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1. Introduction 

In recent years, renewable energy sources have become more popular because of 
environmental concerns and the rapid depletion of fossil fuels. The advantages of renewable 
energy sources include their sustainability, affordability, and reliability. Fuel cells are 
becoming increasingly popular among renewable energy sources because of their flexibility, 
silent operation, high performance, and modular construction [1]. Furthermore, fuel cells 
increase the system performance in terms of power regulation and stabilization compared 
to the intermittent operation of wind and solar energy sources [2]. There are numerous types 
of fuel cells used in grid-connected applications, including proton exchange membrane fuel 
cells (PEMFC), solid oxide fuel cells (SOFC), alkaline fuel cells (AFC), direct methanol 
fuel cells (DMFC), phosphoric acid fuel cells (PAFC) and molten carbonate fuel cells 
(MCFC). The PEMFC and SOFC are the most widely used types of fuel cells in grid-
connected systems [3]. 

Fuel cells integrated with electrical grids are known as grid-connected fuel cell systems. In 
[4], the coupling problems of PEMFC in the grid-connected system have been investigated 
by developing an overall model integrating electrochemical, mechanical, and electrical 
components. In [5], a partial feedback linearizing controller is proposed for a three-phase 
grid-tied PEMFC system to inject power into grid under different load conditions and 
maintain stability during load changes and faults in the system. In [6], a novel grid-
connected inverter control strategy is presented under harmonic and unbalanced grid voltage 
conditions. In [7], PEMFC is used as a distributed power generation system (DPG) and 
converter side current feedback (CSCF) method is used in its control system. DPGs are 
commonly used in low-power distribution systems, so grid inductance variations should be 
considered during control design. LCL filters are widely used in DPG applications. In the 
weak power distribution system, the converter side current feedback (CSCF) method has 
been used to connect the fuel cell system through the LCL filter to the network. 

Grid-connected inverters are very significant in DPG systems. PWM switching causes these 
inverters to have high-frequency harmonics [8]. In comparison to conventional L filters, 
LCL filters are more effective at reducing switching effects and eliminating switching 
harmonics [9-10]. However, the inherent resonance of the LCL filter complicates the design 
of the current controller in low-voltage grid connections. Consequently, the control loop 
bandwidth can be reduced, and even the system stability could be threatened [11-12]. Using 
damping methods is an effective way of reducing resonance caused by LCL filters and 
stabilizing the system.  A simple way is to connect damping resistors in series with filter 
capacitors, known as the passive damping method. While this method is simple and very 
reliable, it causes a lot of power losses and is not very effective at attenuating harmonics 
[13]. Passive damping (PD) can be replaced with active damping (AD), which simulates a 
virtual resistance with variable feedback as the damping condition. These feedbacks include 
filter capacitor current feedback (CCF) [14], filter capacitor voltage feedback [15], inverter 
side current feedback [16], or grid side current feedback [17]. Due to its flexibility and 
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efficiency, AD has become widely used [18], but additional sensors are usually required to 
measure the variables associated with AD.  

According to [19], the CCF will be proportional to virtual impedance when computational 
and PWM delays are considered in one-and-a-half sample periods, respectively. This virtual 
impedance has a negative real component from one-sixth to one-half of the sampling 
frequency [fsam/6, fsam/2] and gives rise to right-half plane (RHP) poles. RHP leads to a non-
minimum phase behavior in the system [20]. According to [19], the fsam/6 frequency is the 
critical frequency for LCL resonance, and stability is maintained at frequencies greater or 
smaller than fsam/6. Thus, if the resonance frequency changes due to variations in network 
impedance, the control system becomes unstable. A simple solution to this problem is 
reducing the delay of digital computations. In order to prevent RHP, the frequency range of 
the positive equivalent resistance causing a minimum phase behavior can be extended by 
reducing or compensating control delays [21-23]. Among AD methods based on the 
feedback of filter state variables, proportional CCF damping has been widely used due to 
its simple implementation. In this method, double loop control is used to dampen the LCL 
resonance effectively. 

