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Monimopune i Konmpoav cucmem meepoooKCUOHUX
nanusnux enemenmie (TOIIE) 6 pescumi peanvrozo uacy
Maromo 6aicauge 3HaMeHHs 0151 BUSHAUEHHA MA POIYMiH-
Ha npodyxmusenocmi xomipox. [leaxi napamempu, wo
enauearomos na npodyxmusnicme xomipox TOIIE, exaio-
uaome eumMpamy nanvHoz0, memnepamypy ne4i i cam
Mmamepian xomipox. I[i napamempu e3zaemonos’szani
npu cmeopenni xomipox TOIIE, saxi 3acmocosyromvcs 6
axocmi dxcepena aromepnamuenoi enepeii. Ile doseonse
ompumamu nadiuni xomipxu TOIIE, onmumanvny euxio-
HYy Hanpyey i Hudxcuy podouy memnepamypy. Ockinvku
doci mamepianom xomipox TOIIE ¢ xepamixa, po6o-
ua memnepamypa saxoi cmanosums 6io 500 do 1000 °C.
Monimopune oomexncenuit pooouum cepedosuuem TOITE
naexono neuwi. Poooma TOIIE oomesncena xananamu
nodaui 60010 i kucnro. Maxcumanvia po6oua memnepa-
mypa neui ckaadae 1000 zpadycis, a minimanroha 6uxio-
Ha nanpyea o oouieii xomipxu. Tomy neodxiono pos-
Micmumu wymauei mouxu damuuxa 6 Mipy Heodxionocmi.
Memoto odanoeo Odocnidicenns € po3pobka cucmemu
MOHIMOPUH2Y Ma Pezynt06anHs NOMoOKY 600HI0/KUCHIO
8 pobouomy cepedosuuii TOIIE na ocnosi mikpoxonmpo-
aepa Arduino Mega 2560 i xomn 1omepnozo inmepgeiicy.
Ynpaeninna xaananamu 30iticnioemocs 3a 00nOM02010
Memo0ie ynpasyinHs 6 POIMKHYMOMY KOHMYPi i 060-
NO3UYINUH020 YNPABNIHHA. YNPABNIHHA 8 POIIMKHYMOMY
KOHMYpi 6UKOPUCMOBYEMBC 0N YCMAHOBKU 3HAUEH-
Hs Kyma noeopomy xaanauna. /[eono3uy, iine ynpaeu n-
HSl UKOPUCMOBYEMBCS OIS ABGMOMAMUUHO20 3AKPUM-
M KNanana npu Has8HOCMi HAOIUWMK 080T KOHUeHMPauTi
600H10 6 aabopamopromy npumiwenni. Cucmema npu-
3Hauena 0nsa npoeedenns NAGOPAMOPHUX eKCnepu-
Menmie na npocmux newax. Ileii mpucmpii maxosc
dynxuionye ax npocmuil mini-3pasox. Tomy ozo moscna
suKopucmosysamu 6 AKOCmi mamepiany 0 WUPOKO-
20 eueuenna cucmemu TOIIE. Pesyavmamu eunpooy-
6aHb 3pA3Ka NOKA3YIOMb, WO GUMPAMY GOOHIO MONCHA
peeyarosamu 6i0 0,07 do 4,74 n/xe, a xucnio — 6io 0,24
0o 4,8 n/x6. [lamuuxu memnepamypu maiomo cepeonio
noxubxy 2,6 %, a damuuxu nanpyeu — 0,1 B

Kmtouosi cnosa: TOIIE, godenv, xucens, npooyxmue-
Hicmb, KoMipKa, damuuk, sumpama, apoyino, Hanpyea, niv
u] m,
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1. Introduction

Solid oxide fuel cells (SOFC) have the potential to solve
future energy needs. SOFC technology is environmentally
friendly, clean-operation, quiet and high-efficiency. SOFC
is an electrochemical cell that converts chemical energy into
electrical energy by oxidizing its fuel and operating at tem-
peratures of 6001000 °C. This fuel cell has a high efficiency
that can reach 65 %, the residual combustion is water (H,0)
and without pollutants [1—3].

