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1. INTRODUCTION

Most countries are trying to replace the generation of electrical energy created from polluting, rapidly
depleted, complex, and expensive fossil fuels with other methods that are clean, reliable, and environmentally
friendly. Renewable energy sources are at the center of political debates as a way to decrease our dependence
on non-renewable fossil fuels [1]. Solid oxide fuel cells (SOFCs) are commonly used to generate electrical
energy, and are continually studied and developed, they have high ionic conductivity, which improves their
performance and efficiency by up to 60% and have many advantages such as being quiet, modular, easily
adjusted to meet the power requirements of various applications, efficient in extracting electrical energy. The
temperature range in which it operates is between 600 and 1,000 degrees Celsius. They are more efficient and
sustainable than other fuel cell technologies. They use a hard ceramic substance, usually zirconium oxide with
trace amounts of yttria, as a solid electrolyte. In addition, SOFC fuel cells use electrochemical processes
instead of combustion, and do not emit pollutants. Their high fuel efficiency and performance make them ideal
for electric vehicles and marine propulsion. They can be used in industry and sectors and help improve
alternative energy sources as they can generate large amounts of energy or combine heat. Compared to other
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forms of fuel cells, which require only pure hydrogen as a fundamental material, SOFC fuel cells can also use
natural gas or biogas [2].

Fuel cell development is progressing toward creating clean energy, but challenges remain. Catalysts
and electrolyte components degrade quickly, requiring the development of durable materials and techniques.
Fuel cells to date have been expensive compared to conventional energy sources, which requires additional
sound research in materials science, engineering and process design. Hydrogen has flammability problems,
has low density, and takes a lot of storage and transport [3]-[5]. Fuel cells require precise planning and
integration with power electronics, temperature and water management, and control systems for efficient
integration into the power grid or an isolated load [6].

The fuel cell studies by several authors have shown the importance of using it off-grid or on-grid,
alone or mixed with other energy sources. Vora and Williams [7], have presented the SOFC program of the
US Department of Energy is developing low-cost, high-efficiency SOFC power generation systems. These
systems have near-zero emissions, require less water, and can achieve over 60% efficiency. Reiter [8],
discusses the automation of SOFC technology in South Africa, accent its potential for decentralized power
generation and marine applications. Yang et al. [9], this review examines various control strategies for
SOFCs to ensure efficiency, effectiveness, and reliability. The study divides the control methods into eight
categories: proportional-integral-derivative (PID), advanced process control (APC), robust, model predictive
control (MPC), fuzzy logic control (FLC), fault-tolerant control (FTC), intelligent, and observer-based.
Lai and Adams [10], the study examined the effects of natural gas and coal content on the premature
degradation of SOFCs power plants. It included four models: autonomous, steam, hybrid SOFC/GT and
hybrid SOFC/GT. The result showed that the SOFC/GT hybrid is the best in plant and SOFC production
efficiency. Liu et al. [11], this paper, the adaptive model predictive control (AMPC) algorithm is proposed
for controlling SOFCs in a DC microgrid. The AMPC algorithm uses a parameter estimator to update the
online system parameters, improving control performance and introducing less model dependence.
Shin et al. [12], a study recommends the use of cascade design to improve the electrical efficiency of solid
oxide fuel cell systems. It consists of two stacks installed in series, with the second stack using the anode off-
gas from the first stack. Simulation results showed that the cascade scheme was the most effective, except for
low external variable rates. Brunaccini et al. [13] this study is part of the European onsite project consist
developed a simulation tool for hybrid fuel cell/battery design. That system will combine a solid oxide fuel
cell with a high-temperature nickel-sodium chloride battery and study heat transfer from using hot gases to
regulate energy flows. Tan et al. [14], the purpose of this paper is to examine the application field of SOFC
in buildings, focusing on system design concepts, performance evaluations and forecasting models, building
load calculation as well as strategies for improving SOFC systems. Baldi et al. [15] the proposed hybrid CHP
system uses a mixed integer linear optimization concept to integrate a SOFC as the main generator with
hydrogen storage in a purification unit. Such technology is used in self-sufficient residential and leisure
yachts to reduce capital costs while maintaining SOFC as the main energy source. Gelen and Yalcinoz [16],
this paper, a new thermal-based modified dynamic model of SOFC for grid-connected applications is
developed. Ro and Rahman [17], have presented a new method for controlling fuel cell devices in an electric
utility distribution network. They proposed an approach that aimed at enhancing the stability and efficiency
of the power supply by making it robust and responsive while minimizing generator oscillations.
Li et al. [18], solution is designed for adjusting the power output of a solid oxide fuel cell power plant when
connected to an AC grid. In addition, this work can be useful practically as it tries to improve generation and
use of energy with specific focus on how dynamic behavior should be understood as well as control
mechanisms so that optimum efficiency can be achieved. Sergi et al. [19], The work suggests a robust Pl
controller that offers optimal active power regulation of SOFC systems for secure and reliable operation.

