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Abstract

This study involves the design of two control laws for a shkpiylase active full
bridge rectifier: a classical control law represented by ProportiReabnant current
control and a robust control law represented by Sliding Mode control for both
voltage ad current. This enables the evaluation of the control laws within suitable
comparative frameworks regarding the performance characteristics of the output DC
voltage and input AC currentvith the aimof achiewng the lowest possible Total
Harmonic Distortion (THD) for the input curretiherebyensuring compliance with

the IEC 61006B-2 standard, and consequently, aclig\a neafunity input power
factor for the rectifier circuifThe study undertakes a review of relevant research and
a foundational study of the various topologies of active rectifiers, the international
standards governing their performance specifications, and their control methods.
Initially, two types of rectifierdravestudied and modeled: tlaetive rectifier based

on the Boost converter topology and the active rectifier based on thBrielgke
topology, Classical control lawkavedesigned for both rectifiers, and a comparison
between thenmhave conducted via MATLABsimulation. Subsequently, a robust
Sliding Mode Control lavhasdesigned for the active rectifier, utilizing two sliding
mode control loopsan inner control loop controls the rectifier's input current
(SMCC) and an outer control loop controls the rectifier's output DC voltage
(SMVC). Simulation resulthavedemonstrated the efficiency of the Sliding Mode
Control law and its ability to achieve the desired performance specifications: low
Total Harmonic Distortion of the input AC current, a unity power factor, a fast
response of the output DC voltage with lovimu voltage ripple, and robustness of
the rectifier's performance against variations in load resistaacitionsin the
maximum amplitude of thgrid voltage measurement errors; and inaccuracies in
the rectifier's mathematical moddlhe efficiency of the proposed control law
has also validated by comparing its performance with two different
control laws:The first controllaw utilizes two loops; a Proportional
Resonant (PR) controller for the input current loop and a Proporional
Integral (PI) controller for the output voltage Igdjme second contrdaw

also utilizes two loops; a Sliding Mode Current Control (SMCC) for the
input current loop and a Proportiofategral (Pl) controller for the

output voltage loop
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English WER
Power Factoforrection WKF T 9 Ter/F
Total Harmonic Disortion c 4 blOF

Boost Converter Cnt AK
Buck Converter Cnt A0 |
Regenerative Rectifiers Cy lOH g |
Voltage Source Rectifiers G pChs 9 FVHpEHYS
Current Source Rectifiers ppbpChB 9 MH el
Pulse Width Modulation wll 3 3 HOF
Voltage Doubler Rectifier Gt BC KA, B &4t
Bridge Connected Rectifier p 1 EEDHHERHS
Indirect Current Control PFY 3IOF I
Hysteresis Current Control PFY 9 IOF
Transient Direct Current Control ID29F NKOF  pF

Proportional Resonant Current Control PFY3IF3 cC
Predictive Current Control PF Y 9 &kl
Active Disturbance Rejection Control bMBETY tFA T4
Dead Time Jyr
Fault Tolerant Control YT b OF 3

