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ABSTRACT

This thesis aims to present a modified three-level phase shifted full-bridge soft-
switching DC/DC converter for the use with high voltage battery charging systems in electric
vehicles. This converter can operate under soft-switching conditions for all switches in the
circuit. There are 2 branches of a three-level full-bridge inverter. The auxiliary inductances
are used in the circuit in order to confirm the zero-voltage switching condition (ZVS) for all
switches for wide load ranges. Moreover, the dc blocking capacitor is used for obtaining
the zero-current switching condition (ZCS) for inner switches in the circuit. The proposed
circuit was designed, analyzed and simulated at 2.5 kW of output power, 540 V of input
voltage, output side 300-450 V. From the test, it was found that all load areas and phase
shifts were tested. The converter set has an average efficiency of over 93 percent which
can be used to charge the battery efficiently. In addition, all switches work well compared
to simulations and can be further developed into a high-voltage, high-performance

rechargeable battery source in the future.
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$7
=2 1 )

4
1 [ a k7 O = ~ a s o a & = [ =
9819, U UL ILAUAUNTEINING lp 16381 t3 AINVILUINTELUADAAIINUINRAIIIALIAN t2 b
< ' A a s o = [ 1 a & 3 N
V.=0 % 71’351L’Jﬁ’]u“ﬂ%L‘U‘L!‘U’J\‘]L'Jﬁ?‘Vlﬁ’JWUU']ﬂ’i%LLﬁIWEJNLLiW’IU@ﬂﬂiB@Jﬁ’JWUL‘UU@UU Tuwieh

lalonaziinsyua Wisthnszua i AlAnduay dmsunssia i Maansening t, —t, ay

: 1 :
O =2+ @) (2.17)

rt,

: V
'L(t):f(t_t2)+ I, cos aw,(t, ~1,) (2.18)

r

Anszud i (t) azmlsanaunsuaznsealiilunan t, dawindunszualvan 1, azle

. V
iL(t)=1= L_(ts —t,)+1cosay,(t, -t (2.19)

r

wazau1IanIal t, 1eain

LI
t, = \r/ ¢{1-cos ap(t, —t)}+1, (2.20)

S
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LY a1 Id 1 Q’l’ PN <3 a o
wsaiu v, szdAandugudludinatiuasiivig t=t, lalea D, AazEuNTELa
9081 t, - T Tugrnanil adndazihnszuavaznlaloaisaesiazliiinseualaeinszua

a1 |

Tuaingagiinindunseudlnan 1, wagyinln
V, =V, (2.21)

Aussiuliiiuesniaan t uag t; asmlaainaunisiaeiussdusiiuesnazgn
AIUANIINNISUTUANDEINTY Tneivunlisnamaindliiinssuwadanliiufsuwiagus
YFunamadndiinszualadmsuna b waz t, ssmlaainnssualuan 1, vinlaguladn

wsesulniheueenasduilenduniunseualvan 1,

T

1 17 t g
V, = F_([det = ?{;[VS (1_E)dt T L Vsdt} (2.22)

V, =V.[1= . (t, —%)] (2.23)

UBNINUUNTRUTUVRIANUDEINTeAD ATandisaan T -t vlidunisan
wsirUlNHIA T UBBRNAIIY dnSulsInulndinueeniuksIU W vBILradINETsURU
ALAEINTIIENIERBS =R, /Z,

2.3 wAdAN1SEIATvU9IABULIDSLADS

Tudaguildfimadanisaindnareislunsfuvseansamldiuaeunosines
lnglanzasuiesinesinaas dyaruaivgulagdiulveaglddygyi PWM wuusssunn
uaz PWM uuud@oumalenazidueiuiensaindludnvmsensaaindanouiieluiiugiu
AWSuNIEIRtLUY ZVS hag ZVZCS aaly

2.3.1 29959auUsadneuULIDsnasuUUEIAa AT

2eTaUIndneunefnosuusinaings fagUil 2.4 (a) drusundudyn umua
LUUBNSAEIAT éﬁ’qgﬂﬁ 2.4 (b) Imaﬁaﬁméﬁ%ﬁmmlﬂu@jﬁuLﬂﬁauﬁ’umm S-S, tu s,-s,
wazndunlu s,—s, 3nese lnereunednoduuviarillalondmsunsnitaliidudums
NueInszuadudunaunn leakage inductance nseiTiaing Tum off

92917a1n1157057a D, - D, Wag D,-D, a'm'1mﬁm’smlé’mﬂwé’wmﬁazauagﬂu
leakage inductance Tnglugasiiussfuiinnasey leakage inductance azdAinfy vy,
wazdraananlnirldanunsadosninganiafiléd newin Tum on aindlufaiientu
vuzfin1s Tum on 89 S5, agluaniiz ZCS lalen Dy 9ziINIzUa Dy 22N reverse-
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bias WIIRULDIWINGNT Vg AIFUN 2.8 (C) @ Ve A95UT 2.4 (d) nsvualvianiilyaniy D
eiinTueguduBudy fagun 2.4 () FaausamuInmATLTIR e WINVAaN

2 To 1/2
V, =V, =| = [ 2 vZdt (2.24)
T Jo
0
of 11 el
Lk Ld
LS :....5.‘;._4 D5 Vyge Lf
v, K L™¢c
dc_ |+ Ng fT R
_ 'Ns
D3 . Dz _
csf H cz_:'L H De
Th /TR /s
@)
SlSZ
S$:S;
la— 15 e A
8354 DTs Ts t
TS TS
Y (AV-E2N D] b t
|p 2 2 v (b)
A Vag T‘é&ﬁ@ﬁf{ﬁé‘ ¥ l .
/7urn on;ZCS L
('f/ e 9
S, D, S; gl S, D, S; t
Vg | S, D, Sy S, D, Sy
Vrec (C)
e —— w1 | r
N 1
V. (s 1 ] ]
dC(Np) | | \b : '
t
t

©)

JUT 2.4 29asrauindmaunieivesiuuainalntawasanyasdygauneites
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Vs Ip Ip Vbs

UM 2.5 augaydglunisainduaie Turn on wag Tum off

foidvonasjauindnounofinesuuuaninainsde

1. 9zfimsgadeindeiidiaindgevay Tum on uag Tum off @indlagianiziile
Andienuigiuarbahlifnidgadeiitaintgidu Wifllouaindimiuizeiiiean
yunveaniouUatarlawes) dnvnrmsgaydoanasaiad fagui 2.5

2. trsawFiarulalen avdusgfundanuaraufioglu leakage inductance vhls
nsanasTesnszuaRuUgIgfisafia1g nis defusliannsnaindifinnufizuiululs

2.3.2 2993AUAIABULIDINBIUUY ZVS

2393R0URESMEsLUY 2VS fisuft 2.6 (n) Tnsrounesmesuuviagsinaulasly
ey IninauAN PWM iuuideua wiudyyinmunuuuueiinaindailian zvszcs
Tuvaug Turn on a3edlngld leakage inductance luntsAagisasafiulssquosainddaiy
wazamindsnmieglufadentu lnensdansaliazifislugasntsdia nssuauazusady
Tudhuugundl fagudt 2.6 () s, waz D, agiiinssuands s, Tum off aeldianizenin
ainds InsaztAnrwgndoszinandnteniienin ¢, avdsengAdindieiu Tun off
snubber fiaun S, QN Turn off ludnwazAi1eiy s, legnszualgugianyindl c,
way C, awhawsansniIuasiansiaasd D, Way D, w397 D, NeAUINTELA S;,S, A%
a11130 Turn on Tuanig zvs Imnilendsauiias aueelu leakage inductance 110071
Wé’amuﬁazamaﬁu €. Faiu C1.C, AeharIFAREANYTRADY S8, LUINTLUA
annsdwMnusstudueenldfiaunseeluil

2 To 1/2
V, =V, = (T— [’ det} (2.25)

0

ToIHUD1TYWAUIATIABULIBIINBTUUY ZVS

=

fie aziAnnszudlvalugunsalainduazndiouvadludraniiadailiinnsgade
Antulupounesines

2.3.3 21925AUAIAULIDIADIUUY ZVZCS

AnannsyinnuadeAuABUIBSIBSWUU ZVS uanazandaaattun1sniiaadlag
Tuan1az Tumn on 2giiin ZVZCS Matmduazdmduaniin ZCs luvay Tumn off ARangs
Tnofunamnannmsnduiaveusesiuil leakage inductance silnssuaiilveruaindnnas

Jugudneuiiards Tum off dnwagnisaindfiusaiugudnssuagud dagun 2.7



Leading leg

Lagging leg

C

Sq |
= Dy
}—
' B
C2

Cq

D2
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Cf — Rg
() 293s9aUIAIABULIBSINBTIUY ZVZCS
Ves S | S | S
g 5 )
Large circulating current
I p
I -\ 1,
Slope =( Ve -Vo )/ Lf B lp
0 b b & Y b L
/VAB
(Primary voltage)
Slope=V,./
\/ Pe=\jc 'Lk \
S3 D, D, q % S, iD, S, S,
S, S; D, D, i D,
(Secondary voltage )
Vs
0
—> AD «—— Dgff
—— Dpri
— T2 —

(¥) JUAYINNTYINNUYBNRTIAUIATADUIBTINBTULY ZVS

a 13

JUN 2.6 19359aUT03

kY

s s v % nll d‘ v
ADULIBIABILUU ZVS LasanWuean UGV
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Ip Vs

IR ATA

JUN 2.7 Snvagnsaindmeussiuaudnssuanud

2.3.4 1995 ZVZCS ABULIDIMBSHULTIE Active clamping AumRena

AeuDfne LU unsavilfae ZCs fnsldlagldmuivisey c, uavaind s,
soriluiduniont figuil 2.8 Ba5unin Active clamping shlvnszuauguningiasg

AUAUIIILTIAUA L BN ARIELNT

2 To 1/2
V, =V, = (T— [ VfdtJ (2.26)

0

(3

ToLdEAILLIBTMRTILUUTAD
nesldaindinauazaoiiynpiuauiisiieldiuym Active clamping 3avinlvisiumnu

97U
U
Leading leg Lagging leg
C1 Cyq
S1 S4
I L4 Y L4
Vde| , Lik
- A=Y B
'p
C3 s C2
] T, SAANAS ¢
S3 - . 2 g
K e :
| Dg D5
Vrec] Lt
A== ~ .
— | Sh I
r a1 A0 v
| I | | S
Active clamping : T Cb :
| P ———

JUN 2.8 1935 ZVZCS ApulIesinaskuuilil Active clamping Auvgqil
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2.3.5 1993ABULI05LMBSuUUT DC-blocking capacitor wag fawiiaqtiwuy
S

AeuIBSAasLULLansaildiAn ZCS vz Tum off inswdslalagnisre DC-
blocking capacitor way Fawideahuuudusvuadndily é’qgﬂﬁ 2.9 laglugisniiansy
uasuusugiiazanacdugudlilasendeuseiuues DC-blocking capacitor uay fimileaii
WuUBue

Foidevesmeunosinesuuui Ae

1.7151% DC-blocking capacitor azsiliAn voltage drop Tu

2. msldFmieniuuududiasiliAadamie vl duty cycle anas wag vin
core loss 41N

3.4110 leakage inductance farunaAuldasinlrgisiainisanasvesnsyuaniu
ﬂgugﬁﬁunmmuﬁu

C Cy
s 1
I 2 S
Vae [¢ T T e — Lo
— |A_WJWNL Vs
R e, o 0 X
C3 2
S3 _L
_.“; Dy Tr D2
De \ 1
f
Y Y Y
AR %
I i Cs § R
ks A3
Dc blocking capacitor &
Saturable inductor

JUN 2.9 193sRRUNBSIWMETWUUTE DC-blocking capacitor kay fawiteIduudusa

a

2.3.6 292IABULIBIADTWUUNI Passive clamping Aunfegil

9
a o

] ¢ s A . . 1% a A
N36eRTABULIESMS UL Passive clamping dumAsnil fsgui 2.10 lneaou
& ¢ & ° v a aa Y] ~ a I3
nesmaswuulanunsaviiiin ZCS v Tumn off NHInaILazannsELANTZDUNOWINT
1ADNMIGWAR ZVZCS YU Turm on MAIUUININEAIUREINUABUNBSLHBSILUU ZVS tae

[
==

nszuanaEiavIsa C, auegivannizvedvan



Leading leg

Lagging leg

Vde

G

«
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J ~on."
9 ke LI $
2
De Dg
Vrec
L
D7 I o I
P~ P | !
[ L
T N\ I Lt Cio= =Ry
1 Do2 23 )
Passive clamp Ll I
O
iy ]
(=P k| <)

a

JUN 2.10 1995ARULIDIIABSUUUNE Passive clamping ANunRund

AN9197 2.1 NISHUSHUTIEUMATANITEINTADULIBSMBIUUUBISAEIRTY ZVS way ZVZCS

drussuneanuSaudivuindnas
FunuNIHERAAS

fwedanisadndvaneguuuulv
Gonlglmmungauiudnuugauy

wAlANTSEIng Uof Uaide
grsnainde | 1. ldiAndidsewivmaan 1. Anmdansgryded
gunsalaing
2. gunsalieIuiNiings
dunsssueAuioy
Hvunalngy
4. FUNUTING
A 1. anafdanisgayidevae Tumn on 1. ldasnsnanfidvedy
dndle goyvde Tum off 1
2. nyzualnarulugunsal
dnduazndonlas
Tutnen3iaasaziiang
ZVZCS 1. a@ﬁqé’wmzq@lﬁaﬁﬂg@ Turnon | 1. 299siAMUgULaLIIN
wag Tumn off vilviuseansangs 3
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[ [

2995 ZVZCS Wuunge azilvanafinaieadsny a9a1599 2.1 weiagidaunnsoi
LANANAURINITINT 2.2

A15199 2.2 MSUSEUEU ZVZCS WHaghuy

s ¢ A s ¢ A ¢ s Aa
WIIADULIDILEBDILUUNN WITIADULIDILEBDILLUUNN WNATABDULIDILABDILUUNN

Active clamping DC-blocking capacitor Way Passive clamping
AUNFAL fmdleniuuudusi AUNFALN
1. Fodldedndifiuuazdos | 1. #osld DC-blocking 1. Foafinsiunsontas
fynaruauiiisiiield capacitor ¥inlwiiin Hednudnluluieas
f“fU“qw active clamping voltage drop
RN AIEN 2. mslddumieninvy

dusayilmAndym
Aavi1l# duty cycle
anastkaztia core loss
ana
3. ¥n leakage inductance
feuaniiuluagviale
49918 IN1TANA IV
nssuasuygualy
naLIY

2.4 2923ABUIDSLNDIRUUAIUTEAURNUSAD

JUT 2.11 19959y RTneulesinesuuumuszauaindigusiugudnseuanuedlnglinig
\Howuma PWM
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aa aa s

1N3UNITATYATABULIDIINBTWUUAITEAUAInTMBLTsuAudnTrLanudlagly
Myideula PWM 91n3Uaziiussduszneuresisasulafuansis usdzissznouseding
4 ¢ nwaindusidedlfuoamindeaynniu uenainissddulsenouiiunanedand
wesuazurandlalonfironseuaintdidlu éﬁ’ﬂgﬂﬁ 2.11 #AINEUNTOUNDSINDTA QY10
fildagsinu C blocking wiasfiulsyquieniadiensasnszuanoudgniouUasanuiias

LarQniTeeNTELaNtAleAEEINTERAYIBONHINIRINTBINUDgWAIT G Inanstaly

Tuan1svneun 1 t, <t <t

= * . ﬂEﬂ D* . ﬂﬁ G Gk

12

o3

Q
1|

I
@
o

Vdc 1 R

-
~4
'
)
S
NAAAAS
—

=0 E}_ D:4 EE% T

gﬂﬁ 2.12 Tyuetaenisvinaui 1 (G <t <t)

a1aind S;,S;, Sy way Sy 28ludae Turn on M3 t, alnd S; uaz S;
Aayrsaneeedailios adnd S uaz Syegluaniiznisdinszuanielameuly Zvs Anan

t,aind S; waz Sy Aaviivawdhdaniiznisiinszuanigldteuly ZCS uagnsvual
dounduanuiloulasdiantugue 1, =0

Thuan1599Un 2 4 <t <t,

|12

cy

\ G,
Vdc I W— it

n3
Pt

lo.

9y
2
1]

e

gﬂﬁ 2.13 Tnuag1an1svheui 2 (t, <t<t,)
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[ v

Fraaineudiaing S, waz S, azlasudygrudunald ON ian t, nIzua

e

<

I, =0 vuniia t, @nd S, uaz S; Turn off AuAuUsEan C; wag Cy zgnunsa u

vuzReIiuaIng S, waz S, ludnsuaneliteuly Zvs @ind S uar S, gnAawnsa
a o ] A v o o a a

wazlsuilussiunnaseuIvdanUasussiuuasnssuavzlnanuyfegiiiulalen D, wag D,

WNgeasiteanszualarvsalviiuLunne STt uA Y R didanriniu

TUuaN15M19UN 3 t, <t <t,

o]
¥l
T

Vdc .

=
1|
l
o
VWV
e

B |
S s

gﬂﬁ 2.14 Warensvinnudl 3 (t, <t<t,)

L4

d@ind S;,S,,S; waz S, oglutaa Turn on yhlriinszudlvaiuasuieasesisauysal

=

Huedndnsdsininan t, nsvua g, loy, le,, I wag |, BSufanindunudisu tazl

! d' Y] v a a v | °
Agegaiaa t, ussiuuaznszualnanuyfsgiveniiowdasiiulalon D, waz D, v

Y

vihnsnwmasivesnszudliiiwdanlin 1 AMdslwihaggndean V,, Tudslnan sewing

IUUANTSYNNUT9TE 821187138899 UEN 518 UMY Turn on (D) 89a3nt 99
muualag
TnuAN15919uN 4 t, <t <t,

Vdc ——

A i
C2[ p C,
el D
- & HB “

3ﬂﬁ 2.15 Inung19m1svhaud 4 (t,<t<t,)
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a a L4

Pananeunaind S, war S awlasudygiaduinali ON Fsnautan t, @ind

[ v

5.,S,,S, war S, lasudmaraudunaly ON agvinlvlinseua +1, nadmdeudasasaninu
Ugugﬁé’wmﬁmﬁmﬁwaqﬁaﬂﬁaqﬁmmmﬁﬁmmﬂimg Tuifiaind S, uay S, OFF fufiu
Uszail C, uay C, azgnandaannsathnszuanmeliieuly zcs 16 luvawifoaduaing S,
uay S, axiFuthnszuanmeldfouly 2vs fidind S, uaz S, axgnaavisadsdenalinzua
I, anavuarlifiusasuanuvasinglyinszuansnnaseniiviioutas V., =0

TUAN1599UN 5 t, <t <t

Cé: * (- G
Bt ] 2o T
Do C%E -_lﬂ Dcy C§ZL j
Y G
I\ N /] 1
Vdc [ \._._.r\__..‘;'h ¥

A
cad o; s, E% D, _Sd*—% c4

SUT 2.16 Inuataamsvhaudl 5 (¢, <t <t;)

Frsnanflaing S,,S,,S;uay S, 8¢luras Tumn on faan t; @ind S, uaz S,
fawsanegrsdeiilosding S,uaz S, egluannzasihnszuanieldteuly 2vs finan
aind S, uay S, Aawsaaulirgannzmsiinssuaneliiteuls ZCS uaznszuaiilvaidi
wiloudasdientugud 1, =0
Tnaan1sinaudl 6 t, <t <t

ShE. D saef

al [ e
T =, © 1
Syl == S|Fa=="
D¢, Cg_ : F% De, Cs, d ?—J]%

MM
VdC — » |\
T | \Y

P pri

LLI

1\
M\

c4

Q
5
S
|
o
B
o
"]
Il(JZ
11}

gﬂﬁ 2.17 Tvngrsmsvhaudl 6 (t; <t <t;)
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[ Y

Fraaaneufiaind S, uaz S, azldudyainduinald ON finan t, nszua
I, =0 viufl fan t, @nd S, uag S, Turn off MeléiTeuly ZCS fufudseai C,uaz
C, azgnenia Tuvaisifenfuaind S, uay S, wwBuhnszuaneldiouly 2vs aind S,
uay S, gnaavnsanazsuiiusasiunnaseniiviioudasuasiinsynarusuniondanlalen
D, uaz D, ihgravsizusnszuauaznsaliiuuunine’

THuANISNUn 7 t, <t <t,

Vdc

gﬂﬁ 2.18 a1 svinauil 7 (t, <t<t,)

L4

a0t S,,S,, S war S agluyae Tum on lniinszudlvansuisasetvauysal
1 a o‘g."l Ao a a a1 a &’ o o IS
HUEIRTTSEfIMaaY L onssud Doy, le,, Lo, log Wag ~l, Sufianfiuduausiiunazd
! d‘ a o 14 a a ol Y L4 ! a
Ageaniigl t; Jussruuaznssualyamunioniiiiulalen D,uaz Dyudaud1di99si5es

NI LALAZINS AN ULURLHBDS

THUANT9INIUN 8 L, <t <t

ﬂ}_ D’ EE% C4j
sht  shH

gﬂﬁ 2.19 Tyunt9n1svihaui 8 (t, <t<t)
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Pananouiaing S uaz S;azlasudygyraduinsly ON Aounal t, @ind S,,

v

S,,Ssuaz S, Sudyaaudunali ON egvilitinszua —I, lnadounduasanainudowlas
muﬂ%mﬁﬁuﬁﬁﬁ%m S,uay S, OFF dufvuszadl C,uay C, AgNY1359 luvniwiAgaiu
fuednd Suaz S, azBuhnszuanieldfeuly Zvs aind S, uag S, xgnAaviaTadina

Tinsgua 1, iy uaglifiussiuannurasiiglinszuanssmnaseniiviiouvas v, =0

o o a s LY U v 4
A157197 2.3 dnMEMTTINNUTBIEIATLar ST ULl A ueanvRIrLaLUas

State S1 S2 S3 sS4 S5 S6 ST S8 Virssec
1 - - + = - + - - 0
2 + 2 + - - + - + 0
3 + - < t - - - + 0
4 + + - - . - + + | Ve /n
5 T + 4 = 3 - + - 0
6 - + - + + - + - 0
L - . 7 + + : & . 0
8 = - + + + + - - Vg In

a ca

NPT 2.3 WAPdAn LN TUABUAN UL YRR 'LauaLLavizqszé’ULmé’uMﬂﬂ
suvanyesmloudasliihdmivuiazanusmadind dydnval "+ uansiaindilney
youridnydnval "= szyiaindineg Wodbrachaterskanpingg LLaﬂuLwiavﬂ%'jﬁiaim?
Wawazln adndusiasiiag mmmmwalmmmuiﬂﬁ’]“ Uagnirluldiundieudaslu

6zmnmmaqmﬂm‘wﬂﬁmuau PWM wuuidouia

2.5 gunsaluimvianiviy

[

Tnevhlugunsalusimanlwihildludidnnsedndinds usesniduauaiadofy
nafe wlmanllih visfeutasliin wag dundenh

2.5.1 nguiiugrunsauasivity

fugnuvamifautasiiihusznaufeunaamaunsansuniusouunuusiminlagun
aaveuAsusUNganuliienuadewdsauaziSonin UWAIMNOUAIN LA
Turugfivnaaneunsiivoogiulvanay oni1 anaianeaunadiuniend uonaintunis
frmdeiliihanduudslusuanssadsauauiminduianadunsdom
wasaulaifanan mﬂgﬂﬁ 2.20 @U15EUANNNTVRTITATULWANIMTU  Ni, — g% = N,i,
dimuammuTimuwivan . Seunniieswe deansdifoudadlugeuafazdanrinty
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Aretud azidunaviiliainusunusdmvan @my~o MMALAI1 Ni = N,i, uazainng
voarhsnadazldusandoulniiunieniivnainUgugiivinfu y, e = N,(d®/dt) uaz
dosanfivnarayiegiiduusaivinagdudnfsrfuiivaainugugd deduayld
LmLﬂ?ﬂ'au"LWﬂﬂmﬁmﬁﬂﬁwa’mnﬁagﬁL‘vhﬁ’u v, =¢, =N, (d®/dt) yililamudunusues
wiauUadlniilugauad fie

i N _L 4P, (2.27)
v, N, i dt

a < V1 o a v a1 v ¢ ¥ I [
NaUN1IN (2.27) zniuladmdisudasiugaunfnosdiireyiusvaudunsuidivén
1 1 1 % 3 o % ¥ ¥ 1 o ¥ d{ 1 1 a 1
soalaluiiugud Masiieudminulninduesn deaneanudldinisagde
vosnsziauazisurfaulniaunsauTuldsumlamenisiuagudnsduduiuseulunis
WuvaaIAve A uUTUHsamunAg)dl (Turn ratio)

R L — !
il ' —l '—12> +
LR | §
I ;Nl g | D o
]
T q |
I l
b — —-‘— — c—
i1 N1 N2 i2

AC@ i1 V2 Load

JUN 2.20 wilaudadliiiuazavsauyaniagnuai

1 < a va 1 2 v 1 =3 1%

agabsfinmulunisujiRasliaunsaasnsaianudumustivanianssualninge
InarwnainUgugiifwdinnszualnihiesanyfoglavugudnony uaziliarvunlia
nszualniiunieglidugudazlinmanumieniniwimin (magnetizing inductance:
ISP - = a wa | = 19 1 [ 1

L,) dfwiniu L, -N2/s wazillesintuneuiRenanuduesulavesunuusivdntniil
wirivetudwmiloudunsdlgauad vbidulsawiminuiduazliluadiuwnuudmdnuaae
Tnanusue Ay daluiveainugugiaglAduusuldwanivindy o, = o, +o el o,
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Aoduussuimdnsriuetnia luanedl o Ao duuswuindnilnariuunuwivdnuazda
HIUYAAIANDILAIN R ﬁﬂﬁmmmmﬁmﬁw%’aé’mﬂguqﬁLvi”uf“fu Ly = N7/ Rigey Faen
AmmiamsiunieniAszldluiusieatu uenaindudridaluiligeyded
Andulundeutadliiiazunudedydnvalinfunuluissauga lasaidalnihaonde
TurnaInnawnIildwussuwnusdindnazunusisainaudiuniuldwn R WA
FumuIaaANeILAILUSIATILAY R, WNLAMUFIUMLYAAIAVBILAITIUYRENT T
ﬁﬁuaq'ﬁwmmawﬂammamm daunan gunndl way audlunisldau luvugia
fumu r, unuAidanisgayideluunu (core loss) Snsasanyavesvisoutadliirlunis
UFTRNanaguRl 2.21

Tneilunisesnwuunsiouvasliiiasvilieanumienivhuingn L ewng
Wefiazyinlinszuawdindn (magnetizing current) figties eowdsuifisuiuauin
nszualnfinvesinanwarlunsdifinnuulminiinnsdusardnainliafumieatii
wiwmdndawiifugud Samnefanisdnisssmdeuasiindues aglsinutesniulu
nsdnseenuuuniontadliidldiuisasnareudn (flyback transformer) iieansdhiien
Winuiigdewihnisesnuuulirumisvhudivdniidntesy eazdllaanszuai
WlnaNgan

n
pe's'ssdgh vl i2
i [ b | ===
+—>. D
(’ié f ;Nl N2q | ; Load
|
= | >
| |
Y & Vide
i1 L1 i2
g N1 N2 L2 !

