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ABSTRACT In fuel-cell-connected utility networks, electrical loads attached to the power network often
generate reactive power, which hinders the utility from normal functioning and reduces the system power
factor. This condition results in wasted energy, increase demand for electricity, system overload, and higher
utility costs for customers. Besides, a power system’s poor power factor is often caused by a large distorted
reactive power element because of the widespread use of non-linear loads. Moreover, power outages were
brought on by voltage dips resulting from reactive power. In a fuel cell-based network, traditional utilities
often use classical filters that are unable to remove harmonic properties, and incapable of compensating for
the reactive power. Moreover, power outage compensation is overlooked in most fuel cell-based energy
systems. To address this problem, the proposed article provides a novel unified linear self-regulating
(LSR) active/reactive sustainable energy management system (SEM) that can adjust the power factor by
compensating for power outages and reactive power, and precisely removing harmonics from the electricity
network. As a result, the suggested mechanism may avoid power losses and allow users to save money on
their power costs. Furthermore, notwithstanding grid availability, the critical loads receive an uninterrupted
power supply due to the automatic transition circuit implemented in the SEM. The suggested system’s
performance is evaluated under various load circumstances and the findings have shown that the suggested
SEM can successfully decrease harmonics from the network while also keeping the power factor of the
electricity network near unity.

INDEX TERMS Active/reactive power, fuel cell, microgrid, power quality, renewable energy, sustainable
energy management system.

NOMENCLATURES
Abbreviations
AC Alternating current.
DC Direct current.
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EFO Electromagnetic field optimization.
FC Fuel cell.
LPF Low pass filter.
LSR Linear self-regulating.
MFPA Modified flower pollination algorithm.
MLI Multilevel inverter.
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HS Harmonic search.
PEMFC Proton exchange membrane fuel cell.
PFCPQ Power factor correction active/reactive power.
PI Proportional integral.
P-INV Parallel inverter.
PLL Phase-locked loop.
PQ Active/reactive power.
PWM Pulse-width modulation.
RES Renewable energy source.
SEM Sustainable energy management.
SOGI Second-order generalized integrator.
THD Total harmonic distortions.
W-H Widrow-hoff.
Symbols
A Amplitude.
C Capacitance (µF).
Csync Power outage detection switch.
D Duty cycle.
e Exchange coefficient.
F Faraday’s constant (Cmol−1).
f Frequency (Hz).
G Universal gas constant (JK−1 mol−1).
H Hysteresis band.
H2 Hydrogen.
I Current (A).
K Gain.
l Learning rate.
L Inductance (mH).
Li Line inductance (mH).
N Number of cells.
O2 Air.
P Active power (kW).
Q Reactive power (kVAR).
R Resistance (�).
r Harmonic order.
T Operating temperature (◦C).
t Time.
Tsl Tafael slope.
V Voltage (V).
W Weight-function.
z Number of electrons.
Subscripts
bc Boost converter.
con Constant.
dc-link Direct current-link.
est Estimated.
fc Fuel cell.
fun Fundamental.
g Grid.
inj Injected.
L-L Line to line.
ocv Open circuit voltage.
out Output.
p Phase.
pvl Polarization voltage loss.

ref Reference.
sync Synchronization.

Greek
α Error.
ω Angular frequency.
θ Phase-angle.

I. INTRODUCTION
In recent years, climate change concerns and the fast deple-
tion of fossil fuels have made renewable energy sources
(RESs) a hot topic. RESs are largely accepted to be environ-
mentally friendly, cost-effective, and sustainable. Versatility,
quiet operation, superior efficiency, and modular design of
fuel-cell [1], [2], [3] have lately gained favor amongst RES
technologies. Compared to wind and solar energy resources
which are intermittent in nature, fuel cells improve the overall
system effectiveness in relation to power control and stabil-
ity [2]. Recently, utility-interfaced fuel cell solutions have
been included for three-phase and single-phase electrical
networks [4], [5]. A grid-connected fuel cell system refers
to the unification of fuel cells with the electricity network.
This architecture of the network is used to reduce the con-
sumption of electric power from the electrical networks.
Nearby loads (such as lighting and heating) may consume the
power generated by the fuel cell system, or the electricity can
be traded to the electricity-distributing corporations. More-
over, the fuel cell can support sensitive loads during power
outages [6], [7], [8].

Nowadays, most of the power industries are also shifting
their emphasis from conventional energy toward sustainable
energy like fuel cells, considering the facts of global environ-
mental pollution [9]. Therefore, the implementation of fuel-
cell-based power generation has increased tremendously in
the industry sector, decreasing the high dependency on fossil
fuel resources [10], [11], [12]. In order to strengthen the
electric grid and reduce abrupt fluctuations in the utility grid,
fuel cell energy systems are placed strategically close to a
distribution line [13]. This increases the safety and efficiency
of the utility grid. In this context, the regulated interface
devices provide the electric grids with the electrical energy
generated by the fuel cell stacks. A collective power exchange
between the local load and the grid supply is ensured by
the grid-connected fuel cell system. These systems must
successfully maintain the power quality of a grid that may
include optimal energy flow, minimal harmonic distortion,
and safe operation to customers. However, a number of local
loads, including transformers, electrical devices, inductors,
and capacitors, whose currents exhibit phase inequality with
respect to voltage, degrade the electrical systems’ power
quality [14]. The smooth operation of the power industry
requires finer power quality. In recent years, various fuel-
cell-based sustainable energy management systems (SEM)
have been developed and proposed by researchers to enhance
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the power quality of the grid. There are several international
standards regarding the power quality requirement. Among
them, the US energy division affiliated with Energy Star
recommends that the power factor for the distribution network
must be more than 0.9 p.u. (per unit) [15]. Additionally, the
IEEE 519 standard states that the total harmonic distortion
(THD) should be less than 5% [16]. Moreover, the effect
of reactive power on local inductive loads is more apparent
and is known to put transmission parts in the electrical grid
in danger of overloading and overheating. This problem can
be solved by correcting the reactive power by reducing the
harmonic contents and keeping up the current and voltage by
compensating for power outages and reactive power for the
utility grid with a unity power factor. A suitable SEM is thus
needed to address these problems.

