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ABSTRACT
This thesis uses Chopper circuit to control DC motor by adjusting amature voltage. The

control circuits are consist of Chopper circuit » Pulse Drive circuit , P and PI controller , Pulse

Width Modulation IC , LM3524D ( generates square wave ).The current loop and speed loop are

controlled by P and PI controller respectively.



i

Py e

U e Ao

faanssulszmna

nenazfinn

1 [3 ° oo 1 4 o
gefineuldfumztininu aneasuemsdiimsmmn 4 vudi idousudedonlinudnneanat 4

iknuagiiygde §ind3 inessomaenn 9 etranaasasudiss

YDVDUNITA™ AW ol

¥ [} )
Twnaneunn q au Tasmwiziien o Tumadnimnssuszuumuguuazninis Ins

P Vo w ' A A A A o 1
ﬂllu'lﬂll‘ﬂﬂﬂﬂlﬂﬂ'\ﬁﬂslmlﬁs‘lf'wlﬂﬁﬂclulileﬂiﬂﬁﬂﬂﬂﬁﬂﬂﬂl«lﬂ.ﬂﬂiﬂlﬂﬁ o

@ o PR a o o [y ¢ [
WwovaunsERuBINsETANTyatinus asuuntani yamee Wueds



L)
Mgy
k
! unfnLe
Fa a
naanssulsemea
" mstiy
msv
Y4 .
uni1 umh
E 1]
uni 2 senes ihinizuansa
2.1 Inssadravevemes Ifhnszuanss
2.2 sinveuswes MR InTSuanse
2.3 anuduiufsenhasstasuanudfiaomena
o
24 MInuguANNEveBmes IMinsanss
unii 3 szuumuguasuugifila
o o U
3.1 Henduorelouunsssuy
d
3.2 MImuguANNE VUG a
33 MInuguATEUd
UNN 4 MINARBIAZHANIINARBY
4.1 MINATOUNITUOTNINIINARDIVBINISTUFYanaRad
o 1 -y s
4.2 MMM Iinesveemes I nszuaas
4.3 MInAasAE@EMSMIUIMIMIMINATue e Tou
higingd PN
4.4 MIBONUUY NATOUUOTNANINANBINIMUUsTIARLAZA 1o
4.5 HAMINABBINIIMSAINUUULTA
4.6 WONINANDINIINIIAIURUUULTA
X g
i 5 agpluaziersal
5.1 aplwamisnaaes
5.2 315aiNaMINAasd

53 i’x’mﬁuauuz‘lunamsmam

¥
5.4 wuamanani luduge v

I

I

15
15
20
20
24
24
29
35
38
41
41
49
49
49
50
50



B

-

MARNUIN

M5y

(#19)

dq 3
AARNUTIN 1. '1\1%5711‘15\1114

A-1. 2995 [WiBe +15 , -15
n-2. 2995 INRea +15 , +25

b4
N-3. NITTINVDINITNADBININUA

=} U4
NMARUIN Y. ﬁ]ﬁﬂﬂlﬂﬁq‘ﬂﬂiﬂl

w A Y a
NUIUBD1909

¥Y-1. VN2222LL

¥-2. LM3524D

9-3. IRF640

¥-3. MUR3020PT , MUR3040PT

51
52

53

54

58

76
82
88



msUyglam

UAUAILTAINITAIAUNBIADYT
waad Ul sznouA o vesuewmes Ithnssuaass
uansriavewenes IMfhnssuansa
ot o Jd
LIRS AUYAINAD U AR IVBI015 11905
@ @ d ' = d
nsusasnnuduiusen s auasanus wewemes Ithnszuanss
UNUAXEAINTAIUANMARNATONDIS DT
[ o s
NUIAIVGUANNTIWBIABTAIWTT Step-down uuugLiila
) a o
NTFBINTTUAUIULUTAS 3 W
uaagUaduazszoznmlumnihnsziavedlalon
uaasTudyanuiad
weraensiYe s TudgygaNad
LEASIN8T Step-Down
wesadedya PWM
y
HAAUHURTRUFMYBS s TULAIURUANNS IMLIQU TR
a d
weraanesuuy laufindvesuemoy
uerAdmursveIleines Mfinszuaass
uaamURIveenes Infhnszuanssediade
HAAINTTIULAILUUUUR
HAAINDITIUDEAILUULUR o
ueasgUnuguAuET
naasgUmugussiE
unuRsasgUmunuanuSwuuile dleguludiugunszua
Y d g
unuRERsgURuquAanusaliosgUnugunsua
o o d ] Qs - v b 4 o 9/ ~ LYY -
nsmanuduiuisenindnmiianasendilgugivemdenaufivududnai
1 FY a a 9
ANAsBUAIUNALRIvBINTBUAs
nsirasnudumiusseniufnafianasonuemia Q2 uag Q3
o e v as i (] s 4 4
nymanuduiussenheinarfinnnieuuenma Q3 unsdygnaueidnad

00AN1IN LM3524D

11
13
13
14
15
16
17
18
19
19
20
21
22
22
25

26
27



L

i Vi

g
' astgglan
' (vie)
E
]
a v o 1 [y (s a as P
a4 namianuduiussenihedygnaueidyafioonuinin LM3524D uazfinain 28
' 9/ v a s o '8
anassundeulasalgugiiisudunsng
. d @ o ¢ o 4
Whas  armnfSeudisuussdueuusesfunszumemesvasdonIsmesiNoni R a 30
wWiae  nymuamsnnuduiutseninaszuai Inarusemesiasfinmifinnasenemuse; 32
W47 nmiSsudisunssuaeuusesfuaimssouneinesionia B 34
li4s  nsmludanfinadnarfinnasoum e 36
149 nsmlfSeumsuussduninm Innusuanu§seumemilsddudwlouveamlnen 37
: v o d 1 a a a
| U0 410 naluamennuduiusznBuyauaziemyavesnesnIugusiad 42
{ o o 1 - d =
N 411 amuaasnnuduiuissninBuyauazieiyavessInIguriaile 43

3
£

< o o a
i 4.12 nsmlnfSouidsunszuaeuueeifuanussevvnziinnanlavniuguuvuguida 44

vy

i 413 nsmlummannudimiutsgnhansiuhidethes g uesnssuai inoiwemed 4
Yo iimInIuguILea

i 414 asmlnBsuifivunszuaveined fu anudaseunemes vaiziiu Tnaauduomesiiqud 46 -

i 415 asmlanwduiusrsnhensnBouamsreeiuiitulatuanudasey 47

o °
UDIUBIADI Uﬂlz“’]ﬂ‘liﬂ')'ﬂﬂn“ﬂu’)qﬁ‘ﬂﬂ

o v

d' ¥ w d ' { o o ) o o o o
i 416 Aasmluarmenmdniutseninmsiloumlasmdsedmiuivulasunnudsey 48
.

