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Abstract—Today, the worldwide public interest in reducing
power quality issues and greenhouse gas emissions is a key
driver to study fuel cells (FCs) connected to distribution
network systems (DNs) based on distributed flexible
alternating-current transmission systems (D-FACTS). DNs
will need to develop a better performance on Power Quality
(PQ) while providing a more efficient energy technology.
This study reviewed in-depth the interface of DN to FC
systems. By focusing on the FC interface and the associated
technical challenges, this review may help reduce the risk of
DNs, minimizing the consumption of fossil fuels for power
generation, lowering the emission of hazardous gases while
dramatically increasing electrical power loads, improving
PQ and stability. Besides, the study deliberated aspects of
FC power technology with DNs interfacing based on D-
FACTS. Specifically, the discussion encompassed the
configuration structures of FC power technology and DNs
connection based on D-FACTS, technical challenges of DNs,
and its trends to determine the diagnosis, integration, and
optimization for FC power technology.

Index Terms—Fuel cell, distribution network integrated, D-
FACTS, -configuration structures, technical challenge,
interconnection trends

|I. INTRODUCTION

Energy systems play an essential role in many
processes, such as distribution networks, transmission
networks, power-generation plants, demand load, and
industry [1]-[3]. The electric Distribution Network (DN)
has a fundamental design to distribute electricity to the
demand loads. For the uninterrupted and smooth
functioning of an electrical grid, it must be augmented
with a stable power source [4]. The most promising
renewable systems in clean energy generation are fuel
cells (FCs), wind turbines (WTs), and photovoltaic
toward a sustainable energy future. In this respect, the FC
is one of the technological innovations in energy systems
that have been considered a potential candidate for

Manuscript received January 10, 2021; revised April 25, 2021;
accepted May 27, 2021.

Corresponding  author:
lykhaleel@yahoo.co.uk).

Mohamed Mohamed Khaleel (email:

©2021 Int. J. Elec. & Elecn. Eng. & Telcomm.
doi: 10.18178/ijeetc.10.5.319-332

solving the future energy crisis [5]-[7] because it could
guarantee adequate supplies of energy according to load
demand [8]-[10].

Applying FCs provides several advantages for DN,
such as permitting a substantial increase in power
stability and better economic performance [11], [12]
Specifically, FCs enable the flattening of the peak of a
load (load leveling) and the removal of the peak of a load
(peak shaving) when the system load is low, frequency
regulation, damping energy oscillations, and high
electrical efficiency while improving power quality (PQ)
and reliability [13], [14] when used to feed alternating-
current (AC) loads. World-wide, electricity is exclusively
produced from power-generation plants, which often
encounter power insufficiency, especially during
prolonged drought. In this respect, a dynamic load
demand is equal to the total use of power and energy
density, efficiency, and lifetime [15], [16].

On the other hand, DN development is considerably
constrained by increasing power consumption [17], [18].
Power losses are a growing concern over the safety and
resistance of bus voltages. Therefore, through the
deliberation on FC technology, this study may help
identify a reliable technology for sustainable and
adequate energy supply because FCs could operate in
extreme environmental conditions, such as intense
radiation environments or low temperatures. Also,
because the technology of FC power directly converts the
chemical energy stored in the hydrogen and oxygen into
electricity [19]-[21].

The International Energy Agency (IEA) is reported the
hydrogen and fuel cell have been utilized by an
unprecedented momentum in taking actions to address an
important element of clean as well as secure energy
future [22]. In this context, hydrogen and fuel cell
technologies continued strong momentum in 2019, with
strong interest among policymakers. Moreover, the fuel
cell trade nearly doubled up due to outstanding
achievement and expansion in some countries such as
Korea, Japan, and China. However, by taking into
consideration low-carbon production capacity kept
comparatively steady. To more elaborate, this still stays
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outside the framework of the Sustainable Development
Scenario (SDS). More to the point, low-carbon hydrogen
production, 2022, 2023, and 2030, announced and in the
SDS, by 0.86 Mtly, 145 Mtly, and 7.92 Mtly,
respectfully. Hydrogen and fuel cell technologies can
help to solve the future energy crisis remarkably by
taking more intensive activities such as scale-up to
minimize costs; substitute high-carbon by low-carbon
hydrogen in current applications; and increase hydrogen
usage to new applications [22].

The next sections of the study have been explained in
the following. Section 1l discussed the configurations:
fuel cells to DNs interface. Section Il1, shows the distri-
bution networks connection, D-FACTS, Interfacing DNs
components of FC power technology, DC-DC converters,
DC-AC converter, Filter, and transformer. Section 1V,
shows the energy storage technologies, Hybrid Energy
Storage System (HESS), HESS energy management, and
control. Section V discussed the technical challenges,
power quality issues, and power flows control. Section VI,
presented interconnection trends, diagnosis, model-based
method, and on-model-based method. Section VII
indicates the conclusions of the study.

The FC power technology has been widely electrical
grid employed to deal with DNs based on distributed
flexible AC transmission system (D-FACTS) devices. For
example, distributed static synchronous compensator (D-
STATCOM), dynamic voltage restorer (DVR), unified
power flow controller (UPFC), sub-synchronous series
compensator (SSSC), and Thyristor controlled series
capacitor (TCSC) in the industrial applications energy
system, especially in developed countries. However,
evaluating the performance of FC power technology can
be very challenging, largely because the software of the
evaluation substantially varies among different DNs. Fig.
1 shows the interfaces of FCs and D-FACTS in DNs, in
which various elements. Such as direct-current-direct
current (DC-DC) and DC-AC converters, filter, and step-
up transformer could be combined to interface with DNs.

