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LOAD CURRENT DEPENDENT FUZZY LOGIC BASED
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*Dept. Of Electrical Engineering , Basrah University
*Dept. OF Computer Science , Basrah University

Abstract

This paper presents and discusses a buck DC/DC converter conirol based on fuzzy logic
approach, in which the fozey controller has been driven by voltage emor signal and a
current error signal for which the load current has  been taken as areference one.

The validity of the proposed approach has been examined through starting the buck
DC/DC converier at different loading  and input voltages { to monitor the starting
performances ), exposing the converier into large load resistance and input voltape
step variations (o explore its dynamic performance },in addition to step and smooth
variation in the reference voltage (tosee ils ability in readjusting its operating peintto
commply with the new setting }.

The simulation results prescnled an excellent load & line regulations abilities in addition
to a good reference tracking ability 1t also showed the possibility of using the buck converter
as stnooth variable voltage source { under smooth reference voltage variations ).
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I-Introduction

The selection of the control echnigues
for DC/DC conveners form an essential
research topics in power electronic field

DC/DC converters are nonlinear[1]. They

are characterized by time varying -

operating topelogies , a situation which
restrict the vatidity of traditional solutions

Traditional contra! solutions { PID Lype )
depend  linearized mathematical model
derived for small perturbation around
ceriain operating point . The accuracy and
performance of these controllers depend
upon the operating point . S0 the presence
of parasitic clements , time varying loads,
and variable supply voltage harden the
determination of the contro! variable.

To overcome the foregoing limitattons
of traditional controllers , fuzzy logic
based approach arises as apromising
alternative

Fuzzy logic based appreach does not
require an accurate mathematical model[2].
It is based on expert knowledge that
convert human concepl into an automatic
control strategy {31 . Its  performance
accuracy is functien of the proper selection
of its input variables.

Literature [4,5,6 Jutilize output voliage
ettor (Vo-Ver) and tale of emror change
{E}-Cy-1) a5 an inpuls.

Unfortunately these eariier approsches
show poor dynamic performances and
stability.

Literamre [7] uses output veltage crror
(Vo-V) amd inductor cuwment ermor
{i-iLef) a5 an inputs . Here, the inductor
current reference had been extracted from
the inductor current by mean of 1aw pass
filter.

In this paper , output voltage error
{(V.-Vo)and an inductor curment  £mror
(ig-i) signalshad also becn used but the
load (i) current had been used as current
reference { depending on the fact thil
under steady state , the average load currert
equal that of the inductor current because
the capacitor average current equals zero ).

2_Buck converter non linearity

Buck DC/DC converter is member of
the DC/DC converters family .1t s
intended to convert a do input voltage into
a de output onc with a magnitude less
than the input voltage . This means it
functions as step down transformer but in
the d¢ domair.

I

Fagt £k Buck wonverter posver cireuil elemenis

Fig(1) shows the main camponcnts
of this converter . These comporents can
be sorted into linear COMpPONEIts and
nonlinear components . The  linear
components are addressed by the inductor
,capacitor , and load resistance . The
nonlinear ones are represented by the
iransisior and the diode switches.

The switching modes of these nonlinear
clements under the control of pulse width
modulation , setup three distinct linear
circuit  topologies  (fig (2)). The cyeclic
operation of thesc topologies leads fo
nonlincar dynamics . This inherent non
linearily stands for Lhe restriction of the
PID accuracy and validity of the standard
solutions based on small signal linearized
models. 1t also stands  for the
recommendation of adepling a nonlinear
sofutions copying with the non linear

nature of buck de/de converter.
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3-Buck converter distinct tapologies

A close look to the buck converter circoit
(see figf 1)}, indicaies that the transistor and
the diode ¢att not be on at the same
time since this leads to short cireuiting of
the input supply. There fore the switching
elernents of the buck DC/DC converter are
restricted into one of three modes These
are:i-

Maode 1'The transistor is
dipde is off.
Mode 2: The transistor
diode 15 om,
Mode 3: The transistor
diode 1s off.

