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Abstract- Proton Exchange Membrane Fuel Cell (PEMFC) which is an efficient renewable energy system has usage area in 
home and industrial applications. Since the generated voltage from PEMFC is low, the output voltage of it can be increased by 
using a boost converter. The boost converter fed by PEMFC can normally be controlled by the classical PI controller which 
parameters (KP, Ki) are constant and do not depend on the circuit parameters. Therefore, these coefficients are non-adaptive at 
variable load situations. In this study, an improved controller is obtained by regulating the PI controller according to Lyapunov 
stability theorem. Then, this improved Lyapunov based PI controller is proposed for PEMFC based boost converter. In the 
proposed method, KP and Ki parameters vary adaptively depending on the circuit parameters. Thus, the system works more stable 
and settling time of system's output voltage signal decreased compared to classical PI controller. The proposed method has been 
successfully tested in Matlab/Simulink environment. 
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1. Introduction 

The need for clean energy in the world is increasing and 
accordingly studies on renewable energy sources are 
accelerating.  Some of the renewable energy sources are 
biomass, geothermal, fuel cell, solar and wind energy. Solar 
energy is at the center of renewable energy sources. Solar 
energy is the main source of many renewable energies [1]. 
Among these, most of the studies are concentrated on fuel cell. 
Fuel cell which is an electrochemical device that converts 
hydrogen fuel to electricity without burning process has many 
good features such as high efficiency, fast response, modular 
production [2]. It is playing an important role as renewable 
energy source for energy generation in portable systems [3]. 
Among fuel cell technologies, Proton Exchange Membrane 
(PEM) fuel cells are ideal options for home and office 
applications in terms of energy production at relatively low 
operating temperatures and high efficiency. The operation of 

the proton exchange membrane fuel cell is based on 
thermodynamic, hydrodynamic and mass transfer theories.  

 Performance of PEM fuel cell is defined with current and 
voltage characteristics of fuel cell. The current supplied by the 
PEM fuel cell is proportional to the amount of hydrogen 
consumed. As the voltage of the fuel cell decreases, the 
electricity produced per unit of hydrogen decreases. That 
means, the fuel cell voltage is considered to be a measure of 
the efficiency of the fuel cell [4]. In addition, since the output 
voltage of the fuel cell is low, its output voltage is boosted by 
DC-DC converter circuits for power generation in industrial 
applications [5]. 

 DC-DC converters are non-linear systems. Therefore, it 
is important to design a controller. Generally, the preferred PI 
controller is a combined form of proportional and integral 
control. Proportional control generates the controller output 
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based on error quantity and Kp coefficient. It increases the 
dynamic accuracy and dynamic response of the system. It is 
directly related to error and proportional control coefficient. 
The integral control adjusts the output of the controller 
according to the coefficient Ki and the amount of error. It 
increases static accuracy rather than dynamic response. 
Integral is a function of the control coefficient. The design 
principle of the PI controllers is based on the linearized small 
signal model around the operational point of the system.  

Conventional control methods like PI controller are 
designed for nominal operating conditions, so they cannot 
show stability under different operating conditions. Therefore, 
the stability is important for classical PI controller [6-7]. When 
designing a controller for DC-DC converters, this 
linearization leads to the neglect of bilinear terms as the main 
source of non-linearity of the system. Therefore, these designs 
are not suitable for larger distortions such as large load 
variations. Because the stability and performance of the 
system cannot be analyzed for the first points away from the 
stationary operating point, Salimi [8] presented a new 
approach to closed loop control using Lyapunov based 
nonlinear controller. Despite a wide range of irradiation levels 
and temperature changes, the controller stabilizes the PV 
system at its maximum power point. Rezkallah et al. [9] 
applied a sliding mode control approach for the solar-PV grid 
interface system and applied Lyapunov equations to the 
stability of the system. Vatani et al. [10] examined Lyapunov 
stability of a DC-DC power converter controlled by a PI 
controller. They calculated the Lyapunov function using the 
sum of square programming method. Fahad et al. [11] 
designed a fractional-order (FO) controller for a grid-
connected PV system and verified the stability of the system 
using the Lyapunov candidate function.  

In this study, a Lyapunov based PI controller is improved 
and proposed for PEMFC based boost converter. It is aimed to 
ensure the stability of the PI controller when controlling the 
output voltage of the system. Moreover, controller coefficients 
(KP, Ki) changes according to circuit parameters. For this 
purpose, the Lyapunov stability equations are applied to the 
boost equations for the derivative of the control signal of the 
output voltage goes to zero. In the study, the PEMFC was 
modelled and simulated in Matlab/Simulink environment to 
obtain the current-voltage and current-power characteristics of 
the PEMFC. Then, the designed PEMFC was connected to a 
DC-DC boost converter and the proposed improved control 
method was applied to the system. 

