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Abstract: This study deals with the problem of controlling DC-to-DC switched power converter of boost type 
associated with a fuel cell generator. The system is modelled using the PWM technique. The aim is to tightly 
regulate the output voltage of the converter to a desired reference. The voltage-current characteristic is 
subject to parameter uncertainty. The system load is in turn time-varying. A nonlinear adaptive controller is 
designed using the Lyapunov approach, based on the nonlinear model of the system. The controller is 
formally shown to meet its control objectives. 
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1. INTRODUCTION 
 

A combination of high prices of fossil fuels and the increased 
awareness of their negative environmental impact has 
influenced the development of new cleaner energy sources. 
Among various viable technologies, fuel cells have emerged as 
one of the most promising sources for both portable and 
stationary applications.  
Fuel cell stacks produce DC voltage with a variation in output 
voltage with load conditions. Hence, to increase the utilization 
efficiency a power conditioner consisting of DC-DC converters 
is required for load interface. In this paper, the design and 
analysis for the control of a Boost converter (BC) is presented 
in detail.  
Design of controllers for boost power converter used in FC 
generation system presents interesting challenges. There is an 
increasing need for a good controller design to perform tight 
regulation under load variation due to the most of power 
electronic application operated with parameter variation, non 
linearity, load disturbance, etc. 
Much effort has been spent to define small-signal linear 
approximation of power converter and fuel cell characteristic so 
that classical control theory could be applied to the design 
(Chen et al., 2006, Phatiphat and Davat, 2010, Thounthong et 
al., 2008, Rajashekara, 2005).  
The point is that, both the boost converter and the fuel cell 
exhibit highly nonlinear behaviour making linear controllers 
only effective within around specific operation points.  

In (Spinetti et al., 2009) a Lyapunov based control is used to 
design a controller that regulates the output voltage to ev  
involving a nominal load value R0. However the voltage 
regulation performances fail when the boost converter feeds an 
unknown load R. In (El Fadil 2007) a backstepping design 
approach is used in orde,to estimate the load resistance, and to 
regulate the output voltage.) A Lyapunov based control 
principle in a hybrid energy storage system associating a FC 
and a supercapacitor is dealt with in (El Fadil  et al. 2012. In 
(El Fadil et al 2011) adaptive output feedback control of 
interleaved parallel boost converters is used based on Lyapunov 
stability tools.  
All the above studies consider that FC voltage is known or 
measured. In (Sira-Ramirez et al 1995)  and in (Sira-Ramirez et 
al 1996) the  adaptive backstepping is used to update all the 
parameters of the boost converter (BC), among of this, the  
unknown constant voltage source.  
In this paper, the problem of controlling fuel cell boost 
converter (FCBC) system is dealt with based on a more 
accurate model that really accounts for the system 
nonlinearities and varying FC voltage. Doing so, the model 
turns out to be well representative of both the boost converter 
large-signal dynamic behaviour and the fuel-cell nonlinear 
characteristics.  
The uncertainty and the control are “matched” if they appear in 
the same equation (Kristic et al 1995), in this case one can 
apply the Lyapunov approach to adaptive nonlinear control. 
Consequently, according to the system plant (1), a Lyapunov 
based control is used to achieve two objectives: (i) asymptotic 
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stability of the closed loop system and (ii) tight output DC link 
voltage regulation, in spite of bus impedance changes and fuel 
cell characteristics uncertainties. Accordingly, the controller 
involves online estimation of the FC characteristic. It is 
formally shown, using theoretical analysis and simulations, that 
the developed adaptive controller actually meets its control 
objectives. 
The paper is organized as follows. Section 2 is devoted to 
presentation and modelling the boost converter while section 3 
is devoted to determine the FC voltage estimator and current 
controller. The error convergence analysis will be shown in 
section 4. Section 5 is devoted to the simulation results. A 
conclusion and list of references end the paper 

2. PRESENTATION AND MODELLING OF FUEL CELL 
BOOST CONVERTER SYSTEM 

The boost converter is a circuit that is constituted of power 
electronics components connected as shown in figure 1. The 
circuit operating mode is the so-called Pulse Width Modulation 
(PWM).  

