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Abstract

This thesis is dealing with the contactless power transfer for household dc
power distribution. A 5-level 300 W diode clamped multilevel converter with high
frequency switching converter with input dc link bus 300 V is chosen for this
proposed topology and the output voltage is set at 48 V. The 2-layer solenoid coils
combine with the inner and outer coils which inner coil represents the primary coil
and the outer coil represents the secondary coil for inductive power transferring.
According to the specific power density as the conventional plug and outlet, the
converter frequency is designed at 200 kHz. The LLC series resonant tank is added to
the rear side of the diode clamped multilevel converter for increasing the system
efficiency to more than 95 percent. The Fundamental Harmonic Approximation or
FHA technique is the optimization tool for calculating the precise inductor and
capacitor in the resonant circuit. The validation of this proposed technology can be
evaluated by both MATLAB/Simulink simulation program results and hardware

implementation results.
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A15199 2.1 N15LUSEUTEIINg Distribution generator source

Characteristics Solar Wind Microhydro Diesel CHP

Availability Geographical location Geographical location Geographlcal dny tin\ \\ Dependent on source
dependent dependent location dependent /

Output power DC AC AC AC AC

GHG emission None None None High Dependent on source

Control Uncontrollable Uncontrollable Uncontrollable Controllable  Dependent on source

Typical Power electronic converter ~ Power electronic converter ~ Synchronous or None Synchronous

interface (DC-DC-AC) (AC-DC-AC) induction generator generator

Power flow MPPT & DClink voltage ~  MPPT, pitch & torque Controllable Controllable . AVR and governor

control controls (+P, +Q) control (+P, Q) (+P,+Q) (+P,+Q) (+P, +Q)
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M19197 2.2 MaUSeugunsaldsemdsnulululasnia

Basic features Battery Flywheel  Supercapacitor
Continuous power 50-100 200-500  500-2000
(W !kg) 5 5 5

Typical backup time ~ 5-30 min 10-30 sec 10-30 sec
Losses at standby Very low Variable High
!Environmental Medium-high Low Low
impact

Maintenance 1/year 1/5 years None
Charging efficiency 75_95 90 85_95

(%)

Current energy price  155_go9 30004000  4000-5000
($/kWh) 7 ; 7

Service life (year) 5 20 >10

U 1
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2.1.1.3. 53UUNNSIMLUNY
1. @IIUARINTZUERNTS
2. dsumMasnTEaaau 50/60 8Ind
3. ?i\iNﬁuﬁﬂﬁdﬂimaaﬁuﬁmmﬁq& (High Frequency Alternating Current,
HFAC)
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DC Gain Characteristic of SRC
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Vin=300V Full Load
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Vin=300V Full Load

2u du bu Bu

Circulating energy  vin=400V Full Load
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ANUWeI133 (Mutual inductance, M) ¥04RaTRNINIENTNYBIUARINTUC ANTNTE
aunsyblunIsAuIMNAIANLMTETNSINYeslsauesALNUTIN (Co-axial solenoid) ad
N159NULIUILLAT WeansluAITAININUINEATILTAINITATUIUTNABUTIUNEINTI NTB

w9 gasiinisAIwInlngnIsusEINMnIsaAl N1sdasiasiunsianasiilueniafae
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JUN 2.20 nifeuvasuuulivindura

Aanuvienihiuvemieutasuulinihdudailiunuenaaansadunas
fonildanngunssSornavesvamndundn lnensldaunisaanumienismvesuding
388 (Mutual inductance Maxwell's equation) f3aun1T 2.1 gﬂﬁ 2.21 1) uag ¥.) uansds
A Coupling co efficiency, k fuAvasnuwdeatisin Wsususzezraseninauaain
UgunfifunAend sgiiuldiammismienidudaranaaderinisifinainsinssening
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k anunsaflenlddn 61 k Zawiniu 1 mneanuddivinvesdulsiuimanyniduassingiu
YWAINAUNFENT st k AN 0.5 WaINUILSENT Tightly coupled laliguiuud?

¥ 1 a0 v 1 'Y} dy = 1
21A1 k dA1Ua8NI1 0.5 NIINULUUUILYNLIBNTT Loosely coupled

M = 4n?a’nin,[l — 2Aa](H) (2.1)

l-r+4 a . A3 a* 1+2A5 547
“=7oa 1642 73 ) 6aat\2 T 4T T 27
35a® <1 847 4A° 3A11)

T 20484\7 " 717 1O
4. (2.2)

v a a 13 1 d
a = Seingluvesunainledusss (Inner coil radius, cm)

v

A = Saflnnsusnvasrnainledussn (Outer coil radius, cm)

r=vIz+ A2

= AueMInaIn (length, cm)

ANPUTEIUNYDIURA AT AUBHNEILTOTNVLANUIAULANNAUNITA A

(0.001 - N2 - 12)

" ((228-1) + (241- D)) (H) 23)

[ = pauwitieni (nductance, H)
N = 92uusau (Turns)

r = SAdilwauesn (Solenoid radius, m)
[ = AUy (Length, m)

A1 Coupling co-efficient @snsaAualaain

M

JL.L;

k =
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Vv

Tank Circuit L,

C L
T r )
T 1
Resonant | i

\§ J

T frequency Pl Vout
Controller

5UN 2.22 msUeunduvesdyninusaiuerinnilvan

[
Y

nn1seaniuuiteldnuluuiuvvesnsmurulnsdyniufdIngatulr o leddiu
vosn1suuasiuguuuududsnabiegluguuuuvewuusidsiinea naunis 24 Ju

AUN15U89IN15ABLUTVLE UL ULV BRI UTALLIEAN

Vo =Ky, +K; [e,dt+V,(0) (2.0)
LK
eP +V0Ut
e
+
Lt

35U 2.23 fAruAuLUY Proportional kag Integral HuUsaIUY

luntiiganunsadisulusunsumeimualviaivesiiauauwuuitleduegluguiuuresdiuys

[

aRInealanadl
ludiuraefiamuANLU Proportional Huainsauenideuludulsidaiantaeiail

m(t) = K e, (t) (2.5)

Tudloivualyt K, Aefa iaunsaudadvieglusuuuuresiuuadaninealansil
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[

laun1s Backward i51anansauUasaunsliegluguuuuresiiulsigdanineansil
m,, =K.e, (2.7)
HARNUDIALNT (2.6) wa (2.7) Alasaunisauas (2.8)

Am=m -m _, =K (e, —¢€,,) (2.8)

AIAIUANKUY Integral avaninsalisulioglusunuuvesiulsi@aal nassuuuuaunis

ANUALALNNTDUTLNTHANVBIANURANAG
t
m(t) = K, joep (t)dt (2.9)

wasnN1sklashLUssalieglusuuuuves Muusdaiineauditusazlasuiuures

AUNITANANNTT (2.10) ViLﬁmmﬂma@Jmmaq e, MU Sampling time . ﬁf\;m Sampling #1491
n

m, = K; > Te, (2.10)
=1

nhudeulraiivieglugduuunitedy ssladaunis 2.11)

n-1
m, =K, > Te, + K;Te, (2.11)
j=1
Tunsdiii
n-1
m,_, =KD Te, (2.12)
j=1

NARNIYDIENNTT (2.11) hag (2.12) aglasaauni1saiuans (2.13)
Am, =m,—m_, =KTe, (2.13)

AIANNITNLANG1ITIIAURAITU L5IA1UITANINATINVBY AIATUANLUY i bo Lieileuluy

[y

TUswnsudsulanal

Am, =(Am,), +(Am,), (2.14)

[

Fwaun1sh (2.8) fu (2.13) 1agldaunishuguduussidneaduaunisaall
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Am=m -m_, =K (e, —e, ) +KTe (2.15)
Am= (K, +KT)e, —K_ e, , (2.16)
m,=m_, +(K, +KT)e, -K.e (2.17)

2.7 a3

1%
a v QIVLSU o

255UNSsUMNETasluwIdedlsaniausluiidefinendesiu ssuululasnia

Y

[

TngtanzgszuululasnIanszuansanlagniunlddudunnliiupeuiesinesings nieay
WuszuumsdsidwuulSnindudanusenaunie NSEIMUUAINY LU NTESBLEY e
a4 o & = v N o w a |
wiednnuysyy auludanisldaunismiisrdiseunueinia viswnuiidudenany
auruuimaniniefneq saufenisaunistunisaruauaiussansanuerialiy

Witlgad9au (Coupling coefficient, k) UasunalInlwduoyn
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a X ¢ ¢ o
3.2 wq%}{]wugquﬂauL'J@ilﬁlai‘]ﬂa"lﬂizﬂu

Issnugramnssuduuiniinsussgnaldgunsaldidnvsedndiaenliiaslni
gerulunaneUiniuey veesausanulniihlusedvuiunanslagnihunldduinisunewes

[y o w

T nazlusunsuessausylovdaylvusssulwihssautiunans A sedundsluidndwune
08 dnsuszuulihadusesuliihszauliunansdeinduisesneinlunislieunsaindans
Aahmaskiiiesuraasss mewgiddaiinisuilaseasidunesineinaleseauanld
Jumadenlunsdindmaclniiguazussnulniiuiunais dunesinesnaneseaulailign
anlgiumdalniaaviiii uidanansaldiuundmasnunaunuduigaduaoninday
LAZLTAR LY DLNAINAIUNSALTOUABLINNUSLUUBUIBSLNBINAETEAUAINSUNS b 91Ul
ﬁwé’ﬂw%qﬁummé’mmi [9-11]

WUIRAMNEINUBUNBTMBTVAESERUARTUEaT A.¢. 1975 [12] Tuduriasinasuane
SEAUTISUAUANNNITWUARIN 3 S2AU [13] saunleiniswaulasiasiedunesinosane

(Y] v :g ] @ al d’lj ¥ a I3 I [ t.:l' ¥

seauliainvanedu [14-21] 2819l AAULLIANL TR UYDIDUIBS DS NAETEAUN LA
masbnfihgeazldniseunsuvesaindarsfsinhmasliiriuduunasingluiinssuanss
usesuluirdinatedl e suvasmdsdnilaeduasizidygrausedulndnuuy
5 £ o I3 d' 1 (v = Y & i 1
udule AALYIEy LuAneT waswrasnasnunyuisuainisaldiluwnasdngln iy
nsehansalavanownas nslaadngliinaesiuiunatenasagluii nsewansanelnla
wsaiulnilevinmas egnslsinmuussdulnihaldsuanaindasisdamasinivuesgiv
seaunsnuliinnszLansataus iy

a & & v Ay ) a ¢ I 'Y

duswasuanysEaUlvafnat1sUsEn1s e lddueswes 2 seauazlyiu
@1n%IAUDge Pulse width modulation (PWM)

waa 1 a 3 s U Yo o e’lj
AaudRmhaulaveduesinesaneseauaunsaasUlanadelull
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- A mvasgUaduiuututiula (Staircase waveform quality) : Butiefinesuans
sefuliiifissusanunsnadiaussiulafiieiwaiiinisiaioudiunn uidsaunsoan
aaeSen dv / difeiuilyminissumumasindnlitih (EMO) Sedfosas

- Tdusesulairuuusiuiu (Common-mode voltage) BuliostnoIRaNYsEAUL
WARLIITY CM toend Feurnuiiluuuiwesameifideudetugnnistuidouseines
wuuvaeszRusannsnanadld uenaniussdiuliifih M anansafdnlalneldnagnsnng
ﬂ%’ueﬁu’uqﬂ (Advanced modulation strategies) auivauely [22]

