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HIGHLIGHTS

® Climate change and the carbon emission is a major threat to the world.

® Converter controller offer optimal energy conversion and mitigate GHG emissions.

® Power converter technologies contribute energy conservation and improve efficiency.
® Converters are explained based on types, controls, benefits and drawbacks.

® Factors and challenges are highlighted for future converter control technologies.
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Keywords: Global energy consumption is increasing at a dramatic rate and will likely continue to do so. The major source of
Power electronics energy is still fossil fuel, which has resulted in the well-documented problem of global warming due to the
Energy conversion emission of greenhouse gases from the burning of such fuel. Climate change and global warming are among the
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crucial and complex issues encountered by the world today, and they require an immediate solution.
Technological innovation is the key to ensuring energy security without causing emissions and providing effi-
cient cost-effective energy solutions. Power electronic technologies offer high reliability and renewable energy
conversion efficiency, thus contributing to energy conservation, improving energy efficiency, and helping in the
mitigation of harmful global emissions. This review focuses on various aspects of power electronic technologies
and their importance in tackling carbon emission and global warming problems. The key topologies of power
electronic converters are explained based on types, control difficulties, benefits, and drawbacks. Power elec-
tronic controllers utilized for energy conversion are comprehensively reviewed with regard to their structure,
algorithm complexity, strengths and weaknesses, and mathematical modeling. The review focuses on power
converters and controllers used in different applications and highlight their contributions to energy conserva-
tion, increasing the share of renewable energy sources, and mitigating emissions. Moreover, existing research
gaps, issues, and challenges are identified. The insights provided by are expected to lead to the enhanced de-
velopment of advanced power electronic converters and controllers for sustainable energy conversion. Such
development can reduce carbon emissions and mitigate global warming.

1. Introduction utilization worldwide will increase by 28% between 2015 and 2040
[2]. This energy predominately originates from the burning of fossil

Global energy needs continue to increase considerably due to in- fuel in power plants and transportation sectors; as a result, serious
creasing population, enhancement in the quality of life, and global in- negative impacts, such as carbon emissions, global warming and cli-
dustrialization [1]. Recent estimations confirm that the energy mate change, are exerted on the environment [3,4]. Global warming
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Fig. 1. Annual CO, emissions from fossil fuel by world region estimated in gigatons CO, per year (GtCO5) [9].

poses a serious threat to human civilization due to the increase in
Earth’s temperature, which might disrupt the balance of the environ-
ment [5]. Science has confirmed that global warming is primarily
caused by CO, emissions [6]. A 45% increment in the atmospheric
concentration of CO, has been recorded [i.e., from 280 ppm in the early
industrial development period (around 1750) to 405ppm in early
2017] [7]. China and the USA are the top-ranked countries that con-
tribute to global emission growth (28% and 15%, respectively) [8].
Fig. 1 shows the annual global CO, emission from fossil fuel.

Several effective approaches can be used to reduce the influence of
carbon emissions and tackle global warming. One of them is to imple-
ment energy efficiency in electricity production and on the demand side
[10]. Energy-efficient technologies can conserve energy and reduce
environmental impacts without compromising economic advancement
[11]. Energy efficiency is the fastest, most sustainable, and cost-effec-
tive means to reduce emissions and improve global energy security
[12]. In addition, electricity generation using renewable energy (RE)
sources, energy storage, and electrification of the transportation sector
can contribute considerably to the resolution of global warming issues
[13]. Reliable and environment-friendly RE sources, such as wind and
solar, have reached commercial maturity and are effective solutions for
decreasing global warming problems [14]. However, the performance
of RE depends on enabling power electronic conversion technologies to
deliver “green” and “clean” energy solutions. In addition, electrical
motor drives, electric vehicles, and energy storage require power con-
verters and appropriate controllers when used.

This work presents a review of power electronic technologies and
their latest advancements and applications as key solutions in reducing
the global warming effect. The review describes various converters and
relevant control strategies in detail and highlights the influence of
power electronic technologies on different applications. Furthermore,
the review identifies existing research gaps, issues, and challenges in
using power electronics to convert energy.

This study is organized into seven sections. Section 2 presents global
warming causes and effects. Section 3 describes the relationship be-
tween global warming and power electronics. Section 4 introduces key
power electronic converters and associated controllers and their clas-
sification, operation, strengths, and weaknesses. Section 5 discusses the
potential contribution of power electronics in addressing global
warming impacts. Section 6 presents the issues and challenges related
to power electronic technology and provides potential recommenda-
tions to such issues. The conclusions are given in Section 7.

2. Global carbon emission: Causes and effects

Global carbon emission causes atmospheric warming. This emission
results from human activities that increase the amount of greenhouse
gas (GHG) contained in the atmosphere through the incomplete burning
of fossil fuel. There are several factors which influence the carbon
emissions such as population, industrial structure, energy intensity and
economic output [15]. Global warming caused by carbon emission
exerts measurable effects on the planet, such as ice melting due to in-
creased average and extreme temperatures, extreme weather events
(e.g., hurricanes and lightning), rising sea levels and ocean acidifica-
tion, disturbance of Earth’s ecosystems, and social effects. A detailed
analysis of the causes and effects of global carbon emission is provided
in the following subsections.

2.1. Potential causes of carbon emission

Several GHGs, including carbon dioxide, methane, and nitrous
oxide, and a collection of a small quantity of gas make up a group called
fluorinated gases (“F-gases).” Generally, the relative contribution of
GHGs is considered when evaluating the global warming potential
(GWP). GWP can be characterized by time ranges, and the 100-year
timescale (GWP100) is the most frequently used among all timescales.
The GWP100 metric assesses the warming influence of one molecule or
unit mass of GHG relative to CO; in a period of 100 years [16]. The
GWP100 value of main GHGs relative to CO, is illustrated in Fig. 2.

CO, is the primary GHG expelled through daily human activities. In
2016, CO, accounted for 81.6% of all GHG emissions from consumers’
actions in the US [18]. The actual combustion associated with fossil fuel
to generate electricity and heat is the highest single source of CO,
emissions on the planet and accounts for about 42% of complete CO,
emissions, as shown in Fig. 3. The burning of fossil fuel, such as petrol
and diesel in vehicles, was the second largest source of CO, emissions in
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Fig. 2. GWP of GHGs over a 100-year timescale (GWP100) [17].
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2015 (24% of total CO, emissions) [19]. Fossil fuel ignition from di-
verse industrial treatments accounted for approximately 19% of all CO,
emissions in the same year [19].

F-gases are the most powerful and most lasting type of GHGs, and
their global warming impact is up to 23,000 times greater than that of
CO, [20]. Emissions of F-gases mainly arise through gas leakage in
items and products or at the end of the lifespan of products/equipment,
during which F-gases are usually not fully retrieved and are damaged or
reused. The four major groups of F-gases are hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SF¢), and ni-
trogen trifluoride (NF3). HFCs account for 85% of the existing F-gas
supply [21]. Most HFCs are utilized as refrigerants in refrigerators, air-
conditioning units, and heat pumps. Meanwhile, PFCs are mainly used
in semiconductor manufacturing processes, and SF6 is used in manu-
facturing electronics. Fig. 4 presents the emissions of F-gases. A de-
crease in SFg, NF3, and PFCs has been recorded; however, HFCs remain
dominant and have been increasing gradually over the last few decades.

2.2. Carbon emission effects

IPCC AR5 Working Group III assesses the baseline scenario of
emissions that have driven global warming on the basis of carbon cycle
and climate modeling. Current policies are expected to limit baseline
emissions from 3.1 °C to 3.7 °C warming above pre-industrial levels. A
2.6-4.0 °C warming reduction above pre-industrial levels is projected
given the unconditional pledges or promises of governments. In the
absence of policies, the temperature of the global environment is ex-
pected to reach 4.1-4.8 °C above pre-industrial levels. Fig. 5 illustrates
the future global warming projection until 2100.

Global warming is an alarming global threat to human habitat and
the environment and causes many harmful effects, such as ice melting,
sea level rise, seawater acidity, droughts, heat waves, hurricanes,
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tornados, heavy rains, and floods [24].

3. Relation between carbon emission and power electronics

Power electronic technologies play a vital role in efficient energy
conversion and utilization, global energy conservation, environmental
pollution control, and global warming reduction. A few cases prove the
energy-conserving opportunities provided by power electronic systems.
For instance, electricity and heat generation contribute 42% to the
global emission [19]. Hence, power electronic converter-based RE
systems, which involve “clean” power generation, can be utilized as a
substitute for fossil fuel-based power plants. Moreover, using gasoline-
and diesel-based vehicles contributes significantly to global emission.
Therefore, energy storage-based electric vehicles with improved power
electronic converters and associated controllers could improve perfor-
mance efficiency and reduce GHG emissions. Furthermore, electrical
motor drives account for 40-50% of the total consumption of global
electricity, resulting in high energy costs and global emissions [25].
Hence, an efficient power electronic controller can be used to control
speed, save energy, and reduce emissions. In addition, undesired har-
monics in power systems lead to overheating, efficiency reduction, and
low power factor and thus result in high energy consumption and
carbon emission and global warming. Thus, a power electronic con-
verter and an appropriate controller can be used to control power
quality issues and reduce GHG emissions.