CONFIGURATIONS OF FC TO DN INTERFACE

to generate electricity via a pair of reduction-oxidation
(redox) reactions. In this respect, the FC is one of the
most widely regarded hydrogen energy and has received
special attention in the chemical energy system.
Hydrogen energy is being made in the interests of safety
and efficiency, energy density, and attempts to achieve
greater performance in air pollution [23], [24]. There are
several types of FCs, depending on the composition of
their electrolyte, the operating temperature, and the type
of fuel applied [25]-[29]. The most widely studied FCs
are proton exchange membrane fuel cells (PEMFC),
alkaline FCs (AFC), solid oxide FCs (SOFC), and molten
carbonate FCs (MCFC). Table | shows the common types
of FCs used in power technology. The operating
temperature of FCs varies greatly, depending on their
type. PEMFC has the lowest operating temperature, i.e.,
between 50C to 80<C. However, AFC, SOFC, and
MCFC could operate only between 600<C and 850 C.

TABLE |: THE COMMON TYPES OF FC USED IN POWER TECHNOLOGY

FC type | Temp (T) | Electrolyte Application
PEMFC 50-80 Flexible = Distribution network
polymer = Clean power generation
= Electronic throttle valve
= DC motors
= Servo control
= Robotics
AFC 600 Solutionof | = Space
potassium = Rail transportation
hydroxide in | = Transit network
water
MCFC 600-700 | Meltonalkali | = Grid power stabilization
metal = Distributed generator
carbonates | = Power generator
= Heating production
= Cooling production
SOFC 650850 | Solid ceramic | = Electrical power
oxide = Clean water provision
= Hydrogen generation
= Diesel-based engines
= Gas turbines

In general, the FC power technologies are categorized
by their materials, major components of the cells, and the
types of electrolytes they comprise [30]. Overall,
PEMFCs show a broader application in the electrical
power system (Table I).

Transformer

Voltage Source
Inverter

Fuel Cell

Injection
Iransformer

DC/DC
Boost
Converter

o] I i |
I DVR HI UPFC III DSTAT('O\’Iﬂl SSSC III TCsC I

Fig. 1. DNs with fuel cell interfacing to D-FACTS.

A. Types of FC and Operations

In general, the FC is an electrochemical cell consisting
of two electrodes, the anode, and cathode. These are used
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Fig. 2. A PEMFC power technology with additional components.
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Low-cost bipolar plates have been developed to
increase the corrosion resistance and productivity of the
FC, thereby enhancing the durability of the Proton-
Exchange Membrane (PEM) while optimizing the
operating parameters to dynamic characteristics [31]. Fig.
2 shows the PEMFC power technology and additional
components such as a high-pressure hydrogen tank, air
compressor, anode inlet valve, cathode inlet valve, outlet
manifold, nuzzle, pressure sensor, and humidity sensor.

Several ingredients have combined to create the
PEMFC power technology including a high-pressure
hydrogen tank, air compressor, anode inlet valve, cathode
inlet valve, outlet manifold, nuzzle, pressure sensor, and
humidity sensor. Moreover, some PEMFC power
technology combines elements of the system, intercoolers,
and humidifiers. In this context, the dynamic air supply
system model generally uses control-oriented and can be
split up the PEMFC electrochemical model, air
compressor model, cathode model as well as manifold
model. The protons are the ionic charge carrier in
PEMFC. An essential ingredient in PEMFC power
technology is air compressors. The air compressor
promises to bring more efficiency to the power density
and cost. When hybridized with energy storage systems
(ESS), the DN utilizes the energies of the FC, and a
battery bank to supply the demand loads through a
combination of electric and magnetic feeders [32].

In particular, PEMFCs are widely used because they
have many advantages to DNs, such as a substantial
positive impact on power density, minimal temperature
performance, rapid start-up, and zero-emission zero of
hazardous gases [33]-[36]. Moreover, PEMFC stacks in
effect are equivalent to unit cells, which would
substantially increase the output voltage of cells. As for
chemicals reaction within a PEMFC, the hydrogen
oxidation reaction (HOR) below summarises the partial
redox reaction that takes place at the anode:

H, >2H" +2e” 1)

where e denotes an electron.

Together with another partial redox reaction at the
cathode, the hydrogen reacts with oxygen to generate
water, electricity, and heat, as shown in (2) and (3) below:

%Oz+2H*+2e’—>HZO 2
H, +%O2 — H,0 + Electricity+Heat (3)

Fig. 2 shows the operation of PEMFC, current
densities, and output voltages, in which the difference
between the theoretical maximum and the output voltage
is known as polarisation, and it can be measured by
Equation 4 below:

E=-—2 @)

where AG (J mol™), refers to the Gibbs free energy, i.e.,
the difference between the product and reactant for one
mole of hydrogen; #, refers to the number of electrons
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transferred in a hydrogen-oxygen electrochemical
reaction, and F refers to the Faraday’s constant.

Therefore, the total energy (the enthalpy difference,
AH) can be calculated as expressed.

AH = AG+TAS (5)

where T(K) refers to the temperature in Kelvin, and AS (J
mol™), refers to the entropy difference between the
product and reactant for one mole of hydrogen. Thus, the
maximum energy efficiency (ymax) of FC power
technology could be calculated by Equation 6 below:

AG
=— 6
nmax AH ( )
In general, the PEMFC energy has improved efficiency
performance by nearly 83% at a temperature of 25<C.
Taken together, PEMFC cell voltages Eci can be
computed by Equation 7:

Ecell = EOCV et — onm ~ Thrans (7)

where Eoev = Open-circuit voltage; #at = activation loss;

7oom = loss of electrical resistance, and #wasns = Mass
transport loss.

