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Abstract—The Prognostic and Health Management (PHM) has been developed for more than two decades. It is
capable to anticipate the impending failures and make decisions in advance to extend the lifespan of the target systems,
such as Proton Exchange Membrane Fuel Cell (PEMFC) systems. Prognostic is a critical stage of PHM. Among
various prognostic methods, the data-driven ones could predict the system lifespan based on the device’s knowledge
and historical data. In the Remaining Useful Life (RUL) prediction, the Health Indicators (Hls) should be able to
reflect the health states of the PEMFC stack. Moreover, an effective HI could help to define an explicit degradation
state and improve the prediction accuracy. The HIs of voltage and power are usually used under static conditions due
to their monotonic decreasing characteristics. Besides, the measurements of voltage and current are implemented
easily in practice. Nevertheless, the static HIs are unable to be directly used under the dynamic operating conditions
because they are sensitive to the mission profiles. To overcome the weakness of static HIs, a convenient and practical
HI named Relative Power-loss Rate (RPLR) is proposed herein. According to the polarization curve at the beginning
of life, the initial power under different mission profiles can be identified. Then the actual power is obtained by
monitoring the current and voltage continuously. Finally, the RPLR is calculated based on the initial power and
actual power. Afterward, the RUL of PEMFC is predicted by some Artificial Intelligence (AI) prognostic algorithms.
Among the various data-driven prognostic approaches, Echo State Network (ESN) has provided an efficient and
promising solution for the RUL prediction of PEMFC systems. Compared with classical Recurrent Neural Network
(RNN), it could accelerate the convergence rate and reduce the computational complexity. Nevertheless, the
traditionally used single-input ESN structure is feeble to handle the varying mission profiles. As a scheduling variable,
the current is an interesting parameter since it represents the working properties to some extent. Considering the
system’s dynamic characteristics, the stack current is regarded as another input of ESN, and the output matrix’s

dimension is increased at the same time. Therefore, a double-input ESN structure is proposed to enhance the
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prediction performance. Based on the dynamic HI of RPLR, three dynamic micro-cogeneration (u-CHP) durability

tests of PEMFC systems are used to verify the improved ESN prediction structure.

Keywords—Fuel cell, Degradation, Health indicator, Remaining useful life, Dynamic operating condition, Data-driven

prognostic

1. Introduction

Proton Exchange Membrane Fuel Cell (PEMFC) has many excellent properties such as rapid startup, high power density,
environmentally friendly, and low working temperature [1-3]. It is considered a promising power conversion device in the
areas of aerospace, vehicle transportations, portable devices, distributed generation, and so on [4-6]. Nevertheless, expensive
cost and limited lifetime are two large obstacles for their extensive commercial application [7]. In practice, taking actions to
enhance the controlling efficiency and prolong the lifespan of the PEMFC systems are indispensable to cope with the issue of
short service life [8], [9]. The framework of Prognostic and Health Management (PHM) could identify the deteriorating trend
of PEMFC systems and predict the Remaining Useful Life (RUL) in the early stage [10]. Then some optimization control
methods are used in advance to extend the lifespan or remind the user to replace the PEMFC stack before its failure [11], [12].
Various prognostic methods are brought up and applied in the field of the PEMFC system’s RUL prediction. Generally, these
methods are divided into three categories: model-based, hybrid, and data-driven ones [13], [14]. Before implementing these
prognostic methods, the Health Indicators (HIs) should be determined first to indicate the degradation state. An efficient
Health Indicator (HI) could significantly improve the prediction accuracy and its selection depends on the actual working

conditions.

Stack voltage and power are usually used as the Hls in the static and quasi-dynamic operating conditions as they can be
applied directly [15]. Besides, the convenient installation of current and voltage sensors has provided a foundation for the
measurements of these parameters. In 2014, the “IEEE PHM Data Challenge” (“Data Challenge” for short) was launched by
the IEEE reliability society, FCLAB research federation, FEMTO-ST Institute, and the laboratory of excellence ACTION
[16]. This challenge aimed at the RUL prediction of a PEMFC system and provided the data both in the static (FC1) and
quasi-dynamic (FC2) operating conditions. In the “Data Challenge”, the RUL was defined as the time when the power losses
reached a specific threshold (3.5%, 4.0%, 4.5%, 5.0%, and 5.5%). Lots of ensuing articles in lifespan prediction areas are
based on this RUL definition and these two experimental databases. In [17] and [18], the stack power and stack voltage are
regarded as the HIs separately and both of them are tested under the static and quasi-dynamic scenarios. In [17], the discrete
wavelet transform is used to decrease the prediction length and four mathematical models are used to evaluate the RUL
online. Similar to [17], the Long Short-term Memory (LSTM) method and the Auto-regressive Integrated Moving Average

(ARIMA) model are combined in [18] to improve the prediction performance. Based on the Bayesian framework, the hybrid
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prognostic methods of Particle Filtering (PF) [19], Adaptive Particle Filtering (APF) [20], Unscented Kalman Filter (UKF)
[21], and Adaptive Unscented Kalman Filter (AUKF) [22] are used to evaluate the RUL of PEMFC systems. In these four
articles, the stack voltage is regarded as the HI and all the data come from the “Data Challenge”. In [19] and [20], prediction
results of different models (linear, exponential, logarithmic, etc.) are compared and the RUL estimation is obtained by
considering the successive probability distributions of degradation states. Based on the semi-empirical degradation models,
the UKF and AUKEF are used in [21] and [22] to extract the HIs, and then the prognostics of PEMFC systems are realized.
Under the AUKF algorithm, the system process covariance can be adjusted automatically and the initial parameters setting
problem of UKF can be solved as well. The HI of stack power which considers characterization disturbances and voltage

recovery is also used in [23] and [24].

