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Design of Automatic Fuzzy Control for Parallel
DC-DC Converters

Rong-Jong WaiMember, IAENGand Yi-Chang Chen

Abstract—This study mainly focuses on the developnme of
an automatic fuzzy control (AFC) system for a pardel dc-dc
converter, and the control objective is to achievehe stable
voltage regulation and uniform current distribution. The
average model for an example of a three-module bdos
converter, which is composed of three conventionaboost
converter frames in parallel connection, is derivedfor the
design of this AFC system including voltage and cuoent
control loops. In the voltage control loop, the taget of the
inductor current is designed to be followed by thecurrent
control loop, and the current control loop is desiged via
incremental fuzzy form to control respective duty atios. In this
AFC scheme, the fuzzy inference mechanism is autotielly
built according to inherent circuit properties without complex
tuning algorithms or computation processes. The edttiveness
of the proposed control scheme is verified by numéral
simulations and experimental results. The advantageof good
transient response and robustness to uncertaintiese indicated
in comparison with a conventional proportional-integral
control (PIC) system.

Index Terms—Automatic fuzzy control, Stable voltage
regulation, Uniform current distribution, Parallel dc-dc
converter, Boost converter.

I. INTRODUCTION

Nowadays, parallel dc-dc converters with fundamenta
boost mechanism and large power capacity havewiekety
used in many industrial applications for promotihg level
of low-voltage-type sources and satisfying ever aleding
power requirements [£]3]. With this arrangement, it offers
efficient processing of built-in redundancy andwes the
supply of high output currents in applications suzh

respect to the output to be controlled [4], [5]eTéxistence
of unstable zero dynamics introduces a hard cdngtran

the achievable performance [5]. Being a nonlingatesn, a
parallel-connected system of boost converters reagie in
many ways that could not be manipulated by conueati
linear design and analytic methods. In order toroup

system reliability and reducing current stress witching

devices, the control objective must ensure the leshaxing

of the load current among parallel converters #edstable
regulation of the output voltage [3].

Traditionally, conventional proportional-integral-
derivative (PID)-type controllers are widely usedndustry
due to their simple control structure, ease of gtesand
inexpensive cost [6]. However, the stability of fAkD-type
control system could not be assured when system
uncertainties exist, and the control gain shouldepeatedly
tuned to ensure favorable performances. Besides, th
unbalanced equivalent series resistors (ESR) arctods of
the parallel dc-dc converter would cause the ctirren
distribution to be not uniform. To deal with thigfidult
problem, much research has been done in recens year
apply various approaches in the control field-[3], [7].
Choi [1] investigated three different parallelinthemes for
multi-module converters and addressed benefits and
limitations for each paralleling scheme. Howeiee, ¢ontrol
gain should be predetermined via off-line frequency
spectrum analyses with a tradeoff between the ktirre
sharing and steady-state voltage error. Lopez ef33l
presented the analysis and design of a paralletexiad
converter system using sliding-mode control techeg But,
the local stability of the sliding-mode control &y in [3]
only could be guaranteed under specific conditions.
Mazumder [7] developed analytic methodologies for

mainframe computers, systems using very large scalestability analyses of parallel dc-dc convertersngsiheir

integration (VLSI) technology, and uninterruptibb@wer
supplies (UPS) [3]. Control of the fundamental koos
converter frame in parallel dc-dc converters ihallenging
problem because, besides being a bilinear systdth éwv
binary input in its exact description, or a satedabne in the
average model) it is also a non-minimum phase systith
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switching model, discrete model and average model.
Unfortunately, only the methodology using a loadsgtg
dc-dc buck converter was illustrated.

Fuzzy control (FC) using linguistic information jsesses
several advantages such as robustness, modelffigersal
approximation theorem and rule-based algorithm[[&],In
this study, an automatic fuzzy control (AFC) systén
designed for a parallel dc-dc converter to simétarsly
achieve the stable voltage regulation and unifotnmrent
distribution. This study is organized into five Bens.
Following the introduction, the entire three-modtleost
converter structure and its dynamic average maedbaefly
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described in Section Il. Moreover, the detailed igles
procedure of the AFC system are expalined in Sedtioln
Section IV, comparative simulations and experimenith
proportional integral control (PIC) for a three-nudel boost
converter are performed to demonstrate the effexséiss and
robust control performance of the proposed AFC sehe
Finally, some conclusions are drawn in Section V.