O -

sUN 2.21 vidfoudaslniuazisasauyan1au o

2.5.2 winmsiugruluniseanuuugunsaiusivin

Tnevhlugunsalusmandilifinisindeudl (static magnetic devices) aganunsauys
sanldanmsadnaturesasudman leun wiouvaslii (transformer) wag fauwiei
(inductor) FausazuuuiiseaziBundsl
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niauUaalnii

AuanTAvesvsioudatliiind fie axdesiimaruduwuldigaiioandndunsausiman
Huazifiofiaglirnszuavhusimaniadosfigauinfiosdululd uenaintudridslud
gdoazdesdiani Tnefasudminidesldvindundouvadwiihozuansnsmamdusiug
YA I UL TIImANTUAMLTALNILMEN (B-H curve) TWTidnwaizuAUYA?
wluldlfiieanmdsliiingayde 1osminsseudaneida dagui 2.22

e

amauTRvesdunietia Ao nymlanuduiusvesninuruintuyoduuss

a

wawdnduanuduaududwdniauduldaduy (linearity) agnalsfmuaismasisuun
winveilnaendRliduiady willinadusiugs luvaeiiunueinavseunudivihainans
laldwleslsuniudneauBusiulian 4= 4, Feesdimanandudadugausiazyinlilaan
wilsnhiuazmededifindinan Iuhliduniseinlunsufdfdazeenuuuduvienti
fAnmamigaimeild

JUN 2.22 wsevdawmesdad nsuihudvananisuazdmsurimldouuaalii

oglsfinudSnsuidgmdanailumal joaiae tiudesenaluunuusivan G
wiinasilriunuumaniviianansmesusnudnlvidiaudusulig luvaziideseonnia
azdfinaviliidnmnudueiu da1asil Tnfivesenniafiiiuidrluluunuleslsuuniufn
uenanaglilunsazanmdsruusindnuingy widshliaanumienidanududady
dnse uenanasleslsuniuAnudrdalasunulavguuuns (Powder metal core) %4il
asuimdnfifidesermanszansogneludeaylinamiloutunisifindosenmadiluluuny
wlaslsdtiuies

HANENUTDIYDIDINA

fiasnUSa Ul unas Az anse I lULALUIWEN. W) w82 Twenm w,,)
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1
Weore = 2_ ch (2.28)
T H2 (2.29)
21y

waziflorvuelie H_ = H, il mdsuiiazanlunnuusiindnaziivuia
TosnimFuiiaraulusinianiningizaiauduervduinsueawnuwiindnas e
unnimudNg TS Yese N ATl 10-1000 Wi Fadumefiindmieni@ei
wihilunisazaundanusnduiinsdodiveseniaiues egelsAnunansenuvainisiiu
Y9981n 1ALl ALA

1. lenaumdenivhudwan () fimad

2. anAnAIEEI T LmENaT

3. anunsowfiusnseualnilafiluarnule

4, AAANANUVUNLUULELLSILANANAGAY. (B,)

5. viandesnsdusdesanlifiinsswanss )

6. WALt (L) Fudunansenulpensssevuindlufuainssua

2.5.3 nrseanuuunseuvadluiiiainuigeiaedSuanmiud (high-frequency
transformer design using area product design)

ndfoutadlnihnanuiigadugunsaimivsniuguildlunssuuasiufidsludh wy
Sunesmeilasumasefaeinge Wudy dwsuluhdefiasnanisnsoenuuunieula
Tfheuilas@nizdmivundsdisfdadadauas fevndnaisiuguieituaiuise
Uszgnaldluniseanuuunsoutasiniinuigedmiveandug 16 asasiiuguildly
WA dseindazlaun

(N) 2993905135AAAULIBSINBT (forward converter)

(1) 39378715 WUTATUAL9371auInIABULIDSLIABS (half bridge and full bridge

converter)

(M) Nﬁ]iwﬂtj—v“uaﬂaunai’l,ma% (push pull converter)

(@) 1asvianewdnaeuiesnes (fly back converter)

Tngitiluudaluniseenuuumfoutasiuiianui asazdeonldiSuaauitud (area
oroduct) dslgnsBluauniseiedl

A, = area product = core cross section (A) x window area(A,)

(A) A9 NUNMIAAWAY (core area)

1%

& e ' .
(A,) Ao WunaglunsauINgwesnl (window area)
dotlonw A, uay A, lowanslinssun 2.23
U



Ac | DU EI

I

—— AW —o —— unuC

Ac

Ac

llﬂuﬂ@iﬂﬂﬁ

Ac

UM 2.23 fegelisnn A uag A, SMTULNULILAANLUUATGY
u

NAUNISHIIRUtEIUdaunavvsntanUadlnily Fafeavindu

Tned

gladuiuseumuugunlivagRsgifia iy

Erms 3 Kf Eav Ve Kf 4meAc

A ° o = :4' v a A
U 1 a’]‘Vﬁ‘Uﬂimgﬂﬂau{,ﬁﬂﬂualfﬁaﬁll

A1 1.11 dwiunsaigueduusaiule

jd)}

2

o

MY TUIUIBUVAAIN

o))}

9 AN (Hz)

b

flo A1AUMUMULEULSIMIWENEIEA (Wb / m?)

A9 NUNVUIFAYDILOU (m?2)

D

[y

N o BT, _
4K, AB, f 4K, AB,f

nszwabnindeamniu

Tne

J

Ayire

l=J -«

wire

A9 AUNUILUUNITZUE (A/ m?)
a X A v oo oo 1
A Nunmidhdenszualvaniu (m?)

32

(2.30)

(2.31)

(2.32)
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1% '
a Y v o

waziualivaaindieuuguall () Snuiviidavesinimuaveiiaminm
a WArUARINRINAUYRENT (N,) INuAnAaWIAY a, fAaduiuvdidaeiall
VRUUAIETANNITU Nya, + N,a, FIUUNNO BANUINTNFAUDIFIUTINUAAITIENBANUNUN
W69 (window area : k) ag13bsnaulunguijanaalilaussnaudiednininiu uday
UTzNaUMLRgNNdudn U aUILYDIIAAIANTEATY AUIUTENINUAAIALALUDII1IDINA
=4 z Slo 0 X, ¢ A . .. . = & &
WeszueANouludy uazd k, As window utilization Fudunnnmesnlglunisyae

(%
=]

namananazlagnluliatdesniinis Wewduaunislasa

KyAy = Njay + N,a, (2.33)
WAUAN o, =173 adluaunsd (2.49) azld
KywAyd = Nyl + N,y (2.34)

a

A AIINYeIMaeERRReveINSERARUUTIAN (A)

a

A AN5INYRIMMNARURRYTBINTEUAAUN AL (A)

Y

a

N, - FiB AUIUTEUVRIAIAUFUYH

a

N, A9 FMUIUTOUTVDIVAMIANALN

WU N, wa N, MaunisT (2.30) adluaunisit (2.39) w2l

KWAN‘]:M (2.35)
4K, AB, f

=p AZAEN A Bolal (2.36)
o = AA 4JKK,B,, f

nydlgUadudyamlel Ariidaluinaseiuniens (;,) AWMU R, =E,1,

lagh g, An A19Invesfi1d@eafsvessiuliivienidiuyiegiuazazlaei

Y

maalninasesnulgugi (r,) Aty

P.
P =Eili = — (2.37)

Tne

E Ao A15INvaImataeaafevotssiulinuieanivulgugl

Y

n o e UseanSanvesndawdasludin
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fatiuaz e

P [1+%] (2.38)

A = . S—
p=Aoh 4JK K, B, f

IRl
A 1 o a v a a
R, fAa AmdsliihasaiunRend w)
A a0 | L o U dl U s 1 U o U
k, f8 form factor (@A 1.11 dwsuguadudyaaletduasuiniu 1 dmsu
sUPAUy s uEvREY)

=Y

K, A8 window utilization factor

aunsii (2.37) wanslidudnuamasliifianunsesessuldasduiusfumunnves
nffoutasldly uenandulpeialumsufoRasfiuunlieiuszanasity 0.3-0.4 uagan
AMURUILUUNTELE (J) FedA1UsEINMINAY 3—5A/ mm?

’LumilﬁaﬂLLﬂuLLaJ'mé"aﬁﬁ%’agiﬁﬂﬂiﬁmmzauﬁ’uﬂ'rﬂ%’mu%v‘iﬂﬁimamiﬁwmf;um
f1 A, feansd (2.38) Wisuidleuuar A fifvualaeuidndudaliinnndn A fild

INAITATUI

= ¢ o o [
2.6 #@9AUVNIALLASIIITVULNA

walulagnisnaul metal-oxide-semiconductor #1m3U3935 microelectronic t&
gnuIeg1932aL57 Aetunisildenadnsalfiwuizaudafeslidmauiinerdunuand

3

e

AudnunzlanzLaztsainsyaulngas Tasfinnsanlfain iv characteristic @4
Judsfigoenuuuaisideniansandydnvaluesigunsaluy aduuuy PEN channel
enhancement Wag depletion FaLugunsaifimsnziumslidauanuigann Afnuseiu
600 V ag ANANTTUE 40 A

2.6.1 Taseai1svasuesninng

Us¥naudig gate, source Way drain terminal AsLLIRS FaguRl 2.24 pmdaINg
VRINDAINAAS

uoanfifiogluilaguilfiviauuy v-mosfet, u-mosfet, d-mosfet uag s-mosfet
souMe P-N 52713 p-base way n-drift #udu forward voltage vlavzwea source zsiafiu
p-base wazidoulUss n*-source ieAsLTIRUUTIN pbase %mzqﬂmaﬂv‘hmmﬁa gate
uwag source terminal HusaRuLINAY (v, —0) USIIM p-base dxfaliiiuAsuutasdlu
U3 n-drift agilussdumnandntiesdadniudesendonn drain igatunalidmsunssua
drain-source (14) aglualumudemainsgiaseninausinm nt wag n- lFusnauns
p-base
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drain

gﬂﬁ 2.24 AMNANVINNVDIUDRLNANIAY

On-State Resistant

guUnIalnan bipolar 9sfiasarfanszud base Liaaugulinssuaauisaluaniu
collector vasgUnsallanmurraIafisiens uixsanaitasazefaussiulsunaandeoy
muauiaunsal Tnsazlinssuadnugunsaldssuindunalinisaivauueamalaanis

[ a [ d' a v 1 dy v < e‘d' )

N3¥MeLIRUITInSIungadetsunii BJT uennnilueamndaduaunsaiivinaulely
| a = % ¢ o = = ) ° | A o ' ]
§1UANUNET F9719galanngs MHz WiellSeuiieudu BIT agyiamluguainudanindy us
anfdamalnihandueaawazgamniszdmadeusiinsesdavesgunsainin BIT Tilin
nsasulUadlAadieniawinuaan

Internal Body Diode

weawaiaslutagduasiilalonstagluenseninaw drain kazwl source AsgUN
2.25(n) TaelalonazdenounsehaNNIuYl drain wanauiidnie dnlradindanunsnuninssa
19 2 Aevg fandinlalennieluledmnnaLa1u150NTUA LN ANSERALATLSIAULAL N IND
waluu1arusndundesld ultra-fast diode UIADNIGUDAKUUIUIULABAINITOAALIAN
recovery Yaslalon AegUN 2.25 (1)

To Cancel
The body
diode
D
D o
— Fast
|I<- ZS ZS Recovery
— diode
A
G il Body diode
SO
S o
(n) Talanneluuaains (@) nssalalamiunieusn

JUN 2.25 1A59a319U0300aNH
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Internal capacitors

melu terminal 519 3 Usznausie gate to source (C_, ), gate todrain (C_, ) Wy
Drain to source (c,,) é’fﬂgﬂﬁ 2.26 %aﬁiwmmfgma'wﬁhjLi‘]m%ué’uﬁ’miaﬁulué’a sy
Fasaanuealn Tumn on Avesiivlszy C , wae C  Indudesdnisdaussgsume
Y1 gate miaaﬂLLUUE"@@W%QN%QWQMWL“‘L‘Ju%é’mﬁmsm@immLU?%&JuLLUaaﬁuawh
mm@méqﬁj AANUuEaneluteaminazegluneuved Cy,, oy
WA Crg ‘ﬁizqa&ﬂu data sheet

Cy =Co (2.39)
Cgs = Ciss - Crss
Cds = Coss = Crss

Taen

C. M9 small-signal reverse transfer capacitance

«« A9 small-signal input capacitance t1o8n2995% drain Wag source

C,. M0 small-signal output capacitance (839359 drain kag source

ArAuFluNBaANans c, c y, Co MITMBREuAUHaATunTIIUYB LT IR

luda mswdsuudasly Co uay Cy Wusddmiiolilssdy drain to source aduiuanas
Juaud yuszasaiielimsasmuauaiunsadaliuednla Tum on taz Tum off lalaenis

dnUs2q71v7 gate to source uaw gate to drain lun1sdidnnyeindiigs 9aUseasdAvednis

¢ =

iunaudgennng Adteiunisansuiauazuminvesaunsal Faueamnlulagdu

Aaov o

anusanauauedlananaliigydslugisianinssuan widslindemasldgannin delu

[

suansRmLLeamaliansansvaussldynmudesnshdsiliusamaiiaud Ay
TumsBiannsedndiasungdsauy

—

Cgd

—— Cds

T4
|

_I: Cgs

JUN 2.26 29asauyavewealin
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2.6.2 N15BNUUUNITTUNAFINTUNDHN ARG

vealnidnduaindauauusasiu ilfiedenismueulisuinssuanionys
nszud veaulnidasiinssuanireioussunnasonvnadfisufurges (Ves) HEREN
niAusefudnudunaliueaminiidadgnisiauluualeiuiin (ohmic region)
TneTlUusfy (Vo) sieliduadindiduihnseuanziansewing 10-20 Wad waziiieliaing
Ladinnszuaanuisarililaeliuseiu vee) fardnitAussiudasunasluvasiiaind
thnszuauarliinszua nszuafitoudrvinaazdanindugud amislunisaindmile
nanuslunisiiviazaeUszauasiaiuUszuriiuu g1 veanoani1as (parasitic
input capacitance) FafufiuyszqusliazdsinnsazanUsy e liaindinszLatay o
msmeUszqitevhlaindlaivinssua

2957UINAvRIIRANRIAIIZFDsaNI TN IR ENar RN LalFog 9T InIE e
wlviueamnidsaunsayiaulfiinandgs fsguil 2.27 (n) dhegrsvesrsastuillilunis
Tunealniids Fslumanefuaudideanisanuiaingdigen wenNEuidy s
iﬁ%JULLiaﬁumﬂqﬂﬂiaiaa%ﬂa?maaLLiaﬁuﬁw (low voltage digital logic device) L3IAUATY
oono1alifmenvzdulrueainidsinszuals Fsdesiimsuivusnasiu dgui 2.27(
v) shensliigueniasdiiwesai (double emitter flower) visolniialua (totem pole) %s
Hunasiivszneumeglulnammudanosuuy NPN wa PNP dwsumsynanuveniasdy
e ileuswudmuidtensstuinatidigs niudased o ssninszuawagnandanes
Q, lithnszua Bunaviliueamnidnsuthnssiauaziiionswusudnve neastunag
e niudawed g arlihhnssuanasnsudanes Q, asthnszua FudunisireUseq
M nadunavinliuoanMdsEumgainse uald TET IV AIDYREVT- G IE AT
31n2995A8ALaNMaSwuULTA (open collector TTL) Aiusenaudislmiiulna d9asidu
i3 (buffer) dmiulmasinenszia (source) kaziunszia (sink) Mg feguil 2.27(a)

o

\Y
°o

: J-
—{e

R1 —
(e

13T

R1
Vi

UL

e 4

(N) 2995TULNAVDIUDANANIAS (@) 29a57unauUlnTiLIna
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(A) Todvarastunaniuwinasuuulniulng

5U# 2.27 29250UNAYBILDANATIRILU LRI

2.6.3 N15uENAINAUNIILNTA (electrical isolation) 581 3191aFNANU29TS
A2UAN (control circuit)

Taounagdaudidumaessauiseduiunniisiuseannsgninasaseuauiy
2935/1& (power dircuit) dwsursasiildlunisuenansumslnii-lasunagléun wuunis
Feumeuilindn (masnetically coupled) warnisiieusievawas (optically coupled) ey
i 2.28(n) 299IMUANLAEITIAILEN AUt lpgendunsidensomausimande
vifouvadlulih JeiniAudszeiiiesgiunsiondadinihazlidmsudesiulrlibnssuansovido
Adoovian (de offset) faguft 2.28(1) wazgui 2.28() MU

Vdo
— Ve
>
I o o +
To—| —
Vi % g Vg t
O -

(n) nsuennfunalninseninnesaugl (v) wssiulihduniegiivewviiowdaslvii
waza9asmdssevdendasli
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'—
—

(A) M3LeNINAUNIIAITENINNDIAIVANLAL IATMAINENITVDUABVINIUE

5UN 2.28 Msugnaniunilninseninnasueawinguisaiuey

2.7 29930389NI8UE 3 Lld

23951389n3zua 3 wlanuuuindaglituanuiidesnmsdidsiningsy wavaslviguedud
Soninduyanm Tngasdvenndu 6 von gnadusendsaiuan daayililalninszua
n3sitiiudatiosnin annsemaraiUdamesfisidligain i fiaweiagldlwd

NIzlansINlUNsULUa
V., =V, sin(wt) (2.40)

V. =V, sin(at —120°)
V,, =V, sin(at —240°)

+
iy e Ko Ko A

(o

JUN 2.29 1935 589nTEuAaILNaLUUUTAT
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D D D
1 3 5 1 3 5 -
‘k Q Vi ) B « Vv B > « PP l
T — T — T
\Y P ™ < > ™S < ot
D6 D ) D4 D6 D ) D4
<€ » < > < » <€ > >
Vab Vbe v _(i |
L —— LT [
™~ d N d RN
Vv / ot
L-L / / >
ab ac Vbc /ba vca ch
— B <l o~
v, I NP R NP TSR NP AR
! s‘ P \‘ R4 \‘ " |/ e \‘ '\‘ ‘mt
‘ 'l “"l \‘%’4 \ \“{' / -‘ " \“~ ¢ \“’
b DN P S T DT P GRS DY Y S N
I RERhEhZh Zh dh dh@h dh dh Eh dh
0 >
D1
| i TN TN ot
>
13 ~ AT of
I D4 N N ot
»
I TN TN ot
D5 >
—~""] "1 ot
I D6 »
a
>
LN LN
l, ~ T~ ot
»
| T~ ATY
¢ »
o % % AR 3 4y
% %

JUN 2.30 29931 389nT2UaANUIATRUUAMIUANLSITWE IVl 3 g
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15N wavaslalanlmasmazianlun1siinseswa 120° kazn15UINTEwaYa
lolonusdazassavinnszuaiuluudasaasinnisua 60° Favnnlddyaiagnaiiu v, 1y

Y

dyayruddeivziiuinlalen D, uag D, Winssuanseuduiyy 0—% lalon D, waz D,

Wnszuaniouiudiyy %—2?” Faanunsaaguiunsedisil

AN5199 2.4 N1sunnseuavaalalen

Avoslalonfhinszua yunseuavadlalon
D, - D, o-%
2 z_27

3 3
D;-D, 2—” -

3
D;-D, 7r—4—”
3

b, <L Az _om

Sy 3
D, — Ds 5?72-—2”

v

LssRuafA e WmnnAsaxlrananTam lanail

2
2716

33
T

(2.41)

V, = [7° J3V. cos at

- =1.654V,

[

Y] A vo &
LLIIAU rms V]I‘Viaﬂa']u'ﬁﬂﬂ']\l@ﬂﬁu

Vrms = [L
2716

95,
A

J.g/fagvn? COSZ a)td (a)t)]1/2 (242)

3
=(=+

> Y2V =1.6554V_

dvandumnudmumnuegiufien seanssuageaniivaniulalen

NEYA (2.43)




LAZANLTOVINTEIE rms N1esudUnvedlalanmall

= [— j 512 cos? wtd (wt)]2

7 1 . 270
[ (—+23|n 6)]

=0.78041

2.8 NANN1TIAUTLRUUALADS

2.8.1 ¥aNNTNUFIUVBMNITOAUTZLUALADS

a2

(2.44)

nsaUsEuLUAWasFAe N1sdtendwliiididuunmesingnisaneuseiuliings
niusIiunaNATeNTILUAMES YIAAnNsInavansrwaliiiiguunneslngvuInves
nsguabiihnlvardguummesaiuisamvualalagainudedndvoausedulninssning

wasngninsglansanuwsssulninAsauTILUALNBS

I § =z

S

)

JUT 2.31 ¥aNN1sAUgILYINITOAUSYQLUALADT

'
[

NNUN 2.31 Fuhbildaunisnisdausyquunines aall

V=E+IR

Y

uazliloroinsmansuanlvaidduunines mldail

Tne

VA Arsgauuseiuliihisadiguuniaes
E Ao AmwssnulnviTivesiunnes

| fAe Anszualiindainguunines

R A9 AANmunIunglureLunines

(2.45)

(2.46)



43

1NUT 231 wazaunisinedu annsaesuieldinssuanylvaduunimesle e
wssgulalinildlunssavssaunnniussulni fianasendauunned Tnsarudiuniu
aeluresuunmeidaiesuin deilmiteiduiadlovy uddraudiuniunieluves
uuneeddnntudlouunneiindsuananidouiinsdevanm

2.8.2 Usslnnuasnssauszauunng’

Jzutsoanidu 3 wuu fe

1) ﬂﬂiﬁﬂﬂiz‘\;LLUUﬂizLLﬁiWﬂﬂmﬁl (Constant Current charging)

MsdnUszuuunszualifinai fasudl 2.32 Tuindunisdauszaildszozaly
nsdnUsrgdosniuunsssulihasimszmsdnussuuunszualliiiasi azgndada
U%mmmié’ﬂﬂizwaqmsLLﬁlﬁ/\lﬁwmﬂLﬂ%ﬁ@ﬂisfgLsi’fnqait,wmL@@?LﬁuﬁwmuuauLLU%
Flas Fadununpoiasldsunssualiifilumssavssqdulunudidmun dnssudlnihiisn
Usruunmeiiimastuazshlinatlunisdaussadesas uddmmnnssudlaiinlumsdnyseq
auAulufasinanudemetutusumaeitude miudoufiistunelusaduunmneday
adumuinmesnsuaiisnysyuarluianutiusavesuunneiiituianueniil (Active
material) TasLgaduUAABT IARNTTARIBUANVE BIANTES AU s nALSeudl was
dwaduusLreiiinmiufouginitUniun azvilimaduunineiiinnisszidald n13sn
Uszauuunszualilihasiiiifedde axiliisadnniwadlugavosuunneslisunisdalseq
nszudliinludadiuing funnwadrasayaveuunnes dalunisdnuszamenszualiin
AV AN 15 AU AMIAIINUBILUALAD TN BLALAZAIN LTU LUALABITINAINUUIA 35
wondialug Fesnissauszalunat 5 dalus azdedldnssualuilunidnussquintu 7
TRHG

