‘]‘]EE Volume 9 | Number 1 | March 2023 | Pages 98-124

. Y
K% Jordan Journal of Electrical Engineering
@

ISSN (print): 2409-9600, ISSN (online): 2409-9619

ol Sl o5 Ggaio Homepage: jjee.ttu.edu.jo

Scientific Research Support Fund

Power Conditioner Design and Control for a Grid-Connected
Proton Exchange Membrane Fuel Cell

Majid Hosseinpour!**’, Tooraj Sabetfar?>/, Abdolmajid Dejamkhooy3

1.2,3 Department of Electrical Engineering, University of Mohaghegh Ardabili, Ardabil, Iran
E-mail: hoseinpour.majid@uma.ac.ir

Received: October 08, 2022 Revised: November 24, 2022 Accepted: November 30, 2022

Abstract— In this paper, the design, control and stability analysis of the inverter-based power conditioner -
which is connected to the low voltage grid via an LCL filter - is presented to manage the power flow of the Proton
Exchange Membrane Fuel Cell (PEMFC). Since the PEMFC-generated voltage is lower than the grid voltage, a
DC-DC converter is utilized to increase the PEMFC output voltage. The LCL filter is employed to improve the
injected current quality and to reduce the inverter output voltage distortions. This filter can cause resonance and
system instability. The current double feedback control method, which uses inverter side and grid side currents
as feedback current, is suggested to dampen the resonance and improve harmonic eliminations. The suggested
power conditioner system is simulated in MATLAB/Simulink to verify the model performance and the suggested
control method. The obtained results show i) good performance of the suggested system in managing PEMFC
power flow into the grid, ii) high quality of the injected current and iii) system stability against the grid
impedance change disturbances.

Keywords— Proton exchange membrane fuel cell; LCL filter; Current double feedback; Stability analysis.

1. INTRODUCTION

Nowadays, environmental concerns such as global warming and greenhouse gas’s
harmful effects cause to endeavor to reduce fossil fuel consumption. Due to being clean and
available, renewable energy resources such as solar energy, wind energy and fuel cells can be
considered as main alternatives to fossil fuels [1, 2]. Fuel cells are electrochemical devices
which convert hydrogen inner chemical energy into electrical energy. Fuel cells usually
produce low voltage, and several cells are connected in series. Some advantages of fuel cells
are clean production and high reliability and efficiency [3].

The three main parts of the fuel cells are the electrolyte, cathode, and anode. Fuel and
oxygen enter via special channels into the cathode and the anode. Regarding electrolyte type,
the cells can be divided into different categories [4]. Due to low-temperature operation, high
power density, non-emission of CO2, and fast starting, the Proton Exchange Membrane Fuel
Cells (PEMFC) are adopted as Distributed Energy Resources (DER) in the distribution grids
and are employed in hybrid vehicles widely [5, 6]. In large-scale fuel cell power plants, solid
oxide fuel cell (SOFC) and molten carbonate fuel cell (MCFC) types are utilized because of
their high efficiency and fast response to load changes [4, 7]. Grid-connected hybrid systems,
which include PV and fuel cells, are attended by researchers. If the PV system does not supply
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the load due to a change in irradiation or temperature, the fuel cell will compensate power
lack [8, 9].

Fuel cell generated voltage is lower than the grid voltage. Therefore, it is necessary to
utilize a DC-DC converter to increase the voltage level [10]. Voltage Source Inverter (VSI)
converts DC voltage into AC and connects the fuel cell to the grid. So far, different control
methods have been presented for connecting the fuel cells to the grid. In [11, 12], the inverter
is controlled by a synchronous reference frame based on active and reactive power control. In
[13], the fuel cell-inverter system uses a second-order notch filter to yield a high-quality
output current.

To improve injected current quality, four types of filters, L, LC, LCL, and LLCL, are
utilized as an interface between the inverter and the grid [14, 15]. In the L-type filter, an
inductance reduces current harmonics. For better performance, the inductance should be
large enough, or the switching frequency should be high, which causes more losses [16]. LC
filter includes an inductance and a capacitor. Compared with the L filter, this filter shows
better performance in the high frequencies and smaller inductance sizes. High inrush current
and resonance frequency dependence on the grid impedance are the LC filter disadvantages
[17]. LCL filter is constructed of a converter side inductance, a grid side inductance, and a
capacitor. Compared with the L filter, the inductance size is smaller. The LCL filter’s
performance in eliminating high-frequency harmonics is better than other types [18]. If a
small inductance connects to the capacitor of the LCL filter, the LLCL filter will be yielded. It
can be utilized in high-power inverters. Compared with LCL filters, LLCL filters show more
effective harmonic attenuation in the switching frequency. Similar to high-order filters, LLCL
filters have resonance problems, which leads to system instability [19].

Utilizing LCL filters in the output of the inverters may cause resonance and system
instability. Therefore, damping methods are necessary to ensure system stability [20, 21].
Active Damping (AD) and Passive Damping (PD) are two main approaches to damping the
LCL filter resonance phenomenon. Due to smaller power loss in the AD methods, these
methods are preferred. On the other hand, AD methods require voltage and current sensors
and complicated control schemes. Various methods for active damping of the LCL filter
resonance have been presented. The dominant method is based on capacitor voltage or
current feedback. By considering calculation and PWM delays, capacitor current feedback
equals virtual impedance parallel with the LCL filter capacitor [22]. Filter resonance
frequency changes by virtual impedance. In LCL filters, the system stability depends on
resonance frequency (fr) and sampling frequency (fs). In the low voltage grids, the system
stability is limited to one-sixth of the sampling frequency. If fr < fs/6, the inverter side’s
inductance current feedback will stable the system, and the grid side’s inductance current
feedback cannot stable the system. If fr > fs/6, the grid side current feedback will stabilize the
system [23, 24]. If the real resonance frequency is higher than one-sixth of the sampling
frequency, the virtual impedance will have a negative resistive component. Then, an unstable
pole pair will be yielded in the open-loop transfer function, which causes non-minimum
phase behavior [25].

