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Abstract - This paper proposes the design and the
experimental validation of a robust H control technique
applied to boost converters. Differently from
conventional techniques, the proposed controller & a
certificate of stability and performance under arbirary
parameter variations. The design procedure adopts a
linearized model with a polytopic structure for the
converter affected by time-varying parameters. An
optimal H, state feedback controller (under quadratic
stability) is synthesized using convex optimizatiomased
on linear matrix inequalities. This framework allows the
determination of the control gains in a very fast \ay,
using a finite set of inequalities to obtain a comoller that
ensures robust stability and performance for the etire
set of uncertain parameters. An experimental setupf a
boost converter is used to validate the controlledesigned
here. The input voltage, the operating point duty gcle
and the load are considered as arbitrarily time-vaying
uncertain parameters. The synthesized control gains
produce good simulated and experimental results wime
compared to those obtained with a classical stratgg
based on PI controllers, without introducing additonal
implementation cost. The experimental validation poves
the viability of practical application of this important
robust control technique for boost converters.

Keywords - Boost Converter, Polytopic Uncertainty,

Robust Control, Optimal Control, Linear Matrix
Inequalities.

I. INTRODUCTION

specifications can be achieved, for instance, bwanaeof
state feedback control laws, which are suitabledptimal
control and robust control strategies [2-4].

The linear quadratic regulator (LQR) is recognizasdone
of the most important optimal control techniquesyviding
good stability margins for the closed-loop systend @he
reduction of the control signal energy [3]. Suchntcollers
have been used in several applications includingvepo
converters [5-8]. The application of a discrete L@Rh a
state observer for a Cuk converter is presentd€]irin [9],
the authors apply a discrete LQR and a Kalmarrfilseed as
a state observer for an AC power source system hmgtar
and nonlinear loads. This technique was also us¢d]; for
uninterruptible power supply application. These grapdeal
with the design of discrete-time LQRs, implemented
digital platforms. In the recent work [5], polytapmodels
for DC-DC converters are used to deal with uncetyadf
the duty cycle operating point and of the load pai@rs.
The design of the LQR is formulated in terms of tlegtices
of a polytopic model using linear matrix inequaliiyMI)
based conditions [10], providing a controller tligtrobust
against uncertainties. This allows, for instanbe, dperation
of boost converters with large load ranges. Addiity, the
resulting controller is suitable for analog implertadion,
whose advantages and drawbacks are well known Q]
the other hand, one of the most important diffiegltwith the
design of LQRs is the choice of the weighting nua&tsi even
for robust LQRs. In [7], the problem of finding theighting
matrices for an LQR applied to a boost converter is
efficiently solved with the help of a genetic aldgjom.

One limitation of using linear control techniques the
conventional LQR, for a nonlinear plant, as the dioo
converter, is that the performance of linear cdlers

Boost converters are an important class of DC-DGjesigned for a linearized model of the convertey trecome

converters used in several applications as hyblédtric
vehicles, power factor correction devices, renewabiergy
conversion systems, etc. The control of boost caere
usually aims on regulation of the output voltagé&hvemall
under/overshoots and short settling times when vesoag
from load and input transient, good frequency respoand
rejection of disturbances [1]. Such
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poor for large perturbation, as for instance loadations in
wide ranges [12]. Nonlinear control techniques pevan
interesting possibility of controlling the converfer a large
range of operation [7, 13]. The difficulty with shapproach
relies on the fact that nonlinear control techngjae in

general complex to be determined. Fuzzy logic based
performance:ontrollers can provide a useful alternative [Jaflowing to

design local controllers by means of, for instanieegar
control techniques, and then combining these ctatsowith
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fuzzy logic to provide a suitable global controlléor
nonlinear systems, as given by [7] in the contéxhe boost
converter.

Another alternative to control boost convertersspriing
a large range of operation is the use of robusttrobn

techniques, which can provide controllers that emsu

stability and performance for the closed-loop systaainst
uncertain parameters and disturbances [4, 10, NIbHels

including uncertain parameters for power convertease

been proposed, for instance, in [16], in the cantéxinear

fractional representation for uncertainty, and5hd4nd [17],

for polytopic uncertainty. Even though robust cohtr
techniques have been investigated in several werk#able

in control literature, their applicability for poweonverters
is an important issue of research. The use of Ladlsa tool

for power converters control design can be seein&iance

in [17-20], providing efficient mathematical coridits to

compute robust and optimal controllers.