Il. SYSTEM DESCRIPTION

In this study, a three-module boost converter mmpased
of three conventional boost converter frames inalbelr
connection and its configuration is depicted in. Bigin this
converter, it uses a common input voltage soureafd the
corresponding input current)(distributes over three basic
converter frames. The major symbol representatimres
summarized as follows. In Fig. ¥, denotes a dc input

voltage; i.,| ., and T, are the currents and
equivalent series resistors (ESR) of respectivaudtuts
L, Moreover, S,|,.,, and D,| ., represent the
switches and output recetifier diodes; C is thepoufilter
capacitor and R is the output lodg;and v, are the output
current and voltage. Note that, the conductiveag@tdrops
of all the switchesS,|..,, and diodesD,| . ,, are
neglected in this study to simplify circuit analgseln
addition, the current sourdg imitates system uncertainties
incurred by the load variations, the effect of EBRthe
output filter capacitor, ideal assumptions in cit@nalyses,
and unpredictable perturbations in practical ajppiins.
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Fig. 1. Framework of three-module boost converter.
Apply nodal and loop analytic techniques [10], the

dynamic behavior of this three-module boost comrectn
be governed by the following state equations:

diu:_(l_v1)v +i_iL1rL1 (1)
a6 L oL L
%:_(l_vz)v +l_iL2rL2 2)
¢ L L L

% — _(1_V3)V0 +i_ iL3rL3 (3)
dt L L L
a, v, 4 (4)
d L C C

wherev,| ,,, denote the states of the switch83 ., ..

When v, =1, it means that the switcy, is turned on.
Similarily, if the switch S is turned off, thenv, =0.

According to (1)3(4), the average model of this three-module
boost converter can be derived via the state-spaeging
method [10] as

L121+rL121_V:(q_1); (5)
L222+ .z~ Y :(uz_l) 4 (6)
Lz+r,z-v=(u-1)gz ()
C'Zﬁ%z#(%- #=0 8

wherez, z,, z,, z,, z and z are the average values of
i.,0,,1,,v ,i andi, , respectively; the control input

|L1’|L2’IL3’ o' ‘o u?

u

n

S

n

denote respective duty ratios of the switches

n=1,2,3

n=1,2,3"

The block diagram of an automatic fuzzy control (AF
system including voltage and current control lofmsthe
three-module boost converter is depicted in FigwBere
z,, is the voltage command arg], is the total amount of

4d
inductor current commands specified by the voltegetrol
loop. By dividing z, equally to force uniform current
distribution (i.e., n=3), z,, z, and z, represent
respective inductor current commands. The contrablem

is to find a suitable control law so that the otitynitage z,
can track a desired reference commaydand the inductor
currents can achieve uniform current distributibm achieve
this control objective, define a voltage tackingroer

e =2z,- 7 and three inductor current tracking errors,

AUTOMATIC Fuzzy CONTROL

e, . The detailed derivations of the

n=1,2,3 = Z’1d|n:1,2.3_ Z1|n:1.2,3
proposed AFC system including voltage and currentrol
loops are described in the following subsections.

A. Voltage Control Loop

The input linguistic variables for this fuzzy vajgcontrol
are the voltage tracking erra(n) and its change rate

€ (n), which are defined as
e(maz(m-2zn (9)
e(n)Ale(n - & P/ { (10)
where n is the number of iterations; is the sampling time,
z,,(n) is the voltage command atth sampling interval;
z,(n) the output voltage &-th sampling intervalg, (n) is
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the voltage tracking error atth sampling intervalg/(n) is

the change rate of voltage tracking erromath sampling
interval. Moreover, the output linguistic variabie the
increment of the total inductor current command,, ().

H Current Control Loop #
Automatic Fuzzyi '
Control System!

=

Voltage
Contro
Loop

'
LUy

Current Control Looy [+ Three-Module
'

Boost Convertel

N

'
Current Control Loop H——

Fig. 2. Block diagram of automatic fuzzy controssm.