- nazualihdunm Buneswesuateseduaunsafnseualindunadilalaed

AMURALNEUAN

o a

- anudadnd.duiesnesvatgseavansainnulaianudaindyagiu

Y <

(Fundamental switching frequency) wazAUANIEInTge Aduidagdununewmgaud

Y Y

[
o0 a =

a‘im%ﬁmmaﬁmwaaqaymaamﬂmia%sﬁ(ﬁ"wLLawizﬁm%mwgwu

L.wiﬁuna%mai“mmEJ%é'fu%ﬁsﬁaLﬁaagjmwizmiﬁaaﬁmwma‘im?miﬁqéhﬁw
mdsluiia(Power semiconductor switches) 9silann fausinadngfidonsiussdulniiaz
aansaldRUBueSINes A I EIU LAz ngResldI9asTULNe (Gate drive) Tevzdanals

SYUULAYSIUTIS AL NGB TUTDUNINTY

3.2.1 Tn39651999dUL70s1nasnateseau (Multilevel power converter
structures)

s

ANUANAIINILAITIAU 1ATIFZ1INANALANAINAUAINAIVDIDULIDILADS
ateseaulaiuUssandldluaugnaninisy ABULIBSIABSHUUAIALAR LBY-UTAT
(Cascaded H-bridges converter) AuknasdulWilInszLanss nsguanss valsunas lalan
wnand (Diode clamped) wag Wanedsn1U1@ime3(Flying capacitors) Aoufiagaiunis
2AUIIY AITILNITIVADUINNBUUDIBULIDSIANDSUNA18SA UYL NDD19D9D0 92995
Slannsadndnideinaiuisaldulaluduiesinesnsoluun19955u9nsena (Rectifier

v a I 6 v A o dy 1 @ %
mode) lassaiiedueiineinaluseiufeyndidgluuniagnelsinuununinlaseadng

anu1sa e dun1sus e kA bn1satuuleg unu
3.2.2 MELAA 18Y-USAI (Cascaded H-Bridges)

1AT9a3199098Uesmesl  wakuualaiaam-level %meé’qgﬂﬁ 3.1
wnaselinnszuansAazLiasane (Separate NIZUANTY source; S NIZLARNTY S) 9%
Feusefudunesinosimaieiuurauind (Full-bridge) vi3e Bunesinosuuuieviing (H-
Bridge) Bunodimasudazsziuazndnusaiulniinfiunnsnei 3 seu fie +V nszuanss, 0

LAy -V NIzuanse lnaweudeuwnasdulninssiansaiueninnliinssuaadulagldyn
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aind 4 61 LAWN Sy, Sy, Ss waY Sq MNABINITWIIRUINN +V NTEuEnse @Ind S, way S, A
(Turned on) vazLRgINUmARBLSIUINHN -Vnseuanse @3nd S, wag S; 3¢ (turned on)
waziiloaadng S, waz S, W5e S, uaT S wsssue NIy 0 winnlainszuaadu
ve9dunesinesuuuyauiadudazszduiidnetuazideutunuueynsy Fefudnygm
L39FU NN LA e NAONATINTD D NAVDIDUIDINDS TIUIUVBITEAURTIRULNALD NG
m Tudunesimesuvumainnaziuualalag m = 2s + 1 1ag s Aeduiuivasanglniinsy

ANTINTTUANTILAAZLUEAY BnAD1uT Uy QISR UNEd IS UBUNDIMBTLUULOTUIAGH

[
v v v a

fedutdu 11 seaull 5 S Nselanse S uag 5 WauIndazuansisguil 3.2 useiuna van =

0 Y] A a  a a Yo PN Y]
Vap + Vap + Vaz + Vaq + va5mm‘ug°dﬂauLngﬂamaw%aﬁmsﬂ,@mgﬂ‘m 3.2 AU s steps,

LY

nsuUasises (Fourier transform) dwsudyanitiazasunglaann 23, 271 -

A

4V sin(nwt
V(wt) = %Z[cos(nel) + (cos(nHz)) + o (cos(n@s))] % (3.1
n
We n=1,3,5,7.....
. si.ag} Sf#} )
a A W e IS
affm-1)/2] L
Sa"@ o4l
S}M} 321%} ~
: e —
‘a{(m-;),-:'-ff o - T Q¢
sk S:@
S.@} Sﬁiﬁ}
K 3 _l’_
11{12 f I’rdc:__SDCS
Skd 3
53"@ S +
Vo k Y, "===SDCS
n al & T
Sf@ 34*@

5UM 3.1 lassadanaifieiveduniasinesmainniuuiey-usnd
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JUN 3.2 dyaauu amunaeinnvesduiesinesilanuty 11 seauiuunasdigliih

ASLLENTI 5 LAY

QINALUAST 3.1 YIAYOIFUUTEANTWS T (Fourier coefficients) fuussAuln
nszuansatiAL sl
4
H(n) = o [cos(n8y) + (cos(nB,)) + -+ ... + (cos(nby))] (3.2)
il n=13,57.....

M9V B, 62 ., 6s @nnsaidenaufsiiibuussiusruednsinliidianls
Imaﬁl”ﬂﬂgmmfhfj%gmﬁamﬁaiﬁmmﬁﬁﬂLﬁaw‘fmiu 5th, 7th, 11th, and 13th
harmonics  are  eliminated [33] s18agidsaiaifsiiefumaianisidnensuedinag
tauslududaly dunesimesuumananaeseiuldsunsiiauetu Tiuszgndldon
flu Static var generation lA8N13 Interface AULMAINGINUNALNULAEUTBENALYTU
Battery-based BULIDSMBS 3 IWALUULUUAALAAINTATONABUUULUUNY (Wye) #is
nandluguil 3.3 Mieuuuinad (Delta) Peng Tduandliifiufiafiuiuy Multilevel cascaded
static VAR generator fiidiausafusuuruuiuszuuliihiiannsasevionamdsnuiiio
nnszualiilireactive current) 9nszuuliil (28-31] Bunefinesansnmuaulds
mMsmuauAIofulAmesTeInsEuAlIin RN nUTAIT e VT ou T uTAYDITEUY

I Adeureiuduiasines Peng [28] uay Joos [32] lauanslifiuinduiesinoswuuaa
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waannsadeudetulneasdunuueynsufussuulnihdmiuduawemdsliinduead
wuvade (Static Var Compensator, SVC) Buliostnosiuuadan (Cascaded inverters)
FarduuuAnlugauaidimiunindeudoundsmdanunaunuivszuulniinszuaady
desnndndudeddlunsuenunasdneladn  nszuanss lunsdnisldoudy wad
watefindviieleadionas

Bunedmesuuumainn (Cascaded inverters) fnisiauaifisldiussuuduniou
&N (Main traction drive) Tusneudluih lnedl uunmesi(batteries) uiodufuuszqbeen

(Ultra capacitors) wianvaufaelidu S nsvuanss S [27,34]

Ql_g
H- H-
gat}/—,—i rBrit:lgs.\ J—7Bri<:lge Q'i'g
attery] INV. T v L5T3
e A- [ _Of—h 3::1-0
-rBrJdge _E—Brldge andge 46-:-‘ C‘harger
[ mw. L. Ly 0 I
H- H- ,_— H- || \_Charge/Drive
J——Bridge J——Bridge Bridge : Switch
| INV. INV. L INV. [] :
H- H- [N\
J7 o Bridge| L /4 Bridge Bridge
T mw. T 4w Ll v
A : DC AC
| INV. T_ H-Bridge Inverter

JU# 3.3 1a59a519UU wye-connection @msumsdusainessagudliiuasiuninessay
L

Manjrekar lAl@UBN15ABYUIURUUNAYILAUVBILTIAUNTYUARNTY  [35-36] 10189l 9n1s
S’mﬁusuaﬂmza'ﬁm%maammﬁuﬂagm (Fundamental frequency switching) d113UUNNIEAU
A € ~ o I < = P = Y] ¢ aaS o %
wagmsainduuy. Anuilagdy ielvlasuaduusadulniiierdnn Bldeliuuinves
wsesuliednn ndramnniu wiegslsiniy duAddaalddnsinszualuiuaz
wsenulnildwindudmSuudagsedunazgaifouseloviainanuaiunsa ddaldiu

Identical modular unit @%SuwAarsEaU

Y a v a a 1 6 [y a 3 .
UYDALALVBLAYVDIDULIDILABIANALANNANYTEAULUULETY-UIA (Multilevel cascaded
H-bridge converters) fassioluil [37,38]
Y A
VDA
- wuressyiukswulniiuendne sxfininduluaesvinvesuasgnglii

ASELERNTY (M=2s+1)
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a ¢ . . a v I

- YANITBUNTUUUULEY-UIAA (series of H-bridges) Nasralunuulugauaziuuussy
faaguuuuluganazwuuussyduilastigliduneunisasisaunsavinlaeg nsimsuay
Usendauniu

Y =]

Ualdey

- unaanglniiinssuanse nszuansy wiasunasdnludedddmiues-uiad (H-
Bridge)lAntadnfintun1sussyndldiundndusifiunasirgluiinssuansaiuanseiunane
L1998

a o a s s U U ¥ ¥

fimsiaueduesneivatgseaukuuaaaniundenUaslniinlaglyd standard 3-
phase bi-level converters Ynauslu [22] 2easiananslugun 4 asunesineslinisuas
Indnveriuussdulni lruanarefuiioldusswulniednnvesnouiosine siiuy
LD1ANAVDIABULIBSLABSIENMIAEADIN 1T AsTud sl 120° seninanaendiedia
wunslasulsssiulninauseiusenIngeing a uag b wsIRULEENA a1unsduaIIERle
108 Vay = Varpr + Vs + Ve po¥idawlaswuukenaa (Isolation  Transformer) agliig

a

wssnulinivauneuesnasHIgnTNATIUEUSIAU Vo) b1 Veras Vazos MSVAaz duwla
Wy AetuszaueINMI e SR Aula W
Y a 3 s ) .
UYBAVDIDULIDILABILUUMNAYTEAULUUAELAR (Cascaded multilevel converters)
AundenUadlnilagly Standard three-phase bi-level converters s ABULIBSLADINIEM
mazmilauiukasyilinsevauiilaiietuegalsinursunesinesaudisniudodl

wnasdngln nssuanss wenfusazuioudatinihfedednduioiiuwssuoiding

a, a

R .

