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The conflicting operation objectives between rapid load following and the fuel depletion avoidance as well as the strong interactions
between the thermal and electrical parameters make the SOFC system difficult to control. This study focuses on the design of the
decoupling control for the thermal and electrical characteristics of the SOFC system through anode offgas recycling (AOR). The
decoupling control system can independently manipulate the thermal and electrical parameters, which interact with one another
in most cases, such as stack temperatures, burner temperature, system current, and system power. Under the decoupling control
scheme, the AOR is taken as a manipulation variable. The burner controller maintains the burner temperature without being
affected by abrupt power change. The stack temperature controller properly coordinates with the burner temperature controller
to independently modulate the stack thermal parameters. For the electrical problems, the decoupling control scheme shows its
superiority over the conventional controller in alleviating rapid load following and fuel depletion avoidance. System-level simulation
under a power-changing case is performed to validate the control freedom between the thermal and electrical characteristics as well
as the stability, efficiency, and robustness of the novel system control scheme.

1. Introduction

Hydrogen-fueled solid oxide fuel cells (SOFC) can directly
generate electric power from hydrogen with numerous
advantages, such as high electrical efficiency, reduced emis-
sions, and quiet operation as compared with traditional
power sources [1–4]. The SOFC system is especially suitable
in the structuring of distributed alternative power stations,
because it can efficiently produce electricity. Moreover, the
quiet operation characteristic associated with the reduced
emission feature makes the system appropriate in locating
SOFC systems in downtown areas and densely populated
regions for residual and commercial loads. Although the
SOFC system possesses several advantages, the SOFC system
has not reached the commercialization degree because of sys-
tem durability and reliability problems. Therefore, a control
method that not only ensures system safety but also efficiently
operates the system must be developed [5–8].

Solid oxide fuel cell (SOFC) modeling is a low-cost
method for studying and investigating fuel cells, optimizing

and controlling their behavior, enhancing their efficiency
and performance, and reducing high installation costs.
Some review papers have examined the different aspects
of SOFC and reviewed different mathematical modeling
studies to aid future researchers in developing SOFC [9, 10].
In [11], a 0D mathematical model was introduced to analyze
the performance of an SOFC-based microcogenerative
power system that was fed by natural gas. The novelty
of the proposed approach lies in its ability to accurately
reproduce the logic of an on-board control system, which
predicts different steady-state operating conditions by
taking into account the actual operating ranges imposed
by the manufacturer for the main parameters, such as stack
temperature. Reference [12] investigated the 2D and 3D
numerical modeling of SOFC by employing an accurate and
stable fully matrix-inversion-free finite element algorithm.
In [13], a new 3D finite element algorithm based on a detailed
mathematical model for fuel cells and on the fully explicit
artificial compressibility characteristic-based split scheme
was employed to effectively and efficientlymodel the heat and
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Figure 1: System coupling relationships before and after decoupling control.

mass transport phenomena coupled with electrochemical
reactions in SOFC. The calculation results in [14] for the
voltage and temperature distributions of a 3D computational
fluid dynamics model were compared with the results of an
experimental program with data for an 18-cell stack. This
work is among the first to compare physical experiments
with a comprehensive SOFC stack model. To perform SOFC
measurements, [15] conducted an a priori uncertainty anal-
ysis of a cogenerative module based on HT-SOFC, on-board
instruments, and meteorological characteristics declared
by the manufacturer. Inspired by these studies, this paper
examines the problem of an SOFC system based on a model.

In recent years, numerous studies on the control of SOFC
systems have been published. Generally, these studies mainly
attempted to address three control targets of the SOFC: (1)
maintaining a rapid flow of power to address the power
demand [1, 2, 6–8, 16–20]; (2) keeping the crucial compo-
nents, such as the stack, burner, and exchanger temperature
below the safety operation limits [5, 8, 16, 21–25]; and (3)
ensuring high levels of fuel utilization and system efficiency
[5, 8, 21, 23, 26, 27]. For the optimal operation of the SOFC
system, an integral control scheme with rapidness, efficiency,
easy application, and robustness must be designed to handle
the control targets [28]. However, the strong couplings
lead to the difficulty of the control design, which aims to
optimally operate the SOFC system, as shown in Figure 1. As a
multivariable system, the SOFC has several input and output
variables that cross-couple or interact among one another.
The characteristic, in which a change in one input affects
several outputs, prevents control engineers from designing
each input-output control loop independently, as adjusting
one controller parameter affects the performance of another
and may destabilize the entire system.

Therefore, by designing a decoupling control scheme,
the multivariable SOFC system can be simplified to several
single-variable systems that have no cross-coupling or inter-
action among variables, which is critical to SOFC control.
Through the application of the decoupling control, each
SOFC output variable is affected by only one reference input
variable, and then each input-output pair can be controlled
by a single-input single-output (SISO) controller, which is

considerably easier for control engineering practice and
demands less hardware cost as compared with the multivari-
able control. Wu et al. [29] designed a power decoupling
controller for the SOFC-MGT hybrid system by self-tuning
proportional-integral derivation (PID) to independently con-
trol the SOFC power and MGT power. Zhao et al. [30]
developed a control solution based on dynamic disturbance
decoupling control for a centrifugal compression system,
which is used to supply compressed air to the fuel cell to
manipulate the mass flow and pressure. However, to the best
of the author’s knowledge, no study has attempted to manage
the decoupling control of the SOFC’s thermal and electrical
characteristics, thereby resulting in difficulty in achieving
efficient system operation and guaranteeing safety.