In this study, the entire inductor current commamdhe

fuzzy voltage control can be expressed as
ch :Aztd +[( Pmax/_y)lz]
where vV is the nominal

predetermined maximum

(11)
input voltage;P,

> . Is the
input power, and the term

[(P../V)/2] in (11) represents the base of the total inductor

current command. In addition, the input and outpzty sets
are both chosen as Positive Big (PB), Positive 5(Ra),
Zero (ZE), Negative Small (NS), and Negative BigB{N
The membership functions of input and output fugets in
the voltage control loop are depicted in Figsard 4,
respectively. In this study, the singleton fuzzfion with
triangular  membership  functions,  center-of-gravity
defuzzification, and product fuzzy inference aremdd
because they are computationally simple, intuijivel
plausible, and most frequently used in the opelitiaatures

(8], [9].

NE N¢

0
Fig. 3. Membership functions of input fuzzy sets.

NB N ZE Pps PB

Q
Fig. 4. Membership functions of output fuzzy sets.

Fuzzy control is characterized by a collection a#Zy
IF-THEN rules, in which the preconditions and cangnts
involve linguistic variables. The rule base in thezy
voltage control can be represented as

R:If (n)is F' ande(n) is F,,
Then Az, (n) is @' (12)
where F' and F) are input fuzzy setsy' is the output

fuzzy set (singleton action);=1,...,m , wherem is the

number of rules in the voltage control loop. Acdngdto
inherent circuit properties, the total inductor reumt
command should be increased if both the voltagekiing
error and its change rate are positive. On therapntthe
total inductor current command should be decre#ddsath
the voltage tracking error and its change ratenagative.
From these analyses, fuzzy linguistic rules usedthie
voltage control loop can be summarized in Tabl&d.a
result, the increment of the total inductor curreotnmand
produced by the fuzzy voltage control can be exqa@as

Az, = Wiy w (13)

wherer, is the singleton of the output fuzzy set, amdis
the firing strength of the corresponding rule.

B. Current Control Loop
The input linguistic variables for the fuzzy curreontrol
are current tracking errorg (n) and their change rates

n=1,2,3

€(n)|,,,» which are defined as

& (M) s 26 (M) = 7D (14)

& (N)an B8], — 8 D[, 0 (15)
where z,(n)| ,,, are respective inductor current
commands atn-th sampling interval; z (n) ,,, are

respective inductor currents at-th sampling interval;
e (n)| ,,, are respective current tracking errorsnath

sampling interval;e;(r))|nzllz’3 are the change rates of

respective current tracking errorsmath sampling interval.
Moreover, the output linguistic variables are retpe

incremental duty ratiosAu, (n) In this study, the

entire duty ratios in the fuzzy current control che
expressed as

Ul s =AU L, + @Y1 3,) (16)
where the tern(1-V, / z,,) represents the nominal duty ratio
of a conventional boost converter. In addition, itiut and
output fuzzy sets of the fuzzy current control elnesen as
the same as the ones of the fuzzy voltage contiog
membership functions of input and output fuzzy setthe
current control loop are also depicted in Figsar®l 4,
respectively. The singleton fuzzification with tgular
membership functions, center-of-gravity defuzzifica, and
product fuzzy inference [8], [9] are also adoptedeh The
rule base in the fuzzy current control can be regmted as

R :If e(n)|.,,is K’ and€(n) is F),

Then Aun(n) n=1,2,3 IS gj (17)
where F' and F; are input fuzzy setsg’ is the output

n=1,23 *

n=1,2,3 1,23

n=1,2,3

fuzzy set (singleton action)j =1,---,m_, wherem_ is the
number of rules in the current control loop.
According to inherent circuit properties, the duétio
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should be increased (i.e., charge the inductor rtiowe) if
both the current tracking error and its changeaegepositive.
On the contrary, the duty ratio should be decredsed
discharge the inductor more time) if both the cotrteacking
error and its change rate are negative. From thealyses,
fuzzy linguistic rules in Table | also can be usedthe
current control loop. As a result, the incremeniiatly ratio
Au,| .,, produced by the fuzzy current control can be

expressed as
Au, :iw;rj"/iw;, n=12,3
=1 j=1

wherer" is the singleton of the output fuzzy set, amtis
the firing strength of the corresponding rule.