In this paper, an LCL filter is utilized to connect the PEMFC to the power transmission grid. 
By using the AD method based on capacitor-current positive feedback (CCPF), the 
frequency range of the positive virtual equivalent resistance can be extended up to the 
Nyquist frequency, and the LCL filter resonance damping can also be increased. This 
damping method uses the equivalent output virtual impedance of the grid-connected inverter 
to increase system stability and robustness. Using the proposed control system, the grid-
connected inverter will have high stability against changes in grid impedance and remain 
stable during variations in the PEMFC-produced power. 

The rest of the paper is organized as follows: In the second part, a general description of the 
system, a mathematical model, and AD based on CCF are examined. The principles of AD 
performance based on proportional-integral CCPF are presented in the third part. The fourth 
section is dedicated to the design of CCF parameters and current regulator values. Detailed 
analysis of sample design and simulation results are discussed in the fifth section, and 
finally, the paper’s conclusion is presented in section six. 

 

2. General description of the system and active damping based on 
capacitor-current feedback 

2. 1.  Description of the system and mathematical modeling 

Fig. 1 presents the structure of a fuel cell system connected to a single-phase network using 
an LCL filter. In this figure, L1, C, and L2 form the LCL filter, and Vg represent the grid 
voltage. An inductor typically represents the network impedance at a point of common 
coupling (PCC). Because network resistance improves damping and contributes to system 
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stability, a pure inductor Lg is considered to indicate the worst grid condition. Also, to 
increase the voltage level and connect the fuel cell to the grid, a DC-DC converter is used. 
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Fig. 1: System outline 
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Fig. 2: Proposed control scheme for grid-connected fuel cell system using LCL filter 

Fig. 2 provides a detailed schematic of the grid-connected inverter equipped with the LCL 
filter. Hi2 represents the gain of the grid-side current. In order to dampen the resonance peak 
of the LCL filter, the capacitor current feedback active damping method with Hi1 coefficient 
as the capacitor current sensor gain has been considered. The grid-connected inverter 
employs unipolar pulse width modulation (SPWM) as its switching pattern, and Gi(s) is the 
current regulator. The reference grid-side current is denoted as iref, with phase-locked loop 
(PLL) synchronization used to align this current with the voltage at the common coupling 
point (Vpcc). A power control loop automatically adjusts the amplitude of the reference grid-
side current, denoted as I*. 

Based on the outline of the system under consideration, as shown in Fig. 2, the block 
diagram of the grid-connected inverter control using the LCL filter by applying damping 
resonance based on CCF is demonstrated in Fig. 3. Grid-connected inverters are designed 
to regulate the injected current to the grid (iL2) sinusoidally and to regulate its phase using 
the point of common coupling voltage. Therefore, a phase-locked loop (PLL) is used to 
derive the phase angle of the VPCC. Additionally, the reference current amplitude is 
calculated by setting the DC link voltage as I*. Gi(s) presents the current regulator. To 
determine the damping resonance of the LCL filter, the IC capacitor-current is measured. 
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Hi1 and Hi2 are the iC and iL2 gains, respectively. The inverter transfer function is modeled 
by KPWM = Vinv / Vtri. Here, Vtri represents the peak of the triangular carrier amplitude, and 
Vinv represents the peak AC voltage generated by the inverter. 

Gd(s) indicates computational and PWM delays, which can be expressed as follows: 
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Fig. 3: Digital control diagram of the grid-connected inverter with LCL filter and proportional 

capacitor-current AD 

In this case, Ts represents the sampling period. The proportional resonant controller (PR) is 
used in the following equation to minimize the steady-state error: 
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Kp indicates the proportional gain, and Kr is the resonant gain, ω0 = 2πf0 is the principal 
component of the grid angular frequency, where ωi indicates the bandwidth of the resonance 
section that reduces the sensitivity to changes in the main frequency. 
In Fig. 3, the gain of the T(s) loop, which is the open-loop transfer function, is determined 
as follows: 
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ωr is the resonant frequency angle of the LCL filter, which is expressed as follows: 
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2. 2.  Single-Loop control of the grid current 

