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Managing the power transients with both high efficiency and thermal management
constraints is a difficult task in the solid oxide fuel cell (SOFC) hybrid direct-current
(DC) microgrids. This article proposed a SOFC-based DC microgrid, which consists of
the SOFC stand-alone system, DC microgrid network, and DC/DC boost converter, along
with the associated DC/DC load. The control and optimization strategy of the SOFC-based
DC microgrids has been designed, including the thermal and electrical characteristics
analysis. First, the voltage and current regulator based on the proportional–integral (PI) is
designed, which can maintain the voltage stability of the proposed SOFC system. In
addition, the optimal regulator based on the optimal operating points (OOPs) is designed,
which can realize high efficiency and steady-state thermal safety of the proposed SOFC
system. Finally, the main performance, including the SOFC stack electrical characteristics
verification, SOFC stand-alone system electrical and thermal response, load-tracking
characteristics, and system efficiency is observed and discussed in the proposed control
and optimization strategy. Experimental results verify the correctness of the theoretical
analysis and the effectiveness of the proposed optimization and control strategy.

Keywords: solid oxide fuel cell (SOFC), direct-current (DC) microgrid, control and optimization, high efficiency,
thermal safety, transient response

1 INTRODUCTION

In recent years, global energy demand is steadily increasing (Zhang et al., 2020a; Deng et al., 2021),
which has made a great impact on various fields (Xie et al., 2020). Thus, the electric power generation,
transmission, and distribution around the globe will be subjected to pre-eminent concern due to
several reasons, such as the limited fossil fuel resources, incremental electric power consumption,
global climatic change, legislation for integrating renewable energy sources (RESs), and stochastic
properties of the RESs and their associated challenges (Zhang Y et al., 2019; Zhang et al., 2020b; Xu
et al., 2022). Compared to the alternating-current (AC) microgrids, the direct-current (DC)
microgrids have attracted both researchers and industrialists since it has many advantages,
including the role to effectively solve the effects of the distributed generation accessing network
to improve the power quality and transactive energy, and the elimination of the frequency and phase
control (Eid, 2014; Srinivasan and Kwasinski, 2020). Among several novel propositions, the solid
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oxide fuel cell (SOFC) is one of the most effective and efficient
RESs, which can generate electricity directly from the
electrochemical reaction with the least spread of pollution,
compared to the conventional energy production methods
(Wang et al., 2022). The SOFCs are excellent regional power
supply equipment applied to the power supply systems and will
be widely used in the DCmicrogrids, due to the advantages of fuel
adaptability, high efficiency, noiseless operation, and high
reliability. The advantages of the SOFC generation in the
microgrids can be summarized as follows:

• Improving system efficiency. Fuel utilization of the SOFC
system is more than 60% and its energy storage systems
(ESSs) sometimes reached 90% (Barnes, 2002). Its power
generation efficiency can be 55%–65%, which is generally
more efficient than the combustion engines (Singhal and
Kendall, 2003). This is important in the DC microgrids
needed for the combined heat and power systems.

• Cutting down expenditures. The wide varieties of fuel can be
used in the SOFC system, and the DC microgrids based on
the RES can be easily interfacing with the distribution
generation without the interlinking AC/DC-and DC/AC-
interfacing transformation stages, just by realizing the
combined power supply through a variety of the new
energy sources. Its implementation is simple and cost-
effective. It shows a good application perspective in
majority of the rural areas that do not have access to
reliable electricity (Gandini and Almeida, 2017; Hirsch
et al., 2018).

• Strengthening capability of the regulating peak. The SOFCs
can serve as the independent power generation as well as the
grid-connected system, and many SOFC power stations
connected to the power grid can greatly enhance the
peak regulation capability of the microgrids.

• Improving security. The worldwide power grids mostly use
the high-voltage electricity for long distance transmission,
which result in low reliability and serious losses caused by
large area blackouts due to accidents. The SOFCs can go on
the power supply for the basic load to support the
power grid.

However, the researches on the SOFC are still in their
beginning stage, with the lack of dynamic load following, the
poor thermal response, and gas starvation being some of the
drawbacks of SOFC systems that need to be addressed (Mumtaz
et al., 2018; Pranita et al., 2022), which requires constant
improvement and development to large-scale commercial
applications, especially the fast load tracking on the premise of
the high efficiency and operating safety under optimal working
conditions should be discussed in the DC microgrids. For the
SOFC-based DC microgrid development, safe operating,
including thermal management and gas starvation, is an
important control task, especially the high operating
temperatures may lead to the thermal gradient and local hot
spots (Zhang et al., 2010). Moreover, the optimal operation points
and optimized power switching strategies are discussed to
improve the system efficiency. In addition, the load transients

often involve significant peaks in power relative to steady-state
load (Li et al., 2015). Thus, load tracking is another important
control task in the DC microgrids.

