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Abstract. Detrimental environmental influences and restricted quantities of conventional energies impose the employment of renewable energies 
(REs). Regrettably, REs for instance wind and solar energies are sporadic, therefore they have to be stored in different forms for employment 
throughout their absenteeism. For that purpose, REs can be stored excellently through generation of hydrogen using electrolyzer throughout 
abundance, then generation of electricity using fuel cell (FC) throughout their absenteeism. Concerning the merits of the proton exchange membrane 
FC (PEMFC), it is recommended more than different types of FCs. The PEMFC power lacks constancy, as it relies on pressure of hydrogen, 
temperature, and loading. Hence, a maximum power point tracking (MPPT) technique have to be employed with PEMFC. The procedures formerly 
employed possess some demerits, for instance delay of reaction, immensity of oscillation, and hugeness of overshoot and undershoot, accordingly 
this research addresses a PEMFC MPPT based on support vector machine (SVM). Simulation findings of employing the SVM for PEMFC MPPT 
expose its merits over other techniques in terms of equilibrium among speediness of reaction, tininess of oscillations, and smallness of overshoot 
and undershoot.  
 
Streszczenie. Niekorzystne wpływy środowiskowe i ograniczone ilości konwencjonalnych energii wymuszają wykorzystanie odnawialnych źródeł 
energii (RE). Niestety, RE, na przykład energia wiatrowa i słoneczna, są sporadyczne, dlatego muszą być przechowywane w różnych formach do 
wykorzystania w czasie nieobecności. W tym celu RE mogą być doskonale przechowywane poprzez wytwarzanie wodoru za pomocą elektrolizera w 
obfitości, a następnie wytwarzanie energii elektrycznej za pomocą ogniwa paliwowego (FC) w czasie nieobecności. Jeśli chodzi o zalety membrany 
wymiany protonów FC (PEMFC), jest ona bardziej zalecana niż inne typy FC. Moc PEMFC nie jest stała, ponieważ opiera się na ciśnieniu wodoru, 
temperaturze i obciążeniu. Dlatego też w przypadku PEMFC należy zastosować technikę śledzenia maksymalnego punktu mocy (MPPT). Wcześniej 
stosowane procedury mają pewne wady, na przykład opóźnienie reakcji, ogrom oscylacji i ogrom przekroczenia i niedoregulowania, dlatego też 
niniejsze badania dotyczą MPPT PEMFC opartego na maszynie wektorów nośnych (SVM). Wyniki symulacji wykorzystującej SVM do pomiaru 
MPPT PEMFC ujawniają jej zalety w porównaniu z innymi technikami w zakresie równowagi między szybkością reakcji, niewielkimi oscylacjami oraz 
niewielkimi przekroczeniami i niedoregulowaniami. (MPPT ogniwa paliwowego PEM wykorzystującego przetwornik podwyższający napięcie 
DC-DC oparty na SVM) 
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Introduction 
The transition from traditional energy sources reliant on 

fossil fuels to renewable energy (RE) is becoming 
increasingly necessary due to environmental concerns and 
the ongoing of fossil fuels depletion. RE is eco-friendly and 
its sources are sustainable. However, their availability can 
be inconsistent. For instance, wind patterns fluctuate, 
leading to variable wind speeds that sometimes fall below 
the minimum required for generating electricity. Similarly, 
solar energy is unavailable during nighttime and under 
cloudy conditions. This inherent intermittency of sources 
like solar and wind power is a notable drawback of REs. As 
a result, it is essential to store RE to ensure a continuous 
supply of electrical energy [1,2]. There are various energy 
storage (ES) methods encompassing chemical, magnetic, 
mechanical, electrical, electrochemical, thermal, and 
biological ES. The selection of an ES system largely 
depends on the type of energy source, the specific energy 
needs of the application, available funding, and the 
practicality of the existing system infrastructure [3,4]. 

Fuel cells (FCs) provide a viable option for converting 
energy from intermittent renewable sources into usable 
power, bypassing the need for traditional combustion 
methods. Surplus RE energy can be stored in the form of 
hydrogen which is produced using electrolyzers and can be 
used for electrical energy generation whenever needed 
using FC. 