Each of these operating modes give raise
to a unique ¢ircuit topelegy . Each of
these topologies can be expressed by a set
of linear differential equations as denved

bellow:

on and the
is off and the

is off ang the

Mode 1

Va = {thr + Vit + Vo
Vi(t) = LaiL(t)at
dijfoyd 1 =(Vs-Vo)L - i {t}JL ———mmuel (1}
wiy=ic+ Ig
() = CdV(tidr+ VolR
wit) = CdiVo - ic.ro)idt + Vo'R
iL(t) = CdVao/ide - Cre.dig(tydt
+ {CrefR). dvo/dt + VoR
Cll+re/RydVord t= i (1) ~ Credig(t)/dt
- Vo/R - {2}

Substiture {13 in (2)
dVoldl = [( 1HC-rer /LY (0 re/L+ RCYYo

+ teWs/L [ AT R mmemeea(3)

Maode 2

{t=i1{t)r + V(L) +Vo

0 = i {thry + Ldi()/dt = Vo

dip(tydt = -Vo/L - re iYL - - 4
dVoidt = [{1/C - rer /Ly (1) - ( re/L

+ RCYWol( 1 +refR) ------=-{ 5}
hiode 3
iL ={
0 ="Yo/R+ CdV/dt
0~ YVo'R + Cd{Va +YVoro/R)dt
0=vVorR + O + r/BXdVo/idt
dvo/dt = - Vo TCr | —t~/Bif e i)

4-Design of the proposed system

The camplete system of the fuzzy
conmolled buck converter ( fig.(3)) consists
of two parts. These are the power circuit
and the control { ot drive circuit ).The
former acts as an interface belween the
input voltage supply and the load. The
later conttols the energy flow in the
interface in such a way that keep the load
voltage as desired irrespective of input
supply voltage or load resistance variations.

| Fiir 3} Compler: sweer o et b cerdofid by
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The power circuit consists of a transistor
switch {81) ,diede switch (52}, an inductor
fL) with seriex resistance {r.) ,capacitor ({2
Land the load resistance (R) .

The circuit is assumed o operate in
continuous cwrent  conduction  mede.
Lnder such assumption , the power circuit
will loop repeatedly through two topologics

In the first topology (fig(2a)), the
inductor current ramps up proportionally o
the difference of the input supply voltage
and the output voltage, inversely to the
mductance value , and inversely to the
switching frequency (fs}as it is obwvious
from ; AlL=(Vs-VolD1AL.f%} { where AL
refers to the inductor current Increment
during the period D1A%, D1 is the duty
ratio of the transistor switch ,and fs 15
the switching frequency ).

In the second topology (fig.(2b)) , the
inductor current ramp down proportionally
to the output voltage , inversely o the
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inductance value , and inversely to the
switching frequency (fs) as can be detected

from : Al = -VoD2/(L.f5)( where AL

refers (o the inductor current decrement
during the period D2ifs , D2 is the duty
tatio of the dicde switch).
So for a given input / outpul  specifications
& pre specified switching frequency , the
value of the inductance  plays an
important rule in controlling the maximum
current deviation & keeping the converter
far from discontinuous cument conduction
mode This means that the inductor is
ane of the circuit efements that must be
selected carefully to fulfil! the requirements
of girpuit operating mode and perfermance.
Under low ouwtpd voltage nipple
assumption, the capacitor current can be
approximated by inductor current minus the
average load cwrent , in fact it is the ac
compaonent of the inductor current and it is
triangular in wavefortn with peak to peak
valug cquals that of the inductor current
ripple. 1AC times its integral , over its
positive half cycle define the vollage
variation across the capacitor JIf  the
capacitor equivalent series resistance (ESR)
has been assumed to be very small, the
output voltage will be equal Lo that of the
capacitor . So the capacitor foros an
effective factor in  determmining the output
vollage vipple and hence it must be
properly selected.

Inductance calenlation criteria

Referring to eq.{1) the inductor voltage is
slightly less than (Vs-Vo)Assuming small
resistance for the inductor wire , the
inductor voltage can be approximated by:-

Vs-¥Vo = LA MILT cmmrmee o ——— —vamees
For continuous current conduction
Dl =Va'Vsso:

{1-DIYVs =L.A/DLT

((1-D1)Vs — LAV T/Vs)

(1-D1) = LAI(VeT)

At the boundary of cominuous and
discontinuous mode , AiL=2 average load
current. This means

An=2POLUTNG

(7

35

SD, { 1 —D1)=LC[{|T]{'A L.Z.Pou'rfr(VOAlT
Lermea =(1-D1). T.V/(2 lLoan)------—(8)
From Ihe foregoing analysis, one can
say tat the inductance can be determined
in term of the required current deviation or
the munirum load current .
In term of the curent deviation the
inductance L will be ;-
L=(¥5-V0). D s T/AIL ---r—==(9)
In term of the minimum Joad current it
will be:-
L= 1-D Lgax) T. V02 1 gapmn)eess={ 10)
Where D1 wax represents the duty ratio at
the highest input voltage .

