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Abstract- The open cathode PEM Fuel Cell is a generator that relies on an electrochemical reaction between oxygen and 

hydrogen to produce electricity. In open-cathode fuel cells, oxygen is drawn from the air using fans, while hydrogen gas needs 

to be supplied through a pressure tube. Hydrogen gas significantly contributes to maintaining the generator's performance. 

Raising the load on fuel cell generators escalates hydrogen consumption. This poses an issue when the hydrogen supply doesn't 

swiftly adapt to load changes, leading to fluctuations in generator output. These fluctuations generate noise characterized by the 

dissonance between frequency and amplitude, gradually oscillating. Additionally, it mentions that filtering techniques, while 

used to reduce noise, might inadvertently increase the amplitude. Present studies indicate the effectiveness of ANFIS control for 

various applications. However, its sensitivity to noise affects its accuracy performance, rendering it suboptimal. Hence, this study 

introduces a hybrid control system to ensure stable hydrogen gas flow, employing the feedforward wavelet clipping method 

combined with ANFIS. The clipping technique restricts large amplitudes, while wavelets filter high noise. This system is 

implemented on an experimentally validated fuel cell model. The performance analysis of the control system demonstrates that 

the proposed method achieves high accuracy and swiftly recovers in the event of a disturbance. 

Keywords Open cathode PEM fuel cell, control, wavelet, clipping, ANFIS. 

 

1. Introduction 

Currently, open cathode PEM fuel cells are an 

environmentally friendly energy device option[1], offering 

advantages such as low parasitic losses [2] and a simpler 

structure[3]. In this open cathode fuel cell, oxygen is taken 

from the air using fans to reduce the cost of providing pure 

oxygen[4]. Fans are utilized to regulate temperature and 

supply oxygen gas to the fuel cell[5]. Meanwhile, hydrogen 

gas has high economic value due to the high costs of the 

purification process, so its use must be controlled[6][7]. 

Controlling the flow of hydrogen is crucial not only to save 

hydrogen fuel consumption[7] but also to maintain fuel cell 

performance[8][9]. Hydrogen gas starvation can lead to a drop 

in power, consequently disrupting the supply of electricity to 

the load[10]. Power drops can occur due to load 

fluctuations[11]. Output power instability is caused by rapid 

load changes[12]. This could potentially lead to an output 

signal that is also prone to containing noise[13]. When a fuel 

cell operates under varying loads, it can produce fluctuations 

in current and voltage. These variations might lead to changes 

in the electrochemical processes within the cell[14], causing 

fluctuations in the output signal. Therefore, a reliable 

hydrogen gas flow control system is essential to effectively 

address these disturbances[15]. 

Numerous strategies for regulating hydrogen flow rates in 

fuel cells have been proposed, including microcontroller-
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based automatic methods[16], Fuzzy Sliding Mode 

Controller[17], PID controller[18], Fuzzy logic control 

systems ensuring stability of output power during load 

variations[9][19][20][21], a combination of fuzzy logic and 

PID for maintaining fuel cell output voltage stability[22], 

robust adaptive neural network control[23], fuzzy self-

adaptive PID controller[24], problem-solving using TRIZ to 

determine optimal gas flow control parameters [25], and the 

Fractional Order PID Controller method[26].  

However, both PID (Proportional-Integral-Derivative) 

and fuzzy control systems exhibit limitations when 

implemented in open-cathode PEM fuel cell applications, 

particularly in scenarios where the system is non-linear and 

displays high dynamics, demanding precision[27]. In systems 

characterized by elevated dynamics, PID control encounters 

challenges in parameter tuning, leading to a reduction in 

accuracy[28][29]. The limitations of fuzzy control systems 

stem from the lack of guaranteed stability, the reliance on trial 

and error for optimization, and the difficulty in tuning multiple 

parameters (defuzzification, inference, and fuzzification) in 

systems that undergo rapid changes over time[30]. However, 

fuzzy logic controllers exhibit the capability to effectively 

manage systems without necessitating extensive mathematical 

analysis[31][32]. The integration of fuzzy PID methods yields 

superior results in comparison to using PID or Fuzzy 

independently[33][34]. 

