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The solid oxide fuel cell (SOFC) is used as secondary source in micro grid
application. When the renewable sources are not able meet the load
requirement, Battery energy back-up system is supposed to supply the energy
to meet the demand. The SOFC come into action when the state of charge
(SOC) of battery energy backup becomes too low. The SOFC parameters are
assumed as constant during its operation but those operating parameters are
not practically constant. The operating parameters vary widely which will
influence the output voltage of SOFC. Hence an optimum power extracting
controller is being implemented to ensure maximum power under dynamic
operating condition. A high step up converter is designed to boost the output
voltage of SOFC whose steady state analysis is studied in this work. The
switches of high step up converter are triggered using optimum power
controller using grey wolf based optimization algorithm. The proposed
controller performance is compared with conventional particle swarm

optimization based controller. The simulation is carried out using
MATLAB/simulink and results discussed.
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1. INTRODUCTION

Fuel cell technology is the most powerful for static power generation as well as power train
applications because of its features like high efficiency, relatively low operating temperature, noise free and
does not harness the environment. In this perspective, the researchers are looking forward to replace the
conventional fossil fuels and add scope for overcoming the challenges faced by fuel cell technology. Among
the types of fuel cell types, solid oxide fuel cell is best suited for static power generation and cogeneration
applications due to its fascinating features like high efficient, moderate temperature and long life time. Though
there are significant shortcoming will be shorted out to bring in market for commercially viable [1]-[5].
The researchers have been working towards it from the last decade and found fruitful results also.
The remarkable studies related to grid connected SOFC are listed.

The DC micro-grid with hybrid source consist of PV system, wind turbine system and Solid oxide
fuel cell was modeled and controlled under dynamic load condition and various environment condition [6]. In
this method, indirect vector control was used to extract optimum power from wind turbine system and the
maximum power extraction using perturb and observe method in solar PV system. The solid oxide fuel cell
(SOFC) was used as secondary source when the power demand was not met by the PV and wind turbine system
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and no maximum power point tracking method was implemented for SOFC. A bidirectional six pulse PWM
converter was used to manage the real and reactive power between DC grid and hybrid source. The result
showed that there was good improvement in maintaining DC bus voltage and appreciable power quality
improvement was also reported.

While interconnecting the renewable energy resources with grid, it was essential to use grid interactive
converter (GIC) to manage the power requirement between grid and load including real and reactive power
with intelligent controller to adjust the duty cycle according to substantial power requirement [7]. This work
was dedicated to manage the real and reactive power requirement between grid and utility, current harmonics
introduced due to non-linearity of the load and neutral current compensation in GIC. In this study, a multi
focused objective function was formulated and it was solved by using adaptive fuzzy proportional integral
controller which adjusts the duty cycle of the proposed grid interactive converter according to the system
operating condition. The dynamic performance of the system was improved with the proposed control strategy
under uncertainty incurred with good time domain parameters such as maximum peak overshoot and settling
time. It was reported that the proposed control strategy could maintain good dynamic performance under all
the dynamic operating condition with enhancement of power quality parameters meeting IEEE standards.

The proposed topology is shown in Figure 1. To manage the power sharing accurately in islanded DC
micro-grid, feed forward neural network (FFNN) based droop control technique was proposed [8]-[9]. In this
work, a hybrid sources consisting of solar PV system, wind energy turbine, battery energy storage system and
SOFC were used to feed the grid and actual modeling of such sources were used instead of having ideal sources
in distributed generation. The proposed control technique was used to maintain the voltage and frequency limit
of the grid and real, reactive power requirement between DG units. The network was trained using data
collected from one GG unit and checked to validate the efficacy of the proposed control technique; it was used
in two distributed generation micro-grid system. It was also proved that the power sharing across the DG units
done accurately compared to conventional droop technique with complex nature of the impedances in the line.
It would also suit for micro-grid comprising of many number of DG units to restore the voltage and frequency
in the grid.
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Figure 1. Hybrid energy source fed grid connected DC-DC converter

The autonomous operation of micro-grid fed from hybrid sources such as photovoltaic system, battery
energy storage and SOFC was studied [10]-[12]. The mathematical models of all the connected sources were
derived to analyze the performance. To restore the grid voltage, frequency and manage the power between grid
and utility in the presence of load fluctuation and variation in PV output voltage, a fuzzy logic based intelligent
controller was introduced. The main objective of battery energy storage system was to manage the real and
reactive power demand of Photovoltaic system which could also maintain the DC link voltage as constant.
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The fuel cell was used as secondary source and supposed to be operated when state of charge (SOC) of BESS
its limit. From the simulation study, it was evidenced that the proposed FLC controller outperforms the
conventional PI controller.

