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h i g h l i g h t s
� A novel concept called I-FC system is presented in this work.

� In I-FC concept, a single fuel cell system is connected to multi-feeders through separate inverters.

� A dual functional controller based on ab-dq transform is developed and performed in the grid inverters.

� The system achieves to share active powers and attenuate the current harmonics, simultaneously.
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In this paper, a new system concept is presented for the grid connection of fuel cells. In

conventional grid-connected systems, fuel cells ensure the generated power into a single

electrical feeder and control the electrical-line through interfacing elements. In the pro-

posed system, interline fuel cell (I-FC) system shares a common dc-dc converter tied fuel

cell at the base of inverters and eliminates the additional fuel cell & dc-dc converter in a

multi-feeder system. For this purpose, a fuel cell system is connected to multi-feeders

through separate inverters, thereby sharing electrical power into the feeders and attenu-

ating the harmonics at grid-side currents. In this direction, the proposed system presents

an economical way for the mitigation of electrical problems for multi-feeders. In order to

achieve the functional capabilities of I-FC system, dual-functional control is separately

applied in the grid inverters. In the testing stage of I-FC, nonlinear loads in feeder I & feeder

II create 31.29% and 27.61% total harmonic distortion (THD) at grid-side currents, respec-

tively. With I-FC, the THD values are reduced to approximately 3% values in both feeders

after the harmonic elimination capability. Also, I-FC allocates the active power to both

feeders, and reduces the electrical power demand from the utility-grids. The evaluation

results verify that I-FC system accomplishes the good performance to control power-

sharing and attenuate the current harmonics at grid-side.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The major reduction in fossil fuels and the environmental

effects such as harmful gas emissions, natural events and the
ons LLC. Published by Els

fuel cell (I-FC) system w
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community health, play an important role to be interested in

renewable energy generation systems that are environmen-

tally friendly and clean. In renewable energy technologies, the

role of fuel cell systems in a power plant is permanently

increasing due to the energy demand. Because, the fuel cells
evier Ltd. All rights reserved.
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Nomenclature

A Tafel slope

AC Alternating current

D Duty cycle

DC Direct current

F Faraday constant

FC Fuel cell

FFT Fast Fourier Transform

h Hysteresis band value

Ierror;n Reference value used in switching process

Ip�error;n Reference value of power component in I-FC

control

Ihar;n Reference value of harmonic component in I-FC

control

IEEE Institute of Electrical and Electronics Engineers

I-FC Interline fuel cell

N Cell number in fuel cell

Pref ;n Active power reference value for a feeder

Psys;n Active power supplied from fuel cell for a feeder

Ptotal Total active power supplied from fuel cell

PEMFC Proton exchange membrane fuel cell

PI Proportional integral

Qref ;n Reactive power reference value for a feeder

Qsys;n Reactive power supplied from fuel cell for a

feeder

Qtotal Total reactive power supplied from fuel cell

Rc Gas constant in fuel cell

T Operating temperature of fuel cell

THD Total harmonic distortion

Vfc Fuel cell output voltage

Voc Open circuit voltage in fuel cell

VU Resistivity overvoltage in fuel cell

vd Absolute polarization overvoltage in fuel cell

Vdc DC-link voltage

Vdc;ref Reference value for dc-link voltage

z Number of electrons moving in fuel cell

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
are very desirable owing to their excellent characteristics:

low/zero emissions, simple implementation, high efficiency

and modular design [1e3]. Additionally, these structures

ensure a significant way to balance power flows and regulate

voltage/frequency in comparison to the discontinuous power

supply such as wind and solar energy [4]. In recent years, fuel

cell systems are integrated with the different electrical sys-

tems, and one of the fastest developments is the connection

with grids [5e7]. The connection of fuel cells and electrical

grids is entitled as grid-connected fuel cell system. This

connection of fuel cells with grids is executed to lessen the

electrical power demand supplied from the conventional

supplies. By this way, it is understandable that the electrical

power generated through fuel cell systems can be consumed

immediately in electrical applications and/or be sold to the

distribution firms [8,9].

