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Abstract

Improper internal states in proton exchange membrane fuel cells (PEMFCs), such as in-
sufficient reactant concentration, lower membrane water content, and excessive liquid
water, will lead to significant reductions in durability and reliability, which is a bottleneck
restricting the large-scale commercial application of the PEMFC system. Closed-loop man-
agement with internal state feedback is regarded as a promising strategy for prolonging
its lifespan and enhancing its reliability. The key issue for the closed-loop management
strategy is how to estimate the internal operating state of the PEMFC stack accurately and
quickly. Consequently, an estimation method of stack internal operating states based on
the medium frequency impedance phase angle measurement, which has the characteristics
of short acquisition time, small measurement error, and high resolution, is proposed in this
paper. The sensitivity, monotonicity, correlation analysis in the steady state, and response
characteristics analysis in the dynamic state show that the proposed method is effective,
competent, and qualified for internal state estimation. Then, the estimated internal state
is applied to the system’s closed-loop management as feedback. The experiment results
show that the PEMFC can be maintained at the expected state and that improper states will
be avoided. The proposed estimation technology will significantly facilitate the system’s
closed-loop management, thereby enhancing the reliability and durability of PEMFCs.

Keywords: proton exchange membrane fuel cell; fuel cell system; internal state estimation;
electrochemical impedance spectroscopy; impedance phase angle; closed-loop management

1. Introduction

As an important hydrogen energy utilization mode, the proton exchange membrane
fuel cell (PEMFC) offers high energy conversion efficiency, high power density, fast room-
temperature start-up, low noise, and zero pollution, which is expected to alleviate the energy
crisis and reduce carbon dioxide emissions. It has broad application prospects in rail transit,
aerospace, and other fields [1]. In transportation applications, the fuel cell (FC) often faces
frequent power changes. In this dynamic situation, the FC system needs to regulate operating
variables (gas flow, pressure, humidity, temperature) of the air supply, hydrogen supply,
and thermal management auxiliary subsystem to create suitable electrochemical reaction
conditions for the FC stack and obtain high-performance output for the FC system. If the
conditions are regulated improperly, the FC may be in an improper operating state and even
cause membrane drying, flooding, and other faults [2-5]. These faults and improper operation
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states of FC will significantly reduce the reliability and durability of the FC system, which is
the bottleneck restricting its large-scale commercial application.

To facilitate system management for prolonging the service life and enhancing the
reliability of the FC stack, internal state real-time estimation is imperative for feedback
control to maintain the internal state at the expected levels [6]. Similar to the internal
combustion engine’s closed-loop control of fuel and oxidizer supply strategy based on
internal combustion state estimation [7], the key issue of the internal state closed-loop
control strategy for the FC system is how to accurately and quickly estimate the internal
operating state (including fault) of the FC stack. Suppose the internal state can be accurately
obtained in real time. In that case, the supply strategy of hydrogen and air, the pressure and
temperature of the stack can be adjusted in a closed-loop management strategy according
to the internal state feedback to make the FC stack work in a suitable state and avoid failure
and improper operating conditions.

Many scholars have conducted much research on the FC internal state estimation. The
existing literature can be classified as model-based, data-driven, and experiment-based
methods [6,8-13].

The principle of the model-based estimation method is to evaluate the difference
between the actual measured value and the model-calculated value [8,14]. The operating
state is judged according to the different characteristics. This method features a short delay
time and low computational cost, making it suitable for real-time evaluation. However,
such methods require precise mastery of the fuel cell system’s mechanisms and parameters.
Fixed parameters are difficult to adapt to full operating conditions, necessitating additional
optimization algorithms [15]. In addition, FC’s multi-time scale and multi-parameter
coupling characteristics will reduce model-based methods” observability and estimation
accuracy, resulting in insufficient robustness.

The data-driven estimation method establishes an effective identification mechanism
by analyzing, learning, and mining the state-related information underlying the historical
operation data of the FC system. Many developed data-driven estimation algorithms [15-23]
exist, such as neural networks, support vector machines, support vector data description, and
spherical structure support vector machines. These methods can avoid system modeling and
lack of prior expert knowledge, and feature strong pertinence and good expandability for the
identification of key states and fault variables. The drawback is that its performance is highly
dependent on the quality and quantity of training data. A trade-off must be made between
computational cost and real-time performance.

Experiment-based estimation methods mainly include image visualization, printed-
circuit board (PCB) sensing, and electrochemical impedance spectroscopy (EIS). Visual-
ization technology uses neutron imaging [24], X-ray imaging [25], or magnetic resonance
imaging [26] to directly observe the character of the stack’s internal state (predominantly
liquid water). This kind of method can intuitively explore the mechanism of stack internal
states. The drawback is the requirements for costly and bulky instruments and equipment.
Therefore, it is often used in laboratory development and cannot be used in application sys-
tems. PCB sensing technology [27,28] installs a PCB embedded with current, temperature,
or humidity sensors into the FC stack and estimates the operating state by analyzing the
distribution parameters measured by sensors. The drawback is that the measured parame-
ter can only reflect the local information of the stack and lacks the overall characterization.
In a broad sense, EIS [3,29] technology can be understood as a high-precision, broadband,
and non-destructive sensor that is sensitive to both external operation factors (such as
temperature, humidity, pressure, mass flow, and load current) and internal factors (such as
material body, interface, composition, and fabrication process) of the FC stack [30]. From
the perspective of system operation, EIS as a characterization tool can be used to determine
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the suitable working range of FC [31,32], diagnose and identify faults in the stack [5,33,34],
assess the state of health of the aged PEMFC [35,36], etc.

The effectiveness of EIS technology has been verified in numerous studies. The full
impedance spectrum contains rich state information, such as the electrochemical reaction
and the water state inside the stack. However, the long measurement time of EIS leads
to many limitations in practical applications. The complete spectrum measurement of
electrochemical impedance is usually obtained by sweeping frequency, which generally
takes several minutes. The time scale of minutes is quite long for real-time state estimation
of dynamic and time-varying FC systems. To reduce the time required for wideband
impedance measurement, researchers have proposed many advanced methods, such as
hybrid multi-frequency disturbance [37,38], pseudorandom binary sequence [39,40], and
maximum length sequence [41]. The measurement time of the full impedance spectrum can
be significantly reduced to about 30 s. However, this time is still too long for fast, real-time
estimation of the internal state of the FC aiming at closed-loop management.

Shortening the time of impedance acquisition and preserving the internal state-related
information contained in EIS are key issues that need to be dealt with for its real-time
application. The mass transfer impedance most affected by flooding can be described by
the EIS’s low-frequency (LF) impedance. The ohmic resistance, which is most affected by
membrane drying, can be described by the high-frequency (HF) impedance. Based on
the above consensus, the measured value of the imaginary part of impedance at 0.5 Hz
and the measured value of the real part of impedance at 1 kHz were used to evaluate the
water-containing state of FC [42]. However, FCs are dynamic operating systems, and the
measured LF impedance fluctuates too much, making it easy to be disturbed by noise
in practical applications [43]. Literature [44] analyzed the evolvement rule of the ohmic
resistance of the proton exchange membrane during the process from drying to normal
to flooding. The HF impedance intercept of the real axis represented the ohmic resistance
of the membrane, and the intercept value was used as the basis for fault diagnosis. This
method can effectively diagnose membrane drying faults, but cannot be used to evaluate
the internal excess liquid water state.