FCs are categorized in accordance with their electrolyte 
kind, affecting their function, temperature range, and other 
features. The proton exchange membrane FC (PEMFC) 
has several distinguishing advantages compared to other 
FC technologies, such as the ability to operate at lower 
temperatures, produce greater power, start-up rapidly, 
experience little corrosion, utilize a simpler composition, 
and a smaller volume [5,6]. Given its merits over other FC 
types, the PEMFC is used in various applications that 
include distributed generators, transportation, and aviation.  

For every specific operational scenario of PEMFC, 
which includes varying hydrogen pressure PH2, FC 
temperature Tfc, and resistive load (R), there is a distinct 
point on the current-power (I-P) diagram that represents the 
maximum power point (MPP). To effectively extract this 
optimal power from the PEMFC under different conditions, 
the MPP tracking (MPPT) process is essential. The MPPT 
system operates using a DC-DC boost converter (DC-
DC_BC), which features an adjustable duty switch cycle 
(DSC).  

Various MPPT techniques have been applied to 
PEMFCs, including incremental resistance [7], incremental 
conductance [8], perturb and observe (P&O) [9,10], artificial 
neural network (ANN) [11-14], variable step size (VSS) [15-
17], fuzzy logic (FL) [18-20], indirect P&O FL-based VSS 
[21], and FL controller [22-24].  

Beyond the aforementioned techniques, several 
additional techniques have been implemented for PEMFC 
MPPT. These include the sliding mode controller [25-27], 
neuro-fuzzy controller [28-30], model predictive control [31], 
proportional-integral-derivative (PID) controller, whose 
gains have been optimized using various algorithms such 
as the particle swarm optimizer [32], salp swarm approach 
[33], and grey wolf optimizer [34], and the fractional-order 
PID controller (FOPID) adjusted via forensic-founded 
investigation algorithm [35]. 

In this study, support vector machine (SVM) is 
innovatively suggested for modelling PEMFC to determine 
the MPP required for MPPT. SVM is one of the standard 
machine learning approaches which produces supervised 
max-margin models through accompanying learning 
processes that classify and regress data [36]. SVM was 
employed effectively for MPPT of photovoltaic [37,38]. 
Additionally, SVM was employed effectively for modelling 
PEMFC [39-41] but it has not been employed for PEMFC 
MPPT yet. 
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The contributions of our study are: 
 The innovative utilization of SVM for PEMFC MPPT. 
 Comparing the findings of SVM for PEMFC MPPT with 

the P&O technique, FOPID, and PID controllers to 
establish its superiority. 

 The performance of SVM is legalized via changing PH2, 
Tfc, and R. 

The remnant of the study is divided as following: The 
PEMFC is modelled in Section 2. The DC-DC_BC is 
described in Section 3. The SVM is clarified in Section 4. 
The suggested control technique of MPPT is explained in 
Section 5. The findings are analyzed in Section 6. Deducing 
the conclusions is in Section 7. 

 

Model of PEMFC 
Many illustrations of the PEMFC stack model may be 

found in the literature. The stack voltage Vsta of a quantity of 
series connected cells (Nc), is determined as follows 
[15,17]: 

(1)  

where E symbolizes open circuit voltage, Vohm symbolizes 
ohmic voltage drop for every cell, and Vcon and Va 
symbolize concentration and activation over-voltages for 
every cell, respectively. Equations (2) to (5) are used to 
determine the stack voltage parameters. 

(2)  

where  are experimental coefficients, CONO2 
is O2 concentration (mol/cm3), and Ifc is the PEMFC working 
current (A). 

(3)  

 

where Tfc is temperature (K) of cell, and  and  are 
partial pressures (atm) of O2 and H2, respectively. 

(4)  

where RCO and Rme are resistances of the connections and 
membrane (Ω), respectively. 

(5)  

where D denote parametric factor, and Jmax and J symbolize 
maximum and actual denseness of current (A/cm2), 
respectively. The stack power Psta can be calculated as:  

(6)  
 

(a) I-P cs 

 
 
 
 
 
 

(b) I-V cs 

 
Fig.1. Influence of P(H2) change on MPP of PEMFC. 
 

