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DC/DC converters are wealthy of nonlinear phenomena that appear when the converter parameters are
subject to perturbation or variation. The converter may exhibit bifurcation from behavior to another, quasi
periodic and chaotic responses. In such cases, it is difficult and even impossible to analyze, to predict and to
control the converter behavior. This paper gives a description of a DC/DC converter and shows their desirable
and undesirable behaviors; then a solution, based on type-2 fuzzy logic controller, is proposed to eliminate the
undesirable behaviors and to enhance the converter dynamics.
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1. INTRODUCTION

The power converters are used in many fields to
adapt the electrical power to the consumer need
with minimum loss of energy. The DC/DC
converters ensure this task in many fields such as
renewable energies, electronic circuits, medical
equipment, satellite...etc. However, in some
circumstances the variation of the circuit
parameters, the load or the power supply
perturbations can lead to the apparition of some
nonlinear phenomena such as double periodicity,
bifurcation and chaos that can destroy the control
performances.

Hence, many approaches have been developed,
in the literature, to shift or to suppress these
nonlinear phenomena [1-4]. Nevertheless, most of
these approaches focus on abnormal behaviors
removal in a given operating point without any
guarantee about the control performances.

The type-1 fuzzy logic theory has been used in
many studies to illuminate the nonlinear
phenomena in DC-DC converters [5-10].

In [5], a fuzzy PID controller is synthesized, by
analogy with conventional PID, for the regulation
of DC/DC converters output voltage. The idea
behind is to determine the fuzzy controller
parameters based on an established analogy with a
conventional PID. This study is extended in [6] to
be a systematic approach for synthesizing fuzzy
PID controller. It gives possibility of finding or
locating different zones of stability of the closed
loop system. Other studies followed are focused on
finding an optimal choice for the fuzzy controller
parameters in the stability zones [7], [8].

The study in [7] proposes a new fuzzy logic
controller optimized by the LMI (Linear Matrix
Inequality) approach. However, this method is

complex and needs an important computation time
and memory space for data processing and storage.

In [9], the authors proposed a new approach
based on the analytical and systematic calculation
of various fuzzy controller parameters to ensure the
stability of the converter. The developed controller
allows the shifting of the nonlinear phenomena and
forces the converter to operate in the simplest
behavior in a wide range of variation of the
operating point.

To the same end, the authors in [10] proposed
the enhancement of the converter behavior by
taking into account the effect of perturbation and
parameters variation. They used instead of constant
reference, a dynamical ramp to dump the effect of
perturbation and to keep the simplest behavior of
the converter despite of the system parameters
variation.

However, the aforementioned works are based
on analytical solutions and they are a little bit
complex and their implementation in real plant is
questionable. In addition, they do not take into
consideration the different uncertainties in the
converter model and in the definition of the control
strategy.

Furthermore, the use of type-1 fuzzy logic in the
aim of controlling dynamical electrical systems
needs an accurate knowledge on the system to
determine the membership functions and to express
the control strategy in an optimal number of fuzzy
rules.

Furthermore, the membership grade, in type-1
fuzzy system, is a crisp number and cannot handle
the different uncertainties. Indeed, uncertainties are
of multiples sources and words in fuzzy rules could
mean various things to several peoples. To tackle
this problem, the type-2 fuzzy logic is proposed as
an extension to type-1 fuzzy system. It is
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characterized by a set of membership functions
instead of one to describe each situation.

In this study, the Boost converter is selected to
be current controlled and functioning in continues
conduction mode. This choice is motivated by the
fact that the converter, under these conditions,
exhibits a large spectrum of nonlinear phenomena.
At first, the description of this converter is
presented. Then, the proposed method based on
type-2 fuzzy logic is described to the end of
nonlinear phenomena suppressing. The approach
will be validated through simulation results and
their performances will be evaluated throughout a
comparative study.

2. BOOST CONVERTER

The simplified version of the current controlled
Boost converter is given in figure 1. In this control
mode, we are able to control both slow and fast
dynamics of the system [12, 13]. The converter
elements are chosen in such manner that the

inductor current never drops to zero £> 4
27

to ensure that the converter operate in continuous
conduction mode (CCM) [12]. In this case, we have
only two configurations related to the switch sw
position.
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Fig. 1. Boost converter under current mode control
(simplified version)

If T is the clock cycle, the dwell times in the
two configurations are respectively t =dT and
t,=dT = (1—d)T and the duty cycle d =t,/T
is given by this expression:
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The system state, in each configuration, is
expressed as:

)
with A the state matrices in the i" configuration
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and the state vector is X =[V, i, ]' (v, : voltage
across capacitor, i, : inductor current)

Using the control scheme of figure 1, it is well
known that the converter is wealthy of nonlinear
phenomena and exhibits complex and undesirable
behaviors [11, 12]. Our goal is to suppress these
nonlinear phenomena and to keep the converter
operating in the simplest behavior without
neglecting the traditional goals of the regulation
problem.

