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Advanced Research and On-Job Training for Power Electronics
of Future Energy at Virginia Polytechnic Institute and State
University

by

Yuan-Hs1ang Ho ~ Chih-Ming Cheng

Abstract

In recent years, INER turned his research direction into the new and
renewable energy area. One of the important aspects of these researches 1s the
power electronics. Power electronics i1s not only just a modern technology for
power conversion, but also plays an important role for the integration of various
energy sources, including wind power, solar energy, and fuel cell etc. Therefore,
with the increase of special requirement of those power sources with their
certain specifications, the development of advanced power electronics demands
immediate attention.

This project starts from Mar. 2007 to Feb. 2008. The goal of this project
1s to develop 3 sets of hardware for high-efficiency 5-kW SOFC power conversion
system with grid-tie functionality. The requirements of system conversion
efficiency are 96% for DC-DC conversion, 98% for DC-AC conversion, and 94% for
overall system conversion, respectively. The specification of the system input
and output voltage are with 48 DC (V) nominal and 220 AC (V), respectively. The
THD of output voltage should be less than 5%. All of above are under the condition
with load range from 20% to 100%.

Keywords: Converter, Inverter, Energy, Power Electronics.
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=V, +V, (3-12)

c

V, =2-{vb—vb ;Vﬂ:z-vb Ve

[FVEELY I Va=T1.26V > 5T} Vo SASRLE I > b Ve b 1.5V ] Vd
547 0.24~2.76V VI P i 3.3V AALESE V- [ ) ADC (P FEEF .V Schot tey

Diode % °
3.1.4 Low Speed 1/0

[P ﬁﬂﬁ}é fol kL El— EEFRLEEA > PRSI Inverter B0V 10 P
Fefl1 2808 A% (1)DC = AC ISR ADC) 5 (2) Inver ter SEFETR ERRAIGRAFT ILIMIT
PRI (3)GATERL e ('t GATE A5 fETHT) (4) 68k ity G el > ey
BR) 0 2K Inverter ASFEH LED AHU S o IR 3-12 B AE SR LECRIYIA 3-2 -

U I Buz>¢ . .
ACOUV (N« 117
DCOUV W= [F-30118

- TLIMITS& a'D119

=~ FAULT [« » 2120

= SYN  EESE A R121
- RUN —&88853 #0122
MODE - (4=%)[< % R124

[fi! 3-12 : DSP #5 - LED 459K

% 3-2 : DSP board LED Z&5kEHEL

a8 F H LED &5

DC Fault  (DC voltage Over) DCOUV ON

AC Fault  (AC voltage Over) ACOUV ON

Gate Fault (Gate current Over ): Both DCOUV and ACOUV
“‘\%L—Jiﬁ}%ﬁ%—_’%ﬁ;bﬂf 3 FFb' > 2808 JKf turn off the | ON/OFF

inverter

OVR CRT  (AC current Over): ILIMIT ON
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%

Grid tie or Stand alone mode G:ON; S:0FF

Start or Stop Mode Start: ON;  Stop: OFF

Program 1s running RUN Blinking

DSP PR YR sk W AITE | B % {EURLAPRS 2808 chip Rk 50" FF R [ IR 1)
RLA P EERIE] ADC RS L A ] Al ) = PR g Pl U 2 Akl
W &% (l)open loop voltage control(stand alone);(2)close loop voltage
control(stand alone) (Pcomd = * oqovta&%%@s@;@ AC Fq’gﬁ’w‘ﬁiﬁﬁéﬂo\]ac
ﬁﬁj‘ 1);(3)grid tie(Pcomd 327 0~10V 2 \SfjarWAE) . power » 1V 35 SOOWﬁF‘
() > ek 3 13%3?[1?—:@?&% °

# 3-13 : DSP HERL A
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3.2 Filter Board

B & filter boardﬁgiﬁftﬁﬂﬁﬁ » filter boardﬁﬁﬁﬁﬁ?élﬁﬂﬁ?59
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15 F o S R Y i

[ﬁ'3-14 Filter board Schematic
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[ﬁ'3-15 *Filter board PCB Layout

3.2.1 LCL fi1lter board

S filter board A iz fiiet - Inverter il iy LCL
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BT SRy 0 540 [ (810em*8) )+ Le=0. 5mH(2 fl# 77195 core ey V F
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e 20 ] (330em*2) - PR PEEARAT AT - S AURRE Y e
BT o [ 3-16 KT F&5h59$#°
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[fif 3-16 * Inverter ﬁﬁﬁt‘%ﬁ%}ﬁﬂjﬁfﬁ}ﬁ'm%ﬁ%

B R RV core A PN E EORL Fl‘—ﬁ??f ’ [}%J:T‘Eb

Po=5000(W) » Vo=220(V) > L1=0.25mH=2.5e-4(H)£%{7] » ?ﬁﬂ/‘%ﬁ/[m :
(1)F ju?rﬁ?lﬁ?ﬁ

_P,-v2 5000-2
LV 220

=32.141(A)
(3-13)

G e PR R SEAR ANGLO URsL g

(2)FF§T

LI? =(2.5-10)-(32.14)? -10° = 258.24(mH/A?)

(3-14)

A L® i EEE]PY permeability(per) u &5 Core 77195 H S L
u=125 > A per SR DRI B (AL (5) A FH core I
QIRER T

(3)?]?\3‘[ 77195 f9 datasheet %[ A.L=287 (nH/N’) - A.L %~ i core
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AT 7T 30om ') 3 ARSI 100cm 5T FTLT 303cm KRR

T,
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T
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3.2.3 SSR » Relay » Current Sensor F® FL[,I:I

@iﬁ”Tﬁ‘F’?gz I SSR(solid state relay)™— 4¥relay [/FF'F", » SSR
1 [ Eﬁ A AR SR TP T f/ﬁvfgffﬁﬂzr*@%ﬁﬁﬁ?%ﬁ’
PIF=p R (S EMT > — 4% relay pui%ﬁ*}%gﬁ TSR (ERL SSR #3p)
,%’%‘EJ L6V VRS o F ]S 2V IR R ’DSP?ET“%%i}H SSR 2
] [F - PRy ] l&?wp‘ * relay #ERFIEH D’S’E&?ﬁ[ﬂ'# ER ﬁ‘}f‘
DB ﬂ*‘}iﬁfﬂ SSR 7 Relay [V ETHEEEH FREE =Vl s - B9
~ i hall sensor #™%V Inverter J it -

