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SURABADIN DAENGDON : STABILIZATION USING FEEDFORWARD LOOP
COMPENSATOR FOR AC-DC POWER SYSTEMS WITH SLIDING MODE CONTROLLER
THESIS ADVISOR : PROF. KONGPAN AREERAK, Ph.D., 179 PP.

Keyword : Stabilization/Constant Power Load (CPL)/Linear stability analysis/
Feedforward Loop/Mathematic model/Sliding mode control/

AC-DC converter

This thesis proposes stabilization using feedforward loop compensator
for AC-DC power systems with sliding mode controller. The system load
is a controlled buck converter which behaves as a constant power load
(CPL). This load can cause the system to become unstable. Therefore, studying the
stability of the considered system is crucial in order to prevent or mitigate the
instability. The study begins with the derivation of system mathematical model using
a combination of the DQ and the generalized state-space averaging (GSSA) methods.
This approach provides a time-invariant model which is suitable for stability analysis.
The system stability is then examined using the eigenvalue theorem to predict the
unstable point. After that, an active damping method called feedforward loop
compensator is applied on the load side to stabilize the system. The proposed
technique detects the DC-link voltage which is filtered using a band-pass filter centered
at the resonance frequency of the DC filter. The filtered signal is then scaled by a
feedforward loop gain and fed back into the existing sliding mode controller of the
buck converter. This process will compensate the CPL effect which allows the unstable
system return to stable and can continuously operate until the rated power.
The simulation on MATLAB/SIMULINK, hardware in the loop (HIL),and experiment via a
test rig built in the laboratory are used to validate the theoretical analysis and confirm
the system stability. The results demonstrate that the analysis, simulation, HIL, and
experiment are concordant. These confirm the system unstable point and the
proposed stabilization technique successfully provides the system always stable for

all operating conditions within the rated power. Consequently, it can be concluded



that the thesis assumptions, the knowledge from the study results, as well as the

proposed stabilization are accurate, reliable, and practically applicable.
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1.1 anudunuazanudrAgassdeim
Tugadimaluladuasuinnssuniaimnssulwinlddaudueg1adanszlan
2995818 nmsedindindafifinnsarunu (controlled power electronics) lagianiz
1995uUasiuids (power converter) la313g19u 19asutasiuie® Jund Adiduled
wddued warddidund lanareunduiiladduesssuulnihadelnd wu syuulni
Yo usuRlNia (electric vehicles : EVs) w3 asdunidivg (commercial aircrafts : CAs)
wazsaluiln (electric trains : ETs) 1Judu Farsasuvasuidsnsdmindlunisulasiu
fdsliinannunasine lidaeduwumned (battery) wSeunasaisdu q Wielildmaslndi
Fmnzauselwandig o aelusyuy FIAINIAIVANAUTITOUVDINBMES LT Tuszuy
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V. Sidorov and D. Vinnikov, 2022; Y. Zhu, X. Yan, Z. Wang, T. Yang, S. Bozhko and P.
Wheeler, 2022; C. M, 2023; R. Carmona, A. Stowhas-Villa, C. A. Rojas, H. Renaudineau
and J. Marin, 2023; S. Sahoo, K. Selvam, H. Dhiman and K. Shah, 2023; B. Luckett and
J. He, 2023; F. R. Ismagilov, V. E. Vavilov, R. A. Hakimov, I. I. Yamalov and R. R.
Urazbakhtin, 2023; S. Deng, T. Lei, R. Li, H. Yu, X. Zhang and X. Zhang, 2024; K. P and
S. Prakash, 2024; 9/i%e quewus, 2564) uanmaﬁamsuﬂaqﬁuﬁwé’aé’ﬂLﬁudauﬁﬁﬁﬁqg
pon1snankazlinaI I uNALNU (renewable energy) liiinazilundanuuasinn wasauay
wiaauih sy Tnendssumarifdsldsumiuaulasnynlan Wesmindundsay
ﬁazmmmﬂﬁﬂdaEJﬁW%ﬁauﬂsmﬂé’uL‘flummmmﬂmﬁmamaﬂaﬂgau (K. Mohammad,
M. Amir, M. F. Rashid, A. Rahman and M. Ahmad, 2022; A. Guercio and D. Curto, 2022;
A. K. S. N, S. S, P. and R. Mahalakshmi, 2022; K. L. Lijin, S. Sheik Mohammed, P. P.
Muhammed Shanir and L. K. Haw, 2022; S. R. Korada, R. Brinda and I. D. Soubache,
2023; K. Saravanan and A. Ramaswamy, 2023; L. K. P. Alquiza, K. H. A. Recto, P. J. M.
Loresco and J. Villalobos, 2023; N. Ahmed, M. T. Imran, Q. R. Hasnaine and S.
Mahmud, 2023; F. Alsokhiry, 2024; Anita, J. Meher and K. Roy, 2024) éhashmﬁq
Auandliiiudnnuddyreasasulasduidslussvundnuarldndsaunaunu
Ao msuanliihantatuay Tnefoiuauiuaznaniiinssuaaduanaa desnfudedld
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AOAARDIABAINADINTVBILAANI DUUAITNLAUNG 191U (N. Kumari, M. A. Kalam and
V. Modi, 2022; A. Zentani, A. Almaktoof, M. T. E. Kahn and M. K. Elmezughi, 2022;
X. Yuan, Y. Zhang and X. Peng, 2022; Y. Wang, Z. Fang, B. Zhang, Aisikaer, H. Lv and
L. Song, 2023; I. -H. Chung, M. -J. Zhang and C. -P. Chu, 2024) AINTLUUMNY 9 ﬁleéf
nir0819un ud1ulng 2eli9a5utastumdei fnnsaruaudaedaiuauile
(PI Controller) simunudsnaridudamuauiiainsaesnuuuaimniinesvess
mualddreidosanniisnsiluluniseenuuy snfetaru mssenuuuinuALivle
LUURBI3B4 (cascade PI controller) fifigunismuaunszualufinduguansluvaziiqy
nsmuauwsssuliindugunieusn agldnnseenuuulaensmilenduaielauwuuialauay
suduuseans fuilsddudrelounuuinnssiuvesssuududuans Jemdimosues
fmuaufisaniuuldainsaannuianainluaniuzegia (steady state error) uazls
HAMDUAUBBISTUUTILIUET (J. Pakdeeto, A, Thanommuang, K. Chaicharoenudomrung,
2021; J. Pakdeeto, A. Thanommuang, K. Chaicharoenudomrung, K. Areerak and
K. Areerak, 2021; J. Pakdeeto, A. Thanommuang and K. Areerak, 2024; P. Santiprapan,
K. Areerak and K. Areerak, 2024; 3gwa WiSdad, 2563; odan aueiles, 2565) usiFanruax
filofiteidnfe Tuuwnsuilelnandnmadsuutas damuaudina1ienalinanisnavaues
Bana¥a (dynamic response) fildin 8nitadslufiaunmusedyginsuniunse
AuLUIUIINTRINIs T mes nteluszuudnnie (M. Ahmed, M. Kuisma, and
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C. Panpean and K. Areerak, 2022; Lesniewski, P.; Jaskuta, M., 2023; afify aegwus,
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Tnuani91a suatuisalinaneuaussi 53m5n
wazd A uAInua on15.UE suulasvedlnan
LAZAIITUNIUIINATLUDN
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A138ANAYVDNIUITY

T. Mao, L. Li, and
Y. Cao

unaMEHausN1IMUALNITLUAN LIV TR
yiadalasiasionisldiimuaulnuanisdou
Fauansliiiudn nansvaussvessyyud
AMUTINLS Az AUAINUA ad YU IUTUNIUY
NALUBN

2024

W. Ning, L. Li, and
Y. Cao

UmmmﬁﬁwLauamimwmwmﬂaaﬁmwuﬁﬂ
Imisummmmiwmmﬂaau mmmmmmmlm
wasguuidud adunarld dudadu venand
mmuquiwmmﬂa UG AIUAINUG AL
TnanoUaLITinLAzTINE

31NN1581539U TV AT TN T UMAz W IT s s luafnaudsdagduiiieaves

fUN13AIUANYDITBANMTOTNAAY A9 2.1 annsaasuiluununinnismivay

a & A fo0 w9 ve = o &
GU@\YNQTEJLaﬂVﬁE’JUﬂaﬂqaﬂlﬂﬂﬁg‘UW 2.1 pNU

@ o . Lo 3
488 eonuuude idudeu

i -
fianuAuiile 4 e
> J P daide : Wnaneuauesiilide sftn
(Pl Controller) a
waglidfanunmu
dof  : LinaneuausswesszuuTs ez usiug
WAz I WA ITIUABNI TTUNIY
o| nrvanlasseyszammies | Foi8e :lassasrsveshimunadiaududou
Ll = ' a v
(Neural Network Controller) liansnedurglunmanguild uaz
Tndusiodl deyaduuinndmiu

nsEnRumIAIUAN

__________ 1
I fiaAIUAN |
| q } 4of  : LinanouauowesszuuTsmsa wiud
: (Controller) | #anuauiled wazile A ausion ssUnaY
Ll Ll o ™ o
__________ ! (Fuzzy Controller) daide : lnssadnvesiimunuiinuguiou uaz
TuiAsnsmidlun1sesnuuy
v o e v o
- _ dof  : eenuuuite lududeu aunsauTuuss
fanauauiiten - .
» Wame vauasls
(PID Controller) Y o -
doide : hiflmwnmu
—_——
F—_——— | 403 5 d_ g . |
oh  : LinameuauswesszULTS MG walud
| fanauan A siEey |
| uaziim 1A wUReN1 S5UNIY I
i |

2 - s nsihlulun seen uuusauau

E‘Uﬁ 2.1 LLNUﬂ’]WW’Jﬂ’JUﬂﬂJGUE)Q’JQ‘\Ji’EJLafWIiE]‘L!ﬂﬁ A89
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SnatadaanansnanAiaufianaialuaniizey dald §winlinanevaueswesszuy
feuusiug uiidadede Tuuefmanevausadmainvesszuuiilionalidesdn
wazlalfinnunamudedssuniuneannaeuen Nfamsivasuawosimniinesing o
aelusguy dmiudmuauiled ddeffe 35 sialulunisesnuuumiines
¥9972AUAY FaaunsnUTuudwansuauadanainvesszuy Iduafideidede 1ui
ANNAIUsDAITUNMIUAIBUBNLATMsIWABULasAINTITmesi1e 9 aeluszuy Tuvaed
fmuaulassteUszamiion Idedde nansuaussiisnisy uud uasdauamy
dodesuniu widdeldede lassaiiwesiamuauiaududeunasliamisoesuie
Tumanguild Snitsdssndudedddoyasiuuanufnduiioliarunsaniuaussuy
Ifegrsdassunuy dmsudimunuiled Tawlasdnansvauesiisiny ulud uas
fauaamusedssuniu uiidaldofslassaiiavesianuauiaududeunaylai
FEnsalulunisesnuuumsfiesvesiiniuay Fuiunuideinednusisadenld
famuaulnuanisid sudviunisaiuaulsasuUasiutvusaveass i fiansan
Fananedaef uiidinilugui 2.1 esaindavandindnilassadeilidudou
TWnanouauesfisind uiudr Snifedsfianuasmudenissuniunasninudsuutas
Amndiwesing 4 meluszuudnge ogadlsfnng sasuasiumdsfidnnsmuay laidn
wldiaavnule 4 druuddamaldszoulafnidorsandudanisuiaadosnin
suiil pananngfnssuverrsasulasdud i suadoulnanmdslninnsds fadu
Fadanudndueeed slunis@nwrnuiddediisadosiuinanidslniiaadafidana
solafiosnmesszuuliinmas Fsagldsunmsinauslfluidedald

2.3 U N 82990 Ulnann 18NN IAIR 1 d INan aLad 8SATNYD

szuulnnA&s

Tutlagtursasdidnnsedndnndalasianizrsasulasduiidsifin1smuvay
doidudsddylunistuind ounasiauiuinnssusig  egraunsnans eswinaiuise
AuAun1Iviuresnszualiiiuazusedulai i ininzaunsud avd g 16lUs
Ian1g 9 aelusezuy asmliﬁmmLﬁmwiLL‘iJachuﬁﬁé’agﬂL%awian’fﬁmzwlw%ﬁﬁq
N1U2999N509 AzNUINsTLUasUiEsATnImuaNIzdRansEnURoIai s A MYRITT UL
Iyliinlagase Suidummhlugnisunaaiosnneesszuulin sunsgisszuulnlinlas sy
pfinAuAsneld Fiiunuideinednsiisldfnvnansemuvedansidsinilinsh
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ANS197 2.2 UAYT LN 879997 UNAYR AR N8 N1 AIAIN dSNan DLAD 8T ATNY D

seuulnimas
VnRun .. . o .
AZAIY #15281AUVD99UIRY
(A.A.) v *
2019 | K E. L Marcillo, and | unanusiiniausnisyneuuessyuudislnandy
et al. NmufdaqN"’uﬂ"ﬁa"’qvﬁ"ﬁmimuqu‘mmmws
Frvsulastuidunandasiingfnssuiaiion
anmdsluihassfiddnvazduddunuisau
moszuulaesiy 9 adlonrrud1uniudnay
gosluannid el inednf udu szuvariin
n15vILEd gsA N wazenaluaanuidevig
¥9353UUlneTla
2019 | O. Lorzadeh, UmﬂaﬂuﬁﬁWLauaﬂ@MwLaﬁaimWTuEzUULmdﬂﬁiw
|. Lorzadeh, T nszuansei g eusefulnanndslniiasi
M. N. Soltani, and H1129950509 §slnanmasiniinnsiaasddnwuy
A. Hajizadeh \dushdumufinau Tuvaisfin1sminweesnsed
fianwasiuddunudaan Weauduniy
fgaavvedlnanniadtni1nenaliannou
ATTUA TUNTULT IUINVDINITHU 3938V TH
Faaraliirvestinseninnsdulnni uiy
wazenh ludn1sviniatiosnIneessEuy
2020 X. Li, X. Zhang, W. unanuiauesyuUlasenefgslniinseLanse
Jiang, J. Wang, GummﬁﬂﬁL%"amfaﬁmwmﬂaﬁumuqaﬁﬁﬁ
P. Wang, and X. Wu = | A15AIVALNENEINAT Immwauﬂmﬁuuwyaﬁﬂf%
fingdnssudulnanmdeluiitasd 7 dauase
@DEIAINURISTUULATIUNEY
2020 | B. Babaiahgari, m/lm'mﬁﬂj"lmuaﬁmﬁmL?fmﬁ’maﬁaﬁmwiuszuu

Y. Jeong, and
J. -D. Park

Trsstesdslninssuansauindn sudlownan
Tnaaniaaliiimesa Ineluanaanaiavianyeauy
Wudrdruniudnau i earruduniufnay
yoaluanfiudu azvilfnnsnuisvesszuud o
anvazidudadiuniwdavinanas auiilug
NSVIALERYTNINVDITEUU
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3197 2.2 u3TeTLA at esiunaveluanmdslninnsiafidnasn olad osnmaeq
seuulinmae (mie)
VdinAun _ . o o
) AMEHIY A195581AYVINUITY
2020 | A. D. Scher, M. Kosik, UNAINT UL AUDTYUUE K 1UNS 39 UR 2815
P. Pham, i a9l (inductive power transfer
D. Costinett, and system) Afilnanmdslui1aesi LGﬁIE)ﬁJGl'E)E]Ele
E. Hossain Falnanid ozl Snvauzidudiduniuinause
szuulnesiy §adennud uniufnauii udu
YAINA LATLUULNANISVIALENYTAN
2021 | M. Mahdavyfakhr, unAnniiaueszuulnsseidslnihnssuanss
N. Amiri, H. Lin, and | aunsdniidlnanidslafiineia Insluandanan
J. Jatskevich siidnwarduidunufnaufidsayilissuu
ANISYIALADETATN
2022 | C. Yuan, Y. Huangfu, AL aue szuuUliliivesoAeulZaudy
H. Bai, S. Pang, FaUsznountounas9elnWInsELanse 2995
H. Zhang, and W. Shi LLan”uquyJaGf LLaS’Jﬂﬁ]iLLUaQNUULLUUUvﬂ‘ﬁIﬁ
n3AIUAY ‘%QN%LL‘U@Gﬁuﬁ’]ﬁﬂﬁﬁmiﬂ’mﬂmL‘Viﬁ"]‘l‘i
ﬁ‘wqﬁﬂﬁmLﬁjuiwamﬂﬁé’qlw%ms‘i’aﬁmmasia
@8N INVBITTUULAYS I
2023 M. Sebastia-Rullo, UNAIINT YLau02995uUasE U S Luuyan
A. Cid-Pastor, A iluanmdslii1aedd sus ot uszUURIY
H. Valderrama-Blavi, | 2995589 @slnandananiidnuaziuiadiuniuy
A. E. Aroudi, and Anau fezlvaameumnuduuinvesnisuiises
L. M. Salamero 2933NTDIUVNIATEUULAANITVIALED I TAIN
2023 S. Deng, T. Lei, X. Jin, unanuauesyuulasenefdslniinseLanse

H. Yu, X. Zhang, and
X. Zhang

guraEnuesemaeuliauduilfwadid ainas
(fuel cell) Wuunaandsau Inedluanfiidaluin-
PSR UTEUUHIUI995N509 T IAIUFIUNIY
fdnavvadluannmaslni1asniazlvannauan
AMUNY9Y91995n 50 AT uuInauilug
NNSVIALEDYTAINVBITLUY
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o a o 4 a o d‘ Q‘I 14 % o [} o Qll
91NNN5A1529USVFNTS NS TUaENWIdeNeTaen uNavaalanmasbilinma s 7
dananaranesnInvassEuulninigs aanlawanslilumnsnean 2.2 nuan 299skUasunaq
dadinsamuaunsinulvegluaniizaunananuiRnuvseqnaunavedssuy (operating
points %30 equilibrium points) azyiliA1ali19e91995ulasdUAN T AIAT AIti
1AshUaIl UM dn1sauaudsdnganssuilTeviadeulnannigdalnw 1aedn
Fallnudnvaugveawsuliihuandddsgui 2.2 mnsuazanunsaesuieladn Wenseualni
Yadlnannaaliinaeiaidnisiudsuniad (dicer) A28n15HANTY wssnulni1innas oy
anfdaliiinpaiifaeinisasundas Uverr) sronsanas lunenduiudionsewaliin
adlranndalniiasiianas usesulnivesuandalniiassfaziindu Wslrmidsldin
a a a o = | v v o w v a1 &
JAAeN nsidsunlasanuaziazaswaliainnuduniuredvanialnidianssiandu
A a = &a 1 q! o o % L% d‘ 1 Y} 1
AUNIedUNLAUTAnausaszuU i1 Farnunluannidslniness@ausanussuulniiniu
199909949 Inannananazdnatrszuu i ninni1sviaadosn I ndu suvilasannAIAIY
AU uAnavvedlnanmasiniinsfiaglvannouainIunug (damping) U0939950509%9
Undsiaraudrumuiuuin Inenisanasvedpianunietavadsali ussnulninay/vse
nszwaliinN1995nIRUAnNITNTEENEN FannUSuunidaluirvednannidelninaada
QI 4y o.ll = a G G4 o o Y a1 a QI dy o 3 = 1 ¥
WUT UL UADD NN LAUT VDIl an 1AL WAIAIFI LT ARAR UM NNINTY AU U IAIALA
uwssnulniuaz/mienseualiilininsnsauianisnseiiiouinduegraunnuazlilanunsag
\danuiRauvessruuaunseisssuuliifansunaEiosnmie lnenisvinadiesnim
YBITLUURIDIAINARDAUTIOULNITNNNUYBITLUUAIUANYI 08 19d Al sz uUleTILLAR
a v dy o o LYY ) ¥ = 1 & a v i &
anudsele uanandlnaniiadluiineidedenarinlnssuuidanuliidulady nanme
Juszuunlidudadudeilissuudaududouiuiudneie deomgidadaudnidu
1 a a v =2 a '3 a aa <3 o w LY
2819899 A0IANwIwaEIATIZILED 85NN eIszUU LA DT I vaadulrnanniddlndaasn
‘ﬂl v a o U o U Y dl 1 v a
WaliaiusaaamusuiundsndvednasnidelniianssiNnazdwalissuuiinnisuin
nesnle sesigazidenazinausluidaialy

