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Abstract

Proton exchange membrane fuel cells (PEMFC) have been noticed by

researchers due to their high efficiency, low pollution, and high‐power
density in distributed generation systems. In this paper, an LCL‐type grid‐tied
PEMFC fuel cell power conditioning system is evaluated in a harmonics‐
polluted low‐voltage grid. The LCL‐filters can lead to resonance and instability

despite their capability to attenuate harmonics. In this research, a transformer

has been used to connect the fuel cell inverter to the grid. The grid‐side
inductor of LCL‐filter is realized by the leakage inductance of the transformer.

In addition, for more effective resonance damping and attenuation of current

ripples caused by the grid voltage harmonics, a capacitor voltage comprehen-

sive feedback control has been designed and investigated. The comprehensive

feedback control of the capacitor voltage contains proportional, first and

second‐order derivative terms. In the proposed control scheme, the capacitor‐
current‐feedback is opposed by the capacitor voltage derivative term due to

reverse loop gain, which leads to deleting both of these loop gains. As a result,

there is no need to utilize a current sensor in this control method.

Consequently, the proportional and second‐order derivative terms of the

capacitor voltage attenuate the LCL‐filter resonance. A low‐pass filter is also

considered in the second‐order derivative loop in the controllable frequency

range to ensure system stability. The simulation results of the PEMFC power

conditioning system in different conditions confirm the proper attenuation of

LCL resonance of grid‐tied inverter, high‐quality current injection to the

harmonics polluted grid, the suitable stability, and the appropriate dynamic

response for the proposed system. Under the proposed control scheme, the

fuel cell power conditioning system demonstrates satisfactory stability. Even

when reducing the LCL filter values by 5%–20%, the system maintains its

stability effectively. Moreover, the THD of the injected current into the grid,
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employing the proposed control strategy, has been successfully reduced to an

impressive value of 1.97% in a weak and harmonical grid.

KEYWORD S

capacitor voltage thorough feedback control, current harmonics attenuation, LCL‐type grid‐
tied PEMFC, system stability

1 | INTRODUCTION

Reducing fossil fuel reserves and increasing environ-
mental pollution problems have caused researchers to
consider renewable energy a cheap and clean energy
source. Renewable energy includes wind, solar, geo-
thermal, hydropower, fuel cell, and so on. A fuel cell is a
suitable option for various applications due to its high
reliability, low pollution, low maintenance requirement,
and no use of moving devices.1 Fuel cells are classified
according to the type of electrodes, electrolytes, catalysts,
and operating temperature. There are currently six types
of fuel cells, including alkaline fuel cell (AFC), molten
carbonate fuel cell (MCFC), phosphoric acid fuel cell
(PAFC), proton exchange membrane fuel cell (PEMFC),
solid oxide fuel cell (SOFC), and direct methanol fuel cell
(DMFC).2 PEMFC is widely utilized in distributed
generation and hybrid systems due to its high‐power
density, solid electrolyte, low operating temperature, fast
start‐up, and suitable efficiency between 40% and 60%.3

Solid oxide fuel cell (SOFC) is widely used in large‐scale
fuel cell power plants due to their high operating
temperature, high efficiency, and high production energy
compared to other fuel cells.4 Higher energy efficiency
than the internal combustion engine, as well as no
pollution, has made the fuel cell one of the most modern
sources of power generation in the transportation
industry. Combining the fuel cell with secondary power
supplies such as capacitors will provide advantages such
as high‐power density, fast start‐up, and improved
dynamic response.5

The fuel cell output voltage magnitude is low and
inappropriate for grid‐tied applications. Hence, using
DC–DC converters, the fuel cell output voltage is boosted
to an appropriate voltage level. In addition to improving
the quality of the fuel cell output power, the DC–DC
converter also helps to better control energy storage
devices.6,7 The produced AC voltage by the voltage
source inverter (VSI) contains a significant harmonic
distortion. So, to improve the quality of the output
voltage, an interface filter is utilized between the inverter
and the grid. Different network interface filters, includ-
ing L, LC, LCL, and LLCL‐filters are utilized.8,9 Since in
an L‐type filter, only one inductor is responsible for

reducing current harmonics, the inductor size or switch-
ing frequency must be high enough to improve the
performance, as losses increase in both cases. The LC
filter performs better at high frequencies and is smaller
than the L filter. High inrush current and resonant
frequency are the main disadvantages of LC filters.10,11

The LCL‐filter, which consists of a converter‐side‐
inductor, a grid‐side‐inductor, and a capacitor, is smaller
than the L filter. This type of filter has a better
performance in eliminating harmonic content at high
frequencies. Although, LCL‐filters dampen the harmo-
nics well, they can cause system resonance and
instability. The use of resonance attenuation methods is
necessary to ensure the stability of the LCL‐based grid‐
tied systems.12

In general, resonance damping methods arising from
LCL filters are divided into two categories: active
damping methods13,14 and passive damping methods.15

Active damping methods are more favored due to their
lower power losses, efficiency, and greater flexibility
compared to passive damping methods. Among active
damping methods, the following approaches are com-
monly employed: capacitor current feedback,16 capacitor
voltage feedback,17 and LC‐trap voltage or current
feedback.18 Active damping based on capacitor current
feedback is one of the prevalent methods for damping
LCL filter resonances.19,20 By employing digital control
and considering control delays, capacitor current feed-
back is treated as a virtual impedance that creates
damping.21 If the resonance frequency of the filter (fr) is
greater than one‐sixth of the sampling frequency (fs)
(fr> fs/6), the virtual impedance behaves like a negative
resistance, which leads to the creation of right‐half‐plane
(RHP) poles and results in non‐minimum phase behav-
ior. To ensure system stability and prevent the generation
of right‐half‐plane poles, the gain margin must be more
precisely estimated. The requirements for gain margin
can enhance the system's stability against network
impedance changes but can also potentially lead to
instability. To address the issue of gain margin require-
ments, a positive equivalent resistance can be used,
which induces minimum phase behavior over a wide
frequency range.22 To extend the frequency range of the
equivalent resistance, methods for reducing control
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delays or compensating for control delays23 can be
employed.