Battery Voltage

Charging Current

JUN 2.32 AuanwarveIn1senuseawuunseualiingg

2) N38nUszguuuusaiulniiam (Constant voltage)
n158nUsERUULIITUlIae degud 2.33 avldanlunisdadseauinniinisdn
Uszguuunseualiinaed szeviialunisdnuseauuasdued fuANuaIunTave AT 038n



aaq

Usz97198978nszua b nilnoanungsaswunwastauintesvinla Ineilunsesdnussa

9 9
i |

wdsdngnszudlniineonunld 50% vesAauguasuUAmeI Nt NTEaUsEy weily
mM3savszgazdosinsiinnszudluiiniletosiunsualiiinAuswivliuunnesidense
nMsdaUszuUaneilasszuuLsaiuliihasivinldlasnsldiedesdauss quiudaiuie
wssdulwiusuditouduunned winisdudaussdulnihaniaiosdauseqenad
ussilriihiliasiinaennan dssndufiassdosdmmuauussiulwiiilviasdiFonin 2999150
N-lamasuseiu (Voltage regulator) 5mfmawsl,%fﬂgl,aL%%Lﬁa%ﬁﬂﬁl,wmLmaélé’%’u
wsaulwihitlignesfiazifinaundemeld Tunsdauszqlaeiiag Tudu madasssnnia
e thazdanssiusiilalipatevesumneituy Wundnlunsdlifuidedeyalils
ndnmssaiide WS wuussiuliilumssaussteisadnasesuiuaduoaunined
MinsdaUseq WU wumned 24 lwad avUunsasaiuliivesadeadausz uindy
2.3x24 Wity 56 Taad Yaziiviin1sdanszqund

Voltage

Current

JUN 2.33 AnanwrYeIN1soaUTvwuURTITulnTinad

3) M3gaUseauuunIeualniiinuasusenuluinasn (Constant Current -Constant
Voltage)

aad o i & 4 @ a

TeHveAsunIwuvaRItUReU (Two-step) 130 WUUABIBAT (Two-step) LAAIN

o v a aal v oA Y gy Y

n1suntefve 2 3Fusudufe n1sdnusrauuunselaliiinfiun1sdalseguuy
wsaiulnihpsiddeiu nenseuaunissnusygasuuniu 3 ssee Ao

szez?l 1: n3dauszienssualidnduil (current limit) awigadwumneILaa

o ed o

' 1% Y @ - [ [ 1Y !
Ausedndnmuald (naldn) ssestimiloulunsdausegludnsiss

a

svordl 2: n3daUszqliilvaduunnedudazieadfsseduaiiudsdndgagn
(maximum voltage limit) Ad1e9 Aun1sAoee HNUTe] Tusvesiinssualiiwonniossn
Usggiiiieadazanasuazazdnnissnusygilonszudliiidingy 3% vesdnsnszuainds

svud 3 - marsanuuindinduaded (occasional topping charge) 1Wunisiiy
Usrqduadsemudieliiunnedifin 100% otnaen



Battery | [
current ' '

A

Apsorption

Battery
voltage

[
Voltage constant, | Voltage constant,
current decreasing ! Full charge maintained

*
Stage 1: Bulk : Stage 2:Absorption : Stage 3: Float
(constant current) [N (constant voltage) [l (constant voltage)
I |

JUN 2.34 n3mlgaudnuazreansdnuszauuunssiauazissiuliiag
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WANNISYIULAZNITDINLUUGS

TuunfiagnanfmannsiULAEN1598NKUUYBINITABULIBSLADTUULANTEAY
Huu3ed Feazilunisimgueneg Aderdownld lnsazldnanbdiuusznouvednas

ATIATIEANRUANITINNU TUABUNITODNLUUYBIINATANRY NIIAIUANVDINATUAS A

(%
Y A v

diusnge) Nlavinsdiaue lnegazidealnaziidedla

[ Input : Output ]I
 [Shase] | Low | Transfor% toh — Batterry |
: 380Vac ——Frequency, C Filter mer : R HC Flter 300-450V| |
| | S0Hz | Rectifier — H— Rectifier — ] :
| |
| ]

3UN 3.1 vdenlpezunsuniseaniuunvsilasiumatininsswansadulnihnssuanss
dwsulszgnaldlussuuinfunassu

rsasulasiumdslwiinssuaadudulaiiansruanseazuiadu 5 dau Ao druves
dunnlnfirnszuaaduaiuidn 380 Vac 50 Hz @d61173935 AC to DC 3 phase Full Bridge
Rectifier aaudan drufideadudiuneansns Three Level Full Bridee DC/AC dauiianmfiu
duvensasroulnsa dufidluduvemifoutanigs uazdugavinoidudiuvesisas
duledimes AC to DC Full Bridge Rectifier ﬂawuﬁqq F9n159197u809299592 9181 Wi
nszuArdUAIARN s Snsuaaaadiialildln DC wpsulnsauazuUaniuli AC
gnafs anduardeiuludmsionaslniiauiaaiuy Step Down l1uludnssdes
mzLLammﬁgqéf’]uaaﬂlﬁaﬁuﬁmmmmaé DC U595uge

3.1 #ANNNSVIUVDINRS

Failananliluund 2 299sdunesmesiostunlilunuitedas donldiuieesid
yATAsunesinesuuuamsERufNUIasaindmsussfumuduaznsruaguilaslinisidou
wa PWM Taenisilasuussdulniiinssuanssmudinunasraunesinesuuvaussaud
dguilouwlatdunvasnduduliihnssuansaussiugainuesn
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JUN 3.2 1995R3RTnaueswesiuvamseiuduuIadlngldnisdeua PWM Nliso
wilgniuasy

lnegud 3.2 wansesdusznourasswlasiumdanimiausdagousafiuwsaiulni
191 DC (Vdc) Butiesnesaiusyau (A A uagi B) &l 2 AsiiSunssiulaiiuieandiiy
Uszq (C1 - C4) usiazAslsznaumegunsalifeanuiu 4 MOSFETS (S: - Sa), lalan 2 67 (Dc:

v & Y ~ o 1 Ay 3 a s 1 Y v

ey Do), FuNuUssq (Cs) Waedmileningny (Laa) Anuie1anmvessuesinesazlivile
uwUasaudige (T ieusuussdulnihandunesinesisudmanvesdouvadlniiiniug

a o =3 i F A 1 [ I i % a o )
gevedisiniuUseq Cbe (Blocking Capacitor) asitpusafuluganseusimieniinisialva
(L) Tuvmzisusenysmdeulasnazdilalonsesnsyua (Di - D) dusuivausesuladin
nsvuaadumNdgeInauy A glivemdowdantuwssiulnihagvioen diuaarenau
1Aneiiianses LC dmunsniesguadudyinuieeniigniiluneunazinglviulvan
AUAIUNIU (Resistive Load R;) sialy

dnTulnuANISINUYaNATATYATAR LB SIMD S UVANITEAUAIRTR LS I ALY

waznszuaaudlagldnisdoua PWM duudalsviavaindu 8 nuannsvirsulundslafiads
A1U15095 U IIIUTDILAaz LAIAlAR a1
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MODE 1 MODE 2 MODE 3 MODE 4 MODE 5 MODE 6 MODE 7 MODE 8 ‘
A /
N !” | N ‘,’/ r/r/" r/ -
™ [ [

Vgsl.B } } } } } } -
i’ R I -
| | — | [

Vo - L L | L | _
T T ™

| [ | T

Vs ] ol 1] BN .

i [ i ? ; | ; i v
T [ L

VgsA,S | } } } } } } } R
T T T T LI T »
| [ [ [ (]
| [ [ [ [
| | [ [
| | | [ [ I—

v 1 i : i 1 >
AB
I —— |
| [ [ B [
| [ [ [ [
| [ | [ [
N N e
e P itchi iod T 1! I 1y -
LL Half Switching Period T, ~ ———»| ‘w
| ] [ A [
% — One Switchhnd Perigd | T H
hotg Ly & LY
w=2rf f; switching frequency = a)t¢; Phase shift angle t¢; Phase shift time

€aN
e
=)
4
(M)
€
=
e

MUNITNATATYFTADUI SR UVATSEAUNUSAdlaeldn s iGeu
wla PWM Adddlendasy

Tnuagaeamsineun 1 (t; St<t)

Sy ﬂE}E

— — e _’ECS 2
S|4 Se [
D) Ci_ 2 & Dal G &l

s2l
M M M A Gy L
Vdc - W_(\ M i
T I L~ vV
|>_f\_l\wq p i pri
Lava M
A - A
Q_ZZ Dea S3 D.4 S, E%TC Cé:

JUN 3.4 Wnungaensvinaui 1 (t, <t <t) fiddumterdneasy

lugrsallaing Si uag Ss egluaniugisuduaielatauly Zvs Favinausie
d‘ dl a L3 U o 1 ! = 1 dil
Weunanlnue 8 Tuvaeiadnd Ss uag Se Ssmvinauegluriaim to oe ¢ lnglugieilag
= P = ' v = ° a v Y
finszuagegainlvavyulgur Ui unile NSy Lo 402 Laxe Wiauiulalen De wae Des
Feaziinszualaasogenoiioazasngnlugaeaa t; Inediiulseqi Ss uag Se auiaugn
s A 1% o a o i Y o v 1
Winfelinisinuresainddinariudrgluuangaiinssuanielateuly zCs wazlid
wssrunuvasieliinszuansenseniivionvas V , =0 dedudsnsiinszudlnanulaleon

SeanTed Do waz D3 hdalvaniuuiyl
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Tnundaen1svinaui 2 (4, <t <t,)

Ci Cal_
- sef T
~
Cy Ly
Vdc < o A
1 M Vor
(oF: e Cal_
= Sy C —_-
_Sef4°

5UN 3.5 nuagaansvinanui 2 (4 St <t,) ifiduwieniasy

nanNEing S, g Sy aglasudygrasuyinunssuaszlvadulalendn S; uay
Sy wieladndisuinaunelagn1iy 2vs Tuginal t 89 & F3afInannszuading
= 0 woigalinseualuanyu g UNUAIALEIUWERY Lawa Wa¥ Lawe PUMeadng S way Se
o v ~ ' X o q v o A | = P
nyavuneliteuly ZCs Weminyasaanlauun M liussdunnnaseu Coo J9dalad
Jurrsiinaensreziign Inaunasineussiu Vde ludasnaililadreidalailiiulvan
WALLSUALIIFUANATONNVINDLUAIAIANNITN 3.1

+V
d
Vsec SAGATH (3.1)
n
U INTEWE freewheels Tanulnlonw997995389NTERENUDDN Dy — D N9 4

MlngdlusatuanuyRegideaiiiu
(3.2)

(3.3)

I]
—

JUN 3.6 Inuagaamsviud 3 (t, <t <ty) fdduniderinesy
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selilosninluun 2 1ile freewheeling mode éuqﬂamaﬂmiam Dz wag D3 1gn
thnssuaaziuldinaing Si, S5, S uay Ssaglutiningsua fafunszuaayinadingisas
o AYsAlUAINITARTINAT t2, N38Ua sy, Iss, Is7, Iss Wae p Buifintusgraieidosuas
fafngean a vand t wazdnsiinszudlvaiiuazoensiudmde ey Lo Uag Lo
LuvaLmsEeTsadenanazidunsaneToumaslulihanudenglugnioudasliii
Toinsuasnuniogiivesvsioudaslvasiulelen D; uas Ds veneasiBeanseuasuesn dilu
Tnuedignsiussiusunionddaiiuluaunisi 3.3 waetanmasdiiudiussosiom
NM5YN9IUURLEING (Duty cycle) Feazvualag

Vo _D_(t)/(Tew/2) _(t,-1)/ (T /2)

_0 = =

V, n - n (3.49)
t,—t
DL\ 74

Iz (3.5)
Tsw =1

Lf
:%Cf

JUN 3.7 nuagaamsvieui 4 (t <t<t,) fddundeidnesy

=

Viuiinalnd Si uaz Ss losudgyaradunali off lurisiaives t finuusen C

a1 ~

uay Cs wgnaniauazanunsangaiinszuanmeliiouly 2Cs lurisssornadu 4 foud
Ca WAz Cs AxgnudosUszqoonateauysalilngn & a@ind S wag Ss anansadaldarule
meld Zvs Tutham t 8 ta Inslutsilasiinssuageaeitlnanyudouinusamdeiuasa
Lauxi WA Lowo Hazlalon Doy Wag Do vlnnszua I, azfarisianasuazlainssnuain
uwasinglinseuanssmnasesiiniouuag V,; =0 idesmnivuniiduinnadeldiuswiudion

ATBY Coo GelaiiUounlas deluszinsvuadsndlvadiulalanSeanssua D way Dsag
LAY
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Tnungaen1svinaui 5 (t, <t<t)

=, 3R,

JUN 3.8 lnuagamsvinenui 5 (t, <t <t) nddawmileniasy

sarflesannluun 4 Tudhananiaing Sohag Ss agluaniugiFuhaumeliteuly
Zvs luthaiie tavagiadnd S, uag S Ssanirnusgludianan i ts lngazinszua
geanilvanyuisus st weSy Lo 18 Lo sgniondulalon Do wag Des 981
soiflosuazazngalutianm ts lnefufiudseeil S, uay S, awEugnunsaifieliaindsanan
glnuangmitnszuaniglditeuly ZCs wazdnsiiussiunnasenvamiionlandumud

[
v o =

Aatuginsiinsyudlvanulalonisesnsgid D; Lag DsLagAses ananguiu

Tnuadia9n19919un 6 (t; <t <t;)

be|

5UN 3.9 nungansvinaui 6 (t; <t <tg) idldvdeniasy

Buraanandun lurasdiaing S, uag S7 Fungainszuauazaindrinamunigld
Fewly ZCS Tugranm ts Aeudaradiaind Ss waz Ss awldudyauduinunseuanziva
Wulalondnu Ss waz S iiieliaindisuinaunieldaniae zvs Tugraian ts 9291987
fanannszuadang fp = 0 widainszualvanyuIoududaunioinady Lo 8% Lo
iosantrananiauann sldusssuiinnasey Co dsiolainlaousadiu Ve Tugasnand
Lillgdennseualiiuiven sufuazSuiiussunnaseuiinsoulas@nay feunis
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Vo o Ve (3.6)

sec
n

fatuziingewa freewheels Tran1ulalonua995389NSLRAANUDDN Dy — D N9 4

fludalnan

THuAY29n159I9un 7 (t <t <t,)

Vdc

35U 3.10 Wueaansvineun 7 (t; <t <t,) fddmteidneasy

sollotanivin 6 Sdvuniliile freewheeling mode 5‘1421%«@31@1@@ D1 wag Dq
gatnszuane Fuldinaing S, So Ss uay S ogludistnisua Fedunsvuasslvaidng
NaﬁaEiwaaugﬁajmua%msﬁﬁga?%é’a a1 ts, NSYUA Iss, Isa, Iss, 156 LAY -Ip Sufiuuegia
soifloquariisAngagn a e ¢ uazdnstinszualuaidnuayeensuf Wt uaTy Low
LAY Lo WUUANINASTETINAITINa T s eleumdslnih nuvdssnelugniie
wUaalnvilinssuaimuniegivesndowtadivatiulalon D, way Ds ¥89393358aN T80
susenludlvanlasdmussiusiueeniiniuluaunis 3.3

Tuuaga9nsinauin 8 (t, <t <t,)

Vdc

N

JUT 3.11 Inantianisvianud 8 (t, <t <t)) Alduwmdednesy
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Tutsandus Muiinaing Sq uay Ss Iasudyaaduinali off Tudisaives &M
AuUsERn G wae Cs axgnunsauasannsavgaiinszianieldeuly ZCS luvaeiiaing S
way Se densviudeliuazlugiana t7 A ts danann laslugiedasiinsvuageannlvg

= | Y] 5] ° a o § v a
YUIGURNUAWN T NETY Lowa WA Laue $aebAlon Dz kay Des inlinseua -p 9shia
s = Y] ] A v = g = & I Y]
ivanasuazlifiusesiunnaseuimiowlas vV, =0llssnlunildusnnisdolaiusediu

PANATOU Coo elillasunyal saduazmlinssuwalnan ulalan1995589n5EWa Dy wag Ds
DELYULAL
I0
I, =— (3.7)
n
Tne

I~ [y 1 =l v v

n Ao dnsdusEnIusiuA Ul dousiui U

U
I 4:4 =

, Ao nazuanlunanu L,

3.2 1A999E8INTENE AC to DC A21wHm

druvesBunmuszneuluie 299siSeanszlamuaLazasnIesAARHY 14
undstenssiulwihssuvamnadeiulugninioanssiaaaia AC/DC awii uag
rua99InseI A TLdslUS nesue finedamigaduadiusiely

Ak X

C
220120V A\ — § Load

>
)

22040V

©

>
(e}
=

©

>
o

220£-120°V p

$ oA

JUN 3.12 199313890 T2 HALAYI9IINTOIAUBUNYIVEIADULIBSNDS

©)

N15ONLUUAUBUNNINITABULIDSADST LRIl
1) uvasdnaunssdulninssuaaduanunaldiiiausany 380 Vac, 50 Hz 3usi199)
Yausiaziaingiu 120 asemsliil Inefiusaduie1vinm 514.4 Vdc fsaunisin 3.9

V,, = 22042 (38)
V, =311V

3v3
Voo ==V (3.9)

V,, =514.4V
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2) 1asEsInszuaauaLuuUsnildlalon General Purpose 6 1 lagfvuafiig
MAwDWINN 3.5 KW, 540 Vdc Faiuinmainseudalasisaunisi 3.10

By =Vili (3.10)
)
Vin
_ 3.5kwW
" 540V
| =6.48A

LSIPUMULI ML BUAY 540 V LazAIUean 450 V 3leens1diuvavslonUadkasnsshaniu
W1 A9ANNNST 3.11

n _Vpri —I_O
MK (3.11)
Nl \ ¢
450V

nmsfuntesiy Judenlilalensedlsniulugs fidanseua 50 A Adausady
1000 V Bridge Rectifier Square SQOL50 A ﬁdgﬂﬁ 3.13

3‘1]17; 3.13 lugalalen Bridge Rectifier Square SOL50 A
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sUfl 3.14 AC/DC Rectifier Square SQL50 A 412995933

3) Value C low frequency filter
nseenwuuAIdImlesaziAUUTEeMNDAIIL tnelyaUszadiioanuunn
[ 4 1 a U 6 d' P2 % el' a dﬂ(
599U Ripple Ly 5% veaussnunszuansaominmivelildrweussiuimssunniu lng
fnsAmueail

Q= LE (3.12)

Tned

C, fia Aauuszqnawisas Converter (F)
I, e nssusgeaniilualinnias Converter (A)
fio A (H)
Ao Anudvains Iy Ripple 3 Phase f, ~6f (Hz)
AV @ 13374 Ripple (V)

Ve = 0.05x Vs
Vripp|e =0.05x514.4v (3.13)
Ve = 25.27V
|, =12.96A
wnueluaunsi 3.12
_ 12.96
P 300x25.72

C, =1,679.62uF
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JUT 3.15 fufvUssailawesuuudidnivsladiuduny

nnsewadidiu Judenldmiiuuszauuan 1,500 pF $1uu 2 ) Asvuiuiu
srlaAdaifiulszy 3,000 pF waziilusevuuiuaegs AC to DC Full Bridge Rectifier

3.3 A1A29950UL03LABS DC/AC HUUANIZAY

NNI0ONLUUIAsIUEINAgeIUsEnoulUMay DC/AC Inverter High Frequency Wud
auTTAUINUTAINoUnN g9 SeansEand W daar dwruludvan Fawzesungluiide
3.5 sl

—Tc, — T
skt sk
—_ — A€

s 1

C51_ B De4 C
4

W
4T
[
i

DCl = 5:: Cbc
L A 1 I H
—> ¢ .
=V
T dc.__wv\_. E B Vprl
Lauxl B (]

czlp A _sSEE ot s,E% c4

_shT Shf}

JUN 3.16 19ITMIAIUANUTIRUDWINNBUIBIMDTLUUMUTEAU

2958UNDSMes DC/AC WuvausERummige Usgneulumeseamaninds 8 i 1
ms‘v‘mmﬁﬁmnmﬁ’uswdwaﬁmsﬁﬁuaﬂﬁ’ua"?msﬁgjiu wazdidiudsyy ¢y AU Cy, il
SnwnsziuusafunszitenlaliiAu 5% ngui 3.16

1) weaaridaruiga (S: - Se)

NNUsIFULDWIMNTIRBINNSAD 300 - 450 Vde Aitaiddlaidosnin 2.5 kw fiaanud

[
v a

50 kHz 39390 I UaENANIAINNANANTLLENTN1TAUINAIT
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P =V, (3.14)

_ 2.5kW
° 300V
|, =8.33A

NaUN1sN 3.14 ledinsiennanszuaidu 2 wi Jledanltusaanidanfing 20

a a 13

A 500 V Luas IRFP460 tian1siinauraseanalilaussdnsamasan 3alavinnishingngad
srungAMuTouiuLaaLanne

\ i\‘\

2\

sUTl 3.17 weaularindaues IRFP460 AR 20 A 500 V

2) YA I@m sk UausanY (CL - C4)
ldsnnuuszgaianinsladnmun 4 69 vuiaiida 2.2 uF NuKsasu 400 V lnaiiso
Hudszydianinstadaesinvuuiueyldilugesyn anduildniulszyivgesynuise
AUNTUAULEIFBLTNAUIIRTBUIBSABSLULANNTEAY INUURDANEIITDUTENINNNG9TDY
= 1 ' < a o = Y @ 1 o [ Y A < v a
anefeynsuiulusialuaaimia Fanislddunuyseguuansenuasyiliinaiududas
aaTuluI9as

JU7 3.18 Muiudsraild dugnaUBnesuualssiulunasnouiesives

3) FranienINaTY (Low)

é‘hm‘jmﬁ’lLa‘%miﬁ%’umiaaﬂLLUU%U@gjﬁ’mﬁ’mausumwé’wmﬂﬁﬁ%mﬁﬁ?’]L*‘f]usl,umi
Antas ZvS dwdueain nandonszudlwinufitemsazifismeiazaniaussquazane
Useq wwiynvesueamagsanysaflu (16] lnseduietuneunisosnuuusdiatudiniy
fudasiuiduuiiiuiaduuuund egnslsAmuidosaniianuunnsisegreunnlulume
msvheudmsuAsihnasua suseunsesnuuuarldiunsvheunalnueduUasufdad
Iaueasuglineuniii nsdiarieftandmsunsiuiumsludas zvs Aenislaifinnse
Tnan dadudrsnisiie zvs msliudladmiunsdlifivaninnisisuvesaindegludas
zvs dwsvanmmslfnuiaeilaifinslvavesnssualnanndn Ssnszuaazanduaudld
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Tuszninetinswasuvesisinssua fdunszuaszieiunasmisniiasulugamas
WasuAsihnssuaniitu eriauszaeuselitudufulsegduonnvosmoauin fagud
3.19 wanaguedunszualiiinngsy Ansanguuuumsiauvesiudasiumdsitiauouas
nsefuneludiunouni wanaiudmiulasaiiimiuaunnsogvanysaiuuy 39
LANFA199IN99 9L I Y099 T At U S anuufuuiaduuuUn@niviunavesnszua
ﬂﬁﬁ%mﬁmﬂsﬁuﬁm%’uﬁ'qﬁwmmm \osannanuateiiineasifidamisninaiudigad
nszudlutinaanlnl Jeazmelszquesiauiivussgeenanaind s, uaziinsnfadaiiv
Uszqluaind s, faguil 3.16 wazAumasenszuansiisanarnduly fsaunnsd 3.15

J — -1 Lauxt

v

5UN 3.19 dyanainseuanazisenuvesiunideniesy L,

Vdc

PIN— € de W
P 8L f. (3.15)

LBT19E DN LUV AL IAUI995LE5U NBUDUALANUIUUSUNUNS N UNA a9 ld
Tunsiiulszquazanalszgienvinvvesuadvin Nt LINAa RS udmd
mismiw,avmamaﬂsvﬁmummu Farusundruiiulslusitheatuglasuie

1 2
Eaux :E'Laux'IP (316)

YSunamdsnuidedddlunismsawazmeusegevinmusstoainnzsivualay

2
ECso = CSo 'Vdc (3. 17)

fatUA1YRTENYLESUNDDNWUU ke

L - 1
aux_m (3.18)

daliudladn zvs asasanaalny tg 13 welidifvuszqeominnveseamnaiuise
P5uazAEUTERAANT
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(3.19)

msdanaidmisninasudusmioninssuaadu frumnuuuduvesnand
auaniifinnsandniuiaumieniumdidmgniife dondnidssmnugydovdniiddyl
[17] N1500NLUUFIEEIULE3 1L AMUAIINAIT8N LUV WuI Tl Tnefmun
t, =0.15us WAYAIC, — 440 pF TLdNAmaLTRvesFueamaiidenldluauided e
unuATluannsil 3.19 agld 1, —32 A

FILUTIAWIIAT Ly, WHINEUNITA 3.15 Al

| = Vdc
y 8 Laux g fs
Laux i Vdc
8l,.1,

540
Laux ' 3
8x3.2x50x10

= 421uH

3UN 3.20 dunllgninasuunumesaeanlsluies

4) lolonuwaaud (De; - Dea)
WHB9A8AMUREINTIVRIAINTNANUD 50 kHz Fedenttlnlanwmaudiuas
RHRG30120 Hyper fast Diode HW{ins5151991 3.1