The research concentrates on improving the efficiency of SOFC systems through inverter control
strategies. The system, which consists of two controllers for voltage and current, improves system stability
and power quality, particularly in off-grid situations. It has excellent scaling and configurability, covering
power outputs from 5 kW to 50 kW. The system uses an optimization method to increase overall efficiency
beyond the current benchmark under operating loads. The study aims to inspire further technologies to
increase the efficiency of power generation, thereby improving the quality of life for all. It provides detailed
visions into modelling strategies, system components, performance evaluation and recommendations for
SOFC systems for off-grid power systems.

2. LITERATURE REVIEW
2.1. Fuel cell classification

Fuel cells run at low temperatures (60 °C and 250 °C) and high temperatures (600 °C and 1,000 °C)
and use combustible materials. There are some types: proton exchange membrane fuel cell (PEMFC), direct
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methanol fuel cell (DMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), molten carbonate
fuel cell (MCFC) and SOFC [7], [8].

Figure 1 shows a graph comparing different types of fuel cells based on their operating temperature
range and power output. Fuel cells convert fuel into direct current through an electrochemical reaction. They
consist of two electrodes separated by a membrane and an electrolyte. Fuel and oxygen mix into the
electrolyte, react and generate electricity. Due to the low voltage developed by a single fuel cell, multiple
cells are required to create enough power [20].

Stationary Industry
E’J 800°C
c SOFC
L es0c MCFC
=2 Spatial
@© Transport PAFGC
200°C
aé_ 100°C o PEMFC e
g Mini-FC Transport
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Figure 1. Fuel cells different types characteristics [21]

2.2. Description of the SOFC fuel cells

Fuel cells convert fuel into DC through electrochemical process. They consist of two electrodes
separated by a membrane and an electrolyte. The fuel and gaseous oxygen are introduced into the electrolyte,
where they react to generate electricity. Due to the low voltage developed by a single fuel cell, multiple cells
are required to create enough power [20].

At the anode: H, — 2H* + 2e~

At the cathode: O, + 4H* + 4e- — 2H,0

Figure 2 shows that hydrogen (Hz) is oxidized at the anode in this reaction to produce protons (H+)
and electrons (e-). The electrons are directed through an external circuit to generate electrical energy.
Meanwhile, oxygen (O.) is reduced to form water at the cathode (H-0).
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Figure 2. SOFC schematic

2.3. Modeling of the solid oxide cell

A SOFC is affected by various factors such as temperature, airflow, and fuel flow. These factors
affect results such as emissions, efficiency, and electricity production. The process of how this works is
complicated and complex, meaning that a change to one part can affect many other parts. [22], [23]. Solid
oxide fuel cell modeling uses several models (0-D, 1-D, 2-D, 3-D) with advantages and disadvantages. Other
research proposes electrochemical impedance spectroscopy (EIS) to study the behavior of fuel cells.
Researchers use experimental data and electrochemical models such as the Butler-Volmer equation to
develop fuel cell models. Computational fluid dynamics (CFD) is used to analyze mass, momentum, and
energy flows [22]-[31]. In this, we addressed MATLAB modeling and the influence of voltage, current, and
power density on the efficiency of the selected fuel cells concerning the operating conditions and the
materials. The important factors include current flowing, temperature and hydrogen partial pressures, which
are important for every electrochemical process [32]-[35].
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where;

Ph,» Po,» Pu,o denote the partial pressure values of hydrogen, oxygen and water in atm, respectively.
q}'};, qf}; : incoming molar hydrogen, and oxygen flow rate kmol/s

ku,, ko, ku,o respectively fuel, air, and fuel exhaust valves molar constant, Kmol s/atm