In this paper, PEMFC power flow into the low-voltage grid via an LCL filter enhanced
inverter is investigated. To control the Grid-Connected Fuel Cell Inverter via an LCL filter
(GCFCI-LCL), a current dual feedback scheme is suggested. This scheme is based on the
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inverter side current and the grid side current feedback to dampen the LCL filter resonance
and attenuate the voltage harmonics. Converter side Current Feedback (CCF) damps the
resonance and improves the inverter side current quality. Grid side Current Feedback (GCF)
maintains the system stability against the grid impedance changes. A systematic trend for the
parameters design of the suggested control scheme is investigated. Resonance damping,
marginal stability, and on-grid characters are considered to ensure the grid-connected system
stability.

The paper is structured as follows: section 2 is about the construction and operation of
the fuel cells. In section 3, the LCL-type grid-connected fuel cell inverter is modeled and
analyzed. In section 4, the suggested current dual feedback control method is explained. A
case study by the suggested method is investigated and compared with other methods. The
system stability and sensitivity analysis are carried out in section 5. The simulation results
and the conclusion are in sections 6 and 7, respectively.

2. CONSTRUCTION AND OPERATION OF THE FUEL CELL
2.1. Fuel Cell Construction

The fuel cell is a device that converts chemical energy into electrical energy. The
inherent trend of hydrogen and oxygen is combination and water production. In fuel cells,
this trend is utilized for electrical energy generation. As shown in Fig. 1, the fuel cell is
constructed from the electrolyte and two electric poles as anode and cathode. The electrolyte
has an important role in the fuel cell. In the fuel cell, ione displacement is conducted by
necessary selectivity, and the two reaction factors are separated. Therefore, two half-reactions
take place in the electrodes. It leads to generate electricity. In addition to it, each fuel cell has a
catalyst. The electrolyte displaces the ions between electrodes while the catalyst increases the
electrode reaction rates.
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Fig. 1. Fuel cell construction.

2.2. Fuel Cell Operation

In the fuel cell, the anode and the cathode are continually fed by hydrogen and air
oxygen, respectively. At the anode, the hydrogen molecule converts into two protons and two
electrons. The electrolyte layer between the anode and the cathode permits only protons to
transfer to the cathode. The electrolyte layer does not permit to transfer negative ions and acts
as an insulator. Therefore, to reach the cathode, the electrons transfer the external circuit and
produce the electrical current. At the cathode, recombination of the positive and negative ions
and oxygen is conducted, and pure water is yielded [5].
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The occurred chemical reactions in the fuel cell are given below.
1. The anode reaction

H, >2H +2 (@)
2. The cathode reaction
140,+H, >2H" +2¢ > H,0 )

3. The total reaction

%02 +H, >2H" +2e” — H,O + heat +electricity ©)

2.3. Fuel Cell Connection to the Grid

The grid-connected fuel cell with an LCL filter is shown in Fig. 2. Fuel cells produce DC
voltage at their terminals, and to increase produced voltage level, DC-DC converters are often
utilized [10]. Since the grids are AC, DC-AC converters are employed to transfer power from
the fuel cells to the grids. Due to the switching process, voltage source inverters produce
some distortions, which cause remarkable problems in the grid power quality. LCL filter
utilized as an interface between the inverter and the grid is a solution for decreasing the
distortions. LCL filter has zero impedance at the resonance frequency. This fact causes
inverter instability. Toward stability, the resonance should be damped.

L, L, L,
|| || | IS 112
DC AC | + ¥
FC Vinv =C PCC Vg
| | DC \ | bpc ] ! -

Fig. 2. Structure of the grid-connected fuel cell with LCL filter.

3. THE GRID-CONNECTED FUEL CELL WITH LCL FILTER
3.1. Model Description

The inverter side and the grid side inductance currents control strategy is proposed to
inject high-quality current and improve the stability of the inverter-based grid-connected fuel
cell with an LCL filter (GCFCI-LCL). The schematic of GCFCI-LCL and its control structure
are illustrated in Fig. 3. In this figure, L1, C;, and L are inverter side inductance, capacitor, and
grid side inductance of the LCL filter, respectively. Also, i1, iz, and i. are inverter side and grid
side currents and capacitor current, respectively. Moreover, viw, vy, and vpcc are inverter side
voltage, grid voltage, and point of the common coupling voltage, respectively. The total grid
impedance at PCC is modeled by an inductance and a resistance. By Phase Locked Loop
(PLL), the reference current and the grid voltage become synchronous. Yielded signal from
the reference current and PLL output signal is compared with the current of L, and then the
error signal feeds the current regulator Gi. The suggested control strategy is based on the
feedback of two currents, the currents of the inverter side inductance and the grid side
inductance. So, the output signal of the current regulator Gj is compared with the inverter
side current, and the switching reference signal is generated. Unipolar PWM is utilized for
switching the inverter. Hence, the effective frequency of the harmonics appears at 2f;.
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Fig. 3. Power circuit and the suggested control scheme for the grid-connected fuel cell inverter.