VCPL

Equilibrium

* AVCPL <0
AICF’L

AVCPL

CPL
AICPL

JUN 2.2 pudnwaraudiussiulniuaznszualnivedvanmasiniiag
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NuBseRfeadasiunsinssiadesnneasszuuininmigs

natedl 2.3 A1uNmudn 2sasulasiuiidsi fnsmuauazingdns sy
Wisuwiloulnanidslniaasfiddnvazidudianuduniufinauseszuulag sy
Fuil o lnandena1rund sus ot ussu Ul 1M IU79950509 AUFIUNIUR AaU
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¥oilnann1aslili1assm azlvannauaim ud1un Iuid UuInv09AI T UNU1IVD

= | 1) ) a ~ a a
29950509 TIFINA SR UlNH e /T onsena 19179950589 AANISATELIN BY
suiilldnisvaaiesnmuesssuulninled deumdetialunisinauenisfineanidy
AausoAnaudstagiuimineltesiumsitaseiadosn neesssuy tneddngussasdiive
I JuisdmsunisamanUsuuidsludive sluanindslnin s Nazdsasinlissuulaia
PRINFUWAANITVIAEDETAIN FITN8AZLDYNVDINUIFETLNEIVDINUNNITILATIEALEDETAIN
Ya3szuulninidsnanalamnanisnai 2.3

a av a4 v Y] a s o o
MITNN 2.3 J’]‘LAT\]EJ‘VILﬂ‘EJ’JGUENﬂ‘Umi’JLﬂiﬁwﬁLaﬂaimW?JaﬂizU‘UiWﬂ’lmaﬂ

ViRun .- o o aw
AMIZEIY A152E1AVRIUIIY

(P.A.) v “

2011 | W. Du, J. Zhang, UNALT YNEUEN1TTATIER LA 851N B
Y. Zhang, Z. Qian, wasuvasdumaslusosus W1 laeld7s
and F. Peng msaneianssninuuulidiiuldadunleisnng

lngnsiveieyuan vonanidslatinsauenis
psenaiosn kU TInssissuuna ed
nsasuulasamnaiinesvesiinuay

2018 | Y. Shen, S. Yang, UnANT BNAUEN1TTLAS L LR 85 ANV B
H. Xing, D. Wang, syuvlaifamdsvuied st uild i uandu
and L. Wang Taglia5n15ATIgiEn o snInd gy raaunlng

meIsnsingnssveaieyuen

2019 | Y. Ma, K. Corzine, UNAIUT YILEUDNISTLASI LY LAF 8T AW
A. Magsood, F. Gao, suamwil,l,ﬂaﬂﬁuLLUUﬂ’ﬂﬁﬁmsmuqmﬁwmumumﬁ’u
and K. Wang Tusruulassrelndinsruansavuinian

Tagldn15TiAs e R Lad usATNULUULT SLd U 28
ngufunaiizasuonaind geldviiaue
N1398NWUUNITITADTVBIFIAIVANFILLUUTIADY
nandamansiicidaatiosnmvesssuudngae
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= av a a ) a ¢ = o w i
AITNN 2.3 Q'ﬁ.ﬂﬂEJ‘VlLﬂEJ'JGUENﬂ‘Uﬂ'?i'lLﬂi']%ﬁl,ﬁﬂﬁﬁ.ﬂ']WGU'E]\ﬁS‘U‘UVLWﬂ']ﬂ']aQ (p2)

Anu

Vit AMSHATY d15edn Aty eIy
(A.A.)
2020 | M. Veerachary, and UNAUT UILEUDNSTLASIET LR BT ANV
Anu 199sulasiunuutRsusufia (fourth-order buck
converter) lagldi8n1531As 189 L@0 8SAINUULY
Fadudienguiunanaizas wieuauaue
n13a31@d s Ne18nsUSTUIA U snes
ApIUANILe
2020 | F. M. Serra, UNANT YILEAUBNITTLASIEW LAR BT AN DS
G. L. Magaldi, 295uasiufdauudaiimuausefmunuitle
W. Gil.Gonzalez, and | Inel435n153mszimadssamuuuldifudadui
O. Montoya 01A838 n3lnensavondsyuenl uonand Salé
UNAUDNITRRNLUUNITNTRBTVRIAIAIUANT LD
1AgNNTUNENYTNINVBITEUUTINAIY
2021 | R. Roy, and S. Kapat UNANT YILEAUBNITTLASIEH AR BTN DS
2995ulasdumasnuudai o ousadulnan
1995 UaIN UL UUU AR 1U1995n509 tagldisnns
TLATILHLAD TAINULUULT ILE UA U LN LT VDS
dalAauyn yonani deldinauonanszny
mnmiL‘UﬁauLLanmWﬁ’]ﬁLmai‘ﬁuaﬁw‘umuam
fdawanawaiysnmuesyuUsnaY
2021 | B. Babes, UNANT YILEUBNITT LRSIV LER BT AN B
S. Mekhilef, 2asulasiuidsuuudaimuaudiediniua
A. Boutaghane, and | Inuanisiden Tngld35nsinseiiaiosninuuy
L. Rahmani Luidugadusmeisnislaensaveadeyuen
2022 | M. Veerachary, and | UNA2191 Y1LEUBAI5TLASIEH LA 85N NYB4

waswlasiumdsiifinauguuasid euse fuszuy
lasevrelninszuanssvuiadan laeldisnns
AATEMADYTNINWUUBUAUAIEN W UNANAIZI
uennilaiinsssuifisunanisinszialy
Towunauaslauaud
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= av a a ) a ¢ = o w i
AITNN 2.3 Q'ﬁ.ﬂﬂEJ‘VlLﬂEJ'JGUENﬂ‘Uﬂ'?i'lLﬂi']%ﬁl,ﬁﬂﬁﬁ.ﬂ']WGU'E]\ﬁS‘U‘UVLWﬂ']ﬂ']aQ (p2)

AUSNIVY
U

A15EANAYVDINUIY

H. Li, and et al

UNANUT UNAUDNITILASIETLAD ITAINUDIIDT
LUBINUAAUUUANL A TeINdRIR T uMAB AU
(coupled inductor based buck converter)
IngldI5n153As1eAE e INIMLUUTAEUA I8N G
UNAILAILAY UBNANNL IR UNAUDNANTENUMD
a A A ) =
VENYTAINUBITEUULL 88 NSUSULUA g UTUIAVD
ANNUYINTIE D

2023

G. Ghosh, S. Vyapari,
and V. N. R

UNANT YILEaUen15I LASIE Y LEE 95NN Y4
Inand muauuuuidaduluszuulaseglndin
nsenanssvuinan Lagldisnisimsnegdiaiosnn
WUV AU I8N B UNANDIEAY Lazlaiaus
HANTENUR BLAS §TAINVDITTUUL 0UUIAVD
FagunuiinnsiUasuuas

2023

Z. M. Dalala,
0. S. Saadeh and,
Z. U. Zahid

UNAIIUL UNLAUDNISALASIEV LAD 8TATNVD S
TEUUANLAUNSIIUN W oUM DA U995 WUa I UANS
HAuALAuUszan1en 1ulnilanszuanse (DC Link
capacitor) lagld 15 n157As e t@d usnw
LU BdumsInugvesliafause wagldiiiaue
NANSENUABLADNYTNINYBITTUULL NS ATULUAY
| Y} <@ %
AvadaAuUsEaeuliinnsewanss

31NNN5E15UTVAUITTUNTINUA M WITUA e buadndudslagUuiifeitesdu

n153Aseiadosninvesszuulninindefamnsned 2.3 aunsaagdiduwnunn

Mylaziadesnmlanauandluzun 2.3 dail
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nepdinenansiiludadudmiunisiinsziadosninvesszsuy drunarivesdafauge
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Tnedl K Ao Andudsyaninsutas Geddnsiuazinnduegfuguuuues
n1sidad 1u K = 2/3 dusunisuiasaigen (peak convention), K = 1 dnfunisuias
A5 WYINU9A1800 (one and a half time peak convention), K = v2/3 @1usuni1suuasg
ALaeI15L8Lea (RMS phase convention) was K = v2/3 dansunisuiasuuuniseysneg

masluiin (power conserving convention)

d1msun1swUasnnduveanaisn (inverse Clarke’s transformation) as1Uu
nsudasusunaumelniieguuwnu ¢p0 Tdudiuamdnifeguuwnua abe @

wandlaeaannish (3-2) fadl

1 0
2 1| 1 3
f 1= == X2
[Fa] 3 K|l 2 2
1B
. 2

NI, NP N

[t ] (3-2)
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2) msuwlasunu af0 Juunu dg
nswlasuny B0 [ Juwnu dg u‘flumil,waw%unmmﬂﬂﬂﬂﬁwqmﬁwmmu
a0 Wﬁuﬂ'%mmmﬂw%amw\lawl,mumgul,%aéi’jﬂmﬂ (orthogonal rotating axis: dq) 61w
ASUULAY aB0 FeyumyuressuUaiAT (0) Ty ot fauandugzud 3.3

JUT 3.3 wnunnninasnisudasunu o0 Wuwnu dg

INFUN 3.3 Wudwnu d wazuny g ANty wazdlyuiuny af0 Wiy
ot Asduaunsdmsuntswlasysunamsliihvuenungails ¢p0 Tiduusunamndlin
vuwNumyy dq wandlansaunisi (3-3)

cosé sind
[ qu] I Lsin 6 cos 0}[ f“m] 5-3)

dwsunisuasUBunamaglidavuenunygu dg liduuiuiamsliiuy
wnUVERs af0 wanalansaun1si (3-4)

cos@d -sind
[f“ﬁo}:[sine cos@}[quJ 54

3) nsuwdasvesa
n1swdasesdrsmdunisuuasusunamalninainunuaiuaauna (abe)
Aldudszneudiulauinifipeinaiu 120 eam vde 271/3 oy TiduuTmamaluii
uuknuviyy dg lagns ?afamiLLiJaW'emh%ﬂﬁﬁugmmﬁ]mmmﬂawamaﬁﬂLLasmiufdm
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W a0 Wuwny dg Asilsinanliudrdneiu Gamsudaswesinazsuandldnegui 3.4 uaz
aun1In1swlasvesliinasiandlansaunisi (3-5)

JUN 3.4 urunnnnmeinIskuasaisa

cos@ cos(@—z—”) cos[9+2—ﬂ)
3 3
! ' 2 - 2
| fy |=K]|=sing —sm(@—?ﬂj —sm(9+§j [ fanc] (3-5)
1 1 1
rr 2 2 ]

dusuntswlasnniuvesuisa (Inverse Park’s transformation) 4 940w
n1sudasusuamsliifionenungy dg dudsunamieliihvuenwaauna abe
Fauanalanaaunisn (3-6)

cos@ —sin@
[fabc]:i cos(e—z—”] —sin(e—z—”j
3K 3 3

cos(0+2—”j —sin (9+2—”]
3 3

[ ] (3-6)

NI, NI N
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1007 fape tTuUSINUMSlliinle 9 vuiwaauga abe uay fug WWuUTnuma
Inlile  vuwnuvsu dg uae K fo mduussansnisudas suitldndnliluidenisuua
193Aa15n dmFuauideinerinusd (donldarduussAns nnsudasuuuniseysng
dslwdiniufe K = v273 flosnndesnmsliusinumdsiwil e uuun a0 Sanvinfy
Unauaslwinfioguuinuia abe (Areerak K-N., BozhkoS.V., Asher GM., and Thomas
D.W.P., 2008; oAt queiiug, 2558; 3gwa Indasd, 2563; 0dan nueaniles, 2565)

332 wquiilugiuredisaaistigfisanusialy

FBeedsUigianuzyhludoulddmiunsidanavesgunsalvesgunsal
andreasuasiudfidufd §98danaraldduussanseunsunFiosifedou (complex
fourier series) YasauUsan UrrorRT U IMUTAN T VR ILUUTIARY IngaynTuSis
FefeuannsnoduneseanBennedauUlied

Tnealu daas f(1) Tn 9 Adudyaasieau (periodic signal) @1unsa
Jenlerluguveseynsuyiosdedeuldfaunisit (3-7)

f(t)= i (x) e (3-7)

lngi (x),() Ao duUszdnsuSiendedou wag o fie ANUNTLY Feaunse
Aunallaan 270/T e T e Au
FsAnadeUigdantugnalussivualiduyseansWiesiBedou (x)(0)

< =

YOIF YA TUAILUTANUSVDITEUU B9

(3-8) fafi

'3
o a a

duusAnsusiesiBdeuazaunsamlaainaunis

{(x), () =Tl j f (t)e *'dt (3-8)

t

IneraaudRndnduvesdulsyavsounsunSiesideton (x), () 1A
1. anaudRvesdnMsUdsuLUamunaT wanslanaunisi (3-9)

d dx .
4, :<E>k  jkalx), 59
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2. AuaudivesnuduiusveinInnuanslafEun1si (3-10)

d .
4, :<d_f>  jkalx), 310

3. 01 A1) Ap AN339 wAIFUUTEANTYSISBedounien k Anau Fzuans
loAsaunisi (3-11)

<X>7k :<X>k =<X>k (3-11)

4. puaudinawdoulandlafaunisn (3-12)

([ :27kz
M f) - ft—2) wld (x), —(x) e( ™) (3-12)

k

MNAUNIST (3-7) wazaun1si (3-8) fauds k avdsuendsndnugnies
vaan1stdaunsu3ies a1 k dandueiud ArRanainainnisuszuiassdawiniu o
ddyaailiusngnsdulng awnsafvuelvian k wiriu o Fazunisdinnisuszanae
dusuAud waztndayanadinsdulniaansafvunly k Sawvinfu -1, 0, 1 awdendsa
mMsUszanamsusunils (nesy 01350, 2564)

3.4 nsigatmuuuIIassendinmanivasszuulunsdiiilifintsaiuaa
3.4.1  NISNEIURIUUUTIADINNANAAIEAS
mMsigatmuuuiiaesmandinmansvesszuuliiiniifionsanlunsdilis
fmuaNIzarfenguinsulasiailagldnisuaswesufanaunauiuisaedsuini-
anuialy Tneszuudedrgmdslnihaswaaunaiusenausie szuudsdneidalin
nsguaasuatmakuUaNna anedemaslniil wagieasiseansewaaumawuuIad ald
F8nsuvasvesnfa druvesmeinulvanvielsasuvasiunuudaagldisAadousgi-
anugitily Teeluduusnazfinnsanfundsieliihnssuaaduaumaaugadsanmsounld

FeEUnST (3-13)
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-
Vsabe = |:Vm Sm(a)t) Vin sin [a)t _2?7[) Vin Sin(a)t —4?7[):| (3-13)

WaNaNsUNANNISA (3-13) FaufuauniIsnsklasvesunsnaslaaunisvas
wasdngliihnseuaaduanuaaunaNeg UNWN UL UARIAIEANNTTN (3-14) il

Vy, = \/ng cos(A+¢—¢,)

(3-14)

Vg = \/gvm sin(A+¢—¢,)

lnofl  vm Ao AgoALILWATIULVEITY
A Ao yun19id euiaseud st auna siguasVansadulii
NITUHANU
¢ o ylaivaussiulwitinsuaady
¢1 A YUNITUUUVDILNUAAT

A0 UdANINRITNIDTAUY A VDA AT T 1un s e UNTUAY
Aavflenh faazuandlugun 3.5

DYV 4
o fWV\—o
—_—
N Req,a Leq,a
Vs Vbr
o ('Y'm—o
— AAAY,

Ip Req,b Leq.b

Req,c LeQ.C

JUN 3.5 2asauyavesangdaiigalui
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103U 3.5 azarunsaduiaussulninanaseulaaLyavesauds
maalniiladaaunisi (3-15)

. d.
AVabc = Reqlabc + Leq alabc (3-15)

a a Y ! (% s

W eaN1TUNaNN1Ti (3-15) sauAvaun1sn1suUasveslnsALazaunis
nswdasnduresiia agldussiulninianasenteasauyavesavdsiioguninuvyy dg
Y a A o = =2 =
PNTNYASLOYAVLAAIAIANNITN (3-16) DFNNITN (3-18)

_ | d, ..
T "AVyqo = RegT L laqo + Leq E(T 1qu0) (3-16)
-1 -1 3 d 1=
TT 'Avqu = F‘)eqT ‘T8 lqo +T- Leq E(T quo) (3-17)
4 0 -o O
Avdqo - Reqidqo + Leq a idqo + Leqiqu @ 0 0 (3-18)
0 0 0

cosd cos(e—z—”j cos(0+2—”)
3 3

Tned T:\/g —sin@ —sin 6’—2—7[ —sin(9+2—7[
3 3 3

1 1

1
2

cosd —sin@
1223 oS 9—2—7[ —sin 49—2—”
3\V2 3 3

cos(0+2—ﬂj —sin(0+2—”j
i 3 3

NI, N~ N
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1NENN1TN (3-18) Avanusadnguiivelvlnaunisvesusanulniirinnasey
aneadsidalniuuwnumu dg ledsaunisi (3-19)

: d. .
Avy =Ryly + L, ald — ol
(3-19)

. d. .
AV, =Ry ly + Ly, alq + oLyl

a ° = = o v N
LaganNaun1sn (3-19) a']ll’]iﬂu']ll’lLsUE’JULU‘U’N"\]iamjﬂasUa\ﬁ@jm’]u‘Vl']u'V]
1 U o d‘ o 1 o U d‘ 1 Y dl
sopunsuiufmieniwesmediiadiiiioguuwnumu dg I dsgunind 3.6

Req Leq a)Leqiq Req Leq a)Leqid
Y Y I g Y YN 2
WAV C— ——WW\— (+ )—«;
Isd |sq
Vyg Vyg Vq Vq
o b > y
D-axis Q-axis

JUN 3.6 13saNyavesiIR UM Undsaunsuiudmileives
anwdsiaalninieguuuwnuvy dg

WefasaanIgaAulsEUensasauyavesatdanadlnidsuans
Tugud 3.7 azanursarwinszualii i lnanudnfvussguesaredsidaluiila
AIEUNISA (3-20)

d

iabc = Ceq avabc (3-20)

NAUNISNA (3-20) Ll 819 N15hUasUeIUNs AkaLNISWUAINNEUYaIUSA
swlenszualnilhiluaniudiuussguesadamaslvi vuwnumyui@o desieaziden
PAAINIFNNITN (3-21) DIEUNTTN (3-23)
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Va Va

o o)
Jie

Vb Vh

o ‘o)
i

Ve Ve

[ o)
i

Ceq,a-b-c T_T

JUN 3.7 2easauyavesanedriiaalbni

d

X Tiggo = Cog — X Vo (3-21)
dt
» il
XX Miggo = X +Cyq E(X Vigo) (3-22)
X 0 -o O
igq0 = Ceq avdqo +Cql@ 0 0 (3-23)
02 Y0

