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Abstract 

Solid Oxide Fuel Cell (SOFC) has the advantages of high efficiency and cleanness, and its 
reverse process can be used for hydrogen production by solid oxide electrolytic cell, 
which is a major research focus of new energy technology. However, the working 
performance of SOFC stack is affected by temperature, and the abnormal working 
temperature will directly affect the performance and life of the battery pack. Therefore, 
it is of great significance for the stable, efficient and long-term operation of SOFC stack 
to obtain the temperature field distribution and then monitor the maximum 
temperature and maximum temperature gradient inside the stack. Firstly, the SOFC 
stack temperature field measurement system is designed and built based on the fiber 
array composed of several quartz optical fiber sensors and the rectangular coordinate 
manipulator. The developed system can measure the temperature in multiple gas 
channels of the stack at the same time. Then, according to the size characteristics of SOFC 
stack cathode airway, the quintic polynomial trajectory planning method based on 
intermediate variables is proposed to reduce the vibration of the manipulator when it 
holds probes and make them move at the uniform speed in gas channels. Finally, the 
effectiveness of the stack temperature field measurement system is verified through 
experiments. The developed measurement system can provide technical support for the 
construction of the internal temperature field of the stack. 
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1. Introduction 

Solid oxide fuel cell (SOFC) is a power generation device that can directly use hydrogen, 
methanol and other fuels to generate electricity. Through wind-hydrogen coupled power 
generation, wind power drives solid oxide electrolysis cells to electrolyze water to produce 
hydrogen, which provides fuel for solid oxide fuel cells, and can also effectively solve the 
volatility and randomness problems of wind power generation[1,2]. Solid oxide fuel cells do not 
have problems such as electrolyte corrosion, and do not require noble metals as catalysts. It can 
directly convert the chemical energy of fuel into electrical energy, and has the advantages of 
high efficiency and cleanliness, so it has broad application prospects[3,4]. The operating 
temperature of solid oxide fuel cells is relatively high, usually above 600 degrees Celsius [5]. Due 
to the uneven temperature distribution inside the fuel cell, the thermal expansion coefficient of 
each component is different, resulting in thermal stress inside the fuel cell, which exceeds the 
capacity of the stack material. When subjected to the limit, the stack structure will be damaged. 
In order to widely apply solid oxide fuel cells, it is urgent to solve the problems of production 
cost, safety and reliability of fuel cells. Temperature is an important parameter that affects the 
service life and working performance of solid oxide fuel cells. When the stack temperature is 
lower than the working temperature, the stack cannot reach the normal working state, and the 
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electrical performance output capability decreases; when the temperature exceeds the normal 
working temperature, the durability of the material Insufficient, will reduce the operating life 
of the stack[6]. According to the literature[7,8], although the temperature distribution of the fuel 
cell is uneven, the temperature change is not large, and the working life of the stack will not be 
affected when the temperature difference does not exceed 10K/cm. Therefore, the accurate 
acquisition of the stack temperature field distribution of the solid oxide fuel cell can further 
improve its working performance and prolong its service life. The working characteristics of 
solid oxide fuel cells are very complex, and their performance is affected by multiphysics in the 
form of strong coupling. At present, most studies on SOFC stack temperature use modeling and 
simulation methods to simplify the fuel cell model to solve the temperature field distribution in 
the stack. The obtained results have a large deviation from the actual[9,10] The purpose of this 
paper is to design a new type of stack temperature field measurement system for SOFC. 

2. SOFC stack temperature field measurement system 

Most of the existing studies on the actual temperature measurement of SOFC stacks use 
thermocouples as temperature sensors. Wilkinson[11]embedded 19 micro-thermocouples on 
the anode plate and the cathode plate respectively. Due to the fragility of the micro-
thermocouples, only 10 thermocouples were finally able to collect data. Mench[12]placed 8 R-
type thermocouples between the electrolyte materials, and only 3 thermocouples measured the 
temperature due to the damage of the thermocouples in the process of making the membrane 
electrode assembly or the battery assembly process. 

