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Abstract— This paper deals with the synthesis of a fuzzy 
controller of DC-DC boost converter by using the integral 
action performance. First, a bilinear model of the boost 
converter is developed which is subsequently converted into a 
Takagi-Sugeno (TS) model. Then, a TS fuzzy controller is 
designed to stabilize the output voltage and guarantee a perfect 
disturbance rejection. It should be noted that the boost 
converter is used as an interface between the photovoltaic (PV) 
panels and the loads connected to them. Thus, the purpose of 
the proposed fuzzy controller is to adapt the duty cycle of the 
power MOSFET even in the case of the input voltage variation, 
so that the tracking performance is guaranteed. The control 
gains are obtained by solving a set of Linear Matrix Inequality 
(LMI). Finally, simulation result is given to demonstrate the 
controller’s effectiveness. 

I. INTRODUCTION 

The photovoltaic (PV) generator, which is originates from 
solar power, have been widely considered to be a good 
source of renewable energy because of its direct form of 
electrical energy, low maintenance, no noise, no pollution, 
etc [1]. However, one of the major problems of PV generator 
is that the output voltage of PV panels is highly dependent on 
solar irradiance and ambient temperature. Consequently, 
loads cannot be directly connected to the output of PV 
panels. In this case, a DC-DC converter is required to operate 
as an interface between PV panels and loads [2]. It receives 
variable input voltage, which is the output of PV panels, and 
yields constant output voltage across its output capacitors 
where the loads can be connected.  Currently, the problem of 
control for DC-DC converter has been dealt with several 
approaches and many studies have been developed around 
this subject. Among them, we can mention: traditional PI 
control, sliding-mode control, state feedback-linearizing 
control, fuzzy control… The PI control law design can only 
assure stability and dynamic performances around 
equilibrium point, and hence, instabilities or bad 
performances may appear when large signal perturbations 

occur [3]. The control method based on linearization 
techniques present a poor dynamic performance and the 
implantation of this kind of nonlinear control laws for high 
frequency signal is difficult [4]. Sliding mode technique has 
been widely used in the converter control and proved a small 
tracking error, but chattering phenomenon is inevitable which 
degrades performances of the system and may even lead to 
instability [5]. Recently, substantial research efforts have 
been devoted to intelligent controllers such as artificial neural 
networks and fuzzy logic to deal with the problems of 
nonlinearity and uncertainly applied to the control of power 
electronic converters [6, 7, 8, 9, 10]. Among various fuzzy 
modeling methods, the well-known Takagi-Sugeno (T-S) 
fuzzy model is considered as a popular and powerful tool in 
approximating a complex non linear system [11, 12]. They 
correspond to a collection of linear models blended together 
with weighting functions.  These functions are positive scalar 
whose sum was assumed to be equal to unity for all linear 
submodels and stability is ensured if there exists a common 
quadratic Lyapunov function for all linear submodels [13].  
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In this paper, we will apply T–S fuzzy modeling approach 
to the design of fuzzy controller for DC-DC boost converter 
in witch an integrator action is added. The proposed 
controller can guarantee stability, good dynamic behavior 
and zero tacking error when the exogenous signals are 
constant. The controller gains are parameterized in terms of a 
linear matrix inequality problem which can be solved very 
efficiently.  

This paper is organized as follows: in section II, the 
characteristics of solar panels are presented. In section III, a 
bilinear model of the boost converter is proposed from 
which, a Takagi-Sugeno fuzzy model is derived. Section IV 
presents the design of a fuzzy controller with integral action 
performance. Section V shows the simulation results of the 
boost converter in which a comparison with a PI-controller in 
terms of the transient’s response is given to demonstrate the 
merits of the proposed fuzzy control approach. The last 
section gives a conclusion on the main themes developed in 
this paper.  

II. CHARACTERISTICS OF SOLAR PANELS 

Solar panels consist of different solar cells connected in 
series and/or parallel in order to achieve desired voltage and 
current levels. The solar cell is equivalent to a light current 
generated connected in parallel with a diode D, and a shunt 
resistor, and all are coupled to a series resistor. This 
electrical model has the ability to convert solar radiation into 
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DC current. This is called the PV effect. The output current 
of the PV array is given by 

( )q V R Is snKT
ph 0

sh

V R II I I e 1
R

+ +⎡ ⎤= − − −⎢ ⎥⎣ ⎦
                              (1) 

Iph Light generated current 
I0 Reverse saturation current 
q Electronic charge 
K Boltzmann’s constant 
T Cell temperature 
Rs Series resistance of the cell 
Rsh Shunt resistance of the cell 
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The equivalent circuit of the PV panel is presented in Fig. 1. 

