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Abstract: 

This paper presents an effective strategy for controlling an Interleaved DC/DC Boost Converter (IBC) 
that is employed for reducing the current fluctuations in a 6 kW Proton Exchange Membrane Fuel 
Cell (PEMFC). The proposed design incorporates a new nonlinear control law combined with a 
nonlinear state observer, it aims at enhancing the durability of the Fuel Cells (FCs) and extending 
their lifetime. In this regard, a Nonlinear State Observer (NSO) is designed to simultaneously 
estimate current and voltage signals of the Fuel Cell Source (FCS) and a Nonlinear Sliding Mode 
Controller (NSMC) is constructed based on these estimates. The  proposed sensorless control  design 
is advantageous in avoiding current and voltage sensors redundancy to maintain low cost and 
complexity levels. Accurate output voltage tracking performance, tracking stability, and dynamic 
errors for a PEMFC-IBC are considered during changes of the internal model parameters in addition 
to effects of measurement uncertainties. A third advantage of this design is robustness and external 
disturbance rejection under large load variations. For these objectives, the observer and the 
controller parameters are optimally tuned using a recent Metaheuristic Particle Swarm Optimization 
Algorithm (MPSOA) inspired by the swarm intelligence for improving the dynamic performance of 
the controlled system. Furthermore, stability and tracking analysis properties of the closed-loop 
overall system are proved through Lyapunov theory for dynamic operating conditions. Finally, 
numerical simulations of a typical 6 kW PEMFC system validate the effectiveness of the proposed 
scheme with comparisons to contemporary approaches across the different cases. 
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Nomenclature  

𝑉!    The output voltage  
𝑉"!    The Fuel Cell source voltage 
𝐿   The inductance 
𝐶   The capacitance 
𝐷#, 𝐷$   The duty cycles of each phase  
𝐼%!, 𝐼%"    The inductors current 
𝐼"!    The fuel cell current, 
 𝐼& 	  The resistor load current  
𝐼!    The capacitor current 
𝑢   The average duty cycle 
𝑧    Number of moving electrons (z = 2) 
𝐸'   Nernst voltage (V) 
𝛼    Charge transfer coefficient 
𝑃($   Partial pressure of hydrogen inside the stack 
(atm) 
𝑃)$   Partial pressure of oxygen inside the stack 
(atm) 
k    Boltzmann’s constant (1.38×10−23 J/K) 
h   Planck’s constant (6.626×10−34 J s) 
ΔG   Activation energy barrier (J) 
T    Temperature of operation (K) 
𝐾𝑐   Voltage constant at nominal condition of 
operation 
𝑃"*+,    Absolute supply pressure of fuel (atm) 
𝑃-./    Absolute supply pressure of air (atm) 
	𝑉"*+,   Fuel flow rate (l/min) 
	𝑉-./    Air flow rate (l/min) 
𝑃(")   Partial pressure of water vapor (atm). 
𝑤    Percentage of water vapor in the oxidant (%). 

E   The controlled voltage source  
E01   Open circuit voltage (V); 
N    Number of cells; 
A2    Tafel slope (V); 
i3    Exchange current (A); 
T4    The response time (at 95% of the 
final value)  
R056   Internal resistance (Ω); 
𝑖"!    Fuel cell current (A); 
𝑉"!    Fuel cell voltage (V). 
𝑥7   Percentage of hydrogen in the 
fuel (%) 
𝑦7    Percentage of oxygen in the 
oxidant (%) 
𝑉!8    Desired voltage 
𝐼"!8    Desired fuel cell current 
𝑘#, 𝑘$, 𝑘9	  Parameters of the proposed 
controller 
𝑲𝒑, 𝑲𝒊   Parameters of the PI controller 
𝒕   The iteration number;  
𝒋		  The particle number;   
𝒑𝒋    The individual best solution of 
particle 𝐣 at a given stage;  
𝒑𝒈    The global best solution;  
𝑪𝟏,  𝑪𝟐  The acceleration parameters;  
𝒓𝟏, 𝒓𝟐   Random numbers uniformly 
distributed 
 

Abbreviations 

PEMFC   Proton-Exchange Membrane Fuel Cell  
IBC   Interleaved Boost Converter  
PI   Proportional Integral  
PSO   Particle Swarm Optimization  
IAE   Integral of Absolute Error  
FCs   Fuel Cells 
EVs   Electric Vehicles  
MPC   Model Predictive Control  
LTI   Linear Time-Invariant  
NSO   Nonlinear State Observer 
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FCS   Fuel Cell Source 
NSMC   Nonlinear Sliding Mode Controller 
MPSOA   Metheuristic Particle Swarm Optimization Algorithm 
PES   Power Energy Sources 
RS   Renewable Sources  
FLC   Fuzzy Logic Controller 
MPPT   Maximum Power Point Trackers 
SSAM   State-Space Average Modeling  
MPSOA-NSMC  MPSOA -tuned Nonlinear Sliding Mode Controller 
MPSOA-PIC  MPSOA -tuned Proportional Integral Controller 

1- Introduction 

Since the recent years, the global demand for energy is rising due to the huge amounts of energy 
consumption, and particularly in developing countries worldwide. Such demands are mainly fulfilled 
by various Power Energy Sources (PES) like fossil fuels, nuclear sources, thermal and renewable 
sources [1,10]. Energy generated from fossil-fuels sources (Oil and Petroleum Products, Hydrocarbon 
Gas Liquids, Natural Gas, Coal, Nuclear) leads to a severely negative impact on the environment such 
as the increase in carbon emissions which promotes atmospheric pollution and global warming. 
Therefore, the integration of Renewable Sources (RS) to power systems is becoming a key alternative 
to decrease the problems associated with the use of fossil fuels and to avoid greenhouse emissions 
and environmental damage [1-5,38].  

