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Featured Application: This work introduces a Fuzzy-Type-2 controller to address the issue of the
low-power factor operation of microgrids. The power factor is an essential index for economic
and technical operations. The proposed method can be applied to improve the power factor in
microgrids using deterministic optimization to obtain the controller parameters.

Abstract: The issue of low-power factor operation microgrids was reported for several layouts.
Although numerous power factor improvement strategies have been applied and tested, various
concerns remain to be addressed such as transient performance, simplicity of implementation, and
satisfying the power-quality standards. The presented research aimed to design and implement
controllers that can improve the transient response of microgrids due to changes in the load demand
and achieve a near-unity power factor at the AC grid side, to which the DC microgrid is connected.
Due to the nonlinear nature of microgrids, as they rely on power electronics converters, a Fuzzy type
2 controller was designed, implemented, and tested. The focus was given to improving the power
factor of the DC microgrids. The validation of the proposed technique was verified by comparing
its performance with Fuzzy type 1 and autotuned conventional PI controllers. To achieve the set
aims, two nested control loops were designed with an inner current loop and an outer voltage
loop. Besides MATLAB/Simulink simulations, a 10 kHz-sampling dSPACE platform was used to
implement the suggested system. Two operational scenarios were tested: (1) a step change in the
DC link voltage and (2) a change in the AC load (increase and decrease) at the output of the power
inverter, connected to the DC grid. The simulation and experimental results confirmed that the
proposed Fuzzy type 2 controller performed better than the other two techniques regarding the
dynamic response, steady-state error, and compliance with power quality standards. Conventional
approaches develop controllers using a linearized model, which limits the model accuracy and
ignores higher-order variability. The method employs the nonlinear model. Fuzzy type 2 can better
approximate high-precision problems than Fuzzy type 1.

Keywords: boost converter; Fuzzy type 2; microgrids; unity power factor

1. Introduction

Microgrids (MGs) are replacing remote central station power plants with localized,
distributed generation, especially in cities, towns, and campuses [1]. MGs are durable
and can supply competitive services due to their ability to operate in three distinct modes:
on the grid, islanded, and autonomous [2]. Moreover, they provide positive social and
environmental impacts globally [3]. However, the proliferation of MGs contributes to
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power quality problems at the distribution level [4]. One of these problems is the poor
power factor and its measurements [4,5].

The power factor is an essential index for economic and technical operations. Low
power factor implies overloading of electrical equipment and might cause unnecessary
tripping. It is well-known that electrical motors consume a significant fraction of the
delivered electrical energy. Among the electrical motors, induction motors, either three-
phase or single-phase, are the most common due to their merits such as being relatively
cheap, rugged, and maintenance-free. However, induction motors draw current with
a low power factor, particularly at medium and light loading conditions. For a 200-hp,
three-phase induction motor, the low power factor operation cost was $7888 per year [6].

Therefore, continuously improving the power factor is highly desirable, which ulti-
mately enhances the system’s power quality. Many techniques and system configurations
have been reported in the literature to enhance the power quality of induction-motor drives.
For instance, 12- and 24-pulse AC to DC rectifiers were proposed and tested in [7] to
improve the power up to 0.936 at full load. However, in such a system, the existence of the
phase shift transformer causes the system to be bulky and expensive. An AC chopper with
four switches and applying the hysteresis-band control was reported in [8]. Although the
tested configuration in [8] is simple and cost-effective, the flexibility to control the speed
or torque of the induction motor might be limited, and there is always a need to transfer
between control modes to achieve a power factor improvement.

To increase the system’s power factor, ref. [9] presents a 9-switch AC–DC–AC converter
that inserts a leading reactive power at the point of common connection. Even though the
reported simulation and experimental findings demonstrate the converter and control’s
efficiency, this setup is still susceptible to grid-side disturbances and asymmetrical operation
of the converter switches. Furthermore, real-world use requires an analysis of the switching
losses, projected to be slightly larger than those of alternative systems.

