
261 

Journal of New Materials for Electrochemical Systems 
Vol.24, No.4, October 2021, pp. 261-269 

Journal homepage: http://iieta.org/journals/jnmes

Improving the output power of PEM fuel cell with PI + ASM combined controller 
designed for boost converter 

Jie Gao, Yuwei Yang, Hai Gu 

School of Mechanical Engineering, Nantong Institute of Technology, Nantong 226002, China 

Corresponding Author Email: gaojie.ntit@gmail.com 

https://doi.org/10.14447/jnmes.v24i4.a05 ABSTRACT 

Received: July 21-2021 
Accepted: September 30-2021

Proton-exchange membrane (PEM) is one of the most common fuel cells for 
renewable energy generation. In this paper, the structure of DC/DC boost converter 
is presented to improve the energy efficiency and the combination of proportional-
integral controller with adaptive sliding mode method is designed to achieve high 
output power as well as constant output voltage. The proposed method has the ability 
to cover uncertainty effects with an unknown upper bound due to the use of adaptive 
technique and in addition to improving the quality of output power and voltage of the 
PEM, also eliminates permanent tracking error and ensures the stability of the closed 
loop system. The stability of the closed-loop system has been obtained using 
Lyapunov method and the simulation and comparison results in MATLAB 
environment show the optimal performance of the system under the proposed method 
and high efficiency compared to the existing methods. 
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1. INTRODUCTION

Efforts to prevent destructive climate change will lead to
changes in the energy sector and achieving global goals in this 
field will be possible by improving low-carbon energy 
technologies and especially by using renewable energy. The 
energy area is a major driver of greenhouse gases and global 
warming, and change in the energy system is seen as a key to 
achieve a cleaner and safer future. Renewable energy is clean, 
abundant and reliable, and if properly developed, can play an 
important role as a source of sustainable energy in mitigating 
climate change [1-4]. 

One of the most important technologies for the production of 
renewable energy is fuel cells that operate on the principle of 
electrochemistry, and one of the most common types is the 
proton- exchange membrane (PEM) fuel cell. This technology 
is a safe, clean and efficient energy source that has a long life 
and costs much less than other fuel cell technologies [5]. The 
PEM is the most widely used fuel cell type in transportation, 
vehicles and distributed power generation due to its high power 
density, low operating temperature and high conversion 
efficiency. 

One of the most common structures for converting the output 
power of a fuel cell into a suitable one is the use of DC/DC 
converters. There are various topologies in the use of converters, 
the most popular of which are buck converters which step down 
voltage, boost converters that step up voltage, and other types 
of buck-boost and Cuk converters [6]. The converters control 

the DC output voltage thorough pulse width modulation (PWM) 
switching technique. 

To achieve greater efficiency for conversion of power from 
the fuel cell stack to the load, many control techniques have 
been used to operate the system at maximum power point. Due 
to the nonlinearity of the system, the presence of uncertainty as 
well as disturbances, classical linear control methods are not 
effective for DC/DC converters. Recently, advanced methods 
such as Artificial Neural Network (ANN), Particle Swarm 
Optimization (PSO), feedback linearization [7], Fuzzy Logic 
Controller (FLC) [8, 9] and Sliding Mode Controller (SMC) 
[10-13] have been widely used in articles. Sliding mode 
controller has been used due to several advantages including 
the ability to stabilize the system against to changes in the 
converter parameter and load disturbances [14-16], its ease of 
implementation and excellent performance in various fields 
[17-18]. 

But using a sliding mode controller in a DC-DC converter 
causes several major problems: 

1. Changing the switching frequency, which causes low-
order harmonic components, so makes them difficult to filter. 

2. Steady state error; despite the capability and robustness
of the sliding mode method against changes in parameters and 
perturbations, a non-zero steady state error is observed in this 
controller. 

