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ABSTRACT 

A simple integral Takagi-Sugeno (T-S) fuzzy control scheme 
suitable for many types of converters is proposed in this 
paper.  A converter with highly nonlinear characteristics, 
called active high power factor correction (AHPFC), is taken 
as an example to show the control scheme.  Indeed, we can 
derive a linear controller to achieve zero output regulation 
error for the AHPFC converter.  First, we include an integral 
error signal to form an augmented system.  After translating 
the coordinate to the regulated point, we obtain the stabiliza-
tion model.  The model-based fuzzy approach is then used  
to handle the nonlinear system.  The system stability is proven 
by Lyapunov theorem.  The feedback gains are obtained by 
solving linear matrix inequalities (LMIs).  A surprised prop-
erty is that the gains are identical for every fuzzy control rule.  
This result greatly simplifies the controller to be a linear state 
feedback one.  Finally, the simulation and experimental results 
show the satisfactory performance, which is better than the 
converter using a proportional integral (PI) controller. 

I. INTRODUCTION 

In recent years, the electronic technologies have rapidly 
been expanded worldwide.  As the power sources of computers, 
consumer devices and communication equipment (i.e., 3C elec- 
tronic products), the power supplies are required with high 
performance, reliability and stability.  Instead of the linear 
power supplies, the switching converters are promising due to 
their high efficiencies.  However, the converters possess in-
herently nonlinear characteristics.  Particularly, AC-DC iso-

lated converters [16, 20, 28] take the power factor correction 
(PFC) into consideration and thus have heavy nonlinear 
properties when compared to the basic DC-DC converters,  
e.g., buck, boost, buck-boost, forward and flyback converters, 
etc.  They are often too complex to be analyzed and controlled, 
since a switching period has several time-subinterval stages.  
Generally, PFC converters need two controllers to achieve two 
purposes, the power factor correction and the output voltage 
regulation [16].  As a demonstration of designing controller, 
an active-high-power-factor-correction (AHPFC) converter is 
considered here, which accomplishes two aforementioned 
purposes in discontinuous conduction mode (DCM) using one 
controller by the classical linear methods in [14].  In this paper, 
we will derive a simple feedback controller for the AHPFC 
converter via a nonlinear design approach. 

In the past years, many approaches were proposed for the 
pulse-width-modulation (PWM) switching control design, 
e.g., proportional integral (PI) control, sliding mode control, 
Mamdani-type fuzzy control, fuzzy neural control, and H∞ 
control, etc. [6, 7, 10, 17, 22].  There are some shortcomings in 
these strategies.  For example, it is complicated to determine 
the transfer functions from duty ratios to output voltages using 
the linear control techniques, which are difficult to govern the 
internal nonlinear states of the converters, e.g., inductor cur-
rent and capacitor voltage [15, 27].  On the other hand, the 
stability of the system using model-free fuzzy methods cannot 
be analyzed by theoretical method, and its fuzzy sets are 
chosen by trial-and-error procedures or by experience [8, 18, 
19, 25, 26].  Therefore, the question of “how to design an 
intelligent controller for the switching power converters in-
stead of a conventional one” has been attracting a lot of at-
tention recently. 

Compared to the traditional fuzzy methods, the stability of 
Takagi-Sugeno (T-S) fuzzy scheme [21] can be rigorously 
proven by Lyapunov theorem.  Significantly, the linear matrix 
inequality (LMI) can powerfully reduce the issues of the sta-
bility analysis and the control design for a T-S fuzzy modeling 
system with a parallel distributed compensation (PDC) struc-
ture [1, 23, 24].  Consequently, model-based fuzzy control and 
LMIs method are combined together to cope with the different 
nonlinear problems, e.g., ship steering systems, truck-trailer 
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system and drum-boiler system, etc. [2-5, 9].  Furthermore, the 
integral control can effectively achieve zero steady-state error 
for the constant exogenous disturbances.  The advantages of 
integral fuzzy control approach for switching power convert-
ers are to dealing with the nonlinear dynamics and the constant 
bias to achieve the perfect output voltage regulation.  Hence, 
the LMI-based integral T-S fuzzy model is proposed to control 
DC-DC converters and permanent-magnet synchronous mo-
tors [11-13].  Here, we attempt to apply the integral T-S fuzzy 
control scheme to the AHPFC converter, where the design 
challenge comes from how to obtain simple controller from 
complex equations. 

