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Abstract—To improve the safety of the solid oxide fuel cell
(SOFC) systems and avoid the generation of large amounts of
pollutants during power switching, this paper designs a power
switching strategy based on trajectory planning and sliding
mode control (TP-SMC). The design elements of the power
switching strategy are proposed through simulation analysis at
first. Then, based on the gas transmission delay time and the
change of gas flow obtained from testing, trajectory planning
(TP) is implemented. Compared with other power switching
strategies, it has been proven that the power switching strategy
based on TP has significantly better control performance. Fur-
thermore, considering the shortcomings and problems of TP in
practical application, this paper introduces sliding mode control
(SMC) on the basis of TP to improve the power switching strat-
egy. The final simulation results also prove that the TP-SMC
can effectively suppress the impact of uncertainty in gas flow
and gas transmission delay time. Compared with TP, TP-SMC
can ensure that under uncertain conditions, the SOFC system
does not experience fuel starvation and temperature exceeding
limit during power switching. Meanwhile, the NOx emissions
are also within the normal and acceptable range. This paper
can guide the power switching process of the actual SOFC sys-
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tems to avoid safety issues and excessive generation of NOx,
which is very helpful for improving the performance and ser-
vice life of the SOFC systems.

Index Terms—Solid oxide fuel cell (SOFC) system, power
switching, safety, NOx emission, trajectory planning, sliding
mode control.

I. INTRODUCTION

OLID oxide fuel cell (SOFC), as a new power genera-

tion technology, has attracted widespread attention over
the world [1], [2]. Compared with the conventional power
production technologies, the SOFC systems can directly con-
vert chemical energy into electrical energy, with higher effi-
ciency, lower pollutant emissions, and less noise [3] - [5].
Therefore, SOFC systems have enormous development po-
tential and are now applied in various fields such as fixed
power station, combined heat and power (CHP) system, and
vehicle power supply [6]-[8].

The application challenges of the SOFC systems mainly
focus on three aspects: efficiency, safety, and service life [9]-
[12]. How to ensure the safety, efficiency, and long-term op-
eration of the SOFC systems is the goal pursued by all re-
searchers. Among these three application challenges, safety
is the foundation, efficiency is the goal, and service life is
the pursuit.

In the past decade, many scholars have studied the three
application challenges of the SOFC systems. Temperature
safety is crucial for the normal operation of the SOFC sys-
tems. Besides, ensuring the highest system efficiency within
the safe temperature range is an important issue. In order to
maximize the efficiency of the SOFC systems within a safe
temperature range, [13] conducts steady-state analysis and
optimization of the SOFC systems, and concludes that the
optimal operation points (OOPs) can be determined by maxi-
mizing the system efficiency while enforcing the operation
constraints on the maximum positive-electrolyte-negative
(PEN) temperature and its gradient. Reference [14] takes an
analysis on optimization of a kilowatt-scale SOFC stand-
alone system for the maximum system efficiency and consid-
ers four temperature constraints. Reference [15] proposes an
analysis-based optimization method for discrete optimization
with constraints to obtain the optimal operation point with
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the maximum efficiency and temperature safety. Reference
[16] proposes an optimal robust control strategy to maintain
the safe operation of the SOFC systems with the maximum
efficiency. Reference [17] conducts a detailed parameter
study on the cross-flow configuration to optimize cell perfor-
mance and system efficiency by minimizing thermal stress.
Although the above literature has studied the security and ef-
ficiency issues of the SOFC systems, these studies are all fo-
cused on steady-state operation processes, few of which
have paid attention to safety issues during power switching.

