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Abstract: The increasingly serious environmental pollution and the shortage of social energy
have promoted the rapid development of fuel cell vehicles. The major factor which limits the
commercialization of fuel cell vehicles is durability. Accurately estimating the state and parameters
of a fuel cell is critical to extending the life of the fuel cell. To address this challenge, we extended
a proton exchange membrane fuel cell (PEMFC) lumped parameter model and incorporated new
algorithms that are essential to estimate the health of the fuel cell in a range-extended fuel cell car.
The unscented Kalman filter (UKF) algorithm has been used to estimate the ohmic internal resistance
of the fuel cell in real time. By using the unscented transformation (UT) method, the linearization of
the nonlinear state equation is avoided, and the filtering accuracy is improved without increasing
the complexity of the system. By comparing simulation and experimental results, the feasibility
and accuracy of the algorithm in this paper are further verified. This method has high estimation
accuracy and is suitable for an embedded system. The research of this method is an important basis
for improving the control strategy of fuel cell vehicles. Reasonable use of fuel cells can extend battery
life, and this method is of great significance to the commercialization of fuel cell vehicles.

Keywords: proton exchange membrane fuel cell; lumped parameter model; unscented Kalman
filtering; unscented transformation; ohm internal resistance; performance degradation

1. Introduction

With the increasing consumption of energy in the world, the associated environmental problems
have become more and more serious. In order to solve the problem of energy shortage and
environmental pollution, new energy vehicles have gradually taken center stage. The fuel cell
vehicles use clean energy, which can achieve pollution-free operation and zero emissions. Meanwhile,
fuel cell vehicles have longer driving distance and higher power density and are more powerful
than their all-electric competitors. This means fuel cell vehicles have very broad development and
application prospects in transportation. Proton exchange membrane fuel cell (PEMFC) is one of
the most promising new power generation devices [1]. Due to its characteristics of environmental
friendliness and abundant resources, it has been widely used in transportation and other fields [2,3].
However, the two most important factors limiting the commercialization of fuel cell vehicles are
price and durability, which directly determine the competitiveness of future products. Therefore,
the accurate estimation of fuel cell health is very important for the rational use of fuel cells.

At present, there are many ways to estimate fuel cell state of health. Particle filtering [4] is a method
based on Monte Carlo simulation, which is similar to the Bayesian filtering method. This method
is not limited by system models and noise. Particle sets can achieve recursive propagation through
the Bayesian criterion. This method can combine the unobservable state with the physical model,
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and can consider the uncertainty related to the prediction [5,6], but does not consider the variable
load conditions. The degradation mechanism model fully considers the three most important aging
phenomena during the operation of proton exchange membrane fuel cells: ohmic loss, reactivity loss
and mass transfer loss of reactants [7,8]. By solving the implicit Butler—Volmer equation, the activation
loss value under different load curves can be accurately obtained, which is robust and reliable. However,
the degradation mechanism model needs to consider the internal physical and chemical characteristics
of the fuel cell, so it is difficult to establish an accurate aging mechanism model [9]. ESN [10] is a new
type of recursive neural network, which consists of an input layer, a reserve pool and an output layer.
The reserve pool is a sparse network with multiple neurons [11]. The disadvantage of this method is
that too many parameters are difficult to adjust and filtered data must be used [12]. Transfinite learning
machine [13] is a new single hidden layer feedforward neural network (SLEN). The connection weights
between the input layer and the hidden layer and the thresholds of the hidden layer neurons are
randomly generated [14], and no iteration is required during the training process; the learning efficiency
is high, and the generalization performance is strong [15]. The data-driven method is to obtain a large
amount of offline battery data by charging and discharging the battery and establishing a model in
which the battery voltage, current, temperature and other data have a mapping relationship with the
battery. This method does not need to consider the characteristics and details of the internal chemical
reaction of the battery [16,17]. Relevance vector machine [18] can provide probabilistic forecast results
and can realize parameters automatically set and artificial selection of kernel function. Its high sparsity
can effectively reduce the amount of calculation. A non-nuclear list of extension design matrix can
be obtained from the fuel cell degradation data linear and nonlinear characteristics [19]. The neural
network method can estimate the battery parameters. This method has a strong dependence on the data
set, and the algorithm’s antidisturbance ability is insufficient [20]. The Gaussian process state-space
model [21] can obtain the uncertainty by estimating the distribution, thereby obtaining the accuracy of
the inference. This method is only used under the condition of constant current fuel cell data and does
not consider the change of internal parameters [22]. The above methods of estimating the health status
of the fuel cell each have their own advantages and disadvantages, and a researcher can choose the
appropriate method according to their actual situation.