Recent research has looked at a number of SEMs to
improve the power quality of fuel cell-attached grid configu-
rations for various purposes. In order to lessen the harmonic
in the utility, The THD profile of the grid is considered by
Azzeddine et al. [17] using a conventional PQ technique to
suppress the current harmonic and compensate for reactive
power. A.Mojallal and Lotfifard [18] examined loadmanage-
ment as a means of achieving excellent steady-state energy
efficiency. This study used a predictive control economic
model without considering phase inequality or harmonics.
Likewise, Zhu et al. [19] introduced a control method based
on the virtual synchronous generator to deal with transients
and high power demand. However, the harmonic profile of
the grid current, power outage, and power factor correction
was not considered in the paper. Especially, in the presence
of nonlinear load, the grid current is affected noticeably
which increases the overall total harmonic distortion (THD).
Nonetheless, the control algorithm lacks performance signif-
icantly during phase inequalities and power outages since the
incorporated conventional phase-locked loop (PLL) is unable
to perform well during phase distortion and grid voltage
variations [20], [21]. LCL filters were utilized to separate the
harmonic content which is bulky and incompetent to different
types of nonlinear loads. Besides, power factor correction
was also overlooked. Apart from the conventional inverter,
a multilevel DC-AC converter is also utilized in the fuel
cell integrated grid system by Priya and Ponnambalam [22].
Although multilevel inverter (MLI) must perform better than
the conventional inverter technology, the THD profile is not
satisfactory for linear loads. Non-linear loads were not con-
sidered, and grid distortion and power outages were also not
considered in this study.

Table 1 illustrates the active/reactive power features of
a few recently suggested controls for fuel-cell-connected
utility networks. Aguirre et al. [23] make a comprehensive
hydrogen-based grid system proposal that combines fuel cells
and water electrolysis. Only optimal circumstances have been
used to assess the system’s dynamic responsiveness. The
power factor adjustment was not given any thought or study
despite the system’s intricate nature. The implementation

of a vector proportion integral (PI) controller to carry out
harmonic correction is found in [24]. Although the system
was not tested under challenging circumstances like voltage
fluctuations or disruptions, the result demonstrated a good
decrease in harmonic elements Additionally, it used a tra-
ditional PLL, which has a number of performance problems
such as phase disruptions, phase shifts, higher computational
demands, and complicated configuration [20], [21]. To utilize
the PI control operation in the SEMs, a fine-tuning approach
plays an important role and to fine-tune the PI controller
settings and increase its effectiveness, a control system is
presented by Mosaad and Ramadan [25]. It utilized three
optimization techniques: electromagnetic field optimization
(EFO), modified flower pollination algorithm (MFPA), and
harmony search (HS). There are several research on fuel
cell energy management based on reinforcement learning
(RL) [26]. However, most researched RL algorithms suffer
from overestimation flaws and to solve this, an energy man-
agement scheme based on the Double Q-learning algorithm
[27] was proposed with state constraint and variable action
space as a means to address these issues and attain an online
power distribution system with the nearly optimum opera-
tional economy. In order to operate a power station powered
by fuel cells optimally, coordinated control techniques have
been utilized by Sun et al. [28]. Although the system’s total
THD was effectively reduced, it did not take into account
non-linear loads or harmonically contaminated grid voltage
situations. Investigating the dynamic performance of voltage
sag/swell situations was done using the improved PI control.
The system’s transient response was improved, but it still
has some serious flaws, including computational complexity
brought on by the use of three distinct optimization strategies,
failure to meet the minimal harmonics specification due to
the use of a traditional low pass filter (LPF), and a lack of
investigation on power factor improvement.

Moreover, Qi Li et al. [37] proposed a model predictive
control-based energy management scheme integrating self-
trending prediction and the subset-searching algorithm to
implement the real fuel cell hybrid system, enhance the effi-
cacy of fuel cells, and lower the operational expenditure. A
PLL-free structure was employed by Sabir [34] in a grid-
attached fuel-cell unit to address power quality issues. Even
though this strategy effectively avoided PLL’s disadvantages,
it used repeating LPFs to address power quality difficulties
in unbalanced grid situations. Furthermore, as it primarily
emphasizes power factor adjustments of the fuel-cell attached
utility network, harmonic mitigations were not investigated.
The same strategy was used by Inci [35], where a unique
control known as the PFCPQ strategy was devised to address
solely the phase disparities on the utility network. To com-
pensate for reactive power, this arrangement utilized PLL.
The use of a similar strategy is shown in [36]. The fact that
other FC systems were not evaluated under power outage
conditions, except for the FC system produced in [25], [38],
[39], and [40] which considered voltage imbalance condi-
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TABLE 1. SEM features in different fuel-cell-connected utility networks.

tions, is a significant finding from the literature study that
needs to be addressed. Since voltage imbalance power quality
issues especially power outage issues can greatly affect the
overall power quality, the power factor, and efficiency of the
fuel-cell connected power network, ignoring it creates great
instability in the system.

The literature research makes it clear that the majority of
the abovementioned research works are not fulfilling several
major power quality requirements in the fuel-cell connected
utility network by ignoring the power outages, and voltage
sag/swell power quality problems that greatly affect the over-
all power quality and power factor. The unified linear self-
regulating (LSR) control method along with the power outage

detection circuit is thus suggested in this manuscript. It is
able to maintain nearly unity power factor as well as limit the
THD of supply current by 5% during challenging situations
faced by load or grid conditions and compensate for power
outages, enabling the technology to be used and implemented
in industrial settings. Moreover, the unified nature of the LSR
control is another important feature of the proposed method.

This manuscript provides a viable solution for multiple
power quality issues regarding critical loads. The proposed
SEM consists of a power outage detection circuit that can
detect power outage situations and can support critical loads
using fuel-cell power. Each operation (three operations in
total) is attained by the identical type of LSR algorithm.
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Furthermore, faster frequency estimation is essential in fuel-
cell-connected grid applications where the frequency is prone
to change in a relatively large range. Another important fea-
ture of the proposed unified LSR technique is that all three
LSR units operate using the same input vector and thereby
diminish the computational burden of the overall system
configuration.