3.2. Filter Design

The inverter side inductance current ripple is determined by the inverter output voltage
(vin) and filter capacitor voltage (v:). This inductance faces high-frequency current ripple. The
core loss depends on the circuit operation frequency highly. Therefore, the core loss in the
inverter side inductance is high. The filter capacitor damps the high-frequency ripples and
allows the grid currents with limited frequency to pass. The grid side inductance (L)
attenuates the grid side harmonics. In the inductances sizing, some constraints should be
considered. If L;is chosen large, the cost and the loss will increase. If L,is chosen large, the
high-frequency harmonics will be better attenuated. On the other hand, the summation of L;
and L, should not be too large. This condition leads to a voltage drop at the fundamental
frequency. The inductance values are calculated as:
Viny =V
L,+L,< 2n i, (4)

where f is output frequency, and i; is grid current.

Large capacitor choices can increase reactive power and change the power factor. The
capacitor’s reactive power constrain is as:

2%xS, <Q; <5%x S, )
C< 0.05xS,
() V2h
c= i (6)
('OOV C> .02><Sn
- 2
O‘)OVph

where @ is output angular frequency, and V,; is output effective phase voltage [26].

3.3. Analysis and Control of the LCL-Type Grid-Connected Fuel Cell Inverter

In the control scheme of the LCL-type grid-connected fuel cell inverter, the inverter
transfer function is Kpwm = vin / vti, Where vy and vinp are triangle carrier signal amplitude and
output voltage of H-bridge, respectively. The suggested control strategy is based on the
feedback of two currents, the current of the inverter side inductance and the grid side
inductance. The control scheme includes two control loops. The external loop deals with the
grid side current feedback. The internal loop deals with the inverter voltage control, which
uses the inverter side current with constant coefficient K as virtual impedance. The scheme is
demonstrated in Fig. 4. In the external loop, the G; current regulator is employed to regulate
the grid side current. It is a PI controller as:
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K,
G =K, +?I (7)
According to Fig. 4, the transfer function of the LCL filter can be explored as:
1
G = 8
LLCS + (L +L,)S ®)

and the LCL filter resonance frequency is:

1 JL,+L
f o= |2
tox \j L,L,C ©)

In digital control, there are computational and PWM delays. Computational delay deals
with sampling time and PWM reference updating. Zero Order Hold (ZOH) causes PWM
delay. ZOH fixes the PWM references after each update. This delay is defined as:

ST,
_asT, 1—e 15T,

~e "t (0<A<]) (10)

1
G.(S)=—=¢
0(S) T, S

where esTs is the time delay of a sampling period, 1/Ts is the sampling frequency, and
(l—e’STS ) / S is Zero Order Hold (ZOH).

The control scheme of LCL-type grid-connected fuel cell inverter under the
conventional as well as the proposed strategy by considering time delay is shown in Fig. 4.
The conventional strategy shown in Fig. 4(a) is based on the capacitor current active damping
method, which utilizes the feedback of the capacitor current and the network side inductor
current to dampen the resonance of the LCL filter. In the proposed control strategy shown in
Fig. 4(b), inverter side and grid side inductor currents feedback are used to dampen the LCL
filter resonance. There are two completely separate loops in the proposed control strategy,
and the Kpwy coefficient is added to the transfer function of the conventional strategy, which
results in better resonance damping and stability capability.

iLZ,ref(S) = Ic(s) - 1(S
QR TBRLE T KBRS BR LR — L — kR

: v, (S)
st ol 7 S(L,+L,)

(b)
Fig. 4. Block diagram of the grid-connected fuel cell inverter under: a) conventional control scheme;
b) the suggested control scheme.
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As shown in Fig. 4, the control system output is the injected current to the grid (i;). The
control system inputs are the reference injected current to the grid (i, and the grid voltage
(vg). By Mason’s gain formula, the open-loop transfer function of the system (i;.1) in the
presence of the grid side current regulator Gican be yielded as [27]:

i _ K pum Gi () i
T L (L, +Ly)CS +C (L, + Ly )KK 8™+ (Ly + Ly + Ly )5 + KK

$°L,C +SCK py K +1 v
Ly (L, +L,)Cs” +C(L, + L) KKy 8” + (Ly + Ly + Ly )+ KK gy + Koy G

L2,ref

(11)

4. SYSTEMATIC DESIGN OF THE SUGGESTED CONTROL SYSTEM
PARAMETERS
In the suggested control strategy, K is the feedback coefficient of the inverter side
inductance current. K, and K; are the PI controller parameters in the current regulator (Gi).
These parameters affect GCFCI-LCL operation indexes, such as resonance damping, stability
margin, and grid connection properties. The desirable performance design process of the
parameters is as follows:
1. Stability margin of the parameters.
2. Determining K based on damping LCL filter resonance by the inverter side inductance
current feedback.
3. Proposing a simple low-frequency model.
4. Design of the PI controller parameters by considering grid connection mandatories and
the system stability.