The open-circuit voltage, Eoev , in Equation 7 could be
less than the reversible cell potential (~ 1.2V) as a
consequence of slight electron conduction (by
membranes), comprising the major cause of voltage loss
through internal currents and hydrogen crossover.

Meanwhile, 7., is responsible for activation loss,
which has a long-term effect on the chemical reactions
taking place on the surface of electrodes. On the other
hand, #onm drops more slowly and nearly linearly even in
an ideal PEMFC polarisation curve, leading to the loss of
electrical resistance. Another source of voltage loss is
mass transport loss, which happens when the voltage
reduces quickly.

I11.  CONNECTION OF DISTRIBUTION NETWORKS

The power system is a dynamic system, where various
active system elements connect and directly interact
through transmission networks and distribution networks.
In essence, DNs must effectively deliver a stable supply
of energy to the demand load, which is highly critical to
the long-term future of the electric utility (Fig. 1). Thus,
the PQ and reliability of power supply to demand loads
must be enhanced in the overall operation as well as the
planning of the entire electrical power system because
DNs strongly influence the location and density of
demand loads. Also, DNs determine the extent of the
fault levels and network strength, transformer ratings, and
source of impedances. In the vast majority of cases, DNs
expand rapidly due to the availability of more and more
reliable, sustainable growth, and highly efficient and
environmentally friendly energy supply.

A. D-FACTS

The efficient concept of FACTS was introduced in the
late 1980s, and the technology of FACTS has taken
advantage of efficient energy utilization, voltage
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stabilization, demand control, power factor correction
voltage sag mitigation, and harmonic mitigation for its
rapid development [37]-[40]. Thus, the fundamental
concepts of FACTS technology are based on the
understanding of using high-voltage power electronics to
regulate the transmission system. As the demand for
electricity continues to increase [41]. Table Il shows
different types of D-FACTS controllers and the
parameters they regulate.

Meanwhile, the D-FACTS leads to the injection of
both active and reactive power to DNs via the supply of
ESS. In shunt D-FACTS, the D-STATCOM is closely
related to a voltage-source converter, which has been
used to compensate for the reduction of PQ, for example,
voltage sag, voltage unbalance, unbalanced load,
harmonic, and voltage fluctuation. The same can be said
on DVR. Meanwhile, the shunt-series D-FACTS
compensators integrate another piece of equipment
known as unified power quality conditioners (UPQC) to
improve dynamic active and reactive power regulation,
voltage flicker, voltage mitigation, voltage unbalance,
and harmonics. In recent decades, due to an ever-
increasing demand for electricity in most countries, the

need to build new transmission lines and electricity posts
has tremendously increased with huge capital investment.
Thus, finding effective solutions to reduce the costs for
electric companies has been a great challenge.

Moreover, a recent study on PQ concluded that voltage
sag and swells in the medium voltage DNs are strongly
considering as the most regular form of PQ issues. These
PQ issues can have a huge negative effect on the sensitive
loads and cause main financial losses to millions of
dollars. In this context, Dynamic Voltage Restorer (RVR)
based on a bidirectional DC-DC converter is utilized to
defend the demand loads against such PQ disturbances.

Needless to say that one of the recent trends in DVR
structure is to instantly suppress the DC-DC converter,
which enables the hardware and software required and
the losses in the conversion operation to be reduced
Furthermore, DC-DC converter has a significant role to
play in providing the voltage between the energy storage
system and the voltage source inverter (VSI). In this
context, the DVR can an adjustable DC-link voltage
utilizing a DC-DC converter. Thus, the output voltage of
the DVR has the capability to reach the maximum level
for compensation in DNS.

TABLE Il: THE DIFFERENT TYPES OF D-FACTS CONTROLLERS AND THE PARAMETERS THEY REGULATE [42], [43]

Type of . .
D-FACTS Characteristics Controlled Parameters Devise
Distributed static synchronous compensator D-STATCOM
. Static synchronous compensator (STATCOM)
Shunt Control susceptance | Real & reactive power Static VAR compensator (SVC)
Dynamic voltage restorer (DVR)
Series Control reactance | Real & reactive power Sub-synchronous series compensator (SSSC)

Thyristor controlled series capacitor (TCSC)

Series- Series Control V&3 Real & reactive power

Interlink power flow controller (IPFC)
Generalized interlink power flow controller (GIPFC)

Shunt-Series

Control X,V and 8 | Real & reactive power

Unified power flow controller (UPFC)
Unified power quality conditioners (UPQC)

B. Interfacing FC to DN

Although DNs could gain electrical power from the FC
power technology through D-FACTS (Fig. 1), the DC
produced by FCs will need the installation of power
electronic devices for effective delivery into the power
system. In this regard, FCs to the DN interface is
provided through power electronic converters and other
electrical components. At the utility scale, the FC power
technology consists of four parts, i.e.,, DC-DC boost
converter, DC-AC converter, output filter, and step-up
transformer.

1) DC-DC converters

There are many industrial applications for DC-DC
converters to generate high step-up voltage gain, for
example, in D-FACTS and renewable energy systems, as
well as other non-conventional energy sources, such as
due to their high DC output voltages.

A conventional boost converter cannot provide such
high-voltage gains because its duty-cycle is narrow, [44].