The merits of the proposed method can be summarized as
follows:

I) A unique sustainable energy management system (SEM)
along with a power outage detection circuit is developed
considering the future trends of energy management systems
for fuel-cell connected utility networks.

II) In order to reduce the computational burden of the over-
all control system, each task of the SEM control algorithm is
implemented with one identical LSR control module.

III) Several LSR controllers are utilized in a unifiedmanner
for conducting multiple operations such as harmonic reduc-
tion, power factor improvement, limiting the unnecessary
outflow of reactive power from the utility, and power outage
compensation without using conventional PLLs and LPFs.

IV) Furthermore, in terms of performance evaluation of the
unified LSR-based SEM, the dynamic response in all the case
studies is intensely scrutinized.

The manuscript is arranged into five sections. Section II
describes the modeling of the fuel-cell-connected utility net-
work. The SEM based on unified LSR algorithms is reported
in section III. The performance investigations and discus-
sion, and comparative assessments are covered in section IV.
Finally, section V offers the findings of the proposed study.

II. FUEL CELL CONNECTED GRID SYSTEM
CONFIGURATION
Power from fuel cells is converted from direct current (DC)
to alternating current (AC) before being sent to the power
grid. The power-producing sources are combined with sub-
components in order to transform the energy. These parts are
in charge of the fuel-cell-connected utility network’s prac-
tical management and DC-to-AC conversion. The DC-AC
operating device is referred to as an inverter [41], [42], [43].
The grid receives its active power from fuel cells through the
parallel-connected inverter. Additionally, the parallel inverter
(P-INV) is responsible for controlling the flow of reactive
power between the grid and fuel cells. Furthermore, the power
outage is also compensated by the P-INV. However, the DC-
DC converter is employed inside the fuel-cell-connected util-
ity network to keep the fixed desired voltage output below 5%
of its standard voltage rates. As a result, the converter and the
inverters are essential components of the fuel-cell-connected
utility network. The circuit configuration of the fuel-cell-
connected utility network is shown in Fig. 1, which also
shows the overall structure of the proposed system. A boost
(DC-DC) converter, fuel-cell power source, P-INV, a control
switch to detect power outage, and a passive filter to improve
the quality of the power at the grid’s edge, and domestic loads

TABLE 2. Principle parameters for grid and load.

make up the structure’s subcomponents. The overall system
is called the P-INV-FC system in this manuscript.

A. MODELING OF UTILITY NETWORK AND LOAD
In the stated system, the fuel-cell power source unit is con-
nected to a three-phase utility network with specifications of
400 VL−L /50 Hz. Two different kinds of loads are linked
to the utility network depending on the sort of proposed
system’s operational investigation. In the first investigation,
a resistive-inductive load (R- L) supplied by an unregulated
bridge rectifier linked to the utility network serves as a three-
phase nonlinear load that consumes active and reactive power.
To evaluate the harmonic removal capabilities of the proposed
system, this load bank is attached. Fig. 2(a) depicts the inter-
nal organization of the non-linear load. In the second investi-
gation, three distinct R-L loads are attached to the utility net-
work to evaluate the network’s capacity to rectify the power
factor. Each of the loads is linked to a separate circuit breaker,
which enables them to operate at various times. Fig. 2(b) pro-
vides an illustration of this load bank’s interior construction.
Table 2 displays the values of these parameters for further
explanation.

The linked loads have a major impact on the electrical
output values of systems using fuel cells that are connected to
the grid. Two problems are particularly significant among the
many ways that loads may impair the operation of fuel cells.
The first problem is brought on by changes in loads, either
gradual or abrupt, whereas the second problem is produced
by ripple current that is often brought on by loads of non-
linear type.

The system’s coupled non-linear loads generate extra rip-
ple currents. The fuel cells are especially vulnerable to dam-
age from low-frequency ripple currents. Utilizing the fuel-
cell connected utility network to provide lower-frequency
AC electricity to the load, the fuel-cell arrangement pro-
duces lower-order harmonic elements in the grid current.
In the presence of a harmonically contaminated current,
the flow of the fuel must be regulated to a maximum
rate, which leads to fuel waste, higher energy expendi-
tures, poor performance, and low efficiency. As a result, the
fuel-cell-connected utility network needs an SEM that can
reduce the existence of the low-order harmonic or ripple
current.
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FIGURE 1. The electrical design of fuel-cell connected utility network.

FIGURE 2. Load banks to assess the capacity to (a) reduce harmonics and
(b) rectify power factor.

B. MODELING OF FUEL CELL
A proton exchange membrane fuel cell (PEMFC) is used for
the proposed investigation. When it comes to power produc-
tion, PEMFC is the most widely used form of a fuel cell.
PEMFC has the ability to provide a large output current at
low voltages (<50 V). The analogous circuit of the PEMFC
is shown in Fig. 3. The PEMFC’s operating concept is shown
in (1) to (6) [23]. The fuel cell’s equivalent output potential
is described as:

Vfc = Vocv − V� − Vpvl (1)

Here, Vfc denotes the fuel cell stack voltage output, Vocv
denotes the open circuit voltage, V� denotes the ohmic volt-
age loss, Vpvl denotes the polarization voltage loss.

FIGURE 3. Diagram of a PEMFC equivalent circuit.

The fuel cell’s open-circuit potential value is regarded as
[35]:

Vocv = Vcon

[
1.229 + (T − 298)

−44.43
zF

+
GT
zF

ln
(
PH2P

1
2
O2

)]
(2)

Here, Vcon denotes rated voltage constant, T denotes oper-
ating temperature, F denotes Faraday constant, G denotes
gas constant, PH2 and PO2 denote the gas pressure, z denotes
transfer electron number. In standard pressure, the electromo-
tive force is selected as 1.229.

The ohmic voltage loss can be expressed as [35]:

V� = Ifc×Rfc (3)
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TABLE 3. Fuel cell specifications.

where, Rfc is the inner resistance of a stack, ifc is the fuel cell
output current.

