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ABSTRACT 
Due to the inherent degradation of materials and the 

influence of various operating conditions such as load, 
temperature, and fuel supply, the health state of the 
solid oxide fuel cell (SOFC) will be inevitably degraded, 
resulting in system fault or even failure. The state of 
health (SOH) estimation and remaining useful life (RUL) 
predicition are beneficial to the maintenance of the SOFC 
systems, such as preventing unplanned shutdown, which 
is of great significance for ensuring the safety, reliability, 
and economy. Therefore, based on the framework of the 
data-driven and degradation model, this paper develops 
a method for SOH estimation and RUL prediction for 
SOFC. Finally, the framework was validated using long-
term experimental data from a 1-cell stack. 
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NONMENCLATURE 

Abbreviations  

SOFC Solid Oxide Fuel Cell 
PHM Prognostic and Health Management 
SOH State of Health 
EOL End of Life 
RUL Remaining Useful Life 
PF Particle Filtering 
KF Kalman Filtering 
UKF Unscented Kalman Filter 

Symbols  

n Discrete time index 
f(.) State function 
g(.) Degradation function 
h(.) Output function 
x State vector 
y Output vector 
u Input vector 
w Noise vector 
θ System parameters vector 
α Degradation parameters vector 

 

1. INTRODUCTION 
The SOFC has emerged as a promising power 

generation device which has the advantages of high 
efficiency, fuel flexibility, environmental friendliness and 
the ability of cogeneration [1]. It is considered as a 
promising alternative source for portable devices, 
transportation vehicles, and distributed power 
generation [2]. However, the health state of SOFC will be 
inevitably degraded due to inherent degradation of 
materials and the influence of various operating 
conditions such as load, operating temperature, and fuel 
supply, etc., leading to system faults or even failure. The 
bottlenecks of short service life, rapid performance 
degradation, and high maintenance cost seriously 
restrict the large-scale deployment and commercial 
promotion of SOFC [3]. Many studies [4] have shown that 
prognostic and health management (PHM) can greatly 
improve the service life of SOFC, and indirectly reduce its 
maintenance cost by estimating failure time in advance. 

The performance of SOFC is affected by a number of 
internal and external factors, such as fuel cell design and 
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assembly, material aging, or inappropriate operating 
conditions [5], etc. Although the degradation mechanism 
of SOFC has not been fully studied, from the perspective 
of SOFC stack, the existing literature shows that the 
degradation of SOFC, especially caused by intrinsic 
factors, can be observed from the components of the 
stack: 

• Glass-ceramic sealant/Steel interconnect ： 
Changes in the properties of the steel interconnect, 
such as oxidation; deformation or even cracking 
caused by thermal gradient and mismatch of 
coefficient of thermal expansion between adjacent 
components [6]; 

• Cathode: Densification of cathode in real life 
environment; Manganese segregation [7]; 

• Anode: Sintering of metallic phase in anode in real 
life environment [8]; 

• Electrolyte: Phase change in electrolyte; Manganese 
diffusion into YSZ electrolyte [9];  

The degradation of SOFC can generally be equivalent 
to the increase of internal resistance, which leads to the 
decrease of power generation, the increase of heat 
generation and the decrease of output voltage under the 
same input conditions [10]. Therefore, in our research, 
the performance degradation of SOFC is equivalent by 
modeling the internal resistance of SOFC. 

The PHM is a new approach for system health 
management [11]. PHM can provide SOH estimation and 
RUL prediction to improve the service life of SOFC, 
increase system reliability, and indirectly reduce its 
maintenance cost [12]. Therefore, the purpose of this 
paper is to develop a method for SOH estimation and RUL 
prediction for SOFC. The method is based on the 
framework of the data-driven and degradation model. 
Thanks to the hypothesis of the degradation model and 
the data-driven approach [13], we can estimate the SOH 
of SOFC, and predict its future behavior through the 
degradation model, and then calculate its RUL. 

This paper is divided into four main parts. Firstly, 
section 1 introduces the significance of SOH estimation 
and RUL prediction of SOFC. Section 2 describes the 
methods of PHM with an emphasis on the method based 
on the framework of data-driven and degradation 
model. This part helps us understand the goals of SOH 
estimation and RUL prediction and how to perform 
them. Then, the whole proposition is applied in Section 3 
and illustrated by the long-term experimental data from 
a 1-cell SOFC stack. In section 4, the results of SOH 
estimation and RUL prediction are evaluated and 
discussed. Finally, section 5 is the conclusion. 

