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Abstract: Energy storage and utilization-based systems are playing a
vital role in power systems. Hydrogen energy based electrical power
generation systems are most popular nowadays due to their ability to
meet the load demand without any noise, or pollution. Usually, Fuel
Cell Stacks (FCSs) are used to produce electricity from hydrogen and
oxygen. Utility grid connected FCs can able to meet load demand
quickly as well as improve the power quality at local load bus. Since
the FC output is DC, an inverter with an efferent control technique is
required to interface the FCs into the AC utility grid. The loads con-
nected at the point of common coupling (PCC) of the FCs to the grid
are varying randomly and in terms of their nonlinear and reactive
power characteristics. These kinds of loads will affect the power sys-
tem significantly and result in poor power quality at PCC. Propor-
tional-integral (PI) controllers often cannot operate at their maximal
efficiency when the system experiences random fluctuations in addi-
tion to the nonlinearities caused by the loads and the power electronic
switches used to connect the FC to the grid. This is because these con-
trollers have fixed gains.. One of the most effective solutions to get
around these problems associated with using the fixed gain PI control-
ler parameters is to use some adaptive controllers, such as Takagi-
Sugeno (TS) Fuzzy controllers. Consequently, a novel control strategy
for the inverter is suggested in this paper with the aid of TS-Fuzzy
controllers in order to improve the power quality at PCC. Therefore, a
novel control strategy for the inverter is suggested in this paper with
the aid of TS-Fuzzy controllers in order to improve the power quality
at PCC.. Hardware — in the — Loop (HIL) is established with the help
of OPAL-RT technologies to enhance the significance of the proposed
method. In this study, extensive results are provided and analyzed us-
ing HIL under different operating conditions to highlight the effec-
tiveness of the proposed algorithm in mitigating power quality prob-
lems.
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1. Introduction

With the advent of hydrogen fuel cells (FCs), hydrogen is a reliable fuel source, ener-
gy carrier, and energy storage for the new era of electrical power generation. FCs have zero
carbon emissions, little harm to the environment, a straightforward design, and silent opera-
tion [1].Production of hydrogen during the availability of surplus power from generation is
one of the best ideas for energy storage in power system networks. The generated hydrogen
can be stored in tanks for further utilization.[2-4]. Usually, aqua-electrolyzers are used to
split water into hydrogen and oxygen. A FC can reproduce electricity by using hydrogen
and oxygen. There is no release of any toxic gases and noise in during the operation of FCs
and produces only water which can again reuse to produce hydrogen and oxygen through
an electrolyzer. A single FC is unable to produce the required voltage at its output termi-
nals, hence series of multiple FCs are required to establish FC Stack (FCS) to maintain the
rated output voltage. Required power can be obtained by making parallel connections of
multiple FCSs. The distribution power supply systems are suffering from peak load de-
mands many times due to a lack of sufficient power generation to meet the load demand.
The grid-connected FCS can provide the best solution to the distribution system during
peak demand as well as can also improve the power quality at local load bus. In order to in-
tegrate FCS into the AC utility grid, an efficient control method-based PWM inverter is re-
quired. Local loads at point of common coupling (PCC) demand reactive power support
from the utility grid, but it reduces the RMS voltage [2, 5]. Even there will be a chance of
sag and swell of voltage in the utility grid due to many conditions. Under these operating
conditions, there should be required a device to maintain power quality at PCC by supply-
ing power at a constant voltage level. Hence, it will be an economical solution to use the
inverter which required interfacing FCS into the utility grid as a power quality improve-
ment instead of using a separate power custom device. Hence, a novel control is proposed
on the inverter in this paper to work as both active power transfer as well as power custom
device. The gains of the proportional-integral (PI) controller are tuned at a particular in-
stant, hence unable to produce accurate output instantaneously under random changes in
the system due to fixed gains of PI controllers [2]. Therefore, additional adaptive control
techniques must be utilized like an Adaptive Neuro-Fuzzy Inference System[6] and adap-
tive update of the PI controller gains [7]. Hence, Takagi-Sugeno, TS Fuzzy controllers, one
of the effective adaptive controllers, will be employed in this paper because they perform
better than PI controllers during random fluctuations in the system.

The paper is organized under following sections. Overview and literature review of
the grid connected FCS is provided in Section-2. Details regarding design of a TS-Fuzzy
controller are given in Section-3. The proposed control scheme is presented in Section-4.
Results and discussions based on HIL are carried in Section-5. Conclusion along with ref-
erences is listed at the end of the paper.