Fuel cell power generation structures are conventionally

connected in a single-electrical feeder to support the electrical

grid power. This connection minimizes the instantaneous

variations and improves the system performance and safety

[10,11]. However, the electrical conversion is essential to
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transform the electricity from dc power to ac power in the

grid-connected fuel cells [7,12]. Therefore, fuel cells are inte-

grated to utility-grids via electronic converter based interface

elements. In the integration process, dc-ac conversion and the

power flow management from fuel cells to the grids are nor-

mally achieved through the inverter components [13,14]. In

the interfacing components of grid/fuel cell systems, dc/dc

converter is an element and its main function is to regulate

the input-side voltage at the inverter by keeping in the range

of ±5% [15]. In this context, it is obvious that the principal

function of fuel cells connected to the grids is provided

through inverters. Therefore, the function of the inverter is to

control the active power delivered from the fuel cell to the

grids/loads. In addition, it controls the reactive power flow

between the fuel cell and the main grid [16].

In conventional grid-connected systems, fuel cell energy

generation units are connected to the single feeders in order to

supply controlled power [17]. Among structures connected to

single-feeder, the systems include a fuel cell, a dc-dc converter,

an inverter, an output filter and isolation transformer con-

nected to the electrical grids. The main function of conven-

tional grid connected fuel cell systems is to supply only active

power for local loads/grids [18e31]. In addition to power flow

control capability, the grid-connected fuel cell systems are also

performed for additional functions [32]. Among these studies, a

significant number of studies not only control power flow but

also deal with the compensation of power quality problems

[33,34]. In the grid connected fuel cell systems. Current har-

monics are themost hazardous problems, which are defined as

distorted currents. At grid-side, these problems effect the cur-

rent quality as the result of nonlinear loads. Also, current

harmonics are distorted currents which [35]. In the grid con-

nected fuel cell systems, total harmonic distortion (THD) at

grid-currents should be smaller than 5% according to the

defined IEEE 2014.519 standards [36]. In Refs. [12,26,37e41],

current harmonics are analysed and compensated in order to

prevent the negative influences in systems connected to single-

feeder. In addition to current harmonic problems in the utility-

grids, reactive power flow is discussed in Refs. [42,43]. Also, the

studies in Refs. [15,44e46] are interested in voltage sag/swell

that induce hydrogen pressure in fuel cells. The study in

Ref. [47] presents a flexible control strategy with overcurrent

limiting capability for fuel cell connected hybrid system. Also, a

study is proposed to maximize power delivery capability for

fuel cell tied hybrid system [48]. In Ref. [49], frequency problems

are analysed in addition to power flow control capability.

However, in almost all of the investigated studies, it is clear

that the complete systems related to grid connected fuel cells

are connected to single-line electrical grids through a single

inverter system, as shown in Fig. 1. For this purpose, the cur-

rent study presents a novel concept of interline fuel cell (I-FC)

system in which two grid inverters in different feeders are

connected to a common fuel cell energy generation unit. In the

proposed concept, the grid inverters share a common dc-dc

converter based fuel cell system in order to supply partial

active powers for different feeders and achieve the simulta-

neous compensation current harmonics at both two feeders. In

this context, it eliminates an additional fuel cell and dc-dc

converter in order to compensate current harmonics at sepa-

rate multi-feeders. By this way, the present study introduces a
ith dual-functional control capability, International Journal of
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Fig. 1 e The single line diagram of a conventional grid-connected PEMFC system.
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novel and economical approach formultiline current harmonic

elimination in comparison with conventional systems con-

nected to single-feeder. In the operational process of the pro-

posed system, each inverter is operated in both power flow and

harmonic attenuation modes.

In this paper, a single proton exchange membrane fuel cell

(PEMFC) system with a dc-dc converter is designed to control

two feeders by using separate inverters connected to single

dc-dc converter based PEMFC. In the proposed topology,

19.3 kW grid-connected PEMFC system consisting of a Ballard

Stack Modules-FCvelocity 9SSL is developed according to the

operating principals of a PEMFC module. In the proposed

system topology, the original contributions are given as:

� In I-FC system, PEMFC pattern applied in this paper is

developed and validated according to the dynamic char-

acteristics of the stack model.
Fig. 2 e The propose
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� Grid-connected I-FC system is developed to supply shared

active powers and attenuate the current harmonics by

controlling two feeders, simultaneously.