The stability of the grid-connected inverter is usually evaluated by the Nyquist stability 
criterion according to the Z = P-2(N(+)-N(-)) equation. P and Z represent the number of 
right half-plane poles (RHP) of the open  loop and closed  loop transfer functions, 
correspondingly. Further, N(-) and N(+) indicate the number of negative and positive passes 
of -180 degrees, respectively. The necessary and sufficient condition for stability is Z=0. 
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Fig. 4 illustrates the Bode diagram of equation (3). When Hi1 = 0, AD is not taken into 
account, and T(s) does not contain any open-loop poles in the right half-plane (RHP), i.e., 
P = 0. Nyquist stability requires N(+) - N(-) = 0 for the system to be stable. Under various 
values of Lg, Fig. 4 displays T(s) without AD. According to this figure, there is a uniform 
decrease in the phase-frequency curve, so N(+) = 0. If fres≤ fsam/6, the negative passage 
happens in fres, so N(-) =1, meaning stability has not been achieved. If fsam/6<fres< fsam/2, the 
curve of phase-frequency for T(s) passes through -180 degrees at fsam/6 because of the phase 
delay caused by Gd(s). As a result of the phase delay generated by Gd(s), the curve of phase-
frequency for T(s) passes through -180 degrees at fsam/6 if fsam/6<fres<fsam/2. Additionally, 
this will not be a negative pass when the T(s) gain at fsam/6 is lower than zero dB. By 
adjusting the proportional gain Kp, this can be accomplished. 

Substituting s = j2πfsam/6 at (3) and assuming |T(j2πfsam/6) |<0 dB, the following Equation 
is obtained: 
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This means that reducing the proportional gain will ensure system stability, but may 
compromise dynamic performance [24]. 

 
Fig. 4: Bode diagram of single-loop current control loop gain 

 
According to the analysis, maintaining the LCL resonant frequency within the [fsam/6, fsam/2] 
range is a simple method to ensure inverter stability against changes in grid impedance. This 
can be achieved by replacing the inverter side inductor and the filter capacitor resonant 
frequency as fr∞, higher than fsam/6. Actually, fr∞ is the LCL resonant frequency when Lg is 
a large-value inductor. Simplicity makes this method interesting, but it is critical to design 
the LCL filter carefully [25]. Accordingly, for low-voltage consumer applications, iron 
powder cores are commonly used in filter inductors. Due to the soft permeability, the value 
of the filter inductors varies in a wide range. Considering that the minimum value of inductor 
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a reasonably small capacitor C. Due to the harmonic reduction of the switching frequency, 
L2 may be a relatively large and bulky filter. Comparatively, when damping is applied, the 
fr∞>fsam/6 condition is unnecessary, so the choice of filter parameters is much easier and 
helps to minimize the filter size. Here, a suitable damping method is investigated. 

2. 3.  Active damping based on capacitor-current feedback 

AD of proportional CCF has attracted much attention due to its simplicity. Using the 
variations depicted in Fig. 5(a), the proportional CCF AD, according to Fig. 5(b), is 
equivalent to a virtual Zeq impedance parallel to the filter capacitor C. The virtual impedance 
equivalent to Zeq is expressed as follows: 
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By considering (1) and substituting s = jω in (6), the equation (7) can be obtained. 
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According to Equation (7) and Fig. 5(b), Zeq can be represented as a parallel connection of 
the Req resistor and Xeq reactance. Both the Req and Xeq parameters are frequency-dependent. 
Req helps attenuation damping, and Xeq makes the system resonant frequency (fres) different 
from the filter resonant frequency (fr′). 

The frequency properties of Req and Xeq, when Hi1 is positive, are displayed in Fig. 6, 
according to (8) and (9). As shown in the figure, Req has a positive value in the [0, fsam/6] 
and a negative value in the [fsam/2, fsam/6] frequency range. Additionally, Xeq has a capacitive 
behavior in the [fsam/2, fsam/3] frequency range. Conversely, in cases where Hi1 is negative, 
Req has a negative value in the [0, fsam/6] and a positive value in the [fsam/2, fsam/6] frequency 
range. Besides, Xeq has capacitive behavior in the [0, fsam/3] and inductive behavior in the 
[fsam/2, fsam/3] frequency range. 
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Fig. 5: Inverter diagram with proportional AD capacitor-current, (a) schematic diagram, (b) 
equivalent circuit 