2.  Overview of the System

The layout model of utility grid connected FCS is shown in Fig. 1. The FCS is con-
nected to three phase PWM inverter through a boost converter. The boost converter not on-
ly regulates the voltage at dc-link (V,.), it can work as maximum power point tracking
(MPPT) device for FCS for its best utilization. Hence, it can save the consumption of hy-
drogen by achieving best utilization. Many authors are already implemented algorithms of
MPPT, hence a simple perturbed and observe (P&O) algorithm is implemented in this pa-
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per from [2, 5]. Different loads are connected at PCC. The PCC is connected to utility grid
through a distribution line. Hence, there will be a drop in voltage at PCC during the opera-
tion of heavy load at PCC. The inverter is operated by proposed control mechanism to im-
prove the power quality at PCC. Due to many advantageous of solid oxide fuel cell (SOFC)
over other FCs [8-10], SOFC model is considered and modeled in this paper. A 50kW rat-
ing of FCS is considered in this paper by connecting five numbers of solid oxide fuel cell
(SOFC) with each rating of 10kW in parallel. However, each SOFC is arranged by many
FCs in the combination of series and parallel to make the rating of 10kW. Various parame-
ters used in modeling of 10kW SOFC are listed in Table-1. The control of inverter is de-
signed in such a fashion that it allows transferring S0kW of real power as well as compen-
sating reactive power demanded by the local loads connected at PCC for improving power
quality. Similar kinds of systems are presented by many scholars recently and listed few of
them in below.

Detailed modeling of grid connected SOFC system is presented by authors in [10]. A
centralized control scheme for frequency regulation of utility grid is presented by authors in
[11] with the help of SOFC. Authors in [12] developed a grid connected Photovoltaic
(PV)— FC — ultra capacitor energy storage based hybrid power generation system. A non-
linear robust control is designed by authors in [13] hors for grid connected. In [14], authors
proposed a two time-scale separation redesign technique to improve the robustness of in-
verter for grid connected SOFC. Two coordinated control schemes are implemented by au-
thors in [15] for grid connected SOFC to manage the power flow. A novel functional ob-
server for state estimation of grid connected SOFC is proposed by authors in [16]. In [17],
authors proposed a control strategy for a gird integrated PV-FC-Electrolyzer based hybrid
power generation system and its benefits. Single stage grid connected FC with the help of a
boost inverter is presented by authors in [18]. However, authors in [10-18] are not consid-
ered TS-Fuzzy based controller for improving the quality of power at PCC.
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Fig. 1: Grid connected FCS.
Table-1: Parameters of Fuel Cell

Absolute temperature(7). 1273.0K.

Faraday’s constant(F). 96487C/kmol.
Universal gas constant(R). 8314J/(kmol.K).

Ideal standard potential(£)). 1.18V.

Number of cells in series in stack(Ny). 325.

Constant, K=Ny/4F. 0.842*1 O'ﬁkmol/(s.A).
Valve molar constant for hydrogen( K H, ). 8.43*10'4(kmol/(s.atm).




E3S Web of Conferences 540, 10005 (2024) https://doi.org/10.1051/e3sconf/202454010005
ICPES 2023

Valve molar constant for water( K H,0 ). 2.81*107*(kmol/(s.atm).
Valve molar constant for oxygen (K, ). 2.52%107(kmol/(s.atm).
Response time for hydrogen flow ( Ty, ). 26.1sec.

Response time for water flow (7H20 ). 78.3sec.

Response time for oxygen flow ( 7o, ). 2.91sec.

Ohmic loss/cell (7). 32813*10°Q.

3.  TS-Fuzzy Controllers

Due to the ability of self tuning process, A TS-Fuzzy controller can deliver superior per-
formance than conventional PI controllers under rapid variation in the system [5]. The op-
erating loads in distribution system are always varying randomly. Hence, proposed control
strategy with designed TS-Fuzzy controllers can perform well during all conditions. A de-
tailed implementation of the TS-Fuzzy controller is provided below.

The error signal will be generated by comparing actual value with its reference value.
Signals of error (x;) and change in error (x;) will be treated as input to the TS-Fuzzy con-

troller, as shown in Fig. 2. Two designed membership functions are using with only four
rules in TS-Fuzzy controller to produce a desired output, where multiple fuzzy rules are re-
quired in Mamdani type fuzzy. Hence, the computational time will be very less in TS-
Fuzzy controller which can give fastest accurate response under variations in the system.
The mathematical representations of membership functions are expressed by below funda-
mental equations:
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Fig. 2: Membership functions of TS-Fuzzy controller.