Generally, the SOFC systems can obtain a series of OOPs
through steady-state analysis. The emergence of the OOPs
can ensure that the SOFC systems are in a safe and efficient
state during normal steady-state operation. Although the
SOFC systems generally operate in a steady state, the
change of external load also requires power conversion by
the SOFC system, and safety is the primary consideration at
this time. During the power switching process, the SOFC
systems mainly encounter two safety issues: fuel starvation
and temperature exceeding. References [18] and [19] deter-
mine the OOPs for various steady-state output power with
the goal of the maximum efficiency. Then, the issues of fast
load and safe transient operation during load step-up transi-
tions are studied. However, these research works only inves-
tigate whether fuel starvation occurs at different linear
switching rates under different assumed transmission delays.
Moreover, they do not explain the basis for choosing a pa-
rabola as the current variation curve, but only make relevant
comparisons. Reference [20] develops a novel thermoelectric
collaborative controller that can simultaneously achieve fast
power tracking, system thermal management, and system ef-
ficiency optimization. However, this research work only con-
trols the temperature through the feedback control of gas
flow, and the fuel starvation problem is similar to [19]. Ref-
erence [21] focues on the issue of fuel starvation and devel-
ops various methods to prevent fuel starvation in fuel cells.
However, this research work only considers the issue of fuel
starvation during power switching, without considering tem-
perature issues at all. Meanwhile, the impact of gas transmis-
sion delay is not considered. References [22]-[25] have con-
ducted research on the power switching process of the
SOFC systems, but they only focus on the fast tracking of
power, with little attention paid to the fuel starvation and
temperature exceeding issues during the switching process.
Although many scholars have studied the power switching
process of the SOFC systems, some scholars only focus on
fast power tracking without considering safety issues. Some
scholars only consider fuel starvation issues without consid-
ering temperature safety issues. Even though some scholars
have considered various safety issues, they have not truly
considered the changes in gas flow and gas concentration in
the stack when designing power switching strategies, and
there is no real design basis for the current change process.
In addition, although the pollutant emissions of the SOFC
system are very small, the change of gas concentration and
temperature may cause a sudden increase in pollutant emis-
sions during the power switching process, which must also
be noted and controlled in the SOFC system.
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The aim of this study is to design a power switching strat-
egy to avoid fuel starvation and temperature exceedance dur-
ing the power switching process. Besides, the issue of pollut-
ant emissions during power switching has also been consid-
ered. Firstly, through simulation analysis, the design ele-
ments of the power switching strategy are proposed. Then,
based on the delay time of gas transmission and the change
of gas flow obtained from testing, the trajectory planning
(TP) is implemented. Furthermore, considering the shortcom-
ings and problems of TP in practical application, this paper in-
troduces the sliding mode control (SMC) on the basis of TP.

The remainder of this paper is organized as follows. Sec-
tion II establishes the SOFC system model and NOx forma-
tion model. Section III presents the problem description and
solution direction during power switching in SOFC system.
Section IV presents the power switching strategy based on
TP. Section V introduces the improved power switching strat-
egy with SMC. Finally, Section VI concludes the paper.

II. SOFC SYSTEM MODEL AND NOX FORMATION MODEL

A. SOFC System Model

The SOFC stack must be equipped with corresponding bal-
ance of plant (BOP) to form a complete independent power
generation system. The traditional pure hydrogen SOFC sys-
tem mainly consists of five subsystems: fuel supply pipeline
and valves, air supply pipeline and valves, SOFC stack, ex-
haust gas recovery subsystem (including burner and heat ex-
changer), and electronic control subsystem. Figure 1 shows
the schematic diagram of SOFC system, where HEX is short
for heat exchanger.

Exhaust
i
Hy ——D&>r— Y SOFC
HEX| |HEX| O @Z{
Air A 1, 1 stac
T l @ ‘ ‘ @ Burner
E Electronic. Load
control unit
@ Gas sensor; [>&] Mass flow controller
Fig. 1. Schematic diagram of SOFC system.

The SOFC stack is the core device of the SOFC system,
and its model can be divided into three parts: electrochemi-
cal model, mass conservation model, and energy conserva-
tion model. The BOP mainly includes blower, heat exchang-
ers, and burner and gas supply subsystem. They are integrat-
ed with the fuel stack to form the entire system model.

Several dynamic models can be found and validated by
our groups in literature for the SOFC systems, including
those developed by [18], [26], and [27], as well as those by
other groups [28]-[32].

In order to simplify the model, several assumptions are
made during the solution process in each control volume.
The common assumptions are as follows:

1) All gases are ideal gases.

2) Variables in control volumes such as the current densi-
ty, temperatures, and pressures are assumed to be homoge-
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neous.

3) There is no heat transfer to the environment. The sys-
tem is assumed to be well insulated.

4) There is no carbon formation or deposition.

5) Each cell is considered to operate identically.