Therefore, much research has focused on maximizing the
performance of single cell stacks. At the stack level, several
factors cause loss of performance due to the fragile nature of

Copyright © 2020, Darjat, Sulistyo, Aris Triwiyatno, Sumardi, Isroni Widiyantoro
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SOFC ceramics, the type of current collector, channel size
and the mismatch of thermal expansion of stack components.
However, the design of fuel /gas flow is one of the most signif-
icant factors affecting the performance of a single cell SOFC
stack. In other words, the distribution of fuel/gas with the
flow channel in the interconnection is one of the important
parameters in the SOFC stack design. One model for viewing
measurement performance and cell characteristics performed
with an experimental set-up is illustrated in Fig. 1 [3].
Monitoring the direct surface temperature distribution
of the SOFC system is important for identifying tempera-
ture-related degradation and understanding cell performance.
This type of monitoring is limited to the SOFC operating



environment. SOFC operating temperature variations are
generally predicted based on modeling that takes into account
the conventional current-voltage curve. Temperature data ob-
tained experimentally are very important for the management
of high-temperature related degradation and for more reliable
SOFC modeling. In this study, the distribution of SOFC tem-
peratures was monitored in the place along the cell cathode
simultaneously, using a commercial thermocouple. Fig. 2 illus-
trates the placement of a commercial thermocouple sensor on a
cathode cell. Monitoring cell temperature and voltage is carried
out through computer software [4].

An SOFC simulator study based on a microcontroller has
been conducted. This research develops SOFC stack cell out-
put voltage control to optimize the flow rate of fuel (hydrogen)
and air (oxygen). The simulator is designed using the fuzzy log-
ic control method. The controller can correct the SOFC output
voltage and gas pressure difference below 8,106 Pa [5].

Test station

Furnace

Flowmeters
Single-stack
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|
=
gl | 2
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Compressor
Fig. 1. Experimental set-up [3]
Commercial Silver mesh current
Thermocouples collector
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electrode
Electrolyte

Sensor sensing points
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So far, there are no researchers who have made support-
ing devices for optimizing fuel/gas flow rates in a simple
SOFC furnace with a maximum temperature of 1,000 de-
grees. This device is equipped with sensors that can see
changes in measurement data. Large variations in gas flow
can be adjusted from 0 to 5 L/min.

2. Literature review and problem statement

Today, with the restructuring of electricity utilities, tech-
nological evolution, public environmental policy, and expan-
sion of power demand, expanding power demand provides
opportunities for fuel cells to become important energy
resources. Major improvements in the economic, operational
and environmental performance of small modular units have
been achieved through decades of intensive research. Among
the distributed energy resources, microtur-
bine and fuel cells show special expectations
because they can operate on several fuels
with low emissions, high efficiency, and high
reliability [5]. Fuel cell technology is expected
to substantially reduce oil dependency and en-
vironmental impact compared to conventional
combustion-based power generation technol-
ogy. Solid oxide fuel cells have the added ad-
vantage of high efficiency, the ability to utilize
high-temperature exhaust for cogeneration or
hybrid applications, and the ability for internal
reform. SOFC is preferred for high power ap-
plications and is also recommended for distrib-
uted power and mobile assistive units. Alter-
native materials and manufacturing for solid
oxide fuel cells are listed and analyzed. Spe-
cifically, the anode material category, the cath-
ode material category, the electrolyte catego-
ry, and the interconnect material category [7].

SOFC is an electrochemical
reactor that can directly convert
chemical energy from gas fuels into
electrical energy with high efficien-
cy and environmentally friendly.
The latest trend in SOFC research
concerns the use of available hydro-
carbon fuels, such as natural gas.
Fuel cells are devices for convert-
ing chemical energy from fuel to
electrochemical electricity and heat
without the need for direct com-
bustion as an intermediary step,
providing much higher conversion
efficiency than traditional energy
conversion systems. In addition,
this technology does not produce
large amounts of pollutants such as
nitrogen oxides compared to inter-
nal combustion engines. As a result,
fuel cells are seen as a more ideal
source of energy in transportation,
stationary, and distributed electric-
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Fig. 2. Schematic placement of the thermocouple sensor at the cell cathode [4]

