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ABSTRACT

This paper presents a control system to regulate the flow rate
of hydrogen and oxygen gas for 500 watt PEMFC. Flow
rates into the fuel cell are regulated according to load
demand for fuel efficiency. Increase and decrease the rate of
hydrogen flow according to the load demand, so this
research proposes a feedback control system to supply load
demand by regulating the fuel flow rate andfuel cell
mathematical model. The proposed control algorithm for
regulating the flow of hydrogen using the Mamdani Fuzzy
method. The performance of the control system and the fuel
cell model were tested with various loads. The simulation
results show the fuzzy method has been able to regulate fuel
cell output more effectively
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1. INTRODUCTION

PEM fuel cells is an electrochemical devices that are able to
convert chemical energy into electrical energy that is
environmentally friendly because it uses hydrogen and
oxygen with heat and water as waste products [1]. Hydrogen
has zero emissions so it can be stated as the cleanest fuel [2].
In fuel cell system, the stability of hydrogen pressure is very
important for the performance of the whole system[3].
Starvation of fuel during PEMFC can produce serious
damage that cannot be recovered. Large overpressure causes
pinholes and reduces PEMFC performance to ensure safe
PEM fuel cell operation[4]. Fuel savings can be done by
dynamic control of hydrogen (H2) concentrations while
over-regulation of fuel pressure can affect durability and also
for safe and efficient operation of fuel cells[5]. To maximize
fuel efficiency, a recirculation loop recycles the anode outlet
hydrogen back into the inlet[6].

The hydrogen fuel saving strategy can be carried out based
on the load demand [7]. Fuel cell performance is influenced
by several variables including reactant supply and load in
transient conditions which can also affect fuel cell voltage
levels[8]. Fluctuating loads are associated to important
changes on the hydrogen requirement[9].Energy
management in fuel cells is very important to increase fuel
cell lifetime and also to minimize costs and minimum
hydrogen consumption [10].
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FOPID and fuzzy + PID have been developed to control
PEMFC output voltage at the specified value by adjusting
the mass flow rate of the hydrogen input[11].Previous
research has proposed a PID control system which is usually
used in the control of feedback voltage and feed flow control
by manipulating the flow rate of air and hydrogen[12]. PID
control has a simple structure and can adjust control
parameters automatically to overcome system uncertainty
and interference[13].The PID controller is used to adjust the
pressure on the side of the PEFMC anode caused by load
changes. [14]. In other studies it has been explained that the
Fuzzy logic controller is able to control nonlinear and
efficient systems without knowledge of the underlying
dynamics and without using complex mathematical
analysis[15].In some recent work, the Takagi-Sugeno
paradigm has been successfully applied to PEM fuel cell
systems to solve the problem of modeling, and fault
diagnosis[16]. DC / DC converters are needed for power
storage purposes but need to be controlled by the energy
exchange between the storage device and the DC source due
to different voltage levels [17].Fuzzy Logic as a decision-
making algorithm is able to handle data ambiguity to get
more valid [18]. Fuzzy controller work better than
conventional PI controller to improve fuel cell performance
following load changes[19].Hydrogen flow control with
fuzzy methods has been presented but for power
characteristics and control system performance not detailed
discussed[20].In [21] ,fuzzy control has been proposed to
control the flow of hydrogen for active power load
variations, however, it does not discuss response time as one
of the parameters for assessing the performance of the
control system.Fuzzy PID control is more effective than the
PID controller has been proposed to control the stack voltage
but overshoot values are not discussed in detail[22].

This study proposes a more comprehensive discussion, from
the mathematical model of PEMFC and also implements
Fuzzy control on models that has been designed.This paper
not only discusses the performance of fuzzy controls in
terms of response time but also presents the characteristics of
power, voltage and current generated by the fuel cell due to
the regulation of hydrogen flow.In this study proposed a
Mamdani Fuzzy controller to regulate hydrogen gas flow
according to load demand. Mamdani Fuzzy controls are also
nonlinear and compatible and provide stable performance
under parameter variations and load interference. This
research focuses on the critical problem of how to control
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the flow of hydrogen gas to the anode by using a fuzzy logic
controller to get efficiencygas consumption. This study
presents a PEM fuel cell dynamic and control system model.
Then, explain the control strategy and simulate the system
presented using the Matlab Simulink program.

