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Abstract

Solid Oxide Fuel Cells (SOFCs) are electrochemical devices operating at high temperatures,
directly transforming chemical energy into electrical energy, offering significant potential as a clean
and efficient power generation technology. The primary challenge concerning SOFCs is the intricacy
of regulating the output voltage. This challenge is attributed to the strong nonlinearity, swift load
variations, and restricted fuel flow. The primary objective of the SOFC system's control is to maintain
a constant level of the output voltage respecting the safety intervals of the fuel utilization rate and
the oxy/Hyd ratio. In this context, a new adaptive fuzzy PID controller (FPID) approach is proposed to
control the output voltage of the SOFC nonlinear system, where two FPIDs controllers were used one
for the hydrogen flow and the other for the oxygen flow. Simulation results are presented to
demonstrate the effectiveness and accuracy of the proposed approach in front of other control 2049
strategists that use a constant ratio between the reactants.
Key words: Solid Oxide Fuel Cell (SOFC); nonlinear system; fuzzy controller; PID controller; fuzzy PID

controller.
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. INTRODUCTION

Fuel cells (FCs) are electrochemical
converters that transform the chemical energy
of a combustible gas or liquid into electrical
energy. Hydrogen is the most widely used fuel
in fuel cells. In certain fuel cells, methanol can
also use as a direct fuel source. Among the
new “clean” and “efficient” technologies used
for the production of electricity, Due to their
environmental benefits (minimal emission of
harmful gases) and their high electrical and
energy efficiency, fuel cells are considered
highly promising [1,2].

Solid oxide fuel cells (SOFCs) are taking an
important place within the large family of fuel
cells. Because the possibility of operating with
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an internal reformer, the flexibility of fuel
choice, and the high operating temperature
(ranging from 973°K to 1273°K), the SOFC
have been used in wide applications. The high
temperature of SOFC can increase the yield of
the fuel cell with cogeneration [3].

The main problem in the SOFC is the
difficulties to control the output voltage due
to slow dynamics, strong system non-linearity,
rapid changes of the load, the limited fuel flow
and tight constraints of the SOFC. Hence,
when the load changes, the output voltage of
SOFC cannot be kept constant and the fuel
utilization rate may be out of the safety
interval, this has a great impact on the lifetime
of the SOFC. In this context, several intelligent
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control strategies have been proposed for the
nonlinear SOFC system, like the conventional
proportional-integral-derivative (PID) control
[4-6], fuzzy control [7-9], fuzzy PID control
(FPID) [10], neural network control [11, 12]
and different methods of predictive control
[13-18].

A FPID controller combines the PID control
structure with fuzzy logic. Fuzzy logic allows
for the handling of imprecise or uncertain
information and is particularly useful when
dealing with complex, nonlinear, or uncertain
systems. FPID controllers adapt the gains (Kp,
Ki, Kd) of a conventional PID controller using
fuzzy rules that relate the error and its rate of
change to the adjustments required in the
control action. The fuzzy logic part introduces
linguistic variables and membership functions
to quantify terms like "low," "medium," and
"high" for the error and its rate of change.
These linguistic terms are then combined
through fuzzy rules to determine how much to
adjust each of the PID gains. The adjustment
process is based on human-like reasoning and
allows the controller to adapt to changing
conditions and deal with nonlinearities more
effectively.

In summary, while PID controllers provide
a traditional approach to control systems,
FPID controllers enhance this approach by
incorporating fuzzy logic to handle uncertain
and nonlinear situations more adeptly. The
FPID approach aims to improve control
performance by making real-time adjustments
to the PID gains based on fuzzy rules and
linguistic variables.

The FPID controller has been used to
control the output voltage of the SOFC system

Anode reaction:
1/20, +2e~ —» 02
H, +1/20, — H,0

Cathode reaction:

Total reaction:

elSSN1303-5150

H,+0* — H,0+2e

in several works [10,19,20]. In these works the
Hyd/Oxy ratio was fixed at an optimal value of
1.145. In this case, only one control variable is
considered, namely hydrogen flow rate.
However, not necessarily that Hyd/Oxy ratio
exactly equals their optimal value. But it
suffices that Hyd/Oxy ratio is in the vicinity of
this value [13,16,17]. In this work, we will
develop another approach of the FPID
controller to control the SOFC’'s output
voltage, where we will use two control
variables i.e. two FPID controllers, one for the
hydrogen flow and another for the oxygen
flow. With the guarantee that the Hyd/Oxy
ratio and the fuel utilization rate always
remain within safe ranges. The simulation
results will be discussed, interpreted and
compared with the results of other works.
Il. DESCRIPTION AND DYNAMICS ANALYSIS
OF SOFC
11.1. Principle of operation