4. Power electronic technologies

This section explains the topologies, strengths, and weaknesses of
power electronic converters. The controller structure, algorithm, and
mathematical model are also presented.

4.1. Power electronic converters

Semiconductor switches are used in power electronic converters.
These switches are operated at different frequencies ranging from 50 Hz
to 60 Hz and even up to radio frequencies reaching 100 MHz. Power
electronic converters are classified into four categories, namely,
AC-DC, DC-AC, DC-DC, and AC-AC [26,27]. These converters have
already been used in many applications. For instance, the AC-DC
converter is used in household appliances to convert grid AC voltage to
DC voltage. Grid-connected RE sources and motor drives use DC-AC
converters to deliver constant/variable AC voltage. Energy storage-
based devices apply DC-DC converters to achieve tightly regulated DC
voltage for various loads. Furthermore, the DC-DC converter is utilized
to maximize the energy of solar photovoltaic (PV) and wind turbines.
AC-AC converters are suitable for altering the voltage or frequency of
an AC source [28].

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
m Total fluorinated greenhouse gases

mHFCs ®mPFCs =SF6 NF3

Fig. 4. Annual GHGs emissions from different F-gases in metric tons (Mt) CO, equivalent [22].
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Fig. 5. Global warming projections based on pledges and current policies [23].

4.1.1. AC-DC converters

AC-DC converters are used to transform AC voltage to a steady DC
output voltage. These converters can operate in low-, medium-, and
high-power applications [29]. Diode rectifiers are also known as uni-
directional AC-DC converters [30], and an uncontrolled rectifier con-
sists of diodes. However, a diode rectifier results in non-negligible
distortion in input current. Therefore, much effort is needed to design a
filter that avoids distortion of the AC grid. Many filters should be im-
plemented at the input because diode rectifiers cannot achieve the IEEE
standard of 5% total harmonic distortion (THD) [31]. However, bulky
and heavy filters could adversely affect the power factor of the circuit,
thereby decreasing the efficiency of the transmission line. The devel-
opment of technology in power electronics enabled the replacement of
inefficient diodes by compact power factor correction (PFC) circuits,
which can provide a satisfactory input signal with a unity power factor
and THD under 5% [32].

Two typical PFC circuits based on harmonic compensation concepts
are shown in Fig. 6. Harmonic injection could be performed either by a
voltage source (Fig. 6(a)) or a current source (Fig. 6(b)). The structure
of the voltage injection type is composed of a filter that comprises H-
bridge configurations connected in series with an inductor [33]. This
active filter compensates for the voltage ripple. However, a more

—o
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effective means to compensate harmonics for PFC is the current injec-
tion approach. Bidirectional series switches are used for current injec-
tion to the main lines. Low voltage rating, zero voltage switching per-
formance, and low conduction losses are the advantages of this
approach. The output voltage is uncontrollable in voltage and current
injection compensation.

4.1.2. DC-AC converters

DC-AC converters (or inverters) deliver an AC output with a par-
ticular magnitude, phase, and frequency from a DC supply. Inverters are
divided into two specific groups, namely, voltage source inverters
(VSIs) [34] and current source inverters (CSIs), depending on the types
of load and source [35]. The output voltage and output AC current
waveforms are controlled independently in VSIs and CSIs, respectively.
Buck converter topologies are employed by VSIs, whereas voltage boost
inversion is adopted by CSIs. A three-phase DC-AC converter can work
efficiently in medium- to high-power applications (> 5 kW), such as
speed control in motors, high-voltage DC transmission (HVDC), on-grid
RE sources, and numerous other industrial operations.

Three-level, three-phase inverters based on VSI and CSI topologies
are shown in Fig. 7. Each topology is connected to a three-phase load
via three half-bridge inverter legs. The construction of the circuit is
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Fig. 6. PFC using harmonic compensation: (a) voltage injection method and (b) current injection method [33].
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Fig. 7. Three-phase three-level inverter topologies: (a) VSI and (b) CSI [33].

identical to that of a single-phase inverter with an extra phase leg. The
challenges associated with high-power-based devices can be addressed
by increasing the number of phases [33]. This technique improves the
power output and adds to the flexibility of regulating the inverter. A
three-level line-to-line output signal with 120° out of phase can be
generated with proper control techniques. The switching losses, stresses
on the switching devices, harmonics, and electromagnetic interference
(EMI) can be reduced using appropriate topologies, control, and mod-
ulation methods.

Numerous multilevel converter topologies with different features
have been introduced in the literature [36,37]. The classification of the
multilevel inverter is illustrated in Fig. 8.

4.1.2.1. Neutral point clamped topologies. Neutral-point-clamped (NPC)
topologies are extensively used in high-power applications due to the
low harmonic distortion and semiconductor losses. A three-level and
five level diode clamped NPC (3L-DCNPC, 5L-DCNPC) topologies are
shown in Fig. 9(a) and (b) respectively. Nevertheless, the diode
clamped NPC has uneven power distribution losses which results in
low output power capability. The three-level active neutral-point-
clamped (3L-ANPC) has addressed the drawbacks of DLNPC by
replacing the clamping diodes with antiparallel diodes in order to
deliver a controllable path for the neutral current. The different
topologies of active neutral-point-clamped (5L-ANPC, 7L-ANPC, 9L-
ANPC, ...) are employed in various application such as pumps, fans,
tractions and rolling mills and semiconductor technology, as shown in
Fig. 9(c) and (d) [38,39].

4.1.2.2. Multicell multilevel inverter topologies. Multilevel inverter
topologies use different configurations of basic power-cell to meet the
requirement of output voltage levels as presented in Fig. 10. The
Cascaded H-Bridge (CHB) is designed using isolated power supply for
each basic cell, whereas multilevel modular converter (MMC) and
Flying Capacitor (FL) are configured using a common shared voltage
source. The multicell multilevel topologies have the advantage of
having modular design which exhibits low maintenance cost.
Nonetheless, they need active and passive components together with
additional components and improved control techniques to balance the

voltage in the capacitor [40,41].

4.1.3. DC-DC converters

DC-DC converters receive DC input voltage and convert it to DC
output voltage at a higher or lower level, and in several cases, at a
different polarity. These converters can control the output voltage and
load deviation. DC-DC converters can provide variable DC voltage to
regulate the motor speed. The pulse width modulation (PWM) control
method is used to control the output voltage by adjusting the switch ON
time. On the basis of the application’s requirement, complex structures
can be constructed using coupling inductors and/or transformers be-
tween the input and output [42,43]. DC-DC converters can be cate-
gorized into two groups such as non-isolated DC-DC converters and
isolated DC-DC converters [33].

4.1.3.1. Non-isolated DC-DC converters. The Non-isolated DC-DC
converters are built using an inductor/couple of inductor, a capacitor,
a switch, and a diode, as displayed in Fig. 11. These converters have
magnetic storage feature which makes them heavy and bulky. Besides,
they have low efficiency and low power density. These converters are
functioned either using continuous conduction mode (CCM) or
discontinuous conduction mode (DCM). Due to the low efficiency,
high-current ripple and load dependent voltage gain of DCM operation,
CCM operation is dominant is different operations. However, DCM
operation is suitable where the fast dynamic response is preferred [44].
Non-isolated DC-DC converters can be broadly classified as step-down,
step-up, and step-up-down, which are described in the following
subsection [45].

® Buck converter

A buck converter is a step-down converter that generates an output
voltage that is lower than the input voltage. This converter is operated
using two continuous conduction mode (CCM) operations: switch ON
and OFF states. When the switch is turned OFF, the diode operates as a
freewheeling diode, and the load current passes through it. When the
switch is turned ON, the output voltage is regulated [46,47].

[ Multilevel inverter J

\ 2
[ Individual DC sources ]

\4
( Cascaded half-bridge J

inverter

Multi-cell topologies

L 4
[ Single DC sources J

Neutral point clamped inverter]

(NPC)

Modular multilevel inverter ]

Flying capacitor inverter

Fig. 8. Classification of multilevel inverter.
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Fig. 9. NPC inverter topologies (a) 3L DCNPC (b) 5L DCNPC (c) 3L ANPC (d) 5L ANPC [33].

® Boost converter

A boost converter is a step-up converter that produces an output
voltage than is higher than the input voltage. Possessing the same
characteristics as the buck converter, the boost converter has two main
states: ON and OFF. The input voltage is on the inductor during the ON
condition of the switch, and it is on the diode during the OFF state.
Hence, the output voltage is similar to the addition of the input voltage
to a ratio of the input voltage. A boost converter has a right half plane
zero in its control to output a transfer function because of the input
inductor, which makes the operation of closed-loop control a challen-
ging task [48,49].