The boost converters with higher voltage gains can
theoretically be realized with an extreme duty-cycle
design and application. In the FC power applications, the
output voltage and load power are variable, and they
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highly depend on operating conditions. Thus, DC/DC
power converters are usually used to maintain a constant
voltage, matching the subsequent power bus. Due to the
nonlinear characteristics of the FC and load profiles,
therefore, a more robust design for power converters is
essential [45]. These applications are developing fast in
the distributed power grid [46]. The DC-DC converter
can handle bidirectional power flow. Fig. 3 shows the
topology of a conventional boost converter connected to
FC power technology, while Fig. 4 shows the topology of
an interleaved boost converter connected to FC power
technology.
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Fig. 3. Topology of a conventional boost converter.
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Fig. 5. The topology of a Multi-input single-output converter.

In DC-DC converters, the interleaved boost converter
topology is employed in classical designs to eliminate the
disadvantages that may occur in driving a high-frequency
semiconductor switch [47]. The interleaved DC-DC
converter aims to minimize the input current ripples as
well as the switching losses. In this case, the efficiency of
the converter system can be substantially increased.
Unlike other types of converters, this interleaved DC-DC
converter uses small electronic components. Also, this
new technology interleaved DC-DC converter could be
applied to FC power technology by multi-input single-
output (MISO) dc-dc converters (Fig. 5).

Meanwhile, the effect of passive circuit elements such
as inductors and capacitors on circuit performance is
crucial in DC-DC power converter circuits, in which duty
ratio values and the switching frequency of the active
element power semiconductor affect the output voltage
ripple, which, in turn, may vary depending on load
conditions. Furthermore, voltage doubler boost converters
with four parallel phases (Fig. 6) are now widely
implemented in FC power technology to gain a high step-
up voltage. Fig. 7 shows the topology of a voltage
doubler boost converter based on the isolation
transformer.

In the studies of isolated DC-DC converters, bridge
converters are more commonly used to stabilize the
output voltage. Fig. 8 shows the topology of a dual half-
bridge dc-dc converter in FC systems based on the
isolation transformer. Power control in this converter is
simpler compared to other DC-DC converters although
dual the full-bridge converter is more complex and
expensive. Current-fed dual half-bridge and voltage-fed
dual half-bridge converters are alternative bridge-based
DC-DC converters used in this study [48], [49],
respectively.
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Also, the dual active bridge is an example of bridge
converters used in FC systems for grid interconnection.
Fig. 9 shows the circuit of a dual active bridge converter.

Fig. 10 shows the circuit of a forward converter, which
provides galvanic isolation using a transformer, while Fig.
11 shows the high step-up coupled inductor converter.
Besides, a high step-up coupled inductor converter and
zero-voltage transition are two other topologies with a
considerable voltage conversion ratio. Fig. 12 shows the
zero-voltage transition DC-DC converters connected to a
FC system.
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2) DC-AC inverter

A voltage-source inverter (VSI) works as a power
interface between the PEMFC stack and a DN system,
converting the DC electricity to the sinusoidal AC form,
and three-phase waveforms can be obtained using the
DC/AC inverter. The inverter modulates the electricity
via six semiconductor switches with an on-off state
controlled by the duty ratio of bipolar pulse-width
modulation (PWM) [50]. With the integration of many
power inverters, the network characteristics would
certainly change, leading to new technical challenges,
such as complex control systems, complicated stability
analysis, as well as systematic protection [51]. These
inverters primarily serve to control the real and reactive
power between the FC power technology and DN
interconnections. From this perspective, the inverter
could be considered as one of the major components of
the DNs connected FC power technology. In this case,
VSls were applied to the D-FACTS devices to interface
FCs to DNs (Fig. 1).

3) Filters

Filters play an important role in harmonic mitigation,
reactive power compensation, load balancing, neutral
current compensation, and reducing flickers [52]. The
filter-connected VSI is related to improved attenuation
performance and consequently a decrease in size, volume,
and cost [53], [54]. Passive filters are widely used in
electrical systems for PQ improvements, and they were
first installed in the 1940s. Their advantages such as
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compensation of voltage harmonics, compensation of
current harmonics, balancing of mains voltages in three-
phase, and balancing of mains currents in three-phase
make them an attractive and standard solution up to these
days. A particular issue in harmonic distortion is the line
current generated from non-linear loads. A high level of
harmonics, also known as total harmonic distortion
(THD), could cause many consequences, such as
conductor overheating, voltage distortion, malfunction of
transformers, unnecessary protection device trip, and
interference in the telecommunication network. Based on
the Institute of Electrical and Electronics Engineers
(IEEE) Standard 519-2014, if the level of THD exceeds
8% at the point of common connection (PCC) at low
voltage levels, the system should be investigated.

Moreover, IEEE Standard 1547 has limited the THD of
the injected current by 5% [55]. Meanwhile, filters are
classified into two categories, namely passive, and active
filters. The passive filters affect the economics of
countermeasure in power issues related to harmonics [56].
There are various designing techniques of passive filters,
i.e., first-order series filter, second-order shunt filter,
third-order single tuned filter, fourth-order double-tuned
filter, fifth-order low pass filter, sixth-order high pass
filter, seventh-order LCL filter, and eighth-order LLCC
filter. Fig. 13 shows different types of passive filters at
DNs connected with FC power technology.