Fault Detection and Isolation n KD K m

Phase Locked Loop pHTIK
Duty Cycle Sy NI

Cascadedliding Mode Control

Direct Voltage Sliding Mode Control
Chattering

Reachability Condition

Sliding Coefficient

Boundary Layer Method

Equivalent Current Voltage Control
Discontinuous Current Voltage Control

c AT R OB §0B IOt
Cnt A0 Bl rF 33O
CF

b H Hok

Pb IDX1

Wt pmCj
PFY 3 IOFM
PFYI3HFm C.
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PFC Power Factor Correctic
THD Total Harmonic Distortiof
AFE Active_Front_Enc
VSR Voltage Source Rectifiel
CSR Current Source Rectifie
PWM Pulse Width Modulatiol
STATCOM Static Compensalc
HCC Hysteresis Current Contr
PRCC Proportional Resonant Current Cont
PCC Predictive Current Contre
ADRC Active Disturbance Rejection Conti
AFTC Active Fault Tolerant Contrg
FDI Fault Detection and Isolatic
PLL Phase Locked Loo
PID Proportional Integral Devative
SMCC Sliding Mode Current Contr
SMVC Sliding Mode Voltage Contrc
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. FNnTAK Wt XbhHOFEM wWtpfFtThKOFEM Wt KF XHBKOF dF |
- WpT3b wt UmX me wlLipeyd *#OF Kn Ko F Wy Thr O AYG pkHn |
bFBculO WpTFCHhBKF d9fF 3AAbBIKF Wt 39dbHK0 YFf %
WprTl weBAXY _ w/TAUBIKF wt MMNHKOF . TP ®p 0 Y
wB AXYmM _ 9fFTpfF A3IOF wWUFA agTC3>b wBAXY _ p
KpbYB.IBFnHdBp B h BB IOF b3 p IOF HOFT F /X TpBEr OO wor MA
- \BEEM CIRvIEPTH2 T BIHMFUHQUTSID AdFbl Y Hars it R s Y
_MNWTAUYBHKF Y9Fpfrl w wYIXKF KpK A3Y bb>d> 8B
WKp™®H ¢T wlp 3D Fa BigBIOF) AbA ABTH Fcimi@is md Fllpor dish
. WpcBIOF 3

WP Fizalststin (9imikns berbp I ais W) FiZAlets o IH EvisEDR bias eCpln ®

nHep PYbe i, w3 pTOU® A prbofpt Bi-n Hep pYbytbQ(A PMTPTANE bEFbD T avt
W FYDbD nAK AUT pKYbhxs wWKPADPRFOBEBOF@WATOE h
b>Fpb _ 9b12F BIOFM d9bvmMcBIOF WpFpc wtpp WF
IEC wT lOMp IOF wxt AOF cHh bIPEE p b OB F & OF wlp Wt
IEC 61000-3-2 pfF T/1BKOF bbl> KB ofmib3bherid BufsBptpFH 9

pH ams g wioOF NYIKOF Y9rBMUBIKOF abhHFp 3 Pp/lh dfFBMYUB
AB c3TT pfFTb pFpTbhbBHF abTt _3(%Fp bbbl AU
nAK bwmMHCcIKF abt 21c3 FKPpFThm wb3l OF pn
ol FMn KO wt b BuF WETBKF 4B . bUY wUF A
dFr U1t 9Ab aAB ppK ¢cT “uBFpa3bBFM pXbY wupcrl
pprcY amMUBOF c¢cT ppwmbhbREXPFHFp B AxkNp F hbla
ppMbBHBCECXFphHhIKF pHTIHOF oThrFYBIK AbBT 3TC WS
. bBhcBKF c HTAFXIMBMPpAnDBKOF b>FpbHbKFM ¢ HbJ

b bpMYIOF amuUBF beBJ/IKO p3pBKOF bUNKF FKPF

DY LYK HA FSBED KU/ HEH AL Tikml - GpARDRTIB [HbHERLs HiH it HpHF-
MBEM ppppb ®PFAX



2CAE. BTFMp

otTcHb 94T 3Ab agTHch bt ¢cT WPpTI3D WT B K
nHep PYT d revaHalts MR oAy KOITIDHH FrBH K d vl Y 3 AT BRbEK