AN51971 3.1 Afifinsingg ¥es RHRG30120 Hyper fast Diode

RHRG30120 Hyper fast Diode

Reverse Voltage 1200 \%
Forward Current 30 A
Operating Temperature 175 °C
Ultrafast with Soft Recovery <65 ns
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5U# 3.21 lalen Hyper fast Diode Luas RURG30120

3.4 A1ANAIAIVANNITTUNAVDINDELNA (S; - S)

Tursasdunesimesfiamnsaegluleuly 2vzCs Id snduazdedldgunsaiianunsa
a¥ednygar PWM wuuiaeumadissiulduasvesdyaraneimnlivosnin 14 dog ot
Jadenld dsPIC33E DSCs Tneflnniauiifriannsnem 3.2

A5197l 3.2 Soyafifavesuasn dsPIC33E DSCs

Inpyt J/Qlie®® of g _ M7 [ 4650 \ YN . B2 ‘_ Ve
Ogejptiog Vdlweelrel LONYY' &b 'V (] ,,,,},,,, o) Ve
Clock Speed = NV SN \T /e ‘ N6~" 0" | §MHz
PWM output - 1110 ). ud | Jrort

\Wosanueasn dsPIC33E DSCs dlussiuilulieanenonistunedis Jepsltasasdu
vinalunIsveIedy 1o ol iins s uiieanedon15TuuINANLI IRy GS gadn
(Ves =220v ) Inglduasa dsPIC33E DSCs wagldunaadngluifesaas ssv. mnudiaudas

WAL 220 V/18 V

dsPIC33EP512MUB10 +540V

OPTOTLP350  +1sv Mosfet| IRFP460
Yoo Pwm 1 .8 wiadwanamson | P
Q. | [ i - L
S H l01pF==c  wemnln ‘H i ¢
- R | [ TLP30 1000 dl T IMOSR = or
R
f A4 B 10kQ%R s

-15V

JUT 3.22 1995n58UneameIY dsPIC33E DSCs
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o

3.5 nlauvasussiulnihadnudsgs

=

lur9ashdyfgaeunesinoswuvausedvaindmenssiuaudnseuaaud lagldnis
d‘ d‘ ¥ aa U ¥ ::l' 1 t:ll ¥ a a d‘ 1 o
Howma PWM Taefaudguaiifinseiud19ni9snsesnnud dwuiiunfeniiweuseny
19351589050 1 ilan1seanuuundewdatainuiias Jadenldununeslsy EE80 Tunns
asndiaudatiiihnnudas 1 wla Avuaidanisdamduiuseukasvuaesiauily
NsRUAaIANIRLUgU LA InaInN AN REIAswa LUl

Tr

JUN 3.23 2msvslowUaanseduliimnudgs

WU NI v, = 540V

WIPUYIBEN v, = 450 V
nIzladUEn 1, = 12.96 A

ASYLENIUDDA | = 1555 A

0

AMLREINTY  f.= 50 kHz

S

[

ﬂmﬁaﬂﬁuummmL.Lﬂum?immiﬁma@mmﬂ

V.l +V I
Ap:ACXAN:4><KV\:>I<Bm:<C}SxJ (3.20)
o
A Ao Wufiwihdaveswnu (core area)
A, Ao iudinnglunseuinweny (window area)
ViVo  fa usatumuidnuas kst U ueenanuaau
i lo @ nszuasudnuasnseuasueanauany
J Ao AUTUILLUYDINTELE (A/m?)
Ku Aa window utilization factor
Bn  flo Aponumuiwiuveddunsawiviangsan (wb/m?)
f Ao AnudainTivssueanavesdunesnes
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- TunuAdeildenanunuiwiuveanseud (J) wiriu 4 A/mm?
- whumdneslsAdiauuwluveAduLsLWaNINF (B ) Usyanal 0.3 widan

(wh/m?)
- A1 window utilization factor (k) AWy 0.4

[

> naun1si 3.20 euaadlgen A, glail

~ (540x12.96) + (400x15.55)
P 4x0.4%x0.3x50x10°x4x10°
Ap =145.8x10°m*

nsdenlfnuiuesdonuuinunuiiiien A wnndifisaualy lnedenunu EES0/76 39
INANT1TOUAVDIHHARTIAN
A =392x10° m
A, =1480x107° m’
A, = A x A, =392x1480x10*2 = 580x10° m*

P MIUINITOULRIUNAIN
uIusoUMUUgHATAWIl A

N AIOTAIN

TR B, x A x f, (3.21)

N i = i = 5 =22.9~23 50U
4x0.3x392x10™ x50x10
Sunuseuduvisgiicunléssd

V,
Ny, = d

" AxB,_ x Ax T, (3.22)

450

N, = o > =19.13~19 9v
4x%0.3x392x107° x50x10

(%

91N&AUNISA 3.11 Turn Ratio vaavslawUasAulnilaeail
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(%

o dy Qll Y Yo A
> mmmwuwwmmmmwmmimmu

|.
a, Zjl wae a, = TO (3.23)
S A —
X
| 15.55

a,=-—>

o= " =389x10° m' =3.89mm’
X

> funamanuanvesiIneasinszualaniy (Skin Depth) Wistlumuuina
VAN IR UnIDUUSS

2
S \/_p: J_p (3.20)
o\ 7t

1ne

S e euEnvesivesuasiinssudanunsaluaniiu (m)
' fe el (H2)

Mo fe AAUTNATULNLARNYDIBINA 4, =1.2566x10°°
A R AUTNENULNIANTOINBILAY 1, =1

P fe anudumunialniivesinil @Meune p—1.68x10°)

AL (B
7o ¥ o

\/ 1.68x10°
7 x50x10°x1.2566x10°°
0 =0.2917mm

NEUNIST 3.24

¥
Y

» aumamvuiaiduriugudnanuaziufinindagewamaneunUios daunis
soluil
d=25 (3.25)

d =2(0.2917) = 0.5834mm

d2
A = ”T (3.26)

_ 7(0.5834x107%)’

A =0.2673mm’



64

$1N1589NVUINVBIIILN LT TReN AN INATATUIM A2 tPnaIALUas SWGOS

¥ [l
I Y v

A [ 2 v & o X A v oo ! P ° v N
UNUNTUIPALUU 4.289 mm?* ASUUUIVUIANUNNUINALAL AT UUIAIRTUIULAUYDIVAAIAN

AoaNNRLNGYY
Y ag v a  a @ o 324 Yy = oA 9]
sudgugildansindeadudiuau = 23.77 U Jaidon 24 1
1% a aq v a a I o 389 2/ =< A 1%
sunpegildanfiindeududma =28.54 1&u Jaidon 29 1
> ATEeUAINgNABT
n
AK, 2D (@N,) (3.27)

A, K, =1480x10"° % 0.4 = 592mm>
a N, +a,N, =(3.24x23) + (3.89x19) =148.43mm?

sraviurgwuIndulumuReuluvesannisia 3.27

Iin .
—>

. I out
4>

PN

waadosindm 0 udy T
V. =450

T waamdesiinao) 24 udu

V.4 =540

N =23 N=19

sUTl 3.24 wifouuasawigeiiin 540/450 V 50 kHz
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JUT 3.25 nifeuuasnnudganlaluieesase

=

3.6 ﬂ’]ﬂ')\‘i’i]'il;%ﬂ\?ﬂ'izttﬁ AC-DC ﬂ'J']ﬁJﬂE;jN

1) MAA9sIEBINTELARILTES

N%L’%&NﬂizLLaﬂawuﬁquizﬂauﬁaa Schottky Diode tluy Hyper fast diode Soft
Recovery 4 §2 vuiseilsadonldlaloniued RHRG30120 7iRfA 1200 V 30 A §aasnsa
viauldAname 50 kHz denndesruaudvesdnyaiaussuliiive wmlaudasiunie

gamvt1nuvawseduliiinssuagauilunsadulufansyuanss de3ua 3.26

JUN 3.26 199313890 T UALAYN TRILTIAUANLAAIN UL VNN VDIABULIBSIAES

2) mmwamamamﬁqq ( High frequency filter)
nsudasiniiinssuaadululniinssuansmidensasioanssuatuy usssuliiuas
AszuaiIuesiosnszuaz liidulinsaSoumiloununmes LLﬁazﬁﬂwsﬂszLﬁamgﬂﬂﬁu
LsafuLaznsELEanAILaveslifinnsruaau duumane Suiudsdeuihusesulwihile
MNMsBeanssuasiy Filter SnasaitelildussdunasnssudlniinGeouuniy Tnee L uay
C anunsamlganaunisi 3.28
2.1) fuiuuszqilawmes
Futhinseussulnihnssuanssliisoulnsasiiunasmoussiulniiogng
aiawe iedglidulvan Mufulsznueninmdenlduiadibninsladinaurdnefidu
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Y

o [ a & 1 Y [ A & 1 [y P o 1%
G\?LﬂUUiZ‘\}LL‘U‘UWﬂL@@i ANVDIANUVUTLIMUUAINTDIALLIIAUNTLLN DU mmiammmlm

[

TnanisuszunamiuiuUszanaunIsaall
|

C =
f fy, x AV (3.28)
Tned
Ci Ao dfiudszqnownas Converter (F)
L fo nysuaasanilvaid1ieas Converter (A)
fo  Fo AudaInTe (Hz)
AV o usesiu Ripple (V)
Vripple N O'OSXVdc
V. e = 0.05% 450V (3.29)
Ve = 22.5V
I, =16.67A
wnuenluaun1si 3.28
| 1667
" 50x10°x225
C, =14.82F

Tnedonldmaunulssgi 150 pF ludunulszqilamesnsasmanudas

JUN 3.27 drufiuuseailawwas Electrolytic Capacitor Au@1viny

2.2) fwllendilames
INAUNTTN (3.29) WNUAT C, —14.824F : f,, — 50kHz WANNITN (3.30) LitonIAY

1

Lf = 2 9 6
A x2.5%x10° x14.82x10 (3.30)
L, =0.68uH
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Wonldiniienin 80 uH WrlUsieaunsudniusuLeinmneesans AC to DC Full Bridge
Rectifier A4

UM 3.28 sawmllenimeseganlanaianuieving

NgUT 3.28 dandenihmednueinnmdenldunumesesiioiluiayaungdau
Trnunsanelransuteldlames YutNUeanunTeRanseuInLasszannIslasunuad
Y99nsehd Ylinsewanivaniulualaogisaiios

nulavinseaniuuae39as AC to DC Full Bridge Rectifier siagu#i 3.29 uazfin
angUswiasivenseuldeUnsalaneg Asgun 3.30

gﬂﬁ 3.29 9191935 AC to DC Full Bridge Rectifier mmﬁﬁ&

Wolluoa
lalam RHRG30120

waliuoa Output

5y a o a ¢
Mg Namag

Fuiuuszqilawmes

gﬂ‘ﬁ 3.30 ‘qmﬁﬂﬁ AC to DC Full Bridge Rectifier m’lll?llqa



68

o J a ¢ 1 o ] < & N ¢ o A
INNTTATUIEUATNITIULARDTANE) U’m’]éjﬂ’ﬁﬂigﬂ@ULﬂu‘lju\‘I’]UVlﬁiJUuiﬁu G’NE‘U‘VI 3.32

3UN 3.31 n1seoniuuiumuidenislusunsy Sketch up

YAUIAIAUDES Output U GIRTANGPRHOGN

UsA dsPIC33E DSCs

DC/AC Three Level

Yauvasdrglnligunsainiely

JUN 3.32 Yunuideildlunismageu



unii 4
NaN1SNAEDU

nnmsiildAnmduaimdeyanisiunguiifsrtunsesnuuuissaeunesines
LuasEFURnUIadLasinsUfulsnsifietssgndldlussuudnifundany Tuund
Junan1smeaeauni13vineuvedinasaewlesineshuvamseduliuuIndlaeaziily
UsggndlFanuatafugamsanumneiaieatunniinismaasuuaziiunanisvaasaiite
Wiguieulseavianuaziinsieing sauiammegeuyanluauaindiedyayuiaduuy
[Fouyula MInadeUIsIsAeUnesmesuVmusES UANUSAd T ke lifidmdenthiaty
(Law) M8ldanmznsinuresainduuuusafugud nagounsusanumnes iidnussiy
g¢ ulvfamslimsevnaiisuiunisdiassramelusunsy lagasasnismageunuiide
fananaznadeulagldemniivasingg fsui 4.1 uazmunsei 4.1 sud iy

i ] a = -
A15719% 4.1 AdwesiltluNasivenndey

WT0L03 deyanwal il
Input Voltage Vi 380 Vac
frequency f 50 Hz
Switching frequency e 50.0 kHz
Phase Angle a 0-120°
Output Voltage (DC) Vi 300-450 V
Power Rating £ 2.5 kw
Ripple Voltage V ipte <5%
Efficiency (Max) %n >95%
Dead time t 0.15usec
Lossless snubbing capacitors C.-Cy 440pF
Inductance Auxiliary i 400pH
Blocking capacitor Ce 1uF
Flying Capacitor Ci..Cp, 1uF
Voltage divider capacitor C,-C, 2.2uF
Turn ratio of HF transformer N, N, 1:0.85
Output inductor (DCL) 80uH
Output capacitor C 1uF
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A A cl

224F]

CJ

3,0004F |

Load

¢
224F]

1:085
7o
ﬂ c. Cé:
224F
e

JUT 4.1 29asReuBswSHULANSEAUANUSAITIElun TVngey

(% 4

4.1 NIVAFBUYAAIUANEINTATH U IUNATLUUR UYMW INY

[

Tngusvasn
1. WavnaeUdyyIMAIUANTaT1NINUesA dsPIC33EP512MUB10 161
o)

2. \iievAae AL IMAIUANTILAIN ATV d L IaE WENNT AR LTI U NG

TUADUNIINAADILAZHANITNAFD

n1snedeudyyIunadiieldaiunnaindils 8 adndain Microcontroller
dsPIC33EP512MU810 Wiansnsnasedeysyieuniad 4 dyarasuuuidousulansis 07 - 120°

wagvngIuInLsRulRlgauiunIsTuInaYeedinvuin £15V

vein dSPIC33EP512MU810

STARTER KIT

EXPANSION BOARD qaiadeyanm OPTO TLP350 aIadaM
PWM eenornuesa | 7 PWM shugadiu D
1 8 9
K £ § a £
/% [] | y_4 6 A
- TLP350
Bl = : O E .
I Use STARTER KIT s Il L]
=] O 4 5
el g

JUN 4.2 suviansindayaa PWM Aluninunavesuedain



Differential Probe §u N2791A

o
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Oscilloscope RIGOL 4 Channel

JUN 4.3 29asn1sTadeysyos PWM filuduvinavasueainaluvie sy UAns

VIDiv 5V Time/Div 5u:s

Il :
“S S

{1 :
P“d— 3 52

I ; E
A Szzsv h 1 R

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

Mlcrocontroller ‘vm:u 5°

V/Div 5V Time/Div 5pis

Microcontroller ‘1'71|343J 30°

\i/Di\i 50\}' Tiﬁwe/Dlv 5ps
’N"\]i‘UEJ’]EJﬁiUEU']ENV]QJﬂJ 5°

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

V/D|v 50V Tlme/Dlv 5ps

'N‘\]?UEJWEJEKUEU’]QJVI&JEJ 30°

JUT 4.4 dyarauiadiideuyuimasiigg Wiothludurinevesuoas



5 ViDiv:SV Time/Div. 5us;

Mlcrocontroller mm 60°

VIDiv 5V Th::ne/D:iv Sus

!\/\lcrocontroller ‘Vm:u 90°

Microcontroller ‘vmqu 120°

72

. VIDiv 5ov Time/Div 5us

Nf\]sﬂumsammmwm 60°

I:____}__;Susa _______ 5 ________
| | .
...... 1 Q0%
[
1555,

V/Di:v 50V Time/EDiv Sus

’Nﬁ]i‘UEJ’]EJﬁﬁUﬁU'Wm‘VINN 90°
6 T

f 'si SB:
I

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

* V/Div 50V Time/Div 5pis

ATV IYFY YN 120°

JUN 4.4 dyarauiadiiaeuyumasiigg wiethlutuvinaveueains

4 4 (% < a s
4.2 NINAHDUNITABULIBILADILUUAINILAULANUININ

Ve

ﬂ']i‘ﬂfﬂﬂf‘)UULUUﬂ'ﬁ‘Wﬂﬂ@ULUﬁEJ‘UWlEJUi”‘Vi’JN’N%iV]lILLﬁ“"VLﬂJ
ADULIDILADS m%ﬁﬂmmLiawmaagzugmwmm St =

wazldinmile i

’JL‘Vi‘lJEJ’JU’]LﬁiiJI‘L!’NQi
Sg wazUszansnmuesaslunis

Fradslniedslundazyudeunaluresdygyias PWM Tnsluanannuduniuazladu

yapall 100 W / 220 - 240 V

A 121 cll
2.2uF
CP
N 3.000,,::7
N——
c2
L A A 224

L
80uH
Coy) 1 ’
+11
Von Ci=—F— Load
150uF
DjF

JU# 4.5 2993 AC to DC Converter diwilganasuilalunimageulnanainuiumu
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ingUszasd

1. Wian13naaeufaT i uasUssANs M N8 91995 ABULIBSINB S LUUAINTE AULAL

' '
a o I

U3nd9 finlnanlivesndn 2.5 kw lagnsideuyuima 0° - 120 83

2. diensnageurdaliiuarUsyansnnuesnsaeunesimesuuvausyduLiy
Uindflsimsusuusslaemsiiudandentinaduluages

3. anunsniUTeuifisunariiasdnanuLani19e a9 sildlnanainy
aunlunisegau

MTNAABIALYINNNIABIIAITUR 4.5 Teusesuiufidndl 3 wa 380 Vac USuideu
yulavesdyyias PWM waziiinlnannaonlimuadivinaniisesnisuaasdlundasnig
naaes Tnefidoulusil

1. 91eszaunssnuBunminine 3 wia 380 Vac snglifugalnanusazadiulnan
(u 1 afiulvanazuszneulumeyavaenlifivuiuiy 2 viaen 2 4n wagiianoynsui)

Z.U%’ULﬁauguLWamaaﬁWﬁﬁ 50, 30°, 60°, 90° gz 120 936

3Phase AC Supply LF - Rectifier Three Level Full - Bridge Converter HF - Rectifier
Ay = 1 c——— e
\

3

A &

LOAD

,

I
|
I
I
I
I
I
|
I
I
I
I
I
I
o

JUN 4.6 MuniansInALaztuNNan1SMAAR Ul anf IR UNIY



Input 3 Phase 380 V

:.-jVIN
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sUT 4.8 299571l Simulation Tulusunsa PSIM
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4.2.1 NNSNAFDUAUIULIIAULAZNIZWANGINT S1 — Sg VBINATAIUTZAULAUUSAS

o
[

MsVAdOUS NI UL NTERATIENRD 51 — Ss TennRTAuSERUSIUTAd Wuns
VREULANYINANIUTUT BTN TR ZVZCS semihnsasniauasldfifumioninasy
Tneneaauiiluan 10% 30% wazlnan 100%

FupeuNIVINADS
1) USuiaeusuinaueaingil 30 o
2) NPEDUINITTIMANANEILUYINY 10%, 30% Waz 100% vasfiialuan
3) USunsadiusudniifdn 3 wa 380 Vac
8) Sadauaausadutiunseuaniaing S; — Ss warUufinua
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Vsl D30 20024, MY54430882: Mon Mar 26180209 2019
v 200vF 70 104/ 0.0s 5.0005/ Stop
\/
b=, e frrvemt
\ 7 - 7
\ g
|
| /_’ i i
V/div 50 V A/div 0.5 A Time/div 5ps V/div 200 V A/div 1A Time/div|5us
Simulation @S Experimental @51
DS0-X 20028, MY5A430882: Mon Mar 25 18:2323 2019
V 1200V 2 208/ 0.0 5.0005/ Stop
] v
r:\wﬂ- ey e )”'#.:1" \W
L \ {
I |
/\ | Sl & ‘ i\"uwﬂ %
V/div 50 V. A/div 1 A Time/div 5us V/div 200 V{A/diy 2A Time/div 5us
Simulation @S2 Experimental @S2
vs3 D30-X 20028, MY54430882: Mon Mar 25 18:24:30 2019
V 1 200¥ 2 2.084 0.0s 50005/ Stop
A%
: PW:':'.'.'.'ul:'.'n':rv‘ .‘FW\..'..H:.':.-.:'.:‘:.\Q\.’ ‘Pm:—_-
hoa LIn ) \ |
I
| b o+
p ] o e
V/div 50 V A/div 1 A Time/div 5us V/div 200 VI A/div 2A Time/div 5ps
Simulation @S3 Experimental @S3
Vst DS0-X 20024, WY54430882: Mon Mar 25 18:03.57 2013
i V ooy o2 10a/ 0.0s 5.0008/ Stop
V
!n Wi : : ;.' e [reteea)
_____ J \ f \ /
I
! e . BZa
V/div 50 V A/div 0.5 A Time/div 5us V/div 200 V| A/div 1A Time/div 5ps
Simulation @Sq Experimental @S

JUN 4.9 FyeyuseiulaznszuanadIng Sy — Sq Maeuyula 30° (No-L van 10%)
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DSO 20024, MY53430882: Mon Mar 25 18:06:30 2019

200v/ 2 108/ 0.0s 5.0008/ Stop

e prsecpa) e

s

/W \‘”}W’A “M“MAJH»‘

Simulation @Sy

Is§

B

V/div 50 V A/div 0.5 A Time

/div

5MUS

Simulation @Ss

=D

su

Y

V/div 50 V Aldiv 0.5 A Time/div 5us
Simulation @Ss Experimental @Ss
0SO-1 20024, MYS4430882: Mon Mar 25 182628 2019
V 1200 2 2087 0.0s 5.000%/ Stop
vV
f e s ez ':;V: fw»—
< ! i —
|
4 St = b b=
—\
V/div.50 V Aldiv 1 A Time/div 5ps V/div 200 V|A/diy 2A Time/div bps
Simulation @Ss Experimental @S¢
DS0-X 20024, MY5A490882: Mon Mar 25 18:27:35 2013
V 1200yt 2 208 0.0s 5.0002/ Stop
vV
7 rm: el 'P«,.«:-.:m;—.--f..,p\; 'rm—L
|
‘// ( ' Q”’M"v—‘
V/div 50 V. A/div 1 A Time/div 5pus V/div 200 VIA/div 2A[Time/div bps

Experimental @57

D30 20024, MY54490882 Mon Mar 25 18:0751 2019

1200y 2 104/ 0.0s 5.0008/ Stop

|
V/div 200 V A/div 1A Time/div 5us

Experimental @Ss

4.10 FyanusiunasneRanaing Ss — Ss MAauuwla 30° (No-L lvan 10%)
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[

/div'50 V Aldiv 2 A Tim

e/div 5us

Simulation @S

V/div SKA/di

2 A Time

2/div 5us

Simulation @S2

] ]

Ve

Pl

[div 50 V A/div KTime/div
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DS0-X 20024 MY54430862 Mon Mer 25 17.36:56 2013

s 0 Bow 00 BOUY  step
|
@AW — /I}W — /M'—
Vidiv 200 V} A/div 5A| Time/div 5ps

Experimental @51

DSO-K 20024, MY544530882: Mon Mar 25 18:34:13 2019

1Z00v/ 7 504/ 0.0s 5.0008/ Stop

\%
b —m’iﬂr it

e -

Vidiv 2@0 V A/div 5A Time/div 5us

Experimental @S2

DS0-X 20024, MY5A450882: Mon Mar 25 18:3303 2019

1 200v; 7 50A/ 0.0s 5.000¢/ Stop

i g i

Q/Mm MV//M« it //Mw-

OMUS
Simulation @S- Experimental @53
D30 20028, MY54430852 Mon Mar 25 17:40:36 2019
200 2 5.0 0.0s 5000/ Stop
-V
i et TR R, |
I
I y ) ) ‘ /:
V/div 50 V A/div 2 A Time/div 5us V/div 200 V{A/diy 5A Time/div bus

Simulation @Sa

=D

U

Experimental @S54

4.11 “q;ay,mmqéﬁ’uuazﬂizLLaﬁa’EWﬁ S1-Sq ViL?ﬂlauumWa 30° (L=400pH 11an10%)
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V/div 50 V A/di

2 A Time/div 5us

DSO-K 20024, MY5A490882: Mon Mar 25 17.44:42 2019

79

200vf 2 BOA/ 0.0s 5.000%/ Stop
v
|
V/div 200 ViA/div 5A [Time/div 5us

Simulation @Ss

Is6

<\

div 50 VV A/div L/ATime/div 5US

Simulation @Ss

Vi divE%A/din A Time/div &

s

Simulation @S7

% V

V/div’50 V Aldiv 2 A Time/div

5us

Simulation @Ss

=b

su

v

Experimental @Ss

DS0-K 20024, MY54390882: Mon Mar 25 18:31:30 2019

1 200%) 2 G.0A 0.0s 5.000%/ Stop
A%
e ] e
1
|EL SN N I
VI/div 200 V A/div 5A [Time/div 5us