Various switching control approaches based on pulse-width modulation (PWM) have
been used for the boost converter to increase its responsiveness while keeping it stable.
Proportional integral derivative control is the most widely used PWM switching control
method because of its ease of use. Voltage and current must have a dynamic response.
Hence, double-loop control is required. Utilizing a model-based compact form, formu-
lations in the design of a double-loop PI-based, the DC–DC boost converter controller
produced excellent system responses to parameter variations and disturbances [10].

Sliding mode control is a robust closed-loop method for unpredictable and disturbed
plants. One sliding surface makes a sturdy controller and removes inductor current mea-
suring. A control scheme with a hysteresis loop prevented chattering caused by sliding
mode control discontinuities [11]. Because it may approach any function by learning the
system process, neural network control is ideal for nonlinear control systems and working
with uncertainties and incomplete information [12]. Online learning strategies have been
developed to increase neural network control performance. The neural network control
produced better overshoot, oscillation, settling time, and fast response to track the required
output voltage [13].

Fuzzy logic control (FLC) is a form of intelligent control that does not necessitate
elaborate mathematical modeling or calculations. Fuzzy logic controller design allows
for dynamic small and big signal performance that is unachievable with linear control
methods [9] and enhances the limits on overshooting and the sensitivity to parameter
changes [14,15]. Fuzzy type 1 and type 2 were compared in studies such as [16,17]. The
findings of the comparisons indicate that type-2 fuzzy logic controllers can provide superior
control in terms of robustness [16,17].

Most studies have designed fuzzy-based energy management systems for grid-connected
or islanded MGs by adjusting the FLC parameters through meta-heuristic algorithms. The
authors in [18] performed an energy management system for a MG considering photo-
voltaic (PV) and wind turbine (WT) systems, battery energy storage systems, and a dynamic
electricity cost profile during the day. The results demonstrate the efficacy of the proposed
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methodology in terms of saving on electricity bills. In [19], the fuzzy-based energy man-
agement system study was more focused on ensuring the safe and economical operation
of the MG. This last study did not show any optimization of the parameters of the FLC.
The authors in [20] used meta-heuristic methods to find the optimal parameters of the FLC
to reduce power peaks and smooth the power flows exchanged with the main network in
a grid-connected MG. In this area, the most widely used heuristic optimizations are the
particle swarm optimization and the cuckoo search algorithms, as presented in [21].

Although these studies are very interesting, they consider the energy management
aspect of the MG through FLC techniques and heuristic optimizations, and do not consider
the technical aspects such as the power quality and deterministic optimizations.

This paper aims to fill this scientific gap by introducing a FLC method to improve
the power factor in a DC MG, using deterministic optimization to obtain the controller
parameters. To regulate the voltage and keep the current in phase with the source voltage,
the boost converter and a cascade PI controller were used in this study. Each loop’s transfer
function calculates the controller gains, making the proposed controller a hybrid of an
outer- and an inner-loop voltage- and current-control scheme.

The scientific improvements, compared to the present literature, introduced by this
study are:

• The conventional methods design controllers based on a linearized model, which is
limited to the model accuracy and does not consider higher-order variations. The
proposed technique uses the nonlinear model directly.

• Compared to Fuzzy type 1, Fuzzy type 2 has a higher approximation capacity, making
it a better choice for solving high-precision problems.

• The use of a deterministic optimization for the determination of the FLC parame-
ters guarantees an optimal solution; the optimal result is not guaranteed with meta-
heuristic optimization algorithms;

• The application of the FLC approach to power quality issues via DC MGs, whose
application in the literature is rather limited, if not absent.

The rest of this paper is organized as follows. Section 2 presents the problem formula-
tion, and Section 3 briefly describes the basics of Fuzzy type controllers. In Section 3, the
proposed system is illustrated. The mathematical model of the proposed system is derived
in Section 4. Section 5 presents the simulation and experimental results, while Section 6
states the research conclusions.

2. Problem Formulation

The MG has been innovated to fulfill the varying and dynamic needs of DC and AC
loads. Other advantages include improved power management and stable performance [22].
The MG solves source and load compatibility difficulties and integrates energy sources
and consumer loads with minimal conversion stages [23]. However, the problem of low
power factor has been reported for many MG systems such as maritime MGs [24], MGs em-
ploying three-phase three-wire grid-connected inverters [25], MGs utilizing thyristor-based
compensation (series or shunt) [26,27], and AC MGs integrating wind-energy systems [28].