4 °
UYBIUBIADT ﬂﬂwﬂ']ﬂ'liﬂ'lﬂﬂlllﬂ]ﬁ']ﬂgﬂ



=

=h.

unni

YN

o yg 3 a ; T o 9.
Tuilagiuiinmauasmaluladan a9 fanusSgydmihledwsaswaeslatins
o v J 4 & J e 1 o o 9/ J
wannetwaeiies Fanalulatima il latdlumsvannaamusigihamihmediudn q nnaue
3 1 4
15U fgarmngsy 4aq asdundeuma iniufieo1dh duilefoddigueslsanugammnssy
& < . oo 0o 4 @
Frmnsounauriiavewemesidifiudumdsld Ao szuuilfvemed Ifhnszuaaduiiudy
o & dq g 4 d 9 o o
fdaazszuvilduomesnssuansutludusids
1 lbl a : o o a o
Tudruveweimed IMfhnssuaasaldgoudatiumndmumnnenasnnaussdu Adauss
F guiiiden 1 ldvarnnarmunimumangay donvesnsiduemes Il nszuanss e minaugu
-] A o ] o ' = @ g L ° I% ' 9 a o
AT medumisnsei ldaouasiinnududeuios msnrugusoui ldlugaenin lianuiios
boasaunzidssAnEnmge wvsemuquilinmgn mamugnih 18 Tasnsaaunudnaifinseuensi
] e ' s
wesuznIzIanNan udtideidy Ao desligunssinasnssualvhnszuaaduduinfhnssuanse

! ; ¥ .
aldiolumsipdmngaidomniaouianne  Sandumdsnudediminnieseylunusd
t i Y o o d o o (] P
foudndazszinnuEinasgamia
1 4 (1 ] ]

dmivuewes IMihnssuaadiiuiden fe fsnuniesgnaiuiieAafimdenuiiu as
] ¢ w T °y o 4 13 ] [y ° 4 ' o o 1
dmvesmidenudsthminnionlssine 2 v AhgeSnuesduiiesain hilineniiunwes usiide
iy Ao mamugusewi & lushany anufissnswazdsz@niamaoudied

° o o = o 4 y o 4 o

dmsumsanmnluntidelSygniinusil srhasfnndoiuremes Ifhnszuassue

A = ) ﬂy 4 o
100 V, 10 A, 1kW , 1500 pm  aveuwavestSoygninustiannsauaauihuumuienisiau
( Block Diagram ) "lﬁ'ﬁ'qzﬂﬁ 1.1

Motor
Euf 8N l ! N
+ Controller [ Controller Il -+ Chopper ‘ armature » rotor >
b
Current
transducer current loop
tachogenerator
voltage loop

717 1.1 R aasmsnIuRuuBIRe;

g1t 1.1 151192995 Step down ( chopper ) Tumstlfumdnm Inthiifleuldfuuenes

fhnszueaselasldasesadie Pulse Width-Modulation ( PWM ) - lumsyfumumsaie ( Duty



o

.
K
H
|

Cycle ) TnullganIunuass ( Controller I ) AovasvapulTMnszua ithitloudwemes hild

XY 4 et & a Qs A
ipufinavewamesuaziiganiugunils ( Controller 1) AosmiuguYTINafna I ontug

3

o o -] LYY o A o o
ﬂ'.\'llllf')ﬂﬂ\ﬂlﬂlﬂﬂiIﬂUﬂ'ﬁLlr%'UU!‘V]UUﬂUﬂiyﬂJ']mVIEli)ﬂﬂ'lﬂ'ﬂ'ﬂﬂlﬁu ( Tachogenerator ) oy

3

o4 /q Y Y 4 a 3 & o d o Qs
«ﬂ’J'Uf]llﬂ’J’lllli’J‘ll‘i)slllﬂmﬂﬂ'ﬁL‘U1Qﬁﬂ1u$ﬂ11ﬂli’3ﬂli1ﬂ80ﬂ1i %Qﬂﬁ‘l.li'l.lﬂ')‘lilli?ﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬂ’l‘ﬁ

e ° o =1 &' t { oo
1 dmlsmansadSuanususemes laaae 0 sude 100 WesiFuduonnusmnnaves

¢
TuoIADI
b

"= e



=$h.

1inn 2

woines Ihnsziuanss

(DC MOTOR)

woines MAhnumTesduiia Infhmeduiindsautlendh (input Power ) voimefiflunday

H

Ifhwazwdsauninwesn ( Output Power ) ifundasiuna uandsnuiitleudweunsossuiia i
] y
Wundnunauazndinunnsesniundsnuiii usnsniifemavesnssua i etugae

Ao vamessunszua e nneusn daunsesuila Mihsenszuaifheonlunsuen

2.1 Insewaavesnsmes Ivhnscuansa

[] [ b 4
dulszneuiidinyvewemed ihnszuaasaazmiesduiia lihnssuaasaiumiousy

[ 14
ramnsonaadldnegili 2.1 Taslldausenoudis q dail

L
[]

2.1.1 gauiinyaiisediud ( Stator) Usznouday

o n’: [} d [ i 1o o’: °
f. ulﬁanuan ( Frame 14%‘8 Yoke ) Lﬂuﬂ’)ﬁﬂﬂl’)tmlﬂﬂﬂﬂlﬂﬁﬁluﬁﬂt)ﬂﬂﬂ W%J'EJN'VN‘VH

Y

h.

LY £

- o vod A 1Y 4 a & o o
‘lﬁl'gulliﬁllUlﬂﬁﬂ?’llﬂﬂ%']ﬂ‘ﬁ"]&li]lﬁﬁﬂaq,{lﬂﬂﬁﬁ'}“ﬁ uamnm.!Lﬂaaﬂuaﬂuﬁ'aﬁmmmﬂuﬁ’wﬂ
v a q’: 4 (Y <2 d A o o LY o ] o
f;hﬂiUﬂﬂﬂ\ﬂﬂ?ﬂ\iﬂﬂi?'J?Jﬂ\?u]ull'ﬂuﬂﬂ'gﬂﬂu ( bearing ) ﬁ’lﬂﬁlllwa'mﬂﬁﬂjﬂuu ﬂ‘li'ﬂ'll'ljaﬂﬂUﬂﬂ‘Vﬂ

% 4 v g 1A A Yad 3 d ' g A
‘1ﬂ1ﬂﬂﬂ‘]5“u§ﬂ ﬂ151‘lﬂ”aﬂ"aﬂau ‘ﬂi‘é]*‘hnﬁll')umﬂﬂlmuua’JL‘ﬁElm':l‘]U’N

t4
=1

o AR o 1. & e )
V. dunumanyeNvImaniuasYunan ( Pole-core and Pole-shoe ) nagesaIuU
o & .s.,y.sﬂ H v g A o qya T P
ﬂiznanﬂuwmmamﬂmm ULV VDILULY AN mawﬂmﬂﬂﬁmmmmanwwmmnwu
] v o o w d
ﬂszuﬁ‘lﬂ"lnammmamwmmwusmumumaﬂ
i o . =3 . =] b - !
f. ¥ARIANRLTOUUNUIMAN ( Pole Coils ) AN Field Coil NUsznavUdtaIanauyse
X A o 3 o ° ¥ 1 o o Asl o o o dy
ﬁ’JﬂLLUNWVﬂﬁ”JUﬂENLLﬂQHﬁ'IU 9 mummm‘lmﬂugﬂﬂwmuﬂmummmms Ll.igll'JU’]‘Uﬂﬁ’Jﬂﬂ’Ju'lu
LY < .,’,’ [} g L) n’: A L] d"d ° yo’: [} g Ao
ﬂ”JlIYl'IJﬂQhlﬂ‘lJu&Lﬂumﬁﬂ‘UB\i‘U’Jtmmﬂﬂ muumaunszua"lnamuuﬂmﬂu ﬂm‘lnmtmmanumuw
[} - J o [ d Y a d” 9 ] od c:’ a0 @ o
Lfluunmam:unﬂﬂvmsNamﬁuusmmwaﬂ“lmﬂmu Lﬁuusauumanu%xQnmmuimmmmuiu
o A D
917UV IDANH LN