4.1. Stability Margin of the Parameters by Considering Time Delay by Routh-Hurwitz
Stability Criterion
By Mason’s gain formula, the closed-loop transfer function (i;.) of the suggested control
system for GCFCI-LCL, which is based on double feedback, can be resulted as:

i Ko Gi (5) ;

= XV pret —

T L (L, +L,)CS +C (L, + L) KK 8" + (L + Ly +L)S + KK gy + Ky Gy
12
$°L,C + SCK pyp, K +1 » 12

Ly(L, +L,)Cs’ +C(L, + Ly )KK py 8" + (L + L, +L,)s + KK gy + Koy G;
By Taylor series, time delay Gp can be written as:
1

Gp(8)=———— 13
o (®) 1+1.5T,s (13)

By Egs. (7), (12), and (13), the characteristic equation of the closed-loop system Gcr(s)
can be yielded as Eq. (14).
Geu (5) =1.5L, (L, + L, )CTs” + L (L, +L,)Cs" +
[(L, + Ly )CKK pyy +1.5(Ly + L, + L )T, 18" + (14)
(L + L, +L,)8" + (K + KKy S + KK gy
According to the Routh-Hurwitz stability criterion, the poles of the closed-loop system
must be placed in the left half-plane in the stable systems. Furthermore, elements of the first
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column of the Routh table and characteristic equation roots must be in the same sign or
positive sign. To ensure the stability of the GCFCI-LCL system, the range of the K, K, and K;
is calculated as Eq. (15), where Rs; can be yielded based on the Routh-Hurwitz stability
criterion as Eq. (16).

Ll

K> = (Kp =K

2 Y

K+K,>K, > L (Kp—K)
L, +L, (15)

L,+L
2L IK+K,>K,>K, -K

1

Rs; >0

2

_ (L2+Lg)(K2KPWM +KKPKPWM _CKKPWM Ki)_Ll(KKPKPWM +K§KPWM)
S (L, + LK - LK,

(16)

By increasing the grid inductance (Lg), the total harmonic of the system increases.
Thereby, to ensure the stability of the GCFCI-LCL system, the range of the K, K,, and K; must
be increased according to Eq. (16).

4.2. The Inverter Side Inductance Current Feedback and Simple Low-Frequency Model

The inverter side current feedback and simple low-frequency model of the GCFCI-LCL
system are demonstrated in Fig. 5.

Vinv+ + 1 + 1 + 1 g

UAN K - 2 —
PWM SL, " 'sc S(L,+L,)

w

Fig. 5. Block diagram of the inverter side current feedback control.

As shown in Fig. 5, by Mason’s gain formula, the characteristic equation of the open-
loop transfer function can be expressed as:

D,(s)=as’ +bs” +cs+d 17)
where a=L;(Lg+L;)C, b=C.K.(Lg*+Ls) Kpwm ,c=Lg+L;+L; and d= K.Kpwm. Comparing Egs. (8) and
(17), the added damping components are CLKKpwms? and KKpwm. The third-order system
stability condition is that all coefficients be existent and have the same sign, and also, bc>ad.
Based on the Cardano method, if K is bigger than zero, A will be bigger than zero. Thus,

A=(ba-9ad)’ —4(b’ —3ac)(c2 —3bd)

e’ K K2, (27y3+26y2—2y—1)+ (18)
>0

6

=3L2 3 3,,4,,4
4(1+y) ye+4e K Koy
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Eq. (18) has a real root and two complex conjugate roots. The characteristic equation of
the open-loop system transfer function can be written as:

Do(s)=(mS+n)(Sz+§a)rS +mf)=o (19)

where —n/ m, &, and o, are real root, damping ratio, and resonance frequency, respectively.

-b+= (\F-‘F\F)

3a.m,
a)r:%\/{—b+%(§/\(_l+§/z)}z+%($/ﬁ+§/\c)z (20)
n_ _b_%(%Jr%)

m 3a.o,

e=C/(L,+Ly), y=L/(L,+L,)
Yl,ZZeZLzKKPWM |:K2K§WM —3ey(1+ Y)J‘*‘ (21)

3
EeyL32 [eLiKKPWM (8y—1)i«/ZJ

Resonance frequency in the GCFCI-LCL system shows an important role in harmonic
damping. If the resonance frequency is between 10f, and 1/3f; better current harmonics
damping and dynamic response can be attained [28]. Based on Eq. (20), the feedback
coefficient of the inverter side current (K), damping ratio (¢), and resonance frequency (@)
have a significant role in the system stability. K must be chosen in its stability range described
by Eq. (15). The design trend of the ¢, K, and @, is summarized in the flowchart as shown in
Fig. 6. First, the resonance frequency of the GCFCI-LCL can be specified by switching
frequency. Then, the range of K is resulted by Eq. (20). If K is in a stable range, the desirable
damping ratio () can be yielded in the next step. Otherwise, K and o, values must be changed
until they place in a stable range according to Eq. (15). Then, the desired damping ratio () is
determined. Finally, K and o, values are calculated.

For the GCFCI-LCL with inverter side current feedback control, shown in Fig. 5, the
bode diagram for variation of K is depicted in Fig. 7. As shown in the diagram, when K =0,
active damping has no role in resonance damping, and the system has a zero impedance at
the resonance frequency. By increasing k, the diagram amplitude decreases at the resonance
point. Therefore, the resonance can be damped by active damping effectively. Then, the
system becomes stable. In the active damping, the inverter side current feedback damps LCL
filter resonance. If K = 0, the system frequency and the resonance frequency will be equal (& =
@y). In this condition, the phase diagram does not depend on ¢, and its value is -90 degrees. By
increasing K, the damping ratio increases. The damping ratio determines resonance
amplitude. Therefore, the system cutoff frequency (w.) is smaller than the resonance
frequency (®;), and the resonance is damped. To simplify the systematic design trend of the
parameters, the simplified low-frequency transfer function from i, to v is proposed as:

i, 1
E K (22)
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Fig. 6. K design trend summarization in the inverter side current feedback control.