3.3 Power Stage

B main power stage Elffﬁﬂﬁ ’iﬁf[ﬁiﬁﬂﬁé ol 73Ry N1 = ['[E“ﬁ[ﬁﬁ}‘
Eprey F,"(* Main Switch Driver; (= )Auxiliary Switch Driver;
(= YMOSFET/IGBT » ¥l Schmatic * PCB Layout Wﬁ%ﬂ' 3-18 A o i"""JDJ\JF;f
e WA 5 T o TP R Main Drive — HUE | DUHRAHTRIFVIRIEDS B
Eb MI~M4 I'] (834 main switch(IGBT)pY driver » fﬂJ%iﬁ\Jlai' Auxiliary
Drive — fRHE [’“’ﬁéﬁ'fﬁwmﬁﬁﬁ WK Al~A4 T P& PU R auxiliary
switch(IGBD)fY driver = ;g™ driver ol B Py Leg TpvATe)
switch » & leg FF [y main switch(MOSFET) » [ {f# auxiliary

switch(IGBT) °
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3.3.1 Main Switch Driver

[F=— Fq-—é‘,["'if'},main switch .V gate driver ;‘/E'Ji/[‘ﬁ%ﬂ&w ; EIJFA'}_J' IC
F’?PJ W power supply(F [T MSVH-240515) » driver IC(MC33153) EIJFA’[
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e: 200865 Sheel_of
Fil: GAVT\SSl_GateWain Drive SCHDOC | Drawn By

EAW 19 : Main switch .V gate driver ?ﬁ"ﬁﬁ%ﬂ‘

ST tm“/%ﬁ Fol LI Vos FERLAY SRS HT Veer ERHEEVE
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By L V™ A 455 main switch e Driver IC(MC33153) Desat 'ﬁ [eIRIE R
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3.3.2 Auxiliary Switch Drive

= PP (B auxiliary switch V driver P [Y[IA 3-20 ’Epf' IC
@?ﬁTJ/ power supply( [l MSVH-240515) » driver IC(MC33153)EHF,
Blanking Time & Tl Ve it 57 L = protection V5[ » = (57
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This device contains 133 active transistors.

Figure 1. Representative Block Diagram

q%ﬁIB 21 : Driver IC MC33153F 5

3.3.3 MOSFET/IGBT
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4.2 DSP2808 & Er{HFk

[ﬁ‘4 2 : DSP2808 chip  #f [ F R

EL 175 84 2808 chip FjipZ( 2+ - IH%HH?‘:T:E@&E o1 pin IS - R IR
PTG FE - 8BRS PRI e B MR S - S IR - (1)
ORI R RS T00~800 " F o TR T £ BUR M ARPRTATSI (2)8f chip &
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/TR 2 e » IR S R RS RS 5 SR T o T BT
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(1) CCS3.1---Code Composer 3.1 Platium;
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(3) Flash---C2000-3.1-SA-to-UA-TI-FLASH2X » EXE and sprcl93;
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(6) ffi ™" C:\CCStudio_v3.1\specdig\xds510usb” 44 driver Fﬁ far el B
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SRR driver El@rﬁ'r (= ?:ﬂLri;ﬁi?s%fL[' IGBT V7 > Dl’lVCl’ IC(MC33153)}~ DESAT

%HVTU%%HJ Ve FUFEEELRL fault F9F > Jpk= < DSP fiF T ﬁ“xft'i PWM 5T |
FT”“EH fault AG5F » Al JLPL' 'ﬁ@mﬁfj}{—] IGBT ¥ C » E %% > 7&@1[”%“[’3‘*“*1?
DESAT » J1I=} i "B F{E¢ - 1 %pl PR E S DSP R |
et standalone PRV 2808 ‘1”*"5 PWM 745! > (ERRHIRS driver Elfiﬁ"ﬁ?"‘ A
e A IGBT iy C o E@Eé‘.iﬂ » 5 AT DESAT §1 7% Low » AR+
Eb Tow > J[IF=Fault 5V F#PEEL high o Tﬁ%DSP kbl switch fault » F=DSP ‘J’ﬁ
ﬁtlapwmg;"*%oﬁ%zﬁ?ﬁu%’ iy ELﬁi?L"ﬂJFTJII ° fiy L“jg“ﬁ 20KHz 7 PWM 245 - fiaj

L N auxiliary switch F9fI<LEAHIA0 2 ’]J;UiE;Lmam switch ff“ Eff [F{EVEZ 24us
fY delay ° [ﬁ' 4-7 EWFIEE driver E\JJ:J/};FE’F“F['WW o I bq?ﬂ' 4—8(a)(b)t" RSN
auxiliary switch #Imain switch BUIL 7 o pHflp e ety il £ [l e F, » 2E
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a4 24us iV delay e

B 4-7  EE driver Eﬁ;[/%:&fﬁ'l'

50ps 0. 0000s

from
USB Memory

Ostop 1/ 1 ER 95% Recal |

File format

. . Waveform
ol -.*- G " " o] - - ™ ™ (Binary)

Ennnnnﬂﬂnnnf File List

AZ@ED Peak-Peak 6. 25V

B @D Peak-Peak 6. 56Y
C: Max i mum 44, 3m — ]
DZEER Maximum 585puY Recal |
—6B00mY | —
<>
Vet -4 91viVat —h_30vvet 13. ImVEt 85, 0pv
LeCroy f:0. 00000H=z 1GS 500k points RTC:2008/06/13 09:20:07

(a)
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Tns 0. 0000s 0stop 1/ 1 EX 96% Recal |

Trom
USE Memory
File format
................................................. Waveform
(Binary)
2l .I: .... ....f File List
A Peak—Pealk 5. 31V
B: @D Peak—Peak 6. 25V
c: Maz< i mum 44. 3m —
DR Maximum 585nY Recal |
t=12Z. 46ps —B00mY
DC1MO MO <>
VEt —4. 91VVEtL —4. 98¥vet 13. ImVEt 2721V
T20. 00000H= 1GS 10k points RTCI2008/06/13 09:25:04

(b)

[ 4-8 - auxiliary switch#'main switch &7

?1 2= AUX IGBT(20N60A4D) = MAIN l\/[OSFET(68045)“”j;%ﬂ/[[q%\I -0 B o 1=
ﬁ%%ﬂ‘wqﬂgﬁ » E1E Jﬁ.'J =R bﬁ ACTH THER 1% o FRERL resonant Equ’,@?
B %F[Fq H ﬁ{%l[ﬁ [HH% P EFE] fﬂﬁ“ﬁﬂ Lp=1.28mH > Lp_lk=12.5uH >
Ls=2.87mH » Ls_1k=26.77uH - [[[|&t==1.5> P ] 3 { AWG18 (60/36(AWG36 [HAsL 60 3™
T 12 [ S 2 5% AWGL8 Tz 18 [ » i fflo 3 PV Lo =t~ RIFELEF RS middle
side(H 5 AL - core E[FFEL OP43825TC HI9f EL "5 resonant current fiY smooth
“ middle side Y15 saturation core MP3210P4AS » 55 [ 4-10
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ﬁ%ﬁ‘ 4-9 : AUX IGBT(20N60A4D)* MAIN MOSFET(6B045)a 44