2. METODOLOGY

This session presented thefuel cell working principle,fuel
cell math equation, the proposed fuel cell dynamic model
using Simulink,parameters used in the simulationand the
Mamdani Fuzzy control strategy. For more detail discussed
as follows

2.1 Fundamental of Proton exchange membrane fuel cell
The reaction equation of a PEMFC is presented as;
2H2 + 02— 2H20 + Heat + Electricity (1)

Based on equation (1) , the reactans consist ofhydrogen(H,)
and oxygen(O,) and produced water denotated by HO,. The
reactions in electrodes are expressed as follows[23]

Anode ‘H, — 2H'+ 2e”

Cathode : ¥2 O, + 2H + 2¢'> H,0

Herein, +H is the proton and e— denotes theelectron.A
proton exchange membrane fuel cell (PEMFC) is a generator
which converts hydrogen chemical energy into electrical
energy [24]. This research focuses on regulating the flow of
hydrogen gas at the anode based on load demand. The fuel
cell system diagram is generally shown in figure 1.

\*N’ »| anode
‘Hz tank exhaust H,
PEMFC |
F electrical power
P
athode |
‘ 0, tank exhaust air, H,O

Figure 1: Schematic diagram of PEMFC system

2.2 Mathematical modeling
This case study uses PEMFC500 W. Fuel cell stack voltage
is the multiplication of cell voltage with the number of cells
(Ncell) stack with the following equation[25].
Vee = Neeu(Enernst = Vace = Vormic = Veonc) )
Where Enenst 1S the open circuit voltage, the ohmic voltage
drop (Vonm), activation loss (Vat), concentration voltage drop
(Veon). The Nernst equation is expressed using the ENernst
thermodynamic potential [26]as follows

Enernst = E° +—[|n(Ph2)+05In( ) ®

where E is the reference potentlal at unit activity(1.229 V),
R is the universal gas constant (8.314 J/mole K), and F
denotes the  Faraday’s constant(96,485  C/mole).
Concentration voltage losses that are computed by below
equations[27]
Vace = —(§1 +&,. T +85.T.In(Coy)) (4)
+ &4 T.In (Igc)
where&i indicates semi-empirical coefficient. lgc (A) is the
electrical current, and Co; is the oxygen concentration[27].
CO2 is the concentration of dissolved oxygen at the liquid
interface as defined by the Henry's law[24]
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P
Co, = ——2— ©)
5.08x10%xe™ T

the ohmic voltage drop denoted by Vohmic. The Ohmic
voltage drop in the cells is formulated [28]as follows

V onmic = lrc(Rm + Rc) (6)
where Rc (Q ) is the contact resistance to electron flow, and
Rwv (Q ) is the resistance to proton transfer through the
membrane, which can be described as follow

l
Ry = Pum.t )

A
where py (© - cm ) is the membrane specific resistivity, |
(cm) is the membrane thickness, A(cm?) is the
membraneactive area[28],
1816 [1 +0.03(< + 0,062 (%) 2] ©
Irc 303
[1/) 0.634 — 3( )exp (4.18(T - 22
Where vy is a specific coefficient for every type of
membrane; V., represents the voltage drop resulting from
the mass transportation effects can be described by the
following expression[29]

—B.In(1 -

J
m ) 9)
where B is a parametric coefficient, which depends on the
cell and its operation state. i indicates semi-empirical
coefficient.j is the current density(3mA/cm?) and jmaxis the
maximum current density (469mA/cm2).Output current of
the fuel cell by adjusting the feed gas flow rates as follows.
L — Gnyin * 90z in (10)
2F RT
Relation between molar flow gH,and partial pressure PH,
for hydrogen gas expressed as follows

VCon =

qH k
Ky, = A2 "an (11)
PH, [/MH,

KH; is hydrogen valve molar constant, MH, is molar mass
of hydrogen and kj, is anode valve constant. The reacted
hydrogen flow for a fuel cell stack is shown by the
following equation[19]:

(12)

Where N, is the number of fuel cells , | is fuel stack current,
K; is modelling constant. By using the Laplace transform for
hydrogen partial pressure is determined by the following
equation[30]:

Gh, = 55 = 2K,

P, = Ko o 13
e = Taeris @~ 26 (13
Where hydrogen time constant ‘CH25 is given by[30]
_ Van
Ty, = K, RT (14)

According to Faraday’s law, the reacted oxygen flow qg,
can be written as:

N

The oxygen partial pressure at cathode can also be calculated
by equation[31]:
1

Ko,
— 16
Po, = 75 (46, = K;1) (16)
The oxygen time constant roz is expressed as[31]
Van
=— 17
Y02 = o RT (7

According to electrochemical relationships, a relationship
between the stack current and the molar flow of hydrogen
can be written as[21]
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Nolgack
T (18)

WhereU is a utilization factor.Ko, is oxygen valve molar
constant and gqq, is oxygen input flow. Parameter

identification of PEFMC [32]for this study use approach
BCS 500 W with number of cell 32.