2.1.2 dauindouninyulilldseuds (Rotor) Ysznouday

o 4 L4 o t d aa
t . UAUIHANYBND137198F ( Armature Core ) mmmmumanmaﬂau‘nmﬂizmm 0.5
a a a n’: s/ Y o o g ﬂ A a A a
UAALUAT HIN 2 111wzmué"wmnu HadvIuIBAYOUL uzﬂﬂiﬁﬂizﬂﬂﬂlWﬂﬁﬂﬂTSqtylﬁﬂluﬂ\iﬂ'lﬂ3
o a < o ° '
ﬂmﬂi‘ﬂﬁllﬂzﬂixuﬁqﬁﬁ')u‘lullﬂumﬂﬂ mﬁ'muaﬂummaﬂiznﬂmzmsﬂusm ( Slot ) l‘S‘{Nﬂ'llJ

) ) o ¢ ¢ o
llu’)lﬁ"uTEIU'N5f)‘Uuf]ﬂ'Uﬂ\ilLﬂ'LlWlﬁﬂlﬁﬁﬂ%ﬂuﬂlﬂﬂ?ﬂﬂ'ﬁlumai ﬁwmmmammz;tﬂuwﬂau



4 ] o o ] { -:' o o’: v & 4 o R
w13 launuman ( shatt ) udaminnidlusesdimnuvesgiinziiusomilaiolddda ( Lock )
> 4 A ] a 4 '5 t @ 4 5% o
3o e ( Key ) vistlie lilfitansindouiivusenindesiumesfuunumin (Shaft) wenein
: o . o 1 o @ A
WuBUNL38INA (Air hole ) 1an 9 NegrueIs v WBIZIIANSOUAIY
4 4 L oA A o ' ' J J
Y. ¥AAIABISIUIBT ( Armature winding ) RRBYATIATINUBY TS BIVBIDITINIVDS
=) L4 P Y o A o A °
A. ABNITUAADT ( Commutator ) Tnthil fie Wudrfmunnuazainlumainszua
v o d o T 4 4 " g o o v A a ‘_3 '3 Iq ¥
sonunna NN ued luesnesuaziudndunssua iiaduiidaduneluerswees 18 du
nrzuairlase 3o nszuad lva lufaesmouenlufemediondu jUswessiubuginsenssuen
< y 4 v d1 ddi a o o 4 wyy
flsznevdsdnomnasdndeswiudiuginsnszuen Fdedfdedasuiusulidenuiu
o o 1 o [ e’;’ t o 4 A Yo o P 1 '3 R sln'l
mnfindwse  udazdde lldidevesneniiunmes welddnihiiteeglunifmmestame 1
a o & LY ] sld' 7Y L] 1 dysl o Y P =1
adniivite - msflesiulilddneudummesdn q mariideansedungaluduieanninusani
& ' { o { = o
guino Teldvinamiuivhidslufiadaeuiuamesianua’ly
v E 4
4. ununyw ( shait) Wudrsmiminludaueie q veslsmesvionun Tavgionea
:‘ Y] d’ ar . - o :d o A ~ Y A d LY A ]
iwmiiniiludsgnilu ( Bearing ) fiseafuunuiidaiinis uazinihidudsunSedioneantsvy
A & At o a J s o dy A a cyY =1 A
nismsindeuiia 4 Iifadudulsmes ununmyuiidufitaimzvesnouiinamesd Taofiauui
o ¥ 9 o’) 1 4 ' o <o
i ludnulissninnouduamesfuuaumyuy
9. 45991129y ( Brushes and Bearings ) tvianmiinihinidiudasiusiunseua

9 =Y ¢ A ] 1 Y] ] ] VoA P A9 & o
vlﬂi)']ﬂﬂﬂllll?llﬂlﬂﬂﬁlwﬂﬁ\?ﬂﬂulllﬂ\ﬂﬂﬂiﬂ'lﬂu@ﬂ ﬂiTQﬂli’)QLlﬂiQﬂ'ﬁllﬂuuﬂ\iﬁlﬁﬂUllN‘LlN'\ SHIN

1
! v Ao '

3
1 4
o A A J I = L] 1 A 1
mummuemmuﬁ‘luﬁ'eu Lm<1mummﬁgﬂﬁﬂmagﬂummmamu ( Brush Holder ) “ﬁ@l‘ﬂuﬂﬁﬂﬂ

L4
-1 é ar

o s [] v U Py dy a W = YY) 1 ] A o
dwmiuldunsaasll Rafidanadunldonuendniinils asiunihduiaveumeg udumniteto:

e D

v o o - a o [} 9 9/ o A A a4 [} - T [
AUHANUFADUUANINDT ﬂﬁuﬂ']'LlﬂiQ‘lﬂﬁJﬂQﬂﬂﬂ‘D"ﬂﬁﬂi\‘l@ﬂﬂﬁuﬂ mamuwgmmmuﬂwmum
Y o 9 o A o = A (D - [ 1Y 0
AUUDIANDALAUDN € ﬂﬂﬂlﬂutﬂﬂ LWﬂﬁﬂﬁﬂﬂ5$llﬁﬂqﬁ’ﬂ1ﬂln’lﬂﬂ1u'l‘lJ{N'N%iﬂ'lqu]ﬂ IUIU
v 1 dq wd a4y agd to Ay Yo a o 1 a A Yo
!,L'YNﬂ1147]131ui)31ﬂﬂ'ﬂi'f)uBUﬂ‘UuE)gﬂ‘U'n ﬂizl!ﬂ'ﬂvlﬂilli]Tﬂﬂﬂllilﬁlﬂlﬂﬂiuu']'IiJﬂJ']ﬂ‘HiﬂuBUlWU\ﬂﬂ
' u’;’ [~ o dq 9o [N :‘ LY o’a’ AN Vo LY a1 a P
ﬁ')uQﬂﬂuuuLﬂuﬂ')ﬂi‘lﬁﬁ'\ﬁ5']J5'1Ju’lﬁuﬂ'YN'HlJﬂ'ﬂulﬂiU“']ﬂﬂ'Jﬂl.lu UAZUIYIYDALLTUTYANTUNLUNU
.Y o or 3 a 9 g 8 14 o’a‘ Y P 9 &R a o
Mquﬂlmmﬂuuﬂis’nmﬂwﬂuuu ﬂﬂﬂllﬁ?gﬂﬂuu%gﬂﬂﬂﬂﬂgﬂd’lﬂiﬂﬂﬂﬂﬁﬂﬁﬂ']u NITABIUANANL

A 4' o =3 4 é
waenuonveunieaniia lWdnfiniia

OUTER BEARING CAP
COMMUTATOR
ASSEMBLY

ARMATURE R > END BRACKETS
colLs : . FIELD POLES

ARMATURE TOOTH

LAMINATIONS (A) MOTOR



BEARING BEARING
INNER CAP
g

COIL WINDINGS

DRIVE END

- ¥
BEARING y
INNER CAP— /
PCHOMETER
B) FIELD COILS IN A SHUNT WOUND,
® 50 HP, 850 R/MIN, 230 V MOTOR (C) ARMATURE SHAFT EXTENSION

JUN 2.1 wansdmsznendi q vewemes IWfnszianss

2.2 viiavesnenes Ivhaszuansa
k veines Infhnszuanse uiad 4 aiia ﬁai’;
1. uamﬂﬂﬂﬁ1ﬂiztmm~umnﬂszﬁ'uut1ﬂ ( Separately Excited DC Motor )
2. uoines IWfnsEIans wBVYUIY ( Shunt DC Motor )
3. uamaﬂﬂ%nwuﬁmmmnwﬂsu ( Series DC Motor )
4. wowmes Ifhnssuaasauunay ( Commulative Compound DC Motor )