(a) I-P cs 

 
(b) I-V cs 

 
Fig.2 Influence of Tfc change on MPP of PEMFC. 
 

The Psta depends on parameters PH2, Tfc, and Ifc as can 
be seen in (2)-(5) which are reliant on R. The changes in 
MPP based on PH2 and Tfc, respectively, are depicted in 
Figures 1 and 2, where MPP rises as both PH2 and Tfc rise. 
MPP happens at a certain voltage (VMP), which depends on 
PH2, Tfc, and R, as revealed in Figures 1-b and 2-b. 
Therefore, employing the DC-DC_BC to elevate Vsta to VMP 
is essential for reaching MPP. In this research, we propose 
a novel PEMFC MPPT that makes use of SVM. 
 

DC-DC Boost Converter 
The DC-DC_BC shown in Figure 3 is made up of a 

capacitor (C) to reduce ripples, a diode (D) to isolate 
amongst the output and input periods, a MOSFET to turn on 
and off, and an inductor (L) for storing energy. In addition, 
the MOSFET gate receives pulses from a pulse width 
modulator (PWM). Depending on DSC, pulse width is 
regulated. The switching frequency (fswit) of PWM is used to 
calculate the amount of pulses per second.  
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Fig.3. DC-DC boost converter 
 

Equation (7) shows the output voltage (Vo) that is relies 
on DSC and input voltage (Vi).  

(7)  

As shown in (8), DSC can be obtained via (7) for known 
values of Vi and Vo. 

(8)  

In the case of deploying DC-DC_BC for PEMFC MPPT, 
the DSC needs to be adjusted continually to make Vo tracks 
VMP continually. 

 

SVM 
 SVMs are powerful data-driven modelling approaches 
known for their efficacy in classification and regression 
problems. SVMs employ a principle called structural risk 
minimization (SRM), which seeks to minimize a trade-off 
among the empirical error and the complication of the 
hypothesis zone. The SVMs regression approaches 
implying SRM are notable for their robustness and good 
generalization ability unlike traditional methods like ANN, 
multiple linear regressions, and partial least squares which 
are based on reduction of empirical risk [40, 42, 43]. 
 In the SVM regression, only a subset of the training data 
affects the loss function via an ε-intensive loss function. 
This approach allows for a balance between minimizing 
training errors and reducing the complexity of the model. 
Thus, the greater errors are adjusted using a slack variable 
since errors littler than ε-intensive loss function are 
neglected [39]. SVMs are renowned for their effectiveness 
in high-dimensional spaces and their capability to model 
complex and nonlinear relationships. They have been 
effectively utilized in diverse fields, for instance 
bioinformatics, image processing, and pattern recognition.  
Several SVM variations have been developed for 
regression problems, including least squares SVM, ν-SVM, 
and standard SVM (ε-SVM) [40, 43, 44].  
 The core of SVM lies in constructing an optimum 
hyperplane in a multidimensional extent to segregate 
different classes. This is achieved through the following 
function. 

(9)  

where y represents input features, G is the weight vector, 
and C denotes the bias. The focus of SVMs is to maximize 
the margin among the hyperplane and the nearest data 
points of every class, named support vectors [41]. For 
complex and non-linear datasets, SVM regression is 
expressed as: 

(10)  

where K(zj, z) is the kernel function, JSVM is the amount of 

support vectors, and ,  are the model coefficients. 

For regression tasks, termed support vector regression 
(SVR), the objective is to fit a function within a defined 
margin of tolerance, ε. Thus, (10) can be reformulated as: 

(11)  

 According to the SVR principle, (11) can be flatten and 
subject to the functional minimum that manages the 
classification margin and error tolerance as shown below:   

(12)  

(13)   

 
 
where b represents a predefined constant. The ε-insensitive 
loss function is employed by the regression process to 
characterize the deviation between the true and estimated 
functions, G(y). Larger errors are rejected, but those smaller 
than ε are accepted [41]. The regression can be 
transformed to a convex optimization problem as below:  

(14)  

(15)  

where  and  are slack variables and  is the norm 
of u. The minimum of  indicates that G(y) should 
be flat. 
 