Table 1:Parameters used in the simulation.

Symbol Parameters Value Unit

P Rated power 500 W

Neell Number of cells | 32 -

A Area 64 A(cm?)

L Length 178 (um)

Jn Current density | 469 (mAJ/cm?2)

Jmax Current density | 3 (mAJ/cm?2)

T(K) Temperature 333 K

& Parametric —0.948 -
coefficients

& Parametric 2.315x10 -
coefficients -3

& Parametric 7.6 -
coefficients x10-5

& Parametric 1.93 -
coefficients x10-5

\ Parametric 23 -
coefficients

Rc Parametric 0.0003 -
coefficients

B Parametric 0.066 -
coefficients

2.3ModelingOfcontrol system

According to the mathematical equations above, the PEMFC
control model was developed in the Matlabsimulink. The
control system uses the fuzzy method to adjust the hydrogen
flow rate based on load demand. The flow rate control
scenario follows the load demand for fuel savings. If the
maximum flow rateof hydrogen gas is given constantly then
fuel consumption becomes very high. For more details, the
design of the fuzzy control system is shown in the figure 2.

mu 003.46) ,\ -
\/

Veon (Eq 1)

Lead Demend

]
=
=

Vahmels(7)

Figure 2:PEM fuel cell system dynamic model and fuzzy
control

The model in figure 2 includes the PEM model and the fuzzy
controller. Figure 2 shows the fuzzy mamdani control
strategy for hydrogen flow is applied to the dynamic PEMFC
model. Fuzzy system has two inputs consisting of error and
output voltage of PEMFC. Where error is the reference
current minus load demand. The PEMFC model uses
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hydrogen valve constant is 4.22 *10°Kmol(atms)™
oxygen valve constant is 2.11*10-5Kmol(atms)-1. Hydrogen
and oxygen time constant are 2 seconds.
Mamdani Fuzzy control[33] in this study uses the centroid
method with the following equations:
_XTizju(Z)
Yj-in(z)
The membership function equation of the two input variables
is shown as follows:

(19)

0;x<0
10 —x
0;x =10
( 0;x<8
[ v—8
1 8<x <15
M =
S @
Ox<20
Ox>30

The membership function equation of output variable is

shown as follows:
0;x<0

6—x
uVL(x) = - 0<x<6
0;x=>6

(23)

O;x<6andx =12
x—6

uL(x) =¢ 4

12 — x
3

6<x<9
(24)
9<x <12

O;x<12and x =18

x—12
uM(X):< 3 12<x <15
18 —x

3

(25)

;15 <x <18

(0;x <18and x = 24

| x —18
18 <x <21

puH(x) = 4 3 (26)

0;x<24
x — 24
puVH(x) = —5 120<x <30

0;x =30 27)

The type of fuzzy inferenceengine using Mamdani.
Variables input of fuzzy set consist of low(L)=[0 10],
middle(M) = [8 22] and high(H)= [20 30]. Fuzzy set for
output variables consist of very low(VL)=[0 6], low(L)=[6
12], middle(M)=[12 18], high(H)=[18 24], and very high
(VH)=[24 30].



[ 1 " . @
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output variable "Current"
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(b)
Figure 3: (a) Membership function of inputvariable;
(b) Membership function of output variable

The membership functions for input load are feedback from
PEMFC output voltage and reference current minus current
load demand called error. Fuzzy control rule base is shown
in Table.3 usingfuzzy Mamdani. The centroid method is
used for defuzzification

Table 2: Linguistic control rule

Voltage Error

feedback L M H
L VL L M
M L M H
H M H VH

. RESULTS AND DISCUSSION

Performance characteristics of the stack are presented based
on simulation result.The curve in figure 4. is obtained by
giving a current feed to the fuel cell model dynamics starting
from 1A up to 30A by increasing the current 1A for each
step.For a minimum current input of 1A produces an output
voltage of 23.77V and for a maximum current of 30A
produces a fuel cell output 19.12V

30
25
15
10

5
0

0 10 20 30 40

Voltage (V)

Current(A)

Figure 4: Characteristic curve of a fuel cell

Figure 4 is a curve from the simulation results that has
shown the relationship of wvoltage and current for
PEMFC.The polarization curve test of fuel cell stack was
conducted under a constant temperature condition. Figure 5
shows the characteristic curve of the power and current
relationship
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Figure 5:characteristic curve between power and current.