The total polarization overvoltage Vpvl can be represented
as:

Vpvl = N × Tsl × ln
(
ifc
iic

)
(4)

where N is the number of cells. The Tafel slope Tsl and the
exchange current iic in (4) can be expressed as follows [35]:

Tsl =
GT
zeF

(5)

Iic =
zFk

(
PH2 + PO2

)
Gh

e
−1G
GT (6)

where, k is Boltzmann’s constant, and h is Plank’s constant.
The NedStack PS63 from NedStack’s datasheet is used to

create a model of a 6kW-45V PEMFC stack which can be
found in [44]. According to the datasheet, the variables used
are shown in Table 3.

As illustrated in Fig. 4, the polarization curves of the
selected model are derived in a steady state based on the
datasheet. It is noted that the simulated characteristic curves
perfectly replicate the genuine one shown in [44], which
signifies the fuel cell modeling accuracy. For the FC sys-
tem, Fig. 4 represents that the PEMFC’s nominal power
rating is 6 kW at rates of 133.3 A and 45 V. The maxi-
mum output is 8325 W at the highest operational parameters
of 225 A/37 V.

C. MODELING OF INVERTER AND CONVERTER MODULE
Given the fuel cell’s dynamic properties, a DC-DC con-
verter is necessary for increasing and stabilizing the voltage
output while maintaining optimal effectiveness. Delivering
consistent voltage to the common DC-link of the inverters
is the main goal of the DC-DC converter [45]. The DC-link
voltage in this research is managed through PI control. The
designated reference voltage and the actual voltage quantity
are both monitored by the PI control. Using the pulse width
modulation (PWM) technique, the PI control’s output creates

TABLE 4. Inverter and DC-DC converter specifications.

a pulse that activates the switch [46]. The DC-link voltage is
expressed as (VDC−link ) according to the duty cycle (D) or
switching period.

To integrate with the grid, the converter output, which
has a steady DC voltage, is transformed into an AC output
voltage. A parallelly connected inverter is used on the grid to
transform DC electricity into AC power. Since inverters are a
crucial component of the interface, they are positioned after
the DC-DC converters. This system uses a typical three-level
inverter using parallel construction, and the main purpose of
the parallel inverter is tomitigate the source current harmonic,
maintain the unity power factor, to compensate for the power
outage. Odd harmonic components of the output voltage
value (Vout ) are examined via Fourier analysis. Following is
an example of an expression for the inverter’s output voltage:

Vout (ωt) =

∞∑
r=1

Ar sin (rωt) (7)

Ar =
4VDC−link

rπ

∑
r=odd

sin (rωt) (8)

It is important to highlight that all the literature on par-
allelly connected inverter fuel-cell connected grid systems
showed harmonic reduction and power factor correction.
However, none of them emphasize power outage conditions
or deep voltage sag conditions. Based on the inverter, the
appropriate control strategy is implemented. As a result, the
inverter’s main objective is to manage the energy flow in the
fuel-cell-connected utility network. A straightforward pas-
sive filter is utilized [47] to remove ripples from the voltage
source inverter’s switching operation. The specifications of
the inverter and the dc-dc converter in the suggested arrange-
ment are fully detailed in Table 4.

III. UNIFIED LINEAR SELF REGULATING (LSR)-BASED
SUSTAINABLE ENERGY MANAGEMENT SYSTEM (SEM)
The functions of unified LSR can be classified into four main
categories which are:

• Reference load current generation for Parallel Inverter
(P-INV)

• Phase synchronization of reference current for P-INV
• Reference load voltage production for P-INV through-
out the power outage operation

An improved Widrow-Hoff (W-H) algorithm is utilized to
update the weights of the LSR algorithms. Two weight val-
ues are considered in the mechanism of the LSR. Since the
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FIGURE 4. The fuel cell unit’s characteristic curves: (a) stack voltage vs current, (b) stack power vs current.

number of weight values is limited to two, the estimation
process reflects accuracy, fast response, and high adaptability.
The algorithm for the LSR weight update mechanism can be
expressed as follows:

W̄ (updated) = W̄ (old) +
lαZ
ZTZ ′

(9)

W̄ (old) =

[
W1s
W1c

]
(10)

Z =

[
sin(ωt)
cos(ωt)

]
(11)

where Z indicates the fundamental sine and cosine functions.
The error is indicated by α which is computed in each opera-
tional loop by subtracting the measured signal (sme) from the
estimated signal (ses). The weights W1s and W1c indicate the
sine and cosine function weights, respectively. The weights
are updated depending on the error and implemented on the
following operational loop W̄ (updated). In this way, the
latest value of the estimated signal (ses) is achieved, and the
resultant error is decreased. A learning rate (l) in a range of 0
< l < 1 is utilized to achieve a stable error estimation with
a stable convergence rate. The trial and error technique has
been used to find the optimal value of learning rate (l) for the
P-INV configuration and the value is considered to be 0.0001
[48]. Thereby, the estimated signal can be stated as follows:

ses = W1s sin (ωt) +W1c cos (ωt) (12)

where estimated signal magnitude (Mes) can be calculated as:

Mes =

√
W 2

1s +W 2
1c (13)

A. LSR-BASED SYNCHRONIZER
One LSR is utilized for the synchronization. For that purpose,
the magnitude (Vgfun(es)) is extracted from the fundamental
voltage (vgfun(es)) in (15) and then divided by the grid voltage
(vg) to acquire the sine function (sin(ωt + θp)) in (16) which
will perform the synchronization operation in between the
reference current and grid voltage. In other words, it can be

considered a synchronizer that has a similar function as PLL.
The sine function can be formulated as follows:

vgfun(es),p = W1s sin (ωt) +W1c cos (ωt) (14)

Vgfun(es),p =

√
W 2

1s +W 2
1c (15)

sin
(
ωt + θp

)
=

vg,p
Vgfun(es),p

(16)

Here, θp represents the phase angle of phases a, b, or
c. By examining and contrasting their dynamic responses,
it is possible to see how the LSR is better than traditional
PLL. The main distinction between LSR and PLL is how
they operate. In contrast to standard PLL, which removes
harmonic components from harmonically contaminated sig-
nals, the suggested LSR extracts fundamental components.
Meanwhile, in LSR, the fundamental grid voltage magnitude
is extracted and then divided by the grid voltage signal to
acquire the phase information which will perform the syn-
chronization operation. LSR performs an update of weight
functions after removing the fundamental component in order
to produce the required signal. Instead, PLL subtracts the
required signal from the harmonically contaminated input.