Hence, a robust control system is essential to manage 

fluctuations in the open cathode PEM fuel cell. A robust 

hydrogen flow control system can stabilize the output voltage 

because delay in the hydrogen gas supply can influence the 

power output of the fuel cell[14]. The cause is a discrepancy 

between changing load demands and insufficient gas 

supply[35]. To ensure a consistent hydrogen supply, 

feedforward control systems are required for constant and 

variable loads[36][37]. Utilizing wavelets for noise reduction 

is an effective strategy to increase accuracy because there are 

low-pass and high-pass filters[38]. ANFIS control 

demonstrates high accuracy[39], particularly when supported 

by both quality and quantity of input data[40][41]. The 

efficacy of the ANFIS method is also contingent upon well-

chosen parameters associated with the membership 

function[42]. 

Therefore in this paper introduces a novel application of a 

feedforward wavelet clipping-ANFIS (FWC-ANFIS) 

controller specifically designed for optimizing hydrogen flow 

in open cathode PEM fuel cell. The control system aims to 

regulate the hydrogen flow rate. The main contribution of this 

paper lies in the application of a new control system method 

to optimize hydrogen supply in open cathode PEM fuel cell 

during fluctuations. The paper is organized into several 

sections, starting with an introduction followed by research 

methods section encompassing the experimental setup, 

mathematical model of fuel cell, and the FWC-ANFIS. 

Subsequently, the simulation results and discussion section 

critically examines the findings. Finally, the findings are 

summarized in the conclusion section. 

 

 

2. Research Methodology 

This section discusses several stages, beginning with the 

experimental setup, followed by the mathematical fuel cell 

model, and concluding with the FWC - ANFIS control model. 

2.1. Experimental Configuration 

The aim of this experiment is to obtain real data from an 

open cathode fuel cell. It is important to know the actual 

characteristics of fuel cells to be used in designing accurate 

fuel cell models. The utilized cell specifications include an 

active area measuring 5.5 cm x 29 cm, a cell size of 34 cm x 7 

cm, and a thickness of 4 mm. Fig 1. shows a detailed 

schematic diagram of a fuel cell experiment. 

 

Fig. 1. Schematic diagram of a open cathode PEM fuel cell 

experiment. 

The devices used in this experiment comprise a 73-cell 

open-cathode PEM fuel cell with a maximum power of 3kW, 

a gas pressure regulator, instruments for measuring power, 

current, and voltage, a DC load regulator to manage load 

fluctuations, an Arduino-controlled control valve, and a PC 

for monitoring. 

 

 

 

 

 

 

 

 

Fig. 2. Experimental configuration for collecting data from 

open cathode PEM fuel cells. 

The experimental stage begins with a 30-minute warm-up 

period for the fuel cell, operating without a load. The hydrogen 

gas flow in this study was regulated using a regulator set 

between 1 L/min up to 10 L/min. Meanwhile, oxygen gas is 

taken from the air using a 48V DC fan. The measured 

variables in this experiment include hydrogen gas flow, 

voltage, current, and fuel cell output power. 

2.2. Mathematical Model of Fuel Cell 

Mathematical modeling of fuel cell systems efficiently 

allows for an in-depth analysis of various performance 

influencing parameters, such as hydrogen gas flow[43]. Fuel 

cells generally produce output in the form of DC voltage[44]. 

The output voltage of a fuel cell stack (VFC) is determined by 
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multiplying the single cell voltage by the corresponding 

number of cells (Ncell) in the stack[45][46]. 