The type-1 fuzzy logic controller has been used
successfully to this end in several works of our
team [5, 6, 7, 8]; however, this kind of controller
cannot handle efficiently the uncertainties of both
system and control strategy. The uncertainty of this
last is an inherent characteristic especially in the
fuzzification part (choice of the membership
functions and their distribution) and in the inference
part due to its linguistic nature (the same world
have different meanings for different peoples). To
solve this problem, we propose in this work to take
advantage of the ability of type 2 fuzzy sets theory
to include the different uncertainties in the control
strategy.

3. TYPE-2 FUZZY LOGIC CONTROLLER

The architecture of type-2 fuzzy system is
similar to type-1 with an additional bloc called type
reducer. It allows reduction of conclusions from
type 2 to type-1.

For each linguistic value, the type-2 fuzzy
system is characterized by a set of membership
functions, instead of one used in classical type-1
fuzzy systems. Hence, the membership grade for
every element is a fuzzy set in [0, 1]. That is unlike
the type-1 fuzzy system, where the membership
grade is a crisp number [16]. Thus, a type-2 fuzzy
system is very useful in circumstances where we
need to take into consideration the different
uncertainties on converter parameters and on
control strategy.

The core of a Type-2 fuzzy controller is the
type-2 fuzzy system given in figure 2 [14, 16]. It is
constituted of four blocks; the three blocks of type-
1 fuzzy and a fourth block that ensures the
reduction from type-2 fuzzy system to a type-1.
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4. TYPE-2 FUZZY CONTROL OF DC-DC
CONVERTER

The significant parameters in current mode
control of the Boost converter are the error e
between the inductor current and the reference and
its time derivative de. These parameters are the
input of the fuzzy controller. The output of this last
is the increment of the control action dc,. The

type-2 fuzzy controller scheme is shown in figure 3.

With

e(k) = Les(k) — iy(k); de(k) = e(k) —e(k —1)
dc : Increment of control action

K, , K4 , K4c : Normalization gains

4.1. Fuzzification

For fuzzification, we use the triangular and
trapezoidal membership functions for inputs and
singleton for output (see figure 4).

The linguistic variables used for fuzzification
are: NB (Negative Big); NS (Negative Small); Z
(Zero); PS (Positive Small); PB (Positive Big).

4.2. Inference

The inputs variables of the type-2 fuzzy
controller have five fuzzy sets, which give twenty-
five rules for the highest membership functions, and
twenty-five rules for the lower limit of the
membership  functions. The flowing table
summarizes the different rules of the control
strategy obtained by the interconnection between
the input variables.

The membership functions are determined by
the following expression:

m
1
bes (i) = — > e @
i=1

Where m the number of actives rules and C; the
output fuzzy sets (singletons).

e = {”ui(xl)-.uui(xZ)
“ thi () i (x2)
Uy and py; are, respectively, the upper and lower
membership functions.
The inference mechanism of type-2 fuzzy logic
is explained in figure 5.

4.3. Defuzification

The final output of the type-2 fuzzy controller
(dcy,) is equal to the average of the both decisions
for the high and low limits of membership function
given by this expression:

— (dchn + dcbn)
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5. SIMULATION RESULTS

To obtain the global picture on the different
behaviors of the Boost converter and to validate the
proposed type-2 fuzzy controller, we used the
bifurcation diagram tool. In this context, we are
interested in building the bifurcations diagram in
the case of the input voltage variation, load and
reference current variation. We evaluate, after that,
the proposed approach performance through a
comparative study with the obtained results in
previous works.

The Boost converter parameters are:
V., =30V, L=27mH,R=2042,C=120uF,

=120,r =0.12,r,=0.302, r,=0.240 and
f,=1/T =500Hz -
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Fig. 3. Scheme of Type-2 fuzzy controller of the Boost converter
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Table 1. Inference matrix

de,

dey,
NB NS VA ES PB |«

NB | NB | NB | NS | NS Z

NS | NB | NS | NS Z PS

PS | NS VA PS PS PB

if e,:PB and de, : PB then dc, : PB

T
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Fig. 5. Inference mechanism

5.1. Bifurcation diagram with reference current
variation
The figure 6 shows the converter behavior in the
case of reference current variation.