Irwerter 1

Inwerter 2

-

Imverter 3

5UN 3.4 BuneimesuuuvangszaukuumanaiunieuUasiniilngldmaunesinesuuy

Standard three-phase bi-level converters
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3.2.3. duneswmasratgszaunuulalen-upand (Diode-Clamped Multilevel

Inverter)

The neutral point converter lﬁgﬂﬁﬂLauaima Nabae, Takahashi &g
Akagi Tul 1981 1Ju dunesimaswuulalonuaaudaiuseiu (three-level diode-clamped
inverter) [5] 1ud 1990 YnAdevans AURRURUNAIUTSIBUNANITNAABIEMSU 4, 5 uay
6 sziu dmsunauiesmesuuulalen-taaudlduase (Static VAR compensation) USu
AmsTseUNaDiuazM T deNsesEuUlIugIge [18-31] Buriefined 3 ia 6 szduLUy
lalonunand azuansiaguil 5 Bunedines 3 wawdazimaszldsiuiuta nszuansa Feilnng
wisgasaU@ees 5 i adlu 6 szaussenulritluudazifiuuszefe V nszuanswuay
AuLATEATBILSITUTBILAaT aInTeReazgninliussfunszuanseinuunaulnlon
3197 3.1 uansseulssiuliedneidululddmiudunesines 1 wa fusuauves
NIELANSS rail Wil Viensds Moulvaniug 1 mnefeaing On uas 0 mnefsaing
Off usizilanziiaing 5 4n oE19Y turning on Vesainduileiaaingddu « des tumed
Off gainddmiu Phase leg Aa (Sal, Sa’l), (Sa2, Sa’2), (Sa3, Sa’3), (Sad, Sa’duag (Sa5,
Sa’5) M54 3.1 uansbiiuinludunesine fuuulalenueaud @ndi on eglaslanizis
vounaazaginiuateluwuaUNIUA MTUB LIRS MO INTEAULNAINY 5 §3 2 on aglu

U

AN

Vde:Cs Di% Sca D1 i: Sh4 D1 % FSas

e Ds % EPI—Scz Dag | {Perz Ds % {P—Saz
‘T |Da% {LJ-Sm D4k {[rﬂ-Sm BYY ﬂl—Sm
V3 ' \\;a
Vdc%Cs b
Ve
V2
D
. y § FFSus
Vdc ~C2
XD3x Sos
Vi X D2 FSb'3
Vdcf;.—.(_n A D1 FSb2
FSb
Vo o

JUT 3.5 1a53a3a six-level 3 wlavesdunesinasuuulalonuaaud
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5197 3.1 seauwssrulninduneswessix-level wuulalanwmaud waznisadnduuu

corresponding switch states.

T Switch State
Voltage Ve Sy S, Sas S Sat | Sas | Seq | Saz | Sa2 | Sar

Vs = SVdc L1 1]ololo]olo
V= 4Vdc o |jryrjp1rjpr )t joejojojo
Vs = 3Vdc o o[ 1t [ 1 [t [ 11 ][o0o]o]o
V, = 2Vdc 0 0 0 1 1 1 1 ! 0 0
v, = Vde oo fJofJoJ1 11 ]1]1]o0
Vo =0 ofofJojJoJotr[r[1r][1]1

mﬂgﬂ‘ﬁ 3.6 LLamg‘UﬂﬁuLLiaﬁuVLWﬂwﬁﬂw%’U Six-level inverter WSIAUTEWINUNE V.,
UszNauaIuLIsIfu A phase-leg Laghssfiu B phase-leg wsadusEiulafiinduie
Fyanamuututula 11 seiu Saneanuinduneineim-leveluuulnlonwaaud duseiu
wlate1dnd m-level waghssnussninaunae1dng (2m-1)-level

v o

winngunsal Active switching  usazfadndusiasudanszaunsssulniiamzues
wswunszuansilalon-uaand feslimsuienusssulninlnadoundunisldine a lugui 3.5
Foe 19U 1l Lower switches S,’1 u@la S,’5 tured on D, fioaudansesuwsnulniing
SEAU S0 4V nszwansalusitueadeniu Dy fesuden 3V nsyudnse D, fosuden 2V
¥/ <@ Y a [ Vo ¥ I a

nszuaAnsIae D; ABsuden V nsslanssnisuiesinesiasuniseeniuuinltvusiazlalond

nsudonussiuliifietud Active switches D, azfiaadl nlalonlunseunsy dedu

[
v o o

Fuulalonfidasnisdmsunsazinaszidu (m-1) x (m-2) setiudruulalonnudsnazidu
aa9vinve9IusEauludunasnaswuulalenwaald [30]
| 3 fa ¢ & ) & A A |
drunilsveinisussynidunesiweinatesyauiuulaloawaaud Aon1siWeusening

FTUUALEINITUANTILIINUGY Uagsyuuaedanszuaddyu (38] nsUszendduqasidunis

Y

sala [

Ysupnusidnsunemesninssaulndrvuinnatail (2.4 Alated 89 132.8 Aladnd) aud
wauelily [11,14,33,37-39] Static  var  compensation L Juilsdduifisifudmsuain
patnvatgdulaaualldsumsuiesinoswuulnlonnraudUafuazUoLdunanyed

[

dunasmasratysyaukuubalanwraulila el
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v+
vt
Vet AN v, Fundamental
1 a
IE’; componentof ¥V,
T’r- : T2 T : jt|
_V;--D In/2
-V
_E}’;--
_E}’g_._
_Ef’j—.-

JUN 3.6 sURRuLsIRuaedmiuBunesinasiuulalenwnaud six-level

Y

Y A
Van:

ad v a

- N9 Wavsiineuneuddvagaieniu Fezdsendaduiuiszgrensuneiines
MemaNa il uhuun1sinaukuy Back-to-back Fsluiviisausidulule widaduusslov
dmsunislda Wy nstieussyminaback-to-back Auussrulnings vsen1suuausy
U Idl
Juintey

v & i ¢ Ao oA o

- fLNUUTERazaILNIanee ) 9139 (Pre-charged)natnuUszangquineani

- JUseavEamasdmsunmsaInduuu Fundamental frequency switching
)

vae:

=9

- aslnavesiidelniiasaudusesennd msudunesinesinediilesannsesu
wsesulninseuanse sedunansasdinwluufag Overcharge %38 Discharge aanlaglifas
AIUANLAZATIAADUDE WAL LBYA

<

- gnuvedlalonupandnendunesdsd Quadratically TiduRusAUTUIUTIBITEAU

@

#4919898NENFUT UM ENTTEAUTIWIUGTUY

3.2.3  BuLesnesuangszAauLuunanedsn1UI@nes  (Flying  Capacitor

Multilevel Inverter)

Meynard and Foch lauauadutiasinesuuy Flying-capacitor-based Tu

1992 [40] lpssasavetdunesinesizaauiuduiesmosuuulalenunaudduiesinesly

FunuUszunuclamping diodestnlulagvessasivinvesduiesinesnanassiuuuumans

genUrBmesazuanslugun 3.7 sduvudiilassasrawvutudulavesiiiulsgauuy
= LY Y [ ! Y ! o <3 L -

n3zuanIaTsIRUlNuudAUU TEguasAIATUANAI9INARAVUTEFIaRA LUNTLAL

wsssiuliseninendufulszgiRnduassialivuiavesdygianednauseiuliiwuy

Jutula
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Ve E\SDS E:\Sbs Ez\Sas
A E\Sczt Er\Sm E{\Sazi
;:C E\Sca ~Chb4 E'\Sna Cas E!\Saa
cd
;;CQ chs - %\Suz A Cus E!\Snz Lo, _EK\SH
¥ Sc1 ¥ Sbi ¥ Sai
79“ :gcz T Cobs +Ch2 7 Cas ~Ca2 t—Va
Vil oy Vi Vb
T 4 A TCuz| ACwr TCaz| mCam
3 c Ce3 Ve
ol ;:Ccz T Co4 TCh2 T Cas TCaz
Ca c E!\Sc‘s ﬂ!\Sn's E!\Sa's
T & —— 7 Cba T Caz B
E!\SM E:\Sm Ez\Sau
;-(\304 ﬂ.\Sc‘a ~Coe ELSb's ~Cas E!\Sﬁ?
Vs T 1Cs E\S:‘z E!‘SD'Z ELS&'Z
Vo E Set EF\SM EF\SaW

5UN 3.7 1aseasng Six-level 3 wlavesduniafinasuuurlaigdniuBines

!
= =

YoADENINNIYDIBULIBILABTUUY (Flying-capacitor-based) ADIAIY
redundancies @nsuszAunssulninniely na1Idntentagnaingnaunassyavuly

[ L3 v (3 v - [ [ v &
AUNTFAATIZILT IR NNALIN1TI9N 3.2 UanssIenTsTaNiuvesTEaiulssiumaniuly
g nsuisasuuy Sixlevel circuitiiandlugui 3.7 Anuwanawesduesinesiuulalen
waaul BunesmesuuunaedinUidweshidnludosldaindvianunon (conductingeglu

s s

yoingiatu AN udunefnesuutanednn i me siamdefleluruefiduofines
wuulalamwpaudil line-line redundancies LVi’Iﬁ?u [10,11] Redundancies Lmﬁﬂﬁﬂhﬂﬁ
annsadendnuszauieraisUszanzaIdinesuazannsnsiuegluszuuaiuauLile
Usuaunaussiuliinmsyausgg

wentloanALAuUTEIUUU NIzLansd link (m-1) Buliesinesnaleszauiuunany
demtimoigiam-level asfeal (m-1) x  (m-2)/2 MUrdwesdeatisdAditn
wsefulnihvesdAvdszuinfuliiadnddandn nsuszgndldedramiadiiauelu
literature dmSuUduUNDSAIMATITERULUUNATEDIAUNTIReSAD static var generation

¥
cfal o A

[10,11] T2fLaz o denanUaInauIasmas rateseaukuunanedInUBwostaed [10,11]

e
o))}

af:

Anuggauvoung  (Phase redundancies) aglddmsunisusuaunaseau
wssulnvesduiulseqla
- nMslvavesmasliihasaasindslniadiouanunsamuaula
v & o 1 va s s v o w 1 i
- fnuUsgadnuunntglidunesimesanunsatumaddluirinulanelusseziaa

du o Waiadgmussiulninndansni (Deep voltage sags)
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Y =]
Uskay:

-msmuaniiaududeuniuszaunssiuliivesiaiuuszgvianun wenaintinis
Uszqlndvasmiur@wesiamualuseauusssuliinbeduiaznissuduldanuianududou
- Switching utilizationtagUszansnmlifnenisasdiundalninggs
v & (J = = 1 1 6| s s
- dfvsggdnnuandnawnaasivnalvgnilalen wnaudlunsuiesines

