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ARTICLE INFO ABSTRACT

] Recently, fuel cells (FC) have received attention due to their environmental benefits
Article Type: and applications in distributed generation systems. Voltage source inverters
Research Article interconnect the FCs to the power grid. In this paper, the capacitor current feedback

(CCF) method is utilized to dampen the LCL filter’s inherent resonance, and a phase

— compensator in the CCF path is used to compensate for the undesirable effects of the
Recelved.'21.08.2024 control delay of the grid-connected FC power quality improvement system. With this
Accepted: 27.02.2025 trick, a virtual RC network is paralleled by the filter capacitor, effectively increasing

the range of the VPRR without changing the instances of sampling. To check the
performance correctness of the suggested method, the design of each section is
Keywords: introduced for the phase compensation and the parameters of the closed-loop system
Renewable energy under study. With this trick, the prohibited range of the LCL filter’s resonance
Grid-tied RES frequency is deleted, and the limitation of the resonance frequency is removed. The
Phase compensator . oo .
Digital control delay results of the low-voltage grid-connected FC power quallty |mprov§men'g sy§tem w!th
Capacitor current feedback the suggested control method reveal that the stability of system is maintained with
Active damping changes in the network impedance. Also, the injected current’s quality is very suitable
even in the harmonically weak network.

1. Introduction distributed energy resources (DERs) account for a
more significant share than fossil fuel-based energy

Conventional power generation systems are resources [1]. Distributed generation resources such
undergoing a significant transformation, and as solar, wind, or fuel cells can operate in grid-
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connected or stand-alone mode [2]. Between the
various types of distributed generation resources,
Fuel cells (FC) can be installed anywhere without
environmental barriers. Fuel cells  are
electrochemical energy transformation instruments
that produce electrical energy from chemical energy.
In recent years, research in the fuel cell field has
increased, and FCs have been utilized in various
applications such as electric vehicles, airplanes,
power injection into the grid, and other
miscellaneous industries [3]. Solid Oxide FCs
(SOFC), Molten Carbonate FCs (MCFC), Alkaline
FCs (AFC), Phosphoric Acid FCs (PAFC), and
Proton Exchange Membrane FCs (PEMFC) are the
most common and widespread types of FCs. Among
the wvarious available FC technologies, high-
temperature FCs, such as SOFC and MCFC, are
primarily used to produce large-scale FC power
plants. SOFC and MCFC have higher efficiency and
can quickly respond to the required load changes,
and the proton exchange membrane FC is suitable
for connecting to the power grid in the scale of tens
of kilowatts [4-5].

Fuel cells are widely used in grid-connected
mode, and several control schemes have been
utilized for fuel cell-based power conditioning
systems. Han et al. [6] have proposed an iteration-
based controller for a current source converter with
dual half-bridge modules (CF-DHB) for a grid-tied
FC system. Since the transfer function of the duty
cycle to the DC link voltage has a right half-plane
zero (RHP), the conventional Pl controller cannot
control the DC link voltage optimally. Hence, a
repetitive controller has been employed to control
the DC link voltage and to eliminate the phase delay
caused by the presence of the right half-plane zero, a
phase-lead compensator has been used. Sabir [7] has
presented a robust control scheme for the power
electronic converter to interconnect the FC power
generation system to the grid. The control strategy of
this paper is employed without the need for a phase-
locked-loop (PLL) under unbalanced network
conditions. Baltac1 et al. [8] have investigated the
transferring of FC-produced energy to the power
network through a DC-DC chopper and inverter
using the conventional P1 controller to inject high-
quality current into the power network. The grid-tied
FC using an LCL filter has been investigated by
Rasekh et al. [9], and the control used in this study is
based on the grid-side current feedback.

The voltage source inverter (VSI) is an essential
interface among the power production unit and the
power network in grid-tied applications [10-11].
High-order harmonic reduction of the grid current is

2081

essential for the grid-tied inverter, utilizing an L,
LC, or LCL filter. The LCL filter has more
acceptable harmonic weakening function than the
LC and L filters [12], however, it has an intrinsic
resonance characteristic that may cause system
instability. To resolve this challenge, the inherent
resonance of the LCL filter should be damped [13-
14]. The resonance damping procedures caused by
LCL filters are divided into two classes including
active damping and passive damping procedures.
The passive damping method employs a damping
resistor in shunt or series with the filter inductor or
capacitor, which leads to unacceptable power losses,
especially in high-power applications. Since the
active damping method only involves changes in the
control loops and does not have additional power
losses, it is more studied [15]. One of the active
damping methods is based on state variable feedback
[16], including several various schemes such as
capacitor voltage feedback active damping [17],
thorough state feedback active damping [18], and
capacitor current feedback (CCF) active damping
(AD) [19]. A cascade control structure, including a
grid current outer control loop based on a
conventional regulator and CCF inner control loop,
is a common AD method [20-21]. Although the
implementation of this active damping procedure is
so simple, because of the presence of a high-
precision capacitor current sensor, its hardware cost
increases [22], and system reliability decreases [23].

Many grid-tied inverters are controlled digitally
due to their remarkable flexibility. Due to digital
control delay [24], the CCF damping performance is
attenuated [25]. The CCF AD is equivalent to a
frequency-dependent virtual resistance. In the
frequency range where this virtual resistance acts as
a negative resistance, the right poles appear in the
system’s transfer function and make the system
unstable [26]. There are many ways to reduce the
negative effects of digital control delays. A
systematic design method is presented by
Hosseinpour et al. [27] for robust control of an LCL-
type grid-connected PEMFC system in a weak and
harmonic grid. He et al. [28] is presented the control
method based on capacitor-current proportional-
integral positive feedback AD to extend the virtual
positive resistance region (VPRR) up to the Nyquist
frequency. However, using positive virtual feedback
increases the risk of system instability. Chen et al.
[29] is presented a compensation scheme based on
area equivalence for active damping of LCL-type
inverter. The compensator works without a complex
design of parameters, but its efficiency is highly
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dependent on the accuracy and performance of the

DSP.

In this paper, to enhance the stability and current
quality of the LCL-type grid-tied FC power quality
improvement system, a phase compensator is
utilized in the feedback of the capacitor current AD
path. With this trick, a virtual RC network is
paralleled by the filter capacitor, effectively
increasing the range of the VPRR without changing
the instances of sampling. With this trick, the
prohibited range of the LCL filter resonance
frequency is deleted, and the limitation of the
resonance frequency is removed. With the accurate
design for the parameters the closed loop system, the
LCL-type grid-tied FC power quality improvement
system can maintain its stability against network
impedance changes and operate with considerable
robustness, reliability, and safety against noise. The
innovations of the paper include the following:

1. Provide a phase compensator with a simple
structure and easy implementation for an LCL-
type grid-connected FC power quality
improvement system.

2. Explain how to remove the forbidden range of
the resonance frequency of the LCL filter by the
proposed phase compensator for performance
system robustness in wide variations of grid
impedance.

3. Provide a procedure for designing closed-loop
control parameters of the system under study in
the presence of the phase compensator.