3. Another challenge in designing the output voltage
controller for these converters is that many DC-DC converters 
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are not minimum phase and there is a zero right in the voltage 
transfer function for the DC-DC boost converter. Therefore, a 
direct control of the output voltage leads to instability of the 
overall system. 

4. Finally, some of the effects of parasitic and destructive
elements on the converter model have not been considered. For 
example, the voltage drop across the power switch, the 
semiconductor diode, and the series capacitance equivalent to 
the output capacitor are not considered in the dynamic and static 
equations governing the converter behavior, and it is impossible 
to consider the model parameters as a fixed and known manner. 

To overcome the above problems and extract the maximum 
output power from the PEM fuel cell, this paper presents a 
robust indirect method for controlling the output voltage. The 
proposed method is based on proportional-integral control and 
adaptive sliding mode methods and in addition to stabilizing the 
PEM fuel cell system in its entire practical range, it is also able 
to cover uncertain parametric effects. The proportional-integral 
method is used to eliminate the steady-state error and the 
sliding mode method is used to regulate and control the output 
voltage of the converter in the presence of load changes and 
variations of other parameters. The adaptive method is also 
used to estimate the high uncertainty bound in the system. 

Accordingly, this article has been compiled as follows. In the 
second part, the PEM fuel cell model with DC-DC converter is 
presented. The third section describes the proposed controller 
structure and the fourth section presents the results of 
simulations and comparisons in the MATLAB environment. 
Finally, the fifth section is devoted to conclusions and future 
suggestions. 

2. SYSTEM MODEL

In this section, the fuel cell system model with DC-DC boost
converter is presented. The structure of the static and dynamic 
models of the PEM fuel cell along with the fuel cell general 
model with the converter are presented in three parts. 

2.1 PEM Fuel Cell Static Model 

The main function of the PEM fuel cell is to convert chemical 
energy into electrical energy, and its general schematic is 
shown in Figure 1. 

Figure 1. General schematic of PEM fuel cell. 

During this conversion, normal water and heat are generated. 
The various parts of the fuel cell, including the anode, cathode, 
and membrane, are shown in Figure 2. As it turns out, oxidation 
occurs through the following reaction inside it 

2𝐻𝐻2 ⟹ 4𝐻𝐻+ + 4𝑒𝑒−    (1) 
The released 𝐻𝐻+ ions pass through the membrane, while the 

𝑒𝑒− ions are not able to pass through it. The following reduction 
reaction also takes place inside the cathode. 

𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− ⟹ 2𝐻𝐻2𝑂𝑂 (2) 
It should be noted that in reaction (2), the oxygen entering 

the cathode reacts with 𝐻𝐻+ passing through the membrane and 
𝑒𝑒− transferred to the cathode surface through the external load. 
The total reaction that occurs is as follows: 

2𝐻𝐻2 + 𝑂𝑂2 ⟹ 2𝐻𝐻2𝑂𝑂 + electrical energy  (3) 

   (4) 

   (5) 

The output voltage of single fuel cell (𝑉𝑉𝐹𝐹𝐹𝐹) and stack fuel cell 
(𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠) are 

In the above relations, 𝐸𝐸𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶 is the electrochemical 
thermodynamics potential of the PEM fuel cell and it addresses 
the best yield voltage, 𝜂𝜂𝑠𝑠𝐹𝐹𝑠𝑠 is activation polarization loss and 
specifies the voltage drop because of the activation of the anode 
and the cathode, 𝜂𝜂𝑜𝑜ℎ𝑚𝑚 is ohmic polarization loss which derived 
from membrane resistance to move protons and from electrical 
resistance of the electrodes to move electrons, 𝜂𝜂𝐹𝐹𝑜𝑜𝑐𝑐 is 
concentration polarization loss results from the drop in 
concentration of the reactants, oxygen and hydrogen, which 
changes during the reaction and 𝑁𝑁𝐹𝐹𝑒𝑒𝐶𝐶𝐶𝐶 is the number of fuel cell 
in stack. 