Like all types of fuel cells, SOFC transform
the chemical energy of gaseous fuels
(hydrogen, natural gas, methane, methanol,
etc.) into electricity and heat by an
electrochemical reaction. The operation
principle of SOFC is illustrated in figure 1. The
electrochemical reduction of oxygen (O,) at
the cathode leads to the formation of oxide

ions (027) which diffuse through the ion-
conducting electrolyte to reach the anode
material where occurs the electrochemical
oxidation of the fuel (H,) with simultaneous
production of electricity, water and heat. The
electrochemical reactions in SOFC are
presented in the following manner:

(1)
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Figure 1. Schematic illustration of SOFC mechanism

11.2. SOFC system dynamic model

There are a large number of dynamic
models to describe the chemical reaction
present in a cell of SOFC. In this paper, we will
take the dynamic model of SOFC developed in
[21]. This model is widely used in several
studies [9-11]. Its structure is illustrated in

Figure 2, where V is output voltage of the

stack (V), 0 is the fuel flow rate (mol/s), |is

I:)H = : : Qe _2Kr|s

© Ky, 47y, 8) (1+7es

1 1
0, = F— K
2 K02(1+ rozs) Ty o(1+7¢8)
2
H,0 — Krls
Ko A +74,08)

the external load current (A), qi:" and qg‘ are
the input molar flows of hydrogen and oxygen
(mol/s), and F’H2 , F’O2 , PHZO are the partial

pressures (Pa) of the hydrogen, oxygen, and
steam, respectively. The remaining
parameters of the model are illustrated in
Table 1. The expressions for the partial
pressures can be written as follows [22] :

(2)
3

(4)

where K, = N, /4F is a reaction constant (mol/(s A)).
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Figure 2. Block diagram of SOFC dynamic model
The application of Nernst's law on equations (1) gives the expression of the ideal stack voltage
according to the operating conditions which is as follows:

0.5
+ ROTs In Hy* Poz

AF Puo

The different losses that appear at the SOFC stack during operation under load are:

Vo=N E, ®)

cell

Table 1: Parameters in the SOFC system

Parameter Value Unit Representation

Ro 8.314 J/(mol K) Universal gas constant

T 973 K Constant temperature

F 96.486 C/mol Faraday’s constant

Eo 1.18 Y Ideal standard potential

N e 384 - Number of cells in the stack

K, 0.993x10°3 mol/(s A) Reaction constant

KH2 8.32x10°® mol/(s Pa) Valve molar constant for hydrogen
Ko2 2.49x10° mol/(s Pa) Valve molar constant for oxygen
KHZO 2.77x10° mol/(s Pa) Valve molar constant for water
Th, 26.1 s Response time of hydrogen flow
7o, 2.91 s Response time of oxygen flow
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TH,0 78.3 s Response time of water flow
TE 5 s Time constant of fuel processor
r 0.126 Q Ohmic loss

0 0.05 - Tafel’s constant

p 0.11 - Tafel slope

I 800 A Limiting current density

- The Ohmic loss is represented by the following expression:
770hm = I’-Is (6)
I is the total resistance of the cell, we can write it as :
r=r,exp a[i—ij (7
T, T
where ¢ is a constant and I, is the cell’s internal resistance at temperature Tj.
- The activation loss is shown as follows:
Mo =0+ Blog I, (8)

- The concentration loss, this loss can be expressed by the following equation:

Meone = Rolo ), (1—5] (9)

2F I,
After identifying the different losses, the expression of the output voltage of the stack is given as:
Vs :VO ~act — Mohm ~ Teone (10)
11.3. SOFC control

In this part, we will determine the reference values for the hydrogen and oxygen flow rates as
well as the current flowing in the fuel cell. Several constraints must be applied between these three
guantities in order to ensure correct operation in transients and optimal operation in steady state.

The optimal ratio between the inlet hydrogen flow and the inlet oxygen flow (reactants of fuel
cell) is determined by the following expression:

o = g— (11

For SOFC system safety reasons, the ratio value is chosen so that the pressure difference between
the pressures of hydrogen and oxygen (AP = W, ~ F’o2 ) must not exceed 8 kPa in transient

conditions and 4 kPa in normal conditions [23]. To maintain AP below 4 kPa under normal
conditions, Iy o must have a value of approximately 1.145 [24]. This value was determined after

simulations carried out beforehand.
Another important ratio to consider is the fuel utilization rate (U ). This index serves as a

performance metric for SOFCs, representing the proportion of consumed hydrogen flow (q,L ) to the

supplied hydrogen flow ( qLT ) within the fuel cell. Mathematically, it can be expressed as follows:

r in _ out
Uf :q_Hqu qH _2K_r|s (12)

qin qin - qln
H H H

Usually, for high efficiency of SOFC, U is constrained between 70% and 90% with an optimal
value at 80%.