In the data-driven method, stack voltage is also the most popular static HI since it could reflect the overall behavior of the
stack [25]. The data-driven method based on Artificial Intelligence (Al) attracts more and more attention in recent years
because it does not depend on the system behavior models. In this method, a large amount of operation data (voltage, current,
power, etc.) are required for future state prediction. Various data-driven technologies are proposed in the RUL prediction of
PEMFC systems, such as the Relevance Vector Machine (RVM) [26], Adaptive Neuro-Fuzzy Inference Systems (ANFIS)
[27], Summation Wavelet-Extreme Learning Machine (SW-ELM) [28], Gaussian Process State Space (GPSS) [29], Long
Short-Term Memory (LSTM) [30], Echo State Network (ESN) [31], [32], etc. The RVM shows a satisfactory performance in
the field of long-term ageing trend prediction, and the self-adaptive RVM is proposed in [26] to predict the degradation of the
PEMFC systems. The ANFIS is used in [27] to predict the output voltage during a long-term operation condition and shows
that the prediction accuracy is highly dependent on the data quality. In [28], the SW-ELM has a better performance at rapid
learning and parameter initialization. Besides, dual activation functions in the neuronal node could improve the robustness of
the prediction process. In [29], the GPSS framework is proposed for estimating the RUL and the degradation tendency is
represented in the form of a probability distribution. To avoid gradient exploding and vanishing problems of traditional
Recurrent Neural Network (RNN), LSTM is used to extend the lasted time of short-term memory [30]. At last, the aging
phenomena of the PEMFC systems are explicitly predicted. To conquer the shortcomings of bifurcations, heavy
computational burden, and tardy convergence speed of RNN, a novel training structure called Echo State Network (ESN) was
put forward in [33], [34]. A randomly dynamic reservoir is adopted to replace the hidden layer of RNN. In ESN, the input
weight and internal weight are random sparse matrices and need not be trained once their structures are decided. Thus, the
computation time will be further reduced since only the output matrix is calculated by the linear regression. Recently, the
influences of operating parameters on the prediction accuracy are analyzed in [35] and three types of ESN and their
performance are compared in [36]. In the above-mentioned data-driven methods, the stack voltage is utilized as the HI. Based

on the ESN framework, the cell voltage is also used as the HI in [31] and [32].
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Except for the voltage and power, the Hls of Electro-Chemical Surface Area (ECSA) and Open Circuit Voltage (OCV)
under the static conditions are also proposed in [37] and [38]. Compared with the voltage and power, measuring the ECSA
needs to stop the power supply and change the gas feeding in the anode side. It is hardly achievable online. Measuring the
OCV is reachable if no power is supplied by the fuel cell. At the same time, relaxation time is necessary to implement the
relevant measurement, and this is a constraint towards the real application. To express the degradation trend of PEMFC
precisely, the hybrid Hls are introduced in [39] and [40]. In [39], three feature parameters, i.e., inner resistance, stack voltage,
and stack power are employed to calculate the HI of geodesic distance. Afterward, the RUL is evaluated by the Gaussian
degradation model and the Unscented Particle Filter (UPF). In this method, the weight of these three feature parameters and the
initialization of UPF should be adjusted carefully to ensure the prediction precision. To improve the adaptation capability of
prognostic in PEMFC systems, two degradations HIs of stack voltage and State of Health (SoH) are lumped together in [40] to
predict the lifetime. Two different physics-based models and different filters are utilized together to estimate the lifetime.
However, adjusting the weight and bias correction between these two Hls is very difficult. The data of [39] and [40] come from

the “Data Challenge”, and the hybrid HIs are tested under static and quasi-dynamic operating conditions.

Therefore, finding a practical and convenient HI under the dynamic condition makes sense for the prognostic of the
PEMFC systems. In practice, the current and voltage sensors are easy to be measured and they are always supervised for the
control purpose. Based on the current and voltage, the dynamic HI of Relative Power-loss Rate (RPLR) is proposed in this
paper to cope with the dynamic load conditions. The single-input ESN (SI-ESN) structure has been utilized in some articles to
realize the lifespan prediction. With this structure, the historical RPLR is taken as the input of ESN and the predicted RPLR is
regarded as the output. Moreover, the ESN can handle multiple input tasks and consider the parameters’ influence which is
closely related with HIs to improve its dynamic performance. In the 4-CHP applications, the scheduled current is an extremely
meaningful operating parameter because it could reflect the system's dynamic characteristics. Besides, the degradation speed is
also related to the load current. To enhance the prediction accuracy of RUL, a novel structure of double-input ESN (DI-ESN) is
proposed for the PEMFC systems. As the double-input parameters, the scheduled stack current and the RPLR are combined to
predict the degradation tendency of RPLR. And then the RUL of PEMFC is estimated under different dynamic operating
conditions. This paper is structured as follows. Three long-term duration tests and health indicator extraction procedures are
introduced in section 2. The mathematical background and the implementing principles of SI-ESN and DI-ESN are shown in
section 3. The experimental results under the dynamic operating conditions and the sensitivity analysis of the parameters can

be found in section 4. Finally, the conclusions are given in section 5.

2. Tests under dynamic operating conditions
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In the framework of the French National Research Agency (ANR) project, PROPICE “Prognostic and Health Management
of PEM Fuel Cell Systems” [41], three dynamic tests (382 h, 1000 h, and 405 h) under the micro-cogeneration (u-CHP)
conditions were performed. The main purpose of this project is to develop prognostic methods to estimate the RUL of PEMFC
systems. Based on the calculated current power and the polarization curve at the Beginning of Life (BoL), the HI of Relative
Power-loss Rate (RPLR) under different dynamic mission profiles is extracted. Then the SI-ESN and DI-ESN are implemented

separately to predict the lifespan of PEMFC systems.

2.1 Three long-term duration tests

In this task, the experimental data come from the stationary PEMFC system which contains eight fuel cells and are obtained
under dynamic mission profiles. The electrical power of the test bench is 1.0 kW and the active area of a single cell is 220 cm?.
Some of the nominal specifications and working parameters are shown in Table 1. For all the durability tests, the polarization
curves and the Electrochemical Impedance Spectra (EIS) under different current densities are measured about once a week.
They are used for analyzing the static and dynamic characteristics of PEMFC systems. The acquisition frequency of stack
voltage and stack current is 1 Hz. Both the inlet and outlet reactant properties (flow rate, temperature, pressure, humidification,
etc.) could be controlled during the tests and various sensors are installed to monitor the operating conditions [42]. The

experimental platform is shown in Fig. 1.

Table 1. Nominal specifications and working parameters of the experimental platform.

Parameters Control range
Dimensions (220 X160 X 186) mm
Temperature 80 C
Current density 0.5 A/em?
Anode/cathode stoichiometry 1.5/2
Anode/cathode inlet pressure 150/150 kPa
Cooling flow rate 2 L/min
Pressure drop 30 kPa

TinH2; ToutH2
TinAir; ToutAir
TinWat; TourWat
PinH2; PouH2
PinAir; PoutAir

Inlet/Outlet temperatures of Ha (C)
Inlet/Outlet temperatures of air (C)
Inlet/Outlet temperatures of water ('C)
Inlet/Outlet pressure of H2 (mBar)

Inlet/Outlet pressure of air (mBar)
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Fig. 1. The 10 kW experimental platform of the PEMFC system.

The mission profiles of three long-term tests are shown in Fig. 2. The transient effects of stack current on the stack voltage

are marked in red circles. The effects of start and stop operations on stack voltage are marked in green rectangles. Besides, the

operating parameters (e.g., TinH» in this case) would also influence the stack voltage. The effects of TinH» changes on the stack

voltage are marked in black triangles.
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Fig. 2. The mission profiles of three long-term tests: (a) stack current of Test-A, (b) stack voltage of Test-A, (c) stack current of Test-B,

(d) stack voltage of Test-B, (e) stack current of Test-C, () stack voltage of Test-C.