PTMAbM wWUT WP HWRAbwWHUY B MMHIOFA OO Mt HF a1 B Hb

atclOFmMm gCMIOF bXsB WwTBTBHWHOKWF bBFMJ/TKF p

WX F T HIOF yytomupdBive lupBCH KT X ¢ OF M wTt Tt pF 2 FOF ¢

. Y9F UT 9Ab KOFAKove BEAHFTM bbbl Ak

Wt ptAYBHKF dYFf E

bidibm pBbHBBKF ntOF UWMfFxXxbBIKF agB wlLFfF AIIOF

FXBIKF oY fFHbmMHbom pBbhBHBIF pFThHIOF ndAK |

. WpsbHBIOF MNIF xB IOF

. WTphpTAYDBWF 94 BMYBIKOF S nKpbhbmM Fn3 abchse ¢

aMed _/1/ bb Her Tpndr mbd fvitens berbp ™ avis gf2b8hpi22als s pilEH vt
AT bUbxb d9FpMTpPpKFT _ wyrt MIOHKF wbIl O B
FKpxK bBclOF wlrFcwm wb?3l IOF [OFF ON aiYIOYa ¢
ERTP10 p5TVY vr PR Ul HENE i B pRbpt T avkisi Y Fo81, K MYFersYUgRe)s o Bbh

Q T WAHEM BBy, UFATBREEK ATTE HOLH Wl Uil MVP R v avieinps nH
. MTAUDIOFp X Te KEHK FENY wY Abh

AMEXHUB B oauFAME p YH EMTPTRENE berbo TS av WFZ-BhpT2Ats BHH mEvite
dFpmMbBhpTFXKF upld wrtmFC A33Y XT1TpA K 6p>
pBbhhilpps THKp H ¢ T abchdAK ap

CK Y9frBMUBIKF MMk agbHOm _ WpTMNMNH w3aImMAAB IOF
21l bbbl OF pnAt FfFBb Wt F1htc PFTHXIOFUPMS | W BTl pHRPFT |
befr/1B KfFY3xXF clOfFblOF2m _ afF AXKOF _ FpYm UW

WKFAbBHBbF bBFJ/IB AT HchK dF TUTFwyKOEH B
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wT 3Tt b3p Wpfrl w M cAf2buHFLIBGRC OF wt T hX
WKF AbZuElF bBF

drBMUBIKOF gF MW3H2 gbOM _ pBbhHe pnt niOF )
b [HEpRbUOA o T FEHEpviim Wb tens wd B pRbppT BN D YRR ups b becYek
. WUKFAbBbF bBFK
IOMYIOF 93 Wpp4YBKF wtpkfr OIOF wKfF AbbHBbF ndAK
(1) wUblTOF 3 Pp N1~
o O . QU Q1 BEOOI i Q& 0 Qi
eV 0o e D a0 da®mol | Qi n GINBLOR 6
ChbOF Wt CrFBp WKIODAbhbHFABRBFEKbpagY Tn OB ¢ F mIOF
FBXT? _ wyrdt4Yce wWKfFAbBF ck wtpkKkfF AKF wKF

wnt3A nAK FMk pebA1wmudin 1hep hylir A byl KAAHPD
[1] A>mOFK X 3AB IOF

8 p



PAB) WKF 1T pT1TO pHFXKM wremMY wBmMfudUs 4B
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IEC 61000-3-2 p f 5. /LB IOF
PFRLUED a8 peFB pRbptHihe HEH ARRC T uibs M W Heprbim be B oo hx
ab[3laTpcF T bAO ¢ Y TIEGM hy@ROMPMOFD Kk tFAMGF  abe3 L cn

FKPpTEABEDR RFekiiH®B M nOF wbI31 OF pfFT1Tbh3 cUTI
/3. 1/ bbbl KOF c°

Balanced 3@ Yes
equipment

No

Yes
Portallnle Class-B
too

No
Lighting Yes
equipment

» Class-C

¥ No

pecial shape Yes No
and ——» Class-D
<P<600M <
h

No Yes

» Class-A

CUTFMbIOF wnml b lOEC 61B08-B-2 cpby kR BUGF ST BupHEEHEBFO FELFRF hY/TrBx6

JFp/Bs REEIED)  PMYHIOF ¢ T wxAY bBHIGF pae0Y Hitk

FBF _cBHBtrCp bbbl 33 poT1333F 6B RHIIORp F O KM bIOFE K&

ne bUY wKfFAbBF WAnbBbh cblOF W URBBRIOOERH
600W

UMF XbBIKF pntTHOF wb3l B pBbhbHB pnt ptTbhhl
wT OMp KOF  wT X Y by WiZpl nkAHOFp Fupist 3 KeFY TpFTvrbyr J/iem | MbE:
dxfF B BPFHSIOFc Tc b 6ppxbh dFBMUBIKOF W A4afr T

