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Abstract: Fuel cells have drawn a lot of interest in recent years as one of the most promising alternative
green power sources in microgrid systems. The operating conditions and the integrated components
greatly impact the quality of the fuel cell’s voltage. Energy management techniques are required in
this regard to regulate the fuel cell’s power in a microgrid. The active/reactive power in the microgrid
should be adjusted in line with US Energy Star’s regulations whereas the grid current needs to follow
the standard set by IEEE 519 2014 to enhance the power quality of the electrical energy injected into
the microgrid. Uncontrolled energy injection from the fuel cell can have serious impacts including
superfluous energy demand, overloading, and power losses, especially in high power and medium
voltage systems. Although fuel cells have many advantages, they cannot yet produce high voltages
individually to compensate for the demand of a microgrid system. Due to these reasons, the fuel
cell must be interfaced with a DC-DC converter. This research proposes a novel high voltage gain
converter integrated 1.26 kW fuel cell for microgrid power management that can boost the fuel cell’s
voltage up to 20 times. Due to this high voltage gain, the voltage and current ripple of the fuel cell is
also reduced substantially. According to the analysis, the proposed converter demonstrated optimal
performance when compared to the other converters due to its high voltage gain and extremely low
voltage ripple. As a result, the harmonic profile of the microgrid current persists with a reduced THD
of 3.22% and a very low voltage ripple of 4 V. To validate the converter’s performance, along with
extensive simulation, a hardware prototype was also built. The voltage of the fuel cell is regulated
using a simplified proportional integral controller. The operating principle of the converter integrated
fuel cell along with its application in microgrid power management is demonstrated. A comparative
analysis is also shown to verify how the proposed converter is improving the system’s performance
when compared against other converters.

Keywords: fuel cell; DC-DC converter; microgrid; medium voltage; energy management; power
quality; hydrogen; energy conversion

1. Introduction

Due to their high fuel conversion efficiency, high reliability, zero carbon emissions, and
low temperature operation, fuel cells, particularly proton exchange membrane fuel cells
(PEMFCs, are increasingly being acknowledged as a preferred means of generating energy
for distributed electrical power generation units [1]. Fuel cells are becoming more popular
as a direct energy conversion technology, especially in microgrid [2]. The significance
of hydrogen energy and PEMFCs in microgrid is gradually growing as a result of the
increased global energy demand [3]. Hydrogen energy from PEMFCs offers a significant
means to manage and balance power flows, as opposed to other renewable energy sources
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like solar and wind, which have intermittency issues, power balancing issues, and high
maintenance costs [4]. In recent years, an increasing number of PEMFCs are getting
connected to various electrical networks, with microgrid applications being one of the most
rapid advancements [5]. The primary objective of PEMFCs is to provide support for the
microgrid to compensate the power requirements of the electrical loads.

In order to provide a steady supply of power to the microgrid, PEMFCs are usually
interfaced with electrical loads [6]. This integration improves the performance and safety
of the microgrid while also reducing the impact of load variations. However, in PEMFCs, it
is necessary to amplify the DC voltage and power to a certain level where it can effectively
compensate the power management of the microgrid. This is generally because a conven-
tional PEMFC can only produce 24 V to 32 V, which is not enough for the microgrid’s power
management [7]. Some advanced PEMFCs are available in the market that can produce up
to 54 V, however, they are very expensive and more applicable in high-power industries [8].
Therefore, various power electronic interface devices are connected to the PEMFC in order
to make it applicable for microgrid applications. Two such power electronic devices that
are frequently being interfaced with the PEMFC are the DC-DC converter and the DC-AC
inverter. The DC-AC inverter is primarily used to convert the DC voltage from the PEMFC
to AC voltage and inject it to the microgrid. It should be noted that the inverter can also
amplify the voltage level produced by the PEMFCs through utilizing step-up transformers
or multilevel inverters [9]. Both of these alternatives are expensive and have control intrica-
cies [10], qualities that are not aligned with the objective of this article. The most simplified
way of boosting the PEMFCs voltage is to use a boost DC-DC converter [11]. Nevertheless,
conventional boost DC-DC converters cannot amplify the voltage to the level required by
the microgrid. For instance, the output voltage of 1.26 kW PEMFCs can be boosted from
24V to 50 V using a conventional boost converter under normal circumstances, which is not
enough for the power compensation of the microgrid. Higher voltage gain can be achieved
by changing the duty cycle; however, it can cause massive switching stress and power
losses [12]. Moreover, at low voltage gain, the boost converter also struggles to generate
ripple-free DC voltages. The proper operation and reliability of the PEMFC integrated into
the microgrid can be negatively impacted by these limitations. Advanced high voltage gain
DC-DC converters thus offer the best solution for these issues [13].