wanesauwuulalanwaaulennundmiunsussadaeiluBuesinesniidiuiussAuay

A1919% 3.2 AUFNRUSTEAULIIAULAZENIUE N5aIRTITBY Flying-capacitor  six-level

inverter
Switch State
Voltage Vao Sas | Sae | Sas | Saz | Sar | Sas | Sad | Sas | Saz | Sau
Vag = 5V (o redundancies)
5V 1111 f1fofo]o]o]o
Vap = 4V (4 redundancies)
SV - Vi 1|1 ]J1]t1t]lolo o]0 o0]1
4V 0 1 1 1 1 1 0 0 0 0
Vg -4V + 3V 1 0 1 1 1 0 1 i} 0 0
SVa - 3VWg, + 2V 1 1 0 1 1 0 0 1 0 0
SV - 2V + Vg b /| 7 0L L D 0 0 1 0
Vag = 3V 4 (5 redundancies)
V- 2V 1 1 1 0 0 0 0 0 1 1
Vg - Vae 1] 1 1 1 0 1 0 0 0 1
) 0 0 1 1 1 1 1 0 0 0
IViae - 4Va. + 3V - Va: 1 0 1 1 0 0 1 0 0 1
5V - 3V + Vi 1 1 0 0 1 0 0 1 1 0
IV - 2V + Ve 0 1 1 0 1 1 0 0 1 0
Vag = 2V (6 redundancies)
SV - 3V, 1 1 0 0 0 0 0 1 1 1
Vi - 4V + Vae 1 0 0 0 1 0 1 1 1 0
4V - 2V 0 1 1 0 0 1 0 0 1 1
Ve - 3Vae + Ve 0 1 0 0 1 1 0 1 1 0
IV - Ve 1] 0 1 1 0 1 1 0 0 1
3Vy-2Vg + Vi oo A 0] L1 1 0] 1o
2V, o lolo 1] 171 1 1] 0| o0
Vag = V. (4 redundancies)
IV - 4V, 1 0 0 0 0 0 1 1 1 1
4V - 3V 1] 1 0 0 0 1 0 1 1 1
AV - 2V 0 0 1 0 0 1 1 0 1 1
2V - Ve 0 0 0 1 0 1 1 1 0 1
Vae 0 0 0 0 1 1 1 1 1 1]
Vao = 0 (no redundancies)
0 loJofJoJoJo] 1 [ 1] 1]1]1
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F28335 controlCARD [R1.0] DIMM100 pin-out
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ISO-RX-RS232 1SO-TX-RS233
| —== |
ADCIN-B0 5 ADCINAD
58
ADCIN-BT 5 ADCIN-AT
)
ADCIN-82 61 ADCIN-AZ
&2
ADCIN-B3 63 ADCIN-A3
64
ADCIN-B4 5 ADCIN-A%
6
ADCIN-85 67
GPIO-58 / MCLKR-A / XD21 (EMIR] €8 | GPID-50 / MFSR. A[ (mn
ADCIN-B6 6
GPIO60 ] MCLKR-B / XD19 (EMIF 70| Gl mnlmus[xme@g
ARSI S kil ADCIN-A7.
GPI0-62 / SCIRX-C / XD17 72| GPIO-63 / SCITX-C / XD16 (EMI]
GPIO-00 / EPWA-1A omm(zmm(mnn
GPIO-02 [ EPWM-2A GPIO-03 / EPWM-28 / MCLKR-B
GPIO-04 / EPWAM-3A OPOts RN 8 MESk A TETAPT
Gi EPWM-4A 7 SYNCL GPIO-07 / EFWM-4B / MCLKR-A / ECAP-2
EA / CANTXB. GPIO-09 / EPWM-58 / SCITXB ] ECAP-3
GPIO-10 / EPWM-6A i PWA-68 / SCIRX-8 | ECAP-4
OPMO-- ECAPS / XD31 30 UHO-49I ECAPS / XD30 (EMIF)
GPIO-8 31
GPIS 32
GPIO-12 / T2-1 / CANTX-B /| MDX-B 3 GPIO-13 / TZ-2 /| CANRX-B / MDR-8
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37
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GPIO-18 / Si SPISTE-A / SCIRX-B
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Gt 1 -A / SCIRX-B

GPIO-29 |
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4.3 wmallan1snidagnsueiiniignidan (Selective Harmonic Elimination
Technique, SHE)
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Switching State
Vout
S S, Ss Sq Sy Sy S5’ Sq
150 vV 1 1 1 1 0 0 0 0
75V 0 1 1 1 1 0 0 0
oV 0 0 1 1 1 1 0 0
-5V 0 0 0 1 1 1 1 0
-150 vV 0 0 0 0 1 1 1 1
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Voutn = — [VDCcos(nal) + Vpccos(nay) + -+ VDCcos(na(L_l)/z)] (5.1)
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Tunsdlil n Wudduvessnsuedn VDC Aeoussiunnasoudniulszquassiurainauies
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AuN1TRWINNVDITISUBTNANNDYATIU

Vout,l = T [COS((Xl) + COS(“Z)] (5-2)
aunsensueiindeud 3
4Vpc
Vouts = = [cos(Ba;y) + cos(3a,)] (5.3)

= =

ytiuenalatu M, ARSATIEINTENIN 4V TT and - Vi, N15E3RUIMI83

3
[

wingauuavyh e suetindnui 3 gnidaluainenrinnvesrouiesinesialeseiuiay

gnsueinanudyaguazgnaIualveglusEAuLTIRUNAYILA

N135AUUAT Alphal was Alpha2

100 1

80

60

40

Swictching angles

20

O | 1 1 L 1 | 1 1 1
0.7 0.8 0.9 1 ol e 1.3 1.4 1.5 1.6 1.7

Modulation Index (MA)
JUN 4.11 yuandadeuiisuiudvilugiatuvesnisidnansuaiing 3

#1n15 Non linear polynomial 9QnuAlag35n1398e Newton Raphson'S equation Liie

[y

Mdngnsuetiny 3 NN WINY

T
cos(lay) + cos(lay) = FVout,l =M, (5.4)
DC

cos(3a;) + cos(3a,) =0 (5.5)
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cos(3a) = 4cos3a — 3cosa
4cos3a; — 3cosay + 4cos3a, — 3cosa, =0

F10E19NISAUINA M, = 1.750

a; = 29.9685 231 Way a, = 29.9685 89N
Waunueyuisaasluaunisn 5.7

4c053(29.9685) — 3c0s(29.9685) + 4c053(29.9685) — 3c0s(29.9685)
=0

120

100 |- .

80 |- .

60 7

Switching Angles

0 | | | i I
0.8 1 1.2 1.4 1.6 1.8 2

Modulation Index (MA)

JUR 4.12 yuaindaSeuiiguivavilugatuveanismingisueini 5
aun1snsindneniuedng 5

16cos®a; — 20cos?ay + 5cosa; + 16cos®a, — 20cos?a, + 5cosa,
=0

Fregensenail M, =2

a; = 17.9734 8971 LA a, = 17.9734 896N
LﬁaLmuﬁimmﬁ%aaﬂuammiﬁ 5.9
16¢0s°(17.9734) — 20c0s2(17.9734) + 5c0s(17.9734) + 16c0s>(17.9734)

— 20c0s?(17.9734) + 5c0s(17.9734)
=0
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(5.7)

(5.8)

(5.9)

(5.10)
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4.4 mydszaumslaedsensuaiinadnuiyagiu (Fundamental Harmonic

Approximation, FHA)
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4
Vge(t) = E Vinax * Sin(2mfyy,t) (5.11)
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ALRRYANGIADIVDITIAUBUNY

V2
Vge_rms = ? Vbe (5-12)

AT TIRUAILDLAFIUYDITIAULBIVINY

4
Voe (t) = E " Voye - Sin(ZT[fSWt - q)v) (5.13)

ANLRAY I DIUBILTIAULD NG

242
V;)e_rms = T “nVour (5-14‘)
NITUARILALATIUATULBNY
. T 1 :
loe(t) = E : Z oyt - SINQrfs,t — @;) (5.15)
WYY @; PBNNTENIN /e WAY Vo, WAZANAMAIADITDINTERALBNTINY
T 1
Ioe_rms £ E'E'Iout (5-16)
FIPUNIULEL D UATANTAAI UL INANNITAIUEN
Voe 8%xn%2 V,,; 8xn?
r Ca T B — > X = 2 X RL (517)
Ioe T Iout T
ALY
W = Wy = 2Tf5y (5.18)

Tnail ASwendunudvesiamieatizlauuui A uuszslawuui wazdumiedt

v
v

1 < a1
BULRANITUATINIU

1

Xep = —,
cr (x)Cr

Xy =L, Xpm = wln (5.19)

ANRAYAAIADIUDINTELALLLIAN

Voe  2V2 X Vo
= X
wl,, T wlL,,

I, = /1,2,1 +12, (5.21)

(5.20)

Im

NASIUVDINTE LA LU UUA
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—
n [}

—

System gain

107! 10° 10!
Normalized frequency
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|74 i X R
e/ g \ I S (5.22)
qu (]XLm//Re) +](XLr 09 XCr)
anansalguaun1siniluguuuy
O £ §
M, = 5 ~ f’; (5.23)
. [(Ln‘l'l)xfn_1]+][(fn_1)xfnxQeXLn]
Taeh
i RT1491AIND
N fng1EuFLUTiEan
for  ANNDAARTS
%, .
¥ ANNDT LY
L, FalnTieinsi sl
L,  Fawilanuiuduan
C,  sanuilsyqalauud
R.  fanunuailan
SRTNFEIUANUDAINITOWIAINANNT
fsw
fn=—7 (5.24)
fo
IRTNAIUFIAUNIU
L
L, =-m (5.25)
L,
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MIUTENBUANNIN

JL/C,
Qe = R—/ (5.26)

4.4.1 NM59NUUUVDULINAIMUAVDINITHNGTUY

N15Y9UVRY Loa 4ea & SlowuuYIABULIasNaTILYNNINUATBUIAAILD
ag1ataLuie U el saduiuNIse e Iny feluniseantuutuazlaaInNaun1sves

aun1seneloutnanu muuslunisesnuuuazgnimumaN

M13199 4.2 BUNNVBITTUUABULIOSINDS

fauys VU
WIIPUBUNT 300 laasl
LIAULDITINY 48 1
ALDEINT 200 filaLesng

M13199 4.3 HanisaadlegliiznisysznansiegiBesueiinanunyagu

aunInl YUIA
Fambent3louuus 23.24 yilasi9u3
FLNUUsZY3 lauuun 27.24 lulpsusn
Fawieaniualugn 81.36 lalasiow3

HANISLNUANNDNIAIYOULINUBIONTIVLIENN oA oA @ 3luUuriADU
nasmasAznandlun1sen 4.3 eeldaun1saiuans

lngAdnsveneggnne

n X Vo max
Mg max = — - (5.27)
2
LLﬁBéJGI'i']“UEJ']EJC‘(I;'IE!G]aE]
n x VO_min
Mg min = =" (5.28)
2

= 2/ [ 1 LY Y N ! a a0
‘Zjﬂﬁi’]ﬂwa@@]ﬂﬁ‘ﬂ@ﬂ@@iﬁﬂEJ'WEIVLGWNE‘U‘VI 4.14 LLazmmmagﬂ’qmLLasmmamqm%LLam‘lu

AN5199 4.2
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System gain
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0 .
10" 10° 10"
) Norminal frequency
E‘Uﬁ 4.15 suauLsummiﬁ’mwuamauna%maiwu Laa LLoa %

A519% 4.4 A19RSIVYIBINNVDULIAAINUDVIDDNWUU

diuusznau AT
Sadauenad | 200 Alawgded
Amnudgean 240 Alag3ng
A1RLAIER 154 Alagind
CRX IR RGT 1.2306
Snenesian 0.9160
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_(0.001-N2-72) -
~ (228 1) + (241 1))

) (5.29)

L = eenutenn (Inductance, H)
N = 91uUsau (Turns)
r = Sedilwauasn (Solenoid radius, m)

[ = A3U817 (Length, m)
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FIUIUTOU 57 30
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Freq PWM [»
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Switching devices
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Percentage of the switching losses (Total loss 10.8 W)
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Solenoid Efficiency (%)

type Load 25% Load 50% Load 75% Load 100%

SQUARE | 5-LEVEL | SQUARE | 5-LEVEL | SQUARE | 5-LEVEL | SQUARE | 5-LEVEL

TYPE 1 50.72 | 5298 | 62.17 | 62.86 | 66.23 | 69.93 | 68.99 | 70.21

TYPE 2 51.07 56.16 63.55 74.80 | 67.82 | 7141 | 66.06 69.18

Selected | 64.98 66.16 77.25 | 8380 | 7283 | 76.31 7175 | 7717

TYPE 1 Specification

60:40 turns ratio

80 mm long



SWG 19/15

Diameter 80 mm

TYPE 2 Specification

80:60 turns ratio
100 mm long
SWG 19/17

Diameter 80 mm

Selected TYPE Specification

57:30 turns ratio
80 mm long
SWG 17/12

Diameter 65 mm
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The Optimization of Series Resonant LLC Half-
Bridge Converter with Coreless Transformer Design
in a Low Voltage DC Distribution System
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Abstract—This paper will present the optimization design for
medium size converter with high switching frequency for
household appliances. The series resonant LLC half-bridge
converter, 1 kW, 48V and 600 kHz with coreless transformer has
been chosen for the power transferring. System verification has
been done by MATLAB/Simulink program, which used to find
the optimized parameters and converter output under designed
conditions.