Th,» To,» Tr,o FeSpectively fuel, air, and fuel exhaust valves time constant, s

irc fuel cell DC current, A, K, = f—}‘; is a modeling constant, Kmol/ sA, F Faraday’s constant c/kmol

The output voltage of a SOFC is determined in the (8) by deducting three principal losses: ohmic
losses (ion and electron transport) arising from internal resistance:

Vormic = ifchc (4)

Activation losses associated with reaction kinetics:

i
Vactivation =Aln iLOC (5)
A= % is a constant in the Tafel equation, with R is the gas constant, T is the temperature, o as the

charge transfer coefficient, and concentration overvoltage (mass transfer losses) can be modeled using Fick's
law, which accounts for diffusion and limiting current density i;

RT [
Veoncentration = Eln( ; ) ?

i—ifc

The theoretical maximum voltage in a fuel cell as defined by the Nernst equation:

1
L ”D ™
H,0

In this context E signifies the theoretical cell voltage E, represents the standard potential or open-
circuit voltage, denotes the gas constant (8.314 J/(kmol-K)), indicates temperature in Kelvin, and stands for
Faraday's constant (96485 C/mol), No number of cells; Increased hydrogen consumption generally elevates
cell voltage; likewise, augmented oxygen content improves performance. In contrast, sensitive water vapor
generation decreases the working pressure within the stack [35], [36], [37].

RT
EfC = NO (EO + E

Vfc = Efc - Vohmic - Vactivation - Vconcentration (8)

Fuel utilization efficiency [36], [38], which indicates the effectiveness of hydrogen input conversion
into electrical energy, is directly associated with the current density passing through the fuel cell:

iy -98, _ 9h, _ nlfc
Uf = in =~mn = in (9)
ay, qH, 2F ay,

where i, denotes the cell current and n number of electrons transferred per molecule of hydrogen in the

electrochemical reaction.

Figure 3 shows the voltage (V/cell) versus current density (A/lcm?). It shows three distinct regions:
activation losses at low current density, ohmic losses at medium density, and concentration losses at high
current density. Table 1 illustrates the parameters of the fuel cell used; Figure 4 shows the different blocks of
the fuel cell implemented in MATLAB/Simulink.
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Figure 4. Dynamic model of SOFC developed in MATLAB/SIMULINK

Table 1. The parameters of the fuel cell SOFC

Parameter Representation Value
Prae Rated power 50 kW
T Absolute temperature 1273 K
F Faraday's constant 96487 C/mol
R Universal gas constant 8.314 J/(kmolK)
E, Ideal standard potential 1.18V
Ny Number of cells in series in the stack 450
K, = No/4F Constant kmol/(sA) 0.996 x 107
Umaxo Umin » Uope  Maximum, minimum, optimal fuel utilization [0.90.8 0.85]
Ky Valve molar constant for hydrogen kmol/(s atm)  8.43 x 10™*
Ku,o0 Valve molar constant for water kmol/(satm) 2.81x107*
Ko, Valve molar constant for oxygen kmol/(satm) 2.52%x 1073
Ty, Response time for hydrogen flow 26.1s
TH,0 Response time for water flow 78.3s
To, Response time for oxygen flow 291s
T Ohmic loss 3.28x107*Q
T, Electrical response time 0.8s
T¢ Fuel processor response time 5s
T4 o Ratio of hydrogen to oxygen 1.145
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3. OVERALL STAND-ALONE LOAD MODELING

Figure 5 shows the block diagrams of the modeled system, while Figure 6 shows the entire electrical
circuit. Boost DC/DC converters, filter circuits, and inverters are commonly used to convert DC power to AC
power for fuel cells. The operation is performed using PI controllers for current and voltage.
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Figure 5. Block diagram of the entire system
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Figure 6. Schematic of the fuel cell off grid with control

3.1. DC boost converter

The SOFC fuel cell requires a DC-DC converter to function correctly. The converter's main purpose
is to increase the voltage required for the DC-AC converter and load requirements. As the chemical reactions
in fuel cells are progressive, a DC-DC boost converter is needed at the output terminal. The circuit cited in
Figure 7 contains an inductor, switch, diode, and capacitor. The switch can be either a MOSFET or IGBT
semiconductor. The duty cycle d can regulate the output voltage.