Based on the previous analysis and the results of [26], it is not important whether Hi1 be 
positive or negative, what matters is that the equivalent resistance value be positive in the 
[0, fsam/2]. If the Req(fr′) be negative in the [0, fsam/2] frequency range, the system will be 
unstable. Therefore, it is necessary to use a suitable damping method to ensure that Req is 
positive in the whole [0, fsam/2] desired frequency range. Under these conditions, the 
stability of the inverter against network impedance changes increases significantly. 

 
Fig. 6: Frequency characteristic of Req and Xeq when Hi1> 0 
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To achieve a positive equivalent resistance across the controllable frequency range, a simple 
idea, as shown in Fig. 7(a), is to add a feedback function in parallel with Hi1. Through block 
equivalent conversion, this additional feedback is equivalent to a Zp impedance connected 
via a parallel connection to the primary Zeq equivalent impedance. Fig. 7(b) demonstrates 
the equivalent circuit of the grid-connected inverter considering the additional virtual 
impedance Zp. 
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(b) 

Fig. 7: Scheme of the grid-tied inverter with added parallel impedance, (a) diagram of the control 
system, (b) equivalent circuit 

Zp can be a parallel connection between the Rp resistor and the Xp reactance. Accordingly, 
the R′eq and X′eq are the equivalent resistance and the equivalent reactance, respectively, 
which are expressed in the following way: 
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Rp and Xp depend on frequency. Based on (10), a favorable Rp can help ensure a positive 
R′

eq over the entire range of controllable frequencies. To achieve this, an appropriate 
feedback function of the capacitor-current must be chosen. 
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3. 2. Proper performance of capacitor-current feedback 

Based on Fig. 7(a), the CCF function consists of Hi1 and FiC. This means that a good FiC is 
required to comply with Hi1. Basically, different types of FiC can be chosen. Nevertheless, 
the simple and common integral expression is FiC(s) = K/s, K is the integral coefficient in 
this case. As a result, a proportional-integral controller (PI) is used to feed the capacitor 
current. Here, the Hi1 and K symbols must be similar. Otherwise, the feedback function has 
a complex right half-plane zero (RHP), which results in a non-minimum phase 
characteristic. As a result, the examination of the two cases should be considered according 
to Table (1). 

Fig 7(a) illustrates the equivalent block diagram that enables easy extraction of the RP 
expressions associated with the integral term, presented in Table (1). Fig. 8 illustrates the 
Req and Rp frequency characteristics for the proportional-integral controller in two K> 0, 
Hi1> 0 and K<0, Hi1 <0 modes. As shown in Fig. 8(a), in the [fsam/3, fsam/6] frequency range, 
resistors Req and Rp are both negative; therefore, R′

eq should be negative according to (10). 
This means that condition (a) does not create favorable conditions. As displayed in Fig. 8(b), 
in the [fsam/3, fsam/6] frequency range, the resistors Rp and Req are both positive, so R′eq is 
positive definite. In Fig. 8(b), Req and Rp have opposite signs in other frequency ranges. 
Based on Equation (10), R′eq is positive if Req+Rp<0. By replacing the Rp and Req specified 
in Table (1) in the Req+Rp=0, the positive boundary frequency for R′eq, which is shown as 
fRb, can determine that Hi1/K=1.5Ts, fRb is approximately equal to 0.48fsam. This means that 
the upper limit of the frequency range for the positive R′eq is increased to approximately 
fsam/2. Consequently, the AD of the positive CCF exhibits good performance using the 
proportional-integral controller Hi1 + K/s (K <0, Hi1 <0). 