In general, DC-DC converters can be classified into two categories: isolated converters
and non-isolated converters [14]. Although both of these converter families have distinctive
features and advantages, non-isolated converters offer more characteristic superiorities over
isolated converters. In terms of voltage operation, these converters can be further classified
into step down (buck), step up (boost, and step down/up (buck-boost) converters [15].
In recent studies, several converter-integrated PEMFC models have been investigated to
address the issues presented by conventional converters. In one study [16], a DC-DC
converter is proposed for PEMFC and electric vehicles (EV) application that has the ability
to switch between buck and boost mode. Although buck mode can be a valuable option
to have for EV applications where voltage step down is required, in microgrid it does not
have usage. Due to the buck/boost configuration, the converter’s voltage gain is very
limited, and it cannot be applied for microgrid power compensation [17]. A multiphase
interleaved converter is proposed in [18] for PEMFC application. Although the voltage
gain is improved compared to the converter from [16], it requires a high number of power
components since it can only function as a multiphase unit. Moreover, the voltage gain
is still not enough to be implemented for microgrid power compensation. Huangfu et al.
proposed a floating interleaved boost converter (FIBC) in [19] for PEMFC application. The
unique structure of this converter allowed it to reduce the voltage ripple of the PEMFC
substantially. The voltage amplification ratio of this converter is almost three times that of
the input voltage, which is better than both converters proposed in [16,18]. An auxiliary
circuit-based boost converter was developed by Wang et al. in [20] for PEMFC and EV
application. This converter has a higher voltage gain than all the previously mentioned
converters. The converter can function in both continuous conduction mode (CCM) and
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discontinuous conduction mode (DCM), giving it higher flexibility in terms of operation.
Two novel DC-DC converters with an identical voltage gain of four are proposed in [21,22].
The later converter’s voltage gain can be boosted by increasing the transformer turn ratio.
However, the converter is very expensive because of transformer use. A high step-up DC-
DC converter integrated with quadratic boost-cuk is proposed in [23] for EV applications.
Although the converter can boost the voltage required by the microgrid, the duty cycle
ratio needs to be increased to 0.7, which can cause high switching losses. A transformer-less
simplified boost converter is proposed in [24] for EV applications. However, the voltage
gain of the converter is only four times that of the input voltage, which is not enough for
the active/reactive power compensation. A boost converter with a high voltage gain of
10 times is proposed in [25], which can be used for power management of the microgrid.
However, the converter has a very high number of power electronic components, making it
expensive to build. A single inductor, single switch converter is proposed in [26], having
a voltage gain of six times the input voltage. The converter reduced the voltage stress on
the switch and capacitors. The converter’s voltage gain can be increased by increasing
the duty cycle; however, it will increase the switching stress significantly. An improved
version of the quadratic converter in [23] is proposed in [27] based on voltage lift technique.
This converter utilizes a high number of components. In [28], an improved dual switch
non-isolated high gain boost converter is presented for DC microgrid application, and
although it has a voltage gain of 10.5%, it has the disadvantage of having a significantly
higher component count of 16.

It is clear from the literature review that current configurations of the DC-DC convert-
ers present in the literature are not capable of compensating and managing active/reactive
power in fuel cell integrated microgrid systems. Although a limited number of DC-DC
converters such as the ones presented in [22,23,25] can boost the fuel cell voltage required
by the microgrid power compensation, they all have various deficiencies that may hinder
their usefulness in real-time applications. These characteristic limitations will be further dis-
cussed in a later section. Therefore, the current research gaps in terms of DC-DC converter
configuration necessitates a new converter topology that can boost the fuel cell voltage to
the level required for microgrid’s power management. Considering this research gap, this
article proposes an interleaved DC-DC converter that uses a voltage doubler circuit that
can significantly boost the PEMFC’s voltage. The major contributions of the paper can be
outlined as follows:

e  Proposed a novel configuration of high gain interleaved DC-DC converter consisting
of a voltage doubler circuit that can boost the output voltage of the fuel cell to almost
20 times in nominal circumstances.

e  The proposed converter can achieve high voltage gain without using any transformer
and can operate with a small duty cycle ratio, ensuring reduced switching losses and
voltage/current ripple. Moreover, it persists with a maximum switching voltage stress
of almost 50% of the output voltage and a maximum the diode voltage stress of nearly
25% of the output voltage.

e Integration of the proposed converter with PEMFC allowed the microgrid to reduce
the current harmonics (THD) to 3.22% along with minimal voltage ripple of 4V. Fur-
thermore, integration properly managed the power requirements of the electrical
loads, ensuring an improvement of the system’s power factor.

o  The mathematical model and the results of the system are extensively analyzed,
compared, and verified using proper simulation and hardware results.

2. High Gain Interleaved DC-DC Converter

This section elaborates on the circuit configuration and the operating principle of the
proposed interleaved DC-DC converter. The mathematical model along with the different
modes of operation are discussed in this section to demonstrate how the converter unit is
obtaining high voltage gain.
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2.1. Circuit Configuration

The proposed DC-DC converter is developed utilizing three semiconductor switches
which are depicted as Q1, Qp, and Q3, and four semiconductor diodes symbolized as D,
Dy, D3, and Djy. It also consists of five energy storing elements that includes two interleaved
inductors, L1 and L, two crisscrossed capacitors, C; and Cp, and one output capacitor, C.
The schematic diagram of the proposed converter integrated with a PEMFC is shown in
Figure 1.