Fig. 5 displays the frequency responses of the LSR and
traditional PLL for harmonically contaminated signals. The
frequency response of the traditional PLL may be seen to
have reached its steady position after 0.34 seconds.Moreover,
two different disturbances are introduced at 0.5 seconds and
0.7 seconds for a better understanding of the performance.
A closer look reveals that PLL still has a frequency fluctua-
tion at 0.5 seconds and an overshoot of 70 Hz at 0.7 seconds.
Due to LPF’s inadequate filtering capabilities, this happens.
Increasing the order of the filter or using more sophisticated
filters, for example, theMovingAverage,Weiner, Chebyshev,
Kalman, and others, may fix the problem. To handle increas-
ingly challenging grid circumstances, these filters often need
to bemodified further since this proceduremight create math-
ematical complexity. Additionally, very complex trigonomet-
ric computations are needed for these procedures. On the
other hand, the frequency response of LSR is consistently
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FIGURE 5. Frequency response of (a) LSR and (b) PLL during the distorted signal condition.

constant after it becomes stable at 0.3 seconds when there
is harmonic signal pollution. During the 2nd and 3rd dis-
turbances, LSR shows consistent performance and becomes
constant at 50 Hz, unlike the traditional PLL fluctuations that
occurred during the 2nd and 3rd disturbances. Since the LSR
simply extracts the fundamental component, it doesn’t need
to be modified in any way depending on how severe the grid
conditions are. Due to this, LSR has an additional functional
benefit over traditional PLLs.

B. LSR-BASED ALGORITHM FOR P-INV
1) CONTROL CIRCUIT FOR POWER OUTAGE DETECTION
The two-mode performance of the proposed configuration
which is the normal operating mode and power outage mode
is decided by the control circuit for power outage detection.
Several parameter settings are utilized for the main operation
of this control circuit and the decision can be made whether
the system is running in normal operating or power outage
mode. The control circuit is integrated with P-INV to ensure
a smooth transition between the two operating modes of the
proposed unified LSR-based P-INV-FC configuration. Three
conditional parameters (frequency, amplitude, and modes of
operation) are utilized to generate the final decision (Csync) of
the control circuit. Note that the phase comparison between
the two modes is not taken into consideration since the LSR
algorithm will make sure the injected phase always follows
the desired grid voltage phase. The schematic block diagram
of the proposed control circuit is shown in Fig. 6.
The parameters setting is determined as follows:
• The variation in frequency in the middle of supply and
reference voltage.

• The variation in magnitude in the middle of supply and
reference voltage.

• A feedback command depends on the operational mood.
It can be noticed fromFig. 6 that in the course of power outage
mode, if the grid appears, the control circuit confirms that the
variation in frequency in the middle of the reference voltage
and supply voltage is lesser than 0.3Hz and the variation

FIGURE 6. Schematic block diagram of the control circuit of power outage
detection.

in magnitude is lesser than 0.05pu. An AND block receives
these conditional analyses. However, for the reversed context
that is the grid disappearance situation, the control circuit
investigates the conditions where the magnitude variation
is 0.3pu instead of 0.05pu which is used in the previous
condition. Another AND block receives the conditional anal-
ysis. In the end, an OR block receives outputs from both
AND blocks and the ultimate decision is made by the control
circuit. The control circuit generates Csync =1 in the normal
operating mode and Csync =0 in the power outage mode.

2) LSR-BASED HARMONIC REDUCTION
Fig. 7 depicts the P-INV control operation. The P-INV can be
designated as the current modulator in the normal operational
mode. LSR algorithm generates the estimated load current
(iload_fun(es)). Here, one identical LSR module is utilized for
each phase in the distorted load current (iload ) to extract
the fundamental component. Thereby, (12) and (13) can be
written as:

iload_fun(es),p = W1s sin (ωt) +W1c cos (ωt) (17)

Iload_fun(es),p =

√
W 2

1s +W 2
1c (18)

where p indicates the phases of the system.
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FIGURE 7. Unified LSR-based algorithm for P-INV.

Later, the averaging function of the mean magnitude
(Iload_fun(es)) is done to remove the ripples from the signals
and can be formulated as:

Iload_fun(es),avg =
1

3TS

TS∫
0

(Iload_fun(es),a

+ Iload_fun(es),b
+ Iload_fun(es),c)dt (19)

where Ts indicates the system sample time. The reference
current needs to be in phase with the grid voltage phase.
One LSR module is utilized for synchronization which is
discussed in section III-A.

To produce the reference current (iload_ref ,p) accurately, the
averaging function of mean magnitude (Iload_fun(es),avg)) is
multiplied by the synchronization function sin

(
ωt + θp

)
. The

hysteresis current controller receives the reference currents
and produces the gating signals for the P-INV.

iload_ref ,p = Iload_fun(es),avg × sin
(
ωt + θp

)
(20)

3) LSR-BASED POWER OUTAGE COMPENSATION
In the power outage mode, P-INV performs the voltage com-
pensation to keep the load voltage at a desired phase andmag-
nitude. In this case, the voltage information is taken from the
load voltage (vload ). The extracted magnitude (Vload_fun(es))
of the fundamental load voltage component (vload_fun(es)) is
divided by the load voltage (vload ) to extract the sine function
(sin

(
ωt + θp

)
) in (23). The sine function is generated for the

power outage mode and multiplied with the reference magni-
tude (V∗) in (24). Then the load current reference (iload_ref )
is achieved in (26). The expressions can be formulated as
follows:

vload_fun(es),p = W1s sin (ωt) +W1c cos (ωt) (21)

Vload_fun(es),p =

√
W 2

1s +W 2
1c (22)

sin
(
ωt + θp

)
=

vload,p

Vload_fun(es),p
(23)

v∗load_fun(es),p = V ∗
× sin

(
ωt + θp

)
(24)

vload_ref ,p = v∗load_fun(es),p − vload,p (25)

iload_ref ,p = Kp(VD)vLref ,x + Ki(VD)

t∫
0

vload_ref ,pdt (26)

The hysteresis current controller receives the reference
currents for the normal operating mode or the power outage
mode and produces the gating signals for P-INV. The control
circuit for power outage detection decides the operatingmode
of the systemwhich is either normal operating mode or power
outagemode. The control diagram is simplified and presented
in a flowchart, which can be seen in Fig. 8.