To obtain a fast and real-time method to estimate the internal operating state of FC, this
paper proposes a simple and effective method based on single-frequency impedance phase
angle measurement. Firstly, the full impedance spectrum is tested for an FC stack under
numerous steady-state conditions, and the performance characteristics of the impedance
spectrum, amplitude-frequency characteristics, and phase-frequency characteristics of
the stack are analyzed. Based on the analysis results, an FC internal state estimating
method based on the impedance phase angle at medium frequency (MF) is proposed.
The sensitivity, effectiveness, rapidity, and anti-interference ability are evaluated, and
the impedance phase angle application value for closed-loop operation management is
discussed. Secondly, the impedance phase angle dynamic response characteristics under
the step change of two preferred operating variables, cathode air stoichiometric ratio and
stack operating temperature, are studied and analyzed. Then, the relationship between the
operating condition’s input and the state’s output (impedance phase angle) can be obtained to
facilitate the design of a system’s closed-loop management strategy. Finally, with the proposed
internal operating state estimation as feedback, the cathode air supply and the stack operating
temperature could be adjusted in real time by the closed-loop management strategy to ensure
the PEMFC operates in a suitable state and avoids improper operating conditions.
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2. Necessity of Internal State Estimation for Fuel Cell
System Management

From the perspective of system integration and operation, the output voltage perfor-
mance of FC is mainly affected by seven operating variables: cathode air pressure (kPa),
cathode air stoichiometric ratio Ac; (dimensionless), cathode air humidity RHc, (%), an-
ode hydrogen pressure (kPa), anode hydrogen stoichiometric ratio A;n (dimensionless),
anode hydrogen humidity RHap, (%), and stack operating temperature Tgy (°C). Since the
micron thickness of the proton exchange membrane in the stack can only withstand a slight
pressure difference, the pressure of the cathode air and the anode hydrogen should be
kept equal during operation. Thus, these two operating variables, cathode air pressure
and anode hydrogen pressure, have only one regulatory goal: the stack operating pressure
Py (kPa). Consequently, Aca, RHca, Aan, RHan, Py, and Ty are six adjustable operating
variables for the FC stack. These six operating variables build the stack’s operating environ-
ment, represented by the following vector: X = (Aca, RHca, Aan, RHan, Psii, Tsek). Therefore,
the voltage performance of the stack Vg (V) under the current density isy (A/ cm?) condition
is the function of operating variables and can be expressed by Equation (1):

Vst = fi—s’fk (}\Ca/ RHca, Aan, RHan, Py, Tstk) (1)

To obtain the demand operating environment for FC, it is usually necessary to con-
duct several performance evaluation tests through the FC characteristic test platform and
take the long-term stable operation of the voltage change rate AV /t less than a pre-set
value as the evaluation criterion. The fundamental demand operating variable vector
X0 = (Agar RHgar )\gn/ RHgn/
an operating variable lookup table with igy as the index can be constructed, providing a

Pgtk/ Tgtk) under different igy conditions can be obtained. Then,

fundamental operating environment for FC system management.

Figure 1a shows the conventional management strategy for the FC system. The fun-
damental operating variable vector X? is obtained by looking up the table according to
the demand iy of the stack and set as the reference condition X* = X? for three auxiliary
subsystems. The conventional management strategy focuses on regulating the auxiliary
subsystems: air supply, hydrogen supply, and thermal management. Each subsystem pays
attention to the achievement of its control task. For example, the air supply subsystem
needs to adopt decoupling control of air mass flow and pressure to suppress the overshoot
in the transition process and reduce the risk of damage to the Membrane Electrode Assem-
bly (MEA) caused by pressure and flow fluctuations. A load current feedforward control is
essential for the hydrogen supply subsystem to realize pressure stability control under dy-
namic conditions and avoid fuel starvation. Thermal management subsystems often adopt
prediction control to prevent temperature fluctuations caused by their significant hysteresis
characteristic. In summary, the purpose of closed-loop control in conventional management
strategy is to quickly and precisely create fundamental operating variable X* for the good
operation of the FC stack. Although each auxiliary subsystem has internal closed-loop
control, from the perspective of the whole system operation, the setting of each operating
variable is derived from a pre-set lookup table, and the operating variable is not dynami-
cally adjusted according to the FC state obtained in real-time. This operational mechanism
means that the internal states of the FC are uncontrollable. Therefore, the essence of the
conventional FC system management method is an open-loop method.

As we know, it is not easy to create stable, reliable, and fully decoupled operating
conditions in FC application systems compared with the well-constructed test bench. The
stack will enter an improper operating state because of the imprecise operating conditions
and unpredictable disturbances. In summary, the open-loop management method cannot
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correct deviations, and the reliability and robustness of the FC system are weak. The
open-loop operation management method cannot meet the requirements for a high-quality
system operation. To this end, it is crucial to develop a proper technology to maintain the
internal states at the expected levels and avoid unexpected faults and improper states.

(@) |
; X=X | X 14
Lstk Lookup . | Auxiliary > Fuel cell stk
table » subsystem stack o
Open-Loop Fuel cell system
(b)
Isik Lookup X(:-gX | Auxiliary Xl Fuel cell -
table i | subsystem stack =

Fuel cell system

Closed-Loop

Figure 1. FC system management methods: (a) open-loop management without state feedback,
(b) closed-loop management with state feedback.

A closed-loop management method with FC internal operating state feedback is
proposed for improving the reliability and robustness of the FC system, as shown in
Figure 1b. Comparing the conventional open-loop management strategy, the basic principle
of closed-loop management strategy is as follows: the operating condition vector X* is
dynamically adjusted according to the FC stack internal state Sqy, feedback. Furthermore,
the adjustment amount AX is calculated by the closed-loop controller according to the
difference between the feedback state Ssy and reference state S, . The superscript * in this
paper indicates the reference or the target value. As seen from Figure 1 (bottom), there
are three critical steps to build a closed-loop management system. The requirements and
purpose of each step will be elaborated as follows:

(1) Estimation of the FC stack internal state

The key point to building a closed-loop control system is quickly and effectively
estimating the Sgy of the FC stack and establishing an appropriate control target S, . It
is expected that the measurement process should be fast, have low disturbance (little
impact on the original system), and have high precision (the accuracy of the operating state
measurement determines the precision of the closed-loop management). In this paper, the
complete impedance spectrum characteristics under different operating environments X are
comprehensively analyzed in Section 4. Then, a simplified impedance variable that meets
the requirements of real time and accuracy for feedback parameters is obtained as Sgy.
Since the closed-loop control target and the unit negative feedback variable have the same
physical properties, the control target S, is also the simplified impedance information.

(2) Analysis of internal state in the dynamic condition (operating variable step change)

To facilitate closed-loop controller design, it is necessary to clarify the response
characteristics Sy of the FC system under dynamic operating conditions AX. (labelled

https://doi.org/10.3390/en19041049


https://doi.org/10.3390/en19041049

Energies 2026, 19, 1049

6 of 26

as AX — Sgy). The purpose of dynamic response testing is to quantify the response char-
acteristic from operating conditions to the optimal impedance information (same as Sqy).
In this paper, the dynamic response characteristics of the FC system are tested and ana-
lyzed under the step change of two preferred operating variables in Section 5. Through
dynamic results analysis, the time scale characteristic and equivalent transfer function of
the controlled object in the control loop can be obtained.

(3) Design of a closed-loop management strategy in application

The dynamic response test results will provide the basis for the controller parameters’
design in applying a closed-loop management strategy. Based on this, the controller pa-
rameters, including the proportional parameter, integral parameter, and control period, are
designed according to the dynamic response test results of the selected operating variable.
The effectiveness of the closed-loop management strategy will be verified in Section 6.