The anode offgas recycle (AOR), throughwhich the anode
offgas is partially recycled to the anode inlet, has been used
in recent research to increase SOFC system efficiency [31–34].
For the hydrogen-fueled SOFC system (Figure 2) decoupling
controller designing, the plant output variables are difficult to
manage independently because of the lack of control inputs
needed to construct the input-output pairs. Therefore, to
alleviate this problem in decoupling the interactions between
the variables, this study adds the AOR as an independent
manipulation variable to design the decoupling control archi-
tecture. The AOR is suitable in managing the system-level
decoupling control of hydrogen-fueled SOFC because the
hydrogen-fueled SOFCwithout reform reactions requires less
heat generated by the burner for system heat self-sustenance,
and the AOR can prevent the excessive hydrogen in the offgas
from entering the burner to generate useless heat. Although
many previous works have employed the AOR to improve
system efficiency [31–34], its function in system-level control
is first investigated in the current study.

This study aims to decouple the interactions among the
thermal and electrical parameters in the hydrogen-fueled
SOFC system based on the dynamic SOFCmodel to simplify
the multiple-input multiple-output (MIMO) control system
to several SISO control systems, which are suitable for
controller development and implementation. By using the
AOR-based method, we design the decoupling controller to
solve the following problems.
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Figure 2: SOFC structure with anode offgas recycle.

(1) Decoupling Temperature from Power Changing.The burner
temperature can be independently controlled by the AOR
without being affected by the fuel flow increase caused
by load power changing. The stack temperature can be
independently managed without being significantly affected
by power fluctuation.

(2) Rapid Load Following and Fuel Depletion Avoidance. The
rapid loading capability of the system and the fuel depletion
problem, which is limited and caused by the fuel supply time
delay, are improved through proper handling of the AOR
rate. Given that the AOR structure provides another part of
fuel supply with high response speed to the stack, the fuel
consumption time increases.

This study provides a helpful reference and example for
the development of the control of the hydrogen-fueled SOFC
system as well as SOFC with a MgH2 tank, thereby allowing
for both the robustness of controller and the feasibility of
engineering implementation.

2. Description of the Studied AOR-SOFC

The kW-scale SOFC stand-alone system is developed as the
platform for the decoupling control design. Special attention
is drawn on the system-level thermal and electrical parameter
simulation. The SOFC system is modeled based on trans-
portation and conservation principles. The model has been
built through many previous efforts [5, 27]. Given that the
focus of this study is system controller design, the dynamic
modeling method is briefly introduced. The model runs in
a MATLAB/Simulink platform on a computer with 3GHz
and 12G memory. The kW-scale SOFC stand-alone system
model comprises a planar SOFC stack, a burner, and two
heat exchangers (Figure 2), in which a special consideration
for stack spatial temperature management is conducted by an
air bypass manifold around heat exchangers. Particularly, an
AOR structure is designed in this system. The SOFC system
in this study has the following two characteristics:

(1) For stack temperature gradient along the gas flow
direction to be minimized, the gas entering the stack

should be preheated although the exchangers using
the burner exhaust gas. In this study, another mani-
fold bypassing the exchangers is added to the system
whose cold air mixes with the preheated air passing
through themain airmanifold.Manipulating the flow
rate of cold air is an effective way to manage the stack
inlet temperature.Therefore, only by controlling both
the bypass (BP) ratio and the air flow rate can the stack
inlet and outlet temperature be efficiently managed.

(2) The AOR structure is used in the SOFC system: the
AOR structure consists of a splitter, condensation,
and an AOR blower and mixer. The condensation
is the key element in the AOR because it is where
the anode offgas is collected, condensed, stored, and
transported to the stack by the AOR blower.

Some simplifying assumptions are made to obtain a
computationally dynamic model.(1) All of the gases in the system are ideal gases, and the
pressure drop along the channels is neglected.(2)Thegas in the system is assumed to be incompressible.(3)The system is assumed to be insulated from the system
in which no heat is transferred to the environment.

In this section, the stack and thermal dynamic models
are introduced first. The configuration and feasibility of
the AOR structure is then discussed. Finally, some system-
level operation parameters are defined for this special SOFC
system.

Since the system model is used for control oriented
analysis and design, some simplifications are considered for
a balance between model details and computational bur-
den. The simplifications consist of a quasi-two-dimensional
approach for resolving geometrical features of the system
components. This approach discretizes each component in
the flow direction and resolves chemical and physical pro-
cesses, such as electrochemical reaction, heat conduction,
and convection. The discretized elements are called nodes.
Each node includes two types of control volumes, gas phase
and solid phase control volumes, representing the primary
elements in the cross-wise direction [5, 16]. In each control
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volume, only the physical and chemical processes that affect
the time scale of interest in the dynamic simulation are taken
into account. For instance, electrochemical reaction and the
dynamics of burn are assumed to occur at a time scale that
is faster than that of interest to the dynamic model; those
processes are considered quasi-steadily in the system model.