INAUNTTN (3-23) azanunsadaguielilaaunisvesnseualniiilvasiu
Y I3 1 o aa |79 d' d!
Afulsguasaedsiasliiuuununyuaal tafeaunisn (3-24) 8a9naun1szaunse
o a I3 LY I3 1 o @ 4:1' 1 aa /XY d‘
uWeuduinsauyavewiiiulseguesaedsialninneguuwnumyuaalansgun 3.8

) d
iy = —a)Ceqvq + Ceq Evd o

: d
I, = @CqVy +C avq
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O O

+ . +
lcd ¢

Vg —_— Ceq C!)Cquq Vg

o o

(o, O

+ . +
le.q ¢

Vq = Ceq C()Cqud Vg

o °

JU7 3.8 19sauyafAesiaLiuUszguesanadeiaalui

lugauneu19ziiansueesisenseuaainasuuuiad ndlalendu
gunsaladnd uduannniviliuuudiasmendamansiduluusiaesniiasunlas
AR AIuITeInednusiddnisulasesisrunidnnavesgunsalaindaang

- % ° v oA a ¢ ° ¥ | v
welvlakuudiaesildivdsuntasmiuan Ingnsigauniwuuinaesazsesed aele
auyRgIufmalul

1. woundyn (amplitude) vesunasdnglniinszuaaduanuasodifneg
LayaUna

2. ldNasanesuain (harmonics) MAnduluszuy
yiwaey (overlap angle : ) AAtaENdn 60 BIA
9L YINTEBFANUNALUUTATYNIU LU ANANITUINTE LA LUUF DL B4

(continuous conduction mode : CCM)

nszuulrliifiansandauanduzuil 3.1 9ewuin Leg vosanodsrindaluidin
VA IAlTANLUA DALAZIIWUYIDNYBIRTT BINTEUANAN Fawansznumanianunse
Wa1sanulan e 1un1ulsTuala (r) N19a1UT109NUD999ILT INTLUE-
auanansldfaguil 3.9 uazan r, annsadualdainaunsi (3-25)

. 3oL,

U ju (3-25)




41

TERYA

Vbus,a 0_—4'»

linp

Vous,h «——n €dc,1 €dc
Iin,c

VbUS,C et N M

A A A

JUN 3.9 19935 8aNTEUANELUUUI AT AN TANHANTENUINYLLVEG DY

N3UR 3.9 Asualet egs iuussulifinvieenvesisasifoanszua
anuanuuuiadlaglufarsanyumd eu lususd eq tunsaduluiivissnves
299515 09NTEUAAUNARU VU AT TRNT WAL NMA By UavARINNITEINT VS
2asifvenszuaaulauuuuiadlunsaitla dded swansemuainyuinva eunansle
Fagudi 3.10

A [ [
| [
1t | |
| [

Sa 716 5716 | -9
ap-o—-tL
Jdadin T |
[ |

. — T
1 | L |
| |
1—‘ | 1
| |

. AR
| |
oo | |
T 2

JUN 3.10 dyayaunnsadnduaeiansiseanseiaainaluuuing



a2

Wanasandyaanisadndlugun 3.10 swudvaunisnisulasvesdisa
luaun1si (3-5) annsananigazideanisuuasdyaunisaindiiog uuununyuaasla
faEunsh (3-26) Seaunnsi (3-27)

quo=&~T-{sin(a)t+¢) sin(wt—z—”ﬂ/ﬁ] sin(a)t—4—”+¢ﬂ (3-26)
V4 3 3

sin(wt+¢—-0)
Ssq0 = % cos(wt+¢—0) (3-27)
0

Il ¢ fio yunanvawsaiulni
$1 A0 YUNTNLUVDINUAAT

Wiaaudunus vaansewaliinazws s ulnd15enI 191U 1way
ANUYDDNVBIINDTHI BINTLLAAUNAUUUSAEAILARIANNITA (3-28) B9 (3-29) PuaIfU

Iin,a\bc = Sabcidc (3-28)

T
edc;l = Sachbus ,abc (3‘29)

1NAUNTA (3-28) @ru1sawdasaunisaananiliey vuununyuaaslea
Aaaunns (3-30) Asil

iin,d = Sdidc ( )
3-30
Iin,q = sqldc
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uwsanuliivieenvensasiseansruaaualuuuIadfE@unsi (3-29)
ygarunsaulasiiog uuununyuaaile Aes18avidunil wandnlgauni1sy (3-31) fis
aun19 (3-33)

- T —
edc,1:|:x l'quo:l [X l'Vbus,dqo] (3-31)
- T -
edc;l = quo I:X 1:' [X ! 'VbUS,dqoil (3-32)
€ac1 = SaVbus a FSqVbus g (3-33)

NAUNIST (3-30) waraun1sil (3-33) a1u1saifeuduisasauyaves
ATFYINTLUFAUAUUUUTATUUUNUMEUARY Fazagluguvaamdeutadliihuuugauni
loRauandlugun 3.11

find r
> 1:sq H
AT
+ + —> +
lgc
Vbus,d
i g
+
Vbus,q

JUT 3.11 399955 89NTEUAANILNALUUUSATUULN UL AR



aq

Fedfuanszuuliiifinnsanlugud 3.1 Wowdasdiuvesiulinszuaady
Faldun unasdrglwihnszuaaduamivaauna aedseidaliin uazisasieanseua
aalauuuUiadlioguuununyuian arlsnssauyavesszuulwihfifiansanuuunuvyy
ffdursasiiiiinszuanss wansldagud 3.12

S L

i U + i *

e
Vin Dn C/—~ Ww%<IR

==Cqc

SUN 3.12 2esauyavesszuu i inansanuuwnun A,

Wamviualyl un1suyuTeIknuARLIiuyanUakssnulninsewaadu
WuAD g1 = ¢ luaunsa (3-14) uaraunisn (3-28) zarunsaleudygrunisaindieg
VUMNUMYUARAIIAATELNTST (3-34) wasuseruliihuuinuafslaneaunsi (3-35)

z (3-34)

(3-35)

al' W a ¢ a W ¢
INAUNITN (3-36) IENUINAYYIUNITATINTUULNUAININUAUY (Sq = 0)
dwalinszualniivndivessasisansyuaaiuaiuuuiaduunnual luaunisi (3-30)
WinuAug Na19A ding = 0 FvilvinsiaudadlnifinfeguuwnuAigniidn deduazaiunse
= | ] A a Aa v yvo A o &
WeusasanyastaievasseuulniifiansanuuinunyuaAilanegun 3.13 dail



a5

S

—
lcpL

u(t)

JUN 3.13 2995a0Y0081991890955UU IR TN U LN WARAY

31N3UT 3.13 azdunalad1easuiasduiuudngalldanusvesdy i

a (1 | = ] v o a s A a
N1EIRNY U(t) ‘UimgaqwmmamLmeaawmﬂmmmam%ﬁz‘UUIWﬂWWf\mm'}%

gudunuuaesiudsuntanuna feuideivetunusidddisannfeusglianue

allumdnnavesgunsaladnduassasuuasiuwuuda tneduwsnasiansanduyyi

NNt Ued9aTAINaTd Fellanwaenisvinaululnuanisiinszua (on) wasngainszua
(off) lunilsmunisaind (Ts) uanalanagun 3.14

u(t)
A

ON

OFF

-—— dTS—>|
- Ts

\

A\

=p.

U

3.14 dgun13a@intussasuuasiuLuula

1N5UN 3.14 ansadeuannIskanInuduiusvesdyyun1salng

2992995 UaULUUTA wanslanaunIsn (3-36)
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1, O<t<dT,
u(t)= (3-36)
0, dT, <t<T,

Tnedi d Ao ﬁﬁ’g%’ﬂmﬁwﬁ (duty cycle)

WeNasaueeskasiunuudalugud 3.13 asnudn TuvuenaingUa (on)
° Py . ' a & ° v .
YN icpL = 0L WAY Vin = Vde wagtdl 9@ ndtda (off) 929119 icp =0 way vin=0
A uIINANMUFUNUS VRS iceL (U iL FwaITasuaun1sAoglugUves ut) wansle
FIAUNITN (3-37) A9t

i, =U(t)i (3-37)

LagLilaNANTANAUFURUTVRY Vin Wag Ve Jzaunsalisuaunisieglusy
[ a s Y v i
YoIFYYIUNITEINT U(t) uanslananni1sn (3-38)

Viy = U (1) Vg, (3-38)

A UITAINITANTANATRIR UNTlaINT YR 99T Ua sl uRUU TR 833
AnadeUTlianiugnilulagldnisussanaduduaudlalae u(t) Mdsundamiuiaiazgn
k% A & - v et 1 a Y o r-:l'
wnwie d Adudigdnsmihndalidsuwdamunan wandldnsaunisn (3-39)

(u), (1) =Ti [u(t)e’dt=d (3-39)

dmfumsigadnuuudiasmadamans vosszuulniindfiansan
ausaldngussiulniiveanssvenil (Kirchhoff’s Voltage Law) wagngnszualninves
iasvenlil (Kirchhoff's Current Law) 3iiasigindasanyang1si1eueaguil 3.15 deanansa
uanseazidoaldeannisd (3-40) faaunsdi (3-a7) dasieluil



ar

KCL KCl
r r de Node 3 S

+ 7

— A8

i e e U® ANt T

le Mkwy '© KVL 4" L

e e A ; b
ol Sde Loop 3 Loop 4 Vin C
— — Cdc s —

Pl

JUN 3.15 2asauyavesssuuliihinnsand msunismuuuinass

915041295907 1 (Loop 1) Wneldngusssuliihvaanasveninazla

: Req . 1 1 /3
Iy = ——lgg + @igg ———Vpys g *—4[=Vm cos () (3-40)
Leg Leg Leq \2

913041295907 2 (Loop 2) Ineldngusssuliihvaanasveninazla

. Re /! 1 /3
Iy =—@igy ——— ey ———V +—|=Vv. sin /1) (3-41)
q sd sq bus d m (
- Leq Leq 2

fsanlyuedl 1 (Node 1) Ingldngnszualiivosaeuoviasls

2J§i

. 1. 3
Vous d = = isg ~ Nous g 4|7~ (3-42)
bus,d Ceq sd bus.q \/; ”Ceq dc

firsaunlvuail 2 (Node 2) Inglingnszudliiinvoanesvenslazls

. 1
Vous,q = C_ Isqg — WVpus d (3-43)
eq

fsanivuail 3 (Node 3) nglingussiuliiivesnosveniagls
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_\/gz\@ (D,”L”c)i 1, fu(). (3.00)

=.=—Voyeq — -——V,
dc bus,d dc dc L
2 T de de de de

- firsanlnunad 3 (Node 3) Inglingnszudlnlinveanosveniayles

u(t
Vo =iy 8l )IL (3-45)
Cdc Cdc
- finsaneseud 4 (Loop 4) Ingldngussiulnihveanesveniayls
u(t
L= L)Vdc _lvo (3-46)
L
- Wrsanivuail 4 (Node 4) lnglingnszualvlinvesnssuonilasls
Y )< 1
V0 7 E |L —EVO (3—47)

AauaInnsUszendlinguemesyenilafsaunisn (3-40) audisaunisn
(3-47) AzlouudasmntnAansyasssuU i nRaNsaLandlensaun1si (3-48)
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oq - 1 /3
iy =——"iy + 0, Vi 4 +—\/:Vm cos(4)
eq Leq Leq 2
. . 1 1 /3 .
i =—oi, ——>j —— +—\/:v sin(4)
q d q bus d m
Leq Leq Leq 2
bus,d d bus,.g Al A~ dc
. N2 7C,,
Vbus,q = iq - a)vbus,d
eq
. [3243 (r,+n+r). 1 ru(t),
IdC: __Vbusd_— dc — 7 dC+ IL
2 ﬂ-de Y de de de
. u(t).
Vdc =i|dc _QIL
Cdc Cdc
u(t) 1
| =—~2v,_——V
L L dc L (o]
0 _iiL_ivo (3-48)
C RC

NNUUUaDwNIAdinFNaR YBITEUUAIANNST (3-48) 9eNUT uUUTIADs
Junuudassnsademiansfid sunvasmuna ieannuavesdyaanisaing
u(t)) voasulasiunuuln ﬁ’aﬁumu%’a?wmﬁwuﬁ‘ﬁﬂw’i%mm%ﬂ%qﬁamuzﬁ"ﬂﬂ
WM ANaves UnTalalndaanand Alun1TnIuafILUsan1usYsuUuIIaedly
aunnsi (3-08) Tiduduusaanugluguvesdulssansysiodidadouildnsuszunue

guduaud Auanalgnaunisn (3-49)

<id >o =1y

<iq >o =l
(Vs ) = Voo
(Vo) = Vo
(icc )o = e
(Ve )o = Ve
(i), =i,
(Vo) =Vo

(3-49)
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MngauaniAvesdasnsasuulamatvesdulseansoynsuniios-
Fadeuildesungliudsaunsd (3-9) avansafinsandudsanuglusuvesdulsyans
W358 0w oldnsuszunar1sudugue dsaun1si (3-49) Saudunuusiass
nsndlnaansiuA suutasnunatdaaunsf (3-08) agleuuudiasmiandnmans
fdsuuasmmnandelfulsanugeglusuresdulssanintiofidsioufonsssanm
Asusuguduansladsaunsi (3-50)

NI

(ia), = g, o+ (i), —L%(Vbus,d ), +Li v, cos(2)

eq q

1

(i), =i hy = i)y~ V) + 50 (2)

eq eq eq

<Vbusvd >o = Ci<id >o a w<VbUS.q >o ] \/%j?f(idc >o

,_
ST

Y (3-50)

wazanAuauiRdulsedns Witesidedouvesdygiunisalag u(t)
ANATUNHEIN15UTEUIUTUAUAUGAAUNITA (3-39) Aetl uazlakuuLuUTIA0Y
nepdinAansvesszuUninfasungsiiiasuuUasmunaiianslafsaunisi (3-51)
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€q q
1 1 /3 .
I, =i, ——2i — +—\/:v sin(4)
q d q bus,d m
eq Leq I—eq 2
V, ! | wV, \/§ 2\/§
bus,d d bus,qg Al A dc
« a 2 nC,

1.

Vbus‘q —~ Iq wvbus,d
eq

3243 (ry+rL+rC)- 1 rd.
dc — __Vbusd_—ldc__vdc+_|L

2 mly (- [ de
v =, -
dc — ~ 'dc ~ 'L

Cdc Cdc
. d 1
IL = Evdc _Ivo
VO :l'L_iVO (3—51)
C RC

LazaNaNn1sa (3-51) azanunsadnguliidunuuiiaemieadaaians
Mdwdadulddsaunisy (3-52) e A(xu), B(x,u), C(x,u) uag D(x,u) Av 1un3nd
ladeu (jacobian matrix) UBeTEUUUTMHANTLDE TUMUUTANUY X WagiuUsBunn u

LA
{x (X, u)x + B(x,u)u (3.52)

y = C(x,u)x + D(x,u)u

o7l fuusaniuz Ao X =[ig iq Vousd Vbusq idc Vdc L Vo]
Mlsdunm Ao U = [Vi]
o 3 = — - - T
FuUsie1dne Aoy =[icc Vi iL Vo]

dlowmdndaladeu A(x,u), B(x,u), C(x,u) waz D(x,u) amsasuinle
FaEUnISN (3-55)



a, o, o, o, &, & A, 4
aid alq aVbus,d aVbus,q aidc aVdc alL aVo
8i'q 8i'q 8i'q ai, 8i'q 8i'q 8i'q ai'q
aid alq avbus,d avbus,q aidc anc alL o}
8\‘,bus,d a\‘Ibus,d avbus,d avbus,d 6vbus,d avbus,d avbus,d avbus,d
aid alq aVbus,d aVbus,q aidc aVdc alL 8Vo
a\./bus,q a\‘/bus,q avbus,q avbus,q avbus,q avbus,q 8vbus,q avbus,q

A(X, U) — ald alq aVb'us,d aVb‘us,q ai'dc av'dc alL a\./o
Oy Oy Ol 0 Oy Ol Oy iy
aid alq aVbus,d aVbus,q aidc aVdc alL aVo
avdc a\‘/dc a\‘/dc aV avdc avdc avdc avdc
aid alq aVbus,d 6v us,q aidc anc alL aVo
A T A W Y. A N %
aid alq 8Vbus,d aVbus,q aidc aVdc 6IL avo
N,Gd N, N, v N, N, N, v,

L ald alq aVbus,d aVbus,q aidc aVdc alL 8Vo g

B(X U) — ald aIq aVbus,d 8Vbus,q aldc avdc all_ 8\70

’ N, o, N, Ny N, OV, BV, |
éi,, o, i, o6i, 6i, d, &, J ]
aid alq bus,d aVbus,q aidc aVdc alL aVo
aVdc aVdc aVdc ath: aVdc aVdc aVdc aVdc
By, O, OV, OVggy Ol Ny O, OV,

cxuy=| S CrOR T ! S
a. a  dl o, o, a_ ad_ ad
aid alq aVbus,d aVbus,q aidc aVdc alL 6\/0
Ny Ny Ny Ny Mg Ny Ny DNy
aid alq avbus,d 8Vbus,q aidc avdc alL aVo 4x8
g, v, a8, ov, |
| | V

D(X, U)= dc dc L 0
Ny Ny OV, OV |,

52

(3-53)
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paduaglaiunsndalaidou Axu), B(x,u), C(x,u) wag D(X,u) @115y
wuudasemeadamansnidudadunagldidsunlasmiunaivesseuulniifansan
wanslanaaunsh (3-54)

R
M S 0 0 0 0 0
Leq eq
eq 1
—® 0 - 0 0 0 0
eq Leq
1y, 0 ) \ﬁ& o o o
C., 2 7C,
1
0o — _— 0 0 0 0 0
A(x,u) = Ceq
0 0 \/52\@ A (+n+r) 1 rd 0
27Z.de de de dc
0 0 0 0 1 o -4 9
Cdc Cdc
0 0 0 0 0 d o i
L L
0 0 0 0 0 0 it
L C RC Js.s
(1 I3 T 00001000
{59584 00000100
eq C(x,u) =
0000O0O0T1O0
L §sin(/‘t)
L2 000000O0 1],
B(x,u) = (3-54)

o O o o

4x1

0
0
0
0 D(x,u) =
0
0

L 18x1
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34.2 NITAIUIMNUNITLE oUW aTENI 19T auNE 9T 18uas T AT R ulWi
NISUEHTY
nszuulwidifionsanluguil 3.1 aenuin Adslwihilnauuaedssening
UauwnasisuaziauseiuliiinszuaaduazdamavinliAnyunsidoua () 1 wagan
wuudraesadinmanivesszuuliindifiansandsaunisd (3-54) axdanalédnfined 2
Usngeglunuudiass datuiedanudnduiiesdosdumednd g annsomuiald
310157 As e n1sluavesnidslalin (power flow) wagiit el saran1sTiATIE
mATeIngrdnuazinsanaedsmdsiwinioaradendosanssuuiiiosuniy
wuvanaaunauazaylifiansananugliirvesaedsindalii 1dosarnaug i
fanandidtiosann duaedsidsiniimianauandddegud 3.16

Source bus AC bus
e A >
‘ Req I—eq ‘ Pous = (PioadtPloss)/3
AYAVAY, A Qbus =
‘ ‘ bus —
Vs Vius