The generated output signal is expressed by eq. (3). The list of four rules is given in Ta-
ble-2. In Table-2, functions Z;_4 used to calculate the output of the TS-Fuzzy controller. The
sample instant is considered as ‘K’ and constants a;.s, a,, as, a, are adjusted by a tuning
process which differs from on to another controller. The output function (Y) of a TS-Fuzzy
controller is expressed by eq.(3).
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Where, F/= minimum { z, (%;)and Hp(x7) }, F>= minimum{ 24, (x;) and un(%;) }, Fi=

Y 3)

minimum{ 2y (x;) and £, (%;) }, and Fi= minimum { 2y (x;) and g (%;) }.

Table-2: Rules of the TS-Fuzzy controller:

Rules x; (k) x; (k) Values
1* Rule N N Zy =a;xx;(k) +ay xx;(k)
2" Rule N P Zy =a3xZ;
3" Rule P N Zy=a4xZ,
4™ Rule P P Zy=as5x7Z3

These TS-Fuzzy controllers are used in proposed control method to achieve fast and
accurate responses to improve the power quality at PCC under random changes in grid
connected FCS.

4. Proposed Control Method

The reactive power demanded by local loads connected at PCC can be compensated
by regulating RMS voltage at its reference value through inverter with the help of a pro-
posed control scheme. Further the real power will be transferred from FCS to utility grid at
reference targeted power through same inverter by proposed control scheme. Hence, the
same inverter can able to work as DSTATCOM as well as transferring the constant real
power into utility grid. To achieve fastest and accurate response of the control scheme, de-
signed TS-Fuzzy controllers are adopted in place of conventional PI controllers. These con-
trollers can help to produce quick reference values in the control method during rapid fluc-
tuations in either local loads or utility grid. The required reference real component of
current (/) flowing through inverter is achieved through TS-Fuzzy controller by compar-
ing real power with reference power of FCS. In the similar way, the reference reactive
power component () is generated from RMS voltage at PCC. The reference currents are
then compared with their respective actual currents. A Space Vector Pulse Width Modula-
tion (SVPWM) is used to produce required switching pulses for the inverter to achieve a
better synchronization with utility grid. The complete proposed control scheme of the in-
verter is presented in Fig. 3 with the help of TS-Fuzzy controllers.

Prcs[ Real Power |[V;1la[ABC to DQO h
11.5(Valg+Vil)} Conversion PLL

BlOCk [VI

Lirer TS-Fuzzy ’
controller
o,

TS-Fuzzy
controller

Fig. 3: Proposed control scheme of the inverter.
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5. Results and Discussions

The model presented in the Fig. 1 with tentative control schemes are tested by estab-
lishing Hardware — in the —Loop (HIL) by using OPAL-RT Module. A simple MPPT con-
troller is applied on boost converter with the help of P&O algorithm. The proposed control
of inverter is designed for multiple purposes. The reference power generated by FCS is
considered as 5S0kW. Local reactive loads are connected at PCC and the sag effect is also
considered on utility grid. Further the model designed in MATLAB is divided into two
parts for the purpose of establishing a HIL setup with the help of OPAL-RT platform. The
OPAL-RT modules are capable of providing performance comparable to real-time opera-
tions. The OPAL-RT module possesses sufficient capability to effectively solve intricate
power system equations in a manner that closely resembles real-time scenarios [2, 3, 8]. Its
effectiveness has garnered widespread acceptance among numerous scholars worldwide for
the purpose of testing power system components. The RTDS comprises sophisticated com-
puter hardware and extensive software. The hardware architecture features parallel pro-
cessing and is constructed using modular units, with each unit housing processing and
communication modules.

To carry out the HIL setup, numerous academics utilize two OPAL-RT modules
based on microcontroller/DSP, along with appropriate data cables for interconnection [2, 3,
8]. Two modules, which have been designed by OPAL-RT technologies, are interconnected
via appropriate channels in order to establish a HIL system for evaluating the performance
of the proposed model. The schematic representation of the HIL configuration utilizing the
OPAL-RT module can be observed in Figure 4. The proposed model presented in Fig. 1 is
divided in to two parts, first one consists of plant (FCS, boost converter, inverter, filter, dis-
tribution lines, loads, and utility grid) and another unit with proposed control scheme. The
plant unit's command signals are transformed into digital signals in order to serve as input
for the controller unit (which utilizes a control scheme). The controller unit's output signals
are once again transformed into analog signals in order to serve as input signals for the
plant unit. Hence it formed a closed loop to test the performance of the proposed control-
ling techniques to achieve responses similar to real time model. OPAL-RT unit is used for
processing of the plant and control scheme is executed in the microcontroller. The complete
process of the HIL is performed to analyze the significance of proposed control methods.
To examine the output waveforms, the responses of different signals are gathered in a com-
puter using the MATLAB package. The HIL implementation of proposed system is depict-
ed in Fig. 5 to get more clarity. Various responses of the system are presented under differ-
ent case studies listed in below.
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Fig. 5: HIL setup layout of proposed model.