11.4. Problem description and control objective
eISSN1303-5150 @ www.neuroquantology.com
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The objective of control design is to accurately maintain the output voltage at the rated level and
minimize voltage fluctuations when there are changes in current loads. The following are the primary

concerns in control design [10][11]:
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Figure 3. Voltage-current characteristics of the SOFC model in open-loop

e From the voltage-current characteristics
of the SOFC model in open-loop illustrated
in Fig. 3, it is evident that the SOFC
demonstrates nonlinear behavior across a
broad operating range. This nonlinearity is
particularly prominent at low and high
current loads, and when the current
exceeds the maximum capacity, it results
in a rapid decline in the stack's operating
voltage. The stronger nonlinear
characteristics of the SOFC system
become more apparent under these
conditions. Hence, a nonlinear SOFC
controller is superior to a linear SOFC
controller. The fuel flow must be limited
within the range of 0 to 2 mol/s, which
can lead to actuator saturation and
potentially degrade the system's dynamic
performance.

o The system exhibits hysteresis, where the
rated voltage and load current load
undergo rapid changes, while the impact
of fuel flow on the output voltage occurs
at a comparatively slower rate.

lll. DESIGN OF FUZZY PID CONTROLLER FOR

SOFC SYSTEM

A FPID controller is an industrial control

system that combines the principles of PID

control with fuzzy logic software. In
automation, PID controllers are frequently
utilized to manage valves and other process
controls. These controllers operate by
analyzing the cumulative error over time.
However, a FPID controller distinguishes itself

from a conventional PID controller by offering
improved accuracy in nonlinear scenarios.
Fuzzy systems rely on a programming logic
that addresses the uncertainties and
complexities of processes more effectively
than traditional control methods.

Both FPID controllers and standard PID
controllers rely on past data to compute
future responses. The acronym PID itself
represents this concept, where P represents
current errors, | denotes past errors. and D
signifies future error states. Fuzzy systems aim
to map these errors in terms of their
persistence and assign them to different
membership sets corresponding to specific
ranges of logical conditions. This enables a
FPID controller to determine the rate of
change required to bring the system back
under control. This rate of change is
determined based on inference rules, where
accumulated data and error states indicate
the most appropriate course of action.

In this paper, we propose a new fuzzy
adaptive PID control structure of the SOFC
system. The basic diagram’s block of the
system is depicted in figure 4, where two fuzzy
controllers were used one for the oxygen flow
and the other for the hydrogen flow. The
inputs of the fuzzy adaptive PID controller are
the error e(k)and the change errorce(k),

they are given as:
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e(k) :Vsref (k) -V, (k) (13)
ce(k) =e(k) —e(k -1) (14)
where VSref (k) denotes the voltage reference, and V (k) denotes the output voltage.

The control equation of the fuzzy adaptive PID is given as follows [10] :

u(t) = k,e(t) +k; [ [e(t) + Ku, ()] + K, dvét(t)

(15)

U, (t) = ul(t) — U (t) (16)
where U(t) denotes the control action, K,k and k; are respectively the proportional gain, integral

gain and derivative gain.

v 'o
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> ( -/ w
A
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v
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Figure 4: The block diagram illustrating the proposed fuzzy adaptive PID controller.
In order to formulate the fuzzy logic rule, a set of seven fuzzy items are defined : NB (Negative Big),
NM (Negative Medium), NS (Negative Small), ZO (Zero), PS (Positive Small), PM (Positive Medium),

and PB (Positive Big). The fuzzy rules used to determine the values of the gains kp and K; are listed in

table 2 and 3 respectively.
Table 2: Fuzzy rules of the k ; gain

K ce(k)

NB NM NS Z0 PS PM PB
NB PB PB PM PM PS Z0 Z0
NM PB PB PM PS PS Z0 NS
NS PM PM PM PS Z0 NS NS
e(k) | zo PM PM PS Z0 NS NM NM
PS PS PS 20 NS NS NM NM
PM PS Z0 NS NM NM NM NB
PB Z0 Z0 NM NM NM NB NB