4 K o
Fafrevsauyadaegilii 2.2

AZ
(b) shunt

-0

(c) Series (d) Cumulative compound

§UN 2.2 uanriinvenemes Ivfhnszuansa



¢ w { 1 s ¢
Tunsdiveswemes Mihnszuansauunszquuennisaiuguinaiiianassuetsnvesios
9y
yaauY ( Field ) Wuuendaszaeiu dauvewmes IMfhaszuanssuuuviu samuuunsensines
1 [} U v = [ d' [ o 9 ooy o & n' Y
apfiuunasne lifderdu msivzaiuguuondui 8 Tasisider Ao matiunnudum (R ) me
Tuees uddudsmsmunuithifitseAnsam
- 4 { ' 4
Tunsdiveswaines IWfnszuaasauvoynsunszuai nadmvaau Ao nszueailva
' ¢ ¢ v oy o4 4 a4 o ¢ ) ,
FIueISINees Aniuduusunimaniivaauin ( field flux ) Sevufunssuaeisineesdy diu
2 ' ) { 1}
uama%’"lvlﬁmmmmmmuwﬁu UsundeuLNIMan ( magnetomotive force ; mmf ) YDIVATUINNAD

o ¢ ' ¢ o a o 4 -1
aynsufivvemesey Nwadenszudesmweimsuazliiemudnfuusunioumimanvesvaauy
NavvuuiuNBIneS

o o d a W : s .
2.3 ANNTURUS TR NWIITANUAINTINT01ULAIAT ( Steady state speed torque relation )

AAAY
R |

\ 4

E =Ko,

A' o @ J 4
31'71 2.3 Llﬁﬂ\‘n\?'115ﬁllgﬁUﬂﬁﬂ?ugﬂQﬂ'J'\lﬂ\?ﬂ'ﬁlnmf‘ﬁ

{ 4 ¢ o [y
1nglfl 23 anwdwun R, Ao anudumuvesnesensiuee; dmsuvemes v
o
NILUARTWUUNTTAULLN fiD ANUATUNIUYBIYARIABTT 9T ( armature winding )

1 4 y
aumsiugmuveuemes Ilfnssuanss dad

Eg = K ON (2.1)
E, = Eg +I R, (2.2)
T =Kl (23)
& -~ o 9 ' -]
%9 O A9 NUMTULTANDN (flux per pole ), Webers
A 4 o
I, A9 NITUEDITINNDT (armature current ) , A
E, #io famvfhwnaseuersiunes (amature voltage ) , v
R, A9 -ANUAMUNIUYDIDI5 WINDT (resistance of the armature circuit ), O
-1
N fo ﬂ’J'llllS’J‘ll'ENO“l‘;mﬁlﬂ{( speed of armature ), rpm
T @0 us Qﬁﬂﬁllﬂmﬂi{ w39 (torque developed by the motor ) , N-m

(]
J I3

f19 AIA9N (constant )

]

o)



NNAUNT (2.1) 09(2.3) oz'la

N-Le R I
KD K@
E R

-4 __—a T
Ko (K9’

(24)

(25)

Tunsdiveawemes Ifhnszuanswunszduuen SdnarIithilvaaun ( field voltage )

4 o 1 d 1 - o = & 1
fan 13’]‘0Sﬁ'lll'liﬂﬁnﬁﬂiﬁlﬁullﬁﬂumﬂﬁﬂ (flux) ﬂﬂﬁ ‘umzmmumﬂauuuﬂm %Qﬂ&"lﬁ?'l

K,® = K (constant) (2.6)
Auly INEUNIs (2.1),(2.3)uaz (2.4) 09(2.6) 2lan
T =KI, (2.7)
E -Kw, (28)
E RIJ
N=—F-21 2.9
K K (29)
7 . %S (2.10)
—K R4 '

k4
o o

aufuninauiiseeldnsuansgudnyazyedussiauazanusd ( Speed Torque

Characteristic ) ¥oduoins ihnssuansswilanszduuonidiudunse deguii 2.4 .

1

B
g 1 Separately
® ! excited or
e ' shunt
(7] |
| KN
| N
0.5 - | ‘N * Compound
| N,
I ~.
| = ~ .
| ‘- Series
1 | ;
0 0.5 1
' Torque,p.u.

4 @ o ' ~
U0 24 asmluaassduiuisernhusidauazanudweemedIthnssuanass

24 msnmqummn%’wamamaﬂﬂ%n‘szuam5e (DC Motor Speed Control )

<
4 ¥ o d ' a -3
lﬁﬂ\i‘i]'lﬂﬂ'.l']llﬁllwuﬁi314'.]1\11!5\'1‘1]?1llﬁzﬂ'.nilli?ﬂﬂﬂﬂﬂlﬂﬁﬂwﬁ'lﬂizllf’msﬁ 1uﬁ11ﬂ15_(,2-.5 )
T d Y aa o dy
HAAIN ﬂ'lllTSQﬂQUﬂNﬂTIUlTJ”Uﬂ\iuﬂmﬂﬂﬂ 377 AU <
ar o
1. ﬂ’J‘lJf']llﬁﬂﬂ‘l"lﬂﬁ‘l'umﬂﬁlm‘ﬂﬂi ( Armature Voltage Control )
2. Aunuduus uimanfivaau ( Field Flux Control )

i ¢ ¢ ]
3. ﬂmquﬂfnm’humuﬁmsmm‘ai ( Armature Resistance Control )



4 a 1Y g ' v d
weNnsaudlumsmuguanuda ( N ) sllaunsamuguiduisanimin ( @ ) nie
a 9/ - o 14 Yy A ar d A A Y
wasunlasnnudmuniosumes (R,) 19 desnadugudnunzvewmemes Sufenldizan
o 4 Jd & a ° Y J
AuAna I ve 18151985 (armature voltage ) Fammsaasuronisiaulddsi
4 [ 1 4 o o a 4
nngdit 23 dadaa Infhnseuerfusesveaemes inszuanssriianseduuoni
¥ o o a4 oy o q ¥ - ¥ ¢ s N
MYUAANUITY o douzasddaaisaaniey Mildascuaiilnadhersunseduazusedaves
s M o L= ] a ° =
vaipTanme 1iufie ussdavewewesiinnfeonimseinvealnan ( Load Torque ) whldiAanis
1 ¢ o v d o o £ Y - d
miwewei Whumgldanuwazussiuiloundy (back emf) anas qatudriganzianuds
° 1 a 3 o d 1w =
Anay uansslinveemesimiuussdaves Inaa
Tunaassdudin dusuiindnan Infhiiannseuerfues vnaums (22) uas (23 )
4 y @ ¢ = 4 4 ] ¢ ) g
nszuai Inadherimneiunzussiavewemesszmuliuuazis womod Humgualinaudaves
s W Q’ J * d‘ 1 = 1 =y
wemosuazusswuilounduininuozezidhgannzgatofinnudagenindy usussbavewemes

mInuusaiavss Ivan

Qs P 1 4 s [ {
Tumsmugudnar ihhanasenensiuves uaaslddounuis ezl 2.5

AC
line voltage | yncontrolled DC filter DC DC
3-phase > diode rectifier capaciter Chiopper P\ e
V control

1 (Y 1Y o 1 o 4
gﬂﬁ 2.5 HAUALTAINITAIUAUANAINANATBUBITININDS

- ¢ o ~
131 2.5 ansaudasdlsesauyadiagli 2.6

14T M
=] IRes40
ZANRRVAN i ; .
—_—e Pulse Drive
3 Phase __| SooouF Circuit 7 MUR3040PT
AC from T
Variac -