In the non-contact temperature measurement method, infrared temperature measurement 
uses the relationship between the temperature and its radiation intensity to convert the optical 
signal into an electrical signal that can be processed. By analyzing the relationship between the 
electrical signal and the radiation intensity, the measured For the temperature information of 
the object, although the infrared imaging thermometry method has high spatial resolution, it 
can only reveal the temperature distribution on the surface of the stack[13], and cannot measure 
the temperature inside the stack. Professor Liu Wenzhong's team[14,15]calculated the 
temperature to be measured based on the Langevin function according to the magnetization of 
magnetic nanoparticles at different temperatures, and the measurement error can be less than 
0.1K. 

As shown in the structure diagram of SOFC stack as shown in Fig. 1, a large number of cathode 
gas channels are distributed on each layer of cells, and the size of the gas channels is only about 
1 mm. According to the actual temperature measurement method of the stack, the micro 
temperature sensor is installed in the fuel cell, which can Used to measure the temperature at 
a single point of the fuel cell. However, this measurement method increases the difficulty of 
sealing the fuel cell, and the sensor may be damaged during the actual operation, so that the 
measurement cannot be performed. Such sensors are affected by the performance of response 
time, spatial resolution and measurement accuracy, so it is difficult to quickly establish the 
stack temperature field. 

Although the thermocouple can accurately obtain the temperature value of the measurement 
point[16], there is a big difference between the parameter values of the fuel cell reaction area, 
which cannot reflect the real temperature distribution inside the stack, and cannot replace the 
battery by several temperature measurement points. The real state of the internal 
electrochemical reaction zone[17]cannot accurately measure the temperature change inside the 
battery in real time. By increasing the number of thermocouples, it will not only increase the 
measurement cost, but also weaken the sealing performance of the stack and limit its large-
scale application. The existing non-contact temperature measurement methods and infrared 
temperature measurement methods can only measure the surface temperature of the fuel cell, 
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but cannot measure the internal temperature of the stack; the magnetic nanometer 
temperature measurement method is difficult to apply to the temperature measurement of the 
stack temperature field with complex internal structure. Therefore, the above temperature 
measurement methods cannot meet the measurement requirements of the stack temperature 
field. 

In view of the shortcomings of the above temperature measurement methods, this paper 
designs and builds a new SOFC stack temperature field measurement system based on a fiber 
array composed of silica fiber sensors with higher performance in response time and 
measurement accuracy, and a Cartesian coordinate manipulator. According to the size 
characteristics of the cathode gas channel of SOFC stack, a quintic polynomial trajectory 
planning method based on intermediate variables is proposed, which reduces the jitter when 
the probe is clamped by the Cartesian coordinate manipulator and ensures that the probe runs 
at a uniform speed in the cathode gas channel. Finally, through experiments, the effectiveness 
of the proposed stack temperature field measurement system is verified. 

 
Fig.1 SOFC stack structure diagram 

2.1. Silica fiber temperature sensor 

According to the size characteristics of the stack cathode gas channel of the solid oxide fuel cell 
and the shortcomings of the existing fuel cell temperature measurement methods, this paper 
uses a quartz fiber temperature sensor from a domestic company as shown in Fig. 2 to measure 
the internal temperature of the stack cathode gas channel. This sensor is based on the principle 
of black body radiation for temperature measurement. The diameter of the quartz fiber probe 
used in the sensor is 0.4 mm. Compared with thermocouples, the quartz fiber probe is non-
conductive, free from electromagnetic interference, and has a response time of less than 400 
ms, which is more suitable for Temperature measurement inside a solid oxide fuel cell. The fuel 
cell stack is composed of multiple single cells, and a large number of air passages are distributed 
on each cell. In order to improve the temperature measurement efficiency, several optical fiber 
probes are used to form an optical fiber array, and multiple air passages are measured at the 
same time. During temperature measurement, the quartz fiber probe transmits the thermal 
radiation emitted by the stack to the rear temperature processing unit. The temperature 
processing unit obtains the temperature value according to the functional relationship between 
the thermal radiation intensity and the temperature, and uses the multi-channel data 
acquisition card to collect and save it to in the computer.  