[ji' 4-10 - resonant ElffF'ILT*’ES‘f'%LII"E

7 oK) DSP board » filter board » Flmain power stage £ & [=HIFE - WD
[l 4-11 > PREEHEPAEE ﬁ]?ﬁl%& > iy R 2 S LR ’ﬁﬁﬁﬁ’@%%\' ERAN ST layout
AV f?', » 7 L2 {1 ¥ main switch 7 MOSFET 7 (19 D 5711 ER 2% Vdc+AEHE  Sfship! 15e
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o BTG OB YR 0 < e SRS A ERAALE T3
PSR - S5 U W F SRS M O 4-12 (a)(b) -
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(b)

it 4-12 = main swi tch SN~ K9
S P (S i FHANRERE standalone SRS T FIJ T AT 4-13

fE}L resonant current ;ﬁﬂ;{ﬁ_}*‘\ » Bl 3 Fﬁ“EJ HEH ?*13:1 /7 resonant & B
B F [ T L Vf%ilﬁ FIEZIRE Y performance » F Y0 HJEE grid tie mode °
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200 Vi 004 [

H000V oftee D00 A oftest

ﬁ‘?ﬁ' 4-13 : Inverter ﬁﬁjHH‘i’%
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. SRR

SOFC g SkW 7] J?ﬁﬂ AV Inverter PEHIIER0 R Y S-1 T o
FARRFHA T L 77 model ing ~ Firfh W FEIEGpIL - izt‘ﬁ‘ﬂ%ﬁ%?f ~LCL filter 75 -
T (FEER] - PCB Layout ~ SRBIRRRES KT S il - R

» Conditioning i Lo
— —o—o
= Feedback | DC-AC
Vie | t v, V. Load
= Reference L nverter =
= Controller Gating

= PWM signals

Conditioningif

Controller] [V4?)

fre I-err H

Reference f+<]> G{s) £s)
- iseme

DSP Controller Feedback

Ifi' 5-1 = SOFC iy ¥ SkW 7 ‘JJF%‘EH?H%J/ Inverter ﬂ’ﬁjﬂﬁgﬁ'\ﬁijﬁq‘%\'

5.1 %5k Modeling

v FERHAFIR) 25 P P oS SRR 52 fCEal R R
SALEINI 4-3 B o SRS A e o) M AR R 2R LA 3 E R Py EISP P
EE FILJ—[C"TJCJ\H}E[—}UTK‘ PR A e [NEL 05 H RIS BT (ERURIRSE o5 AR e
Yo sETS o BIgt ﬁﬂﬁg g RO T LR F“FE—LF‘%]ﬁ
Inffe g G R o B AR £ eI S A A
B o RL T SIS S AT —IFr+1ﬁ[fk Sfi- AT A o B AL R
DRROTFIS ELABE] > S AR I T SIS [ SO R < R IR T 5T
P EFZER RO o BT T R TR R o A A T M B TR A R ST
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FE o TORLIIER S 41 O BRI i (IR L R RS AR Y
BT RPN RIS R ST P R
fi= 90 i SRR R R oA o BRI o R B ) P B
SUERADERY - PR b B R b T SRR [ e

P

rtl, e L,

DC-AC
Inverter

ld

[ﬁ[ 5-2 : Inverter #i‘ﬁﬂfg}kﬁfr?‘qﬁE%[}%ﬁ[

BTSN 5 3 AR LR H (T B GRS » SR I RS LSRR DS (P - i
S R BRIOR] e SRR (R R T [ T RIS ST s e
[RGB T R 2 g [ o NI S5 PR = R oS35 FERASH T Laplace transform

S SRR g

iac = Gid (S)d - Giv (S)Vac ( 5-1 )

v, =dxVy

iac V C
G”(S):_a_::r+:L. (-2

I
G. (s)=-=2 =
u(9) Vv r+sL.

ac

(5-3)
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FH 1] Inverter jf?LfF[J SIS e S o U 4-3 B o PSR A SR
FEEFEY (8) £

I, (8) _ Gy (S)F,Gi () Gy, (s)
Y (s) = lac i mi Kk _ w33y Y ]
NG TE R e TR M S
ol
T, =Gy F,HG (5-5)
T :% (5-6)
G (s)
v - Lyef i v A7) d +/L i
ac (s) +/'-\ err s N
PLL ‘? N Gl £ Giuls) \__/
m
_Prer k, iﬂ,
: =
[{'5-3 : Inverter ﬂﬁjﬂ—??ﬁﬁ%@%ﬁ@r
Y(s)=Y,(s)+Y,(s)+Y,;(s) =Y,(s) (5-7)
H,G (s)F,G,(s) _
Y. (s) = c m—id =_Y ]
5(S) 117 (5) »(S) (5-8)
1 1
G, (s) =Y,(s) (509

H ()T ()G, (5)  H,(SVeF

dc' m

PP (5-9) . AHREFLEEEY (5) i 53 45 Y0 (S) 1Y, (S) g Yo(S) 15 controlled

term» Y5(8) 57 540 disturbance term » S RFE - (R Ya(5) ==Y (8) (Ys(s)
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R S-4 T o [ PRSI ) R Yo (S) SRR o I T SRR 6
W [;chﬁrUuY(s):‘E;{ﬁ"‘p EHEAAAO R rﬁlﬁa& TR PR ?ﬁiﬁ‘ﬂ E‘F—' Vo T
AV o R PR PR R Y [URUA inverter FUTDFEA@Y rectifier -
iﬁ’?‘}%ﬁuﬁ?ﬁ[ﬂ‘ DC bus J‘Ik'z[jl]&uf ﬂ?ﬁﬁéﬁﬁ o T W MHEE LAY Inverter ﬂﬁjﬂ—??ﬁ'ﬂﬁl%m
et IR DT 5-4 e

v lho i v At
L UL ) G(s)ig O
PLL "‘ =

Prer k

[p5-4 ¢ JGE Y Inver ter Fl RIS R

5.2 H B

SRR R IR PR R R KR o SR A SR Ak b A
1% o Fap L (Bode diagram) ] %’w9¢7mﬁ$*ﬁf%ﬂﬁﬁ4
FAPLFR D A1 TR > e AR e AR I 5 T TR A
Mat ab i SRR - PIGH - SR BRI 50 7 WMW% e
ﬁ}bjfcgglpj Fl855 o = O R AR O IR S E

o AR E[JFA U Z R R Vo ~ Vg o Ve IR R IR G =
Standalone f8i=N"h > FRH] *ﬁﬂl‘?Qﬁ‘ﬁU P[0 Grid-tie B=h o HIFRH F]E“'E“ [I%\?Etﬁﬂ ’
PR R R R -
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5.2.1 Voltage Open Loop Gainr%’?f