The main motivation of this work is that most canhtr
techniques applied to boost converters do not tiake
account parameters with uncertainties, possiblg-tiarying,
when dealing with the design of controllers. Usyathe
controller is computed for a nominal model and than

for the range of frequencies of interest, whichraborates
the suitability of the controller for this appligat.

[I. CONVERTER MODELING

Consider the boost converter given in Figure 1

X, L D

—

iload

+ +
Ve —_I_— s c ;:5» R 5 Vo

Fig. 1. Boost converter.

where x. and xc are the state variables representing,
respectively, the inductor current and the capaeibitage.

A state space averaged model of the converter in
continuous conduction mode is given by

):Z(t):(Abff +(A, - AU XD

(A~ A) X(HTUD (1)

posteriori the robustness is investigated by means of

exhaustive simulation for some chosen points in dée of
parameters. This approach cannot guarantee rotakslity
and performance under parametric variations. Evethée
case of uncertain and time-invariant parameters, l@as the
problem of concluding about closed-loop stabilitpyda
performance of a set of infinite points testing yoslbome
points. This work provides a solution for this plerh,
leading to a controller with certificate of robustability

(A~ Ar) X+ (B - B N
where Ay, and B, are the dynamic and control matrices

when the switch is on andy; and By are the dynamic

and control matrices when the switch is off. Theréamental
and equilibrium input vectors aré(t) and U while the

incremental and equilibrium state vectors &) andX ,

which does not rely on exhaustive simulation. Ire th respectively, allowing to write

sequence of the paper, one has the design andiregpéal

validation of a robust Hstate feedback controller for a boost

converter subject to uncertain and time-varying rafieg
point duty cycle, load resistance and input voltagdje to the

knowledge of the authors, this strategy has notnbee

developed, experimentally proven and analyzedHisr plant
as reported in this paper, being this the main rdmrtfon
here. A polytopic model is used to
uncertainties in a way that the control design oo
carried out for a finite number of points is valid the entire
set of uncertainties.
constraints which describe the robusp btate feedback
control design under quadratic stability is usedccémnpute
the control gains. The control design is evaludimd the

parameters of a 100 W boost converter prototype thed

represent such

Convex optimization with LMl

l](t):ad (t), U= Dd! X(t)z[iig}
Vg
* — o o
X:[Xi-]_ D4R A= al
xel | S e
D'y
0 _% 1
Abfle 1 ’BUOH:B‘Joff::S
C RC

where D'y is the complementary operating point duty cycle

robust H state feedback control gains are fast determiyed Hgiven byD'y =1-Dy. The conventional linearization and
means of a commonly used LMI solver [21], leading t the addition of an extra state variable represgniimegral
optimal performance in terms of rejection of dibmces in  action to ensure zero steady state error are iakemccount
the context of H control under quadratic stability. to get the augmented representation of the syssem, for
Experimental results demonstrate that the closed-&ystem instance, [2] and [18])

efficiently rejects disturbances from the inputtage and oy _ A% -

from the load, yielding fast transient responseshwio <()=AS()+BU(Y

steady-state errors. The cost for implementation thof - X(t) | - L (3)
control law is similar to classical Pl based cohtoomps for UK {j(t)} A(t) = ‘_[ % (r)dr

boost converter. The frequency response indicatgeaal 0

rejection of disturbances on the input voltage andhe load
where
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Although one knows that the boost converter prasent

a nonlinear dynamics, this linearized model canulsed
to design linear state feedback controllers captbfgrovide
robustness for operation under parametric variatiovhich
is the main point to be addressed here. It is fiaudo
assume that the load paramet@r the complementary
operating point duty-cyclé'y and the input voltag¥g can

be time-varying. When these parameters vary ingigten
intervals, even when subject to arbitrarily fastiaions, one
has that (4) can be represented by a polytope tfaea [10,

21]. Including the input vector W(t) to represent
disturbances affecting the system and the equaifothe

the convexity of the polytopic set [10]. This mo@é#bws to
apply robust control design as finite dimension btems,
with certificate of stability and performance, afidws.