2.2 PEM Fuel Cell Dynamic Model 

The dynamic model of PEM fuel cell is described in this 
section. Because the membrane is located in the middle of two 
charged layers in the PEM cell, it actually acts as a capacitor. 
Considering 𝑅𝑅𝑜𝑜ℎ𝑚𝑚,𝑅𝑅𝑠𝑠𝐹𝐹𝑠𝑠, 𝑅𝑅𝐹𝐹𝑜𝑜𝑐𝑐 as ohmic, activation and the 
concentration resistances, the equivalent circuit is shown as in 
Figure 3. 

By writing the Kirchhoffs Voltage Law (KVL) and 
Kirchhoffs Current Law (KCL) for the equivalent circuit, it is 
obtained 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑑𝑑 − 𝐼𝐼𝑅𝑅𝑜𝑜ℎ𝑚𝑚 (6) 

𝐼𝐼 = 𝐶𝐶
𝑑𝑑𝑉𝑉𝑑𝑑
𝑑𝑑𝑠𝑠

+
𝑉𝑉𝑑𝑑

𝑅𝑅𝑐𝑐𝑜𝑜𝑐𝑐 + 𝑅𝑅𝑎𝑎𝑐𝑐𝑎𝑎
(7) 

𝑉𝑉𝐹𝐹𝐹𝐹 = 𝐸𝐸𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶 − 𝜂𝜂𝑠𝑠𝐹𝐹𝑠𝑠 − 𝜂𝜂𝑜𝑜ℎ𝑚𝑚 − 𝜂𝜂𝐹𝐹𝑜𝑜𝑐𝑐 

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠 = 𝑁𝑁𝐹𝐹𝑒𝑒𝐶𝐶𝐶𝐶. 𝑉𝑉𝐹𝐹𝐹𝐹 = 𝑁𝑁𝐹𝐹𝑒𝑒𝐶𝐶𝐶𝐶. (𝐸𝐸𝐹𝐹𝑒𝑒𝐶𝐶𝐶𝐶 − 𝜂𝜂𝑠𝑠𝐹𝐹𝑠𝑠 
− 𝜂𝜂𝑜𝑜ℎ𝑚𝑚 − 𝜂𝜂𝐹𝐹𝑜𝑜𝑐𝑐)
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Figure 2. Various parts of PEM fuel cell and its operation 
diagram. 

Figure 3. The equivalent circuit for PEM fuel cell. 

Equation (7) can be rewritten as follows: 

𝑑𝑑𝑉𝑉𝑑𝑑
𝑑𝑑𝑠𝑠

=
1
𝐶𝐶
𝐼𝐼 −

1
𝜏𝜏
𝑉𝑉𝑑𝑑 

(8) 

Where 𝑉𝑉𝑑𝑑 signifies the voltage across the equivalent 
capacitor, 𝐶𝐶 is the equivalent capacitance, and 𝜏𝜏 is the fuel cell 
time constant equals to 

𝜏𝜏 = 𝐶𝐶(𝑅𝑅𝑎𝑎𝑐𝑐𝑎𝑎 + 𝑅𝑅𝑐𝑐𝑜𝑜𝑐𝑐) = 𝐶𝐶 �
𝜂𝜂𝑎𝑎𝑐𝑐𝑎𝑎 + 𝜂𝜂𝑐𝑐𝑜𝑜𝑐𝑐

𝐼𝐼
� (9) 

It is obtained by placing equations (9) and (8) in equation (6) 
and taking the Laplace transform. 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − �
𝑅𝑅𝑎𝑎𝑐𝑐𝑎𝑎 + 𝑅𝑅𝑐𝑐𝑜𝑜𝑐𝑐

(𝑅𝑅𝑎𝑎𝑐𝑐𝑎𝑎 + 𝑅𝑅𝑐𝑐𝑜𝑜𝑐𝑐)𝐶𝐶. 𝑠𝑠 + 1
+ 𝑅𝑅𝑜𝑜ℎ𝑚𝑚� 𝐼𝐼

(10) 