® Buck-boost converter

A buck-boost converter can operate either as step-down or step-up
converter. The converter acts like a buck converter when the duty cycle
is below 0.5. However, the converter works as a boost converter when
the duty cycle is tuned between 0.5 and 1. This type of converter is
appropriate when a large variation in input voltage is observed and
buck and boost converter operations are required [50,51]

(a) (b)

Coer

)

-1 Coc:

A

+
Vper==

® Cuk converter

A Cuk converter is constructed using a step-down-up converter with
an inverting output. It uses a capacitor for energy storage instead of an
inductor. A Cuk converter has advantages over a buck-boost converter.
The first one is the grounded source switch configuration that helps a
Cuk converter simplify and facilitate its drive circuit. Another ad-
vantage is its operation as an isolated state that can be configured using
an additional capacitor and an AC transformer. In addition, low output
ripple can be obtained by coupling the two discrete inductors on a
single core. Hence, size and cost are minimized. Moreover, a Cuk
converter can provide multiple DC outputs by employing multiple
secondary winding transformers [52,53].

® SEPIC converter

The single-ended primary inductor converter (SEPIC) is designed
using a step-down-up converter and non-inverting output with only one
grounded switch. It changes the voltage level by transferring energy
between the inductors and capacitor; therefore, a high-current capacity-
based capacitor is required. Similar to a buck-boost converter, SEPIC
has a pulsating output current wave shape. SEPIC’s inductors can also

(c)

Croverciioy J5] | '
T

Full-bridge cell
M == | &
Ve T U,
Half-bridge cell

Power-cellg; p
Power-cellg; p

H -~ Ve

Uni-directional Cell

Fig. 10. Multilevel inverter topologies (a) CHB (b) FL, (c) MMC [33].
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Fig. 11. Various fundamental non-isolated DC-DC converters: (a) buck, (b) boost, (c) buck-boost, (d) Cuk, (e) SEPIC, and (f) Zeta [33].

be paired to build an isolated DC-DC converter [54,55].
® Zeta converter

The Zeta converter can step-down and step-up the output voltage
level. This converter operates in a similar manner as SEPIC does and
generates a positive voltage wave shape from the input voltage. The
Zeta converter needs extra components because its topology is based on
the buck converter, and it has a floated switch. Contrary to the Cuk
converter, the Zeta converter has a pulsating-shaped input current. This
converter is often described as dual SEPIC [56,57]. Fig. 11 and Table 1
show the configuration and performance characteristics of all non-iso-
lated DC-DC converters.

4.1.3.2. Isolated DC-DC converter. Electrical isolation in DC-DC
converters is structured using either transformer or coupled inductor.
They can provide satisfactory results by reducing noise and
electromagnetic interference (EMI) [44]. Such converters are
operated at high frequency where energy is stored in coupled
inductor in one cycle which is transferred to the load in the other
cycles. The well-known isolated DC-DC converters topologies are shown
in Fig. 12.

® Flyback Converter

Flyback DC-DC converters is formed using a coupled inductor rather
than an isolation AC transformer as presented in Fig. 12(a). The
working principle of flyback converter is similar to buck-boost DC-DC
converter where energy is stored when the switch is turned ON and
then energy is transferred to the load when the switch is turned OFF.
This converter can deliver different results by tapping the secondary
winding of the coupled inductor and is appropriate for low power ap-
plications (< 100 W) [58].

e Forward Converter

Forward DC-DC converter is a type of buck converter which is built
using AC transformer without air gap as shown in Fig. 12(b). This

Table 1
Characteristics of various non-isolated DC-DC converters.

converter can deliver energy directly without storage while the switch
is functioned in ON state. The different voltage level of this converter
can be obtained by changing the transformer turns ratio. This converter
operates satisfactorily in medium power applications (200-500 W)
[59].

® Push-Pull Converter

Push-Pull DC-DC converter is configured using the two switches at
the primary side of the transformer, as illustrated in Fig. 12(c). The
transformer of this converter has bidirectional excitation. This con-
verter features low noise and steady current flow [60].

® Half-Bridge Converter

Half-bridge DC-DC converter is designed using two switches which
are turned on alternatively to excite the transformer, as shown in
Fig. 12(d). The input voltage of this converter can be divided using two
capacitors located at the primary side of the transformer. This converter
has low switch voltage stress and is usually used in application up to
500W [61].

® Full-Bridge Converter

Full-bridge DC-DC converter is structured using four switches op-
erated symmetrically at the primary side of the transformer, as shown
in Fig. 12(e). This converter operates like buck converter for voltage
conversion. This converter is appropriate for applications in kW range
[62].

4.1.4. AC-AC converters

AC-ACs converters are widely used in industrial applications where
AC load output voltage is required with different amplitudes, phases,
and frequencies. A standard AC-AC converter is formed by using a
rectifier and an inverter with a DC link voltage placed in between.

4.1.4.1. Cycloconverter. The cycloconverter is the most commonly used
frequency changer, where AC power from a specific frequency is

Type of converter Buck converter Boost converter

Buck-boost converter

Cuk converter SEPIC converter Zeta converter

Switching time Very high Very high Very high High High Medium

Execution difficulty Difficult Difficult Difficult Medium Difficult Difficult

Control difficulty Complex Complex Complex Complex Complex Complex
Power loss Negligible Negligible Negligible Quite low Low Low

Size Small Small Medium Medium Small Medium

Voltage/current stress Low/low Low/low Low/low Low/low Low/low Low/low
Efficiency Excellent Excellent Excellent Excellent Excellent Excellent
Cost Low Medium Medium Medium Low Medium
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changed to a different frequency without the need for any intermediate
DC link [63]. The structure of a cycloconverter consists of a half-wave
or full-wave bridge. The configuration is built using back-to-back
connected-controlled rectifiers. The frequency and voltage in the
output signal can be regulated independently and consistently by
adjusting the firing angles of the controlled rectifiers [64]. A single-
phase bridge cycloconverter configuration is shown in Fig. 13(a). The
configuration includes two back-to-back connected rectifiers and
positive (P-type) and negative (N-type) converters. This type of
cycloconverter is extensively employed in electric traction

applications. Fig. 13(b) shows the configuration of a three-phase,
half-wave cycloconverter. Its structure is similar to that of a single-
phase cycloconverter, where P-type and N-type converters conduct
positive and negative currents, respectively. This kind of cycloconverter
is applied in high-capacity motor drives. Cycloconverters use a high
number of pulses (6-pulse, 12-pulse, etc.) to decrease oscillation and
achieve a smooth output [65].

4.1.4.2. Matrix converter. Matrix converters are designed using bi-
directional switches without DC-link voltage, as shown in Fig. 14.
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Fig. 14. Matrix converter structures, (a) 2 x 2 matrix converter (b) 3 x 3

matrix converter [33].

Matrix converter exhibits simple, compact structure and has unity
power factor and can deliver reliable power flow with sinusoidal
waveform. The matrix converter is usually voltage-fed at the input
and hence should not be short circuited and they are usually inductive
at the load side and therefore should not be open circuited [66].
Fig. 14(a) presents the structure of 22 matrix converter which has
stepped-down amplitude and stepped-up frequency harmonics.
Moreover, this converter has instantaneous maximum output voltage
similar to the maximum value of the input voltage. A layout of 33
matrix converter is illustrated in Fig. 14(b) where 27 switching states
can be generated by connecting three-phase input source to the each
phase of the load [66]. Table 2 shows the performance comparison of
different converters.

4.2. Power electronic controller in energy conservation

Power electronic control schemes have been used in numerous ap-
plications. The function of a controller is to regulate the main variables,
such as voltage, current, speed, torque, and rotor flux, to achieve high
performance and efficiency and consequently cut off emissions.
Controllers can be classified as conventional or intelligent. The con-
ventional controller is widely used as a control technique for several
scalar [67] and vector controllers [68]. The intelligent controller is used
to adjust control parameters online on the basis of adaptive modeling
with sudden changes in systems. The intelligent controller has several
advantages over the conventional controller; for example, it does not
require a mathematical model, and it can handle linear and nonlinear
systems.

4.2.1. Conventional controller

Proportional integral (PI), proportional derivative (PD), and PI de-
rivative (PID) controllers are distinct categories of conventional con-
trollers that regulate speed, torque, current, and voltage. Among them,
the PID controller is regarded as the best due to its effective control
strategy [69]. The PID controller has several advantageous features,
such as cost competitiveness and simple construction and design, and it
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Xmeasured

Fig 15. Structure of PID control.

is extensively used in industries to regulate motor speed [70,71].
Fig. 15 shows the structure of the PID controller. The structure is built
by using measured and reference values to calculate the error signal
(error in speed, torque, flux, current, or voltage) for controlling signals.

The sum of errors is achieved at the output signal of the PID con-
troller, and it consists of proportional, integral, and derivative errors, as
shown in the equation below.

de(t)
dt -’

t
u(t) = Ke() + Ki [ e()dt + Ky
0

@

where e is the error, e = (Xyefrence — Xmeasurea); U represents the output
signal; and K, K;, Ky denote the proportional, integral, and derivative
gains, respectively. The PID controller’s efficiency depends primarily on
PID parameters. Appropriate value of K, K;, and Kswill enhance the
overall performance of the system. Each parameter has several salient
features and plays a vital role in controlling the variables, as presented
in Table 3.

