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(in this case we will provide you only a password to download the ejournal in pdf
format).
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Abstract - Nonlinear prol)erl',,oJ At:iit'<: reciifiet is cr:rt:^cd ,\v !it,: use of tiia stniit:nrllluc!{i)'
.rtrrli/ic.s, rt:sulling in higli ltannctnic tlislcrliot; atd high ripplc oittpitr ,,,oliage on lhe D{) siCc. 'l-hi:-

reseerch develoi;s a i:r;nlittear conlro!let'lo ir;tprot,e. peiJbnttante r;j-ilic dt rsuipul t,oliage and lir:t
curr€ttl based on.feedhack lineari:alian. l-his t:ttntrolle.t'ntttht:tituiicttii,t, transfor;;i itottlitte,;r
s.t'slern dynarnics inlo Jiilt, linear ones, so thal linear t<ttttrrs! techniques cun be a1tplied. lt i::
desigttail :rilli selec{ing energl; funt:/ion rm DO side nnC quodrature-riris cttrrenl on ,1C .sirit t ,

rstt$ttrl vtriables, in arder lo cn'oid the intentul dt'nantit.s, so !ha! tlte slttlen becones sluble a.,:.:
rabu"'!. Tlte svstent applies svilch./ir)lLiiott oJ^ titne a.s the input o.f toti!r'<t! streteEt;, i:tstcati o1

.'urrer!t artd vo!lage itt C-q Ji-ttnte. Tha prctposal is va!idatcri thrrnt5:.h ciit'/'arent /ett.; The.t'c t,.st,t
ittr:ittric tli/ibrence pet{ottnatK'e wilh convenlirvtal ccnti'ct!lt:r IPI optitrti:LtC). '}-he sirnitlatiott i't:stti:::
itt ihtl. llrc autpul volte{e petforntittg v'ithout 6w avcrr^hoot, tt'/iilc tlit' ripple and seiliing tine is
0.446 sec, v,*it:h is beller resull contlstu'ed to PI optintized Copj,right €, 2AI3 Fraisc ll/ortln,
Prize S.r.l, - AII rights reserved.
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Nomenclature

DC voltage (V)
Srvitch function
Line current (A)
Source line voltaqe (V)
Line resistance {Q)
Line inductance (l-l)
Load curent (A)
DC capasitance (F')

DC energy' fi.incti on (.ioule)
I)C tracking enor
Quadi'atic curent irac:king error
Gain

tlte lon' value olpou,cr factor) so thal is rcr-r.r,:i:d pri',.r',
controller that can compensate theil. N4a:t.r, is,.,,., .

fbcus on the cr:ntt'ol pr!nciple o1- active i'ectj iirr ,;l
dealing non!irrcaritv property. For exalnpic. i;r,.1 .r:
classical linear PID controller-s to r-cgr-iliite rite IJC voltagc
arid the ham-ionic cf cunen{ tinc. PID colrr-ollers lr'ere
considered as sinrple and robust iecitnique-s 13 j i-5 j

Hori,cvcr, onc o1'the drau'backs in using l,il ci.r.; , t

techniques u'as 'rhat thev rvere not s,tfi]cient r,i, ci)ta;' 're
desired tr-acking control perfitrir:ance becal,:e ol lhe
nonIinearitv o1'tire active rectit'ier. Other resealcher-s liat'e
applied the rrrethod krrou'n as flrzzv lr:gic controllcr ani
Neural net'works i6l-t8l

Fuzzy Logic is one of nonlirrear controller i:ut it is
unstructwe controller, r,icc versa active rectifier i::;

structured system. Ilesearchers also have developed
several nonlinear controllers in order to control Active
Rectifier. Conh.ollers based on Jacobian linearisarion
around an equilibriurn point have been inh-odr.rced in l9]-
[10], horvever, this sirateg]' presents some drarvbacks.
Among others, operation range is reslricte;l and a

relatively big output capasitor is needed for ki:cpin11 a

constant DC voiiage in presence of a i';ir',,i,1' lil:rd-
backstepping technique I I 1], I l2]. Tbeir, rLcrliiircai
apprclachcs also have been proposed by other rcselrchcrs,
that is input output linearizatitln based on f'ecciback
linearization [ 1 3]-[ I 9].