Furthermore, FCs are also considered among the most growing and promising technologies for 
cleaner, efficient, and sustainable renewable power energy generation applications. Fuel cells are 
static devices [4,49] which convert the stored chemical energy Hydrogen and Oxygen in the reactant 
molecules to electrical energy directly through electrochemical reactions in the presence of 
catalysts. For this reason, the electrical efficiency of FCs is considerably highest compared to all 
traditional sources for generating electrical power [6], renewable energy power sources, besides, 
being eco-friendly [7,17,39].  

In addition, PEMFC seems to be the most suitable FC technology which is widely used in several 
applications for automotive industry and especially electrified transportation industries [4, A], 
mobile applications [8], electrical vehicles [9, 16], hybrid tramways [B, C] and low power generation 
[11] as they offer many advantages such as low operating temperature, fast response to load 
changes, high power density, low corrosion, very low noise and environmental friendliness [1, 50]. 
Common types as well as pros and cons of fuel cell membranes are summarized in [15]. 

DC-DC boost converters are often used in different industrial power applications which have low 
output voltage like renewable energy power sources [12]. Generally, DC-DC converters are usually 
used to adapt the voltage and current levels between sources and loads while guarantying a low 
power loss in the power generation systems [13,14]. This converter is considered a necessary need 
and a crucial part of the FC power generation unit to effectively and efficiently control the power 
delivery. However, incorporating PEMFC dynamics with the classical DC-DC converter makes the 
voltage regulation task quite challenging [18]. In this context, the IBC presents a better solution 
which can be used to cope with the previous mentioned problems [19].The IBC is considered a good 
solution due to its advantages, such as high efficiency, ripple reduction, increasing the power level 
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and minimizing the current stress on the power switches [20]. So, IBCs offer additional benefits like 
reducing ripple currents in both input and output circuits which consequently reduces the stress on 
the devices in addition to their faster dynamics, higher efficiency, and low input voltage applications 
[21]. 

During recent years, several works on control strategies of DC/DC converters for PEMFC system were 
investigated. Authors in [22] proposed a nonlinear model predictive control strategy to enhance the 
efficiency and lifetime of PEMFC. A sliding mode observer was presented in [23] in order to estimate 
the state variables (nitrogen in the anode side and the relative humidity) in the channels for of 
PEMFC in automotive applications. A simple strategy based on a neural network tool for the 
regulation of the output voltage controlling an IBC associated to the PEMFC was adopted in [24]. 
Furthermore, an adaptive thermal control for PEMFC systems was developed in [25] for regulating 
the stack temperature, after that the obtained results were compared with the conventional PI 
controller. Also, authors in [26] presented a smart controller based on neural network for PEMFC 
sources. They proved that using neural optimal controller is better than PID controller, due to its 
automatic tuning capability and flexibility of the intelligent model-based controller. On the other 
hand, a second order sliding mode control scheme was developed by the authors for FC in vehicle. 
This control scheme can be used to deal with the slower dynamics of the FC [27].  

In [28], an adaptive control technique was presented for DC/Dc converters. Similarly, a robust 
controller was also developed in [29], Takagi-Sugeno fuzzy controller was studied in [30, 31], and 
other controllers such as state feedback LQR control [32], sliding mode fuzzy PID controller [33], a 
robust adaptive neural network control [34], sliding mode control for PEM fuel cell applications [35], 
intelligent control [36], and Fuzzy Logic Controller (FLC) with Maximum Power Point Trackers (MPPT) 
were developed in [37]. However, among the presented control strategies which only aim at 
guaranteeing the system stability, the problem of optimal design of the nonlinear controllers in 
terms of robustness and optimal performance was not studied. Therefore, the objective of this work 
is to propose a novel control strategy, in which the controller and the observer parameters are then 
optimally determined against different robustness and performance criteria by using an effective 
tool which the so-called Metaheuristic Particle Swarm Optimization Algorithm (MPSOA). MPSOA 
showed superior performance in nonlinear and robust controllers in energy conversion applications 
[D, E], and it is developed in this work to optimize the novel control design.  
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Fig. 1. Fuel Cell-Boost based IBC.  

The major contributions of the present work are as  follows:  i) Using a new topology based on IBC 
rather than the traditional boost DC/DC converter to enhance and improve fuel cell output 
regulation,  ii) A nonlinear state observer is presented for simultaneous estimation of the current 
and voltage signals of the Fuel Cell Source,  iii) A new nonlinear control law combined with a 
nonlinear state observer is proposed for output voltage regulation under varying load conditions, (iv) 
Within the developed controller the need of additional sensors is not necessary due to state 
observer, which can provide the online information of current and voltage signals of the FCS, which 
will reduce the cost, (v) MPSOA-based optimal design determines the optimal parameters of the 
proposed controller and vi) Validation and comparison of the proposed controller with the MPSOA-
based PI controller.  

The remaining of this paper is organized as follows. Firstly, mathematical modelling of the physical 
DC-DC IBC system is presented in section 2. Section 3 then introduces a mathematical model for the 
entire system as shown in Fig. 1. The step-by-step design of the proposed control strategy is detailed 
in section 4. Section 5 describes parameter optimization using the MPSOA for both robust sliding 
nonlinear and conventional PI controllers. Different test results are summarized and discussed in 
section 6. The key aspects of this paper are presented in the last section including also some 
concluding remarks and suggestions for future work. 

2- The Developed State Space Model of the IBC  

Recently, IBCs are often used in many applications especially in power energy systems which provide 
low output voltage, like power electronic interfaces in renewable power energy sources such as 
photovoltaic and fuel cell systems.  