Keywords—Series Resonant LLC Half-Bridge Converter,

Contactless Transformer
Fig. 1. DC low voltage contactless power transferring system

L INTRODUCTION
The power converters have played important roles in
power distribution systems for more than decades. The direct
current low voltage power from renewable energy sources

Q
. . . A . «1{)« S ey V.
such as wind, solar energy etc. is in attention in household H |_ °
G, R,
power electronics applications engage in power transferring

power distribution in the near future. Thus, there are many Voo
. AL - : I
. : !
from sources to home appliance. By choosing the proper %»«} :
L . ; ; b
I
|

n1:1

converter, it brings attention to the design of high-performance
converters in power distribution systems. The regulated dc bus
connected directly to the outlet and interfaced via the selected
medium size converters (approximately 1kW). The direct
connection between dc bus and outlet has the advantage of
reducing the energy conversion between ac to dc conversion.
The high power density and high efficiency are the best
interested for converter design. Therefore, the half-bridge
converter with high switching frequency has been proposed in
this paper for medium sized converter. However, main
problems of working with high switching frequency are the
power switches will be increasingly lost due to high on-off
state of the switching devices. Therefore, these problems are
solved by using many metrologies such as zero voltage
switching (ZVS) or zero current switching (ZCS). In [1][2]
show the advantages of using none direct contact power
transfer as illustrated in Fig. 1.. It can be seen that electric
shock and arc discharge among outlet and plug in home
appliances can be eliminated for safety purpose[3]. Fig. 3. Converter gain characteristics

L Resonant Circuit__

Fig. 2. LLC Series Resonant Half Bridge Converter

Gain characteristics of the LLC converter
T

Convereter gain (Mg)

Frequency (fn)
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II.  LLC SERIES RESONANT HALF-BRIDGE CONVERTERS

A. Converter stucture

The typical LLC series resonant half-bridge
converter[4][5][6] is shown in Fig. 2. A square wave pulse of
voltage is generated in the power switching devices. According
to circuit operation analysis, at resonant frequency, the total
impedance of L, and C, is equal to zero. Thus, converter
voltage gain is equaled to one in all load conditions as shown
in Fig. 3. Theoretically, the input voltage will be appeared at
the end of resonant circuit stage or on magnetized inductor at
primary side of the high frequency transformer as an output
voltage. Currently, the computer simulation program has been
taken place for the converter design and implementation.

B. Design of series resonant LLC half-bridge converter

From many articles[4][7], at resonant frequency operation
point, from gain characteristic curves shows that, the system
gain will be kept constant due to load variation. However, an
operation on the certain resonant frequency could not be done
in practical design. If the operating frequency moves away
from resonant point far more beyond the limit, the overall
system will start to collapse.

VSquare L m i’ L \/

(@) (b)

Fig. 4.(a) simplified system circuit (b) Linear sinusoid circuit

Thus, the best way to implement this type of converter is to
optimize the calculation to all parameters that are involved in
the converter system by using computer simulation. Fig. 4.
shows the resonant half-bridge converter modeling, on Fig.
4.(a) is a simplified circuit with square wave input voltage and
Fig. 4.(b) represents the input sinusoid waveform transfer
circuit diagram, or so call fundamental harmonic analysis
(FHA). This method can be used for initiating the voltage gain
and the converter parameters.

In Fig. 4. (b), voltage gain can be written in (1)

- jXim//Re
g (jXLm//Re) + j(XLr_XCr)

€y

On the right hand side circuit as illustrated in Fig. 4.(b), the
voltage gain can be rewritten in form of (2). The magnitude of
the voltage is described as a function of :

M. = Lnxfn2 |
I L+ D) X 2= 1]+ J[(f2 — 1) X foy X Q¢ X Ly|

Which

(2)

f,  Normalized frequency L, Inductor ratio
fiw  Switching frequency f, Resonant frequency
L. Resonant inductor L,, Magnetized inductor

Cr Resonant capacitor R. Equivalent resistor

Normalized frequency equal is expressed as

fow
= 3)
fn fo (
Inductor ratio can be defined as
-
L, =—
=T @

Quality factor of the resonant converter can be described as

JI X C,

Qe ="

)

In Fig. 5., the LLC series resonant half-bridge converter
with square wave input voltage is plotted, the gain is changing
due to the variation of frequency, quality factor and inductor
ratio.

Converter gain (M)

Frequency (fn)

Fig. 5. Converter gains with changing in inductor ratio (L,) and quality factor

Qo)

The changing of L, and Q. may cause the shifting in
shapes of system magnitude curve as illustrated in Fig. 5. In
addition, from (5)., the quality factor, Q. can be analyzed in
two different categories. If Ry is open (infinite load), Q. will
be equaled to zero, that means the system gain will be reaching
maximum value and can be infinite in theory. However, if Ry is
shorted, then Q. equals to infinity, which means the L, is



completely bypassed under this condition, the system gain will
be disappeared. However, the Q. at maximum rate depends on
the maximum load of the designed system as well.

2o »

e bbb ooowos oo
T 1 1 171 1T 1T 11

Fig. 6. Resonant current and magnetized current

The relationship between resonant current and magnetized
inductor current can be seen in Fig. 6.. Assume the resonant
current is pure sinusoid waveform, the input resonant circuit
rms value can be written in (6)

(6)

C. System Gain Boundary Design

For the converter design, the maximum and minimum gain
should be considered in order to estimate the boundary
frequency from the system. As illustrated in Fig. 7., the LLC
half-bridge converter consists of the 2 difference kind of loads.
Firstly, the upper curve represents the open circuit load (Q.= 0)
and the second lower curve can be described as the maximum
load operation(Q.max).

Qe: max value

Minimum gain

|

|

|

|

|

ok i ° I ' ' %9 ¢
10°? 10°! 10° 10" 10°%

Frequency (f)

n

Minimum Frequendy Maximum Frequency !

Fig. 7. The converter operating frequency (f,) and system gain (M)

According to the design, operating frequency can moves
forward or backward depends on the limiting ranges of the
system gains design, which can be found in (7) and (8) .

(7

)

There are many certain ways to select the right inductor
ratio (L,) and quality factor (Q.), but let us consider the
relationship between the Q. and the maximum gain of the
curves as shown in Fig. 8..

g

Peak gain (M max)

02 04 0.6 038 1
Quality factor (Qe)

Fig. 8. Peak gain curve for proper Q. and L, design

The designed peak gain can be calculated from (7.). As
mentioned before, the combination between Q. and L, can be
found at the intersection points of the horizontal line across
each L, curve. However, the appropriate set of quality factor
and inductor ratio depends on, if L, is small and Q, is fixed.
Thus, the response gain will be high. According to the
relationship of the L,, the smaller L,, will generate higher
magnetized current (i,,) signal which helps the ZVS condition
but the conduction loss will be increased.

D. Contactless Transformer

There are many types of power transfer methods[3], for
example, electromagnetic wave, electric field coupling,
inductive coupling or magnetic resonances. The magnetic
power transfer over the contactless has been adopted in the
LLC half-bridge dc-dc converter. Fig. 9. shows the ideal
coaxial contactless transformer, it has no distance between
primary and secondary coils and it needs relatively high power
as conventional plugs and outlets. However, it can be
calculated and set for validating in the simulation model also.
In addition, the benefit of using the compensator circuit with
ideal coreless transformer is that, the overall system transfer
characteristic is adjustable for the target design.

Fig. 9. Proposed contactless power transformer
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The aim of design converter is to minimize the losses in
switching devices. Therefore, the configuration in parameters
have been considered under the proper calculated parameters.

In [7] shows the calculation methods of the series resonant
LLC half-bridge converter parameters with contactless power
transfer design, according to these parameters.

HALF-BRIDGE CONVERTER CIRCUIT VARIFICATION

TABLE L CONVERTER INPUT PARAMETERS

Input voltage range 280-330V
Operating power 1,000 W
Output voltage 48 V
Output voltage range | 48+10%
Switching Frequency | 600 kHz

Apparently, from previous calculation, it seems that the
resonant capacitor (C;), resonant inductance (L, and
magnetizing inductance (I,,,) can be found in Table II.

By substituting all parameters into the simulation circuit
diagram, the verification of the LLC resonant circuit design is
shown in Fig. 10., by plotting the gain characteristic curve of
the given parameters. The series resonant LLC half-bridge
converter topology is shown in Fig. 11.

Discrete,
s = 1e-09 s.

powergui

| PR e (4]

Scopel

'S

g

Converter gain (M )

o
%

)
T

£ | Minimum gain

TABLE II.

CALCULATED PARAMETERS

Nominal voltage 310V
Maximum gain 1.2306
Minimum gain 0.9160
Equivalent resistor 19.47 ohm
Resonant inductor 2.325 uH
Resonant capacitor 30.27 nF
Magnetizing inductor | 8.136 uH

[ | Maximum gain
230

M =0.916
g

0.6

1
10

Frequency (fl ])

Fig. 10. Verified converter operating frequency (f,) and system gain (M,)

Series Resonant LLC Half Bridge Converter

Input DC 310V Ratio 1:3.2292
F_sw=600kHz
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Fig. 11. The series resonant LLC half-bridge converter MATLAB/Simulink model
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IV. SIMULATION RESULTS

The series resonant LLC half-bridge converter parameters
were calculated and substituted in the MATLAB/Simulink
block sets. As a result in Fig. 14., the output voltage of 1kW
can be kept around 48 volts for all load conditions according
to characteristic gain. In addition, resonant current and
magnetized current perform a perfect result, compares to the
theoretical analysis calculation and the soft switching can be
achieved in Fig. 12. during the holdup time by using the
combination of L, and C,.

