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Ahbstract

An inceemental approach of the adaptive hackstepping segulition, based o o (it ness
praperty, bas leen applicd bo uneertain de-to-de power comverters of He Boost fype,
The hacksteppang, rdesign is applied on the avernge Prbse.Width-Rodulation ineremental
systein, aned grves o dyvimical stabilizing control with intereding rolistes features, A
sapndatiog “*-tll.'il_'.' :I"IIhl‘l'a'I.h"ﬁ Elis |_-||1|_||| |1n_||p|_-[|i|'\-|.. al maiele o rowt ol lier,
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1 Introduction

The backstepping feedback controller desigi tewhiniggue has hesen seenbly sdvocabod a= 5 sve-
eatie nonlinear adaplive Tredback conteol progeduee aimesd st oldaining sinstil anerns ol
Lo stale feedback Bcavization and ilnl-ilil}'-l-ﬂﬁml iroaplresller EELE TR E |I|:ll|-|'llli' lawes. “This e
of work has boen smmmarized and weonghly cxplainesd o recea laedks by Isristin, Ranel

lakoponlos and Kokidovie [5). The grometric based comlitams o Laie ebirrpizmedas] e s wiven
sysbem, on which the process s Lo be applicad, imply some pesdricbicens, smmnnaridesl i the ey
wstence of & paraeler twelependent alale o cuspelinninhes Draesforralion kg Ehie =vatedn 1k LTS
gop cal el purr peanenicder frrrﬂmnl.' canpenreeal forrng,

In “Iiﬂ w:;rrl: wir !:II.'I".'I-!'II.| A .‘-ill'l]:lll"' I'“:'l:al'l'lilh‘. lll';l Wi r|'1-||| Ul ares ol JaLrbas] P R E T ol illf.
an A Averagse mcrlel of a Do DE Power converler of e boost Ly aan whieh e conelilions
i |"}'| are e longer valil. We e phasize, liswewer, Lhiat Fellowing a stmilar ghilosoplical aj

prc:.m-h as Lhal vsed [or Ehee nped-and ol ;u:la.pl‘iw' lesalluienks Tinwsini iaakiom !:II'1.ll.1'r|rII|!'. PN I
hackstepping, alveady presented i Sira Ramires of al [T] s Barsenti of al (3] one can indesd
achieve inpul-to-siaie adaplive fecdback lnearization wil leamih qecel ool =al i:-i‘r.'.'illj!: 1l =lrimgent
gromwelrie condibions derived in [-rll.

In this article, we deal silly the ||}'|}r|.r||i|'a'| ik bareskabe: ardaplive Teedback linearianlion ansd
slalilizabion of an average miodkel of & swileh |l‘:|!__|ll|'|.t-1‘lt “roost” comverter cieail, Al e
parameters in the civeuit model are assumed 1o be unknown bl constant, Iy partienlar, we
r};p]uiL bl facl Lhal Lhe sy slem 15 dyffevendindly flaf ||| weibl Uliee posivimal Balal stored ey am
Lhe Tinearizing ool put for Lle sominal systenn The nominal stale voordinals Leanslarmaltion i=
n_pp'l'irrl 1o Lhe aclioal syeiem maodel and an meremental |'|'.|rr|:||1=|ri|' npeerlann sysbem = olilained
wlhieh is vl in pure paranseter feedback canonical form. Uhe backstepping prooesdue is directly
applied to the pertorlasd model and, as & resold, a dvnamical adaptive fedback controlber is
el Lisinneed.

Section 2 presents Hhe problen stabemwent fos the aveeages PWA control of o boost converbe
cirenih, Seclin o |':'|:|Jh|i.[x Ll alillferential Nadness associated L e stonml IHCTEY ull Lhie Byl
i ooy Lo olslaiin a soeningl &late Teollseck Cranslormatica of The svstem, Tlos Draneslorme-
Liati |J|.=|:'n-= H[TH syvelei in & suitalle form lor ﬂ|J|I|il:IL|.-i1.III sl e 4|-|.1!:-| i ||.-|-:'|u‘=rl'|l|.li||||.!l 1|r'r;i|'ll|
bewlimiegue, o apite of W Facl of pob complying witl any ol U esisting casonical Torms
[3]. Bection 4 applies divecily Hie backslegpng design proseduee o il nerement sl pacimeter
viincertain ayabeim dealing wiltle tlee control npal as s aviilalde aelditionsl siabe varialsle. A
dynamical adaplive leedback controller s heaoe alibamed with ioteresting rolastess features,
Section 5 desls Lhe robastness, associaled with die 1:||'e:||11:ﬂ-|~r| coal el ler, widh respeel Lo exbermal,