Interleaved Circuit

L x f Voltage
: i : Doubler

PEMFC

E
=
logg)”
k o
S 4
S 4
o
[|
M+
&
=

Figure 1. Circuit configuration of high gain interleaved DC-DC converter integrated to PEMFC.

The converter is primarily designed by combining an interleaved circuit and a voltage
doubler circuit, as illustrated in Figure 1. The interleaved circuit is the main driving agent
of the proposed converter, which consists of the three semiconductor switches (Q1-Q3),
two inductors (L; and Ly), and one diode, D;. The primary function of the interleaved
circuit is to provide high voltage gain with reduced switching stress. Because of its unique
circuit arrangement, it makes the current switching stress equal to the PEMFC current and
reduces current ripples substantially [29]. Moreover, it also splits the PEMFC current into
two paths and therefore reduces the core losses of the inductors.

The voltage doubler circuit consists of two diodes (D, and D3) and two capacitors (Cq
and Cp). It is one of the most simplified and effective ways of increasing the voltage gain of
DC-DC converters. Generally, voltage double can be implemented in two ways. Firstly, it
can be implemented at the initial part of a converter to reduce the stress on the switches.
This type of voltage doubler circuit is not required in this configuration as the interleaved
circuit already reduces the switching stress effectively. Secondly, the voltage doubler can
be implemented at the end of circuit to effectively increase the voltage gain of the DC-DC
converter [30]. The proposed converter has adopted the latter type of voltage doubler
circuit. These circuits have gained popularity because they can be used on a variety of
DC-DC converters. Additionally, since large capacitors are not required for high frequency
operation, the implemented circuits do not make the converter design bulky or expensive.
A small inductor can also be used in this circuit to obtain zero current switching (ZCS).
Nevertheless, this option is not considered for the proposed design since it will not add
any advantages to the converter [31].

2.2. Circuit Operation

This section demonstrates the operating principle in the steady state response and
the mathematical models of the proposed converter. Before developing the mathematical
model, some assumptions were considered such as: the semiconductor and energy storing
components are all ideal. This means that forward voltage drops of the diodes, equivalent
and on series resistance of the inductors, and capacitors are not considered. The steady
state operation of the converter is analyzed while it operates in continuous conduction
mode (CCM) as shown in Figure 2. During CCM, the converter operates in three modes of
operation over a complete cycle.
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Figure 2. Steady state analysis of the proposed DC-DC converter in CCM.

2.2.1. Mode 1

The time interval of this mode is between t; — ¢;. This mode is operated with duty
cycle dq, where semiconductor switches Q; and Q; are turned on and Qj3 is turned off. The
current path of this mode is illustrated in Figure 3a for clarification. Initially, the PEMFC
current (irc) is supplied to the inductors Ly and L, while the output capacitor C, supplies
the stored energy to the inverter. Here, only diode D4 conducts while all the other diodes
do not. It should be noted that in this mode of operation, diode D; and Dy are reverse
biased. On the other hand, the parallel diode of the switch Qs is forward biased. This
indicates that although the switch Qj3 is turned off, it has voltage across it. Assuming the
inductors have similar turn ratios, it can be concluded that they have identical voltages
across them, and it is same as the PEMFC voltage (Vrc) since they are parallelly connected
to the PEMFC. Therefore, the inductor current and voltages can be determined in this mode
as follows:

Vi1 = V2 = Vic (1)
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Furthermore, it can be mathematically understood that:

L—=L—=L—=1V, 2
dt dt dt FC @)
dip. — Vpc
SLo Ry <<t
dt L srt0 = ~ 1 (3)
¢ : :
LB
! = B »i
i Ve H " D,
: Ly ! i
E_ _’l i L, E :- n:;
| {—4 | g: 4 “T
, Q H H i
H v v :__
(a)
+ |
i LY
'+ o R
- T
B g oLt e
’ a Lo
€ P ——
(b)
+ |
E Ly i
-+ v
H.. n [T
| | o= Mk

(c)
Figure 3. Current path of the proposed DC-DC converter in: (a) Mode 1, (b) Mode 2, and (c) Mode 3.

2.2.2. Mode 2

This mode has a time interval between t1—t;. This mode is operated with duty cycle
dp, where semiconductor switches Q; and Q; are turned off and Q3 is turned on. The
current direction of this mode is illustrated in Figure 3b. In this mode, the PEMFC current
is supplied to the inductor L; which further flows through diode Dy, switch Q3, and finally
toward inductor L,. Because of the interleaved configuration, the deactivated switches
Q1 and Q, endure voltage stress of only half of the PEMFC voltage. Like Mode 1, since
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the diode Dj is reverse biased, the output capacitor C, delivers energy to the inverter. In
contrast to Mode 1, the inductors are connected in series with the PEMFC. Therefore, the
inductor current and voltages can be determined in this mode as follows:

ipg =i =1 4)
Vi1 + Via = Vrc %)
dirq dija
L—+L——= =
T, + T \% e (6)
dip  Vpc
— = = <t <
it 2L,t1_t_t2 (7)