SOFC has been present as an en-
ergy conversion device in achieving
high efficiency of more than 70 % by
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regeneration. The critical components of SOFC consist of an-
odes, electrolytes and cathodes. However, for the SOFC stack
itself, the evaluation of seals and interconnections is also im-
portant. The SOFC stack has fuel (hydrogen) and air/oxygen
inputs. The fuel input side has excess fuel and water drainage.
Likewise for the air/oxygen also has an air outlet. Fig. 3 illus-
trates a stack of SOFC cells including fuel /air channels [9].

Electric current

Fuel in

Lxcess fuel
and water

—

Depleted
air out

Anode

Electrolyte ~ Cathode

Fig. 3. Oxide-ion conducting electrolyte [9]

Fuel cell technology is considered a promising option for
power generation in the current era of energy and security
crises. Among various types of fuel cells, SOFC is considered
as one of the promising alternatives for electricity generation
because of its high power density and efficiency when operat-
ed in a combination of heat and power mode. In addition, the
high operating temperature (650—-1000 °C) of SOFC makes it
easier when using hydrocarbon-based fuels. In SOFC, ceramic
electrolytes are placed between two porous electrodes. Next,
it is sandwiched between a pair of bipolar plates that act as cell
houses. The performance of a single SOFC has been the focus
of research over the past decade [10].

Recent studies have shown that SOFC control is chal-
lenging because of slow dynamics and operating limits.
The main objective while SOFC is to supply active power
demand, it is very important to operate fuel cells within
the proper operating limits. To meet these requirements, an
appropriate control strategy was developed in this study.
This control strategy uses an optimal robust PI controller
to control the active power of the plan and at the same time
meets physical and operating constraints using two control-
lers obtained proportionally. The first is controlling the fuel
utilization factor. The two controllers are the cathode anode
pressure difference in such a way as to maintain the fuel uti-
lization factor at an optimal value of 85 % and maintain the
pressure difference between the anode and cathode within
the 0—0.08 atm limit under transient conditions [11].

The SOFC cell stack model will be based on the follow-
ing assumptions:

— gas is ideal;

— piles are fed with hydrogen and oxygen/air channels;

— channels that carry gas along the electrode have a fixed
volume, small in length, so only need to determine one single
pressure;

— the removal of each channel is through a single hole;

— the temperature is stable at all times;

— the only source of loss is ohmic;

— the Nernst equation can be applied.

According to the reference [12] relation to drainage
characteristics of channels. A hole that is considered to be
clogged, when fed with a mixture of average molar gas M
(kg/kmol) and similar specific heat ratios, at a constant
temperature, meets the following characteristics:

—=KJM, (1

where W is the mass flow, kg/s, K is the valve constant,
Vkmol kg/(atm s), Py is the pressure in the channel.

For the case of the anode, the concept of using U; fuels
can be introduced. As a comparison between the flow of fuel
that reacts and the flow of fuel that is injected into the stack.
Uris a way to express the molar fraction of water at discharge.
According to this definition, equation (1) can be written as:

%zKan\/@_Uf)MHg +UfMHzO ’ @
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where W,, is the mass flow through the anode valve [kg/s];
K, is the anode valve constant; My, , M, is the molecular
mass of hydrogen and water, each one is [kg/kmol]; P,, is the
internal pressure in the anode channel [atm].

If it can be assumed that the molar flow of any gas
through the valve is proportional to the partial pressure in
the channel, the following can be stated:

an, _ K, =K 3
sz 'MHZ Hy? ( )
q 2 K(l”

=2 = =KH20’ @)
Pu,0 M, ,

whrere g, , gy, is the molar flow of hydrogen and water
through the anode valve, kmol/s; p , p,, is the partial
pressure of hydrogen and water, atm; K,, is a molar con-
stant of hydrogen and water valve.