unmiatclpl, slochastic perturbation signals,

2  Problem statement: the Boost DC-to-DC converter

Consider the Bowst converler cireail, shown in Figare 1Tl svstem of diffecential squalions,
describing the inductor corrend Tt and the cagacitor voltage V() is given by
I )
==l = w)¥{1) + —
J',[ w V(I

It

VI = U= ) = o Vi) (1)

! '



wlere L, O wnd B osee, pespectively, the inductonee, capacilinee gl resistance valaes of e
civenit componenta,  Lel us pede Dhe physical pssunpations: L, O ad W are sl b b
moneere, Ve guanlity Y represenis thie constant valwe of 1l external woslbapr sasipeee. W
lenske Bl values gl lee several garameders delining G cirenil el ions as

":r| = — 5 |I'|]- = — ' e - iy e {= )

with = [I'l'|.l'l'¢.f"|.ﬁq|r € 11 © R The wmmponests of U ankuown parisster veslor,
|'|!'|lt!||£.i|lj_[ Tov fu g@ivesn colig el sel B, sures parnipieal] fas e copslsoi=,

W take dbie inchucbor correand i as the ||"'ﬂ|||.'|ﬂ-|'|| aptl | anl Timah o, Biere alemicdase] v 3. I Lhaig
s, W l\.lll:m' |II.'I1. I |I1' S T4 |'|_'.'I'|.'I.II'|'I|':-i Al :-il:;ﬂ!h". '.'|.'||'|| || ER L] |-|'H|IIII||'I-\. LEF] ||||I |||i||:||||||||| |_-||:|'.|l [ =
O Ll astlver Bl 60 g the ol pot cagsaeiior voltage V00, we alstain s usn siosimmm - pahiass
eepuililerinm {see Llapes-Santingo aml Siva- Ramives [6]).

The cotral twpat funciion s Lhe soitel posifion fumelon laking vabees in e Jiscoebe sel
(0,1},

A PWM feedback stralegy ler Lhe spocilicabion of Ui swilcd pesilion Tosedien o, aecsimeiing af
regularly saimjaled matant= of Lo is wsially speecilicad as Todbsws:

UoBoarty = 8 < T o p i bd
1 fin fy 4 I||',\..I:I'J__|_|I 'E.l Eal PO B
e +T =ty ; Le=al,... (b

i

where e (8} is Ve value of Uee acinal dady ratio Binction al ihe s pling instant £ a4
armupding peerisd, T, = asauine] Lo lee constanl

The actual duty ratie T tion is olained From a bosding operation caied sul o e fredlack
compuled dufy eetie foselion , denobed by e, whicl restricis Llue valies of g to e closedd Tt epval
[, 1] This physical restriction resulls of conrse inoa loeal stalsilization,

I we ansvnme Lo have an infinite sampling Trespaeney, & wesulis i somsoth o e g
system, in which pis interpreted ax the control inpit, e, the syriedent conbral i Slinlime Mule
|||l"‘-l.l|_'|'. Thereslasre 1 liss |,|-r||||'||-||| e B n||1'n||1ﬂu|g;||g|.L- |T|'\AH'|| a4 w2l aneliore] aivieliag e ."“ 1 N
contauller design probdew, The Aeerege Maoded Tor Ui PWA contiedlen] Bl comverter (1. I
s Lhen olilained Ly Tenmally replacing the switel pestion Dosetion o e Uhe duty vatio Tt
e, il Llw siate vhivabibes Dy @ lseir AV e

o= =0l = i+ N=1r
e = Bafl = g, — My, i1
For a constant value of the ity ratio Tuonction, dorrespomaling L s dbesived sel ., g o= 17,

with b = {7 = |1, the cepuei il valwes of s average WAL ronverter slabe varinllos sre
:I'm-:lll:l.' ol aieed From (]| anil | I a=

|:: o ‘I-Fr‘] 1 . J]J‘
N R e ol - U]