If we want to describe the PEM behavior more accurately, it 
is necessary to include the pressure of hydrogen and oxygen 
gases as well as their flow rate in the dynamic model. 
According to [19- 20], the partial pressure equations for oxygen 
and hydrogen are as follows: 

𝑃𝑃𝐻𝐻2 =
1/𝐾𝐾𝐻𝐻2

�1 + 𝜏𝜏𝐻𝐻2�
�𝑞𝑞𝐻𝐻2 − 2𝐼𝐼.𝐾𝐾𝑟𝑟�2𝐻𝐻2

⟹ 4𝐻𝐻+ + 4𝑒𝑒− 

(11) 

𝑃𝑃𝑂𝑂2 =
1/𝐾𝐾𝑂𝑂2

�1 + 𝜏𝜏𝑂𝑂2�
�𝑞𝑞𝑂𝑂2 − 𝐼𝐼.𝐾𝐾𝑟𝑟� 

(12) 

Where: 

⎩
⎪
⎨

⎪
⎧𝜏𝜏𝐻𝐻2 =

𝑉𝑉𝑎𝑎𝑐𝑐
𝑅𝑅.𝑇𝑇.𝐾𝐾𝐻𝐻2

𝜏𝜏𝑂𝑂2 =
𝑉𝑉𝑎𝑎𝑐𝑐

𝑅𝑅.𝑇𝑇.𝐾𝐾𝑂𝑂2

 

(13) 

𝐾𝐾𝐻𝐻2 states the valve molar constant for hydrogen (𝑠𝑠𝑚𝑚𝑜𝑜𝐶𝐶/𝑠𝑠
𝑠𝑠𝑠𝑠𝑚𝑚), 𝐾𝐾𝑂𝑂2 signifies the valve molar constant of oxygen (𝑠𝑠𝑚𝑚𝑜𝑜𝐶𝐶/
𝑠𝑠 𝑠𝑠𝑠𝑠𝑚𝑚), 𝑞𝑞𝐻𝐻2 indicates the hydrogen flow rate, 𝑞𝑞𝑂𝑂2 specifies the 
oxygen flow rate, 𝜏𝜏𝐻𝐻2 shows the response time of hydrogen (s), 
𝜏𝜏𝑂𝑂2 indicates the response time of oxygen (s), 𝐾𝐾𝑟𝑟 indicates a 
modeling parameter constant (𝑠𝑠𝑚𝑚𝑜𝑜𝐶𝐶/(𝑠𝑠𝑠𝑠)), and 𝑉𝑉𝑠𝑠𝑐𝑐 states the 
volume of the anode. By using the equations, the PEM fuel cell 
system can be presented as Figure 4. 

Figure 4. The PEM fuel cell system dynamic model. 
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2.3 State Space Equations of DC/DC Boost Converters 

The DC/DC boost converter delivers the input voltage from 
the PEM fuel cell to the output at a higher level, and its 
schematic is shown in Figure 5. 

Figure 5. The schematic of boost converter circuit. 

This converter includes a DC or PEM voltage source, an 
inductance, a transistor switch, a diode switch, a filter capacitor, 
and an ohmic load. Through the 𝑢𝑢 switch, the output is set to 
the following relation 

𝑉𝑉𝑜𝑜𝑜𝑜𝑎𝑎 = �
1

1 − 𝑢𝑢
� .𝑉𝑉𝑠𝑠𝑎𝑎𝑎𝑎𝑐𝑐𝑠𝑠 

(14) 

This boost converter works in two modes, the first mode when 
𝑢𝑢 is on and 𝑑𝑑 is off, and in this case the dynamic equations 
governing the inductance current and output voltage are as 
follows: 

�

𝑑𝑑𝑑𝑑𝐿𝐿
𝑑𝑑𝑠𝑠

=
1
𝐿𝐿

(𝑉𝑉𝑠𝑠𝑎𝑎𝑎𝑎𝑐𝑐𝑠𝑠)

