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Abstract: Recently, polymer electrolyte fuel cell (PEFC) begins to be used in a lot of fields such as automotive industry and power 

generation etc. Therefore our laboratory developed the simple maintenance equipment which can diagnose a performance degradation 

of PEFC instantaneously by analyzing transient response at a current interruption. However, because it was not able to diagnose some 

operating conditions, we determined that it was necessary to improve the diagnostic algorithm. Therefore we developed a new 

algorithm which sequentially approximates diagnostic parameters by the on-line algorithm of the method of least squares. The 

adequacy of a new algorithm was verified using a PEFC single cell of 25 cm2 applied about two Membrane Electrode Assemblies 

(MEAs) ((a) 10 mg, (b) 7.5 mg) with different amount of platinum. As a result, we judged that this algorithm was able to apply to the 

new diagnostics because it distinguished the difference of two MEAs in each parameter. 

 

Key words: Electronic equipment manufacturing, rapid heating, heat treatment, temperature control, 

Proportional-Integral-Differential control. 

 

1. Introduction

 

Recently, polymer electrolyte fuel cell (PEFC) 

begins to be used in a lot of fields such as automotive 

industry and the stationary power and power generation 

etc. by the improvement of the membrane and the 

electrode catalyst characteristics. However, a further 

cost reduction of fuel cell products, the improvement 

of a life performance and a development of simple 

maintenance equipment are strongly requested as fuel 

cell product spreads. We are considering that if the 

degradation of the fuel cell was able to be diagnosed 

at the early stage, the life performance can be improved 

by applying appropriate processing to PEFC. Although 

other group of our laboratory has also been examining 

a platinum reduction method and water management 

issues, we aim to develop the simple maintenance 

equipment which can diagnose a performance 

degradation of PEFC instantaneously to use PEFC for 
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a long term. We have proposed the diagnostics that 

instantaneously diagnoses the degradation factor of 

Molten Carbonate Fuel Cell (MCFC) using a 

current-pulse method since 2003, and the PPDS 

(PEFC Performance Diagnose System) in which this 

diagnostics was installed was launched by Tsuruga 

Electric Corporation in 2004. Our diagnostics 

evaluates the diagnostics parameters (the resistance 

polarization, the activation polarization and the 

diffusion polarization) by analyzing transient response 

at a current interruption. This diagnostics has been 

established by clarifying the correlation of each 

diagnostics parameter and each polarization in 2011. 

Since 2013, we have improved a diagnostic accuracy 

by removing the anode polarization from our diagnostic 

because the anode polarization was considerably small 

compared with the cathode polarization and it is 

generally known well that most fuel cells are controlled 

by the cathode reaction. The results of the improved 

diagnostics were corresponding to the results of the 

Cole-Cole plot [1-3]. Additionally, this diagnostic system 
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Fig. 1  Photograph of PEFC short stack. 
 

 
Fig. 2  Schematic diagram of four segmented separators. 
 

was applied to a PEFC short stack and the four 

segmented separator as shown in Figs. 1 and 2 

respectively, and it found the deteriorating cell in the 

stack and clarified the deteriorating distribution in the 

same cell [4, 5]. However, enough analytical time is 

necessary if the 356TD was applied to the stack 

composed of more than 200 cells, and it is expensive 

as a maintenance equipment. Our diagnostics should be 

improved more convenient and cheaper. We developed 

a new algorithm for PEFC performance diagnostics 

that solves the transient response by the third 

differential equation directly to satisfy the demand 

mentioned above. New diagnostics approximates the 

transient response of PEFC directly using the on-line 

algorithm of the method of least squares, and obtains 

three diagnostic parameters sequentially. 

2. Experimental Apparatus 

Fig. 3 shows the experimental apparatus for the 

evaluation of the cell performance. The separator of 2 

varieties of a standard separator and the quadrisection 

separator as shown in Fig. 2 were used. Both 

separators were made of carbon and have an effective 

electrode area of 25 cm
2
 and a serpentine gas channel 

of 1 mm × 1 mm. Here, each divided separator from 

the top end of the quadrisection separator was 

numbered from No. 1 to No. 4, and it is insulated 

electrically with Teflon sheet of 1 mm thickness 

between each separator. Also, the electrode effective 

area of all divided separator was 6.25 cm
2
. Anode gas 

and cathode gas were humidified by passing through 

the humidifier and were supplied to the cell. In order 

to prevent dew formation in the supply pipe, the 

piping between the humidifier and the cell was made 

shorter, and the piping temperature was maintained at 

100 °C by a ribbon heater and a temperature controller. 