A PHIOF d9cb O6ppbxb F 600W Th p XBBYY LGk Ay

6ppxb cbhIOF dFpNB A u werBEORAM/C B F1K M ET R T
AD PHIOF dc b



Fp N A nuwms HB IOF

Harmonic order Maximum permissible
harmonic current
n A
0Odd harmonics
23
3
3 1.4
7 0.77
9 040
11 033
13 0.21
15=n=39 0.15-8n
Even harmonics
2 1.08
3 043
6 0.30
8=n=40 0.23-8n
-.-HmpA WPHBKOF dcb 6ppxbh c¢cblOF
Harmonic order Maximum permissible harmonic Maximum permissible
cutrent per watt harmonic current
il mAW A
3 34 230
3 19 1.14
7 1.0 0.77
9 03 040
11 033 033
1320239 ,
(odd harmonics only) 3.8 See table 1
2 .-BEwmpD HPFHBIOF Y9c b 6p p xb ¢ bIOF
IEC 61000-3-2 PFTNBKWF MUWBHBc pFTbHIF
WphepdaF FmMbhb Ml b w2HhXxIm

dFp 1B A unumB HhB HOF
dF TUTFMb 4B

bcFmIOF



KY>xB WKfFAbBF b&fls gl

0T PMAKF ®pT agK 6bfpxX KFYaxbF FMK AF b
db12F DIOF ¢ T pT1739Db bibh® Wp e lldEARYF e HHEOBpp
dF 7Y PRIMH FPepYpbB OFOF P AbM wUF AKOF ppk n tOF
bnt npKn Mkl BUKTHPFRY uAFMA > nAK d9fF T hFMIOF ™

. FYTY wWtA>F bfFecuF n

dFBMUBAK wWKFARBHbLF bB

Wb IOF nAK XAk IOBpbpE EOPD BT BK JOA R T

FBDb pMAIKFI3 bapWOF pnt gK uFCECB b3 pMOF pF-
WKFAbDbLRT MBI HIOF o m M7 wT Y T @ §EMDF  bbll 8l@FY Fp ncT
NB WpYbHIOF nAK (wlUp? uUumbce PAB MY PXbs]
baplOF pnt N wcYHWOF? XTFmMbe pfFThHhIOF 073
WIA2DHBXKWF 2 FBY _ pcFMIOF a8 4kB/ p b buyKQPFA TR TE
. 9F TUTFMbIOF pppb nAK wUp?D wYOMB WT XT

Input Voltage Input Voltage

\\ = ZA. -
v Input Current ' | | Input Current
' : T ,

-
Ll

=

2%
B A

bF NT p 7T NIOF fFph-B_ ihfOFT MROFS obr 3¢ HIBGRORP -y bbprp®oF o

(dFpmMbBCxXxFpbm dFpwmTtp) WHKFNT pHF K nAK
b/53dAC bbbl OF ¢cT FBb wb3lI OF pF1Th ¢T 9F KN\
a LB HpBI OF ¢ T FBb WHFNTYKF wydTpAKF 3 Wl
WG I Ve R aniline KoYEb MEp T HHELP 210 wt AhABb MF #HWTKpY
bBcOF prTbhbmM pcHBIKF pfFT1Th BNt CxwhT ba3OF

C §pritiebac g VB bEHEN A 1Y M3 ¢ SEsHitby e T HHRIGRHOBMImYF 3 b
beclOF "n29AAbT FBDbB Wbl OF pntm pwlhds OF p
. CKpYhKFmM ¢ ABhE Hb BE WabxktdPr HOFY KRN ortme cpHeBIC



via[ N WVin| AN
Im_ Tim \
2"\hx'
B A

brF NYKF @ 1 c Hb fPF -Bol_3 bgbtACHEN-HOFD F br Ppldp-AHwnptOFL | gGFT b m |

1 grid 1 grid 1_grid I_load

j Series PFC —
1_PFC —_—
Ve \ F/_.