Experimental @Ss

DS0-K 20024, MV54490882: Mon Mar 25 18:955 2019

1 200v/ 2, 5.0A4 0.0s 5.000%/ Stop
AY
|
4 o : ,/‘JM ) ” /"M
E) W ™ W i
V/div 2P0 VIA/div 5A Time/div bus

Experimental @S7

DS0- 20024, MY54490882: Mon War 25 175014 2019

Lo 2 504 00 B0/ Step
I
T g W g
V/div 200 V A/div 5A Time/div Sus

Experimental @Ss

4.12 Fyoy1usfuLaznTELanaing Ss - Ss ﬁL?ﬂ'auanga 30° (L=400uH 1vian 10%)
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V/div ivlA

Time/div 5pus

Simulation @S:

80

D30 20024, MY521B6508: FriFeb 22 14:13:30 2019

200y, 2 10.08/ 0.0s 5.000¢/ Stop
\Y
|
)T'.-"""". ) —
& t W y W A
V/div 200 V A/div 10A Time/div|5us

Experimental @51

D30-X 20024, MV52186598: FriFeb 22 15:47.55 20139

Vidiv V1A

Tim

e/div 5us
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Variac Transformer 3 Phase YOKOGAWA DC Voltmeter = YOKOGAWA DC Ammeter
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An Improved Three-Level Full-Bridge Soft-Switching
DC/DC Converter with Wide Load Range
for Energy Storage System

Narongrit Sanajit, Anuwat Jangwanitlert

Abstract — This article aims to present an improved three-level full-bridge (3L-FB) DC/DC
converter in which all switches can operate under soft-switching conditions for a wide load range.
It is suitable for applications with high input voltage and input power. The proposed circuit has
some interesting features: the voltage across the switch is only half of the input voltage. The phase-
shifted switching pattern is used for the output voltage control. Furthermore, auxiliary inductors
are added to the circuit to verify that the main switches are operating under the soft switching
condition for a wide load range, particularly light load scenarios. And clamping diodes can also
facilitate in achieving the soft switching condition, leading to improved performance by lowering
the loss of semiconductor devices in the circuit. The proposed three-level full-bridge (3L-FB)
DC/DC converter circuit has been designed and simulated, and the results of the prototype test at
2.5 kW of output power rating have been analyzed to confirm the performance of the proposed
circuit. Copyright © 2024 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: Three-Level Converter, Wide Load Range, Phase-Shifted PWM, DC/DC Converter,

Zero-Voltage Switching (ZVS), Zero-Current Switching (ZCS)

Nomenclature

Ve DC input voltage [V]

Lauxi-Lauxz Series auxiliary inductors [H]
Dc1-Dea Clamping diodes

Cu1-Cuaa Dividing capacitors [F]

Cs-Cs2 Flying capacitors [F]

S1-Sg MOSFETs

C1-Cs Parasitic capacitors of MOSFETS [F]

Laux,nl-Laux,nZ
|n1
Ip

Neutral auxiliary inductors [H]
CUI’I’ent Of Laux,nl [A]
Primary current [A]

Tr High frequency transformer
Cob DC blocking capacitor [F]
Lik Leakage inductor [H]
D1-D4 Output rectifier diodes

Ls Output filter inductor [H]
Ct Output filter capacitor [F]
RL Resistive load [Q]

Vo Output voltage [V]

3L-FB Three-Level Full-Bridge
HB Half-Bridge

DC Direct Current

AC Alternating Current

Introduction

Nowadays, energy storage systems with high-energy

batteries are of great interest to use with renewable energy
generation systems during production. Usually, this high

Copyright © 2024 Praise Worthy Prize S.r.I. - All rights reserved

power will typically be charged from an AC power supply
or grid systems [1]-[6]. The DC performs energy
conversion for the battery to DC converters as shown in
[7]-[9]. The 2-level entire, complete bridge converter
circuit is the prevalent structure for applying in a few
kilowatts of power range. With its high efficiency and
density, which are outstanding features of this structure
[10]-[12]. Therefore, the 2-level structure design is used
extensively in industrial applications. However, in micro-
grid and renewable energy storage systems with high input
voltages, a 2-level structure may not be used-because its
dc-link voltage can be as high as 800 V or higher [13],
[14]. Although high-rated switch devices are available on
the market, operating in inappropriate conditions can
worsen the system. Therefore, it is still challenging to
choose a suitable device for a DC/DC converter circuit
with a high input voltage [15]-[18]. To overcome the
mentioned problem, there are two ways to reduce the
voltage stress on the switch. The first method is to connect
them in the serial pattern. However, this method is
unsuitable for high frequency ranges due to the dynamic
voltage balance problems. The second method is multi-
level topologies, which is a better solution for high voltage
and high-frequency power conversion because fast-
switching devices such as MOSFETs and IGBTs cannot
withstand high input voltages (>800 V). In order to take
advantage of these smaller devices, multi-level topologies
are proposed to reduce the voltage stress of the switch
devices. Each switching device [19]-[22] gives sizing and
dynamic response advantages. [23] offers five types of 3L

https://doi.org/10.15866/iree.v19i1.24398
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dc-dc converters and extensively compares them. It has
made extensive comparisons with many interesting
features and studies that have been continuously revised
with results. Much research has been published on new
multi-level circuits, soft switching techniques, and control
strategies [24]-[26]. The studies mentioned have made 3L
DC/DC converters more usable. However, there is still a
limitation; the most common 3L PWM DC/DC converters
are the Half-Bridge (HB) converters, which provide only
half the voltage of the DC bus that can be shown in [27]-
[32]. The proposed circuit can be improved to be more
powerful, full voltage and higher power transferring can
be achieved by the 3L full-bridge converter topology (3L-
FB) shown in Fig. 1. To overcome the limitations and
improve the performance of the 3L-FB DC/DC converter
is still a challenging issue [33], [34]. For efficient and
reliable operation, the switching device should be
operated under Zero Voltage Switching (ZVS) or Zero
Current Switching (ZCS) conditions, resulting in many
advantages, such as reducing switching losses and
creating a noise-free environment for control circuits. The
ZVS is usually done by the current of the high-frequency
transformer series inductor (Li). The energy of the series
inductor has to be more than the energy of the parasitic
capacitor of the switching device in order to guarantee the
ZVS condition. However, circuits will lose ZVS’s
capability at the light load condition [35]-[40]. And in
[41], [42] the ZVS range can be extended by adding a
series of auxiliary inductors (Laua and Laux). However,
having a large inductor will limit the ability to transfer
energy and the converter's efficiency while achieving the
ZCS condition to decrease the losses from the circulating
energy within the - high-frequency. Moreover, the
conventional (3L-FB) converter topology in Fig. 1 still has
another drawback about clamping diodes complex
switching condition (Dci-Dc4). To eliminate the mentioned

st =Rt
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problem, the neutral auxiliary inductors (Laux,nt and Lauxn2)
should be added into the circuit to increase the efficiency
of the converter circuit throughout the operating period
during light load conditions. This condition occurs
frequently and for a long time when the battery capacity is
nearly full.

This paper will be arranged as follows. Part Il presents
the proposed circuit and the operation modes. Section il
presents the analysis of the proposed converter. In Section
IV, the experimental results are provided to show the
performance of the proposed circuit. Finally, Section V
discusses the summary of the proposed converter.

Il.  The Proposed Converter
I1.1.  Circuit Components

Fig. 2 shows the suggested converter's power circuit,
which linked to a DC input voltage (Vac). There are 2
branches of three-level inverters in the circuit (branch A
and branch B). The branches are supplied with the divided
voltage from dividing capacitors (Ca1 — Ca4). Each branch
has identical equipments which consists of 4 MOSFETs
(S1—S4), 2 clamping diodes (D1 and Dc2), flying capacitor
(Ca1), and auxiliary inductances (Lauxt and Lauxn1). A high-
frequency transformer (Tr) is used to step up the voltage
from the inverter at its output side. To lower the
conduction losses from the circulating energy, the DC
blocking capacitor (Cp) is connected with the leakage
inductance (Li) at the primary side of the (Tr). At the
transformer’s secondary side, rectifier diodes (D1 — Da4) are
used to convert high-frequency transformer AC voltages
to DC output voltage (Vo). Finally, the output side has LC
filter which is output waveform that is rectified before
being supplied to the resistive load (RL).

Vdc o E—

C A A
2 p; S, |E% D, sAEE
T

Fig. 1. The conventional 3L FB DC/DC converter

Copyright © 2024 Praise Worthy Prize S.r.l. - All rights reserved
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Fig. 2. The proposed converter

I1.2.  Operation Modes

The proposed converter’s operation waveforms can be
shown in Fig. 3. The operation mode can be divided into
8 operation modes in a half cycle. The principles of phase-
shifted PWM (PSPWM) control are used to prevent the
circuit’s output power. The control signals are the
PSPWM switching patterns that can be represented by Vgst
— Vgss. There are phase-shifted angle () and dead time
values for determining the working range of each switch
and each operation mode. These operation modes can be
depicted in Figs. 4. The details of each mode can be
explained as follows.

MODE 1 (to<t<t1): During this time, the switches Sz, Sz,
Sz and Ss are turned on. In branch A, the primary current
Ip flows into the high-frequency transformer (Ty) and
charges the DC blocking capacitor Coc. The current In:
flows through the flying capacitor Csi, the clamping diode
D2, and the auxiliary inductors Lauwni. Therefore, the
resonant state occurs between Csi and Lauxni. Branch B
exhibits the same behavior. At the high-frequency
transformer’s secondary side, the secondary current pass
through the rectifier diodes D1 and D4 to the resistive load
RL.

MODE 2 (t1<t<tz): In this mode, the switches Si, Sz, S7,
and Sg still conduct the current Ip as in the previous mode.

The power is still transferred from the source V. to the
resistive load RL. The current In: flows through the flying
capacitor Cs1, the clamping diode D¢, and the auxiliary
inductors Lauxni in the same direction. However, the
currents I auxt and lLauxe flow in the opposite direction from
mode 1. At the secondary side of the high-frequency
transformer, the secondary current still flows through the
rectifier diodes D1 and Dz to the resistive load RL.

MODE 3 (tz<t<ts): At tz, the switches S1 and Ss are
turned off. The transferring charges between the outer
switches of each branch occur via the flying capacitors Cs:
and Cs2 in this mode. The parasitic capacitors C1 and Cs
are charged while Cs and Cs are discharged. The voltage
across switches Ss and Ss decreases from Vacz to zero,
while the voltage across switches Si and Sg increases from
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zero to Vacz. The clamping diodes Dc2 and Des are turned
off so that the currents In1 and Inzare zero in this mode.

The currents lLawa and lLauxe are maximum values, and
the voltage across the DC blocking capacitor Chc iS Veb,max
at t3. At the secondary side of the high-frequency
transformer, the secondary current still flows through the
rectifier diodes D1 and D4 to the resistive load Rv as in the
previous mode.

MODE 4 (ts<t<ts): In this mode, the voltage across the
DC blocking capacitor Cyc is applied on the leakage
inductor L. The current switches Ip starts to decrease
linearly. In branch A, the switch S and the parasitic diode
D4 conduct the current via the flying capacitor Csi. In
branch B, the switch S7 and the parasitic diode Ds conduct
the current via the flying capacitor Csz. The currents lLaux
and I auxz are constant as in the previous mode. Therefore,
the voltage Vag equals zero in this mode. In addition, the
clamping diodes Dc1 and Decs start to the currents Inzand In2
under the ZVS condition.

MODE 5 (ts<t<ts): In this mode, the primary current Ip
is zero. The switches Sz and Sz conduct the currents lLaux
and lLauxe, respectively. At the secondary side of the high-
frequency transformer, the filter inductor supplies the load
current through all of the rectifier diodes to the resistive
load Ry.

MODE 6 (ts<t<ts): At ts, the switches Sz and Sy are
turned off. The transferring charges between the inner
switches of each branch occur via the flying capacitors Cs:
and Cs2 in this mode. The parasitic capacitors C2 and C
are charged while Cs and Cs are discharged. The voltage
across switches Sz and Se decreases from Vgce to zero,
while the voltage across switches Sz and S7 increases from
zero to Vacz. At the secondary side of the high-frequency
transformer, the operation mode is the same as the
previous mode.

MODE 7 (te<t<t7): After the transferring charges
between the inner switches of each branch are finished,
the parasitic diodes of switches Ss and Se are turned on
together with the parasitic diodes of switches S4 and Ss.

Therefore, the switches Ss, Ss, Ss, and Se are ready to
operate under the ZVS condition after this mode.
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Fig. 3. The operation waveforms of the proposed converter

The primary current I starts to flow out from the high-
frequency transformer. In addition, the resonant state
occurs between Cs and Lauwxni for branch A, while the
resonant state occurs between Cs2 and Lauxn2 for branch B.
At the secondary side of the high-frequency transformer,
the secondary current flows through the rectifier diodes D2
and Ds to the resistive load RL.

MODE 8 (tr<t<ts): At t7, the switches S4 and Ss start to
operate under the ZVS condition. The primary current Ip
increases linearly in the same direction as the previous
mode.

The switches Sz and Se are ready to operate under the
ZVS condition in the following mode. The secondary
current flows through the rectifier diodes D2 and Ds to the
resistive load RL as the previous mode at the secondary
side of the high-frequency transformer.

For mode 9 to mode 16, the operation mode is similar
to mode 1 to mode 8, as aforementioned. However, the
waveforms of the circuit are in the opposite direction.
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I11. Analysis of the Proposed Converter
I11.1. A Reset Time Analysis

A reset time analysis aims to reduce the conduction
losses from the circulating energy and achieve near the
ZCS condition for the inner switches (S, S, Se, and S7);
the primary current (Ip) has to be forced to decrease to zero
in Mode 4 slightly. The reset time (Treset) is defined as the
period that the primary current (Ip) starts to drop from the
maximum value to zero, as depicted in Fig. 5. The
relationship of each time could be given by:

Ton +TShift :TS /2 (1)

where Ton is the power transfer from the input voltage
source to the load, Tshift is the duration equal to the phase-
shifted angle between the outer and inner switches in the
circuit, and Ts is the period of switching devices. From the
figure, the condition for the soft switching behavior of the
internal switches at turning off time is:

Treset < shift (2)

and the current I, could be given by:

], )-nas )

The fact that the primary current (lp) is forced to
decrease by the DC blocking capacitor voltage (Ve),
which could be given by:

| > 12

)52
on

+Vep (t3) )

Due to the DC blocking capacitor voltage (Vo) at ts
equal to —Veomax, the maximum DC blocking capacitor
voltage (Venmax) @ could be expressed by:

| T
Vcb,max = (5)

During t3 and ts, the maximum DC blocking capacitor
voltage affacts on the primary leakage inductor (Li); the
current Ip slightly decreases in this duration. Vi could be

expressed by:
L¢ Ip man?
VLIk = _Vcb,max - nVo + — (6)
t, —t,

and:

le I P,max (7)

Vi =
LIk t4 _t3
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Fig. 5. A reset time analysis

This interval time (ts to t4) is defined as Treset. From (6)
and (7), The Treset could be expressed by:

(le +Ly ”2) Ip max
Treset = I T 8
P,max "on +nV0

4C,
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where T, <T/2 and Tgp = Tiese - Fig. 6 illustrates the

[0]47 oy
value of the Treset Versus the Ipmax for the different values
of the DC blocking capacitor (Cb).

I11.2.  Soft Switching Analysis For Clamping Diodes

From the proposed circuit, the neutral auxiliary
inductors (Lauxn1 and Lauxn2) are connected to the circuit
between the mid of dividing capacitors and the mid of
clamping diodes of each switching branch. This technique
can provide the soft switching condition for the clamping
diodes of a three-level inverter, improving compared to
the conventional circuit. Figs. 7 illustrate the different
voltage and current waveforms of clamping diodes
between both cases. The clamping diodes can achieve the
ZVS condition by using the neutral auxiliary inductors
(Lauxn1 and Lauxn2) as shown in Fig. 7(a).
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Figs. 7. Voltage and current waveforms of the clamping diode De1

In contrast, they cannot achieve the ZVS condition in
the absence of the neutral auxiliary inductors, as shown in
Fig. 7(b). In order to comprehend the mentioned behavior,
the soft switching analysis for clamping diodes will be
discussed in this part. Fig. 8 shows the equivalent circuit
of the neutral auxiliary inductor (Lauxn1) and the flying
capacitor (Cs1) in Mode 7. It is found that the equivalent
circuit is the simple LC resonant circuit. In this mode, the
neutral auxiliary inductor (Lauxn1) resonates with the flying
capacitor (Cs1), resulting in the ZVS condition for the
clamping diode (Dc1). From Fig. 8, in order to obtain the
current of the clamping diode, the Kirchhoff’s Voltage
Law (KVL) is applied for the circuit that could be
expressed by:

dipg 1 t. _Vdc
Laux,nl dt + C_sl'[tS IDcldt _T (9)
Then:
d?i .
oo, : Ipg =0 (10)

dt 2 I-aux, nlel
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Fig. 8. The equivalent circuit of Lawn and Csin Mode 7

From (10), the current of the clamping diode (ipc1)
could be expressed by:

) V
iy () = 2;° COS w,t (11)

0

where:

L
Z, =221 and co():; (12)

Csl \f Laux,nlcsl

IV. Experimental Results

To confirm the possibility of the proposed converter,
the prototypes have been built and tested at 2.5 kW of
output power rating. It was made with specifications
following Table I, which shows the components used in
the prototype converter. The prototype of the proposed
converter is shown in Fig. 9. The test of the proposed
prototype converter was done in the laboratory by using
the PWM control signals from the dsPIC33EP512MU810
microcontroller board, which can work under the desired
conditions. It responds to the control effectively by
creating 8 pulse signals to control all the power MOSFETS
in the proposed circuits, which can control the phase shift
signal from 0°-120°. On the output side, the sets of
incandescent light bulbs are used as the resistive load, with
the ability to adjust the load step from light to full load
ranges. Fig. 10(a) illustrates the primary voltage and the
auxiliary inductor current of branches A and B under the
light load condition (10% of full load), and Fig. 10(b)
illustrates the primary voltage and the auxiliary inductor
current of branches A and B under the full load condition.

TABLE |
OPERATION CONDITION AND CIRCUIT PARAMETERS
OF THE PROTOTYPE CIRCUIT

Components/Symbol Part name/Manufacturer Rating values
Ve Input Voltage (DC) 540 Vdc
fow Switching frequency 50 kHz

[ Phase Angle 0-120°
Vo Output Voltage (DC) 300450 V
Tr High-frequency transformer 25 kVA
C1-Cs Parasitic capacitors of MOSFETSs 440 pF
Lauwa, Lawe Auxiliary Inductors 400 pH
Lauxnt, Lauxn2 Neutral Auxiliary Inductors 2pH
(o DC Blocking Capacitor 1uF
Cs1, Cs2 Flying Capacitors 1pF
Ca1 — Cas Dividing Capacitors 2.2 uF
n Turn Ratio of Transformer (Tr) 1:1.2
L Leakage Inductor 22 pH
Ls Output Filter Inductor 80 uH
Ci Output Filter Capacitor 500 pF
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Fig. 11(a) shows the voltage and the current waveforms
of the outer switches (S1 and Ss) under the light load
condition (15 % of full load). The ZVS condition at
turning on time can be achieved for both outer switches
because the phase shift PWM pattern can force the
switches to turn on entirely before they start to conduct the
current. Fig. 11(b) shows the voltage and the current
waveforms of the inner switches (Sz2 and S3) under the light
load condition (10 % of full load). The ZVS condition at
turning on time can be achieved for both inner switches
because of the energy from auxiliary inductor Laua that
completely discharges the parasitic capacitors of switches
before they start to conduct the current.
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At the turning-off time, the ZCS condition can be
nearly achieved for both inner switches so that the
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switching losses are significantly removed from the
proposed converter under light load conditions. Figs. 12(a)
and 12(b) show the voltage and the current waveforms of
switches (S1-S4) in branch A under the full load condition.

The soft switching conditions can still be found as light
load conditions. Moreover, Fig. 13(a) illustrates the
primary voltage and current waveforms of branches A and
B under the light load condition (10 % of full load), and
Fig. 13(b) illustrates the primary voltage and current
waveforms of branches A and B under the full load
condition.
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The waveforms were found to be similar to the
operation waveforms as aforementioned. The mentioned
operation also can be achieved by switches Ss — Ss. Thus,
the proposed circuit can provide the soft switching
condition for all switches in the circuit resulting in
improving the total maximum efficiency of the circuit.

Finally, Fig. 14 compares the total efficiency between
the conventional (3L-FB) converter and the proposed
converter. The efficiency curve shows that the proposed
converter can provide a higher total efficiency for all load
ranges, and the maximum total efficiency is 95.3 % at 30
% of the entire load. For the light load conditions (<20 %
of full load), it can be seen that at a rated load of 5 %, the
proposed converter has a 15 % higher efficiency compared
to a conventional 3L-FB converter; thus, it can provide
better results in light load conditions. This is because the
ZVS condition is guaranteed from the energy of the
auxiliary inductor as discussed earlier.
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Figs. 13. Voltage and current waveforms on the primary side of the
transformer (Vpri) and the secondary side of the transformer (Vsec), (a)
Under light load and (b) Under heavy load
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V. Conclusion

This research paper presents an improved three-level
full-bridge (3L-FB) DC/DC converter. All switches can
operate under soft-switching conditions for a wide load
range by using the auxiliary inductors. Moreover, the soft-
switching requirements for the clamping diodes. The
prototype of the proposed converter has been designed and
simulated at 2.5 kW of output power rating. The proposed
power converter can operate with excellent results and
maximum efficiency is 95.3 % at 30 % of full load.

Besides, in light load conditions (<20 % of full load),
at a rated load of 5 %, it was found that the proposed
converter has 15 % higher efficiency compared to
conventional converters. This can lead to the development
and application in increasing the efficiency of energy
storage systems under light load conditions.
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A Three-Level Phase-Shifted PWM Full-Bridge
Soft-Switching DC/DC Converter for
Electric Vehicle Applications

Narongrit Sanajit and Anuwat Jangwanitlert

Department of Electrical Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology
Ladkrabang, Bangkok, Thailand
narongri@live.com and anuwat.ja@kmitl.ac.th

Abstract—This article presents a Three-Level Phase-Shifted PWM
full-bridge soft-switching DC/DC converter for high voltage
battery charging systems in electric vehicles. This article explains
the principles and operation modes of the proposed converter
circuit, including the simulation results compared to the
experimental results to the operation modes of the switch and the
efficiency of the converter. By designing the converter to control
the operation by adjusting the phase-shifted angle in the circuit in
order to control the voltage for charging the battery at output
voltage, 300-450 Vdc at the rated power of 2.0 kW. From the test,
in all load ranges and phase-shifted angles tested, the converter
has an average efficiency of over 90 percent which can be used to
charge the battery efficiently. In addition, all switches work well
compared to simulations and can be further developed into a high-
voltage, high-performance rechargeable battery source for electric
vehicles in the future.

Keywords—Electric Vehicles; Three-Level DC/DC Converter; Full-
Bridge Soft-Switching

I. INTRODUCTION

Nowadays, electric motor vehicles have been developed
substantially in charging, charging station and battery which is
the main factor in driving electric vehicles. When the need for
speed and travelling distance is high, the battery is larger and
takes more time to charge. Therefore, the battery charger must
be able to charge the battery at high voltage [1-2], which is the
DC/DC converter circuit that can provide electrical isolation
between the main power supply and the battery. For Full-Bridge
DC/DC converters shown in Fig. 1, those have very popularly
conventional. Those cannot work in the zero-voltage switching
(ZVS) mode under no load and light condition because there are
not enough current to completely discharge the output
capacitors of each switch before the switch is turned on. In
addition, increasing circulating current may reduce switching
losses, but conduction losses are increased. So, the above
reasons are necessary to increase the efficiency of converters,
which can be improved by adding complex and expensive
circuits [3] or using complex control methods [4] - [5]. The
Three-level Half-Bridge DC/ DC converters shown in Fig. 2 [6]
- [9] have the advantage for handling high dc-bus voltages [10],
but only half the output voltage from the dc-bus voltage that is
the weakness of this topological converter. However, when the
converter is used at high power ratings, it is necessary to use the
Three-level Full-bridge DC/ DC converter in Fig. 3 which is
modified from Fig. 2.

Therefore, to design and construct the Three-Level Full
Bridge DC/DC converter for charging batteries, the input power
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of 3 phase is 380 Vac 50 Hz and the output side is DC 300-450
Vdc at output power 2.0 kW.

Fig. 3. Proposed Three-level Full-Bridge DC/DC converter.

II. PRINCIPLE OF THREE-LEVEL FULL-BRIDGE DC/DC
CONVERTER

A. The structure of the Three-Level Full-Bridge DC/DC
converter

The structure of the Three-Level Full-Bridge DC/DC converter
is shown in Fig. 3. In this structure, there are 2 branches (branch
A and branch B) that receive DC voltage (Vdc) divided from the
capacitors (C; - C4). Each branch consists of same devices, such
as 4 MOSFETs (Si - S4), 2 diodes (D¢; and Dc»), capacitors
(Cs1). On the output side of the inverter, the high frequency
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transformer (77) is used to adjust the voltage from the inverter
at the input side with a blocking capacitor (Cy.) and series with
the leakage inductor (Li). On the output side of the transformer,
there is a rectifier diode (D; - Dy) for converting the high
frequency AC voltage from the secondary side of transformers
to be DC output voltage. The last part on the output side has an
LC filter for filtering the output waveforms that were modified
before supplying to the next load. However, it is a complexity
to analyze with secondary side.