The cell voltage and the cell temperature were 

recorded by the data logger, and the cell resistance 

was measured by a milliohm meter with AC 4 probes. 

The transient response of PEFC was measured for 

28.2 msec by the PPDS “356 TD” composed of an 

A/D converter and a pulse generator. Here, this 

measuring time was determined by determination 

coefficient. The obtained transient response was 

converted to CSV data and sent to the PC by USB cable, 
 

 
(a) For single cell 

 
(b) For quadrisection separator 

Fig. 3  Schematic diagram of experimental apparatus. 
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Table 1  Experimental conditions. 

 Standard 
w/o 

heating/humidifying 

Fuel utilization 70% 

Air utilization 40% 

Standard current density 0.08 A/cm2 

Cell temperature 80 °C 
Room temperature : 

About 25-27 °C 

Humidifier temperature 

of anode and cathode  
80 °C Not use 

 

and each fitting parameter was delivered by analyzing 

this CSV data in the conventional algorithm and the 

new algorithm. 

The experimental conditions were two humidifying 

conditions as shown in Table 1; the standard condition 

was the full humidifying whose all temperatures were 

80 °C, and the non-humidifying condition did not 

humidify gas of both electrodes, and the cell 

temperature was maintained a room temperature from 

25 °C to 27 °C. In both conditions, the cell current 

density was 0.08 A/cm
2
, the fuel gas utilization was  

70%, and the oxidant gas utilization was 40%, 

respectively. Here, because both gas utilizations were 

calculated by the current density of 0.08 A/cm
2
, each 

gas shifts to the condition of depletion if the current 

density exceeds 0.08 A/cm
2
. The operating pressure 

was atmospheric. 

3. Diagnostic Principle 

Generally, in the diagnostics method of PEFC, there 

are I-V curve and Cole-Cole plot. Although the former 

diagnostics is easy, it cannot judge the degradation 

factor. The later diagnostics can judge the degradation 

factor though it needs long measuring time for the 

complex analysis. On the other hand, PPDS proposed 

by us can diagnose degradation factor of PEFC 

instantaneously by evaluating the transient response. 

At the first stage of this study, the transient response 

was expressed by the equivalent circuit composed of 

three RC circuits where anode reaction, cathode 

reaction, and electrolyte resistance are imitated as 

shown in Fig. 4a. Eq. (1) was derived by Laplace 

transforming from this equivalent circuit. Here, each 

parameter of the equivalent circuit stands for the 

following: E0, Rr, Ra, and Cd mean the open circuit 

voltage, the resistance of ions in the electrolyte, 

diffusion resistance, the activation loss and the electric 

double layer capacity generated at the interface 

between the electrode and electrolyte, respectively. 

However, it is generally known well that the anode 

polarization is considerably small compared with the 

cathode polarization, and because the diagnostics 

using Eq. (1) includes the parameter with a little 

influence, accuracy is bad. Therefore, we changed the 

equivalent circuit and the fitting equation to Fig. 4b 

and Eq. (2) respectively for an improvement of 

diagnosis and correspondence of an actual 

deterioration factor. Here, Vout(t) means output 

voltage that is derived by subtracting the voltage drop 

between 0-0.04 msec from the transient response. This 

voltage drop between 0-0.04 msec is represented by 

Eq. (3), and it was defined as the resistance 

polarization. As a result of deterioration diagnosis 

under various conditions by this method, and the 

relation between each parameter and each polarization 

has been clarified as the following; V  parameter, A1 

parameter and t1 parameter mean the resistance 

polarization, the activation polarization and the 

diffusion polarization, respectively [3]. The 

conventional diagnostics has been diagnosing the 

deteriorating situation of various cells using these 

parameters ( V , A1 and t1) as diagnostic parameters. 
 

 
(a) Equivalent circuit at the beginning of study 

 
(b) Equivalent circuit only on the cathode side 

Fig. 4  Equivalent circuit of PEFC. 
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𝑉𝑜𝑢𝑡  𝑡 = 𝑦0 + 𝐴1𝑒
−   

𝑡
𝑡1 + 𝐴2𝑒

−  
𝑡
𝑡2 + 𝐴3𝑒

−  
𝑡
𝑡3   (1) 

𝑉𝑜𝑢𝑡  𝑡 = 𝑦0 + 𝐴1𝑒
−  

𝑡
𝑡1           (2) 

∆𝑉 = 𝑉𝑜𝑢𝑡  0 − 𝑉𝑜𝑢𝑡  40𝜇𝑠𝑒𝑐          (3) 

On the other hand, the difference between the 

conventional algorithm and the developed algorithm is 

a fitting equation. The new algorithm derives the 

diagnostic parameters by as follows; first, the transient 

response of PEFC was expressed by the third 

differential Eq. (4). Second, the third differential Eq. 