IV. RESULTS AND DISCUSSION
A fuel cell with a capacity of 6 kW is utilized, and the MAT-
LAB Simulink environment is used to analyze the P-INV-FC
system’s dynamic behavior. To account for reactive power
and harmonic removal in the event of non-linear loads, the
developed network and techniques are evaluated and utilized
under different circumstances. To assess the effectiveness
of the suggested system, a grid-connected inverter with a
400VL−L /50Hz setting is connected to the 6-kW fuel cell.
The fuel cell’s characteristic waveforms are illustrated in
Fig. 4, which demonstrates that with a nominal output of
6 kW, voltage and current parameters for the fuel cell are 45 V
and 133.3 A, respectively.

A thorough comparison with the traditional PQ control
approach is used to demonstrate and further confirm the
performance study of the proposed P-INV-FC system. There
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FIGURE 8. Flowchart of the Unified LSR-based algorithm for P-INV.

are two subcategories in the comparative assessment part
depending on the simulation results. Firstly, the comparison
between the proposed technique and the conventional PQ-
controlled fuel-cell system or the PQFC system in terms of
total harmonic distortions (THD)will be discussed. Secondly,
the comparative assessment will be discussed with regard to
power factor improvement.

A. PERFORMANCE OF P-INV DURING HARMONIC
MITIGATION
To test the newly proposed unified LSR algorithm’s capac-
ity to reduce harmonics, extensive simulation tests are run
utilizing three distinct grid voltages: standard utility voltage,
imbalanced utility voltage, and harmonic-distorted utility
voltage. A non-linear R-L load (50�-50 mH) (three-phase) is
fed using the fuel-cell connected utility network. The specifi-
cations for the grid voltages that are being used are as follows:

Scenario 1: Grid voltage during nominal situations:

vg,a = 326 sin (ωt) (27)

vg,b = 326 sin
(
ωt − 120◦

)
(28)

vg,c = 326 sin
(
ωt + 120◦

)
(29)

Scenario 2: Grid voltage during imbalanced situations:

vg,a = 220 sin (ωt) (30)

vg,b = 326 sin
(
ωt − 120◦

)
(31)

vg,c = 270 sin
(
ωt + 120◦

)
(32)

Scenario 3: Grid voltage during distorted situations:

vg,a = 326 sin (ωt) + 40 sin (3ωt) + 20 sin (5ωt)

+ 20 sin (7ωt) + 5 sin (11ωt) (33)

vg,b = 326 sin
(
ωt − 120◦

)
+ 40 sin (3ωt)

+ 20 sin
(
5ωt − 240◦

)
+ 20 sin

(
7ωt − 120◦

)
+ 5 sin (11ωt) (34)

vg,c = 326 sin
(
ωt + 120◦

)
+ 40 sin (3ωt)
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TABLE 5. Grid current THD for three different grid voltage scenarios with unified LSR-based P-INV-FC and PQFC control.

+ 20 sin
(
5ωt + 240◦

)
+ 20 sin

(
7ωt + 120◦

)
+ 5 sin (11ωt) (35)

The primary performance metric used to assess how well
the proposed unified LSR algorithm performs is the THD
score of mitigated source current, which has to be maintained
under the 5% cap set by the IEEE 519 specification. In sce-
nario 1, the proposed system’s performance is compared to
traditional PQ control in a balanced and distortion-free envi-
ronment. The performance waveforms are illustrated in Fig. 9
in terms of the THD score of the grid current. Under typical
circumstances, both algorithms appear to have operated as
intended and have maintained the grid current’s THD below
5% in accordance with IEEE 519 standards. Additionally,
Table 5 shows that the suggested method
lowered the percentage of THD of source current (phase a)

from 27.84% to 0.75%, whereas the traditional PQ reduced
it from 27.84% to 3.23%. Fig. 10 displays the simulated
waveforms related to Scenario 2. It is evident that the PQ
algorithm performs unsatisfactorily when the grid voltage is
unbalanced (Scenario 2).With the PQmethod, THD scores of
supply currents are reduced from 30.70% to 7.72%, as illus-
trated in Fig. 10 (d) and reported in Table 5. However, it has
been shown that the recommended unified LSR algorithm
performs better than the PQ method when the grid voltage
is unbalanced. Only around 2.51% of the THD value was
recorded with unified LSR as presented in Table 5. Further-
more, under harmonically distorted (Scenario 3) grid voltage
settings, the PQ method once more failed to yield results that
were not satisfactory. Fig. 11 shows the simulated waveforms
for this Scenario 3 and according to Table 5, the PQ method
utilized the system produced supply current with the THD
scores of 5.89%, which is in violation of IEEE specifications.
Conversely, the unified LSR algorithm effectively complies
with IEEE 519 specifications and reduces THD values to
around 1.39%. Since the non-linear load was the only source
of THD injection during Scenario 1, the PQ algorithm was
able to successfully attenuate the harmonics with the help of
the LPF. However, in Scenario 2, the PQ method is unable
to mitigate the supply current. The PQ method is not capa-
ble of regulating the supply voltage fluctuations due to the
absence of a phase estimator, which ultimately caused the
supply current to exhibit large ripple quantities and phase
disruptions. But in Scenario 3, the utility and the non-linear
load introduced distortions into the network, the overall THD
is increased in comparison with Scenario 1. As a result,
in Scenario 3, the LPF was unable to lower the THD below

the standard due to its weak filtration capabilities, as it lacks
a phase estimator like PLL. Although some of the work
use PLL in the PQ method [49], however, the result is not
satisfactory.