[ll. ROBUST H STATE FEEDBACK CONTROL
The boost converter shown in Figure 1 is now uséd w

the parameter set presented in Table | in ordetetign a
robust controller and to experimentally validate it

TABLE |
Parameters of the boost converter
Parameter Value
Vg 25V
Vo 50 V
D'y 0.5
L 886 uH
C 220pF
fs 50 kHz

The nominal power of the converter is 100 W. The

system outputy(t) , in order to have the conditions for the parameter®, D', andVg are considered varying arbitrarily

H, control design, the boost converter can be reptedeby
the time-varying polytopic model given by

£(t) = A@®E®) + B@(H) oy + Ea(9) W

X ©)
3(t) = Cla(0)é() + Da() i)
where
Ala®) =X a(hA Bla®) =2 a8,
E(@®) = a,(E Cla®)=Ya, (1, o

D(a() =, ()D,

a(t)=20,i=1....,N, ZN:ai =1

The time dependence of variab@s u, w, Yy and of

the vector of uncertain parameta®s is dropped for sake of
a simpler notation. The parameter vectorof the polytopic
model is supposed as arbitrarily time-varying,
representing the uncertain parameters of the ctarvéor
slow or fast variations, even in the case wheregtrameters
switch from one value to another (instantaneousatians)
or when the parameters remain on the same valoe-(ti
invariant case) but are not precisely known. Matig;, B;,

G, D;, E in (6) are the vertices of the polytope, with

appropriate dimensions and real entries, whoseesahre
obtained from the modeling of the problem. This elquays
a key role in the design of robust control for tilant. The
uncertain parameters are supposed to belong tonoons
intervals, leading to a domain with infinite adnilids values.
Thus, the problem of finding control gains that wes
stability and performance for all the points of themain is
an infinite dimensional problem. In the case theapweters
are represented by the polytopic set, one hasathaintrol
gain that ensures stability and performance only tfe
vertices of the polytope (i.e. a finite set) alsis@res the
same properties for the entire set of uncertaintiesnks to
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thus

inside the intervals
RO[18.75,50Q ,D /O 0.4,05 VgO[ 22,4% (7)

Notice that the intervals in (7) are useful to fyeri
robustness of the control for relatively large a#idns of the
parameters and that other different interval ferpharameters
could be chosen to represent other situations tefeést to
design a robust controller in the same way presemége. In
general, larger intervals tend to lead to more eoraive
results.

The polytopic model is generated as in [5], inchgdhere
Vg as another independent uncertain parameter to wiipe
variations on the input voltage.

In order to compute a state feedback control law

u=K¢& (8)
ensuring robust stability and performance undetitrarly
parameter variation, the standard ¢iaranteed cost control
under quadratic stability is used [22].

System (5) is stabilizable by means of the coriaal (8)
if there exists a solution for the convex optimiaatproblem

A :
7= Xd:Xdr',nZI,rV]\/:W>0Tr(Xd) S-t.
X4 CW+DZ
>0
WC'+Z'D;’' W o
AW +WA+BZ+Z'B" E_
g’ NE
i=1...,N
In this case,
K=zw™ (10)

ensures robust stability in the presence of anlyiparameter
variations with the quadratic Lyapunov function

V() =&'PE, P=W!
and performance measured by angldaranteed cost

(11)
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p=Ao"

being O the minimum trace oXy.

This is a well known result in robust control la¢ure and
the proof can be found in [22]. Matricég B;, C;, D;, E; in
(9) are data of the problem and matridt/sZ and Xy are
variables to be determined.