U7l 3.16 anwdsindslifimianavesszuulnihiifiansan
mﬂgﬂ‘ffi 316 aunsaldeuannisnislravesiaslni g saunisi (3-55)
S=vI"=P_+jQ, (3-55)

91naun157 (3-55) Wadmuabivaussiuliinszuaaduidudaddsas
AUNTONANITIHALLBEATTNITAWIUMIAILY A IAREaUNITH (3-56) eauni1sh (3-59)
Aasialuil

VLA -V, 20 } (3-56)

P+ 1Quu = Vi £0°
bus JQbus bus |: ZZ]/
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*

Z(2-7)- vbusé(—V)} (3-57)

bus + JQbus _Vbuslo |:

bus + JQbus _VbuséO |: Z(7/_1)_\/bmé(]/):| (3_58)

|VbUS||VS|Z(7_ﬂ') _ |VbUS|2 4(7)

(3-59)
12| 12|

bus JQbus -

NNAMANTR VinZ(4) = VmCOS(¢) + jvmsin(g) %mmm%’mgﬂaumsmﬂ%a
TalmiRsannisn (3-60)

Pos JQbus—{| THI |005(y A)+ |b|”‘°'”| |S'”(7 ﬂ)}

_ (3-60)
- |vbu5| cos(7)+j|vbus| sin(y)
r4 1Z|

|2

V||V V,
bus+ JQbus _|:| bTSZ||| S|COS(7/_2“)_| r;| COS(]/):|

(3-61)

e L)

NAUNISA (3-61) Azlaaunisveaniaaluinaswazaun1svesnasbniin-
SuanAinAvaLsIAUlNANSEaFd U A9EUN1SN (3-62) kazaun1sh (3-63) AUaIRU

Vi IV
Ps o ] b|“sz||| S|COS(7—/1) Moo b”s| ——cos(y) (3-62)
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|Vbus | |Vs | H |Vbus |2 H
Q T Sln(]/—ﬂ,)— Sm()/) (3-63)
o 2]

Y a

gsanlianedenia 3 ang didslnihilvanuasidalnihgedewindu

o o

fatiuazanusamuIumas i ATaLsssuliinsewaadulasaaunish (3-64)

P.+P
Pbus i load ;_ loss (3-64)

LarINaNNITh (3-63) MasliinSuenvini dawssdulninssuaadu
wUszanadlvlininduaud ieeinmasliingdevesisissnseuaaunauuuiag
fidntaeunn Feazldaunismasliisueniindsaunisn (3-65)

Q,, =0 (3-65)

Tnganaun1smaslni1as wazmaalii 13 woniind Tauwsasulnd

NSTLARRU HaaunsT (3-62) wazaunisi (3-63) muaduarnud llamnsannaiaas e

usF AN TRy (Vow) wazaa 418 lnense deduauideinerdnusieldasnns

299128 U-31dU (Newton-Raphson method) 191311928 TUN19ATUIIRINALRAAEAING 17

FelusunsumsAnansivavesidsliuagnsinayumsdeusiassinaiaunasdng

wazUanssrulninszuaaaumeIdiidu-sdulasunisiaus eazdealiluniauuan @.
3.43  N13ATIRFIUANNGNABIVIIUUUINABINNANAAIENS

nsATIRABUATIgNABIBILUUTABIsAdnaIanT T LA Sunsfigaty
9rofenIUT UL sUNanDUALBIYBITEUUT LA nuuUTiassluaunisii (3-56)
AUKANITADUANBIVBITEUUIINNITTNED@NIUNITUUUABNTIADI AL LUTLNTY MATLAB
Fayaudenlnindirdsuulusunsa SIMULINK/MATLAB wesszuuliiinifionsalunsdlilid
fmuauuansldfinianun a. msfimesdmivnisdiassaniunsaivesszuuliiig

NNTUILAAIAINITIN 3.1
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A5 3.1 Wsdwesvasszuulnihiiansanluun 3.1

WW‘S']ﬁLﬂE]‘E ﬂl'] i']EJagLaﬂﬂ

Vs 220 Vims/phase unasneLsaRulinszLaady

1) 2mx50 rad/s AuAveIwraITias i

Req 0.1Q ANUATUNTUYDIINITAULAAEE

Leg 24 uH mmmﬁmﬁwamwaamﬂaawﬁa

Ceg 2nF AuRlnihrenRTayaaE:

L 0.01Q ausumuneluiimientvensasnses
Lae 50 mH AT 9929950504

re 0.01Q A unIUNgluiIuUIEaUe9IN T8N
Cic 500 pF ANUbNTre93993nTRY

L(AIL<0.1 A) 15 mH AutgTheensasulaiuuuuTa
C(AVc<10mV) 125 pF AgliihvenasuUaiiuwuudn

R 20Q IManAIUAIUYIUYBITUUAIRULUUUA
fs 10 kHz anudlunsadndaenasilasiuuuuta

HANITATIVABUAIINGNA BIVOILUUTIa0IN AT AA1anT wanala
FagURl 3.17 wargui 3.18 lledmuslvilinisuUauudsudussfuliinBunaain 200 Vi,
TUu 220V, 1087 0.5 3undi Iﬂ&iugﬂﬁ 317 Igmmunly d Sawvindu 40% luvmei
sUt 3.18 Idimuali d da1viadu 60% 4991013051980 UAILY N BT LiWUT
NARDUALIUDITHUUTINTEUAlITNI999950709 (i) WaaiulH19892993509 (vao)
nszudlwiinglnariuvaainmieathvesisasuvasiunuuta (in) uazussiuluiinueen
Y9993ulasuLUITR (v,) 7ildanuvudiassmsadnaansuaguailiainnissiass
anruntsniuuneufineesienudenad ssuarasstusteluaningdinguazaniiza i
FauFeasulénn wuudaemsadinenanivesszuulwihiiRarsalunsdilifnsaivau
fldRgnitufeBnmamaunauiusenineliimuay Banadsuigiaoueitiluiieugnies
Feamsnhluiauresenadraduuvudiasimsadamanivesszuulniififionsan
Tunsdi ddamuau i ethluldlunisTiasesiiadosninuagnisadraaiosan
Tduszuuaeluls Tasnisiigadnuuudiasslunsdiddiavauarldsunisiiaus
Wluvhded 3.5



[
0.45 05 0.55 06 0.65 07 075 08

600 T T T T T

.

z 550 DQ+GSSA model 4

3 L

> 5001 b
1 L

045 05 0.55 06 0.65 07 0.75 08

o L L L
0.45 05 0.55 06 065 07 075 0.8
240 T T
m— Exact topological model
~ 220 DQ+GSSA model
2
°
> 200
180 4 o
0.45 05 0.55 0.6 0.65 07 0.75 08

time (s)

JUN 3.17 HAN1INTINADUANIUYNADIVBILUUTIRDINNANIAAANT

15 T T T T T T

S Exact topological model
DQ+GS SA model

10 L
p
5 ! L L L ! L
0.45 05 0.55 0.6 0.65 0.7 0.75 0.8
600 T —T T T T T

450 B
| | 1 L | L
045 05 0.55 06 085 07 075 0.8
T T T T T T
e Exact topological model
24 DQ+GSSA model 1
<
=16
| | 1 | 1 L
045 05 0.55 06 0.65 0.7 0.75 0.8

JUT 3.18 HAN1IATIVABUAIINYNADIVBIUUUTIABIN NANAAIENT
We d fAwwiiu 60%
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3.5 msigatmuuuitasmeadinaansvasszuulunsaindnisaluay
3.5.1 MsRRnLUUAIAIUANLNANSEaUYassEuUlWHINN1san

[

imueilvunnisideudummuauwuubidudaduifeadude Tasiaia
vassmunulidudou inanouaussinmia uazdinrmamuuiaedidygraanniguen
wsunIunIainanliLtueuveIIlwes nelussuu dmsunisesniuudiniuny
Tnunnsdewsidufisdesimunaunisitufinmsidou Tnelumuiseineinusildidenld
aun1siuAansE ewdusuumsrufusuuidaduresiaudsaausfaaun1si (3-66)
lesanaunisil ulaming 1811509150150 VLU UT 180N eAElnATAR 1899993
wasfunuudadadulvanvesszuulaiiifionsanld Suhlkiedenisesnuuuiinuay
waznsasganaaauluiesufuiinis @Sa vaadndisay, 2556; S. Mouslim, S. Jenkal,
B. Imodane, M. Ajaamoum and M. Oubella, 2022; T. Mao, L. Li and Y. Cao, 2024;

W. Ning, L. Li and Y. Cao, 2024; 8/t @egiius, g5ufuns uwaswaw, nedwu 91330y, 2567)
s =ae, +be, + me, (3-66)

Tng ertduataudanainveanseualiii ez iduaraudanain
Yo3usnuliin uaz es ilurrUinusvesmuianatnvasnszualninfgieysuus
| a I o v J [ & o d' Y
mmmmmmaauiuam’waqmimmﬂuqus AIANNITN (3-67) AUNITN (3-68) WAL
d‘ o U
dUN1T (3-69) MIUAINUY

e =1 —i

\ (3-67)

L

Wme?l I, fe nszualndriluaniuanainuidening19de auialaann
k
K(V, - Vo)
- = .«.:4' 1 -'-NI o
iL Ao nszualnvhilnaruunadamieli

e, =V, -V (3-68)

(o] (o]

logf ¥V, s ussulnihvieenvesisasuiasdiunuudnesds
Vo fD wssnulninvieenvesiasilasiunuuin
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e, = j(e1 +e,)dt (3-69)

VW AWAITUIANNIST (3-66) SAIUAUVAUNITA (3-67) dUN1ST (3-68) hay
AUNTTN (3-69) AxA1115ATATUAUNITWURINITHE DURUUNITIINA ULV ULT U UV D3
fnUsanue laeaunisn (3-70)

s=a( 1" =i )+b(V, =y, )+mf[ (1 =i )+ (Vo -y, ) Jdt  (3-70)

Mnngufiilugiuresdanugulnunnisdoufind1alian wWessuuiinig
AuAuLazLdNgan1aEasia (steady state) ManeANIN SrUVILIAA DUTIdNgsEUUNUAY
n1318 euvesaun 1T uAaN9d ou §eazvinliaunisiuianndouinfugus (s=0)
wazaytusaunsiuinsideurinfugus (5= 0) Wefinnsananuduiusiainanismiy

aun1si (3-70) agldauniseyiusvesaunsiuiINTdeuLandlaRaaunsa (3-71) dail

V

0

s=[ -a-b ]{ i:L }—aK\'/0+m[( K+1)(V, =, )i, |=0 71

= f v € & a =
NAUNITNA (3-71) WU AUNITBUWUTVBIAUNITNUNINTTLA DU
Usingmatd i waz ¥, Fedudiulsanuzvensasuiaiuwuuinegnieluaunis fAuiuis
FTNTUN LA DINAITUITIUAURUUIIADINNAM AAIANS V9299 ThUasiunuuUn
WALLIANAITUINNANNITA (3-51) nigludIure9aswlasukuuTAE kA kuUT1aDINIg
a o‘d‘ 1 Q{' LY Y Y Ql'
ANINAEARSN LA ULUAINNLNANUB 995k UaIN UL UUU ALERS AR AN (3-72)

1 Vdc
I -
{ } + L |d (3-72)
0
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AHUEBNATUNENNTTA (3-71) Sawdvaunsh (3-72) asldaunisoyiug
YBIAUNITNURINITLE 9 UVBI99swUAIR ULUUTAA NS UTEUU WA Na15un wanale
AIAUNNSN (3-73)

Vo Vdcd
LT | aKi, aKy . .
[-a-b] Py e +¥+m[(K+l)(Vo—vo )-i. [=0 (3:73)
C RC

WedagUauni1si (3-73) Inuuwasinualy v =d asldaunisasng
HYYINATUANYBIAIAIUANLINUANITIA BUA 1T UITULUAIR UL UUT AT N1 TU AR
9Eunsh (3-74) dail

- V'k
:V—Oa—I—L,B+—°7/ (3-74)
Vdc Ve Ve

e aRC +bL +alLK + mRLC (-K —1)
o =
arRC

_ bLR+aLKR+mRLC
y aRC

_ mMRLC(K +1)

~ aRC

B

v

MnauMsa (3-70) azdainaldimisimesveadinugulnuanisideu
Usenaudie a, b, muay K d9liiisnsialuluniseenuuuaimninessanan e
wu?aﬁ"ﬁ‘wmﬁwuaﬁﬁﬂﬁ%mﬁumLLU‘UW}‘QJLG‘BQU%’W]”; (Adaptive Tabu Search: ATS)
dmiunmseanuuuaAmiimesvesiimuaulnuanisidewdelvlddmisinesves
Famuauivingdigadvivszuulniinineisun Jeseazidenanisesnuuudiniuay
TuanIsLd ou AEITNITAUMILUUATYLTIUTURD asadnwseazideaiinldlaann
W UNUSVIATH vaannI Ty (@15n vasdininiey, 2556)

3.5.2  MINGAIUMUUUTIRRIMIANAAIERS

mﬂizwlw%ﬁﬁﬁmimﬂugﬂﬁ 3.1 Tuduvesunasdnglniinssuaadu
Al aneasrd el 199siFeensyuaauaLuuU3ad wazraasulasiuwuudailiish
AR a1unsaltesdnugnsuuasvesunsanazisAned susgiianusialuunle
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lunsiigaumuuuasmeadinmansnlifsuulamunadmlawanisgazidenl e
luriaden 3.4.1 aglisasauyavesszuulnihifiasanvuunuafnidnisaiuauanala
AaguN 3.19

f Sliding Mode

Vsq Vbus,qg == Ceq 4 Controller l— V",

JUN 3.19 2asauyavesssuulihinsanvuwnufAllunsdindnisaivay

mﬂgﬂﬁ 3.19 WaasadINvenaskUasiuLuulnIznuI1 AaAuAy
IUANISIAOUNENITNATUWAUAY AMEAIMIENUNFN1VBITUN 3.19 2UNITNTINTU
NTLLAT bMANIUVARIAMT 8111999299 T YA uLUUUA (i) ksanuluinv1d19992995
wURIRULUUTANS BLSIA Ul WA 29950589 (Vi) hazusesuliinvisanvesisaswlany
WUUUR (Vo) 1811118519 Uy IUN1SAIUANTDIRIAIUANINUANITHA DY (Ueg) AIANNTTN
(3-74) LLazdaé’mmﬂmﬁlﬁlﬂmmma‘iM S i aAIUANNITHIUYBIIITUUAULUUTA

o a I3 a a v % ‘:l' -dl o
wazNkUUTIaeentinaansvassyuu i lunsallaififauaudeaunisi (3-51) wWevh
N13AITUNTILAVAUNTAT VALY IUNITAIVANVBIRIAUANINNANITA auluaunish
(3-70) nanafie wnuAn d Tuaun1sy (3-51) 98 Ueg ANENNTST (3-74) fatuazlauuudnany

a 4 aa Aaa o = =3 o a 1 a
naadinenansvossyuulninniiansantunsaliifmuandadunuudiaesilidsuna
ANLALEARILAGIALNITN (3-75)

F491NAUNITILHUNALAIT LUUITIAINNAGAAIARTN LA LT URUUTIAD
laidudedu Wesnusngnisauiuseninadudsaniue Jaldaunsatuuudiaean
adinansninadtuldlunisiiessiadosninmengufunanaizasle daudedndudes
v udtasmendineianssanadukuuiiaasnidudadunie 35 n1svinlmdud adu
MeAeunsumdineiduiuniladaneazideafiagldsunisinausluiiten 3.5.3
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Iy =——>i, + o, Vous.d Jrl_i\/gvm cos(A)
q €q eq
R, 1 1 [3
S :_a)lsd - Is - bus,q T \/:Vm Sln(ﬂ,)
! Leq ‘ Leq ! eq 2
. 1. 3243,
Vbus,d :_Isd + a)vbus, _\/:_Idc
Ceq " N2 zC,
vbus,q = _isq - wvbus,d
eq
_\Ezﬁ S 1 iV (MRLC(K +1)
dc 2 ”Leq bus,d de dc de dc Vdc aRCLdC
N r.v,i, (@RC +bL+aLK +mRLC(-K -1) _ﬁ bLR + aLKR + mRLC
V. aRCL,, V. aRCL,,
o _ L. v (aRC+bL+alK +mRLC(-K-1)
o Cdt: “ Vdc aRCCdc
I [bLR+alKR+mRLC | iV, ( MRLC(K +1)
Vg, aRCC,, Ve aRCC,,
. _, [@RCbL+alK +mRLC (-K-1) ; (bLR +aLKR + mRLCj
Lo aRCL . aRCL
RLC (K +1 (3-75)
[ m
_|_V0 ﬁ _1 .
aRCC,, L
1. 1
0o = _IL __Vo
C RC

3.5.3  menbidudadunaznisauiaaludniizaea
ndeRruNLansliiug Luudiasmsadaaansvesszuulni
aa [ d' V1 13 J el' 1 a v Y [
ANTUNIENNISA (3-75) wdnazlunuudassldasunlasmuainal wadwrnadu
wuudaean lidwdaduienindsingnisaadussninedwdsantusaglunuudnaes
Feviliwuudnassaenanldaiuisaidrludesisiadosninalenguunaiaizacle
[ 3 [ Y a Y = o o ) ' a av a a Yao
madun sy mdudaduidinnudnduegneds lageuideingrdnusialeisnisuszunu
anuliidugaduifegluszuuliianududadulaseordeounsumdiaos sudunis
a av & a v N P & v a va
mwmimﬁzuwlmLUULmLau’LugﬂﬁuaamiwaEJuLLiJmLWENLaﬂuasJiaU 9 AU UAIU
Faausadeuleyluguresdiulsaniugvaauuuitaesdygyiuuuindnlanaunisg
(3-76) i A(Xo,Uo), B(Xo,uo), C(Xo,U0) uaz D(Xo,Uo) Ao tunsindailadouvessyuu deazd

ATURENUMILUTANTUE Xo WazAFILUTBUNA Uo
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Sx= A(X,y,Uqy)0X+B(X,,u,)ou
oy =C(X,,U,)0x+D(X,, u,)ou

(3-76)

e fnUsanuy Ao IX = [Jia Jig SVbusd IVousq Jide IVae FiL IVo]"
fulsdune e Su = [dvm IV,
AauUste1ding fie Iy = [Jisec Vi JiL IVo]"

dlaumsnganlaeu A(Xo,Uo), B(Xo,Uo), C(Xo,Uo) waz D(Xo,Uo) 13150
Furadla dedunisi (3-53) deduwansndanled oy A(Xo,Uo), B(XO Uo), C(Xo,U0) way