Capacitor voltage through the feedforward procedure
containing three terms of proportional, derivative, and
second derivative of capacitor voltage can attenuate
current distortion caused by grid voltage harmonics.24,25

In a weak network, measuring grid voltage directly is
challenging, and the voltage of common coupling point or
PCC voltage is utilized instead. In several applications, the
inverter is interconnected to the grid by adding a
transformer,26,27 and the grid‐side‐inductor of the LCL‐
filter is utilized by the transformer leakage inductance. In
such a situation, the capacitor voltage of the LCL‐filter is
same as the PCC voltage. Unlike the grid‐voltage‐
feedforward procedure, the capacitor‐voltage‐feedback
scheme changes the current loop gain, which affects the
stability of the system.28 A capacitor‐voltage‐feedback
procedure can remove LCL resonance completely, which
is beneficial for system stability. In terms of digital control
delay, the capacitor‐voltage‐feedback scheme can be
considered as a virtual impedance (virtual resistor and
virtual inductor) parallel to the filter capacitor. The virtual
resistor dampens the LCL‐filter resonance peak. Never-
theless, this equivalent virtual resistor may be negative
and lead to right half‐plane (RHP) poles in the open‐loop
transfer function of the system, which leads to a
nonminimum phase behavior. If the virtual resistance is
negative, the resonant frequency is between 1/3 and 1/2 of
the sampling frequency, which causes system instability.29

To ensure the stability of the system, the resonant
frequency of the LCL‐filter should be less than 1/3 of
the sampling frequency. However, by correcting the digital
control delay, the grid‐tied inverter can maintain its
stability in the presence of high‐frequency harmonics.23

In this paper, capacitor‐voltage‐thorough‐feedback
(CVTF) scheme for an LCL‐type grid‐tied fuel cell power
conditioning system is used to eliminate the grid current
distortion caused by grid voltage harmonics. The CVTF
scheme contains proportional, derivative, and second‐
order derivative terms of the LCL‐filter's capacitor
voltage. In the proposed control scheme, the capacitor‐
current‐feedback (CCF) is opposed by the capacitor
voltage derivative term due to the same symmetric loop
gain. Thus, both of them can be deleted. As a result, the
capacitor's current sensor is economized, and
the resonance of the LCL‐filter is attenuated by the
proportional as well as second‐order derivative terms of
the capacitor voltage. To ensure that the equivalent
resistance is positive at the Nyquist frequency that is the
controllable frequency range, a low‐pass filter is con-
sidered in the second‐order derivative of the capacitor‐
voltage‐feedback. Consequently, the grid‐tied inverter
can perform in a stable condition.

The structure of the rest of this paper is as follows: In
Section 2, the materials and methods are presented. In
this section, the structure of the investigated fuel cell is
introduced, and the grid‐tied fuel cell power conditioning
system with LCL‐filter is presented and analyzed. Then,
in the continuation of the second part, the CVTF method
is presented, and the shaping of the equivalent resistance
using the CVTF scheme is presented. In Section 3, the
simulation results are presented. In this section, the
performance of the proposed system under the harmonic
network voltage, as well as under reducing hydrogen fuel
by 20% are simulated and analyzed. Finally, the last
section concludes the article.

2 | MATERIALS AND METHODS

In this section, an overview of the proposed system for
enhancing grid‐connected fuel cell power quality will be
provided. The proposed system involves a power genera-
tion unit based on a high‐efficiency PEMFC, capable of
producing around 10 kW of power, making it an
attractive option for power generation at low‐voltage
levels. This power is first passed through a DC–DC
converter and then injected into the grid using an
inverter. To connect the inverter to the grid, an LCL filter
is employed, along with a suitable control method to
inject high‐quality current into a weak and harmonic‐
rich grid. The step‐by‐step process of the proposed
control system and parameter design will be elaborated
further in the following subsections.

2.1 | Fuel cell

There are many methods and ideas for replacing fossil
fuels. The utilization of fuel cells as a developing
technology for producing clean energy has been pro-
posed, recently. A fuel cell is an electrochemical
converter that converts chemical energy into electrical
energy, which uses no moving terms. Therefore, the
simplicity of the structure, as well as the high efficiency,
are the significant characteristics of the fuel cells. The
fuel cell consists of two electric poles called electrodes,
electrolyte, and catalyst. Hydrogen gas enters the anode
electrode and is ionized by an oxidation reaction to a
positive hydrogen ion (H+) and a negatively charged
electron (e−). The fuel cell electrolyte only allows positive
hydrogen ions to be transferred from the anode to the
cathode and does not allow negative ions to be
transferred. Electron transfer occurs through an external
circuit and causes a direct DC. Figure 1 displays the
general structure and function of the fuel cell.
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The primary fuel for the fuel cell is hydrogen, but
oxygen is also required to carry out the chemical
reaction. Electrons enter the fuel cell from the
cathode electrode, and during a reduction chemical
reaction, electrons and protons combine with oxygen
in the air to produce water. The chemical reactions
that occur in a fuel cell at the anode and cathode are
as follows:

1. The reaction on the anode side is as follows:

H 2H + 2e .2
+ − (1)

2. The reaction on the cathode side is as follows:

1

2
O + H 2H + 2e H O.2 2

+ −
2  (2)

3. The total reaction is as follows:

1

2
O + H 2H + 2e H O + heat + electricity.2 2

+ −
2 

(3)

The operation of a PEMFC system is grounded in
principles of thermodynamics, hydrodynamics, electro-
chemistry, and mass transfer theory. These components
collectively form a complex nonlinear system, making it
challenging to construct a comprehensive mathematical
model. In this paper, an electrical model for PEMFC is
employed to generate DC current and voltage. Equation
(4) demonstrates the use of a nonlinear electrical model.
The equivalent electrical model of a fuel cell is shown in
Figure 2. From an electrical perspective, the fuel cell
voltage–current (V–I) characteristic is described by the
equation shown below:







V E NA

i

i sT
R i= − ln .

1

/3 + 1
− . .cell oc

fc

d
ohm fc

0

(4)

Here, Vcell represents the fuel cell voltage, and the
parameters Eoc, A, N , io, Td, ifc, and Rohm correspond to

the open‐circuit voltage, Tafel slope, the number of cells,
exchange current, the stack settling time, fuel cell
current, and internal resistance, respectively.