B. NOx Formation Model

Due to the high-temperature environment of the burner,
NO will be produced. NO from combustion systems is gener-
ated by three main processes: thermal-NO, prompt-NO, and
fuel-NO [33], [34]. Due to the fact that the fuel used by the
burner in the SOFC system is gaseous and the burner is a fu-
el-lean environment, the burner mainly produces thermal-
NO. The thermal-NO mechanism originally proposed by
[34]-[36] includes two reactions:

N,+0=NO+N (1)
0,+N=NO+0 ©)

Usually, the follow reaction is also considered in the ther-
mal-NO formation.

N+OH=NO+H 3)

The general rate equation for NO generated by these three
processes is:

d[NO] (k, [N, ]k k ,[NOJ/k, [0, ]) 4
di I+k_ [NOJ(L[O ]+ o) @

where [] denotes the concentration; k, ie{l,2,3} and k;
j €{1,2} are the forward reaction rate constant and reverse re-
action rate constant, respectively.

If the concentration of NO is very small, the rate of NO
formation can be approximated as [35], [37]:

d[NO]

ir (%)

where k,=1.8x10"e”*"% and T, is the temperature of
burner.

To model the NO formation, it is necessary to estimate
the concentration of O-atoms [O]. Here are two models to
estimate [O].

1) Model 1: the first model assumes partial equilibrium of
the reaction [38], [39]:

=2[0]

=2k, [O]IN, ]

1
50,=0 (©)
The concentration of O-atoms can be written as [38]:
36006761750/1“)g
[0]= 20, )

JRT,

where R is the universal gas constant.

2) Model 2: this model is based on the assumption of par-
tial equilibrium of the chain-branching and propagation reac-
tions of the hydrogen-oxygen mechanism [35], [39]:

O+H,=0OH+H ®)
H+0,=0H+0 )
OH+H,=H,0+H (10)
We can estimate [O] as:
koky, [0,]H,]
O — 910 2 2 11
O Kk, 1.0] b
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where  k,=1x10"e ™7k =1.4x10%e 7 k,=1x
108707199 and k_,=4.5x 10°T, e [36], [38].

Compared with Model 1, Model 2 is more comprehensive
and takes into account the impact of hydrogen gas. Howev-
er, when there is fuel starvation in the SOFC system
((H,1=0), there may be problems in the calculation. There-
fore, this paper comprehensively considers these two scenari-
os: Model 1 is used when the H, concentration at the stack
outlet is less than 5%, and Model 2 is used when it is great-
er than 5%. The final NOx formation model is:

2k kyk o [H, ][O, ][N, ]
d[NO] k_ok_,[H,0]

L . 12)
dt 3600e 61750/RT ), (
2k =————[0,1"[N,] 0y, 0 <5%

¢H2.(mt 2 5%

RT,

where ¢, ., is the H, concentration at the stack outlet.

III. PROBLEM DESCRIPTION AND SOLUTION DIRECTION
DURING POWER SWITCHING IN SOFC SYSTEM

A. Gas Flow Test

To determine the change process of actual gas flow, this
paper tests the change of actual gas flow by changing the
gas flow setting value in steps. The test scheme for the
change of gas flow is shown in Table I, where SLM repre-
sents the standard litre per min. Finally, two groups are actu-
ally tested, and all gas flow values have been normalized to
ensure that the gas flow values are within the range [0,1].

TABLE I
TEST SCHEME FOR CHANGE OF GAS FLOW

Initial flow (SLM) Fir(lglLil/BW S\;’ri:fc}:;g Test group
15 12 15512 Test 1, test 4
15 10 15—>10 Test 2, test 5
15 8 1558 Test 3, test 6

For the change of gas flow, it can be observed as an iner-
tial element. Therefore, the flow controller model can be
written as 1/(Ts+1) in the simulation. The comparison of the
change of gas flow with actual test data under different time
constants 7 is shown in Fig. 2.

1.0¢
\ —T=1s
T=1.2s
—T=15s
Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

o o o
N (=)} [ere}
:

o
&}

Gas flow (normalized value)

Time (s)

Fig. 2. Comparison of change of gas flow with actual test data.
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Figure 2 shows that the actual test data are close to the in-
ertial response curve with 7=1.2 s, and all data are within
the range of the inertial response curves with 7=1 s and 7=
1.5s.