 
(a)                                                   (b) 

Fig. 8: Frequency response characteristic of Req and Rp in the presence of proportional-integral 
controller in the positive CCF path (a) Hi1> 0, K> 0, (b) Hi1 <0, K <0 
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Table 1: The range of positive equivalent resistance at its highest frequency with PI feedback 
Hi1+ K/s

Feedback 
condition K<0 , 

Hi1<0 K>0 , Hi1>0 

1

1 cos(1.5 )i pwm s

L

H K C TReq 

1

sin(1.5 )pwm s

L

K K C T





Rp 

 
(0,fsam/2) 

 

(0,fsam/6) 
or 

(fsam/3,fsam/2)

The maximum 
frequency range 
of positive R′

eq 

3. 3. Active damping based on positive proportional-integral capacitor-current 
feedback 

R′
eq and X′

eq frequency characteristics for the AD of the positive proportional-integral CCF 
are plotted in Fig. 9. According to this figure, R′eq has a positive value in the [0, fRb] and a 
negative value in the [fRb, fsam/2] frequency range. X′eq has capacitive properties in the [0, 
fXb] and inductive properties in the [fXb, fsam/2] frequency range, in which fXb represents the 
boundary frequency of X′eq. As mentioned, the maximum frequency of the positive 
equivalent resistance, fRb, has increased by nearly fsam/2. Thus, a minimum phase response 
of the system is guaranteed, which leads to an increase in the stability of the grid-connected 
inverter against the network impedance changes. 

 
Fig. 9: Frequency characteristic of R′eq and X′eq for the positive proportional-integral CCF AD 

4. Design of control parameters 

According to the topics discussed in Section 3, the controlling parameters of the CCF 
function and the current regulator must be adjusted correctly to ensure Req(fr′)> 0. This 
section presents the control parameters design. 

4. 1. Decoupled two-loop model 

The loop gain T(s) demonstrated in (3) is rewriteable as follows: 
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Since the Gi(s) current regulator does not have the imaginary axis right-half plane pole RHP, 
the number of RHP poles of loop gain is expressed by the following Equation: 
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As can be seen in (14), iC  is similar to a closed-loop system in that the feedforward and 

feedback transfer functions are GiC(s) and Hi1(s), respectively. By considering equations 
(12) and (14), it is possible to construct an equivalent control diagram according to Fig. 10. 
If the internal loop is stably designed, the external loop will not include the open-loop right 
pole. Therefore, in the Nyquist stability discussion, the number of right half-plane poles of 
the open-loop conversion function will be zero (P = 0). Hence, the internal loop parameters 
or the CCF parameters can be designed independently to warranty P = 0. Afterward, the 
external loop parameters or the same parameters of the current regulator could be adjusted 
to guarantee system stability. 
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Fig. 10: Equivalent control block diagram of the grid-connected inverter with LCL filter with 

positive proportional-integral CCF AD 

 
4. 2.   Capacitor-current feedback parameters design 
Based on Fig. 10, the TiC(s) internal loop gain is obtained as follows: 
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Thus, the stability of the internal loop could be evaluated using Nyquist stability criteria, 
i.e., Pi-2(Ni(+) - Ni(-)) = 0, where  Ni(+) and  Ni(-) present the number of positive and 
negative internal loop intersections, and Pi represents the number of right half-plane poles 
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(RHP) of the open-loop conversion function of the internal loop. As shown in (15), TiC(s) 
does not contain the RHP pole, and Pi = 0 is established. Therefore, Ni(+) - Ni(-) = 0 must 
be satisfied so that the internal loop is independently stable.  

In Fig. 11, the Bode curves of the internal loop gain of (15) are shown. In the low-frequency 
range, the magnitude plot of TiC(s) has a zero slope, and the phase curve gradually decreases 
from 180° in the low-frequency range. In addition, when the filter resonant frequency (fres) 
is reached, the magnitude curve shows an infinite resonance peak. The phase curve 
decreases in the corresponding frequency range and passes through the -180° at the fRb 
frequency. As a result, two gain margins, including GMi1 and GMi2, must be observed to 
avoid negative zero-crossings at zero and fRb frequencies, respectively. Meanwhile, the PMi1 
and PMi2 two-phase margins are defined at the crossover frequencies of phase fc_i1 and fc_i2, 
respectively. In addition, with the realization of the PMi2 phase margin, the GMi2 gain margin 
is automatically realized. Because the size of the open-loop conversion of the internal TiC(s) 
control loop decreases uniformly in the [fc_i2, fsam/2] frequency range. 