The 382 h duration data (Test-A) have three operating conditions and can be divided into 3 stages. The stack current and
stack voltage are presented in Fig. 2 (a) and Fig. 2 (b).

(1) In stage 1 (0-200 h), the load current density is 0.77 A/cm? (maximum).

(2) In stage 2 (200 h-300 h), the load is cycling between 0.77 A/cm? and 0.38 A/cm?.

(3) In stage 3 (300 h-382 h), the load current density is 0.38 A/cm?.

The 1000 h duration data (Test-B) are divided into 4 stages and each stage lasts for 250 h. The stack current and stack
voltage are presented in Fig. 2 (c) and Fig. 2 (d).

(1) In stage 1(0-250 h), the load current density is maximum at 0.77 A/cm?.

(2) In stage 2 (250 h-500 h), the mission profile changes dynamically between no load (0 A/cm?), 0.77 A/cm?, and 0.38
A/em? from 250 h to 380 h. The load current density alternates between 0.45 A/cm? and 0.23 A/cm? from 380 h to 500 h.

(3) In stage 3 (500 h-750 h), the load current density is 0.23 A/cm? from 500 h to 600 h. The load current density alternates
between 0 A/cm? and 0.23 A/cm? from 600 h to 750 h.

(4) In stage 4 (750 h-1000 h), the load current density alternates between 0 A/cm? and 0.23 A/cm? from 750 h to 850 h. The
load current density is 0.23 A/cm? in the rest time of stage 4.

The 405 h duration data (Test-C) are also divided into 4 stages. The stack current and stack voltage are presented in Fig. 2
(e) and Fig. 2 (f).

(1) In stage 1 (0-125 h), the load current density is 0.36 A/cm? (0-25 h) and it changes to 0.45 A/cm? during the rest of the
time.

(2) In stage 2 (125 h-250 h), the load current density changes between 0.45 A/cm? and 0.23 A/cm? from 125 h to 225 h. It
stays at 0.23 A/cm? during the rest of the time.

(3) In stage 3 (250 h-375 h), the load current density alternates between 0 A/cm? and 0.23 A/cm?.

(4) In stage 4 (375 h-405 h), the load current density is 0.23 A/cm?.

2.2 Dynamic health indicator extraction

In the static operating condition, the deviation of voltage and power are considered to be influenced only by the ageing
degradation. Nevertheless, the voltage and power are also influenced by the mission profiles and it is improper to take them as
the HIs in the dynamic or time-varying operating conditions. Finding the dynamic HI is difficult and just a few papers have
presented the handing methods. One way is to transform the dynamic condition into the static representation [43], [44].
Another way is to extract some monotonic parameters during the degradation [45], [46]. The Linear Parameter Varying (LPV)

equivalent models are built to fit the voltage signal segments in [43]. Based on the modeling identification method, the HI, i.e.,
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virtual steady-state stack voltage is rebuilt from the model parameters. Later, an ensemble ESN structure is used in [44] to
enhance the prognostic adaptability. Nevertheless, the extraction of HI is time-consuming, and the computing time is based on
the number of LPV. It is worth mentioning that this method is more suitable for the conditions in which the load varies
regularly. In [45], the overall resistance and limiting current density are extracted from the polarization curves, and then an
Extended Kalman Filter (EKF) is adopted to evaluate the actual health state. Then, the inverse first-order reliability method is
used in [46] to predict the RUL. Meanwhile, the quantification of uncertainty in the dynamic operating condition is also
considered. Nevertheless, the HI comes from the periodic measurements of the polarization curves which are characterized
every week in practice. Therefore, the extracted parameters are very limited to describe the complicated degradation
phenomenon. Besides, the linearization hypothesis of overall resistance and limiting current density is inaccurate for the

nonlinear PEMFC systems [47].

Finding a more general and convenient HI under the dynamic operating condition is necessary for practical use. In the
dynamic tests, the measurements of polarization curves at the BoL and at the End of Life (EoL, which is a special case of the
end-of-test) can be easily performed. Based on the polarization curves (voltage vs. current) at the BoL, the BoL power curve
(power vs. current) can be obtained. Then a mathematical model is used to fit the BoL power curve. The power supplied by
the fresh stack (Po) under different loads can then be computed by the model. In the PEMFC systems, the Py is not a single
value, but a curve: power (W) versus current (A). For each current, there is a corresponding Py, measured on the fresh stack,
before aging. In practice, during the lifetime of the stack (here the duration of the test), the current power (P) can be
calculated from the stack current and stack voltage measurements. Based on the current power (P) and the BoL power (Po)
corresponding to the same current which is extracted from the models, the health indicator of Relative Power-loss Rate

(RPLR, AP) is defined as

AP=(P-P)/F, (1)

So, the calculation of RPLR is conducted as follows:

Stepl: measurements of BoL power (Po) are carried out at different current values. A mathematical model of Py is built,

which parameters are identified thanks to the experimental values.
Step2: at time step ¢, current power (P;) can be calculated by the stack current (/;) and stack voltage (V7).
Step3: look at the table and find out the BoL power (Po-I;) under the stack current (/).

Step4: calculate the RPLR at time step ¢ based on the current power (P;) and BoL power (Po-I;). With the same method, the

RPLR during its lifetime can be calculated.



Comparing with the LPV models in the dynamic operating conditions [43], the computing complexity of RPLR is lower.
Comparing with the linearization technique in [45], the time interval of each two points is no longer limited by the interval of
polarization curves. This provides the implementation foundation for data-driven methods. To validate the effectiveness of the
RPLR, three dynamic tests with different durations are implemented under various operating conditions. For the tuning of the
parameters, the Trust-Region optimization method is used in the BoL power modeling process. The parameters and the
accuracy of these three models are shown in Table 2. The polarization and the BoL power curves are shown in Fig. 3, and the

typical current points of each experimental test are marked in red circles.

Table 2. Parameters of three mathematical models.

Test Parameters Accuracy
A aj b1 cl R-square RMSE
861.9 0.007438 0.003801 0.9999 2.588
B a2 b2 c2 R-square RMSE
878.0 0.007241 0.004635 0.9999 2.717
c a3 b3 c3 R-square RMSE
765.7 0.008437 0.004738 0.9999 2.206
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Fig. 3. The polarization curves and the BoL power curves of three long-term tests: (a) polarization curves during the whole life of Test-A,
(b) polarization curve at the BoL of Test-A, (c¢) BoL power curve of Test-A, (d) polarization curves in the whole life of Test-B, (¢)
polarization curve at the BoL of Test-B, (f) BoL power curve of Test-B, (g) polarization curves in the whole life of Test-C, (h) polarization

curve at the BoL of Test-C, (i) BoL power curve of Test-C.