𝑑𝑑𝑉𝑉𝑜𝑜𝑜𝑜𝑎𝑎
𝑑𝑑𝑠𝑠

=
1
𝐶𝐶

(−𝑑𝑑𝑜𝑜𝑜𝑜𝑎𝑎)

(15) 

In the second operating mode, 𝑢𝑢 is off and 𝑑𝑑 is on, and the 
dynamic equations of inductance current and output voltage are 
as follows: 

�

𝑑𝑑𝑑𝑑𝐿𝐿
𝑑𝑑𝑠𝑠

=
1
𝐿𝐿

(𝑉𝑉𝑠𝑠𝑎𝑎𝑎𝑎𝑐𝑐𝑠𝑠 − 𝑉𝑉𝑜𝑜𝑜𝑜𝑎𝑎)

𝑑𝑑𝑉𝑉𝑜𝑜𝑜𝑜𝑎𝑎
𝑑𝑑𝑠𝑠

=
1
𝐶𝐶

(𝑑𝑑𝐿𝐿 − 𝑑𝑑𝑜𝑜𝑜𝑜𝑎𝑎)

(16) 

Considering the inductance current and output voltage as 
state variables along with 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠 = 𝑣𝑣, the state space equations 
for the boost converter are as follows: 

⎩
⎪
⎨

⎪
⎧
�̇�𝑥 = �

0
𝑢𝑢 − 1
𝐿𝐿

1 − 𝑢𝑢
𝐶𝐶

−
1
𝑅𝑅𝐶𝐶

�

𝑦𝑦 = [0 1]𝑥𝑥

𝑥𝑥 + �
1
𝐿𝐿
0
� 𝑣𝑣 

(17) 

The parameters of PEM fuel cell are given in Table 1. For 
more information about the model, the reader can refer to [19-
23]. 

Table 1. The parameters of PEM fuel cell 

Symbol Value Unit 

𝐸𝐸𝑂𝑂 1.229 𝑉𝑉 

𝑅𝑅 83.143 𝐽𝐽 𝑚𝑚𝑜𝑜𝐶𝐶−1𝐾𝐾−1 

𝐹𝐹 96485.309 𝐶𝐶 𝑚𝑚𝑜𝑜𝐶𝐶−1 

𝑇𝑇 298.15 𝐾𝐾 

𝑠𝑠 162 𝐹𝐹 

𝜓𝜓 23 

𝐶𝐶 175.10−6 𝐹𝐹𝑚𝑚 

𝐵𝐵 0.1 𝑉𝑉 

𝑅𝑅𝑐𝑐 0.0003 

𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 0.062 𝑠𝑠 𝐹𝐹𝑚𝑚−1 

𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  10 

𝜉𝜉1 0.9514 𝑉𝑉 

𝜉𝜉2 −0.00312 𝑉𝑉/𝐾𝐾 

𝜉𝜉3 −7.4. 10−5 𝑉𝑉/𝐾𝐾 

𝜉𝜉4 1.87. 10−4 𝑉𝑉/𝐾𝐾 

3. PROPOSED PI + ADAPTIVE SLIDING MODE
CONTROLLER

The proposed control method is described in this section. In
the design of the controller, several issues have been considered 
that have already been sterilized by previous studies. 1- Due to 
the non-minimum phase nature of the DC/DC boost converter, 
direct control methods are not able to properly control and 
extract the maximum power from the DC source. This feature of 
the converter leads to controller error and system instability. 2- 
Like any other physical system, existence of uncertainty in the 
system model is inevitable. These uncertainties occur in 
different parts of the system, and sometimes the upper bound of 
them is not clear. Therefore, it is necessary to consider these 
uncertainties in the design of the controller. 