B. Operation Mode
The principles of Phase-Shifted PWM control are analyzed
in this section. The control waveforms will give switch patterns

in forms of V5, V,,;and Vs, Vs, respectively. There

are phase-shifted angle and dead time values for determining
the working range of each switch and each operation mode. It
can be divided into 8§ main operation modes. The structure of
the three-level converter is shown in Fig. 4. The principles of
operation in various conditions are explained with the following
assumptions:

MODE i (t, <t<t): During this time, the switches S; and

Sg are in the initial state under the Zero-Voltage-Switching
(ZVS) condition, while the switches S; and S¢ are still in
operation at the time #; to ¢;, together with the D¢> and Des. It
will continuously discharge current and will stop at the time ¢;.
The capacitors of S3 and S¢ will be charged so that the switches
S3 and Se into the stop-current mode under the Zero-Current-
Switching (ZCS) condition and still have the voltage across the
transformer gradually reduced, so there is still a current flowing
through the rectifier diodes D; and D3 to the load.

MODE 2 (t; <t<t,): When the switch interval of S; and S;

will receive the signal to start, the current will flow through the
diode across S, and Sy, so that the switch starts to operate under
the ZVS condition in during time #; to 7. At that time, the
current /p is zero while switches S3 and Sg stop working under
ZCS conditions. Because this time is very short, that causes the
voltage across the Cyy, which can be considered as a constant
voltage. In addition, the circulating current goes through the
primary transformer. The primary voltage is zero. Therefore,
the output side of the rectifier circuit will have freewheels
flowing through the rectifier diodes D; - Dy.

MODE 3 (t, <t <t;) : Continuing from mode 2 to this mode,

when freewheeling mode ends, the diode D; and Dz will stop
conducting. it can be seen that the switches S,, S,, S, and S, keeps

conducting. Therefore, the current will flow completely into the
circuit through all four switches. At the time ¢,, current Is,, Is,,
Is,, Is and +1, are increasing steadily and reaching the maximum
value at time #3, resulting in the secondary voltage and current
of the transformer flowing through diodes D; and Dy at this
mode.

MODE 4 (t;<t<ty): As soon as the switches S; and Sg

receive the signal to turn off during the time of 3, the capacitors
C; and Cg will be charged and can stop conducting the current
under the ZCS condition. For a short time, when the capacitors
Cy and Cs are completely discharged at the time ¢, , the current
of switches S4 and Ss will start under the ZVS conditions.
Moreover, during this time, the current will start circulating
through the S; and S7 and D¢; and D¢y, the primary current /,
will decreases and there will no primary voltage of the
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transformer. Since this mode is very short, it can be considered
that the voltage across Cyy has still not changed. Therefore, the
current will continue to flow through the D; and D..

MODE 5 (t, <t <ts) : Continuing from mode 4 to this mode,
during this time, the switches S, and S, are in the starting state
under the ZVS conditions at the time of the ¢,, while the switches
S.and S, are still working in during time ¢,to z,, together with the
Dcjand D¢y It will continuously discharge current and will stop
at the time ¢,. The capacitors of S, and S, will be charged so that
the switch current stops under ZCS conditions and still have
zero voltage drop across the transformer. Therefore, there is still

the current flowing through the D; and D, and gradually
decreasing as well.

MODE 6 (t;<t<tg) : For a short time period, when the

current of switches S, and S; stops, resulting the switches
operate under ZCS conditions at the time #5 before the switch S3
and Se receive the signal to start working, the current will flow
through diode so that the switches can work under the ZVS
condition at the time of #s. Since this time is very short, it causes
the voltage drop across the Cpg, which can be considered as
constant. In addition, the circulating current goes through the
primary transformer. The primary voltage is zero. Therefore,
the output side of the rectifier circuit will have freewheels
flowing through the rectifier diode D; - Dy.

MODE 7 (t; <t <t;) : Continuing from mode s to this mode,

when freewheeling mode ends, the diode D; and D4 will stop
conducting. It can be seen that the switches Ss, S4, Ssand Se
keeps conducting Therefore, the current will flow completely
into the circuit through all four switches at the time #,. Current
Iss3, Isy, Iss, Iss and -1, start increasing continuously and reach
the maximum value at the time ¢,, causing voltage drop across
the secondary side of transformers. Furthermore, the current of
transformer flows through diodes D, and D, to load.

MODE 8(t; <t<t3): In a short time period, as soon as the

switches S and Ss receive the signal to be turned off during the
time of 7, the capacitors C; and Cs will be charged and can stop
conducting current under the ZCS condition. While the
switches Sz and Sg continue to working in during time #; to fs,

together with the D¢y and Des It will continuously discharge
current and will stop at the time 7. and still have zero voltage
drop across the transformer. Therefore, there is still the current
flowing through the D> and Dsand gradually decreasing as well.
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Fig. 4. The switching patterns and theoretical waveforms of the converter.

All of the above will be depicted in Fig. 5 to Fig. 12 which
show the operation modes of the Three-Level Full-Bridge
DC/DC converter.

ﬁ%ﬂ
L al
T & . ﬂ%ﬂ v o _Sé_'ﬁ =S
I/r

Tl

C.

Tied
I
S]

s

o

3

le

Ss

vie| 4 —
T |
Iy %L] y
L D s D,
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From the circuit diagram as shown in Fig. 3, the Three-
Level Full-Bridge DC/DC converter is presented with a ZVS
condition by using the phase-shifted PWM control. The circuit
components are divided into two branches. Each branch
consists of 4 switches, and each switch uses a series MOSFET.
In addition, there are components that are flying capacitors and
diode clamps that extend across the inner loop.

III. DESIGN

The design of Three-Level Full-Bridge DC/DC converter
Uses 8 MOSFETs by IRFP460. The control circuit for
MOSFETs employs the microcontroller family dSPIC33. The
phase-shifted PWM angle can be adjusted from 0-180 degrees.
In addition, the design parameters are given as follows: Vdc =
540 V, Vo =510V, Po=2.0kW, C;- C4=1pF, Lix=11.8 pH,
high frequency transformer ratio n = 12:10 using 50 kHz
switching frequency in circuit operation.

IV. EXPERIMENTAL RESULTS

The test will adjust the phase-shifted angle of the PWM
signal and increase the load. It aims to compare the efficiency
of the circuit and it also compares the signal of the switch
obtained from the actual measurement when compared to the
simulation by PSIM program, which will be divided into 2
cases, namely:
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A. Load case as resistance

This test considers at the operation of the signal of switches
S1-Ss at the high frequency transformer and the efficiency of
the circuit to work at the designed rated power.

D00 200, MYSORTAE2 Th e 18 2 SHR ANE

O 5 2 =

Simulation Experimental V/div: 200V; A/div: [10A; Time/div: Sus

Fig. 13. Example of voltage and current waveform of switch S,
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Fig. 14. Example of output voltage and current waveforms of inverter.
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Fig. 15. The relationship between efficiency and step load.

From the test, at the 5-degree phase-shifted angle with
various resistance loads, Fig.11 shows an example of the Three-
level Full-Bridge DC/DC converter under ZVS and ZCS
conditions proposed compared to the simulation. Fig. 14 shows
the output voltage and current waveforms at inverter which
means the primary transformer. In addition, Fig. 15 shows the
efficiency of the proposed circuit which is above 90% in all
working load ranges.

B. Circuit testing by charging the battery
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Fig.16.The relationship between voltage and current while charging the battery.
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From Fig. 16. when charging system starts, the charging
current is high, and the voltage will rise gradually due to the
time of charging. When the current charges 30 batteries, the
voltage is about 430-440 V. It makes each battery have a
voltage around 14.3 V and then the current stops charging.

V. CONCLUSION

From the test of the proposed converter, it was found that
the converter can supply power output as designed in all load
and phase-shifted angle range. The average efficiency is 92.58
%. The circuit is designed to work in ZVS and ZCS PWM Soft-
Switching period. From the comparison, the waveform of the
switch from light load to full load range and the simulation with
the program are in the same direction. This confirms the
operation of the converter which can be applied for charging the
battery at high voltage effectively.
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Abstract—This paper aims to present a modified three-level
full-bridge dc-dc converter that can operate under soft-
switching conditions for all switches in the circuit. There are 2
branches of three-level half-bridge inverter. The auxiliary
inductances are used in the circuit in order to confirm the zero-
voltage switching condition (ZVS) for all switches for wide load
ranges. Moreover, the dc blocking capacitor is used for
obtaining the zero-current switching condition (ZCS) for inner
switches in the circuit. The proposed circuit was designed,
analyzed and simulated at 2.56 kW of output power, 540 V of
input voltage, 510 V of output voltage at 60° of phase shift
angle and 50 kHz of switching frequency to confirm the
possibility of the proposed theory.

Keywords—electrosurgical cutting machine, half-bridge
inverter, high frequency PWM

[. INTRODUCTION

Nowadays, many power converters have been used in
electric vehicle technologies such as batteries charging board
and power supply in electric cars. Conventional topologies
have been proposed in past such as half-bridge, full-bridge
and three-level topologies. All mentioned topologies can
operate in general applications. However, a three-level
topology is the most suitable circuit for operating in high
input voltage applications because it could decrease the
voltage stress of each switch to be a half of input voltage.
Furthermore, conventional topologies cannot achieve the
ZVS condition for wide load ranges especially light load
condition. This results in the decrease of the efficiency in
light load condition. In order to avoid a drawback of
conventional converters, this paper will propose a modified
three-level full-bridge dc-dc converter by using the auxiliary
inductance to confirm the ZVS condition for wide load
ranges. In addition, the power of the circuit will be controlled
by phase-shift pulse-width modulation (PSPWM) principle.

II.  OPERATION PRINCIPLES

Fig. 1 shows the structure of the proposed converter which
connected with a DC input voltage (V). There are 2 branches
of three-level inverters (branch A and branch B) that receive
the divided voltage from dividing capacitors (C/ — C4). Each
branch consists of the same devices such as 4 MOSFETs (S; —
S4), 2 clamping diodes (D¢; and Dc»), flying capacitor (Cs;) and
auxiliary inductance (Laxi). At the output side of inverter, a
high-frequency transformer (77) are used to step the voltage
from the inverter. At the primary side of high frequency

Copyright (© KIEE Electrical Machinery and Energy Conversion Systems

Soft-Switching DC-DC
Converter

Anuwat Jangwanitlert
Department of Electrical Engineering
Faculty of Engineering
King Monghkut’s Institute of Technology
Ladkrabang, Bangkok, Thailand
kjanuwat@kmitl.ac.th

transformer, the dc blocking capacitor (Cp.) will be connected
in series with the leakage inductance (L;). At secondary sides
of transformers, there are rectifier diodes (D; — D) for
converting ac voltages at secondary sides of high frequency
transformer to dc output voltage (Vo). Finally, at the output
sides, there is LC filter for filtering the rectified output
waveforms before they are supplied to the resistive load (Ry).

(a) Schematic.

j S1.58 $4.55

v

(b) Operational waveforms.

Fig. 1. The proposed converter. (a) Schematic. (b) Operational waveforms.

The goal of the design is to minimize the loss of all the
main switches of the designed converter, to reduce the
voltage stress across the switch when the input voltage is
high and to control the output voltage of the converter [1]-
[4]. Fig.1 shows the structure of the circuit and the mode of
operation of the switch where high frequency transformers
are connected to a resistance RL which is the load.
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TABLE I. SWITCHING STATES AND VOLTAGE LEVELS
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Table 1 shows the switching state of the proposed switch
and indicates the output voltage level of the transformer for
each switch state. The "+" symbol indicates that the switch
is ON. While the "-" symbol indicates that the switch is
OFF. The switching frequency is constant. Each time the
current is switched on and off, each switch is controlled so
that the dc-bus voltage is applied to the transformer at the
desired time interval by using phase-shift PWM control [5] -

(7.

III. OPERATION MODES

The operational waveform of the proposed dc-dc
converter is shown in Fig. 2. The various operating modes
of the Three-Level Full-Bridge converter are as follows .The
Figs. 2(a) to 2(h) show the operational modes of the ZVZCS
DC-DC Full bridge converter.
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(9) (tg<1<t7)
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(h) (&7 <t<tg)

Fig. 2. Operational modes of the ZVZCS Three-Level Full-Bridge
converter. (a) - (h)

1) Operational Mode 1: (tg<t<n) :

During this time, switches S; and Sg are in the start state
under the condition ZVS, while switches S3 and S remain in
the turn on at time 7y. The currents at switches S3 and S will
discharge continuously and will turn off at time #.
Capacitors S3; and Se will be charged so that switches Sz and
S¢ enter the stop mode under ZCS conditions and the
voltage drop across the transformer is zero. At the same
time, at time #;, the capacitors C, and C7 will be discharged
to turn on the switches of C> and C; under ZVS condition in
mode 2 afterward.

2) Operational Mode 2: (n<t<ty) .

The time before switches S; and S; will receive the gate
signal to turn ON at time ¢#;, current /, = (), while switches S3
and S turn off under ZCS conditions. Between time ¢, to 2,
the current will flow through the diodes across S, and S7 so
that the switch begins conducting under ZVS condition at
time ¢ = .

3) Operational Mode 3: (t; <t<t3) :

From mode 2 to this mode, it can be seen that the
switches Si, S», S7 and Sg are in the turn-on phase. So, the
current flows completely in the circuit through all four
switches. At time #,, the currents Is;, Isz, Is7, Iss and /, start
typ increase gradually and reach its maximum value at time #3
causing the secondary voltage and current of the transformer
flow through the diodes D; and D, and preserves the
constant current at /,. The power is transmitted from V. to
load. During this mode, the time period is related to the
operating period of the switch (D), which is determined by

&=2=(ton)/(TSW/2)=(t3—t2)/(TSW/2) 0
V. n n n
_ L4
Tow /2 )
Ty =1

So that, When the secondary voltage and current flow
through the diodes D; and D, into the rectifier, the
secondary voltage is

128

— Nl _Vpri _I_o
e 3
NZ Vsec Ip
+V,
Viee =—1 “)
n
1
I,== )

n is the ratio between primary voltage
and secondary voltage
I, is the current across L,

4) Operational Mode 4: (3<t<ty) :

It is the time before switches S4 and Ss get the gate
signal to turn ON. At intervals of #; to #4, the capacitors C;
and Cs are charged so that the switches S; and Sg enter the
turn-off stage under ZCS condition while switches S, and S;
are ON.

5) Operational Mode 5: (t4<t<ts) :

During this time, the switches S4 and Ss are in the turn-on
state under the ZVS condition while the switches S, and Sy
are still in the turn on state at time #,, The currents at
switches S, and S7 will discharge continuously and will turn
off at time #5. The capacitors C> and C are charged so that
the switches S, and S; enter the stop state under the ZCS
condition and the voltage drop across the transformer is zero.

6) Operational Mode 6: (ts<t<tg) :

The time before switches S; and Se receive the gate
signal to turn ON at time 5, current /, = 0 while switches S»
and S7 turn off in the stop state under ZCS condition. The
capacitors Cs and Cs will be discharged for a period of time
so that switches of C3 and Cs begin conducting under ZVS
condition at time ¢ = ¢sand the current starts flowing to load
through the diodes D> and Dj3 , respectively.

7) Operational Mode 7: (tg<t<t7) :

From mode 6 to this mode, the switches Si, S4, S5 and S¢
are in the turn on phase. So the current flows completely in
the circuit through all four switches. At time ¢ = t;the
currents Is3, Is4, Iss, Isg and -1, start to increase gradually and
reach its maximum value at time #g causing the secondary
voltage and current of the transformer flow through the
diodes D, and Dj3, with the secondary voltage equal to the
equation.

Vi =—2% (6)

8) Operational Mode 8: (17 <t<t) :

It is the time before the switches S; and Sg get the gate
signal to turn ON. At intervals of #; to fs, the capacitors Cy
and Cs are charged so that the switches S4 and Ss enter the
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stop state under the ZCS conditions while switches S; and S¢
continue to conduct.

IV. EXPERIMENTAL RESULTS

The converter was designed and simulated by using the
computer software by using the parameters as follows; Vg =
540V, Vo =510V, Po=2.56 kW, CI- C4= 1uF, Ly =11.8
UH Lt = Lawz= 300 uH, n = 10:12, and f; = 50 kHz. Fig. 3
shows the operational waveforms of the ZVZCS Three-
Level Full-Bridge converter. Fig. 4 shows the output voltage
and current waveforms of inverter. Fig. 5 shows the
waveforms of voltage and current of switches S; and S,
respectively. It is found that ZVS and near-ZCS conditions
can be found on both switches as shown in figures.

Fig 3. Operational waveforms of the ZVZCS Three-Level Full-Bridge
converter.

Time (s)

Fig 4. The output voltages and currents of inverters.
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200

L |
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Fig 5. The voltages and currents of switches.
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Fig. 6. Comparison of inverter efficiency : between No-L and Laux.

Fig. 6 shows the performance comparison of
conventional converters with the proposed converters which
use inductors to improve the efficiency of the work. As a
figure shown, it has tendency to work better throughout the
phase shift.

V. CONCLUSION

This paper presents a modified three-level full-bridge dc-
dc converter that can operate under soft-switching
conditions for wide load ranges by using the auxiliary
inductances. Switches in circuit can operate under ZVS and
ZCS conditions. By using a three-level topology, the circuit
can operate with a high input voltage, effectively.

REFERENCES

[1] X. Ruan, L. Zhou, and Y. Yan, “A novel zero-voltage and zero-
currentswitching PWM  three-level converter,” in Proc. 2001 IEEE
Power Electron. Spec. Conf., vol. 2, pp. 1075-1079.

[2] W. Xinke, X. Xiaogao, Z. Chen, Q. Zhaoming, and Z. Rongxiang,
“Low voltage and current stress ZVZCS full bridge DC-DC converter
using center tapped rectifier reset,” IEEE Trans. Ind. Electron., vol.
55, no. 3, pp. 14701477, Mar. 2008.

[3] E.-S. Kim and Y.-H. Kim, “A ZVZCS PWMFB DC/DC converter
using a modified energy-recovery snubber,” IEEE Trans. Ind.
Electron:, vol. 49,no0. 5, pp. 11201127, Oct. 2002.

[4] Joseph Alexander Carr, Brian Rowden, and Juan Carlos Balda,"A
Three level Full bridge Zero voltage Zero current switching converter
with a simplified switching scheme," IEEE Trans. on Power
Electronics, vol. 24, no. 2, pp.329-338, Feb 2009

[5]  J.A. Sabate,V. Vlatkovic, R. B. Ridley, and F. C. Lee, “High-voltage,
highpower,ZVS, full-bridge PWM converter employing an active
snubber,”in Proc. 1991 Appl. Power Electron. Conf. Expo. (APEC
1991), Mar.,pp. 158-163.

[6] J.-G. Cho, C.-Y. Jeong, and F. C. Y. Lee, “Zero-voltage and zero-
currentswitching full-bridge PWM converter using secondary active
clamp,”IEEE Trans. Power Electron., vol. 13, no. 4, pp. 601-607, Jul.
1998.

[77 X. Ruan and Y. Yan, “A novel zero-voltage and zero-current-
switching PWM full-bridge converter using two diodes in series with
the lagging leg,” IEEE Trans. Ind. Electron., vol. 48, no. 4, pp. 777—
785, Aug. 2001.

2363



130

X .V, "
YARN

& a Yo w 1% - = LY | Y o o v %
nansiluenansianulidmsunsldnunenisfinyvinguy ldeygreliilulddssleviaunism

Ldnsdllag nedu Snnshudlvidaudasilen uazdesdsdadadvasenarsynasaminisirluly



131

=~ =

dayainzasialunisin
1. gunsafitlinaseuluvesfidnis

nin:

1. True-RMS digital multimeter with the
features professional technicians prefer

2. Increases productivity with manual and
automatic ranging, Display Hold, Auto Hold,
and Min/Max-average recording

3.Measures AC and DC voltage to 1000 V

4. Delivers accurate True-RMS AC current and
voltage plus frequency, capacitance,
resistance, continuity and diode
measurements

5. Safety rated CAT IIl 1000 V, CAT IV 600 V

gﬂﬁ ¥-1 Fluke 177 True RMS Digital Multimeter

— nig:

1. 25 MHz bandwidth

2. User-selectable attenuation settings of 10: 1
or 100: 1

3. Rated to measure differential and common
mode voltage up to £700 V at 100:1 mode

4. Powered by included 4x AA batteries or USB
host port of scope or PC

g‘lJ‘ﬁ ¥-2 Agilent Technologies N2791A 25 MHz Differential Probe
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nin:

1. temperature range 20°C to 250°C

2. display mode: thermal image, real image
with automatic parallax compensation. Image
merging available with PC software

3. measuring tools: 1 manual cursor+ 1
automatic detection + Min Max on adjustable
area + Temperature profile + Isotherm

a. adjustable  parameters: emissivity,
environmental temperature, distance, relative
humidity
5. ingress protection: IP 54
v
<
gllﬁ ¥-3 Thermal imaging camera C.A 1950 diaCAm 2
TGoY
1. 4 Range

2. 30/100/300/1000 V
3.1 mA (1,000 ohm/volt)

gﬂﬁ 9-4 DC Voltmeter

nno:

1. +/- 0.5% VDC Accuracy

2. Moving Coil Meter Movements

3. Taut band Suspension Systems

4. Ammeter: 1 A to 30 A

5. Stable performance ensures that changes
over time are negligible.

6. Quick response and easy-to-read scale

7. Superior temperature compensation circuit

reduces external temperature effects.

gﬂﬁ 9-5 DC Ammeter
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nin:

1.Frequency band width: DC to 10 MHz

(-3 dB)

2. Rise time: 35 ns or less

3. Noise level: 25 mArms max. (band width
limited to 20 MHz)

4.Continuous allowable input: 150 Arms

(requires derating at frequency)

5. Max. allowable peak input: 300 Apeak (non
continuous), 500 A peak (pulse width: 30 ps
or shorter)

6. Amplitude accuracy: +1.0 % rdg. 1 mV f.s.
(DC, 45 to 66 Hz, 0 to 150 A rms)

+2.0 % rdg. (DC, 45 to 66 Hz, 150 A to 300 A
peak)

7. Output rate: 0.01 V/A (use with a device
having a 1 M-ohm input resistance or higher)
8. Max. rated voltage to earth: 600 V CAT II,
300 V CAT Ill (insulated wire)

9. Core jaw dia: @20 mm (0.79 in)

10. Power supply: +12 V 0.5 V, 5.5 VA max.
(at Max. current measurement)

11. Dimensions, mass: 176 mm (6.93 in) W x
69 mm (2.72in) H x 27 mm (1.06 in) D, 500 g
(17.6 02), Sensor cable BNC terminal: 2 m
(6.56 ft), Power cable: 1 m (3.28 ft),

Power plug: FFA. 05.304.CLAC42Z / LEMO Inc.

12. Supplied accessories: Carrying case x 1
g‘l.l‘ﬁ -6 HIOKI 3269 Power Supply and HIOKI 3274 Clamp on probe

WA

Seaes_
% 1. 3 Phase

;s‘dﬁ 9-7 Variac Transformer 3 Phase
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niig:

1. Bandwidth: 70 MHz

2. 2 analog channels

3. Max Memory Depth: 1 Mpts

4. Max Sample Rate: 2 GSa/s

5. Display Size: 8.5 inch

6. Waveform Update Rate: 50K wfms/s

NNA:

1. £0.05% accuracy with wide measurement
range (DC, 40Hz to 200kHz, 5mV to 5V, 10uA
to 50mA)

2. Non-stop. testing over mixed measurement
conditions such as C-D (120 Hz) and ESR (100
kHz) at 10 times the speed of previous
models (compared with Model 3532-50)

3. Built-in comparator and BIN functions

4. Rapid 2msec test time

31]17; -9 HIOKI IM3523 LCR Meter

niio:

These starter kits can provide power to the
I/O Expansion Board. The amount of power is
determined by the drive capability of the USB
port connected to the Starter Board's
debugger at connector J1. If additional power
is required, connect an optional 9V power
supply (#AC16203) to the I/0 Expansion
Board.