Ton+To T 1
Vout:Vin( T ff) = Vin (T ) = gvin (10)
off off

- (0<t<t,,) mode: the switch S is closed during the initial operation phase, and the input voltage
charges the inductor, which stores energy.
(ton < t < Ty) mode: when switch S opens during the second phase, the inductor discharges into the load
via the diode.

The state-space model in continuous conduction mode (CCM), is given by (11) [37].
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L and C values are calculated by (12) and (13) respectively

025V T
Lmax = AiLo (12)
—_——YY Y
L D
o,
V. ——]
|
|
i
Triangular
Figure 7. Boost converter
where:
Aip = 20% I, (13)
2
Cmin - BfAVlzmax (14)
where:
AVemax = AVomax = 0.1% Vg (15)
3.2. LCL filter

The system uses an LCL filter, illustrated in Figure 8, to enhance the power quality of the load by
removing any ripples in the inverter's voltage output. This filter consists of resistors, capacitors, and
inductors in Figure 8(a) without a resistor damper or an added series resistor damper with capacitors in
Figure 8(b). Generally, filter LCL minimizes the impact of electrical disturbances on the inverter by
managing oscillations, controlling the circuit's switching frequency, and regulating the voltage supply.

L, L,
(@ (T

(a) (b)

Figure 8. LCL filter (a) without resistor damper and (b) with series resistor damper

The design specifications for the LCL filter require frequency domain computation of switching
ripple attenuation, and the filter values are reported as a percentage of base values [39]-[41].

2
z, = - (16)
1
Ch =7 an
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E, is the efficacy voltage between lines, w,, is the load or grid frequency, S, is the rated active power
absorbed by the converter.
The transfer function H,; (s) with damping resistor is,

CfRfS+1

i
Hc (s)=2=
L () Vi L1Cplys3+Cp(Ly+Ly)Rps2+(Ly+Lo)s

(18)

The system's power factor variation is estimated to be 5% for the filter capacity design. This causes a
modification in the system's base impedance, where in,

C; = 0.05C, (19)

Tolerable current ripple on the side converter,

Aljpay = 0.1 (%) (20)
For the design norms, the rated current is permitted to vary by 10%.

Alyax = 10% I, Inverter-side inductance
Grid-side inductance,

L, = 1.2L, (22)

Resonance pulsation,
_ Li+L,
Wres = ’Llecf (23)
Filter's resonance frequency,

fres = Sres (24)

21

Damping resistance,

Ry = — (25)

3WresCy

The bode criteria in the Figure 9 are utilized to analyze a filter's amplitude and phase characteristics,
which provides essential insights into signal synchronization, gain, and frequency-dependent phase shift. It is
crucial to comprehend this information to evaluate the filter's behavior and make informed decisions about its
design and operation.
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Figure 9. Bode of Rd-Cd damped LCL filter
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3.3. DC/AC inverter

The inverters convert the DC power received from a boost converter into AC power, as shown in
Figure 10. The output voltage and frequency are modified to match the load. Two-axis reference frame dual
control inverters regulate load voltage and current by transforming three-phase AC and voltage. These
inverters are capable at cost-effectively regulating the output voltage and frequency to satisfy the load [42].

1
Vsr = ngc (281 — 55 — 83)
1
Vss =3 Vae (=51 + 25, — 53)
1
Ver = ngc (=51 — 55 + 253) (26)

V4. is DC link voltage of the PWM inverter and s1, Sz, S3 switching functions of which value is 0 or 1.
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Figurel0. Three-phases inverter VSI

3.4. Pl controller

A PI controller in (27) serves as a constructive tool in achieving the desired output by adjusting
control signals based on the difference between the observed output and the initial goal. By continuously
measuring the deviation over time, this technique gradually reduces errors, resulting in precise and accurate
control of current and voltage. For a Pl controller, the control law is (27).

u(t) = Kye(t) + K; [, e(t)dt' (27)

Figure 11 shows the employment of the controller in the controlled system, where Kp and Ki are the
coefficients of the proportional and integral values, respectively, and e(t) is the measurement error. The goal of
the controller is to reduce the error over time by correcting the controlled variable u(t). In our case, some of the
inputs can be regulated by the regulator of the fuel cell, such as the regulation of the fuel flow. In addition, we
need a voltage regulator for the boosted DC and a regulator for the voltage and current in the inverter.