To overcome the adverse effects mentioned above, this paper 
presents a new hybrid control method based on PI, adaptive and 
sliding mode techniques. To achieve zero steady state error and 
extract the maximum power from the fuel cell, the sliding 
surface is selected through the obtained error after applying the 
PI method. This approach ensures zero error on the inductance 
current and consequently maximum power extraction. Using 
the adaptive approach, the upper bound of uncertainties is 
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estimated and the stability of the system under uncertainties is 
guaranteed. The controller structure is shown in Figure 6. 

Figure 6. The controller structure for PEM fuel cell power 
system. 

This controller, taking into account 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠, 𝑑𝑑𝑟𝑟𝑒𝑒𝑟𝑟, 𝑑𝑑𝐿𝐿 and 𝑉𝑉𝑜𝑜𝑢𝑢𝑠𝑠, 
performs the necessary control over the boost converter and 
obtains the desired 𝑑𝑑𝐿𝐿 and 𝑉𝑉𝑜𝑜𝑢𝑢𝑠𝑠. We now describe the controller 
design process. 

By applying the PI method, the dynamic state of the output 
voltage is defined as follows 

𝑉𝑉𝑟𝑟𝑐𝑐𝑟𝑟 = 𝑠𝑠𝑃𝑃�𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟� + 𝑠𝑠𝐼𝐼 ��𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟�𝑑𝑑𝑠𝑠 (18) 

Where 𝑠𝑠𝑃𝑃and 𝑠𝑠𝐼𝐼 are the controller gains and the controller 
state variables are defined as 

𝑧𝑧1 = 𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟 
𝑧𝑧2 = 𝑥𝑥2 − 𝑉𝑉𝑟𝑟𝑐𝑐𝑟𝑟  

(19) 

According to Equation (17), the dynamics of the state 
variables are 

�̇�𝑧1 =
1
𝐿𝐿

(𝑉𝑉 − 𝑥𝑥2) +
1
𝐿𝐿
𝑢𝑢 

�̇�𝑧2 =
1
𝐶𝐶
𝑥𝑥1 −

1
𝑅𝑅𝐶𝐶

𝑥𝑥2 −
𝑠𝑠𝑃𝑃
𝐿𝐿

(𝑉𝑉 − 𝑥𝑥2)

− 𝑠𝑠𝐼𝐼�𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟�

− �
1
𝐶𝐶

+
𝑠𝑠𝑃𝑃
𝐿𝐿
� 𝑢𝑢 

(20) 

And the sliding switching surface is selected as 

𝑆𝑆(𝑧𝑧) = 𝑠𝑠𝑃𝑃�𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟� + 𝑠𝑠𝐼𝐼 ��𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟�𝑑𝑑𝑠𝑠 
(21) 

In order to achieve the control goal using the adaptive sliding 
mode method, it is necessary that the following condition is met 
for the sliding surface 

𝑑𝑑𝑆𝑆
𝑑𝑑𝑠𝑠

= 0 
(22) 

By inserting Equation (20), Equation (22) becomes as 

�̇�𝑆 = 𝑠𝑠𝑃𝑃 �
1
𝐿𝐿

(𝑉𝑉 − 𝑥𝑥2) +
1
𝐿𝐿
𝑢𝑢� + 𝑠𝑠𝐼𝐼�𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟�

= 𝑤𝑤(𝑥𝑥, 𝑣𝑣,𝑢𝑢) + 𝑢𝑢 

(23) 

Where 

𝑤𝑤(𝑥𝑥, 𝑣𝑣,𝑢𝑢) = 𝑠𝑠𝐼𝐼�𝑥𝑥1 − 𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟� +
𝑠𝑠𝑃𝑃
𝐿𝐿

(𝑉𝑉 − 𝑥𝑥2)

+
𝑠𝑠𝑃𝑃 − 𝐿𝐿
𝐿𝐿

𝑢𝑢 

(24) 

Lyapunov method is used to ensure stability and find the 
appropriate control signal to achieve the control goals. 
Lyapanov's candidate function is selected as equation (25) 

𝑉𝑉 =
1
2
𝑆𝑆2 +

1
2𝜆𝜆

𝑊𝑊� 2 (25) 