”

E‘Uﬁ ¥-10 starter kit I/O Expansion board
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. Architecture: 16-bit

. Max CPU Speed (MHz): 70

. CPU Speed (MIPS/DMIPS): 70

. Program Memory Size (KB): 512
. Multiple Flash Panels: Yes

. SRAM (KB): 52

. Direct Memory Access Channels: 15

. Temperature Range (C): -40 to 125

O 00 N O 1 AWN -2

. Operating Voltage Range (V): 3 to 3.6
10. Pin Count: 100

11. Comparators: 3

12. Analog Peripherals: 2-A/D 32x12-bit @
1100(ksps) 1-D/A 0x4-bit

13. UART: 4

14. SPI: 4

15.12C: 2

16. Timers: 9 x 16-bit 4 x 32-bit

17. Input Capture: 16

18. Max PWM outputs (including
complementary): 28

19. Number of PWM Time Bases: 3

20. Output Compare Channels: 16

21. USB Interface: FS Device/Host/OTG
22. Number of CAN Modules: 2

23. Type of CAN Module: CAN

sUfl 9-11 dsPIC33EP512MU8 10
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2. Antlgatasuniglunisnagau
A15199 9-1 AdwmteluEsuNuun et

Lauxl L aux2

L (H) R(Q) L (H) R(Q)

ANUYIUN

253.92uH | 0.434Q | 250.08uH | 0.413Q

397.80uH | 0.622Q | 378.33uH | 0.554Q

499.96pH | 0.813Q | 498.43uH | 0.936Q

758.58uH 1.213Q | 757.44pH | 1.018Q
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Fnte1Lgsy 500pH

srwndlyasy 750uH

JUN ¥-12 n1sinAdanie e uneene



138

& a Yo w 1% - = LY | Y o o v %
nansiluenansianulidmsunsldnunenisfinyvinguy ldeygreliilulddssleviaunism

Ldnsdllag nedu Snnshudlvidaudasilen uazdesdsdadadvasenarsynasaminisirluly



139

(% 1 1

1. N1InagdauIn "qj,zy']ma'mmaq

Vre ; A

A A A J%E J?
/\ - ][ Jﬁ ][ J: pum ZS
v AH:A@;;}L“/‘)/@?}"
@ T | j) Laux1 Laux2 f l %é / - LOAD
/’D B
4 i X l

Ua3n dsPIC33EP512MU810

Output DC

JUN A-2 gaivimsiaiieiunanmsmegeuiilvananudumuluiesyfifnns

FunounsVnans

1. ﬂ%’mﬁaugmﬂa 5, 30, 60, 90 B3 AUARUINVBSALUlASABUINTALADS
dsPIC33EP512MU8B10

2. ILTIPULAZNIZLLE éfﬂgﬂﬁ a-2 Wiotufinnanisnnaes

3. ende 1-4 Tagmaaeuanlaliifamiontey (No-L) uaviidhmidoninasy
(Lo Twasasdien Laux=250pH, Lauix=800pH, Lauw=500uH Wag Layx=750uH a1uaau

vmsifunanisindyaasiadiesnanueinlulasroulnsaiaesuazyniasves
FuaadldluninvunavesweamaudwhnisTaussiuuasnseuaniaing Si-Ss frudn-f
oonvamioulasAuRganar Ifmdeninasy (Law) fens 9 o W@ouyala 5, 30, 60, 90
GNGREONPLY



140

T T S5
o fizBana0gipaoganoagaghe
I DI

— i+ 3y 5°

B 0T TR e INEN I e I

I : : : : - : : :
—».uﬁ.Equ.S‘?....5....5....E....;....E....E....E

A ]
C—> |le— g 5°

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

. V/Div 50V Time/Div 5us

WITVYF YY1 90 Bee

[

JUN A-3 dyayrauiadndeuaasdasiieg Aluaruauduviinateain

o



141

DS0-% 20024, MYS2186596: FriFeb 22 1409.04 2019 DS 20024, MY52166596: FriFeb 2201:54:13 2019
200%/ 2 10.08/ 0.0s 5.000%/ Stop 200V 2 10.08/ 0.0z 5.000%/ Stop
S, \Y4 S, V
"8 I AW I
« X«
i IW e \ i —— —
LI ot ] e o o
VIDiv 200V |A/Djiv 10A Time/Div 5s V/Div 200V |A/Div 10A Time/Div 5ps
a & ~ a & A
ﬂ'JWU Sl N NO‘I_ a’JC‘VU Sl N I_aux:q'OOIJH
DS0RX 20024, MYS21BE598: Fri Feb 22 154213 2019 DS0-X 20028, WY52166596: Fri Feb 22 00:40:25 2019
ZDEIW‘ 21008/ 00s 5.000%/ Stop 200v/ 2 10047 0.0s 5.0008/ Stop
S, Vi S,
y J g /I i// A
/‘ﬂl “ L i v "‘—'ﬂ g ¢
V/Div 200V |A/Div 10A Time/Div 5us VIDiv 200V |A/Div 10A Time/Div 5ps
a d' a d'
#96% So 91 No-L #3915 So N Lan=400uH

DS0- 20024, MY52166596: Fri Feb 22 02:12:27 2019

050X 20024, MVEZ1 88636 FriFeb 22 14:32.20 2013 20009 10047 00 50005/ Stop

1200V 210087 0.0s 5.000%/ Stop

S, \V S » /
v l |

7 ’
| W | / I N\ e ;// W g ™

-

VIQivePOy | A/Div 1 HATerBY Ryis VIDiv 200V |A/Div 10A Time/Div 5ps
&Im Sz 91 No-L 0% Sz N Law=000uH
DSO-X 20024, MY52166596: Fri Feb 22 15:42:25 7019 D30 20028, MY52166598: Fri Feb 22 00:52:52 2019
00w 3 1n0A 0.0s 50008/ Stop 200¥/ 72,1004/ 0.0s 5.0002/ Stop
S, Vi S, v

4

el [

e i T A o ‘{’\ s # rn——

-

i

L

VIDiv 200V |A/Div 10A Time/Div bus V/Div 200V |A/Div 10A Time/Div 5us
&In Sq 91 No-L &0% Sa N Law=000uH

JUN A-4 dyayauseiuiaznIslanaing Si-Se Nkl (No-L) wazddmnilednaSu (Law)
Wouyaa 5 e Nlvian 10%



142

0SO-K 20028, MYSZ166595 FriFeb 22 15:01.04 2019 [S0- 20024, WY52 166596 FriFeb 22 01:07:32 20119
200%/ 2 1004/ 0.0s 50008/ Stop 200% 2 10.04¢ 0.0s f.000%" Stop
S \VA S. Vi
J J v

N ! AN
i \ - | i AW

-t

V/Div 200V |A/Div 10A Time/Div bus V/Div 200V |A/Div 10A Time/Div 5us
aind Ss 91 No-L @30 S5 N Law=400pH
D30 20028, MYE2166536: FriFeb 22 17.01:04 2019 DS0- 20028, MY52166356: Frifeb 22 1313132013
00vs 2 1008/ 0.0s 50008/ Stop 200v/ 2 1008/ 0.0s 5.0008/ Stop
Se Se v
V
I 4 A

»

I = RS N

5

V/Div 200V |A/Div 10A Time[Div 5us V/Div 200V |A/Div 10A Time/[Div 5us
A ::4' a N
@39 Sg N No-L #3099 Se N Laux=400uH
nm}; SE[QZ/A M;EZEES?? Frifeb 22 15 16:13 2019 \g V D,‘SU'ESEDVZ/A' M;EZ:EEgi? il d'e SL 0 S0y Swp
S. {J 8, V.

L I -

i A Wi A o= Ww-w ST— / " Wm*m

|
8 e S i 7 (N > A S L P2

VIDiv 200V |A/Div 10A Time/Div 5ps V/Div 200V | A/Div 10A Time/Div 5ps
and S7 9 No-L &I S7 N Law=400pH
DS0-% 20024, WY52186598: FriFeb 22 17.16:27 2019 D50 20028, MYS21EE098: FriFeh 22 01:29.08 2019
200v/ 2 1008/ 0.0s 50005/ Stop 1200 2 10.04/ 0.0s 5.000%/ Stop
Sg S\
[ A
N L T L P o=y rlk_ \ Mlﬁ-,::_-..;.. — Mjﬁ; s
N L= \ |t /f
1ot " fpramiees PR o). 99 - W‘ Urua-m ._TL}‘ h»( 'rL
VIDiv 200V |A/Div 10A Time/Div bus V/Div 200V | A/Div 10A Time/Div 5us
&0 S 7 No-L &0 Sg N Law=400pH

JUN A-5 dyayauusaiulasnIslanaing Ss-Ss Nkl (No-L) wagddmnilednaSu (Law)
Wouyaa 5 e Nlvian 10%



DS0:X 20024, MY52166596: Fri Feb 22 14:10:17 2019

DSO-K 20028, MY52166596: Fri Feb 2201:55:32 2019

143

oG 5 83fn Nlvian 50%

A0 2 1004 00s 5000¢/ Stop 00V 2 1008/ 0.0s 5.0002/ Stop
S, \' S, vV
\ |
I er.— - wﬁ S /Hl, .
S e et e |
V/Djv 200V A/Div 10A Time/Div 5ps V/Div 20V | A/Div 10A Time(Div 5us
and Si 9 No-L aIn% S1 9N Law=000pH
150 20028, MYE216E56 FriFeb 22 1543 43 2019 DS0-% 20024, WYE2168696 FriFeb 22 004312 2013
00/ 2 10.04 0.0s 3.0005/ Stop 200v/ 2 10.0A/ 0.0s 5.000%/ Stop
S, \V S, \Y
v I [
™ - d [P ———y | 2
ey h W’*’"‘“«\ 6| gl i e e —
V/Div 200V A/Div 10A Time/Div 5us V/Div 200V | A/Div 10A Time/Div 5us
&0y Sz 7 No-L &390 Sz 7 Law=400pH
1150 20028, MYE21GE596 FriFeb 22 14:34 17 2014 00 20024, MYSZ1865%: FriFeh 22021414 2019
200V 0 1004 005 50004/ Stop 200vF 2 10.04/ 0.0s 5000/ Stop
Sq \V4 (ChZF=0A, S,J
Y., | L |
~ 1
;H ‘j ’/ o Y W“’"‘ | rrf —n ’ V:. ——n —WL:;—A_
V/Div 200V A/Div 10A Time/Div 5us V/Div 200V | A/Div 10A Time/Div s
&Ind S3 91 No-L a0 S3 N Law=000pH
D50 20028, MYS2 18853 FriFeb 22 164356 2019 DS0K 20024, MY5216B535: Fri Feb 220016425 2013
o o 05 S Sp 1 200v 7 10087 00s 500034 Stop
S, Vv S \Vi
| AW |
«
Q‘J"”‘ S Afw ------ \ ﬂupwh . 1) —— \{ '
L, 1, e O % e O I R O D
f !
V/Djv 200V _A/Djv 10A Time/Div bpis V/Div 200V | A/Div 10A Time/Div 5ps
@0t Sq 91 No-L @307 Sq N Laux=400pH
JUN A-6 doyauraunsaiuiaznIzuanalng Si-Se Nl (No-L) uazdduniledneSu (Lo



144

DS 20028, MYS2166596: Fri Feb 22 01:1304 2019
DSO-K 20028, MYS21B6556: FriFeb 22 150221 2019 000 7 10.08/

004/ 2 10.08¢ 0.0s 50008/ Stop 0.0s 6.000%/ Stop
S S; v
5 Vv 5

¥

| N 1

= T e @ V,.,,,_ /m_,h | /w_,_% " /w

.ot

VIDlv 200V A/D}v 1A Time/Div bps V/Div 2D0V | A/Div 10A Time/Div 5ps
&0 Ss 91 No-L @307 Ss N Laux=400uH
D150 20028, MY52166595: FriFeb 22 170238 2019 DS0- 20026, MY52166596: FriFeb 22 13:20:36 2019
200/ 2 10.08/ 0.0s 5.0008/ Stop 200V 2 10.08/ 0.0s 5.000%/ Stop
Se Vv Se V
| I |

] ot / o ] i ﬁ—ﬁ -
NI o 192 o AN WO 5 ot AL Dl AN 0 2tb

V/Div 200V A/Djv 10A Time/Div bus V/Div 200V |A/Div 10A Time(Div 5ps
aind Se 91 No-L &30% S N Law=400H
DSO 20028, MYS2168595 FriFeb 22 16 17.30 2018 [0S0 20024, MY5216536; FriFeb 22 133547 2019
200/ 2 10.08/ 00s 50005 Stop 1200V 10D 0.0s 5.0008/ Stop
S, Vi S, \%
/ | —= |
o -
) ] - d  / e e =
ﬂ%ﬁ e / N
!
VIDiv 200V |A/Djv 10A Time/Div 5us V/Div 200V | A/Div 10A Time/Div bus
&0% S 91 No-L @00 S7 9 Laux=400pH
[0S0 20028, WY5S2166596: FriFeb 22 17:17:47 2018 DSO-¥ 20024, M52 166596 Fri Fab 22 01:30:37 2019
200v/ 7 1008/ {0 5000/ Stop 200V 2 10.04/ 0.0s 5.000%/ Stop
S, vV S, Y

Ny [

| o L R = i )

V/Div 200V |A/Djv 10A Time/Div bus V/Div 200V | A/Div 10A Time/Div 5us

&A% Se 7 No-L &A% Se 7 La=800LH

JUN A-7 doyayrauusaiumasnIsianaing Ss-Ss Nkl (No-L) wagddimnilendneSu (Law)
Houyua 5 aeen Nlvian 50%



DS0-X 20024, MY52166596: FriFeb 22 14:11:42 2019

200v/ 2 1004/ 0.0s 5.000:

£/

Stop

S, \Y

T

DSO-K 20028, hMY52166596: FriFeb 22 01:66:47 2019
2008/ 2 10.08/ 0.0s

5.000%/

145

Stop

S \Y

L1 v

Ay

“ et ¥

—

"“”\Jga/___.

V/Div 200V| A/Div 10A Time/Div 5us
&3nd S1 7 No-L
DS0-¥ 20024, MY52166556: Frifeb 22 15:45:37 2019
200v/ 2 10.08¢ 0.0s 5.0008/ Stop
S, Vv
e |

w‘!ﬂ-«mr_"_._‘oﬁ

="

7
e e s
i K "

oy
1)

V/Div 200V| A/Div 10A Time

&A% S1 7 Lan=800uH

DS0:K 20028, WYS21B6596: FriFeb 22 00:44:43 2019
200v/ 2 10.04¢ 0.0s

Div 5us

5.000%/ Stop

S Vv

- |

I\

-

17

~

¢
UJ

V/Div 200V| A/Div 10A Time/Div 5us V/Div 200V| A/Div 10A Time/Div 5us
~ & A A N
#@39% S2 1 No-L FI0Y S2 N Laux=400uH
DS0-X 20024, hY52166596: FriFeb 22 14:36:24 2019 DS0- 20028, MY52166536: FriFeb 22 02:15:51 2019
| 200¥7 2 10.04/ 0.0s 9.000%/ Stop 1200v/ 20 10.08/ 0.0s 5.000%/ Stop
3 \Vi S, \Y
> ¢ [ — I
3 | Lk il ‘/ M" rmpt———hy ki L L —" o, fﬂ“‘” " ] MW* ]

?W’ %'/
B [ e e i
= " W

b

P

fie]
Pl

vJ

s

v

VIDiv 200V | A/Div 10A Time/Div 5us V/Div 200V A/Div 10A Time/Div 5us
g0t Ss 7 No-L &30 S3 N Lauwx=400pH
DS0-K 20024, MY5218B556: FriFeb 22 16:44:47 2019 [IS0-¥ 20024, MY52186536: FriFeb 22 00:56:03 2019
200%/ 2 10.08/ 0.0s 5.000%/ Stop 200v/ 2 10.0Af 0.0s 5.0005/ Stop
S, V S,
\ | |
‘LJW ~ ‘\Jm”" _ T/,— rnb* | — '1\\// rwr
b= 1
T8
V/Div 200V| A/Div 10A Time|Div 5us V/Div 200V| A/Div 10A Time/Div 5us

aImd Sq N1 No-L

sUN
Y

'
a

&30 Sa 7 Lawe=000pH

Wouyuwla 5 aar 9lvian 100%

A-8 dYIUUIIRULAZNITUETETINT S1-Sq LT (No-L) wazdifiamntienniiesa (Lauw)



D30 20024, MY52165595: FriFeb 22 15.03:25 2013

200v/ 2 10087 0.0s 5.0005/ Stop

D30 20024, MYS2166596: FriFeb 2201
200v/ 2 10047

14212018
0.0s

5.0002/

146

Stop

S, \Y S, \Y
\ \ |
— . \{fywm ! — | Ap— pV
1 XY # ,‘/f/_ g “A'wf e .
. ¥
V/Div 200V | A/Div 10A Time/Div 5us V/Div 200V| A/Div 10A Time/Div 5us
aind Ss 7 No-L @307 S5 N Laux=400pH
[0S0 20024, MY52166536; FriFeb 22 17,0248 2013 DSO-K 20024, WN521BE596: FriFeb 22 13.2156 2019
2009/ 2 1004/ 005 5000/ Stop 200v/ 2 1004/ 0.0 5.000¢/ Stop

Se S v
{ / I | |.
L i X / / /
VIDiv 200V| A/Div 10A Time/Div 5us V/Div 200V, A/Div 10A Time/Div 5ps
&0 Se 7 No-L a30% S¢ N Low=400pH
Y AL DSO 20024, WG2168585 FriFeh 22 133737 2018
v 7 1004/ s 50008 Stop 200v7 .2 /10.0A4 0.0s 5.000¢/ Stop
S7 M [ ST V. |
| / I I | / i
SRR }ﬁw/ ”WMW l»«
V/Div 200V| A/Div 10A Time/Div 5ps V/Div 200V A/Div 10A Time/Div 5us
and S 9 No-L &0 S7 N Law=000pH
DS0-x 20024, MV52166596: Fri Feb 22 17:19:02 2019 DS0-X 20024, MYS21BE596: FriFeb 22 01:34:33 2019
200v/ 2 1004/ 0.0s 50005/ Stop 1 200%, 2 10.04/ 0.0s 5.000=/ Stop
S v S v
AV 1\
V/Div 200V| A/Div 10A Time/Div 5us V/Div 200V| A/Biv 10A Time(Div 5us
&30 S N No-L &0 Sg 7 Lawe=000pH

SUN
AT

Wouyuwla 5 aar 9lvian 100%

A-9 FYe UNTITULAZ NITUANEINT S5-Se NLAH (No-L) wazdlfamieainiaiy (Law)



147

DSO-X 20024, MY52013433: ThuFeb 14022211 2019 DSO-X 20024, MY52013433 ThuFeb 14 00:0334 2019
600V/ 2 10.0A/ 0.0s 60008/ Stop s00v/ 2 10.08/ 0.0s 5.0008/ Stop

No-L Lauy 400uH Vo

M Vo -~ — = —

I N VA I A

V L»‘»— __V L L A N

- - - -
| pri pri
» u""’-'--‘1 L 7 et e o= pt
[ [ ! S —
V/Div 500V A/Div 10A [Time/Div 5y V/Div|500V A/Div [LOA Time/Div 5ys

D0 20028, MY52013433 Thu Feb 14 02:32:16 2019 DSO-X 20024, WY52013433: ThuFeb 14 00:17:31 2019
500v/ 2 10.04¢ 0.0s 5.000%/ Stop 500/ 2 1004/ 0.0s 50008/ Stop
No-L I-aux 400H 1
Vsec VSBC
———" ”___\ r— T_\ o] | e _.._____\ i ._‘\ e —
[__ L } J hfkw J‘ 1 ¥ r )
N hv el ”\ ﬂv ] .-"\ ﬂv e » el ==
1 =1 T~ F— ——
V/Div 500V A/Div 10A |Time/Div_5us V|Div 500V A/Div 10A |Time/Diy 5us

JUN A-10 dyayuusenuanIzuaruin-Aueen wdewlasriudgs 1kl (No-L)
wallAmtleatiieSy (Law) Lo uing 5 8am Alvan 50%

DS0-X 20028, MY52013433: Thu Feb 1402:21:132M9 [0S0 20024, MY52013433 Thu Feb 14 00:02.05 2019
800V 2 10.04¢ 0.0s 5.0002¢ Stop 500V 2 10.08/ 0.0s 5.0008/ Stop
No-L L.,/ 400)uH o
N | P (4 MR T - i w

e+
AL ﬁ%#uj

— ==

el J

ke T L T
; lw__.W ) V I'a® > V wi)
L N ) O I AN I
o o o Tl S T AL

V/[Div 500V A/Div 10A |Time/Diy 5Sps V/Div|500V A/Div{10A| Time/Div 5us
(60 20024, MYE2012433 ThuFetr 14 0231162013 DS0-X 20024, MY52013433: ThuFeb 14 00:16:24 2019
00V 10047 00s 5.000z/ Stop 500V, 2 10.04/ 0.0s 5.000¢/ Stop.
No-L ‘ Lax400uH ec

VS
| Jw-u; | ~%@“3. Fhﬂ ! %Mml- \k““ﬂ F”
L

sec

I
T o i Sec
y n;h'",' ‘I“ ﬁ.’"/ \.“ I\E‘r""‘( . \//" b/
'H i“”\ "t If r T'--.._ J P J P
V/Div 500V A/Div 10A [Time/Div 5us V/Div|500V A/Div 10A Time/DiV 5us

JUT A-11 dyaausesiuiasnszuanmuiin-nueen vidowdasrnudgs Akl (No-L)
wazdlimilenineaTy (Law) Laouysing 5 83m Alvan 100%



DS0-X 20024, MY52013433: Mon Feb 1123 20:24 2013 DSO-X 20024, MY52013433: Mon Feb 11 225533 2019
500w/ 2 BOA/ 10.00% 5.000%/ Stop 00w/ 2 5.08¢ 10.00% 5.0005/ Stop
L,,J4001.H Ve L, 400H Vg |
: aNTN Ay
N N A L PZ-NE BN
W > aux2 mall ‘Vz/!aux ~
K . K 1.
/ K J F 1]
L] P ] ] L] [
T N ’ T el
VIDiv 500V A/Div 5A Time/Div Sus V/Div 500V A/Div5A Time/Div Spus
Laux = 400pH 7Gousswa 5 831 Laux = 400UH PILFRULNLNE 30 D96
DS0-X 20024, MY52013433: Mon Feb 11 232327 2013 D50 20024, MY52013433 Mon Feb 11 2333232019
500v/ 7 B.0& 10008 5.000%/ Stop a00v/ 2 BOA/ 10.008 5.000%/ Stop
L,,/4001:H Vi | L, 400H /e
/ Lauxt Hauxt
] — P .l L — b S e
I [ [
\/nr\ | VDU I
/ 54%) Taux?2 ! aux2
— e (= ] e b
Pt . e .= | Vs e e —— ey -
V/Div 500V A/Div 5A Time/Div Sus V/Div 500V, A/Div 5A Time/Div 5us

Laux = 400pH ﬁL?ﬂlauquWa 60 931

Laux = 400pH ViL?iauaguLWa 90 831

JUN A-12 SR INLTIAULAENTEUAN Lawa,z = 400pH Alviaaviaaal 50%

25 o a '
NLABUNNLNER)
DS 20024, MY52013433: Mon Feb 11 231307 2013 DS0:X 20024, MYE2013433 Mon Feb 11230440 2019
500¥/ 2 5OA/ -100.0% 50008/ Stop 1 B00¥/ 2 DA/ 10.00% 50005/ Stop
L,,,/400;:H o L,.,4400:H N
i ) / Iau i / Ia X1
¢ L] W / LR N
ot e, [t
y \/
: BG |l o y's BG | Tau
L ‘(’:\' TP ""‘1‘::’\ = \v\\ Foa
V/Div 500V A/Div 5A Time/Div_ Sps V/Div 500V, A/Div 5A Time/Div Sps

Laux = 400pH ﬁLﬁaunga 5 8391

D50 20024, WYR2013433 Mon Febi 11 232458 2019

500V, 2 504/ 10,008 5.0002/ Stop

Laux = 400pH ﬁL?ﬂIBUHQJLWﬁ 30 99A1

DSO-K 20028, MY52013433 Mon Feb 1123:32.55 2013

800w/ 2 BOA/ 10.00% 5.000%/ Stop

Lux400H o L,ux400H Ve
lada ¥ Talxt
v == P A
I . ] ‘
/ S5 T Taux2 AR P
s 4 fpo’ /“"'“P( . P . fee /mba._’/ e
P e R = - — =

V/Div 500V A/Div 5A Time/Div 5us

Laux = 400uH ﬁLﬁlaungLWa 60 897"

U

=

V/Div 500V A/Div 5A Time/Div 5ps

Laux = 400uH ﬁL?%auaguLWa 90 831

A-13 FYYIULTINULAZNTZLAN Laux2 = 400uH Nluianvasnln 100%

MADULINEA9

148



149

2. HAN15NAEBUUILANSNINVDINNIADULIDILADSRUUAIUITLAULANUSAT

100.00
95.00
90.00
85.00
80.00
75.00
70.00
65.00
60.00
55.00
50.00

—0—N0-L =H=[250pH =@=L400pH =4=L500uH =o=L750pH

Efficiency (%)

5 10 20. ~30 40 /50 60 70 80 90 100
Load (%)

5UN A-14 n31ANdNTUSTEnI U sEaVEALa ian MR uLLINE 5 83



150

3. NANISNAFBUNISVISILALAFYISALUALADS

aaadm Input aadm Output
3Phase AC Supply LF - Rectifier ,ﬁ /@ Three Level Full - Bridge Converter HF - Rectifier /9 /@
T | Transformer T**}w
L ‘ | Jé}] L High ‘
T T I T e . | Frequency | k |
\ | T P R0 T i
{ @ : % } ‘ T A T }n r 7‘ } } - +
\ L (1 m——ta =
0 } } } } T Lau! Laux2 } } }HE } } } T T - Batery
| \ B |
O | ‘ } L }
|| \ ‘ ‘ IE D
|| \ ! ‘ \ |
| } ‘ } \
|
! : T

AN |

Yokokawa DC Ammeter

e

.