V_PFC

ac | |
| ‘\_q_ S Nonlinear AC
load

parallel PFC [

CKpYbIFM c ADBABHIFG gibHOF MF-KOF 471 c c HbB HOF

WINEWDADUWATEF BB eCHDXTAD pp ¢ A3 v beCc pMAIOF ppFc

nAK wH T70/A OB b In KNR B Rk BMIoffEDETocHbWP a f p > b hF
.(cA>3 b bBc) YFpmMTpPIOF aTtmUbh pBHt WB Fn

rUT2Ah OB AMKB g b I QKA THWHF pbisrr K o T c Hbb
N mMAIORB vc TWBAT ROFH ABXTWal DR bwbFYwmhPF U
. pcEMIOF aB XT'%dlbuyKPOPIBFORF 2

| PFC converter Load
Full Bridge Rectifier
v v
Vi in V out

p MAIKF wpioF B8 YHOR myd APOA OfF 1b WK fFOAb BbF bBF K



WKFAbBbF bBFK @T1TcHRhHK w3 bhj
[4] d9bp 2B WpK aFp3>3bbHBr 32 wWHF NY O
bnt AK18 TLF p IOF

bbEDY MEb[5] pbnt A0 MTFpIOF bp3I3BIF MK wWKfFAbbDD
: UBTHh

F29eyn 0w a8 WHBFmM brpte? ptNht A>1F pt aun
bmtbc A0 b3 ptOF pnt weTL VTRV pmzp IOFOMB /BT
. p BRZBW wuwYr UY33m pBbhHBIKF 6

WCTtTB ckM _ bapF pr1Th WpbAYS o8B HM p MIOF
nAK pmM/JTIHBKOF bTBChKOFM WKFAbBbF bBFJ/IB WB1

. A>3 OF

WAR b IJIOME _ KY3 xB pMbHBCXFpbhIOF ndAKJ b1 p Dl
bbbMIOF wOFc nHOF pMbBCXFPpHhKF bUYUXHK CFTCXT1
. FTABK wkOmMmn B3y ndt4dcbhb gbeT F

¢ ~.7
, R... .
Al

) =
Ri, d

\i|=

TIT

0

[

[
— TP
| < +
— Load —

PFC Controller

abchBIOF 6p>mM bap BB1lpBitRAK UTFPpIOF bp =

PFThHIORs Efbhc3Bd0)p O P  pbrptd BEGFHCb bigh? pb 1 t
PMTSIPIDY FEK p/THls HEXPA AK avIQUFATHREEK oTcHbau



PCFMbhIOF nAK aTtpmMbbhCAFAbH WB

-~ 6p>3 OF ntOF uplf AKBH 5 Bip S BRbMAH kK e KAbTacTTp M b
Jr KFTY bTtA4Yb clOF bIOF M p Mg RENDEpH p by ¥F ¢ E
. bT NI HBIOF Pwmp A ma@wh B #IF b KR x40k b 1E YaKY alet

PCFMbIOF nAK aATpMbPBCXFEh Bl WKFAbHBbF bs
6GMp CBIOF BSIMAKD N~

350NV (A p23bY FIIOF O) wWtKOF K wWwKFAbDBFJ bB.
pMp bbb ¢cT beBNIWF B ATABX EDbBF/NbhbBIF b1
A B x. Ogil FABT 0B HAFF pF BIOF AT pPpF ThHOOF UUmBTB ™M
otpYb _ FMIOF abTt c lOF bkF 2avr pEviby BiGyeF pahriOFA B
ATYAb3B A4TGCCT biéldl/vigptbd 80F BT ofFMb K [F 8
ne ETH wWERPAKWBLFMbBEMNMB a8 aHcTwm piurlpc
UmMTKYUpg®B bbbl 3 agwiB/1T F @gikly HhENOMmb OB F 8 Wb T