Motor Speed Control Drive By Step down

JUN 2.6 1IN NUEWBINBIAIWTT Step-Down HuUQUIElA ( Open loop)

b 4
<

N3l 2.6 ansesfiismsiiauvesaesiiu 3 dou fdl



f. 133BANITUTUDVUIAY 3 tWar ( Three Phase Bridge Rectifiers )

A+
a
YL
b
co

U0 2.7 nesSvenszuauunysas 3 wle

nngilh 2.7 laleasssanfunhnszumiiug Ao laleamanoaw 12,23, 34, 45, 56 uay 61
laTeafidossninmenlvinaveussusivasimogagazinisua Wy seningaem o
faz/2 Mduziioe v, Taqega (qUdszaey ) lalen D fu D, n3e laTeagfifininuiay s6
wibinszua udu

] A L [ [} &

BMIWN V,, = VW, (iownundesis 3 madevantauuy Y ) davgdaduias

szeznalumahinszuaveslalen Wudsgii 2.8

Diodes | =—56—=|+—61—] ..,_12.___.|._ 23— |4 34—~ | — 45— |

e
Veby Vab Vac Yoo Vba Vea —
Vavp, : |

! [ i I I !

t —— —

0 PPV ¢ | N |2“
~| 2
-V3Vy, | . | | 1
v | ! | i ] I
L

V3V NW—M
! ! ! | i i

1 ! i 1 1 1 ot
° = 25 " an 5 2n

3 3 3 3
- - ' [ ' I !
b Ta - | ] | i |
Vay, - | ' l ! '
—_ TN e - — - ) . | L I l
R m : | |
! ] \ I
2r

T
|
[
|
4-wla
1
!
1
roel
!
n
|
4o
wlg |
ul‘:{‘
n
E]
g

wt
R 2n

71 2.8 uamsgUnduuasszoznalunish nssudveslalon



—— -

B

10

{ o ) 4 [y d o
Mg 28 dunad junduussiueayadszneudan 6 Wad

t 4
suninn 18dsiine

2
Vdc - 2 /6

_i

= = 1.6542V,

ﬁ/iVm sinw t d(wt),

z/3

4 v [+ 1 [
e ¥, Lﬂumqaqmmuimumﬂﬁ

12
V.= _‘J3V2 cos’ ot d(w t)}
[2 /6 z/3

(z +£)” )
2! 4r "'

1.6554 V.,

S Inaadunnudmu igageuesnszuaitlaleasadiu 1, =

yoanszuan laloaszsly

- 2T

1r/3

1
I 1(7: 12 2_7:)5
¢ 2sm6

0.55181 1,

1/2
cos’ wtd(wt) }

Il

:; 1 o -
ATTUTNAVUADTAD llﬂ“'ﬂu

4 2z [6
I, = — j]’ ‘otd(wt
J 27;”/3'"005‘0 (wt)
2
LS sin s - 03184 I,
. b4 6

fi1 rms YoANISUTNVATIANAUnTvmlouas sy

%
I = [2 f]zcos wtd(wt)}
/3

‘—I 2£+1’3€)%
- 6 20

= 0.7804 I,
tile I, Wusnszud line gegananAugil

1 4
o W

quu QWIﬂ'lth‘UOQIlN

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

HAZA mms

3V, IR

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

IfhnszuaassfiimusGoenssuauuuysas 3 e sedehiFeuseld Filter Capaciter tie

va 4
N5OeNITUA M50y



-

11

[V V) o ¢
AU NVFVUAYVIUNAT ( Pulse Drive Circuit )

b 4 1
wostMIA MOSFET Q, smihiudluadnd lums ON-OFF 2995 Step-Down laoil
é ar s s It
MOSFET Q, aiudaanu PWM  ifludniuqums ON-OFF MOSFET Q, 1nt1453 Pulse
Transformer ﬁ'ﬂuﬂmiugﬂﬁ 29

R1
25v >—AAN
470
————— V
“ IRF64|0J
o VI |4 o
—— g t H
1N4737 D1N4148
C,—— 0.005u 5.3V
v N1 N2
D, & D1N4148 VN2222LL |t o
}—-
D1
! ¢
VN2222LL D1N4148
'—4
' | I I I _JN- Q, C,
’—
PWM

from I

: 560
SG3524N £

[

- JUN 2.9 uannesvudyanuiad

¥
M9 19UYBINITITETITIINNIININIUYEY Q, Avii
1. 0, ON o Q, ON ( mstheves Q, 9zeB1oludIuYed2995 Step-Down ) MIRT
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avenlumdendaailunssua 1, uoznszud 1, Hifatuse Inalunsesiivszaeudan b, , N, , €,
P s . [% { 4 o 4 ] a1
HIYUMAY Input Gate Capacitance ¥04 Q, Azl 2.10c iefinAmiRanaseuvuANYES Q, UAIIN
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( Closed Loop Speed Control)

4 4 d =
divswinluszuuiimuguanusiszionlduemes Idfhaseuaase  asauguuuuglida
' a a ~ L [ q’/‘ °
( Open Loop ) 919 hifidsz@nsnmifisenelumsiszynaldon dnfulelimsihszuuniuguuuy
4 a Y ! o
9Ua (Close Loop ) 111d dsfidedluSosvesnnuiivenssgs aunsodiulswansuausimsla
a 4 LY '
WlnFYoBIAB Az AANANTENUIINAITUNIU 15U Tnan Wudu TaswaneuaueIveIszULAIY
= o 1
auuuugldaamnsefneilasmsiorsanainfleddudiolou ( Transfer Function ) HAZIZUAAIIIY
- o o 1 v
sivuansmflenFusisTouvesszuy PRssandae

° o o ° @ 4
MIMNuvessEyUAUANUT WL Uatiunurimsinuag R 3.1

Speed Ec E, | DC N
Controller Chopper ) | Motor "

feedback

a o d” ]
;ﬂ‘n 31 LlﬂﬂﬂllﬂuFNW'Hj11!1]8\153UUﬂ'JUf}Nﬂ'ﬂUﬁ?L!‘UUQﬂﬂﬂ

P a ° 4:’ Y 4 - o & a
13U 3.1 enseesuienisinuiugnld fe WennuiSranauilosinusiiaves Inaa
A 3 Y a 2, -] J J o o
( Load Torque ) udu IinaldA1Aana1au9In2157 ( Speed Error ) linmndiu ivdaananiy
A & o | ' A & o avy : ' '
aunniy  Serdudnan Idihfinnnsouersumediiniu milddnar i iianasenuemesiisunn

: a cg 9/ d d 1 a
YU ﬂ']i’d%"lﬂuiﬂllﬂ ( Torque ) ¥INVU YAMUANUITIVDINDADITCUAUNUAY

daos
3.1 Wanvuselouvesssuy
TumsesnuuuszUUAILAUIT NEABIMNIAFua o Touvousazudon ( Block ) luszuy

N 4 o 1 = 4 s P
PO aMUIUMIAINITIRSYBIAINILAY ( Controller ) N1dAIuRUITVY

3.1.1 Haddudolouveuemes Ifhnszuaassianszduuen

( Transfer Function of Separately Excited DC Motor )
209540y lauiing ( Dynamic Mode ) voausined Mfhnszuaasssianszduusn

uaagl@degiil 3.2 i
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L, R, Iy
o—Y Y M ANN > -
+ i, (constant)
ea
O

B = fAnaNvousudaANIU ( coefficient of viscous friction ) , N-m/(rad/sec)
J = polar moment of inertia , kg-m’
g ¥ P
n = ANUITIVBIDTTINDT ( speed of armature ) , rpm
K, = AN ( constant )
a a o ¢
31.[71 3.2 llﬁﬂ\‘n\?i]ﬂlU‘lJ"lﬂu'lNﬂﬁﬂJﬂ\ulﬂlﬂﬂi ¢