Comparing with the previous research [11], the motivation 
of this paper is generally to construct a uniform controller, 
which is suitable for many types of converters.  For simpli-
fying the integral T-S fuzzy controller, we systematically de-
scribe the design procedure and the implementation steps via  
a unified LMI approach.  First, we derive the dynamics of the 
AHPFC converter by using the average methods of two-time- 
scale discontinuous system (AM-TTS-DS).  Next, we offer the 
integral T-S fuzzy model to the converters with an emphasis 
on dealing with the nonlinear characters.  The exponential 
stability is proven by Lyapunov method whereas the control 
gains are obtained via Matlab toolbox.  A special property is 
that the obtained gains are identical for every fuzzy control 
rule, i.e., K11 = K21 = K31 = K41, etc.  Therefore, the control law 
can be simplified further as a linear feedback controller, which 
can be easily implemented by using simple analog circuits.  
Finally, the performance is successfully confirmed by the 
numerical simulations and hardware experiments.  It is note-
worthy that the challenges for the Mamdani-type controller 
and the general T-S fuzzy controller are the implementation of 
the membership functions and the fuzzy rules.  Instead of 
using DSP or FPGA, the proposed integral T-S fuzzy con-
troller has been implemented using analog circuits to achieve 
satisfactory performance without steady-state error. 

II. DYNAMIC ANALYSIS FOR AHPFC 
CONVERTERS 

This section introduces the operation principle of an AHPFC 
converter and derives its dynamical equation to represent the 
switching property.  The practical circuit of the converter is 
illustrated in Fig. 1, which is combined by a PFC cell with a 
regulator.  Here, M denotes the power switch MOSFET; R is 
the output load resistance; D1, D2 and D3 are the diodes; L is 
the inductor; Lm is the exciting inductor; Vg is the rectified 
input voltage.  VP and VS are the primary and the secondary 
voltages of the transformer with turns ratio n; 

PCV  and 
SCV   

are the voltages of the capacitors CP and CS, respectively.  The 
converter is operated in a steady-state condition and the bulk 
capacitor CP is large enough for a constant voltage across  
it.  One switching period TS can be divided into four time 
subinterval stages: Stage 1, duty ratio d1 (M: on, D1: on, D2: off, 
D3: off); Stage 2, d2 (M: off, D1: off, D2: on, D3: on); Stage 3,  
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Fig. 1.  An AHPFC converter. 

 
 

d3 (M: off, D1: off, D2: off, D3: on); and Stage 4, d4 (M: off, D1: 
off, D2: off, D3: off). 

To achieve high power factor corrections, L and Lm are 
operated in discontinuous conduction mode (DCM).  It im-
plies (0) ( ) 0= =L L Si i T and (0) ( ) 0.= =

m mL L Si i T  We can obtain 

the following states: 

( ) ( )=�
P P

S S
P C CT T

C v t i t  

( ) ( ) ,=�
S S

S S
S C CT T

C v t i t  (1) 

where i

ST
is the average function during a switching period.  

Hence, the storage components are denoted as 
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According to the voltage-second balance law, the average 
voltage of the inductors, 

S
L T

v and ,
m

S
L T

v  are equal to zero, 

respectively.  The relationships of the duty ratio d1 with d2, d3, 
and d4 can be found as  

2 1,= S
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The states are expressed as follows: 

( )2 2
1 22 2

+
= +�

S S S

P
S

g C CT P PT T
P C ST

m

V v v
C v d d T

L L
 

( )1 2 3 4= − + + +�
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S C T
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( )
2

2

2 3 ,
2

S
S

C T
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n v
d d

L
+ +  (2) 

Due to the switching frequency 100 kHz is faster than the 
haversine frequency 120 Hz, Vg can be assumed as a constant 
value, i.e., ,=

S
g gT

V V  during the switching period.  Fur-

thermore, we substitute d2, d3, and d4 into (2) and consider 
sin( )g mV V tω=  during a haversine period TL.  After com-

bining the affections of the faster variable on the slower 
variable, the average dynamics via AM-TTS-DS method is 
derived as follows: 

2 2
1 ( ) 2
2 2
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= − − 

 

P

P

P

C
C
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where ,  = =
P PC C C Cv v

S S
S S

L L
T TT T

v v  and d1 is a control 

input.  The system (3) is nonlinear since the control input is 
two state-dependents, e.g., d1

2(t) is multiplied by ( )
PCv t  and 

divided by ( )Cv
S

t , etc. 