In this paper, a proton exchange membrane fuel cell model is established, and the unscented
Kalman filter (UKF) algorithm is used to estimate the ohmic resistance of the cell. The results of the
study show that the ohmic resistance of the fuel cell slowly increases during use, and the sharp increase
or decrease of the current will cause the ohmic resistance to increase rapidly, so this method provides
an important basis for the rational use of fuel cells. Figure 1 shows the research content of this article.
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2. Materials and Methods

2.1. Fuel Cell Model

The fuel cell model can accurately describe the internal operating characteristics of the cell [23],
and the lumped parameter model is not affected by the space. This article will establish a lumped
parameter model of a PEMFC. In order to simplify the working process of fuel cells, it is necessary
to make assumptions about the working process of fuel cells: (1) the internal temperature of the
battery is uniform and maintained at 348.15 K; (2) the internal humidity of the battery is even,
and the humidification degree is always 100%; (3) the reaction gas inside the battery is an ideal gas,
which conforms to the law of ideal gas; (4) regardless of the differences between the individual cells of
the model, the model is a one-dimensional lumped parameter model. Figure 2 is the working principle
diagram of the fuel cell.
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Figure 2. Working principle diagram of proton exchange membrane fuel cell (PEMFC).

Platinum catalyst

During the use of the fuel cell, electrons will accumulate on the battery surface and ions will
accumulate on the electrolyte surface, so that there will be a voltage between them, which is equivalent
to an equivalent capacitance C (F) [24]; this paper takes 3F. Figure 3 is the working principle diagram
of the fuel cell [25].
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Figure 3. Equivalent circuit model of PEMFC.

The irreversible loss of the battery called the polarization overpotential is mainly caused by the
activated polarization, the ohmic polarization and the concentration polarization [26].
The output voltage of proton exchange membrane fuel cell is determined as follows [27]:

Vel = ENernst — Nact — 11Q — Ncon 1)

where Enperst is the thermodynamic electromotive force, a simplified expression of which can be
obtained from the equation of hydrogen and oxygen fuel cell [28]:

Enenst=1.229 =85 107 x (T-298.15)+4.308 x 10> x T x (In pgy, + 1/2In po,) )

where T is the working temperature of PEMFC, pyy, is the partial pressure of hydrogen and po, is the
partial pressure of oxygen.

Here, 1, is the activation overvoltage, which is used to activate the electrochemical reaction,
and is caused by the polarization of the battery. The empirical model can be obtained from the
literature [29]:

Mt = &1+ &7 + &1n(Co, ) + E4TIni 3)

where &1, &, &3 and &4 are empirical values related to kinetics, thermodynamics and electrochemistry.
Generally applicable values are selected in this paper [30]: £&; = —0.9514, &, = 0.0312, £3 = 7.4 X 1072
and &4 = 1.87 x 1074, i is the fuel cell current (A) and Co, is the oxygen concentration at the cathode
gas interface (mol/cm?) and is expressed as follows:

— pO2
2™ 5.08 % 106 exp(—498/T)

Co @)
where 7 is ohmic overvoltage, which is generated by the impedance received during the movement
of protons in electrolyte and electrons in electrode [31]. Ohmic overvoltage conforms to Ohm’s law,

and its expression is
Na = iRopm = i(Rm + RC) &)

where R, is the ohmic internal resistance of the fuel cell, R, is the impedance that obstructs the
passage of electrons through the membrane and Ry, is the impedance of the proton exchange membrane
and is expressed as follows [32]:

vl
Ry = & 6)

where [ is the thickness of the membrane (cm), A is the area of the membrane (cm?) and ry; is the
resistivity of the proton exchange membrane.
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Here, 11c0n is concentration difference overvoltage, which is the concentration difference overvoltage
caused by insufficient supply of reaction gas in the condition of high current density, and its expression
is as follows:

Neon = —B ln(l - I ) (7)

max

where B is constant and is related to the working state of the battery, | is the actual current density of
the battery (A/em?) and Jmay is the maximum current density of the battery and has a value of 2 AJem?
according to the vehicle parameters.