The State-Space Average Modeling (SSAM) consists another alternative in which the converter is 
considered to operate in ON and OFF modes. A linear time-invariant model can be extracted for each 
mode and a unified average state-space model is obtained for the converter. The SSAM of the IBC is 
the same as the traditional boost DC-DC converter except that it contains two current inductors. The 
dynamics model of the IBC is given as [32]: 
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⎩
⎪
⎨

⎪
⎧ 𝐿!

"#!"
"$

= 𝑉%& − 𝑉&(1 − 𝐷!)

𝐿'
"#!#
"$

= 𝑉%& − 𝑉&(1 − 𝐷')

𝐶 "($
"$
= 𝐼)"(1 − 𝐷!) + 𝐼)#(1 − 𝐷') − 𝐼*

      (1) 

such that:  

0
𝐼%& = 𝐼)" + 𝐼)#
𝐷! = 𝐷' = 1 − u
𝐿! = 𝐿' = 𝐿

                                                 (2) 

where 𝐿 and 𝐶 represent respectively the inductance and the capacitance, 𝐷!and 𝐷' are the duty 
cycles of each phase. 𝐼)"  and 𝐼)#  are the inductors’ currents, 𝐼%&  is the FC current, 𝐼* = 𝑉&/𝑅	is the 
resistor (𝑅) load current and 𝐼&  is the capacitor current. Then, the SSAM of system (1) can be 
expressed as follows: 

0
𝐼%&̇ =

'
)
𝑉%& −

'
)
𝑉&𝑢

𝑉̇& =
!
+
𝐼%&𝑢 −

!
*+
𝑉&

      (3) 

where 𝑢 is the average duty cycle. 

Let us define the state vector	𝑥 = 8𝐼%& , 	𝑉& , ∫ 𝑉& 	;
,

that contains the measurable output voltage (𝑉&) 
and the FC current	(𝐼%&), the third state which is the integral of the measurable output voltage (𝑉&) is 
introduced in order to enhance and improve the robustness of the controller design. Then, a 
mathematical model of IBC with additional state variable is presented in Eq.(4): 

<
𝑥̇! =

'
)
𝑉%& −

'
)
𝑥'𝑢

𝑥̇' =
!
+
𝑥!𝑢 −

!
*+
𝑥'

𝑥̇- = 𝑥'																				

      (4) 

By manipulating the system equations (4), it is possible to write the ASSM as: 

𝒳̇(t) = ?
0 0 0
0 − !

*+
0

0 1 0
A	B
𝑥!
𝑥'
𝑥-
C + D

− '
)
𝑥'

− '
+
𝑥!
0

E 	u(t) + ?

'
)
𝑉%&
0
0
A      (5) 

3- The Fuel Cell Mathematical Model 

In this section, the mathematical model is derived for a fuel cell stack as a controlled voltage source 
in series with a constant resistance as displayed in Fig 2. 
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Fig. 2. fuel cell stack model. 

The controlled voltage source (𝐸) is expressed as [40-41]: 

0
𝐸 = 𝐸.& − 𝑁	𝐴	𝑙𝑛 K

/%$
/&
L !

0
'(
) 1!

			

𝑉%& = 𝐸 − 𝑅.23𝑖%& 																						
      (6) 

where,  

𝐸.&   : open circuit voltage (V); 
𝑁  : number of cells; 
𝐴 : Tafel slope (V); 
𝑖4 : exchange current (A); 
𝑇"  : the settling time (at 95% of the final value) (sec); 
𝑅.23 : internal resistance (Ω); 
𝑖%&  : fuel cell current (A); 
𝑉%&  : fuel cell voltage (V). 

The open circuit voltage 𝐸.&, the Tafel slope 𝐴 and the exchange current 𝑖4 are then expressed 
as follows [40]:  

<

𝐸.& = 𝐾&𝐸5
𝑖4 =

678(:*#1:+#)
*2

exp K<=>
*,
L

𝐴 = *,
6?7

      (7) 

where  

𝑅 = 8.3145 J/(mol K) 
𝐹 = 96485 A s/mol 
𝑧 = number of moving electrons (z = 2) 
𝐸5 = Nernst voltage (V) 
𝛼 = charge transfer coefficient 
𝑃@' = partial pressure of hydrogen inside the stack (atm) 
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𝑃A' = partial pressure of oxygen inside the stack (atm) 
k = Boltzmann’s constant (1.38×10−23 J/K) 
h = Planck’s constant (6.626×10−34 J s) 
ΔG = activation energy barrier (J) 
T = temperature of operation (K) 
𝐾𝑐 = voltage constant at nominal condition of operation 

The rates of conversion of Hydrogen (𝑈%@') and Oxygen (𝑈%A') are calculated in the block 1 as shown 
in Fig 2 as follows [40]: 

0
𝑈%@' =

B4444*,/%$
6	7	:%,-.	(%,-.	D%

𝑈%A' =
B4444*,/%$

6	7	:/01	(/01	F%

      (8) 

where 

𝑃%GHI  = absolute supply pressure of fuel (atm) 
𝑃J/K  = absolute supply pressure of air (atm) 
	𝑉%GHI  = fuel flow rate (l/min) 
	𝑉J/K  = air flow rate (l/min) 
𝑥 = percentage of hydrogen in the fuel (%) 
𝑦 = percentage of oxygen in the oxidant (%) 

The partial pressures and the Nernst voltage are computed in the block 2 in Fig 2 as follows: 

⎩
⎪
⎨

⎪
⎧ 𝑃@' = Z1 − 𝑈%@'[𝑥%𝑃%GHI

𝑃A' = Z1 − 𝑈%A'[𝑥%𝑃J/K
𝑃@#A = Z𝑤 − 2𝑦%𝑈%A'[𝑃J/K

𝐸5 = 1.229 − LL.L-
67

(𝑇 − 298) + *,
67
ln d𝑃@'𝑃A'

"
# e

     (9) 

where 

𝑃@#A = partial pressure of water vapor (atm). 
𝑤 = percentage of water vapor in the oxidant (%). 