� The system reduces the additional fuel cell/boost converter

in comparison with a system connected to single-feeder.

By this way, it is an economical way for multi-feeder sys-

tem in order to provide current quality at grid-side.

� This paper also presents a dual-functional control scheme

for I-FC system working in power supplying and current

harmonics elimination in two different feeders.

� For the operation of grid inverters, ab-dq transform based

control method is developed for duel-functional control

capability. For this purpose, the control algorithm is tested

in two-feeders for two-functional capabilities: power flow

control and current harmonic elimination.

This study is constructed as follows: the structural

configuration of the grid-connected I-FC system is defined and
d system: I-FC.

ith dual-functional control capability, International Journal of
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Table 1 e The design parameters of Ballard FCvelocity
9SSL.

Parameter Value Unit

Cell number 110 [�]

Voltage at 0 A and 1 A [106.15,104.61] [V,V]

Nominal operating point [260,73.4] [A,V]

Maximum operating point [320,64] [A,V]

PEMFC active region 285.8 [cm2]

Anode capacity 0.014 [m3]

Cathode capacity 0.00078 [m3]

Stack capacity 0.014 [m3]

H combustion 285.5 [kJ mol�1]

Faraday constant (F) 96.485 [C mol�1]

Thermal capacitance 17.9 [kJ C�1]

Water heat capacity 4.184 [kJ kg�1 K�1]

Universal gas constant 8.314 [J mol�1 K�1]

Fig. 3 e Dc-dc boost converter in I-FC system.
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its arrangement procedure is introduced in Section I-FC

System and design. In Section I-FC Control, the dual func-

tional controller scheme of I-FC system is given in detail. The

computer experiments are exhibited in Section Performance
Fig. 4 e The connection of grid
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results in order to validate the effectiveness of I-FC system.

In the last section, a conclusion is summarized in Section

Conclusion.
I-FC system and design

Fig. 2 shows the power circuit scheme of the grid-connected I-

FC system arranged in the proposed system. According to the

circuit scheme, I-FC consists of a single PEMFC module, a

single boost dc-dc converter, and grid-inverters with output

filters in order to control the power flow and harmonic elim-

ination at two separate feeders. The detailed information of I-

FC system configuration will be introduced in subsections.

PEMFC

In power system applications, PEMFC is the most common

fuel cell type which generates electrical power in dc-form [13].

For this purpose, the dynamic model of PEMFC used in I-FC

system is presented in this section. The electrical character-

istic behavior of PEMFC is given in Eqs. (1)e(4) [50]. Also, the

operating voltage of fuel cell is computed as [26]:

Vfc ¼Voc � VU � vd (1)

In which, Vfc is the instantaneous voltage at stack output,

Voc is defined as the open-circuit voltage, VU is the resistivity

overvoltage and vd is the absolute polarization overvoltage

(the function of oxygen concentration CO2 and Ifc), respectively

[38]. The open-circuit potential value of PEMFC dependent to

temperature and gas pressure is expressed below [38,44]:

Voc ¼Kc

"
Vo þðT�298Þ�44;43

zF
þRcT

zF
ln

 
PH2

P1=2
O2

PH2O

!#
(2)

where, Kc is a constant value in (kmol=sA�1). In addition, T

defines working temperature, Rc is the gas constant, F is
inverters in I-FC system.

ith dual-functional control capability, International Journal of
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Table 2 e The parameters and values of interface
components between the fuel cell and grid.

Dc-dc Converter-side

Type Boost

Inductor (L) 0.6 mH

Dc-link capacitor (C) 10 mF

Reference 120 V

Inverter-side

Type H-bridge

Inverter I - Filter inductor & capacitor 0.3 mH, 20 uF

Inverter II - Filter inductor & capacitor 0.5 mH, 15 uF

Transformer I&II turn ratio (Np/Ns) 0.4

Table 3 e The specification of nonlinear loads connected
to grid I and grid II.