Case-1: Comparison of TS-Fuzzy with PI controller:

The significant of using TS-Fuzzy controllers in proposed control scheme is evaluated
in this case by changing 300% of load power at t=1.0 sec. The response of line to line RMS
voltage with PI and with TS-Fuzzy controllers is depicted in Fig. 6. A stable and less
change in voltage is observed with TS-Fuzzy controllers since its ability of quick responses
under sudden change in load. Both settling time and dip in voltage are less with TS-Fuzzy
controllers as compared with conventional PI controllers. Therefore, further results of the
system under various operating conditions are presented by using TS-Fuzzy controllers in
proposed control of inverter.
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Fig. 6: Line to line voltage under change in load with PI and TS-Fuzzy controllers.

Case-2: Phase voltages during change in load.

A 15kW of load is applied at load bus at t=0.8sec and released at t=1.2sec. During this
operation, a small dip and rise are observed in phase voltages at load bus during applying
and releasing of the load. However, these changes are very nominal and inverter is regulat-
ing phase voltages at its reference value (231V, since line to line is 400V considered). This
precious response is obtained by proposed control scheme of the inverter. The precious re-
sponses of three phase voltages are presented in Fig. 7.
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7: Response of phase voltages during change in load.

Case-3: Operation during reactive power demanded at load bus:

Now, considered that sudden change of load (40kW and 20kVAR) at load bus between
t=2.5 to 3.0 sec as shown in Fig. 8(a). During this operation, initial load is set at 20kW,
Hence total real power demanded by load increases to 60kW after connected new load at
t=2.5 sec. But the total generation of FCS is kept at SOkW. Hence initially 30kW of power
is feeding to grid by FCS and the grid needs to provide 10kW more to the load after
t=2.5sec. The inverter is compensating the reactive power by proposed control method
when load demanding more reactive power. The real and reactive power of FCS through
inverter is depicted in Fig. 8(b). Therefore, grid no needs to supply any reactive power but
the deficiency of active power (i.e., 10kW) should be managed by grid. Corresponding
powers (P; Q) are provided in Fig. 8(c). The positive sign of grid power denoted receiving
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from FCS, and negative represents supply from grid to load. This is achieved by regulating
RMS voltage at load bus by proposed control method. The line to line RMS voltages at
load bus are depicted in Fig. 8(d) which stabilized at its reference value (i.e., 400V). How-
ever, initially 30kW is taken by the grid from FCS and grid is supplying 10kW after load
increases to 60kW between t=2.5 to 3.0 sec. Respective currents of grid are provided in
Fig. 9 for more clarity on the operation of proposed control method. Currents between
t=2.5 to 3.0secs represents the supplying power to load bus from grid.
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Fig. 8: Responses of (a): powers at load bus; (b) powers through inverter-FCS, (c): powers
of grid, (d) RMS line to line voltages at load bus.
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Fig. 9: Grid currents.
Case-4: Response of proposed method during sag on grid:

Considered sag occurred on grid voltages during t=1.5 to 1.7sec as shown in Fig.
10(a). Generally voltages at load bus will be reduced during the sag. However, the pro-

10
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posed control method is maintaining voltages at load bus. Hence, stable and constant volt-

ages are achieved at load bus as shown in Fig. 10(b).
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Fig. 10: (a) Grid voltages during sag, (b) line to line RMS voltage at load bus.

6. Conclusion

TS-Fuzzy controllers based a novel control scheme of the inverter is proposed in this
paper for grid connected FCS to improve power quality at load bus. A fast and stable re-
sponse is achieved in the system by using TS-Fuzzy controllers. The inverter is able to sup-
ply real power from FCS to grid at its reference as well as can compensate reactive power
demanded by the loads. Hence, the peak load can be reduced on the grid as well as grid is
no need to supply any reactive power to local loads. Moreover, the voltage support to loads
also achieved through proposed method during voltage sag occurred on grid. Therefore, the
proposed method is improving the quality of the power at load bus. Results are presented
through HIL with the help of OPAL-RT modules to enhance the proposed model. Hence,
realistic responses are obtained to examine under various operating conditions.
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