In recent years, diverse thermal safety has been focused and
discussed to ensure the SOFC system operating in the proper
temperature. When the SOFC system temperature has been
recognized to have the significant impact on the cell lifespan
and operating safety; in order to mitigate temperature excursion
and ensure thermal safety, the excess air for the cooling SOFC
system is controlled to maintain the SOFC system within a safe
range (Sorrentino et al., 2008; Huo et al., 2010; Hajimolana et al.,
2013), including a proportional–integral (PI) controller, a variable
structure controller, or a neural network predictive controller,
which are suitable for the thermal safety control. However,
these control schemes had not considered the maximum
electrical efficiency operations of the SOFC stand-alone system.
Moreover, the gas starvation problem, considering the operating
safety, is also discussed (Carré et al., 2015), by developing a feed-
forward control for the SOFC system with anode-off gas recycle.
The results show that the control scheme was sensitive to external
disturbance and produced a steady-state error.

Many optimal control methods have been raised and
developed, which can provide an important reference on the
swift response and dynamic load variation issues of the SOFC-
based DC microgrids. The load-tracking studies under both
stand-alone and grid-connected conditions have been
discussed, especially the load-tracking and small signal stability
issues pertaining to grid-connection is investigated (Padulles
et al., 2000; Zhu and Tomsovic, 2002; Li et al., 2005). An
adaptive control paradigm is portrayed for the swift response
of the SOFC in a grid-connected microgrid (Awais et al., 2021).
The aforementioned control strategies are restricted to its
constraints or unable to tackle the sudden and large load
variations, and the cooperative thermo-electrical control
strategy has been not considered, which further needs to be
discussed and analyzed.

The main goal of this article was to design the optimization
and control strategy to ensure fast load following by
comprehensively considering the high efficiency, fuel
exhaustion, and thermal safety in the SOFC-based hybrid DC
microgrids. This article is organized as follows: Section 2
describes the hybrid power system architecture, including its
essential operational requirements. Section 3 deals with the
modeling and validation and optimization and control strategy
of the SOFC-based hybrid DC microgrid. Finally, the article ends
with a conclusion in Section 4.

2 SOLID OXIDE FUEL CELL HYBRID
DIRECT-CURRENT MICROGRID SYSTEM
LAYOUT
2.1 System Architecture
The overall block diagram of the SOFC-based hybrid DC
microgrid system is shown in Figure 1. It includes the SOFC
stand-alone system, commonly used DC/DC boost converters,
whose controlled output voltage is greater than the input voltage,
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which can maintain the high reliability and load power supply
(Ahmed and Blejis, 2013; Armghan et al., 2020; Liu et al., 2020).
The investigated SOFC stand-alone system is shown in Figure 2.
The system incorporates the stack and balance of plant (BOP),
including the fuel feed pipes and valves, air feed pipes and valves,
heat exchangers, SOFC stack, and tail-burner. The rated full
power of the co-flow planar stack is 5 kW, which can provide
the power to the external load through electrochemical reactions.
Generally, a classic SOFC BOP includes the air/fuel feed pipes and
valves, second air bypass manifold, fuel and air heat exchangers,
and tail-burner. Then, the fuel and air heat exchangers are
designed to minimize the inlet temperature difference of the
SOFC stack. The tail-burner can promote the utility rate of the
fuel by burning the tail gas. Meanwhile, its output hot gas is

spilled into the heat exchanger as the heat source. Finally, the
temperature of the SOFC system is convenient to control by
adding the second air bypass manifold.

2.2 System Essential Operational
Requirements
In addition to the fast power tracking, operating safety (including the
thermal safety and avoiding fuel exhaustion) and high efficiency are
the most important considerations for control and optimization.
This article mainly discusses the thermal performance indices
associated with thermal safety, fuel concentration indices
associated with fuel exhaustion, and optimal operation points
associated with high efficiency, which are depicted as follows:

FIGURE 1 | Schematic diagram of the SOFC-based hybrid DC microgrid.