3 Partial linearization via flatness

Let us congider incremental varialions around Known mominal values of e Jrraivcleis, as
liellows

I'III =} +:|.|g| for ¢ =1..1. (Y]



where Hie 8 are U kpown nominal values,
Lot us consider the following change of coordinates, exbibiting a llal culput 2y for Lhe psiinil

ﬁ.:.la.‘l,ﬂn | e Saran-Raminies el ||i!'-!'::|H:II1[l; lﬁj:l S

I =}1}LT'-:|‘+]|T-;:'
|
7 =%‘|‘|—Il —ih'{f
The p'-ru;||1.'|r1g_ sy=iene i Llee mew s-coordinates s then H;i'-"'!‘" |:','-' :
i o=z 4 AT 4 i)
(7)
23 = hglz p 4+ -"ttllll,_nr.ﬂ'-‘:l + wal=hp )
witls - :
-;ﬁ‘ ol
0
Jilz] £ mi=k=
] % I LE...
L ! 'II
LG
5 ol
= il
fafz) = _%‘u l=] = ,._pr
\ -"_"l.'a il
amil - =03
. g s
halz, gl = -Gl —p) + ﬁf — 2g(y el — e} + —Ii—‘

Alfter Ll previons slake transformabion, the resulting, systene (5) 15 a0 e resembling Uhe
pure paramebne feslback o, inlreduesd by Kanellakopenlos =0 al i 2], Te fact, thers 65 a
slight dillerence dise to Lhe inpat dependance o the contred g Use Brst egquation. Moreover,
i order Llial a mwodilied backatepping algontbom conld be applied Go this form of systems, {he
conbrod lins Lo bee conbimoons. Tndecad, al Lhe secod .':lr'|;| ol Ll |r|||r-e'|||||'r. we clilFerentiake ke
vontrel. That is why, the discominuous control &, whicl takes discicte values o [0, 1], has

been approgimated by ils average (namely infinile sar|||:-|i||g Mrepenaew ) YA walue,

fetnaik

Muotiee that the =late coomlinabes bransfoomalion Lioking e origimal average statle varabilis
[Cg. 0] 1o Ehe new coopdinales [z, 330 5 locally inverbilsle, i £ Jaeodsian mateiz of 408 Leans
Fearmmat inn:

i ;',—;:: iz
v - .- I L I,

B iy e
i= non-singular. This is equivabE Lo

‘:;:I[Eﬂ-d‘:;l. + g b # b



This is & son-resinebive assompbion sinee Lhe physical valioes of Ll stabe variables amdl the
nemminal paraineters are strictly positive,

Mabe Lhial the non-singularity of the Jacobian inalniz is cguivalent b U alseralliby of e
average sysiem (4) (see 1L Sira- Hamives and 1% Lischingky Avenas [1]).

"run', Ui loeal meveer] i|li|il._'|' af 1= stabe Leanalomnalion s cwsured,

4 Backstepping design on the PWM average converter

Let uz pow apply s medilied vesion of the backsbepping procedore | anlrodoees] by ane
lakoponlos, Wokolovie and Morse o [2], and then smprovesd by loestie, Rasellakoponlos aned
Kokolovie in [4] , in tle seinse of a non overpacarmeterized veesisn of the previous one. T faet,
woer are exbewding thee algotlen of |i] Lo systems allowing gl depeanlapcies mall its egua-
ticns, The 4|I"Higll iA EII""l"l"'Il.l|""l| it detail i the el lovwwimg,

Step |
We li=i '|:|r'r|-4||'||| Ll |'4|||||'.'|.'i||g |'||.'|.||g__r' aof cesordinates :
||-| — I — =n
k]
Ifa S L LT %)
willy .
¥ = —|_i-‘.'£-2 I‘-;'Lj
T T

where Oy, and Lo, are Lhe porminal indwetor coreenl anl capaciior wellage values lawvards wliicli
we wanl Lo regulate Lhie system.