B. Problems in Power Switching Process

1) Switching from Low Power to High Power

In order to study the dynamic characteristics of power
switching in the SOFC system, the SOFC system switches
from half load (500 W) to full load (1 kW) at 30000 s, with
a step increase in output power. The corresponding OOPs,
namely I, BP, AR, FU, are 20, 0.05, 6, 0.9 and 48, 0, 6,
0.85, respectively.

Under the above switching conditions, the gas flow is an
inertial change with 7=1.2 s. At the same time, the current
changes linearly from 30000 s. The fuel margin (i.e., hydro-
gen concentration) and burner temperature 7,,,, of the
SOFC system from half load to full load under different cur-
rent switching rates are shown in Fig. 3.
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Fig. 3. Fuel margin and burner temperature of SOFC system from half
load to full load. (a) Hydrogen concentration. (b) 7},
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Figure 3 shows that if the hydrogen concentration is too
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high, the fuel starvation will occur. This is because there is a
delay in gas transmission within the SOFC system when
switching from low power to high power. If the current
switching rate is too high, fuel starvation will occur due to
excessive current during the period of gas transmission de-
lay. To avoid fuel starvation, the current switching rate
should not exceed 0.5 A/s. However, if the current switching
rate is too low, the burner temperature will exceed the upper
temperature limit (1000 °C). This is because a small current
can cause an excessive fuel margin at the stack outlet. These
fuels will generate a large amount of heat during combustion
in the burner, causing the burner temperature to exceed the
limit. In order to avoid exceeding the burner temperature
limit, the current switching rate should not be less than 3 A/
s. Obviously, these two are contradictory to each other. Un-
der the present switching strategy, there will inevitably be a
security constraint condition that is not met.
2) Switching from High Power to Low Power

The SOFC system switches from full load (1 kW) to half
load (500 W) at 30000 s, with a step decrease in output pow-
er. The fuel margin and burner temperature of the SOFC sys-
tem under different current switching rates are shown in

Fig. 4.
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Fig. 4. Fuel margin and burner temperature of SOFC system from full
load to half load. (a) Hydrogen concentration. (b) 7,
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Figure 4 shows that if the current switching rate is too
low, the fuel starvation will occur. This is because when the
gas flow under the new operation conditions is transmitted
to the stack after a time period, the gas flow inside the stack
decreases. If the current switching rate is too low and causes
the current to be too large, the fuel starvation will occur. To
avoid fuel starvation, the current switching rate should not
be less than 3.1 A/s. However, if the current switching rate
is too high, the burner temperature will exceed the upper
temperature limit (999.85 °C). This is because during the pe-
riod of gas transmission delay, the gas flow inside the SOFC
stack is still under full power conditions. If the current
switching is too fast and the stack current /_,, is too small, it
will cause excessive fuel to enter the burner, leading to the
burner temperature exceeding the limit. To avoid exceeding
the burner temperature limit, the current switching rate
should not exceed 2 A/s. Similarly, these two are also contra-
dictory to each other.

C. Impact of Power Switching on NOx Emissions

During the power switching process, the SOFC system
may experience fuel starvation and temperature exceeding
limit, which will inevitably affect the NOx emissions in the
burner. Based on the above research, the NOx emissions in
the burner under different conditions are studied, and the re-
sults are shown in Fig. 5.
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£ 400}
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@]
Z 300}
[
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g 200 +
=]
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Fig. 5. NOx emission characteristics of burner. (a) Molar fraction of NOx

from half load to full load. (b) NOx emission from full load to half load.

Figure 5 shows that when the SOFC system operates nor-
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mally and stably, the NOx formation in the burner is below
10 ppm. Note that ppm represents parts per million of vol-
ume concentration. However, during power switching pro-
cess, the NOx emissions from the burner will increase due
to the change of gas concentration and burner temperature.
Meanwhile, compared with Fig. 3 and Fig. 4, it can be ob-
served that the main factor affecting NOx emissions is tem-
perature. As the temperature increases, the NOx emissions
from the burner will also sharply increase. Therefore, in or-
der to reduce NOx emissions, it is also necessary to control
the burner temperature during the power switching process.