FIGURE 2 | Overall SOFC stand-alone system layout.
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2.2.1 Thermal Performance Indices
The high temperature or temperature gradient in the SOFC may
cause material deformation or even damage, thus being the essential
operational requirements. For example, as one of themost important
components, the high temperature gradient in stack could result in
large thermal stress and may cause stack deformation or even
damage. In addition, stack temperature should be within the
materials’ bearing range. Under the aforementioned assumption,
the temperature constraints in the SOFC can be shown as follows:

(1) Burner temperature TB ≤ 1273K.
(2) Maximum positive-electrode-electrolyte-negative (PEN)

temperature Max.TPEN ∈ [873K, 1173K].
(3) Maximum PEN temperature gradient

Max.|ΔTPEN|≤ 8Kcm−1.
(4) Stack inlet temperature difference ΔTinlet ≤ 200K.

2.2.2 Fuel Concentration
The external load changes, ensuring that adequate fuel supply is one
of the most important prerequisites for the safe operating. The
primary cause of fuel exhaustion is identified as fuel delay due to the
slow dynamics in the fuel and air supply path. To observe the fuel
exhaustion condition, the fuel concentration in the stack must be
observed in real time. For avoiding the fuel exhaustion, the fuel
concentration in the stackmustmeet the basic requirementsXH2> 0.

2.2.3 Optimal Operation Points
For the further analysis of SOFC systemperformance, considering the
high efficiency of SOFC, the operating parameters, including the
system inlet air and fuel flow rate and system current, are selected as
the assemble-regulating variables in this article. The too low or high
value of all these aforementioned operating parameters would lead to
low efficiency or poor system performance, and they must be
operated within their region under the different external load powers.

Based on the performance indices discussed previously, in addition
to the thermal and electricalmanagement and constraint enforcement,
the optimal operating points (OOPs) are manipulated to achieve the
optimal energy efficiency through the transverse optimization process,
which have been conducted in our and other’s previous works (Zhang
et al., 2015a; Zhang et al., 2015b; Zhang et al., 2018; Zhang L et al.,
2019). The OOPs can ensure thermal safety, and high efficiency in
static can be obtained, which is shown in Table 1.

3 OPTIMIZATION AND CONTROL OF SOLID
OXIDE FUEL CELL-BASED DIRECT-
CURRENT MICROGRID
In the study of optimization and control of the hybrid SOFC
system for the voltage stability, it is necessary to develop the full
and quite accurate model of each subsystem component. This
section first deals with the modeling of the system.

3.1 Mathematical Model
A lot of researches considering the SOFC stand-alone system model
with the BOP were established for the simulation and optimization
in our earlier works (Zhang et al., 2015a; Zhang et al., 2015b; Zhang
et al., 2018; Zhang L et al., 2019), especially the exit temperatures,
species molar fractions, andmolar flow rates of each control volume,
which can be divided into the gas phase and solid phase, as shown in
Figure 3, have been obtained from the transient energy, species, and
mass conservation equations, respectively. These conservation
equations are of the same general form within various system
components in Table 2. _Q is the energy, T is the temperature,
and V, ρ and C are the volume, density, and specific heat capacity of
each control volume, respectively. W is the generating power, Ri is
the reaction rate of the individual species i, U is the voltage, i is the
current density,N is themolar flow rate, h is the gas enthalpy, S is the
area, F is the gas flow rates or Faraday’s constant, X is the molar
fraction, R is the universal gas constant, Cv is the constant volume-
specific heat capacity, Cp is the constant pressure-specific heat
capacity, hgs is the convection heat transfer coefficient, λg is the
gas thermal conductivity, d is the radius, u is the velocity, μ is gas
viscosity, and L is the distance between the control volume. The
subscript S represents the solid control volume, and in and out
represent the inlet and outlet, respectively. Cell denotes the fuel cell,
and ref represents reference. PEN is the positive electrode-
electrolyte-negative electrode, and cond and conv represent the
heat conduction and thermal conversion, respectively.

3.1.1 Burner
Burner is the main component for the off-gas recovery and
recycle. To reduce the computational burden, the SOFC
burner is assumed to operate adiabatically, and the fuel is
oxidized completely. It is assumed as the 0D lumped
parameter model, and the heat transfer with the external

TABLE 1 | OOPs of the SOFC stand-alone system.