The curve of the relationship between power and current is
obtained using the power formula which is expressed as
follows

Pstack = Vstackxlstack (28)
Power has been calculated based on the data in figure 4.The
simulation results show that the maximum power produced
by the fuel cell is 574 watts.Figure 6 is obtained using
equation (18) which shows the relationship between current
and flow of hydrogen.The flow of hydrogen gas is increased
every step of 0.28 LPM until it reaches 8.3 LPM. Simulation
results show that for a minimum flow of hydrogen gas 0.28
LPM produces 23.77W of power and for a maximum gas
flow of 8.3 LPM produces 574 Watt.More detail for the
relationship between power and hydrogen gas consumption
is shown in the figure 6.

10
= 8

2 6

c

Qe 4

<

s 2

32 0

S

(&) 0 200 400 600 800
AN

T Power(w)

Figure 6:Characteristic polarization curve of hydrogen
consumption

Figure 7 shows the time response between fuzzy controller
and uncontrolled. The fuzzy control system using a reference
currentof 40A and a current load of 15 A,so it has an error of
25A. The error current of 25A is fed to the fuzzy control as
input. For uncontrolled systems using the samefuzzy control
with input current is 25A. The target fuel cell output voltage
is 19.37V. Based on simulation result for response time of
fuzzy control to produce fuel cell output voltage of 19.37V is
about 2.4 s and for uncontrolled 8.8 s. Fuzzy control has
been able to improve good response time performance. The
maximum output voltage generated by the fuel cell with
fuzzy control has been able to increase from 19.37V up to
19.61V. For more details shown in the picture 7.

Fuzzy control
= = = = Uncontrolled

0 2 4 6 8 10 12 14 16 18 20

Figure 7: Output voltagémFeEponse of fuel cell



The loadcurrent changing depends on the type of the external
electrical load. In the simulations, there are three current
load variables namely 15A, 20A and 25A. The load changes
every 4 seconds. For more detailsload changes are shown in
the figure 8.

26 f

24

N
»

20

Load Curent (A}

14 i i I 1 1

Fiﬁure 8:Variation of load current

Figure 9 is a graph of the consumption of hydrogen and
oxygen gas by the fuel cell according to load demand.

H2 Consumption (LPM)
- = = = 02 Consum ption (LPM)

P, 4 i ~ed
35 -

Figure 9:Regulation of hydrogen and oxygen consumption
with fuzzy control

Theflow ratio between hydrogen and oxygen gas for this
study is 1.168.Figure 10 shows the hydrogen flow rate
between fuzzy and uncontrolled. For the same current load
variable shows fuzzy control is able to control flow
effectively. Fuzzy is able to regulate hydrogen flow so that
the increase in gas consumption can be reduced.The
simulation was done with thetime duration of 100 seconds.
The maximum load used in this simulation is 25A according
to figure 8. Average hydrogen consumption with fuzzy is 1.1
LPM more efficient than uncontrolled for 25A loadin other
words average hydrogen flow for fuzzy 5.85 LPM and for
the uncontrolled 6.96 LPM.

H2 Consumy ption (LPM) using Fuzzy
- = = = H2 Consum ption (LPM) uncontrolled
T

7 = === == = ‘,
i ! R ;

65

)

H2 flew rate (LPM)
a
o

o

45

I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Figure 10: Hydrogen and oxygen flow ratio

4. CONCLUSIONS

In this research, a performance investigation for the dynamic
model of PEM fuel cell systems and fuzzy control in
regulating the flow rate of hydrogen to PEMFC was carried
out. The results of the dynamic fuel cell model test by
raising the current feed to the fuel cell have shown
satisfactory results. Based on the dynamic model the fuel
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cell has produced maximum power in accordance with the
target range set at 574 watts.Likewise for hydrogen flow
rates are still within the target range of 8.36 LPM.Fuzzy
control works well for suddenly changing loads.Fuzzy
control has good performance with no overshoot and has a
response time of 2.4 seconds to reach the target fuel cell
output voltage of 19.37V. Fuzzy control was able to reduce
the average hydrogen consumption of 1.1 LPM for a current
load of 25A which was tested for 100 seconds rather than
uncontrolled.
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