As depicted in Figure 3, it is evident that the slope of
the curve remains constant only within the ohmic region
of the fuel cell V–I curve. In this region, as the voltage
drops, the current rises. It is important to note that the
V–I characteristic of the fuel cell introduces limitations
on the device's performance. Following the activation
stage, it is essential for the fuel cell voltage to fall within
the range of Vmin and V1 to operate within the ohmic
region. Consequently, the design of the power condition-
ing system must take these limitations into account to
guarantee the stable performance of the system.

2.2 | Grid‐tied fuel cell

The general structure of the grid‐tied fuel cell power
generation system is shown in Figure 4. The fuel cell
generates DC voltage and a DC–DC converter is utilized
to increase the output voltage, and an inverter is used to
transfer the energy of the fuel cell to the AC network. As
a result of the switching process, the VSI produce ripples
that cause significant power quality problems in the

FIGURE 1 Proton exchange membrane fuel cell. FIGURE 2 Fuel cell electrical model equivalent.

FIGURE 3 Fuel cell operating points regions.
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point of common coupling (PCC). When connecting fuel
cells to the grid, an LCL‐filter can be used to minimize
the ripple generated by VSIs. The LCL‐filter removes the
voltage ripple but has zero impedance at the resonant
frequency, which leads to unstable operation of the grid‐
tied inverter. For inverter stability, the resonance caused
by the LCL‐filter must be attenuated.

2.3 | The analysis of LCL‐type grid‐tied
fuel cell inverter

Figure 5 displays the general structure of the grid‐tied
fuel cell power conditioning system with an LCL‐filter
and the general outline of the proposed control system.
According to the figure, vinv, vin, and vg are, respectively,
the AC voltage generated by the inverter, the DC link
voltage, and the grids voltage. The converter‐side‐
inductor is represented by L1, and the filter capacitor is
considered as Cf. The inverter is interconnected to the
network via a transformer with a turn ratio of n1/n2 = 1.
Transformer leakage inductance is utilized as the LCL‐
filter grid‐side‐inductor. Therefore, in this control
scheme, the filter capacitor voltage (vC) is used as the
PCC voltage (vPCC). In general, grid impedance consists
of an inductor and a resistor. The resistance on the grid
side impedance prepares the attenuation consequence
and contributes to the stability of the system. In the
structure under study for grid impedance modeling, a

pure inductor (Lg) is included to model the worst case in
terms of control and stability. Hence, the equivalent grid‐
side‐inductor (L2) is as follows.

L L L= + .lK g2

To control the reference current (iref) with a control
loop, the DC link voltage (vin) can be compared with its
reference value, and the amplitude of the current required
for injection into the grid can be calculated. If the
produced power of the fuel cell is increased, the DC link
voltage will increase, and to stabilize it, the reference
current must be increased. Thus, the balance of input and
output power to the DC link capacitor determines the
amplitude of the reference current injected into the grid.

The main purpose of the investigated control strategy
of the grid‐tied fuel cell power conditioning system is to
control the injection current by the fuel cell to the grid so
that it is in phase with the grid voltage and its harmonic
content is minimized. Due to resonance in the LCL‐filter,
a single current loop is not sufficient to ensure the correct
operation of the grid‐tied inverter with the LCL‐filter. In a
conventional control scheme, CCF is usually utilized to
dampen the LCL‐filter resonance. Based on Figure 5, the
mathematical control model of the grid‐tied fuel cell
power conditioning system with the LCL‐filter is shown in
Figure 6. ig(s) is the grid current that is sensed by the grid
current sensor, and after comparison with the reference
current iref(s), its error is delivered to the current controller

FIGURE 4 Grid‐tied fuel cell structure with LCL‐filter.

FIGURE 5 Overall power and control scheme for LCL‐type grid‐tied fuel cell inverter.
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Gi(s). Hi is the gain of the capacitor‐current sensor. The
capacitor current iC(s) is subtracted from the current
regulator output Gi(s) to produce the modulation signal
(vM). The proportional‐resonant (PR) compensator has a
more significant gain at the fundamental frequency than
the proportional‐integral (PI) regulator and limits the
steady‐state error. Therefore, PR compensator, according
to (5), has been utilized in this research.

G s K
K ω s

s ω s ω
( ) = +

2

+ 2 +
,i P

r i

i o
2 (5)

which ωi is the bandwidth of the resonance term, and ωo

is the output angular frequency.
Conventional control methods for grid‐tied inverters

with LCL‐filters can attenuate the harmonicas injected
into the grid. However, the current harmonics caused by
weak network distortion are difficult to eliminate. In the
proposed method, a CVTF scheme is used to prevent
current harmonics caused by grids' voltage distortions.
The use of digital control causes a sampling delay, which
is expressed by e−sTsam, where Tsam represents the inverse
of sampling frequency, that is half the switching cycle
(Tsw) based on the Nyquist rate. The PWM delay due to
zero‐order hold (ZOH) is equivalent to half the sampling
period.30 The delay transfer function as Gd (s) = e−1.5sTsam

with a period of 1.5 times the sampling period consists of
the sum of the computational delay and the PWM delay.
The KPWM= vin/Vtri is the inverter bridge transfer
function, or the inverter gain, in which Vtri is the
maximum amplitude of the triangular carrier wave. In

the system under study, unipolar Sinusoidal pulse width
modulation (SPWM) switching pattern has been used for
the grid‐tied fuel cell inverter. Thus, the effective
frequency of the harmonics appears to be twice the
switching frequency (2fsω).

2.3.1 | Grid current analysis

Using equivalent equations in Zheng et al.,25 the
functions of Figure 6 can be converted to the equivalent
functions based on GX1(s) and GX2(s) according to
Figure 7 using Mason's rule.

G s
K G s

s L C sCH K G s
G s( ) =

( )

+ ( ) + 1
( ),x

pwm d

i pwm d
i1 2

1 1
(6)

G s

s L C sCH K G s

s L L C s L CH K G s s L L

( )

=
+ ( ) + 1

+ ( ) + ( + )
.

x

i pwm d

i pwm d

2

2
1 1

3
1 2

2
2 1 1 2

(7)

According to Figure 7, Tori(s), the main loop current
gain, and ig‐ori(s), the main network current, can be
expressed as follows:

T s G s G s H( ) = ( ) ( ) ,ori x x i1 2 2 (8)

i s
H

T s

T s
i s

G s

T s
v s( ) =

1 ( )

1 + ( )
( ) −

( )

1 + ( )
( ).g ori

i

ori

ori
ref

x

ori
g,

2

2

(9)

As can be seen in (9), the main current of the network
ig‐ori(s) consists of two parts, the first part is proportional
to the reference current iref(s), and the second part is
proportional to the network voltage vg(s).