 
Fig. 11: Internal loop bode diagram of the positive proportional-integral CCF AD 

Based on GMi1 = –20lg | TiC (j2π ꞏ 0) |, the boundary value of the coefficient K, which is 
limited by the gain margin of the internal loop, is obtained as follows: 
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Given that PMi1 = π -∠TiC (j2πfc_i1) and PMi2 = ∠TiC (j2πfc_i2) - (-π), the boundary value of 
the coefficient K in terms of Hi1, which is limited by the phase margins of the internal loop, 
is as follows: 
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In which fc_i1,2 can be derived from  |  Tic(j2πfc_i1,2)|=1. Corresponding relationships with the 
fc_i1,2 phase intersection frequencies can be expressed using (19) and (20): 

 )19 (  
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Considering that the approximation tan(3πfc_i1,2Ts)≈tan(3πfresTs) is valid due to the 
proximity of the gain crossover frequencies fc_i1,2 to the filter resonant frequency fr, by 
replacing (19) and (20) in (17) and (18), respectively, Equation (21) is obtained: 
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If GMi1, PMi1, and PMi2 are specified, an acceptable range of K in terms of Hi1 is determined 
from (16) and (21). In addition, the optimum phase and gain margin for the internal loop 
must be satisfied throughout the Lg network impedance range. As shown in Fig. 11, with 
increasing Lg, the values of GMi1 and PMi1 decrease, and PMi2 increase. This means that the 
satisfactory range boundaries for the K coefficient should be obtained respectively by GMi1 
and PMi1 at the maximum value of Lg and by PMi2 at the minimum value of Lg. The gain 
and the phase margin should not be less than 3 dB and 30°, respectively [27]. 

4.3. Current regulator parameters design 

Three parameters ωi, Kp, and Kr, must be designed based on Equation (2). To deal with ±1% 
changes in the base frequency of the network [8], ωi =%1×2πfo = π rad/s is set. Kr and Kp 
are generally set assuming Lg = 0 [25]. By assuming |T (j2πfc) | = 1, the value of Kp bounded 
by fc is calculated [28], which can be expressed by Equation (22): 
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To lessen the phase delay of the PR controller at the gain crossover frequency, the Gi(s) 
corner frequency should be set to 10% of the gain crossover frequency fc [29]. As a result, 
the optimal Kr is equal to the following relation: 

)23 (  
2

.
10 2

pc
r

i

Kf
K




  

Based on (22) and (23), the appropriate Kp and Kr are determined based on the value of fc. 
The highest possible value of fc is constrained by the desired PM so that, considering fc≈ 
4fsam with a phase limit (PM) of approximately 60 degrees, creates a favorable condition, 
and a small percentage of overshoot is expected under these conditions [30]. In the next 
step, it is essential to examine the external loop gain margin (GM). If the required conditions 
are not satisfied at the external loop gain margin, fc must be readjusted, which will correct 
the Kp and Kr values. 

5. Sample design and simulation results 

5. 1. A sample system design 

Table 2 presents the parameters of a 6 kW single-phase LCL grid-connected inverter. For 
the evaluation of the proposed damping method, a high resonant frequency LCL filter fr0 = 
6.27 kHz was utilized. The robustness of the system has been investigated by changing the 
Lg to 10% per unit, which is equivalent to 2.6 mH. Given the above values for the internal 
loop gain and phase margin, the acceptable area for K and Hi1 can be plotted as depicted in 
Fig. 12. It can be observed that the area enclosed by the blue, red, and purple lines offers an 
optimal range for selecting the Hi1 and K parameters. Any point within this region can be 
considered as suitable  values for the Hi1 and K parameters. Suitable parameters Hi1 = 0.06 
and K = 1600 are selected, corresponding to point A. By replacing fc≈%4fsam = 800 Hz into 
(22) and (23), Kp = 0.7158 and Kr = 57.2610 are computed. 