The range of k

The phase-frequency diagram starts from zero according to Eq. (22). The magnitude-
frequency diagram becomes parallel with the frequency axis. In low frequencies around the
fundamental frequency, these diagrams are matched with bode diagrams, which are shown in
Fig.7.

4.3. Design of the Current Regulator Parameters

Proportional and integral gains of the current regulator G; highly effect on stability and
reliability of the GCFCI-LCL. In this section, PI controller parameters are determined based
on stability margin and dynamic response.

The resonance frequency of the GCFCI-LCL is calculated by Eq. (20) and based on Fig.
6. In the bode diagram of the system open-loop transfer function, the cross point between the
phase diagram and -180 degree is the LCL filter resonance frequency. Closely, the phase
margin deals with the transient behavior of the closed-loop system. A smaller overshoot can
be obtained by increasing the phase margin. In Gain Margin (GM) design, the GCFCI-LCL
system with the inverter side current feedback is considered. The GM should be as follows.

K. K
—201og [KP +—'). o 5 >GM (23)
S J Li(L, +L,)Cs” +CL,KK,s™ +
(L + L, +L,)s+ KKy o
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Fig. 7. Bode diagram for the inverter side current feedback by variation of K.
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By increasing the grid impedance (L;), the phase margin decreases. Therefore, to

increase the system stability, Kp range should be increased. In the ideal grid, the Kp range is:
L,L,Cs’ +CL,KK gy 8" + (L, + L)+ KK pys |
K, > - s=j2nficL (24)
I<F’WM X].O ?

According to Eq.(24), if C or Lj values increase, then K, range will decrease. The phase

cross frequency (o) in the GCFCI-LCL system is significantly smaller than LCL the filter

resonance frequency. Therefore, the open-loop transfer function or low-frequency transfer

function with a PI controller is as:

K.} 1
G =| Kp+— |.— 25
OoP ( P S j K ( )
The system Phase Margin (PM) can be described as:
Kpos+K,
180°+< % >PM (26)
S

Generally, in a control system with desirable stability PM value should be more than 45
degrees. By considering the cross-frequency of phase (@) in Eq. (27), the range of the Kp and
Ki can be yielded by Egs. (28) and (29).

KIZ
\, p
0<K, <K (28)

KislofOXZRXaIKZ——K; (29)
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4.4. Comparing the Suggested and the Traditional Control Strategies

In controller design for the GCFCI-LCL system, the grid impedance (L) is assumed to
be a part of the grid inductance. The system is analyzed by varying the grid impedance. To
ensure desirable dynamic response and stability margin, PM >45- and GM >3db are
adopted. Bode diagrams of the GCFCI-LCL system for the suggested control strategy and the
traditional control scheme, which is based on capacitor current and the grid side inductance
current feedback, are illustrated in Fig. 8. For an ideal grid (L, = 0), the phase margin and the
gain margin in the suggested control strategy are 105.4° and 4.16 dB, respectively. Moreover,
in the traditional control strategy, they are 23" and 3.76 dB. Increasing the grid impedance
(Lg = 0.8 mH), the phase margin and the gain margin in the suggested control strategy are
90.2" and 10.7 dB, respectively. Moreover, in the traditional control strategy, they are 32.1° and
14.1 dB. In other case (L; = 4.8 mH), the phase margin and the gain margin in the suggested
control strategy are 57.2° and 22.8 dB, respectively. Furthermore, in the traditional control
strategy, they are 19.5" and 23.7 dB. In the suggested control strategy, by changing the grid
impedance, the system open-loop transfer function magnitude at the fundamental frequency
(@n = 100m) is fixed and 13 dB. However, by changing the grid impedance in the traditional
control strategy, the system open-loop transfer function magnitude at the fundamental
frequency (@, = 100m) is variable. From a damping point of view, the system’s dynamic
response and the stability margin are better than traditional control.

Bode diagrams of the weak grid-connected system by traditional active damping
strategy for different values of the grid inductance, such as L,=0, L,=0.8 mH, and L,=4.8 mH,
are shown in Fig. 8. By the traditional active damping approach, based on the grid and
capacitor currents feedback, the magnitude of the open-loop transfer function at the
fundamental frequency varies from 36.9 dB to 21.6 dB. GM and PM values are changed from
3.76 dB to 23.7 dB and 23" to 19.5’, respectively. Therefore, by increasing L in the traditional
active damping approach, the system stability requirements do not satisfy. Compared with
the traditional active damping approach, the suggested strategy is more stable and shows
better resonance damping characteristics for the low-frequency range. Thus, by changing LCL
filter parameters, especially the grid impedance L, the system performance is desirable for
the weak grid.

5. SYSTEM STABILITY AND SENSITIVITY ANALYSIS

A design example for the GCFCI-LCL system by the suggested control strategy is
investigated in this section. Also, system stability is investigated, and sensitivity analysis is
conducted. The main parameters of the GCFCI-LCL system are presented in Table 1. The
resonance frequency is between 10fy and 0.5f;, where f; is the fundamental frequency, and fis
the switching frequency.

According to the characteristic equation of the closed-loop system in Eq. (14), K, K;, and
K; are positive. Their ranges based on the Routh-Hurwitz stability criterion are as:

K+K,>K,>K,-K (30)
CKK PWM Ki

(K+KP)_Ki_m

>0 (31)
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Fig. 8. Bode diagram for the GCFCI-LCL system under the traditional and the suggested control schemes:
a) Ly =0 mH; b) Ly = 0.8 mH; ¢) Ly = 4.8 mH.