Tliis tcchniqu€ mathematica.liv transforni nonlincar
systcm dyrarnics into fully or partly linear ones, so that
linear conh'ol techniques can be appiied. Ths; lirear
control lar.vs can be used lor euaranteeinq stabiitr, ',; ir.:
whole operation range.

Copwinht Q 2013 Prabe lYorthy Prize S.r.l. - All rights re:sen'etl

S u lts c r ipl Sup e r s c ript s a nd Ope ralors
* Reference value
d, q l)irect, quadiature axis componeni
a, b, c phasa a, phasa b, phasa c

I. Intrcduc{ion

Active Rectificr is rvidely used in many po\\'er
electroni,:s llelds. It has lbature such as pror,iding
constant DC bus voitage, low, harmonic distortion of
utility currents, high power factor and bidirectional
pou'er flou'. Due to these features, the active rectifier is a

good choice for application in industrial drives [1], [2].
Tire active rectifiei- is nonlinee.r system. In genelal,

this nonlinear in.rpacts are not expected (for exainpie,
ripolc cin DC voitaec, iramronics in the line current and

Llanust:t'ip! received and revised,lv4arch 2013, accepted April 2Al3
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In this lt'cirnique dcpcnds or) seiccted ottpul vatiabcls.
ln this p:pcr li5] selei-:rs DC voltage and Cirect current as

outpui variabies. a rtonlirtear urtsiable inl*nai dw.::njc:
ailpears. In [16] author ha','e selecied dilitrence belu'een

the voltage souice and tire loltagc activc rectiller on AC
sidc as inpui variabci, ihen larial:cls DC voitage and

ciir-ect axis currcnl as in1-rut. Soilc irtal.;v auihois llri\:e

proposcd convertcr eilergy as au1.pu1 irl fccdback

conh-oller ciesign io accomplisl.l a ntiniinum-phasc output
and laster DC-r,oltage Control Il 7]-l1 8].

This paper propo-ces a ni:nlinear nrullivariabie cotrtrol
technique based on ii:cdback linearization iheorv r','iih
sclectinc enelgy {iurciion on DC side and quadrat'.u-c-axis

current on AC sidc as outpul variables. One of the

prirnary advantages oftiris nonljnear controller can avoid
intemal dyr.ranrics and zcro dynamics. For this reason. the

proposed techniquc ar,oids tlie drau,back appearing in
otirer pr-opcsals due to the coupling belrveen the irlner'

currcnrlool-l and the outcr voliege locp.
The paper is or.ganizcC as fbllor','s. ln section II, the

proposed control strategy is presertted. The mathemaiical
n-rodel expressed in a d-q sltchronous referettce fi-ame oi
the Acti',,c Rectifiel was derived in seciion IIi. Design of
the feedback linearization control straiegy that consisl of
non linear translormation and desigir of lir.rear control
have developed in sectiorr IV The perfornlance
evaluation. simulation results and compared l'.'ith

convenrional controller (PI optiinized) are plesenied in
section V. Fhaiiy, conclusion are drarvl in seciion VI.

II. Preposed Cantr+l Strateg5'

The proposed system uses dlnaa'iic model of active
rectifiel in a sl,rchronous d-q reftrence frame . The

system applies srvitch function in d-q frartre (s,,, s,) as the

input ofcontrol straicgy, instead ofcurrent and voltage.

In Fig. l, an eilergy reference block is used to produce

tlie energy refcrence of the DC side (r'6 ) that is

calcuiated by using equation (23).