2.2.3. Mode 3

This mode has a time interval between t,—t3. This mode is operated with duty cycle
(1-d1—d;), where all the semiconductor switches are turned off. The current direction of
Mode 3 is illustrated in Figure 3c. Here, the inverter is supplied by the PEMFC and the
inductors directly. Moreover, diode D is in a reverse-biased state whereas D is forward
biased and therefore, the output capacitor C, is charged. The switching stress of Q; and
(), in this mode is the average between the PEMFC voltage and the output voltage, while
for Q3, the switching stress is half of the output voltage. Like Mode 2, the inductors are
connected in series. The inductor current and voltages can be determined in this mode
as follows:

V.
Vi1 + Via = Vrc — 70 (8)
dirq dis Vs
P8 fe g Y
ar R Fe—5 ©)
di,  2Vpe—V,
— = <t <
T Al <t <t (10)

2.3. Mathematical Modelling
2.3.1. Voltage Gain Calculation

To determine the voltage gain, a state-space averaging method is applied on
Equations (3), (7) and (19) and the following equation can be obtained:

dqTs di; Mode 1 dy T, di; Mode 2 (1—dy—dy)T, diy Mode 3
/0 (dt> dt+/0 (dt> dt+/0 (dt> dt=0 (11)

Simplifying Equation (11), the voltage gain of the proposed converter can be obtained
as follows:
Vo _  2(di1+1)
Vic  (1—di—dy)

The voltage of the converter at different combinations of duty cycles is illustrated in
Figure 4a. It is noticeable that the converter can generate low /high voltage gain depending
on the duty cycle combinations of the switches. This ability gives the converter added
flexibility in terms of PEMFC applications.

(12)
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Figure 4. Different combinations of duty cycle to determine the proposed converter’s: (a) voltage
gain, and (b) current ripple.

2.3.2. Current Ripple Calculation

One of the major challenges of integrating a DC-DC converter with PEMFCs is to
reduce the current ripple. This will ensure the maximum performance is obtained from
the PEMFC. Furthermore, it can also optimize the entire performance of the microgrid. In
the proposed converter, the phase is the same between switches Q; and Q, as they have
same duty cycle. On the contrary, the phase difference between Q1, Q2, and Q3 is around
33° over one complete switching cycle. Due to this, the inductors of the converter charge
twice and discharge once in one cycle of operation as depicted in Figure 2. By reducing the
duty cycle of switch Q; and Q;, the charging time of the inductors can be decreased.

Applying the ampere-second balance theory for the current of capacitors (ic1, ic2, ico),
the following expressions can be attained:

d1Ts X ic1 +dyTg X ic1 + (1 _dl —dz)Ts Xic1 =0

d1Ts X icop +dyTs X icp + (1 _dl —dz)Ts Xicp =0
d1Ts X ico +d,Ts X ico + (1 _dl —dy)Ts X ico =0

(13)

Using Equations (12) and (13), the average inductor current can be obtained as follows:

Yo
Ry

2(d1+1)

g "

Since the inductor currents increase linearly during Mode 1, it can be stated that:

(d1 +d2) x Vec
L f sw
Here, {5 denotes the switching frequency and Ai} represents the ripple current of

the proposed converter. Based on Equations (14) and (15), the ripple current ratio of the
converter can be calculated as follows:

Aip  (d1+dp)(1—di —d2)’R,
ir AL forp(dy +1)2

Aip = (15)

(16)
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The current ripple of the converter at different combinations of duty cycles is illustrated
in Figure 4b. It is evident that the converter’s duty cycle ratio can also impact the current
ripple of the proposed converter.

3. Proton Exchange Membrane Fuel Cell (PEMFC)

A PEMEFC utilizes an electrochemical reaction between an oxidant (air oxygen) and
a fuel to generate hydrogen energy. The generated hydrogen travels through the anode to
produce an electric current whereas the oxidant continues to flow through the cathode [32].
The reaction results in the release of water and heat. Fuel cells are employed as a quiet
and dependable source of electricity because they have no moving parts [33]. Figure 5 [34]
provides specifics regarding the PEMFC'’s overall configuration and equivalent circuit.

Electric
current Load

Fuelin —»

VYV ® — 0 —p

—
HZ —

L
W

Excess
Fuelout

Unused Air,

| —» Water and Heat

Anode Electrolyte Cathode

Figure 5. Schematic diagram of a PEMFC.
The output voltage of the PEMFC can be obtained mathematically as follows:
Vec = Voe = Vact = Veone — Vo (17)

Here, Voo, Viact, Veone, and Vo symbolize open circuit voltage, activation voltage,
concentration voltage, and ohmic voltage of the PEMFC unit, respectively. Furthermore,
a PEMFC’s current and voltage relationship can be mathematically realized by the following
equation [35]:

Vic = Vae — AgatTiln (*(3) — CeonTiln (I””_’FC) — ircRec (18)
I Liim

Here, Ayt and Co, represent the activation coefficient and concentration coefficient,
respectively, of the PEMFC. On the other hand, Ty represents the Tafael Slope, and Irc,
I,, and Ij;;,, symbolize the nominal current, exchange current, and limiting current of the
PEMFC unit, respectively. Finally, Rpc represents the internal resistance of the PEMFC. The
design specifications of the 1.26 kW PEMFC used in this paper is summarized in Table 1.
The operating characteristics of the PEMFC unit are shown in Figure 6.