The remain of this paper is set as outlined below.
In the second section, the PEM fuel cell has been
investigated. Then, the digital control delay negative
influence is briefly reviewed. The third section
proposes a phase compensator from the impedance
point of view. It reveals the stability improvement
advantages and the grid-tied inverter robustness. A
complete design and determination method for the
phase compensation and parameters of the closed
loop system is presented in section four to ensure the
grid-tied inverter stable operation against wide
changes of grid impedance. The outcomes of the
simulations are illustrated in section five to confirm
the performance of the suggested phase compensator
for the grid-connected fuel cell power quality
improvement inverter and the proposed closed-loop
parameter design method. Finally, a conclusion of
the paper is presented in the sixth section.

2. General description of grid-connected system
and effect of digital control delay

In this study, the proton exchange membrane fuel
cell is considered a fuel cell power generation unit.
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This type of fuel cell is the most well-known fuel
cell exploited in applications connected to the low-
voltage grid. This fuel cell is known as a power
generation source with low amplitude voltage and
high-capacity current characteristics. The electrical
equivalent circuit of PEMFC is shown in Fig.1, and
its behaviour is expressed by equations (1) to (4).

N A i
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Figure 1. Electrical model of PEMFC fuel cell

The equivalent output voltage of the fuel cell is
defined by equation (1) [30].

Vie =Voe Vo —Vy4 )

where Vi is the output voltage of the fuel cell stack,
Vo is the open circuit voltage, Ve is the resistive
voltage drop, and Vg is the absolute polarization
voltage drop. The open circuit voltage of the fuel
cell is considered according to equation (2) [30].
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The resistive voltage of the PEMFC is expressed
according to equation (3), and the absolute
polarization voltage is expressed according to
equation (4) [30].

VQ:ifcRQ

V,, =K, |V, +(T —298)
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where N represents the number of cells. Besides, A is
the Tafel slope, and i, is the exchange current, as
given in [30].

Fig. 2 illustrates the general scheme of the LCL-
type grid-tied PEMFC power quality improvement
system and its control system based on the CCF
active damping. In this figure, vy represents the
network alternative voltage, Zy(s) is the network
impedance and the amplitude as well as phase of the
grid-injected  reference  current have  been
demonstrated respectively by I* and 4, LCL filter
parameters demonstrated by Li, L, and C, Hi; and
Hi; are the CCF and grid current coefficients
respectively, in which both of them are positive
values. The current regulator is demonstrated by
Gi(S).

Vg =N xAxIn(iy /i,)
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Figure 2. Schematic of the single-phase LCL-type grid-connected fuel cell power conditioning system with CCF

Considering the worst case to evaluate the
passivity and stability of the grid-connected inverter,
Zy(s) is considered an ideal inductor, which is
included as sLy. By connecting the switch S to the S;
point, basic CCF active damping is achieved, where
the current of the capacitor is sensed and considered
in the current regulator output. By connecting the S
switch to the S, point, the proposed method is
activated. In this scheme, a phase compensator is
assumed in the CCF path, and the result is added to
the current regulator output.

The LCL-type grid-tied inverter control diagram
using CCF active damping is demonstrated in [31].
As mentioned in [32], the digital control delay
includes computational delay and delay of pulse
width modulation. The computational delay, as z71,
is the time interval between the instantaneous
sampling of the signal and the immediate update of
the modeled modulation waveform. Pulse width
modulation delay is considered as
G,(s)=(1-e""™")/s =T e 0% which
Ts = 1Ufsam and fs =fsam are the sampling period and
sampling frequency, respectively.

According to Fig. 3, the CCF AD is equivalent to
a virtual impedance Zagr-p (NOt @ pure resistance) in
parallel with the filter capacitor, which Zagr-p(s) in
[26] is written as follows:

1 1 L Te oo

Z4rp(S)= = —. g7
HoRee Yauro(®) HiuKpw C GL(5)

0R., g%
ad !

(®)
where Yaar-0(S) is the related admittance, and Raq is
the related virtual and unreal resistance without
considering the delay of digital control. Considering
s = je in equation (5), equation (6) is obtained:

Yauro(lo)= Ri (cos(1.5ar ) — j sin(L.5aT . ))

ad
1 1
U +—
I:zCCF JX CCF

(6)

where Recr is the equivalent resistance, and Xcce is
the equivalent reactance, and are obtained as
follows:

Rece =Ry /(cos(L5aT,, ))

X CCF — Rad /(SIn(lSa)Tsam )) (7

IL1 Ly
o {550

)

e
Figure 3. Equivalent virtual impedance due to CCF AD.

Both Rccr and Xcce parameters depend on the
frequency. The border frequency of Rccr is
demonstrated by f, r-r With both negative or positive
values, where are specified as the border frequency
the VPRR as well, and the border frequency of Xccr
is demonstrated by f,x.r for capacitive or inductive
mode. Based on equation (7), the border frequency
of Rccr can be considered as forr = fsam/6, and the
border frequency of Xccr can be considered
fox-r = faam/3. The equivalent resistance Rece in the
range of f < fsm/6 is positive, while it is negative for
the f > fsam/6 interval. The equivalent reactance Xcce
behaves as inductance for f < fsam/3 interval, while it
behaves as capacitor for f> fsan/3 interval.

According to the standard of the Nyquist
stability, the stability standard of the LCL-type grid-
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tied inverter with digital control can be summarized
in Table (1) [26], where P is the number of right
half-plane poles (RHP) of the open loop transfer
function, PM represents the phase margin and G
and G, are the phase margin at the LCL resonance
frequency fres 1oL and frequency of fam/6. The (-)
subscript indicates a negative intersection with the
phase of -180° and a further decrease in the phase
angle after passing through -180°, and a (+)
subscript indicates a positive intersection with the
phase of -180°, gives the increase of the phase angle
after passing through the phase of -180° and Hiy,ret
can be expressed by equation (8).

_ Litres 1L [Zcos(a)res _teiTsam) — 1:' ®)

Sin(wres _LCLTsam )K PWM

Hil,ref

where wres_LcL IS the resonance angular frequency of
the LCL filter considering the network impedance
and is written according to equation (9):

L+L,+L,
Brs 1oL =27F s 1oL = LLIL)C
1I\=2 g

It is worth noting that the requirements of the
gain margin (GM) for the second case (Hii > Hix ref
and fres LcL < fsam/6) conflict with the fourth case
(fres_LcL > fsam/6). Because fres L decreases with the
increase of Lg, if the variation of grid impedance Ly
changes the range of the resonance frequency of the
LCL filter fres_LCL from0 < fres_LCL < fsam/6 tO fres_LCL >
fam/6 and opposite, the inverter may become
unstable. Furthermore, the stability of the inverter
for fres LcL = fsam/6 is impossible. Thus, a region that
is forbidden for the resonant frequency should be
taken into account for fres (cL to approach fsam/6, as
indicated in Table (1) of [31].