(18)

TABLE I.
Fuzzy LINGUISTIC RULES
Error
Error PB| PS| ZE | NS | NB
change ra
PB PB| PB| PB | PS | ZE
PS PB| PB | PS | ZE | NS
ZE PB| PS| ZE | NS | NB
NS PS| ZE | NS | NB | NB
NB ZE | NS| NB | NB | NB

IV. NUMERICAL SIMULATIONS AND EXPERIMENTAL
RESULTS

In order to exhibit the merits of the proposed atc
fuzzy  control (AFC) system, a conventional
proportional-integral control (PIC) system is ats@mined
in this study [6]. In this PIC scheme, the voltdgecking
error g, is obtained by subtracting, from z,, , and the total

amount of inductor current commands is designed as

z, =k, g+ I<,1J.Dt ¢ d, in which k, and k, are
proportional and integral gains in the voltage oalniibop.
Then, z, is divided equally toz, , z, and z, (i.e.,
n, =3) for viewing as respective inductor current comdsn

and the corresponding current tracking
- z| ., are used to design the control

n123 2 | 1,23

n=1,2,3 = kPZ%
a proportional gain in the current control loop. fdlover,
assume that input fuzzy sets in the proposed AB@&Byare
symmetrical, the centerc{) and width @, ) of triangular

membership functions can be determined by dividimggally
as

n

efforts asu,

+(-Y/ ), in whichk, is

n=12.3

h _ )g'nax B Xmin
= -(h-1)—r=—m 19
I (19)
Wd = 2 )gﬂax ~ Xmin (20)
n -1

where n, is the total number of input/output fuzzy sexs;,
and x_ could be predetermined maximal and minimal

errors

el

n=1,2,3' h

bounds ofe,, €, Az, e

h

s andAu,| -

All numerical simulations are carried out using \dbws
packaged Matlab 6.5 edition software. The circuit
specifications of a three-module boost converteth wi
nominal output powerP, =400W are summarized as

follows:

PWM switching frequency f_ = 20kHz;
Sampling time T =50us;
Inductors L, =56QuH; L, =5654H;
L, =584uH;
Output filter capacitor C=13.2mF;
Rated output load R=5.762;
Nominal input voltage vV =24V;
Nominal voltage command z,, =48V.
Moreover, the initial conditions are set at
z2(0)=7(0)=2(0)=1.3889A~ and z(0)=24V . |In

addition, the control parameters of PIC and AFGesys are
given as

n=3,n =5 m=m=25, k, =3, k, =5000,

k,, =0.045 (21)
All the parameters in (21) are chosen to achieyeesor
transient control performance in numerical simolasi and
experimental results by considering the possibluoence
of operational conditions and the limitation of tmhefforts.
In order to investigate the robust characteristiésthe
proposed AFC system in numerical simulations,
following examined cases are considered:
Case 1: Robustness against load variations.
v =24V ; r,=r,=r,=0; R is changed from
5760 to 4.189) at t=0.15sec and then from
4,189 to 9.21/2 at t=0.30sec.
2: Robustness against load variations andreliff
equivalent series resistors of inductors.
v=24v ; r,=5mQ ; r,=56.5m ;
r, =78.4n); Ris changed fronb.76Q to 4.189)

at t=0.15sec and then froh 189 to 9.2182 at
t=0.30sec.

Case 3: Robustness under the occurrendg.of
v =24V ; r,=r,=r,=0 ; i,=2sin(37T ;
R=5.760

Case 4: Robustness against load variations andreliff
voltage commands.
v =24V ; r,=r,=r,=0; R is changed from
5760 to 4.181M at t=0.15sec and then from
4.18M) to 9.21@) at t=0.30sec;z,, is changed
from 48V to 55V at t=0.20sec.

Numerical simulations of the PIC system for the
three-module boost converter at cased are depicted in
Figs. 58, respectively. From Fig. 5(a), one can see timat t
output voltage at cases 1 show a little bit dip anslight
overshoot while load variation but is eventuallgtozed to
its desired value. Basically, the average currésttidution

the

Case
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is uniform in this incremental-type PIC scheme.o&n be Figs. 5-8, the proposed AFC system indeed yields superior
seen from Fig. 6(a), the output voltage at cads@shows a  performance than the PIC system.

slight dip while loading and a slight overshoot Mhi In order to verify the effectiveness of the progbsd-C
unloading but rapidly restored to its desired valiecase 3, system in practical applications, the following emaed

the output voltage ripple in Fig. 7(a) is distilecause the  conditions are considered:

inductor current is not large enough to compensaeffect Condition 1: Nominal condition.

of i,. From Fig. 8(a), the output voltage at case 4 shaw V. =24V; R=34.5).
little bit dip and a slight overshoot under loadiation and Condition 2: Robustness against load variations.
voltage command change. Besides, the average turren Vv, =24V ; Ris changed fron84.5) to 18.38.

distribution in Figs. 6(b) and 8(b) is not very fanm Condition 3: Robustness against different voltage
because of the difference qﬂn:l‘m and voltage commands. commands.