Fig. l. Block Diagram ofthe Proposed Control Strategy

Copl:right A 2013 Praise Worthl, Pri:e S r.l. - All rights reserve-d

The DC voitage of thc active rectificr (l!.) can be

conirolle<i through this cnergy fi,rnction,
-fhe iinear control block shoq,'n is obtained lroni

equaticns rracking conllol (25) and (291, so producing
tltc ncu' control inputs r,, and v:. Thc nonlinear cil'rilol
block in Fig. 1 is used for transfornring I)i, 12 become.tr,,
.r., by,usir.rg conlrol la-'r, in Eq. (16).

IXt. I\{odelling of The System

A three-phase mathematical n:odel for the activc
reciifler was derived in [20]-[2 l]. Fig. 2 represenls iire
topology oithe three phase active rectifier.

:. i:
>-

Fig. 2. The topoiogy of the tluee-phase active reciifier svstem

The active rectifier can be rnodeled as:

di
I LLP; -.

dt

di,L-;*Rir=eo
ut

diL-i+ Ri,.:e,
nl

-it*
-it*
-1(r.

J

c+= (r,.s, +,us, +;.i-)-;. (2)
dt*

The model presented in (1) and (2) is transformed into
a s1'nchronous d-q refbrence frame, resulting in:

Lio = -Pio - Lain - soVn + eo (3)

Lin = -Pin + Lain - snl/^, + en (4)

. \, , v,co,vo,-;\toio*tnir) 
| 

{5)

u,here a-l is the angular frequency of tire source voltage
and R1 is resistive load that connected to the output
terminal. Eq. (3) - (5) are then reconstructed considering
a multi-input multi-output (MIMO) system as follorvs

[22]:
i : /{x) + g("r)a (6)

+sD +E))

+s, +s.)) (1)

+s6 +E))

*ro,(r,

-*.(o

-u*(E
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-1, = li (,rJ (1)

u4rcre:

-t is the state vector;
zi is confi'oi input veclor;

.r, is vector olsystem outputs;

f. and g are smooth vector ficlcis;
/i is smooth scalar.

Tlie vectors are dcfined as lblloi.,,'s:

R c,
--i., -oi . +-L

1," ' L

R€o
--t-+0)t,+Jr't " r

- vo,

R'.Cr,

I -"0' o

lL
s(-):i o +

lro 3;
l-" --

The active rectifier has hvo output variables. First
ouput variable is energy function on DC side (x,.).

Thlou"h this function, the DC voltage ol active
rectifier can be controlled. The second output variable is

Quadrature-axis current (in). This ouput is used to control
power lactor and harmonic distortion [23]. By choosing
these outputs, the total of relative degree of is three that
equals to order olthe active rectifier, so that, the systenr
can be avoided fi'oni ir.rternal d1,namic, then cornplete
feedback linearization is obtained and two linear'
decoupled loops are to be controiled. The variables of
system output are:

( ' 
Jj"'- 

--("t' '''t')''' rit :

]1..'r, iir. drrr,lic ,'nod..l ot tlie acr.'
eniire ilo\',,er- is calcuiatcd lronr Eq. (3) :.r:ii t,i i

n itli i; and i-, respccrivell':

(ir)

n.1Liti,i . -lli,J Lr,tiui, :rl'.,,i0trri., (ll)

Lioio : Ri; + Lrtiri" sol'ori,, + e,,i,. i 1i)

l3y sum-ring Eq (11), (12) ard (13), a new elil*lion
of irowcr is found as frrllou,s.