 
Fig.1: Fuel cell boost converter (FCBC) 

A typical fuel-cell polarization curve is shown in Fig.2. This 
shows that the FC voltage fcv  is a decreasing nonlinear function 

of load current density Li . For future analytical treatment, the 
polarization curve is given the following polynomial   
approximation (El Fadil  et al., 2011):  
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Fig.2: Fuel cell polarization zones 

 It is shown in many places that the averaged model of the 
power converter is the following (El Fadil et al., 2011, El Fadil 
et al., 2013)  
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Where 1x  and 2x  denote the average input current Li  and the 
average output capacitor voltage cv  respectively. The control 
input for the above model is the function µ , called duty ratio 
function.  

3. CONTROLLER DESIGN 

The V-I fuel cell characteristic is not unique as it depends on 
temperature, pressure and flow of hydrogen etc. In Fig3, two 
polarization curves are plotted in the case of two different 
pressure levels. 

 
Fig.3: Polarisation curves recorded for two hydrogen and air 

pressures. 

In this study, the coefficients ),..0( nkbk =  in (1) are let to be 
(what they are in practice i.e.) uncertain parameters. Also, the 
equivalent serial resistance, i.e. the parameter RL in (2a), is let 
to be unknown. To cope with such model uncertainty the 
controller will be given a learning capacity. Specifically, the 
controller includes an on-line estimator of the unknown 
parameter vector: 

[ ]TnL bbRbb
L

,,,1
210 L−=θ    (3) 

Accordingly, the model (2a-b) rewrites as follows: 
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with 

[ ]Tnxxx 1
2
11 ,,,,1 L=φ     (4c) 

The unknown parameter vector θ  should be estimated based 
on equation (4a). One usual way to reach this is to introduce a 
state observer of the system consisting of (4a) and the 
additional equation 0=θ&  with the current 1x  being the 
measurable output. The first equation of the observer is just a 
copy of (4a) augmented by a correction term in the estimation 
error, 111 ˆ~ xxx −= .Specifically, one has 

121
~ˆ1ˆ xkx

L
x T ++

−
−= θφµ&      (5)              

where θ̂  denotes the online estimate of the uncertain parameter 
vector θ . Such online estimation will be performed with an 
adaptive law yet to be determined, 0>k  is a design 
parameter. Comparing (5) and (4a), it follows that the current 
estimation error undergoes the following differential equation 

11
~~~ xkx T −= θφ&                                                                   (6) 

with θθθ ˆ~
−=  is the parameter estimation error. 

The control objective one seeks is that the load voltage cv  
must be tightly regulated to a given reference value dv . It is 
pointed out in many places (Sira-Ramirez, 1987, Sira-Ramirez, 
2012), (El Fadil and Giri, 2007) that the zero-dynamics of the 
system (2a-b), taking the voltage 2x  as output, is unstable i.e. 
the system seen from the output voltage is non minimum phase. 
The usual practice is to reformulate the control objective in 
terms of the current 1x . Specifically, the latter must track a 
reference refx1  where this is selected so that, if refxx 11 =  then 

dvx =2  where dv  is the desired output voltage chosen by the 
user. A relation between the current and the voltage references 
is readily obtained by writing the total power balance in the 
BC. Doing so, one gets using Fig. 1: 
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Since, the parameters )1( nkk K=θ  are unknown; they have 
been replaced by their estimates in (7).  
The next step, in the controller design is to determine a control 
that meets the control objective i.e. driving the following 
current tracking error to the origin: 

refxxe 11 −=                                                                (8a) 

It is readily seen from (4a) that e  undergoes the following 
differential equation: 
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Let us consider the following Lyapunov function: 
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Clearly, 1V  is a positive definite function of the 

errors )~,,~( 11 θex . Its derivative along the error-trajectory with 
(6) and (8b): 
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Equation (10a) suggests the following control law and 
parameter adaptive law: 
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where 01 >c  and 0>γ are design parameters. Using (11) and 
(8b), one gets the following equation that describes the 
trajectory of the tracking error 1e : 

ece 1−=&     (13) 

Equations (6), (12) and (13) describe together the closed-loop 
system in terms of the error vector )~,,~( 1 θex . Clearly, 

)0,0,0()~,,~( 1 =θex  is an equilibrium of the system. The 
adaptive controller thus established is constituted of the control 
law (11) and the parameter adaptive law (5) and (12). The 
performances of this controller are analyzed in the next section. 

4. CONTROLLER ANALYSIS 

Definition 1. The vector function φ  is said to be persistently 
exciting if, there exist positive real constants ( ε,T ) such that, 
one has for all t : 

n

Tt

t

T Id εττφτφ >∫
+

)()(     (14) 

Where nI  denotes the identity matrix of dimension n  � 
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Theorem 1. Consider the FC-BC system, represented by the 
model (2a-b), in closed-loop with the adaptive output-feedback 
controller described by equations (11), (5) (12). Then, one has 
the following properties:  

i) The equilibrium )0,0,0()~,,~( 1 =θex  is stable. 

ii) The errors 1
~x  and e  are globally asymptotically vanishing. 

iii) If φ  is persistently exciting then, the parameter estimation 

error θ~  is globally asymptotically vanishing � 

 

Proof. Part 1. It follows, substituting (11)-(12) in (10a): 
2

1
2

11
~ ecxkV −−=&     (15) 

This implies using the equilibrium point theorem that 
)0,0,0()~,,~( 11 =θex  is stable in the Lyapunov sense (Khalil H 

1996 ). 
 
Proof of Part 2. For convenience, the closed-loop system 
equations (6), (11) and (12) are rewritten: 
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11
~~~ xkx T −= θφ&      (18) 