B. PERFORMANCE OF P-INV DURING A POWER OUTAGE
In this section, the power outage mode is investigated and
considered as scenario 4. The performance of the unified
LSR-based P-INV-FC in the course of transition is depicted
in Fig. 12. It can be seen from Fig. 12 that when the grid is
disconnected due to fault conditions at 0.8 seconds, the load
voltage was maintained by P-INV. The sustainable energy
management system conductor switches are activated once
all the conditions of grid activation are met (Csync = 1),
and the P-INV starts performing in the normal operating
mode. The power outage detection method was discussed in
the section III-B-I. The maintained load voltage at the rated
value is shown in Fig. 12 (b) regardless of the power outage.
Depending on the control circuit of the power outage detec-
tion output, the P-INV-FC system starts supporting the critical
loads during the power outage situation. On the other hand,
the PQFC system is unable to support the critical loads during
a power outage situation as it does not have any control circuit
to detect the power outage and also does not incorporate any
control algorithm to compensate for the power outage.

C. ANALYSIS OF POWER FACTOR CORRECTION
By supplying parallel-connected (R-L) loads to the utility
network, the suggested system’s capacity to rectify the power
factor is examined. When t is between 0.0-0.8 s and (R = 55,
L = 36 mH) is chosen for load 1 is operating, the system
is in the first mode. At t = 0.8 s, mode 2 takes over the
proposed configuration’s functioning. In this case, R = 35,
L = 55 mH) is chosen for load 2 connected to the utility
network but load 1 is disconnected. Load 2 is turned off
and (R = 45, L = 40 mH) is engaged as load 3 in mode
3. Fig. 13 shows the fuel-cell-connected utility network’s
active/reactive power flow data for three distinct R-L loads.
As shown in Fig. 13(a) and Fig. 13(b), both the proposed and
conventional network deliver equivalent active powers from
the fuel cell, load, and utility grid. For the grid network’s
R-L loads, the fuel cell facility supplies around 6 kW of
electricity. The loads, however, use active powers of 8 kW for
mode 1, duringmode 2, the load consumes 9.9 kW, and during
mode 3 the load consumes 8.7 kW. Consequently, the utility
network provides power to the loads which are 2 kW in the
course of mode 1, in the course of mode 2, it provides 3.9 kW,
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FIGURE 9. Performance evaluation during scenario 1 in between proposed unified LSR-based P-INV-FC versus the traditional PQFC
(a) Grid voltage (vg) (b) Load current (iload ) (c) Grid current (ig) for P-INV-FC (d) Grid current (ig) for PQFC.

TABLE 6. Statistics of reactive power for three different (R-L) loads with unified LSR and PQ method.

and in the course of mode 3, it delivers 2.7 kW. Reactive
power is a situation when the conventional strategy falls short
of compensating for reactive power, resulting in the inductive
load drawing the whole reactive power supplied by the utility
network. According to Fig. 13 (c), the load receives reactive
power in the course of mode 1 is 0.82 kVAR, in the course
of mode 2, it receives 2.1 kVAR, and in the course of mode
3, it receives 1 kVAR for the proposed P-INV-FC system.
Conversely, for traditional PQFC management, the reactive
measurement in the load recorded in the course of mode 1 is
0.82 kVAR, in the course of mode 2, it is 2.1 kVAR, and in
the course of mode 3, it is 1.1 kVAR., which result in a rise in
perceived power. On the performance outcomes, Table 6 gives
specific information. The performance findings show that the
proposed unified LSR-based P-INV-FC system effectively

prevents reactive power transfer from the power systemwhile
yet providing vital reactive power by the fuel cell toward the
loads. According to the results, deploying a fuel cell to deliver
large reactive power for the utility grid is not possible utilizing
the traditional PQFC system. As demonstrated in Fig. 13 (d),
the fuel-cell unit provides nearly no reactive power to the
load in the conventional PQ fuel-cell system. However, in the
suggested technique-based P-INV-FC system, the fuel cell
can provide 0.82 kVAR reactive power for load 1, for load 2,
it can provide 2.10 kVAR, and for load 3, it can provide
1.0 kVAR. The unified LSR regulation thus decreased the
reactive power quantity delivered by the utility. The results
indicate that in real-world circumstances, the unified LSR-
based SEM system is capable of reducing the power demand
that is supposed to supply by the utility network and prevent
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FIGURE 10. Performance evaluation during scenario 2 in between proposed unified LSR-based P-INV-FC versus the traditional PQFC
(a) Grid voltage (vg) (b) Load current (iload ) (c) Grid current (ig) for P-INV-FC (d) Grid current (ig) for PQFC.

TABLE 7. Power factors utilizing three (R-L) loads for unified LSR-based
P-INV-FC and PQFC system.

excessive fines for consumers. For measured local inductive
loads, power factor values are far below the necessary levels
without reactive power adjustment.

For both the proposed system and the traditional PQFC
system, the power factor scores utilizing distinct loads are
illustrated in Fig. 14. For the PQFC system, in three different
modes, the power factor is recorded, and they are 0.89, 0.81,
and 0.87. Conversely, a power factor of 1 is observed when
the proposed system is utilized to keep track of how reactive
power is transferred in the middle of the utility network and
loads. Additionally, Table 7 shows the power factors for the
proposed system versus the traditional PQFC system.

The findings of Fig. 14 make it clear that the standard PQ
control was unable to use the fuel cell unit’s reactive power
in order to meet the requirement of load transients. Because
of this, the grid was providing all of the load’s reactive power
requirements, which led to a decline in the system’s power
factor (as shown in Fig. 14 (b)) and a violation of the US
Department of Energy regulation. A bulky conductor, exces-
sive loss of copper, poorly controlled voltage, and higher
kVA-rated components, are just a few examples of how power

factor degradation may negatively affect the whole system.
These effects have a significant negative influence on a grid
system’s overall effectiveness and efficiency. Additionally,
Fig. 14 shows that when the PQFC system is used and the load
value is altered, the power factor changes. This abrupt shift in
power factor has the potential to seriously harm the fuel cell
unit. On the other hand, the proposed system, as illustrated in
Fig. 13 (c) and 14 (a), has effectively corrected the system’s
power factor by providing the load with the required reactive
power using the fuel cell unit. Additionally, it maintained the
system’s power factor at a steady level throughout load fluc-
tuations. In contrast to traditional PQFC system regulation,
it has effectively prevented any adverse consequences. related
to power factor degradation and variance.