B IJJ# TR A ORAYS EOROL Y o Gy ANERIMRL AR PO e

H cut-off frequency £% 48kHz » F{T’E*?*ﬁ'fg DSP ] » 4 HREF 1 ADCH]RRIE= S

PSRt ST Bl > 1P ADC Hﬂﬁu%d{’ = RCVROL B8 G, » H cut-off frequency
“IEIEL sampling rate iV 1/2 ]f,ﬂif.(:lO kHz) » EL’%?T% 9.6kHz -

2
\Z Dwe Opwr

GV= < lG = 1G = <
d (87224-75 +1) " (S_i_a)HWF)2 . (S+a)AWF) (5-10)

0] a)O

1 Oy = 27 % 48K, @pe =2777%9.6K

Aot FESpRETa i Eh H, o DSP R PUFRESITAE I Gogpen * 17 duty cycle

%f inverter output voltage [UEFSEEIG,y o ' FHEIRE

15
H =— -
' 400 -1D
2048, 1
G =T = -
DSPGain 15 1250 (5 12)
VC
Gy=—F—" (5-13)
S S
(—2+—+1)
a)O Q 0

H1Vy, =450 > ph3t > #5+"% switching frequency (20kHz) [Rf » = o fH AR T oy
fi=¥ D 40dB » =5 4 Uk RO L Cy iU resonant frequency R 2kHz
(571 2.91KHz) » i o

1
, = =27*2.91k ]
C, (5-14)
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YRR 4~ NS A ) I35, V,J‘)“ﬁi*ﬁ@? output current performance °
B FF PREP L =15m,Cy =2UF » [ HRES B R FATLOL £ilter FFHT - 3 -

25 SR FIFNEL SKW 19 1096 | 2 it RS 220V » i #H T

[
LGy 0.1P 500
= =7.98 R =_——omax _ =0.01 -
Q L /R, ° V2 220° (5-15)

PRI S5 T O e s B R O BRI P Rl

G _Gvd *GHWF *GANF*HV*GDSPGain (5-16)

voloop —

f & Matlab ﬁﬂ?ﬁ?ﬁiﬁ——?ﬁﬁ“ﬁ}% T BRI EEE TR G g g0 AT (8
ﬁ‘?\' ’ i/[[[ﬁ[ 5-5Fr @g‘@ﬂﬁ'ﬁ TP it v T [FilS EAREEsET ] T 60Hz
FF > DC gain Kb 5dB - F‘J%ﬁﬁ?‘fﬁ{[ﬂ[fgﬁ/ Gain Margin=—11.7dB > Phase Margin=
—19° > FTYFIJ HIBrF=FfR g 2R TARE > P ‘iﬁ}(ﬁﬁﬁifﬂfﬁﬂﬂ R @fﬁﬂ%’é’*ﬁ@? » I
-?:[ TR E T ”Tﬁﬁljﬁﬂi@?—ﬁ Tk VSRR o
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Open-Loop Bode Editor (C)

Magnitude (dB)

GM: 117 dB o
B0 -Freq 2.31e+003 Hz - - -5 42
Unstable loop o Lo

100 L ntntn

-180

Phase (deg)

360\t

PM: 13 deg ik B8 0 i B8 0 B0 0 a i
Freg 319e+003Hz @1+ B0 0 ooadooa B0 0 0odong B 0 0 ofaod
Y )| S PRV 5 SRRyt SRRy JRORy PRy U Ny W 1 [RUGRURIGS JRtguy GRR S S PN S 1 APRPRURRPRY JRpUpRY SR YRy g g IR
1 2 3 4 5

10 10 10 10 10

Frequency (Hz)

q%ﬂ' 5-5:Voltage open loop [Usfi=Z

5.2.2 Voltage Controller Design

— HE{EAREY PT controller rIJ’F'A'[‘Ti?_I‘i steady-state error > ﬁiﬁ@%%}%@ﬂ'@ﬂ'
PR P T AT A ] R T P S (MM PR control ler fﬁ@%’ﬁjﬂ?ﬁf?ﬁ’%@ ,
i ST 60HzZ O T ATEE [l steady-state error FXTR T HFSIEINR 5-6
. o

20K, s 900s

G ..=(K_ + =(0.6+ -
e = (K, sz+2wcs+a)12) ( sz+203+142.1k2) (5-17)

Kp:0.6, KI’:75’ a)C:27Z-*1.592, 0)1:27[*60 ) _‘—H ]II[ Kp 1}2"} proportional

gain> K, £% resonant gain > @ £b fundamental angular frequency > @, &b equivalent

bandwidth < $19} > r%}‘?f— 6= PR ES - FROLES cut-of f frequency £b 465Hz » /%
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= IRV 1 o H I 5-7 B -

_ a)c_LPZ )=( 1
(s+aw, )" (s/2.92k+1)?

)

i LP

(5-18)

@, | p=27*465

Open-Loop Bode Editor (C)
R 1 T 1

40

GM.Int

- Freq: Mah
m
T
S
[4]
T
3
=
c
=]
[}
2

20 1” |

180
—_
o
]
z
o 1 R o I Sy SR P B B S S S
1]
]
= Lo
o PM:A2Tdey o .