Although the PID controller has an easy construction, it has many
weak points, such as vulnerability to temperature and model parameter
variations. In addition, the model requires numerical calculation and
has a rapid response to load disturbances. Moreover, selection of ap-
propriate variables to enhance steadiness is a time-consuming process
[72]. Hence, investigations have been performed to determine suitable
PID parameters. The produced methods include Ziegler—Nichols,
lambda tuning, Cohen-Coon [73,74], and visual loop tuning methods.
However, these methods use the inefficient trial-and-error method,
have a mathematical model, and entail complex calculation operations.
Thus, a number of optimization algorithms have been introduced to
search for the optimal parameters of PID controllers [75].

4.2.2. Intelligent controllers

Intelligent controllers have become popular in recent years because
they are robust and possess the computational capability to control
complex systems. The benefits of using intelligent controllers are as
follows. First, their structure does not need a mathematical model.
Second, they perform well when correctly tuned. Third, they can be
customized using linguistic information obtainable from specialists or

Table 2
Performance comparison of different converters.
Type of converter Strength Weakness Application
AC-DC ® Low voltage rating ® Limited power supply Household appliances, cellular phones, laptops
® Zero voltage switching performance ® High harmonics distortion
® Low conduction loss ® Low power factor
DC-AC ® Low switching losses ® Complex circuit Solar PV, wind
® Low stress ® High conversion loss
® Low harmonics ® High cost
DC-DC ® Fast dynamic response ® Large size Electric vehicles, trolley cars
® High efficiency ® Switching losses
® Low cost
® Low noise
AC-AC ® High efficiency ® Large size Electric traction, high-capacity motor
® Less maintenance ® High harmonics
® Controlled flexibility
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Table 3
Characteristics of PID control parameters.

Type Rise time Overshoot Settling time Steady-state error
Kp Decrease Increase Small change Decrease
K; Decrease Increase Increase Eliminate
Kq Minor change Decrease Decrease No effect

Hidden
Layer

Fig. 16. Architecture of ANN [78].

by using clustering or other approaches. Fourth, they require less ad-
justment than conventional controllers. (V) They may be constructed
using real data without the need of experience. Lastly, they can be
designed based on a combination of response and linguistic-based in-
formation [76].

4.2.2.1. Artificial neural network (ANN) controller. Artificial intelligence
(AD)-based controllers have been used in various applications. ANN uses
biological neural networks that consist of information control processes
with several common performance properties [77]. ANN has an
intelligent algorithm which consists of three layers, such as, the input
layer, hidden layer, and output layers, as presented in Fig. 16. Each
layer consists of a number of neurons or nodes with activation
functions.

Consider the input layer includes n inputs and hidden layer consists
of M hidden nodes. The input n variables (n inputs) are represented as
X1X%Xs, -+, X,. The node (neuron) is composed of two segments which
are net function and activation function. A function y = f (%3, -+,X,,)
is to be approximated, and the approximator uses the sum of nonlinear
functions g g,8;, ***,8,,4+1, Where each g represents the nonlinear func-
tions of a single variable. Therefore,

2n+1

o1 8

y=F0axXs, X)) =8 + &+ &+t = 2 2)
where g; denotes a real and continuous nonlinear function. The output y
can also expressed as

n
y= Z WyXj = WiX; + WX + -+ +Wi3Xp
=t 3
where wy; is the weights between the input and hidden layers.

Three kinds of activation function are employed in ANN network
that are sigmoid, tansigmoid, and purelin activation function, as pre-
sented in Fig. 17. One of the most widely used training techniques is
back-propagation (BP). The training process of the BP network includes
three phases: data training algorithm execution, associated error esti-
mation, and weight adjustment [79].

The output of a single neuron can be presented as

10
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ai = £4 D, wyxy(6) + bi

j=1

4

where f; is the activation function and b; is the bias.

The training method of ANN begins with the input and output data
and weight configuration. Subsequently, data training is performed by
providing real input data. Then, ANN delivers the necessary output
data. The total network error (sum of squared errors) is obtained as

L& K
E= 3 D 2, (dy— Og),
k=1 j=1 (5)

where E stands for the total error, P represents the number of patterns
in the training data, k is the number of outputs in the network, dy;
denotes the target output for pattern K, and Oyjindicates the jth output
of the kth pattern. The network error can be reduced by choosing an
appropriate training algorithm. Common training algorithms include
Levenberg—Marquardt, gradient descent with momentum, reduced
memory, and Bayesian regularization [80].

4.2.2.2. Fuzzy logic controller. Fuzzy logic controller (FLC) is another
prominent controller used extensively in motor drives. FLC has been
discussed in many technical articles due to its easy execution, absence
of any mathematical relationship, and capability to work efficiently in
linear and nonlinear systems using linguistic rules. FLC is superior to
other controllers because of its robust control capability and quick
response to a transient condition [81]. However, the effectiveness of
FLC depends on the type of MFs, number of rules, and rule base.

FLC is designed based on four steps, namely, fuzzification, rule base,
inference engine, and defuzzification. Fuzzification investigates every
input into a group with convenient linguistic values, as shown in
Fig. 18.

(i) Definition of module characteristics

The first step of FLC involves the number of inputs, outputs, and
position of fuzzy MFs based on knowledge. The input data include an
error (e) and a change in error (de), which are expressed as

6([) = x: - Xn,

(6)

de(t) =e(t) —e(t — 1). 7)

(ii) Fuzzification design

Fuzzification can be performed using any number of normalizing
expressions. Linear and Gaussian are two well-known functions in
fuzzification design [4], and they are expressed mathematically in Egs.
(8) and (9), respectively. The two expressions have common para-
meters. The midpoint and width in the linear function are specified by
o, and u;, respectively. Similarly, in the Gaussian function, the width
and midpoint are represented by u;andog, respectively.

| XA s _
Linear function: oL ifxe [(u, — op), (U, + o)l
0 Otherwise 8
— 2
Gaussian function: exp —M
2(0g)? 9
where
l"L = luG (1 O)
o, = 305 11

Consider linguistic variable x and three fuzzy variables, namely,
positive (PV), zero (ZE), and negative (NV). If the membership function
(fuzzifier) is denoted by X, then the three membership functions (MFs)
are XPV, XZE, and XNV. U, signifies the fuzzy linguistic universe for
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Fig. 17. Logsigmoid, tansigmoid, and purelin activation functions [78].

( ) computations, and much time and effort are required to find the solu-
Inference tion [82].
Engine
X (iii) Interference engine design
-
Fuzzifier Defuzzifier HPY
X2— The third stage of FLC uses control rules and linguistic terms for

decision making. Inference systems are typically grouped into two ca-
tegories, namely, Mamdani and Takagi-Sugeno. The Mamdani method
is commonly used because of its simple design and easy construction.
The fuzzy rule is represented as an “if-then” rule. The output MFs as-
Fig. 18. Structure of a fuzzy logic controller. sociated with the inputs (e, de) and the output(wy) are operated by the
fuzzy rule [83]. The rules are shown in the subsequent equations, and
Table 4 presents the information of the 49 rules.

Knowledge
Base

input x and is shown in the following equation.

Ur = [Xnv XzeXpv ], 12)
Rule 1: If e is “Ne3” and de is “Nde3,” THEN u is “NB.”

where Xpy is the membership function for the positive fuzzy variables, Rule 2: If ¢ is “Ne3” and de is “Nde2,” THEN u is “NB.”
Xzg is the membership function for the zero fuzzy variables, and Xyy is
the membership function for the negative fuzzy variables.
A different form of MF based on Egs. (8)—(11) is shown in Fig. 19.
FLC performance will improve if the MFs are selected accurately.
Conventional FLC uses the trial and error method to determine MFs.
However, this method is unreasonable due to its complex mathematical

(a)

Rule 48: If e is “Pe2” and de is “Pde3,” THEN u is “PB.”
Rule 49: If e is “Pe3” and de is “Pde3,” THEN u is “PB.”

(iv) Defuzzification design

(b)

(c)

Fig. 19. (a) Fuzzy linear membership functions, (b) linear-trapezoidal membership functions, (c) Gaussian membership functions, and (d) Gaussian-trapezoidal
membership functions [76].

11
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Table 4
Fuzzy rules for interference engine design in fuzzy logic system.

e

de Ne3 Ne2 Nel Ze Pel Pe2 Pe3
Nde3 NB NB NB NB NM NS Z
Nde2 NB NB NB NM NS Z PS
Ndel NB NB NM NS Z PS PM
Zde NB NM NS Z PS PM PB
Pdel NM NS Z PS PM PB PB
Pde2 NS Z PS PM PB PB PB
Pde3 Z PS PM PB PB PB PB

NB: Negative big; NM: Negative medium; NS: Negative small; Z: Zero; PS:
Positive small; PM: Positive medium; PB: Positive big.

The final step of FLC is defuzzification. In this stage, FLC provides
the output values as a crisp value. Moreover, this process performs
some adjustment and controls the crisp value of the output MFs. Control
and adjustment of the crisp value in output MFs are executed in this
stage. However, these MFs are needed to select the number of MFs and
related boundaries. The trial-and-error approach is utilized to find the
optimal value of MFs [84].