11037 3.2 9z ldaumsvesusedu fie

. di,
e,= e, +i, R, +1L, o (3.1)
& @ [4
HIBUIIAUYDINBINDT D
e, = K,On (3.2)
Anaumsveansatn o2 '1d
dn
t=TL+Bn+JE (33)
deusediafensiuies fio t= K ®i, (34)
T Tamuarawyesaunis (3.1) 89 (3.4) 9214
E,(s) = E (s)+ R,1,(s)+ L,sI,(s) (3.5)
- E (s)= K,ON(s) (3.6)
- T(s) = T,(s) + BN(s) + JsN(s) (37)
T(s) = K, ®I,(s) (3.8)

1NaUMs (3.5) 32'ld

E,(9-E(9 [E0-E6/R,

= 39
L () R, +sL, l+17,8 (39)

i ¢ ¢
Taeh 7, = L,/ R, A0 electrical time constant Y849958151U1993
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NINTUMS (3.7) 9214

T()-T,(s) [Te)-T.(s)]1/B
B+Js 1+7,s (3.10)

N(s) =

P . . 4
Taw# 7, = J/B 79 mechanical time constant Y9INOIADS

RNTUMS (3.4), (3.10) AWNTDUAAIANUTUNUS IUUHUN Aa3UN 3.3
Tu(s)

E,le) 1R, Egs) o 1,(s) 1B Ne)
+ 1487, ' + 14sT_
Eg(s)
K, <

311 3.3 uanaruiavesuemes Iifhnszuaase

4 Q7 ¥ @ o ‘ g A L Y
110307 3.3 dunadt Tusedufoundu (back emf ) uaasludutloundy Fwsefuoundy
y o o o o { [~ J °
fidugudnvazlsziidivesemesniznlfsumasmuanudwesemed  Seausariuerlyld
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aunEANUSvowowes 14 WeRnsanmanlasuiasvesnimsas N(s)  iilesninusedudi

tloul¥  (applies voltage ) E, (s) unzussiaveslnan T, (s) Asaums

N St gy (1) Gl9) 2y () (3.11)
1+ G (9HH (s) ° 1+ G, (s)H,(s) / .
4 (1/R,) (1/B)
il G(s) = 1o (K"(D)1+Gz(s)H2(s) (3.11a)
H (s)= K,® (3.11b)
~(1/B
G, (s) = 1(+”') (3.11c)
(K ®)* /R
H,(s) = (KO) /R, 1"+S)T . (3.11d)

nnaums (3.11) M lifadmusliavesinan T, 0214
M) 5 ¥l (3.12)
E,(5) (KO +R BA+st,)(1+s7,)
e 7, << 7,, 1UD 13RIV 7, 18 1ude
NGs) K.®
E,(s) (K, ®'+R,B+sR,Br,
__k (3.123)
1+s7,, .
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i . KB (3.12b)
138 "m T KD+ B T, :
k = M_ (3 12 )
" " (K,®)?+R,B e
PROATER T <<T, (3.12d)
gl 33 e T,= 0 m
N K®/B k
(S) _ a _ m2 ( 3.13 )

I(s) l+st, l+s7,

Fuhunnaums (3.12a) 118 (3.13)
I,(s) 1,(s) N(s)
E,(s) N(s) E,(5)
1+s7, k,
K®/B (1+s7,,)
k,,(1+s7,) (3.14)
1+s7,,

o u’: ) o [ Y o :;
AuiuansounuuemesAounuRe A A1 3.4

1+STS 1.'.s'tm
31]‘?'1 3.4 uedauruRveIewmeT IMfhnszidnssatnd
Tnodi K, = 2 s (3.14a)
™~ (K,®)?+RB K®/B o
k A0 (3.14b
m2 B : )
k, = kk_ (3.14¢)

« da 4
3.1.2 ManHun1e1ouve429935UaZAINANLIIR
( Transfer Function of Summing circuit and P Controller )
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vo R2
G,.(s) = RS , (3.15)
v, -V, R,

1 i

do 1 2
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( Transfer Function of Summing circuit and PI Controller )
e 4 3 g o P ° Fel
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K (Q+st
G.(s) = Kldtsz) P o) (3.16)
iiie . = CR,
oo L
" RC

32 mimuguaNnImuugila ( Closed-Loop Speed Control )
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s oundu lduag 1y
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! !
! 1
: ]
[}
Es) Ex®) | k,(1+st,) | Bc® ke Eal®) | ) knftest,) | TalS) | Kn | Nes)
+ st, : 1487, , 14sT,, i
—_ | |
Speed ST O NN
Controller Chopper
ke
Tachogenerator

311 3.7 wansginauguauss

) d A Hq Yo Aa Yo A A .
aanufuaNNEINvmeuuuR19iu Afeulsiull 2 uuy Ae 1wy Proportional ( P ) aziyuy
22 do 1 A a a o
Proportional-Integral ( PI ) Tuniilduuuile ffedsuciwlou fie (1+s7,)/sz, msiududinia

ANIPNAMNHANIIANTD UL AR ( Steady-State Error ) HALAARUAUVBITIU Forward

3.3 MIMIURNNILUA ( Current control )
Unmaugunszuaudasluglin 3.8
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Ey(s)

h 4

Ey(s) & s) Ecfe)
l .
HQ—‘ kl kc
+
- Current
Controller Chopper
kr <
Current
transducer

31 3.8 uansgUmiugunsud

=g ! ) & Yo 9 v o
1ngll &, AD AUNU( gain ) Y94 current transducer o1 1FHdmmuAe lursesensiues

" ' v =) v @ é d‘
lﬂu current transducer 9819918 97U k, A9 AUAUVDIAIAIVANNITZUD ( current controller ) aaluntl

T¥dnauguuuui
P - Controller
vingalit 3.8 miladFushoTow'ld fe
1+s7
k. kk —
1,(s) g I+s7,,
EI(S) & (1+ST’")
1+k k,k RGBT IR
+ r’vI ckml (1+STM1)
_ (1+s7,)
- (+s7,,)
1o
k _ klkckml
€ " 14k kkk,
karklkckml + Tml
z' =
m2 1+ k,k,k K,
un  kkkk, >>1
1
wld ke = ©
ua T, = + — Lo
g =7 —
"2 " krkl kckml

¥
ueeINn 7, >> 7, Aaluszlan

~

Twa = Ty

Jd

1 4
=Y

(3.17)

(3.17a)

(3.17b)

(3.18)

(3.18a)

(3.18b)
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NNANM3 (3.17) uag (3.18b ) MldiRamsdaruvesIna (pole ) uazd 15 (zero ) wanldey
l3ifie overshoot 138 time delay °lumaﬂﬁﬁaué’mmﬁﬂ delay 11194970 armature-circuit electrical time

3 ~ a9 o Ay "o a 9 ::1 -
constant 148 converter delay 14 2 iz linovamisadans lirhwnfAaldtufe

1,(s) 1
m=km:k— (3.19)

E 4
ez I, fuius laoasadu E, msddan £, wiasminssuadas asuiiglluaunsesu
[ g T a o v a
ﬂUQﬂﬂ’JUﬂUﬂ’ﬂmi’J Tﬂu‘l‘i’s’ﬂmﬂwammmm ( speed error ) Li‘lumﬂs:uﬁé'nm ( current reference )

vnfinamnannsouaas 1ditduglii 3.9

E(s) €8} k,(1+sT,) Es) . mar K, ,(148T,) 1,(s) K.z N(s) R
—_— 1 c —mtl P m >____m2 >
N 14T, + 148T 1487
kl'
kt ”