=)

Primary voltage and resonant current (V)(A)

T
I I I I I
5 6.505 6.51 6.515 6.52 6.525 6.53 6.535 6.54 6.545 6.55
Time (Sec) 8

Fig. 12. Primary voltage and resonant current

Magnetized current and resonant current (A)

1 1 |
1
35 6505 6.51 6515 6.52 6.525 6.53 6.535 6.54 6.545 6.55
Time (Sec) f

Fig. 13. Magnetized current and resonant current
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Fig. 15. Output voltage vs. output power

TABLE III. SIMULATION OUTPUT PARAMETER RESULTS
Load Average Average Average
Resistance output output output
voltage current ower
@ | "W | w | W
23.040 48.07 2.086 100.3
11.520 47.76 4.15 198
5.760 47.65 8.27 394
3.840 47.65 12.40 591
2.880 47.65 16.50 788
2.304 47.65 20.65 984
2.095 47.60 22.70 1083

V. CONCLUSION

The theoretical analysis design has been introduced in this
paper for more specific calculation to find the proper LLC
converter parameters. The soft switching is achieved by using
ZVS at the resonant frequency with the minimum holdup time.
Additionally, with the resonant inductor L, and resonant
capacitor C, combinations, the load variation does not affect
the system output in the limiting resonant frequency.
Therefore, this leads the way for the optimum values design of
the magnetized inductor in contactless power transfer
distribution. The simulation on LLC converter has been
presented in the simulation results with the verification
analysis.
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The Enhancement of Multilevel Converter for
Coaxial Inductive Power Transfer in Low Voltage DC
Power Distribution

Worapong Pairindra

Dept. of Electrical Engineering, Faculty of Engineering
King Mongkut's Institute of Technology Ladkrabang.
Bangkok ,Thailand,10502
worapong73@hotmail.com

Abstract— The contactless power transfer of dc plug and outlet is
proposed in this paper for domestic home appliances dc power
system. The medium size dc to dc converter is chosen for transferring
300 V input voltage and generated a 5-level with 600 kHz output
voltage by using diode clamped multilevel converter. The output
power is set at 300W 48V and the solenoid transformer is functioned
as an inductive power transfer (IPT) system. The aims of this
proposed paper are to achieved the low switching loss in switching
devices, the arch free, the risk of the electric shock and galvanic
isolation of the low voltage dc power distribution system. Moreover,
the advantages of using the multilevel converter with high switching
frequency for high power density design and low THD are illustrated
in the MATLAB/Simulink simulation results.

Keywords— LLC Series Resonant Circuit, Contactless

Transformer, Diode clamped mutilevel converter

L INTRODUCTION

The power electronic converters have become more
attractive since the emerging of the renewable energy sources
such as wind, solar energy or fuel cell. The low voltage dc
power distribution for household is in focus of the public
attention. However, the dc power transferring system has
created many problems such as electric shock due to the direct
contact connecting, arch discharge or galvanic isolation. To
overcome the problems, many researchers have introduced
several kinds of topology [1][3][4][6][7] in order to solve the
main difficulty. The proposed topology is illustrated in Fig.1..

From these points of view, the proposed metrology has been
presented to transmit the energy through the air by using the
magnetic coupling signal between two solenoid coils as shown
in Fig. 2. which is powered by the diode clamped multilevel
converter in household appliances application. The target of
using low THD converter is to improve the power density
transformer design of the converter comparing with the
conventional square wave input converter such as half-bridge
or full-bridge.

However, the diode clamped multilevel converter may cause
the problems with numbers of switching devices, especially
the conducting losses in great numbers of the switching
devices. Due to the advantage of the multilevel converter, each
switching device has ability to handle a lower voltage drop

978-1-4673-9749-0/16/$31.00 ©2016 IEEE
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Dept. of Electrical Engineering, Faculty of Engineering
King Mongkut's Institute of Technology Ladkrabang.
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than the conventional converter one, which means the Rps on
of the MOSFET will be reduced also. According to the
datasheet, the comparison of two MOSFET switching devices,
the N-Channel IRFP450 (Vps=500V, Rps=0.40 ohm and
Ip=14A) and IRF530N (Vps=100V, Rps=0.09 ohm and
Ip=17A ). Therefore, with this low conducting resistance
combines with the ZVS topology included, it will improve the
converter efficiency as well.

DC Link
Bus

CO% % R

I _Resonant
| Tank Circuit

Diode Clamped
Multilevel Converter

Fig. 1. Multilevel converter with IPT system schematic

To achieve the high efficient condition, The LLC series
resonant converter has been adopted to play the resonant mode
converter, in order to control the output voltage by adjusting
the low THD switching frequency in proper boundary design.
The simple discrete PI controller has been chosen to control
the output voltage by adjusting the frequency in the designed
boundary zone.

Fig. 2. Receptacle and plug of the contactless power transfer system design



1L STRUCTURE OF THE CONTACTLESS POWER TRANSFER

The aim of inductive power transfer comes with the idea
that, how we can replace the conventional direct contact plug
and outlet with contactless transformer. The aims of this paper
are to achieve the 300W 48V power transferring with 300V
input voltage and it should have the same power density as the
conventional plug and outlet as well. For the converter
selection, there are various types of converter for inductive
power transferring, the half-bridge converter and full bridge
are normally used for power generator sources due to simple
control algorithm and high switching capability. However, the
square wave signal consists of high order harmonics which
will affect the contactless transformer design. Hence, a
suitable converter with lower THD has been introduced in this
proposed paper.

A. Multilevel converter

The basic concept of the multilevel converter is to achieve
the higher power with the series connecting of the switching
devices with several low voltage dc sources which can be
synthesized as a staircase voltage waveform [6]. There are
many advantages of using the multilevel converter compare to
the old fashion converter. Firstly, the multilevel converter can
generate high quality staircase waveform signal with low
distortion and can also reduce the dv/dt stress in switching
devices. Secondly, the input current of the multilevel
converter has low distortion. Finally, the converter can be
operated in both fundamental switching frequency and high
switching PWM. In this proposed paper, the diode clamped
multilevel converter has been chosen for the power converter
because of the advantage in dc common supply. Table I.
shows the switching states of the diode clamped multilevel
converter to achieve the 5-level output voltage at the primary
coil of the inductive power transformer. The output voltage of
the converter can be determined by changing the alpha(a)
angle of the switching devices as illustrated in Fig. 4. and can
be calculated from equation 1, for L-level converter.

Odd value

4
Voutn = o [Vdccos(nal) + Vy.cos(nay) + -+

+ Vdccos(na(L_l)/z)] (@8]

Table I. Diode clamped multilevel switching state

Switching
Vout state
sl | s2 s3 s4 sl s2' s3' s4'
150V | 1 1 1 1 0 0 0 0
75V 0 1 1 1 1 0 0 0
(A% 0 0 1 1 1 1 0 0
715V | 0 0 0 1 1 1 1 0
-150V | 0 0 0 0 1 1 1 1
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Fig. 3. The 5-Level diode clamped mutilevel converter schematic
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Fig. 4. Upper portion switching toplogy

B. Contactless transformer

Recently, the inductive power transfer has become more and
more popular for contactless power transferring[2][4].
However, there are so many types of contactless power
transfer such as electromagnetic wave, acoustic energy,
inductive or capacitive power transfer without direct metal
contact. The main advantages of using the contactless power
transfer are none electric shock activity between the receptacle
and the plug, electrical isolation characteristic. Fig. 2. shows
ideal concept of the contactless transformer, the outer coil is
connected to the multilevel converter and delivered the power
through the air by using magnetic flux coupling and induced at
the secondary side. This typical solenoid transformer can be
calculated and assumed that, there is no distance between the
inner and the outer coil.



The key of designing the contactless transformer is the
mutual inductance between two coils or also call the coupling
coefficient, k. Since, the system efficiency is dealing with the
ratio of power dispatched on the load and power supply, the
compensator circuit must be placed to make sure that there
will be maximum power transfer appeared at the rear side of
the converter.

The advantages of using multilevel converter with the IPT
system can be identified by equation 2. Hence, the square
wave switching topology has less power density by around
10% compares with the sinusoid wave form, this leads us to
the next step of the optimized plug and receptacle design in
the near future with the higher level converter.

V=4-f-N-B-A 2)
C. LLC series resonant design

Nowadays, many researchers [3][7] have been trying to
reduce the losses in the high switching frequency converter
such as the IPT system. In this paper the LLC series resonant
has been adapted to the power transferring process. Fig. 6.
shows the characteristic gain of the LLC secries resonant
converter. The benefit of using this kind of converter is that,
there is no change on the output voltage due to the load
fluctuation. Nevertheless, the definite frequency operating
point cannot be set in practical design. Thus, the frequency
boundary design of the LLC series resonant converter should
be considered in first priority for preventing the failure of the
overall system.

The Fundamental Harmonic Analysis (FHA) has become
the optimized tool for finding a proper parameters of the LLC
series resonant [3][7] . Fig. 5. shows the simplified circuit of
the square wave converter modeling and can be rewritten in
new transfer function in equation 3.

C ' L £

|

v L R
sine nm% €

Fig. 5. The LLC series resonant simplified circuit for FHA

1
Normalized frequency

Fig. 6. System gain vs nomalized frequency

Voltage across R, versus input voltage can be found

jXLm//Re

M, = |— : 3
9 = [ GXomd /R + ) KK er) )
Rewritten in new form
L, X f2
M, =| XA @
Ly + 1) X £2 =11+ j[(fi2 = 1) X fy X Qe X Ly,
Which

f.  Normalized frequency = L, Inductor ratio

fow  Switching frequency f, Resonant frequency
L; Resonant inductor L Magnetized inductor
Cr Resonant capacitor R. Equivalent resistor

Normalized frequency equal is expressed as

fow
=— 5
fa 3 )
Inductor ratio can be defined as
Ly,
L,=— 6
N ©)

Quality factor of the resonant converter can be described as

JI X €,

Qe = R,

Q)

Converter Specification

¢

N=Vin/2Vout Find Rg
Find Mg_min, Mg_max Find Cg

v v

Set Ly and find Q. Find L,

v !

Checkout Ly and Q. Find L,,
]

Fig. 7. LLC series resonant design procedure

Table 1I. Converter input parameters

Input voltage range 280-330V
Operating power 300 W
Output voltage 48V
Output voltage range | 48+10%
Switching Frequency | 600 kHz




Table I11. Calculated parameters

Nominal voltage 310V
Maximum gain 1.2306
Minimum gain 0.9160
Equivalent resistor 64.91 ohm
Resonant inductor 7.75 pyH
Resonant capacitor 9.08 nF
Magnetizing inductor | 27.12 uH

III.  SIMULATION RESULTS

The diode clamped multilevel converter with inductive
power transfer has been simulated and substituted with
calculated parameters such as passive element for the resonant
tank circuit. The zero voltage switching condition has
performed as a phase shifted between current and voltage drop
of each device from S1 to S4 as shown in Fig. 8. to Fig. 11..

Fig. 12. illustrates output voltage of the contactless power
transfer at 150 and 300 watts, the output voltage is set and
controlled at 48 volts. The optimized angles value of the alpha
are set at 5.14 and 30.90 degree due to the selective harmonic
elimination [8], respectively.

Fw %
/ i /
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Fig. 8. Current and voltage of the switching device S,
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Fig. 10. Current and voltage of the switching device S;
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Fig. 11. Current and voltage of the switching device S,
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Fig. 12. Contactless power transfer output voltage response at 300 W

I, at300W

by at 150 W

Fig. 13. Switching device current and voltage at 150 W and 300 W

IV. CONCLUSION

The inductive power transfer with multilevel converter of
this  proposed paper was simulated by using
MATLAB/Simulink to achieve the task of replacing the
conventional converter such as half-bridge or full-bridge
converter with the high stress and high conducting losses in
switching devices. After applied the parameters from the
calculation procedure, the LLC series resonant circuit was
proven that, each device performed the phase shifted between
current and voltage which can reduce great number of energy
losses in the switching devices due to the high switching
frequency operation of the inductive power transfer.