P8 chaos

P1

a) Original behavior

b) Behavior with type-2 fuzzy controller
Fig. 6. Bifurcation diagrams with reference current
variation

The Figure 6a illustrates the original behavior of
the Boost converter and gives the different
operating zones P, P,, P,, Py and chaos. Figure 6b
shows the enhancement obtained by the proposed
Type-2 fuzzy controller. We remark that the
proposed controller allows the illumination of the
undesirable phenomena and the widening of the
desired area of period 1. Indeed, the simplest

behavior “period 1”7 is enlarged from [1.4-3.5]A
(period-1) in the original behavior to [1.4-16]A
under the use of the proposed type-2 fuzzy
controller.

5.2. Bifurcation diagram with input voltage
variation

In the case of the input voltage variation, the
obtained bifurcation diagrams are represented in
figure 7.

P1

a) Original behavior

b) Behavior with type-2 fuzzy controller
Fig. 7. Bifurcation diagrams with input voltage variation

Comparing the two bifurcation diagrams of
figure 7, we can remark the enhancement
introduced by the type-2 fuzzy controller. It allows
the elimination of the complex undesirable



78 DIAGNOSTYKA, Vol. 19, No. 3 (2018)
Gozim D, Guesmi K, Mahi D.: On the elimination of nonlinear phenomena in DC/DC converters using type-2 ...

behaviors and ensures a wide region of operating in
period 1 behavior. Indeed, the desired zone of
period one is extended from the range [35-50] V in
the original behavior to the interval [10-50] V using
type-2 fuzzy controller.

5.3. Bifurcation diagram with load variation
In the case of load variation, the Boost converter
behaviors with and without the proposed controller
are depicted in figure 8.
LP8

A
N

P1 P2

a) Original behavior

b) Behavior with type-2 fuzzy controller
Fig. 8. Bifurcation diagram with load variation

Figure 8a shows that the converter exhibit
multiple behaviors P, P,, ..., quasi-periodicity and
chaos. The simple and desired behavior is ensured
only in a restricted region from 8Qto 13Q;
whereas, from figure 8b, we can remark that the
type-2 fuzzy controller ensures the behavior of
period 1 (desired behavior) on the whole range and
even extend this simple behavior until R = 100Q.

6. EVALUATION OF THE PROPOSED

APPROACH

To evaluate the enhancement introduced by the
proposed type-2 fuzzy controller, we present, in the
following, a comparative study with recent results
from the literature.
We compared, at first, our results with those
obtained by the Type-1 fuzzy controller presented
in [5]. We remark, from figure 9, that the proposed
type-2 fuzzy controller ensures a largest zone of
period-1 compared to the one obtained by type-1
fuzzy logic controller, which demonstrate the
superiority of the proposed controller in terms of
handling the system parameters variation and
keeping the system on its simplest behavior.

a) Behavior with type-2 fuzzy controller
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b) Behavior with type-1 fuzzy controller
(figure from [5])
Fig. 9. Comparison between type-2 and type-1 fuzzy
controllers

Furthermore, if we compare the results obtained
by the proposed type-2 fuzzy controller (Figure
10a) with those obtained in [7] using the type-1
fuzzy controller optimized by LMI method (Figure
10b), we remark that not only the performance of
the converter are enhanced but also we gain the
simplicity of the proposed approach. Indeed,
without any complicated optimization task we have
a better performance.

a) Behavior with type-2 fuzzy controller

Onutput. Voltage V)

=2 <} S 8 1 12 14

Reference Curremnt[A]

b) Behavior with type-1 fuzzy controller optimized by
LMI (figure from [7])
Fig. 10. Comparison between type-2 fuzzy controller and
type-1 fuzzy controller optimized by LMI
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7. CONCLUSION

In this work, type-2 fuzzy logic controller is
proposed for suppressing the nonlinear phenomena
exhibited by the Boost converter. This last showed
to be wealthy of nonlinear phenomena that
complicate the system behaviour and makes their
analysis and control an arduous task. Based on
type-2 fuzzy logic, the proposed controller allowed
handling efficiently the system parameters variation
and ensuring the converter operation in its simplest
and predictable behavior. The simulation results
confirmed this fact and showed the enhancements
obtained by the proposed controller in terms of
elimination of the undesired complex phenomena.
The obtained performances are evaluated through a
comparison with those obtained in the literature.
These comparisons showed the superiority of the
proposed type-2 fuzzy controller against optimized
and non-optimized type-1fuzzy logic controllers in
term of suppressing nonlinear phenomenon and
widening the desired behavior region.
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