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Abstract | i

The aim of this paper is the application of Fractional Orde§
Control (FOC) to the control of a Buck converter. This work-
deals with the design of a linear controller for a DC-DC Buck
power converter. In order to achieve this goal, several design
methods are proposed and experimentally validated. Bode's | ADAPTER
ideal function will be used as reference system in all of them.
The employ of this design technique requires the obtention of a0k
a continuous linearized model of the dc-dc converter (LC filter CONTROLER ve
+ PWM actuator). The resultant pseudo-continuous system is
a non-minimum phase system with a Right-Hand-Side (RHS)
zero. In this work, two methods are proposed for the design Figure 1: Buck converter
of fractional order controllers in systems that exhibit this be-

havior. As well, a technique based on the discrete linearized

model is applied. In all the cases, discrete approximationsthObtai” a discrete equivalent that allows its practical imple-
the fractional controllers are obtained. mentation. (First results have been presented in [4]). Accor-

ding to this, the closed loop transfer function of the converter
must be the following:

1 Introduction

Switched modeDC-DC power converters are used in a wide F(s) = ke 1)
variety of applications, including power supplies for personal s+ ke

computers, dc motor drives, active filters, etBulsewidth or, in other words, its open loop transfer function will be given
modulation (PWM), in which the duty ratio changes, sets thgy:

basis for the regulation of switched mode converters. The ope-

ration of these devices is often based on the control of the out- k

put voltage of a passive filter. A badixC-DC converter cir- G(s)D(s) = —i (2)
cuit known as theBuck converter is illustrated in Fig.1. The y
Buck converter consists of a switch network that reduces th&ere.G(s)
dc component of voltage and a low-pass filter that removes this) is the controller.

high-frequency switching harmonics. Several control strategiege methods of design proposed in this paper are based on
have been used for the control DC-DC converters, such asfrequency domain techniques. Therefore, a linearized model
Pl, Dead Beat, Sliding Mode Control, etc. [5]. of the plant is necessary in order to apply the design process.
On the other hand,FOC have been introduced in theFirst, a pseudo-continuous model is obtained from the discrete

last decades for managing a variety of control problerfi§éarized one. By using a-transform the obtained pseudo-
[9],[10],[11]. One of the main advantages of fractional corfontinuous system is a non-minimum system, whose phase lag

trollers is the possibility of obtaining an open loop transféPust be cancelled. To take into account this phase lag two
function in the form of a fractional order integrator. Such F'€thods are proposed. One of them is based on considering

system, usually called Bode’s ideal transfer function, givest?€ non-minimum phase term like a delay and to use a con-

controlled system robust to changes in process gain. In tlfRller that combines a fractional integrator and a Smith pre-
way, the purpose of this paper is to propose a method for #ligtor structure in order to achieve the working specifications.
control of power electronic converters by using a linear conhe other one deals with the design of the controller taking into

troller based offOC and Bode's ideal function [3, 7] and ther@ccount the phase lag at the frequency of interest for determi-
ning the order of the Bode’s ideal function. Finally, in order to

is the continuous transfer function of the plant and



avoid the handling of non-minimum phase systems due to thkee matrixA is diagonalizable, and its Jordan canonical form
use of thew transformation, the design problem is broachdd
considering directly the discrete linearized model of the dc-dc
converter and applying the discrete approximation of the resul-
tant fractional controller. In order to show the feasibility of the
proposed methods, a prototype has been built and experimFHé
tal results are reported and discussed. The rest of the paper
is organized as follows. Section Il describes the processes of
modeling and linearization of the plant and a real system model z(k+1) = eTx(k) + VU (E)V 1BV, (8)
is obtained. Section Il deals with the controller design tech- : . | | i of the f
niques proposed in this paper. Section IV shows simulation avr\]/Qere\I/(k) is a diagonal control matrix of the form
experimental results and Section V states some conclusions and

A= VAV_l, A= diag(/\l, Ao, ..y )\n) @)

n, expression (6) becomes

guidelines for further work. (k) = etz (ehzdk) _ o= Azdlk) (9)
which define the relation betweeh andd(k) in the case of
2 Plant model a symmetricON-OFF-ON actuator. Expression (8) defines a

nonlinear relation between the control variallg:) and the
statez(k + 1).