Mode that iy can bedlefined a5 & regulation error and gy 8 a peendo contral epror,
The: first equation of (7)) is then rewritten in these new coordinales as follows -

=t ey + 0+ ap) AR+ + o) AR, ()
wikh 1l pﬂ.r:l.rlu*lﬁn:' errar L'-'l.]? = Al — ._":ﬁ

We poow derive thie .-:I'm'rrl'l_'rr.l_qlr _,I'rr.urh.rm arg as 11 it were & control varalsle il s 1 L sialsljze
the one-dimwensional subysystem (9], taking as a Lyapunoy Tunetion candidate the quantity:

. | |l —=r -
Ve Elj-l*+ EJLH I'='ad,

wilh I a diagonal pesitive definite mal i of adeplalioi gaies,
Theetn, Use dervative of 15 is Eiven lay:

o - =T e T
Vi = ang + o e + O+ g )T 30) 4 A0 07YPLR 4 gk — Ad].

D oorelier bao elivninabes e anks sowwn berin 200 T V. wre ke Ll lol lesw g ogaelantes B, seliie by
i ralled] 1he nlll'llni."_llr .Jllr.li'lll.-lrhl i e weork of Isestic ol al |l| :

Al = rylipatpa, g A = PUL LY+ 0l = hpebing {10

fulty |



Then, il 2z i5 onr acbwal contral, we wonld el g Woow zy = eng, Al i oneber Goomake
W, = —eyipF L, for e paasilive constant o, we wemlel chigmme Ul Tomefions ool 2, 20 e, S0
aa fosllows; o -

(g, sy p A = oy = O+ nge)” A0 ]

Mow, =iwre e = sl wHIE condriol, |'|:|q'||r'|_'.' ihje |rr=r'||||lr custilied epror thy = [, anel =inee dlie broe

parameber update [y Al s dilferent from my. we mnst rewite e expressions of = and by

o =t =y LA .G;!’:'riﬂ .
||| . r,r,lf + iy + AR T ir - ﬂ-lj‘:l-

However, we cebain  given by (103 a3 & taning lonetian which is a liesk apeoximalion of Ui
npadate law of parameters, and oy as & stabilizing fnction of (0, given by (11),

Step2 3
Let us sel {35, 0z = (&) — fpac 2z — oy ).
The sulesysbean {zy, zz) ol {T) becomes

iy = 8z =8 k(S A :-.I;illri".-l']‘
ity = AL = B2 4 U+ )T A0) - S5+ 0+ gl B0) - S0 (12

et LR (L = 1 P T ) LY P R LYK

Liv el Ao sbadsilize the bwodwenzional system (12, 0L as use oy a5 6 conteol aml

.o (I It
= Vi + =43 = M+ Elr-f a1 Al

ns a Loagunoy fclion caualidale,
As previously, we eliminate A0 oo Vo with U Tolbowing update L

L — . |'j|| i
30= tf 300+ (00~ G2+ ) = 52 40 (1)
i'j'-:_g -I.l'T|
Henor, Al i cqual fo 7y, ., .-_';ﬂr prlu= o correclive beri.
Then, im order to obtain, for some positive constant o :

Vg = —-e'.r,-f - :".lj: = M,

wi chinose |-||l'l 'llllll.l'-":illﬁ l:|_'|'||+|.|||i|'a| |'|:|||l.|_ﬂ|:|| |i|'|.'.I 8

. =l B . - . -
po= (A0 g ) et = = 00— N (4w TAR) + By gy + o) A
(RRY
PES ] — SN 4 ez — B0 g Wiz} + 41+ dapin]

Tlien, ‘!Iu- stalility analysis i= guite similar bo the one Jdope by Bamellaks erproailos el al. |g|
sinee 1= — 370 easil will posibive rg, it is sbeaighi forvard

V£ —eplzll

fi



wilh e, Ui imininsiiin of Wi ey, 1 g <3

Tlais proses Al awilorie stalsility of Bl eouilibirimn: g = 10, = ol Ll spprosinde aloplive
ayalom [ 12, aceorling Le Lyagunoy arguents.

A estimabe 11, © 58 of Ll rogiem of altvaction of this espililsias is oldaieed as Folloss, s
straightforward that e poant 5 = 0,0 = @ coingides with the point = = 2 0 = 8. Lel §2,(¢)
b Llie invaciant et of (12) defiped by Vo< g anad Bt of be the largest constant sl Uial
C e A1 Tleen, an estimade of L region of allraction is given by

=1kt = [[. 0 Vig.0) < ) with ¢ =arg anp [c).
Ualcpch

Finally, using tle LaSalle invariance privciple, it is casily shown iat Uhe closed-looge systeimn i=
such thal "|."[:|_p||'|l|,|'j|:|:l|] € 11y, we have T p(E] = 0, e we abidain the regolation of svstem
{12) towards Lhe poinl g = 0.

|.r|-:|.|:|l:l'i1.'|"|_','1 anmd as m l!!l, il ean bee comeloded Elial syslem 1'F| % II:u'."iII_'.I' n'g"|||a.|ﬂ| arowiin] e

equililiranm poinl = = z,.