Table 2: The values of the under-consideration system parameters. 
Value SymbolParameter 

220 V Vg Grid voltage 

5.8 KW  PoOutput power 

50 Hz  fo Base frequency 

10 KHz  fswSwitching frequency 

6.27 KHz fres Resonance frequency 

20 KHz  fs=fsam Sampling frequency 

826 µH  L1Inverter side inductor 

200 µH  L2 Grid side inductor 

4 µf  CFilter capacitor 

6000 µf  CDC DC link capacitor 

4.58 V  VtriTriangular carrier signal amplitude 

0.15 Hi2 Grid current sensor gain
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Fig. 12: Satisfactory and stable region for Hi1 in terms of K 

 

 
(a)                                                               (b) 

Fig. 13: Bode diagram of a two-loop system, (a) internal loop gain, (b) external loop gain 

Based on the defined parameters, the internal and external loop diagrams can be illustrated 
according to Fig. 13. Based on this figure, the minimum gain of the internal loop and the 
phase margin under the condition that the network impedance Lg=2.6 mH are 6.4 dB and 
31°, respectively. In contrast, the minimum gain of the external loop of the gain margin and 
phase margin in the same condition are 6.4 dB and 62°, respectively. In addition, the 
minimum gain of the external loop of the phase and the gain margin, in the case of Lg=0 
mH, are 60 degrees and 9.8 dB, respectively. Thus, both loops have good stability margins, 
and this confirms the effectiveness of the design method. 

Fig. 14 demonstrates the distribution of open loop and closed loop poles based on the change 
in Lg grid impedance from 0mH to 2.6mH. In this analysis, the closed-loop pole pair 
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resulting from the PR regulator is not shown due to their small changes. As displayed in 
Fig. 14(a), both pairs of inverter’s open loop poles with the proportional-integral CCPF 
damping method are always inside the unit circle and lead to P≡0. Fig. 14(b) shows that the 
closed-loop poles of the inverter with the proportional-integral CCPF damping are inside 
the unit circle, far from its boundaries. Based on this, a sufficient stability margin is obtained 
using this damping method even for fres close to or equal to fsam/6. Therefore, the 
proportional-integral CCPF damping method increases the inverter stability during the 
changes in network impedance and improves dynamic performance. 

 
(a)                                                      (b) 

Fig. 14: Grid-connected pole-zero map with changes in network impedance, (a) open loop pole-
zero map, (b) closed loop pole-zero map 

5. 3.  Simulation results 

This section presents simulation results of PEMFC power injection into the weak grid using 
the proposed control system. Simulations are performed using a 6 kW-45 V PEMFC stack. 
To model the mentioned conditions and verify the reliability of the proposed control system, 
the network impedance is considered as 0 mH and 2.6 mH. The worst-case network 
impedance is pure inductance, which is modeled with a value of 2.6 mH. In Fig. 15-a and 
b, the P-I and V-I curves of the PEMFC stack can be seen. As shown in Fig. 15-a, with the 
increase in power produced by the PEMFC, the current also increases, but as the current 
increases, the voltage produced by the PEMFC decreases, as shown in Fig. 15-b.  
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     (a)                                                                      (b) 

Fig. 15: PEMFC P-I and V-I curves (a) P-I curve, (b) V-I curve 

Fig. 16 shows the fuel flow rate and the voltage produced by the PEMFC. As shown in Fig. 
16-a, the fuel flow rate has decreased by 20% in the time interval [0.8s, 1.2s]. As a result, 
the voltage produced by the PEMFC has also decreased in the previous time interval, as 
shown in Fig. 16-b. Since the PEMFC produces a low voltage, a boost converter is used to 
increase it. Fig. 17 shows the DC link voltage of the inverter. It is evident from Fig. 17 that 
the DC link voltage changes are very small in the [0.8s, 1.2s] time interval. It is also clear 
that the voltage ripple of the inverter DC link is very low.  

 
(a) (b)

Fig. 16: (a) Fuel and air flow rate, (b) PEMFC output voltage 

 

 
      Fig. 17: Inverter DC link voltage 
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Grid-connected control systems aim to inject sinusoidal current into the network. Fig. 18 
shows the injected current in the network at two impedance values, Lg=0 mH and Lg=2.6 
mH. According to Fig. 18, the injected current into the network maintains its sinusoidal 
waveform at both values of the network impedance and when the injected power into the 
system changes. 