4- Design of the proposed NSMC   

In the fuel cell power generations, the output and load power are time-varying and highly depend on 
operating conditions [46]. Therefore, the main goal of this section is to develop an appropriate 
switching approach so that it is possible to guarantee the optimal desired output against disturbances 
and model uncertainties. It was mentioned previously that the average state space LTI representation 
of the converter is quite sensitive to the changes in the reference output voltage, output 
load disturbances and the uncertainties in the parameters. Thus, a designed controller is then used 
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for satisfying a good trajectory tracking of the desired voltage (𝑉KH%) by optimal compensation of the 
duty cycle (𝑢) of the IBC switch.  
4.1- NSMC theory 
The Nonlinear Sliding Mode Control (NSMC) technique involves two steps: select the appropriate 
Sliding Surface (SS) for driving the system states to a predefined sliding manifold and for retaining 
them in the boundary layer region of the sliding manifold thereafter [42]. Then, the second step 
consists of designing a discontinuous state feedback capable of forcing the system to reach the state 
on the surface in finite time. The NSMC is considered as an efficient robust control technique for 
problems with nonlinear system subject to uncertainties and external disturbances. To date, NSMC is 
used in nonlinear power system stabilizers [43], power converters for pulse current charging [44], and 
DC–DC boost converters [45]. In addition, the dynamics structure of the NSMC system depends on the 
parameters of the switching surface and the choice of the latter is generally challenging.  
 
 
4.2- Main results 
The design procedure of the proposed NSMC scheme will be explained step by step in this section. 
Firstly, let us define the integral output voltage error, the output voltage error and the current 
tracking error as follows: 
 

0
𝑒! = ∫(𝑉&" − 𝑉&)𝑑𝑡								
𝑒' = 𝑉&" − 𝑉& 																			
𝑒- = 𝐼%&( − 𝐼%& 																	

   (10) 

where 𝑉&"  is the output reference voltage, 𝑒' is the tracking error between 𝑉&"  and 𝑉&, and 𝑒- is the 
current tracking error between 𝐼%&(  and 𝐼%&. 
and,   

𝐼%&( =
+
G
i𝑒! + 𝜆!𝑒' +	

!
*+
Z𝑉&( − 𝑒'[ + 𝜆'Z𝑒' − 𝑒'([k      (11) 

From Eq.(10) and Eq.(11), the time derivative of 𝑒!, 𝑒' and 𝑒- can be expressed by the following 
equations:  

0
𝑒̇! = 𝑒'												
𝑒̇' = −𝑥̇'									
𝑒̇- = 𝐼%̇&( − 𝑥̇!

 with  𝑉̇&( = 0    (12) 

 
a) The existence condition of the NSMC:    

The proposed sliding surface 𝑆(𝑡) is selected as follows: 
𝑆(𝑒, 𝑡) = [𝑒! (𝑒' + 𝜆!𝑒!) 𝑒-]  (13) 

where 𝜆!is positive constant. 
 
Remark 1. The sliding surface Eq.(13) is selected with an integral term in order to deal with the time 
derivative of the error signal since this derivative will increase the noise signal ratio in a real time 
application. 
Remark 2. The SS is selected based on the control objectives. Afterwards, the control signal is 
designed to ensure the existence of sliding mode condition. Thus, the system can converge to its SS in 
a finite time and remains on it. 
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b) Convergence condition:    

After selecting the SS, the convergence condition ensures the system convergence to the selected SS. 
Thus, a positive-definite scalar function 𝑉 > 0 must be found for the system state variable which is 
chosen using the following Lyapunov function: 

𝑉(𝑥) = 	 !
'
	𝑆'              (14) 

The convergence condition is fulfilled if and only if: 
𝑉(𝑥) < 0	 ⇒ 𝑆(𝑥)𝑆,̇(𝑥) < 0   (15) 

Stability of the proposed NSMC is principally analyzed through checking the existence and reaching 
conditions. 

c) Calculation of the command law:  

The controller structure contains two components, the first for an exact linearization and the second 
for stabilizing. The second one is very important in the NSMC technique, because it is used to 
eliminate the impression effects of the model and to reject disturbances. Thus, the control law has 
the following form: 

𝑢 = 𝑢HN + 𝑢"    (16) 
where the first term 𝑢HN represents the equivalent control component, and the second term 𝑢"  
corresponds to the discontinuous control. The objective of the curbing control is to force the system 
states to their intended SS values. Moreover, the curbing control eliminates the perturbation effect of 
the system uncertainties in practical applications. The equivalent control ensures that the system 
trajectory stays on the surface thereafter.  
In this study, the discontinuous component is determined to achieve the attractiveness of the 
controlling variable to the SS and meet the following convergence condition:  

𝑆(𝑥)𝑆,̇(x) < 0   (17) 
Using equations (5), (10)-(13) and (17): 