&

D(Xo,U0) yosszuulnihiifRasanaiunsemildainaunsii (3-77) wail

e, L 0 0 0 0
eq Leq
o - g M 0 0 0 0
L, L,
1 0 w =] 0 0 0
Ceq 7Z'Ceq
1 (3-77)
AUy =| © - A > gl N 0 0 0 0
r +r +r
0 /AN (r*ntr) a(56) a(57) a(58)
”de de
o o0 0 0 Cl a(6.6) a(6,7) a(6.8)
dc
0 0 0 0 0 0 a(7,7) a(7,8)
0 0 0 0 0 0 é —%
L —I8x8
[ [3 cos | _ _
\/; LE%) 0 00001000
. c 00000100
g'L(j“) 0 ®ot)=l5 5 0000 1 0
q
0 0 0000O0O0O0 1],
0 0 0 0
B(X,,U,) = 0 i, (MRLC(K +1) 00
LicVieo arC D(X,,Uo) = 00
0 -, (MRLC(K+1) 0 0
CoeVeeo arRC - 2
. 1( MRLC(K +1)
Ll arC
L 0 0 8x2
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Wi
a(5,6)=- 1 TeVeolo[ BRC+bL+alK +mRLC( -K 1)
de L Vdc 0 aRC
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91n3U7 4.9 9gwudn WeAnruivienhvewemawmieniveniasnses
fafiuinntuardwaldszuuianisnaaiesaniiananfdslniiae (Pepl) fianas
Fedunaldainaiarund gatiauin 21 mH, 40.78 mH wag 57 mH s2UULLAA
nsvaadiesnimde Peefidiindu 3136W, 1764 W way 115.6 W auddu uwaziile
Wisuiisudunadildannnistiassaniunisaiuuneufiained uaznad lda1nn1ssiass
anumsaiuuuadawnilugy danandluguil 4.10 waz 4.11 ANy WU wadl lid
AUADAAT BILATATINU ﬁafuﬁaagﬂlﬁdw dofrmmienivesaamamienives
2vsnsesanassiliszuuliidifansaniiadessmiiiutu vielumanduiunisiiue
aumignhasylvsruuiiaiesnmanas (ess stable) Faiuainnsliasesidananseny
yaanaUasuLUasamdinesveasasnsesdeladvsnimyesszuvatansoasulain
muﬁ'wﬁwaﬁaLﬁuﬂizmamwsmm agdsmaviliszuuiiadosniminiu Tuoned
nsiinturesfmionivecisasnsesdaudiinasilinszuanan (ipple current) fidanas
windudswavhliszuuiiafiosnmilanasiae Ssfeyaiildainnsfinunidedenduuselon
ADIFINTIUNITODNLUUAINITIHADITVD929930509 Laedin1sAilsdanan1snusewadesnIn
Y9932 UULALTINAY

44 @3l

Tuundl 4 Wunsdiauenistiesesiadssnimvesszuuliiaidai fiansan
WomanuTunalvaadidsliiaaiafi dawavilviszuuinnisuaadesnin lnenis
Anngiiadosnmliofonguiunanaizas warinnsanluidiazasduesssuuiilesan
Aazasinaniiavinadeiadesnwuesssuuaniign uenanideliiiauenansenusie
iafpsnmilelinisAsunlaiimniiinesue91593n50 FINIRTIaEUANNNFEIVDHA
N33R 8RNI Mgul lno1fen1591a09anIuN 1Tl ULADNTIW BT LATN1TTN0EA WA T
wwuasanrslugy Taerafldfnuaenadesuaznssiu fuludeaunsoaguasBusuld
sruulihiifinsuinmsuniatosnwsudesnanwavesivanidaluiinea 493803
Ainsgiadesnmiitiaueannsanangansvaaiiosniwliegisgniosusiug sads
NaINMFIATIEENSIUAsuLUasA N Tmesvesisesnsesiiliazidulssloninaz ey a
fiddydmunseenuuuuasidenldimmnaimesfmnanlaefdduatosnmussszuusie
wreglsiniunisiesziaissnmduiiondsnisaanigenisinadesnmeeesEuy
windu Tiannsoilwssuui viaadesnmnduandiadosamuazyiauaeldauds
Arfiiamdslnin Faduluund 5 ssdunisiiavenisaiinaiosnmdaedivaise
quloulumthdmiuszuulninddsedidufdnimmuaulnuanisideu uonainazliiiin
nsvaEdesnmuaIdiaunsnihaulsegdiatvsnimauisefinamdlnihvesssuuaie
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v = aa
fﬂﬁﬁiq\‘lLﬁﬂEliﬂqW‘UE]\iﬁgUU‘lWﬂqVIWQ'ﬁmq

51 unih

msTinseiiadssnmluund 4 Asaun uanslfiiudn szuulaliind fiansan
Aensnaadssnmsudeananlnanmdslniiash lneganmsvaaiosnmaziaiu
eudadrmdalniiifidnvesszuu lusagiinisiinsgiiadosamilifosudaiaian
wnIaERssnmessruuviniy uiliansavilissuufiviaaiosnwnduanyay
soldodrsdiafosninaudsaridslniiade Faduluund 5 d3adunisinaus
msadaaissmwseivaeguloulunidmiussuulniidaetiduddasisniuay
Tnuamaideu Saidenlunouduresunagnaniwguifugiuresiaeguieulundn
Mntusdunsiiguimuuuiiaomuademanivessruuiielinisadraadesnmdae
F8msiunaus i eldlunisesnuuuatsninvensvesiavaweguleulunind miy
a¥raafiesnm o 9N15UIAEREINN LagINYANITUIRLET BTN WAL FATHAN TR
Tnennseaniuudandnagerdenisiiassiiadosnndienguiunaaiezas uasiom
Tudugavneiunisdudunaresnisaivaiosnmriunisdiasanunisaluunsuiames
#aelUsunsy MATLAB/SIMULINK uagnissnassasunisaiuuveninuaslugy dadem
Tuunilsdudoyafiddydmiuiiludssgndldadsganaaeuataveszuy eduduin
nsaaaiesnmdieisnsidnaueianuundedewararunsoldeuldaidunsujoa
Faiagtiausluundaly

52 msafaadesnmdlgdlvaegulauluniirdmsussuulniinidaed
\HuRTATFaAuaNTnuanntay
nsafraafssnmvesszuulni iR osaniingUssasd il el azvinliszuud

PaEdesnnnduIniiadosanuazaninsavhauseldaudeimddwinifdn fenuide

Wendnusifenldisnisadaatssnmmeivaveguleulunthdmiussuuliihidaed

Hudidmmuatlnuansideu eswnduisnsiiendemsudluvdedauvasssuumuny

Tnglaifinsifingunsainiadvl (passive component) Whldlusguu Fofusdlidwasevun

ininuazidaluigadsvesssun Tnevguifugiuvesiisameguieulundlddad

ansneduieneasBuanedaudldnaided 5.2.1
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5.2.1  wguiiiugiuvasidvawegutaulunin
mvaweguieuluminduisnsusulsnatssnmliduszuumenisasng
dyaravawei i lUgidanruaAuA N Tog ka190939aTuUasiumEe Tnen1sasia

= 4

@desnmmeIsnisaanandilenduaeloudiandugun 5.1 @anglatunsasiuielain

maegulouluntzasiadudyaadin X(s) wu nsvwalniuaz/mieusadulnii

a

Adnsdulng anduihdyyradilduinsesdiefainsesnnnud wu ﬁ?ﬂi@ﬂﬂ’l’]ﬂﬁéx‘l
(high-pass filter) §3n504A313E 611 (low-pass filter) §3n509A1E WAUKIY (band-pass
filter) n¥oansosmuALIUNYA (band-stop filter) udrRuF188HTIVIIBVRIT VALY
Joulunth (Ke) wiielilédyannmme Y(s) LLaZLﬁINLsﬁﬂﬂgﬂ@f’sﬂ’mﬂmauﬁﬁa@jLLéj’JGUEN’Nf\]i
wlasurmds Tnadymia Y(S) 7 ldvedimanssdrutudyyin X LLazLﬁ'aqmé’w
A18ns1veny Kr lmiunzauudisvanunsoavdwanisdulnmuazlinsfivesdyagio X(s)
ﬂuﬂszﬂ"aszwmmmL%’waﬁﬂamaﬁ (M. Wu and D. D. -C. Lu, 2014; M. Wu, D. D. -C. Lu
and C. K. Tse, 2015; M. Wu and D. D. -C. Lu, 2015; $gwa In3dad, 2563)

X
(s) Frequency Y(s)
Filter

& o

JUN 5.1 Meiduaelowvessinynweguisulunin

33UU1WﬁﬂﬁﬁmimﬂLﬁaﬁmia%’maﬁaimwﬁwﬁwm%qﬂﬂauiﬂwﬁw
wnandléfagud 5.2 Bnsfiviauenanilddsiuiaih Taeidossuuianisaaiosnm
wseulni fsasnsesndoussuliiivndwensesulasiuwuuta (Ve aziinnisdulng
FremnuafwituanumsTouuuduesszuy driunudseineinugsddfnsesmnuiuay
HunrnIsnseasatulidandnseu q avudslowuud Soihliusaulnidldan
nsnsesasiinnuiuariianssdufuanuislowuuduessyuu mntuhusssulni il
ANAUA1NIIVENY Ky Weafraduussiulniihsnie (ver) Advunamingaiuasifisane
dwsunmsaiaaiosnmliduszuu uddaludunmunulnunnisideuiudiiogudives
1995udasduluuUn Imaﬂqﬁﬁz"fuihaiaumawﬁmL°UEJQﬂﬂauwwﬂﬂﬁwﬁammmmﬁLmum'm
ﬁm%’mzwiw%ﬁﬁmimLLamléfﬁqgiJﬁ 5.3
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dauii 2 duii 5
fm——— o — e e e | P T mm e m T T B
ource Bus }‘ | I
A i | |
1l | L :
L A—M 1 ‘ 12282 I
I miAlS~
Rega  Lega ‘} ! i !
I ! '
=0 Nl |
]
Regp  Leab }\ I :
| |
I ! |
! ‘ | |
R Leg, I ‘ —
eq.c ac | i - } D I | Sliding Mode :
Cqabc T T T ‘} 6-%1‘!?;5;?[18 | | » Controller |
L }‘ Pl Feedforward loop :
= |
= i - v VerL + + . |
************************** . | Band-pass filter EE b EEC . Vo |
I |
Lo _

Vdc (wn+aw)s Vep VEFL

\4

SZ+(C()H+CO|_)S+ WL

Band-pass filter

JUN 5.3 Menduaelowvesignwegudeulunihnldiinseswminuiuauniuy

[

N3UN 5.3 annsadeuaunsileidudgleuladaunisy (5-1) el

Ver (S) _ K (o, +w,)s (5.1)

Ve () s*+(wy +o,)s+(wy@,)

e VerL  A® ussnulnihueiwe
a y) PN
Vae Ao wsssulniiineasnses
Ki  As Agnsvengvesitvawegudeulumin (Feedforward

Loop gain)
wn P AIAUARRAEY (High cutoff frequency)
oL A9 AIANAAAT (Low cutoff frequency)

o o ! dl ! dl o Y v dl
diUAIAUD or UWarA1Aud o asnsaAnulafsEunsn (5-2) uaz
aun1s9 (5-3) MUAIAU WeAMUA wp AD ANANUAAUINANIVBIFAINTBIUAUNIY
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o, =20, (5-2)
@,

== 5-3

o == (5-3)

(%

TuauIdeiIne1fnustidonlddinsaamudwaUR UL BNTB IS In W bndn
1179499050950V 9 AMUALTIUUUNS A9UAIAIIUD wo FrgnAIUAlYIIAUAIAIUD
SIRWUUD (0,) VBITEUU TIangbansaunisn (5-4)

Wy =0, = —F—= (5-4)

UDNIINNITODNLUUAUARINTDILAUNTULAD N1T9ALUUAISRTIVENY Kf

finnudfyesiberonistdanansenuiiinanivanmdsiniiasa Faudseivendnus
ILONWUUAIENTIVE1E Ky HIUNITIATIBAAT TN INAIBN B UNANIILI FauF el
f\i’wLﬂuﬁ%é\'@qﬁwLﬁumiﬁqﬁ]ﬁmLLU‘UﬁTﬂaaﬂmqmﬁmmam‘%ﬁzwLﬁaﬁmia%’maﬁaimw
FeanunsaudnsseaziBenldsaidor 5.2.2 el
522 n1sngauninuusiasensadiadiansvasszuuliag wansaile
fnsasaanesnan
nsiigadnLuuTIasImendamiansvosszuulnini A5 o
mia%’maﬁaimwﬁdLLaqugﬂﬁ 5.2 %mﬁﬂaaﬁmmifﬁlé’mﬂwﬁ 3 Jeavanunsoden

| ] A aa Y v PN o &
jﬂﬂiaﬂyjaaﬂqﬂﬂqﬂmaﬁngUw@%UULLﬂUVHUWQQVL@@QLLa@qﬁLUEUW 5.4 oU

Sliding mode
Control

Feedforward loop

(@ +o)s Vgp Ve, + D Vo
s’ +(o + @, )s+ oo,

JUN 5.4 2asauyasgshevuinunyuiAvesssuuliiniinnsaledinsaiaaiesnm
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N3UR 5.4 azwuindldwiuansluanund 3 fie Mmuulnuanisideu
fifinsfinnsunswdumeawegudoulunit duansdefuidindsas Judiudides
dfdunisfigadmuuusiasaiuduanund 3 lnedvaweguieuluniiaznsadu
usaduld ve nduihlunsesteinsosanuiuousuildsunisesnuuulsiianud
audnanairiuaemdisleuuudvesszuu daildnanliluiade 5.2.1 Feagldusaduliin
FRUN19NT09 vap (5) ﬁaeﬂu‘lmmmaa (s-domain) w3alawuAud (frequency domain)
wanalddaaun1si (5-5) wazid o usadulain vee (s) AuduASRTIvY Ky azld
wssulnivase (Ver(s)) vilamuanud duandluaunisi (5-6)

}Vdc (s) (5-5)

VFFL(S): KfVBP (S) (5-6)

INAUNTTN (5-5) wazaun1si (5-6) wul aunssanaeglulauaIug
Faldaunsainluasraduwuuiiaesressuulalaenss Awiuddndudeswdadieylu
Towuian (time-domain) FwhlalegFuainnsdaglaunisi (5-5) nddsaunisi (5-7)

Vae (8) =5V () (5-7)
108 var (s) aunsadnalldainaunisi (5-8)

(o, +ay)

Vg () == Ve (S) (5-8)

s°+(w, +w, ) s+ o,
Q’Jl o dl 1 YV dl
MnUuIngUaunTi (5-8) Tdaglansaunisn (5-9)

sy (8) =(a + @y )Vye (3)—Vy (8) (@ + @y ) — 0y Vg () (5-9)
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WIaNANTUIAUNTITA (5-9) SAUNUANNITA (5-7) ElAaunIsVDILTIAU bW
Var (s) Moguulauuanuduanslafsaunisi (5-10)

NVgp (S) =(a@ + @y )V (8)— (@ + @y ) Vep (S) — 0 @,V () (5-10)

sufunisuUasaunis (5-6) aunisit (5-7) wazaunisi (5-10) lvioylu
TawunanlneendonisulataUasuuunniy (inverse laplace transformation) fauazlé
aunsBeeyiusludiuvesinvnweguieulunin fuansluaunisd (5-11) aunsd (5-12)
uayaunsil (5-13)

Ver, = K¢ Vgp (5-11)
Vy =Vgp (5-12)
Vep :(a)L +a)H)Vdc_(a)L + oy )VBP — O O Ve (5-13)

IMNAUNTAT T YYINATAIVANTBIAIAIUANTALANITLE BU (1teq)
faamnsil (3-77) Tuunil 3 eiinsiansanmvaweguieulunihdmiunsaiiaaiosnm
diadn ¥ Tuaunsdl (3-77) uQnUNUY ¥, + Krvep Fauazanunsadsuaunisadng
Fygunisauauvesiimuauluuanisid eud I flansansuiudvaweguisuluni
wanslddsaunisd (5-14) fail

V. +Kv
Vdc Vdc Vdc

_ aRC +bL +aLK +mRLC (K —1)
a aRC

el «

_bLR+aLKR+mRLC
aRC

B

_ MRLC(K +1)

4 arRC
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mMsigatmuuuiiasmsademandvesseuulnliniifiosunidesinisains
iafgsnnsnefaweguiouluni aunsodudunsidlaeunue d luaunisi (3-53) lu
UNT 3 R weq SHaEun157 (5-14) Fevuazliuvusiasmendinmansvasszuulniii
frsanidlefinsataadivsnndneisnsiitiauedsuandluaunisit (5-15)

. R, . . 1 1 3
_ eq
Iy =— C Iy + ol — L_Vbus,d + L—\/;vm cos(A)

€q €q €q

. R
is = _a)isd - is - iVbus + i\/gvm Sln(ﬂ')
q L q L . Leq 2

eq eq

Vbus,q Isq wvbus d
eq
\/§2x/§ (ry+rL+rC)- 1
e =al5 7 Vousa =7 e "7 Vee
2 ”de Y de de
N r.v,i, (@RC +bL +aLK + mRLC(-K -1)) ri’( bLR+aLKR+mRLC
Ve aRCL,, Ve aRCL,,
X i (Vo + K Vit ) ( MRLC(K +1) 5.15)
Vie aRCL,,
o _ 1. Vi [aRC+bL+alK+mRLC(-K-1)
" Cdc " Vdc a‘RCCdc
L 02 (bLR+alKR+mRLC ) (Ve + KV ) (mRLC(K +1)
Vg, aRCC,, v aRCC,,
:_y aRC +bL+aLK + mRLC(-K -1) : [bLRJraLKR + mRLCj
- arRCL ] aRCL
« MRLC (K +1
+(V0 +Kfvbpf) # —lv0
arRCC,, L
. 1. 1
v, ==i, ——V,
C RC

Vep Z(WL + oy )Vdc _(wL + oy )VBP — O Oy Vs

Vet = Ve

KLUUINBDINAMAANENSVBITEUUINAN NI RS UL aTiNSas1 @D 85AN
FaunN1sa (5-15) winazdunuudiansi lidsunlasaiunan widspaduluudiass
Alududadudewinuingnispuduseninsiwdsaniuzatgluwuudiass davinle
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wuudraestananllansailulinmzhiadosnmdenguiunanaeadld fiunudde
Ingninudidliitnsuszinuemilidudaduisieglussuulifiaududadulagende
synsumdiaesduiunianfinsanssuuilidudadlusuvesmsvdsundaniisadnios
s0U 9 9AU AN Teanansodeulieglusdvesiuusaniusveanuuitaesdyaia
uLENlAI@unIsf (5-16) 1ile A(xo,u0), B(xo,u0), C(xo,u0) 4z D(Xo,u0) Ao LUN3NG
vladouressruy FeasfidBusgifufuusaniuy xo wazadaudsdunm uo

Sx = A(Xy,Uy)0X+B(X,,u,)ou
oy =C(X,,u,)ox+D(X,,u,)ou

(5-16)

Toedl  fudsannie: Sx=[Jia Siy Oviusd SViusg Side Svie Sir Svo Svo
dvep Svar”
FudsBunn:  Su=[Ivm V,]"
mwlsiedne: Jy = [Jdise Ivae FiL Ivo]”

Weowvindanladou A(xo,u0), B(xo,u0), C(xo,u0) Lag D(xo,u0) TN
szuulnihinsasrwafosninauisaauialaannaunisy (5-17) sall

= -=450 0 0 0 0 0 0
Leq Leq
R
w Ls o -1 0 0 0 0 0 0
L L
! 0 0 ) 82 0 0 0 0 0
Ceq 7rCeq
0 Lo o0 0 0 0 0 0 0
Cy,
= r +r +r. -
Abo)=| o o 22y _(Lrnrr) a(56) a7 a(58) 0  a(510) (5-17)
”de de
0 0 0 0 cl a(6,6) a7 a(68 0  a(610)
dc
Kf
0 0 0 0 0 0 a(7,7) a(7.8) o0 T
0 0 0 0 0 0 1 0
C RC
0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 W, + o, 0 0 0o, -0 -0,




\/gcos(ﬂn) 0 000010O0O0O0CDD0
2 Ly C(Xu)_0000010000
\EsmL(ﬂn) 0 “*looo00001000
Oeq 0 O O 0 0 O O 0 1 0 04x10
0 0
0 TeiLo (mRLC(KJrl)j 00
B(X,,U,) = LscVec o arC 00
. —i {mRLC(K+1)] DO Uo)=| 0
Cdcvdc.o arC 0 0
o L[mRLC(K)
Ll aRrC
0 0
0 0
L 0 O -10x2