𝑉𝐹𝐶  =  𝑁𝑐𝑒𝑙𝑙( 𝐸𝑁𝑒𝑟𝑛𝑠𝑡  −  𝑉𝐴𝑐𝑡  −  𝑉𝑂ℎ𝑚𝑖𝑐 −  𝑉𝑐𝑜𝑛)              (1) 

The ideal output voltage of a fuel cell (ENernst) is affected 

by several losses: activation drop voltage (VAct), resistance 

related voltage drop during proton movement (VOhmic), and 

concentration-related voltage drop due to changes in 

concentration (VCon)[47]. Equation (2) is utilized for 

calculating ENernst. 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 1.229 − 0.00085(𝑇 − 298.15)

+ 0.000043 ( ln(𝑃ℎ2
) + 0.5 ln(𝑃𝑜2

)     (2) 

Voltage drop caused by activation losses can be estimated 

using the Tafel equation; 

 𝑉𝑎𝑐𝑡 = − (
𝑅∗𝑇

2∗𝛼∗𝐹
) ∗ log (

𝑖𝐿

𝑖0
)                                               (3) 

At an operating temperature (T) of 333 K, with a transfer 

coefficient (α) of 0.5, Faraday’s constant (F) of 96487 C/mol, 

an ideal gas constant (R) of 8.314 J/mol K, a limiting current 

density (iL) of 1.4 A/cm2, and an exchange current density 

(i0) of 10^-6.912 A/cm2. The ohmic losses (Vohmic) are 

estimated using Ohm’s law: 

𝑉𝑜ℎ𝑚𝑖𝑐 = −(𝑖 ∗ 𝑟)                           (4) 

Where r is internal resistance is 0.19 Ohm-cm^2. The 

mass transport can be calculated using the following equation: 

𝑉𝑐𝑜𝑛 = −𝛼 ∗ 𝑖𝑘 ∗ ln (1 −
𝑖

𝑖𝑙

)                                                     (5) 

In mass transport, the constant (k) with a value of 1.1 is 

utilized. Refer to reference[19][48], Hydrogen vale molar 

constant (KH2 ) is 0.843 mol/s.atm and for Oxygen valve 

constant (KO2 ) is 2.52 mol/s.atm. 

𝐾𝐻2
=

𝑞𝐻2

𝑃𝐻2

=
𝑘𝑎 𝑛

√𝑀𝐻2

                                                                 (6) 

The molar flow of hydrogen is represented by the symbol 

qH2, whereas PH2 denotes the partial pressure of hydrogen. In 

addition, MH2 stands for the molar mass of hydrogen, and Kan 

represents the anode valve constant. Equation (7) can be used 

to compute the reacting hydrogen flow, which is represented 

by the symbol 𝑞𝐻2

𝑟
. 

𝑞𝐻2
𝑟 =

𝑁𝑐𝑒𝑙𝑙 . 𝐼

2𝐹
= 2𝐾𝑟                                                                     (7) 

The modelling constant is denoted by Kr with the value of 

1.4251×10-6 kmol s-1 A-1 

𝐾𝑟 =
𝑁𝑐𝑒𝑙𝑙

4𝐹
                                                                                    (8) 

The stack current is represented by the symbol I. The 

mathematical equation for the partial pressure of hydrogen 

gas, represented by the symbol PH2, is as follows: 

𝑃𝐻2
=

1
𝐾𝐻2

1 + 𝜏𝐻2𝑠
(𝑞𝐻2

𝑖𝑛

− 2𝐾𝑟𝐼)                                                       (9) 

The symbol 𝑞𝐻2
𝑖𝑛  represents the flow rate of hydrogen 

input, while the symbol 𝜏𝐻2𝑠 represents the hydrogen time 

constant. To calculate 𝜏𝐻2
 use the following equation: 

𝜏𝐻2
=

𝑉𝑎𝑛

𝐾𝐻2
𝑅𝑇

                                                                             (10) 

The partial pressure of oxygen gas at the fuel cell cathode 

can be calculated by the equation (11). 

𝑃𝑂2
=

1
𝐾𝑂2

⁄

1+𝜏𝑂2

(𝑞𝑂2
𝑖𝑛 − 𝐾𝑟𝐼)                                                         (11)

  

The molar flow of hydrogen gas can be determined by 

equation[49]. 