In [29], the authors proposed a review of the norms and standards used in MGs that
should be used for the interconnection and disconnection of MGs in the downstream
network. This study found the IEEE 1547 to be the most comprehensive standard. In [30],
it was specified that distributed generators should always try producing at a unity power
factor. Even if standards such as the IEEE 1547 state that the converter output power factor
can be 0.85 lead/lag or higher, the inverters are typically designed to work with a unity
power factor [31]. Considering the integration of distributed generators (DG) in the power
system, the authors in [32] investigated power quality issues for a distribution system
first modeled in PSCAD and then integrated with a photovoltaic, forming a MG power
system. Each DG’s power factor can also be determined by regulating both the frequency
and voltage [33].
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With this goal in mind, the authors of [34–36] exploited voltage regulation devices
to improve the power quality in the MG configuration. They claimed that conventional
reactive power compensators could not correct power factors, generally used as voltage
regulating devices. They presented a novel strategy to use STATCOM devices to obtain
the power factor correction in MG applications. Using regulation devices such as dy-
namic voltage restorers, the authors in [37] focused on the operation of unity power factor
rectifier topology.

In similar MG structures, the study in [38] considered islanded inverter-based MGs
(IBMGs) considering various load types; the authors proposed calculating the voltage
sensitivity to the system loading in each bus based on the load power factor. Always
considering the local loads, in [39], a novel artificial neural network (ANN)-based control
approach was proposed to control the power quality as per the IEEE/IEC standards in MG
systems. In [40], a strategy to improve the power factor at the point of common coupling
(PCC) for MG applications was presented, and the proposed compensation scheme for
power factor improvement can be used dynamically for linear and nonlinear loads. The
performance of the smart load at different power factors was also evaluated in [41].

Although the techniques employed to improve the power factor in MGs, as described
in Section 1, were implemented and tested, there are still many issues to be further elab-
orated on and considered. Among these issues are the accuracy in the steady state, the
transient performance of the controllers, simplicity of implementation, and satisfying
the power-quality standards of the amount of injected distortion. This paper presents a
Fuzzy-type-2 based controller aiming to resolve such issues.

3. Proposed System
3.1. Fuzzy Type 2 Control

The use of FLC for a system is fundamentally based on rules derived from human
skills and knowledge. Type 2 fuzzy sets (Fuzzy 2) are an enhanced version of ordinary
fuzzy sets, namely, Fuzzy type 1 sets (Fuzzy 1) [42]. Expert knowledge of the problem
should be used to define a knowledge base that includes information on the attribute
values, fuzzy subsets identifying them, and the rules linking these variables to determine
the output. The controller can analyze these outputs by fuzzifying the actual inputs and
using the fuzzy control rules. Defuzzification transforms the fuzzy variables that are the
intermediate results of evaluating fuzzy rules into non-fuzzy control information for the
ultimate procedure [43]. Figure 1 groups the five primary components of a Fuzzy 2 logic
set: Defuzzifier, Fuzzifier, Rules Base, and Type Reducer are all components of a Fuzzy
inference engine. The controller receives its input from the clear deviations that can be
seen between the measured outputs of the plant and its reference inputs. The outputs of
the controller are precise control signals that are transmitted to the plant actuators. The
determined plant outputs are forwarded to the fuzzy controller to alter the error input.
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The fuzzy 2 controller has four fundamental elements:

1. Fuzzification is the layout that transforms input values from crisp to fuzzy. This
operation allows us to determine the degrees to which each belonging function of
each input applies to the fuzzy sets.

2. Linguistic rules contain human control problem knowledge. Expert knowledge is
turned into logic to develop rule bases.

3. On the grounds of the knowledge base, an inference engine produces fuzzy con-
troller inputs.

4. An interface for defuzzification that transforms fuzzy outputs into crisp outputs
suitable for operating system actuators.