Battery -

/

JUN A-16 AUIR199 UBINTIANITNITVITUUALADT



151

FURUNTYIUUALADS

UdulAouyaaresaindil 5 asm Deusadusmudfitn 3 e 380 Vac udaasi
nseuals? 2 A Wussiurosn Wintuauic 432 V uararniuasiiuseiulinszudanas
UNTEIUUAREIAY

440.00 2.50
430.00
2.00
420.00
< Voltage e Current —~
S
< 410.00 V) (A) 1.50 51;
g 5
S 400.00 1.00 5
> @)
390.00
0.50
380.00
370.00 0.00
0N ANO OUMOMNS 0l ANOOO MmO S 01N N O O
d AN AN NS NN ONNMNOOOO OO A AN MO SE < 10D O O~
D I B B B B B |

Time (min)

JUN A-17 NIINAINANITLSTE VTS IAULAEN T RATUEYIINITYITIUUALNDT

900.00
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00

Power (Watt)

— 00 1N N O O O NN & < 00 1N N OO O M
NN MmO < non O NN NN OO O -

Time (min)

20
127

34
141
148
155
162
169
176

JUN A-18 nyanuduiusseninmasiniuasianvaeyinsvsalunnes



152

aratets e
:ecy :}.!'?)_:::‘_:1.-3',9
(T I1] llllllln-

% AN\t
agnanty

= a Yo w 1% - = LY | Y o o v %
nansiluenansianulidmsunsldnunenisfinyvinguy ldeygreliilulddssleviaunism

Laidnsdiles vivau Snviinudlvidaudasilon wazseseadaiadivesenarsynasaninisinluly



1. ‘ﬁ'@;ﬂawﬂﬂlﬁ/\lﬁwad Expansion board dsPIC33EP512MU810

dsPIC33EPXXX(GP/MC/MU)806/810/814

MICROCHIP

and PIC24EPXXX(GP/GU)810/814

16-Bit Microcontrollers and Digital Signal Controllers with
High-Speed PWM, USB and Advanced Analog

Operating Conditions

« 3.0Vio 3.6V, 40°C to +125°C, DC to 60 MIPS
» 3.0Vio 3.6V, 40°C to +85°C, DC to 70 MIPS

Core: 16-Bit dsPIC33E/PIC24E CPU

« Code-Efficient (C and Assembly) architecture

« Two 40-Bit Wide Accumulators

« Single-Cycle (MAC/MPY) with Dual Data Fetch

=« Single-Cycle Mixed-Sign MUL Plus Hardware Divide
« 32-Bit Multiply Support

Clock Management

« 2% Internal Oscillator

« Programmable PLLs and Oscillator Clock Sources
« Fail-Safe Clock Monitor (FSCM)

« Independent Watchdog Timer

« Fast Wake-up and Start-up

Power Management

« Low-Power Management modes (Sleep, Idle, Doze)
« Integrated Power-on Reset and Brown-out Reset

« 1.0 mA/MHz Dynamic Current (typical)

= 60 pA IpD Current (typical)

High-Speed PWM
« Up to Seven PWM Pairs with Independent Timing
« Dead Time for Rising and Falling Edges
« 8.32 ns PWM Resolution
« PWM Support for:
- DC/DC, AC/DC, Inverters, PFC, Lighting
- BLDC, PMSM, ACIM, SRM
« Programmable Fault Inputs
« Flexible Trigger Configurations for ADC Conversions

Advanced Analog Features

« Two Independent ADC modules:
- One ADC configurable as 10-bit, 1.1 Msps with four
S&H or 12-bit, 500 ksps with one S&H
- One 10-bit ADC, 1.1 Msps with four S&H
- Eight S&H using both ADC 10-bit modules
- 24 analog channels (64-pin devices) up to 32 analog
channels (100/121/144-pin devices)
« Flexible and Independent ADC Trigger Sources
« Comparators:
- Up to three Analog Comparator modules
- Programmable references with 32 voltage points

Timers/Output Compare/Input Capture

« 27 General Purpose Timers:
- Nine 16-bit and up to four 32-bit Timers/Counters
- 16 OC modules configurable as Timers/Counters
- Two 32-bit Quadrature Encoder Interface (QEI)

modules configurable as Timers/Counters

« 16 IC modules

« Peripheral Pin Select (PPS) to allow Function Remap

« Real-Time Clock and Calendar (RTCC) module

Communication Interfaces

USB 2.0 OTG-Compliant Full-Speed Interface

Four UART modules (15 Mbps)

- Supports LIN/J2602 protocols and IrDA®

« Four 4-Wire SPI modules (15 Mbps)

« Two ECAN™ modules (1 Mbaud) CAN 2 0B Support

« Two I°C modules (up to 1 Mbaud) with SMBus Support

« Data Converter Interface (DCI) module with Support for
128 and Audio Codecs

« PPS to allow Function Remap

Parallel Master Port (PMP)

= Programmable Cyclic Redundancy Check (CRC)

Direct Memory Access (DMA)

« 15-Channel DMA with User-Selectable
Priority Arbitration

+ UART, USB, SPI, ADC, ECAN™, IC, OC, Timers,
DCIN2S, PMP

Input/Qutput

« Sink/Source 10 mA on All Pins

« 5V Tolerant Pins

« Selectable Open-Drain, Pull-ups and Pull-Downs
« Up to 5 mA Overvoltage Clamp Current

« External Interrupts on All /O pins

Qualification and Class B Support

« AEC-Q100 REVG (Grade 1 -40°C to +125°C) Planned
« AEC-Q100 REVG (Grade 0 -40°C to +150°C) Planned
« Class B Safety Library, IEC 60730

Debugger Development Support

« In-Circuit and In-Application Programming

« Five Program and Three Complex Data Breakpoints
« |IEEE 1148.2 Compatible (JTAG) Boundary Scan

« Trace and Run-Time Watch
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dsPIC33EPXXX(GP/MC/MU)806/810/814
and PIC24EPXXX(GP/GU)810/814
PRODUCT FAMILIES

The device names, pin counts, memory sizes and

peripheral availability of each device are listed in
Table 1. Their pinout diagrams appear on the following

pages.
TABLE 1: dsPIC33EPXXX(GP/MC/MU)806/810/814 and PIC24EPXXX(GP/GU)810/814
CONTROLLER FAMILIES
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FARIEAE 18- 3 gl & 2l o = 5|2
2 ) g | EIS 1IN R m
bevies | S HHERH EEEHHHEHEEEHERUEE
& |e¥z(z=lBIHO(2" 525988 ¢l £ 7|5®
SHER R SR N LR AR
£ s 28 ? &
& ] £
Q o
QFN, 2ADC,
dsPIC33EP256MUB06 | €4 | *oco | 280 (28| 9|16 16 8 | 2 |4 |4 |2 | 5|15( 1| 34 |12 [ 1[50 1Y |51
100 | TQFP 2 ADC.
dsPIC33EP256MU810 280 |28| 916|116 |12 (2|4 |a |2 |5 |15/ 1|34 |1]|2]1 1|y |83
121 [ TFBGA 32¢h
TQFP, 2 ADC,
dsPIC33EP256MUB14 144 | | oo | 280 |28 9 |16] 16 | 14 | 2 |4 |4 [ 2 |5 [15] 1| 34 [ 1|2 |1 [0 -l 1 (Y [122
QFN, 2 ADC,
dsPIC33EP512GPB06 | 64 | rocy | 636 (52| 9 16 16 | — | — 4 (4|2 |5 [15( 1 [ a4 [ 1|2 [1 |5 0n —| Y |53
QFN, 2 ADC,
dsPIC33EP512MCBO06 | 64 | rocy | 536 (62| 9 (16( 16 | 8 | 2| 4 |4 |2 |5 |15 1[4 [1)2[1 (550 —]Y |63
100 | TQFP
dsPIC33EP512MUB10 QP 1 sa6 |52| 0 [16) 16| 12 |2 |a|a]2]|s|1s| 2 aa|1]2]1]229C) ]y es
121 [ TFBGA 32¢h
W)
TQFP, 2ADC
dsPIC33EPS12MUB14 | 144 | ~r 0 | 636 (52| 9 |16] 16 [ 14 | 2 | 4 [ 4 [2 |5 (15] 1 | /4 (1|2 |1 [P 1|y [122
100 | TQFP 2ADC
PIC24EP256GU810 280 |28| 9 |16/ 16| 0 |o |4 |4 |[2|5[15] 1|34 |1[2]1 11|y |83
121 | TFBGA 32c¢h
TQFP, 2 ADC,
PIC24EP256GUB14 | 144 | ‘oo | 280 (28| 9 |16( 16 | 0 | 0 | 4 | 4 |2 |5 |15 1|34 | 1[2 1 (G701 122
QFN, 2 ADC,
PIC24EP512GP806 | 64 | rocp | 686 |52( 9 |16( 16 | — | —| 4 | 4 [2 |5 [15| 1 | 34 (1 ]2 |1 |50 —|Y |83
100 | TQFP 2 ADC.
PIC24EP512GU810 536 |52|9 (16| 16| 0 [0 |4 | a2 |55/ 1|34 |1]|2]1 1|y |83
121 [ TFBGA 32¢h
TQFPL 2 ADC,
PIC24EP§12GUB14 [ 144 | oo™ 636 |52( 9 (16|16 | 0 | 0 |4 |4 |2 |5 (15| 1 | a4 [ 1|2 |1 [0 nf1 (Y [122
Note 1: Flash size is inclusive of 24 Kbytes of auxiliary Flash. Auxiliary Flash supports simultaneous code ion and self- fprogramming.

Refer to Sectlon 5. “Flash P g” (DS70608) in the “dsPIC33E/PIC24E Family Reference Manual™.
RAM size is inclusive of 4 Kbytes of DMA RAM (DPSRAM) for all devices.

Up to eight of these timers can be combined into four 32-bit timers.

Eight out of nine timers are remappable.

PWM Faults and Sync signals are remappable.

Four out of five interrupts are remappable.

Comp outputis PP

The ADC2 module supports 10-bit mode only.

SNenruN
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2. Yayaves Ultrafast Diode tuas RURG30120

intersil

Data Sheet

30A, 1200V Ultrafast Diode

The RURG30120 is an ultrafast diode with soft recovery
characteristic (t;; < 110ns). It has low forward voltage drop
and is silicon nitride passivated ion-implanted epitaxial
planar construction.

This device is intended for use as a freewheeling/clamping
diode and rectifier in a variety of switching power supplies
and other power switching applications. Its low stored charge
and ultrafast recovery with soft recovery characteristics
minimize ringing and electrical noise in many power
switching circuits, reducing power loss in the switching
transistors.

Formally developmental type TA49031.

Ordering Information

PART NUMBER PACKAGE BRAND

RURGS30120 TO-247 RURG30120

NOTE: When ordering, use the entire part number.

Symbol

K

;

A

RURG30120

File Number 3399.3

January 2000

Features

« Ultrafast with Soft Recovery. . ................ <110ns
¢ Operatifig Tempeiaiing. ..o ssssasanomrpnd 175°C
* ReverseVoltage . . . ..., 1200V

+ Avalanche Energy Rated

* Planar Construction
Applications
+ Switching Power Supplies

« Power Switching Circuits

» General Purpose

Packaging
JEDEC STYLE 2 LEAD TO-247

ANODE

CATHODE CATHODE

(BOTTOM SIDE
METAL)

Absolute Maximum Ratings T =25°C, Unless Otherwise Specified

Peak Repetitive Reverse Voltage
Working Peak Reverse Voltage ... ..........

DC Blockiig Voltage £........ . B w N {h &3 B . @
Average Rectified Forward Current .. .........oi i ..

(Tc =110°C)

Repetitive Peak Surge,Current ... .. ... . 0h . oo T Ay

(Square Wave, 20kHz)

Nonrepetitive Peak SUtige Slitrent . 88 e - - - <o ocovvnnniriinneiieeeniens

(Halfwave, 1 Phase, 60Hz)

Maximum Power Dissipation S . "W - <« . .. M- v & 0 § 3 - 2o

Avalanche Energy (See Figure 7 and 8)

Operating and Storage Temperature . . .. ... coueee oo viasivswnnes

RURG30120 UNITS
1200 \
1200 \Y
............. 1200 \
........... IF(AV) 30 A
........... IFRM 60 A
IEsm 300 A
............. Pp 125 w
sy E AU 30 mJ

........ Tsta: Ty -65to0 175 oc



3. Yayaved Mosfet U3 IRFPA60

[S72

®

IRFP460

N - CHANNEL 500V - 0.22 Q -20 A - TO-247

PowerMESH™ MOSFET

TYPE Vbss Rps(on) Ip
IRFP460 500 V <0.27 Q 20 A

= TYPICAL RDS(on) =0.22 Q

= EXTREMELY HIGH dv/dt CAPABILITY

= 100% AVALANCHE TESTED

= VERY LOW INTRINSIC CAPACITANCES
= GATE CHARGE MINIMIZED

DESCRIPTION

This power MOSFET is designed using the
company’s consolidated strip layout-based MESH
OVERLAY™ process. This technology matches
and improves the performances compared with
standard parts from various sources.

APPLICATIONS

= HIGH CURRENT SWITCHING

= UNINTERRUPTIBLE POWER SUPPLY (UPS)

= DC/DC COVERTERS FOR TELECOM,
INDUSTRIAL, AND LIGHTING EQUIPMENT.

ABSOLUTE MAXIMUM RATINGS

INTERNAL SCHEMATIC DIAGRAM

o(2)

o(1)

s(3)
SC08140

Symbol Parameter Value Unit
Vps Drain-source Voltage (Vgs = 0) 500 Vv
Voer |Drain- gate Voltage (Rgs = 20 kQ) 500 v
Vas Gate-source Voltage + 20 \Y%

In Drain Current {continuous) at T¢ = 25 °C 20 A
Ip Drain Current (continuous) at T = 100 °C 13 A
Iom(e) |Drain Current (pulsed) 80 A
Pwt |Total Dissipation at T¢ = 25 °C 250 w
Derating Factor 2 WPC
dv/dt(1) |Peak Dicde Recovery voltage slope 3.5 V/ns
Tstg Storage Temperature -65 to 150 °C
Tj Max. Operating Junction Temperature 150 °c

(*») Pulse width limited by safe operating area

(1) Isp <20 A, di/dt < 160 A/us, Vop < V(Bripss, Tj< Tumax
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4. Yayaves OPTO Lues TLP 350

TLP350

Industrial Inverter

Inverter for Air Conditioner
IGBT/Power MOSFET Gate Drive
IH(Induction Heating)

The TOSHIBA TLP350 consists of a GaAfAs light-emitting diode and an
integrated photodetector.

This unit is an 8-lead DIP package.

The TLP350 is suitable for gate driving IGBTs or power MOSFETs.

Peak output current : [o= +2.5A (max)
Guaranteed performance over temperature : —40 to 100°C
Supply current : Icc = 2 mA (max)

Unit: mm

Hle
R~
He
Ho

7.62+0.25

124015

—

08+0.25

e Power supply voltage: Vcc=151t0 30 V LEELL £
¢ Threshold input current : IF;H = 5 mA (max) 2542025 B
o Switching time (tpLH/tpHL) : 500 ns (max)
¢ Common mode transient immunity : 15 kVijis
¢ Isolation voltage : 3750 Vrms
¢ UL Recognized : UL1577,File No.E67349
¢ Option(D4) TOSHIBA 11-10C4
VDE Approved : DIN EN 60747-5-2 e
H . . Weight: 0.54 g (typ.)
Maximum Operating Insulation Voltage : 890Vek
Highest Permissible Over Voltage 1 6000Vek
(Note):When a EN 60747-5-2 approved type is needed,
Please designate “Option(D4)”
Truth Table Pin Configuration (top view)
Input LED ™ ™" Output
P 1:NC
H ON ON OFF H 1L vl [ 18 2: Anode
OFF OFF ON L 3: Cathode
L 2 E}_) EI: 17 4ne
r g 5: GND
3[] [ 6 & Vo (output)
7:NC
4 E - * j 5 8:Vce
Schematic _
<oV,
(Tr1) cc
I
=

5
GND

A 0.1 pF bypass capacitor must be connected
between pins 8 and 5. (See Note 6)
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5. doyauea Battery 12 V 7.5 Ah fildlunisnaaeu

PC1275

M, 12.0 VoIt 7.5 Ah
i~ e Maintenance-Free / Rechargeable
PowercCell Sealed Lead-Acid Battery

ENERGY PRODUCTS, INC.®

Nominal Voltage(V) 12v

Nominal Capacity

20 hourrate (0.36A° to 10.50V) 7.5Ah
10 hour rate .~ (0.684A to  10.50V) 7.13Ah
5 hourrate (1.224A to_ 10.20V) 6.38Ah
1C (7.2A to 9.60V) 4.25Ah
3C /4 (21.6A.~to |~ 9.60V) 3.00Ah
Weight Approx. 5.06Lbs. (2.3kg)

Maximum Discharge Current for

5 seconds:

Charging Methods at 77°F(25°C)

: F
Cycle use: (Faston Tab 187)
Charging Voltage 14.4 to 15.0V
Coefficient -5.0mv/°Clcell 26610.04(65:1) » 5.9420.04(151+1)
Maximum Charging Current : 2.25A W ke 1 i
Standby use: L Y
Float Charging Voltage 13.50 to 13.80V

Coefficient -3.0mv/*C/cell

3.7010.04(941)
4.02:0,04(102+1)

gl
- e Powercell
- - — et o o s
PC 1275 | ammrnommes @‘8'
l'wﬁu =A™

Operating Temperature Range
0% MEWGHY FAEE

Charge 5°F(-15°C)  to  104°F(40°C) y et e
Discharge 5°F(-15°C) to 122°F(50°C)
W
Storage 5°F(-15°C) to  104°F(40°C) o Discharffe Tigve
—_— = — i ]
Charge Retention (shelf life) at 68°F(20°C) i > 40
120
1 month 929
3 month 90%
6 month 80%
10.0 T
Case Material ABS i = T
(UL94 HB)
. 1 2 4 2w ] o 8o z ER EW =
Terminal F1 (Faston Tab .187") — mimise —— —1

Discharge Time

PowerGell Energy Products, Inc. www.powercell.com Ph. 888.271.8600 / 215.953.0980 - Fax 215.953.0983



6. UadaveINITTBINTEUALUUlUgA LUaT SQL50 A

Pb Free Plating Productl

SQL50A thru SQL100A

%HS @

50-100A GPP Three Phase Bridge Rectifiers

Features
m Current: 50-100A,Voltage: 100-1600V
B All medels feature the same compact dimensions to Tecavy 50-100A
Provide aur.nform rr!ountmg. pitch Vian 100-1600V
B Glass passivated diode chip v L1V
B Excellent power/volume ratio,High thermal conductivity F )
Package, electrically insulated case Ipam 400A
Typical Applications
B Eliminator supply,industrial automatic control
B Numierial-controlled machinery, telecontrol system
VALUE | UNIT
SYMBOL CHARCTERISTIC TEST CONDITIONS
Min | Max
Ircany Mean forward current T30 "Fplpe. qOHZ 50 100 A
Double side cooled, THS=55C
Vorm&Vrrm tp=10ms
VRrM Repettive peak reverse voltage REMG Q 100 | 1600 v
Vsm& Vrsv=Voru&Vrrum+ioov
Vrms RMS current 70 860 v
Ve DC blocking voltage 100 1600 Vv
Irsm Surge on-state current sine wave 400 A
VE Diode forward voltage I=17.5A 1.1
Ir T,=25T 10 uA
Reverse leakage current
Iray T,=100C 200 | uA
Ringo) Thermal impedance node to the shell 180 ° sine wave, single heat sink 50 | CT/W
Ringe-n) Thermal impedance ( shell to powder) 180 ° sine wave, single heat sink 8 CTIW
Vico Insulantion voltage 2500 v
T Stored temperature -40 125 g
Tslq Stored temperature -40 150 §C
W Weight 315 g
Outline
Outline Circuit Drawing:

ﬂ‘dl
[P IULEY
‘E“ |
7 |
il
‘UWH |

Lﬂﬂ

ol

ot
—'01
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7. Yayavesgunsalinnseua HIOKI 3274

Current direction indication "LOCK" indication Terminator
e
%—8
9

Sensor

Power supply cable

(inside)

Sensor cable

i i o
i 2 e =|
\ e~

"UNLOCK" indication

2.1 Product Specifications

Guaranteed at 23°C £ 5 °C (73°F £ 9°F) after the power has been
on for 30 minutes.

Bandwidth DC to 10 MHz (-3 dB)

(Typical characteristics shown in Fig.1)
Rise time 35 ns or less
Maximum 150 A

continuous input
range

Derating according to frequency shown in Fig.2

Maximum peak
current value

Non-continuous 300 A peak;
at pulse width = 30 us, 500 A peak

Output voltage rate

0.01 V/A

Amplitude To 150 A: £1.0% rdg. =1 mV
accuracy 150 A to 300 Apeak: +2.0% rdg.
(DC, and 45 to 66 Hz)
Noise Equivalent to 25 mA rms or less (for 20 MHz band

measuring instrument)

Input impedance

(Typical characteristics shown in Fig.3)

Temperature
coefficient for
sensitivity

+2% or less (Input: 55 Hz 150 A, within a range of 0
to 40°C, within a range of 32 to 104°F)

Maximum rated
power

5.5 VA max. (within maximum continuous input range)

Rated supply
voltage

+12V £1V

8. %’aga%mqﬂnmﬁ Agilent Technologies N2791A Differential Probe



Performance characteristics

161

Product number N2790A | N2791A | N2891A
Bandwidth (-3dB) 2100 MHz probe bandwidth* 2 25 MHz probe bandwidth 270 MHz
Rise time (calculated) <35ns <14ns <5nsec
Attenuation 50:1 /500: 10:1 /10021 100:1/1000:1

Gain accuracy (% of reading)

+ 2% at 20-30°C,
+ 4% at 0-20°C and 30-50°C*

DC CMRR -70dB at 500 VDC
ACCMRR -80 dB at 50/60 Hz -80 dB at 50/60 Hz -80dB at 50/60 Hz
-50dBat 1 kHz -40 dB at IMHz -60dB at 20 kHz
-50dBat 1 MHz
Propagation delay T4 nsec at 50:1,
12.8 nsec at 500:1
Input R#/C (each input to ground) 4 Mohm #/ 7 pF 4 Mohm /710 pF 50 Mohm // 7 pF
Input R#/C (between inputs) 8 Mohm # 3.5 pF 8 Mohm // 8 pF 100 Mohm /#5 pF
Max differential operating voltage +1400 V at 500:1 +700Vat 100:1 +7000V at 1000:1
(DC+PeakAC) +140V at 50:1 +70Vat 10:1 +700V at 1001
Max common mode operating voltage ~ +1000 V (CAT 1) +700 ¥ at 100:1 +7000V at 1000:1
(RMS or DC+PeakAC) +600 V (CAT I1l) +700 Vat 10:1 +7000V at 1001

Max nondestructive voltage

+1500 VDC + Peak AC
differential mode
+1300 Vrms (CAT Il) common mode

+1000 Vrms (CAT Il)
differential and common
mode

+7000V (DC + Peak AC),
+2500Vrms @ 1:100 & 1:1000 in
common mode or +5000Vrms @
1:100 & 1:1000 in differential mode
(CAT 1)

Output maximum voltage range

+2.8Vinto 1 Mohm (500:1)

7V into 1 Mehm (100:1)

7Vinto 1 Mohm (1000:1)

Scope’s input impedance

1 Mchm AutcProbe interface

1 Mohm BNC interface

1 Mohm BNC interface

Output offset Adjustable +7.5mV (typical) +5 mV (typical)
Noise referenced to input < 300 mVrms at 500:1

< B0 mVrms at 50:1
Temperature - operating -10t0 50°C -10 to 40°C -10to 40°C
Temperature - non-operating -51t071°C -30t0 71°C -30to 71°C
Humidity - operating 80% RH at 40°C 25-85% RH 25-85% RH
Humidity - non-operating 90% RH at 65°C 25-85% RH 25-85% RH
Operating altitude 2,000m 3,000m 3,000m
Nonoperating altitude 15,300 m 15,300 m 15,300 m

Vibration

Keysight class GP and MIL-PRF-28800F
class 3 random

Shock

Tip end: 400g 1/2 sine wave AutoProbe
BNC End: 50g 1/2 sine wave Probe
circuit box: Keysight class B1 and
MIL-PRF-28800F class 3

Standard accessories

- 2 each browser tips (black and red)

- 2 each alligator plunger clips
(black and red)

-2 each pincer clips (black and red)

- 2 each of 4 colored ID tags

- DC offset adjustment tool

- manual

- 2 each alligator clips (olack
and red)

- 2 each hook clips (black
and red)

- USB power cord (2m)

- 4 AA batteries

= manual

- 2 each high-voltage alligator clips
(black and red)

- 2 each safety hook adapters (black
and red)

- USB power cord (2m)

- 4 AA batteries

- manual

Safety specifications

IEC61010-031

IEC61010-031

IEC61010-031
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