Table 3: Fuzzy rules of the K; gain

k. ce(k)

NB NM NS 20 PS PM PB
NB NB NB NM NM NS Z0 Z0
NM NB NB NM NS NS Z0 Z0
NS NB NM NS NS Z0 PS PS
ek) [zo |[NM |[NM [Ns [zOo |Ps [Pm [PM
PS NM NS Z0 PS PS PM PB
PM Z0 Z0 PS PS PM PB PB
PB Z0 Z0 PS PM PM PB PB
eISSN1303-5150 @ www.neuroquantology.com
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As shown in Fig. 5 [10], the membership functions of NM, NS, ZO, PS and PM are triangular type,
while the type of the membership functions of NB and PB is Pi. The universe of discourse ofkp , ki ,

e(k) and ce(k)are all [-3, 3], and with different gains between inputs and outputs and also

between the two fuzzy controllers.
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Figure 5: Membership functions of inputs and outputs

IV. SIMULATION RESULTS

In this section, a comparison is presented
to demonstrate the robustness of the
proposed controller developed in Section Il
(fuzzy adaptive PID control with two fuzzy
controllers; FPID2) for the SOFC system,
versus three other control methods; the
conventional PID controller (with two PID

controllers; PID2) and the two control
methods with one controller developed in [10]
namely; the conventional PID controller (PID1)
and fuzzy adaptive PID control (FPID1). The
comparison involves simulating the
disturbance response. The simulation results
are subsequently presented for analysis.

550 T T

500

T

T

450

400

Load Current(A)

350 -

r r

300 L L
0 50 100

150 200 250

Time(s)

Fig. 6. Load current variation

Throughout the disturbance response process,
the output voltage reference is considered
constant, set at 305 V. In order to evaluate the
performance of the SOFC system, we
introduce a step change in the load current
after every 50s, as follows; the load current

elSSN1303-5150
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starts with 400 A, then decreases by 50 A at
50 s, then increase from 350A to 500A at 100
s, and then it is set to decrease by 50 A at 150
s and 200 s (see Fig.6). The proposed FPID2 is
considered here.
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As illustrated in figures 7-9, as the load
current changes, the output voltage
undergoes rapid changes before returning to
its reference value, the fuel utilization rate
stays within the required range and the
Hyd/Oxy ratio is kept in the safety range,
therefore, the proposed FPID2 can be applied

50 100 150 200 250

0.1r >
0.05 '\L i

0 50 100 150 200 250
Time(s)

Fig. 11. Gains curves of FPID2 controller
to maintain the output voltage in its reference
value and guaranteed all the SOFC's
performances considered before. The curves
of inputs variables of SOFC and the gains
curves of the proposed controller are
presented in figures 10 and 11, respectively.

Table 4. Performance Comparison

Controller Number 1 2 3 4
Index
Overshoot (%) 0 0 0 0
FPID2 - -
Settling Time (s) 3.84 7.13 2.25 3.11
0,
EPID1 Over.shoo.t (%) 0 0 0 0
Settling Time (s) 9.23 11.29 | 8.64 | 8.85
PID2 Overshoot (%) -0.02 0.77 -0.02 | -0.02
Settling Time (s) 27.07 26.09 | 24.85 | 32.89
Overshoot (%) -0.04 1.34 -0.02 | -0.03
PID1
Settling Time (s) 25.4 36.56 | 13.48 | 24.32

Concerning the comparison with the
results obtained with the FPID1 and PID1
controllers developed in [10] where the
Hyd/Oxy ratio is fixed at 1.145, so in this case,
their control system employs only one
manipulated variable. The simulation results
data tabulated in Table 4 are clearly shows
that the proposed controller FPID2 has a
better control performance compared with
the other considered controllers. Although the
value of the overshoot of the FPID2 and FPID1
controllers kept at 0, the FPID2 controller
elSSN1303-5150
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exhibits a significantly shorter settling time
compared to the FPID1 controller. While the
control performance of PID1 and PID2
controllers remains very far from the control
performance of the proposed FPID2
controller.
IV. CONCLUSION

In this paper, a novel adaptive fuzzy PID
controller architecture has been formulated
for the SOFC system, with the aim of
enhancing the load tracking performance. This
strategy ensures a constant output voltage at
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their reference value, a fuel utilization rate in

a safe range and a Hyd/Oxy ratio around

1.145.

In  summary, the proposed controller

effectively addresses SOFC's nonlinearity,

presenting a promising solution for the
challenge of controlling SOFC's output voltage.
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