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Design and Implementation of Fuzzy Controller with Robust Performance for
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ABSTRACT

This paper proposes a fuzzy logic controller(FLC) for DC-DC converters in order to obtain good
performances that can not be achieved by linear control techniques in the presence of wide parameter
variations. While the standard controller uses error and derivative of error, the proposed controller uses state
variables. Such method is very efficient in case of DC-DC converters and can guarantee both stable
small-signal responses and improved large-signal responses. The presented approach method is general and
can be applied to any dc-dc converter topologies. Through the simulations of booster, we verify the proposed
control technique can give a satisfactory performance.
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1. Introduction

DC-DC converter i1s used in various type DC
power conversions and switching mode power
supply(SMPS). For more efficient usage in various
application areas, the non-linear control of the de—dc
converter is frequently studied until now' 7.

Conventional control approaches such as voltage
mode and current control need accurate tuning
procedures for a wanted performance. Such controls
can be easily implemented by analog circuits. But
the control performances are dependent on the
operating points, and the selection of control

parameter is difficult due to the effects by various
uncertainties and disturbances such as various
parasitic elements, time varving load and varying
input  voltage. Especially, the stability for large
signal input results in a limited bandwidth and a
deteriorated converter performance. The control of
the dc-dc converter with high order state variables
needs considerable design efforts and is more
difficult to design.

Recently proposed fuzzy logic control{FLC) uses
much flexible approach different to conventional
methods™ ¥, FLC need not accurate mathematical

models and complex computations. The method
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depends on the human’s understanding composed of
linguistic forms, can apply to nonlinear systems.

FLC method is general because same control rules
can apply to various type de-dc converters. But in
this case, scaling factors must be tuned according to
converter topology and given parameter.

In this paper, a fuzzy controller is considered only
using one inductor current and one output voltage,
which is different to other FLC methods. The
usefulness of the proposed method is shown as
simulation tests based on the design procedures for
the boost type converter, which is selected because
it is very complex system in that it is non-
minimum phase system and has widely varying
performances according to operating points.

2. Modeling of DC-DC Converter

An averaged model of the dc-dc converter can be
obtained by the state space average method ™™,
Boost type converter(booster) is given as Fig. 1 (a),
where the most significant stray component, internal
resistance of inductor L, is considered as rL, and
the load is represented as an energy consuming
equivalent resistance R. The operation of the boost
converter(booster) is classified as mode 1 and mode
2. In the mode 1 as Fig. 1 (b), semiconductor
switch SW1 is on and diode switch SW2 is off so
that inductor current increases and output capacitor
energy is consumed in load. In the mode 2 as Fig.
1 (c), semiconductor switch SW1 is off and diode
switch SW2 is on so that inductor energy is
transferred to the capacitor for filling up the
consumed energy. The transfer functions can be
derived from the state space model™  obtained by
averaging these operating modes as follows;

+ DC gain : Gdc: V(J/ Vi

G = Guteal(1 = D) - W

« AC transfer function : G,.(s)= 0.(s)/v{s)=

(1=DR __ 1
I4 S+ LCR+s(L/R +Rr;C/R)+1

2

« Control transfer function : G(s)= v,(s)/d(s)=

L

R
s+ LCR+S(L/ R + Rr C/R)+1
{3)

V,(1=D)*R—r,)
(1- DK

The parameter used in the above equations are
defined as follows;

Gz’déwl: 1/(1 - D) (4)
D=T,/T (5)
R =, + R(1—D)* ®)

In ideal condition, DC gain i1s determined by the
duty ratio of (5). But the real DC gain is affected
by the internal resistance and load as (1). Both AC
gain of (2) and dynamic transfer function of (3) are
also determined by various parameters, especially
duty ratio D.
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(a) Booster circuit
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(c) Operating mode 2

Fig. 1 Booster circuit and each operating mode

3. Application of Fuzzy Control DC-DC
Converters

3.1 A Suitable Fuzzy Control Methods for
DC-DC Converters
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Common fuzzy control approaches which utilize
only the output voltage and its rate of change were