3. Fuel Cell Stack Characteristic Test Bench for State Estimation
3.1. Introduction of the Fuel Cell Stack and Its Test Bench

In this paper, the water-cooled graphite plate stack developed for high-power commer-
cial vehicle applications is taken as the object of study, and a short stack consisting of 12 cells
in series is used for experimental testing. The effective reaction area of MEA is 330 cm?, the
thickness of the PEM is 15 um, the platinum load of the cathode is 0.35 mg/ cm?, and the
platinum load of the anode is 0.05 mg/cm?. To accurately obtain the operation characteris-
tics of the stack under different operating conditions, the FC test bench shown in Figure 2
is used in this paper. The test bench can provide an accurate and decoupled operating
variable vector X required by the stack.

Hydrogen supply subsystem |§<}
T Anode back
........................... 4 pressure valve
Electronic

thermostat

Reducing
valve

Fuel Cell
Stack

Temperature
regulation

Humidifier Heater

Humidifier
H, Source valve

(e
Radiator

Pump

o
Cathode back

! i pressure valve
-1 Temperature

Humidifier
Air supply subsystem valve Humidifier regulation

Air Reducing MFC
compressor  valve

Thermal management

subsystem

Figure 2. Fuel cell stack test bench.

As shown in Figure 2, the hydrogen comes from the high-pressure hydrogen cylinder,
which is regulated to 0.5~1 MPa by a pressure-reducing valve. The A, for the stack
is precisely controlled by a Mass Flow Controller (MFC), which is a Type 8741 product
manufactured by Burkert (Germany). The humidifier used in this bench is a bubble and
spray mixed humidifier and adopts a 100% saturation humidifier control mode. The
temperature of the deionized water in the humidifier is approximately the dew point
temperature of the gas at the output port. Thus, the relative humidity of the anode
hydrogen can be calculated from the temperature and pressure of the stack. To avoid
condensation of wet hydrogen due to heat conduction, the pipe between the humidifier
and the stack is wrapped with a heating cable. The RH,, can be regulated by adjusting the
water temperature in the humidifier. A parallel bypass branch of the humidifier is only
used for fast switching and will be used for the humidity dynamic response test in Section 5.
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After the reaction of input hydrogen in the stack, the remaining gas of the anode is directly
drained through the back pressure valve. The anode hydrogen pressure is controlled by
adjusting the opening of the anode back pressure valve.

The cathode air comes from the screw air compressor, and the compressed gas is
stored in a 2 m? buffer tank after dusting and drying. The cathode air Ac, regulation,
RH, regulation, and cathode air pressure regulation are similar to those of anode hydrogen,
which will not be described here. The Py is controlled by adjusting the opening of the
anode and the cathode back pressure valve.

The operating temperature of the stack Ty is maintained by regulating the pump,
radiator fan, heater, and electronic thermostat in the thermal management subsystem. In
this paper, Tqy is expressed by the temperature of the coolant entering the stack.

3.2. Online Impedance Measuring Scheme of FC Stack

The impedance measuring system of the FC stack is shown in Figure 3, which mainly
consists of an electrochemical workstation and a programmable electronic load. The electro-
chemical workstation model is Metrohm PGSTAT304 (Metrohm, Switzerland). The built-in
Frequency Response Analyzer (FRA) FRA32M is the core module for impedance measure-
ment. The programmable electronic load model is Chroma 63206A (Chroma, Taiwan). As
shown in Figure 3, the PGSTAT304 outputs the reference disturbance current signal ¢ to
the electronic load, and the 63206A executes the current loading according to the reference
disturbance current signal. In addition, the 63206A measures the actual current I ;e and
feeds back to PGSTAT304. PGSTAT304 measures the disturbance current I e, and the stack
response voltage Vmea, and calculates the AC impedance. It is worth mentioning that the
disturbance current is applied to the stack through the current-collecting plate to minimize
contact resistance. The amplitude of the AC disturbance current used in this paper is 5% of
the stack current igy,.

Electrochemical
g

T <—»  workstation 1 :
et e (FRAsZ) 0 /\/\/

Measuring software

Reference
Measured Voltage : Mcasul‘churrcnt: Current :
> 1‘) .
Vmeu mea ref
Fuel Cell Stack

Programmed electronic load

Figure 3. Online impedance measurement scheme.

4. Estimation of Stack Internal State Based on Impedance Characteristics
Analysis in Steady-State

Based on the fundamental operating variable vector X’, one operating variable is
changed to obtain the impedance spectrum’s characteristics, and the operating variable’s
influence on the impedance spectrum is quantitatively analyzed. According to the results of
steady-state response characteristics, the key information is extracted from the impedance
spectrum, and the optimal impedance information suitable for the internal operating
state Sy feedback is determined.
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4.1. Impedance Spectrum Testing Scheme of FC Stack

The fundamental demand operating variable vector X® = (\%,, RH2,, A%, , RHS,, Pgtk, Tgtk) of
the tested FC stack under different igy conditions can be obtained through the FC characteristic
test platform shown in Figure 2. Table 1 shows the results of the normal operation range, which
has an average cell voltage of 0.6~0.8 V. It is mentioned that the lookup table in Figure 1 is
constructed from the data in Table 1.

Table 1. Fundamental operating variables vector under different iy conditions.

0 _ (0 0 0 0 0 0
gy (A/em?) 5 5 X = Qe ORH“" Mans ?H‘“" Foue :S“‘) . Vic
A%  RHY (%) A%, RHY (%) P (kPa) T (°C)
0.3 2.8 50 25 50 30 66 0.772
0.4 2.8 48 24 48 40 66 0.743
05 26 47 22 47 50 67 0.732
0.6 24 46 2.0 46 60 68 0.717
0.7 23 44 1.9 44 70 68 0.704
0.8 22 43 18 43 90 68 0.697
0.9 21 Iy 1.7 42 100 68 0.684
1.0* 2.0 40 1.6 40 110 70 0.672
11 2.0 38 16 38 120 70 0.658
12 2.0 37 15 37 130 70 0.6501
13 2.0 36 15 36 130 71 0.646
14 2.0 35 15 35 130 72 0.637
15 2.0 34 15 34 130 73 0.628
16 2.0 33 15 33 130 73 0.619
17 1.9 32 15 32 140 73 0.610

*igq = 1 A/cm? is set as the reference operating point.

The voltage performance of the FC stack under fundamental operating environment
X? is shown in Figure 4. In this paper, igqc = 1 A/cm? is set as the reference operating
point, for example, to demonstrate the proposed technology. According to Table 1, the
corresponding fundamental operating variables at igye =1 A/ cm? are (Aca, RHea, Aan, RHan,
Psi, Tstk) = (2.0, 40%, 1.6, 40%, 110, 70).

10—

X’ = (A2, RHY, 25, RH , Pyt Ti)

~~

2

o [ |

0754 "~ae, AT -
= \l\._.

o Bty AT

> ‘.‘I—..\.__.

E < e
5 <>

2 0.50 <> _
=

5] > . 2

; < igw=1.0 A/cm

0-25 T T T T T T T T T
03 0.6 0.9 1.2 1.5 1.8
Current density (A/cm?)

Figure 4. The voltage performance of the FC stack under the fundamental operating environment.

Since the operating variable vector of the stack has six dimensions, the steady-state
response characteristic of the impedance is tested with the “One-way” Analysis Technique
(which determines a variable’s influence by the degree to which the objective function
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changes as that variable is varied while all other variables are held fixed) [45] to determine
the impact of each independent operating variable on the impedance. The tested conditions
are shown in Table 2. 34 groups of steady-state experiments of impedance spectrum
will be carried out in this section. Except for the considered variable, other variables are
maintained as fundamental values. Each test process measures the impedance spectrum
after the stack’s stable operation for 30 min.

Table 2. Impedance spectrum test scheme under steady-state conditions.

