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Fuel cells have been noticed by researchers due to their high efficiency, low
pollution, and high-power density in distributed generation systems. Grid-connected
inverters are considered vital elements for effectively connecting renewable energy
sources and distributed generation system applications. Ripple-induced current
harmonics in DC link and high switching frequency are the disadvantages of grid-
connected inverters that are reduced by LCL filters. However, the intrinsic resonance
in the LCL filter leads to instability of the power transmission system. As a result,
suitable damping is essential for removing resonance in the LCL filters. LCL filters
are utilized to reduce switching harmonics and increase the quality of the grid-
injected current. The LCL-filters can lead to resonance and instability despite their
capability to attenuate harmonics. When digital control is utilized to control grid-
connected inverters, the stability of the inverter is weakened against grid impedance
changes due to control delays that include computation as well as pulse width
modulation delays. In this paper, the design, control, and stability analysis of the
inverter-based power conditioner, which is connected to the low voltage grid via an
LCL filter, is presented to manage the power flow of the PEMFC. For this aim, the
capacitor current feedback active damping procedure is used to alleviate the
resonance phenomena caused by LCL filter, and a phase compensator in the is
applied to compensate for the unwanted effects of the control delay of the grid-
connected fuel cell power conditioning system. To investigate the proficiency of the
proposed scheme, the design of each section is presented for the phase compensation
and the parameters of the closed loop system under study. The simulation results of
the LCL-based grid-connected fuel cell power conditioning system have been
performed in MATLAB/Simulink, depicting the suggested method's accuracy.
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1. Introduction

Conventional power generation systems are undergoing a significant transformation, and distributed
energy resources (DERSs) account for a greater share than fossil fuel-based energy resources [1].
Distributed generation resources such as solar, wind, or fuel cells can operate in grid-connected or
stand-alone mode [2]. Among the different types of distributed generation resources, Fuel cells (FC)
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can be installed anywhere without environmental barriers. Fuel cells are electrochemical energy
conversion devices that convert chemical energy into electrical 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]. In this paper,
to improve the stability and current quality of the LCL-type grid-connected fuel cell power
conditioning 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.

2. Material and Method

Fig. 1 displays the general scheme of the LCL-type grid-tied PEMFC power conditioning system and
its control system based on the CCF active damping. In this figure, vg represents the network
alternative voltage, Zg(s) is the network impedance, the amplitude as well as phase of the grid-injected
reference current have demonstrated respectively by I* and 0, LCL filter parameters demonstrated by
L1, L2, and C, Hil and Hi2 are the capacitor current feedback and grid current coefficients
respectively, in which both of them are positive values, and the current regulator is demonstrated by
Gi(s). Considering the worst case to evaluate the passivity and stability of the grid-tied inverter, Zy(s)
is considered as an ideal inductor, which is included as sL4. By connecting the switch S to the S1
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 considered in the capacitor current
feedback path, and the result is added to the current regulator output.

Fuel[—DC/
Celll_ DC

Fig. 1. Schematic of the single-phase LCL-type grid-connected fuel cell power conditioning system with CCF

3. Results and Discussion

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 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. 2. 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.

One of the crucial goals of grid-connected power conditioning systems is to inject high-quality current
into the grid. Fig. 3(a) demonstrates the voltage at the point of common coupling (PCC) and the grid
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injection current of the under-study PEMFC power conditioning system. According to Fig. 3(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
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Fig. 2. The generated and injected power to the grid, (a) fuel cell generated power, (b) grid injected power
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Fig. 3. (a) The PCC voltage and the grid-injected current, (b) harmonic spectrum of the grid-injected current

4. Conclusions

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 fs,,/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-by-step method is introduced
for the design of the 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. Also, the quality of the injected
current into the weak network is very suitable even in the harmonically polluted network.
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