In particular, the dynamic behavior of Test-B is the harshest, and the degradation is huge after 300 h testing at maximal
power. It is difficult to reach the maximal current value on the polarization curves, and then the limiting current value moves
from 170 A to 100 A after 300 h testing due to the encountered degradation. The current and voltage are resampled at a regular
interval of 30 mins. The assumption herein is that the degradation state in each time interval keeps the same. This is reasonable
because the resampling time interval is short enough for the hundreds of hours’ degradation. The RPLR and RUL definition of
these three tests are shown in Fig. 4. Results show that the RPLR in each test has the monotone decreasing property and the
current profile affects the degradation speed. A higher current level always leads to a higher degradation speed, e.g., in Test-B,
AP during the first 300 h is bigger than AP, during the rest 700 h. An efficient HI is useful for the prognostic methods to
predict the SoH and proposing an index to indicate the End of Life (EoL) time is also an important work for PEMFC systems.
In practice, the U.S. Department of Energy (DOE) has pointed out that the definition of a proper index depends on the actual
needs of users. It is worth mentioning that the meaningful definition of EoL is the time when the PEMFC cannot transfer the
required power under safe condition rather than the stack is out of use once it operates at a degradation state. According to the
definition of the U.S. DOE, the Failure Threshold (FT) can be regarded as the PEMFC reaches a certain power decay (e.g.,
10 % for the vehicle application and 20 % for x-CHP) which is the external manifestation of the degradation in component
level [48]. During the testing, the power loss is tested under about 55%-65% rated stack current, and the transient operating,
startup, and shutdown should also be included. Besides, the U.S. DOE metric does not represent the real EoL of original
equipment manufacturers, and a higher or lower level of power degradation can be accepted in different applications [49].
Due to the limitations of the experimental conditions, the duration of these three dynamic tests is all within 1000 h. The
failure points in these three dynamic tests do not mean that they have reached their real EoL. Nevertheless, EoL could be
regarded as one special case of end-of-test (power decay reaches certain defined levels). Without loss of generality, the end-of-

test in this paper is regarded as the time of EoL.
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Fig. 4. The RPLR and RUL definition of three long-term tests: (a) Test-A, (b) Test-B, (c) Test-C.

The first 50 h of data are abandoned due to the instability at startup. So, the training part is the data from 50 h to the time
when the prediction starts (¢edict), and the prediction part is the data from #yeqics to the failure threshold (#zinre). The RUL (¢zu1)
is usually represented by the time interval between fyreqicr and fuinse. In general, the PEMFC stack always has a satisfactory
performance at the BoL and the #,.qi usually starts when the system has been worked for certain hours. Besides, the prediction
cannot be accurate at BoL because the historical data are inadequate for learning the degradation characteristics, especially for
the data-driven methods. Based on the extracted HI of RPLR, the purpose of this paper is to compare the prediction
performance of DI-ESN and SI-ESN. So, in each test, the precision improvement of DI-ESN can be verified when these two
structures (SI-ESN and DI-ESN) have the same failure points. For comparison’s purpose, the end-of-test in these three tests is

regarded as the failure points. The failure time for Test-A, Test-B, and Test-C are 382 h, 1000 h, and 405 h respectively.
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3. Echo State Network

3.1 Mathematical background

The Artificial Neural Network (ANN) has been applied in different areas and it is used to construct and simulate the
working principle of the brain. There are two typical structures of ANN: Feed-Forward Neural Network (FFNN) whose
information only flows forward and Recurrent Neural Network (RNN) which contains the feedback loop. By imitating the
behavior of biological neurons, the ANN can solve the problem of complex engineering. There does not exist recurrent
connections in FFNN, therefore, it lacks memory and cannot deal with temporal information. The RNN can deal with large
dynamical memory and has high computational capabilities. It means that the current states of the neurons are not only affected
by the inputs but also by the historical states of the network. The working principles of RNN are more likely to biological
brains, the substrate of natural intelligence. Both the FFNN and RNN has been used in many fields. Nevertheless, the training
complexity is a common problem. The error Back Propagation (BP) is one of the efficient training rules to decrease the
complexity in ANN especially for the FFNN. There are still some weaknesses when applying the BP to RNN such as
bifurcations, slow convergence, expensive computing, and local optimum. These shortcomings still hinder the large-scale
deployment of RNN in practical applications. Recently, an improved training structure of the Echo State Network (ESN) is
put forward to overcome these disadvantages. This proposal is based on some evidence that the RNN has a satisfactory
performance even without adaptation to all the weights in the network. Compared to the RNN, the hidden layer is replaced by
a large randomly generated reservoir which reflects the dynamic topologies of the neurons. The weights (input, internal, and
feedback) of ESN are global scaled to reach a desired dynamic state. And all the weight matrices are randomly generated.
Then the readout of the reservoir is calculated via linear regression. Echo State Property (ESP) is an important indicator to
represent the dynamic behavior of the reservoir. The ESP should be considered carefully in designing the ESN, and the
reservoir should wash out the neurons’ initial states at a rate that is independent of the inputs [50], [51]. On one hand, the
neurons in the reservoir should be dynamic enough to decrease the computation complexity of output weights. On the other
hand, too dynamic neurons may move the network to an unstable boundary. An optimized reservoir means that the neurons
have rich enough dynamics, and the fading memory should also be preserved. The basic representation of an ESN is shown in

Fig. 5.
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Fig. 5. The basic representation of Echo State Network.

If the dimension of the input signal is K, the neuron number in the reservoir is N, and the dimension of the output signal is L,
the external input signal u is a K-dimensional vector, the reservoir neuron activation signal X is an N-dimensional vector, and

the output signal y is an L-dimensional vector. At time step 7, the form of them are

u(n)=,(n),...,u,(n)", n=1,...,T
x(n)=(x,(n) ,..., XN(n))T, n=1,..,T (2
y(m)=(y,(n) ...,y (n)", n=1,..,T

Where 1 is the total data points in the training part. With the external input signal u , the time series prediction task aims

to find a model to minimize the error between the target signal y“*" and the output signal y . The error E(y,y™*") which is

represented by the Root Mean Square Error (RMSE) is given as

L

E(y,ytm)=%Z\/%Z<y,.<n>—yf”g“<n»2 G)

Where i €[1, L] is the output dimension. The W, € R™* W e R"" and W, e R represent the input weight

matrix, internal weight matrix, and feedback weight matrix respectively. The neurons’ states in the reservoir can be represented

in the time-continuous domain as
.1
X=—(-ax+ f(W,u+ Wx+W_y)) (4
c ;

Where ¢ is the global scaling factor for the temporal dynamics, & is the leaking rate of reservoir neurons, and f'(-) is a

nonlinear transformation, and the sigmoid functions (tanh and Fermi) are commonly used. The neurons’ behaviors are related

13



10

11

12

13

to the shape of the activation functions. During the selection of functions, a trade-off should be made between the dynamic

richness and the computing complexity based on the premise of differentiable and boundedness.