Using the system parameters presented in Tabld tran
intervals given in (7), and choosing the matrices

(12)

Jo 0y
G = D= E=lse  (13)
Oy JR
with
20 0
Q=|0 4 0 , R, =10 (14)
0 0 100000

one has that the conditions from (9) provide thega

K =[-10354 -06874 3161379 (15)
and the Lyapunov matrix
125.5915 -58.3003 0.2608
W =| -58.3003 363.0972 0.6068 (16)

0.2608 0.6068 0.0022

as the certificate of robust stability for arbiyrgvarameter
variations inside the intervals (7). Using the LK2bntrol

Toolbox from Matlab in a notebook with 1.66 GHz pessor
and 1 GB of RAM, the gains (15) are calculated ih4%.
Moreover, from the choice of fixed matric€s D; andE; in

(13), one has that the problem of robustddntrol solved
here ensures the minimization of the cost function

JEQE+aRY d

from the optimal linear quadratic control problemhich can
be seen as a special case of thecbintrol problem. The
control designer could use other matricgs D; and Ej,

(17)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to evaluate the designed controller, satioih
and experimental tests are carried out. The ougbuthe
system is the voltage across the lod)( The following
tests verify the robustness against load and impriations,
as well as allow to observe the transient and gtesidte
behavior of the converter with the proposed coldrofor
open-loop and closed-loop operation. A classicaltrodler
based on two Pls, one for the current and anotheithie
voltage loop, which is a conventional technique fmost
converters, is used for a comparison. In the téstdoad
variation, the load switches from one resistor @fbto the
parallel association of 3@ and 50Q and in the tests for
input voltage variation, the inpMg is varied in the interval
(7). The control implementation is analog, usingnstard
operational amplifier circuitry, following the bleadiagram
in Figure 2.

Fig. 2. Block diagram of the control law synthesis.
Figure 3 details the implementation of the PWM aign
used to drive switch S in Figure 1, being T the P\iod.

d, PWM

PWM

PWM carrier - — carrier
50 kHz m —d,
I

0 T 2T 3T
Fig. 3. Block diagram of PWM signal generation.

First, to recall the limitations of the open-loggsponses,
Figure 4 shows a disturbance on the input voltags the
resulting output voltage. For this test, the dufgle was set
at 0.5. As expected, the disturbance on the inpltage is

leading to other Hguaranteed cost under quadratic stability.amp”ﬁed to the output, leading to a poor perfoncm
Moreover, when the disturbanc#g(t) are independent zero Figure 5 shows the results for the sudden variatinrthe

mean unit variance white noises with power spedcteaisity
equal to identity, the RMS value of the output imimized

under quadratic stability. This means optimal régec of

disturbances to the output ensured by the propdsed
control approach. The stability ensured by the gdnom

(15) is asymptotic and robust for system (5). Itaiso

important to mention that other LMI constraintstade into

account specifications as, for instance, pole pfecdg in

prescribed regions on the left hand side of thepierplane
and limitation of the norm of the control signalut be

easily added to the optimization problem [10, 24dwever,

with the LMIs in (9), one can obtain good resuftgérms of
transient and steady state responses, as giveheimext
section.
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load. One can note slow transients, with oscillsiand with
large undershoots and overshoots.

Vo

25 3 35 4 45 5
Time (s)

0 05 1 15 2

Fig 4. Open-loop simulation result: variation dre tinput voltage
(Vg — peak value of 48 V) and resulting output voltége — peak
value of 96 V). Scale&/g: 20 V/div andvo: 20 V/div.
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13
Time (s)

Fig. 5. Open-loop simulation result: variation the load current
(iload With initial value of 1 A) and resulting output ltage {/o
with initial value of 50 V). Scales: 2 A/div and\Vadiv.

The closed-loop performance with the robustddntrol
gains (15) is superior. Notice from Figure 6 (immmarison
with Figure 4) that the input voltage variation gieally
does not affect the output voltage, indicating that closed-
loop system provides very good rejection of theuinp
disturbance. The result for the load variation tlog system
with the robust controller is shown in Figure 7.eTmost
important aspect to mention is that the quality tbfs
response is significantly better than in
under/overshoots, settling times and oscillatianthe open-
loop response in Figure 5.

In order to have a more stringent comparison, éseilts
of a controller based on one PI for the currentpl@nd
another for the voltage loop (see, for instance-228B,
designed for the nominal power condition, with #ien of
ensuring phase and gain margins greater than @D2@uiB,
respectively, are illustrated jointly with the réswf the B
controller in Figure 8. The conventional strateggds to a
poorer performance, without any prior
robustness against parametric variations. On therdiand,
the robust H control can cope with arbitrary parametric
variations, providing good performance.