III. INTEGRAL T-S FUZZY REGULATOR 

In this section, we propose an integral Takagi-Sugeno (T-S) 
fuzzy control scheme to deal with the aforementioned nonlinear 
system.  The sequences of control design are described as the 
following five steps. 

1. Integral-type Control Strategy 

Consider a general nonlinear system for the dynamic model 
(3) as follows: 

x1, x2, ⋅⋅⋅, xn

∫
Vref ẋe(t) ẋ = f(x) + g(x)u(t) + η

y = h(x) + l(x)u(t)
xe(t) u(t) y(t)

μi Kij xj∑
r

i=1
∑
n+1

j=1
−

+ −

 
Fig. 2.  Sketched diagram of the integral T-S fuzzy control. 

 

( )  ( ( )) ( ( )) ( )= + +�
p p px t f x t g x t u t η  

 y( )  ( ( )) ( ( )) ( ),= +p pt h x t l x t u t  (4) 

where xp(t) ∈ Rn, u(t) ∈ Rm, y(t) ∈ Rm are the state, the control 
input, and the output vectors, respectively; and η is the con-
stant bias term.  The conceptual diagram of the integral T-S 
fuzzy control is depicted in Fig. 2.  Here, the control input u(t) 
represents the duty cycle d1(t); Vref is the constant reference; 
and y(t) denotes the output voltage ( )

SCv t  for the AHPFC 

converter.  Then, we want to design the integral T-S fuzzy 
controller such that y(t) → Vref as t → ∞. 

To achieve zero steady-state error, we use the integral-type 
method to design a sturdy controller that can minimize un-
certainties and exogenous disturbances.  A new state variable, 

( ) ( ( )) ,= −∫e refx t V y t dt  is accounted for the integral of the 

output regulation error, which results in the error dynamic, 
( ) ( ).= −�

e refx t V y t   Therefore, the augmented dynamics of the 

model (3) are formed as follows: 

2 2
1 122

1 2
1

( ) 4
2 2
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� S m m

m S S
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2 2
1 2

2
2

( ) 2
2 2

 
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 
� S m m
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d t T V V x
x
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3 1,= −� refx V x   (5) 

where 1 2 3,  ,  and  .= = =
S PC Cv v ex x x x   Then, we will derive 

the stabilization model of the converter via translating coor-
dinates. 

2. Coordinate Translation to Operation Points 

The objective of the output regulation is realized by stabi-
lizing the system at an equilibrium state, which produces 

( ) = . 
SCv refVt   Firstly, we need to find px  and u  that are the 

equilibrium points of the state xp(t) and the control input u(t), 
respectively.  For this purpose, let the right-hand side of (5)  
to be zero, we can obtain the equilibrium points as follows: 

1 = refx V  

2 2
1 1

2

 
= + −  
 

m
m

L
x V

L ππ
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Secondly, let 1 1 1( ) ( ) ,= +�x t x t x  2 2 2( ) ( ) ,= +�x t x t x  3 ( ) =x t  

3 3( ) +�x t x , and 1 1 1( ) ( )= +�d t d t d .  As a designed parameter for 

the integral control, the equilibrium point 3 = ex x  will be 

determined later.  After substituting (6) into (5), we obtain the 
following model: 

( ) ( )
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21 1 12
1 2 2

1 1

( ) 41
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( )3 1 1 .= − +�� �
refx V x x  

After excluding the higher-order terms by substituting them 
with relatively small values, we can rewrite the model as fol-
lows: 

( )
2

1
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2
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where 
2

1
2
1

1 1( ),
2

Ψ = − + ΘS

S m

d T
C R L xπ

 2(4 2 )Θ = + +mV xθ π  and 

2 2
2 20.5 4 .= + +m mV V x xθ π π   Then, we need to deal with the 

nonlinear characteristics of the converter. 