To design the control system of a converter, it is necessaryte control design methods proposed in this paper are based
model the converter dynamic behavior. Unfortunately, modgn frequency domain methods. Consequently, the first step in
ling of converter dynamic behavior is hampered by the nonthe control design process is to obtain a linear model of the
near time-varying nature of the switching and pulse-width mgc-dc converter. Several methods have been proposed to carry
dulation process. In order to obtain a valid model of the dc-@git this linearization: model averaging [6], first-order trunca-
converter, this system is considered as composed of two stin of a Taylor series expansion [1] and methods based on the
systemsL.C filter and aPWM actuator. A time-invariant linear functional minimization [8]. The last one is used in this paper,

LC filter may be represented by a state space model which allows the use of lower sampling frequencies.

2.1 Discrete plant model

(t) ;(gfcz(té;(g%(t) (3) 2.2 Linearized plant model

) ) _ o _ This method is developed in [8] and is based on the approxi-
wherew,(t) is the input of the filter and it is provided by amation of the diagonal matri% (k) by

PWM actuator where the input control is the duty cyele,In

the case of @N-OFF-ON PWM actuator of symmetric pulse .

with respectl’/2 its model is U (k) ~ L'v(k) (10)
whereI is a constant diagonal complex matrix of the same
dimension of¥, andv(k) is a real function of the physical

T(k)+ti(k) control variablei(k).

vs(t)=4q Vg for T(k

) t 2 o . ) . Lo
0 for T(k)+ia(k) <t<T(k+1) The approximation (10) is defined in terms of an optimization

4) problem. Assuming tha¥ (k) = diag (¢1(d), ..., ¥n(d)) and

wheret: (k) = (1 — d(k)) andis (k) = T (1 + d(k)). I' = diag (71, ..., v) are complex matrices, will be found the
(k) = 3( (k) 2(k) = (1 +d(K)) matrix I' and the functiony(d) which minimize the cost func-

An equivalent discrete model of the joint systeRWM tion

actuatortC filter can be obtained from the solution of the equa-

tion (3)

{ 0 for T(k) <t
t

n

) A+ /teAvag(T) e " / >~ (W4(d) = () () — 7o) dld) - (11)

1=

Ju

to
) o ) wherex denote a complex conjugate transpose. This cost func-
Particularizing fort = kT, ¢ = T(k + 1), and avs(t) given  yjon penalizes the squared error of the approximation in all the
by (4), the discretized model is given by the expression  grmg of the diagonal of (k) and through all the values df

Applying the variational calculus to determine the optimal)

for a fixed matrixl", the Euler condition gives the optimum
w(k+1) =eTa(k) + eAT(e_Atl(k) - e_AtQ(k'))A_lBVg g P

(6)

y(k) = Ca(k) (d) = iz Yild)y}

D " (12)
D i1 ViVi



Thus, the linearized model becomes
(w + p) (brw + ba)

m(w) =k 18
G m(w) arw? 4+ agw + as (18)

z(k+1) =ea(k) + Vdiag (T) V'BV,0(k)  (13) and
wherew (k) is a fictitious control signal related to the real con-
trol signald(k). Its inverses—! can be tabulated and used in —w+p
the control algorithm. In the case of &N — OFF — ON A(w) = Wi Tp (19)
actuator the equation to use is

d(k) =o' (v (k)) (14) 3 Controller design

23 Real system model for design 31 tCucr)r;troller design based on the Smith predictor struc-

With parameters values (see Fig.[1}= 3.24 mH, Ry, =0, . . o . :
C = 48 uF, R = 117 Q, andV, = 20 V, for a switching The aim of this section is to design a fractional controller for

the buck converter in the presence of a RHS zero. The con-

frequency o kHz (T' = 0.5 ms), the obtained linear discrete ; i . i . -
troller design will be carried out in two steps. First, minimum-