>
- X
&
. ¥
£
- able

~ e(r)
—= )
Setpoint

Process vari

Figure 11. PI controller implementation

3.5. Voltage and current dual regulation

The control method is used for a load-connected inverter, which has two loops - inner loop with
current and outer loop with voltage. The aim is to maintain consistent voltage in the DC link while generating
a reference current. Control signals for power converters are derived from errors produced in this process,
ensuring voltage stability and dynamic reactive power. In off-grid systems, a block that generates a phase
angle is used instead of a phase-locked loop.
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The dynamic equations for three-phase without resistor damping input and output AC voltage and
current inverters [37], [43], [44].

di; 1 .

%hc L [Vi,abc — Ryljapc — Vc,abC] (@8)
av 17, .

A @
dig,abc _ 1 i

Tar E [VC,abc - (RZ + Rg)lg,abc - Vg,abc] (30)

The Park dg and Clark transformations can simplify the three-phase system and minimize reciprocal
interference, making them suitable for the inverter architecture. The Park transformation is a method used to
convert three-phase values into their corresponding dq0 quantities, while maintaining the amplitude of the
vector simultaneously. The dq0 quantity is obtained by converting the three-phase voltage (Vabc), current
(Iabc), or flux (pabc) into their respective values [45].

[ cos6 cos (0 - 2?”) cos (0 - 4—") 1
quo = [T1fapc = _l_Slln 0 —sin (19 —Z?H) —sin (f ——)l
L 3 2 ;|

Where T the transformation matrix, () is the electrical angle. The inverse Park abc to dqO is:

fabc (31)

cos 0 —sin 0 1
cos (9 - 2?”) —sin (9 - 2?”) 1 (32)

cos (9 - 4?”) —sin (9 - 4?”) 1

The stationary alpha—beta frame is transformed to the synchronous d—q frame and vice versa using
the following equations:

[raa ©] = [€llxep ®)] €] = [0 0 (3)
[ap O] = [€] [rag (0], [€]7 =[50 I (39)

The equation of the stationary abc to af transformation and its inverse transformation, which are used in
this paper, are as follows, we used the Clarke method to calculate active and reactive power in the dq0
axes are:

P =2 (vyiq +viy) (35)

Q = %(qud - vdiq) (36)

The current state variable in the output inverter,

dii, i
d_td = wig + [Vld Ryiyq = Vel 0
dij, . 1 i

dtq = Wl + - [Vig = Ralig = Veq] >
dii,D 1 .

e = EVio = Ruigo = Veo] )

The voltage state variable in capacity,

dVea _ 1.
o = WVeqt ¢ [iia —ig, al (40)
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ave, 17, .
2 = 0Veat ¢ liiq = igal (41)
ave, 1. .
dt’ = C_f [li,o - lg,o] (42)
The current state variable in the load,
digd _ . 1 .
L= wig, + P [Vea — (Ry + Ry)iga — Vgl (43)
digq . 1 ,
dgtq = ~Wlgg t Lo+l [Veqg = (R2 + Rg)igq = Vol (44)
dig,o — 1 [V _ (R +R )l -V ] (45)
dt L2+Lg c,0 2 g)tg,0 g,0
The system is symmetrical and balanced, so homopolar sequence components can be neglected.
% =0- dVeo —0- digo =0 (46)

dt ’odt ’odt

The variables for the output current and voltage of the inverter and load into dg components are:

l1a(t), 1i4(6), Via(@), Vig(@), Vea(t), Vea(£), iga(t), igqe(t), Vya(t), V,4(t). The capacitor voltage in the
LCL filter is represented by V¢ 4(t), V¢ 4(t) while V, 4(¢), V, ,(t) represents the load voltage. L, and Cr
represents the filter inductance and capacitance respectively, and R, and L, denote the load resistance and

inductance, respectively.

The state-space model for the complete system (37) to (45) might be represented in the following form.