S hut they show

already presented in literature”
poor dynamic performances. The bhasic idea of a
suitable fuzzy controller for de-dec converters is
shown in Fig. 2. The converter is represented by a
"black box” from which we only extract the
terminals corresponding to input voltage Vi, output
voltage Vo, one inductor current iL, and controlled
switch S. As we can see, only two state variables
are sensed: the output voltage and one inductor
current.  From these measurements, the f[uzzy
controller provides a signal proportional to  the
converter duty cycle which is they applied to a
standard pulse width modulation (PWM) modulator,

FUzzy D
Lo Vo Controller

Vi T ? T C Vo
- O—— DC-DC Converter : O
|—o;o—,
<—o z4

Fig. 2 Block diagram of fuzzy control scheme of dc-dc
conver ter

PWM Modulatar

3.2 A Fuzzy Controller Structure

The first important step in the fuzzy controller
definition is the choice of the input variables. In
order to improve operation, we need additional
information on the energy stored in the converter,
Le, an inductor current must be sensed. Accordingly,
in the proposed fuzzy controller we use three input
variables: 1) output voltage error ., 2) inductor
current error ¢, and 3) inductor current i, which is
used for current limiting.

A block diagram of the fuzzy controller structure
is shown in Fig. 3. While the output voltage
reference 1s usually available as an external signal,
the inductor current reference (L) depends on the

operating point. For this reason it is computed by
means of a low-pass filter in the assumption that
the dc value of the current is automatically adjusted
by the converter according to an energy balance
condition. The controller output variable is the
switch duty cycle which is obtained by adding the
outputs of two different fuzzy controllers. One
(fuzzy-I") gives the proportional part 8, of the duty
cycle as a function of €. €, and i. The other
(fuzzy-1) gives the increment A8y which is them
integrated to provide integral term 8 of the duty
cycle 8. This structure allows selection of different
control laws for the "proportional” part and the
"integral” part of the duty cycle; in this way system
stability and a fast large-signal dynamic response
with a small overshoot can he achieved with proper
handling of the proportional and integral part as
described hereafter.
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Fig. 3 Fuzzy controller structure

3.3 Membership Functions

Fuzzy sets must be defined for each input and
output variable. As shown in Fig. 4, five fuzzy
subsetslpositive  big(PB), positive small(PS), zero
(ZE), negative small(NS), and negative big(NB) have
been chosen for input varables &, and &,, while
only two fuzzy subsets[normal operationtNORM) and
current  Hmit(LIMIT)] have been selected for the
input current since the purpose is to handle only the
current limit condition. For the output variables,
seven fuzzy subsets have been used(PB, PM, PS,
ZE, NS, NM, and NB) in order to smooth the
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control action. As shown in Fig. 4, triangular and
trapezoidal shapes have been adopted {or the
membership functions: the value of each input and
output varigble is normalized in [-1, 1] by using
suitable scale factors.

-1 -2/3 -1/3 /3 2/3 1
i

A~ NOAM LIMIT
1 1

0 0.6 0.8 1

Fig. 4 Membership functions for i, ev, iL, 8P, and A8l

3.4 Determination of Control Rules

Fuzzy control rules are obtained from the analysis
of the system behavior. In their [ormulation it must
be considered that using different control laws
depending on the operating conditions can greatly
improve the converter performances in terms of
dynamic response and robustness.

First, when the output voltage is far from the set
point(ey 1s PI3 or NI3), the corrective action done by
the controller must be strong(duty cycle close to
zero or one) in order to have the dynamic response
as fast as possible, obviously taking into account
current limit specifications. Second, when the output
yoltage error approaches zero(gy is NS, ZE, and PS),
the current error should be properly taken into
account similarly to current mode control in order to
ensure stability around the working point. Finally,
when the current approaches the limit value, suitable
rules must be introduced in order to perform the

current  limil  action  while preventing large
overshoots. The selected control rules are described
hereafter.

1) Far From the set point: When the output
voltage 1s far from the set point(e, is PB or NB),
the corrective action must be strong: this means
that &p should be NB(or PB) while A8 should be
zero(ZE) in order to prevent the continuous
increase(or decrease)of integral term &1 that would

cause overshoots. The basic control rues are

- if & is PB and 1 is NORM,
then p is PB and Ad is ZE
- if & is NB and 1. is NORM,
then 8y is NB and 4§ is ZE

which state that far from the set point, the control
action is primarily determined by the output voltage
error. This control strategy can be adopted, provided
the existence of the current limit.

