminate injected reactive power. The simulation results demonstrated the effectiveness of Pl,
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FOPI, and PID controls in maintaining the Vg voltage close to the reference value under varying load
conditions. However, the FOPID controller exhibited superior performance in stabilizing Vg4 voltage
during periods of reduced household power consumption.

In contrast, when analysing the VVq component, it was observed that none of the control structures
could maintain Vg at the reference value of OV in all scenarios. The PI control showed the most stable
behaviour with an average fluctuation of 10 volts, while PID, FOPI, and FOPID controls exhibited
variations in the range of 20 volts, 5 volts, and 50 volts, respectively.

Recommendations

The simulation results highlighted certain challenges in controlling the V4 component, indicating
steady-state errors and high oscillations, particularly in PID and FOPID controlled systems. Based on
these findings, we recommend the following:

Further Investigation into Vq Control Strategies: Future research should focus on developing improved
control strategies specifically tailored for regulating the V4 component. This may involve exploring
advanced control algorithms or refining existing fractional-order control approaches.

Adaptive Control Strategies: Considering the dynamic nature of load conditions, adaptive control
strategies should be explored to enhance the adaptability of the control system. This could involve
real-time adjustments to the control parameters based on the varying load profile.

Experimental Validation: The simulation results provide valuable insights, but experimental validation
is crucial for verifying the effectiveness of the proposed control strategies in real-world scenarios.
Conducting experiments on physical VSI systems would contribute to the practical applicability of the
findings.

Integration of Machine Learning: Incorporating machine learning techniques to the control system
could enhance adaptability and self-optimization, especially in scenarios with unpredictable load
variations. This could further improve the overall stability and performance of the VSI system.

In conclusion, our study delved into the performance evaluation of three-phase Voltage Source
Inverter (VSI) systems under dynamic load conditions, employing various voltage controllers,
including traditional Proportional-Integral (P1), Proportional-Integral-Derivative (PID), and
fractional-order Proportional-Integral-Derivative (FOPI/FOPID) controllers. Through simulations
representing balanced and unbalanced load scenarios, we scrutinized the behavior of the VVSicontrolled
system, particularly focusing on the d and g axes voltage waveforms.

The findings underscored the effectiveness of PI, FOPI, and PID controls in maintaining VVd voltage
close to the reference value, with the FOPID controller demonstrating superior stability during reduced
household power consumption. However, challenges were identified in controlling the Vg component,
revealing steady-state errors and high oscillations, particularly in PID and FOPID controlled systems.
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