𝑆𝑆,̇ = 𝑒!𝑒' + (𝑒' + 𝜆!𝑒!)Z−𝑉̇& + 𝜆!𝑒'[ + 𝑒-𝑒̇-    (18) 
Then,  

𝑆𝑆,̇ = 𝑒!(𝑒' − 𝜆!𝑒! + 𝜆!𝑒!) + (𝑒' + 𝜆!𝑒!)Z−𝑉̇& + 𝜆!𝑒'[ + 𝑒-𝑒̇- = 
𝑆𝑆,̇ = −𝜆!𝑒!' + (𝑒' + 𝜆!𝑒!)Z𝑒! − 𝑉̇& + 𝜆!𝑒'[ + 𝑒-𝑒̇- 

𝑆𝑆,̇ = −𝜆!𝑒!' + (𝑒' + 𝜆!𝑒!) i𝑒! − i
1
𝐶 𝐼%&𝑢 −

1
𝑅𝐶 𝑉&k + 𝜆!𝑒'k + 𝑒-𝑒̇- 

𝑆𝑆,̇ = −𝜆!𝑒!' + (𝑒' + 𝜆!𝑒!) d𝑒! + 𝜆!𝑒' − i
1
𝐶 𝐼%&𝑢 −

𝑢
𝐶 𝐼%&( +

𝑢
𝐶 𝐼%&( −

1
𝑅𝐶 𝑉&ke + 𝑒-𝑒̇- 

𝑆𝑆,̇ = −𝜆!𝑒!' + (𝑒' + 𝜆!𝑒!) i𝑒! + 𝜆!𝑒' +
G
+
𝑒- − K

G
+
𝐼%&( −

!
*+
𝑉&Lk + 𝑒-𝑒̇-   (19) 

with  

𝐼%&( =
+
G
i !
*+
Z𝑉&( − 𝑒'[ + (𝜆' + 1)(𝑒' + 𝜆!𝑒!)k	   (20) 

Replacing the term (20) in the equation (19), yields to: 

𝑆𝑆,̇ = −𝜆!𝑒!' + (𝑒' + 𝜆!𝑒!) K−𝜆'(𝑒' + 𝜆!𝑒!) +
𝑢
𝐶 𝑒-L + 𝑒-𝑒̇- 

𝑆𝑆,̇ = −𝜆!𝑒!' − 𝜆'(𝑒' + 𝜆!𝑒!)' + 𝑒- K(𝑒' + 𝜆!𝑒!)
G
+
+ 𝐼%̇&( −

'
)
𝑉%& +

'
)
𝑉&𝑢L  (21) 

Then, the resulting control law (𝑢) can be expressed by the following equation:  
𝑢 = !

O
+ K−𝐼%̇&( +

'
)
𝑉%& − 𝜆-𝑒- − 𝜂𝑠𝑖𝑔𝑛(𝑒-)L         (22) 
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with 𝜏 = 	2 ($
)
+	H#1P"H"

+
. 

e) Stability study:  

Using the same Lyapunov function in NSMC, it's clear that 𝑉 is positive definite. Substituting (21) in 
(22), (22) leads to:  

𝑆𝑆,̇ = −𝜆!𝑒!' − 𝜆'(𝑒' + 𝜆!𝑒!)' − 𝜆-𝑒-' − 𝜂|𝑒-| < 0  (23) 
which ensures that 𝑉(𝑥) is positive definite and consciously 𝑉̇(𝑥) is negative definite. Thus, it can be 
concluded that the system is stable. 
 
4.3- Nonlinear state observer design  
 
In order to design a low-cost robust controller in the PEMFC-IBC system using NSMC approach, only 
one voltage sensor is employed for the output voltage 𝑉Q, the inductor current, fuel cell current, and 
voltage at different branches are then estimated by means of a recent proposed nonlinear state 
observer, where the following assumptions are considered:  
 
A1. The fuel cell is approximated by the following equation: 

𝑉%& 	= 	𝐸	–	𝑅.23	𝐼%&      (24) 
A2.  Parameters variations in	𝐸 and 𝑅.23 are neglected.  
Based on the assumptions (A.1) and (A.2), which yields to:  

𝐼%̇& =
'
)
𝑉%& −

'
)
𝑉&𝑢         (25) 

Then, we replace the	𝐼%&  and 𝑉%&  values and according to the above assumptions one can get:     

x
𝐼%& =

!
*234

Z𝐸 − 𝑉%&[
𝑉%& 	= 	𝐸	–	𝑅.23	𝐼%&

      (26) 

One can obtain the following equations: 

0
𝐼%̇& =

'
)
𝑉%& −

'
)
𝑉&𝑢

𝑉̇& =
!
+
𝐼%&𝑢 −

!
*+
𝑉&

     (27) 

Then,  

0
𝑉̇%& = − '*234

)
𝑉%& +

'*234
)

𝑉&𝑢

𝑉̇& =
!

+*234
Z𝐸 − 𝑉%&[𝑢 −

!
*+
𝑉&

       (28) 

The structure of the proposed NSO for the system (28) is described as:  

0
𝑉ẏ%& = − '*234

)
𝑉y%& +

'*234
)

𝑉y&𝑢 + 𝐿!𝑢Z𝑉y& − 𝑉&[

𝑉ẏ& =
!