This discussion deliberated some instances of filters,
which can be extensively used as an interface among DNs,
D-FACTS, and FC power technology. The process of
harmonic LC traps, rather than the LCL filter capacitor, is
more commonly used to maximize the benefits for
industry, due to its potential for reducing or even taking
out the network-side filter inductor. The trap filter
suggested for single-phase DNs-interface converters is
LLCL filter, which uses a small inductance on the DN-
side of the filter. From this perspective, active filters are
widely distributed through series types and shunt types,
and they are known as power electronic devices for
controlling the voltage harmonic and current harmonic
sources, which are a useful function as harmonic
mitigation and reactive power compensation [57], [58].

First high pass filter
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Fig. 13. Different types of passive filters at DNs connected with fuel
cell power technology.
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4) Transformer

In recent times, the energy efficiency of DNs
connected to FC power technology becomes increasingly
clear, in which an improvement in the performance of
power systems is accompanied by a reduction in
operational costs, enhanced signal quality, and a
reduction in adverse environmental effects. For these
reasons, the transformer stations of D-FACTS have
become a common element in all power systems.
Moreover, distribution transformers are put forward to
the last stations to supply electrical feeders, bringing
more efficiency to the distribution chain [59].

In this case, achieving specific and effective progress
on standards is one of the determining factors influencing
the demand and supply balance and success of the
network process that will, in turn, determine the proper
operation of the system. The electrical power demand of
the distribution network has been analyzed in detail using
distribution transformers, which also gives accurate
predictions for DN systems. In this respect, transformers,
which operate under very difficult circumstances, and
have made enormous damage to undesirable high-
frequency impulses because of circuit breaker operation,
direct lightning impulse, system faults [60], [61].

Local Inductive
Loads

Fuel Cell I
it

N

sofanaag

Injection Grid

DC/DC  DC/AC Transformer

Converter Converter

Fig. 14. The single-line diagram of a DNs-interfaced FC power
technology [62]

In this context, the conventional DNs-interfaced
systems, FC power technology ensure the generated
power into a single DN feeders and control the DN-bus
by interfacing elements of the entire system [62]. In this
case, interline fuel cell (I-FC) power technology shares a
DC-DC converter connected FC at the base of inverters
which is designed to eliminate the further FC power
technology and DC-DC converter in a multi-feeder
system. For this aim, FC power technology is interfaced
to multi-feeders through separate inverters, thereby
distributed electrical power into the feeders and
attenuates the effects of the harmonics at DN-side
currents. In this direction, the aim of the system provides
an economical way for the attenuation of DNs issues for
multi-feeders. Fig. 14 shows the single-line diagram of a
DNs-interfaced FC power technology.

To achieve the functional abilities of I-FC power
technology, dual-functional control is separate that can be
applied in the electrical grid inverters. Last but not least,
the I-FC power technology is devoting the active power
to both feeders, and an ever-reduces amount of the
current harmonics through DNs power demands from the
utility-grids.

IV. ENERGY STORAGE SYSTEM TECHNOLOGIES

Energy storage systems (ESSs) can be an effective

©2021 Int. J. Elec. & Elecn. Eng. & Telcomm.

solution to smooth fluctuation for improving the stability
of the DN. Electrical energy storage (EES) is a process of
converting electrical energy into other forms of energy
that can be stored for converting back into electrical
energy when needed. One can categorize the storage
technologies by storage duration (long-term, short-term
storage), by the kind of storage (electrical, mechanical,
chemical, thermal, etc.) [62], [63], or by other criteria
such as capital cost, capacity, efficiency, and
environmental impact. Table 1l shows the classification
of energy storage technologies by the form of stored
energy.

TABLE IlI: THE CLASSIFICATION OF ENERGY STORAGE TECHNOLOGIES
BY THE FORM OF STORED ENERGY

Energy Storage A
Ref. Technologies Classification Type
PEMFC
. SOFC
Chemical Fuel Cell (Hydrogen) MCEC
AFC
Supercapacitor
Electrical Superconducting
Magnetic (SMES)
Pumped Hydro (PHS)
Mechanical | Compressed air (CAES)
Flywheel (FES)
High Temperature PCM
[64]-[72] . | 9 p csp
erma Aquiferous
Low temperature -
Cryogenic
Lead Acid
Nickel-
Electrochemical Batteries ba§ed
Sodium-
Electrochemical based
Li-ion
Redox flow
Flow Batteries Hybrid
flow
Thermochemical Solar fuel

V. TECHNICAL CHALLENGES IN DN

The electrical DNs, together with the associated
technical challenges, are rapidly evolving. These
challenges encompass aging power quality (PQ) issues
and the integration of FC power technology in the DNs
based on D-FACTS. Also, the influx of FC power
technology in DNs, which was not initially planned to
deal with more energy, could result in extensive
bottlenecks in DNs. Thus, D-FACTS is to provide high
PQ and reliable integration for DNSs. In this respect, PQ
issues, and waveform are investigated for FCs to DNs
connection.

A. Power Quality

At the present day, the power devices of customers
have received special attention from both utilities and
researchers. As a result, the electric sector has become
very innovative and dynamic with increasing competition
and hence efficiency. Thus, the notion of PQ has become
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increasingly crucial for both utilities and consumers [73],
[74]. Among various PQ issues, the voltage sag is one of
the most serious issues compared to other issues, such as
harmonics, voltage swell, interruption, notch, flicker, and
transients [75]-[77]. Unless these underlying deficiencies
of PQ issues are rectified the distribution system can
never be efficient. Table IV shows PQ issues and
waveform.