del i ;
modetis phase subsyster@ ,,(w) will be compensated. Next, non-
minimum-phase subsyster{w) will be considered.
r(ht1) = 0.3070 —0.1100 (k)4
~ | 7.4237  0.2585 3.1.1 Minimum-phase subsystem compensation
103 [ ?é;?? } V,o(k) (15) For this purpose Bode’s ideal function will be taken as referen-
: ce system. Considering the transfer function of the minimum-

where (k) is the fictitious control signal and the duty ratid®hase subsystem (18) and a desired open loop transfer function
d(k) is obtained from the expression (14). for the compensated minimum-phase subsystem of the form
(2), the parameterk. and A will be selected to obtain a speci-
fied phase marginf M) and crossover frequency ). So, the
transfer function of the compensatdr,(w) can be obtained

Then, the discrete transfer function of the converter is

Gy V) 10 LTI L0n00: ] as:

T V() T 10565521 + 0.89582 2

whereV (z) is the output voltage of the converter andz) is Dy(w) = ke ke (a1w? + agw + a3) (20)
the fictitious control signal. oA = wAGym(s)  wrk (w +p) (biw + ba)

As the model system is discrete and the desigh method ugé%g the design equations:

is based on a continuous frequency-domain, the discrete model

must be converted into a pseudo-continuous system using the \ )
bilinearw-transformation. So, the obtained pseudo-continuous ke=w2, A=zZ(r—PM) (21)

systems is:
Taking as working specifications for the desigilM = 64°;

we = 1.36 10° rad/seg, the parameters of the compensator
(17) arek. = 1.1 10%, A = 1.29. Taking into account the original

) . 5 . system, it is, a non-minimum phase system, the compensated
beingk = 10°, p = 4 10%, by = 471, by = 82684 10°, gystem after this first step is:
a; = 2.4613 10*, ay = 8.336 10°, a3 = 2.12848 101,

(w —p) (byw + be)
a1 w? + asw + as

G(w) =—k

As it is observed, the previous system (17) corresponds to
a non-minimum phase system, which has a right-hand-side
(RHS) zero.

Glw)Dyfu) = 15 O E) 22

The previous expression consists of the Bode’s ideal function

231 Separation of minimum phase and non-minimum Plus an all-pass filter. The all-pass filter introduced a phase lag
phase systems that must be remove.

The presence of RHS zeros in the continuous model involvgsg - Non-minimum-phase  subsystem  compensation
certain constraints in the control system behavior of the con- using the Smith predictor structure

verter. The transfer functio&'(w) can be write as the compo-
sition of a minimum-phase functiofi s,,,(w) with an all-pass The previous analysis reveals that the RHS effects must be con-
filter A(w) [2], s0G(w) = G g (w)A(w), where sidered in the controller design process. In this section, the



D,(w) ; V=1 v(k d(k v
e controler |5 Table 12 bd punt ] Filter

v

Figure 3: Block diagram for simulation

Figure 2: Smith predictor structure

From the expressions (21) the controller parameters are ob-

non-minimum phase term will be compensated by using tﬁaéned aske =532, A = 0.87.

Smith predictor structure (see Fig. 2) . ] ) ]
) ) 3.3 Controller design based on the discrete linearized
By using this control structure, the total controllé) (w), model

marked with a dotted line in the figure 2, will be
In this section a new design alternative for the controller is
D, (w) propo_sed from the (_jiscrete Iine_arized model of t_he converf[er.
=1 Do) G rm(w) — Do(w)G(w) (23) F(_)r this purpose a discrete version of th_e Bode’s |d9al fu.n_ctlon
¢ fm o will be taken as reference system applying the Tustin’s bilinear
ct)ransformation. So, the open loop transfer function of the de-
Ared compensated system will become:

D1 (w)