3. Establishment of Integral T-S Fuzzy Modeling System 

According to the modeling approach, the dynamic system 
(7) with nonlinear terms can be accurately represented by the 
integral T-S fuzzy model as the following rules: 

 1 1 2 2

  :

        IF ( ) is  and ( ) is  THEN

        ( )  ( ) ( ),   = 1, 2, 3, 4,= +

Plant Rule
� �
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i i
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are fuzzy sets.  Moreover, let 
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Here, α and β denote the intervals that 1�x  and 2�x  lies 

within, i.e., 1 { ,  }∈ −�x α α  and 2 { ,  }.∈ −�x β β   We can obtain 

the subsystem matrices as follows: 
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where, in matrix Bi, φk = φ1 for i = 1, 2; φk = φ2 for i = 3, 4; αi = 
α for i = 1, 3; αi = −α for i = 2, 4; βi = β for i = 1, 2; and  
βi = −β for i = 3, 4.  The grades of the membership functions  
of ( )�x t  in the fuzzy sets Fji(j = 1, 2) are defined as: 
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Consequently, the fuzzy plant model for the error signal 
( )�x t  is inferred as follows: 
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( ) ( ( )) ,( ) ( )
=

= +∑� �� � �i i i
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i x tµ  is the normalized weighting functions de-
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11 21 12 221 1 2 2 1 2( ) ( ) ( ); ( ) ( ) ( );= =� � � � � �

F F F Fx M x M x x M x M xµ µ  

 
13 23 14 243 1 2 4 1 2( ) ( ) ( ); ( ) ( ) ( ).= =� � � � � �

F F F Fx M x M x x M x M xµ µ  

To design 1( ),d t�  the concept of the parallel distributed 

compensation (PDC) is applied.  The ith rule of the control 
input is described as follows: 

 1 1 2 2

1

  :

     IF ( ) is  and ( ) is  THEN

        ( ) ( ),   = 1, 2, 3, 4.

i i

i

i

x t F x t F

d t K x t i= −

RuleControl

� �

� �

 

The integral T-S fuzzy controller in the consequent part is 
inferred as 

 
4

1
1

( ) ( ) ( ).
=

= −∑� � �
i i

i

d t x K x tµ  (9) 

By substituting (9) into (8), the closed-loop system can be 
represented as follows: 

( )
4 4

1 1

( ) ( )
= =

= −∑∑�� �
i j i i j

i j

x t A B K x tµ µ  

4 4

1 1

       = ( ).
= =
∑∑ �

i j ij
i j

G x tµ µ  (10) 

In sequence, the controller gains of the system will be de-
rived from Lyapunov theorem. 

4. Controller Gains and Stability Analysis 

 
The determination of feedback gains Ki and the proof of 

system stability are simultaneously addressed.  Choose the 
Lyapunov function T( ( )) ( ) ( ) 0,V x t x t Px t= >� � �  where P is a 
symmetric positive definite matrix.  Taking time derivative of 

( )�V x  along with (10), it yields 

 ( )
4 4

T T

1 1

( ( )) ( ) ( ).
= =

= +∑∑� � � �
i j ij ij

i j

V x t x t G P PG x tµ µ  

Here, if we want the system (10) to be stable, it is necessary 

that P satisfies T 0+ <ij ijG P PG  or a slightly stronger condi-

tion: 

 T 0,+ + <ij ijG P PG DPD  (11) 

where the decay rate D is a diagonal positive definite matrix.  
After pre-multiplying and post-multiplying X = P−1 on (11), 
we can obtain 

 ( ) ( )T T T T 1( ) 0.−− + − + <i iA BK X X A K B DX X DX  (12) 

Let Mi = KiX and apply Schur’s complement on (12), we 
can equivalently represent (11) as the following LMIs: 

 
T T T T

0.
 + − −

< 
 

i i i j j iA X XA B M M B DX

DX X
 (13) 

Therefore, if there exists a common symmetric positive 
definite matrix X = P−1 such that (13) is feasible, then (8) can 
be exponentially stabilized via the PDC fuzzy controller (9) 
with Ki = MiX

−1.  Here, Ki is determined after Mi is obtained 
by solving (13) via Matlab’s LMI toolbox. 