Heanmeds

a Mo Lhal this alvpnmical conbroller cxisis if Lhe Tellowing mos-singubaridy conmibion s
walislind;

T
Al gz #0
which sotresponcs o Lhe s pher expacssiog

Lo
(= — =10 £ 10
T i WiCa &
W can |l'l.lill| genile Ll Lhie slate varialsles Ly aiml Ly ame B pnn lisil awny [ woers.

# Tl input depeemlent state coordinates Cransformalion linking e ariginal average stale
variables {24, =4) o e new coondinates (g, ), respectively, the onlpot ereor aned @l
pacilo- condroller ereor, givie) Loy
U e
g = 23 + 63 + A thiz)+ gl=)p)
is locally invertible, i and ooly if the Jarolsian matrix of this translemation is o
simgular, namely :

ity | . L[]
i oy ,l"gl'ilg + ‘:‘.;ih I+ iy — ';’:u_,%%‘-

with @ = (e ”["5..'?"' - *‘;‘i‘j.

5 Simulation results

Simlalions were performed for the Bosst converler model i comjunction will L dynmmical
adaplive PWM controller descrilsed in Section 4 Tor e regulation of tee inpot inductor enreent
variable Fie) of the converler. The nominal and pectarbed versions of this converter edel

=]



have been studieel in simulation. 'The perdorbation consisted of an annmelellal stoclastic ba
Dbl moise —clenated by #(00 acting an Ahe cieenil Phrough the external soure veltage 1
[Heipre, |r|||] ig an wenendeleed adahitive dstodsinee, pa shows in Elee f-::lluwi.up. |I1"I|Il|'|H'I1 midel.
sl dn Al lalioge;

i = —}-H YETIE [%) v = Hir)

: | I ..
] = t-:l:l - F[J_I--F| ith

The Bellving “unkmeen” values ol the ciromil parneters wene sl lor sipmlalion IR
£ o= 1RLERF; L= 020wl B = 24400 & = LLGGY

The sapling frequenicy was set bo HOK 1z which correaponads bo alsout S000 clock palses
[ by wsing & S0 M pormal PO} For cach sampling period - e conld even ave betler
rn|1|_|:||ll_.ﬂl.i|:||'|ﬂ| alliwance I,.:,. d_n-.g'-m:i“g thee awiteli Teeueey i this may increaze chialdering.
Let us alse nole that the MOSFET transistor is slile o awiteh ot this frequeircy valise aml =
aifeguale io the corresponcding power range | which s aboat 355 Walla ),

s Do tlee ramdom inpad noise | expresing, Lhe slectnmnagnebioc inberlerence, thie ressistive offect,
Alve sensor ereor. ), s snoglitucle waa set Lo 004 Vol | 27 %6 of the value o E)an Figore
and 2 Valls | DEG % o the valee of E) o Figare 4.

value of &),

The desivex] equililsiiong value Fer e average inpial indiscbor corent was sl Lo Bip = 1575
g The alibabisd stemalyv-stote exuililainim valise for e average onlpal cagacibor vollage was
1 = ERTTaolta, The duty ratie Minclivn comresponsding o s eguilibram is o= @0 0L,
Tl ne'gulﬂ.ll'd arrl ik warialile, .|'|:|':|. 15 sevn bo converge asvinpbolically towares the elespl
|"1:||||i||i'|rri||||1|- value in ihe nominal and |u'-|l_||||u-r| dhara | |l1i|:ll'l.l'il.'l'|-:.- i Fi;qnl'r 23 amd J4-0)
exhibiting gsel perfonmanee anl mobosiness. Make that Abse time sealing is e piillisecomd
in the ligures,  The boupded evolution of e parameter estimales, a small portion of the
swilchings arbioes as well as Al daty rakio Toection amd e pectoclabion mase ane alss shown
i Lhe liguires,
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