The current controller parameter ranges are illustrated in Fig. 9. To achieve LCL filter
damping, K must be determined. As Eq. (15), K and o, are calculated 0.06 and 20500 rad/s,
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respectively. To supply the system requirements, GM > 3 dB and PM > 45" are chosen at
nominal power (P;). Kp and K; are calculated by Egs. (23) and (28) to (31). By considering a
variation of the Li1(+20%), L2(+20%), and C(+20%), the K, range varies between [0.025, 0.057]
and [0.035, 0.057]. Then, the point of A in Fig. 9 and the current controller is adjusted
(Kp = 0.04, K; = 90) to increase the stability margin. The open-loop transfer function magnitude
at the fundamental frequency is 13 dB. PM and GM are 105.4° and 4.16 dB, respectively.
Therefore, stability is warranted. However, as shown in Fig. 9, point B (K, = 0.027, K; = 90) is
out of the region and stability is warranted, where PM and GM are 95.6" and 8.3 dB,
respectively. Similarly, point C (K, = 0.05, K; = 150) is out of the region, where PM and GM are
94.5" and 2.83 dB, respectively. The system stability requirement does not satisfy. Therefore,
based on Egs. (26) to (29), the shaded area warrants the system’s stable operation and supplies
the grid connect system requirements.

Table 1. Main parameters of the GCFCI-LCL system.

Parameter Value
Inverter side inductor (L) 0.6 mH
Inverter side inductor (Lo) 0.4mH
Filter capacitor (Cy) 10 pF
Mains RMS voltage (V) 220V
Fundamental frequency (f,) 50 Hz
Switching frequency (fs) 10 KHz
Feedback coefficient of the inverter 0.06
side current (K) '
Peak voltage of inverter output (Viu) 360 V
Peak amplitude of carrier signal (V) 4.57
200 T
150
¥100
50
0 . 1 1 J

0 0.01 0.02 0.03 0.04 0.05 0.06
KP

Fig. 9. Parameter variation in the PI controller.

The pole-zero plot for the open-loop system with current regulator G; by increasing K is
depicted in Fig. 10. The grid impedance is L; = 0.8 mH. By increasing K, the zeros and the
poles are in the unit circle, and the system is stable.
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Fig. 10. The pole-zero plot for the open-loop system.

To assess the system stability and to supply the system stability requirements GM >3 dB
and PM>45’, the system with time delay is designed. The bode diagrams of the GCFCI-LCL
system based on the suggested strategy as well as the conventional strategy by varying LCL
and weak grid parameters, are shown in Figs. 11 to 13.

The designed value of the LCL filter capacitor (C) is 10 pF, and +20% change is
considered from 8 pF to 12 pF to investigate the system sensitivity. The bode diagram of the
studied system for both suggested and conventional control schemes considering Cr= 8 pF is
shown in Fig. 11(a), and for Cr = 12 pF is presented in Fig. 11(b). When the capacitor is
considered Cr = 8 pF, the magnitude of the open-loop transfer function at the fundamental
frequency under the suggested control scheme is fixed at 13.6 dB, and the GM and PM values
are 7.72 dB and 102.4°, respectively. All of the requirements are satisfied by the suggested
control scheme. In contrast, the magnitude of the open-loop transfer function at the
fundamental frequency under the conventional control scheme is fixed at 36.9 dB, and the GM
and PM values are 6.95 dB and 35.4°, respectively. Although the system is stable, the PM is
lower than 45", and the requirements are not satisfied. Considering C; = 12 pF, the magnitude
of the open-loop transfer function at the fundamental frequency under the suggested control
scheme is 13.6 dB, and the GM and PM values are 4.13 dB and 101.7°, respectively. Therefore,
all of the requirements are satisfied by the suggested control scheme. Reciprocally, the
magnitude of the open-loop transfer function at the fundamental frequency under the
conventional control scheme is 36.9 dB, and the GM and PM values are 11.1 dB and 34’,
respectively. Although the system is stable, the PM is lower than 45°, and the requirements at
Ct = 12 pF are not satisfied. Comparing the results of Figs. 11(a) and 11(b) indicates that by
varying Cj the suggested control scheme satisfies the requirements, while the requirements
are not provided in the traditional control scheme.
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Fig. 11. Bode diagrams of the GCFCI-LCL system by varying LCL filter capacitance: a) Cr= 8 pF; b) Cr=12 pF.

The designed value of the inverter side inductor of the LCL filter is 0.6 mH, and +20%
change is considered from 0.48 mH to 0.72 mH to investigate the system sensitivity. The bode
diagram of the studied system for both suggested and conventional control schemes
considering L; = 048 mH is shown in Fig. 12(a), and for L; = 0.72 mH is presented in
Fig. 12(b). When L; = 0.48 mH, the magnitude of the open-loop transfer function at the
fundamental frequency under the suggested control scheme is fixed at 13.6 dB, and the GM
and PM values are 5.43 dB and 105.9", respectively. All of the requirements are satisfied by the
suggested control scheme. In contrast, the magnitude of the open-loop transfer function at the
fundamental frequency under the conventional control scheme is fixed at 38 dB, and the GM
and PM values are 11.8 dB and 35", respectively. Although the system is stable, the PM is
lower than 45°, and the requirements are not satisfied. Considering L; = 0.72 mH, the
magnitude of the open-loop transfer function at the fundamental frequency under the
suggested control scheme is 13.6 dB, and the GM and PM values are 449 dB and 99.8°,
respectively. Therefore, all of the requirements are satisfied by the suggested control scheme.
Reciprocally, the magnitude of the open-loop transfer function at the fundamental frequency
under the conventional control scheme is 35.9 dB, and the GM and PM values are 11.6 dB and
34°, respectively. Although the system is stable, the PM is lower than 45°, and the
requirements at L; = 0.72 mH are not satisfied. Comparing the results of Figs. 12(a) and 12(b)
depicts that by varying L;, the suggested control strategy satisfies the requirements, while the
requirements are not provided in the traditional control strategy.