+*234
Z𝐸 − 𝑉y%&[𝑢 −

!
*+
𝑉y& + 𝐿'Z𝑉y& − 𝑉&[

  (29) 

The state estimation errors (𝑧! and	𝑧') are then defined as follows:  

z
𝑧! = 𝑉y%& − 𝑉%&
𝑧' = 𝑉y& − 𝑉&					

        (30) 

By using Eqs.(28)-(30), the time derivative of 𝑧! and 𝑧' is determined as : 

0
𝑧̇! = − '*234

)
𝑧! +

'*234
)

𝑢𝑧' + 𝐿!𝑢𝑧'
𝑧̇' = − G

+*234
𝑧! −

!
*+
𝑧' + 𝐿'𝑧'										

         (31) 

Remark 4. The value of 𝐿! is selected as: 
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𝐿! = − '*234
)

         (32) 
 
Remark 5. We take that:  

⎩
⎪
⎨

⎪
⎧ℎ! =

'*234
)

								

ℎ' =
<G

+*234
								

ℎ- = − !
*+
+ 𝐿'

(33) 

Based on the previous remarks (4)-(5),  𝑧̇! and 𝑧̇' are simplified as: 

|𝑧̇! = −ℎ!𝑧!											
𝑧̇' = ℎ'𝑧! + ℎ-𝑧'

      (34) 

 
In order to study the stability of the proposed observer structure, the following Lyapunov function is 
proposed as follows: 

𝑉 = !
'
𝑧!' +

!
'
K𝑧' +

2#
2"12)

𝑧!L
'
      (35) 

The derivative of the Eq. (35) with respect to time is: 

𝑉̇ = −ℎ!𝑧!' + i𝑧' +
ℎ'

ℎ! + ℎ-
𝑧!k iℎ'𝑧! + ℎ-𝑧' −

ℎ!ℎ'
ℎ! + ℎ-

𝑧!k 

𝑉̇ = −ℎ!𝑧!' + i𝑧' +
ℎ'ℎ-

1 − ℎ!ℎ-
𝑧!k i

ℎ'ℎ-
1 − ℎ!ℎ-

𝑧! + ℎ-𝑧'k 

𝑉̇ = −ℎ!𝑧!' + ℎ- K𝑧' +
2#2)

!<2"2)
𝑧!L

'
      (36) 

In order to satisfy 𝑉̇ < 0, it is necessary in the case study to choose ℎ- ≪ 0, this means 𝐿' ≪
!
*+

 .  
Remark 6. In this case the proposed control law (𝑢) will be replaced by 𝜌𝑢, 𝜌 is a factor which 
includes all perturbations and uncertainties effects of the global system, which is selected by 
optimization as 𝜌 = 0.975. 

Remark 7. where 𝑘!, 𝑘' and 𝑘-	 are positive constants whose values can be selected in the following 
section. 

The parameters 𝑘!, 𝑘', and 𝑘- of the proposed controller of Eq. (23) are heuristically determined 
using PSO technique, which is the object of section 6.  

5- PI Controller Design 

The second controller of a Proportional Integral (PI) controller which is also used to ensure the 
optimal regulation of the IBC converter’s output, which has the following structure:  

𝑢(𝑡) = 1 − 𝑈R/            (37) 

with  

𝑈R/ =	𝐾RZ𝑉&KH% − 𝑉%&[ + 𝐾/ ∫Z𝑉&KH% − 𝑉%&[ 	𝑑𝑡        (38) 

The parameters 𝐾R and 𝐾/  of the PI controller of Eq. (38) are heuristically tuned using MPSOA, which 
is the object of the following section.  
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6- MPSOA-based Controllers’ Parameters 

Metaheuristic Particle Swarm Optimization Algorithm (MPSOA) is a stochastic optimization 
technique. Since its first introduction in 1995 by [48], it was widely adopted for optimization 
problems in various engineering fields, and many variants of this algorithm were then proposed. 
MPSOA is known for its speed and computational efficiency for searching the global optimal solution 
is a manner that simulates birds searching for food or movement of fishes’ shoal. This swarm-
intelligent search algorithm is based on a swarm of 𝑁R particles which represent some candidate 
solutions. These particles have changing positions in the search space of the optimization problem 
and they proceed towards the optimal solution after successive iterations. The expected final result 
is the convergence of the particle swarm towards the global best position in the search space, thus, 
the movement of each particle has influence on its historical best position as well as the optimal 
solution. A particle i of the swarm is defined by its actual position vector (𝒛/), movement velocity 
vector (𝒗/), and best position Z𝒑SH0$,/[ in all previous iterations, and the global best position (𝒈SH0$) 
among all particles during a successive iteration. 

 The 𝑖$2 particle moves towards its new position at the (𝑘 + 1)$2 iteration as followas [47]: 
𝒛/81! = 𝒛/8 + 𝒗/81!					for			𝑖 = 1,2,⋯ ,𝑁R																																																			(39) 

and the update iteration velocity at this iteration is [47]: 
𝒗/81! = 𝜔𝒗/8 + 𝑐!𝑟!Z𝒑SH0$,/ − 𝒛𝒊8[ + 𝑐'𝑟'Z𝒈SH0$ − 𝒛𝒊8[						for			𝑖 = 1,2,⋯ ,𝑁R							(40) 

where 𝜔 is the inertia weight parameter that affects the movement propagation, and the 
acceleration parameters 𝑐! and 𝑐' are respectively the cognitive coefficient of the individual particles 
and the social coefficient of all the particles, while 𝑟! and 𝑟' are random variables between 0 and 1, 
these control the influence of social and individual values. 

The MPSOA has a significant advantage since it does not use Gradient Descent method and it can be 
applied to a nonlinear indifferentiable problem. In a nonlinear and uncertain framework, the goal of 
this work is to determine the optimal parameters of each controller in order to attain the best 
referenced tracking. 