6] aTYABIF Wi HY wBMFUYBID wl

ge T W Iz Dy
—R Ty -
B [0 ju L L
i * . J! 24 ——
* ]_m*v;\ . Bl v
Vi — 180°+ vy = i ] [—D: 7
II'11.,1' T E Io-llq- ¥ b ?
C mlod s 7 C, .3,
: 0 "D 01D, T
b_| - i —

6EMp CBIOF pnt A T FpHOFIOB b I8 A0 af TIOF T



1 Gate voltage: || b

Ly Current | - '

' (; Gate yoltage | o
! 1 L: Currem

Ly +L; Curdent _a_ : A
™ i [] ] i
1

6GMpPpCBIOF pnt A MTFEPLIOR BBPFFBIOF ¢ T WpF B IO
Bridgeless b482 d OF

pPt ¢T wKFAbBbF WUFTY paB bAUYT pMIOFM 4T
XTpA K wWKFAbBbF bBFK p@TcHbh abt _ UMF X
ATYAB pmtmHO WOMM wWKfFAbBbF bBF R @ibc pHF
dbF AB NKF ppYT b3pF pFTh ¢cT otpYb pY

. ATYABIOF pmtwm gk

i
AC D1 D2
Col|l+
* — %
I—
&
Q1 Q2 \

Bridgeless bp 38 Wp ERIOBL&EF AXOF b bl IOF
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UHhx n HORYKIFTAVOKIBKBF BBtFTK o T c Bbbh KO wB p > 1§ He IOF

0B pKERLHBOK A 8 VbhEM. Hbb 28 KB RNKP KeFTT Y

bb 28 KFFBRHIFTKF T Y 1600W B UK RRS Tos [Lmdhbr X K
25.3W

230Vac 100% load
Total power loss = 25.3W

Output MOSFET
capacitor losses
loss 16%

9%

Rectifier Boost

bridge diode

loss Inductor losses
37% losses 20%

18%

1000W wK F AFCHF b IIEWK F AKX BR Y b b1 [OF

(WARHHUFKWUFHP UMOFd F B MU B AKO WK AL HBb F

bt Ml bIOF bob aFbp/bs T kB HIOFP BBET P Dfr4TH
AY Wttt A>KOF uxpt [TIOHF B Bp IOF m g EUp b € K Bl OB ,

. WUF AKOF pTHOMb WprKw abBfrF 3 Pp 1 prreld FoMxTm

al B h Hhe O nGp sckOF a be by B Bms ¢ fodik Yaydl F AT BN B IBF 1L

/B ufibisE o HohU B BB bt HBFBFFXA oK B b Vs _ b HEpRbMY
pFpthBHBF abt 231c?® abch Wpecwm gB WMAUYIOFM ¢
abt 2Tc? FKPpFRbMNTEHUBINIOEYmMNT ombTbhYp KA
bUY wUFA aAFpUYTmM bYF&FamE bgp Twbp 19 F mHHA
. MFtTbhbbF cGCF XX wlj

6TCB MY cHFK wWKFAbBF bBfF/iBp 1THBIBHKOFS W F
AFE a BF [ n 7uiripE@ar 1w L FYA KRV



. pT IOM b IOF  WhT KGm. 9

_pBbheNpEF mMACFIOF bTtmMcbhb c¢cT wtiOF AOF F b

W FYDBKF a1 hHhchm wUF ABF p BHPCETD oy DR Yis bl 31 A}

. WTHKFBTBHF

bXeB WKFAbBbvF bBFfF/1B(PECHC HHK F AhThe HH be g fI B C
URPEC) bENEpT IRUMATEFBEB MIAPFC) b MeuATBFberB oTthHh
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single-phase active rectifier circuit
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