©)

3. LCL-type grid-tied system considering a phase
compensator

the opposite, resulting in system instability. The
easiest route to deviate from this subject is to keep
fres_LcL below fam/6 without paying attention to Ly
variations. However, the weight and volume of the
LCL filter increase as a result of this issue, thereby
reducing the power density. To adapt the grid-
connected system to grid impedance changes more
properly without increasing the size of the LCL
filter, the chosen strategy is to attenuate the delay of
digital control and increase the VPRR border

frequency.
— 90 “Tpn VK
=
h=) = Lo
]
W |:| =._:::____. - -
2 ~3Re/
o R -'|L\_.-"'
-00 | Koo
Freguency (rad's) fi6 I".-'I
Figure 4. Phase diagram by frequency for Zrc-n(S), Zr-n(S),

Rd, Zrc-A(S)

Based on equation (5), the phase diagram in
terms of frequency for Rag and Zag-rp (S) can be
depicted as Fig. 4. In this figure, £Za-rp is equal to
90° in fsam/6 frequency, which is equal to the VPRR
border frequency as well. This point reveals that an
increase in the border frequency is achieved when a
phase delay is created in Zagr-0(S). In this situation,
the modified virtual impedance phase angle creates
an intersection at a higher frequency with an angle
of 90°. Considering this point, a virtual or unreal
capacitor Caqyp is illustrated to be connected with Rag
in parallel to create the modified impedance Zag-rc
according to Fig. 5(b), and Zag-rc(S) is expressed
according to equation (10).

Z (s)=Ry L ! Rag
3.1. Suggested Phase_Comp_ensator _ ad-RC “ Cup 1+RuCu (10)
As demonstrated in section two, if Ly has vast
variations, fres_LoL may change from
0 < fres_LCL <fsam/6 tO the I’ange Of fres_LCL > fsam/6 a.nd
Table 1. Stability criterion for the LCL-type grid-tied inverter with CCF AD
parameters 1% case 2" case 3" case 4" case
fres-LoL (0, fsw/6) (0, fsam/6) fres-LcL = fsam/6 (fsam/6, +0)
Hi1 (0, Hixref] (Higref , +00) - 0, +o0)
P 0 2 2 2
-180° crossing freq. fres-LCL () fres-LeL () , fsam/6 none fres-LcL (+) , fsam/6 (o)
GMsu > 0dB GM:> 0dB
GM Req. GMr > 0dB GMr< 0dB unstable GMa< 0dB
PM Req. PM >0 PM>0 unstable PM >0
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According to the delay of digital control, the real
equivalent of virtual or unreal impedance can be
expressed according to equation (11):

155Team _ Rad
1+5R4Cu

e 1.58T ¢

Zag-rc-p(S)=Zs_rc(S)e
(11)
The phase diagram in terms of frequency for Zaq.
rep(S) is shown in Fig. 4, using a solid and
continuous line that Zrc p(S) intersects a 90° angle at
a frequency more than fam/6. Hence, the cut-off
frequency of the VPRR can be incremented by Zag-
rc-D(S)-

e O
(©
Figure 5. The change and evolution process of equivalent
virtual or unreal impedance, (a). absolute resistance, (b).
resistive-capacitive network, (c). resistive-capacitive-
resistive network

The imaginary part of Zagrc-o(S), which can be
considered as an admittance, can be expressed by the
equation (12),

1 15T,
Yarep@)=o———-=01+sRyCy ) ——
Rep Zai-rc-p(S) P Ra

DTCOm L(S)ieilssTsm

(12)

where Teom o is the transfer function of the first-order
derivative compensator and is specified as (13).

Tcom_L(s):1+SRadCad,p (13)

By comparing equation (12) with (5), the
modified virtual and unreal impedance Zag-rc-o(S)
introduces Teom_(S) equally in the path of the LCL
filter’s capacitor current feedback. This point can be
seen in Fig. 6, assuming G¢(s) = Teom_(S). It should
be noted that the derivative compensator efficiently
amplifies the noise with high frequency
characteristics in the path of LCL filter’s capacitor
current feedback. To solve the mentioned issue,
another virtual and unreal resistor R is proposed,
which is connected with Zagrc(s) in series and forms
Zag-rc according to Fig. 5(c), which is expressed by
the following expression:

ZogRer(S)=Zagrc (S)+Rag s
_ (Rag +Rags) +SRaRag sCo p (14)
1+5R4Cu p

By replacing Zag-rc With Zag.rcr in equation (7),
the real impedance equivalent of Zag.rcr-p in the
presence of digital control delay is obtained
according to equation (15).

Zy rer-0(8) =2y rer (8 )t *5Tsam
_ (Rayg + R ) +SR4Ry Co 1867, (15)
1+5R4Cup

The admittance of Zagrcrp Can be expressed by
equation (16), where Teomuo iS the transfer function
of the lead-lag compensator and is expressed as
equation (17). According to equation (16), the
admittance of Zagrcrp(S) impedance can be
understood by replacement of G¢(s) compensator in
Fig. 6 with TeomiL (S) compensator. It should be
noted that the zero of Teom.L (S) should be considered
precisely in the vicinity of fsam to compensate for the
phase delay raised from the digital control. For this
purpose, in this paper, the zero of the transfer
function of TeomL (S), i.e. (1/mT), is placed in 2fsm,
and mT is set to 0.5Tsam. Thus, TeomiL (S) is rewritten
as equation (18).

1+5R4Ca p 15T,

(Rag +Rags) +SRogRag Caa p

Y ad—rer-p (8) =

0T com,ie () ie 43 em
Rag

(16)
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Ra 1+5R4Ca p

T (s)= .
com,LL Rad +Rad,s 1+s. Rad,s RaCaip

Rag +Rad s @)
1+mTg,

1+8Tgm

1+0.55T,,
1+s(0.5T,, /m)

It is worth mentioning that there is a pole in the
transfer function of Temw (S). By correctly
considering this pole, the unwanted noise occurred
by the switching can be effectively decreased in the
CCF path. Using bilinear transformation, the
discrete form of Tcom,o (S) is obtained by considering
s=2(z—1)/(Ts(z+1)) in equation (18), which can be
expressed by equation (19).

a 1+(m-1)/m+1 1+n
Tomu (2)=Au em-)/m+Dz*  “14nz?
(19)
where the m and n parameters can be defined in the
above equation as follows:

LL”

Tcom,LL (S) = ALL : (18)

n=M-=-)/(m+1) , me(,o) (20)

So, the expression of the proposed phase
compensator, namely Tcom,L (2), is Obtained.

3.2. Stability for Grid-tied Inverter by LCL Filter
Considering Phase Compensation

Adding the phase compensator affects the stable
performance of the LCL-type grid-tied inverter. This
section analyses the stability and passivity criterion.
Also, the advantages of the introduced phase
compensator are demonstrated.