3.2. Layout of the Proposed System

The proposed system comprises a hybrid MG (HMG) that contains a DC MG, AC MG,
and DC-link capacitor, as illustrated in Figure 2. The DC MG has two DG units, PV and
fuel cell, battery bank, and DC loads. Each of them is linked to a DC/DC converter. The
AC MG is tied to the DC MG via a diode rectifier and a boost DC/DC converter. There are
also AC loads such as induction motor drives.
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As the scope of this article was the power factor improvement, the AC MG was
modeled as a voltage source while the DC MG was modeled as a current source. This is
depicted in Figure 3. The AC MG is mainly used as a backup if the DC MG generation
does not satisfy the DC load requirements. The needed measurements are the rectified
voltage vb, rectified current ib, the DC-link voltage vdc, and the DC-load current idc. The
main aims of the proposed controller are: (1) compensate for the DC-link voltage variations
due to load changes; (2) realize a near unity power factor for the AC MG; (3) ensure that the
injected current satisfies the IEEE standards of harmonics. The control signal modulates
the switch of the boost DC/DC converter to achieve the control goals.
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4. Mathematical Model

A. Diode Rectifier
ib =

∣∣ig
∣∣ (1)

vb =
∣∣vg

∣∣ (2)

B. Boost DC/DC Converter
If the switch is on:

d
dt

ib(t) =
1
L

vb(t) (3)

dvc(t)
dt

= − 1
C

idc(t) (4)

If the switch is off:
d
dt

ib(t) =
1
L

vb(t)−
1
L

vc(t) (5)

dvc(t)
dt

=
1
C

ib(t)−
1
C

idc(t) (6)

Averaging over one switching cycle yields:

d
dt

ib(t) =
1
L

vb(t)−
(1− d)

L
vc(t) (7)

dvc(t)
dt

=
(1− d)

C
ib(t)−

1
C

idc(t) (8)
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4.1. Linear Model

The linearized model of the boost converter can be obtained by perturbing each
variable, x, by an amount equal to ∆x around a quiescent value X ignoring the higher-order
terms; x = X + ∆x.

For instance, vc(t) = Vc + ∆vc(t). Additionally, higher-order terms are neglected. The
linearized model was obtained to design the parameters of the PI control and compare its
performance against the Fuzzy 2 controller. The perturbed variables are:

vc(t) = Vc + ∆vc(t) (9)

vb(t) = Vb + ∆vb(t) (10)

ib(t) = Ib + ∆ib(t) (11)

idc(t) = Idc + ∆idc(t) (12)

d(t) = D + ∆d(t) (13)

Substituting Equations (9)–(13) into Equations (7) and (8) yields:

d
dt

∆ib(t) =
1
L
{∆vb(t)− (1− D)∆vc(t) + Vc∆d(t)} (14)

dvc(t)
dt

=
1
C
{(1− D)∆ib(t)− Ib∆d(t)− ∆idc(t)} (15)

The nonlinear model of the system: Equations (1), (2), (7), and (8) were used in the
design of the Fuzzy-2 controller, as explained in Section 3, while for the linear model,
Equations (14) and (15) were exploited in the design of the PI controller.

4.2. Proposed Controller Design

Fuzzy controllers are designed for use in current and DC voltage loops. The fuzzy
system’s first and second inputs are the current/DC voltage error and its derivative. The
triangle membership function was selected for the Fuzzy type 2 controller because it is
simple to construct and produces good results with accepted precision.

There are seven linguistic tags to denote the entries: High Negative (HN), Medium
Negative (MN), Low Negative (LN), Zero (Z), Low Positive (LP), Medium Positive (MP),
and High Positive (HP). The following Member Functions (MFs) are used for the inputs:
labels indicating HN and PH are trapezoidal, while those for MN, LN, Z, LP, and MP are
triangles. Figure 4 depicts the input representing MFs.

The variability of the desired control is the fuzzy system’s output. This output is
denoted by 7-linguistic labels: Steep Drop (SD), Medium Drop (MD), Low Drop (LD),
Zero (Z), Low Growth (LG), Medium Growth (MGH), and High Growth (HG). The MFs
representing the output are shown in Table 1. The 49 rules needed to account for all possible
inputs are based on the seven error (E) values and seven error change (∆E) values. These
are typically presented in Table 2.

