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Abstract—in this paper, a general-purpose fuzzy controller for basic physical properties of the systems, and it is potentially
dc—dc converters is investigated. Based on a qualitative descrip- able to extend control capability even to those operating
tion of the system to be controlled, fuzzy controllers are capable conditions where linear control techniques fail, i.e., large-

of good performances, even for those systems where linear control _. | d . di i iati of
techniques fail, e.g., when a mathematical description is not signal dynamics and large parameter variations. course,

available or is in the presence of wide parameter variations. fuzzy controllers cannot provide, in general, better small-
The presented approach is general and can be applied to signal response than standard regulators. However, since fuzzy

any dc—dc converter topologies. Controller implementation is control is based on heuristic rules, application of nonlinear

relatively simple and can guarantee a small-signal response as.qniro| Jaws to face the nonlinear nature of dc—dc converters
fast and stable as other standard regulators and an improved is easy

large-signal response. Simulation results of Buck-Boost and Sepic . .
converters show control potentialities. The FLC approach is general in the sense that almost the

same control rules can be applied to several dc—dc converters.
However, some scale factors must be tuned according to
converter topology and parameters.

|. INTRODUCTION In our proposal, the fuzzy controller requires only sens-

C-DC CONVERTERS are an intriguing subject from théng of one {ndugtor cur.rent aljd the output voltage, and its
control point of view due to their intrinsic nonlinearity./MPlémentation is relatively simple. Results of the control
Common control approaches such esitage controland d€Sign are in two lookup tables stored in EPROM in the
current injected control(and its derivations likestandard CoNtrol circuit. Owing to control simplicity, standard discrete
control moduleand average current contrdl [1] require a e_Iegtromc circuitry can be used, resulting in a control speed
good knowledge of the system and accurate tuning in order3gnilar to that of other standard regulators.
obtain desired performances. These controllers are simple td "€ Proposed control technique was tested on Buck-Boost
implement and easy to design, but their performances generﬁﬂp Sepic converters in order .to. verify the theolretlcal forecasts.
depend on the working point so that the presence of parasfitnulated results confirm validity of the solution.
elements, time-varying loads, and variable supply voltages
can make the selection of the control parameters which en- Il. BAsiCs OF Fuzzy LOGIC CONTROLLERS

sure proper behavior in any operating conditions difficult. F.C is one of the most successful applications of fuzzy set
Achieving large-signal stability often calls for a reduction ofneory, introduced by Zadeh in 1965 [2]. Its major features are
the useful bandwidth, so affecting converter performancege use of linguistic variables rather than numerical variables.
Moreover, application of these control techniques to high-ordeihguistic variables defined as variables whose values are
dc—dc converters, e.g., Cuk and Sepic topologies, may resihtences in a natural language (suchsamll and large),
in a very critical design of control parameters and difficulhay be represented Hyzzy sets
stabilization. A fuzzy set is an extension of a crisp set where an element
A completely different approach is offered by the fuzzyan only belong to a set (full membership) or not belong at all
logic control (FLC) which does not require a precise mathino membership). Fuzzy sets allgartial membershipvhich
ematical modeling of the system nor complex computatiopgeans that an element may partially belong to more than one
[2]-[4]. This control technique relies on the human capabilityet.
to understand the system’s behavior and is based on qualitativ@ fuzzy setA is characterized by amembership function
control rules. ThUS, control deSign is Simple since it is OnlMA that assigns to each Object in a given class a grade of
based on linguistic rules of the typelf the output voltage membership to the set. Of course, the grade of membership

error is positive and its rate of change is negative, then redug@n range from 0 (no membership) to 1 (full membership); we
slightly the duty cyclé,and so on. This approach relies on th@nherefore write

Index Terms—Fuzzy logic, control techniques, dc—dc converters
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elements have a membership grade equal to zero.

For example, if X is the human height, the linguistic
variable Tall may be the label of a fuzzy set which has th&'9:
membership function: 4 shown in Fig. 1.

By this definition, all of the people who are taller than 190 i

cm have a membership grade of one, while those below 170 Fuzzy _
cm have a zero membership grade to this set. A man who is U, Controller

180 cm tall has a membership grade of 0.5.

This approach allows characterization of the system behav-
ior through simple relationsfyzzy ruley between linguistic +
variables. Usually, fuzzy rules are expressed in the form of u,
fuzzy conditional statemenfs; of the type

T
R;: if zis small THENy is large (2) /,J

nverter °

! PWMModulator

wherez andy are fuzzy variables, andmall and large are
labels of fuzzy sets. If there are rules, therule setis
represented by the union of these rules

Fig. 3. Block diagram of fuzzy control scheme of dc—dc converters.