Zl" w;. U;

Z? w

where ndenotes the number of rules, u indicates the value of output
MFs, and w represents the weight coefficient. The weights are assessed
using the minimum value between u,(e) and p,, (de), as shown in the
equation

Ocris =
" as)

w; = min[u,(e), uq, (de)] a4

4.2.2.3. ANFIS controller. Combining fuzzy logic and neural network
generates a new method called the adaptive neuro fuzzy interface
system (ANFIS), which inherits the benefits from the various properties
of the two combined concepts. ANFIS has become popular in estimating
different parameters because it does not require a mathematical model
and has an excellent capability to control any sudden change in speed
or load [85]. However, ANFIS has a few drawbacks, such as its complex
computation and requirement for substantial data to be used for data
training and learning [86]. The typical rule set of ANFIS is generated
using a number of inputs(x, %, ---,x,) with the first-order
Takagi-Sugeno fuzzy model and a function response of f, f;,
It can be expressed in the following form [87].

Rule 1: If xjisAjandx,isBy,thenf; = pyx + ¢ + ry.

Rule n: Ifx,isA;andx,isB;,thenf; = p;x, + g;xn + 1i.

The MFs for inputs(X, %, ---,X,) are represented by the nonlinear
parameters A;, B;, and linear activation functions are denoted by
D;» ;> . The structure of the ANFIS architecture includes five layers,
namely, layer 1 (input layer), layer 2 (input membership function),
layer 3 (rule layer), layer 4 (output membership function), and layer 5
(defuzzification layer). Each input is connected with MFs. Fig. 20 shows
an ANFIS structure built with two inputs.

Layer 1: Input layer

Each node in this layer corresponds to an input variable. The input
variables are represented by voltage error e(k) = V;(k) — Vi (k) and
change in voltage error Ae(k) = [e(k) — e(k — 1)]. The fuzzy sets are
configured using positive large (PL), positive medium (PM), positive
small (PS), and small (S) for the input variable voltage error e(k) and by
using positive medium (PM), zero (ZE), and negative medium (NM) for

12
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the change in voltage error Ae (k).
The output of neuron i in layer 1 is obtained as

0! = f (net}) = net}, (15)

where net!denotes the error and the change in the error of the ith input
of layer 1.

Layer 2: Input membership function

The MF of an input value belonging to a fuzzy set is determined in
this layer. The output of the second layer for neuron j using triangular
MF can be achieved as follows:

X — )

o7 =fj2 (net}) = b —a)

’ 16)
where X; represents the ith input variable to the node of layer 2 and q;is
the jth membership function corners in layer 2.

Layer 3: Rule layer

Each node in layer 3 calculates the output by multiplying the in-
coming signal. An input node belongs to A1-A4 MF nodes representing
the voltage error, whereas the other input node belongs to B1-B3 MF
nodes representing the change in voltage error in layer 2. Accordingly,
the fuzzy rule set is formed using 12 nodes in layer 3.

The outcome is the strength applied to the evaluation of the effect
defined for each particular rule. The output in layer 3 for neuron k is
OF = [} (net})wherenet} = Hj wiy?, a”
where yj?represents the jth input to the node of layer 3 and w]-3k is as-
sumed to be infinite.

Layer 4: Output membership function

This layer evaluates the output by taking the output of layer 3
multiplied by the connecting weights, which is expressed as

On = [,y (netig,) = max (neti,), (18)

netiy, = Of Wi (19)

Count k denotes the links from layer 3 to the specific mth output in
layer 4, and wy,,represents the link weight associated with the kth rule.

Layer 5: Defuzzification layer

The output of ANFIS is achieved in layer 5, which is known as the
defuzzification layer. A crisp fuzzy output is formed by taking output
fuzzy sets combined with the single fuzzy set, as expressed in the fol-
lowing equations.

0, = f? (nety), (20)
ot = o O @embom)
2 @onbem) (21)

where a, and b, represent the center and width of the output fuzzy
sets, respectively.

The hybrid algorithm has been proven effective in achieving good
learning and training of ANFIS [88]. The hybrid algorithm includes
forward and backward pass functions. Least square estimation (LSE) is
utilized as a forward pass to optimize the consequent parameters
(p,> q,» ), and gradient descent BP is adopted as a backward pass to
obtain the optimal solutions of the premise parameters (ay, by, c,).
Table 5 shows the comparative performance of different controller
technologies.
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Input nodes
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Fig. 20. ANFIS network architecture [78].

4.2.3. Optimized intelligent controller

Intelligent controllers dominate over the conventional controller in
terms of prediction and control of any complex system. However, the
superiority of intelligent controllers depends on the selection of con-
troller parameters. For instance, the performance of the ANN controller
is influenced by hidden layer neurons, the activation function, and the
training algorithm. In addition, the capability and efficiency of FLC rely
on the type of MFs [89]. Ideal parameter selection is typically carried
out by the trial-and-error method. However, the trial-and-error ap-
proach requires a significant amount of time and human labor until
favorable results are obtained. Thus, various optimization techniques
have been introduced to select correct parameters and achieve sa-
tisfactory solutions. Recently, heuristic optimization techniques have
become prominent because of their high flexibility, robustness, and
efficiency in solving complex problems. Numerous heuristic optimiza-
tion methods have been introduced, and these include the genetic al-
gorithm (GA) [90], particle swarm optimization (PSO) [91], gravita-
tional search optimization (GSA) [92], backtracking search
optimization (BSA) [93], lighting search algorithm (LSA) [94], firefly
algorithm (FA) [95], bat algorithm [96], and differential search algo-
rithm (DSA) [97].

5. Power electronics application in carbon emission reduction
5.1. Motor drives

The motor is regarded as the most energy-consuming equipment in
industrial applications. An efficient motor design with an efficient
controller can save a substantial amount of energy. The reduced
amount of energy can decrease the associated fossil fuel burning in
power plants, thereby decreasing carbon emissions. Controllable
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semiconductor devices are utilized for controlling motor parameters in
an induction motor (IM) [98]. In addition, microcontrollers, a digital
signal processor (DSP), and a field programmable gate array (FPGA)
can be integrated into the IM controller design to overcome the fun-
damental challenges of motor control [99,100]. Previously, the current,
voltage, flux, and torque of IM were controlled using conventional
controllers, such as PI, PD, and PID. However, the performance of a
conventional controller in controlling IM is unsatisfactory. Therefore,
numerous studies have been conducted on developing Al controllers,
including ANN, ANFIS, and FLC, to improve performance and reduce
emissions [101].

FLC has become popular in IM control operations. FLC does not
require a mathematical model and has strong computation capability to
handle linear and nonlinear systems [102]. However, the performance
of FLC depends on the input and output of MFs, selection of the number
of MFs, and selection and operation of the rule base. These variables are
determined by a heuristic procedure, which is time consuming [103].
Fig. 21 shows FLC-based optimization for indirect field-oriented control
(IFOC) of an IM drive.

In [104] V/f control with FLC is employed in the IM drive to achieve
a stable power level in a DC grid. IM uses FLC in vector control [105]
and direct torque control (DTC) [106]. In [107], torque and speed
tracking difficulties are addressed using FLC in a doubly fed IM. In
[108], the space vector pulse width modulation (SVPWM) of a three-
level inverter of IM is controlled using FLC with IFOC. In [109], the
stator winding fault in IM is predicted using FLC with a multi-scale
entropy algorithm. In [110,111], the variable speed of a wind turbine is
regulated using FLC in a dual star induction generator [110]. In [112],
FLC is applied in a single-phase self-excited induction generator to
obtain a steady-state operation. In [113], five-phase IM is controlled by
an FLC-based IFOC. In [114], DTC based on FLC is adopted to enhance
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the dynamic control of IM drives. In [115], FLC is also employed in a
permanent magnet synchronous motor (PMSM) to improve perfor-
mance efficiency and save a significant amount of energy. In [116], FLC
is used in a DC motor to enhance operation, efficiency, and energy
conservation. In [117], FLC-based IFOC is applied to increase the effi-
ciency improvement in three-phase IM. In [118], the inverter of three-
phase IM is controlled by FLC. In [119], FLC operates the inverter turn-
off angle of IM to achieve an optimum toque output. In [120], a com-
parative analysis of conventional PI and FLC is performed for IFOC of
an IM drive.