(4) was discretized by the difference method, and was 

converted into Eq. (5). Finally, the model Eq. (6) was 

obtained by simplifying Eq. (5). Each parameter (a, b, 

c) was obtained by fitting the transient response by Eq. 

(6) using the on-line algorithm. Here, et on the right 

side of Eq. (6) means error in measurement. Here, 

although the initial value of each parameter was 

replaced with the convergence value obtained from 

this online algorithm sequentially, an increase in the 

repetition processing lengthens the analytical time. 

First, the time variance of the parameter mentioned 

above should be checked to confirm the applicability 

to PEFC’s transient response of the third differential 

equation. Fig. 5 shows the transition of varying of 

each parameter by repetitive processing. Here, the 

number of cycles was examined by 0-3 times.     

The time variance of each parameter stabilizes with an 

 

 
Fig. 5  Validity of application for the third differential. 

increase in an analytical frequency though it without 

an analytical frequency varied greatly. Therefore, we 

were able to confirm that the application for third 

differential equation to transient response is 

appropriate. 

𝑉𝑜𝑢𝑡  𝑡 =
𝑑3𝑦(𝑡)

𝑑𝑥3
+ 𝑎

𝑑2𝑦(𝑡)

𝑑𝑥2
+ 𝑏

𝑑𝑦(𝑡)

𝑑𝑥
+ 𝑐𝑦(𝑡)  (4) 

𝑦 𝑡 + 3 ∙ ∆𝑡 + 𝑎𝑦 𝑡 + 2 ∙ ∆𝑡 + 𝑏𝑦 𝑡 + ∆𝑡 
+ 𝑐𝑦 𝑡 = 𝑒𝑡  

  (5) 

𝑦𝑡+3 + 𝑎𝑦𝑡+2 + 𝑏𝑦𝑡+1 + 𝑐𝑦𝑡 = 𝑒𝑡       (6) 

4. Experimental Results 

4.1 Validation of New Algorithm in Standard 

Separator 

The adequacy of a new algorithm was verified by 

comparing with the conventional diagnostics using a 

PEFC single cell of 25 cm
2
. Here, MEA that the 

amount of platinum is different (① 10 mg, ② 7.5 mg) 

was prepared to confirm whether or not the new 

algorithm can diagnose changing in the activation 

polarization. Moreover, MEA①, which contains 

Platinum of 10 mg, was operated under 

non-heating/humidifying condition whether or not the 

new algorithm can diagnose changing in the diffusion 

polarization. Fig. 6 shows the diagnostic results of a 

conventional algorithm. Here, the upper left, the upper 

right, the lower left and the lower right of the graph 

show y0 parameter that means I-V performance, V  

parameter that means the resistance polarization, A1 

parameter that means the activation polarization and t1 

parameter that means the diffusion polarization, 

respectively. The conventional diagnostics shows that 

A1 parameter of the MEA with large amount of 

platinum is smaller than that with a little platinum 

under the standard operating condition, and t1 

parameter of the MEA with large amount of platinum 

is larger than that with a little platinum because an 

increase in the produced water by the brisk cell 

reaction increases the diffusion polarization. Therefore, 

the conventional diagnostics can diagnose the difference  
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Fig. 6  Conventional diagnosis results by the differences of 

the activation and diffusion polarizations. 
 

 
Fig. 7  Influence of each parameter behavior by the 

differences of the activation and diffusion polarizations 

using new algorithm. 
 

of the activation polarization. Moreover, in the case of 

the different humidifying condition on the same MEA 

use, because V  parameter under 

non-heating/humidifying conditions is larger than that 

under the standard condition though both A1 

parameters are almost same because of the same MEA 

use, the conventional diagnostics can also diagnose the 

difference of the diffusion polarization [5]. 

On the other hand, the diagnostics result by the new 

algorithm is shown in Fig. 7. Although the correlation 

of these three parameters and each polarization has 

been unconfirmed yet, the differences of the activation 

and diffusion polarizations are expressed clearly. 

Moreover, the difference of the each conditions is 

greatly reflected in the difference of the parameter. 

Because b parameter is a coefficient at the linear 

derivative term of Eq. (4), we come to want to 

consider like that it means a voltage variation’s 

declination. Because b parameter of 

non-heating/humidifying condition is largest and the 

variation of b parameter is also smallest, b parameter 

might express the resistance polarization. Because a 

parameter is a coefficient at the second derivative term 

of Eq. (4), we come to want to consider like that it 

means a change of a voltage variation. Because a 

parameter of non-heating/humidifying condition is 

smallest and it changes greatly from the plus to the 

minus, a parameter might express the diffusion 

polarization. This is only assumption because the 

correlation between physical meaning and each 

parameter has not been elucidated yet. 