R =R, elseR, else---R,. 3)
A fuzzy logic controller is based on a collectio®, of From these measurements, the fuzzy controller provides
control rules. The execution of these rules is governed by tResignal proportional to the converter duty cycle which is
compositional rule of inferenci2]-[4]. then applied to a standard pulse width modulation (PWM)

The general structure of an FLC is represented in Fig.neodulator.
and comprises four principal components: 1juazyfication
interface which converts input data into suitable linguistica_ Fuzzy Controller Structure
values; 2) aknowledge basevhich consists of a data base

with the necessary linguistic definitions and control rule set; The first important step in the fuzzy controller definition
3) adecisionmaking logigvhich, simulating a human deC|S|on'S the choice of the input variables. Approaches which utilize

process, infers the fuzzy control action from the knowled ly the ;"%tpﬁt voltage and |tsbratehof chhange Wer(; aIregdy
of the control rules and the linguistic variable definitions; ang'€Sented in literature [5], [6], but they show poor dynamic

4) adefuzzyfication interfacerhich yields a nonfuzzy control performances. In order to improve operation, we need addi-
action from an inferred fuzzy control action. tional information on the energy stored in the converter, i.e., an

inductor current must be sensed. This approach allows substan-
tial improvement of converter dynamic performances similarly
IIl. - APPLICATION OF Fuzzy to that obtained in analog current-controlled converters [1].
CONTROL TO DC-DC (ONVERTERS Accordingly, in the proposed fuzzy controller we use three
The basic scheme of a general-purpose fuzzy controlieput variables: 1) output voltage errey; 2) inductor current

for dc—dc converters is shown in Fig. 3. The converter errore;; and 3) inductor current;, which is used for current

represented by a “black box” from which we only extract thémiting.

terminals corresponding to input voltagg, output voltage A block diagram of the fuzzy controller structure is shown in

u,, One inductor currenty, and controlled switchs. As we Fig. 4. While the output voltage reference is usually available

can see, only two state variables are sensed; the output voltagean external signal, the inductor current referef¥fog:.r)

and one inductor current. The latter is the inductor current fdepends on the operating point. For this reason it is computed

second-order schemes (i.e., Buck, Boost, and Buck-Boost) dryfdmeans of a low-pass filter in the assumption that the dc

the input inductor current for fourth-order schemes (i.e., Cukalue of the current is automatically adjusted by the converter

and Sepic). according to a power balance condition.
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Fuzzy Logic Controller

NORM LIMIT
Fig. 4. Fuzzy logic controller structure. 1

The controller output variable is the switch duty cycle
which is obtained by adding the outputs of two different fuzzy "o 06 08 1
controllers. One (fuzzy?) gives the proportional paip of
the duty cycle as a function ef, ¢,,, andiy,. The other (fuzzy-
I) gives the incrementhé; which is then integrated to provide
integral termé; of the duty cycleé. . o .

This structure allows selection of different control laws fol'© accounj[.5|m|larly to curren'F modg control in order to
the “proportional” part and the “integral” part of the dutyens,ure stability around the working point. o )
cycle; in this way system stability and a fast large-signal Finally, when the.current approaches the limit value, suit-
dynamic response with a small overshoot can be achie e rules must be introduced in order to perform the current

with proper handling of the proportional and integral part A’gnit action while preve_nting large overshoots. The selected
described hereafter. control rules are described hereafter.

1) Far From the Set Point:When the output voltage is far
. . from the set pointe,, is PB or NB), the corrective action must
B. Membership Functions be strong; this means thég should be NB (or PB) while\é;

Fuzzy sets must be defined for each input and outptftould be zero (ZE) in order to prevent the continuous increase
variable. As shown in Fig. 5, five fuzzy subsets [positive bifPr decrease) of integral terfiy that would cause overshoots.
(PB), positive small (PS), zero (ZE), negative small (NS), and The basic control rules are
negative big (NB)] have been chosen for input variablesnd ) . ) )

e, While only two fuzzy subsets [normal operation (NORM) if e, is PB andiy, is NORM, thenép is PB and

and current limit (LIMIT)] have been selected for the input Abris ZE

current since the purpose is to handle only the current limit e, is NB andi;, is NORM, thenép is NB and

condition. For the output variables, seven fuzzy subsets have A, is ZE

been used (PB, PM, PS, ZE, NS, NM, and NB) in order 1
to smooth the control action. As shown in Fig. 5, triangular