Satisfactory performance depends on the best

Does not need a mathematical model
boundaries for input and output MFs

Easy design and simple construction
Does not require a learning step

s}
3 5.2. Electric vehicles
£
§ Diesel- and gasoline-based vehicles account for 24% of global
= emissions [19]. Hence, electric vehicles (EVs) are regarded as a pro-
- mising alternative to diesel-based vehicles due to their potential to
QJ
% ® 5 address global warming effects. The efficiency of EVs depends on en-
é % & ergy storage performance. However, various issues arise in relation to
§ s § energy storage devices, and these include charge estimation, charge
=] . . . .
b E £ equalization, power management, temperature control, fault diagnosis,
gg S 5 and protection. Each of these issues can be addressed by developing
- g & -: appropriate power converters and efficient controllers [121].
—_ 8 . . .
§8 &2 Among the various issues mentioned above, battery charge equal-
a0 = . . . ias
28 i = ization in EVs has become a popular research topic in recent years. A
9 M=
§ =] é = large number of energy storage devices employed in EVs are influenced
< = . o e . . . .
.| =E 2 8 S by charge imbalance due to the variation in their physical properties
% gg g g% after several charge-discharge cycles [122]. Consequently, battery
3 3 S . . - ;
£l = =i 2 & overcharging and over discharge occur, which reduce the battery’s
- 'g g g 2% lifespan [123]. Numerous studies have been conducted on charge
ElZ8z 2 E: equalization techniques, which are categorized into two groups,
<|=ax & namely, passive and active [124]. Passive charge controller (PCC) in-
Y, P 8
g cludes a resistor or analog shunting and has an easy design and ex-
g ecution. However, PCC entails a high heat loss [125]. Active charge
. 5 I controller (ACC) uses inductors, capacitors, transformers, and con-
S 3 E verters to transfer or carry energy from an overcharged cell or to an
o
g ‘f % overdischarged cell [126]. Inductor- and transformer-based ACCs re-
§ 2 %; quire short duration for equalization but entail a magnetizing loss
= é 2 [127]. Capacitor-based ACC has a simple construction but suffers from
§E§ - long equalization time and ripple current [128]. Buck-boost [129],
1%} 00 . . .
g g %" El E flyback [130], and resonant [131] are efficient controllers in EV op-
= 8w :5; s eration due to their high efficiency, quick response, low stress, and
=] = s 1s . qoas s .
%" == § g bidirectional capabilities; however, they have negative points, such as
L
; g g oo g :; high price, energy loss, and complex structure.
= E oo'E 5 In [132], an intelligent charge equalization controller (CEC) was
EcBES & ge eq
5| sy g £88 developed to achieve fast equalization and good efficiency in electric
Q =] . . . . .
g Tl ge = vehicle (EV) applications. The proposed CEC model includes series-
-1 8E g g ci1s . . .
8| g2 § 288 connected lithium-ion battery cells connected in series, a flyback con-
£188¢g g3 g verter, cell switches, a DC-DC converter, and an equalization algorithm
d|=axgca e

controlled by a microcontroller, as presented in Fig. 22.

In [134], low-voltage-stress, modularized charge equalization for a
lithium-ion battery was proposed. In [135], multiple transformer-based
modularized battery equalizer was suggested to reduce the equalization
time. FLC was introduced to regulate the equalization current and
duration. In [136], a bidirectional Cuk converter-based FLC was pro-
posed to control the charging and discharging of series-connected li-
thium-ion batteries. In [137], cell balancing was carried out using state
of charge (SOC) with an energy sharing concept. In [126], a battery
monitoring integrated circuit (IC)-based modularized charge equalizer
model was established. A prototype was designed using 88 lithium-ion
batteries. In [138], a bidirectional flyback converter-based cell equal-
izer featuring high energy efficiency was proposed. The model was
validated by designing a prototype with 12-cell series connected li-
thium iron cells, which exhibited high efficiency and quick cell-balan-
cing process.

Satisfactory performance depends on the best

Does not require a large amount of data and
values of PID parameters

Easy design and simple construction
learning step

Conventional controller
Needs a mathematical model

1
2.
3

Comparison of controller performance.

Table 5
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Fig. 21. FLC controller with optimization technique for IFOC [83].
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For a grid-integrated solar PV system, a high-efficiency DC-AC
converter is employed to convert DC power generated by a solar PV
generator to AC power [141]. Nevertheless, the development of grid-
connected solar PV is a challenge due to the low output voltage char-
acteristics of solar PV. To address the challenge, high-efficiency DC-DC
converters that can provide a step-up voltage gain for grid integration
are used [142]. Generally, a three-phase inverter has low harmonics,
high efficiency, and good performance; thus, it is suitable for the grid-
connected solar PV system [143]. The structure of the three-phase in-
verter is derived from single-phase inverter topologies.

In [144], a transformerless, three-phase, three-level neutral point
clamped (NPC) inverter system based on the grid-connected solar PV
system was designed (Fig. 23). The entire system was constructed with
a PV array, DC/DC converter, LC filter, three-level NPC inverter, and
utility grid. Each of the three legs of the inverter comprises four power
switches, four freewheeling diodes, and two clamping diodes. Five
voltage levels, namely, Vdc, +Vdc/2, 0, —Vdc, and -Vdc/2, are gen-

Communication erated on the utility grid based on the switching frequency. The three-
with Monitoring IC level stacked NPC structure has advantages of having double switching
| = | | | frequency and parallel load paths.
IMonitor! Battery I Cell T DC-DC I Micro- | In [146], a grid-connected PV system using a buck-boost converter
-ingIC  Cells  Switches Converter controller

Fig. 22. CEC for lithium-ion battery pack in EV operation [133].

5.3. Renewable power generation

This section demonstrates the effectiveness of renewable electricity
generation enabled by various converters and controllers. Solar PV and
wind energy systems are highlighted.

5.3.1. Solar PV system

Solar PV system is a popular RE source that can deliver clean, green,
reliable, and infinite power supply. A solar PV operates either as a
standalone mode or grid-connected mode [139]. However, the low
conversion efficiency of solar panels and intermittent solar irradiation
prevent the provision of satisfactory outcomes. Therefore, a suitable
power electronic circuit is required for power conversion and extraction
of the maximum irradiation from sunlight [140].
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was reported to exhibit good performance, high efficiency, and a ca-
pacity to deliver maximum power under different environmental con-
ditions. In [147], a novel power management approach was adopted to
develop a hybrid wind-PV system using an inverter operating in on-grid
and off-grid conditions. In [148], an improved power control strategy
with high efficacy, stable operation, and fast dynamics and transition
was proposed. In [149], a DC-DC converter with robust continuous-
time model predictive control (CTMPC) was designed to regulate PV
output voltage for a grid-connected PV system. In [150], a novel ANFIS-
based PID controller was proposed to control the voltage of a three-
phase grid-connected solar PV system under oscillation conditions. In
[151], a novel modular multilevel converter-based PV system was in-
troduced under the partial shading effect. In [152], a cost-effective
sensorless grid-connected PV system was developed based on maximum
power point tracking control and constant power generation (CPG)
control. In [153], a single-phase PV grid-connected system was con-
structed with a boost chopper and a DC-AC inverter on the basis of
fuzzy neural network (FNN). In [154], two series-connected solar PV
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subarrays based on a grid-connected, single-phase transformerless in-
verter was proposed.

5.3.2. Wind energy conversion systems

Wind energy conversion systems (WECSs) have become a promising
RE source due to their high efficiency, enormous capacity, and cost
effectiveness. Globally, the installed capacity of WECS has increased to
above 280 GW [155] and is expected to be approximately 1900 GW by
2020 [156]. The advancement of power converters and controllers
helps to integrate WECS into the utility grid [5]. Nevertheless, WECSs
have fluctuating wind speed, which hampers performance and effi-
ciency [6]. Therefore, an appropriate power electronic converter (PEC)
is necessary to achieve stable output power.

Numerous investigations have been carried out on wind energy
converter topologies in order to achieve stable output power and im-
prove efficiency. The various converter topologies for wind power ap-
plication are illustrated in Fig. 24. The diode rectifier based converter is
structured using diode rectifier and controlled inverter. This converter
has an easy implementation, low production cost but suffers from high
harmonics losses. Back to the back converter is built using two con-
ventional pulse width modulation (PWM) based VSIs, a controlled
rectifier, and DC-link voltage. This converter offers bidirectional power
flow control; however, the execution is constrained by switching losses.
The matrix converter is designed using filter and an array of bidirec-
tional switches. This converter exhibits low switching loss, low thermal
stress, high efficiency, and enhanced life cycle but has drawbacks in-
cluding low output voltage, high conduction loss and complex execu-
tion in terms of modulation and commutation control. Z-source con-
verter is based on inductors, capacitors connected in X shape, diode,
and switches. This converter demonstrates high efficiency, low cost,
small size but has disadvantages including unidirectional power control
and power surges. Cycloconverter is known as frequency converter
which can convert AC to AC directly without the need of intermediate
DC-link. This converter features compact design, low conduction losses,
and bidirectional power control; however, has weakness in input power
factor. The multilevel converter is suitable for high power applications
which is constructed using a series of switching devices. Neutral point
clamped (NPC), a flying capacitor (FC) and series connected H-bridge
(SCHB) converter topologies are used in common as multilevel con-
verters. This converter has strong points in terms of reduced size, low
switching loss, high efficiency, high voltage handle capability but has
limitations including complex circuit design, voltage imbalance and
unequal current stress [157].