𝑞𝐻2
=

𝑁0𝐼𝑠𝑡𝑎𝑐𝑘

2𝐹𝑈
                                                                          (12) 

Static and dynamic models were built using Matlab 

simulink based on fuel cell mathematical equations. The 

model simulates PEM fuel cells by depicting the correlation 

between output voltage and the partial pressures of hydrogen 

and oxygen. The total fuel cell voltage (VFC) is calculated 

using the following equation. 

𝑉𝐹𝐶 = 𝑉𝑜𝑢𝑡 ∗ 𝑁𝐶𝑒𝑙𝑙                         (13) 

Where the number of cells (Ncell) is 73 cells.  

2.3. Control Design 

The control system's design integrates wavelet clipping 

and ANFIS techniques for controlling hydrogen gas flow. Fig. 

3 shows the H2 flow rate controller block. 

 

 Fig. 3. Hydrogen flow rate control block. 

In the control system, the stack current is utilized as the 

setpoint and manipulated using equation (12) to convert it into 

hydrogen gas flow. This hydrogen flow is then fed forward 

and summed with the control system output. 

2.4. Wavelet Structure 

The 5/3 wavelet transform is commonly used in image 

compression and signal processing[50][51]. The wavelet 

produces two outputs: approximation and detail. The basic 

equations for 5/3 wavelet transform (discrete version) can be 

expressed as equations (14) until (17). The sequence of 5/3 

wavelet analysis and synthesis is presented through the 

following equation 

Analysis filters: 

ℎ(𝑧) = −
1

8
𝑧−2 +

1

4
𝑧−1 +

3

4
+

1

4
𝑧1 −

1

8
𝑧2                        (14) 

𝑔(𝑧) = −
1

2
𝑧−1 + 1 −

1

2
𝑧1                                                     (15) 

Synthesis filters: 
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ℎ̅(𝑧) =
1

2
𝑧−1 + 1 +

1

2
𝑧1                                                         (16) 

𝑔̅(𝑧) = −
1

8
𝑧−2 −

1

4
𝑧−1 +

3

4
−

1

4
𝑧1 −

1

8
𝑧2                        (17) 

These outputs are utilized as inputs for the fuzzy neural 

network controller. For a clearer understanding of the wavelet 

structure utilized in this study, please refer to Fig. 4, which 

corresponds to reference[51]. 

 

Fig. 4. Wavelet structure. 

The wavelet has two inputs: error (e) and change in error 

(ec) derived from the hydrogen flow signal. 

2.5. Clipping Technique 

The clipping technique aims to diminish noise by 

constraining the signal's amplitude to a predefined threshold 

[52]. This is necessary as the application of a filter may lead 

to the resurgence of peak amplitudes. 

Mathematically, the clipping operation clip (x,a,b) for a 

value x is defined as[53]: 

𝑐𝑙𝑖𝑝(𝑥, 𝑎, 𝑏) = {

𝑎   𝑖𝑓 𝑥 < 𝑎
𝑥   𝑖𝑓 𝑎 ≤ 𝑥 ≤

𝑏    𝑖𝑓 𝑥 > 𝑏
𝑏                                          (18) 

 

Where: 

x is the input signal. 

a is the lower limit of the range. 

b is the upper limit of the range 

2.6. Adaptive Neuro Fuzzy Inference System  

The structure of the Adaptive Neuro Fuzzy Inference 

System (ANFIS) typically includes 5 layers using the fuzzy 

Sugeno type[40][54]. The Sugeno fuzzy system is expressed 

in the form of the following If-then rule : 

If x is A1 and y is B1, then f1 =  p1x +  q1y +  r1  

If x is A2 and y is B2, then f2 =  p2x +  q2y +  r2 
 

 
 

Fig. 5. ANFIS architecture. 

 

Layer 1: This layer serves as the fuzzification layer, 

housing a membership function with two inputs: x and y.  