[ ,ai , .din ?,.n dl',,, 
I\i,L---t ii I--a,,.L, 

-/l" ,lt ' Jr I " "' d,)
: i,,eu r inen _ R(i . i)

Thc lcii ha.nd side of Eq. i14) is a 1:,ou'r,:i rui:rr
in dcrivati.,,c rnodcl, integration of this furi,'t.ir.,-r, r.,.

a cnelgy furrction. u'hele:

tl\

,r,. !;,,t!L-,rr+,?,o,ro '' ,'r' ,-

l-,, rrj','. ;(iJ +i;li -('r,l'1../ -1

( ir"t

I\/. Design of Feedback Linearizatien
Controller

-lhere are tu'o steps to design the l't'.,cil:.;i:i,.
Linearization control: nonlinear h'ansfornraticr.t,r.,,.,: ;:t

Iinear systent and design of lineat' controller'.

lV I . Ntstt Littcrtr Tt artsforntatitnt

Nonlinear transforntation is a plocess to geni i. iii:: a
lincar input-output relation {br a nonlinear actrve
rectifier.

An approach to obtain the input-output iinc;:r,,-.at:.rn
of the MIMO system is to differentiate eacir outp-rir ci rhe
systen until the inputs appear. By differentiating each
output.i' in Eq. (9) by formula:

ti = Lfhi+l(tut',),, lt /,
j=t

whcre Lrh and L.h 'rcpresent Lie derivatives of ft(.r)
with respect to/(-r) and g{-r), respectively.

lf Lshi( r) : O for a117, then the inputs do not appear

and ive have to difierentiate repetively as;

l!, 11 l';,711't1,;,, il. 4'!:tr.t

[r' Itli=i in l, /(,)=tl
LY,t. )

(8)

[s..,I,rr:lr, 
I

I t'.1
j' -1, 

I

Belorv is the description to find the energy function of
Eq. (9). Energy is obtained from power balance equation
relating the AC side power Po, and the DC side porvcr
D

, (,) =l:(3 
. i )," +' ;fl (e)

Par: Po,

va,in :)Goro,to + srvo,ir)
( l0)

Assurning the net power in the DC side is stored iu the
capasitor, then tlie output current io is replaced 'uvith

capasitor current Co,!4. The Eq. (10) can be
dt

rewritten is:
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ri'iih

ir
u'ill

a,lI lr i ' -
i i' ' I itr i

I' I i i{,r;;1111115:11.';-
I .r',rj i,. IL---

'lve pct ibrtl iilc ahoi'c i-]l-r-,.€{ltlrL:
be cbiaineci as ii]ll.l\\rs.

f

,l'i - /,/,' I{ t ..i'. it,}tr.- ;i'

,lLi ,,,-]Ri,-t,tLi
i,'"

,/(

- 
LIq 

T otd

.1, : i i! r; h !,i. ii c r',' i tu rc: r-: ;t;,-t. 11.,1 s it a rt

fir- taclt outltui -i',

it9)

lL'.2 Design of Linear Canlrtti

Allcr linc:r relaiion in Eqs. (19) arc obtaincd, thcn iiie
contlr:ller tbr tne linearizeti syslenr can be dcsigned.

l-he DC voliage of aciive reciifi€r {1i7,-) is controlled
through energ): funclicn (r'.^), then power lector and

haln:onic ciisioniol is contr-,oiled ihrougb ouiilul

Qua<iralure-axi s curren t (ir),

l. D( 'y'olt'rg,' (',trtirol :

According Fig. 1. cnersv ret-eience block (w'6.7) is

produced frour equations : energy dc{inition {20), porver

balance (? I ) and unity por,o-.er facio,r (22):

' 1,,) ',. (', '
"c :{i,r-. i.; }--+l:j'

i'r'l-[' I
l- 'q I L'': j

,f i,-r; a r ti ",, ll[!lxj .rR,R,'rRj

r','here

,(.)l;;j
I

I

l

_)

f/ , _iL tL,14 t,''l',t;,lt1rlrl-lL \ { r 1., 1.,1, L.,lt, 
i

I t.tt,,-i
.z(.)=l ,',.'l:

I t,,,,) |

Il,tt,, r\
i t:,i .,t 

I

_1 L
-l

I

I
I

., t'l\+
l+--q I a 

^'^. _t ,(t. i* 
d-

il(l)

I (]!,.,'. -1L'"'
i- t ,,.
I R,c,,, 

'u "'