Vo

25 3 35 4 45 5

Time (s)
Fig. 6. Closed-loop simulation result: variationtbe input voltage
(Vg — peak value of 48 V) and resulting variation afput voltage
(Vo = 50 V) with the robust Kcontroller. Scalesvg: 5 V/div and

Vao: 2 V/div.

0 05 1 15 2

Simulations indicate that the robust, ldontroller can
ensure good results for the plant. However, theegrgental
validation is important to prove the viability dfa controller
since in practice one has problems as actuatoraseto and
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terms of

other unmodeled dynamics that can lead to a detteid
performance.

__load.

—

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

0

Fig. 7. Closed-loop simulation result: variation the load current

(iload With initial value of 1 A) and resulting output ltage {/o
with initial value of 50 V) with the robust #tontroller. Scales: 2
A/div and 5 V/div.

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (s)
Fig. 8. Closed-loop simulation result: variation the load current
and resulting output voltag® ¢ with initial value of 50 V) with the
robust H controller (Vqy,) and conventional controller based on

1]

guarantee ofwo Pls (V@). Scale 5 V/div.

Figure 9 shows the experimental results for theesaput
disturbance test investigated in Figure 6. The gomphcity
of rejection of the input voltage disturbance isfaoned by
means of the experimental results. In addition, cndg
correspondence between the simulated and the exgetal
results is obtained.

- Agilent Technologies

Fig. 9. Closed-loop experimental result: variation the input
voltage ¥/g— peak value of 48 V) and resulting variationaftput
voltage /o= 50 V). Scaled/g: 5 V/div andVo: 2 V/div.

Figure 10 presents the experimental results forsdmae
load variation given by Figure 7. Again, a good
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correspondence between simulated and experimesgalts
is observed, indicating that the robustdéntroller produces
good experimental results for rejection of the
disturbance.

Agilent Technologies

Fig. 10. Closed-loop experimental result: variatiom the load
current {joad With initial value of 1 A) and resulting output ltage
(Vo with initial value of 50 V).

Figure 11 and Figure 12 show, respectively, detailshe
undershoot and overshoot presented in Figure 1@. cam
see an undershoot of 7.74% and a settling time ofsdin
Figure 11. An overshoot of 7.84% and a settlingetiof 3.8
ms can be seen in Figure 12. These waveforms ooigjirod
transient responses for the switching load, reprtesg
instantaneous variations on this parameter.

Agilent Technologies

Fig. 11. Closed-loop experimental result: detaill@id current

increasei{pag with initial value of 1 A) and resulting output itage
(Vo with initial value of 50 V).

: gilent Technologies

Fig. 12. Closed-loop experimental result: detailladd current

decreaseijpad With final value of 1 A) and resulting output \ade
(Vo with final value of 50 V).

In order to have an easier comparison of the sitioula
and experimental waveforms, the tests from Figureadd

Eletron. Potén., Campinas, v. 16, n. 1, p.68-75, dez. 2010/fev. 2011

loacbetween both waveforms

Figure 12 are reproduced together with the respecti
simulation results in Figure 13 and Figure 14. Teveor

is small, corroborating the
validation of the controller.

¥ igunn

o 2 4 6 8 10 12 14 16 18 20
Time (ms)
Fig. 13. Comparison of the experimental resultmtouous line)
from Figure 11 and the respective simulation res{dashed line).

0 2 4 6 8 10 12 14 16 18 20
Time (ms)
Fig. 14. Comparison of the experimental resultmtouous line)
from Figure 12 and the respective simulation res{dashed line).

It is worth to mention that the state space colerqg(8)
used here is equivalent to a proportional controdle the
current loop (first entry of control vector gai) and a PI
controller of the voltage loop (second and thirdries of
control vector gainK) of the boost converter. Thus, its
complexity is lower than the classical control whea a PI
controller for each loop which is widely used fdmist
converter. The gains provided here are valid fer $histem
with uncertain and time-varying parameters while gains
from the classical design method are only valid fthe
system supposed as perfectly known and time-inwaria
Additionally, another good feature of the propostdtegy is
that the time spent for control design in (9) i®rshwhen
compared to that from the classical control desigeed on
the iterative computation of two Pl controllers.