𝑂𝑖
1 = µAi(x) and 𝑂𝑖

1 = µBi(y),i =1,2                                  (19) 

Where 𝑂𝑖
1 is a symbol that represents the membership 

function of each node label input Ai and Bi. In this particular 

scenario, the membership function µAi(x) is chosen to exhibit 

a bell-shaped structure, with a highest value of 1 and a lowest 

value of 0, as depicted in the illustration below: 

𝑂𝑖
1 = µ𝐴𝑖(𝑥) =

1

1 + |(
𝑥 − 𝑐𝑖

𝑎𝑖
)2|

𝑏𝑖
                                        (20) 

Where ai, bi, and ci represent sets of parameters adjusted 

to the specific requirements of the bell-shaped membership 

function.  

Layer 2: Each node in this layer is depicted as a circle with 

the symbol Π Every node contains the multiplication of two 

input signals, and its output is calculated as the product using 

T-norm (logical AND). 

𝑂𝑖
2 =  𝑤𝑖  =  µ𝐴𝑖  (x) ∗  µ𝐵𝑖  (y), i =  1, 2                          (21) 

where µAi (x) and µBi (y) are the membership functions 

for the input variables x and y. The resulting value wi 

represents the firing strength or degree of membership for the 

i-th rule. Each output node corresponds to the firing strength 

of a specific rule. 

Layer 3: Every circle-shaped element marked with N 

represents a node. In this layer, a normalization process takes 

place, which includes performing arithmetic addition and 

division. To elaborate, the i-th node calculates the ratio 

between the firing strength of the i-th rule and the collective 

sum of firing strengths across all rules in the following 

equation: 

𝑂𝑖
3 = 𝑤𝑖 =̅̅ ̅̅ ̅̅  

𝑤𝑖

𝑤1𝑤2
, 𝑖 = 1,2                (22) 

The calculated values, referred to as wi, are called 

normalized firing strengths. 

Layer 4: Every square-shaped element within this layer 

represents a node and executes the multiplication of the 

normalized output from layer 3, labeled as 𝑤𝑖̅̅ ̅ with the 'then' 

segment of the fuzzy rule, noted as 𝑓𝑖, the equation as follows: 

𝑂𝑖
4 = 𝑤𝑖̅̅ ̅𝑓𝑖 = 𝑤𝑖̅̅ ̅ (𝑝𝑖𝑥 +  𝑞𝑖𝑦 + 𝑟𝑖), 𝑖 = 1,2                          (23) 

where pi,qi and ri are parameter sets. 

Layer 5: This stage calculates the overall output as the 

sum of all input signals, each represented by a node in a circle 

shape and symbolized as Σ. 

𝑂𝑖
5 = ∑ 𝑤𝑖̅̅ ̅𝑓𝑖

2

𝑖=1
=  

∑ 𝑤𝑖𝑓𝑖
2
𝑖=1

∑ 𝑤𝑖
2
𝑖=1

                                                (24) 

In this context, wi and fi stand for the weight and input 

signal of the i-th input node, respectively. The output 𝑂𝑖
5 

signifies the total of weighted input signals, adjusted by the 

sum of the weights. 

Considering that ANFIS relies on gradient descent and the 

chain rule for learning, determining the error rate for each 

output node during training data is crucial. Assuming the 

output of the node at the ith position as 𝑂𝑖  within a training 

dataset containing P entries, the error function can be 

evaluated as 

𝐸𝑝 = ∑ (𝑇𝑚,𝑝 − 𝑂𝑚,𝑝
𝐿 )2                                                         (25)

#(𝐿)

𝑚=1

 

The measure of error, calculated as the sum of squared 

errors, is represented by Ep. Tm,p represents the mth component 
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of the target vector from output p, while 𝑂𝑚,𝑝
𝐿  represents the 

mth component of the actual output vector. 