By substituting z = e™@™ in equation (19), the
introduced phase compensator in the s domain can
be considered as follows:

. A 1+n
Y B o) = —LL .
ai-rer-0 (J©) Ra N2+2ncos(al o, ) +1
1 1
+

Rai—recr-p X ad_rcr-D

0

Vg
- 1 + i 1 - 1 i
FaEbK }%H——@ o |1 Lg] 1|
|_’| h( )|_’| PWM Ving SL1 4 sC ) S(L2+Lg)

1+n

Tc'om,LL (s)=A - , ne(0) (21)

STam

l+ne”

Replacing Tcom,L (S) in relation (16) with T'com,LL
leads to the following equation:
1+n 1 ~1.55T g

Ya-rer-p(8)=Ay -——5———€

22
1+neT= Ry (22)

By substituting s = je in equation (22), equation
(23) is obtained where Rag-rcr-p and Xag-rcr-p are
equivalent resistance, and reactance, respectively,
which are defined according to (24) and (25).

Ra n?+2ncos(al g, ) +1
Ra-rcr-D =7
A (@+n)(cos(l.5dT gy, ) +ncos(0.5aT ., )
(24)
, 1+n 1
Y i rerp (8) =Ay g e (25)

1+ne T« Ry

fo.r-rcr IS defined as the border frequency of Rag-
rer-D Virtual and unreal resistance, which may have a
positive or negative value. Besides, fyx-rcr IS
considered to be the border frequency of Xad-rcrp
virtual reactance, which can have inductive or
capacitive behaviour. Assuming the truth of equation
(26), equation (27) is obtained.

cos(L.5aT .y, ) +b cos(0.5aT ., ) = 0 e
SIN(L56T g, ) +b SIN(0.50T ¢y ) = 0 (26)
fyr_rcr = (@rccos((L—n)/ 2))(f g / 27) ”
fox _ror = (7 —arccos(@+n) / 2))(F an / 27) @7)

Since 0 < n < 1, the border frequency of virtual
and unreal resistance is in the range of fsam/6 < for-
rer < famf4, and the border frequency of virtual
reactance is in the range of fsam/3 < fox-rcr < fsam/2.
Accordingly, both foxrcr and forrcr border
frequencies are more than f, rr and f, x-r frequencies,
which can be seen in the amplitude diagram in terms

-((cos(1.5aT ¢, ) + ncos(0.5aT ., ) — j (SIN(L.5aT ¢, ) + NSIN(0.5aT )

(23)

UTJH Ge(s) b Hi |
T l

Figure 6. Control block diagram of LCL-type grid-connected inverter in the presence of phase compensator
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GH (Z)_ Gi(Z)HizKp\NM a)res LCL sam(z -2z COS( (O LCL )+1) (Z _1) SIn( (O _LCL sam)
RCR -D = :
O e (Lt Lt L)@ D 42227 o5 o T,)+D) + (2 -1 H M Sin(o, (To) Thy 0 @)
wres _LcL+=
(28)
-(z*-2 To)+D)+(z -1y e g T 0
Z(Z )(Z Z COs(a)resiLCL sam)+ )+(Z ) 'Sm(wrestCL sam) com _LL (Z) (29)
1a)res_LCL
of frequency for Ragrcr-p Virtual resistance and count in the first column in the Routh array, that is,
Xad-rcr-p Virtual reactance in Fig. 7. Thus, the [No, N1, (N1n2 — non3)/ng, n3]™.

suggested phase compensation is acceptable for

attenuating the delay of digital control and T T
increasing the border frequency of VPRR. S LU __ :Z :0. {
The GHrcro(z) term is defined as the current & AN N—pm=0g
loop gain or the open loop transfer function of the 50 b :
inverter in the presence of the introduced phase Q;g ;’ (
compensator in the z domain. According to Fig. 6, il
GHrer-n(2) is considered as equation (28). The A
characteristic equation of the transfer function
GHrcr-n(z) can be expressed according to (29). “ foR-reR
The pole count of the closed-loop transfer - i
function GHgcro(z) beyond the unit circle is S ; A
specified by the count of right half-plane roots in the 3 7f P N f
equivalent s domain of equation (29). For ease of oI VA L N f
. . . hR-R:: i i b X R}
analysis, equation (29) is transferred from the Frf6 7 7d o3 e
discrete domain to the continuous domain by R T
substituting  z =(1+a)).(1—a))’1, which results in Figure 7. Amplitude diagram versus frequency for Rrcr
equation (30). and Xrer
No@® +Nyw® +Nyw+n; =0 (30) o N, n,
which o onm
Ne =2(L—N)(L+COS(@res 1o Tsam)) ob MNa—NeNs (33)
2(1-n)Kpyu His "
+———" Lsin(w T 0.
Lla)res_LCL ( res_LCL sam) w n3
N, =21+ n)(A+CcoS(Dps 1oL Team)) To ensure the system’s controllability, the
A1+ n)K o resonance frequency fres LcL must be less thgn fsam/2,
_ PM 1L sin(w, o, T,) (31) which leads to the wres LcLTsam < m expression. Due
Li®ps 1cL - to Hix is assumed a positive value (Hi1 > 0), and the
n, = 21— N)(1—coS(@re Lo Tean)) expressions  sin(wres tcLTsam) > 0, and  1-
. cos(wres_LcLTsam) > 0 are valid as well, the range of
+wsin(w T..) no >0, n2 > 0 and nz > 0 will result for the Routh
L@ 1o reo _LCL e arrays elements based on equation (31). Thus, in
N, = 2(L+N)(1—COS(@y o Tean) equation (29)_, if m< O or (_nlnz - pong)/nl <0, there
will be two sign variations in the first column of the
H U H K, (32) Routh array, which indicates the presence of two

roots in the right half-plane. If n; <0, we have:

The Routh array for equation (31) can be

- . 1+cos T L

calculated as equation (33). According to the Routh H, z( * (w’es-_LCL Do ok
stability criterion, the number of right half-plane 2Kt SIN(@rs 1 Ts)

roots in equation (29) is equal to the sign changes

(34)

Now if (nin2- nons)/ni < 0, we have:
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L1Wres 1oL [2 COS(yes Lot T sam )+n-— 1}
(N +Dsin(@res LT sam ) K pwm
L1®rs 1oL [1 +COS(Wres 1T sam )J

2Sin(a)res _LCLTsam )K PWM

!
Hi >

(39)
H{ <

Hence, in the condition that inequality (36) is
true, GHgrcr-0(z) contains two poles of the closed
loop transfer function beyond the unit circle:

(2€08(@ eTs ) +0 —Dar ek
(b + DKy SIN(@es 1. Ts)

It should be noted that Hiic is positive in the
fres LcL < forrer frequency range and negative in the
fres_LcL > Tor-rcr frequency range.