Sustainability 2023, 15, 7157 10 of 21
Table 1. Design Specifications of the 1.26 kW Fuel Cell.
Parameters Values
Open Circuit Voltage 2V
Nominal voltage 243V
Maximum voltage 20V
Nominal current 52 A
Maximum current 100 A
Exchange current 0.027 A
Nominal power 1.26 kW
Maximum power 2 kW
Number of cells 42
Nominal stack efficiency 46%
Operating temperature 55°C
Nominal air flow rate 2400 Ipm
Maximum air flow rate 4615 Ipm
Internal resistance 0.06 )
Activation coefficient 0.308
50 . T . . 2.5
(2kW)
40 | 2
— —
> L 4
< 30 (1.26kW) 1.5 E
o —
g (100,20) 5
© - & <)
920 (52,24.23) 1 9
10 10.5
O 1 1 1 1 0
0 20 40 60 80 100
Current(A)

Figure 6. Characteristic curves of the 1.26 kW PEMFC.

4. PEMEFC Integrated Microgrid

The primary objective of this research is to manage the power of the microgrid us-
ing the novel interleaved DC-DC converter integrated PEMFC. Therefore, special design
consideration is also given to the development of the entire microgrid system. The circuit
configuration of the PEMFC integrated microgrid is illustrated in Figure 7. Although
controlling the proposed DC-DC converter or the DC-AC inverter is not the focus of
the paper, they play a substantial role in ensuring that the system’s performance is opti-
mized. Thus, the controls of both the converter and the inverter are briefly discussed in
the following section to demonstrate the working principle of the entire PEMFC integrated
microgrid system.
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Figure 7. Circuit diagram of the PEMFC integrated microgrid.

4.1. Control of the Proposed DC-DC Converter

The ripple in the output current has a substantial impact on a PEMFC’s lifespan [36].
The two most common types of ripples that can be observed in the output current of
a PEMFC are high frequency and low frequency ripple. High frequency ripples are gener-
ated due to the switching operation of the DC-DC converter. Thus, the converter is operated
using a triangular PWM, and as a result, high frequency ripples are significantly reduced.
Subsequently, the active power injection and filtration is done by the inverter. Since the
inverter does not have constant output power, DC bus voltage persists with low frequency
voltage ripple. Due to these voltage ripples, low frequency current ripples are generated in
the PEMFC'’s output if no proper voltage controller is implemented for the converter [13].
Thus, it is necessary to implement an effective voltage control mechanism to reduce the
voltage ripple. The voltage control diagram for the proposed converter is depicted in
Figure 8. The active power of the PEMFC is determined by the preset voltage reference
(Viep)- Voltage measurements are utilized for detecting the PEMFC’s output voltage. The
reference voltage and the measured voltage are delivered to a subtractor, and then the
output response from the subtractor is delivered to a proportional integral (PI) controller.
Then this controller’s output is delivered to PWM circuit to compare with two triangular
carrier signals respectively. Moreover, a combination of different logic circuits is applied to
generate the desired switching pulses. Finally, these switching pulses are used to control
the operation of the three switches of the proposed converter module.

Reference »(+ PI
voltage (Vi) "= Controller
.. > Q,Q
Logic
+
PEMFC voltage___,, Voltage circuits
(Vid) measurement —> Q;
- 7 K
\ 4

Carrier M_ >

wave 1(0°) -

Y
Carrier | § T >

wave 2 (35°) -

Figure 8. Control diagram for the proposed DC-DC converter.
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4.2. Control of the DC-AC Inverter

A DC-AC inverter is also an important interfacing device for the fuel cell integrated
microgrid alongside the DC-DC converter. The DC-AC inverter is capable of power
conversion from the DC-DC converter as well as active power filtration. While using
the fuel cell for the power generation system, the microgrid current (Ig;q) needs to be
sinusoidal and in-phase with the microgrid voltage (V) [4]. These two tasks are done
by the controller of the DC-AC inverter. In this paper, for phase synchronization, a phase-
locked loop (PLL) controller is utilized, while for active power filtration, a conventional
PQ-based reference current generation method is utilized. The reference current generated
from the PQ controller is then sent to a PWM block to generate the switching pulses for
the DC-AC inverter. The implementation of the PLL and the PQ controller is discussed
elaborately in [37,38], respectively.