Variables Basic Value Test Conditions
Aca 2.0 1.8,2.0,2.2,24,2.6,2.8
RHca 40% 0%, 20%, 40%, 60%, 80%, 100%
Aan 1.6 12,14,1.6,1.8,2.0,2.2
RH.n 40% 0%, 20%, 40%, 60%, 80%, 100%
| S 110 kPa 70,90, 110, 130, 150
Tot 70 °C 55, 60, 65,70, 75

Figure 5 shows a typical impedance spectrum under fundamental conditions to explain
the mechanism between the impedance spectrum and the internal operating state inside the
stack. In Figure 5, the horizontal coordinate is the real part of the impedance, and the vertical
coordinate is the negative imaginary part, represented by the area impedance Q-cm?. In
the following sections of this paper, the measured impedances are the total value of the
stack with 12 cells.

1.5 T : —
ECM Z(‘I’E-u Z('PE-m v Measured
/ Ruhm / Racr \\ le h ~N :
e '
~ Lo s T L N -
g | :
o ‘ '
g , . :
g ' : :
IR SR S L L B .
High E E | E " Low
Frequency L —é L » Frequency
(kitz) : Do : N (i)
E E I E I Rtotal
0.0 i — ; s
0 1 2 3 4 5
Re (Q-cm?)

Figure 5. Impedance spectrum and its equivalent circuit model at fundamental conditions.

According to Figure 5, the intersection of the high-frequency (HF) (>300 Hz) part and
the real axis indicates that the stack has a pure resistance characteristic at this frequency,
and the real axis intercept represents the magnitude of the ohmic resistance Rypy,. Ohmic
resistance is mainly composed of electronic resistance and ionic resistance. The electron
resistance is generated by the conduction of electrons in the electrode, bipolar plate, current
collecting plate, and external wire, and the ion resistance is caused by the transport of
protons in the PEM. In general, the electronic resistance remains unchanged with the change
in operating conditions. The ionic resistance is closely related to the internal operating state
(especially the membrane water content). The ionic resistance increases sharply when the
membrane water content is very low. When the membrane is well hydrated, the ohmic
resistance is almost equal and is not affected by changes in operating conditions.
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The medium-frequency (MF) part (300~9.65 Hz) in Figure 5 represents the stack’s
activation process of the anode and cathode. There is an activation overvoltage in both
the anode and cathode of the FC. The hydrogen oxidation reaction at the anode is very
fast (meaning a higher characteristic frequency), and the oxygen reduction reaction at
the cathode is relatively slow (meaning a lower characteristic frequency). The voltage
drop caused by the activation loss mainly depends on the cathode reaction conditions.
For the impedance spectrum shown in Figure 5, the impedance arc of anode activation
is not obvious (challenging to distinguish in the arc segment close to the real axis). Thus,
anode activation resistance can be ignored and simplified in the analysis, and the cathode
activation resistance is represented by Ract.

The low-frequency (LF) part (9.65~0.1 Hz) in Figure 5 characterizes the mass transfer
process inside the FC. The mass transfer process is much slower than electronic/ionic
conduction and electrochemical reactions, and thus is reflected as the impedance in the LF
band. The mass transfer impedance is denoted by Rpy¢. Since the reaction gas at the anode
is high-purity hydrogen and the products (H,O) are mainly produced in the cathode, it is
the cathode operating conditions that mainly affect the LF impedance arc. At high current
density, the generated water vapor leads to a decrease in the concentration of the reactants
and an increase in the mass transfer impedance. In addition, the presence of liquid water
further hinders the transportation of the reactants, increasing mass transfer losses.

The aforementioned impedance characteristic parameters, such as ohmic, activation,
and mass transfer, characterize the operating state inside the FC stack and can be used as
the original data to identify the operating state. To identify the impedance characteristic
parameters, the impedance spectrum data in this paper are fitted using the equivalent
circuit model (ECM) shown in Figure 5. The Constant Phase Element (CPE) is used to model
the non-uniformly distributed double-layer capacitance effect. The impedance expression
of the CPE is expressed by Equation (2):

Zcpg = _ 1 2
cPE = - ()" 2)
where Y is the capacitance coefficient of CPE, and N is the parameter to express the
uniformity of the electrode surface. The value of N generally ranges from 0.5 to 1, and the
larger the value of N, the higher the uniformity of the electrode surface [46]. When N =1,
the CPE module behaves as an ideal capacitor, and the capacitance value is Yj.

At very low frequency (w — 0), the real part of impedance can be regarded as the
total resistance Riota] = Rohm + Ract + Rmt. In another way, the total resistance Ry is the
intersection of the extension line of the LF impedance arc and the real axis in Figure 5.
Moreover, the total resistance is precisely related to the inverse slope of the polarization
curve in Figure 4.

By fitting the measured impedance data with the ECM structure shown in Figure 5,
the values of Rophm, Ract, ZcPE-a, Rmt, and Zcpg.n can be obtained. The ECM structure
adopted in this paper can obtain a good result with a Chi-square error of 10~# orders. Then,
by substituting model values into the ECM structure, the model and the fitted EIS curve
(as shown in Figure 5) can also be obtained. Impedance data quantified by ECM will
facilitate characteristic analysis in the following sections.

4.2. Results of EIS Measurement Under Steady-State Conditions
(1) Cathode air stoichiometric ratio Ay and cathode air humidity RHe,

The EIS measured by varying the cathode operating conditions (Ac, and RHc,) at the
fundamental operating point is shown in Figure 6. The EIS is presented in the form of
Nyquist plots and Bode plots. From Figure 6a, it can be seen that the EIS pattern of the stack
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changes significantly with the change of Ac;. From the perspective of FC electrochemical
reaction kinetics, Ac; mainly affects the reactant concentration and the drainage ability of
the product (liquid water) [2,47]. When A, increases, the concentration of oxygen involved
in the electrochemical reaction increases. At the same time, the drainage capacity of the
stack is also enhanced, which improves the mass transfer capacity and decreases the mass
transfer impedance. In addition, the increase in A, positively affects the cathode activation
impedance. Thus, total impedance, activation impedance, and mass transfer impedance
decrease monotonically with the increase in Ac,. In particular, it should be noted that
in extreme cases (low current density, high stack temperature), excessive A¢, will lead to
membrane drying, causing a sharp increase in ohmic impedance.
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Figure 6. Impedance measurement results under different cathode operating conditions. (Left) Nyquist
plots, (Middle) amplitude-frequency characteristics of Bode plots, (Right) phase-frequency characteris-
tics of Bode plots.

As seen from Figure 6b, the impedance spectrum of the stack also changes obviously
with RHga. The humidity of the cathode inlet air mainly affects the hydration state of
the membrane [48]. When the hydration of the membrane is low, the ohmic impedance
increases. Due to the high fundamental operating current density (which means more
H,O production) of this experiment, no significant ohmic impedance increase is observed
under low-humidification conditions. When the stack’s humidity rises, the concentration
of produced water vapor increases, the oxygen concentration in the flow channel decreases,
and the difficulty of cathode reactant diffusion increases. Excessive liquid water may block
the flow channel and gas diffusion layer pores, increasing activation and mass transfer
impedance in this situation.

(2) Anode hydrogen stoichiometric ratio A,n and anode hydrogen humidity RHan

The EIS measured by changing the anode operating conditions (Asn and RHap)
at the fundamental operating point is shown in Figure 7. When the Ay, varies from
1.2 to 2.2 in a wide range, the overall impedance value only changes in a small range and
with no noticeable tendency. The results show that the change of A, does not affect the
impedance characteristics of the stack, and the experimental results in this paper are consis-
tent with the theoretical analysis results in the literature [2]. According to Figure 7b, when
the cathode of the stack has good humidification conditions (the cathode air humidity is
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40% and the stack is running at high current density), the change of the RHa, also does not
bring significant changes in the impedance spectrum due to the good water permeability
of PEM. At high current density operation, however, it is necessary to be alert to the accu-
mulation of liquid water in the anode flow channel due to the high humidity of the inlet
gas, which may lead to flooding failures.
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Figure 7. Impedance measurement results under different anode operating conditions. (Left) Nyquist
plots, (Middle) amplitude-frequency characteristics of Bode plots, (Right) phase-frequency character-
istics of Bode plots.