D. Design Elements of Power Switching Strategy

From the above analysis, it can be concluded that the
problems of fuel starvation and temperature exceeding limit
during the power switching process of the SOFC system can
be summarized as numerical problems. When the current is
too large at a certain moment, it will cause fuel starvation,
while when the current is too small at a certain moment, the
burner temperature will exceed the limit. It is worth noting
that the excessive and insufficient current mentioned above
is relative to the present gas flow of the SOFC stack. In ad-
dition, the NOx emissions of the SOFC system are also relat-
ed to the burner temperature. If the problem of temperature
exceeding limit during power switching can be solved, the
NOx emission problem in the SOFC system will also be
solved accordingly. Therefore, the core of the power switch-
ing process is to ensure that the current is within a reason-
able range during the power switching process.

There are two factors that affect the current value during
the power switching process. One is the current switching
point (the time point at which the current begins to change),
and the other is the law of current variation. For the selec-
tion of current switching points, it is necessary to ensure
that both the current and gas flow inside the SOFC stack
change simultaneously. For the law of current variation, it is
necessary to ensure that the fuel margin and temperature
characteristics of the SOFC system are under best values.

IV. POWER SWITCHING STRATEGY BASED ON TP

In this section, the gas transmission delay time is first de-
termined through test, and then the corresponding power
switching strategy is designed. Finally, the superiority of the
power switching strategy designed in this paper is verified
through comparison.

A. Gas Transmission Test

To determine the gas transmission delay time, we stabilize
the stack current, change the input gas flow, and detect the
change of gas concentration at the stack outlet. Obviously,
the time from changing the gas flow to discovering a change
in gas concentration is the gas transfer time from the flow
controller to the stack outlet. Finally, the gas transmission de-
lay time from the flow controller to the stack inlet can be de-
termined by testing the gas transmission delay time inside
the SOFC stack using the corresponding stack test bench.

We define the gas transfer time from the flow controller
to the stack inlet as the current switching delay time ¢, and
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the gas transfer time inside the SOFC stack as the stack
transfer time ¢, Through test, the gas transfer time from the
flow controller to the stack outlet is approximately 6 s. As-
sume a gas transfer time of 1 s within the stack. Therefore,
in this paper, #,=5 s and ¢, =1 s.

B. Design and Performance Verification of Power Switching
Strategy

When the change law of gas flow and the gas transmis-
sion delay time are known, the trajectory of current variation
in the SOFC stack can be planned. This power switching
strategy is called TP. In order to verify the superiority of the
power switching strategy designed in this paper, it will be
compared with other power switching strategies. The switch-
ing strategies used for comparison are linearity switching,
step switching, and multistep switching. Four different
switching strategies are shown in Fig. 6.

Through simulation research, the performances of four dif-
ferent power switching strategies are compared. In the simu-
lation, the change of gas flow is set to an inertial change
with a time constant of 1.2 s. The fuel margin, burner tem-
perature, and NOx emissions of the SOFC system under dif-
ferent power switching strategies are shown in Fig. 7.

Figure 7 shows that although the influence of gas trans-
mission delay is eliminated in the simulation, the step
switching strategy experiences fuel starvation during the tran-
sition from half load to full load, while the linearity and
multi-step switching strategies also experience fuel starva-
tion during the transition from full load to half load. Mean-
while, in addition to the switching strategy based on the
change of gas flow designed in this paper, the burner temper-
ature of other strategies will exceed the temperature limit
even if there is no fuel starvation.
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Furthermore, due to the extremely high burner tempera-
ture, the NOx emissions of other strategies are also much
higher than the TP. Through comparison, it can be observed
that the power switching strategy designed in this paper is
far superior to other power switching strategies.

V. IMPROVED POWER SWITCHING STRATEGY WITH SMC

In the previous section, a power switching strategy based
on TP is designed. Subsequent comparative verification also
proves the superiority of this power switching strategy. How-
ever, the power switching strategy based on TP also has
problems: it is necessary to know the exact changing trajec-
tory of gas flow and the exact gas transmission delay time,
which is impossible to achieve in the actual process. When
the trajectory of gas flow and the gas transmission delay
time change, the actual control effect will be affected great-
ly. In order to solve this problem, this paper introduces the
SMC based on the power switching strategy mentioned
above, ensuring the system control performance in the case
of inaccurate gas flow trajectory and gas transmission delay
time.