The modeling and simulation of grid connected SOFC was carried out using PSCAD platform [9]. In
the proposed study, there were three different case studies carried out to validate the performance. During the
first case analysis, the fuel cell was connected without power regulation unit to supply constant and variable
DC load. In the second case study, the fuel cell was supposed to supply variable three phase AC load. In the
third case study, the fuel was connected to the grid to meet the load demand. It was also reported that the power
regulating unit was designed to condition the fuel cell output voltage. From the simulation results, it was
revealed that the SOFC power production was yielded better results to supply the various load demands and
exhibited good performance with grid connected system.

2. MODELING OF SOFC

The structure of SOFC is shown in Figure 2. The electrolyte is taken in the form of solid material like
zirconium stabilized with Yttria and hence the fuel cell is name so. The typical operating temperature of SOFC
is around 800°C-1000°C. At this temperature, the fuel is supplied at cathode to reduce and forms the hydrogen
ions which are accelerated towards the anode [1]-[5]. The hydrogen ions are carried through solid electrolyte.
The hydrogen ion reaches the anode and oxidization takes places. The hot water is obtained as byproduct along
with carbon dioxide [13]-[18]. During the entire process, high temperature issue is addressed. Hence it is
necessary to accommodate thermally stable, hard and rigid materials to withstand the high operating
temperature [19]-[22].

Electrolyte

Figure 2. Structure of solid oxide fuel cell

The output voltage across SOFC output terminals is given by,
Viore = Enernae — Vo — 1, — Vi 1)

Enemst- Nernst voltage, Vc-concentration voltage drop, Va-activation voltage drop, Vr-ohmic voltage drop.
Nerst voltage can be written as,

12
BT . PHaPo,
Er!err!st = Estd +(...- In Fuo 0 )
iF Ha

)
Esg- Standard voltage(typically 1.1V at standard voltage), R-universal gas constant, T-cell operating
temperature, F-Faraday constant, P2, Poz, PHoo- Hydrogen, Oxygen, water partial pressure respectively.

i, ¢
Py =—— (qH] — 2KI,
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kHa, kO, kH,0- valve molar constant for hydrogen, oxygen and water respectively, qH,-flow rate for
hydrogen t.. .7,,.7s, o —response time for hydrogen, oxygen and water respectively, lo-exchange current, K
is constant (expressed in k.mol/S.A).

From the mathematical modeling of SOFC, it is clearly inferred that the terminal voltage of fuel cell
is quite complex since a lot of parameters influencing it. Among all the influencing parameters, the cell
operating temperature, hydrogen partial pressure and oxygen partial pressure are the most significant as per
literature study [20]-[21]. Hence these three parameters are taken in this study to analyze the performance of
grid connected SOFC under dynamic operating condition.

2.1. High step up converter

The proposed converter consist of two power semiconductor switches (S1,S2) and two inductors
(Ly,L,) are connected in two legs. Both these switches are triggered and turned off simultaneously and it is
enough to generate one switching pulse as like conventional boost converter from proposed MPPT controller.
The output capacitors (O/P C;, O/P C,) are used to share the output voltage equally without aid of an external
arrangement. Apart from two output capacitor, one more capacitor C is connected across the switch S; and
diode D; which stores the energy and acting like switched capacitor. The circuit components and its
arrangement is shown in Figure 3.
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Figure 3. High step up boost converter

Mode I:

During mode 1 operation, both the switches remain ON condition and diode Di, D, are in OFF
condition. To have equal voltage stress across the switches, there are two output capacitors connected across
the load. The current direction during this mode is indicated in Figure 4 (a).

Mode II

In this mode both the switches are turned off and diode D3 is reversing biased and it losses conduction.
However the load current will not reach zero because of the output capacitors. The corresponding current
direction of this mode is shown in Figure 4 (b). The expected key waveform of the proposed topology is shown
in Figure 4.
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2.2. Voltage gain
Voltage across the capacitor C can be written as [23],

1

Ve = 5V

1-8 (7
the voltage-second balance equation can be written as [24],
VL TV T ®)

From the mode 1 operation, it is inferred that V1=V, and voltage across the output capacitor can be
written as,

T — L T
co2 IL—EI: If (9)

the voltage across the output capacitor 2 can be written as,

Vige = Vi + 1 (]_O)

L

1-£

IIr:rm-: = IIr:rl'i'! +
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(11)
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Veor = L_Ellfl'r! (12)
total output voltage can be written as,
Vo =Voor +V20z (13)

by substituting the (3) and (6) in (7), we get,

(1-832 (14)

& —duty cycle, M-over all gain of the proposed converter, VVo-output voltage, Vcoi-voltage across the
capacitor 1, Vcoo-voltage across the capacitor 2. To boost the output voltage of SOFC, it is required to adopt
suitable DC-DC converter as regulating unit [25].