(8) Stack operating pressure Py and temperature Ty

The EIS measured by varying the stack operating conditions (Pgy and Tgy) at the
fundamental operating point is shown in Figure 8.
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Figure 8. Impedance measurement results under different stack operating conditions. (Left) Nyquist
plots, (Middle) amplitude-frequency characteristics of Bode plots, (Right) phase-frequency character-
istics of Bode plots.
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Stack operating pressure Pgyy: When the inlet gas pressure is raised, the exchange
current density will be increased, which can reduce the activation loss and activation
impedance. In addition, the increased pressure facilitates the diffusion of gas from the
flow channel to the catalytic layer, improving the mass transfer ability in the flow channel.
However, when Py is increased, the gas flow rate will be reduced under the same total
inlet mass flow, which is not conducive to the discharge of liquid water and may cause
an increase in mass transfer losses. As a result of the positive and negative influences
mentioned above, the EIS in Figure 8a varies irregularly.

Stack operating temperature Tgy: As shown in Figure 8b, when the Ty increases,
the activation impedance and mass transfer impedance decrease significantly. As the
temperature rises, the gas molecule becomes more active which will accelerate the trans-
port of oxygen in the diffusion layer and the catalyst layer, and the liquid water can be
removed easily due to the reduced surface tension of the interface between the liquid
water and the electrode material; as a result, the mass transport impedance will decrease
as the temperature increases [49]. Furthermore, the catalyst’s kinetics become faster as
the temperature increases, which makes the charge transfer happen more quickly. So, the
activation impedance gradually decreases as the temperature of Ty increases.

4.3. Impedance Analysis Under Steady-State Conditions
(1) Sensitivity analysis

It is clear from the previous analysis that different operating variables have various
degrees of influence on the EIS. To quantify the impact of each operating variable on EIS,
this paper defines the maximum total impedance change under the proportional change
of operating variables (defined as the normalized local sensitivity coefficient ¢ [50]) to
evaluate the sensitivity:

¢= (Rtotal—max - Rtotal—min)/((xmax(i) - Xmin(i))/xﬂ(i)) (3)

where Rioial-max and Riotal-min denote the maximum and the minimum value of the total
impedance, respectively, Xo(i) represents the reference value of the ith operating variable in
Xo, Xmax(i) and Xpin (i) denote the maximum and the minimum value of X(i), respectively.

Based on the results of the previous experimental tests, the sensitivity coefficient ¢ of
each operating variable can be obtained as shown in Table 3. As can be seen from the table,
the sensitivity of the stack for each operating variable is, in descending order, Tqy, Aca,
Pgtk, Aan, RHea, and RHap. In addition, the table also gives the maximum total impedance
change that can be induced by each operating variable, which represents the impedance
regulation ability of the corresponding operating variable, and the impedance modulation
capability in descending order is T, Aca, Pstks Aan, RHea, and RHap.

It should be pointed out that the variation range of the operating variable given in
the table represents the limit range of the controllable impedance under the operating
condition. When the operating conditions exceed this range, the stack may be at significant
risk of safety or cause the stack failure in stable operating conditions. According to Figure 7
and Table 3, due to the operating variables, RHan and A4y are insensitive to the impedance
regulation of the stack and are not suitable as control variables for closed-loop management.

(2) Monotonicity and correlation analysis

Based on the above experimental results, the relationship between total impedance
Riotal and each operating variable X(i) is summarized, as shown in Figure 9. It can be seen
from the figure that there is an apparent monotonic variation relationship between Rygta1
and three operating conditions, Aca, RHca, and Ty The effect of the operating condition
Py on Rty is bi-directional, and there is no monotonic relationship. Thus, to avoid
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evolving into a positive feedback system, Py, is not suitable for the control variable of the
closed-loop management system.

Table 3. Normalized local sensitivity coefficient ¢ of different operating variables.

X(@) Kmax (i) — Xinin )Xo (@) Riotal-max — Rtotal-min (Q'sz) C
Aca (2.8—-1.8)/2=0.5 1.33 2.66
RH, (100% — 0%)/40% = 2.5 0.45 0.18
Aan (22—-1.2)/1.6 =0.625 0.17 0.28
RHan (100% — 0%)/40% = 2.5 0.43 0.17
Peuc (150 — 70)/110 = 0.727 0.77 1.06
Tene (75 — 55)/70 = 0.286 5.61 19.60
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Figure 9. Relationship among X(i), Rtotal, and —660 Hz.

As mentioned above, Ry can effectively reflect the FC internal state. However,
there are still some difficulties in practical application: Ry, is obtained by measuring the
impedance spectrum over a wide frequency range and then fitting by the ECM, which
takes minutes to measure and calculate, and thus cannot be obtained in real time. Although
the real part of the extreme LF impedance can be used to approximately characterize Ry,
it also has the disadvantages of long measurement time (several tens of seconds) and
large measurement error (susceptible to interference and cannot be corrected by complete
spectrum data fitting).

By comparing the amplitude-frequency characteristics and phase-frequency charac-
teristics in the Bode plots from Figure 6 to Figure 8, it can be found that the amplitude-
frequency characteristics of extreme LF are correlated with the phase-frequency charac-
teristics at MF (about 20~80 Hz). In other words, the impedance phase angle in MF can
effectively reflect the Ry, as well as the FC internal state. Therefore, the impedance phase
angle of the MF can be used as a parameter to characterize the FC’s internal operating
state. Considering the rapidity of phase angle measurement and the resolution of state
estimation, the impedance phase angle at 60 Hz (marked with —0¢gp,) is selected as the
reference of the FC internal operating state and plotted to the right coordinate in Figure 9.
Through the analysis of the two curves in Figure 9, it can be seen that the trend of —840p is
entirely consistent with Ryy,. It should be specially pointed out that other frequencies
within the range of 20~80 Hz can also be used to identify the internal state of the stack.
In addition, the grid frequency in the author’s home country is 50 Hz, so the selection of
60 Hz will avoid interference from the power grid.

To further demonstrate the correlation between the Ry, and —6¢gpy,, the correlation
analysis method in the field of statistics is introduced. The Pearson Correlation Coefficient
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(PCCQ) is used to measure the correlation between two sets of data from different sources [51].
When the correlation coefficient is bigger than 0.9, the two data sets are considered strongly
correlated. The PCC is calculated as follows:

Cou(R, )

PRO = T‘TQ 4)

where R and 0 are n-dimensional data variables, denoting the n sets of Ry, and —8g0py, in
this paper. o and o are the standard deviations of R and 6, respectively, and Cov(R, 0) is
the covariance between them. The covariance is calculated by the following formula:

(R(#) = R)(0(i) — 0)

n—1

n

Cou(R,0) ="

(5)

Considering that the closed-loop management strategy adopts a minor correction
AX on the fundamental operating conditions X° (as shown in Figure 1), the Ry of the
FC stack under the fundamental operating environment is around 3.5~3.8 Q-cm?. Given
that the stack operates at a temperature of above 65 °C under normal conditions, the
two temperature values of 55 °C and 60 °C, which are lower than the normal operating
temperature, can be excluded from the analysis. Therefore, the two values of Ry, that
deviate significantly (bigger than 6 Q-cm? @ Ty, = 55, 60 °C) can be removed, and the
Riota] measured in 32 sets of experiments can be summarized. By substituting Ry, and
—0B601, into the above Formulas (4) and (5), the PCC can be obtained as 0.9596. This result
indicates that —Bpp, has a significant positive correlation with Ry

The relationship curve obtained by data fitting between Ryy; and —8¢ppy, is shown
in Figure 10, and the linear relationship between the two parameters is —040H, = 9.4 +
5.5 X Riotal. Therefore, the Ryyy can be estimated by measuring the phase angle —0¢0p;.
Compared with the measurement of the total impedance Ryya1, the MF impedance phase
angle —040p, measurement has the advantages, as shown in Figure 10.
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Figure 10. Linear relationship between Ry, and —6¢0p.