Still according to the reference [12] for the output
voltage from the stack is simple. Application of the Nernst
equation and Ohm’s law by considering ohmic losses, the
output voltage of the stack is presented with the following
statement:

0.5
V=N0[EO +%[1HMD—¢ (5)

Pu,0

where Ej is related to the free energy reaction (V); R is a
universal gas constant, J/kmol K, 7 is ohmic losses ().

Based on the references [13], it can be found that non-lin-
ear systems mainly originate from the Nernst equation:

0.5
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where partial pressure can be expressed as a transfer function,
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The real output voltage can be reduced due to ohmic loss-
es, activation, and concentration, which can be expressed as

Vo= Vo=t =1pic = s 10)
where,
e =11, 1)
n,, =0+BInl, (12)
e =—R°T°1n(1—l} (13)
2F, I,

Accordingtothereference [13], the average hydrogen flow
rate for 384 cells is around 0.5-0.7 mol/s. If converted into
liters/minute, for a flow rate of 0.5 mol/s to 1.200.6 L/min,
then one cell needs a gas flow rate of about 1.75 L/min.

The above description shows that the performance of
the SOFC cell stack is closely related to the fuel /oxygen
channel. So optimizing fuel use is important to see the
performance of each SOFC cell stack. This is also needed
in making cell components, seals, and interconnections in
SOFC systems.

Ar,(C)=910-(310C) - (80Mn)—(80Mo)—
~(55Ni)~ (20Cu)~(15Cr).

3. The aim and objectives of the study

This study aims to design a monitoring and regulation
system for hydrogen/oxygen flow in the SOFC furnace oper-
ating environment based on the Arduino Mega 2560 micro-
controller and computer interface.

To achieve this aim, the following objectives are accom-
plished:

— designing experimental set-ups for mechanics around
the furnace, namely gas flow channels, gas flow valves, servo
motors and sensor placement points;

=
|

MG9I95
l Servo Motor

— placing sensors as needed consisting of flow sensors,
pressure sensors, hydrogen concentration sensors, voltage
sensors and temperature sensors;

— designing electronic devices and sensor data acquisi-
tion based on a microcontroller;

— designing software algorithms on a microcontroller.
So the system can monitor and regulate the gas flow valve.
Furthermore, data can be stored and accessed by a computer.

4. Material and method of the research
for experimental setup

The design of the experimental setup system in this
study consists of three parts, namely: electronic devices,
mechanical devices around the furnace and software. Elec-
tronic devices discuss about the electronic components used.
These components include a microcontroller, servo motor
controllers and sensor sensing systems.

The software is a microcontroller program that sends the
rotation angle valve of the hydrogen/oxygen flow channel.
The microcontroller also processes the data readings of each
sensor. The results of data acquisition from the microcon-
troller can be seen and stored on a computer.

4.1. Hardware Design

The hardware design consists of electronic and mechani-
cal device blocks. The electronic device of this study uses the
following components:

1) Arduino Mega2560 Microcontroller;

2) MG995 Servo Motor;

3) D6F-05N2-000 sensor;

4) HK1100C sensor;

5) MQ-8 sensor;

6) thermocouple K MAX6675;

7) voltage sensor (Op Amp).

All commercial components are arranged so that they
become a system as shown in Fig. 4.

The mechanical device is a furnace with a maximum tem-
perature of 1,000 degrees, a hydrogen/oxygen tank, a gas flow
channel valve, sensors, servo motor, and a SOFC stack. Flow
and pressure sensors are placed in the hydrogen/oxygen flow
channel, as shown in Fig. 5.
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Computer
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—
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Fig. 4. Block regulating flow channel and sensor data acquisition
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Fig. 5. SOFC experimental set-up mechanical block

Temperature sensors are placed in the furnace and volt-
age sensors are placed on the external wire collecting cur-
rent. Then the hydrogen sensor is placed in the experimental
chamber for the detection of excess hydrogen gas.

The SOFC spin cell design used is shown in Fig. 6. The
cell has a diameter of 280 mm and a thickness of less than
1 mm. While the cell storage area is 220 mm in diameter, so
that the cell can be placed and glued together by a seal.