2.3. Grey wolf optimization

The researchers have started to solve engineering related multi objective optimization problems using
Meta-heuristic algorithms because it is taking less time and computational effort needed also less. Among the
indirect search algorithms, GWO is one which mimics the hunting behavior of grey wolf [18]. There are four
categories of grey wolves involved in its leadership hierarchy. They are listed; i] alphas (its responsibility is to
organize its group and commend to perform); ii] betas (it is supporting the alphas in decision making and give
suggestion to alphas); iii] omegas (it is scapegoat of its group and can be considered as soldier); iv] Deltas
(pioneer of this group and supposed to help the alphas and betas whenever crisis arises); while chasing the
prey, the grey wolves start surrounds the prey and fight against it. Eventually the prey will be hunted by group
and shared among the group according to their hierarchy. The hunting behavior can be mathematically
expressed,

E = |E'Xp|:~3|rm-r! {t] _f':tﬂ (15)
Xt +1) = Kyponon &) — dd (16)

where X, r0, (£} — position vector of the hunt, X(t) — position of wolf, vectors, @.¢ — represents the
coefficient vectors.

By
]

267 — (17)

il
Il
a3

7 (18)

Where { —is decreasing from 2 to 0 linearly in the interval of iteration, ¥ % — random vectors in the
interval of [0,1]. The best solution is given by alpha, beta and gammas while omegas are expected to update
its vector position to give best solution. The same can be mathematically expressed,

D, = X, - X| (19)
Dg = % — %l (20)
D; = &% — X| 1)
¥ =X -aD, (23)
X; =X; —a;Dg (24)
B +1) = BErh) 25)
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the wolves are waiting until there is no movement in the prey. It starts attacking the prey immediately as
instructed by its superior in the hierarchy. Hence the value of { is decreasing from its upper value to null
linearly and wait for la| value becomes less than one. If its value is less than one, it starts attacking the hunt;
otherwise it is instructed to search until desired value is achieved.

3. RESULTS AND DISCUSSION

To simulate the performance of proposed GWO controller under dynamic temperature condition, a
20W SOFC is considered whose operating parameters are listed in Table 1. The operating temperature is
considered to be a variable parameter which is varied: 1273K for (0-1 sec), 1243K for (1-2sec) and 1303K for
(2-3sec) .1t is not sufficient enough to meet the load or grid voltage directly from SOFC from output. Hence it
is inevitable to connect a step up converter to boost the voltage and regulate the power according to the
operating temperature. Hence a high step up boost converter is designed using the parameters listed in
Table 2. The input voltage and current for the high step up converter at normal operating temperature is 42V
and 0.5A respectively which is shown in Figures 5 to 6.

Table 1. Fuel cell parameters

S.no Parameter Value
1 Absolute temperature-(K) 1273,1243,1303
2 Universal gas constant-R (C/kmol) 8314
3 Standard potential-(V) 1.1
4 Number of cells connected in stack 44
5 Optimal fuel utilization 85%
6 Ratio of hydrogen to oxygen 1.145
7 Electrical response time —(sec) 0.8
8 Response time for hydrogen-(sec) 26.1
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Figure 5. Voltage waveform under dynamic temperature condition
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Figure 6. Current waveform under dynamic temperature condition
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The output voltage and current have the large amount of ripples. The same voltage is fed to high step
up converter and it is boosted to 400V at duty cycle of 0.61 which is approximately ten times the input voltage.
The DC link voltage, current and power from Step up converter is shown in Figures 7 to 8 in which the ripple
content has been reduced considerably under dynamic operating temperature.

Table 2. High step up converter parameters

S.no Parameter Value
1 Input voltage at 1273K 40V
2 Output voltage 400V
3 Operating frequency 10kHz
4 Capacitors (each) 2700uF
5 Inductors (each) 3mH
6 MOSFET Ideal
7 Diodes Ideal

To extract the maximum power from SOFC, GWO controller is adopted. To reduce the peak overshoot
at the time of starting, the duty cycle is also reduced and it is traced the maximum power during varying
temperature condition also as shown in Figure 7.
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Figure 7. DC link voltage under dynamic temperature condition
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Figure 8. DC link power comparisons

To check the efficacy of the proposed GWO controller, the maximum power traced by conventional
PSO controller and GWO controller is compared to the output power without controller as shown in Figure 8.
It is clearly inferred that the power traced by GWO controller yielded the better results compared to
conventional PSO controller. The output voltage ripple was reduced to 5% than the output voltage obtained
without controller. The reduction of peak overshoot by the GWO controller is 21% and conventional PSO
controller is 7%. The settling time for GWO controller is 0.2 sec and for conventional PSO controller is 0.23
Sec.
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4.

CONCLUSION
A high step up converter was designed to boost the output voltage of SOFC and regulate the output

voltage during dynamic operating condition and its detailed analysis discussed in detail. As the operating
temperature had major impact on output voltage of SOFC, it was considered to be dynamic variable. The grey
wolf optimization algorithm was used in MPPT controller to generate the switching pulses to high step up
converter under dynamic operating temperature. The performance the proposed GWO controller outperformed
the conventional PSO controller and the following observations made. 1) The GWO controller could extract
5% more power than conventional PSO controller and reduce the output voltage ripple by 7%. 2) The peak
overshoot of DC link power was reduced by 21%. 3) The time to reach and settle down to steady state output
power was reduced to 0.2 second.
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