2.1. Stack Model. In this section, the electrical characteristics
which are the most important component in planar type
stack are conducted. The single cell voltage is obtained
by calculating three polarization voltage losses from the
irreversible open circuit voltage:

𝑈cell = 𝑈OCV − 𝑈loss = 𝑈OCV − 𝑈ohm − 𝑈act − 𝑈con, (1)
where 𝑈cell is the single cell output voltage, 𝑈OCV is the
irreversible open circuit voltage (OCV) that is also called
Nernst voltage, 𝑈ohm is the ohmic polarization voltage loss,𝑈act is the activation polarization voltage loss, 𝑈con is the
concentration voltage loss.

The irreversible open circuit voltage (OCV) is expressed
as follows:

𝑈OCV = 𝐸0 + 𝑅𝑇PEN2𝐹 ln( 𝑃H2
𝑃O2

0.5

𝑃H2O
) . (2)

According to the Ohm’s law the ohmic polarization
voltage loss can be calculated by current density and ohmic
resistance:

𝑈ohm = 𝑖𝑅ohm = 𝑖𝑇PEN𝑒𝑎1/𝑇PEN+𝑎0 . (3)
The activation and concentration voltage loss can be

described as follows:

𝑈act,𝑎 = 2𝑅𝑇𝑛𝑒𝐹 sinh−1 ( 𝑖2𝑖𝑜𝑎) ,
𝑈act,𝑐 = 2𝑅𝑇𝑛𝑒𝐹 sinh−1 ( 𝑖2𝑖𝑜𝑐) ,
𝑈con = 𝑅𝑇𝑛𝑒𝐹 ln [1 − 𝑖𝑖𝐿𝐴 ] .

(4)

Those polarization voltage losses are complicated chemi-
cal and physical process concerning with temperature, pres-
sure, and current; consequently, the expression would not be
of the same form. According to the Butler-Volmer equation,
the current density is

𝑖 = 𝑖0 {exp(𝛼 𝑛𝑒𝐹𝑈act𝑅𝑇 ) − exp(− (1 − 𝛼) 𝑛𝑒𝐹𝑈act𝑅𝑇 )} , (5)

where the 𝛼 is the transfer coefficient, 𝑖0 is the exchange
current density, 𝑛 is the electrons transferred per reaction,
and 𝑈act is the activation polarization.

2.2. Thermal Dynamic Equations. The model emulates the
chemical and physical reactions in the SOFC system, such as
electrochemical reaction, heat conduction, and convection.
In particular, the most important part is the stack which
will be individually described in the next section. The
system variables such as temperature, molar flow rates, and
mole fractions are described by energy, mass, and species
conservation laws.

2.2.1. Solid Phase Control Volume. The dynamic solid-state
energy conservation equation is in the general form:

𝜌𝑠𝑉𝑠𝐶𝑠 𝑑𝑇𝑠𝑑𝑡 = ∑ 𝑑𝑄in,𝑠𝑑𝑡 + 𝑑𝑄react𝑑𝑡 − 𝑑𝑊out𝑑𝑡 , (6)

where 𝜌𝑠, 𝑉𝑠, and 𝐶𝑠 denote the density, volume, and specific
heat capacity of each solid control volume, respectively.

Conduction and convection heat transfer between the
solid phase control volumes are determined by Fourier’s
law and Newton’s law. Fourier’s law is utilized to capture
conduction heat transfer among solid phase control volumes
using the temperature of each control volume:

𝑑𝑄cond𝑑𝑡 = 𝑆area ⋅ 𝑘𝑠𝑠 ⋅ (𝑇2 − 𝑇1)𝐿 . (7)

Newton’s law is used to calculate convection heat transfer
between solid and gas phase control volumes:

𝑑𝑄conv𝑑𝑡 = 𝑆area ⋅ ℎ𝑔𝑠 ⋅ (𝑇2 − 𝑇1) . (8)

2.2.2. Gas Phase Control Volume. The conservation of energy
equation of the gas is as follows:

𝑁𝐶V
𝑑𝑇𝑑𝑡 = 𝑑 (𝑁in)

𝑑𝑡 ℎin − 𝑑 (𝑁out)𝑑𝑡 ℎout + ∑ 𝑑 (𝑄in)
𝑑𝑡 , (9)

where 𝑁 is control volume mole number, 𝐶V is constant
volume specific heat capacity of the gas mixture, 𝑁in and𝑁out represent molar flow rate entering or exiting the control
volume, ℎin and ℎout are enthalpy of the gas mixture entering
or exiting the control volume, 𝑄in is heat transfer entering
control volume.

The constant volume specific heat capacity of gas mixture𝐶V is calculated as follows:

𝐶V = ∑ 𝑋𝑖𝐶𝑝,𝑖 (𝑇) − 𝑅, 𝑖 ∈ {H2,O2,H2O,N2} , (10)

where R is the universal gas constant, X𝑖 is mole fraction
of species 𝑖, 𝐶𝑝,𝑖(𝑇) is the constant pressure specific heat
capacity.