Jordan Journal of Electrical Engineering. Volume 9 | Number 1 | March 2023 114

100 ' 100

Magnitude [dB]
Magnitude [dB]

0 ol
"og -180 o5 -180
o Q
2 =
Y -360 1 Proposed active 9 -360 Proposd active
2 damping (L1=0.48mH) 2 damping (|-1=0-7?mH)
o _540 | cOnventional active ] Q. _540 | Conventlonal active
damping (L1=0.48mH) damping (L1=0.72mH)
-720 : ' : -720
102 103 10* 10° 102 10° 10* 10°
Frequency [rad/s] Frequency [rad/s]

(a) (b)
Fig. 12. Bode diagrams of the GCFCI-LCL system by varying LCL filter’s inverter side inductance:
a)L;=0.48 mH; b) L; =0.72 mH.

The designed value of the grid side inductor of the LCL filter is 0.4 mH, and +20%
change is considered from 0.32 mH to 0.48 mH to investigate the system sensitivity. The bode
diagram of the studied system for both suggested and conventional control schemes
considering L,= 0.32 mH is shown in Fig. 13(a), and for L, = 0.48 mH is presented in Fig. 13(b).
When L, = 0.32 mH, the magnitude of the open-loop transfer function at the fundamental
frequency under the suggested control scheme is fixed at 13.6 dB, and the GM and PM values
are 6.26 dB and 102.2°, respectively. All of the requirements are satisfied by the suggested
control scheme. In contrast, the magnitude of the open-loop transfer function at the
fundamental frequency under the conventional control scheme is fixed at 36.9 dB, and the GM
and PM values are 547 dB and 35.7°, respectively. Although the system is stable, the PM is
lower than 45°, and the requirements are not satisfied. Considering L, = 0.48 mH, the
magnitude of the open-loop transfer function at the fundamental frequency under the
suggested control scheme is 13.6 dB, and the GM and PM values are 6.13 dB and 100.6’,
respectively. Therefore, all of the requirements are satisfied by the suggested control scheme.
Reciprocally, the magnitude of the open-loop transfer function at the fundamental frequency
under the conventional control scheme is 36.2 dB, and the GM and PM values are 12 dB and
34", respectively. Although the system is stable, the PM is lower than 45°, and the
requirements at L,= 0.48 mH are not satisfied. Comparing the results of Figs. 13(a) and 13(b)
describes that by varying L, the suggested control scheme satisfies the requirements, while
the requirements are not provided in the conventional control scheme.
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6. SIMULATION RESULTS
6.1. Steady State Operation

The operation of GCFCI-LCL system at the steady state condition is investigated in this
section. The voltage, current, and power of the fuel cell, which includes 65 series cells, are
shown in Fig. 14. The total voltage of the series cells is 52.4 V, and the fuel cell supplies 113 A.
The fuel cell produced power, which is yielded by multiplying voltage and current, is 6 kW.
The delivered power into the grid is 5.75 kW. The voltage of the Point of Common Coupling
(PCC) and the normalized injected current to the weak grid based on the suggested method
are shown in Fig. 14(e). The PCC voltage (v;) is stable and without harmonic distortions. The
Total Harmonic Distortion (THD) of the grid injected current is 1.10%.

6.2. The System Stability by Varying K

For the ideal grid (L, = 0), the coefficient K varies from 0.06 to zero. The simulation
results of the suggested strategy are shown in Fig. 15. Before t = 1 s, the GCFCI-LCL system
operates with the suggested control strategy at full load continuously. At t = 1 s, K changes
suddenly from 0.06 to 0, and the grid current (i2) increases rapidly. At t = 1.3 s, the injected
current is more than the overload current. Then, the GCFCI-LCL system becomes unstable
and disconnects from the grid. Therefore, the GCFCI-LCL system with the suggested active
damping strategy operates continuously at K = 0.06. The grid current, the fuel cell current, the
fuel cell generated power and the fuel cell open circuit voltage are presented in Fig. 15,

respectively.
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Fig. 14. The investigated fuel cell parameters: a) the output voltage; b) the output current; c) the fuel cell power;
d) the delivered power; e) the PCC voltage and current.

6.3. The Fuel Flow Variation

Voltage-current characteristics of a fuel cell depends on the fuel flow rate. From t = 1s to
t = 1.4s, it is assumed that the fuel flow is reduced by 20%. This condition is simulated.
Voltage and current reduction are expected by reducing the flow. According to Figs. 16(a) and
16(b), the fuel cell voltage and current reduce as same as the flow reduction rate. These
reductions cause to reduce in generated and delivered power by the fuel cell, as shown in
Figs. 16(c) and 16(d). After an instantaneous voltage drop at t = 1s, by the proper performance
of the DC-DC converter, the DC link voltage comes back to 350 V again, as shown in Fig.
16(e).
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The grid current quality of the GCFCI-LCL system at different operating points of
PEMEFC is investigated in Fig. 17. At the full capacity of the fuel cell, the THD of the current
on the grid side (iz) with the proposed control strategy is 1.10%. When the PEMFC operates at
its 75% nominal power, the grid current reduces to 75% of its rated value, and its THD is a
little increased to 1.5%. Also, when the PEMFC operates at its 50% nominal power, the grid
current reduces to 50% of its rated value, and its THD equals 2.26%. According to this
investigation, reducing the fuel flow of PEMFC, and consequently, decreasing the power
generated by the fuel cell, the THD of injected current to the grid increases insufficiently,
while its value is still in the acceptable range of IEEE std. 519.
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Fig. 17. The grid current waveform and its THD when the fuel flow capacity reduces: a) 25% decrease; b) 50%
decrease.