For comparison, numerical simulations of the pregos Vv, =24V z, is changed from 48V to 55V.
AFC system for the three-module boost converteraaes Experimental voltage tracking response and indumorent
1-4 are provided in Figs.-942, respectively. The control distribution of the AFC system for the three-modhimost
performances at cases 1, 2 and 4 are quite stafnle a converter at conditions-B are depicted in Figs. 135,
insensitive to the load variations or to the ocence of  respectively. The control performances at conditied are
different equivalent inductor series resistors amdtage  quite stable and insensitive to the load variatams voltage
commands. In other words, the output voltage rgpidl commands. In other words, the output voltage rapidl
stabilizes without any voltage drop or overshootd gdhe  stabilizes without any voltage drop or overshooty &he
average inductor current distribution is unifornt. dase 3,  average inductor current distribution is uniformhug, the
the output voltage ripple in Fig. 7(a) can be dygatproved  vadility of the AFC system in practical applicatiooan be

by the proposed AFC system, and the uniform currentverified by the experimental results as given igsFil3-15.
distribution also can be achieved. Compare Fig429vith

80 T T T T 40 T T T T ]
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Ny 40 ' ' B N
> 40/ Voltage Commanagz,, 1 <20 Inductor Currenti, |

Input Voltage % 0.1 0.2 03 04
20r I T 1 40 ' ' ' ' ]
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5 I I I I -20 ! ! L L
0 0.1 0.2 0.3 0.4 0 01 02 0.3 0.4
Time (sec) Time (sec)
(c) (d)

Fig. 5. Numerical simulations of PIC system foredvmodule boost converter at case 1: (a) Voltagking response; (b) Inductor current distributi@r);
\oltage tracking error; (d) Current tracking error.
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Fig. 6. Numerical simulations of PIC system foredvmodule boost converter at case 2: (a) Voltagkiing response; (b) Inductor current distributi@);
\oltage tracking error; (d) Current tracking error.
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Fig. 7. Numerical simulations of PIC system foretsmodule boost converter at case 3: (a) Voltagkitng response; (b) Inductor current distributio);
\oltage tracking error; (d) Current tracking error.
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Fig. 8. Numerical simulations of PIC system foredsmodule boost converter at case 4: (a) Voltagking response; (b) Inductor current distributi@);

\oltage tracking error; (d) Current tracking error.
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Fig. 9. Numerical simulations of AFC system foreimodule boost converter at case 1: (a) Voltaggkitng response; (b) Inductor current distributim);

Voltage tracking error; (d) Current tracking error.
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Fig. 10. Numerical simulations of AFC system farelrmodule boost converter at case 2: (a) Voltegeking response; (b) Inductor current distributigr)
\oltage tracking error; (d) Current tracking error.
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Fig. 11. Numerical simulations of AFC system farermodule boost converter at case 3: (a) Voltageking response; (b) Inductor current distributir)
Voltage tracking error; (d) Current tracking error.
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Fig. 12. Numerical simulations of AFC system fareirmodule boost converter at case 4: (a) Voltageing response; (b) Inductor current distributi()

\oltage tracking error; (d) Current tracking error.
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Fig. 15. Experimental results of AFC system foetimodule boost converter

V. CONCLUSIONS

This study has successfully developed an autorhatity
control (AFC) system with inherent circuit propedgsign
for the stable voltage regulation and uniform cotre
distribution of a parallel dc-dc converter. Numatic
simulations and experimental results are preserited
illustrate the effectiveness of the proposed AH@gate for a
three-module boost converter, and the merits atiedted in
comparison with a conventional proportional-intégra
control (PIC) system. According to the simulatedd an
experimental results, one can see that the volageaation
ability is excellent and the current sharing isyaniform
even if under the possible occurrence of systeraniaiaities.
Consequently, the proposed AFC scheme is morexeiifiar
the parallel dc-dc converter than the tradition& Bystem.
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