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Comparative Study of Proportional-Integral,
Sliding Mode, and Fuzzy Logic
Controllers for Power Converters
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Abstract—This paper presents a comparative evaluation of the Reference
. . L - Regulated
proportional-integral, sliding mode and fuzzy logic controllers , FLC LAN
o ] + % Output
for applications to power converters. The mismatch between the
characteristics which lead to varying performance is outlined.
This paper also demonstrates certain similarities of both the fuzzy Fig. 1. Closed-loop control using the FLC.

logic controller and sliding mode controller. Sensitivity of these
controllers to supply voltage disturbances and load disturbances

is studied and results are presented. Widely used classical control theory based design of PID
Index Terms—Converters, fuzzy logic, model, Pl-controller, family controllers [1] requires precise linear mathematical
power supplies, simulation, sliding mode. models. The PID family of controllers failed to perform

satisfactorily under parameter variation, non linearity, load
disturbance, etc. For example, dc—dc converters with one
|. INTRODUCTION power switch have three possible configurations within a single

N RECENT YEARS the application of power eIectronich'Wit(?hing cycle. In.this case, Fhe most widely used_method to

has grown tremendously. A recent Electric Power Researgfjtain @ mathematical model is state-space averaging methods
Institute (ERPI) study predicts that by the end of the Twentieffl Thg models obtamed. by these methods are _only useful fpr
century, 60% of electric power in North America will be ﬂOW_smaII signals. Mathematical models for large signal analysis

ing through power electronics equipment. Some applicatioff§ I the process of investigation [3].
that are increasingly being dominated by power electronics areMdern control-theory-based controllers are state-feedback
1) switched-mode power supplies; 2) adjustable speed moggntrollers, self-tuning controllers, and model reference adap-
drives; 3) efficient control of heating and lighting; 4) efficienf've controllers, etc, [4]. These contr_o_llers also need math_en"_nat—
interface for photovoltaic; and 5) fuel cell and high voItagLfal models and are therefore sensitive to parameter variation.
dc system for efficient transmission of power, to name a fed0 alleviate the need for accurate mathematical models, sliding

Rapid advances made in microelectronics had great impact'gfde controllers (SLMC) [S]-{7] were introduced. The SLMC
the evolution of power electronics products by making the es not need accurate mathematical models but requires the
technically and economically feasible knowledge of parameter variation range to ensure stability

One of the applications being increasingy dominated &pd sa_tisfy reaching condit_ions. Th_e- SLMC is designed to
power electronics is switched-mode power supplies. T ve first-order response |rresp_ect|ve of the order of the
steady increase in usage of computers and telecommunicaff¥ate™M- In the process of ensuring the first order response,
equipments has placed high demand on high power denéﬁﬁ control law ensures that _the worst-case dynamlqs would
switched-mode power supplies. These converters are subjeasohandle_d' The Worst-case inputs are large qnd this _results
to large load variation due to on-board digital chips. Wit chattering. The chattering was solved by introducing a
increasing packaging density of on-board chips, load variatigfundary layer around the sliding plane [8]. The effect of
which depends on the mode of operations is getting worde.Poundary layer is that the kinetic energy of the system

Therefore, there is an increasing need for a good controll8r the direction perpendicular to the sliding plane is nearly
gero. Other approaches have been reported to tackle chattering

to perform tight regulation under high unpredictable loal : e
variation problem [9], [10]. It should be noted that local nonlinearities in

Conventional solutions for controller requirements wer€ Staté space are not taken into consideration in the SLMC
based on classical control theory or modern control theof§£S'9N: _ ,

Recently, fuzzy logic controllers (FLC's) [11], [12] have
) enerated a good deal of interest in certain applications.