6.4. The Grid Inductance Variation

Usually, the grid impedance is modeled as an inductance series with a resistance. Since
this resistance improves the system stability, to investigate the worst condition, only an
inductance is considered as the grid impedance. The GCFCI-LCL system operation for the
ideal grid and Ly = 0 for both the suggested control approach and the traditional active
damping, which is based on capacitor current damping, are shown in Fig. 18. For the
suggested control strategy, the THD of the inverter side current (i;) and the grid side current
(i2) is 6.11% and 1.10%, respectively. For traditional active damping method, they are 6.33%
and 2.04%, respectively. THD value in the suggested control scheme is lower than the

traditional method.
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Fig. 18. The grid side current and the inverter side current for Lg = 0: a) the inverter side inductance current with
the suggested strategy; b) the grid side current with the suggested strategy; c) the inverter side inductance current
with the traditional strategy; d) the grid side current with the traditional strategy.

The GCFCI-LCL system operation for the non-ideal grid with L, = 4.8mH for both the
suggested control approach and the traditional active damping are shown in Fig. 19. For the
suggested control strategy, the THD of the inverter side current (i;) and the grid side current
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(i2) is 6.24% and 1.31%, respectively. They are 6.55% and 2.47% respectively for the traditional
active damping method. Evaluation of the THD values shows that the quality of the grid side
current in the non-ideal grid by the suggested strategy has no remarkable reduction
compared with the ideal grid. While, by the traditional method, the quality reduces seriously

compared with the ideal grid, which has zero impedance.
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Fig. 19. The grid side current and the inverter side current for L; = 4.8mH: a) the inverter side inductance current
with the suggested strategy; b) the grid side current with the suggested strategy; c) the inverter side inductance
current with the traditional strategy; d) the grid side current with the traditional strategy.
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At the end of the simulation results, Table 2 presents a comparison between the
suggested control method with recent studies about grid-connected power conditioning
systems in the weak and harmonic network. As can be seen, the suggested method has a
suitable current quality. Stability analysis is carried out in the suggested scheme as well as
presented schemes of [14] and [30]. Despite using a Quasi-Y-Source converter in the reference
[14], the current quality of the suggested system is somewhat better than [14]. In addition, in
the proposed method, contrary to the reference [14], the voltage feed-forward consideration
for harmonics-polluted conditions has been carefully investigated. Also, the number of
control loops is investigated in Table 2. Some schemes use only one control loop, which
results in more uncomplicated control strategy. Some schemes, such as the suggested strategy
as well as schemes of [14] and [30], utilize two control loops which results in more
complicated strategy. Naturally, in order to achieve better control and higher output quality,
a more complex design is justified. It should be noted that the main purpose of presenting
Table 2 is not comparing the THD value of similar researches. Presenting several similar
studies and their control strategies, utilized filter type, number of control loops and the
complexity level of control scheme, presence of stability analysis in weak grid are useful
information which is provided through Table 2.

Table 2. Comparison of several control methods with the suggested method.

) . Number Stability analysis ~ Reported
Applied method  Filter t Controll
ppHied metio CEEYPe OnHOTEr control loops in weak grid THD
Presented in [29] LC Quasi Resonant 2 X 4.5%
PR &1 d
Presented in [30] LCL m}?e ance 2 v 1.27%
shaping
Presented in [8] L Jaya-Based MPPT 2 X 2.8%
Presented in [31] LC VPI 1 x 1.59%
. Partial feedback
Presented in [32] LC ) 2 X 3.97%
Linear controller
Presented in [11] LC Active control+VPI 1 X 2.94%
Hybrid Backsteppi
Presented in [33] y o acks’epping 2 x 1.89%
filter control
Presented in [14] LCL PR & CSCF 2 4 1.21%
Presented in [34] LC PR 2 X 2.88%
Inductors’ double
S ted LCL 2 4 1.19
Hggeste feedback &

7.  CONCLUSIONS

In this paper, an LCL filter was employed to reduce harmonic distortion of the fuel cell
generated voltage and current. To achieve LCL filter resonance damping, current double
feedback control method - which uses inverter side and grid side currents as feedback current
- was used to dampen the resonance and to improve harmonic eliminations. The current
regulator parameters were determined based on the Routh-Hurwitz stability criterion. In
comparison with the traditional capacitor current active damping strategy, the suggested
strategy showed a higher stability margin and lower THD for both the inverter side and the
grid side currents. Stability analysis for high variation in the grid inductance and sensitivity
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analysis for changing LCL filter inductor values showed proper stability of the system against
the grid and the filter parameter variations. The simulation results verified the performance of
the suggested strategy for both zero inductance ideal and inductive non-ideal grids. The
suggested control strategy performed well in fuel cell power transmission into the grid and
showed good dynamical behavior against fuel cell input disturbances.
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