The dynamic characteristics of electrochemical reaction and reactant transport in the stack have
the greatest influence on the output dynamic characteristics of the fuel cell. The total output voltage of
PEMEC can be expressed as

Vo =E~=Vact — Veon — Rohml (8)

The fuel cell current I, hydrogen partial pressure py, and oxygen partial pressure po, of the fuel
cell are selected as input variables, and the output voltage V) of the fuel cell is selected as the output
variable. The fuel cell parameter values are shown in Table 1.

Table 1. The fuel cell parameter values.

Parameter Value Unit
T 348.15 K
C 3 F
&1 -0.9514 /
&2 0.0312 /
& 74x107° /
&y 1.87 x 107 /
A 232 cm?
Jmax 2 AJcm?

2.2. Unscented Kalman Filter Algorithm to Estimate the Fuel Cell State

2.2.1. Model Discretization

Unscented Kalman filter is a nonlinear filtering method. Instead of linearizing nonlinear functions,
the Kalman linear filtering framework is used. This framework chooses nearby sampling points and
then uses the Gaussian density approximation of these sampling points to approximate the probability
density function instead of approximating the nonlinear function [33]. Therefore, this method has high
computational accuracy for the statistics of nonlinear distribution, and it can solve the problem of low
estimation accuracy and poor stability of the extended Kalman filter algorithm.

The PEMFC model can be obtained by discretization [34]:

[ U o ] _ [ exp(=T/1, /c) 0 ][ Uy ] | nltmeecTma ] L
Rohm,k+l 0 1 Rohm,k 0
U = Ex — Uy — Uy — ixRo + v (10)

where i is the current value control variable; Uy is the voltage value of the fuel cell terminal, which is
an observed variable; Ey, is the ideal open circuit electromotive force; Rp is the theoretical internal
resistance at the current moment; k is the acquisition time; wy, is the system noise; Q is the covariance;
and vy, is the observation noise, and its covariance is R.
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The coefficient matrix of the state-space model is

A:

exp(=T/ry/c) 0 B— rl[l—exp(—T/rl/c)]
0 1 0

Based on this model, this paper uses the unscented Kalman filter method to estimate the ohmic
internal resistance of the fuel cell.

2.2.2. Unscented Kalman Filter Estimates the Ohmic Internal Resistance of Fuel Cells

The difference between the UKF method and EKF method is that the nonlinear equation is not
linearized at the estimated point. Instead, sigma point set is obtained by UT transformation [35],
and the corresponding weight is calculated to calculate the statistical characteristics of the nonlinear
function. The specific steps to estimate the ohmic internal resistance of the fuel cell using UKF are
as follows:

(1) Calculate sigma points, and the number of sampling points is 2n+1:
X0 =X+ ({(n+)P),i=1~n (11)

where n represents the dimension of state, the X represents the average value of the input variable
X and the ( (n+ /\)P)i represents the i column of the matrix.

(2) Calculate the weight of sigma points:

n+A
w0 = 24y + (1-a? + ) (12)
C()m(l == (i)C(l) - Z(H/}Q—A)’l - 1 —27’1

where A represents the scaling parameter, which can reduce the prediction error, and its expression

is A = a?(n + k) — n; m represents the average; c represents the covariance; a represents sigma

point deviation from the value of the estimated state, called the scale factor, and is in the typical

range of 1074< a< 1; B represents a point distribution related to sigma, when the sigma point

integration is in Gaussian distribution, where § = 2 is usually selected as the best estimation result;

and « represents the adjustment factor, ensuring that (n + A)P is a semipositive definite matrix.
(3) One-step prediction of sigma point set:

XO(k+1lk) = flk, XD (kk)],i = 1,2, , 20 +1 (13)

(4) Calculate a prediction and covariance matrix of the system state quantity. Traditional Kalman
filtering is to bring the state into the state equation at the last moment and calculate the state
prediction only once. Unlike traditional Kalman filtering, the UKF uses a sigma point set of
prediction, calculating the weighted average of the sigma point set and obtaining a one-step
prediction of the system state:

Rk + 11k) Za) D (k + 11k (14)

P(k+ 1Jk) Za} &+ 1) = XO (k4 10) [[R (k4 16) - X0k +10)] +Q  (15)
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(5) A new set of sigma points is obtained by using the unmarked transformation again on the
predicted value of the above step:

X(k+ 1)
(k+1k) + (n+ A)P(k + 1]k) (16)
(k+1lk) = y/(n+ A)P(k + 1]k)

X0 (k+1k) =

X
X
(6) Bring the new sigma point set into the observation equation and get a prediction of the observation:

ZO(k + 1l) = 1[XW (k + 1Jk) (17)

(7)  Obtain the predicted value and covariance matrix of the observational measurement by one-step
weighted summation:

— 2n . .
Zk+1k) = Y 0VZ® (k+1]k)
i=0
2n X . — . —
Pz,z, = ‘;Ow(l)[z(l)(k+1|k) —Zrk+ 1k][Z0(k+10k) - Z+k + 1|k]T+R (18)

2 . . — . —
Px.z, = ;;"Ow@[x(l) (k+10k) = Z(k+ 150)][26) (k+ 1) = Z(k + 116)]

(8) Calculate the Kalman gain matrix:
K(k+1lk) = Px,7,Pz7,z7,~" (19)

(9) Calculate the status update and covariance update of the system:

A

Xk+1k+1) =

(k+1k) + K(k +1)[Z(k +1) - Z(k + 1)) (20)
P(k+1k+1) =

P(k+1lk) - K(k+1)Pz, 7 KT (k+ 1)

The steps of UKF algorithm are shown above. It can be found that this method does not need to
do Taylor expansion, does not increase the calculation amount and does not need to approximate the
first order of n, which improves the accuracy and is a better estimation method.

3. Results

In order to verify the accuracy of the above algorithms in estimating the state of the fuel cell,
the fuel cell test system shown in Figure 4 is used in this paper, which is mainly composed of the fuel
cell battery, the gas supply subsystem, the humidification subsystem, the auxiliary heat dissipation
subsystem, the energy management subsystem and the data acquisition and control subsystem. The fuel
cell data were substituted into the MATLAB program prepared by the UKF algorithm. The current
resolution of the test bench is 0.01 A, the voltage accuracy is 0.1% FS+5 dgt, the voltage resolution is
0.01 V, the ambient temperature is —10-40 °C, the power range is 30-60 kW, the cooling water inlet
temperature is 7 °C, the return water temperature is 12 °C, the cooling water inlet pressure is controlled
at 3—4 barg, the backwater pressure is 2-3 barg and the water flow rate is 20,000 kg/h. In addition, it has
functions such as an emergency stop switch machine three-color operation status indicator and a sound
alarm. The rated power of the fuel cell is 30 kW, which is the same as the working process hypothesis
of the fuel cell model. The internal temperature of the battery is constant at 348.15 K, and the internal
humidity of the battery is constant at 100%.
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Figure 4. Test equipment.

The loading dynamic response is shown in Figure 5. Figure 6 illustrates the fuel cell ohmic
resistance in between 0.01 ~ 0.02 Q2. When the current changes sharply, the internal water management
and thermal management problems of the fuel cell cause a large change in internal resistance. It can
be found from Figure 6 that during the entire operation of the fuel cell, the ohmic internal resistance
gradually increases and eventually stabilizes at 0.02 (). Table 2 shows the rate of change of the ohmic
resistance of the fuel cell, takes a fuel cell ohmic resistance value every 100 seconds, a total of 10 points,
and then calculates the resistance change rate at these 10 points. It can be found from the table that
between 100 and 200 s, the ohmic resistance changes from 0.01043 to 0.01576 (), and the rate of change
is 0.005322%. In the same way, at approximately 500 s, the maximum resistance is 0.01789 (), and the
rate of change reaches 0.044%. The largest change rate corresponds to the stage with the largest current
fluctuation of the input working conditions. It shows that UKF has a high estimation accuracy and the
algorithm is effective and feasible.
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Figure 6. Ohm internal resistance.



Energies 2020, 13, 6425 90of 13

Table 2. The rate of change of the ohmic resistance.

Time/s Resistance/() Rate of Change/%

100 0.010434 0.000434
200 0.015756 0.005322
300 0.012132 —0.003626
400 0.016625 0.004493
500 0.017892 0.001267
600 0.013458 —0.004434
700 0.014715 0.001257
800 0.014107 —0.000608
900 0.016636 0.002529
1000 0.020643 0.004006

There are many reasons for the changes in the internal resistance of the fuel cell, such as the
damage of the proton exchange membrane, the corrosion of the surface of the metal plate and the
contamination of the surface of the carbon paper. The specifics need to be further studied.