Freq 115HZ 1 1 1000 L L
.18[]-1 .......... N Lé ................. 3 .................. .<.<.H_4
10 10 10 10

Franuenev (Hz)

q‘%ﬁ' 5-6 ¢ PR controller #fi=:z¥
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Open-Loop Bode Editor (C)
0 T T ol R

GM Int
Freg: Inf 00 "
Slableloop 0

Magnitude (dB)

n
(=]

.
=]
T

--------------------

Phase (deg)
: o
[=]
I

—_
(]
on

M wUdeg ;
PegOHr | 11
180 &

10’

Crarmanau (L=}

A 5-7 0 ARILE G, IR

00s o1
s? +20s+142.1k*" “(s/2.92k +1)? (5-19)

G =G ™G, =(0.6+

e SIS »

Gyeio0p = Guoloop ~ G (5-20)

vcloop voloop i

SRR G, gy 0L TR > DL 5-8 7. » P9 I Ti* 0 407 60Hz #fisk ™ »
ARSI A 42.5dB - [y F AR EFRIpHED Gain Margin=6.5dB (1 HEfIHH M)
£%—11.7dB) > Phase Margin=49.7" (# " ﬂﬁﬂ%’éf‘ﬁlﬁi A —197) idingls Gy il

U RTRRCARE 2 O SRR | R s £ AR LS -
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Open-Loop Bode Editor (C)

50

GM.:126dD R i
AQ |-Freq 136e+003Hz ... ..t R L4 i i
— Stabie foop | : Co
% 30--------- ' ...... '.E: 4 :E.'; .......... : ...... ': b1
g 20/ oo o i S AR A o
B 1 3 B . ‘ H i
- R i e e s
o ! RN SN : ol
2 0 T _ y : __E : ‘
| R
> 20 : I I O I I O : R
90 R s a1 P ——
1 S R G T S A S S S A -
S A SRR ;
o HB0-------- aac TR T = e el e el 2 g S
w . . ' I o . ' . " oe .
(2] H H - . - it i H
=
o 480 ——————————- -
PM.: 497 deg | i
Freq 385 Hz :
—2?01 . - """'2 : ' """'3
10 10 10
Frequency (Hz)

[l 5-8 + PEIASH]00 5 Gy

5.2.3 Current Open Loop Gainr%?l‘

PRI R Rt~ AR PRV A Grawe KRS TR0 SO 2 e
H cut-off frequency £% 48kHz ° 7}?&?}?*” HE T DSP | o SRR T ADCIAFTES 5 B
PRy Ryt G PUEL - 73 P ADC ﬁljfﬁ}l?'s?’?F A RCVRLHY o Gy A EBIF=RC RO AR s
i £ cut-off frequency £%9.6kHz -

e’ 90.95827G 1
(s+wge)’  (s+301.59k)*  (s/301.59k +1)

Grue (5-21)

o O 603K 1 .
M (st mne) (5160.32k)  (s/60.32K +1) (5-22)

i1 Oy = 27 % 48K, @pe = 27779.6K
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Aot Prblpetenas s H, > DSP R PO ERMTER [l Gogpean * ') duty cycle
%f inverter output current fUEFEEEG, o i RHERE

1.5

H =— _
2048, 1
G N e -
DSPGain 15 1250 ( 5 24)
Vv
G- __ac __ dc )
“d r,+sL (5-25)

1 11V,, =450

T e pays FEn L =1om, Cp =2uF PR BRI, =80mQ i I

Wi 97,1273

E’erf‘ fg a)Li_rLi - f

S5 (P o H R P I 2 R R R 2 e

Gioloop =Gy *Guue *Gane " Hi *Gispeain (5-26)

I 5-0 B o 25 PR M R P2 B Giaoop 0] © Matlab U IR Ak pudfi s
E[[[[—-—jg[,fE[Il[ﬁ[P I E?Ejz_‘.i - 'ij ff[ ﬂ}F‘}\_R“E[ F!}-\;‘[‘F‘Epﬁ‘gﬁij s rj 60Hz ﬂjﬁ}‘k y DCgaln
£5 30dB » ﬁj%ﬂ&a%?ﬁh[ﬂl#yﬂy Gain Margin=23.3dB > Phase Margin=74.6" > ~— /| i{ﬁj
ﬁ*]‘ AL ﬂﬁrﬂéﬁ?ﬁ@' I T”Fﬂﬁ Al 2R A ISR A o
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Open-Loop Bode Editor (C)
I R A T T

...........................

Magnitude {dB)

G.M. 23.3d8

Stable loop

80 |-Freq 1aes00are | i ililll L1 il

80 I |||||||| i iillllii E i::::::l

T T ¥
o '

0 T
:
:
B0 -3
-
o
o

Lo
Lo
AB0F ——————

Phase (deg)

F'M T45c|eg |""'|"'|'|'|'| R

Freq: 192e+0[]3Hz N i i
B0 - o . [ U L 8 ) SR S O B

r
~
|:|

R S R RN Y

2 3

10’ 10 10
Frequency (Hz)

4

10

Iﬁ'5—9 : Current open loop fUfi=2%T

5.2.4 Current Controller Design

S ERIFIHE RS + 2 R~ B9 PR controller » i PIREHETYY 60Hz M|

RT3 steady-state error XTH % BRI I 4

20.K,S

900s

6 . -

" S 205+ @]

K,=06, K, =75 @, =27*1592, @ =27*60

PR TR T R RO S 4

=G,

G *G,

icloop — “ioloop
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Open-Loop Bode Editor (C)

(gp) spniiuben

(6ap) aseyd

[ R R R B S | B . S
-_——bk | - - == |- - - - - - = - -, -—--— + - == ‘H
- - - - - -4 - - - - = = = - — — — — 4 - - = 4 - - —
L - - _d___1L__ [ L — — _ 4 P R Alv
I I I I | 0 | |
il It Sttt ity Ad it Tmm R T
S T EE S N A R e S (N Y SN ]
I I I I | 0 | | 7
I I I I | 0 | | _
T L T R A B R Y B B
I I I I | 0 | |
I I I I | 0 | |
el Ettitie St o i === Tmm R T \\\%
I I I | 0 | |
I I I | 0 | |
I I I | 0 | |
I I I | 0 | |
ey [E— fh— — — — — 4= B
I R I A I == =7 r—— - - - aT - - = T~ “‘#
e e e A i -— -1 f———-- A= T \\\M
- fTr - [ Tmm R T
A - = - - - - - - - - 4----- +-—--- %
S T A S T [ RO R W
I I I I | 0 | |
-_——f === —_— - = = - = - - - = - -, -—--— + - = “Aﬁ
I I I I | 0 | |
A T I - O 1o\ %
| | | I | |
| | I I I
2 N A S S
\\\\\ | | | | | ] +
| | | I I I 7
| | | I I I
| | | I I I
| | | I | | 7
A S e e S S |
S A E I T wﬁ
s S A A
\\\\\\ | | I | +
A e e R T T T T
- - N e N
oI | } L
-0 - I e N B < r—— - - - I [32]
| Bm I | gm
- + g f——==—H"t—-—— == +-- D +
. P 0 ga I [
| HQW | | 4”
, BN I N e
< o9 e
DR R 1 N §-
| | | oL o I | I PF,
| L | | | L | |
o o o o o o O o o o
|

10°

10°

10"

Frequency (Hz)

RS

=
7

Q%‘N 5-10 : Inverter P_Lﬁﬂ—?