The corresponding exit species mole fractions are calcu-
lated by the species conservation equation:

𝑁 𝑑 (𝑋𝑖)𝑑𝑡 = 𝑑 (𝑁in)
𝑑𝑡 𝑋𝑖,in − 𝑑 (𝑁out)𝑑𝑡 𝑋𝑖,out + 𝑅𝑖,

𝑅H2
= − 𝑖𝑆node𝐹 ,

(11)

where 𝑅𝑖 is the reaction rate of individual species i and the𝑅H2
is the reaction rate of H2. The exit molar flow rate is

determined from the mass conservation equation:

𝑑 (𝑁out)𝑑𝑡 = 𝑑 (𝑁in)
𝑑𝑡 + ∑ 𝑅𝑖. (12)
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Table 1: Comparison between the model and experiments.

5000W 3500W
Model Experiments Model Experiments

Cell 130 24 22 130 24 22𝑃out [W] 5000 923 846 3500 646 592𝑉cell [V] 0.650 0.681 0.639 0.800 0.801 0.768𝐼stack [A] 59.17 56.54 60.02 33.65 33.62 34.99𝑇Stack [K] 1021 1023 1023 1006 1023 1023𝑇Air [K] 912 923 923 937 923 923
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Figure 3: Stack testing data.

2.3. Model Validation. All the component submodels in
the system model are built based on the mass and energy
conservation law. All the model parameters are the same
with the actual equipment to ensure the reliability of the
SOFC systemmodel. However, due to the influence of various
factors and the existence of errors in the actual system, there
will be a certain gap between the theoretical model and
the actual system. In order to ensure the correctness of the
systemmodel buildingmethod, it is necessary to carry out the
necessary experimental verification to fully demonstrate that
the system model can describe the working characteristics
of the real physical system. The accuracy of the model is of
great significance to the development and design of practical
system.

To collect experimental data on the stack, two units were
assembled in our laboratory, including 22 cells and 24 cells
of 11 ∗ 11 cm size battery with 9 ∗ 9 cm reaction area for
1 kW power supply. The stacks are tested with excess air
and hydrogen in a constant temperature reheating furnace.
The average operating temperature of the stack is 750∘C
and the gas temperature at the entrance of the stack is
650∘C. The electrical properties of the two stacks are shown
in Figure 3. Although the object of this study is the 5 kW
SOFC system, the stack consists of 130 battery chips with
the same performance, which can be regarded as five 1 kW
stacks in series. The experimental data of 1 kW stack can be
obtained and compared with the simulation data by scaling
the operating points of 130 batteries to 22 and 24 batteries.
The comparison between the model and the testing data are
shown in Table 1.

2.4. Configuration and Feasibility of the AOR Structure. In
this decoupling control-based study, three functions are
demanded for the AOR structure to decouple the interactions
and manage load-following problems:(1) Limit the amount of fuel entering the burner.(2) Safely and efficiently recycle excessive offgas fuel to the
stack.(3) Act as a buffer between the fuel consumption and fuel
supply by storing some fuel in the AOR structure to supply
the stack when needed.

2.4.1. AOR Configuration. Different recycle structures, such
as gas recirculation ejector and blowers, have been used
in recent studies to increase the power output and system
efficiency.The reformer does not exist in the hydrogen-fueled
SOFC system; therefore, a condensation is needed to remove
the water gas from the offgas [31]. As shown in Figure 4, the
AOR structure consists of a splitter, condensation, and an
AOR blower and mixer. The condensation is the key element
in the AOR where the anode offgas is collected, condensed,
stored, and transported to the stack by the AOR blower. The
splitter forces part of the offgas to enter the recirculation
pipeline. During such time, the offgas contains H2, which
is needed to reenter the stack, and steam, which should be
removed. Condensation is utilized to remove H2O and store
H2 in the AOR structure. The function of the condensation
is to remove the water gas down to 333K (60∘C) through the
cooling water. The offgas only keeps the H2, which is stored
in the condensation.Themixer is utilized to mix the cold and
hot fuel and maintain the anode pressure.
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Figure 4: The anode offgas recycle structure.

2.4.2. AOR Feasibility. In this study, the AOR structure is
designed to recycle the hydrogen to the stack inlet and
limit the excessive fuel entering the burner, which generates
useless high temperature.The feasibility of the proposedAOR
structure aims to address four issues.

(1) Offgas Blower Power. The air supplied to the SOFC stack
is significantly larger, usually more than five times that of the
fuel entering the system [4, 27].Thus, the air blower accounts
for most of the parasitic loss, and the AOR blower power
loss does not largely increase the power loss and decrease the
system efficiency.

(2) Anode Pressure Controller. The offgas blower sends the
offgas fuel to the mixer to mix with the primary fuel supply
by a pressure controller.The pressure controllermaintains the
stack inlet pressure by manipulating the fuel flow valve.