A. Power Switching with SMC

In this subsection, the changing trajectory of hydrogen
concentration at the stack outlet is defined as the predicted
trajectory of hydrogen. The control objective of this paper is
to ensure that the actual hydrogen concentration at the stack
outlet tends towards the predicted trajectory of hydrogen
when the gas flow and gas transmission delay time change.
The specific control schematic is shown in Fig. 8.

|Gas transmission

\
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Current || Current : |

—» trajectory I SOFC |

| Gas flow ‘H system |
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Fig. 8. Schematic diagram of power switching control for SOFC system.

1) System Control Model

When the SOFC system is in operation, the SOFC stack
satisfies the pneumatic balance. According to the pneumatic
balance, the following equation holds:

. 1
nﬁtelquz,smck :]vﬁtel, in(sz,in - Nfuel, uut(le,out - 2F

(13)

where n,,, is the mole number; ¢, ;.j €{in, out} is the gas mo-
lar fraction of gas i at position j; ¢, .. is the average gas mo-
lar fraction inside the stack, ¢y ux=u it Pu 0u)/2;

N 1] €lin,out} is the molar flow; 7 is the current of stack;
and F is the Faraday constant (96485.33 C/mol).
For the SOFC stack, the inlet gas concentration generally
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does not change. At the same time, according to the reaction

mechanism, N, ,,,=Ny,.;,» Thus, the above equation can be
written as:
Nt @ I
fuel ¥ H,, out _
2 =2 fuel, in(sz,in _Nfuel, in gon,uut - ﬁ (14)

Under planned and actual conditions, the SOFC stack
meets the following equation:

nﬁtelgol-lz‘out,tr _N —N _ Itr
2 =Y fuel,in, tr(on. in fuel, in, trquzA,out, r 2F
: (15)
nfuelq)h'z, out,re re
Pt e A —N. —
2 AV fuel,in, re (OHZ. in fuel, in, re(sz, out,re 2F

where subscript # is the planned situation; and subscript re
is the actual situation.
Let Ire:[1r+ AI and e= (sz,oul,rc’_ (sz.oumr' Then:

ZNfuel., in,re Al

e=— e— +
Nfiver nfuelF
2(1vﬁ4el, inre ]Vvﬁtel, in, tr )((DHZ, in— (on,out, tr )
(16)
Mol

2) Design of SMC

SMC is a well-known nonlinear control method that can
be designed through a variable structure control law to first
reach the desired manifold and then move along the sliding
manifold to reach the equilibrium point [40], [41]. Due to its
fast dynamic response, good transient performance, insensi-
tivity to matching uncertainties, robustness to external distur-
bances, ease of implementation, and finite time convergence,
SMC has been shown to be a suitable and effective method
for various nonlinear control problems [42]-[45]. Thus, SMC
is selected in this paper to control the changing trajectory of
hydrogen concentration at the stack outlet.

The design of a sliding mode controller consists of two
parts: firstly, it can reach the sliding mode surface s=0 in fi-
nite time from any position in the state space; secondly, it
can converge to the origin (equilibrium point) on the sliding
mode surface. The following will provide a detailed introduc-
tion to the design of the sliding mode controller in this paper.

According to (16), the dynamical system model can be re-
written as:

x=Ax+Bu+C
x=e
u=AI
2N el,in,re
A —_ fuel, in,
N el (17)
. 1
”ﬁmF
C _ Z(Nfuel, inre Nﬁl@L in,tr )(gaHz‘in - (sz,out, tr )
nﬁlel
Let A=2N, . nax/Mpe and N, o is the maximum fuel

flow. For (17), the following equation holds, as shown in
Supplementary Material A.

|Ax+C| <4 (18)

For the dynamic system in this paper, the following slid-
ing surface is constructed:
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s=x (19)

To ensure that s converges to 0, it is necessary to design
the control equation u. According to the second method of
Lyapunov stability determination, if there exists a continuous
function JV that satisfies the following conditions, the system

will be stable at equilibrium point s=0.