Applying the Lasalle's invariance principle, it follows from (15) 
that, whatever the initial position ))0(~),0(),0(~( 11 θex , the state 

vector )~,,~( 11 θex   converges to M , the largest invariance set 
of the system (16-18), that is contained in the following set: 
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It readily follows from (15) and (17) that: 

[ ]{ }nT RZ ∈= αα :,0,0     (19) 

Part 2 is an immediate consequence of (19).  
Proof of Part 3. Now, let [ ] MT ∈α,0,0  for some nR∈α . The 
aim is to show that 0=α  i.e. M is reduced to the null vector. 
To this end, let ],0,0[)]0(~),0(),0(~[ 1 αθ =ex . As M  is an 

invariance set, it follows that Mttetx ∈)](~),(),(~[ 1 θ , for all 
0≥t . As ZM ⊂ , one gets from (19) that: 
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1 =tx  and 0)( =te , for all 0≥t  (20) 

Then, it follows from (17) that, 0~
=θ&  and so, 

 

 αθθ == )0(~)(~ t , for all 0≥t   (21) 

Also, using (20), one gets from (18) that: 
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Multiplying the above equation by φ  and integrating over 

][ Ttt +  yields 
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 which together with  (14) implies that 0=α . We have proved 
that M is actually reduced to the null vector which establishes 
Part 3, using the invariance principle ■ 

5. SIMULATION RESULTS 

In practice the system studied operate between to power limits 
minP and maxP . That is, one can approximate the FC curves to 

straight lines. Then we get T],[ 10 θθθ =  and [ ]Tx1,1=φ . 
The whole simulated controller is summarized in Table 1. 

 

Table1: Proposed adaptive nonlinear regulator 
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where 0,01 >> kc  and 02,1 >γ  are design parameters.

 
The simulated system is constituted of a FC source of 50KW, a 
boost converter that guaranties 4A and 20V of maximum 
ripples in fuel cell current and output voltage, respectively. The 
aim is to tightly regulate the output voltage of the converter to 
750V. 
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The boost converter associated with the fuel cell (FC-BC) and 
the proposed adaptive controller are simulated using Matlab-
Simulink software.  The controlled system parameters and 
design parameters are summarized in Table 2.  
Figure 4 illustrates the controller performances in presence of 
step changes in the load current. One can clearly shows that the 
output voltage vc is regulated to its reference vd=750V.  

Figure 6 illustrates the controller behavior in presence of 
changes in fuel and air pressures of the FC. These changes 
induce the variation in the V-I characteristic of the FC from 
curve 1 to curve 2 (see Fig. 5). Figure 6 shows that, despite 
these uncertainties, the output voltage vc is regulated to its 
desired value vd=750V. 
 
   

 

 

 

 
Fig. 4: Controller behavior in presence of output voltage 

reference vd=750V and  load current changes 

 

 
Fig. 5: simulated FC curves for two pressures. 

 

 

 

 
Fig. 6: Controller behaviour in presence of output voltage 

reference vd=750V and FC pressure changes. 