and trapezoidal shapes have been adopted for the membergz‘ﬁ_l h _state that_ far from the set point, the control_actlon is
functions; the value of each input and output variable Rrimarily determined by the ou_tput voltagg error. This control
normalized in {1, 1] by using suitable scale factors. Is_trz_atttegy can be adopted, provided the existence of the current
imit.
2) Close to the Set Pointln this region, the current error
C. Derivation of Control Rules must be properly taken into account in order to ensure stability
Fuzzy control rules are obtained from the analysis of tid speed of response. The goal of the fuzzy controller in this
system behavior. In their formulation it must be considerd@gion is to achieve a satisfactory dynamic performance with
that using different control laws depending on the operatirignall sensitivity to parameter variations.
conditions can greatly improve the converter performances inThe control rules can be written according to energy balance
terms of dynamic response and robustness. conditions. Assuming that the inductor current is far from the
First, when the output voltage is far from the set pointis limit, the following criteria hold.
PB or NB), the corrective action done by the controller must 1) If ¢, ande; are both zeroép» and Aé; must be zero too
be strong (duty cycle close to zero or one) in order to have (steady-state condition); in fact, in the steady state, the
the dynamic response as fast as possible, obviously taking into  duty cycle is determined only by the integral term that
account current limit specifications. should be kept constant.
Second, when the output voltage error approaches zgro ( 2) If output voltage erroe,, is negative, and the inductor
is NS, ZE, and PS), the current error should be properly taken current is greater than its reference val(g,< 0), ép,

Fig. 5. Membership functions for;, ., ;. 6, and Aé;.
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TABLE |
RULE TABLE FOR FuzzY-P ASSUMING THAT i1, IS NORM

g\ NB NS ZE PS l PB

PB PS PM PB
PS ZE. | PS PM
ZE NS e

NS NM

NB NB

TABLE I
RULE TABLE FOR Fuzzy-l ASSUMING THAT ¢;, IS NORM

NS ZE PS L PB | Fig. 6. Graphic representation of Table .

PS PM PS
ZE | PS PM
NS | ZE PS
NM NS | ZE
NS NM NS

and Aé; must be negative; in fact, in this condition the
system energy must be decreased.

3) If output voltage erroe,, is positive, and the inductor
current is lower than its reference value; > 0), ép,
and Aé; must be positive; in fact, in this condition the
system energy must be increased.

4) If the output voltage error is positive, and the inductor
current is greater than its reference value (or vice versa),
bothép and Aé; must be kept to zero in order to preventig. 7. Graphic representation of Table II.
undershoot or overshoot, awaiting for a partial discharge
of the inductor energy on the output capacitor before

taklhg some contrgl a_ctlon. . capacitor of the low-pass filter generating the current reference
According to these criteria, the rule sets shown in Tablgs \eset to zero as long as the current is closdg. It is
I'and Il are derived forsp and Aé;. Figs. 6 and 7 give a jmportant to note that the heuristic approach described in this

graphical representation of Tables | and II. o paragraph remains valid irrespective of converter topology.
3) Current Limit Operation: Current limit operation is gov-

erned by the following strategy.

1) Current limitation is achieved by choosing the value of
8, according to the output voltage error. For example, In general, there are no precise criteria to select gains,
if e, is PB, &, is kept zero in order to limit the current fuzzy set characteristics, and fuzzy algorithm complexity. Only
value; instead, whem,, is approaching zera§, must general guidelines for the design of the FLC can therefore be
go negative so as to avoid unwanted overshoots (e.g. g&ten.
start-up with light load). The fuzzy rules that implement
this strategy are A. Membership Function

Selection of the membership functions was described in the
if iz, is LIMIT and ¢, is| £B| I’S| ZE| NS| NB previous section. The fuzzy partition (number of terms for
theng,, is 7E| NS| NB NB NB|  each input and output variable) and the membership function
shape may vary depending on the desired granularity of the
2) As long as the current is close to the limit value, theontrol action. Obviously, increasing the number of labels of
integral action must be disabled in order to prevefifie input variables increases the number of rules needed to
overshoots; the fuzzy rule is perform a proper control action.

IV. DESIGN OF FLC PARAMETERS

if 7 is LIMIT, then Aé; is ZE. B. Scaling Factors

An external action is also performed during limit operation. For the purpose of generality, the universe of discourse for
Since the reference value of the inductor current takes a wroegch fuzzy variable was normalized in{, 1]; this procedure
value during this operation (it becomes equal iig,), the involves a proper scale mapping for the input and output data.
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Fig. 8. Basic controller structure.