4.3. Active/Reactive Power Management

The operation of traditional active/reactive (PQ) power techniques is dependent on
the actual power and the reference power, whereas the calculated power value is utilized
to maintain the power flow between the fuel cells and the microgrid. The proposed system
compares the actual active power with the active power injected from the fuel cell inside
the PQ controller in order to maintain the power flow from the power generation side to the
load side. Therefore, the fuel cell must have the ability to support the microgrid in order to
support the load side power demand when the grid is unavailable. Generally, it is assumed
that during load transients, active power is completely delivered by the microgrid in
electrical load and thus, inside the PQ controller, power management is required. However,
in a practical scenario when the microgrid needs support, the fuel cell must have the ability
to deliver the required power through electrical loads. If not, the voltage and current
of the microgrid become out-of-phase resulting in power factor deterioration. Therefore,
to resolve these issues, a fuel cell’s injected power needs to be injected alongside the
microgrid for power factor correction to improve the system’s performance. Hence, the
interfacing devices including the DC-DC converter and the AC-DC inverter of the fuel cell
are integrated into the power system to manage the power and ensure an optimal grid-side
power factor. The relation between the active power, reactive power, and power factor
along with the phase analysis of the microgrid’s voltage/current and how the injected
active/reactive power from the fuel cell is helping to keep the power factor unity is shown
in the phasor diagram of Figure 9. The system parameters utilized to develop the PEMFC
integrated microgrid are summarized in Table 2.

B
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> >

Prcactive) —| Vﬂmé M Time
T

[} grid
0

Figure 9. Phasor diagram of the PEMFC integrated microgrid.

Table 2. Parameters of the Microgrid.

Parameters Symbols Values
Grid voltage Verid 400V
Grid current Levig 13A
Active power Perig 52 kW

Passive filter Lf 5mH
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Table 2. Cont.

Parameters Symbols Values
Line inductance Lind 1 mH
Non-linear load R-L 50 O-5mH
PI controller kp, k; 0.001, 0.01
Reference voltage Ve 400V
Fundamental frequency f 50 Hz
Switching frequency fow 25 kHz
10 O-1 mH

Impedance R,—L,

5. Result and Discussion
The performance of the proposed system is verified in this section utilizing simulation
and experimental results. The discussion and analysis of these results are provided below:

5.1. Performance of The Proposed DC-DC Converter

The performance verification of the proposed converter is evaluated by building
a hardware prototype as illustrated in Figure 10. Table 3 includes the hardware speci-
fications of the hardware prototype for the proposed converter topology. An Arduino
UNO controller is integrated with the proposed converter topology for adequate switching
control that includes phase delay, duty ratio, and switching gale pulses.

Capacitors Resistive load

sapoiq
Switches

Arduino UNO

Inductors

Figure 10. Hardware prototype of the proposed interleaved DC-DC converter.

Table 3. Proposed Converter’s Design Parameters.

Ratings (Units)

Parameters
Rated Power 160 W
Source Voltage 20V
Output Voltage 400V
Duty Cycle Ratio (Dy) 50%
Duty Cycle Ratio (D;) 35%
Switching Frequency (fs) 25 kHz
Inductors (Lx, Ly) 120 uH
Capacitor (Cq, Cz, Co) 100 uF
Switches (Sx, Sy, Sz) FDP20N40
Diodes (D1, Dy, D3, Dy) SBR20A200CTB

Figure 11 depicts the switching pulse patterns of Vo1, Vgz, and Vs that are
utilized to control the switches Q1, Q», and Q3. The first two switches Q7 and Q, are
coupled with the inductors and operated using a switching frequency of 25 kHz with
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a duty ratio, dq, of 0.5. The third switch Q3 is operated by a duty ratio, dy, of 0.35 with
a switching frequency of 25 kHz. The input voltage of the converter topology from the
PEMEFC (Vc), is shown in Figure 12a. The evaluated output voltage gain for the proposed
converter topology is 20 when integrated to a PEMFC voltage of 20 V. Hence, the voltage
gain theoretically and experimentally is verified by implementing the hardware prototype
for the proposed converter topology. The output voltage /DC-link voltage, Vpc, and the
output current, Ipc, with switching operation are depicted in Figure 12b. Experimental
setup has achieved an output voltage of 400.51 V with an average current of 400 mA.

- | SAYE/REC
HT T Y T
.. e
1 4.
: d2 : :
: : B 1
Des 0
2 sose soee coee soee soo
ds. - - F :
'f ! . .....,..-....f. .........
: i@.@&:ﬂg S . : :
18ms CHz2 58.8196Hz
CH1 ~~ 18U CHZ ~- 18U CH4 =—=S568mY

Figure 11. Switching pulses of the proposed DC-DC converter.
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i@. 908 5 : : Utilities 10000 ’ : Utilities
18ms CHz 5@.8196Hz A1 18ms CH2 S0, 3198Hz
CHz ~ 18V CH4 ~~ 18U CH1 ~- 18y CH2 ~- 18y CH4 ~~ 488mY
(a) (b)

Figure 12. Voltage and current waveforms of the proposed DC-DC converter: (a) input, and (b) output.

5.2. Performance of The PEMFC Integrated Microgrid

The performance of the PEMFC integrated microgrid is justified in this section from
the perspective of the DC-DC converter since it is the primary objective of this manuscript.
The performance is compared while applying the proposed DC-DC converter and a conven-
tional boost converter. The rest of the components of the PEMFC integrated microgrid are
considered to be similar as demonstrated in Table 2. In this manner, the comparison will be
justified. A simulation-based performance analysis is conducted using MATLAB Simulink.