MPPT Control Technique 
 Figure 4 exposes the proposed control technique for 
PEMFC MPPT, where DSC of the DC-DC_BC is adjusted 
utilizing (8) whose inputs are Vo and VMP for making Vo 
tracks VMP continually, and therefore Psta tracks MPP 
continually. Vo is fed back from the output of DC-DC_BC 
while VMP is obtained via SVM model of PEMFC. 
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Fig.3. The proposed MPPT control technique. 
 

Results with Discussion 
 The forcefulness and efficacy of PEMFC MPPT 
exploiting SVM are evidenced through comparison of its 
simulation findings with other techniques. The influence of 
changes in PH2, Tfc, and R on the working of the proposed 
PEMFC MPPT is also investigated. 
 The SVM is run with these factors: b = 300 and u = 
0.045 that were determined based on review of the SVM 
literature as well as trial and error. The MPPT is run on an 
industrial classic PEMFC i.e., the Ballard Mark V, whose 
rated power is 1500 W. In the simulation, 13 measurements 
of I-V cs are employed for training SVM to model PEMFC at 
regular PH2 and Tfc as detailed in Table 1. The 
measurements change as PH2 and/or Tfc change. 
Concerning the value of factors of the DC-DC_BC, fswit = 10 



56                                                                              PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 100 NR 11/2024 

kHz, high value of fswit is decided to lessen the capacitors 
and inductors, that results in a cost saving, C = 1500 μF, 
and L = 69 mH. The values of C and L are thoroughly 
chosen to guarantee low ripples in Vo at the indicated fswit. 
 

Table 1. The measurements of I-V cs employed for SVM model. 
Ifc (A) Vsta (V) 
71.852 19.6 
67.298 21 
61.226 22.05 
56.166 23.8 
48.07 24.5 
43.01 25.2 

37.444 26.25 
34.408 26.6 
27.83 28 
20.24 28.7 

16.192 29.75 
10.626 30.8 

5.06 33.25 
 
PEMFC MPPT at Regular Working Circumstances 

Regular working circumstances of PH2 and Tfc for the 
investigated PEMFC are utilized in this subsection for 
various techniques of PEMFC MPPT. In depth, PH2=1 atm 
and Tfc =343 K. Concerning the electric loading, PEMFC is 
loaded using R of 50 Ω. 

Figure 5 exposes Psta of the investigated PEMFC when 
three MPPT techniques, in addition to the suggested SVM 
technique, are operated. Particularly, the P&O technique 
[10], PID and FOPID controllers optimized by golden jackal 
optimization algorithm (GJOA) [45], are compared with the 
suggested SVM technique. There is high overshoot in the 
reaction of Psta during utilization of the P&O technique. 
Oscillations and slowness exist in the reaction of Psta during 
utilization of GJOA-FOPID and GJOA-PID controllers. The 
resulting rise time (tr) and overshoot in percentage (OSP) 
for numerous MPPT techniques are recorded in Table 2. 
The suggested SVM technique results in an OSP of 7.14% 
which is less than P&O technique but higher than GJOA-
FOPID and GJOA-PID controllers. The resultant tr of the 
suggested SVM technique is 0.25 s, which is lower than 
GJOA-FOPID and GJOA-PID controllers but higher than 
P&O technique. The comparison criterion is that the MPPT 
technique, which possesses the fastest reaction, the lowest 
oscillations, and the least overshoot, is favoured over other 
techniques. When applying this criterion to the findings 
listed in Table 2, the suggested SVM technique has better 
balance amongst overshoot and speed than other MPPT 
techniques. 

 
Fig.5. Reaction of PEMFC MPPT techniques. 
 