By replacing Hiz = Hiic in equation (28), the
Z,,=C0s (Zﬂfb‘R—RCRTsam) * jsin (Zﬂfb,RfRCRTsam)
expression is obtained, which expresses the
resonance frequency of the current loop gain (fres_T).
In other words, for Hiu=Hic (Hic > 0), the
resonance frequency of the current loop gain fres 7 iS
exactly equal to f,r-rcr. Using the equation (28), the
bode diagram of the open loop transfer function
GHrcr-0(s) can be drawn for the conditions of
fres LcL < forrer, AN fres Lol > for-rer IN Figs. 8(a)
and 8(b), respectively. In these figures, the value of
H' increases in the graphs with bigger label
numbers. According to Fig. 8, the following
expressions can be stated:

1. For fres_LCL < fb,R-RCR and Hli1 < Hic, the phase
diagram in terms of frequency for GHgrcr-n(S)
has only one negative intersection with the
phase of -180° at f; frequency, according to
curves numbered 1, 2, and 3 in Fig. 8(a).

2. For fres_LCL < fpr-rcr and Hi1 > Hisc, the phase
diagram in terms of frequency for GHgrcr-n(S)
has a negative intersection with the phase of -
180° at the f; frequency and a positive
intersection with the -180° at f, frequency,
according to curve 4 of Fig. 8(a).

For fres LcL > for-rer, the phase diagram in terms
of frequency for GHgrcrp(S) has a negative
intersection with the phase of -180° at f; frequency
and a positive intersection with the phase of -180° in
the f, frequency, according to curves numbered 1, 2,
and 3 in Fig. 8(b).

Considering @ = wres_LcL = 27fres 1oL and @ = wrp
= 2nfyrrer iN equation (28), equations (37) and (38)
are obtained, where £T'com L (fwresic) and
ZTwom LL(jonr) are the phase angles of T'com 1L(S)
transfer function at resonance frequency fres LcL and
border frequency fhrrcr, successively It will be

OH, ¢ (36)

il
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depicted that £T'com 1L (jw) lies in the (0, z/4) range
in section 4.a. Therefore, the phase angle of transfer
function GHgcr-p (S) is less than -180° at fres 1oL and
forrcr frequencies. Therefore, the equation (39) is
obtained. For this reason, according to Table (2), the
criterion of stability in fres 1cL < for-rer and H'ip >
Hiic conditions could be considered integrated with
the stability benchmark in the fresic. > forre
condition. Compared to Table (1), the prohibited
region of LCL filter resonance frequency is
removed. This significant feature leads to the robust
performance of the inverter against broad variations
in network impedance.

Sagnide (dB)

360

Phase Il.|l.‘y:l

=54

Frequency (radis)

@

Magmatude {dB)

Jaa0 b

Phase (dog)

Ao

T

Frequency (radis) fiz
(b)

Figure 8. Bode diagram of the current loop gain;
(@). fres_LcL < frb_rer, (D). fres_LcL > fro_rcr

To summarize the aforementioned topics, the
suggested phase compensator can be effective in
improving the performance of the LCL-type grid-
connected inverter from the following perspectives:

The phase compensator is simple, easy to

understand, and robust to the noise of the

switching frequency apart from modifying the
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KpHiz. L

\/n ’ +2n cos(a)res_LCLTsam ) +1

GH ej“’restCLTsam —
Rer-o ) Hip L+l +L,

KpHiZ _Ll_KPWM HicTeam

exp(—j (= + 4Tc'om _LL (J Dres _LCL )

IH{i—Hi| Li+L,+L

GHperp (€ JbRTsn )=

KpHiZ .Ll_KP'WMHilCTsam .

‘Hill_HilC‘

{fxl < min( fr_LCL’ be_RCR)
f><2 > max( fr_LCL' be_LCL)

Li+L,+L,

@+n)
(37)
1 . , - /
) ’\/n +1exp(_J (”+4Tcom_LL(an,R ))) Hil > HilC
L (38)
+19Xp(—j 27+ LT om (i) Hit<Higc
(39)

Table 2: Stability benchmark for phase-compensated grid-tied inverter

parameters 1% case 2" case 3 case
fr-LoL fr-LeL < fRoRcr fr-LeL < fRoRcr fr-LcL > fro-ReR
H'iz (0, Hixc] (Hiic, +o0) (0, +o0)
P 0 2 2
-180° crossing freq. fxa () fx (), fe () fx (), fe ()
GM:> 0dB GM:> 0dB
GM Reg. GM1>0dB GM: < 0dB GM.< 0dB
PM Reg. PM>0 PM >0 PM>0
frr fr-T < fRo-RcR fr-1> fRo-RCR fr-1 > fRo-RCR

Typical Curves

Curves 2 & 3 in Fig 8(a)

Curve 4 in Fig 8(a) Curves 2 & 3 in Fig 8(b)

modulation index.

e The suggested phase compensation increases
the VPRR’s border frequency and suitably
compensates the delay of digital control.

The suggested phase compensation removes the
prohibited region of LCL filter resonance frequency
and improves the robust performance of the inverter
against broad variations of network impedance.

4. Design of LCL-type grid-connected inverter
considering phase compensator

The mathematical model of the grid-connected
inverter system is changed by adding the proposed
phase compensator. To ensure the stability as well as
proper operation of the control system, this section
begins with a detailed method to design of the
current regulator, phase compensator, and capacitor
current feedback coefficient. Then, an example is
presented to express the design method.

4.1. Phase Compensator Design

The purpose of the phase compensator is to
alleviate the effects of the phase delay caused by the
digital control delay. According to equation (21), the
two main coefficients of the phase compensator are
A.L and n. According to equation (32), AL can be
expressed in a way in the CCF coefficient, which
will be mentioned in the next section. Hence, the

main focus in this section is mainly on designing the
amount of n.

The phase of Teomi(jw) can be expressed
according to the equation (40).

1+ncos(al,,)

LT,
\/nz +2ncos(al,,)+1

com,LL

j ) = arccos

(40)
By rewriting equation (40), the following equation is

obtained:

1+ncos(al,) he(0.1)

\/nz +2n cos(al ) +1
|(cos(@T o, )+ j sin(al o, ) = (=n)|* + 1 ~|-n[*
2|(cos(aT o, ) + j Sin(@T oy, ) — (—1))|-

cosLT . (jo)=

(41)
Based on the equation (41), it is possible to draw
the TeomiL(iw) graph as shown in Fig. 9 in the
complex plane. According to this figure, for a
particular value of b, when wTsn is close to zero or
7, TeomuL(jo) is almost equal to zero. But it reaches
its peak value for wTwam=n/2. Meanwhile, the peak
value of TeomL(jo) enlarges with the b increase in
the range of allowed variations.
Accordingly, if n is close to the unit value, an
utmost phase angle compensation of about 45° can
be created by the phase compensator. According to
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alm

—~ 1
/ = O

ZTcom,LL
. ol .
-1 b 0 1 Re

Figure 9. Diagram with frequency changes

Fig 9, equation (42) can be expressed:
T (jo)e(0,7/4)

com,LL

(42)

As mentioned in Section 3.2, the discussed phase
compensator can remove the forbidden range of
LCL filter resonance frequency. Since both values of
LGHRCR-DOCOres_LCL) and LGHRCR.D(ja)b,R) are less
than -180°, the required GM for the open loop
transfer function at f, and f, frequencies is not
related to the sequence of resonance frequency
fres.LcL and border frequency for-rcr. TO achieve
sufficient phase margin and suitable phase
difference of -180° in 2£GHgrcro(jwres 1cl) and
2GHgcr-p(jwrn), and besides compromise between
the phase delay amount by preventing the noise
transmission in the control system, the value of
£T'comL(jw) greater than 10° is recommended. Thus,
the 0.2 < n < 1 range would be suitable. In this
paper, the value of n is considered 0.8.