2.3.2 | Grid‐voltage‐full‐feedforward (GVFF)

According to (9), to eliminate the grid current distortion
caused by the grid voltage harmonics, a feedforward path
from vg(s) is added to the Gx1(s) output, as shown in

FIGURE 6 Control scheme of the LCL‐type grid‐tied fuel cell inverter under CCF strategy.

FIGURE 7 Equivalent control diagram of the grid‐tied fuel cell
inverter with LCL‐filter.

154 | HOSSEINPOUR ET AL.

 20500505, 2024, 1, Downloaded from https://scijournals.onlinelibrary.wiley.com/doi/10.1002/ese3.1624 by University Of Vaasa, Wiley Online Library on [04/03/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License



Figure 8A. Therefore, an additional grid current relation
based on the grid‐voltage‐feedforward is generated as
follows:

i s
G s

T s
v s( ) =

( )

1 + ( )
( ).ga gvff

x

ori
g−

2
(10)

Then, by dividing Gx1(s) by Gi(s) and transferring the
feedforward node of the grid voltage vg(s) to the output of
the current regulator Gi(s), the transfer function shown
in Figure 8A is equivalent to the transfer function
displayed in Figure 8B. The transfer function of the grid‐
voltage‐feedforward Gff(s) is defined as follows:

G s
G s

G s K G s
sCH

s L C

K G s

( ) =
( )

( )
=

1 1

( )
+

+
1

( )
.

ff
i

x pwm d
i

pwm d

1
1

2
1

(11)

This feedforward procedure is named the GVFF
scheme.

2.3.3 | CVTF

Direct measurement of the grid voltage vg(s) is a
challenging issue. Because of the relationship between
capacitor voltage and grid voltage, capacitor voltage
measurement vC(s) is used instead of grids voltage vg(s)
based on the following equation:

v s v s sL i s( ) = ( ) + ( ).C g g2 (12)

Using (12) and Figure 8B, Figure 9 demonstrates the
equivalent grid‐tied inverter's control block diagram

when the capacitor‐voltage‐feedback is used instead of
the grid‐voltage‐feedforward. Based on (10), an addi-
tional term is obtained according to the following
equation:

i s
G s

T s
v s sL i s( ) =

( )

1 + ( )
[ ( ) + ( )].ga cvtf

x

ori
g g cvtf−

2
2 −

(13)

Therefore, the current injected into the grid in terms
of capacitor voltage through the feedback scheme
(CVTF) is as follows:

i s i s i s( ) = ( ) + ( ).g cvtf g ori ga cvtf− − − (14)

Also, by replacing (9) and (13) in (14), the current
injected into the grid based on CVTF by applying
a component proportional to the reference
current iref(s) and a component proportional to the
grid voltage disturbance vg(s) can be obtained as
follows:

i s
H

T s

T s sL G s
i s( ) =

1 ( )

1 + ( ) − ( )
( )g cvtf

i

ori

ori x
ref−

2 2 2
(15)

As can be seen in (15), the component proportional to
the grid voltage disturbance vg(s) is removed in the
injected grid current. Therefore, disturbances caused by
grids' voltage will not affect the injected grid current. The
suggested method is named the CVTF scheme, which
thoroughly represents the complete elimination of the
current distortions caused by the grid voltage harmonics
and distortions, that is equal to the feedforward
procedure of the grid voltage. In (11), the expression 1/
Gd(s) cannot be physically realized. Thus, the Gd(s) is
assumed to one,31 and Gff(s) is expressed approximately
as follows:

G s
K

sCH
s L C

K
′ ( ) =

1
+ + .ff

pwm
i

pwm
1

2
1

(16)

(A)

(B)

FIGURE 8 Grid‐voltage‐full‐feedforward scheme, (A)
Considering grid voltage feedforward, (B) Equivalent block
diagram of Figure 8A.

FIGURE 9 The grid‐tied inverter's equivalent control diagram
with CVTF scheme.
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According to Figure 9 and by adding G s′ ( )ff , the grid

current is represented as follows:









i s G s
G s

G s

G s

T s

v s sL i s

′ ( ) = ′ ( )
( )

( )

( )

1 + ( )

( ) + ′ ( ) ,

ga cvtf ff
x

i

x

ori

g g cvtf

−
1 2

2 −

(17)

( )

i s i s i s

i s

v s

′ ( ) = ( ) + ′ ( )

= ( )

− ( ).

′

′

′

g cvtf g ori ga cvtf

H

T s

T s G s G s sL
ref

G s G

T s G s G s sL
g

− − −

1 ( )

1 + ( ) − ( ) ( )

1− ( )

1 + ( ) − ( ) ( )

i

ori

ori ff
Gx s

Gi s
x

ff
Gx s

Gi s
x

ori ff
Gx s

Gi s
x

2 1( )

( ) 2 2

1( )

( ) 2

1( )

( ) 2 2

(18)

By comparing (18) and (9), the current loop gain with
the CVTF scheme (T′cvtf ) is expressed as follows:

T
T s

G s G s sL
′ =

( )

1 − ′ ( ) ( )
.cvtf

ori

ff
G s

G s x
( )

( ) 2 2
x

i

1 (19)

According to (6), (7), (8), (16), (19), T′cvtf can be
written as follows:

T
G s G s K H

sL s L C sL G s
′ =

( ) ( )

+ (1 + ) (1 − ( ))
.cvff

i d pwm i

d

2

1
2

1 2
(20)

As seen in (16), the CVTF function includes the
proportional term of 1/KPWM, the derivative term of s,
CHi1, and the second‐order derivative term of s2L1C/
KPWM. According to Figure 6, the grid‐tied inverter's
control block diagram with the CVTF procedure is
shown in Figure 10A. In this diagram, CCF is transmitted
and replaced by capacitor‐voltage‐feedback. Thus, two
loops counteract each other, one for the CCF and the
other for the derivative term (sCHi1). As a result, both
loops can be removed, as shown in Figure 10B.