Feeder I

Grid Voltage 220√2Sin(2p50tþ0�)
Nonlinear load type Uncontrolled rectifier

R1 4 U

C1 3 mF

R2 2.5 U

Feeder II

Grid Voltage 220√2Sin(2p50tþ60�)
Nonlinear load type Uncontrolled rectifier

R3 3 U

C2 0.2 mF

R4 5 U

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
Faraday constant, PH2
and PO2

are the gas pressure values, Vo is

an electromotive force for definitive pressure and z indicates

the number of electronsmoving. Ohmic overvoltage is defined

dependent to fuel cell's current and structural resistance [26].

Vohmic ¼ ifcRohmic (3)

The absolute polarization overvoltage is described as:

vd ¼N� A� ln
�
ifc
�
io
�

(4)

N indicates the cell number in PEMFC. Besides, A and io define

Tafel slope and exchange current detailed in Ref. [38]. The

model of Ballard FCvelocity 9SSL PEMFC power generation

unit used in the study is developed and validated based on the

dynamic stack structure. The design parameters of Ballard

FCvelocity 9SSL are given in Table 1.

Interfacing

In interfacing, dc-dc converters and inverters are the main

elements between fuel cells and grids. Among these con-

verters, the function of dc-dc converter in the grid connection

of a PEMFC is to stabilize the voltage at the output of fuel cell

and provide the efficient conversion for the input of inverter

[51]. In this regard, the principal goal of dc-dc converter is to

keep the inverter's input voltage fixed. In this study, boost

topology is used to stabilize the voltage located between the

fuel cell and grid inverters. In Fig. 3, the circuit scheme of a dc-

dc boost converter is presented.
Fig. 5 e Grid connected nonlinear lo
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In the dc-link control of boost converter, a PI controller is

employed to generate reference signals for the switching

process [52]. The PI controller takes the difference of actual

voltage and the desired reference value to generate the

required signal for triggering switch through pulse width

modulation [53]. The dc-dc boost converter is operated in

continuous mode and the switching time called duty cycle (D)

determines the conversion ratio. The output voltage in boost

converter is defined as:

Vdc ¼Vfc

�ð1�DÞ (5)

whereVdc is output voltage, Vfc is fuel cell voltage and D is duty

cycle.

In the output of a fuel cell, the power/voltage are produced

in dc form. However, these systemsmust ensure power to the

main grids in ac form [54]. For this reason, the structures are

connected to the grids through inverters. In the proposed

study, the generated power is supplied from the fuel cell to the

different feeders through separate grid inverters. The power

and voltage at the fuel cell output are generated in dc form,

but they must be supplied to the electrical grid in AC form

[10,51]. For this purpose, inverters convert the dc voltage to ac

voltage in order to supply the electrical energy into the grid

[45]. Fig. 4 introduces the separate inverters with output filters

and the isolation transformer in I-FC system.
ads in the multi-feeder system.

ith dual-functional control capability, International Journal of
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The generated voltage at the output of H-bridge inverter is

explained by using Fourier series. According to the Fourier

series, the generated voltage includes merely odd harmonic

parts in square-wave modulation technique [55]. The gener-

ated voltage by H-bridge inverter is written in Eqs. (6) and (7)

[56]:

VoðtÞ¼
X∞
n¼1

Vnsinðnuotþ qnÞ (6)

VoðtÞ¼
X
n�odd

4Vdc

np
sinðnuotÞ (7)

The fundamental control in I-FC system is achieved

through separate inverters. However, they generate high-

frequency noise signals in output voltages. For this purpose,

LC filters are located at the outputs of parallel inverters for the

elimination of switching ripples because of switching opera-

tion [57]. In addition, a step-up isolation transformer is located

between grid-side inverter side [46,58]. The parameter and

rating values of interfacing elements used in the I-FC system

are presented in Table 2.
Fig. 6 e The control steps for gr
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Grid with nonlinear loads

In the tested system, I-FC system is connected to multi-feeder

electrical grids in the ratings of 220 Vrms/50 Hz. As shown in

Fig. 5, full-bridge uncontrolled rectifiers are used as nonlinear

loads in order to generate current harmonics which distort the

power quality of grid currents [59]. Table 3 introduces the

power ratings, impedance values and activation times of load

banks.
I-FC control

The control steps for grid-inverters of I-FC system is intro-

duced in Fig. 6. This controller is applied in the inverter parts

of the I-FC system. The fundamental aims of the usedmethod

are to share active powers from the fuel cell to local loads and

to reduce current harmonics in multi-feeder grids. Also, the

detailed control mechanism of I-FC system is presented in

Fig. 7. According to the controller mechanism, it consists of

the four basic parts which are power control, current
id inverters in I-FC system.

ith dual-functional control capability, International Journal of
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harmonic calculation, reference signal generation and

switching process.