 

 

 

 

 

 

According to the equation (1), Fig. 2 and 3 depicts the 
characteristics of the PV current with respect to the PV 
voltage for different value of solar irradiation E (W/m2) and 
cell temperature T °C .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We can easily note that the output voltage of PV panels is 
variable and extensively depending on solar irradiation and 
cell temperature conditions. However, a constant voltage 
level is needed for connecting loads to PV panels. This 
imposes necessarily an interface between PV panels and 
loads like the proposed boost converter. 

I. TAKAGI-SUGENO FUZZY MODEL OF A BOOST CONVERTER 

In this section, we review the averaged bilinear model of 
the converter to infer a Takagi-Sugeno model that we will 
use in the fuzzy control design step. The circuit diagram of 
the boost converter is shown in Figure (4). 
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A.  Bilinear model 
The voltage mode controlled boost converter circuit is 

governed by two sets of linear differential equations 
pertaining to the ON and OFF states of the controlled switch. 
If the output voltage and the inductor current are taken as 
state variables, the state equations during the”ON” period can 
be defined as: 

( ) ( )
( )

( ) ( )

c
c

c

L i
L

dv t 1 v t
dt R R C

di t R Vi t
dt L L

⎧ = −⎪ +⎪
⎨
⎪ = − +⎪⎩

n

                                              (2) 

And during the ”OFF” period, the equations are: 
( ) ( ) ( )

( ) ( )

( ) ( ) ( )
( ) ( )

c
c L

c c

L L C
c L

C C

dv t 1 Rv t i t
dt R R C R R C

di t R R RR Vv t i t
dt R R L L R R L L

⎧ = − +⎪ + +⎪
⎨ ⎡ ⎤⎪ = − − + +⎢ ⎥⎪ + +⎣ ⎦⎩

in

     (3) 

where LR  and are the parasitic resistances of the inductor 
and capacitor. In a boost converter, the output voltage is 
always higher than the input voltage. Indeed, when the 
controlled switch is turned on, the current through the 
inductor increases and the latter stores the energy while the 
diode is reverse biased leading to the disconnection of  the 
load (R) and the output capacitor (C) from the source 
voltage. When the controlled switch is turned off, the 
polarity of the inductor voltage changes reducing the 
inductor current and charging the capacitor to a voltage 
higher than the input voltage. Consequently, the boost 
converter's dynamic behaviour during Ton and Toff can be 
expressed as follows: 

CR

( ) ( )k kx t H x t D      k=1,2= +                                                (4) 
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Fig. 4. Circuit diagram of the boost converter 
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V 

Fig. 1. Panel circuit model 

Fig. 2. LC120-12P PV module current – voltage curve 
when the irradiation is 200, 600 and 1000 W/m2

Fig. 3. LC120-12P PV module current – voltage curve 
when the temperature is 25, 50 and 75 °C.
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Being, 
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The states variables and are susceptible for the 
measurement and available for the feedback control.  

( )cv t ( )Li t

A binary signal d , turns on and off the switches 
periodically, since we consider a PWM modulation. Ts is the 
switching period equal to the sum of Ton and Toff. 
Equation (4) can be expressed in compact form as follows: 

 [ ] [ ][ ]( ) ( ) ( )1 1 2 2x t H x t D d+ H x t D 1 d= + + −                      (5) 

or, equivalently: 

( ) ) ( )2 1 2 1x t H x(t)+(H -H x t d D= +                                       (6) 

where d= 1 during Ton and d= 0 during Toff . 

The duty cycle u(t) is the ratio given as follows: 

( ) on

s

Tu t
T

=                                                                            (7) 

Considering that the switching frequency is significantly 
higher than the converter natural frequencies. Equation (4) 
can be expressed as a bilinear model: 

( ) ) ( ) ( )2 1 2 1x t H x(t)+(H -H x t u t D= +                                   (8) 
or 

( ) ( ( )) ( ) [ , ]2 1x t H x(t)+(B x t u t D      u(t) 0 1     = + ∈                (9) 

Where 
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and  is the control input. ( )u t
In the next subsection, we rewrite the incremental bilinear 
converter model by a Takagi-Sugeno representation. 