Fast measurement speed: Fourier transform-based methods [38,52] generally require
data in one signal period to calculate the impedance phase for a given frequency. Con-
sidering the demand for multi-period smoothing to obtain a stable feedback signal, the
measurement time of —0ggpy, can achieve less than 100 ms.

High measurement accuracy: Referring to the grid voltage phase angle measurement
technology in the field of power electronics, the steady-state error of phase measurement is
almost zero, and it can achieve less than 0.6° under dynamic operating conditions [53].
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High estimation resolution: According to those abovementioned linear fitting results,
the amount of impedance phase change is 5.5° for a total impedance change of 1 Q)-cm?.

The wide variation range, combined with high measurement accuracy and resolution,
allows for high estimation accuracy. Thus, the —04011, meets the requirement for rapidity,
accuracy, and validity of the feedback parameter used for closed-loop management. It
should be additionally noted that the slope and intercept values are stack-specific and
should be recalibrated for different stack designs, materials, or operating conditions.

(3) Impedance characteristics analysis under fault conditions

The above conclusions are based on the EIS analysis under appropriate operating condi-
tions. However, flooding and membrane drying failures are two kinds of frequent failures.
Moreover, adjusting water content in the FC stack is the main task of closed-loop management.
Figure 11 shows the EIS characteristics for two typical failures, which are used to check the
validity of Ryota; and —0op, as feedback parameters for the stack internal state estimation.
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(a) Flooding and normal conditions @1.0 A/cm?

—Im (Q-cm?)

T T 5 T T T 40

w
=]
1

)
=]
!

—Phase (°)

o
!

T f 0 f T T 0 t f T

2 3 4 1 10 100 1 10 100
Re (Q-cm?) Frequency (Hz) Frequency (Hz)

(b) Membrane drying and normal conditions @0.6 A/cm?

Figure 11. Impedance measurement results under typical faults. (Left) Nyquist plots, (Middle) amplitude-
frequency characteristics of Bode plots, (Right) phase-frequency characteristics of Bode plots.

Figure 11a shows the impedance measurement results of flooding fault and nor-
mal conditions. The flooding fault is obtained in the conditions of high current
density (1 A/ cm?), low Aea (1.6), low Tgy (50 °C), and high RHc,. It can be seen from
the figure that when the FC is flooding, the ohmic impedance remains unchanged, and the
activation and mass transfer impedance increase significantly. The shape of the impedance
spectrum is similar to that shown in Figures 6-8. Thus, the results obtained from Figures 6-8
are still practical. The two parameters (Ryyta; and —6¢pp,) can also be used as internal oper-
ating state estimation.

Figure 11b shows the impedance measurement results of the membrane drying fault
and normal conditions. The membrane drying fault is obtained in the conditions of low
current density (0.6 A/ cm?), high Aca (3.0), high Ty (Tstk = 75 °C), and low RHea. It can
be seen from the figure that when the membrane drying fault occurs in the stack, the
activation and mass transfer impedance remain unchanged, and the ohmic impedance
increases significantly. According to the amplitude-frequency characteristics, the variation
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trend of LF impedance under the membrane drying condition is the same as that under the
flooding fault. Therefore, relying solely on LF impedance cannot distinguish a membrane
drying fault from a flooding fault and cannot conduct correct and effective closed-loop
regulation. The existing literature approach distinguishes drying and flooding faults by
combining HF and LF impedance [42]. In particular, analysis of the phase-frequency
characteristics in Figure 11b shows that the membrane drying fault and the flooding fault
have opposite variation trends from the normal state in the MF band. Thus, it is very easy
to distinguish between these two faults from the normal state using the MF phase angle
—060Hz- Taking ign =1 A/ cm? for example, the following criteria can be used to diagnose
faults: when —0¢gp, > 40°, it is the flooding fault; when —8¢op, < 25°, it is the membrane
drying fault. It should be noted that this diagnostic rule requires calibration under other
current density conditions.

(4) Validation of the phase angle of the MF impedance —8¢0,

Based on the previous analysis, it can be seen that the MF impedance phase angle
—0oH; is of great value in identifying the internal operating state of the FC stack, and
its applicability will be analyzed below by combining —04g1, with the closed-loop man-
agement method in Figure 1. In this paper, we define the operation state factor Sgy in
Figure 1 to be equal to —040p,, and the value of 29~31° can be used as the target value.
Temporarily, S3; = 30° is selected as the target value under the fundamental operating
point. Three parameters Tgy, Aca, and RHc, can be used as control variables for closed-loop
management (other operating conditions remain at fundamental values), and the control
directions under different internal states Sy are obtained, as shown in Table 4.

Table 4. The direction of regulation for closed-loop management under different operating conditions.

Conditions Sstk = —O60Hz Tsuc Aca RH., Evidence
Sstk > Sty Stie — Sstk <0 T T 1 Figures 5 and 7b
No faults Sstk < Sguer Sarkc — Sstk > 0 1 1 T Figures 5 and 7b
Flooding fault Sstk > Sgier St — Sstk <0 T T 1 Figure 11a
Membrane Drying fault  Sgy < S%y., Siy — Sstk > 0 1 1 T Figure 11b
1, increase the parameter; |, decrease the parameter.
Based on the monotonic relationship between Sy = —684011, and the control variable

in Figure 9, the control direction can be determined under no fault. When Sy is greater
than S, the total impedance of the current operation condition is too large, indicating
that the closed-loop control strategy needs to be adjusted to the direction of making
Setk decrease. At this time, we can increase the Tgy (increase the activity of the catalyst,
increase the gas diffusion coefficient, and accelerate the gas transport), increase the A,
(increase the concentration of reactants), and decrease the RHc, (reduce the water vapor
concentration to increase the reactant concentration) to make Sy decrease. Similarly,
when the operating state feedback Sgy is less than the target value S}, , these three control
variables are regulated in opposite directions, as shown in Table 4.

When the flooding fault occurs, Sgy will be much larger than S, , and the closed-loop
control strategy needs to be adjusted to the direction of Sgy, reduction (refer to Figure 11a),
which requires increasing the A, increasing the Ty, and reducing the RHc,. Compared
with the aforementioned experimental conditions of flooding fault, it can be easily observed
that the regulation operation direction is correct and will be effective. Increasing the A,
enhances the ability of the cathode gas to bring out liquid water, increasing the Ty, reduces
the ability of reacting products to convert into liquid water, and reducing the RH, reduces
the water brought in from outside. All three measures above are conducive to recovering
the FC stack from the flooding fault.

https://doi.org/10.3390/en19041049


https://doi.org/10.3390/en19041049

Energies 2026, 19, 1049

18 of 26

When the membrane drying fault occurs, Sy will be much smaller than S, .
The closed-loop control strategy needs to be adjusted to the direction of Sgy increase
(refer to Figure 11b), so the Acy needs to be reduced, the Ty needs to be lowered, and the
RHc, of the inlet gas needs to be increased. Compared with the aforementioned conditions
for constructing the membrane drying fault, it can be easily obtained that the direction of
the adjustment is correct and will be effective. All three measures will help the stack to
recover from the membrane drying fault.