1
1+ exp(—x) (5)
tanh(x) = 2Fermi(2x) -1

Fermi(x) =

Based on the Euler method, the typical model of ESN in discretized time is given by

u(ts)+ Wx(t6)+ W ,y(t5)) (6

in

x((t+DHo)=( —a—§)x(t5) +éf(W
c c

Where O is the discrete step size. Using the notation X((z +1)0) = x(n +1), the model of ESN can be transferred into the

form

x(n+1)=(1- %5))((11) + gf(W u(n)+Wx(n)+W,y() (7

The output vector y is given by

y((t+1)d) = (W, [x((t+1)5);u(25)]) (8)

REXN+K)

Where g(-) is a nonlinear transformation, W, , € is the output weight matrix. In the Euler discretization, the

step size O should be small enough to ensure the accuracy and stability of the approximation. The Echo State Property (ESP)

is the essential feature of ESN which represents the reservoir working at a stable state, and the ESP can be designed as follows
{ |/1| (W)<1; for zero inputs
max (9)

|ﬂ (W)>1; for non-zero inputs

max

Where |/1|max (W) is the equivalent spectral radius of W in the leaky integrator neuron, and the W can be represented as

o

wo2wia-% (10)
C C

Where I is the identity matrix. Besides, the neuron in the reservoir in a single update step should less than its previous

excitation. So, all the neurons in the reservoir should under the rule of

=% 1 _qe<0 (11)
C

Where £ =0/ ¢ is the scale gain, then the model of ESN can be rewritten as
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X(n+1)=(A-ad)x(n)+ 5 f(W,u(n)+ Wx(n)+W,y(n) (12
Assuming I represents an ESN with the weights of W, , W, and W, , the leaking rate of &, and the scale gain of &,
then the updated model of ENS can be expressed as

L) =LA -ad)x(m)+ F(W,u(n) + (EW)Zx(n)+ W, y(n))
z £ z )

m

= é(l —a)x(n)+ f(W, u(n)+W éx(n) + W ,y(n))

In the updated ESN of I,a= la, W= EW . So I" has the same updated structure with I" except for the scaling factor

of 1/ £ . The property of the updated internal weight matrix W can be scaled by its spectral radius, and the updated output

vector ¥ can be presented as
- ~ 1
y(n+l) = g(W,, [Ex(nﬂ);u(n)]) (14)

It is identical to the form of Eq. (8). When & = f =1, the updated and previous models are the alternative structures.

Without loss of generality, the dynamic state in the reservoir can be expressed as

x(n+1) =1-a)x(n)+ f(W,u(n)+Wx(n)+ W ,y(n)) (15)

mn

Then the Wom can be calculated as

. 1 L 1 T targe
W,., =argmmz2 ;Z(y,-(n)—y,- ©(n))’ (16)

n=1
Linear regression is a common technology to learn the value of W_, .
_ _ target T T -1
W, =y X (xx +41) (a7
Where [ is the regularization parameter. The working principles of ESN can be divided into 4 steps and the
implementation procedure is shown in Table 3.
Step 1: Generate a reservoir and build up the ESN. The number of reservoir neurons N , spectral radius p of the internal

matrix W, and leaking rate & are determined. The input matrix W, and internal matrix W are respectively assigned.

mn
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Step 2: Run the ESN and collect the reservoir activation states. The appropriate activation functions of f(-) and g(-) are

selected, and the states of the neurons are initialized. The external input signal u is sent to the reservoir, and the neuron

activation signal X and its updated state are calculated by Eq. (7).

Step 3: Calculate the output matrix. The training part aims to compute the output matrix W_ by Eq. (16) and Eq. (17). In

target

the training dataset, the objective of the learning algorithm is minimizing the error between the target signal y the output

signal of the ESN y .

Step 4: The new output vector y is predicted. In the prediction dataset, the output weight matrix W, and the new input

t

vector U are used to calculate the new outputs y by Eq. (8).

Table 3. The implementation procedure of ESN.

Algorithm: working principle of ESN
Imput: u, y*=, 7', K, N, L, a, p, f,
W,. W, W;ba SO, g(),u

Output: W_ .y

Step1: Network initialization
W, €(-0.5,0.5), We (-05,05), W, =0,
ae(0,1), pe(0,1.5), N =400, x(0)=0
Step 2: Training based on historical input u
for n=1to 7, do
update x by Eq. (7)
collect the state of x by Eq. (7)
collect y by Eq. (8)
end
Step 3: Calculate W, , by Eq. (16) and Eq. (17)
Step 4: Prediction based on new input u
for n=T+1 to T+m, do
calculate the new output y by Eq. (8)
end

Performance evaluation (y vs. y“*")
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3.2 Implementation of the ESN
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Fig. 6. The iterative process of SI-ESN and DI-ESN.

Once the RPLR is extracted, the SI-ESN and DI-ESN both with an iterative prediction structure are used to evaluate the
RUL of the PEMFC systems [52]. It should be noted that the stack current is usually taken as a planned variable. This double-
input long-term prediction pattern is more applicable for applications where the stack current is schedulable or programmable,
such as the u-CHP application which load is related to the seasonal variations. For SI-ESN, the training part of RPLR can be

expressed as {(¢,,),),.-.,(£,,¥,)s--.,(t;, ¥, )}, where ¢, is the sampling time, y, is the RPLR at time 7, . The output matrix

W

out

of the reservoir is computed by the training part and the value of it stays the same after the training. With the one-step
ahead prediction structure, the multi-step ahead prediction is realized and the RPLR in the prediction part can be expressed as
{(tr1sVri)sees(ty V), where H is the number of predicted points. For DI-ESN, the historical RPLR
{(t,2),.,(,,,),..,(t;, ¥, )} and corresponding stack current {(¢,,z,),...,(¢,,2,),...,(¢;,Z; )} are regarded as the inputs,
and the predicted RPLR {(#,,,, V., )s---s(t;;,V;;)} is regarded as the output, where z, represents the stack current at the time
t, . Also based on the one-step ahead prediction structure, the predicted RPLR, and the new scheduled stack current

{(t;11527,1)s--5(ty 2, )} are used to be the inputs of DI-ESN in the prediction part. The iterative process of SI-ESN and DI-

ESN is shown in Fig. 6. The influences of stack current are marked in blue.