4.2 Application of a New Algorithm to the 

Quadrisection Separator 

The conventional diagnostics obtained the 

distribution of deterioration factor in the same cell 

using the quadrisection separator. Fig. 8 shows 

polarization distribution in cell by presence of 

humidifying. In both conditions, A1 and t1 parameter 

grow toward the gas outlet from the gas inlet under 

the total current density region though V  parameter 

decreases. This reason is as follows; water generated 

by cell reaction is flowed to the gas downstream, and 

A1 and t1 parameter, which mean the activation and 

gas diffusion polarization respectively, of the 

downstream increase because this water causes the 

flooding/plugging phenomena. However, V  

parameter decreases toward the gas outlet from the  

gas inlet because the dry of the membrane is avoided by 
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Fig. 8  Polarization distribution in cell by presence of 

humidifying using conventional diagnostics. 
 

 
Fig. 9  Behavior of each parameter on the quadrisection 

separator using new algorithm. 
 

supplying this water at the gas downstream. 

Especially, this tendency is remarkable in the 

condition without heating and humidifying. However, 

the difference of the parameter between the division 

cells is small though the difference of the humidifying 

conditions is greatly reflected in each parameter [5]. 

On the other hand, the diagnostics result by the new 

algorithm is shown in Fig. 9. Parameter-b means the 

resistance polarization decreases and parameter-a  

means the diffusion polarization increases according 

to moving from gas inlet to outlet by which water 

generated by cell reaction is flowed to the gas 

downstream. Moreover, the new algorithm can greatly 

reflect the difference of the humidifying conditions in 

each parameter as well as the conventional diagnostics. 

Therefore, we consider that the new algorithm can be 

also applied to the quadrisection separator.  

4.3 Application for New Algorithm to Diffusion 

Polarization Changing 

The polarization distribution in the same electrode 

is influenced because the steam pressure difference 

between gas and a membrane changes drastically 

when the humidifier temperature of cathode side is 

changed from 60 °C to 90 °C and the cell temperature 

is kept at 80 °C. Fig. 10 shows the influence of 

relative humidity on polarization distribution. 

Although y0 parameter of each section is almost same 

if relative humidity changes, the conventional 

diagnostics shows each polarization varies from place 

to place. A1 parameter of the upper stream is lower 

than that of the downstream. Cell reaction at the upper 

stream is more active than that of the downstream 

because cell temperature at the upper stream is higher 

than that of the downstream. Therefore, although the 

influence of relative humidity on polarization 

distribution could be confirmed, the difference of each 

place to each parameter is extremely small [5]. 

On the other hand, the new algorithm cannot show the  
 

 
Fig. 10  Influence of relative humidity on polarization 

distribution using conventional diagnostics. 
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Fig. 11  Influence that each parameter on behavior by 

relative humidity change using new algorithm. 
 

difference between each segmented part (No. 1 to  

No. 4) of the quadrisection separator and the three 

parameters as same as the conventional diagnostics as 

shown in Fig. 11. However, because three parameters 

of the new algorithm also show the behavior of a 

sharp decrease and a sharp increase at low humidity of 

similar to V  parameter and t1 parameter in Fig. 10, 

we were able to suggest that the new algorithm can be 

applied to the quadrisection separator. 

5. Conclusions 

The objective of the study is “Establishment of the 

effectiveness of new algorithm using online 

processing and development of simple maintenance 

equipment for PEFC”. The results obtained in this 

study are summarized as follows: 

(1) We were able to confirm that the application for 

third differential equation to transient response is 

appropriate. 

(2) The new diagnostics was able to greatly 

reflect the difference of each condition in three 

parameters. 

(3) The new diagnostics with new algorithm was 

able to judge the difference of the activation 

polarization and the diffusion polarization using three 

parameters. 

(4) Three parameters obtained by applying a new 

algorithm to the quadrisection separator were able to 

suggest to judge the distribution of deterioration factor 

in the same cell. 

(5) Because the difference of each condition is 

greatly reflected in the difference of the parameter, the 

data base of the correlation between the behavior of 

the cell voltage and the deterioration factor can be 

constructed by teaching this diagnostics transient 

responses of various cell performances. We can use 

this algorithm as maintenance equipment of PEFC if 

the artificial intelligence was able to judge the 

behavior of the cell voltage using this data base. 
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