2. Modeling and Analysis of the System  

2.1. PEMFC Model 

Since the operation of fuel cell systems is complex, it is 
important to model of a PEMFC for the better performance 
[12]. PEMFC was modelled and simulated in Matlab/Simulink 
environment to obtain the current-voltage and current-power 
characteristics. This model is simulated for different current 
densities and the graphs of the relationships between voltage, 
current, power and efficiency are shown in Figure 1 [13]. 

 
Fig. 1. a) I-V and I-P curves of PEMFC, (b) I- efficiency and 

I-P curves of PEMFC. 

The maximum voltage produced by a cell that can be 
recycled is called reversible cell voltage. Reversible cell 
voltage can be calculated by using a type of Nernst equation 
[14] as shown in equation (1); 

 

                         (1) 

The partial pressures of hydrogen and oxygen can be 
calculated as in equation (2) and equation (3), respectively; 
 

                            (2) 

                                   (3) 
 
The operating cell voltage is less than reversible cell voltage 
due to irreversibility and over-potential. The operating cell 
voltage can be expressed as; 
 

                                                                      (4) 
 
Activation losses, ohmic losses, mass transport, or 
concentration losses are the over-potentials considered here. 
 

                                                               (5) 
 
After the irreversibility is calculated, the power generated by 
the stack is calculated by equation (6). 
 
𝑊"#$%& = 𝑉)*+,$#-./. 𝑖. 𝐴%+33. 𝑛%+33                        (6) 
 
Here, ncell is the number of fuel cells in the stack. Acell is the 
area of each cell and i is the current density [15]. 

2.2. The DC-DC Boost Converter 

The DC-DC boost converter which design considerations 
and modeling equations are studied in the literature [16-18] 
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consists of one active switch (S); L inductor for boosting; Do 
diode; C capacitor. A boost converter circuit using a power 
MOSFET is shown in Figure 2. In a boost converter the 
average output voltage V0 is higher than the source voltage 
VFC.  

 

Fig. 2. DC/DC Boost converter. 

The relationship between the duty cycle and the output voltage 
is given in Eq. (7). 
 

                                                                    (7) 

State-space-average model is a technique for creating a time-
invariant model [19]. It is important to perform the state space 
average model and small signal analysis to find the transfer 
function of the system. State space average model is found 
with the help of equation (8). 
 

                      (8) 

 
This equation can be expressed as follows. 

                    (9) 

 
where; 

D: Duty cycle   

VFC: input voltage 

Vo: Capacitor Voltage, DC output voltage 

RL: Load resistance 

iL: Inductance Current 

3. Result Design of the Proposed Controlled 

In the classical PI controller (Figure 3), the difference 
between the reference and the actual value (e) is regulated by 
the controller to obtain the k control signal. The resulting k 
control signal should be constant at steady state. Therefore, the 
derivative of the control signal k must be equal to zero at 
steady state. Lyapunov equations was applied by using this 

feature of the controller output signal at the steady state to 
improve the proposed controller. 

 

 
Fig. 3. The classical PI controller. 

The output signal of the PI controller (k) should be constant at 
steady state as given in equation 10. 

                                                                        (10) 

For the proposed controller to be designed, z must be defined 
as follows. Where V* is defined as reference output voltage. 
 

               (11) 

If the equation 11 is combined with equation 9, the equation 
12 can be obtained. 
 

                             (12) 
The dynamics of the output signal according to system 
parameters can be shown as follows.    

                     
(13) 
Combining equations 9 and 13, equation 14 is obtained. 
 

   (14) 

 
The equations 12 and 14 can be improved by using the 
Lyapunov function. The Lyapunov function of the system can 
be defined as given in equation 15 to improve the controller. 
Also, the derivative of the Lyapunov function can be given in 
equation 16 [8]. 
 

                                            (15) 

             (16) 

If the error is assumed as , the derivative of the 

Lyapunov function will be . Since the scalar λ is a 
positive constant, the derivative of the Lyapunov function will 
be a negative semi-defined function. Thus, the asymptomatic 
stability of the system is guaranteed and the error variable of 
the system (z) is limited. Briefly, according to equations (12), 

(13) and , the equation of the proposed Lyapunov 
based controller can be obtained as follow. 
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   (17) 

 
By using the derivative of the Lyapunov function                   

( ), the second derivative of the Lyapunov function 

will be . According to Barbalat’s lemma [17]; V 

must be a lower bounded function,  must be a negative semi-

definite function and  must be a uniformly continuous 
function. Therefore, if these conditions are met, the error 
converges goes into zero in different operating conditions. 