Paper IPCSD 96-50, approved by the Industrial Power Converter Co h d t f ELC’ th ti | troll
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Fig. 2. Internal Structure of FLC and closed-loop control of Buck converter.
SLMC. This is obvious from the typical rule table of the
FLC. Unlike SLMC, it is possible to take account for local Degree of

nonlinearities in FLC. So far, FLC's in power electronics
have been designed by trial and error. Power converters-26 -1z -6 0 6 13 20
are inherenty nonlinear. The causes of nonlinearity in the >
power converters include a variable structure within a single
switching period, saturating inductances, voltage clamping,
etc. With the advent of resonant converters, power converters
are getting complicated, resulting in complex mathematical
models. The FLC seems to be a viable controller for power—7 -.66 -33 0 .33 166 1.
electronic applications. change of Error (input)
This paper explores the potential and feasibility of FLC
control for power electronic circuits. A Buck converter is
considered to exhibit that satisfactory voltage regulation can
be achieved without having to obtain complicated mathe- }
matical models for large signals or having to estimate the -
range of parameter variation. Simulation results are presented Change of duty (output)
to explore the potentials of FLC for applications to powerig. 3. Membership functions used for fuzzification and defuzzification.
electronic circuits. To emphasize the merits and demerits of
the FLC, some comparisons have also been made with the
proportional—integral (Pl)-controller and the SLMC controller PS PM
under load and supply disturbances. :

B NM NS Z

—-.66 —33 0, .33 .66 1.
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[I. FUNDAMENTALS OF Fuzzy LoGic CONTROL ! Change of Duty

Fuzzy logic control is a new addition to control theoryFig. 4. Defuzzification using center of gravity method.
Its design philosophy deviates from all the previous methods
by accommodating expert knowledge in controller design.
Fuzzy logic control is derived from fuzzy set theory in- The schematic diagram of a closed loop fuzzy controller
troduced by Zadeh in 1965 [13]. In fuzzy set theory, this shown in Fig. 1. A reference input is compared with the
transition between membership and nonmembership canrbgulated output to produce an error. The error is fed to the
gradual. Therefore, boundaries of fuzzy sets can be vadeleC, which performs calculations to generate output. This is
and ambiguous, making it useful for approximate systentsalled the fuzzy inference process and requires three basic
FLC's are an attractive choice when precise mathematiciéps as illustrated in the next section.
formulations are not possible. Other advantages of FLC areThe schematic diagram of a closed-loop FLC for a Buck
1) it can work with less precise inputs; 2) it doesn’t needonverter is shown in Fig 2. The FLC has three functional
fast processors; 3) it needs less data storage in the formbtdcks for calculation and two databases. The functional blocks
membership functions and rules than conventional look up FLC are: 1) fuzzifier; 2) rule evaluator; and 3) defuzzifier.
table for nonlinear controllers; and 4) it is more robust thahhe two databases are Rulebase and Database. Functions of
other nonlinear controllers. these five components are described in the following sections.
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Error
NB NM NS z PS PM PB
NB PB PB PB PB PM PS z
NM PB PB PB PM PS z NS
Change
of NS PB PB PM PS z NS NM
Error
z PB PM PS z NS NM NB
PS PM PS z NS NM NB NB
PM PS z NS NM NB NB NB
PB z NS NM NB NB NB NB
Fig. 5. Rule table.
lll. FuzziEr typical rule can be written as follows.

Fuzzy logic uses linguistic variables instead of numerical R, If Eis A; and CE isB; then output isC;
variables. In a closed loop control system, error between
reference and output can be labeled as zero (Z), positive Where A;, B;, C; are the labels of linguistic variables of

small (PS), negative small (NS), etc. In real world, mea- g (E), Change of Error (CE) and output respectively.
sured quantities are real numbers (crisp). The process ofE, CE and output respresent degree of membership
converting a numerical variable (real number) into a linguistic

variable (fuzzy number) is called fuzzification. Fig. 3 shows 14 evaluate the above rule fuzzy set theory is used
the triangular membership function used in fuzzification. For a

given crisp input, fuzzifier finds the degree of membership iﬁuzzy Set

every linguistic variable. Since there are only two overlapping

memberships in this specific case, all linguistic variables | ot v pe a collection of objects denoted generically by

except two will have zero membership. {x}, which could be discrete or continuou, is called the
universe. If an element in the universe, sgyis a member of
IV. RULE EVALUATOR (DECISION MAKING) fuzzy setA then mapping is given as
In conventional controllers, we have control gains or control
p(x)el0, 1]

laws which are combination of numerical values. In FLC, the
equivalent term is rules and they are linguistic in nature. A A = [z, p(w)|zeX].
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The basic fuzzy set operations needed for evaluation of