In the conventional CCF control scheme, a current
sensor is used to measure the capacitor current.
However, the capacitor voltage through the feedback
scheme has a proportional term (1/KPWM) and a
second‐order derivative term (s2L1C/KPWM) of the
capacitor voltage, and the active damping feedback of
the capacitor current is removed. The resonance of
the LCL‐filter instead of the CCF term is attenuated
by the second‐order derivative and proportional terms
of the capacitor voltage, which will be described in
Section 4.

(A)

(B)

FIGURE 10 Fuel cell inverter control with CVTF scheme, (A) the main control scheme, and (B) simplified control scheme.
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2.4 | CVTF in stable systems

By moving the capacitor‐voltage‐feedback from the output
of the current regulator to the input and modifying the
function of the feedback path according to Figure 10B, a
block diagram equivalent to Figure 11 is obtained.

The proportional term (1/KPWM) and the second‐
order derivative of the capacitor‐voltage‐feedback can be
considered equal by the virtual impedance Zeq‐k and
Zeq‐s2, respectively, that are connected in parallel to the
filter capacitor. The phrases Zeq‐k and Zeq‐s2 are expressed
as follows:

Z s
sL

G s
( ) = −

( )
,eq k

d
−

1
(21)

Z s
sCG s

( ) = −
1

( )
.eq s

d
− 2 (22)

Substituting s= j2πf in (21) and (22), these equations
are obtained as follows.

Z j πf

R f jX f

( 2 ) =

= ( )‖ ( )

eq k
πfL

πfT j πfT

eq k eq k

−
2

sin(3 ) + cos(3 )

Δ
− −

sam sam

1

(23)

Z j πf

R f jX f

( 2 ) =−

= ( )‖ ( )

eq s πfC πfT j πfT

eq s eq s

−
1

2 [sin(3 ) + cos(3 )]

Δ
− −

sam sam
2

2 2

(24)

where

R f
πfL

πfT
( ) =

2

sin(3 )
,eq k

sam
−

1
(25)

X f
πfL

πfT
( ) =

2

cos(3 )
,eq k

sam
−

1
(26)

R f
πfC πfT

( ) = −
1

2 sin(3 )
,eq s

sam
− 2 (27)

X f
πfC πfT

( ) =
1

2 cos(3 )
.eq s

sam
− 2 (28)

According to (23) and (24), and according to
Figure 12, Zeq‐k can be shown as a parallel connection
of Req‐k resistance and Xeq‐k reactance. Similarly, Zeq‐s2
can be shown as a parallel connection of Req‐s2 resistance
with Xeq‐s2 reactance.

Xeq‐k and Xeq‐s2 cause the system resonance at the ḟr
frequency to deviate the LCL‐filter resonance from the fr
frequency. If Req‐k and Req‐s2 are positive, they participate
in the resonance attenuation. If they are negative, they
create some right‐hand poles (RHP) in the open‐loop
transfer function, leading to system instability. According
to (25) and (27), the Req‐k and Req‐s2 curves can be
depicted versus frequency. As shown in Figure 13, Req‐s is
positive in the (0, fsam/3) range and negative in the ( fsam/
3, fsam/2) range, while Req‐s2 is negative in the (0, fsam/3)
range and is positive in the ( fsam/3, fsam/2) range. Note
that fsam= 1/Tsam is the sampling frequency.

The equivalent resistance (Req) can be expressed
according to (29).

R f R f R f

πfL

πfT f f

( ) = ( )‖ ( )

=
2

sin(3 )[1 − ( / ) ]
,

eq eq k eq s

sam r

− −

1

1
2

2

(29)

where fr1 is the resonance frequency caused by L1 and C,
which is represented as follows:

FIGURE 11 Block diagram of equivalent control of grid‐tied fuel cell inverter with CVTF scheme.

FIGURE 12 The virtual impedance equivalent by CVTF
scheme.
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f
π L C

=
1

2
.r1

1
(30)

Generally, the resonance frequency in stable systems
is less than one‐third of the sampling frequency ( fr1 <
fsam/3). Thus, according to (29), the Req curve versus the
frequency is shown in Figure 13. As can be seen, Req is
positive in the (0, fsam/3) and ( fsam/3, fsam/2) range and
negative in the ( fr1, fsam/3) range. This means that the
CVTF procedure may generate open‐loop RHP, causing
system instable condition, when the system resonance
frequency is ḟr ϵ ( fr1, fsam/3). So, a positive Req in the fully
controllable frequency range (0, fsam/2) is expected to
ensure system stability, which will be described in
Section 5.

2.5 | Equivalent resistance shaping in
CTVF scheme

2.5.1 | Equivalent resistance shaping by a
low‐pass filter

As shown in Figure 13, in the frequency (0, fsam/3)
range the resistance Req‐k is positive and Req‐s2 is
negative. To shape Req to a positive value, an easy
approach is the increment of the |Req‐s2|. Based on the
equivalent block diagram and simplification from
Figure 10B to Figure 11, the expression 1/Zeq‐s2
corresponds to the second‐order derivative term. There-
fore, a weighting factor of less than one (Kw) can be
considered in the second‐order derivative term of
capacitor voltage to increase the |Req‐s2| value. There-
fore, Req‐s2 is transformed as follows:

R f
K πfC πfT

′ ( ) = −
1

2 sin(3 )
.eq s

w sam
− 2 (31)

According to (25) and (31), Req is shaped as follows:

R f R f R f

πfL

π f L CK πfT

′ ( ) = _′ ( )// _′ ( )

=
2

(1 − 4 )sin(3 )
.

eq eq k eq s

W sam

1

2 2
1

2

(32)

The sin(3πfTsam) phrase is positive for f ϵ (0, fsam/3)
and is negative for f ϵ ( fsam/3, fsam/2). Hence Req to be
positive, the Kw< 1/(4π2f2L1C) expression requires to be
true for the frequency range of f ϵ (0, fsam/3), and Kw> 1/
(4π2f2L1C) must be true for the frequency range f ϵ ( fsam/
3, fsam/2). The range is shown in Figure 14 with the solid
region.