For a bounden variable of z, it is seen that the first and the 
second rules of the Barbalat’s lemma are satisfied according 

to . Also, it can be explained that the error variable 
and parameters of the model are bounded according to 

and the equation (13). In addition, since  is 
uniformly continuous function, the third condition is also 
satisfied. From this point, it is seen that the system has 
asymptotically stable behavior for a wide range of operation 
and the output error of the system goes to zero during steady 
state condition. 

The duty cycle of the switching signal for the closed loop 
control of the boost converter can be calculated using equation 
(17). To describe the calculation approach more clearly, 
equation (17) can be re-written as equation (18). The equation 
(18) shows that the duty cycle is proportional of both 
controller coefficients and circuit parameters. This is the main 
contribution of the proposed controller and improves the 
dynamic behavior of the converter.  

 
 (18) 

4. Simulation Results 

The proposed Lyapunov based PI controller according to 
equation (18) is improved and proposed for PEMFC based 
boost converter as shown in Figure 4. Figure 5 shows the block 
diagram of the proposed controller. It is seen that the output 
voltage of the system changes according to controller 
coefficients (KP, Ki) and circuit parameters. The parameters of 
the converter given in Table-1 are selected according to 
application. PEMFC with 1kW power rating is generally used 
in industrial and home applications with output voltage of 30-
60V. The reference output voltage of the converter is selected 
as 200V which is used as dc input voltage for multilevel 

inverters. The circuit parameters were calculated according to 
design considerations [16-18]. Also the clasical Ziegler-
Nichols method is used to calculate controller coefficients. 

 

Fig. 4. The proposed Lyapunov based PI controller for 
PEMFC. 

 
Fig. 5. The block diagram of the proposed controller. 

Table 1. The parameters of the converter 

PEMFC output voltage 30-60 V 
Converter output voltage 200 V 
Output power 1 kW 
Inductance 100 µH 
Capacitor 266 µF 

  

 

Fig. 6. Output voltage changes with respect to time (blue line: 
PI, red line: Lyapunov based PI, yellow line: output 
voltage of fuel cell). 
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Figure 6 shows a time-comparative graph of the output 
voltage of the system controlled by the classical PI controller 
and the Lyapunov-based PI controller. Also, the numerical 
comparison of the parameters in Figure 6 are given in Table 2. 

Table 2. The numerical comparison of PI and proposed      
Lyapunov based controllers 

Parameters PI Lyapunov based 

controller 
Rising time 0.0068 sec 0.005 sec 
Settling time 0.06 sec 0.005 sec 
Overshoot 38 V (19%) 8 V 

Ripple 6 V (3%) 6 V 
 
According to Table 2, the rise time of Lyapunov-based PI 

controller is reduced by 26.4% compared to classical PI 
controller. The settling time of the signal was 91.6% faster 
than the classical PI controller and the overshoot of the 
proposed controller is 79.9% less than the classical PI 
controller. 

 
Fig. 7. Output voltage changes with respect to time for 

different (Vref:100V-150V-200V) (blue line: PI, red 
line: Lyapunov based PI, yellow line: output voltage of 
fuel cell). 

 

Fig. 8. The variation of the output voltage with respect to time 
under different loads. (RL: 40Ω-80Ω). 

The proposed controller and classical PI controller have 
been tested under different dynamic conditions. First, PEMFC 
based converter is operated for different output voltage against 
constant input voltage. The input voltage of the converter 
(VFC) was taken constant (40V) and output reference voltage 
was changed as 100V-150V-200V. Figure 7 shows the 

dynamic results of these difference reference voltages. 
Second, PEMFC based converter is operated under different 
loads for 200V output voltage (Figure 8).  It is seen that the 
proposed Lyapunov-based PI controller performs reference 
tracking successfully under different dynamical conditions. 

5. Conclusion 

A Lyapunov based PI controller is improved and 
proposed for PEMFC based boost converter. Since the output 
voltage of a PEMFC is always changeable, it is needed to 
obtain a fixed output voltage via boost type DC-DC converter. 
Therefore, the output voltage controller is important for 
PEMFC. Due to the constant controller coefficients (KP, Ki) 
of a classical PI controller the output voltage of the converter 
is affected under different dynamical changes. These 
coefficients are non-adaptive at variable load situations. 
However, in the proposed method PI controller is improved by 
using Lyapunov stability theorem. The output voltage is 
affected by controller coefficients and circuit parameters in the 
proposed controller. Therefore, the controller effect changes 
adaptively depending on the circuit parameters and load 
situations. Thus, the system works more stable and settling 
time of system's output voltage signal decreased compared to 
classical PI controller. The results show that better dynamical 
performances have been obtained with the proposed 
controller. 
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