NY 'I:L L
fuzzy rules areanDd (N), OR (U), andNOT (7). 1 -
1) AND — Intersection: ji4np = minfp(X), pp(x)] B +
2) OR — Union:  paup = max[py(z), p(z)] Veo— VAN e P
3) NOT — Complement 4 = 1 — pa(z) D € ]
By definition of AND, evaluation of ruleR; results in a Duty
minimum of 4:(z), pp:(z) allocated topcq(x). -

V. DEFUZZIFICATION

The reverse of fuzzification is called defuzzification. The
rules of FLC produce required output in a linguistic vari-
able (Fuzzy Number). According to real world requirements,
linguistic variables have to be transformed to crisp output
(Real number). The choices available for defuzzification are
numerous. So far the choice of strategy is a compromibi- 8- Buck converter and closed loop control.
between accuracy and computational intensity. In the present
paper, the center of gravity method [14], as shown in Fig 4, 1?2 Flc 12
has been used. The linguistic output variable from the rule
evaluator and definition of output membership are used to
calculate the shaded area. Finally, crisp output is obtained &y

using
OUtpUtI Z A, * .’IZZ/ Z A;.

VI. DATABASE

The Database stores the definition of the membership fung—
tion required by fuzzifier and defuzzifier. Storage format iS‘c:>
a compromise between available memory and MIPS of the ,
digital controller chip.
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The Rulebase stores the linguistic control rules required b _ o
rule evaluator (decision making logic). Fig 5 shows the ru%é' 7. FLC response for load disturbang, (ref) = 10 V).
table used in this paper.
Fig 7 shows the regulated voltage response for load variation
VIII. SIMULATION RESULTS of 2.5Q to 5 to 2.512. Regulated voltage shows small over-
hoot and undershoot at the transition without any oscillation.

All PID controllers have their equivalent variable gain fUZZ\/Ilg 8 shows the regulated voltage response for supply voltage

PID. In terms of mathematical symbol, they could be Writtenarlatlon of 20 Vto 15V t.o 25 V. Regulateq voltage shows
as follows: very small overshoot and it settled down quickly.

The Buck converter considered for study is shown in Fig

. o /
Fuzzy PD: U=Kp+E+Kp*E IX. COMPARISON WITH PROPORTIONAL INTEGRAL

Fuzzy Pl AU =K; «E+ K, * £’ (P1) AND SLIDING MODE CONTROLLER (SLMC)
U= K*/E dt + K, + E To assess the viability of FLC, it is appropriate at this
stage to compare the performance of FLC with other standard
Fuzzy PID: AU=Ki*xE+ K, FE + KqxE" controllers. Pl and, more recently, SLMC has been used in

industry. The performance of Pl and SLMC are presented in
this section and they are compared with FLC performances
ghesented in the previous section. The same disturbances are

Even though the symbolic representation is same as conven- . . N
tional PID’s, in the case of fuzzy PID’s gain varies dependin%pplled to Pland SLMC, so that any comparison is justifiable.

on operating point. Fuzzy PD like conventional PD has steady

state error. Fuzzy PID needs acceleration of error. Measuring X+ PROPORTIONALINTEGRAL (P1) CONTROLLER

or estimating acceleration terms are difficult and inaccurate.Pl controllers have been in use for the last few decades.
Hence Fuzzy PID has implementation problem. Due to thHeney perform satisfactorily during transient under limited
above-mentioned disadvantages with PD and PID, Fuzzy Phbigerating range. Also steady state performance is excellent.
chosen for this paper. Implementation in analog or digital hardware is inexpensive
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Fig. 8. FLC response for supply disturbar(@é (ref) = 10 V). Fig. 11. PI response for supply disturbar(d§ (ref) = 10 V).
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Fig. 12. SLMC. (a) Closed-loop system. (b) Phase plane trajectory.
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Fig. 12(a). In SLMC, the system response in the phase plane
is forced to follow a sliding line as shown in Fig. 12(k),
denotes the state error which needs to be driven to zero and
7' is its derivative. In the time domain, the corresponding
response is exponential. This response depends only on the
0 002 0oa 006 008 510 slope of the sliding liner + cx’ = 0.