In [158], ANN based wind energy systems are reviewed in terms of
forecasting, predictions, design and control optimization, fault detec-
tion and diagnosis. In [159], the design and control of DFIG-based grid
connected WECS were analyzed. In [160], a hybrid ANFIS-GA-based
WECS was proposed to improve performance. In [161], matrix con-
verter-interfaced DFIG-based WECS was investigated at various wind
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speeds. In [162], a novel fractional order-sliding mode control
(FOSMC)-based WECS of DFIG was proposed to control active and re-
active power. In [163], partial feedback linearization (PFL) controller-
based series-compensated DFIG was proposed to reduce the sub-
synchronous control interaction (SSCI). In [164], a dynamic model of
DFIG was developed to regulate DC-link voltage control. In [165], an
impedance model of DFIG was constructed to control multiple high
frequencies. In [166], a robust state feedback control-based DFIG was
constructed using perturbation estimation for maximum power ex-
traction of DFIG. In [167], a grid-connected DFIG was presented to
evaluate the dynamic performance and control damping oscillation. In
[168], a novel DC grid-interfaced DFIG-based WECS was developed.

5.4. Power quality enhancement

RE penetration and increasing amount of nonlinear load have been
identified as having an extensive influence on power quality (PQ) issues
[169,170]. PQ disturbances occur due to current and voltage oscillation
injected from nonlinear load. PQ problems result in serious impacts on
the power system network, such as high harmonics, load unbalancing,
overheating, low power factor, sag, and flicker [171,172]. PQ dis-
turbances cause a huge power loss in the transmission and distribution
networks, which subsequently increase the power consumption and
global emission. Therefore, an investigation is required on PQ mitiga-
tion methods to enhance the quality of power supplied.

5.4.1. Flexible alternating current transmission system (FACTS)

FACTS has been successful in addressing PQ disturbances. FACTS is
made from power electronic devices. FACTS devices are classified into
four groups [173] such as series FACTS devices, shunt FACTS devices,
combined series—series FACTS devices and combined shunt-series
FACTS devices, respectively. Series FACTS devices include a thyristor-
controlled series capacitor (TCSC), thyristor-controlled phase-shifting
transformer (TCPST), and static synchronous series compensator
(SSSC). Shunt FACTS devices contain static VAR compensator (SVC)
and static synchronous compensator (STATCOM). Combined ser-
ies—series FACTS devices comprise interline power flow controller
(IPFC) and combined shunt-series FACTS devices, such as unified
power flow controller (UPFC) [174,175].

5.4.2. Distribution static compensator (DSTATCOM)

STATCOM has been applied successfully in power distribution sys-
tems due to its attractive features, such as flexible controllability, fast
response, small size, low power loss, superior performance in limiting
harmonics, and transient voltage. A distribution static compensator
(DSTATCOM) consists of a voltage source inverter and current con-
trolled insulated gate bipolar transistors (IGBTs). Fig. 25(a), (b), (c),
and (d) illustrate the various topologies and control techniques of
DSTATCOM for PQ improvement using star-delta, T-connected, zig-zag,
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Turbin

and star-hexagon transformer, respectively [176]. Numerous studies distribution system. In [164], the fuzzy multi-objective approach and
have been conducted on the control techniques of DSTATCOM for PQ ant colony optimization were employed to search for the optimal size
enhancement. Immune algorithm- [163] and firefly algorithm [163]- and location of solar PV and DSTATCOM. In [165], DSTATCOM-based

based DSTATCOM is utilized to determine the optimal location in the WECS was developed to evaluate the thermal stress and reliability of a
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microgrid. The use of DSTATCOM has also been reported in reactive
power compensation [166], voltage regulation [167], power quality
enhancement [168], low voltage distribution [169], and load com-
pensation [170].

5.5. Efficient electricity transmission

RE in the form of wind energy has more power generation in off-
shore than onshore owing to the better wind velocity in offshore areas.
Nevertheless, high voltage alternative current (HVAC) is inappropriate
for offshore wind resources due to the high transmission cost and power
loss [177]. When consumers are located extremely far from the wind
resources, the power grid becomes unstable and creates various trou-
bles, such as oscillation, harmonic distortion, voltage drop, and fre-
quency deviation [178]. Therefore, high voltage direct current (HVDC)
has become an attractive alternative for long-distance power transfer.
HVDC transmission systems are designed using either a voltage source
converter (VSC) [179] or a current source converter (CSC) [180]. VSC
HVDC has excellent controllability, reliability, and flexibility; thus, it is
frequently used in short and long transmission systems [181].

5.5.1. VSC-based HVDC

Various VSC based HVDC topologies have been reported in litera-
ture such as a two-level converter, three-level converter, modular
multilevel converter (MMC) and hybrid VSC [182,183]. The two-level
converter is designed using series-connected IGBTs with inverse parallel
diodes and DC capacitors as shown in Fig. 26(a) [184]. This type of
converter exhibits high switching loss, low efficiency but suffers from
electromagnetic interference (EMI) problem. The three-level converter
is configured using DC capacitor, diode valve, and IGBT switches, as
presented in Fig. 26(b) [185]. This topology has improved the harmonic
performance of the converter by employing three discrete voltage levels
+% Ud, 0 and —Y% Ud of the AC signal. The modular multi-level
converter (MMC) is structured using six valves installed in three sub-
modules (SM), as shown in Fig. 26(c) [186]. Each valve in MMC is
configured with a controllable voltage source and storage capacitor.
The hybrid VSC is a combination of two-level and MMC converters
which is designed using H-bridge converters, M2C cells as shown in
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Fig. 26(d). H-bridge converters comprise series IGBTs to provide the
desired voltage at the fundamental frequency [187].

VSC-based HVDC transmission systems use vector control to reg-
ulate active and reactive power independently. However, instability in
VSC-HVDC has been reported due to the phase lock loop (PLL) while
integrating with a weak AC grid. Hence, improved vector control with
four decoupling gains is employed for the proper coordination of VSC-
HVDC and weak AC grid (ref). Fig. 27 shows VSC-HVDC with power
synchronization control (PSC). PSC synchronization is based on the
power angle relationship. PSC is executed by regulating the active
power of the converter and evaluating the output power angle for the
VSC PWM unit. The mathematical expression of PSC is shown as

= K prggy
6(s) = . P*(s) — P(s)) (22)

wlpgc = wit — Ae, (23)

where X is the integral controller, 8 is the synchronization angle, and
wdenotes frequency.

In a fault condition, proper synchronization between the converter
and grid is performed using a backup PLL-based current limitation al-
gorithm. Reactive power control with inner loop voltage control is
designed to control the converter reactive power.

VSC-HVDC has been implemented in transmission systems to ad-
dress various problems. In [192], a novel electromagnetic theory- and
circuit theory-based VSC-HVDC was introduced to investigate the ra-
diated electromagnetic disturbance (EMD). In [193] Newton-Raphson
method-based VSC-HVDC was proposed to control DC voltage. In [194],
a motion equation concept-based PLL-synchronized VSC HVDC was
proposed to maintain the standardized frequency in an islanded system.
In [195], a VSC-HVDC-based transient management system was de-
veloped to improve the fault ride-through (FRT) performance. In [196],
droop control-based VSC-HVDC was presented to improve DC voltage.
In [197], VSC-HVDC was applied in wind farms to analyze the transient
response. In [198], VSC-HVDC was proposed to address short-circuit
current. In [199], VSC-HVDC was employed for impedance matching.
In addition, VSC HVDC was successfully implemented in fast frequency
response [200], reactive power coordination [201], protection [202],
power-sharing control [203], overvoltage control [204], small-signal
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stability analysis [205], and grid synchronization [206].

5.6. Energy storage system

The applications of energy storage technologies in smart grids and
microgrids have received massive attention due to their huge con-
tributions in reducing carbon emissions. A sustainable and economic
electricity supply can be secured by adopting proper coordination be-
tween energy storage devices and loads. However, appropriate co-
ordination depends on the switching and control of the energy storage
system (ESS) interfaced with the utility grid. Therefore, a power con-
verter or controller with characteristics of enhanced performance and
rapid response are mandatory to handle dynamic conditions of smart

power grids. In a grid-connected ESS system, the power converter
converts from one form to another while ensuring that reliability, ef-
ficiency, and flexibility are maintained. Then, power electronic con-
trollers are employed to control ESS charging-discharging and thus
prolonging life expectancy.

In [207], a grid-connected ESS with electrochemical batteries or
supercapacitors was designed, as shown in Fig. 28. The entire system is
configured using ESS, DC-DC converter, three-phase VSI, filter, and
utility grid. ESS is connected to a dual buck/boost DC/DC converter to
improve the performance of the entire system. The main topology of
this structure is VSI, which uses IGBTs and sinusoidal pulse width
modulation (SPWM) to achieve a smooth output voltage. Active and
reactive power control between ESS and the utility grid is determined

Controller

. TR T Vabc :' """""""""""

i Power Synchronization ; i PLL e ] Pulse

: Control : Generator ;

L § wt oot Unit | Weak AC Grid |

PP ol 5.3 » Selector > 5

H S . 1 H :

. VSC I
P Pulse J—I M_W\I_@:
: * : § B " Generator .15 _|_ R :
L 0ok Kol gy [ K | G St c |
H + i Limitation = |
H Q S [+TS nil s : :
v i i Control ; g
i Reactive Power Voltage Control | :

Fig. 27. AC grid improvement using VSC-HVDC with PSC [191].