SOFC net output
power Pnet (W)

Output
current Is (A)

Inlet air flow
rate Fair (mol/s)

Inlet fuel flow
rate FH2 (mol/s)

Bypass valve opening
ratio BP (%)

1000 10 0.09920 0.00772 0.2
1500 14 0.13888 0.01135 0.2
2000 20 0.19841 0.01543 0.1
2500 26 0.27405 0.02006 0.05
3000 32 0.34390 0.02469 0
3500 38 0.37697 0.02932 0
4000 44 0.43649 0.03419 0
4500 50 0.49601 0.03997 0
5000 52 0.57538 0.04774 0
5500 58 0.63490 0.05428 0
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environment is ignored. Simultaneously, the catalytic combustion
reaction time in the burner is in millisecond; thus, its reaction
process can be neglected. The quasi-static model is selected to
build the burner model. Its burning wall temperature can be
determined according to (1), and its outlet molar flow rate, molar
fractions, and outlet temperature can be computed by (5) and (7)
to (12), respectively.

3.1.2 Fuel and Air Heat Exchangers
By introducing two heat exchangers in the SOFC system, the fuel
and air can be preheated with the same hot stream from the burner
at the same time. Thus, it can minimize the stack inlet temperature
difference effectively. The structure of both the heat exchangers is
assumed to be counter-current pipe heat exchangers. The
integrated fuel and air heat exchangers are discretized into N
nodes in the flow direction. As shown in Figure 3, each node
includes the gas phase control volumes (air, fuel, and exhaust) and
solid phase control volumes (the fuel tube, air tube, and exhaust
tube). The temperature and species molar fractions of the gas phase
control volumes are calculated by the conservation of the energy

equation and the species conservation equation, respectively. The
temperature of the solid phase control volumes is calculated from
the dynamic solid-state energy conservation equation, as shown in
(1), whereas the temperature of the gas phase control volumes can
be calculated from (10).

3.1.3 Mass Flow Controllers
As shown in Figure 2, the air/fuel fed into the SOFC stack is
manipulated by three pipes and valves, where the dynamics can be
approximated by the first-order plus delay time, which is given by:

G(s) � 1
Ts + 1

e−Tds, (16)

where T is the inertia time constant; and Td is delay time or dead
time, in which the delay time have a direct effect on the dynamic
response, especially during the load tracing.

3.1.4 Solid Oxide Fuel Cell Stack
In this article, each single cell unit in the SOFC stack is assumed to
operate identically; thus, a single cell unit can be taken as a

FIGURE 3 | Nodes and control volumes of the 1D model.

TABLE 2 | Universal SOFC system building equations.

Control volume Variable Equation

Solid phase BOP temperature ∑ _Qin � ρsVsCs
dT
dt (1)

PEN temperature ρPENVPENCPEN
dTPEN
dt � ∑ _Qin,PEN + _Qreact − _Wout(2)

_Qreact � RH2O · hH2O(3)
_Wout � i · Snode · Ucell (4)

Gas phase Molar flow rate Fout � Fin +∑Ri (5)
Stack: RO2 � 1

2RH2 � −1
2RH2O � − iSnode

2F (6)
Burner: RO2 � 1

2RH2 � −1
2RH2O � −FinXH2 ,in(7)

Molar fraction N d(Xi )
dt � FinXi,in − FoutXi,out + Ri (8)

PV � NRT (9)
Temperature NCv

dT
dt � Finhin − Fouthout +∑ _Qin (10)

Cv � ∑XiCp,i(T) − R, i ∈ {H2 ,O2 ,H2O,N2}(11)
h � ∑Xi(∫T

T�Tref CP,i(T)dT + href ,i), i ∈ {H2 ,O2 ,H2O,N2}(12)

Gas and solid adjacent components Heat conduction _Qcond � Sarea ·kss ·(T2−T1)
L (13)

Heat transfer _Qconv � Sarea ·hgs · (T2 − T1)(14)
hgs � 0.023 λg

d (duρ
μ
)0.8(Cpμ

λg
)0.4(15)

Frontiers in Energy Research | www.frontiersin.org July 2022 | Volume 10 | Article 9530825

Zhang et al. SOFC System Hybrid DC Microgrids

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


representative of the entire stack performance. In addition, as
shown in Figure 3, the fuel cell can be quasi-dimensionally
discretized into five nodes in this article.