The objective function is therefore selected here as the Integral Absolute-value of the Error (IAE). 
The instantaneous error reflects input-output error between the reference and actual values 
achieved by the system according to its model Eq. (41), the minimum value of each iteration dictates 
the adaptive value. The main objective function is given as follows: 

𝐼𝐴𝐸 = 	� �𝑉&KH%(𝑡) − 𝑉&(𝑡)�	𝑑𝑡
$%

4
	 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡	𝑡𝑜 ∶ 	

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
𝐾R405 < 𝐾R < 𝐾R4/6 		
𝐾"405 < 𝐾" < 𝐾"4/6

𝑘!405 < 𝑘! < 𝑘!4/6

𝑘'405 < 𝑘' < 𝑘'4/6

𝑘-405 < 𝑘- < 𝑘-4/6

𝑘L405 < 𝑘L < 𝑘L4/6

𝐿!405 < 𝐿! < 𝐿!4/6

𝐿'405 < 𝐿' < 𝐿'4/6

	     (41) 
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where  𝑡% is the end time of simulation. 

Function in Eq. (41) is considered also as the performance index of each controller design (the 
proposed design and the PSO-based PI). The different steps used in PSO-based tuning of the 
proposed and the PI controllers are illustrated in Fig. 3. 

 

Fig. 3 Block diagram of the proposed PSO-based control design. 

7- Results and discussion 

In this section, the proposed controller for the DC-DC interleaved boost converter is designed using a 
set of parameters for IBC and fuel cell are respectively listed in Table I and Table II.  

Table I. Parameters of a DC-DC interleaved boost converter. 

Parameter Value 
𝐿 5000	𝜇𝐻 
𝐶 1000	𝜇𝐹 
𝑅) 0.2	Ω 
𝑅 15	Ω 

 
Table II. Fuel cell parameters (A 6kW-48V fuel cell stack)  

Parameter Value Components name 
FC_Eoc 65 Voltage at 0 A (V) 
FC_V1 63 Nominal operating Current (A) 
FC_Inom   133.3 Voltage at 1 A (V) 
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FC_Vnom   45 Nominal operating Voltage (V) 
FC_Imax   225 Maximum operating Current (A) 
FC_Vmin   37 Minimum operating Voltage (V) 
FC_N      65 Number of cells in series 
FC_Tnom   65 Operating temperature (°C) 
FC_Nnom   55 Nominal stack efficiency (%) 
FC_Vair   300 Nominal air flow rate (L/min) 
FC_Pfuel 1.5 Nominal supply pressure Fuel (bar) 
FC_Pair   1 Nominal supply pressure Air (bar) 
FC_Ph2    99.95 Nominal composition of H2 (%) 
FC_Po2    21 Nominal composition of O2 (%) 
FC_Ph2o   1 Nominal composition of H2O (Air) (%) 
Rohm 0.8787  
E 57.36  

Remark 8.  In order to approximate real system function, we considered that the inductance has an 
internal resistance of 𝑅) = 0.2 Ω. This later will appear as an uncertainty error, which will also be 
used to verify the robustness of the proposed approach. 

The MPSOA parameters for each controller design and the search range are listed in Table III and IV, 
respectively.   

Table III. Optimum parameters used for MPSOA-based tuning of the proposed and PI controllers 

MPSOA parameters  
Value 

MPSOA- PIC MPSOA-NSMC 
𝑪𝟏	 1 1 
𝑪𝟐 3 3 
𝒘 0.8 0.8 
Population size 100 100 
Maximum iteration 20 20 

Table IV. Search range of the controller parameters 

Controller 
parameters  

Search range 
Min Max 

𝒌𝟏 100 1000 
𝒌𝟐 100 1000 
𝒌𝟑 1000 2000 
𝑲𝒑 0 10 
𝑲𝒊 0 10 

The gains 𝑘! , 𝑘', 𝑘-, and 𝑘L values of both controllers, in addition to 𝐾R and 𝐾/  gains of the PI 
controller are heuristically tuned by solving the optimization problem in Eq.(28), this procedure is 
shown in Fig. 3.  Then, the obtained final gains are summarized in Table V. 

Table V.  The optimal controllers’ and observer parameters. 
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MPSOA- PIC 𝐾R = 0.015, 						𝐾/ = 3.410 
MPSOA-NSMC 𝑘! = 253,			𝑘' = 	217,				𝑘- = 1646, 	𝑘L = 945 
MPSOA-NSO 𝐿! =	−351.48     𝐿' =	−4	10L 

In this section, to validate the effectiveness and robustness of the proposed innovative control 
scheme for the IBC, two different numerical tests were performed under the deferent output 
reference voltage and then under the load disturbances. The overall performance of the PEMFC-fed 
IBC is verified for both MPSOA-PI and MPSOA-NSM controllers through the dynamic output 
characteristics and will be discussed hereafter.  

A Simulink platform was developed to simulate the system as depicted in Fig. 4.  

 

Fig. 4 Matlab/Simulink Model of the proposed system. 

7-1. Disturbance in Input Voltage 

In order to test the robustness of the proposed controller against variation of reference output 
voltage though abrupt step changes:  

𝑉&KH% = x
𝑉4 = 70	𝑉													0𝑠 ≤ 𝑡 ≤ 	0.1𝑠
90% ∗ 𝑉4												0.1𝑠 ≤ 𝑡 ≤ 	0.2𝑠
100% ∗ 𝑉4												0.2𝑠 ≤ 𝑡 ≤ 	0.3𝑠

																							(29)	
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applied for short intervals to the IBC input voltage. The obtained results are depicted in Fig. 5. It is 
observed from Fig. 5 that the proposed controller (MPSOA-NSMC) can perfectly regulate the output 
voltage of the IBC.  It can be seen also from Fig. 5 that MPSOA-NSMC settles to the final value within 
a shorter Rising time as listed in the Table VI. The MPSOA-NSMC ensures a smaller Overshoot and 
less ripples compared to the MPSOA-PIC as summarized in the Table V.  