(3) Condensation Volume. The condensation stores some
hydrogen, thereby making the stack less sensitive to the
abrupt load changes because the fuel in the condensation
can be blown into the stack to supply the fuel supply delay
period (in this study, the duration is 3 s). If we suppose that
the largest load change is 5 kW and the fuel utilization is 80%,
then the volume should bemore than 6 L. At the system start-
up period, the AOR should be open to fill the condensation
with sufficient fuel usedwhen the load abruptly increases, and
the fuel can be replenished when the load decreases.

(4) Stack Temperature. The condensation cools the offgas
down to 333K to remove the H2O from the gas. Before the
offgas fuel enters the stack, the mixer is applied to prevent
the cold fuel gas directly entering the stack from negatively
affecting the stack performance. Otherwise, given that the
air flow rate is considerably larger than the fuel flow rate,
the stack temperature is mainly affected by the air flow rate,
and the fuel temperature fluctuation caused by AOR can be
regarded as external disturbance,which can be handled by the
stack controller, which will be discussed in the next section.

2.5. Operation Parameters. To effectively manage the system-
level parameters, some operation parameters should be

defined in this section, including fuel utilization (FU), bypass
ratio (BP), and system efficiency (SE) [4, 9, 20]. Particularly,
the anode offgas recycle ratio (AORR) should be defined to
effectively manage the SOFC thermal and electrical param-
eters, which will result in the SE decrease as compared with
the SOFC systemwithout AOR.The operating parameters are
defined as follows:

FU = fuel consumed in stack
fuel entering the stack

= 𝑛𝐼
2𝐹 (𝑑𝑁H2

/𝑑𝑡) ,

SE = SOFC power
stack power

= 𝑃stack − 𝑃blower − 𝑃offgas,blower𝑃stack
,

BP = air through bypass manifold
air through main manifold

= 𝑑 (𝑁air,bypass EX) /𝑑𝑡
𝑑 (𝑁air) /𝑑𝑡 .

(13)

The AORR is the most important variable in the AOR
structure. The recycle rate is defined as the molar fraction of
the anode offgas that is recycled.

AORR = fuel recycling rate
anode offgas rate

= 𝑑 (𝑁recycle) /𝑑𝑡
𝑑 (𝑁offgas) /𝑑𝑡 . (14)

The AORR refers to the ratio of the recycled gas in the
entire offgas.

3. Decoupling Control Scheme

In this section, the decoupling control scheme of the SOFC
system is developedwith the help of AOR to simplify themul-
tivariable system to several single-variable systems. In each
single-variable system, the output variables are controlled
by one manipulation variable. Given that single-variable
control is considerably easier than multivariable control, the
decoupling control is especially appropriate for SOFC control
engineering practice.

3.1. Control Objectives and Variable Parings. The proper
control variable pairings for theMIMO system, SOFC system
in this context, must be selected prior to the design and
implementation of the decoupling controller.The selection of
the proper control variable pairing will determine the input-
output (IO) pair; then the output variable can be controlled
by the input reference variable through the implementation
of the SISO controller. All of the SISO controllers in the
decoupling control scheme are PID-based controllers. Given
its simple structure and good performance in engineering
practice, the PID controller is suitable for handling complex
SOFC systems with robustness and stability [9, 27].

In this study, the voltage is kept at a constant value, and the
fuel flow and current are manipulated to control the power.
For the electrical parameter, the power can be independently
controlled by the current through the implementation of
electronic devices, such as the DC/DC (DC/AC) converter:
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Table 2: Control variable pairings.

Manipulate variables (MV) Control variables (CV)
Current Power
Air flow Stack inlet 𝑇
Air bypass ratio (BP) Stack outlet 𝑇
AORR Burner 𝑇

(1) By manipulating the current, the system power can
meet the demand [4–8, 16, 27].(2) Bymodulating the fuel flow, the FU is maintained and
the current is supplied [4, 27].(3) Limiting the current ensures that the voltage remains
at a safe value to prevent the fuel from depleting in the stack
[9, 35].

For the electrical parameter, the stack inlet temperature,
stack outlet temperature, and burner temperature can be
independently controlled.(4) The air flow rate and BP can be manipulated to
maintain the stack operation temperature [4, 16, 27].(5) The AOR acting as a manipulation variable is the
key point to decoupling the interaction of the thermal and
electrical parameters. The AORR is used to independently
control the burner temperature without being affected by the
power fluctuation. All the control variables can be found in
Table 2.

The implementation of the selected control variable pair-
ings and the decoupling design are addressed in the following
sections.

3.2. Stack Temperature Control. The stack temperature
should be kept as the highest priority because the purpose
of the SOFC is to supply electricity through electrochemical
reaction in the stack. Thus, the safety of the stack is crucial
in fuel cell operation. For the SOFC to rapidly and efficiently
supply current, its stack temperature must be maintained
at a constant level, which will help in strictly controlling
the stack thermal gradients and transients. However, several
disturbances, including electrochemical reaction heat oscil-
lation and exchanger preheat fluctuation, hamper the stack
temperature stabilization.