19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

579



Table 2: FC-IBC characteristics 

Parameter Symbol Value 
Design parameters 1c  300
 1γ  01.0
 2γ  510  
 k  410  
Inductance  L  mH7.4
Output Capacitor  C  Fµ300
Switching frequency sf  kHz10  

 

6. CONCLUSION 

Theoretical analysis and simulations studies prove that the 
closed loop realize the main aim which is to tightly regulate the 
FC-BC output voltage to the desired reference, in spite of the 
load current variation and the operating fuel and air pressures 
of the FC shift. The controller design is based on the average 
PWM model of the BC. The adaptive Lyapunov based 
approach allows a sensorless learning capability about the FC 
voltage necessary to calculate the indirect control law. The FC 
voltage-current function assumed to be unknown and depends 
of the operating conditions. 

7. REFERENCES 

Chen L.H., J.C. Hwang, S.N. Yeh, G.C. Yu, (2006). Analysis 
and Design of Four-Leg Fuel Cell Boost Converter, in: 
Proc. of IEEE 32nd Annual Conference on Industrial 
Electronics (IECON’06), Paris, 2006, pp.4285-4290.  

El Fadil, H. F. Giri , J.M. Guerrero and B. Salhi, (2011). 
Adaptive Control of Interleaved Boost Converter for Fuel 
Cell Energy. In Proceeding of IEEE American Control 
Conference, (ACC'11), on O'Farrell Street, San Francisco, 
CA, USA, June 29 - July 01, 2011, pp.3905- 3910. 

 El Fadil, H., Giri, F., Guerrero, J.; (2012). "Lyapunov based 
control of hybrid energy storage system in electric 
vehicles," American Control Conference (ACC), pp.5005-
5010, 27-29 June 2012. 

El Fadil, H. and Giri, F.(2007). Backstepping Based Control of 
PWM DC-DC Boost Power Converters. International 
Journal of Electrical and Power Engineering, Vol.1, N.5, 
pp. 479-485. 

El Fadil, H., F. Giri and J.M. Guerrero (2013). “Adaptive 
sliding mode control of interleaved parallel boost 

converter for fuel cell energy generation system”, IMACS 
transactions on Mathematics and Computers in 
Simulation, Vol. 91, pp. 193-210. 

 Spinetti M., Enric Fossas and Domingo Biel. (2009). 
“Stabilitiy analysis of a Lyapunov-based controlled boost 
converter”. Joint 48th IEEE Conference on Decision and 
Control and 28th Chinese Control Conference, Shanghai, 
P.R. China, December 16-18. 

Phatiphat T., B. Davat (2010). Study of a multiphase 
interleaved step-up converter for fuel cell high power 
applications, Energy Conv. Manag. 51(4), pp. 826-832. 

Rajashekara K., (2005). Hybrid fuel-cell strategies for clean 
power generation, IEEE Trans. Ind. Appl. 41, pp. 682 – 
689. 

 Sira-Ramirez, 1987.  Sliding motions in bilinear switched 
networks. IEEE Trans. Circuits Syst., vol. CAS-34, pp. 
919–933, Aug. 1987 

Thounthong P., P. Sethakul, S. Rael, B. Davat, (2008). Design 
and implementation of 2-phase interleaved boost 
converter for fuel cell power source. In: Proc. of 4th IET 
Conference on Power Electronics Machines and Drives 
(PEMD), pp.91-95. 

Sira-Ramírez, H., M. García-Esteban, Alan S. I. Zinober, 
(1996). “Dynamical adaptive pulse-width-modulation 
control of DC-to-DC power converters: a backstepping 
approach”, Int J. Control, vol. 65, NO. 2, pp.205-222 

Sira-Ramirez, H.; Rios-Bolivar, M.; Zinober, A. S I, (1995). 
"Adaptive input-output linearization for PWM regulation 
of DC-to-DC power converters". Proceedings of the 
American Control Conference, pp.81-85.  

Sira-Ramirez, H., Oliver-Salazar, J. Leyva-Ramos (2012). 
“Voltage Regulation of a Fuel Cell- Boost Converter 
System: A Proportional Integral Exact Tracking Error 
Dynamics Passive Output Feedback Control approach”. 
Proceedings of the American Control Conference, 
Montreal, Canada, June 27 - 29. 

Khalil H. (1996). Nonlinear systems, Prentice Hall, NJ, USA. 

Krstic, M., I. Kanellakopoulos, P. Kokotovic, (1995). 
Nonlinear and Adaptive Control Design. JohnWiley and 
Sons, Inc. 

 

 

 

19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

580