Therefore, the error rate can be calculated with the 

following equation 

∂𝐸𝑝

∂𝑂𝑖,𝑝
𝑘 = ∑

∂𝐸𝑝

∂𝑂𝑚,𝑝
𝑘+1

 
∂𝑂𝑚,𝑝

𝑘+1

∂𝑂𝑖,𝑝
𝑘                                                  (26)

#(𝑘+1)

𝑚=1

 

The error rate of an internal node has a range of values 1 

≤ k ≤ L – 1. Therefore, for all 1 ≤ k ≤ L and 1 ≤ i ≤ #(k), 

obtained equation (26). Now, we possess α as a parameter 

within the adaptive network. 
∂E

∂α
= ∑

∂𝐸𝑝

∂𝑂∗

O ∗ ∈ S

∂𝑂∗

∂α
                                                                 (27) 

S represents the collection of nodes influenced by α. The 

derivative of the overall error measurement E concerning α is 
∂E

∂α
= ∑

∂𝐸𝑝

∂α
                                                                       (28)

𝑝

𝑝=1
 

Therefore, the update formula for the generic parameter α 

can be written as follows: 

∆𝛼 = −η
∂E

∂α
                                                                               (29) 

where η = is a learning rate. The learning rate can be written 

as: 

η =
𝑘

√∑ (
∂E
∂α

)2
α

                                                                         (30) 

Here, k represents the size of each step length during the 

gradient transition in the parameter space. Hence, by 

employing Equations (20) and (23), we can formulate the 

propagation model for close-range wireless communication 

within forest, jungle, and open dirt road environments as 

follows; 

∑
𝟏

𝟏 + (
𝒙 − 𝒄𝒊)

𝒂𝒊

𝟐∗𝒃𝒊

] 𝟏

𝟏

+ [ (
𝒙 − 𝒄𝒊)

𝒂𝒊

𝟐∗𝒃𝒊

]

 𝑭𝒊
𝒏
𝒌=𝟎

∑
𝟏

[ (
𝒙 − 𝒄𝒊)

𝒂𝒊

𝟐∗𝒃𝒊

]

𝒏
𝒌=𝟎

𝟏

𝟏 + [ (
𝒙 − 𝒄𝒊)

𝒂𝒊

𝟐∗𝒃𝒊

]

                  (𝟑𝟏) 

Where x symbol represents input variables like frequency, 

bandwidth, spreading factor, range, and more, a defines the 

width of the input's membership function, while b shapes the 

curve on each side of the midpoint, c determines the center 

point of the membership function. Fi signifies the constant 

output level automatically generated by ANFIS. 

3. Results and Discussion 

3.1. Fuel Cell Test Results without Load 

The initial testing phase for the open cathode PEM fuel 

cell was conducted under no-load conditions. This test was 

conducted both experimentally and through simulation. This 

experiment holds significance in elucidating the fuel cell 

output voltage behavior under no electrical load conditions. 

The stress data obtained from the experiment is subsequently 

utilized to validate the simulation model. An experiment was 

conducted for one hour to reach the maximum voltage without 

a load, achieved by providing a hydrogen flow input ranging 

from 1 to 10 L/min. The experimental results indicate that the 

minimum output voltage without a load is 74.425 volts, as 

depicted in Fig. 6. 

 

 
 

Fig. 6. Results of minimum output voltage measurement 

without a load. 

The hydrogen flow is gradually increased every 5 minutes 

until it reaches the maximum voltage stability value. Fig. 7 

displays the measured maximum voltage of the unloaded fuel 

cell, recorded as 76.446 volts using a DC voltmeter. 

 

Fig. 7. Results of maximum output voltage measurement 

without a load. 

In Fig. 8, the response of the output voltage to the 

introduction of hydrogen gas is depicted. According to 

experimental results, it takes the fuel cell approximately 15 

minutes to reach its maximum output voltage in the absence 

of a load. 

 

Fig. 8.  Response of the fuel cell output voltage without load 

current. 

3.2. Fuel Cell Test Results Under Various Load Current 

Conditions 

In subsequent experiments, the fuel cell underwent a 

systematic loading process, varying from 1 A to 10 A, to 

comprehensively understand its behavior and performance 

characteristics, including how quickly it can adapt to changes 

in power demand. The fuel cell used in this research has a 

maximum power capacity of 2500 W. However, to assess the 

performance of the control system, it was tested under a power 

usage of 252.403 W.  
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Fig. 9. Experimental results for 1 A load current. 