5( = Ax + Blul + Bzuz (47)
x(0) = [i3a(8) i1q(0) Vea(®) Veg(8) iga(®) igq(®)] (48)
T
u; (t) = [Viq(®) Vig(©)] (49)
T
u, (1) = [Vg,a(®) V@] (50)
y=Cx (51)
R — 0 0
Ly Ly
—w =2 L 0 0
Ly Ly
C—lf 0 0 -w - é 0
A= 52
0 = 0 0 - (52)
Cr Cr
0 0 1 _ RytRy ®
Ly+Lg Ly+Lg
1 R,+R
0 0 Ly+Lg @ B L2+ng_
1 0 01
L0
[ 9] 0 0
0 Li 0 0
Bl = 0 01 and BZ = 0 1 0 (53)
00 T Lo+l 0
0 0 1
0 0 0 T L+,

This state-space representation enables the analysis, design, and stability analysis of the inverter

system's electrical dynamics and control inputs.
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3.5.1. Current controller

The loop that sets the current uses proportional control, which is simpler and gives a faster response
during changes to current demand. The current controller (inner loop) presented in Figure 12 for determining
the input voltage is modelled as:
The values of i; 4(t) and i; ,(t), are the reference values for the inverter output current in the rotating frame.

igdref = igd - waVq + (kp + kfv) (Vid_ref - Vld) (54)
lggref = lgg = @CfVig + (kpv + kfv) (—Vig) (55)

3.5.2. Voltage controller
The voltage loop in Figure 12 contains a proportional-integral (P1) controller that is able to keep the
voltage output steady and reduce static error. The state equations are as follows:

. k . .
Ud =-wl liq + (kpc + %) (lidref - lid) + Vid (56)
. k . .
Vq =wl lia + (kp(: + %) (liqref — liq) + Viq (57)
Voltage controller Current confroller

Y

2piS0rCru(1)l

- L
2°pi*50°(L2+Lq)u{1)1
: S ey

Figure 12. Dual-loop control system for voltage and current regulation

4. RESULTS AND DISCUSSION

Using MATLAB/Simulink software, a computer simulation was conducted for system modeling.
Systems with resistive loads were used to test the new system's performance. Figure 13 shows fuel cell
parameters, including hydrogen (H), water (H20), and oxygen (O2). These parameters can affect the fuel cell
efficiency, operating voltage, and current density, among others. The partial pressure of H. decreases to
0.0486 atm in time of 0.4 seconds, this lowering is caused by the consumption of hydrogen in the reaction;
the partial pressure of H,O amounts to about 0.8300 atm up to 0.8304 atm this is caused by the production of
water vapor continuously; the partial pressure of O, decreases over time from 0.04800 atm to 0.04780 atm
This decrease shows that oxygen is also consumed in the reaction. The partial pressures vary relatively small,
indicating that the reaction is taking place in a large volume. The load voltage waveform in Figure 14 is
sinusoidal, indicating AC power; hence, an alternating current is supplying the load and the current
waveform in Figure 15 is also sinusoidal and alternative. A transient period represents a brief time before the
current waveform establishes its steady state.

Figure 16 shows active and reactive power. The fluctuation peak of the active power wave directly
relates to real power. In contrast, the reactive power wave remains at zero, meaning that the load has no
reactive component but is purely resistive. On Figure 17, we can see the DC voltage at the input and output
of the DC/DC converter. The output voltage of the fuel cell (FC) is initially higher but remains lower at 400 V,
while the output voltage of the boost converter is initially higher but stabilizes around 800 V, which shows an
efficient adjustment of the voltage.
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5. CONCLUSION

This study presents a method for developing a high-fidelity dynamic simulation model of a SOFC
system using MATLAB/Simulink. The main objective was to model the behavior of the SOFC under stand-
alone and off-grid conditions, while developing a complete operational mode applicable to natural systems.
The study aimed to solve problems with existing tools and develop new control tools to improve overall
system performance. This study examines the power quality of an LCL filter combined with an inverter
based on a PI controller.

The results indicate a relatively low total harmonic distortion (THD) for both voltage and current,
contributing positively to the system performance parameters. The study indicates that SOFC electricity
possesses significant potential; however, it emphasizes the need for a benchmark design and performance to
integrate this technology effectively into distributed energy systems. The SOFC model has been utilized to
simulate a dynamic off-grid three-phase circuit. The model simulates SOFC operational characteristics and
utilizes the fuel cells to satisfy the circuit's energy demands. Recent research indicates that SOFC systems
provide distinct advantages for off-grid power generation.
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