In this section, the stack temperature controller is
designed. The thermal response time has been discussed in
[9], in which the thermal response, by manipulating the air
flow rate, is more rapid than the inherent thermal response
of the stack; thus, the controller can effectively and rapidly
manage the stack inlet and outlet temperature. Given that the
blower response is significantly faster than the stack thermal
response, the air flow can effectively manage the stack tem-
perature. According to the safety requirement, the stack inlet
and outlet temperature should be closely maintained near
the optimal value (960 and 1,050K), respectively, during the
transient operation period.The stack temperature fluctuation
magnitude should be maintained at less than 10K around the
optimal value (OV).

A feedback control system is designed based on the
selected control variable pairings, as shown in Figure 5.
Two independent feedback loops are employed to achieve
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Figure 5: Stack temperature controller.
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controller
Burner T

Figure 6:New control structure to decouple the burner temperature
and the system power: AOR-based independent burner controller.

rapid temperature management. Only when the stack tem-
perature is managed well, can the stack efficiently provide
electricity. Given the coupling between the thermal and
electrical parameters, the stack inlet temperature cannot be
easily managed without affecting the system power. Thus,
the stack temperature controller should cooperate with other
controllers not only to maintain the system temperature but
also to efficiently provide electricity.

3.3. Burner Temperature Control. This section discusses the
implementation of the AOR to control the burner tempera-
ture without being influenced by electrical parameters. The
burner temperature, especially the gas phase temperature,
should be maintained because the exhausted gas entering the
heat exchangers may negatively affect the stabilization of the
stack temperature and the material durability of the burner.

The AOR-based controller contains two parts, namely,
burner controller and fuel depletion controller, as shown in
Figure 6. In this section, only the burner temperature control
actuation is introduced. To maintain the burner temperature
(𝑦BurnerT), the AOR controls the fuel entering burner, and the
excess fuel is recycled to the stack inlet.The fuel flow entering
the stack must be decreased because a safe level of stack
pressure needs to be maintained. The AOR control actuation
in power-level control will be studied in the following section.

3.4. Power Control. For the power control, the voltage is
maintained at a constant optimal value, and the power
demand can be satisfied by manipulating the stack current
using power electronic devices, such as a DC/DC or DC/AC
converter. At the same time, as a manipulation variable, the
current should be supplied by the fuel. Sufficient fuel must be
fed to the stack to avoid fuel depletion and anode reoxidation.
The fuel depletion problem should be avoided because it will
oxidize the anode material and largely damage the ability to
generate fuel cell electricity.
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The fuel supply delay results in the fuel depletion problem
and leads to limitation of the load-following ability. The
abrupt load increase will result in the stack fuel deficiency
period because of the fuel supply delay. The fuel contained
in the anode compartment will be consumed during that
period. To avoid the fuel depletion, sufficient hydrogen must
remain in the stack. As analyzed in Section 2, the fuel stored
in the AOR condensation supplies the fuel deficiency period
to the stack by the actuation of the AOR blower. Thus, the
AOR structure can be regarded as an expansion of the stack
compartment. Based on the analysis in [16], increasing the
stack compartment size makes the stack less sensitive to the
abrupt load change. The fuel contained in the condensation
can be replenished when the load decreases. The excessive
fuel, which previously enters the burner, is then recycled by
the AOR to the condensation, which serves as a fuel supply
buffer for the abrupt load changes.

The power control scheme consists of four controllers:
depletion controller, AOR controller power actuator part
(P AOR controller), power controller, and fuel flow con-
troller. For the depletion controller, to ensure that the
hydrogen is not depleted in the stack, the current should be
limited to keep the voltage from dropping.The fuel depletion
controller is shown in Figure 7. The AOR controller power
actuator part (P AOR controller) is utilized to blow fuel
contained in the AOR structure into the stack. The voltage
decreases indicate that the fuel concentration in the stack
decreases. For the power controller, the current is used to
control the power demand, while the fuel flow should be
sufficiently supplied by the fuel flow controller.

As shown in Figure 7, the fuel depletion control man-
ages the voltage through the manipulation of the current
by feedback (depletion controller). When the voltage (𝑦V)
decreases and is smaller than the reference voltage (𝑟V), then
the i should be lower to decrease the fuel consumption. At
the same time, the AOR rate is increased (P AOR controller)
to blow the fuel contained in the AOR condensation tank
to the stack satisfying the fuel demand as well as the load-
following demand rapidly. The power is controlled by the
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Figure 8: Integrate decoupling control.

power feedback (power controller) and the feedforward
controller (FF𝑃) through the manipulation of the current (𝑖).
TheAOR feedforward controller (𝐾AOR) helps inmaintaining
the stack fuel pressure by slightly decreasing the fuel flow.The
AOR helps in preventing the fuel cell voltage from dropping
to a low level, which ensures enough fuel in the anode
compartment by enlarging the stack fuel consumption time.
The fuel tank in the AOR structure can be regarded as one
part of the stack aside from the second fuel supply element.

3.5. Decoupling Control Overview. To demonstrate the rela-
tionship of the control inputs and the outputs, the integrated
decoupling control scheme is shown in Figure 8. The con-
troller consists of six parts, namely, stack controller, burner
temperature controller, P AOR controller, power controller,
depletion controller, and fuel flow controller. All the control
inputs and outputs should be guaranteedwithin the operation
range.