AT G60Hz Hi
Gain Margin=27.3dB (# i ﬂﬁﬂ?

fi

> DU 5-10 7 > FE

<SR el

N

vcloop T 71

% 67.5dB

ﬂﬂi@?ﬁ 2T ETG
{855 23.3dB) » Phase Margin

d
5}

N

RN S

3

<
71

i

b

T

R

o,

tEEEE

P
REE

Sofe 1
Tl —r‘r“lt54E ’?.L’J ol

&2 7

L

I

’er|‘ B

62.4" ’ﬁ

B R ISP -

Pl

[
[

B

)

|

7E
—

=S

H

T

A
A

5.2.5 FEHlESEH

i
b

1.3782*(1+s/1.19%10%)%/(1+s/4.508*10*)* 4%

)2

(s+4.508*10"
=" F|[¥ Matlab Flﬂﬁj’ Transfer function (&7

19.7147 (s+1.19%10%)

I Gi(s)

» I'J % DSP 1815

g

i e

=tf('s")

>> 8
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>> x=19.7*%(s+1.19e4)"2/(s+4.5e4)"2
>> y=c2d(x ’ 50e-6 > 'foh') » 50e-6 £} sampling time

IR e

5552%-591z+146 555 -5917" +1.46z2 _CMPR(2)
22-0212+0011  1-0217%+0.01127 I (2)

G, (z)= (5-29)

T Y 5 R

5551 (k)—5.911_ (k —1)+1.461,, (k — 2) = Cmpr(k) — 0.21Cmpr (k —1) + 0.021Cmpr (k — 2)

Cmpr (k) =0.21Cmpr(k —1) —0.01102Cmpr (k — 2) +5.5481 . (k) —5.9061 , (k —1) +1.461_ (k — 2)
ﬁ%ﬁﬂﬂﬁﬁ@%ﬁ@@%ﬁ$@&D@%ﬂ@ﬂ?’%?W%ﬂwmz
Ve g = I0mpy(Vc_ol g Ic A g)+ IOmpy(Vc 02 g Ic B q) +

_IOmpy(lerr_ g lerr A g)+ IOmpy(lerr_ ol g’ lerr B g)+

_IOmpy(lerr 02 _q° lerr C_q) + I0mpy(Kr_qg-> ADC _q[VGS]);

#define Ic_A g 0.21 (in Inverter_setup.h)
#define Ic_B g -0.011(zn I[nverter_setup.h)
#define lerr_A g 5.535(in Inverter_setup.h)
#define lerr_B g -5.89(¢in Inverter_setup.h)
#define lerr_C g 1.45 (in Inverter_setup.h)

5.2.6 Phase Locked Loop I%?f“?ﬁﬁ'
R PLL SEECR - A0 S BRMERR 3 I 5- 11
. S Verid S VE RIS (SR B e 5T o R b ]

~ e 60Hz £k > Ypue e — BiGAIR - (W EARVERIL S Verid TRy
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G T A FRE (S IR E

V. =V oV, :Vssin(a)t—%)osin ot :—V—ZSCOS(Za)t—%) (5-30)

Az prifssos > A @ = 0 YUIFSERER — &2 AR Vsyn = Verid - 3

We =21 f
- Cos@o—> V-
. Ve [ LPF |40 [ Kpaw £+ @, 7] 6o Go 7 Yo
grld—PX—P(fC) » Kp 2 PJ v
sin go |

Vi

[l S-11 * PLL S8R

Eb T HH PLL F]i{%[jﬂ*fgﬁﬂjﬁ% 1.7 Verid (G5 all pass filter BHZ[Z Verid
M1 90 H I 3R FI[P ] A% sin®(X) + A% cos® (X) = AfIVE AEEWHR - K Verid BRI R
VIR S EFRIR R 1 Verid) o B (MBI S- 11 VARG -

<ﬂ*¢JVgridLV?§mﬂ>

(A1l Pass Filter)

-s+377 N . —
EVA S AN e A A I e E [T
<1377 | AT e T e I

JFf ALl Pass Filter FUiBFEFHELT (s) =
_1q out_vegs g’ 1n_vgs_ g’ out_vgs o g=0> 1in_vgs o _g=0;
_1q all A g> all Bg’> Vm. g’ Verid q;

in_vgs g = ADC_q[VGST;

out_vgs_ q = _IQmpy(all A g > out_vgs_o_qg)+ _IOmpy(all B q > 1n_vgs q) +

1n_vegs_0_q;

In_vgs _0.q = 1n_vgs_q;
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out_vgs_o_q = out_vgs_d;

temp_f = (2-2*¥P1*60*Ts)/(2*P1*60*Ts+2);

all A g = _IQ(temp_f);

temp_f = (2*P1*60*Ts-2)/(2*P1*60*Ts+2);

all B g= _IQ(temp_f);

(Get Unit Vgrid)

_1qll  templ_qgll > temp2_qll > temp3 qll > Vm_qll;

_1q7 templ_qg7> temp2_q7° temp3_q7°> Vm_q7;

_1q templ q° temp2_qg’ temp3_q°’ temp_q;

templ _q7 = _IQtolQ7(1in_vegs_q);

templ _q7 = _IQ7mpy(templ _q7 > templ q7); /] templ _q7= (in_vgs_q)"2
temp2_q7 = _I1QtolQ7(out_vgs_q);

temp2_q7 = _1Q7mpy(temp2_q7 * temp2_q7); /] temp2_q7= (in_vgs_q)"2
temp3_q7 = templ_q7 + temp2_q7;// temp3_q7= (in_vgs_q)"2+ (in_vgs_qg)"2

Vm_q7 = _1Q7sqrt(temp3_q7);

Vm_q = _1Q7tolQ(Vm_q7); //Vm_q =Amplitude of Vgrid
Verid_q = _IQdiv(in_vgs_q°> Vm_q); //Vgrid_q

(Phase detector )

Verr_q = _IQmpy(Vgrid_q° Vf_q);

(Discrete-time LPF)
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DeltaW g = IOmpy(Ka_g° DeltaW o q) + _IQmpy(Kb g’ Verr_q);
DeltaW o g = DeltaW _q;

(Theta_qg operation)

Theta_g = Theta_o_g + We_g + _IQmpy(Kp_q > DeltaW_q);
if(Theta_qg >= two_pi_q) Theta_q -= two_pi_g;

Theta_o_q = Theta_g;

(After the phase between Vgrid and Vsyn is locked)