Four temperature layers (such as fuel channel, air channel,
interconnector, and PEN) are considered for the fuel cell in the
SOFC stack model. The temperatures in the PEN and interconnect
plates are determined using the energy conservation equation, as
shown in (3) to (5). In addition, the temperatures and species mole
fractions in the cathode and anode gas streams are calculated from
the conservation of the energy equation and the species conservation
equation, as shown in (5) to (12), respectively. Conduction of heat
transfer between the solid phase control volumes is calculated based
on the Fourier’s Law, as shown in (13). Finally, the convection heat
transfer between each gas and solid phase control volume is
determined according to (14) and (15).

As the polarization losses, ohmic loss and concentration loss are
the function of the PEN temperature, gas pressure, and current
density in the fuel cell. The fuel cell output voltage can be
represented using a nonlinear algebraic equation, which is given by:

Ucell � f(i, pH2, pO2, pH2O, pa, TPEN), (17)
where TPEN represents the PEN temperature. For the accuracy of
the model building, the electrical dynamic model of the fuel cell is
obtained based on a lot of experimental data for the practical
guidance. The equivalent resistance is shown using the partial
derivative method, which is given by:

Rtot � z(Uohm + Uact + Ucon)
zI

, (18)

where I is the current; and Uohm, Uact, and Ucon represent the
ohmic loss, activation loss, and concentration loss in the SOFC
system, respectively, provided that:

Rtot � a0 + a1x +/ + anx
n; x � 0.001TPEN/Is, (19)

where a0, . . .. . .an represent the polynomial coefficient. Then, we
can have:

Ucell�UOCV−IRtot,

�UOCV−I(a0+a1·(0.001TPEN

Is
)+/+an·(0.001TPEN

Is
)n).

(20)
The open circuit voltage can be adopted by the Nernst voltage,

which is given by:

FIGURE 4 | Test of the fuel cells. (A) Fuel cell; (B) test furnace; and (C) electrical characteristics.

TABLE 3 | Parameter values of the equivalent resistance.

n a0 a1 a2 a3 a4

4 0.0028 0.2796 −0.9274 1.5921 −0.8775

Frontiers in Energy Research | www.frontiersin.org July 2022 | Volume 10 | Article 9530826

Zhang et al. SOFC System Hybrid DC Microgrids

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


UOCV � E0 + RTPEN

2F
ln(PH2P

0.5
O2

PH2O
), (21)

E0 � −12.45058 + 26.3104(TPEN/1000)
− 12.4(TPEN/1000)2 − (2.7645e − 4)/TPEN.

(22)

To get the polynomial coefficient in (19), the electrical
characteristics of the single cell (10*10 cm2) under the ideal

conditions are conducted in an electrical furnace. As shown in
Figures 4A,B, the voltage, current, and power density are
investigated. The operating temperatures were set in the range
from 923 to 973 K with the space of 50 K, especially the output
power density and voltage are investigated under each
temperature, and the open circuit voltage is calculated when
the current is 0 A.

FIGURE 5 |Control and optimization of the SOFCDCmicrogrid. (A)Overall control schemes; (B) boost-type DC/DC converter model; and (C) steady-state optimal
points for the optimal regulator.
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Then, the electrical characteristics curves of the
voltage–current–power density are shown in Figure 4C; it showed
that the open circuit voltage is about 1.12–1.18 V, and the power
density is about 550–770mW/cm2. Based on the value obtained in our
test, referring to (20), the equivalent resistance can be calculated by the
least square fitting; assuming the polynomial of order n = 4, the values
of a1-a4 are shown in Table 3. Referring to our previous work, the
Newton iteration algorithm is adopted to build the electrical
characteristic model to ensure that the voltage of each fuel cell
node is equal, which will not be addressed in this article.
Moreover, the SOFC system structure parameters are confirmed by
the physical facility in our group, and the physical parameters are
determined by referring to the authoritative chemical handbook.More
detail can be found in Zhang et al. (2015a) and Zhang et al. (2015b).

3.1.5 Blower
The blower supplies air to the SOFC system, which is the main
parasitic losses in the SOFC stand-alone system; the output power
of the different air flow can be expressed as:

Pbl � − 1
τbl

p
γRTamb

γ − 1
⎡⎢⎢⎣(pout

pamb
)(γ−1)/γ − 1⎤⎥⎥⎦Fair, (23)

where τbl is the effectiveness, γ is the specific heat ratio, and p is
the pressure.