—
' 280 mm

Fig. 6. SOFC single cell design

Cell storage area between the right and left can be re-
moved because in the middle there is a locking sleeve. Over-
all storage of SOFC stacks has a length of 57 cm and 6 cm
locking casings. Inside the locking sleeve, there is a cavity to
hold a stack of SOFC cells, as shown in Fig. 7.

SOFC stack holder

6 cm
57 cm

Fig. 7. Place of SOFC stack

4. 2. Software algorithm

Algorithm for software on a simple microcontroller. The
concept is that all data collection and regulation processes of
gas flow channel valves can be accessed through a computer.
Data on the microcontroller can be stored and accessed by
computers in real time. The flow diagram of the software
algorithm in an electronic device system is shown in Fig. 8.

The initial process is the initialization of the sensor port,
then the system will first read the hydrogen sensor to ensure
that the room is safe from excessive hydrogen gas content.
Furthermore, the process can be continued by entering the
rotary angle value of the hydrogen/oxygen flow channel
valve. The valve rotational angle value is adjusted to the re-
quirements in the SOFC cell experiments. Thus, the system
runs and all sensor outputs can be observed.
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Read Sensor:
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HK1100C
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T Cl(()lseo Hydrogen| |
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of the Hydrogen
Oxygen Flow Valve

i

Show Value of
All Sensors Read

End

Fig. 8. Software Algorithm

5. Results of the research

5.1. HK1100C Pressure Sensor Test

Testing the HK1100C sensor is done by flowing hydro-
gen and oxygen. Variations in the rotation angle of the gas
flow channel valve are 10 to 90 degrees. The following are
the results of the measurement and reading of the HK1100C
sensor, shown in Fig. 9.

Based on Fig. 9, it can be concluded that the pressure
sensor reading can detect the magnitude of changes in the
hydrogen and oxygen systems.

350
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Valve Rotation Angle

—e—Hydrogen —o—Oxygen

Fig. 9. Pressure sensor readings
on the hydrogen /oxygen system




3.2. D6F-05N2-000 Flow Sensor Test

Furthermore, the test is carried out with the angle of
rotation of the hydrogen/oxygen flow channel valve. The
channel valve is opened slowly from an angle of 10 (the
valve closes) to 90 degrees (maximum opening). The flow of
hydrogen/oxygen is regulated gradually through tank regu-
lators ranging from 1, 2, 3, 4, and 5 liters/minute. The results
are shown in Fig. 10, 11.

Fig. 10, 11 show the test results for each predetermined
input variation. The valve rotation angle ranges within
10-90 degrees.

Flow Rate (L/min)
S = N Wk N
¥

0 20 40 60 80 100
Valve Rotation Angle (°)

—e—Input 1 L/min
Input 3 L/min
e Input 5 L/min

—o—Input 2 L/min
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Fig. 10. Graph of relationship between valve rotation angle
and oxygen flow
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Fig. 11. Graph of relationship of valve rotation angle with
hydrogen flow

Test results show that both the flow of hydrogen and
oxygen are able to adjust according to input settings.

5. 3. Servo Motor Control Signal Test

The pulse width modulation (PW M) output signal is test-
ed to determine the pulse width generated by the microcontrol-
ler for each rotation angle of the servo motor. Based on the test
results using an oscilloscope, the period 1 wave PWM signal
has a pulse width and variation as shown in Table 1. One of the
PWM output signals at 20 ms is shown in Fig. 12, Table 1.

MEASURE

Table 1
Test PWM signal to adjust the rotation angle of the servo motor
Calculation Measurement Error
PWM
Val- Pulse | Duty | Pulse | Duty | Pulse | Duty
ue(ms) Width | Cycle | Width | Cycle | Width | Cycle
(ms) (%) (ms) (%) (ms) (%)