The advantage of LLC series resonant under the load
variation was shown in Fig. 13.. It was cleared that by adding
passive devices could possibly neglect the effect of load
fluctuation. Finally, this proven topology will be implemented
in hardware with the proper controller in order to achieve the
inductive power transfer with high efficiency in the near
future.
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An Optimization Design of the Diode Clamped Multi-Level Converter
for Coaxial Inductive Power Transfer on the Low Voltage DC Micro-grid

Worapong Pairindra’ and Surin Khomfoi*

Abstract — This proposed paper aims for the high efficiency contactless power transfer in household
dc power distribution. A 300 W five-level diode clamped multi-level converter with 300 Vdc input dc
link bus is employed for the power transferring task and the output voltage range is controlled at 48
Vdc. The inner and outer solenoid coils are used for inductive power transfer (IPT) transformer with
the 200 kHz switching frequency for designed power density. Therefore, to achieve the converter
efficiency above 95%, the LLC series resonant with fundamental harmonic analysis (FHA) and the
calculated switching angles are used as an optimized tool for designing the system resonant tank. The
validations of this approached topology are illustrated in both MATLAB/Simulink simulation and

implementation.

Keywords: Diode clamped multi-level converter, LLC series resonant circuit, Inductive power

transfer, Contactless transformer

1. Introduction

Nowadays, the renewable energy with various types of
source generators has become more significant issues in
power distribution system. In recent years, the smart-grid
is introduced to the public with the advantages over the
old fashion power distribution such as several types of
distribution generator connected ability, two ways real time
communication, controllable output power or improving
the power system stability.

Generally, a single power unit of micro-grid can be
operated in islanding mode or grid connected load operation
with the combination of energy storages such as batteries
or super capacitors, small generators or controllable loads.
The micro-grid can be categorized into AC and DC link
bus, dc micro-grid is a the next step of technology for
domestic home power distribution which has many
advantages [1] such as non synchronization process in
order to deliver or receive the power over the micro-grid,
non requirement for reactive power compensation and
high efficiency power transfer due to the dc to dc power
conversion. However, the major penalty for dc micro-
grid can be expressed in terms of initial cost for new
infrastructure, protection and adapted voltage variation
loads in dc power distribution.

From previous discussion, the household power distri-
bution is in public focus, according to the emergence of the
renewable sources such as photovoltaic, wind or fuel cell
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energy, the multiple renewable sources will be integrated
and obtained the high efficiency for household power
distribution with the dc micro-grid. The power electronics
converter with high power density has become a major
challenge for many researchers. The direct current household
power distribution is one of the promising futures for the
next generation to transfer the renewable power sources
directly to the load. However, the direct metal contact
power transfer such as conventional plug and receptacle is
a major consequence for dc power distribution. Therefore,
the high frequency converter with inductive power
transfer (IPT) is introduced in this proposed paper in
order to overcome the problems such as the risk of electric
shock, arch discharge and galvanic isolation.

The inductive power transferring technology [2-6] is
based on energy transfer over the magnetic field from
primary coil to the pickup side at secondary coil. The
new concept design of contactless power transfer [7-9] is
illustrated in Fig. 1(a). The separable transformer with
air core functions as a power transfer unit and connected
to the high frequency power converter. The transformer
consists of two solenoid coils as shown in Fig. 1(b). The
inner coil can be described as a secondary coil of the

(a) (b)

Fig. 1. Coaxial contactless transformer ideal concept design
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contactless transformer and the outer shelter coil is
connected to the high frequency converter. Therefore,
there is no physical contact between the two coils and high
frequency power converter creates a strong electromagnetic
coupling in order to link or send power to the secondary
side. However, the coaxial contactless transformer design
with square wave input voltage such as conventional half-
bridge or full-bridge converter has less power density than
the sinusoid wave form converter. Therefore, the multi-
level converter is introduced [10] in this proposed paper to
enhance the power density of overall system. The common
issues of designing the power converter are the high
efficiency, high power density and cost effectiveness.
Recently, the resonant power converter has become more
attractive in power converter design, especially the LLC
series resonant configuration has higher switching ability
with lower losses in switching devices.

In summary, this proposed paper is dealing with the
enhancement of IPT system by adding the designed
resonance circuit for soft switching topology, the diode
clamped multi-level converter (DCML) has been chosen
to deliver high frequency with low THD through the
contactless solenoid core transformer, and generates strong
electromagnetic coupling in order to operate at 300 W at
the converter rear side. The proposed paper is categorized
as follows, In section 2, an overall structure and principle
analysis of DCML with arrangement of inductive power
transfer and LLC series resonant circuit is described. The
multi-level converter is clarified in section 3. Subsequently,
the simulation and experimental results are shown in
section 4 and 5 with the summary in section 6, respectively.

2. Structure and Principle Analysis of DCML with
Resonant IPT

Fig. 2. shows the structure of the DCML power converter
connected to the resonant tank with IPT contactless
transformer. A 300 V direct current input bus connects to
the DCML as a common dc link bus source, and powers
the contactless transformer. In order to achieve the high
efficiency converter, the resonant tank is designed with the
passive elements such as capacitor, inductor and reflects
impedance to operate as a resonant converter. Theoretically,
the DCML with higher level or more switching device
pairs will improve the power quality of the system which
leads to the optimized design for the contactless transformer.
Therefore, a five-level DCML has been introduced to
enhance the power density of the converter due to the
sinusoid wave form calculation. At the rear side, the output
regulated voltage is controlled and varied by the frequency
control algorithm with the discrete controller.

2.1. LLC series resonant structure

The LLC series resonant with half-bridge converter has
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Fig. 2. The structure of DCML with IPT schematic
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Fig. 3. (a) Simplified system circuit (b) Linear sinusoid
circuit

been described in [11, 12]. The simplifier circuit for the
voltage gain which is a ratio between the output against the
input voltage is shown in Fig. 3. Hence, the design
procedure of the resonant tank parameters depends on the
calculation of this typical voltage gain model and input
parameter specifications. The practical design with the
traditional methods such as state plan or time-domain [12]
analysis has many difficulties in precision of math model
equation which cannot be accurately written. In order to
solve the mathematical equation for the system voltage
gain, the fundamental harmonic approximation has been
introduced in this proposed paper for sinusoidal voltage
and current wave form analysis.

In Fig. 3, the relationship of the simplified fundamental
input voltage (V,,) variables of staircase signal can be
described as follows:

4 .
Vge(t):;' Vmax 'Sln(27[fswt) (1)
The RMS value is
V2
Vgeirms = 7 : VDC (2)

The fundamental output voltage of the staircase signal
can be written as follows:

4 .
V.. (@ =—n Vs -sin (27 fp 1 = 9, 3)

The ¢, is an angle between input and output voltage,
with RMS value
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Voe ms =1 .Vout (4)
- T

The fundamental output current can be found

(1) =7

S |~

'Iout 'Sin(zﬂfswl‘_%‘) (5)

The ¢@; is an angle between i,, and V,,, and the current
RMS value is

Ly =L, (6)
oe_rms ‘\/— n

Equivalent load resistor, R, can be calculated as follows:

8xn? Vo 8x n?

= X—=

€ 2 2
oe T [out T

xRy (7

After investigating in equation above, the equivalent
resistance depends on the turn ratio and the load resistive
due to the sinusoidal wave form calculation, the angular
frequency is

0=0,,=21f,, ®)

The resonant capacitor, resonant inductor and magnetized
inductor can be described as

1

XC :E’XLI‘:er’XLmzwLn (9)

r n

r

The RMS magnetized current is

V. 242 V.
]m: oe  _ f nx out (10)

oL, T oL

m

and the total resonant current, /.

I =12 +1? (11)

—

System gain

Normalized frequency

Fig. 4. Voltage gain vs nomalized frequency

Fig. 4 shows the relationship of the output voltage gain
in the LLC series resonant and the frequency can be
expressed as

X! /R
| JA Lm e | (12)
| ]XL //R +](XLr_XCr)
Rewritten at the new form
| L |
M § — n f;l (13)
H:(Ln +1)><f;12 _1:|+j|:(fn2 _1)Xf;z XQ@ ><Lnj|
Which
f» Normalized frequency L, Inductor ratio

few Switching frequency 1,
L, Resonant inductor
C, Resonant capacitor

Resonant frequency
L,, Magnetized inductor
R, Equivalent resistor

Normalized frequency equal is expressed as

/
I, ==X (14
7 )
Inductor ratio can be defined as
L
7y L—’" (15)

0, =X+ (16)

2.2. Boundary design procedure

The design consideration for the resonant converter is
the frequency modulation. The regulated output voltage
can be modified by the normalized frequency, the system
maximum and minimum frequency to be operated depends
on the calculated maximum and minimum gain from the
given input parameters as shown in the following equation
and can be plotted in various load fluctuations in Fig. 5.

System gain

05

Minimum freqency ;‘Maxunum frequency

4 ;
107 10° 10!
Norminal frequency

Fig. 5. Operation boundary design
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Table 1. LLC Series resonant system gain design

Table 2. Diode clamped multi-level switching state

Component Parameter
Nominal frequency 200 kHz
Maximum frequency 240 kHz
Minimum frequency 154 kHz

Maximum gain 1.2306

Minimum gain 0.9160

My Wx:n;%fmx (17)
in_min
2

M?mm:ﬁ;@AW’ (18)
in_max
2

3. Multi-level Converter

3.1. Multi-level converter overview

The concept of the multi-level converter [13, 14] for
power electronics applications in dc low voltage power
distribution has been introduced in this proposed paper.
The synthesized stair case voltage is obtained by using the
series connecting the power semiconductor devices with
the isolated low voltage dc power sources. For example,
the capacitors, batteries, renewable sources can be used as
a multiple dc power source. The multi-level converter has
many advantages due to wave form quality, common mode
voltage, low input current distortion and operating in both
fundamental switching frequency and high switching
frequency. Nevertheless, the multi-level converter main
disadvantage with the numbers of switching devices is still
being investigated by many researchers concerning the
converter complexity and cost relativity.

Recently, there are many types of multi-level converters
that have been introduced for power conversion: the
cascaded H-bridge with isolated dc power source, diode
clamped and flying capacitors. Many modulation techniques
and control algorithms for multi-level converter enhance-
ment such as sinusoidal pulse width (SPWM) and selective
harmonic elimination (SHE-PWM)), space vector modulation
(SVM) have been introduced during the last two decades.

Generally, the high power density design of the
contactless transformer system requires a low THD input
voltage wave form. In order to achieve the objective, the
diode clamped multi-level converter has been chosen for
generating the five-level stair case wave form, due to
advantages of using direct common input dc power source
with high switching frequency compares with SPWM
and less expensive than flying capacitor converter. Table
2 illustrates the switching state of the diode clamped
DCML topology. The contactless primary coil receives
direct power from the five-level diode clamped converter
as shown in Fig. 6 with the control algorithm in Fig. 7.
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Fig. 6. The five-level diode clamped mutilevel converter
scheme
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3.2. Selective harmonics elimination

The first priority design for the optimization with IPT
system deals with the power density as mentioned in the
previous section. Therefore, the fundamental switching
with the selective harmonic elimination has been chosen
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for this optimied outcome voltage. Fig. 8 shows the angle
in each level, the magnitude of the fundamental harmonic
and the order of the harmonic can be determined with the
concurrent changing angles.

From Fig. 7, the output of the synthesized staircase
voltage can be explained using a polynomial equation, and
can be solved in the elimination equation method. The
Fourier equation for bipolar square wave is applied and can
be expressed as following equation.