B. Takagi-Sugeno model of the Boost Converter 
The Takagi-Sugeno model is considered as an exact 
representation of the non linear systems which can describe 
the dynamic of the system by means of an interpolation of 
linear submodels. The performance requirements of a linear 
model may be expressed by means of LMI. 
According to the bilinear model (9) of the boost converter, 
we consider the sector of nonlinearities of the terms 

of the matrix A(x(t)) with k=1, 2: min max( ) ( ) [ , ]k k k kz t  x t z z= ∈

( ) ( )
( ) ( )
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z t i t
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⎨ =⎩

                                                                   (10) 

Thus, we can transform the nonlinear terms under the 
following shape: 

k k,min k kmax k,max k kminz (t) = F (z (t)).z  + F (z (t)).z                          (11) 

Where the membership functions are defined as follows: 
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                     (12) 

The fuzzy model is described by fuzzy If-Then rules and will 
be employed here to deal with the control design problem 
for the boost converter. The converter fuzzy model is 
described by four rules: 

• Rule 1 
                 If  min min( ) ( )c 1 L 2v t  is F  and i t  is F

                        Then ( ) ( )1 1x t A x(t)+B u t D= +                 (13)             
• Rule 2 
                 If  min max( ) ( )c 1 L 2v t  is F  and i t  is F

                        Then ( ) ( )2 2 1x t A x(t)+B u t D   = +            (14) 
• Rule 3 
                 If  max min( ) ( )c 1 L 2v t  is F  and i t  is F

                        Then ( ) ( )3 3 1x t A x(t)+B u t D   = +            (15) 
• Rule 4 
                 If  max max( ) ( )c 1 L 2v t  is F  and i t  is F

                        Then ( ) ( )4 4 1x t A x(t)+B u t D   = +            (16) 
Where 
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The global fuzzy model is inferred as follows: 
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4
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It should be noted that the global fuzzy model (17) is 
equivalent to the bilinear system (4) inside the polytope 
region . In next section, we propose a 
fuzzy based controller that adapts the duty cycle u(t) to the 
perturbation that affect the input voltage such that the output 
voltage remains constant.  

min max min max[ , ] [ ,L L c ci i v v× ]

)dt

dt

II. TS FUZZY CONTROLLER FOR THE BOOST CONVERTER 
After obtaining the TS fuzzy model of the boost converter, 
we propose to design the TS fuzzy controller for the 
converter with guaranteed stability and good dynamic 
behavior [14].  The main difference from the ordinary PDC 
controller described in [12] is to add in the control law a 
term of integral of the output voltage tracking error [8]: 

( ( )I ref oute V v t= −∫                                                        (21) 

It should be noted that the capacitor resistance is 
negligible with respect to the loading resistance R, so we can 
consider that  in permanent regime. 
Consequently, the expression of the output voltage tracking 
error becomes: 

cR

( ) ( )out cv t v t≈

( ( ))I ref ce V v t= −∫                                                          (22) 

The TS-fuzzy plant model of (17) is augmented as, 
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A four-rule fuzzy controller employing the same 
membership functions of the TS-fuzzy plant model of (17) 
will be used to control the converter. The rules of the fuzzy 
controller are as follows: 

Rule Ri 

            If                  ( ) ( )c 1l Lv t  is F  and i t  is F2 f

           then ( ) ( ) {min,max}iu t K x t   l,f= ∈                     (24) 

where iK are linear feedback gain vectors associate with 
each rule. And the overall fuzzy controller is represented as: 

 ( ) ( )
4

i
i 1

u t K x t   
=

= ∑                                                           (25) 

Substituting the control law (25) in the fuzzy model (23), the 
closed loop system is given by: 

( )
4 4

1 1
( ) ( ( )) ( ( )) ( ) ( ) ( )i j i j

i j
x t h z t h z t A B K x t Dw

= =

= +∑∑

( )w t denotes the disturbance due to the input voltage 
variation. To deal with the problem of disturbance effect, the 
H∞ performance is represented as follows: given a 
disturbance attenuation level ρ , the H∞  control problem is 
said to be solved if there exists a control law such that the 
following H∞ performance can be achieved [15, 16]. 

2

0 0
( ) ( ) ( ) ( )

t tf f
T Tx t x t dt w t w t dtρ≤∫ ∫                             (27) 

The feedback gains are determined by an LMI-based design 
technique addressed in the following theorem. 