Table 1. Output memberships.

MFs Interval

SD [−1.00, −0.40]
MD [−0.60, −0.20]
LD [−0.50, 0.00]
Z [−0.20, 0.20]

LG [0.00, 0.40]
MGH [0.20, 0.60]
HG [0.40, 1.00]
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Table 2. Fuzzy controllers rules.

∆E
E

HN MN LN Z LP MP HP

HN SD SD SD SD MD LD Z

MN SD SD SD MD LD Z LG

LN SD SD MD LD Z LG MGH

Z SD MD LD Z LG MGH HG

LP MD LD Z LG MGH HG HG

MP LD Z LG MGH HG HG HG

HP Z LG MGH HG HG HG HG

In Figure 4b, the system’s error and change in error are initially fuzzified in accordance
with their membership functions in the design of the fuzzy PI controller. The fuzzy
reasoning is then used to calculate the membership degree for the PI controller’s gain
variations ∆Kp and ∆Ki. Moreover, the proportional and integral gains of the PI controller
are adjusted by the defuzzified ∆Kp and ∆Ki.
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5. Simulations and Experimental Results
5.1. Simulation Results

The MATLAB/SimPowerSystems Toolbox 2021a tests and simulates the suggested
single-phase grid connected to the MG system with a near unity power factor. Figure 1 was
implemented and tested to verify the robustness of the proposed control. The proposed
nearly unity power factor grid connected to the MG system comprises a line filter, single-
phase uncontrolled rectifier, and boost dc–dc converter. The DC-DC boost converter shown
in Figure 3 was controlled using Fuzzy type 2 controllers. Two cascade control loops were
designed. The inner controller is the current, and the outer control is the DC link voltage.
Both controllers are PI-Fuzzy type 2. Two test cases were achieved. The gains of the
autotuned PI controllers for the voltage and current loops were Kp = 0.361 and Ki = 1.452,
respectively, for the voltage loop, Kp = 11.325 and Ki = 119.732 for the current loop.

When an error occurs, the PI controller produces a dc value. A sawtooth signal is
compared to the dc signal. The combined pulse width modulation of these two signals is
then fed into the transistor driving circuit, which is tailored to the specifics of that circuit.

The system was tested against nonlinear loads such as inverters, which adversely
affect the system’s power factor. In Case (1), the system given in Figure 2 was tested with a
step change in the DC link voltage. Auto-tune PI controllers (conventional), Fuzzy type
1, and the suggested Fuzzy type 2 regulate the dc boost chopper. The source voltage and
current for the three-control techniques and their respective source current spectrum are
given. In Case (2), the system proposed in Figure 2 was tested against step change in the AC
load (load increase and decrease). The DC link voltage, the source current, and the source
current spectrums are shown. The proposed controllers were compared with Fuzzy type
1 and conventional controllers. The proposed Fuzzy type 2 controllers are advantageous
compared to the other two techniques.

5.1.1. Case (1): Step Change in the DC Link Voltage

Figure 5 depicts the DC link voltage during system startup, a step increase in the DC
link voltage from 400 to 600 V at t = 0.6 s, and a step decrease in the DC link voltage from
600 V to 500 V at t = 1 s. The proposed DC link voltage controller was compared to the
conventional and Fuzzy type 1 controllers. The proposed DC link voltage controller outper-
formed the Fuzzy type 1 and conventional controllers regarding the system performance
parameters. Figure 6 shows the inverter (load) voltage, current, and source voltage and
current for the proposed system when the three control techniques were implemented dur-
ing the step-up in the DC link voltage: Figure 6a for the conventional controller, Figure 6b
for Fuzzy type 1, and Figure 6c for the proposed controller. Figure 7 shows the inverter
(load) voltage, current, and source voltage and current for the proposed system when the
three control techniques were implemented during the step down in the DC link voltage:
Figure 7a for the conventional controller, Figure 7b for Fuzzy type 1, and Figure 7c for the
proposed controller. The source current and its spectrum for the three control methods are
given in Figure 8, where Figure 8a,d,g shows the conventional controller, Figure 8b,e,h for
Fuzzy type 1, and Figure 8c,f,i for the proposed controller. The total harmonic distortion
(THD), displacement factor, power factor, and whether it agrees or disagrees with IEEE
1547 standards are illustrated in Table 3. From Table 3, the proposed controller had the
nearest unity power factor and agreed with the IEEE 1547 standards.