To overcome the PQ challenge, the distribution system
responds to the demands of the installation equipment
such as the series unit (SEU) and shunt unit (SHU),
which are placed in each bus of a DN, their effects on
improving the power loss and PQ indices of a DN were

discussed. For that purpose, the D-STATCOM, DVR,
Active Power Conditioner (APC), Active Voltage
Conditioner (AVC), were beneficial to improve the PQ
due to disturbances, such as voltage sag/swell,
interruptions, and harmonics. Furthermore, three-phase
current and power factor could be maintained using Static
Var Compensation (SVC) and active filters with the
application of reactive power compensation to improve
the PQ [78]. Therefore, it was important to determine the
requirements for a safe and reliable DN operation to
overcome the above-mentioned challenges. The
combination of D-FACTS technology for the DN
connected to FC able to overcome the PQ challenge.

TABLE IV: PQ ISSUES, DESCRIPTION, AND WAVEFORM

interruptions

Ref. PQ issues Description Waveform
[78] . The IEEE defines voltage sag as an event in which the root mean square value of
[79]’ Voltage Sag voltage drops rapidly between 10% and 90% of the rated value and the duration lasts|fi
from 0.5 cycles to 1 min.
[80] Short . Total interruption of electrical supply for a duration from few milliseconds to one or
interruptions two seconds.
Long . . . .
[80] = Total interruption of electrical supply for a period greater than one to two seconds.

[80] | Voltage spike

. Very fast-changing of the voltage rate for durations from several microseconds to few “HHMHNMHMNHM
milliseconds. Even in low voltage, these variations may reach thousands of volts.

LLEELRFREAAARRLLL

[80] | Voltage Swell

L] Momentary rise of the voltage, at the power frequency, outside the common
tolerances, with a period of more than one cycle and usually less than a few seconds.

[80] Voltage - Oscillation of voltage value, amplitude modulated by a signal with a frequency of MMW
fluctuation 0-30 Hz. '

[80] Voltage = A voltage variation in a three-phase system in which the three voltage magnitudes or
Unbalance the phase angle differences between them are not equal.
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Fig. 15. The system configuration with the reference current detection
and power MPC is based on D-FACTS.
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B. Power Flows Control

Due to a substantial increase in the usage of FC power
technology and nonlinear demand loads, the quality of
power in modern DNs has been directly affected
especially by voltage sag, swell voltage, and harmonics
[81]. Although D-FACTS devices integrated with FC
power technology were sufficient to resolve the PQ issues,
intelligent control [81]-[83] was also included in ESS,
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which could be attained through the inverter of D-FACTS
devices by controlling both active and reactive power
from the FC power technology and DNs. Meanwhile, the
energy resources can be made available through the
system of DN (e.g., hybrid energy storage system) to
resolve the PQ issues.

Once voltage sag occurs, it can cause an enormous
economic loss due to the trip of industrial processes and
demand loads, and the fault scenario would certainly
impact the point of common coupling (PCC) voltage
waveforms. In this respect, D-FACTS could substantially
enhance the performance of DNs, because it can rapidly
raise the exchange of active and reactive power. Fig. 15
shows the system configuration with the reference current
detection (RCD) and model predictive control (MPC)
based on D-FACTS devices, in which the system control
performance can monitor the reference current and the
reactive power and output currents.

The D-FACTS is known as a shunt-connected system,
and it can inject current to provide compensation for
maintaining the downstream performance, especially
when the current drawn from the point of an upstream
source is sinusoidal as well as in phase with the voltage.
In this regard, the topology of the direct matrix converter
(DMC) can be widely implemented in system
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applications. The DMC is composed of bidirectional
switches, each comprised of two insulated-gate bipolar
transistor and diode pairs connected in an anti-parallel
fashion to encourage bidirectional current flowing
through the system.

Additionally, filters in the D-FACTS system would
reduce the high-order harmonics generated by converter
switching. Taken together, the D-FACTS system
convincingly demonstrates its effectiveness in resolving
PQ issues, such as voltage sag, swell, harmonics voltage
unbalance, and instability of the system. Besides, for the
D-FACTS system composed of a neutral current, the
zero-sequence current control loop can gain a competitive
advantage over the traditional direct current control
method, leading to achieving a neutral-point voltage
balance on D-FACTS. Fig. 16 shows the proportional-
integral (PI) controller and neural network (NN) based on
D-FACTS, while Fig. 17 presents the Pl controller and
artificial neural network (ANN) based on D-FACTS.

............................

DCAC |i | Oupur
Inverter |:

Neural
Network

BT
} PI ]

i | Controller | ¢

PWM

D-FACTS Device

Fig. 16. The PI controller and neural network (NN) is based on D-FACS.

Yet YerYet
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Load |abetodqo | v,
Transform
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Fig. 17. The PI controller and artificial neural network (ANN) are based
on D-FACTS.

The goal of the PI controller and neural network was to
improve the efficiency of the control precision for the D-
FACTS. In this respect, the backpropagation neural
network (BP-NN) performs an important role in the
structure of D-FACTS. The BP-NN statue is enclosed
within a structure of the input layer, the hidden layer, and
the output layer, allowing the neural network of the PI
controller to serve a useful function to control the voltage
and current for D-FACTS. After the dg0-axis current is
created, the neural network of the PI controller starts
enhancing the precision of control. Eventually, the output
dgO-axis regulated (or directed) voltages are transformed
through a three-phase AC modulating signal.