 
       (a)                                                                      (b) 

Fig. 18: The waveforms of the injected current into the network (a) Lg=0 mH, (b) Lg=2.6 mH 

The network voltage and current waveforms for Lg=2.6mH are shown in Fig. 19-a. This 
figure shows that as the PEMFC fuel flow rate is reduced, the produced power will also be 
reduced within the [0.8s, 1.2s] time interval. During this condition, the network voltage and 
current maintain their sinusoidal waveform. Fig. 19-b shows the voltage and current 
waveforms in the [0.94s, 1.05s] time interval. It is clear that the voltage and current 
waveforms are sinusoidal, and there is no phase difference between them.  

 
        (a)                                                                     (b) 

Fig. 19: Network voltage and current waveforms in the (a) [0.7s, 0.1.3s] time interval, (b) [0.94s, 
1.05s] time interval 

The THD of the network current is shown in Fig. 20, and its value is 0.96% for Lg=2.6mH 
and 1.56% for Lg=0mH. According to Fig. 20, it is clear that the proposed method for the 
worst condition of the network, i.e., Lg=2.6mH, maintains its stability and has a lower THD 
than the normal conditions of the network.  
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(a) (b)
Fig. 20: Network current THD (a) Lg=2.6 mH, (b) Lg=0 mH. 

Fig. 21 illustrates the injected power into the network. Due to the reduction of the power 
produced by the PEMFC in the [0.8s, 1.2s], the injected power into the network has also 
decreased from 5800 W to 4650 W in the same time interval. 

 
Fig. 21: The waveform of the injected power into the network 

 
          (a)                                                                       (b) 

Fig. 22: Grid voltage and current waveforms when (a) network voltage drops by 20%, (b) network 
voltage rises by 10% 

Fig. 22 shows a fluctuation in the network voltage. In Fig. 22-a, the network voltage has 
dropped by 20% in the [0.9s, 1.2s] time interval. As the network voltage drops, the current 
waveform is sinusoidal and has no phase difference from the network voltage. In the case 
that the network experiences a voltage rise of up to 10% in the [0.9s, 1.2s] time interval, it 
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can be seen in Fig. 22-b that the system remains stable and that there is no phase difference 
between the system and the network voltage. 

At the end, a comparison between the proposed method and the methods that have recently 
been proposed in the field of improving the performance of the grid-connected inverter 
control system is presented in Table 3 The references included in this table were evaluated 
based on their THD of the injected current into the grid, considering the assumed conditions 
of each reference. By using the proposed method, it is evident that the current injected into 
the grid has a higher quality and a lower THD than others. 

Table 3. Comparison of the proposed control scheme with other methods 

 [32] [33] [34] [35] [36] 
Proposed 
control 
scheme 

Control 
method 

Capacitor 
voltage 

feedback 

LMI-LQR 
current 
control 

Jaya 
Grid side 
current 

feedback 

Quasi-
Predictive 

current 
control

Positive 
virtual 

impedance 
shaping 

Grid side 
current 
THD 

3.47% 2.43% 2.8% 4.82% 2.15% 1.56% 

 

6.  Conclusion 

To dampen the resonance caused by the LCL filter in a grid-connected PEMFC system, a 
capacitor-current proportional-integral positive active damping method is proposed. The 
proposed method extends the frequency range of positive equivalent resistance up to 
Nyquist frequency, i.e., the full controllable frequency range, and eliminates the non-
minimum phase behavior caused by negative resistance, which leads to improved system 
stability. As a result, the stability of the grid-integrated inverter against network impedance 
variations increases significantly. The proposed damping method uses the concept of 
equivalent virtual impedance of the grid-connected inverter to increase the stability and 
robustness of the system. To validate the effectiveness of the proposed method, several 
scenarios have been examined and a comprehensive evaluation conducted. Simulation 
results indicate that the proposed method for LCL filter resonance dampening in PEMFC 
grid-connected systems increases the stability of the grid-tied inverter against grid 
impedance variations and also results in the injection of high quality and low THD current 
into the grid. 
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