Power sharing

Inverter part is used to control the active/reactive power flow

between the fuel cell and grid. In active power flow control, it

is adjusted according to the fuel cell power rating. The real/

reactive powers delivered by system I-part and system II-part

are defined as Psys;I &Qsys;I and Psys;II & Qsys;II. In I-FC system, the

injected individual powers are the sum of supplied from the

fuel cell. Therefore, the equations are defined as:

Ptotal ¼Psys;I þ Psys;II (8)

Qtotal ¼Qsys;I þ Qsys;II (9)

In the proposed system, I-FC shares the supplied power

into multi-feeders: feeder-I and feeder-II. The proposed sys-

tem is designed to generate 18 kWpower from fuel cells and to

share it as 10 kW and 8 kW for feeder-I and feeder-II. However,

the reactive power is not required to be transmitted to the

system. For this purpose, the value of reactive power refer-

ence is adjusted to zero in order to provide zero reactive power

flow between grid and inverters [28,45]. In this context, the

actual voltages/currents at system-side are measured and

used to calculate instantaneous power values. This is
Fig. 7 e Dual functional contro
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achieved by using ab transformation according to Clarke's
theory [45].

Psys;n ¼ 1
2

�
Vsys;n�aIsys;n�a þVsys;n�bIsys;n�b

�
(10)

Qsys;n ¼1
2

�
Vsys;n�bIsys;n�a �Vsys;n�aIsys;n�b

�
(11)

In next step, the actual powermagnitudes are transformed

into dq frame [45]:

Psys;n ¼ 3
2

�
Vsys;n�disys;n�d þVsys;n�qisys;n�q

�
(12)

Qsys;n ¼3
2

�
Vsys;n�qisys;n�d �Vsys;n�disys;n�q

�
(13)

In the grid side control, d-component is oriented in dq

frame to control dc link voltage and power flow.

Vsys;n�d ¼Vsys;n (14)

Vsys;n�q ¼0 (15)

According to the (14) and (15), the power equations are

written in new form:

Psys;n ¼ 3
2
Vsys;n�disys;n�d (16)
l scheme of I-FC system.
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https://doi.org/10.1016/j.ijhydene.2019.10.122


Fig. 8 e The characteristics of Ballard FC-velocity PEMFC

stack.

Fig. 9 e The electrical waveforms at fuel cell output.

Fig. 10 e The power flow in I-FC connected grid system

with local loads.
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Qsys;n ¼ � 3
2
Vsys;n�disys;n�q (17)

It is clear that the real power is controlled by using only

d component of current, and q component of system current

is applied in reactive power control between inverter and grid

[28]. By using reference and actual values of active/reactive

powers, d and q components are calculated through PI and P

controller, respectively [44].

Iref ;n�d ¼Kp

�
Pref ;n �Psys;n

�þ Ki

Z �
Pref ;n � Psys;n

�
dt (18)

Iref ;n�q ¼Kp

�
Qref ;n �Qsys;n

�
(19)

where Pref ;n is power sharing value for inverter I and II,

respectively. Qref ;n is zero.