 
Fig.2 Optical fiber temperature sensor probe 
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2.2. Cartesian coordinate manipulator 

When using the optical fiber probe to measure the temperature at various points inside the 
stack, it is necessary to ensure that it can run stably and uniformly in the cathode gas channel. 
Considering the structure of the cathode gas channel of the stack, the movement of the optical 
fiber probe can be realized by the Cartesian coordinate manipulator. In order to obtain the 
temperature field distribution of the stack, a Cartesian coordinate manipulator as shown in Fig. 
3 is used to clamp the fiber probe. The manipulator is driven by a stepping motor, and a grating 
ruler is installed on the x, y, and z coordinate axes of the manipulator. When measuring the 
temperature, the rectangular coordinate manipulator clamps a fiber array composed of 
multiple probes and inserts it at the outlet end of the cathode gas channel, and the position of 
the fiber array is obtained through the grating ruler on each coordinate axis of the manipulator, 
and finally the temperature field distribution map of the stack can be drawn. Thus, the stack 
temperature field measurement is completed. 

 
Fig. 3 Physical drawing of rectangular coordinate manipulator 

2.3. Cartesian coordinate manipulator trajectory planning method 

Because the probe is long, the jitter generated by the manipulator during operation will be 
amplified at the end of the probe. When the vibration is too large, the probe will collide with 
the stack and break, which will affect the temperature measurement. Therefore, it is necessary 
to plan the trajectory of the manipulator reasonably, reduce the shaking of the manipulator, 
and improve the stability of the manipulator. Trajectory planning is to give speed and 
acceleration information to the trajectory of the manipulator, and obtain the functional 
relationship between the position of the end of the manipulator and time. The goal of trajectory 
planning is that the manipulator can run quickly, accurately and smoothly. It also requires the 
manipulator to approach the target point quickly without producing significant impact, and to 
have a smooth trajectory during operation, keeping the speed and acceleration continuous. 
Commonly used trajectory planning methods include polynomial interpolation and spline 
function interpolation. The cubic polynomial velocity curve can remain continuous, but the 
acceleration curve is discontinuous at the start and end points. The quintic polynomial can not 
only ensure the continuity of the velocity and acceleration curves, but also obtain an ideal 
trajectory planning effect. The functional relationship between the manipulator's trajectory 
and time is established in the polynomial trajectory planning, which can ensure the continuity 
of the manipulator's position and speed. There is no sudden change in speed and acceleration 
during the process. 

Considering the advantages and disadvantages of polynomial trajectory planning and the need 
for the manipulator to grip the probe, the speed and acceleration of the manipulator should 
transition smoothly, and the maximum jerk of the manipulator motion should be as small as 
possible. The smooth acceleration corresponds to the third derivative of the manipulator 
motion. The curve should be kept continuous to avoid the vibration of the manipulator caused 
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by the sudden acceleration of acceleration, and the jerk at the beginning and end of the 
manipulator movement should be zero. The trajectory of a Cartesian manipulator can be 
described by a series of intervals, and the trajectory planning based on the intermediate 
variable u is applied to each interval, and the quintic polynomial coefficients are determined 
according to the constraints of the start and end points[18]. 

r(u) is used to represent the motion function of the displacement of each axis of the Cartesian 
coordinate manipulator with respect to the intermediate variable u during the movement of the 
manipulator, and the position, velocity and acceleration of the starting point and end point of 
the manipulator in the kth interval are given, and the fifth time of the trajectory of the kth 
interval is given. The polynomial is represented as follows: 

 

𝑟(𝑢)𝑘→𝑘+1 = 𝐶0 + 𝐶1 ⋅ 𝑢 + 𝐶2 ⋅ 𝑢
2 + 𝐶3 ⋅ 𝑢

3 + 𝐶4 ⋅ 𝑢
4 +𝐶5 ⋅ 𝑢

5 (1) 