Vf g = _IQsin(Theta_q);

Vsyn_q = -_IQcos(Theta_q); // Get value from lookup

(Grid-Tie Mode Command and Error Signal Generation)

Iref g = I0mpy(Vsynl g Iref pk q);

lerr_q = Iref_q - ADC_q[IGS];

5.3 LCL filterr%’ngf

L s R = RIRLP [ K f# output current performance » ([~ HR{EES %
Nﬂ*i‘mwﬁ$°%m*%’g@ﬁ*ﬁ@Whﬁﬁ’ﬁﬁ%ﬁBWﬁmﬁﬁ
ripple » NIF=E3#R0Y loop gain §&(% > FJTJESE%ii*KEU controller loop gain I'J/&MH

4R current performance o IURLEMRIRLS 4 4RI M BRI - [y = PUERGES S
gﬁﬁpfﬁ§§5§'winding loss HjA -

. 5kW
i =———x+/2=30 :
SPYI (>-3D)

e ﬁ@? 20%f19 peak-to-peak ripple | % Vo peax = 240x/2 =340V
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=30x0.2=6 (5-32)
340
Duty cycle=——=0.85 3
y Cy 400 (5-33)

L= AA\_/ At = 400;340 « (5010 x 0.85) = 425 4H (5-34)
|

RS £~ NS A - ffgﬁ?@%’f”“ﬁﬁf f# output current performance » v =%
R L =1.5mH « b9t » FUBEY(5-14) » 55277 switching frequency (20kHz) 7%
PRI 28 ST 3 =958 D 40dB > 25 {1~ UKy gt = il ¥ LCy Y resonant frequency

fo_uo Rt 2.91KHz » i C, = 2uF -

SR LCL RO B8PV grid-tie inverter o i/DqEﬂ' 5-12 > duty cycle ¥} inverter

output current Eﬁﬁ@%ﬁ@\'f&d [

V,. 1+ SZLng)

N (5-35)
S[L; + (L +Ls)]{1+s{l_i (L9+LS)}C }
g L+ (L, + L)

5 PR R g LGy Ly i resonant frequency fo Lo & 5.81kHz - & BRI R

SRR L, =02mH > P R RTYI

1 1

froio = T i5x107x(L +02) (5-30)
27 M C, 2r X g 7Y x2x107°
L+ (L, + L) 1.5+(L, +0.2)

B Ly =0.3mH 75 125 PR Ly = 0.5mH = 5 P o LC, Ly flH i i
Al U 5-13
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DC-AC
Inverter

120
100 \\- il
""'\_\‘ A
s 1 ac |
ZUIOg((llacl(f)l)) 50 "H‘q“ L
20 log(( |1 acz(f)l )) | ! '-"}'""h
----- hao LI Bl
0
-30 -5
1 10 100 1-10° 1-10° 1-10°
1 f 100-10°

[f' 5-13 ¢ LCL Y0 3L
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6. TR

iﬁl}{ﬁj’ﬁi%' 4-13 FEPSFFRGE P g r"f‘c@%@ﬁﬁ R
F0 o T S HOERETRERLY SRS inver ter U AR

6.1 Fine tune FEF=RA i ™

SFTE HJ'JA i [/FlL 1 £ %ﬁ%ﬁg& ) I’F—LE& o F“ny - I/TE%M ﬁlu , T{iﬁf Fock U ik

S I 4-13 T R T peak P KDL
Pl [liﬁ ALY R S SRR e 55 1.5 = 2 R V] Al paper FREPALND 2
e A S e F-:_T*F&Flﬂ’r £,

. KV, . C . 1
i (t)=—%Lsin(w t)+ | = — V[ Zsin(——=—=t) + | 6-1
Lr() Z (a)r) Load n+1 dc L (\/E ) Load ( )

T‘ij;%g*—h:ﬂa%f&jﬂLb Cpusgel |3E L[[Zﬁ[ﬂi F&Flaﬂu}f'srﬁ NN hﬁjrlﬁi]%c fif
Mﬂﬁ L 0 AL T SRAE o (EURLHRRY L~ 54 @l B> D10 oiip fidgly
SRR R A D IMJ%%JH/—FTJFET he TU PR o T
?‘ﬁ’m’%ﬁﬂrﬁﬁ PR () 12 AR R VIO L~ SRR
tﬂffﬁvpié L= CPVffiE™] 10nF, 150F, 6. 8nF g’ ﬁflﬁﬁ”ﬁ HEp 2788 5
0o A6l e Vb= AR BIIRELY AR Y 2 [ PO R - R
AWG14(165/36(AWG36 Fast 165 I'ii" q%" > S [ = {5 AWG16(105/36(AWG36 fuast
105 %" %)) - core B[H- 15 F% OP43825TC 39 E@_J'f@"i[l resonant current Elfi smooth
AL N a}ﬁﬁ%’r%wu{ﬁv Srpr lﬁlﬁ'ﬁﬁ%# PLEIEN R VF“7FT;JIT’E%
6-2 FFT V EIEAY N SERHIMIRRL Y L0 C VR A WAL AR LSS REE
FERrBAHENE] 12uH L 10nF I/f'{,* e R CE Se R i e
98% °
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*6-1 1 BHRFRAPRS

TurnsP,S o [Lp(ni) [Lp IK(uH)[Ls(ni) [Ls IK(uH)
(18,12)x2 1.5 1.28 12.5 2.87 26.77
(20,13)x2 |1.538462| 1.638 18 3.675 39.9
(23,15)x2 |1.533333] 2.05 21.75 4.6 47.9
(25,17)x2 |1.470588| 3.28 24 6.38 48

q‘éﬁ' 6-1: Fine tune J’%%@S“L’E*}qﬂﬂ
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6-2 ¢ R IR