Table 3. Output memberships.

Total Harmonic
Distortion (%)

Displacement Factor
(cos θ) Power Factor Agree or Disagree with

IEEE 1547 Standards?

Conventional
(auto-tune) 6.233 0.954 0.9521 Disagree

Fuzzy type 1 5.314 0.973 0.9716 Disagree
Proposed 3.212 0.997 0.9965 Agree
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Figure 6. Inverter (Load) voltage and current, source voltage, and current for the three control
techniques during the step increase of the DC link voltage: (a) autotuned (conventional) PI, (b) Fuzzy
type 1 controller, and (c) Fuzzy type 2 controller. The black line is the voltage, the red line is the
current. The red line represents the boarder line in IEEE Standard 1547 and it wtitten just above the
red line.
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5.1.2. Case (2): Step Change in the Load

Figure 9 illustrates a step change in the MG’s AC load side. Load 1 with p = 2.5 kW
and Q = 1.2 kVAR (S = 2.7 kVA = 58%) was stepped up to Load 2 with p = 4.2 kW and
Q = 2 kVAR (S = 4.65 kVA = 100%) and then stepped back down to Load 1. The DC link
voltage, source current, and one cycle of the source voltage and source current for the three
control techniques are shown in Figure 9a–d, respectively. Figure 10 depicts one source’s
current cycle and its spectrum for the three control approaches when Load 2 was applied.
The conventional technique is depicted in Figure 10a,d, the Fuzzy type 1 method is depicted
in Figure 10b,e, and the proposed control method is depicted in Figure 10b,e,c,f. Table 4
shows the THD, displacement factor, power factor, and whether it agrees or disagrees with
the IEEE 1547 standards. According to Table 4, the proposed controller had the closest to
unity power factor and adhered to the IEEE 1547 standards.

Table 4. Summary of the simulation results.

Total Harmonic
Distortion (%)

Displacement Factor
(cos θ) Power Factor Agree or Disagree with

IEEE 1547 Standards?

Conventional
(auto-tune) 7.16 0.949 0.9466 Disagree

Fuzzy type 1 5.35 0.967 0.9654 Disagree
Proposed 2.09 0.991 0.9905 Agree
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(a) DC link voltage, (b) source current, (c) one cycle for the source voltage and current with conven-
tional method, (d) one cycle for the source voltage and current with Fuzzy type 1 method, and (e) one
cycle for the source voltage and current with the proposed method.
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5.2. Experimental Results

As illustrated in Figure 11a,b, the proposed techniques were implemented on the
dSPACE 1104 platform with a sampling frequency of 10 kHz. The grid was simulated in
real-time within the dSPACE, and the grid voltage was fed to the proposed system under
review. The performance variables were monitored using a digital scope and the dSPACE
Digital to Analog converters D/A with 16-bit resolution. Two test cases were executed.
In Case (1), a step change in the DC link voltage was used to test the system shown in
Figure 12. Stepped voltage for the DC link ranged from 400 V to 600 V. The proposed
controller’s performance parameters for the DC link voltage response were as follows:
settling time (ts), rise time (tr), and maximum percentage overshoot (3.35%). The DC link
voltage proposed controller had a swift response consistent with the simulation results.
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In Case (2), the system was tested when the ac load was stepped from 0% to 100% and
then returned to 0% from the full load value. Figure 13 shows the source current and DC
link voltage. Figure 14 depicts the source voltage and current during step changes in the
AC load side. The source voltage and current are shown in Figure 14a during 100% AC load,
Figure 14b during switching from 0 to 100% AC load at t = 0.767 s, and Figure 14c during
switching from 100 to 0% AC load at t = 2.417 s. Figure 15 shows that the displacement
angle between the source voltage and current was less than 8◦, resulting in a displacement
factor of about 0.990 when applying a 100% AC load. Figure 16 depicts the source current
spectrum when applying a 100% AC load. The THD was 3.11%, which made the power
factor 0.972. Case (2) outcomes will adhere to the simulation outcomes presented in Table 4.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 21 
 

 
Figure 13. The source current and the DC link voltage during a step change in the ac loads from 0% 
to 100%. 