Table VI.  Rise time results for the PEMFC-fed IBC system for both optimized controllers 

Time (s) [0.0  0.1] [0.1  0.2] [0.2  0.3] 
MPSOA- PIC 0.0081     0.0037     0.0065 
MPSOA-NSMC 0.0027     0.0036     0.0056 

 
Table V.  Overshoot performance of both controllers 

 

 

Furthermore, for statistic comparison, an IAE criterion is used for both methods and the 
corresponding results are summarized in the Table VII. The results confirm that the proposed 
controller (MPSOA-NSMC) leads to a more reliable performance for accurate and fast-settling output 
regulation of the IBC’s load voltage than the MPSOA-PIC in term of the IAE criterion.  

Table VII.  Performance index of the proposed and PSO- PI controllers. 

𝑰𝑨𝑬 = 	∫ |𝒆(𝒕)|	𝒅𝒕Z
𝟎   

Time (s) [0.0  0.1] [0.1  0.2] [0.2  0.3] 
MPSOA- PIC 0.0843      0.0447     0.1149 

MPSOA-NSMC 0.0271      0.0516     0.0916 

     

Time (s) [0.0  0.1] [0.1  0.2] [0.2  0.3] 
MPSOA- PIC 9.30    2.32 2.91 (first) – 2.64 (second)  
MPSOA-NSMC 0.66     1.94     1.99 (first) –0.11(second) 
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Fig. 5. Simulations under disturbance in output voltage. 

The corresponding load, fuel cell currents and fuel cell voltage are respectively shown in Fig. 6. It can 
be seen from these figures that the proposed MPSOA-NSMC controller provides the smaller ripples 
in both of the output voltage and fuel cell currents as well as fuel cell voltage under variation of the 
input voltage. In addition, it can be concluded that, the proposed controller MPSOA-NSMC shows a 
stronger robustness to the input voltage disturbances compared to its MPSOA-PIC counterpart.  
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Fig. 6. Fuel cell and load currents response to output voltage variation. 

7-2. Disturbance in Output Load Resistance:  

In order to test the robustness of the proposed controller for the IBC under load disturbances and 
variations, the load variation of -20% is introduced at t=0.05s. The corresponding results are 
compared and pictured in Figs. 5–7.  

Figs. 5–7 demonstrate the response of the regulated output voltage of the IBC, Fuel cell and load 
currents and the fuel cell voltage for 20% variation in load at t = 0.05 s. From these figures, it is clear 
that the closed loop system using the MPSOA-NSMC can withstand load variations and the output 
voltage has a smaller overshoot (0.43 instead of 9.30 for PI controller), (1.78 instead of 2.30 for PI 
controller) when is subjected to increase or decrease in load current and reaches the reference 
voltage within a settling time of 0.01 s. More detailed results are listed Table VIII. 

 
Table VIII.  Overshoot  

Time (s) [0.0  0.1] [0.1  0.2] [0.2  0.3] 
MPSOA- PIC 9.30    2.32 2.91 (first) – 2.64 (second)  
MPSOA-NSMC 0.43     1.78     1.92 (first) –0.21 (second) 
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We evaluated also the dynamic response of the system using the settling time defined in our case as 
the time required for the response to rise from initial value and reach 90% of its final value and 
remain withing an error band of ±10% of the final value, these results are listed in  table IX. 

 

Table IX.  Settling time  

Time (s) [0.1  0.2] [0.2  0.3] 
MPSOA- PIC 0.0188 0.0259  
MPSOA-NSMC 0.0159     0.0220  

 
 

 

 

Fig. 7. Fuel Cell voltage under input voltage variation. 

 

Fig. 8 and 9 represent respectively the voltage and load current responses, both real and observed 
signals are depicted for comparisons. These figures show that the proposed observer (MPSOA-NSO) 
has the ability to ensure simultaneous state tracking for both voltage and current states of the real 
fuel cell system with high accuracy regardless of load variations. 
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Fig. 8.  The real and observed Fuel cell voltage.  
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Fig. 10. The real and observed Fuel cell current. 

As a consequent, in the presence of such parameter uncertainties and load variations, one can see 
that the proposed controller is capable to achieve significant improvements in the voltage regulation 
performance and this verifies the robustness of the proposed controller. It can be concluded from 
the comparison of those results that the proposed controller is able to effectively track the variations 
in the reference voltage of the PEMFC-fed IBC, and shows strong robustness to the load disturbance 
and input voltage variations.  

8. Conclusion  

This work considered the important problem of the output voltage regulation of a PEMFC-fed DC-DC 
interleaved boost converter in presence of model uncertainties and abrupt large variations in the 
output voltage as well as the load. A complete representative model is first developed for the fuel 
cell and the DC-DC IBC system. A nonlinear controller is developed based on state observation and 
sliding mode control. The observer-based system is advantageous over traditional sensors for its 
reduced cost and system complexity in addition to its robustness to hardware failures and automatic 
fault detection capability. The control problem was formulated using Lyapunov stability theorem and 
the design was optimized using MPSOA to ensure the nonlinear controller is further robust and 
effective. It was illustrated that the proposed controller is capable to ensure smooth regulation of 
the IBC output voltage under extreme cases. Robustness was verified through the tracking error 
against uncertainties in the parameters of the model and sudden variations. The integrated PSO 
optimized NSM controller and NSO together not only ensure high performance of the PEMFC-fed IBC 
for fast and smooth tracking, but also demonstrate very high robustness to setpoint changes, 
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parameter uncertainties, and load variations. This superiority is verified through simulations and 
comparisons of results across various scenarios reflect the improved performance achieved by the 
MPSOA-NSMC compared to the MPSOA-PIC in terms of transient behavior and minimum ripples 
during steady state. Those obtained results promote potential applications for the presented design 
in practice. 
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