Where {I',[$]} represents the prediction of one-step ahead ESN and [$] represents the parameters in the ESN. And p is

the number of regressors, i.e., the quantity of previous data used for the prediction. In practice, the Prediction Horizon (PH) can

17



1

2

3

10

11

12

13

14

15

16

be used to evaluate the prediction ability, and it is defined as the time when the prediction is located in an allowable error
bound (& = 5%) around the true RUL. Besides the PH, the other three criteria are also adopted to estimate the prediction

performance: Root Mean Square Error (RMSE), Mean Average Percentage Error (MAPE), and the percentage error (%Erer).

RMSE = \/%Z (v, (m) =y "™ (n))* (18)

target
MAPE L [yim =y (n) (19)
H i=1 y,'(”)
act _ pre
Y%Er,, = kUl 100 (20)

RUL

Where y,(n) is the predicted signal, y;***(n) is the target signal, H is the data points in the prediction part, t UL is the

actual RUL, f4, is the prediction RUL. In the practical application, the training part is always calculated offline, and the

prediction part is implemented online. All the simulations are implemented in the Matlab 2018a version, and the calculating
time in the prediction part is less than 20 s. This execution time is rather short for the hundreds of hours of lifetime prediction.

The target statement of RUL and its prediction process is presented in Fig. 7.

n=nt1 | No
#RPLR P Yes
o Time T+
) Training stage Prediction stage.
= o .. ‘ o RUI. prediction
Building Training and [ S Perfo:nance
; e calculate Wy _ .
& evaluation
Parameter
measurements B
Y Predicting step Historical data Future data
n=T
¢RPLR N Yes
eCurrent —>Vry
o Time
n=n+1

Fig. 7. Target statement of RUL and its prediction process.

4. Experimental Results

4.1 Results of dynamic tests

In dynamic tests, the results of SI-ESN are first presented. Afterward, the DI-ESN is implemented and compared with the
SI-ESN. In terms of the Prediction Horizon (PH), a longer PH means that the prediction accuracy meets the requirement at an
early stage [53]. Besides, criteria of RMSE, MAPE, and %Errr are combined comprehensively to evaluate the prediction

performances. In general, a small value of them means better performance. It is worth noting that there are two cases in the
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RUL estimation: 1) underestimation (or early prediction) which means the predicted RUL is smaller than the actual RUL, 2)
overestimation (or late prediction) which means that the predicted RUL is larger than actual RUL. In practice, underestimation
is more meaningful and jeopardize less the operation of the system because it could warn the user to adjust the operating
condition or replace the PEMFC in advance and then to prevent an incident. To analyze the influence of stack current (I) on the
prediction effect, results of SI-ESN and DI-ESN with different training lengths are compared. All the predictions are
implemented at about half of the whole data because premature prediction may have the problem of insufficient training data.

The parameters (¢, o, and £ ) of ESN in these three tests are determined based on the sensibility analysis of them in section
4.2.

In Test-A, the RUL predictions with 60 %, 70 %, and 80 % of the whole data (382 h) for training are presented in Fig. 8.
They show that the DI-ESN (with stack current I) has better performance than SI-ESN (without stack current Is) especially
during the load cycling period (200 h-300 h). On one hand, the DI-ESN could track the variation tendency of RPLR (AP ) and
on the other hand, the dynamic effectiveness of stack current is also superimposed to the RPLR prediction. These superposition
effects are more pronounced in Fig. 8 (b) and Fig. 8 (d). In Table 4, the prediction results of Test-A with different training
lengths are given. With an increase of training length, the prediction error (%Errr, RMSE, and MAPE) has an overall
downward trend both for the SI-ESN and the DI-ESN. The prediction results of DI-ESN are more accurate than those of SI-
ESN as a whole. Nevertheless, two anomalies exist at 40 % and 50 % conditions from the view of RMSE and MAPE. Most
probably, the prediction cannot be accurate if the training data are not enough. The two disturbances caused by the increase of
TinHz at 40 h and 100 h may also affect the prediction results. When considering the %Err, the prediction RUL of DI-ESN is
closer to the actual RUL both at 40% and 50% conditions. The RUL predictions of SI-ESN and DI-ESN in the whole lifespan

of Test-A are shown in Fig. 9. The PH of SI-ESN is 117 h and the PH of DI-ESN is 157 h.
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Fig. 8. The RUL prediction of Test-A: (a) SI-ESN with 60% training, (b) DI-ESN with 60% training, (c) SI-ESN with 70% training, (d)

DI-ESN with 70% training, (¢) SI-ESN with 80% training, (f) DI-ESN with 80% training.

Table 4. Prediction results comparison of Test-A

" .. X
o O G
40 229 707 208.6 0.01869 0.57772
50 191 329 723 0.01067  0.24202
60 153 74 517 0.01867  0.26439
SI-ESN
70 115 133 -157  0.00576  0.10435
80 76 67 1.8 0.00429 0.06791
90 38 41 7.9 0.00360  0.05453
40 229 47 794 0.02755  1.67360
50 191 349 -82.7  0.04238  1.88170
DI-ESN 60 153 152 0.7  0.00650 0.11326
70 115 123 7.0 0.00411  0.06186
80 76 94 -17.8  0.00373  0.06184
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Fig. 9. The RUL results of SI-ESN and DI-ESN with 95% probability bounds in Test-A

In Test-B, the RUL predictions with 40 %, 60 %, and 80 % of the whole data (1000 h) for training are presented in Fig. 10.
Similar to Test-A, the DI-ESN has better performance than SI-ESN and the superposition effects of stack current (400 h-500 h,
and 600 h-800 h) are more pronounced in Fig. 10 (b) and Fig. 10 (d). The prediction results of Test-B with different training
lengths are shown in Table 5. The overall prediction performance of DI-ESN is better than SI-ESN. No matter for the SI-ESN
or DI-ESN, the %Errr, RMSE, and MAPE have a decreasing tendency with the increase of training length. Similar to Test-A,
two anomaly stages exist also at 40 % and 70 % conditions from the view of RMSE and MAPE. The limiting data and the
disturbance caused by the Ti,H, may affect the prediction result. This phenomenon weakened when more data are added to the
training part (from 60%). The RUL predictions of SI-ESN and DI-ESN in the whole lifespan of Test-B are shown in Fig. 11.
The PH of SI-ESN is 150 h and the PH of D-ESN is 250 h. The results of Test-B also show that the system dynamic has a
crucial effect on the prediction performance. In Fig. 11, an abnormal region exists both in SI-ESN (R1) and DI-ESN (R2) due
to the cycling condition from 500 h to 800 h. This cycling condition would deteriorate the prediction results and increase the
error. The abnormal region R1 of DI-ESN is smaller than the abnormal region R2 of SI-ESN. It means that the DI-ESN has

stronger robustness in the dynamic load condition.