10 0.65 3.250 | 0.648 | 3.240 | 0.002 | 0.010
20 0.75 3.750 | 0.752 | 3.760 | 0.002 | 0.010
30 0.85 4.250 0.854 4.270 0.004 0.020
40 0.95 4.750 0.957 4.785 0.007 0.035
50 1.05 5.250 1.06 5.300 0.01 0.050
60 1.15 5750 | 1.162 | 5810 | 0.012 | 0.060
70 1.25 6.250 1.266 6.330 0.016 0.080
80 1.35 6.750 1.368 6.840 0.018 0.090
90 1.45 7.250 1.473 7.365 0.023 0.115
100 1.55 7.750 | 1.576 | 7.880 | 0.026 | 0.130
110 1.65 8.250 1.678 8.390 0.028 0.140
120 1.75 8.750 1.781 8.905 0.031 0.155
130 1.85 9.250 1,884 9.420 0.034 0.170
140 1.95 9.750 | 1.987 | 9.935 | 0.037 | 0.185
150 2.05 10.250 2.09 10.450 0.04 0.200
160 215 10.750 | 2.193 | 10.965 | 0.043 0.215
170 2.25 11.250 | 2.296 | 11.480 | 0.046 0.230

Fig. 12 shows the output PWM value of 20 produces a
pulse width of 0.752 ms and a duty cycle of 3.76 %.

5. 4. Thermocouple sensor test

This sensor testing is carried out at room temperature.
Thermocouple sensor type K MAX6675 is compared to a
digital thermometer. Thermocouple sensor test results are
shown in Table 2 below.

Table 2

Thermocouple sensor test results at room temperature
Thermometer Thermocouple Temperature Difference

281 28.5 0.4

28.5 29 0.5

28.5 28.5 0

28.5 28.75 0.25

28.5 28.75 0.25

28.5 28.75 0.25

28.5 28.5 0

28.1 28 0.1

28.1 28.75 0.65

28.1 28.5 0.4

Then the temperature sensor is tested at a temperature
range of 100 by measuring the temperature at the boiling
point of 100 °C water as shown in Table 3.

Thermocouple K MAX6675 sensor test is also performed
on the furnace with samples taken every 100 °C increase.
Initial measurements begin at room temperature to 800 °C
as shown in Table 4.

Fig. 13 shows the thermocouple sensor measurement
with the manual sensor on the furnace. The results show the
linearity of both.



Table 3 Table 6
Thermocouple sensor test results at the boiling point of water MQ-8 sensor test results on water vapor
Boiling Water Thermocouple ADC Hcyfnrtoeglin Multimeter | Calculation | Voltage
100 110.7 Value (ppm) (volt) (volt) Difference
100 1 630 | 2503 3.08 3.07 0.01
188 998?.755 634 2,514 3.10 3.09 0.01
100 975 638 2,531 3.12 3.11 0.01
100 955 638 2,530 3.12 3.11 0.01
100 94 634 2,514 3.10 3.09 0.01
100 935 640 2,538 3.13 3.12 0.01
100 92.25 644 | 2554 3.15 3.14 0.01
100 9125 658 | 2610 3.22 3.21 0.01
Table 4 664 2,630 3.25 3.24 0.01
. . 695 2,772 3.41 3.39 0.02
Comparison of thermocouple readings
with furnace manual sensors .
Table 6 is the result of measurements on water vapor.
Set Point (°C) Ten:perature —|error]|[%error]|  FTOM tWO measurements at different places, the concen-
Manual Furnace (°C)| Thermocouple (°C) tration of hydrogen is not the same.
100 111.4 102.1 9.3 9.3
200 202.3 202 03| 015 3. 6. Voltage Sensor Test
300 306 295.5 105 | 35 Voltage sensors are used to detect the output of a sin-
400 394.3 399.1 48 | 12 gle cell stack of SOFC. For 1 SOFC cells ideally it has an
500 492.3 500.6 83 | 1.66 | output voltage range of 1V [1]. So that for 1 cell SOFC
600 594 602.7 87 | 1.45 | has an output range between 0.1 to 1 V and the output
700 695.5 699.5 4 0.57 | currentin the range of mA depends on the load used. The
800 7928 767.8 25 | 3.12 | testresults are shown in Table 7.
1000 Table 7
g 800 Voltage sensor test results
2
? 600 Input (V) - Voltage (V) lerror| | | %error|
] . Multimeter | Voltage Sensor
£ 0.1 0.1 0.1 0 0
£ 200 0.2 0.2 0.2 0 0
0 0.3 0.3 0.3 0 0
100 200 300 400 500 600 700 800 0.4 04 04 0 0
Set Point (°C) 05 05 0.5 0 0
—e—Manual —o—Thermocouple 0.6 0.62 0.62 0 0
Fig. 13. Comparison of thermocouple with conventional 0.7 0.71 0.71 0 0
temperature sensors 0.8 0.8 0.79 001 | 125
0.9 0.9 0.89 0.01 1.11
1 1 0.99 0.01 1