2. THE FRAMEWORK OF DATA-DRIVEN AND 
DEGRADATION MODEL  

When SOFC runs, performance degradation is 
unavoidable. Degradation causes system parameters to 
change, such as the increase of internal resistance. The 
discrete time dynamic model with degradation can be 
defined as: 
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Among them, f(.), g(.), and h(.) are the state, 
degradation, and output functions; xn, yn, and un are the 
state, output, and input vectors; θn and αn are the system 
and degradation parameters vectors; wx, wy, and wθ are 
system, measurement, and degradation noise; 

The acceptable range of system performance is 

determined by the NC deterministic constraints 𝐶𝐸𝑂𝐿 =

{c𝑖}𝑖=1
𝑁𝑐  (where ci maps the current system performance 

to the Boolean domain B= [0,1] at each sample time n); 
Define the system threshold function TEOL. When any 
constraint in CEOL is violated, TEOL equals 1, otherwise 
TEOL equals 0, as follows 
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At the current time n, end of life (EOL) is denoted by 
En, which is defined as the earliest time to reach the 
failure threshold (i.e., TEOL = 1), as follows. 

inf{ : ( , , ) 1}n EOL k k kE k k n and T  x uθ  (3) 

At the current time n, the remaining useful life (RUL) 
is denoted by Rn, is expressed as: 

 Δn nR E n t       (4) 

where Δt is the sampling time. 

 
Fig. 1. The framework of data-driven and degradation 

model for SOH estimation and RUL prediction  
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Therefore, the SOH estimation and RUL prediction 
based on the framework of the data-driven and 
degradation model are mainly divided into two parts: i) 
SOH estimation ii) RUL prediction, as shown in Fig. 1. 

3. SOH ESTIMATION AND RUL PREDICTION FOR SOFC 
The output voltage of SOFC equals its nernst voltage 

minus three losses, as follows, 

sofc nernst ohm con actV E R I V V       (5) 

Where Vact, Vcon, and Rohm represent activation loss, 
concentration loss, and ohmic resistance; I represent 
current; The detailed information on modeling can refer 
to previous work [14]. 

As mentioned in section 1, the performance 
degradation of SOFC is equivalent to the change of 
internal resistance. The internal resistance of SOFC is 
modeled by degenerate parameters α1 and α2, as follows, 

1( ) (0)(1 ( ))ohm ohmR t R t     (6)  

1 2( )t t        (7) 

Among them, α2 is the derivative of α1(t). 
Eq.(4)-(6) is discretized and then reduced to the form 

of Eq.(1), where yn = vsofc; αn = [α1, α2]; θn = [Enernst, Vact, 
Vconc, Rohm]T, un = I; As shown in Fig. 2., the experimental 
data came from a 1-cell SOFC stack. More detailed 
information on the experiment can be found in [15]. 
During the experiment, a temperature controller was 
used to ensure operating temperature at 750 °C, so xn = 
T = 750 °C; 

4. TEST RESULTS AND DISCUSSIONS 
Under the framework of the data-driven and 

degradation model, particle filtering (PF) or Kalman 

filtering (KF) is generally used for SOH estimation and 
RUL prediction. In this paper, UKF is used to estimate 
SOH. 

4.1 Test results  

The long-term degradation estimation results can be 
obtained by the method based on the framework of the 
data-driven and degradation model. In Fig.3., it can be 
found that the estimated long-term degradation trend 
can track the general degradation trend of SOFC voltage.  

The estimation results of SOH can be obtained. As 
shown in Fig.4.(a), the parameter α1 represents the SOH 
of SOFC. The larger the value of α1, the more serious the 
aging degree is. The parameter α2 indicates the aging 
rate. It can be seen that the aging rate of SOFC tends to 

 
Fig. 3. Long-term degradation trend estimation 

 
Fig. 2.  (a) 1-cell SOFC stack (b) the voltage during its 

constant discharge current operation 

 
Fig. 4. (a) SOH estimation (b) RUL prediction  
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be stable after 1500 hours. The RUL can be predicted by 
combining the SOH estimation results with the 
degradation model. As shown in Fig.4.(b), most of the 
RUL predicted results are within the 1 ± 0.25 confidence 
interval. 

4.2 discussions  

The method described in this paper can obtain 
relatively satisfactory SOH estimation and RUL prediction 
results under constant operating conditions. However, it 
is difficult to ensure that the operating conditions are 
constant in actual system operation. Therefore, the 
method in this paper needs to be further improved, 
especially for unstable operating conditions. 

5. CONCLUSION  
In this paper, the methods of SOH estimation and 

RUL prediction based on the framework of data-driven 
and degradation model for SOFC are presented. the SOH 
estimation of SOFC is realized by using UKF algorithm. 
Combining the SOH estimation results with the 
degradation model, the future behavior of SOFC is 
predicted, and then the RUL can be calculated. The 
results show that this method can realize SOH estimation 
and RUL prediction. 
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