V(0)=0 condition 1
V(s)>0 condition 2 (20)
V(s)<0 condition 3
Choose a Lyapunov function as:
V= %sz 21

The above equation clearly satisfies conditions (1) and
(2). For condition (3), the design control equation u=(—ks—
A-sgn(s))/B=ns+p-sgn(s), where k>0; sgn(s) is the step
function; #=—k/B and p =—A/B. Then, we can obtain:

V(s):ss' =5(Ax+ Bu+ C)=s(Ax + C)— s(ks + A-sgn(s)) <
ks> + | s|(Ax+ C)— | 5| A <—ks? (22)

It is obvious that the above equation satisfies condition
(3). Thus, the system can be stable at equilibrium point s=0.
Due to | s| =] x| <1, (22) can be written as:

V(s)<—k|s| (23)

It is clear that the system state will reach the sliding mode

surface s =0 within the finite time ¢,, which satisfies:
: k

In summary, the sliding mode controller (u=7ns+ p-sgn(s))
designed in this paper can ensure that the system state reach-
es the sliding mode surface s=0 within ¢,.

Although the sliding mode controller designed above can
ensure that the system state tends to the sliding mode sur-
face within a finite time, it also has two problems in practi-
cal use: (D high-frequency traversal caused by excessive con-
troller output; @ difficulty in strictly sliding along the slid-
ing mode towards the equilibrium point when the state trajec-
tory reaches the sliding mode surface. In fact, it will move
back and forth on both sides of the sliding surface to ap-
proach the equilibrium point. The controller will be im-
proved to address these two problems as follows.

For the first problem, it can be solved by reducing the out-
put of the controller. For the second problem, it can be
solved by changing the sliding model surface to the sliding
model strip. Based on these two ideas, the improved control-
ler is designed as:

24

2

ns + |”|S+ 5| >0.005,6>0
pls|+e

u=

(25)

ns+0 |s]<0.005,¢>0

After verification, the above controller can make the sys-
tem to be globally uniformly ultimately bounded, and the
output tracking error converges to a neighborhood of zero,
as shown in Supplementary Material B. We define u, as the
output of controller before improvement, and u, as the out-

1975

put of the improved controller. Firstly, the issue of sliding

mode strip is not considered. When s=0, u,=u,=0; when
) g

pS <ns+ pi
pls|+e | s
Therefore, the output of the improved controller is lower
than that of the pre-improved controller. Moreover, by chang-
ing the sliding mode surface to the sliding mode strip, the
chattering during the use of SMC can be effectively reduced.

s#0, u;=ns+ ,¢>0. Obviously, wu,<u,

B. Comparison and Results of Control Performance

In the previous section, the paper designs a sliding mode
controller to address the impact of uncertainty in gas flow
and gas transmission delay time on actual control perfor-
mance. To verify the effectiveness of the controller, a com-
parison will be made between these two different power
switching strategies, namely the power switching strategy
based on TP and the power switching strategy based on TP-
SMC.

Similar to Section IV, assuming that the gas flow is an in-
ertial change with 7=1.2 s and the gas transmission delay
time is 5 s. Then, the trajectory of the stack current and the
trajectory of the hydrogen concentration at the stack outlet
can be determined (defined as reference trajectory in the fol-
lowing text). Finally, the control effects of different control
strategies by changing the gas flow and the gas transmission
delay time are compared. To describe the relationship be-
tween the reference current switching point and the actual
current switching point, we define 7 as the shift time. In ad-
dition, through analysis and simulation, it can be known that
the burner temperature will only exceed the temperature lim-
it when the hydrogen concentration at the stack outlet ex-
ceeds a certain value (approximately 30%). Therefore, this
subsection only analyzes the hydrogen concentration at the
stack outlet.

Firstly, we change the gas flow. Here, the time constants
of the gas flow change process are set to be 0.5 s, 1's, 1.5s,
and 2 s, respectively. The stack current /., hydrogen con-
centration at the stack outlet, and NOx emissions of the SOFC
system under different time constants are shown in Fig. 9.