W
a(5,6) - 1 Vi (@RC+bL+alK +mRLC (-K _1)j+ i, (bLR +alKR + mRLCJ

, > :

Ly N LicVaco aRC LycVaco aRC
e (Vo K Ve )it [mRLc(K +1)J
devgc,o aRC

a(5.7) Voo (aRC +bL+aLK +mRLC (-K —1)J 2ri, (bLR +alKR+ mRLC]

) devdc,o* aRC devdc o aRC

I (Vo +KfVBp,0) mRLC(K +1)
deVdc,O aRC

2(58) = oL (aRC +bL+aLK + mRLC (-K —1)J

, deVdc,O aRC
a(5.10) = K Tei_o [ MRLC (K +1)

’ - devdc,O aRC
a(6 6) B VO,OiL'0 aRC +bL+aLK + mRLC (—K —1) if,o (bLR +alLKR + mRLCJ

' - Cdcvgc,o aRC devsc,o aRC

+(V0* +KfVBP,o)|L,0 mRLC(K +1)
devjc,o aRC

a(6 7)_ Voo aRC +bL +aLK +mRLC(—K —1) N 2iL’0 (bLR+aLKR+mRLCJ

’ - CdCVdc,O aRC Cdcvdc,O aRC

. (Vo + K Vep o ) (MRLC (K +1)
Cdcvdc.o aRC
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a(6.8)= i, (aRC+bL+aLK +mRLC(-K 1)

o Cchdc,O aRC
a(6 10)_ KfiL,O mRLC(K +1)

' - Cdcvdc,o aRC

bLR +alLKR+mRLC
(7)= L( arRC ]
1 1({aRC+bL+alLK+mRLC(-K -1

(18-t oK)

PNAUNITN (5-17) A Funalad18eAUsTNaUTRLUNING A(X0,u0) WAz B(Xo,u0)
%Usmgmwi Vde,0, 20, 1.0, Vo,0, Va0 W8T Vo T 7 afualuaniizegen
ﬁqmﬂgummsma q Fesussndudiez maﬂmmmmmiuamayaammaamuﬂamnma

%mlﬁimmﬁamsameumwalw%wwugmmaLﬂiﬁuma%amﬂamaaiuuuh\lﬂm‘wmsgm
Tuguh 5.4 daluAluaniigegidnanannsamuinlanaunisi (5-18)

Vdc,O ) % (\/Evbus,o )

i a Vo,O

L0 R ( |
* 5-18

Vo.o =Vo

vy =0

Ze17
eh iy, \/52\/_
2
Z = |R% +(wL,, )
L
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PNAUNTTT (5-18) UTINGFIUT Vpus 0 4AE A Fersanaadamisn
A laaInnishuavesiaalniiseninesdawna sireliiwasdaliiinszuaadu
deiBnsvesidu-swidy wuietuneasdeeiliinaueliudluided 3.4.3 luuni 3
wagii ot unsfuduiuuudrasmsadamansiidudaduvesszuuliind finnsan
definsafiaadosnmiuianugndos muideinerdnusSelddidunisnsnany
AUYNABIVDILUUTIABIFINA1INIUNITTIRDIANUNITI UUABUN LMD AdElUTUNTY
MATLAB/SIMULINK Ingruualiainisfiinesvesszuuidudemsd 3.2 luuni 3
wazstvazidenvesyaud onlifamdavesszuulad v Wansanvulusunsy
MATLAB/SIMULINK uanslasianiauuan a.

3
Exact topological model I I
- 2 DQ+GS5A Lineanzed model
=
=r MAMAAA~ Mvnwnananan
0 L I | I |
15 2 25 3 35
110 T T T
Exact topological model
= 100 DO+GS 5A Linearized model
— M
k!
= W‘“—W\MNWH
“I 1 ]
1 i 1
1.5 2 25 3 35
T T
a Exact topological model
- DQ+GSSA Linearized model
=
Teaf | |
D | i i i |
s 2 25 3 35
E’ T T
Exact topological model 1ot |
~ 30 DO+GESEA Linearized model .
= (62.5W) 30V
To 25 20v -
= (40W) I (G0N )
20
15 | 1 i 1
1.5 2 25 3 35
tifne (s)

JUN 5.5 HansIadaUANgNABIratuuTIaeInIadinaans We K, winiueud
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3 T T
Exact topological model
- 2 DQ+GSSA Linearized model
<
— 1 o N\p—_
0 L 1 1 1 ‘
1.5 2 25 3 3.5
110 T T
Exact topological model
- DQ+GSSA Linearized model
< 100
? "' I'A'
90 |~
1 1 1 —]
1.5 2 25 3 35
time (s)
T
Exact topological model
= DQ+GSSA Linearized model
i L [
——————
N | | !
1.5 2 25 3 3.5
time (s)
35 T
Exact topological model 5 |
~ 30 DQ+GSSA Linearized model 27} (V"—
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Hardware In the Loop
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6.1  umin

nsfnwAteiRiuafiosnmesssuuliihifinnsan ssnmsesehiedesninuas
nmsasaaiesnmdsseazidendliiiausld Tuunil ¢ uazundl 5 fiiuan T6$unsBudi
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nssiassanunisalnueniawaslugy deduiiedunisBuduiiuuman ssdaug uay
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6.2 NTEINYANAFIU
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AmTmvesAnaaeuassruUliiing finnsaniadedulues foanisuansls
Fagudt 6.1 Faainguazdanaldinganaaeuudseenlidu 3 dundn ldud dui @
ssvundnliinszuaaduaraauna dwi @ 2v9s3eensruamuianuuuiaduas
29930309 wazdwi @ rasuvastunuudafifinsmuauiieiaunulvuanisia ey
Tnga1ngudt 6.2 aznudndaudl O ildundasnelainnszuaadunuulusunsuls
(programmable AC power supply) 8%e chroma U 61704 Tuvzfidiud @ way
dit @ fnwandenmadonidgunsnifedeluil

6.2.1 293FHINTTUAANALUUUIAY

95 ganszuaauanuuusadidursesdmsuudaciiiinszuaady
anmaliduluiinszuanss Tsuideinordnusliidonldenioanszuaauina
LUUUIAILUUES93U Vishay Bridge Rectifier 1 VS-36MT160 fififfanszualidinrinf
35 A uagfifaussdulaliuviiiu 1600 V Kuandlugudl 6.2 uagiinisiadssiufuususeune
AMu¥ou (heat sink) dauandluguil 6.3 1l 0205z U18ANToU wazdosiululy
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JUT 6.3 M3fadaususrueanufoudmiuIastensEuaaaLuuIng

6.2.2 14933N594
299505999 UlnANIEIanse (DC-link filter) Usenaumeiwmieinnay
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U 6.4 19330509
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1) SUNEIU199939950 504
FIUTle1NU9999950999U04 AN TNUSEeNTATleNdveIUTIN
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waz 10 A anuanau Asanslugun 6.5
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JUN 6.5 fmileni1veeasnses

2) FuAUUsEUBINIINTDY
ALAvUseR1093993n383 NWITeInendnusidenldiaiulszguesuiem
NIPPON §u Radial Electrolytic Capacitors 4u1a 1000 uF Fafitausaulniingiady 450 v
Fananslugui 6.6

v &

JU 6.6 FAUUTZVB993NT0Y

6.23  2993uUasuLUUTATIENITAIUANAIBAIAIUANLUNANTTLRDY
YanaaeuvashUasiuLuudandnsmuauussiuliivsenmediaiuau
Tnuanisideu wanalanegui 6.7 §aaanguagnudn awnsauvseantailu 10 diu laun
dun O gunsalainddui @ lalan drunt @ Funderti drun @ faLulszy @i
LY = [~ Y] 'y 1 P '3 [y
® fdumudadulnanvensasulasiunuuda @il ® gunsalnsradunsyualwi
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panwuuyanadouliaiunsaviulaaudsarinanasdduinvinny 360 W niewin
459U NH1V198NVD 999 THUAIR UM FILUUURA (V) LYINAU 60 V F9518a8108n89usaY
gunsalildenldanuuanslanall

(Dgunsalaind G (Drsassnwnseiunsesiul wit

L3 v s s
@eunsailalen (6)gunsninmadunse ualvih vasslulasmoulnsames
@il @ gunsalnsrasunsssul wita

@fulseg (®)rsastuing

JUN 6.7 ganaaeuvensasulasiuluudaniinsamuauaeimalugulrianisiteu

1) gunsalaing
gUnsaladndueaasuuasiuuuudne \Junegaaindueaine (mosfet)
U IRFP460 vo9U3Hv Vishay Befifidaussduluiuaznszualiiinmiafiu 500 V wag 20 A
muadu fauandluzuil 6.8
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JUN 6.8 gunsaleing

2) lalen
lalenvasisasuiasdunvutauansldfegui 6.9 Tudulalonmdy
JU MURG60 ¥09U38W Vishay fiiiawseaulniuindu 400 v

5U71 6.9 gunsailalen

3) fwndenn
ANFIMTEIUN1Y99299 5 UaIRULUUTA @1115000NwUULANEUNISA (6-2)

L> MVO (6-2)
fAi v,

Tefi  AiL Ao Anszualiiiingy (ripple current)
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dlofinnsenaunisi (6-2) safuAfidasig 9 versasulasiuwuuda Taun
s ULV 1V99299 TR ULUUTA (vae) VDAY 93.56 V ssaulni1u100n 1992993
wUasiuwuuTA (v,) WU 60 V wazAudn1saing () windu 10 kHz wasruualid
nseualiiinga (Ai) felaiiAu 0.2 A szaunsafuiasunvesiwmis (L) tdwinfu
11 mH wazilamilsiaiausznauiisie (safety factor) Wiy 25% udm A Ineinug
elfidenldfuvilonihauin 15 mH vesUTE ESTEL u RE-2756 fananslugud 6.10 Bl
Anaussulniruaznszualndnwindu 400 V wag 10 A muansu

UUUBIATLUY HUNBIAUT

U 6.10 Auntlerdnvesisasiiasiuiuulin

4) Fuiulszq
v o= v LY 14 =
Fufuusgguensesiiasiuiuuln anunsaeenwuuldainaunisi (6-3)

Ai,

6-3
8fAv, (63

C>

Toeft AV, flo Auseiulnding (ripple voltage)

WeNa1saaun1si (6-3) wazAvualiussnulniinga (Ave) denliiAu
2.8 mV 9zaunsafuIaIuInvesfiulsyy (C) 1avindu 892.86 pF wazidleddads
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A3USLNBUNSAYLYINIAY 25% 91U7
U3 Nichicon flawanslugud 6.11

Jeangrdnusidenlddiulszauuin 1000 pF v89
Fadiinpusssulndiindu 200 v

U7 6.11 fufiuusygueniasulasiuwuudn
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ABSTRACT Power converters are a highly important technology for power systems in electric vehicles
(EVs), as well as in the generation and utilization of renewable energy. However, controlled power converters
behave as constant power loads which directly affect the stability of the system. Therefore, this article
presents stability investigation of an AC-DC power system feeding a buck converter controlled by a sliding
mode controller. The stability analysis is conducted using the cigenvaluc thcorem and based on
a system mathematical model derived through a combination of the DQ and the generalized state-space
averaging methods. The theorctical analysis is verified through simulation on MATLAB/SIMULINK,
hardware-in-the-loop (HIL), and experimental testing. The results demonstrate that the considered system
exhibits instability due to the constant power load effect, which aligns with the theoretical predictions.
In addition, the variation of DC-link filter paramelers directly impacts the system stability. The resulting
results provide useful insights for avoiding system operation at the unstable point and for designing the filter

when the system stability is considered. Furthermore, this study serves as a foundation for [uture rescarch.

INDEX TERMS Small-Signal Stability Analysis, AC-DC Power System, Buck Converter, Sliding Mode

Controller, Mathematical Modcl

I. INTRODUCTION

In the present and [uture, environmental concerns regarding
carbon dioxide emissions have significantly increased
the demand for clean cnergy sources. As a result, clectrical
energy, which is considered a clean form of energy,
has gained much attention. Consequently, power electronics,
especially power converters, have become essential
technologies. The power converters are widely used to
convert and control clectrical cnergy to  suitable
the requirements of various systems. One major application
is in electric vehicle power systems, including electric cars,
electric trains, submarines, and aircraft. The power
converters play a key role in converting power from cnergy
sources such as batteries or other sources into suitable for
system loads. They also control the speed of electric motors
for acceleration, braking, and speed regulation in driving
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systems [11, [2], [3], [41, [51, [6], [7], [81, [9]. Moreover,
the power converters arc crucial in the production and
utilization of renewable energy such as solar, wind, and
hydropower [10], [11], [12], [13], [14], [15], [16], [17].
These converters require controllers to cnsurc the output
signal meets the desired specifications. However, when
the power converters are controlled, they behave as constant
power loads (CPLs) that exhibit negative impedance
characteristics for the overall system. When the CPLs are
connected to the power system through a filter circuit,
their negative impedance reduces the damping ratio of
the filter. This can cause the instability of the electrical
system. The instability can damage the overall of the power
system or degrade the control performance [18], [19], [20],
[217, 221, [23], [24], [25]. Therefore, it is necessary to
analyze the stability of systems that include the controlled
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power converters. This can help to predict and avoid
the operating of the system at unstable points. Therefore,
this article presents the stability investigation of an AC-DC
power system feeding a buck converter controlled by sliding
mode controller (SMC). The AC-DC power system using
a three-phase bridge rectifier is considered because it is
commonly used in renewable energy applications at this
moment, such as wind and hydro turbines to generate
the clectricity [26],27], [28], [29],130], [31]. It is also found
in electric vehicle architectures, including the electrical
power systems of electric cars, electric trains, submarines,
aircrafl, and battery charging systems for electric vehicles
[32], [33], [34], [35]. For this study, the buck converter
controlled by the SMC behaves as a CPL, which dircctly
affects system stability. Therefore, the stability investigation
aims to predict the unstable points and investigate the effects
of DC-link filter parameter changes on the system stability.
The stability analysis is based on the eigenvalue theorem
using a mathematical model derived through a combination
of the DQ and generalized state-space averaging methods.
The stability results are verified through the simulation
on MATLAB/SIMULINK, HIL, and experiment in
the laboratory. All results arc consistent and confirm that the
system instability is caused by the constant power load
effect. Moreover, the variation of the DC-link filter
parameters also dircctly impacts the system  stability.
The study results are useful for avoiding the operation at
the unstable points and can usc for designing the filter in
terms of the system stability.

The key contributions of the article are the stability
analysis bascd on a resulting mathematical model of a
three-phase bridge rectifier feeding a buck converter
controlled by SMC and including the design of the SMC for
the considered system has not yet been published in existing
literature. Moreover, this study also fills a research gap

related to system stability in EVs and renewable energy
systems.

This article is structed as follow. In Section II,
a considered AC-DC power system is explained.Section IIT
presents the derivation of mathematical model and the SMC
design. The stability analysis and the effects of the DC-link
variation are investigated in Section IV. The validation
results and discusses are addressed in Section V. Finally,
Scction VI gives conclusions and suggestions for future
research.

Il. A CONSIDERED AC-DC POWER SYSTEM

The AC-DC power system considered in this article is
illustrated in Figure 1. The system consists of five main
parts. Part 1 is a balanced three-phase AC power source,
which generates balanced three-phase AC clectricity.
Part 2 is a power transmission line that delivers
the AC power to the Part 3 which is a three-phase bridge
rectifier, that converts the AC signals into DC signals.
Part 4 is a DC-link filter, which smooths and stabilizes
the DC output from the rectifier. Part 5 is a buck converter
that regulates the output voltage using the SMC. In general,
buck converters are commonly regulated using PI controllers
due to their simplicity in design and effectiveness in reducing
stecady-statc error. However, PI controllers exhibit certain
limitations, particularly in scenarios requiring fast dynamic
response, where their performance may be inadequate [36],
[37]. For this reason, the SMC is chosen in this study
because it can provide fast dynamic response, allowing
the system to reach steady-statc quickly without stcady-statc
error. The system exhibits robustness, ensuring continuous
control performance even in the presence of external
disturbances or system parameter variations [38], [39], [40],
[41], [42], [43], [44], [45]. The buck converter, whether
controlled by the SMC or other controllers, bchaves as a CPL.
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FIGURE 1. Considered AC-DC power system feeding a controlled buck converter.
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The characteristics of the CPL are illustrated in Figure 2,
where an increase in load current leads to a decrease in load
voltage, and vice versa, in order (o maintain constant power.
This inverse behavior results in negative impedance, which
reduces the positive damping of the filter circuit. As a result,
his CPL behavior can cause the system instability. Therefore,
the stability analysis of the considered power system is very
important.

cPL

Vs
- AL )
A"(? Ay
_'l I~ Lep,

crL

FIGURE 2. Characteristic of CPLs

lll. DERIVATION OF MATHEMATICAL MODEL
For stability analysis of the considered power system,
it is nccessary to derive a system mathematical model.
In this article, the model is derived using a combination of
the DQ and the generalized state-space averaging (GSSA)
methods. These methods can provide a time-invariant model
which is suitable for the stability study. The DQ method is
applied to climinate the cffects of the diode switching
behavior of the three-phase bridge rectifier [46]. Meanwhile,
the GSSA method is used to eliminate the switching effects
of the buck converter [47]-[48]. The model derivation begins
by considering the system without the controller. In this casc,
the SMC as shown in the gray area in Figure 1 is not taken
into account at this stage. The derivation is based on
the following assumptions: the power converter operates in
continuous conduction mode (CCM). The overlap angle is
less than 60 degrees and harmonics in the system arc
neglected.

For the mathematical model derivation, the considered
power system can be divided into five parts. Each part is
briefly described as follows:

A. A balanced three-phase AC source
The balanced three-phase AC source in the DQ rotating
frame is represented by (1) [49], [501, [51].

V =\E"ﬂ, cos(A+¢—¢)

3 Q)]
»V:q = \/;r’" sin(A+¢—¢,)
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where 77, is the peak value of the phase voltage, 4
is the phase shift angle between the source bus and the
AC voltage bus, ¢ is the phase angle at the AC voltage bus,
and ¢; is the angular position of the DQ rotating frame.

B. Transmission line

The voltage drop across the power transmission line
and the current flowing through the transmission line in
the DQ rotating frame, are expressed by (2) and (3),
respectively [49], [50], [51].

. d
AVya = R«,ld +ch E]d _(')‘qu]q
d ©))]
AV, =R, I +L, ZI‘] +oL,I,
1, =-wC,V,+C, ‘itr'd
p @
I, =0l +Cy 2,

where R.,, L., and C,, represent the resistance, inductance,
and capacitance of the transmission line, respectively. While,
@ is the angular frequency of the power source.

C. A three phase bridge rectifier

The three-phase bridge rectifier consists of six diodes.
After applying the DQ method, the three-phase diode bridge
rectifier can be represented as a transformer in the DQ
rotating [rame. The transformer ratios, here are Sy and S, can
be given in (4). In addition, the relationships between
the input and output voltages and currents of the rectificr arc
expressed in (5) and (6), respectively [49], [50], [51].

de =%sin(¢—¢l)
33 )
lSq = ‘7cos(¢—¢])

E =SV,

bus.d

8 iy 5)
where Eq.) is the output voltage of the rectifier excluding the
effect of the overlap angle.