3. 5. Test of hydrogen and oxygen sensors
MQ-8 sensor is a sensor to determine the levels of hydro-

gen and oxygen in the air. To find out the changes in sensor
values, measurements have been made in different places.
Table 5 shows the results of measurements in normal air.

MQ-8 sensor test results in normal air

Table 5

ADC Value|Hydrogen Content (ppm)|Multimeter (volt)|Calculation (volt)|Voltage Difference
641 25 2 2 0
641 25 2.01 2 0.01
643 26 2.01 2.01 0
644 26 2.01 2.01 0
643 26 2 2.01 0.01
642 26 2 2 0
641 26 1.98 2 0.02
643 26 2 2.01 0.01
642 26 2 2 0
645 26 2 2.01 0.01

The voltage sensor readings have a good response to the
measured input. The difference between the two measure-
ment tools is very small.

6. Discussion of experimental
results

6. 1. HK1100C Pressure Sen-
sor Test

HK1100C sensor shows a
change in the value of the pressure
is different from changes in the an-
gle of rotation of the gas flow valve.
When the valve closes (10 degrees),
the maximum sensor read pressure
and the output pressure entering the
furnace are zero. Conversely, when



the pressure reads zero/small then the output pressure enter-
ing the furnace is large/maximum. Thus, the greater the valve
rotation angle, the lower the sensor pressure value. From the
above test, it can be concluded that the sensor can detect
changes in pressure in both the hydrogen and oxygen systems,
as shown in Fig. 9.

6. 2. D6F-05N2-000 flow sensor test

To see the performance of the D6F-05N2-000 sensor,
the gas flow test is carried out as shown in Fig. 10. For the
oxygen flow test, the angle of 10 degrees is the zero point or
the position of the valve closure. At the position of the sensor
valve closure issued a value of 0.24 L/min, so that the value
of 0.24 becomes a correction factor. The test results showed
the lowest D6F-05N2-000 sensor data was 0.24 L/min and
the highest was 4.89 L/min. For the 10-degree hydrogen
flow test, the zero point or valve closure position. The posi-
tion of the hydrogen flow valve closure the sensor issuing a
value of 0.07 L/min, so this 0.07 value becomes a correction
factor. D6F-05N2-000 sensor data for hydrogen is the lowest
0.07 L/min and the highest is 4.74 L/min.

Thus, the D6F-05N2-000 sensor test results cannot
detect exactly the zero value when the valve closes and vice
versa at the maximum opening does not read exactly at the
value of 5 L/min.

6. 3. Servo motor signal test

Servo motors are used to open hydrogen/oxygen flow
valves. The method used is pulse width modulation (PWM).
This PW M signal is given by the microcontroller by regulat-
ing the duty cycle. Based on Table 1, the average pulse width
error that occurs is 0.022 ms. The average error duty cycle
that occurs is 0.111 %. These results prove that the PWM
output from the microcontroller is appropriate. Fig. 12 shows
one of the 20 ms PWM outputs producing 0.752 ms pulse
width and 3.76 % duty cycle.

6. 4. Thermocouple sensor test

The thermocouple sensor used is type K MAX6675.
The sensor is tested starting from room temperature to a
temperature of 850 degrees. The data in Table 2 is taken
based on the set points given. Eight K MAX6675 thermo-
couple sensor data are compared with conventional furnace
temperature sensor meters. Between the conventional tem-
perature sensor and K MAX6675 there is a difference in
value. This is possible because the sensor material factors
are not the same. Overall, the average error that occurs can
reach 2.6 %. Thus, this thermocouple sensor can be used in
this system.