The D-FACTS devices can then be combined to create
two control strategies of the Pl controller and ANN
controller. Fig. 16 shows the PI controller and ANN-
based on D-FACTS. The ANN control approach
encompasses three neuron layers, i.e., the input layer,
hidden layer, and output layer. The input layer unit is
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provided by load signal in the voltage of DN bus as
direct-quadrature axis voltage and Vdqo forwards the
signal to the hidden layer unit. An output layer unit is
essentially a learning process unit, and it is to be
continually supplied output signal. The output signal unit,
including the Vdi, Vqi, and Voi, forwards the voltage to
phase voltages V,, V, and V. through the generation of
the PWM signal to an inverter of the D-FACTS system.

However, some studies suggest that can be improved
the harmonics extraction approach using Instantaneous
Power Theory (IPT), using indirect current-controlled,
neutral point diode clamped using three-level, shunt
active power filter (SAPF) based on the inverter. In this
regard, The SAPF has high flexibility to mitigate current
harmonics. Besides that, the SAPF design allows dealing
at peak efficiency with dynamic state conditions. In the
other operational process, the SAPF is performing a
function due to unbalanced electrical grid conditions
using a Virtual Input Signal (VIS). VIS-based IPT
generates the compensation signals composing of
harmonic and/or reactive currents [83]-[85]. By taking
into account that the reference signal generation is
obtained for each phase by calculating powers of
multiple-phase inverse, separately.

VI. INTERCONNECTION TRENDS

In this section, this study has researched fuel cell
power technology connected to DNs based on D-FACTS.
Moreover, the study on fuel cell power technology has
led to some important advances at DNs to enhance the
PQ. To be elaborated further, including for diagnosis,
integration as well as optimization, which can be
elaborated in the following sections.

A. Fault Diagnosis of FC

The accurate diagnosis also plays an important role in
protecting the FC power technology while increasing the
operational lifetime of FC, improving the system, and
optimizing maintenance costs. A combination of these
elements poses a major challenge to researcher and
science, their stability, and security in DNs. Thus, a
remaining technical challenge is its high power
requirements [85].

Various fault methods have been proposed for the
diagnosis of the FC power technology, and these
primarily encompass the model-based and non-model-
based methods. Table V summarises different fault
diagnosis approaches for PEMFC. In general, the fault
diagnosis procedure is considered effective when the FC
power technology system continues surveillance on all
the parts and subsystems of each type of delivery system.
This diagnosis would reduce the time spent on faults
while increasing the productivity of the system by taking
into account the cost of maintenance.

B. Integration

The FC power technology is regarded as one of the
most promising power solutions for distribution network
DNs, and heavily on several added features, such as high
efficiency, high energy density, as well as zero-emission
of hazardous gases. In this respect, reliable, high-density,
and efficient power electronic systems are required for
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DNs integration. For this purpose, the FC power
technology integration can be implemented in several
ways based on the selected type of FCs, advantages, and
overall efficiency of these systems. Table VI shows the
classification of DN-connection FC power technology.
The energy generation and storage systems used in FC
power technology can be connected to hybrid energy
storage systems (HESS). In these DN systems, FC power
technology, photovoltaic systems, and WT can be
particularly useful for enhancing the power system areas.
This study introduced different maximum outputs of FC
power technology, such as 100W, 300W, 1.2kW, 6kW,

and 8.04kW. This study also provided the modeling of
PEMFC power technology implemented using
PSCAD/EMTDC for steady and transient regimes, which
had been applied for equivalent electrical circuits. This
model considered the activation, concentration, and
Ohmic losses of a PEMFC, as well as its thermodynamic
behaviour that can influence the behaviour of FC power
technology through DNs. Also, the integration of PEMFC
power technology to the main electrical network via a
boost DC/DC converter and a DC/AC converter was
deliberated in this discussion.

TABLE V: SUMMARY OF DIFFERENT FAULT DIAGNOSIS APPROACHES FOR PEMFC

Ref. Approaches Method Category Element
Artificial Intelligence method | Fuzzy logic controller, Neural network, expert system.
Non model- _— Voltage measurement, impedance spectroscopy, polarisation
baS;!dd Statistical method curveginterpretation, spatial Féurrent der?sity, presgt);re '?jrop.
Fault metho . . Magnetic resonance, imaging, acoustic emission, magmatic
[851-{87] diagnostic Signal processing method fielg, neutron radiography, gt]hegwavelet transform. ’
Model- Quantitative approach Analytical redundancy, Observers statistic method, and Kalman
based filter.
method Qualitative approach Structural analysis and Causal model.
TABLE VI: THE CLASSIFICATION OF DN-CONNECTION FUEL CELL POWER TECHNOLOGY [85]-[88]
. FC power Simulation Th.e overall
Power (kW) | Connection technology type Software Advantage efficiency of the
system (%)
o Reliability and energy quality in a steady state.
o Fuel flexibility.
PSCAD/ o Rapid response to load changes when compared to the other
8.0 Grid PEMFC EMTDC types of FC. 50%
Simulations |e To evaluate PEMFC as a backup source, obtaining the
algorithm for maximum power tracking, and testing new
topologies for the interface of grid-connection.
MATLAB |° Elgen\{alue analysis was performed to examine the stability
. Simscape of th? .|n-tegrated P'EM FCs for grid conngctlong _
0.1 Grid PEMFC o Sensitivity analysis was conducted to investigate potential 40%
Power System . . . .
t0olbox |nst.ab|I|ly_ problems associated with DC/DC converter
design or inverter parameters.
e To simulate DNs with three optimization techniques
namely, modified flower pollination algorithm (MFPM),
Distribution electromagnet-tic field optimization (EFO), and harmony
12 network PEMFC MATLAB search (HS), for the optimal gain scheduling of two the Pl 53%
control parameters.
e To enhance the power issue through FC-connected DNs.
e High efficiency in the power plant.
e Improving the fuel cell performances on energy/ exergy
R efficiency.
8.04 Dlns;:sg:;(on PEMFC S'ivr:itjll?:k e Enhance the efficiency of the electrical power to optimize 79%
the operating parameters of the PEMFC system using
MOEA/D and achieve maximizing the system efficiency
and power.
. e Aim to increase the efficiency of the model by implying the
6.0 ai';ﬁggggs PEMFC Smtl'l?sk load tracking capability of the fuel cell system and yielding 60%
good agreement with ANN-predicted results.