In summary, using the operating state factor Sgy, constructed by the MF impedance
phase angle —8¢op, can not only identify the fault state but also sense the improper operat-
ing state in the non-fault state, such as a too-low operating temperature (T = 55, 60 °C,
refer to Figure 8b), too-low cathode stoichiometric ratio (Aca = 1.8, refer to Figure 6a), etc.
In addition, when the operating state factor Sy deviates from the target value S}, the
regulation direction made by the closed-loop management strategy will not change for
fault and non-fault states, which facilitates the design of the control strategy.

5. Analysis of Dynamic Response Characteristics Based on Impedance
Phase Angle Measurement

5.1. Impedance Testing Scheme in Dynamic Conditions

After analyzing the impedance steady-state response characteristics in Section 4, the
validity of using the —B¢gr1, as the internal operating state Sgy feedback parameter of the
stack was demonstrated. In addition, three optimal operating conditions, Ty, Aca, and RHc,,
could be selected as control variables for closed-loop management. In the actual application
system, the RHe, is usually humidified by cathode outlet gas and cannot be independently
regulated. Thus, RH,, will not be used as a control variable in the following sections.

In this section, the dynamic response characteristics of the internal operating state
Stk will be evaluated by changing two preferred operating variables. Similarly, the dynamic
response characteristics of Sgy are also tested using the “One-way” Analysis Technique,
and the operating conditions at 1 A/cm? are also defined as the reference conditions. The
single-factor test conditions are shown in Table 5, and the impedance phase angle —040py is
also measured by the equipment in Figure 3. The difference with the steady-state test is that
the perturbation current frequency of the programmable electronic load in this experiment
is set as the fixed frequency of 60 Hz.

Table 5. Impedance phase angle test scheme under dynamic conditions.

Conditions Fundamental Value Test Conditions
Aca 2.0 20—18,20—24
Tote 70 °C 70 — 65,70 — 75

—, left side: operating variables before dynamic adjustment; right side: operating variables after dynamic
adjustment.

5.2. Results and Analysis of Dynamic Response Characteristics

(1) Cathode air stoichiometric ratio Ac,

Figure 12a shows the dynamic response characteristics of stack internal state Sgy
when the A, is reduced to 1.8 from the reference value 2.0. In the FC stack test bench
shown in Figure 2, the A, is changed by the air supply subsystem’s MFC, the air mass
flow adjustment process is very rapid, and the adjusting time is less than 3 s, as shown
in Figure 12a. The response time of Sy to the change of A¢, is less than 2 s. In summary;,
when A%, negative step, the response time from A}, to A, is about 3 s, the response time
from A, to Sgyy is about 2 s, and the total response time from A%, to Sgy is about 5 s.
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Figure 12. Dynamic response characteristics for varying cathode air stoichiometric ratio Aca.

Figure 12b shows the dynamic response characteristics of stack internal state Sqy
when increasing the Ac, from the reference value of 2.0 to 2.4. Analysis of the test data
shows that the response time for adjusting the Ac, is about 10 s (the MFC contains a flow
rate closed-loop control system with the flow meter measurement as feedback and the
proportional valve as an actuator unit). The response time of Sgy to the change of A, is
also less than 2 s. In summary, when AZ, positive step, the response time from A, to Aca
is about 10 s, the response time from A, to Sgy is about 2 s, and the total response time
from A}, to Sgy is about 12 s.

(2) Stack operating temperature Ty

Figure 13 shows the dynamic response characteristics of Sgy under the stack operating
temperature Ty, with negative and positive steps. It can be seen from the figure that when Ty
changes, the measured Sy quickly follows the change because the Ty can affect the rate of
electrochemical reactions. After the temperature reaches its steady-state value, the temperature
will continue to affect the balance of the water in the stack. Therefore, the Sy continues to
change slowly until a new balance is reached. The temperature adjustment time of the negative
step 5 °C is about 200 s, and the temperature adjustment time of the positive step 5 °C is about
150 s. The difference between positive and negative temperature adjustment time depends
on the difference between heating and cooling power in the FC stack test bench. After the
temperature reaches its target value, the water balance time is about 350 s.
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Figure 13. Dynamic response characteristics for varying stack operating temperature Tgy.

(3) Discussion and analysis
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From the previous analysis results, it is clear that —0840p, can provide continuous,
dynamic, and fast feedback on the internal operation state Sqy, of the stack. The results of
the aforementioned impedance dynamic characteristic are summarized as shown in Table 6.

Table 6. Experimental results in the dynamic response characteristics test.

X*(i) to X(i) X() to Sqye X*(i) to Sgyc

)\Ca

Regulated by the temperature of stack
Tt inlet coolant, very slow,
150 s@+5 °C, 200 s@—5 °C.

Regulated by MFC, very fast, It mainly influences electrochemical
3s5@-0.2, 10s@+0.4. reactions, very fast, about 2 s.

Very fast, in order of 10 s

First stage: mainly influences electrochemical
reaction, very fast, about 2 s.

Second stage: mainly influences water
balance, very slow, about 350 s.

Very slow, in order of 500 s

It can be seen from Table 6 that the time required to adjust the target condition
(from X*(i) to X(i)) for the auxiliary subsystem varies widely. The response time from
A%, to Sy is speedy and in the order of 10 s. In addition, the influence of input condition
Tstk on Sgy includes two parts: one part is related to the electrochemical reactivity of the
stack, and another part correlates with the state of water balance inside the FC stack. The
effect of operating conditions on the reactivity of the stack is very rapid, and its response
time is about 2 s, while the water balance process is slow, with a response time of about
350 s. The time constant of the dynamic process measured in this section can provide a
robust basis for the parameter design of a closed-loop management strategy.

6. Application of Internal State Estimation Technology in System
Closed-Loop Management

According to the above steady and dynamic analysis results, this section applies the
estimated stack internal state Sy into closed-loop management. The block diagram of the
closed-loop management strategy is shown in Figure 14. The FC stack test bench can be
treated as the FC system, which consists of an FC stack and three auxiliary subsystems.
The control strategy is implemented in system monitoring and management software. The
internal state Sgy (—B60r) is measured by a TMS320F28335 board with a signal processing
circuit. In this paper, the Second-Order Generalized Integrator (SOGI) algorithm [54] is
used to calculate the phase angle. The measured Sy is fed back to the monitoring and
management system by RS232 serial port communication. In this paper, the cathode
air stoichiometric ratio A¢; and the stack operating temperature Ty are separately used
as regulatory variables to regulate the internal operating state of the stack to verify its
effectiveness. These two strategies have similar control block diagrams. Their differences
are control variables (Aca or Tgy) and controller parameters.

Green: by adjusting the cathode air stoichiometric ratio A¢,. Orange: by adjusting the
stack operating temperature Tgy.