From Fig. 9, it can be observed that when the gas flow
changes, under the control of the TP, the stack current still
changes along the planned current trajectory, causing the hy-
drogen concentration at the stack outlet to deviate from the
predetermined trajectory. As the gas flow changes more, the
deviation of hydrogen concentration will also increase, and
eventually even fuel starvation and temperature exceeding
limit will occur. On the contrary, under the control of the TP-
SMC, the stack current will shift on the original current tra-
jectory to offset changes in gas flow, and finally control the
hydrogen concentration near the predicted trajectory of hy-
drogen. Although there are deviations in hydrogen concentra-
tion under the TP-SMC, the deviation is much smaller than
that under the TP control and the hydrogen concentration is
within an acceptable range ([5%, 25%]). In addition, under
the control of the TP, the temperature will increase with the
increase of fuel margin, leading to an increase in NOx emis-
sions in the burner.
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Fig. 9. Control performance comparison under different time constants. (a) /,,, from half load to full load. (b) Hydrogen concentration from half load to

full load. (c) NOx emission from half load to full load. (d) /,,, from full load to half load. (e) Hydrogen concentration from full load to half load. (f) NOx

emission from full load to half load.

Although the NOx emissions in the figure are still not
very large, the burner temperature will also increase as the
gas flow changes more, ultimately leading to a continued in-
crease in NOx emissions. Correspondingly, under the control
of the TP-SMC, the NOx emission is at the level of normal
operation of the SOFC system. Obviously, compared with
the TP, the TP-SMC has better control effect.

Secondly, we change the gas transmission delay time.
Here, T, is set to be —2's, =1 s, 1 s, and 2 s, respectively.
The stack current, hydrogen concentration at the stack outlet,
and NOx emissions of SOFC system under different shift
time are shown in Fig. 10.

Figure 10 shows that when the gas transmission delay
time changes, under the control of the TP, the stack current
will shift laterally by a value on the original current trajecto-
ry based on the amount of time change. Finally, under the 7,
set in the paper, all SOFC systems will experience fuel star-
vation or temperature exceeding limit. This indicates that the
shift of the current switching point has a significant impact
on the actual control. Relatively, under the control of the TP-
SMC, although the trajectory of hydrogen concentration at
the stack outlet also has a certain deviation, it is within the
normal range, and all SOFC systems will not experience fu-
el starvation and temperature exceeding limit. In addition, in
terms of NOx emissions, the NOx emissions under the TP
control increase sharply after the current switching point
shifts beyond a certain range, which is clearly to be avoided
during the actual power switching process. In contrast, the

NOx emissions under the control of the TP-SMC are all
very low and within the normal and acceptable range (<50
ppm). It is worth noting that the shift of 2 s is already signif-
icant and the measurement error generally does not exceed
this range in practice. In summary, the power switching strat-
egy based on TP-SMC designed in this paper is effective
and can solve the problems in the TP.

VI. CONCLUSION

In this paper, a power switching strategy based on the TP
-SMC is designed. Through the test, the change law of actu-
al gas flow is determined, and the possible safety issues and
NOx emission characteristics in the actual power switching
process are determined through simulation. In addition, the
design elements of the power switching strategy are pro-
posed. Due to the delay in gas transmission, when designing
the power switching strategy, the gas transmission delay
time is first determined through test to obtain the current
switching point. Then, the TP is proposed based on the de-
lay of gas transmission and the change of gas flow. In order
to verify the superiority of the TP proposed in this paper, it
is also compared with other power switching strategies. The
results also prove that the power switching strategy designed
in this paper has better performance.

Although the TP has good control effects, it also has
flaws that make it problematic in practical application. There-
fore, this paper introduces SMC based on TP.
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The final simulation results also prove that the TP-SMC
can effectively suppress the impact of uncertainty in gas
flow and gas transmission delay time. Compared with TP,
TP-SMC can ensure that under uncertain conditions, the
SOFC system does not experience fuel starvation and tem-
perature exceeding limit during power switching. At the
same time, the NOx emissions during the power switching
process are also within the normal and acceptable range.

The power switching strategy designed in this paper can
effectively avoid the safety issues of fuel starvation and tem-
perature exceeding limit in the SOFC systems during power
switching. Fuel starvation may lead to stack oxidation, and
temperature exceeding limit may damage the burner. There-
fore, the research in this paper can improve the safety perfor-
mance and service life of the system. In addition, the power
switching strategy designed in this paper can also ensure
that the SOFC system generates very low pollutants during
the power switching process, making it more environmental-
ly friendly.
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