C. The Optimisation of HESS

The optimization is an appropriate subject matter for
hybrid systems of energy generation, and it encompasses
FC power technology, photovoltaic (PV), supercapacitor
(SC), diesel generator, battery, and wind turbine (WT).

In this perspective, improvement of performance and
equipment protection are the major majors of HESS
optimization. The optimization methods offer a clear
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advantage to DNs and D-FACTS by gaining a
competitive advantage over its maintained reliability
while providing a maximum output power at a relatively
low cost. The FC power technology has attracted the
attention of HESS in terms of a longer lifespan, easier
maintenance, cost reduction, and minimization of
hazardous emissions. Nevertheless, the effective
hybridization of energy systems is crucial to achieving
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the maximum power output from renewable energy
sources (RES). Table VII summarises the optimization
studies in HESS, including FC power technology type,
HESS components, approach, purpose, and simulation
software. The energy generation and storage systems
used in FC power technology can be connected to hybrid

energy storage systems (HESS). In these DN systems, FC
power technology, photovoltaic systems, and WT can be
particularly useful for enhancing the power system areas.
This study introduced different maximum outputs of FC
power technology, such as 100 W, 300 W, 1.2 kW, 6 kW,
and 8.04 kW.

TABLE VII: THE SUMMARY OF OPTIMIZATION STUDIES IN HESS [89]-[92]

HESS Simulation
FC type Components Approach Purpose Software
Wa';:iggse;Lift e To implement PEMFC-SOFC hybrid system, WGS reaction,
PEMFC (WGS) A novel biogas-fed and TSA, to increase the efficiency of power generation. Numerical
SOFC Thermal swing hybrid system e To reveal and develop a roadmap for the PEMFC & SOFC| Simulation
adsorption (TSA) hybrid power-generation technology under different regions.
Fuel Cell alsglr?th;\lv(asrg]A) e The purpose is to design analyses of SSA and MBO strategies Matlab
PEMFC Super Capacitor gMine—bIast of FC power technology, SC, and battery storage systems due Simulink
Battery system optimization (MBO) to highly fluctuating load conditions.
CHP-PEMFC, | Modified teaching | To implement the MTLBO method with the operation of
PEMEC WTs, learning-based combined heat and power (CHP) units and other RESs. Matlab
Photovoltaic organization e To enhance the performance of 33 bus DN base on the Simulink
(MTLBO) MTLBO algorithm.
e Aim to implement a hybrid system management model and
Fuel Cell Model and predictive control (MPC). Matlab
PEMFC Wind power predictive control |e Improving and taking contingency measurements to avoid Simulink
P (MPC). disturbing the network or even improving the network at the
connection point.
General regression
Fuel Cell neu(réIRn’;elﬁl/\;ork e To propose effective GRNN methods and RBFNSM to deal
FC Photovoltaic Radial basis with various disturbances and system uncertainties such as Matlab
Wind Turbine | function network- various loading conditions and severe faults with a better|  Simulink
sliding mode transient response and more stability.
(RBFENSM)
Fuel Cell - e To design power management strategies for a sustainable -
PEMFC Solar Cell C%’;&@g (ccogr;\t/:;'ng operation to achieve root mean square errors of 0.06C and S SSIL%F;O,\\;‘V:{Iab
Battery 0.07 A based on the coulomb counting method (CCM). Y

Due to the growth in demand for batteries, the charging
process of battery systems will need to be well managed
through the optimization of controlled energy in
managing the entire system. To resolve this issue,
optimization control is introduced with FC power
technology, PV, and WT. On the contrary, the
implementation of FC power technology with the
simultaneous generation of heat and power (FC-CHP),
wind, and PV has shown a substantial improvement with
the optimally coordinated scheduling of renewable
energy resources and thermal units. In this respect, the
optimization algorithm and artificial intelligent controller
are useful techniques for the enhancement of DNs.

VII. CONCLUSION

This study had discussed the FC power technology in-
depth, encompassing the chemical and electrical aspects
of the FC. Different types of FCs available in the
electrical power system and their working principles were
deliberated, and this investigation was against DNs
applications of the D-FACTS. The current and research
challenges in the FCs and their solutions were also
addressed. Different topologies of the power electronic
converters used for FC applications were discussed. The
issues of PQ and DNs connected to FC-based power
systems were reviewed, and the deployment of Energy
Storage Systems (ESS) was a crucial avenue for
maximizing the energy efficiency of DNs, while the
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overall network performance could be enhanced by their
optimal placement, sizing, and operation. This discussion
summarised different fault diagnosis approaches for
PEMFC, including approaches, method, category, and
element. This study also examined the classification of
DN-connection FC power technology studies, including
power quality, connection, FC power technology type,
simulation software, advantages, and overall efficiency of
the system. Overall, optimization methods were able to
provide maximum output power at a low cost with
reliable maintenance. Finally, the PQ issues and power
control were explored for the integration of FC power
technology and DNs based on D-FACTS.
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