2) Close to the set pointt In this region, the
current error must be properly taken into account in
order to ensure stability and speed of response. The
goal of the fuzzy controller in this region is to
achieve a satisfactory dynamic performance with
small sensitivity to parameter variations. The control
rules can bhe written according to cnergy balance
conditions. Assuming that the inductor current is far
from the limit the following criteria hold.

1 If & and & are hoth zero, dp, and Ad must be
zero too(steady- state condition): in fact, in the
steady state, the duty cycle 1s determined only
by the integral term that should be kept
constant.

(2 If output voltage error & is negative, and the

inductor current is greater than its reference

value, (& < 0), 8p, and A& must be decreased.

(3) If output voltage error & is positive, and the
inductor current is lower than its reference
value, (& > 0), 8p, and A§; must be positive: in
fact, in this condition the system energy must
be mncreased.

[~

3 If the output voltage error is positive, and the
inductor current is greater than its reference
valuefor vice versa), both dp, and A& must be
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kept to zero in order to prevent undershoot or
overshoot, awaiting for a partial discharge of
the inductor energy on the output capacitor
before taking some control action.
According to these criteria, the rule sets shown in
Table 1 and Table 2 are derived for dp, and A8y

Table 1 Rule table Fuzzy-P assuming that i, is NORM

g6, | NB | NS | ZE | DS | B
g [ N | ps M pB | OPB
PS | NB | 7ZE | PS | PM | PB
78 | NB | NS | ZE | PS5 | PB
NS | NB | NM [ Ns | ZE | PB
NG | NB | NB | NM | NS | PB

Table 2 Rule table Fuzzy-| assuming that i_ is NORM
e | NB | Ns | zE | ps | o
P3| zE | ps | M| s | ZE
Ps | ZE | 7E | S | M | ZE
/£ | zE | Ns | 7 | Ps | 7B
Ns | ZE | N NS | ZE | ZB
NB L ZE | NS U NM NS | ZE

3) Current Limit Operation: Current limit operation
is governed by the following strategy.
) Current limitation is achieved by choosing the
value of according to the output voltage ervor.
For example, if & is PB, 8§ is kept zero in
order to limit the current value: instead, when
&, is approaching zero, dp must go negative so
as Lo avoid unwanted overshoots(e.g., at start
up  with light doad). The fuzzy rules that
implement this strategy are

< is LIMIT and € is PB then 8y is ZE
<0 is TIMIT and €, is PS then 8p is NS
< if i is LDMIT and €. ts ZE then 6p is NB
< if i is LIMIT and &, is NS then 8p is NB
< if i is LIMIT and & is NB then 0p is NB

()

9 As long as the current is close to the limit
value, the integral action must be disabled in
order to prevent overshoots: the fuzzy rule is

< if iy is LIMIT then A8 is 7ZE

4. Design of FLC Parameters

In general, there are no precise criteria to select
gains, fuzzy set characteristics, and [uzzy algorithm
complexity. Only general guidelines for the design of
the FLC can therefore be given.

4.1 Membership Function

Selection  of the membership functions was
described  in the previous  section.  The  fuzzy
partition(number of terms for each input and output
variable) and the membership function shape may
vary depending on the desired granularity of the
control action. Obviously, increasing the number of
labels of the input variables increases the number of
rules needed to perform a proper control action.

4 2 Scaling Factors

For the purpose of gencrality, the universe of
discourse for each fuzzy variable was normalized in
[-1. 1) this procedure involves a proper scale
mapping for the input and output data. The choice
of input scale factorstksp, Kip, and kip for the fuzzy-
P controller and ku ki, and koo for the fuzzy-I
controller) and output  scale factors(kdp and k8p
greatly alfects the bandwidth and the overall
performance of the controller. In order to select a
good guess of the scale factors, advantage can be
taken of the results of the linear control analysis.
The output scale factors kdp and k& can he related
o gains kp and ki of a PL controller. Instead, input
seale {actors can he basically chosen according to
the following guidelines. ke determines the regions
where control is primarily governed by the output
voltage error and those where it is governed hy
hoth state variable errors. kv should be chosen so
that the maximum steadv-state error falls inside the
NS ZE-PS since outside this interval, no integration
is performed. In addition to the previous guidelines,
some heuristic tuning can be used in order to
improve converter performances. Note that  while
rules and membership functions are valid for any
de de converter, design of the scale factors must be
done according to converter topology parameters and
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desired performances.