Vac |Power|Iload_rms|ILoad_pk| C |Cl+C2 | Lrl [n for . Vdc Lr IL_pk | IL pk/
V| W (A) (A) (nF)| (nF) | (ull) L (V) (uH) (A) |Iload_pk
220 | 5378 | 24.44444134.56966| 15 | 30 [12.5] 1.5 |0.6] 400 9 48.42|1.400825
220 | 5378 | 24.44444 134 .56966| 15 | 30 18 |1.5385/0.6| 400 13.22 46.11 | 1.334021
220 | 5378 | 24.44444134.56966| 15 | 30 [21.7]1.5333/0.6| 400 15.94 45.07|1.303865
220 | 5378 | 24.44444 |134.56966| 15 | 30 24 11.4706(0.6| 400 17.01 44.57|1.289270
220 | 5378 | 24.44444134.56966| 10 | 20 [12.5] 1.5 |0.6] 400 9 45.88 | 1.327272
220 | 5378 | 24.44444 134 .56966| 10 | 20 18 [1.5385[0.6] 400 13.22 43.99 |1.272727
220 | 5378 | 24.44444134.56966| 10 | 20 [21.7]1.5333/0.6| 400 15.94 43.14|1.248104
220 | 5378 | 24.44444 134 .56966| 10 | 20 24 11.4706(0.6| 400 17.01 42.731.236188
220 | 5378 | 24.44444 134.56966( 6.8 | 13.6 [12.5] 1.5 |0.6] 400 9 43.89 | 1.269876
220 | 5378 | 24.44444134.56966( 6.8 | 13.6 | 18 [1.5385/0.6| 400 13.22 42.3411.224896
220 | 5378 | 24.44444134.56966( 6.8 | 13.6 [21.7]1.5333/0.6| 400 15.94 41.64|1.204592
220 | 5378 | 24.44444134.56966( 6.8 | 13.6 | 24 [1.4706/0.6| 400 17.01 41.30 | 1.194766

Tload_r
Vac |Power " [Load_pk| C |Cl4+C2 | Lrl P Vde Lr IL_pk [IL_pk/
V)| (W) A) (A) (nF)| (nF) |(uH) (V) (uH) (A) |Iload_pk
220 1344 16.11111 | 8.642416 | 15 | 30 |12.5] 1.5 |0.6| 400 9 22.4912.603302
220 1344 |6.11111 | 8.642416 | 15 | 30 18 |1.5385[0.6| 400 13.22 20.18(2.336085
220 1344 16.11111 | 8.642416 | 15 | 30 |21.7]1.5333|0.6| 400 15.94 19.1412.215460
220 1344 16.11111 | 8.642416 | 15 | 30 24 11.4706(0.6| 400 17.01 18.64 [ 2.157083
220 1344 16.11111 | 8.642416 | 10 | 20 |12.5] 1.5 |0.6| 400 9 19.9512.309090
220 1344 16.11111 | 8.642416 | 10 | 20 18 [1.5385[0.6| 400 13.22 18.0712.090909
220 1344 |6.11111|8.642416 | 10 | 20 |21.7]1.5333|0.6| 400 15.94 17.2111.992419
220 1344 16.11111 | 8.642416 | 10 | 20 24 11.4706(0.6| 400 17.01 16.80 | 1.944754
220 1344 16.11111 | 8.642416 | 6.8 | 13.6 |12.5] 1.5 |0.6| 400 9 17.9712.079504
6.11111

220| 1344 | 8.642416 |1 6.8 | 13.6 | 18 [1.5385/0.6| 400 13.22 16.411.899586
220 1344 16.11111 | 8.642416 | 6.8 | 13.6 |21.7]1.5333|0.6| 400 15.94 15.71 [ 1.818369
220 1344 |6.11111|8.642416 | 6.8 | 13.6 | 24 [1.4706|0.6| 400 17.01 15.37|1.779064




6.2 Fat- R

FA PR wil600 7 power meter = = AR ﬂr'k'?ﬁﬂiﬂ“ By > IR
YR 6-2 0 6-3 > JRESIEL DC bus [ [ 2k VA i ™ 53 power supply I F
9 e B =5 open loop  standalone mode® inverter ﬁi? R ri;*ﬁ Eb I
WIRERHPAC A 6-3 » 3 A1 6-4 T«

(a) (b)

[}%1'6 3¢ "i EI;‘,T}:?EU
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Fe 6-3 1 FEE R
Vdc_in|Idc_in|Pdc_in| Vdc | Idc |Pdc [Vac_rms|{lac_rms| Pac |Eff dc_dc|Eff dc_ac|Eff overall
V) (A) | (kW) | (V) [ (A) [(KW)] (V) (A) (kW) (%) (%) (%)
41.07112.2610.5051352.68|1.35(0.48]220.78 | 2.12 |0.47| 94.42 08.43 92.94
43.36| 23.4 10.9831363.212.610.95/220.36| 4.24 10.93] 96.22 08.86 95.12
43.55133.7511.4711370.88|3.83(1.42(220.96| 6.35 |1.4| 96.75 98.6 95.4
44 .21 144.09| 1.95 |1375.07|5.03(1.89(220.58 | 8.43 |1.86| 96.76 98.57 95.38
447741 52.3 | 2.34 |378.47|5.99(2.27(220.71 | 10.1 |2.23| 96.81 08.42 95.28
45.47164.49| 2.93 | 383 |7.42|2.84(220.91| 12.61 |2.79| 96.85 98.09 95.01
46.08 | 75.18 | 3.46 |386.65| 8.7 (3.36(221.14| 14.85 |3.28| 97.06 97.63 94.76
46.57| 84.7 | 3.94 |389.38|9.81|3.81|221.67| 16.85 |3.72| 96.73 97.63 04.44
47.01194.34 | 4.43 |1391.57| 11 |4.29(220.74| 18.9 |4.17| 96.78 97.2 94.07
47.431104.51| 4.95 |393.66(12.2|4.79]220.52 | 21.07 |4.64| 96.64 97.01 93.75
47.8 [112.22| 5.36 |395.58|13.1(5.17220.58| 22.71 [5.01| 96.51 96.8 93.42
100
99 B ./.\I_.\.\l
98
S ! \l-/-l\‘\.\.
= 97 ——Eff dc_to_dc
5 9% | —=—Eff_dc_to_ac
o]
= 95 ¢ Eff_overall
M
94
93 |
92
0 1 2 3 4 5 6
Output power(kW)
i 6-3 * sz
BN TSR VR I 6-4 B DRI R SR

[ Bl utﬂ@ﬁ b ZVS [ I TS T
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Hﬁ%ﬂ 6-5 > channel 1 £%




Vgs I') % channel 2 %% Vds » E ZVS ¥ IvJ'ZF’FE'F‘ PHEE  ZS IR SRS A

.
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P1ciuty(C2) 5 3 pRRK(C4)
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s
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. e ST N -
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P4 pkpk(C4) PEimax 3
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[fi! 6-5 + Soft switching {47
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8. HATE

= 5 [ IR | R ARSI T R S RS B

o JEﬁ' I R A S o T R 48 AR 2 ISR SHS SORC

SRR S e S AR T BB R SRRV R V9t N gaééfﬁ*f
FeVRVR e g P - VR R R S IR AR R o T ey R PNERA

HE; ﬁ:%;ﬁé‘%%lgﬁ%’ BRI 71T (N IR TR A S O Bl STk - R T
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