Proton exchange membrane fuel cells are electrochemical products, and it is difficult to directly
obtain the ohmic resistance of the battery. This article uses reverse thinking to verify it. After obtaining
the ohmic resistance of the battery, we combine the circuit principle formula and working current data
to estimate the battery’s ohmic resistance. Then, we compare the terminal voltage obtained by inverse
estimation of the estimated value with the test value. The smaller the error, the higher the estimation
accuracy of this method. By comparing the test data of the fuel cell voltage and the estimated data of
the algorithm, as shown in Figure 7, it can be discovered that the actual value of the fuel cell voltage
differs little from the estimated value and the fluctuation is small, indicating that the estimated value
of the algorithm is consistent with the actual situation. As can be seen from the error image shown
in Figure 8, the error fluctuates within 2%, and the error is very small. There is no big fluctuation in
the operation process. The error fluctuates greatly only in the three places where the current changes
greatly, and the overall fluctuation range does not exceed —5%-5%, indicating that UKF has high
accuracy in estimating the state of the fuel cell and that it has good robustness and accuracy.

350
—— Estimated

300 - - - Measured

230

200

FC Voltage (V)

150

100

50

. L L . I . 1
0 200 400 600 800 1000

Time (s)

Figure 7. Comparison of the estimated voltage and the test voltage.
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Figure 8. Error between estimated voltage and test voltage.

With the extensive application of PEMFC systems in large power fields such as buses, trams and
automobiles, improving the life of fuel cell systems is an important issue. At present, the vast majority
of life prediction methods are still in the experimental test stage, and the realization of online life
prediction methods has not yet made a substantial breakthrough. Therefore, the study of fuel cell
system online prediction method is the next research work. In addition, the prediction of the PEMFC
system is mainly completed under constant operating conditions. The ohmic resistance is usually used
as a health indicator to reflect the degradation degree of the fuel cell system. However, under high
dynamic conditions, a single ohmic resistance does not indicate the degree of aging. Therefore,
the development and verification of fuel cell aging indicators under dynamic conditions is the basis for
realizing dynamic process life prediction methods and has very important research value.

4. Conclusions

Accurate estimation of fuel cell health is very important for the rational use of fuel cells. This paper
studies the estimation of the health status of fuel cells. Taking ohmic internal resistance as the research
object, and establishing a PEMFC lumped parameter model, the principle of UKF and the specific steps
of estimating the health of the battery are introduced. According to the dynamic input conditions, the
UKEF algorithm is used to estimate the ohmic internal resistance. It is found that the resistance of the
fuel cell gradually increases during operation. When the working conditions change sharply, the ohmic
internal resistance also fluctuates sharply. Therefore, during the use of the fuel cell, frequent starting
and stopping should be avoided to extend the durability of the fuel cell. Finally, through verification
and comparison, it is found that the test result and the estimated result are close to the operating
conditions, and the error between the two is within 2%. It can be explained that the algorithm is
suitable for variable working conditions. The estimation results have high accuracy and fast speed,
and it can reflect the internal changes in the working process of the fuel cell. The algorithm avoids
the complexity and low accuracy of the traditional Kalman filter algorithm and proves that the UKF
has good practicability. This method provides an important basis for fuel cell stack life prediction,
and is conducive to the optimization of fuel cell vehicle operating parameters and control strategies,
prolongs battery life and promotes fuel cell vehicle commercialization.
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Nomenclature

C Equivalent capacitance, F

T Working temperature of PEMFC, K
PH, The partial pressure of hydrogen, bar
Po, The partial pressure of hydrogen, bar

ENernst Thermodynamic electromotive force, V

Nact The activation overvoltage, V

e The ohmic overvoltage, V

MNeon The concentration difference overvoltage, V

i The fuel cell current, A

Co, The oxygen concentration, mol/cm?3

R The activated internal resistance, ()

Ry The impedance of PEMFC, ()

Ronm The ohmic internal resistance, ()

I The thickness of the membrane, cm

A The area of the membrane, cm?

™ The resistivity of the proton exchange membrane, /

J The actual current density, A/cm?

Jimax The maximum current density, AJem?

k The acquisition time, s

Uy The observation noise, /

Wi The system noise, /

Q The covariance, /
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