( 'r'0"\

l-rl

(,1|,1.

u;. -1T.,uiu - n{i)' * t;') = o (2 r)

'; 
=o (:22)

Substituting Eq. (20), (21) and (22) results rn an

eneigy refelence as f,cllor"':

1

(',
, -ir. J/ : /)r\r

--/.'- \-Jl
-l

Eq. (23) depicts that the DC voltage reference l;
shouid be delernlined. The design ol the tracking

controlier fcrr tire input r" i5 given by:

r(.j= [-t;"''
0

1t,l .,,,,f|',.l ir,i.il)
Lt,-; '- '"i.i ', j- l'', t'rlj

u'here:

r', - r,i - A, ,c" - d, ,e,, {li t

(18)
u,'hetre e,,. = i.t: * *,J and the tracking ei:ror of thc closed

loop system as follo*'s:

Substituting (18) into (17) results in a linear

differential relatiort betrveen the output -v and the new Fig. 3 sho'ws 6iock diagram ol linear control for the

input r,: DC voltage.

Thc matrix E(x) is called ilie dccoupling nialrix for lhc

ii,llMO s-vstcm. lf tire fg-) is nonsingula.r.. thcn the input

translormaiion can bc obrained as:

A',

!
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Saitlah, ,41. I{t.n, l}unt.tnrt. trf. .1shan

Fig. 3. 13lock diai_rrarn of the l)C voltage control

2. Pov,er Faclor orzd ]larmonic Dislarlion Control:
To produce unily porver factor and lolv harinonic

distortion. referencc valur: of quadratic-axis curent is sct

10 zero (.i,," :0 ). For tracking control, the nen, control

input is given by:

,,,=i,kr,"n (28)

tvhcre e,, = io * +,, yields an exponeutially stable tracking

eror. Then. the output en-ors becorne :

io + k,reo :0 (29)

To suarantee robustness and subleness against
paranreuic uncertainty is added an intesal elror. so thai
(28) and (29) beconre:

r+ri
vz - iq k:(q - krrl,'"Ct (30)

.
bo+k.t,en+k..lerdr -0 (31)

Fig. 4 shorvs block diagram of linear control for the
porvcr factor and harmonic distortion.

-l'he gains kij are can be designed by Pole Placenrent
or linear quadratic regulator tcclmiques, so lhat
asynptotic tracking control to the reitrence is achieved.
Fig. 5 shorv blok diag'am of feedback Linearization.

PI Optinrized
An PI optimized system as shou.n in Fig. 6 is used to

compare the performance of active rectifier witlr
fcedback linearization. The design ol PI Optimized was
airned to tune the gains of the PI controller (Kp and Ki)
and to optimize the response of the plant.

Fig.4. Rlock diaglam ofporvcr factor conlrol

Copl'righr @ 201 3 Praise lI/orthy Prize S.r.l. - All rights resen'ed

Fie. 5. Blffk diagram of Fccdback Lincariztior Contr*l

Fig.6- Biock diagranr ofPl Optinrized conrrollcr

The rcsult siniulation by using Pl-optitrized slrorvcri
that proportional constant (lip) tvas 3.18 and intcgral
constant (Kr) was 5.024.

V. Result and Discussi*sl

The proposed controller rvas evaluated through several
simulations. This section present thc most rele\,an results.

The controller performance was 1i:s1r:,1 'nugi

sirnulations on a systenl r.vhich syslem p;:,fantiteJ , rl br
seen in Table I.

Simulation results using the Feedback L,inea,i:r:;on
controller were compared to simulation using a Pi
optimized. The purpose olthis compalison rvas to oblain
high performance of the active rectifier systenl due tc
nonlinear eflbcts. Figs. 7 present the DC voltage i . a.!...i-
rectifier rvith PI Optirnized and Feedback I-i,:':,,..:...rrior,
controller. The PI optintized control met.liod lr"i:..;:.icr: the
DC voltage u,ith overshoot (Mp : 2% ) and i-ii;p,1,' 5.64
7o.. u4rile the feedback linearization conh'oller rviiltout
overshoot and ripple rvith settling time 0.006 s.