714 3.9 unudsansgUauguaTwis oy pdegu luflugdaiugunssue

”~

137l 3.9 aunsouansldedisdie q Taoldauns (3.19 ) uayhifiadui hidhudadu

A 3.10

E(s) Bs) | ky(itsty) | Bl ) ko (est) o | tal®) Kooz Nis)
+ ST, TwsT, 14sT ‘
ke

M o d 1]
310 3.10 uwuaRsgUnuguANUSAlieswgIRIugUn TSI

131 3.10 miilasFuaneTou’ld
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‘K 1+1,5)
N@s) " (r9)1+7,8)

= 3.20
E,(S) 1+ klk:leka (1+T_‘.S) ( )
(z,8)(1+17,5)
11}{ kl kslekm2 >>1
Ne) 1 (+19) 2 (321)
E.(s) k l+zs+7,71,s
4 T
m—m 3.21
o TZ klkslekm2 ( a)
1NTUNIT (3.21 ) 1laz (3.13)
L(s) [N(sﬂ [la(s)}
£ LE® NG
- ( 1 ) (l+rss)(1+sr,,2,) (32)
kk,,) 1+7,5+7.7,8
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NINA[WATHANTIINAABY

b4 ] . } 4 1 4
Tuunilszetuwmsdhaunidfimintdudunoudsse 11l
4.1 MINAABVIIUATHANM INABBIVENNIVUFRaNBNVad

o ° ' o d
4.1.1 ﬂTﬁﬂﬂﬂllUUﬂTiWUﬂﬁﬂllﬂﬂulﬁzﬂ‘]iﬂ’]u'Jmﬁ‘lﬂ’m')mﬂﬂiz'g

1 4
vineumsRugvesndaulaslwih

NO
L=—
i
1 1
ag —CV? = = Li?
1 2C 2Lz

]
1 =l

) [ L4 ! o & U ol { o y
VNAUMIRNUT SusBuvesmsiunliouas sefidemiduniionhdsidaniionil
wilnadonsaisleundanu indwlgugilddmmdeglveamdeudasivih dendeurla

(1)

IAvRanIdud y

@ e’: v W o d ° J @ {1
aniulumsesnuuuiesdudyanuiad  desduraideniswdinuiasleoul thinn

s/ ' c’l’ L=} o o 9/ & v d [
vosuslny  mimluladensmausevvesmsiunemlauazifenvuiavesduimisey  Taserdy
AIABIAADDIYN

”

4.1.2 MINAADUNITUALHNANITNANDY

41.2.1 Wmsiadae i iiannsoumiednlgugd (Primary ) foufudniegd
( Secondary ) vemsleulas tagmishaensesigndesuie’ll duaaslunszud 4.1

4.122 Wmsiamdnarlifhiianaseuuea (v, ) ves Q, vy Q, Lﬁa@.'h
woalaaaresadufimimiely fauaaslunsgalii 4.2

4123 msiamdne Inihilanasouuoama (Vg ) ves Q, ileufy Q, tog
voamlansaesiaiamieufundehi uazgdne Iifiannson v vea Q, hiildnnnnit

threshold voltage -¥84 Q, 30l Aweaslunsmlziii 4.3
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Tek XY 5.00MS/s 1734 Acgs
{ T

thi 100v

4 o o o ' as 4 1 a
71 41 namanydniussznindnmfianasoudnilgugivemdowlag
eufiudnmnanaseuduydsgiivemloutlas

Fosdyanui 1 fadnaianasendulgugiivesieutas sasidu 10 Tradde 1 Fesdyga

[} @ { [ { ] a o o v o 1 ] Y
Foadoygui 2 Iafnmnanaseuduydsgivemdowas dasidau 10 Taadae 1 voedaygal
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Tek Run: 2.50MS/s  Sample
i

-Chi lOOmV [qm*éoomv Mzoops Ch]f ssmv

4 o o o 1 s { ]
30 42 nanduamsanuduiutsenindamianaseuueania O, uaz Q, (V)
Foedaanun 1 Jafnananasenveaa Q, dasidu sTaadde 1 Yoedeyan

Foedayanu 2 Jafnmnanaseuveama Q, Sasrdau 5 Taadde 1 Yeadagn
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Tek Run: 2.50MS/s  Sample
i

IR R R SRR BRI

[ ' 4
oY 5000 'cm“so'o‘mv B8R T T A

~

! v o d 1 o P '
31 43 namluapenruduiussznindnafinnnsounesa Q, (V)
uazdyanaueidnafiooninen LM3524D

] o o e P t (Y U o v ] [
oy 1 Jafnarinnasenueama Q, (V. ) oasiau 5 1aane 1 veedygu

[} @ 4 o @ Jd { [ U ] (] o
Fosdayqnud 2 Iadygnauoinannn LM3524D sasidau s Traaae 1 yeedannn
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Tek Run: 2.50MS/s  Sample
i

g 44 nsnduamennudiussznhadggnaundyaiiesnunen LM3524
uazfpaHanasoundoulasdnlgugiifisusunsid
Yoedqanaii 1 adoyaneuoninaiinien LM3s24 das1du 10 Traase 1 yoadagna

1
(4 <4

Fosdayanuil 2 Safnmiianadeudnnlguglifieutunsad sasiday 5 Taadde 1 Fesdayan
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° 1 a d
42 mssnnamaniimeivesames ihnszuanse
| dAaw 4
AANAAYDINBIABSAB 100V , 10A , 1kW , 1500rpm
4 P 1 9/ d:‘ o’ A
1NN ANYRdIIN 3.2 srensamiat R, wag L, 18 vwnaumsiuguvessuemes Ae
. di, |
e, = laRa+La—t+Ka(Dn (4.1)
4 o ° ' "a o o
vnaunts (4.1) dedonvemeih i lsmesimu (n=0) Aez'liifaussduboundy
¥
(e,) Aamiuagldh
di,
dat
o’: 9 P 1 ot 1 - ° 9 dia o O’I’ 1
nntiulinszuai Inadiuvemeslininei wevirld — =0 Anfunnaums (4.2) 92147

e, =i,R +1L, (4.2)

1

I

€a

Q

a

. Ihm

1 4
auineela R, = (4.3)
lﬂ

aolisgnmia L, vinaums (4.2) Mnsudasanons ol

E,(s) = I,(s)R, + L,sI (s)

E,(9)/R,

1+R—”s

a

1,(s) =

4 ” 1 é v
dieistlou E (s) 4 unit step WAABUAUBIVDY [, (5) azag‘lugﬂ first order delay 42if11

time constant Ao

_.é_‘_'_ (44)
7, R .