The choice of input scale facto(&, p, k;», and ;) for the
fuzzy-P controller andk,;, k;r, and k;; for the fuzzyd)
and output scale factor§ksp and ksy) greatly affects 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.
Near the working point, given the choice of the membership
functions as shown in Fig. 5, the normalized outpéits of
the rule tables can be approximated by the function

(5nj204j(€u+mj-€i) 3=PI

wherem; = ki;/k.; ando; = k; for j = P, 1. In this way,

(4) Vs

if the ratiom; is the same foj = P, I (mp = m; = m), then
the output scale factorksp» and ks; can be related to gains

kp andk; of a PI controller with the following equation:

()

ksj = ki/kuj  J=P1.

(b)

Fig. 9. (a) Buck-Boost converter and (b) Sepic converter.

ku[

The selection o andk; is based on the same guidelines
as standard’! controller design which has to compensate the

following power stage transfer function:

u($)

in(s)  seT

SRS
~
V)
S
>

, &
()  8(s) 8(s)  &(s)

8(s) L+seT

mp,my

(6)

where” stands for small-signal perturbatiom, is the time
constant of the low-pass filter, arid(s)/0(s) andir,(s)/6(s)
are the converter transfer functions in continuous conduction

mode, derived from time-averaging techniques.

This procedure allows a preliminary design of coefficients ;.
ksp and ksy. Instead, input scale factors can be basically In addition to the previous guidelines, some heuristic tuning
can be used in order to improve converter performances.
kup As shown in Fig 5, it determines the regionfNote that while rules and membership functions are valid

where control is primarily governed by the outfor any dc—dc converter, design of the scale factors must be
put voltage error and those where it is governedone according to converter topology parameters and desired
performances.

chosen according to the following guidelines.

by both state variable errors.

It should be chosen so that the maximum steady-
state error falls inside the NS-ZE-PS since out-
side this interval, no integration is performed.

In a first step, both coefficients can be chosen
equal to a valuen, selected by analyzing (6)
or by qualitative considerations on the desired
behavior of the two state variable errors. More-
over, since the functiog is a weighted sum of
the state errors, it resembles the sliding mode-
control function [9] so thatn corresponds to the
slope of the sliding line. Design can be done
accordingly.

It is set equal tol/jm,.
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TABLE 1lI
CONVERTER PARAMETERS
BUCK-BOOST
Ug = 12V Ilim = 10A
Uy = 20V fy =50 kHz
L = 360 uH T = 400 us
C = 100 pF R = 20-150Q
kyp= 0.070 kg = 0.052
kip = 0.20 ki = 0.15 L
ksp= 15 ksp = 15700
SEPIC
Ug = 15V Iim= 6 A
Up = 20V fg = 50 kHz
L = 700 uH Cy = 6.8uF
L» = 380 pH Cy = 200 pF
R = 20-200 Q T = 600 us
n= 1.5
kyp = 0.20 kg = 0.20 0 2 4 6 8 10 ms
kiP = 0.20 kiI = 0.20 Fig. 11. Output voltage and inductor ct_Jrr_ent during start-up at light load
kﬁp — kﬁI = 15700 followed by output-voltage reference variation.
M

0 4 8 12 16 20 ms

0 4 8 12 16 20 ms
Fig. 12. Simulated response of output voltage and inductor current of a Sepic

Fig. 10. Simulated response of output voltage and inductor current ofcanverter to step-load variations.

Buck-Boost converter to load-step variations.

sitional rule of inference methods), and the Center of Area
C. Fuzzy Algorithm method (selected for the defuzzification process). With these

choices, the inferred valug, (or Aé;) of the control action in

There are numbers of ways to define the fuzzy implication&rrespondence to the valdg e, iz is
wuy ¢ L

the sentence connectivandandelseused for the fuzzy rules,

and the inference mechanism; criteria and properties can be zn:aD
found in literature [3] and [4]. e I
The choices for this application are the fuzzy singletons op (7)