V. REJECTION OF DISTURBANCES

The capacity of rejection of disturbances of theodto
converter with the proposed controller is invegtgain this
section in a small signal analysis framework. Cdeasithe
converter with a disturbance on the input voltagel a
disturbance on the load current, as illustrateBigure 15 by
the two additional sources, which represent anylisitmal.

The nominal linearized model in (3) with an addiab
matrix to represent the disturbance entries istevrias
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Notice a good capacity of rejection of disturbaneesept
for one range of frequencies where the closed-kyggiem
produces amplifications. This behavior is corroledaby
means of simulations of the closed-loop system for
sinusoidal disturbanceé; with the frequencies given in

Table Il. This table shows the comparison betwéersteady
state gains from the frequency response (Figureahd)the
gains obtained by means of the waveforms from tbsed-
loop circuit simulation.
TABLE Il
Gains from the frequency response

E(t) = AZ () + BI(t) + F(t) (18)
where
0o H
F'= , W= :
o -¥ o o
with F given in its transpose form.
A L D itoad
...... 8 +,.fm >
[ — s == R *T

Frequency (Hz) Gain from Bode Gain from circuit

Fig. 15. Boost converter with disturbances onittipeit voltage and

on the load current.

Diagram simulation
60 2.03 2.09
120 2.72 2.77
143 2.76 2.70
180 2.69 2.66

The analysis of rejection of disturbances is euvaldidy
means of the frequency response in closed-loop géihs

The results by Figure 16 and Figure 17 allow teedaine
limits of operation for the closed-loop system. 8ma
disturbances on the input voltage will be well ctgal in all

given by (15) and considering the voltage across thfrequencies and small disturbances on the loadeotmill

capacitor as the system output. First, considey &glas the
input disturbance (i.¢,=0). For this situation, one has the
magnitude of the Bode diagram given in Figure 16.

-20

-40

-60

-80

Magnitude (dB)

-100

-120

-140

-160

10 10° 10° 10°

Frequency (Hz)
Fig. 16. Magnitude Bode Diagram from disturbanceshe input
voltage to the output voltage.

10° 10° 10’

It is immediate to observe that the closed-looptesys

have poorer rejection around 120 Hz. Loads withriaanic
current with frequencies around this value, asifistance
PWM inverters, can be also used with the closeg-lstem
respecting limits of power to have acceptable viameon the
output voltage.

VI. CONCLUSION

This paper presented a robust state feedback dentro
design for a boost converter subject to load, dpeygoint
duty cycle and input voltage variations. The cotesels
modeled in a polytopic description taking into aceb
parametric uncertainty. The uncertain parameters ar
arbitrarily time-varying. The control gains, incind a state
feedback gain for integral action, are obtainednfrconvex
optimization conditions for Hguaranteed cost control under
guadratic stability and thus the closed-loop systerstable
for the entire set of uncertainties, under fastapwmater
variation. This strategy has not been developelijatad in

with robust H control has a very good capacity of rejectionpractice and analyzed for this plant as reportew,heeing

of variations from the input voltage for the entinge of
frequencies. This explains the results in Figure 6.

A more stringent evaluation concerns the rejectidn
disturbances on the load curra‘“@t The closed-loop system

has the frequency response given by Figure 17.

Magnitude (dB)

10° 10°* 10° 10
Frequency (Hz)

10 10°

Fig. 17. Magnitude Bode Diagram from disturbancasthe load
current to the output voltage.
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this the main contribution. Several tests are peréa for the
converter subject to variations on the input vadtamnd on

the load. The waveforms prove a good correspondence
between simulation and experimental results andodestrate

the robustness and superior performance of theedimmop
system. The frequency response also corroborateddbd
capacity of rejection of disturbances of the clokexp
system with the robust #tontroller, whose implementation
cost is comparable to that from classical contrslle
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