4.3 Fuzzy Algorithm

The choices for this application are the fuzzy
singletons(selected for the fuzzification process), the
Mamdani’s min fuzzy implication{used together with
the max-min compositional rule of inference
methods), and the Center of Area method(selected
for the defuzzification process). With these choices,
the inferred value 8p, (or Adp) of the control action
in correspondence to the value €, &, iL 1s

ﬁ @D
=0
Sp—— (7

pIps

7=0

where D; is the singleton value of the fuzzy output
variable using the jth rule, and «; is the degree of
fulfillment(DOF) of the jth rule that, using the min
operator, can be expressed as

a; = min{la(&), Bi(ey), Ueiin)} (8

where A;, B;, and Cj are the input fuzzy variables
corresponding to the jth rule.

4.4 Tuning of Control Rules

Even though the proposed fuzzy control rules are
general, some slight modifications can be done
depending on desired performances. The rule
modification can be accomplished by using the
linguistic trajectory in Table 1 and adjusting somc
rules in order to optimize the system response in
the linguistic phase plane.

5. Simulated Results

In this section, the validity of the proposed control
method is shown by the simulation of control in the
boost converter. Transfer functions of (2)-(5) are
used as plants, and performance comparisons of
proposed method and conventional PID method are
given by using MATLAB/SIMULINK as a

simulation tools. In the system model as Fig. 5,
both PID and Fuzzy control can be simulated so
that each performance according to input voltage
fluctuation, command following and load disturbance
can be analyzed. Test results such as command
tracking and output voltage regulation are performed.
The regulation test includes the regulation according
to both the load variation and the input voltage
fluctuation.

Fig. 6 shows the compared performance of PID
control and FLC when BV voltage-up command 1s
given from the present operating point and 5V
voltage-down command follows. In PID control case,
damping coefficient is designed to be around 0.7. In
FLLC case, scaling factors are selected by the
method supposed in the section 4. Test results
shows that while PID control is difficult to improve
both response speed and stability, FLC can control
this due to its non-linear control capability. So FLC
shows fast response with low overshoot. Fig. 7
shows that the regulation characteristics in case that
load is changed to light load from full load and vise
verse, Figure & shows that voltage regulation in
case that an input voltage disturbance occurs 1V
from the present value. FLC shows a rapid
response, but PID shows also a good response.
However, when the input disturbance exists, PID
control results in large voltage variations, but FLC
shows comparatively small fluctuation.
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1 15 2 25 3
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(a) PID controller
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(b) Fuzzy controller

Fig. 6 Control performance of cutput vottage in case of
command tracking
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Fig. 5 Simulation Diagram Using SIMUL INK
w, - ‘ ‘ Table 3 Booster parameters
n“i . ! Vi = 20V Lim = 10A
2 o i , a0 ‘
£} » ‘ V, = 50V f. = 20Kk
f = 1000 11 R = 400 (5-400)
R . C = 47004 kip = kig = 0.1
) 1D eantroller k-ll) — 0‘05 k\,l _ 0()5
. ki = 0.25 ki = 0.0b
gw ‘‘‘‘‘ " , ks = 03 ks = 400
: i 2 7 : A Conclusion 1s that fuzzy control is superior to
b Truzzy controlier . . . . .
' PID control in especially transient characteristic and
Fig. 7 Control performance of output voltage shows that steady state response is also good. The
by load variation reason is that fuzzy control can program the
nonlinear control algorithm which is impossible in
R ‘ " conventional linear control,
S0 ,
? r ‘
l 6. Conclusion
‘ |
Tunelsec)
o0 1D vonteelier This paper proposes a fuzzy logic controller for
51 . .
dc-dec  converters in  order to obtain  good
R T performances  that can not be achieved by linear
control techniques in the presence of wide parameter
os ; B 25 s variations. While the standard controller uses error

15
Timetsec]
) Fuzzy controller

and derivative of error, the proposed controller uses
Fig. 8 Control performance of output voltage state variables, Such method is very efficient in case
by input voltage variation of de-dc converters and can guarantee both stable
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small-signal responses and improved large-signal
responses. The presented approach method is general
and can be applied to any dc-dc converter
topologles. Through the simulations of booster, we
verify the proposed control technique can give a

satisfactory performance.
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