Odd value

y

4
outn = E[VDCcos(nal) +Vpecos(na, ) +

(19)

et I/Dccos(no:(bl)/2 )}

Where 7 is the harmonic order and Vjis a voltage for
each level of DCML converter, generally, by changing the
proper angles of each level, the low frequency harmonics
can be eliminated from the output. Therefore, selective
harmonic elimination (SHE) is introduced for harmonic
elimination. For example, the third harmonic is chosen to
be removed. The form of the equation can be described
from previous equation as follows:

Fundamental output equation

47
Vot = TDC[COS(O:1 )+ cos(ar, )J (20)
3™ harmonic output equation

Vot 3 =4;/—7';C[cos(l‘,ozl)+cos(3012 )] 1)

In the modulation index, M, is a ratio between 4V, /m
and V,, ;. With the proper angles, the third harmonic
should be removed from the output of the DCML and the
fundamental harmonic can be controlled at the desired
level as well.

The non linear polynomial equations are solved with
Newton Raphson’s method, and the third harmonic
elimination switching angles are calculated from polynomial
equations as shown in following equations;

cos(l )+cos(1a2):LVm’] =M, (22)
e
cos (3 )+cos(3a,) =0 (23)
where
cos(3a) = 4cos’ar —3cosar (24)

4cos’ (eq)-3cos(ay) + 4cos’ (ay)-3cos(a,) =0 (25)

The pair of sets of the switching angles are illustrated in
Fig. 8. in terms of two switching angles curves versus the
modulation index. From this point, the unnecessary voltage

harmonic will be disappeared and the fundamental amplitude
output voltage can be approximately setup at satisfied level.

3.3.The LLC series resonant with DCML operation
mode

The LLC series resonant circuit is applied to the rear
side of the DCML for operating in frequency control
converter and operates in different kinds of modes
depending on the switching states. Each operating mode
has individual set of PWM for the controller. Initially,
the TT TMS320F28335 microcontroller generates 4 non-
inverting and 4 inverting controlled signals, the switching
frequency and dead band are also integrated in MATLAB/
Simulink C2000 block set which are set at 5 # S and 0.03
M S (approximately 1%), respectively. To prevent the
shoot through current, the dead time has been deployed
for avoiding the short circuit from DC positive terminal
directly to the negative side. However, the dead band
should be limited in appropriate length to keep the output
at a desirable voltage waveform. For example, the long

3
S

1=}
=1

@

oy
=)
e

Switching angles, Degree .

0.8 1 12 1.4 L6 18 2
Modulationindex, M,

Fig. 8. Switching angles vs modulation index
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Fig. 9. Operation mode of DCML and resonant circuit
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dead time may force the MOSFET 1 and MOSFET 4' to
turn OFF in a period of time during the ON state
interrupting the continuality current and lose the ability
of ZVS condition. The operation mode can be described as
follows:

Fig. 9. illustrades the switching topology of the diode
clamped multi-level converter with the resonant tank circuit.
The secondary reflected impedance can be described as.

2172
M
ZReﬂect = = . (26)
Z; + joLg

The primary current is shifted in order to achieved the
soft switching condition and can be derived in difference
operating modes as follows;

Operation mode 1 : The upper portion (S;, S,, S; and
S,) switches are turned on and supplied by Vpe; and Vpeo.
D,, D,, D; perform as blocking diodes. The inverter output
is set at Vpe+Vpeo. Due to the reversing current direction,
the circulating energy from the resonant tank provides the
negative current through the body diode of S;, S,, S; and S,
as shown in Fig. 10. and Fig. 11.

Operation mode 2 : The S, is turned off, the forward
bias current starts to flow through the Dy, S,, S; and S, and

Fig. 10. Operation mode 1(Negative current)

Dead time |
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Fig. 11. Operation mode 1(Positive current)
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powered by only Vpe,. The output voltage is matched to
the source voltage at Vpe,. Likewise, the resonant current
will consist on the source current and the traped energy
current as shown in Fig. 12.

Operation mode 3 : S; and S, are turned off, there is no
current from sources to the output. However, there is still
remaining energy in the resonant tank to force the current
in the positive direction as illutrated in Fig. 13.

Operation mode 4 : Switch S,,S'|,S', and S'; are turned
on, D; is in forward bias condition. The negtive voltage of
Vpes will appear at the end of the inverter with -Vp3 level.
The schematic is shown in Fig. 14.
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Fig. 14. Operation mode 4
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Operation mode 5 : The Lower portion (S';, S',, S'; and
S'y) switches are turned on and supplied by Vpc; and Vpes.
D,, Ds, Dy perform as blocking diodes. The inverter output
is set at Vpe3tVpes. Due to the reversing current direction,
the circulating energy from the resonant tank provides the
negative current through the body diode of S', S',, S'; and
S', as shown in Fig. 15 and Fig. 16.

Operation mode 6 : S'; is turned off, the forward bias
current starts to flow through Dg, S',, S',, and S'; are
powered by only Vs, the output voltage is matched to the

Popd time
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Fig. 18. Operation mode 7
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Fig. 19. Operation mode 8

source voltage at Vpq;. Likewise, the resonant current will
consist on the source current and the traped energy current
as shown in Fig. 17.

Operation mode 7 : S'; and S'; are turned off, there is
no current from sources to the output. However, there is
still remaining energy in the resonant tank to force the
current in the negative direction as illutrated in Fig. 18.

Operation mode 8 : Switch S';, S, S';and S', are turned
on. D, is in forward bias condition. The positive voltage of
Ve, will appeare at the end of the inverter with Ve, level.
The schematic is shown in Fig. 19.

The L,, is designed and calculated at a fixed value by
using the fundamental harmonic analysis (FHA) technique
which has the relationship between resonant inductor and
resonant capacitor at the precise specification (rated power,
switching frequency, etc). According to the FHA
calculation, the relationship of the L,, L, and C, can be
described in equation (27)-(29), which can be seen in [12]
for designed procedures.

C= @)
' 27[fSWReQe
1
L =———
r 5 (28)
(27TfSW) C,
L, =L,xL, (29)
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During the light load condition may cause the resonant
current to shift away from the designed point. However, the
system gain can be maintained at the same value of the
approximately normalized frequency and the zero voltage
switching condition can still be achieved (ZVS condition in
light blue zone of Fig. 4) under the situation in both mode
3 and 4. Additionally, the resonant current in mode 5 drops
to negative because the energy released from an inductor at
this state, in the resonant tank is much greater than the
energy from the capacitor source, therefore, the resonant
current will be starting to flow in a negative direction.

4. Simulation Results

Initially, the proposed method was simulated and validated
with the MATLAB/Simulink. The system designed
parameters are shown in Table 3 to 5 as same as the
experimental setup. The %THD of DCML with the proper
angles for the third and fifth harmonic elimination are
illustrated in Fig. 20. It is found that, the optimized angles
for five-level with modulation index 1.64 are 12 degree
and 48 degree, respectively.

The resonant tank is connected at the end of DCML and
performed resonant circuitry. Fig. 21. and Fig. 22. illustrate
the magnitude (% of fundamental) simulation results of the

# 5" harmonic

3¢ 3™ harmonic

% THDw

|
1sL 4 t : NN J

1 L1 12 1.3 1.4 LS 1.6 1.7 1.8 1.9
Modulation index

Fig. 20. The SHE %THD vs modulation index

& of fundamental)

Magnitude (*

3

Harmonic order

Fig. 21. 3" harmonic elimination vs modulation index
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input voltage of the contactless transformer. It could be
noticed that without the auxiliary switching circuit circuitry,
the resonant tank circuit was able to perform soft switching
with ZVS condition. Fig. 23.-26. show the voltage and
current shifted signals of the upper portion of each
MOSFET switching device.

Magnitude (% of fundamental)
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Fig. 22. 5" harmonic elimination vs modulation index
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5. Experimental Results

The prototype converter has been built for testing and
evaluation. A 300 W diode clamped multi-level converter
with the optimized angles generates five-level output
voltage for the contactless transformer and sends the power
through the air core with the high frequency switching. The
designed parameters of a 300 V input dc link bus voltage
and electric home appliances output voltage are set at 48 V
with 200 kHz switching frequency are shown in Table 3.
To achieve the high efficiency converter target, the
resonant circuit is needed to attach to the rear side of the
DCML for shifting the switching current and voltage which
are illustrated in Table 4 Table 5 shows the designed
specification parameters of the contactless transformer. The
primary inductance of the solenoid coil is designed to suit
the resonant condition with the ability to transfer 300W

Table 3. Specification of the prototype converter

Prototype specification Parameter
Input DC link voltage 300V
Output voltage 48V
Switching frequency 200 kHz

Table 4. Diode clamped multi-level converter components

Component Parameter
Resonant inductor 23.24 pH
Resonant capacitor 27.24 nF

Magnetized inductor 81.36 uH
Switching device IRF740
High speed diode MURS840
High speed driver FOD3184

Table 5. Contactless transformer specification

Wire type SWG 17 SWG 12
Turns 57 30
Layer per turn 1 1
Diameter ~ 65 mm ~ 60 mm
High ~ 80 mm ~ 80 mm
80 T T
Minimum frequenc
ol i
s
S Maximum frequency
20 —
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Time(s) x10°

Fig. 27.Switching gain boundary
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power without the ferrite core.

The five-level power converter is powered by the dc link
bus voltage and controlled by the pulse width modulation
signal. Previous sections show that, the optimized angle of
the power converter can be calculated with the selective
harmonic elimination (SHE) technique. After applying the
system configuration in Table 3 to 5, the output voltage of
the DCML with resonant tank performs ZVS condition
under the load variation as shown in Fig. 36.

Apparently, each switching device operates in the ZVS
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Fig. 29. The DCML output voltage and voltage harmonic
spectrum (CH [ 200 V/DIV, FFT 50.0V/DIV, 312.5
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condition, for example, the upper portion signal can be
seen from Fig. 30 to Fig. 33 and power dispatched in each
power switched can be calculated or measured with the
oscilloscope in average of multiplying mode between
current and voltage. The total power loss of switching
devices in DCML with contactless power transfer is 10.8W
(3.6%) from total of 300 W input power. Fig. 35 shows the
sector numbers from 1 to 8 which represents the power
losses in the switching devices from S, to S,', respectively.
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converter

The contactless power transfer with coupling coefficient,
k, is measured from total mutual coupling of the solenoid
transformer coils, and the maximum efficiency of the
transformer is 83.8% at 150 W for a single layer solenoid
with the coupling coefficient, k equals to 0.91. In addition,
the output voltage is controlled by varying the frequency
in the specific boundary range according to designed
maximum and minimum values of the system gain.

The proposed SHE technique is used for the switching
algorithm in this research. The air core voltage harmonic
spectrum is illustrated in Fig. 29. Obviously, the third and
fifth harmonic orders with 200-kHz fundamental harmonic
are almost eliminated from the total contents, and the
THDy, is approximately equal to 17%.

Swilching devices
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Fig. 34. Prototype experimental setup
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6. Conclusion

The prototype of a contactless transformer with DCML
was implemented in the terms of the calculated parameters
substitution. The MATLAB/Simulink simulation program
functioned as a simulator, in order to investigate the
behavior of the overall system. Eventually, the outcome of
the soft switching (ZVS) perfectly performed phase shifted
between Vg and the primary current in wide range of the
load variation. The cost effectiveness has become a main
idea for the proposed paper. Without adding the auxiliary
switching circuit to DCML, the passive elements play the
important role to perform the ZVS for DCML switching
devices. Additional, the DCML with higher switching
frequency will dramatically reduce the size of the IPT
and increase the system power density as well. Finally,
the inductive power transfer has proved that, the next
step of the high efficiency dc low voltage distribution
can be applied to household electric appliances with direct
connected renewable sources in the near future.
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