Consequently, the global transfer function of the closed lo
compensated system will be

k
ke G(2)D(z) = —— 26
Flw) = — ¢ 4 24 2)D(z) (26)
(w) v + k, (w) (24) (%:ﬁ))\
Equation (24) differs from (1) and so an error between the cofjnere &, and \ will be selected to obtain the specified phase

pensated system and the Bode's ideal function can be obsenyiggin (P1As) and crossover frequencyw,). The transfer
at the frequency of interest. This error must be remove fRfnction of the compensatd?(z) can be obtained as:
preserving the design specifications, and a different phase mar-

gin and crossover frequency must be calculated to take into

account the errors in module and phase. According to this, the D(z) = _ K. 1 (27)
new values of the corrected specifications dfd/ = 84.22°; (g z—1)A G(2)
T z+1

w. = 2.53 103 rad/seg, and so, the new parameters of the

compensator ark. = 4.19 10%, A = 1.06. G(z) corresponds to (16) and the design equations are (21).

Taking as working specifications for the desighM = 64°,
3.2 Controller design by the phase lag compensation. we = 1.36 10® rad/seg, the parameters of the compensator

Th d d desi hni kes i ag?ekC = 1.1 10%, A = 1.29. The discrete fractional integra-
€ second proposed design technique takes !nto accpuntt §s approximated by continuous fraction expansion (CFE) as
additional phase-lag introduced by the all-pass filter. This ad I

oposed in [12].
tional phase delay can be evaluated at the frequency of inte estp 2]

(w,) being: . . .
£(AGO)],0, = —37.55° 4 Simulation and experimental results

) In order to show the performance of the three proposed me-
The open loop transfer function of the compensated systemyyys  simulation and experimental results for all the con-
this case will be: trollers, with the specifications listed before, are shown here.
For obtaining the simulation results of the compensated system,
the first step is to find the discrete equivalents of the previous
controllers. This is achieved using inversetransformation,
and, in the case of the fractional pseudo-integrator, it is ap-
The controllerD (w) will be obtained from the minimum phaseproximated by CFE method aforementioned.
subsystem, considering the phase lagiéd),
phase margin for design:

D(w)G(w) = m%cxw) (25)

resulting a new The simulated system correspond to block diagram in Fig. 3
where: the block Table” perform the conversion between fic-
titious control signal and duty ratio; the blo8%M provides
to the filter a voltagel; during the intervald(k); the block

PM' =PM — Z(A(jv))| = 64 + 37.55 = 101.55° " Filter” is the LC filter plus the load resistance.

V=W,
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5 Conclusions

Figure 5: Simulated step responses for the designed controllgeseral alternative new methods to control power electronic
converters based on the use of fractional order controllers are

. displ h de di fth q sproposed in this paper. The controller design methods are
Figure 4 displays the Bode diagrams of the compensate en, and simulated and experimental step responses are pre-

tem with the described controllers. These results show that gé‘?.ted in order to show the performances of the controlled sys-
design specification, phase margiRf) and crossover fre- yo 4 the flexibility and feasibility of the methods. This pa-

quency &), are satisfied. per has shown that other alternatives can be applied to the con-
Figure 5 shows the simulated step responses obtained withtfieé of systems that exhibit non-linearities or RHS zeros, like
described controllers. An overshoot can be observed in the tip@ver electronics converters, and the practical implementation
response of the controlled system using a controller basedajrithe obtained controllers is feasible and they give good re-
the discrete version of the Bode’s ideal function. This ovesults. New works are carrying out with the goal of extending
shoot is due to\ > 1, and can be removed by changing th#éhe use of fractional order operators to sliding mode control, as
design specifications. the definition of switching surfaces.

A real prototype of the Buck converter has been built to veri
the feasibility of the proposed methods. The controller algiR€ferences

rithms has been implemented irfPentium 166 MHz machine. 1] J.P. Agrawal.Power Electronic Systems: Theory and De-
Figures 6, 7 y 8 show the experimental responses obtained WiL

) ; h sign. Prentice Hall, 2001.
the different controllers. As can be observed, there is a good

agreement between simulated and experimental results. All ti2] J.A. Alvarez-Rarirez, 1. Cervantes, G. Espinosé+ez,
controllers exhibit a good behavior in transitory and stationary P. Maya, and A. Morales. A stable design of PI for DC-



Figure 8: Experimental step response for design based on the
discrete model case
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