The stack controller manages the BP ratio and air flow
to manipulate the stack inlet and outlet temperature, respec-
tively. The burner temperature is managed by the AORR by
controlling the fuel entering it. The P AOR controller also
manages the AORR to add the fuel to the stack when the
voltage decreases. The fuel depletion controller decreases the
current to prevent the voltage from dropping significantly.
The power controller manages the system power following
the demand rapidly by manipulating the fuel flow rate. The
electrical characteristic controller simultaneously handles the
rapid load following and the fuel depletion. Moreover, the
system-level thermal parameters, such as the stack tem-
perature and the burner temperature, are not influenced
by the power changes. Therefore, under the control of the
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Table 3: Control parameters.

(1) Stack inlet 𝑇 control𝐾𝑝 2.1 𝐾𝑖 0.61
(2) Stack outlet 𝑇 control

K𝑝 0.3 K 𝑖 0.001
(3) Burner 𝑇 control𝐾𝑝 0.8 𝐾𝑖 0 𝐾𝑑 0.3
(4) Power control𝐾𝑝 0.000016 𝐾𝑖 0.000002 𝐾𝑑 0.000005 𝐾AOR 0.12

FF𝑃 0.00002
(5) Depletion control

K𝑃 1.2 K 𝑖 0.01 FF𝑖 0.024
(6) Fuel flow control

K𝑃 0.21 K 𝑖 0.012

decoupling controller, the interactions among the thermal
and electrical characteristics can be decoupled.

4. Simulation Results

This section performs time-domain simulation of the studied
AOR-SOFC and the performance of the decoupling control.

All of the SISO controllers in the decoupling con-
trol scheme are PID-based controllers due to their simple
structure and good performance in engineering practice
with robustness and stability. The control parameters of the
decoupling control system, as shown in Table 3, are tuned
by the Ziegler–Nichols tuning method, which is suitable
for engineering practice. To evaluate the performance of
the decoupling controller, especially the load-following abil-
ity and system temperature independent control, a power-
changing case is set.This case assumes that the power demand
rapidly changes from 3,500W to 4,500W and then decreases
to 4,000W. Systempower responses under the control of both
the conventional controller and the decoupling controller are
shown in the following sections.Thedecoupling performance
is assessed from four aspects: power load-tracking charac-
teristics, burner temperature, stack temperature, and system-
level operation parameters, namely, fuel utilization (FU)
and system efficiency (SE). In this study, the conventional
control is the system-level control without the AOR control
actuation, which consists of the stack controller, power
controller, fuel flow controller, and depletion controller. The
conventional control and the decoupling control parameters
are the same, as shown in Table 2.

4.1. Power Load-Tracking Characteristics. The power load
tracking characteristics are shown in Figure 8. When 0 <𝑡 < 100 s, the power fluctuates because the SOFC needs
time to start up from 0 to 3,500W. When at 𝑡 = 1,000 s,
the power suddenly rises from 3,500W to 4,500W. Both
the conventional and decoupling controller manipulate the
system to follow the demand. Figure 9(b) shows the local
information of the load-following increase. Figure 10 shows
the control actuation of the power controller.

TheAORblows the fuel in the condensation into the stack
to supply the abrupt load increase, as shown in Figure 10.
However, when at 𝑡 = 1,020 s, the system power stagnates
because the depletion controller decreases the current to
avoid stack fuel depletion. After several seconds, the fuel
from the fuel source reaches the stack to supply sufficient fuel
to the current, thereby causing the power to increase again.
The conventional control makes the excessive fuel flow rate
increase at the power increase, which may cause useless fuel
to enter the burner. Figure 9(c) shows that when 𝑡 = 2,000 s,
the power demand decreases from 4,500W to 4,000W. The
excessive fuel is blown by the AOR blower from the stack
outlet into the AOR to fill the condensation. As a result,
the power under the control of the decoupling controller
decreases rapidly to the reference power.

Remark 1. The decoupling controller is better than the con-
ventional controller in the power load following and fuel
depletion avoidance because the AOR decreases the fuel
deficiency period and makes the fuel supply less sensitive
to the power variations. The convergence rate of the AOR
controller is faster than the controller without AOR shown
in Figures 9(b) and 9(c). As the power fluctuates, the AOR
controller takes about 50 s to reach the demand value while
the controller without AOR takes about 100 s.That is because
when the power demand increases, the AOR recycles fuel in
the offgas and transports it to stack again. The fuel intially
contained in AOR will enter the stack quickly. Therefore, the
power response speed of the AOR controller will be higher
than the controller without AOR. For the power decrease
condition, the AOR recycle blower helps to decrease the
excessive fuel concentration in stack, so the power decrease
speed is higher than the traditional controller.

4.2. Burner Temperature. The burner temperature dynamic
response during system power changes is shown in Figure 11.
The conventional controller causes a large temperature fluc-
tuation, which may damage the burner and cause oscillation
in the exchangers and stack temperatures. The AOR-based
burner temperature controller maintains the burner temper-
ature by limiting the fuel flow into the burner, as shown in
Figure 12. Although the power and fuel flow rate change, the
fuel to the burner is nearly maintained at a stable value by the
decoupling controller, while the conventional control sends
excessive fuel to the burner.