(selected for the fuzzification process), the Mamdani’s min Zo‘j
fuzzy implication (used together with the max-min compo- j=1
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where D; is the singleton value of the fuzzy output variable Fig. 11 shows output voltage and inductor current behavior
using thejth rule, andy; is the degree of fulfillment (DOF) of during a start-up under a light-load condition (worst case),
the sth rule that, using the min operator, can be expressed falowed by a step in the output voltage reference from 20
. , V to 30 V. In both cases, the output voltage error is initially
aj = min{paj(ei), npj(eu), noj(in)} ®) NB so that a strong action is applied, causing a current limit

where A;, B;, and C; are the input fuzzy variables corre-action. The overshoot on the output voltage is almost avoided
sponding to thejth rule. at start-up, while it is limited at 2% of the nominal value in the

other case in spite of a high limit current value. The robustness

D. Tuning of Control Rules to wide parameter variations was also verified.

Even though the proposed fuzzy control rules are general, _
some slight modifications can be done depending on desifédSepic

performances. The rule modification can be accomplished by'['he same rule set used for the Buck-Boost converter was
using the linguistic trajectory in Tables I and Il and adjustingpplied to the Sepic converter. Fig. 12 shows the converter
some rules in order to optimize the system response in thghavior under fuzzy control in the case of a step-load
linguistic phase plane. variation from full load to light load and vice versa. Good
performances in terms of both overshoot and response speed
E. Low-Pass Filter Time Constant are achieved even in this fourth-order converter. Note that as
The choice ofr can heavily affect the system behavier. S00n as the load is disconnected, the control opens the switch,

should be suitably higher than the switching period in ord&nd the converter turns in a discontinuous conduction mode.

to provide a ripple-free current reference, but small enough & this way, no energy goes to the output because the diode

allow fast converter response. In practice, values close to fReis Off.

natura| t|me constants Of the System give the best resu'ts_ It iS interesting to note that these performances are Similar
to those obtained using sliding mode control as can be seen by

V. CONTROL IMPLEMENTATION the experimental results reported for a Sepic converter in [9].

Fig 8. shows a possible control implementation. The scheme
includes three basic sections: 1p@@processingection where

controller input(e,,, e;,41,) is evaluated; 2) duzzy controller

which is based on a lookup table that stores the values 01‘A general-purpose controller for dc—dc converters based

6p and Aéy as a function of the input variables (it is easilyOn the fuzzy logic is presented. As compared to standard

mplemented by an EPROM); and 3PWM reguiatonich - 0l o BN SRR AR REREEIERS B S o
performs the integration ahé;, addsé, andé; together, and ytop '

comparess with the ramp signal to generate the switchin This is possible since FLC rules can be assigned separately
pattern SFor the various regions of operation, resulting in effective

In the fuzzy controller block, signals of,, ¢;, and iy, small-signal and large-signal operation.

are fed to analog-to-digital converters (ADC’s) whose outputs Simulation results of Buck-Boost and Sepic converters

represent the addresses of the EPROM. The ADC's can hé:\(/)enflrm the validity of the proposed control technique.

a small number of bits since high precision is not needed.
Digital-to-analog converters (DAC's) give outputs and

Ady. The EPROM also prowdes the reset Slgnal for thqn R. Redl and N. Sokal, “Current-mode control, five different types, used

low-pass filter during current limit operation. A hardwired  with the three basic classes of power converter: Small-signal ac and

overcurrent protection is also needed. large-signal dc characterization, stability requirement, and implementa-
tion of practical circuits,” inProc. PESC 1985 Confpp. 771-785.

[2] L. A. Zadeh, “Outline of a new approach of the analysis of complex
system and decision processelgEE Trans. Syst., Man, Cybernol.
SMC-3, no. 1, pp. 28-44, 1963.

Control operation was verified by simulation. Several[3] C. C. Lee, “Fuzzy logic in control system: Fuzzy logic controller—Part

topologies have been tested, and results of Buck-Boost and :\v/'l'ar”/f/prr Trans. Syst., Man, Cybermvol. 20, no. 2, pp. 404-418,
Sepic converters are reported. The basic schemes are shopn__~ "¢ :

, “Fuzzy logic in control system: Fuzzy logic controller—Part Il,”
in Fig. 9(a) and 9(b), respectively. Their parameters are listed |EEE Trans. Syst., Man, Cyberol. 20, no. 2, pp 404-418, Mar./Apr.

; 1990
in Table II. [5] F.Ueno, T. Inoue, |. Oota, and M. Sasaki, “Regulation of Cuk converters

using fuzzy controllers,” irintelec '91 Conf, pp. 261-267.
A. Buck-Boost [6] W. C. So, C. K. Tse, and Y. S. Lee, “A fuzzy controller for dc—dc
converters,” in1994 PESC Conf. Procpp. 315-320.

The converter behavior in the case of step-load changdd K.J.King and E. H. Mandani, “The application of fuzzy control systems
from full load to light load and vice versa is shown in Fig. 10. g to industrial processesfAutomatica vol. 13, pp. 235-242, 1966.
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