According to the stability analysis, the trajectories of (10) 
can be regulated to the constant states (equilibrium points), 

,x  if (13) is feasible.  That is, the output voltage can reach 
the prescribed value, Vref , with an exponential decay rate.  In 
addition, the decay rate of each state can be tuned by the ma-
trix D’s related entry independently. 

5. Accomplishment of Integral T-S Fuzzy Control 

According to (6) and (9), the control input of the system (3) 
can be taken as follows: 

1 1 1( ) ( )= +�d t d t d  

4
1 1

1 2 3 1
1 2 2

       ( ) ( ) .i i i i e e
i

x x
x K K K x x d

x x
µ

=

 − 
= − + − +     −  
∑ �  

Here, the controller gains (Ki1, Ki2, Ki3) can be obtained, 
once there exists an X > 0 from (13).  When the proposed 
controller is applied to the AHPFC converter, we notice that 
the variations of 1( )�i xµ  are often kept within a small region 

after the transient responses.  Therefore, it is natural to let 

 
1

14 4
1

3 1 2
1 1 2

  ( ) ( ) ,
ie i i i i

i i

x
x x K d x K K

x
µ µ

−

= =

   
= −        

    
∑ ∑� �  
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Table 1.  Parameters of the AHPFC converter. 

Parameters Value and Unit 
Peak voltage, Vm 156 V 
Storage inductance, L 167.7 µH  
Exciting inductance, Lm 990 µH 
Storage capacitance, CP 470 µF  
Output capacitance, CS 10000 µF 
Full load resistance, Rfull 12 Ω 
Light load resistance, Rlight 18 Ω 
Switching period, TS 10 µsec 

Haversine period, TL 1   sec
120

µ  

Turns ratio of transformer, n 12 turn 

 
 

and to regard it as the equilibrium point of xe.  The flexibility 
of designing ex  is related to the robustness of the integral-type 

control.  Consequently, the control input can be represented as 

 
4

1
1

( ) ( ) ( ),
=

= −∑ �
i i

i

d t x K x tµ  (14) 

where 1 2 3     =   i i i iK K K K , and 
T

1 2 3( ) ( )  ( )  ( ) .x t x t x t x t=      

Here, we notice that the controller (14) is still a nonlinear  
form, and we need a mass of electronic components to realize 
it.  Fortunately, it can be simplified by the obtained controller 
gains from the following numerical analysis. 

IV. SOLVED GAINS AND NUMERICAL 
SIMULATIONS 

The proposed integral T-S fuzzy regulation is verified by 
the numerical simulations in this section successfully.  Once 
the feedback controller gains are obtained, we take them into 
the simulations. 

The associated parameter of the AHPFC converter is listed 
in Table 1 with the specification of the storage components.  
According to Table 1 and (6), the DC operating points of the 
states and the control input can be obtained as 1 12 V,= =

SCvx  

2 222.9208 V,= =
PCvx  and 1 0.2116.=d  Then, we appropri-

ately choose α = β = 1.  Based on LMIs (13) with the decay  
rate D = diag{20.93, 1.18, 9.09}, the controller gains are ob-
tained below: 

11 21 31 41 010.451896 ,= = = = ≡K K K K K  

12 22 32 42 020.000647 ,= = = = ≡K K K K K  

13 23 33 43 0340.2411 ,= = = = − ≡K K K K K  (15) 

where the feedback gains for every fuzzy control rule are iden-
tical.  Owing to the similarities of the variables, the control law  
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Fig. 3. (a) Output voltage ,
SCv  (b) capacitor voltage ,

PCv  (c) integral 

error state xe, and (d) control input of the converter, when R is 

changed from: 18 Ω → 12 Ω → 18 Ω. 
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Fig. 4.  Closed-loop structure of the AHPFC converter. 

 
 

(14) is further reduced as d1(t) ≈ −K01x1 – K02x2 – K03x3, which 
is indeed a simple linear controller. 

To verify the performance of the AHPFC converter with the 
simple integral T-S fuzzy controller, the variations of the load 
resistance are simulated by Matlab.  The simulation results 
with the initial condition x(0) = (0, 0, 0) are shown in Fig. 3.  It 
includes the controlled-plant states, x1 and x2, the integral error 
state xe, and the control input responses of the converter, when 
R is changed from 18 Ω to 12 Ω at 0.1 s, then from 12 Ω to  
18 Ω at 0.2 s.  Notice that the output voltage 

SCv is regulated  

to 12 V without any overshoot; the bulk capacitor voltage 
PCv  

does not reach a steady state at t = 0.3 s; the integral error is 
very small in comparison with other states; and the control 
input varies within the reasonable range. 