The DC-link voltage ripple of the PEMFC integrated microgrid for the conventional
boost converter and the proposed converter are illustrated in Figure 13a,b, respectively. It is
evident that the conventional boost converter’s voltage ripple is around 8 V, which is almost
16% of the output voltage. On the contrary, the voltage ripple of the proposed converter is
around 4 V, which is only 1% of the output voltage. Moreover, it can be observed that the
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voltage of the boost converter also contains oscillations. The presence of the voltage ripple
can significantly hamper the PEMFC integrated microgrid’s injected current and hence,
creates distortions in the microgrid current.

100 T T T T T 425 T T T T T
— _.400 'y
2 2 4021
Q Q A
g 1 23751 |
5 5 399
> { = 350 AVpc=4 1
40 396
0.4 0425 045 0.4 0425 045
-100 : : : : : 325 : : : : :
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Time (s) Time (s)
@) (b)
Figure 13. Output voltage and voltage ripple of: (a) conventional boost converter, and
(b) proposed converter.
The impact of the voltage ripple produced by the conventional boost converter can
be realized while analyzing the harmonic profile of the microgrid current. Here, the
PEMEC integrated microgrid is feeding a bridge rectifier connected to a non-linear resistive
inductive load (50 (3-5 mH). The three-phase microgrid voltage (Vg;iq) and the non-linear
load current (I}oq) are depicted in Figure 14a,b, respectively. Moreover, the grid current
and its harmonic profile are illustrated in Figures 15 and 16, while the PEMFC is integrated
with a conventional boost converter and the proposed interleaved converter, respectively.
The red-yellow-blue (RYB) color represent phase 4, phase b and phase c, respectively.
600 20 T T T
S 300§ < 101
) =
g 0 180
S -300 3-10
-600 : : : -20 : : :
0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6
Time (s) Time (s)
(@) (b)
Figure 14. Results of the PEMFC integrated microgrid: (a) microgrid voltage (V;s), and (b) load
current (Ij,44)-
40 15 — Fundament'al (50Hz) = ?5.12 , THDf 15.24%
< 20
£ S0t
: o :
3-20t Fo5f
Y 0.45 0s 055 06 0 | ‘ e
’ ’ Tim;a s) ’ ’ 0 10 20 30 40
Harmonic order
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Figure 15. PEMFC integrated microgrid’s performance when a conventional boost converter is
applied: (a) microgrid current (Ig4), and (b) harmonic profile.
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Figure 16. PEMFC integrated microgrid’s performance when the proposed converter is applied:
(a) microgrid current (Ig4), and (b) harmonic profile.

It can be observed from Figure 15a that when the conventional boost converter
is applied for integrating the PEMFC with the microgrid, the microgrid’s current has
high current ripple. Therefore, there are high harmonics of 15.24% present, as shown in
Figure 15b. The resultant THD has violated the IEEE 519 2014 standard which states the
THD of a grid-connected system must be less than 5%. This is because the conventional
converter has high voltage ripple and thus, the injected current from the inverter is unable
to accurately compensate the microgrid current. On the contrary, it can be observed from
Figure 16a that when the proposed converter is applied, the microgrid’s current almost
becomes distortion-free and the resulting THD is reduced to 3.22%. Thus, in this case
the microgrid current has successfully followed the IEEE 519 standard. The significant
improvement of the harmonic profile is due to the fact that the proposed converter’s voltage
ripple was significantly less than the conventional boost converter and hence, the injected
current from the inverter is able to accurately compensate the microgrid current. Moreover,
this substantial reduction in the THD profile of the system due to utilizing the high gain
converter can improve the power quality of the system.

A comparative analysis in terms of the voltage ripple and harmonic profile of the
grid current is also shown in Figure 17 while applying other recently developed DC-DC
converters to interface the PEMFC with the microgrid. The analysis showed that because
of the high voltage gain and very low voltage ripple, the proposed converter outperformed
the other converters. Therefore, the harmonic profile of the microgrid current also showed
the lowest THD of 3.22%, the lowest voltage ripple of 4 V, and the highest voltage gain
of 20 while implementing the proposed converter. It should be noted that to justify the
comparison, the systems” parameters of the PEMFC and microgrid are considered similar
to the ones shown in Tables 1 and 2.

i Voltageripple (V) wTHD (%) . Voltage gain

20
18
16
14

Widddad

[16] [18] [19]  [20],[21], [22] [23] [25]  Proposed
[24]

o N B O

Figure 17. Comparative analysis among various DC-DC converters in terms of voltage ripple, THD,
and voltage gain [16,18-25].
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The performance of converters during load transients can be determined by analyzing
the active/reactive power status and the power factor of the PEMFC integrated micro-
grid. The inability of the conventional converter to boost the voltage also impacts the
active/reactive power management and hence, causes power factor deterioration of the
microgrid. In most cases, the problem occurs during the active power injection from the
PEMFC, whereas the reactive power injection remains unaffected since the required reactive
power by the electrical loads is relatively small compared to the active power. The load
transients are produced in the Simulink environment by three three-phase circuit breakers.
The circuit breakers are switched on and off at different times of the simulation to connect
the three different electrical loads with the microgrid and observe the performance.