Given the positive Req, the value of Kw to keep the
harmonics elimination capability should be as close as
possible to one. The ideal value for Kw is demon-
strated in Figure 14 with a solid line. According to
this figure, in the frequency range of (0, fsam/3), the
ideal Kw curve is same as the curve of amplitude‐
frequency for the second‐order lowpass filter. If this
lowpass filter is utilized to achieve Kw, the Kw

requirements cannot be met in the ( fsam/3, fsam/2)
range. It should be noted that the second‐order
lowpass filter causes a phase delay. According to the
equivalent block diagram and simplification from
Figure 8B to Figure 9, the phase delay increases.
 Zeq‐D2 indicates that the amplitude of the second‐
order lowpass filter in the frequency range of ( fr1,
fsam/3) should not be less than 1/(4π2f2L1C). There-
fore, a first‐order lowpass filter is utilized in this
research.

2.5.2 | Design of a lowpass filter

Figure 15 displays a grid‐tied inverter's block diagram
with a CVTF scheme, in which a lowpass filter is
included in the feedback path of the second‐order
derivative of the capacitor voltage.

Consequently, the capacitor‐voltage‐feedback func-
tion is represented as follows:

FIGURE 13 The curves of Req‐k, Req‐s2, and Req by frequency.

FIGURE 14 Kw range for positive Req.
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G s
K

G s
L C

K
s″ ( ) =

1
+ ( ) ,ff

PWM
LPF

PWM

1 2 (33)

where GLPF(s) is a low‐pass filter transfer function
expressed as follows:

G s
s πf

( ) =
1

1 + /(2 _ )
,LPF

c LPF
(34)

where fc_LPF is the cutoff frequency. Using the low‐pass
filter, the Req‐s2 phrase is changed as follows:

R f

f f

πf fC f πfT f πfT

_′ ( ) =

−
_ +

2 _ [ _ sin(3 ) + cos(3 )]
.

eq s

c LPF

c LPF c LPF sam sam

2 2

2

(35)

According to (25) and (35), Req is shaped as follows:

( )
R f R f R

πfL f f

a f bf C

′ ( ) = _ ( )// _′

−
2 _ +

_ + _ +
,

eq eq K eq s

c LPF

c LPF c LPF

1
2 2

2

2

(36)

where

a π f L C πfT= (1 − 4 )sin(3 ),sam
2 2

1 (37)

b πf L C πfT= −2 cos(3 ),sam
3

1 (38)

c f πfT= sin(3 ).sam
2 (39)

According to (36), the numerator of the phrase R′eq is
positive. Therefore, to create a positive R′eq, it is necessary to:

a f bf c_ + _ + > 0.
c LPF c LPF
2 (40)

Since Req is positive in the (0, fr1) frequency range
without considering a positive low‐pass filter, and the
low‐pass filter is effective in making a positive Req,
equation (40) can only be true in the f ϵ ( fr1, fsam/2). In
the f ϵ ( fr1, fsam/3), if sin(3πfTsam) > 0 and 4π2f2L1C> 1,
then a< 0 will be resulted. As a result, according to (40),
we will have the following:

f f f< _ < ,c LPF1 2 (41)

where

f
b b ac

a
= −

− − 4

2
,1

2

(42)

f
b b ac

a
= −

+ − 4

2
.2

2

(43)

In the frequency range of fϵ ( fsam/3, fsam/2), if sin
(3πfTsam) < 0 and 4π2f2L1C> 1, so a > 0 and f1 > f2.
Therefore, according to (40), we will have the following:

f f f f_ < or _ > .c LPF c LPF2 1 (44)

To shape Req positively in the (0, fsam/2) range, (40)
must be true for each frequency in the range of f ϵ ( fr,
fsam/2). Thus, fc_LPF must be greater than the maximum
value of f1 in the f ϵ ( fsam/3, fsam/3) range and smaller
than the minimum value of f2 for f ϵ ( fr, fsam/3).

2.5.3 | Design sample

According to (41) and (42), with the described design
procedure, a design example is given here. The parame-
ters of the grid‐tied fuel cell inverter are specified in
Table 1. According to these parameters, the f1 and f2

FIGURE 15 Simplified block diagram of grid‐tied fuel cell inverter control with CVTF scheme by adding a low‐pass filter.
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curves are shown in Figure 16. According to this figure,
in the ( fr1, fsam/3) range, the maximum f1 value is zero,
and the minimum value of f2 is 3.55 kHz. While in the
( fsam/3, fsam/2) range, the maximum value of f1 is
2.414 kHz. Given that with a higher value of fc_LPF, the
harmonic attenuation capability is less affected, so
fc_LPF= 3 kHz is considered.

By substituting fc_LPF= 3 kHz in (35) and (36), R'eq_s2
and R'eq curves versus frequency can be plotted as shown
in Figure 17. According to this figure, in the frequency
range of (0, fsam/2), R'eq is positive, which is a satisfactory
design requirement.

According to (5) and (16), the loop gain Bode plot of
the grid‐tied fuel cell inverter is shown in Figure 18. As
can be seen, the resonance peak is damped when
capacitor voltage through the feedback scheme is
utilized. Nevertheless, there is a right‐hand pole (RHP)
pair, and the phase curve does not exceed −180°, so the
stability of the system is not realized. By considering the
low‐pass filter to the second‐order derivative term of
capacitor voltage, there is no RHP in the open‐loop

transfer function. The cut‐off frequency is ωc= 3.1 kHz,
the phase margin is PM= 47.8°, and the gain margin is
GM= 9.84 dB. Therefore, the system stability is ensured
by the suggested capacitor‐voltage‐feedback scheme.

Figure 19 demonstrates the closed‐loop zero and
poles with different grid impedances (Lg). By changing
the Lg from zero to 3mH, all zeros and closed‐loop poles
of the system are within a unit circle. So, the suggested
scheme of CVTF increases the stability and robustness of
the system against changes in grid impedance.

2.5.4 | System sensitivity analysis

Sensitivity analysis provides information about system
output based on changes in system component parame-
ters under environmental conditions. In general, system
sensitivity analysis is complex, and only the parts that
play a significant role in the system stability are analyzed.
In the analysis of LCL‐filters, changes in the parameters
of the inverter side and grid side inductances, as well as

TABLE 1 The parameters of the investigated grid‐tied fuel cell
inverter.