Capaciter calculation Criteria

To get low output voltage ripple, the
capacitor shouwld absorb  the inductor
current ripple . That means il should absorb
current of triangular form with  peak to
peak vaive of Aip. This gives a voltage
variation across the capacitor equals to 1/C
times the tnangular arca [0.5(T/2).(Ai2)].
Therefore to get an output voltage ripple
of AV wvolis, the following formula should
be used:

== Ajp THBAV) - {11)
Where Al ={Vs-V0).D1.T/L
System Requirements
Inpur voltage = 50+ 30% (V)
Cutput voltage = 28 (V)
Load Power 25 1o 125 (W)

Max_output voltage tipple<={.5% output
voliage (V)

Selected Components

L = 300pH
C = 1{0uH
. = 000582 (assumed)

re = 0 £ {assumed)
4.2 Fuzzy coniraller design
Selectien of input & control variables

The control goal is to keep the outpul
voltage as close as possible to the reference
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voltage despite changes in the input de
supply and despite variation of the load
resistance .This goal can be successfully
done , it the controller ;-

I-Sense the more expressive state variables
2-Cenerate  the nght control  variable.
3-Aware of how to drive the buck
converter,

The foregoing circuit analysis, states that
for buck converter , the oulput voltage
can be changed if the supply voltage
and/or the duty ratio have been changed . It
also states that the inductor current carries
an information sbout the supply voltape
behavior . So the crror of these st
variables can be used as an expressive
put variables & the duty ratio can be
depended as  the right output{ contral )
variable for the fuzzy controller,

Membership functions setection of
Fuzzy lnput variables

The behavior of the state variables afier
the occurrence of disturbances depend
upon the sizes of the distwbance and
progress of time. They may be far from the
sel point, may beclose to the set  point
& may beat the vicinity of the set point

Relative to the position of the set point,
they are either to the feft or the dpht of the
set point.

This fuzzy picture of the state variahles
simply suggesis five labels to the voltage
error and current error,

In this paper, five labels have been
used and distoboted linearly over the
nortalized universe of discourse that
cxtent from -1 to + 1. These labels are
Shown in Fig.(da&h).

Membership functions selection of
fuzzy output variable

The ovtput fuzzy variable labels reflect
the expert perspective of the amount of
correction required.

To get compromise solution  between
computation  complexity  and  control
smoothness , seven  labels have been
selected ( fig.ide 1,
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Figl4 Furgy comtroller membership funclions
wholtuge ciror  WeCwerent, emor cluny cetin

The fuzzy controller mimic the expert in
the control loop. [mplicitly , it has a data
base of rules that summarize the control
expert  towsrds actions taken by the
changes in the wvsed state varables
- Linguistically, each of these rules take
the form of the following if statement :

If X isX1&YisY! THEN Zis Z1

For two mput vanables & one output
variable , these controt rules are tgbulated
in table form,

Table I & 2 summerize the rule sets for
the proportional and the integral fuzzy
controller used in this proposed controller,
The selection of the rules weights has
been done through the selection aof the
centers of' the output fuzzy variable labels

! ' Error
"NB T NS ZE [ P§ | PB
PR | 1 | 13 3R ) I
! s [ DS [ 0T I3 | 21
S G Tm e T i
‘ ;,"ﬂi' L aao |
; § NE - ERE 1_i

Table 1: (Rules sct far the praportional cantroller.)

Error
NB ' N5 [ ZE { P8 | PR
| PB P 0 |12 13 [0z
PS 0 [ & |13 23 (a0l
ZE| 0 (A 6 |15 ] 0
NS [-Ot [ 2303 o | o
NBi"-:ilZ NE N T -1x.i'| 0

]

Chanpe of error

Table 2: { Ruales set for the integrat controller,)
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Selection of error normalization factors

The nommalization factor sets up the
controllable range, the range beyond which
the eror is considered as saturated.
Out side thisrange, the error is interpreted
as extremely positive big or extremely
negative big.

Proper selection of these factors ensurc
stable system operation with improved
pverall  performance both at the starting
and steady state conditions .