The active power status of the PEMFC integrated microgrid is shown in Figures 18
and 19 when the PEMFC is interfaced with the microgrid using a boost converter and the
proposed converter, respectively. It can be observed from Figure 18a that because of the
low active power of 500 W injected from the conventional converter interfaced PEMFC,
the microgrid is unable to satisfy the power demand from any of the electrical loads. On
the contrary, due to injecting a high active power of 4 kW from the proposed converter
interfaced PEMFC, as observed from Figure 18b, the microgrid is able to satisfy the power
demand from all three electrical loads. This inability to inject the required power from
the PEMFC to support the microgrid can deteriorate the power factor of the microgrid
substantially, as demonstrated in Table 4.

10 Conventional converter 10 Proposed Converter
. | Load Microgrid PEMFC | . | Load Microgrid PEMFC
S 8r 1 3 8f 1
= A A =, A A
- R — . —_
g 6_’ - g 6_’ -
e e
(] 4F (] 4F
2 2
0 1 . I i 0 . . . L
0.4 0.8 1.2 1.6 2 24 0.4 0.8 1.2 1.6 2 24
Time (s) Time (s)
(a) (b)

Figure 18. Power flow statistics of the microgrid when PEMFC is interfaced by: (a) conventional
converter, and (b) proposed converter.
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Figure 19. Fuel utilization and PEMFC’s efficiency in terms of current ripple.
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Table 4. Power flow and power factor statistics under different electrical loads.

Svstem Loads Switching Microgrid PEMEFC Load Demand  Injected Power Power

¥ (R-L) Time (s) (kW) (kW) (kW) Capability (kW)  Factor
5.5 0-3.6 mH t<0.8 2.79 6.03 2.84 0.53
Conventional 3.5 Q-5.5mH 08<t<1.6 3.72 0.5 6.86 3.77 0.55
4.5-5 mH t>1.6 3.34 6.44 3.39 0.53
5.5 0-3.6 mH t<0.8 2.79 6.03 6.79 0.99
Proposed 3.50-55mH 08<t<16 3.72 4 6.86 7.72 0.99
4.5-5 mH t>1.6 3.34 6.44 7.34 0.99

5.3. Performance Asssessment of the PEMFC

This section elaborates on the performance assessment and evaluates the behavior of
the PEMFC in terms of the microgrid current’s THD. The performance of the PEMFC is
highly reliant on the microgrid integration along with the type of connected electrical loads.
The efficiency of the fuel cell can be significantly enhanced by minimizing the harmonics
caused by the microgrid interface or the non-linear electrical loads.

The high voltage gain and reduced voltage ripple of the proposed DC-DC converter
ensures a reduction of the current ripple of the system that is caused by the non-linear
electrical loads. The microgrid must eliminate the lower order harmonics, otherwise it can
inject a low frequency AC current to the PEMFC and subsequently cause performance disor-
der by shifting its polarity region [39]. Thus, due to the implementation of the high voltage
gain DC-DC converter, the lower order harmonics are eliminated from the microgrid’s
current, which can also prevent the PEMFC from operating outside the polarization region.
Consequently, it ensures the system operates with optimal conditions and the PEMFC
operates without any malfunction. By reducing the current ripples in the microgrid, the
PEMFC'’s efficiency and fuel usage is significantly improved as depicted in Figure 18. It
is apparent that interfacing the PEMFC using a conventional boost converter can induce
a voltage ripple of 16% along with a current ripple of 35%. Hence, utilization of fuel is
also limited to 66.25%, having a PEMFC efficacy of 38.32%. Conversely, by applying the
proposed converter, the voltage ripple is significantly minimized to only 1% with a current
ripple of 3.91%. Therefore, utilization of fuel increased to about 97.36% with an efficiency
of 49.74%. By applying the proposed converter, the THD is effectively mitigated; and the
flow of fuel can be sustained at a nominal rate that will ensure the optimal utilization of
the fuel flow, a minimized cost, and increased efficacy of the PEMFC.

6. Conclusions

This paper introduces a novel DC-DC converter configuration utilizing three semi-
conductor switches. The proposed converter has numerous advantages, including high
voltage gain of 20 times that of the input voltage without any transformer or magnetic
DC-link, low voltage stress on the semiconductor devices with a maximum switching
voltage stress of only 50% of the output voltage, and a maximum diode voltage stress
of 25% of the output voltage. Due to these advantageous characteristics, the proposed
converter is appropriate as an interfacing device for the PEMFC integrated microgrid.
A 1.6 kW, 400 V prototype for the suggested topology was constructed, and the practical
findings supported the theoretical analysis. By integrating the proposed converter, the
microgrid current’s harmonic profile exhibited the lowest total harmonic distortion (THD)
of 3.22%, and lowest voltage ripple of just 4 V while maintaining the voltage gain of 20
compared to other recently developed DC-DC converters. The high voltage gain and low
voltage ripple of the converter substantially improved the power quality of the PEMFC
integrated microgrid by reducing the current harmonics and keeping the power factor
of the system close to unity. A comprehensive comparison with a conventional boost
converter is also presented to demonstrate the superiority of the proposed device. The
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analysis and performance assessment of the PEMFC showed promising outcomes which
further validates the industrial applicability of the proposed converter.
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