3.1.6 Solid Oxide Fuel Cell System Efficiency
The efficiency of the SOFC stand-alone system can be defined as:

ηsys �
Us · Is − Pbl

FH2 · LHVH2
× 100%, (24)

where Us is the stack voltage and LHVH2 is the low heating value
of H2.

3.2 Optimization and Control
As shown in Figure 5A, the SOFC stand-alone system is connected
to the DC/DC converter of the boost type. The design of the two
control loops is made considering the voltage stability and SOFC
dynamics in the DCmicrogrids. The voltage and current regulator
are shown in Figure 5B, which can allow voltage conversion as well
as the full control of the fuel cell current and DC bus voltage. The
average value of the DC/DC converter models can be referred to
Zakzouk et al. (2019) for this study. The optimal regulator mainly
controls the load demanded power by referring to OOPs.
Figure 5C shows the high fuel utilization (FU) and low air

FIGURE 6 | Characteristics of the SOFC-based DC microgrid system. (A) Input characteristic and stack remain H2 molar flow fraction; (B) related outputs
considering efficiency and fuel exhaustion; (C) output electrical characteristic; and (D) Output thermal characteristic.
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excess ratio (AR) under the OOPs in the steady state, which can
ensure high efficiency. Moreover, the PI regulator uses the control
method, and the demanded voltage of the DCmicrogrid is 220 V in
this study. The demanded load power change is given as
2.5 kW→3.5 kW→5 kW→1.5 kW→4.5 kW→5 kW. The
efficiency of the DC/DC boost converter in this study is
assumed to be 90%.

The proposed control and optimization scheme for the
SOFC-based DC microgrids is implemented in the Simulink/
SimPower systems, and the characteristics of the SOFC-based
DC microgrid system are shown in Figure 6. Figure 6A shows
the system input characteristics and stack remain H2 molar flow
fraction in the proposed SOFC system. It is worth pointing that
our previous study (Zhang L et al., 2019) has revealed that safety
operating, whether ensuring the thermal safety or avoiding fuel
exhaustion, should be in the cost of the fast load tracing, namely,
the SOFC system current that should slowly change. The SOFC
system current slope limitation is adopted to deal with the
problem of fuel exhaustion and thermal safety. By observing the
H2 molar flow fraction in the SOFC stack, the large amount of
hydrogen is shown in stack (≥82%). The output electrical
characteristics of the proposed SOFC system are shown in
Figure 6C, and the response time of the output electrical
variables, including the SOFC output net power and voltage,
is within tens of seconds. In addition, by the proposed optimal
regulator with the OOPs, considering the parasitic loss of the
blower power, the SOFC system efficiency shows a high value
(45%–65%). Due to the current slow switching and BP
regulation, the output thermal characteristics of the proposed
SOFC system shown in Figure 6D are all within their
temperature constraints.

The performances of the SOFC-based DC microgrid system is
shown in Figure 7. The DC/DC inputs (Figure 7A) responses based
on the SOFC system outputs and load changes, and the current is well
limited to its maximum reference current (60 A). The DC/DC voltage
outputs (Figure 7B) are well regulated at 220 V, and the power
outputs can well meet the load requirements. Figure 7C shows the
duty and efficiency to dealwith voltage stability and the energy convert
and transfer efficiency (40%–60%) in the proposed DC microgrid.

4 CONCLUSION

This article presented the optimization and control strategy for
the SOFC-based hybrid DC microgrids from the perspective of
high efficiency, thermal safety fuel exhaustion, and transient
response. The structure of the SOFC-based DC microgrid is
first introduced. Moreover, the hybrid system has been
modeled, especially the SOFC stand-alone system core part
stack is validated with the experiments for the more precise
corresponding electrical characteristics in the DC microgrid.
Considering the high efficiency, steady-state thermal safety,
and load tracing, the optimization and control strategy based
on the voltage and current regulator and OOPs for the SOFC-
based DC microgrid is implemented. The performance shows
that the proposed DC microgrid has the large amount of
hydrogen in stack (≥82%), thermal safety, voltage stability
(220 V), and high efficiency (40%–60%). An alternative is to
design the optimization, control, and energy management
strategy to optimize all the performance of the SOFC-based
DC microgrid, such as the SOFC/battery/supercapacitor-based
DC microgrid, which is the next topic for our further studies.

FIGURE 7 | Performances of the SOFC-based hybrid DC microgrid system. (A) DC/DC inputs; (B) DC/DC outputs; and (C) Duty and DC microgrid efficiency.
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