Parameter Value Parameter Value

Grid voltage
(rms) (Vg)

220 V Triangular wave Max
amplitude (Vtri)

4.578 V

Inverter side
inductance (L1)

460 μH DC link voltage (vin) 360 V

Filter
capacitance (C)

10 μF Proportional
coefficient (Kp)

0.0965

Trans. leakage
inductance (Llk)

180 μH Resonance
Coefficient (Kr)

22

Grid frequency (fo) 50 Hz Inverter side current
sensor gain (Hi1)

0.013

Switching
frequency (fsw)

10 kHz Grid side current
sensor gain (Hi2)

0.15

FIGURE 16 The curves of f1 and f2.

FIGURE 17 The curves of Req_k, R'eq_s2, and R'eq by frequency.

FIGURE 18 Bode plot of a grid‐tied fuel cell inverter.
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the filter capacitor, play a major role in the stability of the
system. For the designed LCL‐filter parameters, the THD
value of the grid side current (ig) is 1.97%, and the
inverter side current (iL1) is 9.1%. The probability of
increasing the size of the inductor and capacitor is small.
So, the sensitivity analysis has been investigated to
reduce the LCL‐filter parameters by 5% to 20% (Table 2).

To investigate the system stability and system
requirements (GM> 3 dB and PM> 45°), Bode plots of
the investigated system with changes in inductor and
capacitor parameters of the LCL‐filter are analyzed and
shown in Figure 20. The initial value of the converter‐
side‐inductor (L1) is 460 mH and the grid‐side‐inductor

(Llk) is 180 mH. The first case is shown in Figure 20A for
a 5% to 20% reduction in both filter inductors. Under
these conditions, the phase margin and the gain margin,
respectively are PM= 48.1° and GM= 10.9 dB, PM=
48.4° and GM= 11.6 dB, PM= 48.6° and GM= 11.9 dB,
and finally, PM= 48.8° and GM= 12.1 dB, and the
system has the appropriate stability. The second case
is shown in Figure 20B for a 5% to 20% reduction in the
capacitor and both filter inductors. Under these condi-
tions, the phase margin and the amplitude margin,
respectively are PM= 48.1° and GM= 12 dB, PM= 48.4°
and GM= 13 dB, PM= 48.6° and GM= 13.5 dB, and
finally, PM = 48.8° and GM= 13.8 dB, and the system
has the suitable stability. The third case is shown in
Figure 20C for a 5% to 20% reduction in the LCL‐filter
capacitor. In these conditions, the phase margin and the
amplitude margin are PM= 47.8° and GM= 11.4 dB,
PM= 47.8° and GM= 12.5 dB, PM= 47.8° and GM=
13.3 dB, and finally, PM = 47.7° and GM= 14.1 dB,
respectively, and the system has the appropriate
stability.

3 | RESULTS AND DISCUSSIONS

As mentioned in the first section, although the LCL
filter has the capability to mitigate harmonics
effectively, it can lead to resonance and system
instability. To mitigate resonance and ensure system
stability, this paper presents a full capacitor voltage

FIGURE 19 The zero‐pole map for the grid‐tied fuel cell
inverter system under the CVTF scheme.

TABLE 2 Sensitivity analysis of the system under variation of filter parameters.

Proposed control Conventional control

THD of the
inverter side
current (iL1) (%)

THD of the grid
side current
(ig) (%)

THD of the
inverter side
current (iL1) (%)

THD of the grid
side current
(ig) (%)

5% reduction in L1 & L2 9.58 1.97 15.71 15.01

10% reduction in L1 & L2 1.11 1.98 16.08 15. 16

15% reduction in L1 & L2 10.74 1.99 16.49 15.32

20% reduction in L1 & L2 11.43 2.01 16. 93 15.45

5% reduction in Cf 9.12 1.97 15.44 14.84

10% reduction in Cf 9.14 1.97 15.51 14.84

15% reduction in Cf 9.14 1.99 15.59 14.84

20% reduction in Cf 9.18 2.02 15.66 14.84

5% reduction in L1, L2 & Cf 9.60 1.98 15.79 15.01

10% reduction in L1, L2 & Cf 10.17 1.99 16.23 15.16

15% reduction in L1, L2 & Cf 10.80 2 16.72 15.32

20% reduction in L1, L2 & Cf 11.52 2.03 17.25 15.47
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feedback method, which, in contrast to the conven-
tional and well‐known capacitor current feedback
method, possesses the capability to provide stability
and inject high‐quality current into a weak and
harmonic‐rich grid. After the control system is
designed, the sensitivity and stability of the control
system are evaluated for changes in the LCL filter
parameters and for variations in the network imped-
ance. Once the proper stability and low sensitivity of
the control system are confirmed for a wide range of
parameter variations, this section will present the
simulation results of the grid‐connected power con-
ditioning fuel cell system. To achieve this, the

performance of the system under investigation will
first be assessed in a harmonic‐rich grid, and then the
system's power injection performance with a reduced
hydrogen fuel supply will be evaluated.

The parameters of the grid‐tied fuel cell inverter
with an LCL‐filter are presented in Table 1. Low voltage
network impedance is usually modeled as an inductor
and resistor. Since the resistor contributes to the
stability of the grid‐tied inverter, only an inductor is
used as the grid impedance to investigate the worst case.
The fuel cell employed in this study belongs to the
PEMFC type. It provides a nominal voltage of 45 V, a
power output of 6.5 kW, and operates at 65°C. The

(A) (B)

(C)

FIGURE 20 System stability analysis based on changes in LCL‐filter parameters, (A) changes in the inverter side and grid‐side‐inductor,
(B) changes in all parameters of the LCL‐filter, (C) changes in the Capacitor.
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power generation is achieved through the utilization of
65 individual cells.

3.1 | Performance of the proposed
system under the harmonic network
voltage

The results of grid‐tied fuel cell inverter performance
with grid impedance equal to L = 2.6mHg under the
proposed control strategy in a weak and harmonic grid
are shown in Figure 21. The THD values of the converter‐
side‐inductor current (iL1) and the grid‐side‐inductor
current (ig) with the proposed control strategy are
9.10% and 1.97%, respectively, which are shown in
Figures 21A,B. Figure 21C displays the PCC voltage
and the injected current to the network. Based on this
figure, the PCC voltage and the injected grid current are
in phase. Although the PCC voltage is highly distorted

and contains significant low‐order harmonics, the
injected grid current does not contain any low‐order
harmonics, and its quality is very desirable. The quality
of the injected grid current indicates the appropriate
capability of the proposed control method. Figure 21D
presents the power injected by the fuel cell power
conditioning system into the grid. According to this
figure, the proposed system injects 6.15 kW of power into
the network.