19



M.A. Hannan, et al.

Applied Energy 251 (2019) 113404

C Electric Utilig Grid

Measured
Command from - BESS/SCES Variables
System Operator Conew Comitl ]
Structure =
Step-Up -
Measured L ) Coupling —=C
Variables Switching Signals  Tansformer
Dual Buck/ Boost Three-Phase Three-level
DC/DC Converter Voltage Source Inverter
L By
+V bl
Ves2 T g0 S Vs i 1 Line Filter
p — ¥ J: 4 J: v J:
1 ES; Tkt
{ Col+ / Ly
' Tl & D T -I% g Kz K=z [ L [
sdi F2
Bank of i ES, a l"'
Batteries/ ¢ NP p L
SCs |
L CdZ_ |+ j j Cri Il
o y s .
{ -ﬁ F Cpgu
= "-I% . !!14 ¥ Z [Cyy
I
Ves2 L, -Vp/2

D/ug

Fig. 28. Structure of grid-connected ESS [207].

by switching signals.

In [208], a grid-connected DC-AC inverter controller-based ESS was
proposed for stability enhancement. In [209], optimal controller-based
flywheel ESS was developed to stabilize the output of DFIG. In [210],
grid-connected hybrid RE generation-based ESS was presented to con-
trol active and reactive power. In [211], grid-connected AC/DC con-
verter-based ESS was introduced to optimize transient operations. In
[212], the multi-temporal deterministic approach-based grid-connected
energy storage management system was proposed. In [213], a re-
sidential grid-connected ESS was developed on the basis of FLC. In
[214], a detailed comparison of grid-connected ESS was performed.
Furthermore, grid-connected ESS was designed to study economic dis-
patch [215], phase balancing [216], demand response [217], sizing
[218], and scheduling [214].

6. Energy conversion issues and potential recommendations

The International Energy Agency (IEA) has identified that RE in-
tegration and reduction of fossil fuel dependency could be major tools
in combating global warming. The principles of harnessing RE into
grids or daily usage require a power electronic converter and its con-
troller. Despite its perceived simplicity, harnessing or converting reli-
able or sustainable energy from one stage to another is actually chal-
lenging. Accordingly, this section highlights the issues, challenges,
potential recommendations of energy converters and their controller
and applications.

6.1. Issues and challenges

6.1.1. Power electronic converter

Power converters have a few disadvantages because they inject
harmonics on both the supply and load sides. On the supply side, har-
monics cause overheating and efficiency reduction in the transformer.
In addition, harmonics result in a frequency interference problem,
which may damage the equipment. Harmonics may also provide a skin
effect, which increases the likelihood of overheating. On the load side,
harmonics provide excessive heating. Apart from these, reactive power

compensation equipment must be installed for low-power-factor power
electronic converters. In summary, appropriate filter and safety ar-
rangement are compulsory for converter protection and operation.

6.1.2. Power electronic controller

The performance of the conventional controller is unsatisfactory
due to its vulnerability to temperature variation and load disturbances.
By contrast, activation function, training algorithm, MFs, and hidden
layer neurons are selected based on the trial and error approach in
conventional FLC, ANFIS, and ANN structures. Nevertheless, the trial
and error approach is a highly ineffective approach and consumes a
significant amount of time and human energy. Thus, an intelligent
controller is configured with optimization technique to improve the
performance efficiency of the converter, which in turn reduces emission
and global warming.

6.1.3. Renewable energy converter

Implementing RE to an electricity grid is a complex task and must
include the appropriate converter and controller for proper synchro-
nization [219]. Solar PV and WECS suffer from voltage instability, poor
power quality, low efficiency, grid congestion, operational restriction,
and protection. Therefore, investigations must be performed on con-
verter and controller design to reduce oscillation while improving
performance and reliability.

6.1.4. Electric vehicle battery

Converter-based CEC faces problems of voltage and current stresses
on MOSFET switching drives. The stresses may harm the switches
during equalization because discontinuity occurs while balancing the
battery stack. Thus, an efficient CEC model must be developed with a
simple design, implementation, and improved equalization perfor-
mance for EVs. In addition, the battery is highly sensitive to aging,
temperature variation, and charge-discharge cycles [220]. A sub-
stantial effect occurs on battery capacity when the temperature of the
battery decreases or increases beyond the threshold limit [221]. Aging
can cause degradation in resistance and capacitance, which eventually
reduces the energy density and lifespan of the battery [222]. Battery
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safety and protection have a significant impact on system operation and
market acceptance. Therefore, a battery management system (BMS)
with sufficient safe circuitry is required to ensure a secure operation of
EVs, which in turn reduces carbon emissions.

6.1.5. RE converter implementation

A major concern for the proper control functioning of the control
system is the hardware design and implementation of power electronic
converters. The most extensively used integrated circuits for controller
design are dSPACE [223], field programmable gate array (FPGA) [224],
and digital signal processor (DSP) [100]. However, dSPACE and FPGA
have the disadvantage of high cost and operational constraint in stan-
dalone mode. DSP outperforms dSPACE and FPGA owing to its low
power consumption, fast response, and operational capabilities in
standalone mode. Nonetheless, the design and execution of DSP require
extensive research and rigorous knowledge on operating and control-
ling an embedded system. In many developing countries, high bor-
rowing cost is already creating an obstacle for RE sector growth. Al-
though project financing is available for the majority of RE power
projects with a 70:30 debt equity ratio, the high interest rates under
difficult macroeconomic conditions create problems in implementing
this technology.

6.1.6. Grid-connected RES power quality issues

Despite the presence of a stable grid, integrating RES into the grid
leads to potential technical issues owing to the intermittent nature of
RES and thus affects the PQ problems. During energy conversion, the
main parameters affecting the major PQ problems include voltage
fluctuations, power system transients and harmonics, reactive power,
low power factor, electromagnetic interference, and synchronization.
Moreover, the availability of renewable energy is variable owing to the
weather pattern, solar radiations, cloud day & night cycles, storms/
turbulence, and so on. Moreover, variations in voltage and grid fre-
quency create difficulties in RE operations and reduce the chances for
successful RE integration into the grid. Nonetheless, the problem of grid
integration can also be solved by using power electronic concepts. Thus,
to confront future RES power grid integration, robust design and op-
timal operation of the power electronic converter systems are highly
important in minimizing the PQ issues.

6.2. Potential recommendations

This review has proposed a few potential and selective re-
commendations for the further technological development of power
electronic technology in reducing global warming, such as the fol-
lowing:

o Further study should be conducted on the power electronic con-
verter design to improve capacity, power factor and remove har-
monics switching stress.

The development of an intelligent and robust controller in solar PV,

WECS, and ESS requires further attention.

® Various optimization techniques, such as LSA, BSA, PSO, and FA,
can be employed to determine the optimal values and minimum
error of ANN, ANFIS, and FLC.

e Further research should be performed on the hardware im-
plementation of the power electronic controller using dSPACE,
FPGA, and DSP.

e An improved technology during ESS manufacture and disposal is
required to reduce the negative environmental impacts and health
issues. Further attention is also needed to develop the machinery for
recycling to enrich the reservation of ESS and to reduce the CO5 and
GHG emissions.

These recommendations would be a significant contribution toward
the development and implementation of power electronic converters
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and controllers and would provide a concrete idea for researchers and
manufacturers about the advancement of power electronic contribu-
tions toward carbon emission and global warming reduction.

7. Conclusion

An extensive review of various power electronic technologies for
mitigating global warming is carried out. The review outlines a detailed
investigation of power electronic converters, controller topologies, and
associated implementation in different applications to identify their
substantial contribution to saving energy and mitigating the global
warming effect. The review starts with an explanation of the global
warming potential, related causes, and impacts on the environment.
The power converter structure, operation, strengths, and weaknesses
are then analyzed. Subsequently, the classification of controllers, in-
cluding conventional and intelligent, with their algorithms, mathema-
tical models, benefits, and drawbacks is presented. Finally, the review
provides the execution of the power converter and controller in dif-
ferent applications, including motor drives, electric vehicles, solar PV,
wind energy, FACTS, HVDC, and energy storage. It then highlights how
energy saving and carbon emission reduction take place. An AC-DC
converter has low conduction and switching loss but suffers from low
power factor and high harmonic distortion. A DC-AC converter has low
stress and harmonics but exhibits high conversion loss. A DC-DC con-
verter demonstrates fast response and high efficiency but shows
weakness in terms of high switching loss. An AC-AC converter achieves
high efficiency but has drawbacks with regard to large size and high
harmonics. Conventional controllers have a simple design, require
mathematical equations, and do not need a learning step. By contrast,
intelligent controllers have a complex structure, do not require a
mathematical model, and need a learning step and big data to train.
Moreover, intelligent controllers obtain good performance when a
suitable training algorithm, number of nodes, and type of MFs are se-
lected. The main contribution of this review is that it highlights power
electronic technologies, existing issues and challenges, and their con-
tributions, applications, and recommendations in mitigating carbon
emission and global warming.
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