D. COMPARATIVE ANALYSIS WITH OTHER SEMS FOR
FUEL-CELL CONNECTED UTILITY NETWORK
A short comparison analysis is presented in this part and
provided in Table 8 in order to further support the benefit
of the proposed system. The comparison is made using five
different criteria, including the reduction of THD in the four
case studies covered in the previous sections IV-A and IV-B,
the type of SEM used in synchronization strategy, power
outage performance, and the complexity of the system. The
comparison demonstrates that the proposed unified LSR-
based P-INV-FC SEM has outperformed the other recently
proposed FC SEMs in terms of THD reduction. The FC
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FIGURE 11. Performance evaluation during scenario 3 in between proposed unified LSR-based P-INV-FC versus the traditional PQFC (a)Grid
voltage (vg) (b) Load current (iload ) (c) Grid current (ig) for P-INV-FC (d) Grid current (ig) for PQFC.

FIGURE 12. Performance evaluation during scenario 4 in between the proposed unified LSR-based P-INV-FC versus the traditional PQFC
(a)Grid voltage (vg) (b) Load voltage (vload ).

SEM suggested in [38] has the closest performance. However,
compared to the other FC system in this comparison, this
system is the most costly and complicated due to the usage
of 25-level CHB MLI, which requires 12 independent DC
sources and transformers. Most of the FC systems utilized
conventional PLL for synchronization purposes which has
many shortcomings during grid voltage oddity such as phase
delay, unable to remove the harmonic component, and so
on. However, [38] and [50] utilized PID, and Kalman and

fuzzy integrated controllers, respectively, for synchronization
purposes. Nonetheless, Kalman and fuzzy integrated con-
trollers introduce a higher computation burden and make
the overall SEM complex. In terms of power outage per-
formance which is a very important scenario, especially
for the critical load condition, only one of the studies [38]
considered 20% voltage reduction and increase, however,
the power outage performance is not covered on any FC
SEMs.

21626 VOLUME 11, 2023



K. Hasan et al.: Unified LSR Method for Active/Reactive SEM in Fuel-Cell Connected Utility Network

FIGURE 13. Power flow analysis of the proposed unified LSR-based P-INV-FC and PQFC under load-changing mode: (a) active power for
proposed system (b) active power for PQFC (c) reactive power for proposed system (d) reactive power for PQFC.

FIGURE 14. Regulation of power factor for three inductive loads for (a) unified LSR control and (b) PQ control.

TABLE 8. Comparative analysis between various recently proposed FC SEMs.

V. CONCLUSION
In this article, an enhanced control for a fuel-cell connected
utility network called a unified linear self-regulating (LSR)-
based sustainable energy management system (SEM) is pre-
sented based on an active/reactive SEM. The benefit and
viability of the unified LSR SEM system are proven by
comparative assessment and a series of scenarios in relation to
the traditional PQmethod and other FC SEMs. The following
statements serve as a summary of the conclusions.

• The standard PLL’s dynamic response is contrasted
with that of the LSR employed in the proposed net-
work. The PLL’s dynamic reaction is extremely slow
and contains unnecessary overshoots, while the dynamic
response of the LSR is always constant at 50 Hz
after it becomes stable, regardless of the presence
of harmonics. This was shown by a thorough inves-
tigation. This comparative investigation demonstrated
that fuel-cell connected utility networks employing
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traditional PLL lack the dynamic responsiveness and
filtering capabilities required to fulfill IEEE standards
and industry requirements. The suggested LSR success-
fully enhanced the fuel-cell-connected utility network’s
performance in accordance with industry benchmarks
and requirements.

• Three case studies were used to analyze and compare
the performance of the proposed system and tradi-
tional PQFC employing non-linear loads. The proposed
system has consistently outperformed the PQFC system
in every situation. The grid current generated by PQ
control integrated fuel cells in scenarios 2 and 3 has a
high THD of 7.72% and 5.89%, respectively, and does
not comply with IEEE 519 standards. LPF’s use is the
cause of the poor PQ control outcomes. However, when
the suggested unified LSR control was used, the THD
of the supply current is only decreased to 2.51% and
1.39%, which is much below the necessary level that
is THD ≤ 5% established by IEEE standard 519. Since
the unified LSR has stronger filtering capabilities than
conventional LPF, the unified LSR control had better
results. These findings show that the unified LSR con-
trol has been incorporated into the fuel-cell-connected
utility network, making it appropriate for industry
solutions.

• The proposed SEM consists of a power outage detec-
tion circuit that can detect power outage situations
and can support critical loads using fuel-cell power.
None of the literature was found to solve this sig-
nificant power quality issue other than a few SEMs
which are considered a small percentage of voltage
sag/swell.

• In addition, the suggested unified LSR control and PQ
control’s capacity to rectify power factor is analyzed and
compared under three load-varying scenarios. Notice-
ably, the fuel cell is not capable of providing reactive
power to the load in the PQFC system. Therefore, the
power factor is degraded and recorded as 0.89 for PQFC
in the course of mode 1, and in the course of mode 2,
it is 0.81, and in the course of mode 3, it is 0.87.
The proposed SEM, on the other hand, enables efficient
management of reactive power betwixt the loads and
the fuel cell. As a consequence, a constant power factor
is maintained throughout the operation under all load
situations. As a result, the suggested system complies
with the US Department of Energy’s Energy Star criteria
that the power factor should be greater or equal to 0.95.
This further validated the suggested SEM’s industrial
applicability.

• Grid current’s THD spectrum is contrasted with those of
other newly produced FC SEMs to show the variations
in their harmonic reduction capacities. When compared
to other FC SEMs with comparable characteristics, the
comparison also showed that the proposed SEM is better
in terms of performance, as well as simple in terms of
control.
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