The actual d and q components of inverter currents are

calculated by using Isys;n. In this transform, orthogonal signals

are used as inputs. By using a and b components, dq compo-

nents are generated as below [45]:

�
Iactual;n�d

Iactual;n�q

�
¼
�

cosðutÞ sinðutÞ
�sinðutÞ cosðutÞ

��
Isys;n�a

Isys;n�b

�
(20)

Iactual;n�d and Iactual;n�q can be written as follows:

Iactual;n�d ¼ Isys;n�a cosðutÞ þ Isys;n�b sinðutÞ (21)

Iactual;n�q ¼ � Isys;n�a sinðutÞ þ Isys;n�b cosðutÞ (22)

By the subtraction of references and actual values, final

currents are computed in dq reference frame. These equations

are expressed as follows [28]:

Ierror;n�d ¼ Iref ;n�d � Iactual;n�d (23)
Please cite this article as: _Inci M, Interline fuel cell (I-FC) system w
Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.10.122
Ierror;n�q ¼ Iref ;n�q � Iactual;n�q (24)

In the inverse reference frame, the reference signal of

power flow is converted from dq to ab. In this transformation,

a component gives the reference signal because of a single
ith dual-functional control capability, International Journal of
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phase system. The inverse dq to ab transform is realized in

this form [60,61]:

�
Ia
Ib

�
¼
�
cosðutÞ �sinðutÞ
sinðutÞ cosðutÞ

��
Ierror;n�d

Ierror;n�q

�
(25)

By using inverse dq transform, the difference between

actual and measured signals is defined as an error in the

reference frame. In the controller, it is a single phase and only

a-output is used as an error signal (Ip�error;n ¼ Ia). It is written as

follows:

Ip�error;n ¼ Ia ¼ Ierror;n�d cosðutÞ � Ierror;n�q sinðutÞ (26)

Harmonic extraction

Current harmonics are extracted in the synchronous refer-

ence frame. For this purpose, the measured load currents are

first transformed into a and b components. In next step, these

components are converted to d and q components.

�
Iload;n�d

Iload;n�q

�
¼
�
cosðutÞ �sinðutÞ
sinðutÞ cosðutÞ

��
Ierror;n�a

Ierror;n�b

�
(27)
Fig. 11 e The current waveforms for (a) feeder I with no harmon

with harmonic elimination capability, and (d) feeder II with har
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It is known that Iload;n�d and Iload;n�q consist of harmonic

components in distorted current conditions. In dq frame,

fundamental part is in dc form but harmonic components act

as ac constituents [62]. The definitions of these components

are given in:

Iload;n�d ¼ I
‾

load;n�d þ ~Iload;n�d (28)

Iload;n�q ¼ I
‾

load;n�q þ ~Iload;n�q (29)

where I
‾

load;n�d and I
‾

load;n�q are dc components, ~Iload;n�d and
~Iload;n�qare AC components. By using low-pass filters,~Iload,n-d,
~Iload,n-q are extracted from Iload;n�d and Iload;n�q. In continua-

tion, harmonic components (~Iload;n�d and ~Iload;n�q) are converted

to a-component by using inverse ab-dq transform.

½Ihar;n� ¼ ½Ia� ¼ ½cosðutÞ sinðutÞ�
�
~Iload;n�d
~Iload;n�q

�
(30)

Ihar;n ¼~Iload;n�d cosðutÞ þ ~Iload;n�q sinðutÞ (31)
ic control, (b) feeder II with no harmonic control, (c) feeder I

monic elimination capability.
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Reference signal and switching

Reference signal in multifunctional compensation consists of

harmonics and dip/swell components. The compensation of

harmonics is achieved with injection of inverse voltage in

addition to dip/swell compensation. Therefore, reference

signal is the sum of Ip�error;n and inverse of Ihar;n.

Ierror;n ¼ Ip�error;n þ Ihar;n (32)

In which, Ierror;n is used in switching process.

The obtained reference signal (Ierror;n) is employed in the

hysteresis pulse width modulation to generate switching sig-

nals for H-bridge inverters [63]. The upper and lower values of

the hysteresis band are adjusted according to the inverter

current. Switches are triggered according to the following

hysteresis rule:

Ierror;n > h/S1;n&S4;n (33)

Ierror;n < h/S2;n&S3;n (34)

In which, h defines the hysteresis band. Also, it is selected

as 0.02 in the proposed system.
Performance results

In this work, I-FC system is designed and tested by using

19.2 kWBallard FC-velocity PEMFC stack. The designed system

has been performed to protect multi-feeders against current
Fig. 12 e THD spectrum for current harmonics (a) feeder I with no

feeder I with harmonic elimination capability, and (d) feeder II
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harmonics and share active powers supplied from PEMFC to

grids. For this purpose, nonlinear loads are connected to grids

in order to create harmonic distortions in the ratings of 31.19%

and 27.23%, respectively. By this way, the model has been

constructed and tested via Simulink environment program. In

order to analyze the grid-connected I-FC system, grid voltages

are selected as 220 Vrms/50 Hz in 0-degree and 60-degree

reference phase angles. The voltage and power characteristics

curve of Ballard FC-velocity PEMFC stack are given in Fig. 8

according to the operating conditions. In nominal operating

conditions, it is adjusted to generate approximately 18 kW

power at output.