Time () Fig. 13 shows the regulated voltage response for load vari-
ation of 2.5Q to 52 to 2.51Q2. Regulated voltage shows very
small overshoot and settles down in a highly damped mode.
But it has a steady state error. Fig. 14 shows the regulated
and straight forward. Since the PI controller is based onVvaltage response for supply voltage variation of 20 V to 15
linear model, response for large signal disturbance is poor. Xsto 25 V. Regulated voltage shows small overshoot and
shown in Fig 9, the gain&'p and K are constants and theyit settles down quickly to a steady state with a steady-state
are fine tuned for specific operating condition. Fig. 10 shovror.
the regulated voltage response for load variation of 2.®
5 Q to 2.51. Regulated voltage shows small overshoot and Xl
under damped oscillation. Fig. 11 shows the regulated voltag .
response for supply voltage variation of 20 Vto 15V to 25 V. eThIe corr:trollers for IIP’ SLMg’ and F:‘C V\llere d;sgnsd to
Regulated voltage shows appreciable overshoot and it setgl%%u I?)f dt d?s?uurtt?:r:g;stage under supply voltage disturbances
down slowly compared to FLC. The design of FLC is primarily based on a trial and
error procedure. The triangular membership was considered
because of its simplicity of implementation and because less

In recent times, the SLMC has shown the potential twomputational intensity is required. The number of linguistic
be insensitive to parameter variations and external distwariables and the base width of linguistic variables have
bances. A closed-loop control system using SLMC is shown gome effect on the response time and magnitude of ripple

Output voltage {V0), Load (RO)

Fig. 10. PI response for load disturban@é (ref) = 10 V).

. COMPARISON

XI. SLIDDING MODE CONTROLLER (SLMC)
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Fig. 15. FLC, Pl and SLMC phase plane trajectory for startup.
25 25
SLMC :
53 vs : where as SLMC has a non zero steady state error. This steady
920 - — | ) 20 state error is due to PD feedback which needs an error to
2 : : produce a nonzero control to keep the steady state. During load
. ! ] 2 disturbance FLC performs satisfactorily during the transient,
> o g ot
g " % as well as the steady state.
o 3 For supply disturbance, FLC and SLMC respond in a highly
[= - . .
2 0 vo o & damped manner with a small overshoot whereas Pl responds in
S o e e ST % an under damped manner with very high overshoot. At steady
3 ~ state FLC and PI have almost zero steady-state error where
1 .
3 54 v N 5 as SLMC has a non zero steady-state error. During supply
E T =TT disturbance FLC out performs Pl and SLMC during transient,
as well as the steady state.
) 0
0 002 0G4 2.06 0.08 0.10
Time (S)

Fig. 14. SLMC response for supply disturbar(@g (ref) = 10 V). Xlll. SIMILARITY BETWEEN FLC AND SLMC

Fig. 15 shows the phase plane startup response of FLC,
SLMC, and PI. Both FLC and SLMC have a similar trajectory
in the output voltage. However, they don't seriously affeatith different slope. In SLMC, the slope could be chosen
the response as the change of gains in a PI controller dogs.a design parameter. In FLC, the slope of the sliding line
The seven linguistic variables with equal basewidth gave decided by definition of linguistic variables (membership
satisfactory results for output voltage regulation. functions). There is no straightforward method to choose
In the design for SLMC, the PD-type feedback was consitinguistic variables to have a required time constant. In the
ered because it is supposed to produce steady state error withe of FLC, the sliding line is not linear as it is in the case
reduced chattering (i.e., ripple voltage). The on-off contr@f SLMC.
could have been added to avoid steady-state error but it would
have produced more ripple voltage.
In the design of the Pl-controller, the gain selection is XIV. CONCLUSIONS
crucial. A set of gains can be ideal for one type of disturbanceThe study of fuzzy logic control, Pl control, and SLMC

but not for another type of disturbance. The gains were selectggygest that FLC performs satisfactorily in regulating the
to provide a performance compromise for supply voltagsutput during external disturbances. The transient overshoot

distgrpanpe and Ioad'disturbance- . in FLC is negligible compared to Pl response. The control
Digital implementation at the sampling rate of 20 kHz wagw employed in SLMC inherently has steady-state error due
considered for all these controllers. to PD type of feedback. Pl shows under damped response

From the results shown in Figs 7, 8, 10, 11, 13 and 14uring disturbances due to off-tuned gain constants. FLC
for load change FLC and SLMC respond to a highly dampesthows sliding-mode characteristics of SLMC. From the present
manner whereas Pl respond in an under damped mannersiidy, FLC seems to be a viable controller for application in
steady state FLC and Pl have almost zero steady state egower electronic systems.
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