Where λ is the parameter of adaptive rule regulation. Also 𝑊𝑊𝑊 

is the error between 𝑊𝑊 and 𝑊𝑊𝑊 

|𝑤𝑤(𝑥𝑥, 𝑣𝑣,𝑢𝑢)| < 𝑊𝑊 (26) 

Where 𝑊𝑊 is the unknown upper bound of 𝑤𝑤(𝑥𝑥, 𝑣𝑣, 𝑢𝑢) and 𝑊𝑊𝑊 is 
the upper bound estimation. Derived from the Lyapanov 
function (25) gives 

�̇�𝑉 = 𝑆𝑆�̇�𝑆 −
1
𝜆𝜆
𝑊𝑊�𝑊𝑊�̇ (27) 

It is now obtained by placing equation (23) in equation (27) 

�̇�𝑉 = 𝑆𝑆(𝑤𝑤(𝑥𝑥, 𝑣𝑣,𝑢𝑢) + 𝑢𝑢) −
1
𝜆𝜆
𝑊𝑊�𝑊𝑊�̇ (28) 

Now select the control input as follows: 

𝑢𝑢 = −𝑠𝑠 𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐(𝑆𝑆) −𝑊𝑊� (29) 

It is now obtained by placing (29) in equation (28) 

�̇�𝑉 = −𝑠𝑠 𝑆𝑆 𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐(𝑆𝑆) + 𝑆𝑆�𝑤𝑤(𝑥𝑥, 𝑣𝑣,𝑢𝑢) + 𝑊𝑊��

−
1
𝜆𝜆
𝑊𝑊�𝑊𝑊�̇

(30) 

According to Equation (40), Equation (44) can be rewritten 
as follows 

�̇�𝑉 ≤ −𝑠𝑠|𝑆𝑆| + 𝑆𝑆�𝑊𝑊 −𝑊𝑊� � −
1
𝜆𝜆
𝑊𝑊�𝑊𝑊�̇ (31) 

To obtain the adaptive law, we rewrite Equation (31) as 
follows 
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�̇�𝑉 ≤ −𝑠𝑠|𝑆𝑆| + 𝑊𝑊� �𝑆𝑆 −
1
𝜆𝜆
𝑊𝑊�̇ � 

(32) 

According to (32), in order to eliminate the adaptive error 𝑊𝑊𝑊 
, its coefficient must be zero. For this purpose, the adaptive law 
is obtained as follows 

𝑊𝑊�̇ = 𝜆𝜆𝑆𝑆 (33) 

It is obtained by placing equation (33) in (32) 

�̇�𝑉 ≤ −𝑠𝑠|𝑆𝑆| (34) 

Equation (34) shows that under the control signal of Equation 
(29) and using the adaptive law (33), the closed-loop system is
stable and the achievement of control objectives is guaranteed. 
In the next section, simulation in MATLAB environment will 
be used to show the controller capability. 

4. SIMULATION RESULTS

The purpose of this section is to apply the proposed control
method to the system consisting of PEM fuel cell and DC/DC 
boost converter and evaluate its performance in MATLAB 
simulation environment. The following hardware has been used 
for this purpose; Intel Core i7-10750H, 16GB DDR4 RAM, 
512GB SSD, NVIDIA GeForce RTX 2060 6GB GDDR6. Also, 
for better analysis, the obtained results are compared with the 
outcomes from the implementation of super-twisting algorithm 
(STA) and SMC methods from reference [24]. The parameters 
related to PEM fuel cell components, number of cells in the 
stack structure, membrane cross section, operating temperature 
of the stack, working pressure of the PEM cell, converter 
specifications and reference current are all taken from the [24]. 