In boiling water, the average tempera-
ture of the test results was 98.75 °C. Based
on the test results, it can be seen that the
longer the temperature decreases. This is
caused by testing the boiling point of water
carried out indoors so that there is an adjust-
ment of water temperature with room tem-
perature. While at room temperature can be
seen according to Table 2. The temperature
reading by the thermocouple sensor is in
accordance with an average error of 0.28 %.

6. 5. Hydrogen level sensor test
The hydrogen level sensor is used to
detect hydrogen leakage or excess in the
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experimental room. Then the sensor test is based on changes
in different conditions. The hydrogen sensor is tested in
normal air and in water vapor. Based on Tables 5, 6, it can
be seen that from the data taken. Sensor data shows changes
in normal conditions. Thus, the commercial sensor can be
applied to this device system.

It can be seen that there is a relatively small differ-
ence in the measurement of the sensor voltage which is
0.008 volts in normal air and 0.011 volts in water vapor.
Thus, it can be said that the reading of the ADC value,
which is subsequently converted to a voltage value is func-
tional. The average hydrogen level detected by the sensor
under normal air conditions is 2288 ppm and water vapor
is 3043 ppm.

6. 6. Voltage Sensor Testing

If losses on SOFC cells are ignored, the ideal DC voltage
output generated from a SOFC cell is in the range of 1 V [1].
Thus, the required voltage sensor on the external wire sec-
tion with a minimum accuracy is 0.1 V. Based on the tests
in Table 7, the sensor response already has the ability in
accordance with system requirements. The maximum range
of the voltage sensor is adjustable according to system re-
quirements.

6. 7. Realization of Electronic and Mechanical Devices

In realizing the experimental setup system to see
SOFC’s single cell performance. This system is applied to
simple furnaces with a maximum combustion temperature
of 1000 degrees. The fuel used is hydrogen and the air
substitute uses oxygen. Hydrogen and oxygen are supply-
ing fuel/air needs at the electrodes (anode and cathode).
To realize the device as a whole, several manufacturing
stages are carried out. The first is the layout of the PCB
board for the placement of components and sensors, shown
in Fig. 14. The second is the mechanical design of the hy-
drogen and oxygen channels, shown in Fig. 15. The third
is the design for the cell and place of the SOFC cell stack
in the furnace, shown in Fig. 6, 7, 16.

Fig. 14. Realization of electronic device models
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Fig. 15. Realization of mechanical systems on hydrogen and oxygen tanks:
a — Hydrogen tank mechanic; b — Oxygen tank mechanic



Fig. 16. Realization of the placement of electronic devices in
the furnace

To realize the device as a whole, several stages of pro-
duction are carried out. The first is the layout of the PCB
board for the placement of components and sensors, shown
in Fig. 14. The second is the mechanical design of hydrogen
channels and oxygen channels, shown in Fig. 15. The third is
the design for cells and placing a stack of SOFC cells in the
furnace, shown in Fig. 6, 7, 16.

For further research, a direction can be developed to-
wards the number of SOFC cell stacks that can be put into
the furnace. Further research can also be directed as a simple
SOFC system module as an alternative power source.

7. Conclusions

1. This research focuses on making sensor data acqui-
sition and control systems for hydrogen and oxygen flow
valves. The flow angle of the valve can be adjusted according
to the needs and use on a laboratory scale.

2. Based on the D6F-05N2 sensor test, the measured
flow value for oxygen is between 0.24 to 4.89 L/min and
hydrogen 0.07 to 4.74 L/min. Comparison between oxygen
and hydrogen tank regulator meters obtained flow with an
average error of 0.09 and 0.122.

3. HK1100C sensor test was detected at the valve
opening of 10 degrees, hydrogen pressure of 312.93 kPa
and oxygen of 235.14 kPa. This condition is the maximum
pressure.

4. The temperature sensor has an average error of 2.6 %
and the voltage sensor has an accuracy of up to 0.1 V. For
hydrogen sensors can follow changes in the concentration of
hydrogen in the air. The relatively small difference in mea-
surement of sensor voltage is 0.008 volts in normal air and
0.011 volts in water vapor.
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