(©6)

Lo =Sis
Im.q = Sqldc

where I is the output current of the three-phase bridge
rectifier
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D. Open loop control of buck converter

In this section, the buck converter without the controller
is considered. This means that, the sliding mode controller
as shown in the gray area of Figure 1 is not yet included
in the analysis. After applying the GSSA mcthod to
eliminate the switching effects, a time-invariant model of
the buck converter can be obtained in (7) [49], [50], [51],
where d is the duty cycle of the converter.

m d

Edc. 1 I 511('

0 — 4
I L || e
= + 1
o 2z o 0
G RC

1.

m q

;q /m d

FIGURE 3. Equivalent circuit in the DQ rotating frame of the considered power system without the controller.

To simplify the model, the angular position of the DQ
rotating frame is set equal to the phase angle at the AC
voltage bus (¢; — ¢) resulting in S, = 0 and Ty = 0.
This condition eliminates the ¢-axis components of the three-
phase bridge rectifier. Therefore, the considered power
system without the controller can be simplificd into an
equivalent circuit on the DQ rotating frame as shown in
Figure 3 . By applying the Kirchhoff’s laws to analyze
the equivalent circuit, a mathematical model of the system
is expressed by (8).
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E. SMC

For the considered system, the buck converter is used to
regulates the output voltage by using a SMC as shown in
the gray area in Figure 1. In this article, the sliding surface
equation of the controller is defined as a linear combination
of the system’s state variables as presented in (9) [52], [53].

S'=ae +be, +ce, )

where e; is the current error, e; is the voltage error, and e; is
the integral of the sum of e; and e; which contributes to
improving the systcm performance by cnsuring zcro steady-
state error. The e;, e>, and e; can be defined in (10), (11),
and (12), respectively.

e T, -1, 10)
e =V, -V, (11)
e, =J.(el+e2)dl (12)

where /; is the reference inductor current which is calculated
from K( V: - 1%), I is the inductor current of the buck
converter, I/, is the reference output voltage and V/, is the
output voltage of the buck converter.

Considering the sliding surface equation from (9) to (12),
together with the mathematical model of the buck converter

4
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in (7), and assuming the system is under control and has
reached the steady state, the output voltage of the buck
converter will achieve the reference voltage. This means that
the system operates along the sliding surface defined by
the sliding cquation. As a result, the valuc of the sliding
surface becomes zero (S = 0) as shown in (13). Based on this
relationship, the derivative of the sliding surface equation
also becomes 7ero ($=0) as shown in (14) [52], [53].

S:[—a—h]{,], }-«K( L)+m([(K+1)(77-7,)-1, Jr=013)

.s":[—a—b][f., }—alx’(l J+m{(K+1)(7; -1,)-1,]=0 (14

Referring to (7) and (14), after setting u., = d, the control
cquation of the SMC for the considered power system can be
obtained. This equation can be shown in (15), where a, b, m,
and K are the parameters of the SMC.

.

V. 7 Vv
Uy, = V” a—,’,’- /f+,/—"}/ (15)

de de de

aRC+bL+alK +mRLC(-K —1)
where  a= )
aRC
_ BLR+alKR+mRLC
- aRC
_ mRLC(K +1)

aRC

Therefore, after substituting  in the uncontrolled system
model in (8) with u, from (15), a time-invariant
mathematical model of the considered AC-DC power system
shown in Figure 1 can be expressed in (16) and it is suitable
for stability investigation.

IV. STABILITY INVESTIGATION

This section presents the stability analysis to predict
the unstable point of the system. It also includes the analysis
of the DC-link parameter variations affect the system
stability. The analysis is based on the lincar system theory
using the eigenvalue theorem. It is noticed that
the mathematical model of the considered system given in
(16) is nonlinear. Afier applying the linearization technique
using the first-order Taylor’s series, a resulting of linear or
small-signal modcl for the considered system is obtained
in (17). For this model, A(xo,u0), B(xo,u0), C(xo,u0), and
D(xo,u0) are the Jacobian matrices of the system as detailed
in the appendix. Their values depend on the state variables
X, and the input variables u,, .

VOLUME XX, 2017

. R 3
I,=- = I+ {UIW = 1 Visat— ! " 7, cos(2)
L L, L,\2

s
: R 1 1 \/? .
I,=-ol,-—I - — [=V, sin(4
I, lq Vi & N2 " (4)
- 3283
’hu.r.d = a[ +(‘ﬂbmq \/;_I

de
xC “

e e

AL

bus,g © 4 g bus.d
@

I;ir \/?2\/—11;":4 Mla'L':ﬁ
2 7L L, L *

de

P {mm( (K+1) ] rl; [b/mamkmm(]
7,

aRCL, v, aRCL,
,C “11 aRC+bL+aLK +mRLC (— K—l))
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g aRCI. aRCC,, i

{5;( = A(X,,u,)0x +B(x,,u,)0u an

oy = C(x,,u,)0x + D(x,,u,)ou

The stability analysis of the linearized system using the
eigenvalue theorem can be investigated from the eigenvalues
of the Jacobian matric A(x,,u,) . The eigenvalues can be

calculated from (18).
det (AI-A)=0 (18)
where A is the eigenvalues of the system
Therefore, the system is stable il the real parts of
all eigenvalues are less than zero. This condition is expressed
in (19).
Re(%, ) <0 (19)

where i =1,2, 3,...
variables).

.0 (n is the number of the system state
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Based on the Jacobian matrix A(xo,u0) and the system
parameters specified in the appendix, the trajectory of
the dominant eigenvalues of the considered system when
the command output voltage of the buck converter increases
from 33 V to 45 V can be obtained as shown in Figurc 4.
It can be observed that when the output voltage of the buck
converter reaches 42 V, the power level of the constant
power load (Pcpr) is equal to 176.4 W. The real part of the
dominant eigenvalue becomes greater than zero at this point,
which means it lies in the right half of the s-plane. Therefore,
the considered power system becomes unstable when the
Pcpr exceeds 176.4 W

250
V, increased
o
200 —_—
150 ® ® »® o x
A h »
10 \
e \
3
£ 50 3
2
i, 33 36V 39V 42y asv |
z (1089W)  (120.6W) [ (A521W)  (1764W) (202.5W)
g
& 50 I §
z
&
-100
¥
-150 x * b ® -t
2200 r———— e B
Py increased
250
3 2 -1 0 1 2 3 4
Real axis (1/s)

FIGURE 4. Dominant eigenvalues of the system for the stability analysis.

300 - : o ——— v
Unstable
Region I
250 \ o \ :
i
<2LEW S Stable
- po RO Region
z <1764
T 150 | <Mdaw .
f B
3] e
9 !
100 o
50 i
200 400 600 800 1000 1200 1400 1600 1800 2000

CynF)

FIGURE 5. Effect on the system stability when the Cu is varied.
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As mentioned in the introduction section, the power
systems are typically connected to CPLs through filter
circuits. These filters can be designed or selected by
engineers. Therefore, studying the effect of filter parameter
variation on the system stability is important. It provides
useful information for designing and selecting filters
that take stability into account. The results of the stability
analysis when the capacitance value of the DC-link filter
(Cae) is varied arc shown with the instability linc of
Figure 5. It can be observed that when the Cy. are 940 puF,
1051.55 uF, and 1440 pF, the system becomes unstable at
the Pcpr equal to 129.6 W, 1764 W, and 211.6 W,
respectively. Therefore, it can be concluded that increasing
of the Cy improves the system stability.

The results of the stability analysis when the inductance
of the DC-link filter (L) is varied are shown as instability
line in Figure 6. It can be scen that when the Lg are 57 pH,
40.78 uH, and 21 pH, the system becomes unstable when the
CPL values are 115.6 W, 1764 W, and 313.6 W,
respectively. Therefore, it can be concluded that decreasing
of the Ly allows the system to operate with more stable.
Engineers should be aware that increasing the L filter to
decrease ripple current may reduce the system’s stability in
terms of CPL effects. The validation of these analytical
results will be presented in the next section.
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FIGURE 6. Effect on the system stability when the L. is varied.

V. VALIDATION OF RESULTS

The wvalidation of the stability analysis results and
the confirmation of the system stability in this study are
carried out using three methods, here are the simulation using
MATLAB/SIMULINK, hardwarc-in-thc-loop (HIL) using
MATLAB with a DSP eZdsp-TMF28335 board as shown in
Figure 7, and the experimental testing of the considered
power system using a test rig built in the laboratory as shown
in Figure 8. In these tests, the SMC is programmed into
the c¢Zdsp-TMF28335 DSP board with thc sampling
frequency equal to 10 kHz
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FIGURE 9. Instability results of the considered system via the
simulation and HI
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FIGURE 8. Experimental rig of the considered system in the laboratory.
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The results from the simulation and the HIL confirming
the system instability are shown in Figure 9, while the results
[rom the experimental test are shown in Figure 10. From both
figures, it can be observed that when the output voltage of
the buck converter is incrcased to 42 V (corresponding to
Pcepr = 176.4 W) at t = 3 s., the considered system becomes
unstable. This instability is indicated by the increasing
oscillations of the voltage across the DC-link filter (),
which fails to scttle to a stcady-statc valuc. The results arc
consistent with the theoretical analysis as presented in
Figure 4, confirming that the instability of the considered
system is caused by the CPL effect. The system becomes
unstable when the Py exceeds 176.4 W.
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The validation of the stability investigation when
the parameter Cq is varied through the simulation and
the HIL can be shown in Figure 11 and Figure 12,
respectively. It can be observed from both figures that in
when Cye is cqual to 940 pF, 1051.55 pF, and 1440 pF,
the system becomes unstable at the Pcpr values of 129.6 W,
176.4 W, and 211.6 W, respectively. These results match the
theoretical analysis previously presented in Figure 5 .
Therefore, it can be confirmed that increasing of the Cie
improves the stability of the system.
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Figure 13 and Figure 14 present the validation results of
the stability investigation when the parameter Ly, is varicd
through the simulation and the HIL, respectively. It can be
observed [rom both figures that when Lg is set to 57 pH,
40.78 uH, and 21 pH, the system becomes unstable at Pcp;.
valucs of 115.6 W, 176.4 W, and 313.6 W, respectively.
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These results are consistent with the theoretical analysis as
shown in Figure 6. Therefore, it can be confirmed that
reducing of the Ly increases the stability of the system.
According to the entire of the study results, it can be
concluded that the proposcd stability analysis and
the investigation of the effects of DC-link filter parameter
variations on the system stability can accurately predict
the unstable point of the considered AC-DC power system.
In addition, the results provide the uscful information for
engineers, especially in designing and selecting the filter
circuits with proper consideration of system stability.

VI. CONCLUSION

This article presents a stability investigation of an AC-DC
power system feeding a buck converter controlled by a SMC.
The stability analysis using the eigenvalue theorem is based
on the mathematical model derived from a combination of
the DQ and GSSA methods. The analysis results are
validated through three approaches, the simulation using
MATLAB/SIMULINK, the HIL, and the experimentation in
the laboratory. The proposed model accurately predicts
the instability of the considered system caused by the CPLs
cffect. Additionally, the investigation for the variation of
the filter parameters effect on the system stability indicates
that increasing the capacitance of the filter or decreasing
the inductance of the filter enhances the system stability.
These findings provide valuable insights that can help avoid
system operation at the unstable points and guide the design
and selection of filter circuits when the system stability
due to CPLs is taken into account. However, the stability
analysis alone cannot restore stability once the system
becomes unstable. In most cascs, the instability occurs
before reaching the rated power of the system. Therefore,
the future rescarch should focus on instability mitigation
or stabilization methods that not only prevent instability
but also allow the system to operate up to its full power level.
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APPENDIX B

CONSIDERED SYSTEM PARAMETERS

SYMBOL VALUES DESCRIPTIONS

T, 40 Vsiphase ‘Three-phase AC voltage source

@ 2nx50 rad’s Frequency of three-phase AC voltage
source

Ry 0.0956 Q Resistance of transmission line

L o 142.45 pH Inductance of transmission linc

1 A 20l Capacitance of transmission line

I 02Q Tnner resistance of DC-link (ilter
inductor

L 40.78 ml1 Inductance of DC-link filter

re 028Q Inner resistance of DC-link filter
capacitor

€ 1051.55 pF Capacitance of DC-link filter

P 15 mH Inductance of buck converter

{64 1000 pI? Capacitance of buck converter

R 10Q Resistive load of buck converter

£ 10 kHz Switching frequency of buck
converter

a 8.2575

b 79.5011

m 4918 Paramelers of sliding mode controller

K 49596
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The sliding mode controller design for buck converter fed by AC-DC power systems
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Abstract

The proportional-integral (PI) controllers are widely used in many applications. However, the system performance is
occasionally undesired. The slowly dynamic response, the signal oscillation, and the vulnerability to disturbances can
occur when the Pl controller is applied. Therefore, this article presents the sliding mode controller (SMC) design for buck
converter fed by AC-DC power systems. The SMC is considered because of its merit including the rapid dynamic response
and robustness. The design process is based on a trial and error method. The intensive time-domain simulation using
SimPowerSystem™ on MATLAB and the experimental rig built in the laboratory are used for the controller performance
comparison between the SMC and Pl controllers. The results show that the SMC can provide the system responses better

than the PI controller in terms of rise time, settling time, undershoot, and overshoot.
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1. unih

Pagtursasudasiuidsiiiinisaiuau (controlled
power converter) #112995uUa iU F AT I udd
g dued 1wdiduid wazedidwed ligniunldau
FUAUTTUUAN 9 8619UNTVATY LU TTUUAIUAY
Au2v0381usudlii (electric vehicles : EVs)
sruutuindeuvessaluil (electric railway) szuulvih
Mdauuaiastuildlrifinanniu (more electric aircraft
: MEA) wavsguusUasduirdedmiundseiunawny
(renewable energy) \udu alneviluasasuuasiu
fdslniaffinsaauaudenldinaunuiiugiy
Wy #aarunudile (Pl controller) [1-5] Afidadde
annsooenuuuliiteudiszuvasiinnududou Sntads
ausnannduianainluanuregiladnaag (5-6]
athslsfnmunanauaussdwain (dynamic response)
vosiraruauiileluuienadausingnisdaiu
(overshoot)ﬁqa Snvadafigaaiaarvadu (ise ime)
wazia il (settling time) fiunudndae [7-8] Kausiorn
ufstagUuldiinisd@nvinaz fauadaaauausig 9
agaretiles lnadanruauiiraulede dmuay
uanisidou dadudinivauiifariunsny

(robustness) #an151WABuKAIEITTUULETAITUNIY
Apuen (disturbance) Sniadlinanauausndamain
Aisamidn Lmzﬂsmgmsﬂuﬁuﬁﬁw Faudiinluunands
awﬂsnngmsﬁu (chattering) YIdY YU WAAINITA
ponuuUiewaAnidsamgnsaiily 9-19] daduunanuil
Fniauemseenuuuinuat e sideudmiueg
wdasfunvuvavessruuldididaedidund
Faflunadsdraidurtesiisanszuaauianuuuind

Tnganauideluefn nuinsasuasiunuuindulng
azflunasdroiduunasdgliiinszuansefifianni

& 2

Tuvneiunasdneiaarsanluunaaruiifuaes
eanszuaanuanuuiad Faduundegieluia
nszuansitliined lnsazfidnduesgfulnanvesszuy
yilsmeadinisunenseulnirainuvasdngnenaiun
#915unsawlunisesnuuudniuauluuaniside
%aﬁaLi‘Juqmwiwaamu‘iﬁaluuwmwﬁ A1500ALUY
fnuaslnuansdoudnduflasiostmuaaumsii
n13480u (sliding surface equation) d1915uldlunns
AruAu Faunanuilddmualdaunisituiinindou
Wusuumssauiuwuuidaduvesiuusaniug (linear

combinations of the states) 1{i8991N@1WI5OAITUN
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%oeUfuans Faadilduanddiiuinglossuulia
ffasaniifnuauivuanisideussiinanisnevaues
Wanatnvesszuuiiduazsandy Taglainunasai
uazviast (undershoot) Snifadaiinannfuuasaandnii
ftieaninileszuuluihiifinrsunldfaauguile
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msmuAuiiiniimuauiile
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2. szuulvidfRasan

sruuliihiifiansanluuneuiduaesidenseua
auauvuusasiiinandulsasulasdusuudadi
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Fausgnaudae 5 dau laud daufl 1 seuvdedne
idsliihnszuaaduaumanuuanna dwdl 2 aed
Ardalli vndhiidegnemdsluiinseuaaduanuwa
lUgeadensvuaauaLuUU3as @il 3 19951384

nszuaaudanuuuiag vandafilunisudas
Fyaaldinszuaadulidudgaralwihnssuanse
d1uit 4 199TnTesdyauAd (DC-Link fitter) it
nsesdyandlifinsznansediléindiud 3 3oy
warasflundu wazdauil 52995uUasiunuuda
fifimsmuauusiturieandeinuauinunnisideu
TngArmrsfitnesuasszuulniiifansunlugud 1
dmsunseaniuummuANLanIFITd 1 feil

a1519f 1 wsleedvesszuuliihiifasan

wsiwes Al eaziBun

8 40 V. uwasireusssuliifhnszuasdu
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[EENGEGH]
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Ly q078mH  ArmwieniesaTnses

3 02 Q anaiumumeluiamisnives
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20930309
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wuuda

€ 1,000 UF = av1ugldidivesisasudasdu
wuudn

R 10 Q TvanmuiuMIuYBIRITLUaEY
wuudn
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WurUsiusvamany e way e, nuansluaunsi (2)
A < o w
aun1Tv (3) wazaunisi (4) auaiay

61:1241L 2)

i I, @e nszualvinflwaruunainmiiai
Srebednalldnn K(V) -7, ) ua 1, fenszualiih
Alvarunainwilendiverasulasiuwuuln

e, =V =V, ®)

e V) Ao useduluilnvneens1de uaz ¥, Ae

wsesulwiheeenveesasulasiuLuuTR

e =I(e, +e,)dt (4)

Audunisunuannisi @ Seaunisi @) asly
aunsit (@) agldaunisiuianisideusuunissauiy
KUUBAEUYRIR USSR UE A MU SRR LLUUTRA
Aansan wanslddannisi () fail

Sz[w—b][z}—uK(l{,)+mj[(K+1)(V£—VO)—IL}” ®)

deszuuiinismunuuaziigansegia (steady
state) Aussaulairaneenvesisasuasdunuudn
azuifuausuliing198e dufe szuveziAdoud
VusTWILLeSiuAINS B uR AN SR LA N SE e

<

Failianuduiusvesaunisiivianaifeuinfugud

(5 =0) wavoyiusvesaunsiuiamsidouniiugud
(8=0) [20-23] feifuilomeuiusuesaunsii (5) azlé
auniseyNusvesanntsiudanisidounansld
Faannsil (6) deil

=1

[—a—b]ﬁj—a[((f:)+m|:(K+1)(V;—Vo)-IL]=0 6)

naumsi (6) swwut Siduls 1, waz ¥, Usng
agluaunis dafruusdandinfe daudsaniuy
Tuwvudrassnendaaianivesisasulasduwuuln
Fawvusaemeadamansdananuandlddaunsd (7)
[20-23] Taeil ¥, fie ussiulndhanda (nput) vee1eas
wlasiuuuudafildinanundsneiiduianisnssua
AuaLUUUIATHIUISI TN T Ay AT Feasdien
TinsiinazTuagfumdalifiesinanvennasulasiu
uvulhn way () fie dyaramsaladuuuidudagdy