Coefficient of CCF

stable operation of the grid-tied inverter is
maintained in the range of impedance variations.
Considering this issue, a detailed design method for
the current regulator parameters and feedback
coefficient of the capacitor current is presented. The
open-loop transfer function for the current control in
the s domain based on Fig. 6 can be expressed as
equation (43), where in this equation, G;(s) is the
transfer function of the current regulator, which is
considered a proportional-integral controller. The
calculation and extraction procedure of the crossover
frequency f;, phase margin, regulator coefficients,
gain of open-loop transfer function at the
fundamental frequency Ty, is illustrated in [33]. The
phase margin PM can be expressed according to
equation (44) after replacing K, and K; in the main
expression, in which D(w) and E(w) are considered
as follows:

n cos(0.5ar ,, ) + cos(1.5aT
n?+2ncos(al ., ) +1

nsin(0.5aT , ) +sin(1.5&T
n®+2n cos(al ,, ) +1

sam )

D(w)=
(45)

sam)

E(w)=

The coefficient of H'i1 can be caught as equation
(46). As mentioned in Table 2, the open loop
transfer function should have a sufficient gain
margin in f; and f, frequencies. So, relations (47) and
(48) can be written.

Gaa-rer (8) =

£Gy_qer (] 27f,) =-180°
4.2. Determination of Current Compensator and GM, =-2019[G 4 _rcr (j 27F )| 40
Wide variations in network impedance have a . o
large effect on the characteristics of the current £Gy g (J 27f,,) =180 )
open-loop transfer function. The regulator of the GM,, = -2019(G_rcr (i 27|
current and the feedback coefficient of the capacitor
current should be designed in such a way that the
K H. —1.55T g
L(EW“:Llic' K oyt HY 1 Gile) @9
- +n
1\=2 g S{SZ+S .Me 1.55Tgam 'S-|—+wrzes_LCLj
1 1+ne™ sn
_arctan 27f Kpym H{1@+n)D (@) (44)

K.
PM =2 _3qf ol oam —arctan ——
2 27f K,

2zl

’ 1

4”2(f rSS_LCL _fcz)Ll +27f Koy Hi1(1+N)E (@)

Tln
(o o —fOI —fuxélow £ —f 7 tan(32f T +PM)]

T ek, f

il_PMm
PWM ' ¢

To To.
D(w,)| f. tan(3xf T, +PM)+f \10° -f* —f° |-E(m)|f,’ —foxflom £,2—f7 tan(@xf T +PM)

(46)
2090
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27 (f 2 —f2)L
H{ (f,GM,,f,) = 7(f s ol —f1)L

27l

H (f,GM f)=———=——
|l( 1 1 c) (1+n)va\/M fl

2 2
27(fres_1c —f2)by

L+mKpym fy [D () tan@rf T, ) -E (a’l)]

[(flz _frgs_LcL)EN ((01)+A}

(49)

Hi’l(fxz’Gszc):

27l

H, (f,,GM, f )=——=——
|1( X2 2 c) (1+n)KpWMf2

L+ N)K pyw 2 [D (@) tan(37f ;T ) — E (@)]

[(fz2 _frgs_LCL)EN (a)l)+A:|

(50)

GM
- f ) . 2
A :J(f 2 g0 .f_C)Z{[cos(z;zflTs)m] +S|n2(27rf1Tsam)}—[(f12 2 o )P (@) ]

1

By substituting equation (43) in equations (47)
and (48), equations (49) and (50) are obtained,
which Dn(w1) is the fractional expressions of D(w1)
and En(w1) is the fractional expressions of E(w1). It
is worth noting that the frequency fres LcL depends on
grid inductance Lg. Given that the equations (46),
(49), and (50) are dependent on the fres (oL H'ix will
naturally depend on grid inductance Ly The
important issue in the determination of H' is to
detect a suitable range that fulfills the specifications
of GM1, GM_, and PM throughout the whole range
of grid inductance variations [33].

The proportional-integral  regulator ~ whose
coefficients were utilized in equation (44) is
expressed as follows:

G(s)=K,+K/s
The amplitude of the open-loop transfer function

or current loop gain at the gain crossover frequency
fc is equal to one:

|Gad—RCR (J 277fc)| =1
By inserting the equation (43) and (51) in the
equation (52), K, is obtained based on the equation
(53):
27f (L, +L,+L)
P Koy H

PWM i2

(51)

(52)

(83)

By defining Ts as the gain of the at the fundamental
frequency f, and substituting s = 2zf, in equation
(43), equation (54) is obtained:
iZKPWM (Kp +Ki / J Zﬁfo)
jorf (L+L,+L,) |
(54)
By inserting (53) into (54), K; is obtained based
on the equation (55):

H
T = ZOIQ‘GRCR (i Zﬂ-fo)‘ =20lg
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(55)

Ar*f (L +L, +L To
k ~ 22 LA ) g g ye g
H,,K

PWM

The phase margin PM is calculated at the gain
crossover frequency f.. Therefore, according to
equation (43), the quantity of PM is expressed as the
following equation:

PM =180°+ /4G, pex (j 27f.) (56)

4.3. Design Example

To better understand the design method presented
in Section 4.2, the design process is illustrated with
an example. The primary parameters of the grid-
connected inverter by LCL filter are illustrated in
Table 3. Based on the determination method
presented in section 4.2, the suitable gain margin,
phase margin, and steady-state error are considered
as PM > 35°, Ty, > 50dB, GM1 > 3dB, and GM, < —3.
According to the assumed values of Table 3, the
frequency of fres LcL is considered as 8.7 kHz for Lg =
0. Thus, the initial crossover frequency f. is
considered 2 kHz. Based on equations (53) and (55),
Kp = 0.84 and K; = 2040. Hence, Gi(s)=0.84+2040/s.
In the next step, Hii can be obtained in terms of
variable Ly using equations (46), (49), and (50).
According to the calculated value for the CCF
coefficient, it can be seen that H'i; varies between
0.06 and 0.064. In this paper, the value of the CCF
coefficient is selected as Hi = 0.061. It should be
noted that all the ranges are unacceptable for H', the
gain crossover frequency f. should be reduced and
steps 2 and 3 should be repeated until a suitable
range is achieved.