In Test-C, the RUL predictions with 50 %, 65 %, and 75 % of the whole data (405 h) for training are presented in Fig. 12.
The superposition effects of stack current are more pronounced in Fig. 12 (b) and Fig. 12 (d). The prediction results of Test-C
with different training lengths are shown In Table 6. The RUL predictions of SI-ESN and DI-ESN in the whole lifespan of
Test-B are shown in Fig. 13. The results of Test-C are similar to Test-A and Test-B. They also prove that the DI-ESN structure
performs better than SI-ESN. The PH of SI-ESN is 33 h and the PH of DI-ESN is 63 h. These three dynamic tests also show
that the evaluation error is large at the BoL because of a lack of training data. This phenomenon is validated between 40% -
60% training length both in SI-ESN and DI-ESN structure. With the increasing of training data, the magnitude of the error

decreases as the prediction time gets closer to EoL.
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Fig. 10. The RUL prediction of Test-B: (a) SI-ESN with 40% training, (b) DI-ESN with 40% training, (c) SI-ESN with 60% training, (d)

DI-ESN with 60% training, (¢) SI-ESN with 80% training, (f) DI-ESN with 80% training.

Table 5. Prediction results comparison of Test-B

T
40 600 468 22.0 0.01331  0.12065
50 500 497 0.6 0.00879  0.09849
60 400 174 56.5 0.02819  0.19113
SIESN 70 300 110 63.3 0.02422  0.18926
80 200 122 39.0 0.01244  0.10711
90 100 90 10.0 0.00885  0.05098
40 600 390 35.0 0.02065  0.14497
50 500 438 124 0.00788  0.07125
DI-ESN 60 400 342 14.5 0.00810  0.06666
70 300 215 28.3 0.01197 0.10634
80 200 138 9.0 0.00631  0.03575
90 100 40 0.0 0.00440  0.02720

22



N

1000 < : : :

Real RUL
+a accuracy
800 -a accuracy i
—-Predicted RUL{without Is)
~ —6— Predicted RUI(with Is)
= 600 NG 1
= DA N PH=250 h
51 VAR N - >
< R1
& 400 o - PH=T50h
‘*‘ W;T z; . - >
200 - ro—% | |[f jﬁé\\s ]
* %%\*\
0 1 L L L -
0 200 400 600 800 1000

Time (h)
Fig. 11. The RUL results of SI-ESN and DI-ESN with 95% probability bounds in Test-B

-0.05 1 1 -0.05
NI AN
o, o,
= -0.1 s -0.1
g A
-0.15 — -0.15 Training signal
vivramllng_f, 51g111a1 Target signal
arget signal Prediction sienal
-0.2 Prediction signal 02 receen siend
100 200 300 400 50 100 150 200 250 300 350 400
Time (h) Time (h)
() (®)
-0.05 -0.05 ]
. - —
= -0.1 = -0.1
3 8
-0.15 — -0.15 T
Training signal Training signal
Target signal Target signal
-0.2 Prediction signal | | -0.2 Prediction signal [~
100 200 300 400 100 200 300 400
Time (h) Time (h)
(c) (d)
-0.05 | W 1 -00s]
o,
5 0.1 S 0.1
g 5
= a)
015 Training signal ] 013 Training signal
Target signal Target signal
-0.2 Prediction signal | 7 -0.2 Prediction signal |
50 100 150 200 250 300 350 400 100 200 300 400
Time (h) Time (h)
(e) ®

Fig. 12. The RUL prediction of Test-C: (a) SI-ESN with 50% training, (b) DI-ESN with 50% training, (c) SI-ESN with 65% training, (d)

DI-ESN with 65% training, (¢) SI-ESN with 75% training, (f) DI-ESN with 75% training.
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Table 6. Prediction results comparison of Test-C

ESN Training Actual Prediction  %Erer
type length (%) RUL (h) RUL (h) (%) RMSE MAPE
30 283.5 116.5 58.9 0.13765  0.54349
40 243 127 47.7 0.03882  0.27855
50 202.5 99.5 50.9 0.03396  0.26779
SI-ESN
60 162 83 48.8 0.02254  0.20479
70 121.5 75 38.7 0.01407  0.15470
80 81 84 -3.7 0.00165  0.02045
30 283.5 255 10.2 0.01100  0.26457
40 243 183 24.7 0.00953  0.08614
DI-ESN 50 202.5 139 31.6 0.01199  0.11355
60 162 114 29.6 0.00937  0.09378
70 121.5 82 329 0.00976  0.11173
80 81 83 -2.5 0.00182  0.02273
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Fig. 13. The RUL results of SI-ESN and DI-ESN with 95% probability bounds in Test-C

4.2 Sensibility analysis of parameters

In industrial applications, parameter design is one of the bottlenecks of ESN’s implementation and the sensibility analysis

is the basis of parameter design. There are three kinds of parameters in ESN: assigned parameters ( W,

W’ Wfb > K: L)’

n

adjustable parameters (N, p, a, f), and calculated parameter (W, ) [35]. Determining these parameters reasonably is

ut
significant to improve the dynamic performance of the reservoir, and a detailed parameter manually setting guide is presented

in [54]. In general, the number of input K and output L is determined by the requirement of the user. The input weight matrix

W, , internal weight matrix W, and feedback weight matrix W, are generated randomly (e.g., Gaussian distributions) and

regarded to be fixed once they are assigned. In fact, the dynamic characteristics of ESN have slight differences when using
different generation methods, and these assigned weight matrixes are optimized in [55]. A larger value of reservoir neurons N is

better for finding the linear combination between the input and output signals. The number of N would increase with the task’s
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complexity, and using a reservoir containing more than 10* neurons is a common phenomenon. The spectral radius o is the

maximal absolute eigenvalue of the W , and it is always less than 1 to ensure the Echo State Property (ESP) for the zero-input
case. Enough evidence also proves that smaller than 1 is not the necessary condition of ESP especially for the nonzero input

and the reservoir could also have better properties when extending the value of p . The leaking rate ¢ indicates the dynamic

performance of the reservoir, and the echo property becomes more important when the & becomes less important. In other
words, a small value of & represents that the value of the current step has a great influence on the next step. The parameters of

N, p, and o are analyzed in [56]. Nevertheless, the inputs of ESN are the Relative Power-loss Rate (RPLR) and scheduled

stack current (Is) in the PEMFC lifespan prediction task, and the p ( p €(0,1)) is better to be expended to a larger range

(o €(0,1.5)). The training part aims to calculate the output weight matrix W,

out >

and the regularization parameter  has an
important direct effect on the calculation result. Compared with the N, analyzing the £ has a greater practical significance for
the prediction results. So the leaking rate & (& € (0,1)), spectral radius p ( p € (0,1.5)), and regularization parameter
B (S e(8x107,8x107") ) are selected as the key parameters in this RUL prediction task.