The electrical characteristics of the fuel cell during the

operation state is introduced in Fig. 9. The waveforms show

that the fuel cell voltage/current are equal to approximately

73 V and 263 A, respectively. The power supplied from fuel cell

to grids is equal to nominal power 19.2 kW.

The grid-connected I-FC system is used to share supplied

power and mitigate the current harmonics at grid-side cur-

rents. Fig. 10 presents the power waveforms in I-FC con-

nected multi-feeder. In Fig. 10, it shows the power-sharing

values for part I and part II of I-FC. Ptotal is the value sup-

plied from the fuel cell and is equal to the sum of Psys;I and

Psys;II. In feeder I, the system I supply 10 kW into the feeder I.

But, the nonlinear load consumes 22.1 kW and ensure the

12.1 kW from the grid. While I-FC provides 8 kW for the

system-II, nonlinear load II demands 10.9 kW in the steady-

state. Therefore, it absorbs the remainder part from the

grid-side.
harmonic control, (b) feeder II with no harmonic control, (c)

with harmonic elimination capability.

ith dual-functional control capability, International Journal of

https://doi.org/10.1016/j.ijhydene.2019.10.122


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 11
In addition to the power supply by I-FC system, it can also

attenuate the current harmonics due to nonlinear loads con-

nected in feeder I and feeder II, as shown in Fig. 11. Among

these loads, load I causes a harmonic distortion which its

value is equal to 31.29% THD at grid-current. After the oper-

ation by I-FC with enabling the current harmonic elimination

capability, the THD value at grid current reduces to 3.51%

which is satisfied by IEEE-519 Std. 1993. When the power flow

control capability is active without harmonic mitigation

capability, THD value for grid-current at feeder II is 27.61% due

to the load II. It should be noted that THD value drops to 3.18%

after the harmonic elimination capability by I-FC system.

As presented in Fig. 12, FFT spectrum for grid-side current

is given up to 25th harmonics. It is obvious that 3rd, 5th and

7th harmonics are the most considerable components which

are greater than 5%. By the elimination with I-FC system,

these components appear to be significantly reduced. The

results show the harmonic orders up to 25th components.
Conclusion

In this work, a new approach in the grid-connected fuel cell

system is developed and tested for two-feeder system. In the

presented configuration approach, the tested system shares a

common dc-dc converter with fuel cell and it is named as

Interline Fuel Cell (I-FC) system. In comparison with a con-

ventional systems, it aims an economical way to mitigate the

current harmonic problems at grid-side for multi-feeders.

Also, this system uses a common dc-dc converter/fuel cell

with different grid inverters and achieves:

� To control power-sharing between lines and

� To mitigate the harmonic problems at grid-side currents.

For this purpose, a dual functional controller based on ab-dq

transform is performed in the grid inverters, separately. By

using the controller, the reference signals of injected powers &

current harmonics are obtained, respectively. The final refer-

ence signal which consists of power reference and current

harmonics is separately used in the switching process for grid

inverters. In the design process, the dynamic model of Ballard

FCvelocity 9SSL is used in the I-FC system for a generation the

required active power supplied to electrical feeders. Also, it is

connected to grid-inverters through a dc-dc boost converter.

The designed system achieves the power-sharing in the ratings

of 10 kW and 8 kW for feeder I and feeder II. Also, the current

harmonics due to nonlinear loads are significantly reduced to

values less than 5% THD, which is defined by IEEE-519 stan-

dards. In order to show the differences before/after the har-

monic elimination capability, THD spectrums of grid currents

are presented for feeder I and feeder II.
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