The quintic polynomial contains six coefficients. In order to determine the trajectory of the 
manipulator, six constraints are required, two of which are the position of the manipulator 
corresponding to the known start and end times, the other two conditions are the speed of the 
manipulator at the start and end times, and the last two The first condition is the acceleration 
of the manipulator at the start and end time. Formula (1) is derived and substituted into the 
constraints: 

 

{
  
 

  
 

𝑟0 = 𝐶0
𝑟𝑓 = 𝐶0 + 𝐶1 ⋅ 𝑢 + 𝐶2 ⋅ 𝑢

2 +𝐶3 ⋅ 𝑢
3 +𝐶4 ⋅ 𝑢

4 +𝐶5 ⋅ 𝑢
5
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𝑟�̇� = 𝐶1 + 2 ⋅ 𝐶2 ⋅ 𝑢 + 3 ⋅ 𝐶3 ⋅ 𝑢

2 +4 ⋅ 𝐶4 ⋅ 𝑢
3 + 5 ⋅ 𝐶5 ⋅ 𝑢

4

𝑟0̈ = 2 ⋅ 𝐶2
𝑟�̈� = 2 ⋅ 𝐶2 + 6 ⋅ 𝐶3 ⋅ 𝑢 + 12 ⋅ 𝐶4 ⋅ 𝑢

2 + 20 ⋅ 𝐶5 ⋅ 𝑢
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(2) 

The running speed of the manipulator along the space trajectory can be expressed by the 
differential of displacement to time[19]: 

𝑣(𝑡) = |
𝑑𝑠

𝑑𝑡
| = |

𝑑𝑠

𝑑𝑢
⋅
𝑑𝑢

𝑑𝑡
| 

 

(3) 

where 
𝑑𝑢

𝑑𝑡
=

𝑣(𝑡)

√(𝑥′)2+(𝑦′)2+(𝑧′)2
; 
𝑑𝑠

𝑑𝑢
= √(𝑥′)2 + (𝑦′)2 + (𝑧′)2; 𝑥′ = 𝑑𝑥/𝑑𝑢; 𝑦′ = 𝑑𝑦/𝑑𝑢; 

 𝑧′ = 𝑑𝑧/𝑑𝑢.  

where u is a function as time t. From the current parameter ui and the first and second 
derivatives of u to time t, the Taylor expansion is used to find the parameter ui+1 as follows: 

 

𝑢𝑖+1 = 𝑢𝑖 +𝑇𝑖 ∙ 𝑢𝑖̇ + (𝑇𝑖
2/2) ∙ 𝑢𝑖̈ + 𝑜(𝑇𝑖) (4) 

where i = 1···N; Ti=ti+1-ti; 𝑢𝑖̇ =
𝑑𝑢𝑖

𝑑𝑡
=

𝑣(𝑡)

√[𝑥(𝑖)′]2+[𝑦(𝑖)′]2+[𝑧(𝑖)′]2
; 

     𝑢𝑖̈ =
𝑑𝑣(𝑡)

𝑑𝑡

1

√[𝑥(𝑖)]2+[𝑦(𝑖)]2+[𝑧(𝑖)′]2
−

𝑣(𝑡)2∙[𝑥(𝑖)′∙𝑥(𝑖)′′+𝑦(𝑖)′∙𝑦(𝑖)′′+𝑧(𝑖)′∙𝑧(𝑖)′′]

{[𝑥(𝑖)′]2+[𝑦(𝑖)′]2+[𝑧(𝑖)′]2}2
 

w is a general variable representing the x, y, and z axes. The formulas for the speed, acceleration 
and jerk of the manipulator are as follows: 

 

{

𝑣(𝑤) = 𝑤(𝑢)′ ∙ 𝑢𝑖̇

𝑎(𝑤) = 𝑤(𝑢)′′ ∙ 𝑢𝑖̇
2 +𝑤(𝑢)′ ∙ 𝑢𝑖̈

𝐽(𝑤) = 𝑤(𝑢)(3) ∙ 𝑢𝑖̇
3 + 3 ∙ 𝑤(𝑢)′′ ∙ 𝑢𝑖̇ ∙ 𝑢𝑖̈

 