 
Figure 14. The source voltage and current during step changes in the ac load side: (a) during 100% 
load, (b) from 0 to 100% load, and (c) from 100 to 0% load. The black line is the voltage and the red 
line is the current 

 
Figure 15. The source voltage and current of the single-phase grid. 

Figure 13. The source current and the DC link voltage during a step change in the ac loads from 0%
to 100%.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 21 
 

 
Figure 13. The source current and the DC link voltage during a step change in the ac loads from 0% 
to 100%. 

 
Figure 14. The source voltage and current during step changes in the ac load side: (a) during 100% 
load, (b) from 0 to 100% load, and (c) from 100 to 0% load. The black line is the voltage and the red 
line is the current 

 
Figure 15. The source voltage and current of the single-phase grid. 

Figure 14. The source voltage and current during step changes in the ac load side: (a) during 100%
load, (b) from 0 to 100% load, and (c) from 100 to 0% load. The black line is the voltage and the red
line is the current.



Appl. Sci. 2023, 13, 5537 15 of 19

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 21 
 

 
Figure 13. The source current and the DC link voltage during a step change in the ac loads from 0% 
to 100%. 

 
Figure 14. The source voltage and current during step changes in the ac load side: (a) during 100% 
load, (b) from 0 to 100% load, and (c) from 100 to 0% load. The black line is the voltage and the red 
line is the current 

 
Figure 15. The source voltage and current of the single-phase grid. Figure 15. The source voltage and current of the single-phase grid.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 21 
 

 
Figure 16. Source current spectrum when 100% AC load is applied. 

Simulation results were generated when the AC load side alternated between two 
loads. Load 1 with p = 2.5 kW and Q = 1.2 kVAR (S= 2.7 kVA = 58%) was increased to Load 
2 with p = 4.2 kW and Q = 2 kVAR (S= 4.65 kVA = 100%). In the experimental work, the 
transitioning between two loads was from 0% to 100%, which was more severe than in the 
simulation, demonstrating that the system is well-designed to handle this severe change. 

Analyses of the simulation and experimental results were carried out at 100% load 
capacity (full load). Calculations of the harmonic distortion, displacement factor, and 
power factor were made at full load for the findings of both the simulation and the exper-
iment. 

Comparing the simulations to the experimental results using the proposed controller 
yielded the data in Tables 5 and 6. 

Table 5. DC-link voltage performance parameters in the simulation compared to the experimental 
results. 

 Simulation Experimental 
Settling Time (s) 0.114 0.13 
Overshoot (%) 1.07 3.35 

Table 6. Source current performance parameters in the simulation compared to the experimental 
results. 

  Simulation Experimental 
Displacement factor 0.991 0.972 
Total Harmonic Distortion 2.09 3.11 
Power Factor 0.9905 0.972 
IEEE 1547 Standards  AGREE AGREE 

5.3. Practical Implications 
Increasing the switching frequency does not have the desired effect of decreasing the 

necessary filter attenuation. The attenuation of a filter can be improved by around 10 dB 
by increasing the switching frequency from 10 kHz to 80 kHz. However, the switching 
losses will increase by a factor of 8. Therefore, it is desirable to reduce the noise generated. 
The noise produced by the input capacitor is proportional to the current ripple. Noise can 
be reduced by lowering the current ripple in the boost inductor. Continuous mode 

Figure 16. Source current spectrum when 100% AC load is applied.

Simulation results were generated when the AC load side alternated between two loads.
Load 1 with p = 2.5 kW and Q = 1.2 kVAR (S = 2.7 kVA = 58%) was increased to Load 2
with p = 4.2 kW and Q = 2 kVAR (S = 4.65 kVA = 100%). In the experimental work, the
transitioning between two loads was from 0% to 100%, which was more severe than in the
simulation, demonstrating that the system is well-designed to handle this severe change.