6.1. By Adjusting the Cathode Air Stoichiometric Ratio Aca

To verify the effectiveness of A, in adjusting the FC stack’s internal operating state,
experiments of closed-loop management were carried out under the reference operating
conditions of 1.0 A/cm?. The fundamental operating conditions in the experiment were
setas X* = (A%, RH2,, A%, RHY,, PY,, TS, ) = (2.0, 40%, 1.6, 40%, 110, 70). According to the
control block diagram shown in Figure 14, the internal state Sgy of the stack is measured by
the estimation method proposed in this paper. The difference between it and the target state
is obtained: AS =S, — Sg, and the offset of the cathode air stoichiometric ratio AAc, is
calculated by the controller. According to the dynamic response analysis in Section 5.2,
the controller adopts Proportional-Integral (PI) control with the proportional parameter
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Kp.ca = —1 and integral parameter K., = —0.5. The period of closed-loop management
is set as 0.5 s. Then, the offset AAq, is added to the fundamental value ?\ga = 2.4, and the
result of A%, = A, + A, is set as given instruction for air supply subsystems. Meanwhile,
other operating conditions are maintained as the fundamental operating conditions. The
experiment results are shown in Figure 15. The initial value of the reference state S is
set to 23.6°, then step change +2°@554s, +2°@1207 s, —2°@1875 s, —2°@2968 s, +2°@3911 s.
As can be seen from the figure, when the reference state S, changes, the FC stack internal
operating state Sgy, which is measured by impedance phase angle in real time, can be
quickly tracked to the target value by adjusting the cathode air metering ratio Ac,. The
control error in the steady state is less than 0.2°. The closed-loop adjustment time for the
dynamic process in a step change is about 40 s.

Control strategy

0
Aca X’ Fuel cell system

Tk X

* X
Stk 45 Auxiliary X. Fucl cell | | S5k
™| subsystem stack N

5%
A j’(.‘(l /“L‘[L
*
4 Tstk Tk

RS232 B [nternal state
@ ' as [
. M mcasurement

6.1 By adjusting 4., 6.2 By adjusting 7

el

Figure 14. Closed-loop management strategy block diagram based on internal state Sqy feedback.
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Figure 15. Experiment results of internal state closed-loop management by adjusting the cathode air
stoichiometric ratio Ac,.
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6.2. By Adjusting Stack Operating Temperature Ty

The experiment of internal state closed-loop management by adjusting T is also
based on the operating conditions of 1.0 A/cm? and the fundamental operating conditions
of XO = (A%, RHZ,, A, RHY,, P2y, T, ) = (2.0, 40%, 1.6, 40%, 110, 70). The control variable
is stack operating temperature Tgy, and the offset value ATy is obtained after the con-
troller calculation. The controller also adopts Proportional-Integral (PI) control with the
proportional parameter Kp_r.gi = —0.5 and integral parameter Ky 1.g = —0.5. The period of
closed-loop management is set as 20 s. Then, the offset ATy is added to the fundamental
value Tgtk =70, and the result of T, = Tgtk + ATgy is set as given instruction for the thermal
management subsystem. Meanwhile, other operating conditions are maintained as the
fundamental operating conditions. The experiment results are shown in Figure 16. The
initial value of the reference state S:tk is set to 23.6°, then step change +2°@681s, +2°@1910s,
—2°@3218s, —2°@4308s. As can be seen from the figure, when the reference state S,
changes, the FC stack internal operating state Sy can be tracked to the target value by
adjusting the stack operating temperature Tgy.. According to the sensitivity analysis results
in Section 4.3, the internal state is susceptible to Tgy. The control error in the steady state is
determined by the control accuracy of Tgy. Because of the periodic oscillation of Ty, the
control error of Sy in the steady state is about 0.3°. The temperature control of the thermal
management subsystems in the test bench is very slow. Thus, the closed-loop adjustment
time is more than 250 s in dynamic situations.

30 T T T T T
| Ss/k

28 FYALALY.VVY AALAAA Ll

] - S.s-rk

PV AAAAVIVAYVAN VY

2 //ﬂ Www\‘t

AMAAAAAA, A
"4

5C)

22

T T g T T T T T T T
0 1000 2000 3000 4000 5000
76 T T T T T T T T

72 , : rm.

Ty (°C)

64

60

1 T I T T
0 1000 2000 3000 4000 5000
Time (s)

Figure 16. Experiment results of internal state closed-loop management by adjusting stack operating
temperature Tgy.

6.3. Discussion

The experiment results show their effectiveness in managing FC stack internal state
Setk by adjusting cathode air stoichiometric ratio Ay and stack operating temperature Tgy.
The performance comparisons of the two kinds of methods are summarized in Table 7. The
adjustment of A, has a minor steady-state error and shorter dynamic response time compared
with adjusting Tgy. However, a more significant A, means more power consumption for
the air compressor. According to the statistical analysis of the 65-kW FC system under the
condition of 1.0 A/cm? in [55], the air supply subsystem’s power consumption accounts
for 87% of the power losses of the three auxiliary subsystems, and the thermal management
subsystem’s power consumption accounts for 7% power losses. In addition, the air compressor
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is the air supply subsystem’s main component for power consumption, thus, adjusting Ac, cost
more in electric power, and is suitable for rapid adjustment under emergency conditions. The
adjustment of Tgy has the advantage of less power consumption and higher sensitivity, and is
ideal for ordinary regulation.

Table 7. Performance comparisons of closed-loop management by adjusting cathode air stoichiometric
ratio Aca and stack operating temperature Tgy.

Steady State Error Dynamic Response Time Cost in Application
Aca about 40 s More power consumption for the air compressor when Ac, 1
Tax >250 s More power consumption for the cooling fan when Tgy |

1, increase the parameter; |, decrease the parameter.

The results of the closed-loop operation management method with FC stack internal
state feedback based on single-frequency impedance phase angle measurement are feasible.
In future applications, we can use the single-frequency impedance online measurement
technology to identify the running state of the stack and define the proper state value of
the system belonging to the “proper state.” Once the measured value deviates from the
“proper state,” the FC system can recover from the “improper state” to the “proper state”
by adjusting the preferred operation variable according to the urgency and severity of the
deviation. With the proposed method, the system can be maintained in the most suitable
state and avoid the “improper state” and faults as far as possible. This method gives
expression to the idea of impedance shaping and can be helpful in system management to
enhance the reliability and durability of the FC system.

7. Conclusions

To meet the requirements of closed-loop operation management of an FC system, the
impedance response of an FC graphite plate stack with a reaction area of 330 cm? and 12 cells
was investigated under steady-state and dynamic operating conditions in this paper. A fast
estimation method of stack internal operating states based on the MF impedance phase angle
was proposed and verified in the application. The main conclusions are as follows:

e The MF impedance phase angle —041, can effectively estimate the internal oper-
ating state Sgy of the FC stack, including fault state and non-fault state (including
inappropriate or improper operating).

e  The measurement of MF impedance phase angle —0¢01, has the characteristics of fast
measurement speed (within 100 ms), small measurement error (<£0.6°), and high
state identification resolution (about 5.5° /Q)-cm?).

o  When the feedback of the operating state factor (Sgc = —6¢on,) deviates from the
reference value, whether a fault or non-fault state, the direction of the regulation made
by the closed-loop management system does not change, and the control system has
formal consistency.

e  Considering the evaluation indices such as sensitivity, regulation ability, monotonicity
in impedance regulation, and feasibility in real systems, the optimal control variables
suitable for closed-loop management are Ty and Ac,. Between them, the cathode air
stoichiometric ratio A is faster to adjust the impedance, and the stack operating tem-
perature Ty has the widest adjustment range and the highest sensitivity to the state.

e By analyzing the step response characteristics of operation variables, the time constant
of the dynamic process is measured. It can provide a robust basis for the parameter
design of closed-loop operation management of the FC system.

o  The experiment results show their effectiveness in managing FC stack internal state
Stk by adjusting cathode air stoichiometric ratio Aca and stack operating , thus,
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adjusting A, cost more in electric power, and is suitable for rapid adjustment un-
der emergency conditions. The adjustment of Ty has the advantage of less power
consumption and higher sensitivity, and is ideal for ordinary regulation.

With the proposed FC internal state estimation and the closed-loop management
method, the FC system can be maintained in the most suitable state and avoid the “improper
state” and faults as far as possible. The proposed method gives expression to the idea of
impedance shaping and will be helpful in system management to enhance the reliability
and durability of the FC system.
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