 

(5) 
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3. SOFC stack temperature field measurement system verification 

Firstly, the positioning accuracy experiment of rectangular coordinate manipulator is carried 
out, and the trajectory parameters obtained by quintic polynomial trajectory planning are input 
into the manipulator control system. In order to verify the accuracy of manipulator, the starting 
point of manipulator is set as (0,0,0) mm and the end point is set as (40,40,110) mm. The size 
of the cathode airway of SOFC stack measured in this paper is about 1mm. In order to prevent 
the probe from breaking due to collision with the stack when the probe moves, set the 
maximum deviation range of the manipulator to 0.05mm, the uniform speed to vmax = 2mm/s, 
and the maximum acceleration amax = 3mm/s2. The actual operation track and position 
deviation are shown in Fig. 4. The position deviation is calculated as follows: 
 

𝛿 = √(𝑥 − 𝑥𝑎𝑐𝑡)
2 + (𝑦 − 𝑦𝑎𝑐𝑡)

2 + (𝑧 − 𝑧𝑎𝑐𝑡)
2  

(6) 

where x, y and z are the planning coordinates of the manipulator; xact, yact and zact are grating 
rulers to measure the actual position of the manipulator. 

 
Fig. 4 Actual trajectory and deviation diagram 

As shown in Fig. 4, the trajectory and trajectory deviation of the manipulator are shown. The 
displacement deviation of the manipulator is within 0.05 mm, which meets the requirements 
of positioning accuracy. As shown in Fig. 5 and Fig. 6, during the actual operation of the 
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manipulator, the speed and acceleration remain continuous. Therefore, the designed Cartesian 
coordinate manipulator trajectory planning method can meet the proposed positioning 
accuracy and jitter suppression requirements. 

 

 
 

Fig. 5 Actual running speed diagram 

 
Fig. 6 Actual running acceleration diagram 

 

 
Fig. 7 Stack temperature field measurement diagram 
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Fig. 8 Measured temperature field diagram of gas channels: (a) measure airway temperature 

field 1 (b) measures airway temperature field 2 

In the stack temperature field measurement system shown in Fig. 7, a clamping device is used 
to connect an optical fiber array consisting of two optical fiber probes to the end effector of the 
manipulator, and a ceramic tube is protected outside the optical fiber probe. A heating furnace 
is built using a heat preservation board and a heating plate, the stack model is placed in the 
heating furnace, a hole is made on the side of the heating furnace so that the probe can be 
inserted into the cathode gas channel, the heating temperature is set to 700 °C, and the optical 
fiber is clamped by a Cartesian coordinate manipulator.The array moves in the direction of gas 
inlet to outlet in the stack cathode gas channel, and temperature measurement at each point is 
carried out. 

Two-dimensional interpolation is performed on the temperature measurement data obtained 
by each fiber optic probe to obtain the temperature field map of the measured airway as shown 
in Fig. 8. As shown in Fig. 8, the temperature in the cathode gas channel from the gas inlet to 
the outlet gradually decreases, which is in line with the actual situation. Therefore, the 
measurement system designed and constructed in this paper can meet the measurement 
requirements of SOFC stack temperature field. 

4. Summary 

In view of the shortcomings of the current SOFC stack temperature field measurement methods, 
this paper proposes a new SOFC stack temperature field measurement system. 
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The proposed stack temperature field measurement system uses a quartz fiber temperature 
sensor for temperature measurement, uses a Cartesian coordinate manipulator to clamp an 
optical fiber array composed of multiple probes, and applies a quintic polynomial trajectory 
planning method based on intermediate variables. Suppress the vibration of the probe during 
operation, and ensure that the probe runs at a uniform speed in the airway. 

In the experiment, the displacement, velocity and acceleration of the manipulator in the actual 
operation process all meet the set requirements, and the temperature measurement data also 
meet the actual situation, which verifies the effectiveness of the proposed stack temperature 
field measurement system. Provided technical support. 
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