Analyses of the simulation and experimental results were carried out at 100% load
capacity (full load). Calculations of the harmonic distortion, displacement factor, and power
factor were made at full load for the findings of both the simulation and the experiment.

Comparing the simulations to the experimental results using the proposed controller
yielded the data in Tables 5 and 6.

Table 5. DC-link voltage performance parameters in the simulation compared to the experimental
results.

Simulation Experimental

Settling Time (s) 0.114 0.13

Overshoot (%) 1.07 3.35
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Table 6. Source current performance parameters in the simulation compared to the experimental results.

Simulation Experimental

Displacement factor 0.991 0.972

Total Harmonic Distortion 2.09 3.11

Power Factor 0.9905 0.972

IEEE 1547 Standards AGREE AGREE

5.3. Practical Implications

Increasing the switching frequency does not have the desired effect of decreasing the
necessary filter attenuation. The attenuation of a filter can be improved by around 10 dB
by increasing the switching frequency from 10 kHz to 80 kHz. However, the switching
losses will increase by a factor of 8. Therefore, it is desirable to reduce the noise generated.
The noise produced by the input capacitor is proportional to the current ripple. Noise
can be reduced by lowering the current ripple in the boost inductor. Continuous mode
operating produces the least amount of noise. Another method of noise reduction is
variable frequency operation. This spreads the noise spectra over a wider frequency range,
reducing the peak loudness of the noise and thus the amount of filter attenuation required.
Furthermore, it will complicate the control method in its practical implementation.

We settled on a fixed switching frequency of 10 kHz to tackle this issue in the ex-
perimental work. This represents a compromise between the switching losses and the
attenuation caused by the filter.

In a large number of power factor applications, the voltage error amplifier cannot be
used to compensate for input supply voltage fluctuations. This is because the output of the
PFC is not pure DC; a small quantity of ripple still exists on top of the DC signal, which
cannot be eradicated with a realistically sized bulk capacitor at high voltage and current
levels. This ripple was slightly out of phase with the main signal that had been half-wave
corrected. Therefore, the voltage error amplifier’s input must be low-pass filtered to get rid
of the ripple.

Typically, in experimental work, this filter is designed to have a crossover frequency
of approximately 20 Hz to eliminate sufficient experimental noise and enable the error
amplifier to function properly.

6. Conclusions

The proposed Fuzzy type 2 controllers improved the power factor of single-phase
MGs in both the simulations using MATLAB/Simulink and experiments using a 10-kHz-
sampling dSPACE platform. Step changes in the DC link voltage and AC load were
examined (increase and decrease). The simulations and experimental results showed that
the suggested Fuzzy type 2 controller outperformed the other two systems in the dynamic
response, steady-state error, and compliance with the power quality standards. In the case
of the DC-link voltage step change, the proposed controller reduced the THD by 40.7% and
improved the power factor by 4.56%. In the case of the AC-load step change, the proposed
technique reduced the THD by 51.5 % and improved the power factor by about 4.73%. In
both cases, the results comply with the requirements of the power quality standards. Unlike
meta-heuristic optimization approaches, this paper predicted the FLC parameters using
deterministic optimization, ensuring an optimal solution. Additionally, the FLC technique
was used to address power quality concerns using DC microgrids, which is uncommon in
the literature. The proposed technique can be easily applied to various systems including
various structures of MGs and other power system applications.

Investigation of the influence of nested loop controllers on each individual loop could
be handled in a separate paper, which could be an extension of the current research.

The sensitivity of the proposed controller to the parameter variations was not studied,
which could be the direction of further research. However, the controller design should
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involve the disturbance rejection capability by considering other methods such as invariant-
set and H∞.
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Nomenclature

FLC Fuzzy logic control
HG High growth
HN High negative
HP High positive
LD Low drop
LG Low growth
LN Low negative
LP Low positive
MF Member function
MD Medium drop
MGH Medium growth
MG Microgrid
MN Medium negative
MP Medium positive
PI Proportional integral
PWM Pulse-width modulation
SD Steep drop
THD Total harmonic distortion
Z Zero
ib Rectified current
idc DC-load current
vb Rectified voltage
Vdc DC-link voltage
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