Here , the voltage error and  the current
error normalization  faclors have been
selected through testing the systern
performance under different sewing of
these factors. The omnes selected were
those whose static & dynamic performances
were satisfactory from the point of view of
stability , settling time , peak value , and
valley value at the time of disturbance
occurrence . The settings used were
Voltage error normalization factor Nv—0.2
Currem error normalization factor Ni=1.0

Selection of the gain factors of the
proportional & integral fuzzy controllers

The fuzzy controller used here, consists
of two sub  controllers . These are
proportional {uzzy lngic based controller.
& the integra) fuzzy logic based controtler,
The function of the proportiosal controller
is to mmake instantanecus duty ratio
correction  action complying with the
magnitude and direction of the errors. The
fimction of the integral controller is 10
minimize the steady state error by
producing an incremental or decremental
duty ratio correction action .

The system has been tested under
different gain  setting of these sub
conttollers . The ones that gave satisfactory
starting, steady statc, and dynamic
performances were : Kp=0.7 ; ki=10000.

Fuzzy controllers modeling
The fuzzy cootraller inference rules are

usually given in term of rules table. 1f
single tone fuzzy membershin functions

are used for the labels of the cutput [uzzy
variable, the rules table can be replaced by

‘atwo dimensional matrix and the over all

fuzzy processing can be contained  in one

. programming structure  as stated below:

37

Replacing the rules rable by two
dimensional matrix { say Z) , referming 1o
its row count by “R" & iis column count
by “C", and letting A(i} bethe i'th label
of the current error ohject and V(j) be
the j'th voltage error object label | the
crisp output of the fuzzy controller can be
given by:

Ef_‘ A3 M AL owobernsiplic) ) tutrmbonbipfar |
=

iﬁ M 4] b b ic ), w13 arammbenebip{ el §

=t 1
i
The Mat lab./ SIMULINK. representation
of this equation for the proporlional (ot
the integral) fuzzy controllers (depended
in this paper) are shown in fig(3).

s Simulation resulfts £ discussion

The proposed approach has been lested
in the MATLab/Simulink environment for:-
1-Sudden step changes in the supply
voltage,
2-Sudden
resistancs |
3-Starting the converter under differsnt
loading and input voltages.
4-Sudden changes in the reference voltage.
5-Smooth changes in the reference voltage.

The simulation resuits of thesc tests have
been plotted in fig.(6) to fig.(16). They give
the following readings:-

Fig(6) displays the respanse under sudden
changes in the supply voltage .The supply
changes were +30% of the nominal
value {50V). The setliip time was very
short ‘The maximum over shoot was less
than 0.5V { less than 2%). The minimum
valley was less than 0.5V . The maximum
cument overshoot & the minimum valley
were slightly greater than 0.5A.

Fig(7) shows the effect of load resistance
togpling under the minimum expected

step changes in  the load
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mpul valtage (35V).The maximum over
shoot was about 1.3v{4.6%) & it occurred
when the load changed suddenly from full
load (R—6.27200 or P=125W) to light
load (31.36 £ or P=25W). The minitmum
valley was about 2V(7.14%) and occurred
at the same conditions. Step changes
reduction reduced the overshoots & valleys,
Current overshoats & valleys follows the
same rale as that of the voltage and the
maximum cuwrrent overshoot was about 2A

Fig(8) & fig(9) do the same job as fig(7)
do, bt they add an extra information
which stales that the performance i3
improved as the supply voltage 15 mereased

Fig(10y, fig(11), & fig{I2} state that in
the specified inpui voltage range the
converler started successfully with tight
load as well as rated load .

Fig{13}. fig(14), & ftig(15)} display the
converter responses under small and large
step changes in  the referemce voltage.
6% (21.4%) & 18V (64 28%) step changes
had been adopted. For rated load and for
the used input voltages the settling times
were very shoris, but the maximum
overshoot that occurred at the  bransition
from low reference to high one was
increasing as the input voltage was
increased . The time required to jump from
high teference inlo low one increases as
the load resistance increased

Fig(16} pinpoints the behavior of the
buck converter when subjected to smooth
reference voltage wariation ( up to 50 Hz).
The converter succeeded in keeping track
with such reference variation showing a
variable voltage source feature,

6-Conclusion

A complete fuzzy based controller for
buck DC/DC has been presented . The
fuzzy controller has been fed with outpu
voliage error and an inductor current error.
The load cutrent has been adopted as
virtugi reference to extract the inductor
curent ¢rror .

The simulation t2sults showed that, for
the permissible input voltage range and the
desited nower ranee . the buck copverter

under the control of the proposed fuzzy
controller has an  excellent line regulation,
load regulation , starting performance, &
reference tracking capabilily.
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