The temperature dynamic responses under the AOR
controller are shown in Figure 13. When the power increases,
more fuel is consumed in stack to generate current and the
heat generated in stack will increase; then less heat will be
generated in burner. Therefore, the heat transport to the
heat exchanger will decrease. When the power increase, the
excessive fuel entering the stackwill be recycled, so the burner
and the exchangers temperature will not largely change.

4.3. Stack Temperature. Figure 14 shows the stack inlet and
outlet temperature under two controllers. The stack outlet
temperatures are maintained within 10 K. For the stack inlet
temperature, the decoupling controller causes a 10 K decrease
because the AOR sends cold (333 K) fuel to the stack inlet.
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Figure 9: Power load following characters.

Although the stack inlet temperature fluctuates, as shown in
Figures 10 and 15, the air flow rate is more than 20 times that
of the AORR, making the inlet temperature reach the control
target again.

Remark 2. Figure 15 shows that the air flow rate and BP rate
of the decoupling control significantly decrease because the
stabilization of the burner temperature makes it unnecessary
for the stack temperature controller to utilize excessive
control actuation. Decreasing the BP rate leads to a decrease
in the cold air flow of the bypass heat exchangers, which
positively influences the system efficiency.

Figure 16 shows the temperature distribution of the
stack, air temperature responses in stack, fuel temperature
responses in stack, IC temperature responses, and PEN tem-
perature responses. All the temperatures can be maintained
within 15 K level, despite the system power increase and
decrease. According to Figure 16, the stack inlet and outlet
temperatures can be kept at stable level.

Remark 3. The stack temperatures are mainly affected by the
air temperatures because the air entering the stack is the
main heat source for the stack operation temperature and
the air flow rate is several times more than the fuel flow rate.
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Figure 10: Control actuation of the decoupling power controller.
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Figure 11: Burner temperature dynamic response.

According to Figure 16, the stack temperature distribution is
nearly the linear growth along the gas flow direction. As a
result, when the stack inlet temperature and the stack outlet
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Figure 12: Fuel flow rate to burner.

temperature are controlled at the stable value, the whole stack
temperature can be maintained at a constant value to some
extent.
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Figure 15: Stack temperature control actuation.

4.4. FU and SE. FU and SE are two important parameters
for indicating the optimal working condition of the SOFC
system. In Figure 17, the FU controlled by the conventional
controller is influenced by the power changes. In other words,

the interaction between the power and fuel flow rate prevents
the SOFC from working at a high efficiency. Therefore, the
FU and SE cannot remain steady under the control of the
conventional scheme. However, the decoupling controller
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Figure 16: Stack temperatures.

independently manages the electrical characteristics without
being affected by the fuel flow. As a result, as shown in
Figure 17, the FU and SE are almostmaintained at a high level
even as the power changes.

Figure 18 shows that the power of the AOR blower does
not play an important role in the SE compared with the air
blower power.

Remark 4. The FU indicates the fuel consuming rate used
in stack. If more fuel is consumed in stack, it means the
electrochemical reaction ratio is at a high level. The SE

indicates that the power ratio can be used by the load.
Figure 17 shows that the AOR controller can maintain the
FU and the SE at a high level even at the power-changing
condition, while the controller without AORwill not perform
well. The FU first decreases at the power increase, because
when the power demand increases, more fuel will be added
to stack that will cause the FU decrease. For the SE, when the
system power demand increases, the fuel consumed in stack
will increase as well as the heat generated in stack, so more
air should be added to stack to cool the temperature down
and the parasitic power increase; then the SE will decrease.
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Figure 17: Fuel utilization and system efficiency under two controllers.
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Figure 18: The power of AOR blower and the air blower.

Therefore, the AOR controller not only helps to control the
system temperature but also controls the fuel utilization in
stack and system efficiency.

5. Discussion and Conclusion

This study proposes an engineering-oriented decoupling
controller to solve the following problems:

(1) The couplings between the electrical and thermal
parameters are decoupled by the AOR-based decoupling con-
trol method. The system temperature can be independently
controlled without being affected by the power changes.

(2) Fuel depletion avoidance and rapid load following.
The fuel consumption time is significantly increased to avoid
the fuel depletion problem. The stack fuel supply is less
sensitive to the power variations.

(3) The decoupling control system can maintain the FU
and SE at a high level even as the power changes.

Other problems, such as SOFC stack fault accommoda-
tion and fault reconfiguration control, can also be solved
in the future through the decoupling-type modified control

method based on the AOR. The control problems that SOFC
combines with the MgH2 tank can also be investigated.
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kWm−2 K−1𝐼: Current, A𝑖: Current density, A cm−2𝑁: Control volume mole number, mol𝑄: Heat transfer, W𝑅𝑖: Reaction rate of species 𝑖, mol s−1𝑆: Surface area of the heat transfer, m2𝑇: Absolute temperature, K𝑊: Work, W𝑋𝑖: Species mole fractions 𝑖𝛼: Transfer coefficient𝜌: Density, kgm−3.
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Subscripts
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OCV: Irreversible open circuit voltage
O2: Oxygen𝐿: Limit.
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