The performance results of the studied fuel cell power
generation system are shown in Figure 22. Figure 22A
shows the fuel cell voltage, which is 43 V. This voltage is
increased for connection to the grid by a DC‐DC
converter and reaches the required voltage of the
network. In Figure 22B, the current of the fuel cell is
shown to be 148 A. From the product of the voltage and
current of the fuel cell, the output power of the fuel cell is
obtained, which is approximately 6.4 kW and is shown in
Figure 22C.

(A)

(B)

(C) (D)

FIGURE 21 Operating result of the grid‐tied fuel cell inverter under the proposed control strategy, (A) current and the converter‐side‐
inductor THD, (B) network side inductor's current and THD, (C) PCC voltage and grid current, (D) power injected into the network.
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To compare the proposed control method with the
conventional control method based on the CCF scheme,
the performance of the conventional control method
under the same conditions has been evaluated and
compared. Figure 23 displays the PCC distorted and
harmonical voltage and the grid injected current by the
conventional control method. Since the CVTF is not used
in the conventional CCF method and the inverter output
impedance shaping is not evaluated, the quality of the
injected current into the grid is not acceptable in a
harmonics‐polluted and weak network.

3.2 | Performance of the proposed
system by reducing hydrogen fuel by 20%

Figure 24 presents the results of fuel cell performance
to reduce fuel flow by 20%. According to the figure, in

a period of 1–1.5 s, the fuel flow is reduced by 20%,
and the production capacity of the fuel cell and the
grid‐injected current is also reduced. After this
interval, the fuel flow and fuel cell production
capacity returned to the normal condition.
Figure 24A shows the grid‐injected current that
during the period of fuel flow reduction, the grid‐
injected current has decreased by about 20%. The
voltage, current, and generated power of the fuel cell
are shown in Figure 24B–D. As the fuel flow
decreases, the fuel cell voltage decreases somewhat.
But the main reduction occurs in the produced
current of the fuel cell and decreases from 123 to
100 A. Eventually, the generated power of the fuel cell
decreases in proportion to the amount of fuel flow
reduction, from 6270 to 4850 W. Figure 24E presents
the DC link voltage of the DC–DC converter output.
The DC–DC converter increases the output voltage of

(A) (B)

(C)

FIGURE 22 Fuel cell performance, (A) voltage, (B) current, and (C) produced power.

FIGURE 23 The function of grid‐tied fuel cell inverter with conventional CCF scheme.
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the fuel cell to the desired value for connection to the
grid by the inverter. Considering the effective voltage
of the network equal to 220 V, the minimum value of
DC link voltage should be 2 times of rms grid
voltage. In this study, the reference value of DC link
voltage is considered 360 V. The injected power to the
grid is shown in Figure 24F. According to this figure,
during the power flow reduction interval, the power
injected into the network decreased by about 20% and
decreased from 6030 to 4590 W. According to this
figure, the appropriate operation of the DC link
controller to determine the reference current (iref) to
control the power injection into the network can be
seen.

Finally, a comparison among the suggested control
scheme with recent presented studies about grid‐tied
power conditioning systems in harmonics‐polluted and
weak grids is investigated in Table 3. According to this
table, the current quality of the suggested scheme is more
suitable.

(A) (B)

(C) (D)

(E) (F)

FIGURE 24 Grid‐tied fuel cell inverter performance with 20% reduction in hydrogen fuel, (A) grid current, (B) fuel cell current, (C) fuel
cell voltage, (D) fuel cell output power, (E) DC link voltage, and (F) power injected into the network.

TABLE 3 Comparison of the suggested scheme with various
control schemes.

Applied method
Filter
type Controller

THD
(%)

Presented in Lai et al.32 LC Quasi‐resonant 4.5

Presented in Guoqiao
Shen et al.33

LCL PR 2.2

Presented in
Padmanaban et al.34

L MPPT 2.8

Presented in
Mohiuddin et al.35

LC Partial feedback
Linear controller

3.97

Presented in Li et al.36 LC Active
control + VPI

2.94

Presented in Patra
et al.37

Hybrid
filter

Backstepping
control

1.89

Presented in Yang
et al.38

LC PR 2.88

Proposed LCL PR and CVTF 1.77

Abbreviation: CVTF, capacitor voltage thorough feedforward.
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4 | CONCLUSION

In this paper, a CVTF control scheme is utilized to
control an LCL‐type grid‐tied fuel cell power condition-
ing system. In addition to the resonant damping method,
the proposed method also is capable of eliminating
current distortion caused by the grid's voltage harmonics.
The design based on CVTF consists of three parts, which
include the proportional term (1/KPWM), the proportional
derivative, and the second‐order derivative term of
capacitor voltage. Given that the derivative term of the
capacitor voltage is proportional to the CCF; Therefore,
the effect is neutralized, and there is practically no need
to use a capacitor current sensor in the proposed control
method. To ensure the positive equivalent resistance to
the Nyquist frequency, the low‐pass filter (LPF) in the
second‐order derivative path is used. With the capacitor
voltage through the feedback control method, the grid‐
tied fuel cell inverter operates stably in a harmonics‐
polluted and weak network and can attenuate the
harmonics optimally. The grid‐connected inverter of
the fuel cell system under the proposed control strategy
exhibits acceptable stability. Even with a 5%–20%
reduction in the LCL filter inductor and capacitor values,
the system's stability requirements, including a gain
margin greater than 3 dB and a phase margin exceeding
45 degrees, are maintained. Additionally, the THD of the
injected current into the grid using the proposed control
strategy under the presence of harmonics in the weak
network has reached the desirable value of 1.97%. The
simulation results of the proposed grid‐tied fuel cell
power conditioning system show the ability of the
proposed system to transfer the fuel cell power to the
weak and harmonic‐polluted network in stable and
dynamic conditions.
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