V. CLOSED-LOOP CIRCUITS AND 
EXPERIMENT RESULTS 

In this section, we realize the closed-loop circuits with the 
simplified integral T-S fuzzy controller and show the experi-
mental results. 

According to (14) with LMI-based gains (15), we can easily 
implement the simple controller by using analog circuits that 
only contain the operational amplifiers, variable resistors, 
resistors and capacitor.  Notice that the circuits of the mem-
bership functions and the nonlinear control parts have been 
retrenched.  The closed-loop structure of the AHPFC con-
verter is depicted in Fig. 4.  The hardware circuits contain  
five parts: (i) an AHPFC converter (controlled plant); (ii) a 
simplified integral T-S fuzzy controller; (iii) a PWM circuit; 
(iv) a MOSFET gate driver; and (v) an isolation circuit 
(AD202JN).  Here, the state feedback signal 

PCv is measured 

by AD202JN and the switching driving-signal feeds to the 
power MOSFET via IR2110. 

Sequentially, we test and show the performance of the con-
troller via the hardware experiments.  To make a comparison, all 
system parameters and controller gains in the experiments are  

(a)

(b)  
Fig. 5. (a) Input line voltage and current of the AHPFC converter.  (b) 

The upper line is inductor current iL and the lower line is output 
voltage response in DC mode. 

 
 

set as the software simulations.  The experimental results are 
shown in Figs. 5~7.  In Fig 5(a), the AHPFC converter forces 
the input line current to follow the sinusoidal voltage.  It has 
achieved the well power factor correction.  To identify the 
accurate design for the inductors and transformer.  In Fig. 5(b) 
and Fig. 6, the upper lines show that the inductor current iL  
and the exciting current 

mLi are operated in DCM, respectively; 

the lower lines display that the output voltage responses are 
regulated to remain constant at 12 V in DC mode.  Here, the 
upper lines of Figs. 6(a) and (b) are the primary current and 
secondary current of the transformer for R = 12 Ω, respectively.  
It is indicated that the transformer is operated in correct resets 
with DCM conditions.  Figs. 7(a) and (b) show the output 
voltage responses in AC mode, when R is changed from 18 Ω 
to 12 Ω at 0.1 s, then back to 18 Ω at 0.2 s; respectively.  Here, 
we notice that the transient deviations are below 0.24 V (2%  
of 12 V) in Fig. 7.  Compared with the PI controller in [14], the 
transient deviations are 0.8 V~1.2 V (2%~3% of 40 V) and the 
steady state with a little high amplitude.  Apparently, the per-
formance of the proposed integral T-S fuzzy method is better 
than the PI controller. 
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(a)

(b)  
Fig. 6. The upper lines are the (a) primary current, and (b) secondary 

current of the transformer for R = 12 Ω.  The lower lines are 
output voltage responses in DC mode. 

 
 
As well as the simulation results, the experimental oscil-

lograms exhibit the perfect robustness for the variations of the 
load resistance.  Here, the output voltage responses are always 
at 12 V, which provide satisfactory performances such as short 
setting time, low overshoot, zero steady state error and fast 
transient responses. 

VI. CONCLUSIONS 

In this paper, the simple integral T-S fuzzy controller has 
achieved the power factor correction and the output voltage 
regulation for the AHPFC converter.  The proposed control 
strategy can exactly model the converter with highly nonlinear 
dynamics.  According to the feedback gains, only basic ele-
ments are necessary to realize the LMI-based fuzzy controller.  
Moreover, the nice input-current shapes and the small tran-
sient deviations have been verified satisfactorily in the nu-
merical simulations and experimental results.  Compared to 
classical linear control, the proposed scheme can cope with the 
nonlinear properties via a nonlinear analysis.  Besides, the 
stability of the traditional fuzzy method has been improved by 
applying Lyapunov theory. 

(a)

(b)  
Fig. 7. Output voltage responses in AC mode, when R is changed from: 

(a) 18 Ω → 12 Ω; (b) 12 Ω → 18 Ω. 
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