Table 2. The resultant tr and OSP for numerous MPPT techniques 
MPPT Scheme tr (s) OSP (%) 

P&O technique 0.167 11.5 
GJOA-FOPID Controller 0.483 1.83 
GJOA-PID Controller 0.545 1.46 
SVM technique 0.25 7.14 

PEMFC MPPT at Varying PH2 
 In this part, the SVM technique for MPPT of the 
investigated PEMFC is legalized when PH2 varies. Figure 6-
a exposes that the PH2 has initial value of 1 atm, formerly it 
rises to 2.3 atm when t=2 s, and then it declines to 1 atm 
when t=3.5 s. Figure 6-b exposes the reaction of Psta 
throughout a variation in PH2 where MPPT based on SVM is 
observed to respond hurriedly to changes in PH2. 
Throughout the stage of rise of PH2, Psta rises to new value 
afterwards declines with reduction of PH2. This proves that 
Psta tracks the updated MPP for updated circumstances. 
The updated circumstances in this case caused by a 
change of PH2 from 1 atm to 2.3 atm and afterwards from 
2.3 atm to 1 atm, while Tfc and R are constant at 343 K and 
50 Ω, respectively. Moreover, the disappearance of 
oscillations is noticed. Moreover, the overshoot and 
undershoot are excessively small. 
 

(a)  

 
(b)  

 
Fig.6. Reaction of PEMFC MPPT based on SVM at varying . 
 
(a)  

 
(b)  

 
Fig.7. Reaction of PEM-FC MPPT based on SVM at varying . 
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PEMFC MPPT at Varying Tfc 
 This subsection presents an examination for the SVM 
for MPPT of the investigated PEMFC when Tfc changes. 
The variation in Tfc is presented in Figure 7-a, where the Tfc 
has initial value of 343 K, formerly it declines to 320 K when 
t=2 s, and then it rises to 343 K when t=3.5 s. The reaction 
of Psta throughout change of Tfc is demonstrated in Figure 6-
b, where the rapid working of MPPT exploiting SVM with 
change of Tfc is noticed. During the stage of reduction in Tfc, 
Psta declines to its updated value afterward rises with rise in 
Tfc. This displays that Psta tracks updated MPP for updated 
circumstances. The updated circumstances in this 
subsection are resulted by variation in Tfc from 343 K to 320 
K and afterward from 320 K to 343 K, while  and R are 
constant at 1 atm and 50 Ω, respectively. Furthermore, 
there are no oscillations throughout change in Psta. 
 
PEMFC MPPT at Varying R 

In this part, SVM for MPPT of the investigated PEMFC 
is tested when R varies. Figure 8-a shows that R has initial 
value of 50 Ω, formerly it rises to 54 Ω when t=2 s, and then 
it declines to 50 Ω when t=3.5 s. Figure 8-b exposes the 
reaction of Psta throughout variation in PH2, where MPPT 
exploiting SVM reacts speedily to change in PH2. 
Throughout the stage of rise in R, Psta declines to its 
updated value then rises with reduction of R. This certifies 
that Psta tracks updated MPP for updated circumstances. 
The updated circumstances in this subsection are resulted 
by change of R from 50 Ω to 54 Ω and afterward from 54 Ω 
to 50 Ω, while PH2 and Tfc are constant at 1 atm and 343 K, 
respectively. Additionally, the oscillations are small. 

 
 (a)  

 
(b)  

 
Fig.8. Response of PEMFC MPPT based on SVM at varying R. 
 
Conclusions 
 The I-P relationship of PEMFC changes according to the 
working circumstances, viz. PH2, Tfc, and R. Therefore, 
every set of circumstances owns an individual I-P 
relationship with individual MPP. Consequently, the 
existence of the MPPT technique is needed to track MPP 
continually. In this study, an innovative PEMFC MPPT 
exploiting SVM was suggested. Comparisons of simulation 
findings were accomplished for the PEMFC MPPT 
exploiting SVM with other techniques, viz. P&O technique, 

PID, and FOPID controllers, at regular working 
circumstances of PEMFC. The comparisons showed that 
the results using the MPPT technique based on SVM 
exhibit better balance amongst overshoot and speed 
compared to other MPPT techniques. Additionally, the 
PEMFC MPPT exploiting SVM was legitimized throughout 
change in working circumstances. The simulation findings 
of the PEMFC MPPT exploiting SVM throughout change of 
PH2, Tfc, and R show the high velocity of performing. Our 
future research proposal is to empirically validate the 
proposed PEMFC MPPT technique. 
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