Using the parameters obtained in Table 3, the
zero-pole diagram of the current control closed-loop
transfer function is shown in Fig. 10 (a) and (b) with
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Table 3: The main parameters of the single-phase grid-connected inverter with the LCL filter

Parameter Symbol Value Parameter Symbol Value
. inverter side
grid voltage Vg 220V inductor L1 860 uH
output power Po 6 kW Grid side inductor L2 95 puH
fl;ndamental fo 50 Hz filter capacitor C 7 uf
requency
switching frequency fow 15 kHz DC link capacitor Coc 4700 pf
resonance triangular wave i
frequency fres 5 kHz amplitude Ve 3V
. grid current sensor )
sampling frequency fsam 30 kHz coefficient Hiz 0.15
Lead compensator b 0.8 capautor cqrr_ent H'y 0.062
parameter sensor coefficient
Pole-Zero Map and without the phase compensation, respectively.
Lf T - liLrﬁ_l'af.T T Without phase compensation, for the range of 255
4 ?'_T“'-E"'“ Aﬁﬂg”@‘.—.’;?“ uH < Lg < 600 uH, the poles of the closed-loop
P X . f e NN current control with CCF active damping are located
05 /08T f 0251 near the border of the unit circle as displayed in Fig.
. : 10(a). On the contrary, utilizing phase compensator,
E: [0.9x/T _ b O3E all the poles of the closed-loop current control are
2 polelrl b : . o located inside the unit circle according to Fig. 10(b),
& LU | and far from the border of the unit circle.
E 0.9/ 0AxIT] Therefore, the grid-connected inverter has a
Y stable performance in the range of grid inductance
-0.5 0BT o.27gF . . -
. iy changes, which illustrates the possibility of
~ 07T . 0-3-'{[:” implementing the introduced parameter
N BBl el | determination method as well as the efficiency of the
1 0.5 0 0.5 : introduced phase compensation for passive and
Rieal fuxis robust performance for wide grid inductance
@ changes.
Fig. 11 displays the Bode diagram for the open
Pole-Zero Map loop transfer function in terms of grid inductance L.
Ly _..----"']j_'é;?ﬁ?ﬁ iy Without phase compensation and for Ly = 255 uH,
Pt . the frequency fres_LcL IS exactly equal to fsam/6, and
{B " . its value is reduced to 5 kHz. Hence, the stability of
0.5F 08
; I mH ] ]
E {0.9:T — \Without compensato
& 0 ..I.TI.:':$. In.; % With \\ =255uH
% REIE fA % 20 - Sompensator Y
£ 0.8=/T g 0 TS
o S, g 20 T
A5 O8RIT 0271/ L =585uH S
~ 0= AN 1 P
D8l gt - ] o
1k . el - . F 180 B
1 % 1] 05 | ~ i
Real Axis _cc"é 210 [ \Q
(b) : fmr N
Figure 10. Zero-pole diagram of the closed-loop current 10? Frequency (rad,g)' f/6 f2

control against network impedance changes, (a) without

compensation, (b) with compensation

Figure 11. The bode diagram of open loop transfer
function according to various network inductance in the
presence of phase compensation
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the inverter cannot be achieved. By increasing the
grid inductance to 580 pH, the resonance frequency
fres_LcL decreases to 1.4 kHz. However, the resonance
frequency fres LoL is fewer than fsm/6, it is in the
prohibited range of resonance frequency. So, the
inverter is unstable due to the inappropriate stability
margin.  Considering the introduced phase
compensation, the prohibited area of the resonance
frequency is removed, and as a result, the inverter
works stably.

4.4. Sensitivity Analysis Against LCL Filter
Parameter Changes

Sensitivity analysis and investigating the system
stability against the changes of passive elements of
the LCL filter is of particular importance. To
analyze the system sensitivity to LCL filter
parameter changes, which are defined by C+AC,
Li+AL;, and Lp+AL;, besides the stability
investigation of the grid-connected system, each
parameter of the LCL filter has decreased by 5%,
10%, and 15%, respectively.

Fig. 12 demonstrates the effect of these changes
on the stability of the closed-loop system with the
proposed phase compensator. Fig. 12(a) displays the
case where only the filter inductors have been
changed. It is clear that the system is stable in this
case and is not sensitive to changes in LCL filter
inductors. In Fig. 12(b), only the filter capacitor is
changed, and other parameters remain constant. In
this case, similar to the previous case, the system has
maintained its stability. Fig. 12(c) illustrates the case
where the inductors and capacitors of the LCL filter
are changed simultaneously. In this case, the system
is stable and does not have considerable sensitivity
to simultaneous changes of inductors and capacitors.

Changing the values of the LCL filter parameters
affects the THD of the network injected current and
the stability behavior. Table 4 demonstrates the
results related to LCL filter parameters changing and
their effect on the THD of the network injected
current. According to Table 4, it can be concluded
that the THD of the network injected current
increases when the LCL filter inductors are more
changed. In contrast, more changes in the LCL filter
capacitor do not affect the THD value and can be
ignored. Now, for the simultaneous changes of 5%,
10%, and 15% in inductors and capacitors of the
LCL filter, the THD of the network injected current
increases by 5.68%, 8.8%, and 14.20%.

2093

Table 4: The THD value of the network injected current
for the changes in the LCL filter

Percentage for

Parameter o THD (%)
variations

5% 1.83
L, L2 10% 1.92
15% 2.01
5% 1.74
C 10% 1.73
15% 1.78
5% 1.86
Ly, Lo, C 10% 1.93
15% 2.01

5. SIMULATION RESULTS

In this section, the simulation results related to fuel
cell power transfer to a weak grid through an LCL-
type grid-tied inverter are presented. The simulated
fuel cell is of PEMFC type with a rated power of 6
kW and rated voltage of 45 V. To model the above
conditions and confirm the correctness of the control
system performance, the worst-case network
impedance i.e., pure inductive with the value of 2.6
mH is considered, and the results of the conditions
where the network impedance is 0 mH are presented
as well. The fuel cell injected power into the
network is sensitive to changes in the fuel flow rate.
To investigate the stability of the system to changes
in the fuel flow rate, this parameter was reduced by
20% in the time interval of [1,1.5] seconds and then
returned to the previous amount.

The current-power and voltage-current curves of
the fuel cell are shown in Figures 13(a) and (b),
respectively. As shown in Fig. 13(a), with the
increase in current, the power produced by the fuel
cell also increases.