(pulse width modulation : PWM) fialdinanseauns
-1

g 0 — V,
'[L - L II. de
{V}_ 1 -1 [V}r L |u(r) @

—|%d | o
C RC

WUUT1ADIV1IAENA@NTUD 99 Tu AUl UUTA
Tuaunisdt (7) Wunyudiaesiiudsuntasmiunm
(time-varying model) Lfia9a1nuavasgunsaiaindg
aeTureas mndaluldluniseenuuudiniuauae
ilianmmgunniazdudeu dafuiieannimgaen
Fudioudnam unauiidldaiadus glianusitdy
(generalized state-space averaging method GSSA
method) kaze1fenisUszuruA1duduaud
et danavesgunsalainddandin daduazld
wuUdIaeInIeAdaaiansvee9aTlasdunuula
Alalwasuwasmunm (time invariant model) [24-28]
Faduuvusraesiitmunzandenisinlulddiniy
nseenuuuimuandanduaunsi (8)
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3 0 — Vv % v
I L | -
] = +| L |d (8)
AR LA

RC

al

Toeit d #io ﬂ'ﬁgﬁﬂwﬁwﬁ (duty cycle)

o Y o4 a ) ] @, <
fatuilafasuraun1¥ (6) 3auduannsh (8)
wazdinuald u, =d azldaunisvesiiniugy

uansideudmiunisatvauszuuliiififiansan
wandlddaaunisi (9) fail

*

v I v
Uy =—La——L gty ©)
% Vdc Vlc VI‘

a d

Togi oo “RCHbL+alK +mRLC(-K =1)
aRC

_ bLR +al. KR +mRLC

- arC

B mRLC(K +1)

" 4RC

B

INaunIsa 0) 2znud1 R, L war C 19w
Amnsdwesvesszuu V., I, waz V, Wudoyyiu
Adoedinsta luvmziinisifines a, b, m uaz K
Wunniimesvesiamruguinuanisidouis iy
avdpdldfuniseanuuy waiifesandslaiidsnisialy
Tumseantuumisiiinessandnn feduluunainud
aveRNUUUSIEIEMsauA I waz Sadelull
3.1 MSPRNLUUAIWITEIMBS a

Wenisusuildsudinisiiines @ «Ju 4,8
uaz 16 lngasarnisniiaes b= 60, m = 6000 Las
K = 4000 HAN15ASIVABUANTTAULVBINITAIUAN
fa8n1591a9an1unIsiuunoNRILABSAIE
TUsunsu SIMULINK/MATLAB Luam‘léﬁ'ﬁgﬂﬁ 2 ﬁamngﬂ
Azuiulddn mamafiwed ¢ daviesauiuluazdena
Tinansuaussvasszuuiinniswaiy luvusiidn @
fiuniuluasdsalinansuaussssszuudngan e
agdladn

18; " .
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Time(s)

Uit 2 waniseenuuuAmdwed a

3.2 AN598NLUUATNNIIEARS b

dlausuidsudinasafwes b10u 6, 60
naz 600 lagpsArwasafitnes a =8, m = 6000
waz K = 4000 NANNINTINADUANSIOULYRINISAIUAN
fren1sdraesantunisainanslddagui 3 dsangu
aviulain Amasiiiimes b lidenaneaussouy
msnevauevesszuuliiifintsan

VoW
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Uit 3 wantsesnuuudwiies b
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12000 TagAsIAINISITLADS @ = 8, b= 60 WAy
K = 4000 HAN19ATIVADUANTIOULVBINITAIUAY
fhenisdrassanumsaiuandlddeguil 4 mnguaznui
dwnsiees m falesauiulazdwalinanovauss
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The Design of Sliding Mode Control for Buck Converter Connected to Three-Phase Bridge Rectifier
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Mpinasalasiumaa hhiinsag Reglated Power
Converter) lagminnl¥ausmivizuudi 9 edrumivan Tao
samquiiion1aeifhuianannuitlo (PT Controller) #4lutnan’a
o9z W savzranouauoavosszu bl lla wiidosms
sad i s o dufuunaail i iauenis
DoAuIAIN AN THIAMSIADY (Sliding Mode Control) A1H3
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(Setlling Time) 1azN]0FIFUAMTHUAYU (Percent Overshoot)

Mdiny: Anugy Tnuamsiaon daniuquile 2e9sulawiu-

mnnin
Abstract

Currently, power converters controlled by PI controller are widely
used in various systems. Hlowever, the PI controller cannot provide the
desired system responses sometimes and it also lacks of the disturbance
robustness. Therefore, this paper presents the design of sliding mode
control for buck converter connected to three-phase bridge rectifier. The
controller design is based on trial and error method. The simulation via
SimPowerSyslemm on SIMULINK/MATLARB is used for the controller

performance investigation. Additionally, the controller performance

comparison when the considered systems having the sliding mode
control and the PI controller is also presented. The simulation results
show that the proposed sliding mode control can provide the best output
performance compared with the PI controller in terms of rise time,

settling time, and percent overshoot.

Keywords: Sliding Mode Control, PT Controller, Buck Converter
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TsunsunmsAnunisivavesiaslniuay
nsmwIngEnsiReumasznindauaisuayvaussiuliihnssuaadiy

%NPUAAINITITLADIVDITEUY
Vs=40;

f=50;

Req=0.0956;

Leg=142.45¢e-6;

rL=0.2;

ru=(3*Leq*2*pi*f)/pi;

R=10;

Pload=(Vo/r2)/R;

Ptotal=Pload;
Z=sqrt(Reg2+(2*pi*f*Leq)"2);
Gamma=atand((2*pi*f*Leqg)/Req);
Vbus(1)=40;

Lambda(1)=0;

es=1e-10;

k=1;

vo = (3*sqrt(3)*Vs*sqrt(2)/pi)*d
P_Total = (vor2)/R;

Q_Total = 0;

eaVbus = 1000;

ealambda = 1000;

es = 1e-10;

k=0;

eaVbus = 100;ealambda = 100;

es = 1e-10;

k=0;

while eaVbus>=es & ealambda>=es
if k~=0

du = Vs*cosd(r-lambda(k))/Z - 2*Vbus(k)*cosd(r)/Z;
DU = Vbus(k)*Vs*sind(r-lambda(k))/Z;
dv = Vs*sind(r-lambda(k))/Z - 2*Vbus(k)*sind(r)/Z;
DV = -Vbus(k)*Vs*cosd(r-lambda(k))/Z;
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Vbus(k+1) = Vbus(k)-(U*DV-V*DU)/(du*DV-DU*dv);
lambda(k+1) = lambda(k)-(V*du-U*dv)/(du*DV-DU*dv);
eaVbus = abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100;

ealambda = abs((lambda(k+1)-lambda(k))/lambda(k+1))*100;
V_bus = Vbus(k+1);

L degree = lambda(k+1);

A = Vs-V_bus*(cosd(L_degree)-i*sind(L_degree))

B = Z*(cosd(r)+i*sind(r));

wAhuanrAaTildnnsumieIzvesdiafu-sdy
Idc = (pi/(sqrt(6)))*abs(A/B);

Vdc = (3*sqrt(6)*V_bus/pi) - 3*Leq*w*Idc/pi - rL*Idc;
Vout = vo;

else

Vbus(k+1) = Vs*pi/(3*sqrt(3));

lambda(k+1) = 0.0001;

end

k=k+1;

end

%A A NRNNN1TAUNAIEITVRIRPU-5 1N
lambda = L _degree;
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Tsunsudmiunisiassaaiunsaliuuansnislugy
YBITLUUNTARTUIN A LD AN

wi3unldlaus3vedlusunsy

#include <stdio.h>

#include "SumDiff.h"

#include <rtdx.h>

#include "target.n"

#include <math.h>

%orMIUARILUS UATAENFUYEIFILUTH 1

double Vdc, Vo, Vref, iL, ueq, VL Present, VL _Old, VH Present, VH_Old, VBP, X1, X2, X3;
float a =8.2575,0=79.5011,m=4918,K=49596; %ﬂ'ﬂ‘wwm:ﬁm@%maqé’f’smuauiummuﬁlau
float R=10,L.=0.015,C=0.001; %AMM1513LADIUBINITHUAIRULUUTA

float wH=305.416, wL=76.354; %ﬂ'wﬂ’gmﬁé’f@qmasmmmﬁﬁmﬁw

float Kf = 0.2; %A180T1ve18903wareg Ulsulunih

float Ts = 0.0001; //f" Sampling time dwiulduiusuiuivaeguleuluni
%AuUAYTEITUAY UV T1NTUSLN T MATLAB

RTDX_CreatelnputChannel (inputl);

RTDX_CreatelnputChannel (input2);

RTDX_CreatelnputChannel (input3);

RTDX_CreatelnputChannel (inputd);

%ruruntesEsdyanvIeenlugilusunsy MATLAB

RTDX CreateOutputChannel(outputl);

void main(}{

%.UnNSIF UL UR QY IILN

TARGET _INITIALIZE(;

RTDX enablelnput (&inputl);
RTDX_enablelnput (&input 2);
RTDX_enablelnput (&input 3);
RTDX_enablelnput (&input 4);

%ian sl uTesasdygIuvIe9N
RTDX_enableOutput (&outputl);
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%L"TJ@I%Q'Umiﬁﬂmmﬁ@y@yﬂzumsmuamaaﬁ’smuqmi‘wmﬂﬁiLgau
while (1) {
%rinmuaudsdmiviafuteyatiliandesdyanuitiannlusunsu MATLAB
RTDX read( &nputl, &/dc, 1 * sizeof(long) );
RTDX read( &input2, &Vo, 1 * sizeof(long) );
RTDX read( &input3, &Vref, 1 * sizeof(long) );
RTDX read( &nputd, &L, 1 * sizeof(long) );

wrunmynevgUleulunt
VL Present = (Vdc*wH*Ts+VL_Old)/(1+wH*Ts)
VH Present = (VH_Old+VL Present-VL Old)/(1+wL*Ts);
VBP = (WH+wL)/WH)*VH_Present;
VL Present = VL _Old;
VH_ Present = VH_Old;

Wiy ansnUsYeIFImUALlTIANTLADY
X1=@*R*C+b*L+a*L*K+m*R*L*C*(-K-1))/(a*R*C);
X2=(b*L*R+a*L*K*R+m*R*L*C)/(a*R*C);
X3=(m*R*L*CH(K+1))/(@*R*C);
ueq =(Vo/Vdca)*X1 - (iL/Vdo)*X2 + (Vref + (KF*VBP)/Vdc)*X3;

%ioulvvasgunisAadyyIunmuaueshmuatltansidey
while ( RTDX_writing != NULL )
{ #if RTDX_POLLING IMPLEMENTATION
RTDX_Poll();
#endif}

%rvuniulsdmiuinfiutoyaliluredsdyauvieonludalusunsy MATLAB
RTDX write( &outputl, &ueg, 1 * sizeof(long) );}}
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Wsunsuasrsaiesnmessssuulnihinansanmedinugulnunnsideuiinisdnulas

SufudmaregUleuluniiluueda DSP su TMS320F335

//Gonldlaumivedlusunsy

#include "DSP28x_Project.h"

#include "DSP2833x_Examples.h"

#include "DSP2833x_Device.h" //"DSP2802x_Device.h"

#include <stdio.h>

#include <stdlib.h>

#include "lQmathLib.h"

#include "math.h"

#if (CPU_FRQ 150MHZ) // Default - 150 MHz SYSCLKOUT

#define ADC_MODCLK 0x3 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK2 = 150/(2*3) = 25.0 MHz
#endif

#define ADC_CKPS 0x0 // ADC module clock = HSPCLK/1 = 25.5MHz/(1) = 25.0 MHz
#define ADC_SHCLK 0x1 // S/H width in ADC module periods = 2 ADC cycle
#define AVG 1000 // Average sample limit*/

#define ZOFFSET 0x00 // Average Zero offset

#define BUF_SIZE 1024 // Sample buffer size

//dvuaitsitudmiunisSenlilusunsy
void InitePWM(void);

interrupt void cpu_timer0. isr(void);
void Gpio_select(void);

Uint32 EPwm1TimerintCount;

Uintl6 EPwm1 DB Direction;

//fvuadulsdmiufuaildsunnisuees Indayaradludi
float Voltage VR3IL;

float Voltage VR4,Vo;

float Voltage VR5,Vdc;

//AMRUARILUT WaEATTUAUTOIRIMUTNITITADIANN 9 V0958 UY

float set[]={10,20,30,33,36,39,42,45,48,51,54,57,60}; //ussnulniine1994
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float X1, X2, X3, ueg=0, VL Present, VL Old, VH Present, VH_Old, VBP;
float a =8.2575,b=79.5011,m=4918,K=49596; //ﬂ'ﬂ'W’mﬁLma%ﬁumﬁammﬂwmmﬂﬁau

float R=10,L=0.015,C=0.001; //A1n1518wasvansasivasiuwuuln

float wH=305.416, wL=76.354; //ﬂ'wmm?ﬁﬁmgau@xmmmﬁﬁmﬁw

float Kf = 0.2; //Adnsveevesdivaveguiauluni

int i=0;

float Ts = 0.0001; //f" Sampling time dwsuldmuiusuiuimvaeguleuluni

void main(void)

i/ Genldileridu GPIO
Gpio_select();
IER = 0x0000;
IFR = 0x0000;

//daldiu ADC

EALLOW,

SysCtrlRegs.HISPCP.all = ADC_MODCLK;

EDIS;

InitAdc();

AdcRegs. ADCTRL1.bit. ACQ PS = ADC_SHCLK;

AdcRegs ADCTRL1.bit.SEQ CASC = 1; // 1 Cascaded mode
AdcRegs. ADCTRL1.bit. CONT _RUN = 1; // Setup continuous run
AdcRegs ADCTRL1.bit.SEQ OVRD = 1; // Enable Sequencer override feature
AdcRegs. ADCTRL2.all = 0x2000;

AdcRegs. ADCTRL3.bit. ADCCLKPS = ADC_CKPS;

AdcRegs. ADCMAXCONV.bit. MAX_CONV1=0xf;

AdcRegs. ADCCHSELSEQ1.bit. CONVOO = 0x0; //A0

AdcRegs. ADCCHSELSEQ1.bit. CONVO1 = Ox1; //Al

AdcRegs. ADCCHSELSEQ1.bit. CONVO2 = 0x2; //A2

AdcRegs. ADCST.bit.INT_SEQ1 CLR = 1;

/3ol FudmSuasg ePwM
InitePWM();
DINT;
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/Suusannuivesuesalilnsreulnaiaes
#if (CPU_FRQ_150MHZ)
ConfigCpuTimer(& puTimer0, 10, 150);
#endif

CpuTimerORegs. TCR.all = 0x4001,;

EINT;

ERTM;

//MAUATEUNITANNAEMT UL USN9Ble 9
for(i=0;i<=12;i++1

//asdanaliihnlasuaneumesnsrainlugsiu ADC

GpioDataRegs.GPADAT bit.GPIO12 = IGpioDataRegs.GPADAT bit.GPIO12;

Voltage VR3 = (AdcRegs ADCRESULT2>>4);
Voltage VR4 = (AdcRegs ADCRESULT3>>4);
Voltage VR5 = (AdcRegs ADCRESULT4>>4);

//wlasdayaailalihiifiu ADC swild Wilusdyaallniiage
IL=((Voltage VR3*3/4095)%(9.902))+0.0118;

Vo=((Voltage VRA*3/4095)%(135.32))+0.0739;

Vdc=(((Voltage VR5*3/4095)%(136.06))+1.1729);

//anunaivaeguleulumi

VL Present = (Vdc*wH*Ts+VL Old)/(1+wH*Ts)

VH Present = (VH_Old+VL_Present-VL Old)/(1+wL*Ts);
VBP = ((WH+wL)/WH)*VH_Present;

VL Present = VL Old;

VH_Present = VH_Old;

//Fmnadyanauminuauvesiiauaulnuamadou
Vref = setli];
X1=(@*R*C+b*L+a*L*K+m*R¥*L*C*(-K-1))/(a*R*C);
X2=(p*L*R+a*L*K*R+m*R*L*C)/(@*R*C);
X3=(m*R*L*C*(K+1))/(a*R*C);

ueq =(Vo/Vdc)*X1 = (iL/Vdc)*X2 + (Vref + (KF*VBP)/Vdc)*X3;

if(Ueq>=0.95){Ueq = 0.95;}
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iflUeg<=0){Ueq = 0;}
EPwm1Regs.CMPA half.CMPA = 3750-3750*Ueg;
1

//ilaifudwuimuanuanvurves ePWM

void InitePWM()

{

EPwm1Regs. TBPRD = 3750;

EPwm1Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm1Regs. TBCTL.bit. CTRMODE = TB_COUNT _UPDOWN; // Symmetrical mode
EPwm1Regs. TBCTR = 0x0000;

EPwm1Regs. TBCTL.bit.PHSEN = TB_DISABLE; // Master module

EPwm1Regs. TBCTL.bit.SYNCOSEL = TB_CTR_ZERO; // Sync down-stream module
EPwm1Regs.CMPCTL.bit. LOADAMODE = CC_CTR ZERO; // load on CTR=Zero
EPwm1Regs.CMPCTL.bit. LOADBMODE = CC _CTR ZERO; // load on CTR=Zero
EPwm1Regs AQCTLA.bit.CAU = AQ_SET; // set actions for EPWMIA

EPwm1Regs. AQCTLA.bit.CAD = AQ CLEAR;

EPwm1Regs AQCTLA.bit.CAU = AQ_SET; // set actions for EPWM1A

EPwm1Regs. AQCTLA.bit.CAD = AQ CLEAR;

EPwm1Regs.DBCTL.bit.OUT _MODE = DB FULL ENABLE; // enable Dead-band module
EPwm1Regs.DBCTL.bit.IN. MODE = DBA ALL;

EPwm1Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC; // Active Hi complementary
EPwm1Regs.DBFED = 20; // 10 = lusec

//HanFudnsuN1STINIITag

interrupt void cpu_timer0_isr(void)

{

CpuTimer0.InterruptCount++;
GpioDataRegs.GPBTOGGLE.bit.GPIO32 = 1;
EALLOW:

SysCtrlRegs.WDKEY = OXAA,

EDIS;

PieCtrlRegs.PIEACK.all = PIEACK GROUP1;
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//sidudmIuimuanndnuazues GPIO

void Gpio_select(void)

{
EALLOW;
GpioCtrlRegs.GPAMUX1.all = 0x0000;
GpioCtrlRegs.GPAMUX1.bit.GPIOO = 1; // ePWM1A active
GpioCtrlRegs.GPAMUX1.bit.GPIO1 = 0; // ePWM1B active
GpioCtrlRegs.GPAMUX1.bit.GPIO2 = 0; // ePWM2A active
GpioCtrlRegs.GPAMUX1.bit.GPIO3 = 0; // ePWM2B active
GpioCtrlRegs.GPAMUX1.bit.GPIO4 = 0; // ePWM2A active
GpioCtrlRegs.GPAMUX1.bit.GPIO5 = 0; // ePWM2B active
GpioCtrlRegs.GPBMUX1.all = 0x0000; // GPIO functionality GPIO32-GPIO47
GpioCtrlRegs.GPCMUX1.all = 0x0000; // GPIO functionality GPIO64-GPIOT79
GpioCtrlRegs.GPADIR.all = OXFFFF;
GpioCtrlRegs.GPBDIR.all = OxFFFF; // GPIO32-GPIOA4T7 are output
GpioCtrlRegs.GPCDIR.all = OxFFFF; // GPIO64-GPIO79 are output
EDIS;
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