Theorem 

Consider the TS fuzzy model (23) with the PDC control law 
(25). The closed loop system is asymptotically stable and 
achieves H∞ performance, if there exist matrices , Y 
and a prescribed positive constant

P 0>
2ρ such that: 

T T T
i i i i i

T 2
i

AP PA BY Y B D P
D
P 0
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T T T T T
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T 2
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AP PA BY Y B B Y Y B D P
D 0
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ρ
⎡ ⎤+ + + + +
⎢ ⎥

− <⎢ ⎥
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0
I

  (29) 

The control gains are given by 
1

i iK Y P−=                                                                          (30) 

III. SIMULATION RESULTS 

Simulation results have been taken to insure the 
effectiveness of the proposed control strategy. A block 
diagram of the TS fuzzy controller with integral action 
performance is shown in Fig. 5. 
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Fig. 5. Bloc diagram of the TS fuzzy controller  

t+     (26) 

The control gains obtained via LMI toolbox are given as 
follows: 

[ ]1K -0.0402 1.4931 -41.7717=  
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[ ]2K 0.0382 -1.4852 40.9319=  

[ ]3K 0.0050 -2.2711 84.6642=  

[ ]4K 0.0653 -5.7318 182.2712=  

The symmetric positive-definite P is: 

0.0028   -0.0045 -0.0026
P -0.0045 0.2578 -1.0540

-0.0026 -1.0540  235.7977

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 

To verify the performance of the boost converter controlled 
by the integral TS fuzzy controller, variations of the input 
voltage is considered. However, the converter input voltage 
is provided by the PV panel, which depends on the solar 
irradiation and temperature of the photovoltaic cell. Fig.6. 
represents the choice of three operating points, that due to 
the variation of the input voltage converter. The change of 
the input voltage from P1 (13V) to P2 (17.1 V) is due to the 
variation of solar irradiation, which increases from 600W/m2 
to 1000W/m2. We suppose that the cell temperature is held 
constant at 25 ° C. In the same way, the change of the 
voltage from P2 (17.1) to P3 (16V), is caused by the 
variation of the temperature of the photovoltaic cell passing 
from 25° C to 50 ° C. This passage is obtained with a 
constant solar irradiation of value 1000W/m2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

.

 
Fig. 7-b illustrate the output voltage response controlled by 
the designed TS fuzzy controller when the boost converter is 
subject to the predefined input voltage changing (Fig. 7-a). 
The output voltage converges perfectly to the desired 
trajectory and did not get affected by the solar irradiation 
and cell temperature variation. A short settling time and a 
small overshoot which not pass 10% is detected due to the 
variation of the input voltage. A zero static error is 
illustrated in Fig. 7-b what proves the integral action 
performance in the proposed T–S fuzzy controller. 

 

Fig. 7-a. The input voltage variation VIN 

Fig. 7-b. The output voltage ( )cv t for fuzzy controller 

Fig. 7-c.  The inductor current  ( )Li t  for fuzzy controller 
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To demonstrate the performance of the proposed fuzzy 
controller, a classical PI controller is employed to control 
the same plant for comparison. The output of the PI 

controller is given by u t , where ( ) ( )( ) P I K e t K e t dt = + ∫
PK 0 001=  is the proportional gain and IK 5=  is the 

integral gain.  The same input voltage change is applied to 
the PI controlled boost converter, in which the response of 
the output voltage and the inductor current are illustrated in 
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the Fig. 8. 
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By analyzing the voltage response of the PI controlled boost 
converter, it can be seen that the latter presents an important 
oscillations and ripple in transient regime, what prove that 
the fuzzy controller gives a better performance than the PI 
controller. 

IV. CONCLUSION 

In this paper, a nonlinear fuzzy controller for the control of 
the DC-DC boost converter connected in PV systems has 
been presented. The Takagi-Sugeno (TS) fuzzy modeling 
for nonlinear system is firstly proposed. Based on this fuzzy 
plant model, an integral fuzzy controller has been designed 
with guaranteed stability and good dynamic behavior for a 
PWM boost converter. The control gains are obtained by 
solving a set of LMIs and the disturbance rejection is further 
guaranteed using the H∞ criterion. The static converter is 
subject to the input voltage change, due to the variation of 
the solar irradiation and of the temperature of the 
photovoltaic cell. The simulation results show that fuzzy 
controller can achieve better control performance defined by 
a good transient responses and a less sensibility to the 

disturbance effect than a PI controller. 

APPENDIX 

The parameters of the boost converter are listed as below: 

Inductor               : .L 0 5mH=  

Capacitor              : C 47 Fμ=  

Inductor resistor   : .LR 0 01= Ω  
Capacitor resistor :  .CR 0 01= Ω  
Load resistor        :   R 30= Ω
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