Fig. 14 displays the fuel flow rate, current, and
voltage produced by the 6 kW PEMFC. To apply a
20% reduction in the generated power of the fuel
cell and analyze the performance of the fuel cell
grid-connected power conditioning system, the fuel
flow rate has decreased by 20% in the time interval
of [1,1.5] according to Fig. 14(a). As a result, the
current produced by the fuel cell has decreased by
about 10%, that is, from about 116 A to about 10 A.
The voltage generated by the fuel cell is shown in
Fig. 14(c). By reducing the fuel flow rate, the
produced voltage of the PEMFC has decreased by
about 12% and has reached from 53 V to 46.5 V.
The decrease in voltage and produced current of the
PEMFC has led to a decrease of about 20% of its
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produced power. The voltage produced by the fuel
cell has low amplitude, according to Fig. 14(c).
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Figure 12. Bode diagram of the closed-loop system with
phase compensator, (a) changing the LCL filter inductors,
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(b) changing the LCL filter capacitor, (c) simultaneous
change of inductors and capacitor of LCL filter
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Figure 14. (a) fuel and air flow rate, (b) current produced
by the PEMFC, (c) voltage produced by the PEMFC

To adapt the generated voltage of the PEMFC to
the requirements of the power grid, a boost converter
is utilized to increase the PEMFC-generated voltage
amplitude. The DC link voltage of the inverter,
which is the output voltage of the boost converter, is
shown in Fig. 15, along with the output voltage of
the inverter. According to Fig. 15(a), it is clear that
the DC link voltage is close to its reference value,
which is set at 355 V, and the DC link voltage ripple

380
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w (5] w
al (s3] ~
o o o

FC Power (kW)
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o
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09 0.95 1 1.05 11
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Figure 15. (a) DC link voltage or boost converter output
voltage, (b) inverter output voltage

is very low. It is also clear that in the [1,1.5] time
interval, the DC link voltage changes are tiny, and
the DC link voltage controller works well. Fig. 15(b)
displays the output voltage of the grid-tied inverter.
The unipolar sinusoidal pulse width modulation
(SPWM) is considered the switching method for the
inverter. According to the low ripple of the DC link
voltage, the output voltage of the inverter shows a
suitable and unchanged range as well.

The generated power of the PEMFC as well as
the injected power into the network by the grid-tied
fuel cell power conditioning system are shown in
Fig. 16. According to this figure, the PEMFC
produces the power of about 6100 W, which
decreases to about 4900 W when the fuel flow
declines. The injected power of the system under
study to the network in nominal conditions is about
5950 W, which has reached 4800 W with the
reduction of the fuel flow. The fuel cells have a
slower dynamic response compared to the solar
arrays. Therefore, with the change in the fuel flow, it
takes some time to reach a new stable condition. Of
course, these fluctuations are not observed in the
power injected into the network. The DC link
capacitor acts as an interface between the fuel cell
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Figure 16. The generated and injected power to the grid,
(a) fuel cell generated power, (b) grid injected power
and the grid and prevents significant transient

fluctuations from the fuel cell side to the grid.

One of the crucial goals of grid-connected power
conditioning systems is to inject high-quality current
into the grid. Fig. 17(a) demonstrates the voltage at
the point of common coupling (PCC) and the grid
injection current of the under-study PEMFC power
conditioning system. According to Fig. 17(b), the
quality of the grid-injected current is outstanding,
and its total harmonic distortion is 1.73%. The
significant part of the negligible harmonic present in
the grid-injected current is the low-order harmonic
caused by the fluctuations and distortions of the fuel
cell output. It can be seen from Fig. 17 that the
injected current into the network is in phase with the
voltage to obtain a unity power factor. Meanwhile,
at t = 1 sec, the fuel flow decreased. This sudden
change did not affect the performance and quality of
the injected current to the network, and only the
range of grid injected current was reduced by 20%
from 37.5 A to 30 A.
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Figure 17. (a) The PCC voltage and the grid-injected
current, (b) harmonic spectrum of the grid-injected current
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Figure 18. (a) PCC harmonics-polluted voltage and
injected current to the network, (b) THD of the PCC
voltage, (c) THD of the injected current to the network

One of the characteristics of weak networks, in
addition to the wide range of impedance change of
such networks, is the possibility of high harmonics
at the PCC of the inverter. The large size of the
network impedance was investigated in the previous
simulations, and all the simulation results were
evaluated for a pure inductive impedance equal to
Ly = 2.6 mH. To check the performance of the
proposed fuel cell power conditioning system in
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harmonic conditions, the network voltage containing
a high percentage of low-order harmonics is
considered. Fig. 18 shows the high-harmonic voltage
at the PCC of the inverter. In such a situation, the
proposed control method can maintain the stability
of the fuel cell power conditioning system and inject
current with suitable quality into the network. The
harmonic distortion of the grid-injected current in
the harmonics-polluted network is 3.5%, a
convenient value for such a network. Fig. 18(a)
shows the harmonic contaminated voltage of the
PCC and the injected current to the network in such
conditions, Figure 18(b) displays the harmonic
distortion of the PCC voltage, and Fig. 18(c) shows
the harmonic distortion of the grid injected current.
Table 5 compares the proposed damping method
with current methods used to improve the

performance of grid-connected inverter control
systems. The compared references are evaluated in
terms of control method, number of sensors used,
and the effect of delay. Additionally, the THD value
of the current injected into the grid under the
conditions assumed in this paper is also provided in
Table 5. It should be noted that the purpose of
presenting the THD value is solely to provide a
comprehensive comparison. However, different
conditions considered in each reference mean that
the results in terms of THD values cannot be fairly
compared directly. In general, according to relevant
standards, the harmonic distortion of the current
injected into the grid for low-voltage networks
should not exceed 5%, which is observed in all
references.

Table 5: Comparison of the proposed method with recently published articles

Grid Side Sensors Delay

Reference Control Strategy Count effect THD Value

Ref [4] Feedback Capacitor \_/oltage and Resonant 2 v 1.77%
Proportionality

Ref [19] Virtual Impedance & Capacitor Current Feedback I 1.76%
Ref [34] Active Damping ) 2.1%
Ref [35] Feedback Parallel Feedforward X 2.87%
Ref [36] Inverter Currertl)t Feeplback and Active 3 X 1.39%

amping

Ref [37] Resonant Proportionality X 2.88%
Ref [38] Capacitor Voltage Feedback ™ 3.47%
Ref [39] LMI-LQR Current Control ™ 2.43%

Phase Compensator on Capacitor Current 0
Proposed Feedback Active Damping 2 ¥ 1.73%
6. Conclusion by-step method is introduced for the design of the

The voltage source inverters are used to transfer the
power of fuel cells to the low-voltage grid. LCL-
type grid-connected inverters with capacitor current
feedback active damping have a digital control delay
problem. Since the low-voltage systems are sensitive
to network impedance, the control delays may cause
system instability by significant changes in network
impedance. To solve this problem, a phase
compensator is proposed in the capacitor current
feedback path. Considering phase compensation in
the capacitor current feedback increases the border
frequency from fsam/6 to almost fsam/4, in addition, it
reduces or eliminates the forbidden frequency region
of LCL filter resonance as well. To ensure the
correct performance of the proposed method, a step-
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capacitor current feedback coefficient, parameters of
the current regulator, and the phase compensator.
The simulation results of the low-voltage grid-
connected fuel cell power conditioning system with
the proposed control method reveal that the stability
of the grid-connected fuel cell system is maintained
with changes in the network impedance. The quality
of the injected current to the network in the ideal
network is 1.37%, and in the severe harmonic
network it 3.5%, which indicates the proper
performance of the proposed control system. As a
suggestion for future work, the extension of the
single-phase system to three-phase can be mentioned
where the challenges of the proposed control system
in the three-phase network is investigated. Also, the
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hardware implementation of the system under study RHP Right half plane
is another future direction of this study. THD Total Harmonic Distortion
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