Experimental results obtained under a 1 A current load 

and a constant hydrogen flow of 8 L/min show that the fuel 

cell output power is 54.61 W, accompanied by a voltage of 

54.634 V, as depicted in Fig. 9,  Subsequently, based on the 

experimental and simulation results, a curve depicting the 

relationship between current and fuel cell voltage was 

generated, as illustrated in Fig. 10. 

 

 

 

 

 

 

 

Fig. 10. The relationship curve between output voltage and 

current load. 

The relative error (R) between simulation results (Vs) and 

experiments (Ve) can be calculated using Equation  (29).  

𝑅 =
|𝑉𝑠 − 𝑉𝑒|

𝑉𝑒

                           (32) 

According to Equation (29), the calculated relative error 

for Fig. 11 is 1.8%, while for Fig.12 it is 1.9%. These results 

suggest that the fuel cell model is suitable for use. 
 

 

 

 

 

 

 

 

Fig.11. The relationship curve between power and current. 

Fig. 10 and 11 present averaged measurement results for 

load current, voltage, and power, considering the fluctuations. 

Fig. 12 displays the experimental results obtained with a 

constant hydrogen gas input of 7.817 L/min. It's noticeable 

that the load fluctuates, leading to inaccuracies in the control 

system. Based on experimental findings, fluctuations are 

relatively minor within the range of 1 A to 7 A loads. 

However, beyond 7 A, these fluctuations become notably 

pronounced, as illustrated in Fig. 12. At a certain time, there 

is an increase in frequency and amplitude in the current load. 

Hence, the requirement for a control system capable of 

addressing this issue. 

Fig. 12. Experimental results of load fluctuations with an 

7.817 L/min hydrogen input. 

3.3. Performance Test Results Of The Feedforward Wavelet 

Clipping-ANFIS Controller. 

In this simulation, the current is employed both as a 

setpoint and feedforward parameter. Fig, 14 depicts the 

control system's response through the fuel cell current output. 

The control system demonstrates high stability and accuracy. 

The setpoint, aimed at 7.5 A, aligns closely with the output 

current response at 7.53 A. Based on the main performance 

index of the control system indicates an Integral Squared Error 

(ISE) of the control system stands at 0.09, with a settling time 

of 0.217 seconds and a rise time of 0.032 seconds within the 

closed-loop control system. 

 

 
Fig. 13. Current output response. 

Fig. 14 shows the hydrogen flow output response as the 

load transitions from 7.5A to 7.4A and then rises back to 7.6A. 

The control system showcases a rapid recovery, achieving a 

response time of 0.2 seconds. 

 

Fig. 14. Hydrogen flow output response. 

4. Conclusion 

This paper introduces a novel hybrid control method 

designed to regulate the hydrogen flow rate to the open 

cathode PEM fuel cell using feedforward wavelet clipping-
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ANFIS. The primary objective of this control system is to 

enhance both the accuracy and speed of the system's dynamic 

response, particularly during disturbances arising from rapid 

load changes. The control mechanism functions to minimize 

fluctuations in the amplitude and frequency of the current 

output, ensuring that the hydrogen flow, controlled through 

current manipulation, maintains stability and precisely reaches 

the set point value. To evaluate the performance of the control 

system, integral square error (ISE), response time, and 

recovery time criteria are employed. The measured ISE 

criteria yield a value of 0.09, indicating heightened accuracy 

with a lower ISE value. Additionally, the settling time and rise 

time values of 0.217 seconds and 0.032 seconds, respectively, 

in the closed-loop control system illustrate a rapid dynamic 

response to load changes and a swift recovery time of 0.2 

seconds in the face of disturbances. 

In this study, our focus is solely on hydrogen flow control. 

In future research, we will explore the application of the 

MIMO technique to concurrently control the flow of both 

hydrogen and oxygen in an open cathode PEM fuel cell. 
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