As previously mentioned, the purpose of applying the 
controller is to extract the maximum possible power from the 
PEM fuel cell despite the non-minimum-phase nature of the 
DC/DC boost converter and also the presence of load 
uncertainty. For this purpose, drastic load changes according to 
Figure 7 are considered in the simulation scenario. Also, 
according to the findings of [24], the controller must track the 
current 𝑑𝑑𝐶𝐶 = 9.74 𝑠𝑠 for optimal performance, the current at 
which the maximum power extraction occurs. We now describe 
the results obtained from the simulation in MATLAB 
environment given in Figures 8-13. 

Figure 7. Load changes in the simulation scenario. 

Figure 8 shows the output voltage of the proposed PI-ASMC, 
SMC and STA controllers. Under load changes and with 
different control methods, the voltage of a PEM cell and a PEM 
stack are shown in Figures 9 and 10. 

Figure 8. The output voltage of PI-ASMC, SMC and STA 
controllers. 

Figure 9. PEM fuel cell voltage under PI-ASMC, SMC and 
STA controllers. 
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Figure 10. PEM fuel cell stack voltage under PI-ASMC, 
SMC and STA controllers. 

Figure 11. DC/DC boost converter output current under PI-
ASMC, SMC and STA controllers. 

As Figure 11 shows, the most important feature of the 
proposed method is given here. Through the innovative PI-
ASMC method, the reference curren𝑑𝑑𝐶𝐶 = 9.74 𝑠𝑠 t is well 
followed, while other methods, i.e. STA and SMC, due to the 
nature of the converter as well as the uncertainty effects, are not 
able to guarantee the desired tracking and system stability. It 
should also be noted that the existence of the chattering 
phenomenon in all three control methods used is inevitable and 
due to the system structure and drastic load changes, all three 
methods experience the hassle of chattering, 
overshoot/undershoot and rapid changes in the obtained signal, 
although only the proposed method is able to track the reference 
optimal current 𝑑𝑑𝐶𝐶 = 9.74 𝑠𝑠 for extracting the maximum power. 
Figure 12 also shows the output voltage changes of the boost 
converter by implementing the proposed PI-ASMC, SMC and 
STA methods. The output voltage changes of the boost 
converter correspond to the changes in the output load to 
achieve the maximum power of the converter-fuel cell structure 
as shown in Figure 13. As Figure 13 shows, despite the rapid 
changes in the fuel cell output power, the proposed PI-ASMC 

method is able to deliver the maximum output power from the 
fuel cell system equipped with a DC/DC boost converter. 
Despite severe load changes, it achieves the maximum amount 
of power in the shortest possible time, and its robust and 
accurate operation is shown in Figure 13. However, STA and 
SMC methods are not able to deliver the maximum power 
extractable from the fuel cell system due to their inability to 
track the optimal current, and in addition, they cannot guarantee 
the robust and optimal operation of the system. 

Figure 12. DC/DC boost converter output voltage under 
PI-ASMC, SMC and STA controllers. 

Figure 13. DC/DC boost converter output power under PI-
ASMC, SMC and STA controllers. 

5. CONCLUSION

Due to the importance of renewable energy and the need to
achieve maximum power from its sources, a new control 
method was presented for PEM fuel cell system with boost 
DC/DC converter. The duty of the boost converter is to deliver 
the appropriate and usable power from the PEM fuel cell 
source. In this paper, due to the non-minimum phase nature of 
the converter and also the existence of uncertainties with 
unknown boundaries in the model, an indirect hybrid control 
structure based on adaptive, sliding mode and PI techniques 
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was proposed to extract the maximum power. The PI method 
was used to achieve the zero tracking error, the sliding mode 
method was used as the robust control method and the adaptive 
method was used to estimate the upper bound of uncertainties. 
The simulation results showed that the proposed method, in 
addition to being able to accurately track the optimal load 
current, can extract the maximum power from the fuel cell 
system and also ensure the robust and optimal operation of the 
system by overcoming the uncertainty effects of the model and 
the non-minimum phase nature of the DC/DC converter. Future 
studies will include practical implementation as well as the 
application of other robust control methods such as 
backstepping method to overcome the effects of chattering and 
slow-rate over control signal. 
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