The objectives of parameter analysis are the quantification of the impact of the parameters on the model output and

studying the interactions among the parameters. Analysis of Variance (ANOVA) is a collection of statistical models and

procedures to compare the effects of different variables [57]. The ANOV A-representation of integrable function f(x) in the

g-dimensional space (17) is shown as

S =L+ S L Gy,

s=1 1<ij<-<i <q (21)

= Lot 2 LG+ 2 fy@nx) e fo, (5,

I<i< j<q

Where X are the input variables, f(x) are the output variables, and 1 <i<---< j < g . The premise of Eq. (21) is shown

as

(22)

s

[0 G enax Y, =0 for k=i

Indeed, the members in Eq. (21) are orthogonal and the form of them can be expressed as
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[ F(xn)dx = £,
[reo[Tdx, = fi+ £i(x) (23)

k#i

[FOTT dx, = £+ £+ 1, )+ £ (50 %))

k#i,j

The detailed description of ANOVA is shown in [58]. The Root Mean Square Error (RMSE) is used to estimate the
prediction performance. A smaller RMSE indicates that the prediction has a preferable performance. The process of parameters

sensibility analysis is as follows:

Stepl: the data of Test-A and the SI-ESN structure are chosen as the specimen of parameter analysis, and 60% are used for
training and 40% are used for prediction.

Step2: setting the key parameters (o, p, [ ) by the trial-and-error method, then the ANOVA analysis is used to compute
the effects and the contributions of these parameters on the prediction results.

Step3: based on the results of ANOVA analysis, the parameters of different training length of Test-A and the parameters in

the other two tests (Test-A and Test-B) with different training structures can also be determined.

The parameters are divided into three different levels in step2: leaking rate & (0.3 for low level, 0.6 for middle level, and
0.9 for high level), spectral radius p (0.5 for low level, 1.0 for middle level, and 1.5 for high level), and regularization
parameter £ (8x1073 for low level, 8x10-% for middle level, and 8x10°! for high level). Each experience is the result of a single

simulation of a specific combination of parameters. There are thus 3°=27 experiment results. In Test-A, the results of different

combinations are shown in Table 7 and the influence of different parameters is shown in Table §.

Table 7. Prediction results of different combinations

Parameters RMSE Parameters RMSE Parameters RMSE
alow + plow + ﬂlow 000688 amid + plow + ﬂlow 000899 ahig + plow + ﬂlow 001000

Aot Pont Bra 001001 @ +p +p. 001098 a, +p, +B, 001053
Qs+ Pow* B 000747 @+ po + B 000770 @, +p, B, 0.00829
Aot Poia + B 000518 @t p+p 000525 @, + Pt B,  0.00559
Aot Poia + By 000691 @ tp B 000539 @, + P+ B, 000498
Qi+ Poia + By 000616 @, 4+ B 0.00749 oy + P+ B, 0.00623
Qs+ Puig+ By 001782 @+ P+ B, 0.04008 @, +p, +f,, — 006222
Qs+ Puig + B 001017 @+ p+ B, 0.00950 @, +p, +f,, 000835
Qs+ Prg * B 001136 @+ P+ By 000509 @, +p, B, 0.00752

Table 8. Influence of different parameters
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Parameters Influence (%)

Leaking rate o 2.59
Spectral radius p 22.28
Regularization S 15.54
Interaction « * p 4.15
Interaction o * 3 7.51
Interaction p* 35.75

Error 12.18
Total 100

Results represent that setting the leaking rate « at a high level, the spectral radius o at a middle level, and the

regularization parameter at a middle level could lead to a minimum RMSE (0.00498). They also show that the spectral radius

p is the most influential in these three key factors with a contribution equal to 22.28% of the total variance. The effect of the
regularization parameter £ is the second most significant factor with a contribution equal to 15.54%. Any two of the three

parameters have different interaction values. The most influential interaction parameters for this task are the spectral radius
p and regularization parameter f with a contribution of 35.75%. Regarding the best combination in Table 7 as a benchmark
could improve the adjusting efficiency of these three parameters in Test-B and Test-C. The key parameters in Test-A and Test-

B are shown in Table 9. Thanks to the ANOVA analysis, influences of different parameters and their interactions are

evaluated. And the trial-and-error research space of the parameters is reduced at the same time.

Table 9. Parameter levels and the typical values in different tests

Leaking rate Spectral radius p Regularization parameter [
Low 0-0.3 0-0.5 <8x1073
Middle 0.3-0.6 0.5-1.0 8x103-8x1072
High 0.6-0.9 1.0-1.5 8x102-8x107!
Test-B 0.9 0.7 8x1072
Test-C 0.9 0.6 8x107

5. Conclusion

As a promising eco-friendly power converter device, the PEMFC stack suffers from a limited lifespan because of the
degradation mechanisms. Based on the sufficient historical operating data, the data-driven prognostic methods could predict the
degradation tendency without the PEMFC system behavior models. Then some actions, such as adjusting the fuel’s supplying
rate, changing the cooling temperature, and improving the control efficiency can be taken to extend the service life of the
PEMFC systems. A dynamic health indicator named RPLR is proposed in this paper based on the polarization curve at the BoL
and the parameters’ continuous measurement. This dynamic health indicator can be used in practice due to its convenient
extraction. The load current could reflect the system’s dynamic and combining it with the RPLR could increase the dynamic

property of ESN. Therefore, DI-ESN is proposed to enhance the prediction performance of lifespan under dynamic operating
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conditions. In the prediction process, the output RPLR inherits historical data degradation tendency. Meanwhile, it takes into
consideration the dynamics of stack current. The feasibility and effectiveness of the proposed dynamic health indicator and the
improved multiple-input ESN structure are verified under three dynamic operating conditions. Different long-term prediction
results with changing training length are carried out and compared. Results show that the RPLR is an efficient dynamic health
indicator, and the ESN with double inputs could imitate the degradation properties more sufficiently and improve the prediction
precision under the dynamic operating conditions. In general, the value of %Errr, RMSE, and MAPE of DI-ESN are smaller
than those of SI-ESN. The prediction horizon of DI-ESN is longer than that of SI-ESN in each dynamic test, and thus more
time is given to the user to anticipate maintenance actions before failure. Besides, the effects and the contributions of the

various parameters (leaking rate «, spectral radius p , regularization parameter [ ) are analyzed based on the ANOVA and

multiple comparisons. In the next-step study, the prognostics method able to characterize the multi-time scale degradation of

the PEMFC systems under various operating conditions will be investigated.
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