Figs. 8 dernonstrate the line phase voltage and cunent.
Fig 8(a), the sirnulation results shou'ed that line rulient
produces transients respon until 0.I s, Total lla;r;.oni.
Distortion (TFD) : 10.42 o% 

, Pou'er factor:.0.92 fbr PI
optimized. Fig. 8(b), line current reaches steady statc
faster, THD : 0.2loA, Pouer factor : 1 lor 1?:ei1ira.,'il

linearization.
Figs. 9 show the behavior under unbalanced

conditions of the feedback lhearization controller.

TASLE I

SYSTEM PARAMI'TER

Puamelers
DC Voltage ( l/7.)

Amplitudo Source Voltage
Fundamental Frequency

Line Resislance
Line Inductor

Filter capasitor
Frequencv Switching

650 volt
i2 x 220 volr

50 I{z
0.3 o
8 mI{

1000 uF
5000 I{z

512
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^6j)'

Fig. 7(a). Preserlts the DC r,oitage vilh Pl Optinized

Fig. i{b). The DC voitage rvith feedback lin'*rization

Fig. 8(ai. Delnonstraies the line pirase voliage
and current ofPl optiniized

0

1m

lt0

310

,{00 L

0 0.02 00.4 0{'6 03r 0I 512 3lt 018 0 lE i2
I ne (seci

Fig. 8(b). Dcftcilstrates tilc line phase voltage

an<l cun'ent of{he p;opcsed ccntlol

An uribalairce voltage *'itil reducilg amplitudo input
voltage phasa A becorne 85% from tlie nominal voltase.

Fig. 9(a) shorvs the active rectifier input vcltages when

the unbalance.
Fig" 9(b) sho$,s the DC voiiage in the unbalance

wher.e is clearly se€n smail rippie voitage, ho*'ever unity
power fbctor is mainrained (0-973).

VI. Conclusion

This paper presented high perforrnance of noniinear

active recti fi er u sin g feedback I in earization.

Copyight @ 201 3 Praise worthl' Prize S'r'l' - All rights resen'ed
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Fig. 9(a). Shows the active rectifier input voltage

0C2 0:04 olE 813 31 B 12 i.'14 01€ '0.13
{ine./.sec)

Fig. 9(b). The DC voltage unrler the unbalance condition

l'he noniinearity of the modeled systetn was

eiinrinated bythe proposed nonlinear control schenle

sr,ich that avoided lionr internal dyrarnic so the lin€ar
control law can Lre used to con{rol the system.

Tliis paper also pfesent€d to cornpare the simulation
results g.itir PI optimized. The simulation results showed

that the feedback linearization controiler had the best

characteristics cofipared to PI optimized conh'ol
rnethods, esprcially tlie DC voltage, porver factor and

THD in dealing with the nonlinearily behaviour.
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Data: 21/03/2013 
Ora: 13:00:19 
Tipo di finanziamento: carta XXXXXXXXXXXX6830 

Informazioni sul Venditore: 

Insegna: non disponibile 
Conto IWSMILE Venditore: 71002942 
Nome e Cognome: PRAISE WORTHY PRIZE SRL 
Email del Venditore: INFO@PRAISEWORTHYPRIZE COM 
Identificativo Skype: praiseworthyprize.com 
Telefono assistenza clienti: non disponibile 
E-mail assistenza clienti: non disponibile 

Informazioni sul tuo conto IWSmile: 
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Non hai un conto iwsmile? Per aprirlo subito clicca qui. 
https://www.iwsmile.it/private/mdex.ihtml7ID NODE=ISCRIVITI 

Per qualsiasi chiarimento o per ulteriori informazioni non esitare a contattare il venditore. 

Cordiali Saluti 

II Customer Care 

IW BANK S.p.A 
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