42.1 NMINARBILATZNIIMUIUNIAINNUMUNIY (R,)

4.2.1.1 msmammdmamﬁ’mmu

° -] 4 &' @ 1 % ' '
Mmsaeaueies nnmiuiloudnar i dunuemesidiufinaisenang
fnanTih (v) uaznszuatvidh (1) inffounlas udninildinnansmagli 4.5
4222 MIMU/WMIMANUAIUNIY

915N 4.5 dengaadnanliihszndng 3 84 45 Taad alddnszua
I 3.5 895 A unuaildadluaums (43) e2'ld



30

ot

S'6

e - ~ . s
o _.\SG.K.._WGE.FWC@W:«GF%@@._Zarm.ﬁjahc_._.t.m@q_ﬁzr@wr_m“v,n:_.n_w_b.__.—.a.h-_d?vhc S'v ﬁ_._.h

(A) °A semerrLSEeN

8 A L S'9 9 G'G S Sy v G'e € X4

G

b I G0

——

e
——
e
—p
——

-
e

——

— e Ea o uE B

(V) *I semERBNALU



e e wm mm

o s

31

422 MIneasyaeMiammanmionii (L)

4.22.1 Msnaasuiow WA NUHHE N

Qs 4

v
Wnsdenuemes nimfudtlousnar nfhiiugddayanaiad (19unu Unit

step) udqzUnsmnszuaild dwansluzilii 46

4.2.2.2 MIfaNaYIAIA UMl

T . = : T 4 9
157TIUITOYIM time constant 310NN TAIAAN 63.2% ADUNTSUVILT

9

» ]
AAIZAWN ( steady state ) HuAp 9110n5MgUN 4.6

AUAU y 15198HUN

100% Aadly 2.4 ¥89 N30 4.8 A
v 2 s 63.2).(2.4
fariu 63.2%  aAmdlu (63.2.24)
100
L. 1.52(4.8)
- 15168 = 1529pauie —— — = 304 A

Wiemmiduaingadi 63.2 % vesnslindadaunu x Aailu 2.4 9eq

1909 Amdu 500 us

2.1 909 AU 2.1 %500 us = 1050 s = 1.05 ms
o A a [ - a d A '
Wufenszumazlinuiiniy 3.04 ARndu 63.2 % dieratriulyl 1.05 ms

v
v @

wWunnauns (4.4) a21d

’ L, =7,R, =105%1 =105 mH

1 4
' J
IImnusenIa B uas J "lf’]’ mﬂfmmiﬁugm'umuamas ﬁf)

dn
t =TL+Bn+JZVt— (45)

. : o dn o
NNAUNIS (4.5)ﬁ'uﬂmmsmguuama{ﬁaummﬁ‘amuﬁminzm'lﬁ' = =0 aaduezld

t = T,+Bn (46)
wlosnnliaunsadame ¢ uag 7, 1RTavase udonaums (34) 1= K@i, 157e00750
Waen 1019 i, unu'l] ﬂxuﬁq semedy Wussenin i, waz 7 unu fafunnaums (46)
sisannsoddaney 7, 18 TaomsAauuunadn msizh T, Sinedt o218
At = BAn - K,®Ai,

Fuky B - Ko
- Ko

(4.7)

ao llszmian J 9naums (4.5) msudasartars 214

T(s) = T,(s)+ BN(s) + JsN(s)
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Tek ST Single Seq 100kS/s
{

-

4 ¥ w o ' 4 ' @ { ) 4
10 4.6 AImluansnNduRuSsenInnssuai Inaruueinesiasfnamfianaseyersinees
] @ § [ i ' ¢ o 1 L 1 o
sosdymnun 1 Janszuai Inarueres dasidau 2 uonuide 1 Feedaygn

Fosdaanaun 2 adnainanaseueisiuses dasidau 5o Tradde 1 Feedayann
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dlufadmussdaveslvan

N(s) = LS)J/E (438)
1+ Es

Mnaus (3.4) Minsudasaarw eld

T(s) = K,®I,(s) (49)
unuaus (4.9) aaluaums (4.8) o'l4

v - KOLO)B

1+ 35
dhotlon 1, W unit step Homeueueaii1dezeglugy first order delay $95ii1 time constant

aglug) P —;; (4.10)

° 1 ] (-]
423 mmﬂaENuazmimmmmmmmnmuuunmw’r'uuiauumaﬂ (B)

4 ' ' [} o
42.3.1 ms'vmamnﬁa‘nmm’nuﬂmuuu‘umtﬁuusmumaﬂ
o v 4 4 4 o
NnINITNY uumms’ut’hﬂi ‘Uﬂ'nlll:ﬁ‘ FIDUIN muﬁ”wmsm UMUMINNNIUY

@ (.4 d o ~ ] o cg o 1 [ a
UNNANTSUTUDIADT , ANULTITOULASANAINANATOUNDIND T mﬂuumm"lﬂ’mmiwlmgﬂﬂ 4.7

o A 1 1 9 1 o
4.2.3.2 MINMUIBNININANIUHUUUUYDUTULTAUIVAN

NNTAUNT - Ae, = K ®Aw + Ai R,
aatusensanin K,® 1dan
Ae, — Ai_R.
K®=—2—°° (4.11)
Aw

do o= na

= —— ,rad/s

60

-~

nnnsglii 4.7 @ons 7, Tuse 081 8 1.04 A FaszRdremsnBoun/asnusey
YOAUBIABIAB 153.3 ©14 649.7 rpm
o ANWEI0Y 1533 rpm SfnAIANATONNBIMES 15.6 V Nnszuduemes 0.81 A
AMUTITOU 649.7 rpm NFINAIANATONDAGS 57.6 V Tnszuauemos 1.04 A

unuan 1aluauns (4.11) w'ld

K0 - (57.6 —15.6)—(1.04 — 0.81)(1)

7 = (0.8035 V.sec/rad
(649.7—153.3)—
60

v
9INUrIAT B anmsunuaasluaums (4.7) w1d

Ai
B = KO—=-
7 Aw
(1.04—0.81)
= (0.8035 * > = 0.003555 N-m/(rad/sec)

(649.7—153.3)—-
e 7760
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42.4 MINANDILAZAITRIUIUNIA polar moment of inertia ( J )

42.4.1 MINAABUNDHIAT polar mement of irfertia
FamAnananaseum lawusuisuiuununanes ldns ezl 4.8
4.2.42 MmsfHuaaienia polar moment of inertia

1INTINAAN 63.2% vosdganuAouiIganIusnIfl ( steady state ) 15199
AN150MIA1 time constant 111NN NN 4.8

AUAU y 1579EHUN 100% Aadu 5.9 ¥eq Aadhy sov

v o - 63.2).(5.9
falu 632% Al (63.2).59)

= 373909 Aadu 373V
dioaniduaingad 63.2 % veansmimiaunu y dadaunu x aadlu 3.5 goq
1909  aadlu 50 ms
35909 AEIU 3.5*50ms=175ms=0.175s
o'l -} [ 4; ' ISl é =Y d‘ ] L
Wufefnananassumlawueziinn 3.73 v defadiu 63.2 % donawiuly 175 msaann
AUNS (4.10) unuaezld

J = 7,B = (0.175) * (0.003555) = 0.00062 kg m’

o ¢
4.3 MINAABIAATMIAIAUMIMIAININYUD 10U ( Transfer Function )

o t do
4.3.1 MIngavarMImiuIuNMIMIAIRInguse Touvean lnmu (k,)
o 4 ’ o a1 o [ 4 o o
NNUHNUAIFLN 3.8 9z mTﬂmumﬂﬁmfmﬁtytymﬂauﬂammuemaim 832
= 4 o a o o <
ﬂ’mﬂmmuw"la ( PI Controller ) GauladdaygnaiduynainanuisIseuvenames (# , pm) uuily

4 [
sinm I (Voltage ) dniusansamilandusieloulasmnmsuldeuntlasvesdinar lfhdents
- o e
wasuulasvesnnuissevvesuemos

4 1 o o 1
4.3.1.1 mMinaasaiienimNanduas Touvoam Inou

° d ¥ o £ t a q o
nimsnyunemes ud iunindimsldsuuasnanuns 1souvsanemes
wisuisududna Ifhndou I idnih ldiudinns gl 4.9

43.1.2 nsdinnummilaidudiTouveam Tanu
1ANTMUN 4.9 1RengranseauIiihianaseumTanuszndn 1.2 §1 6.4

(4 1 -] 2 - 1 v
Taed o ldhanussevvewemesinsnlfounaseglugas 191 84 657.4 pm

o o 1 Ae
vinfengunisleuveanilanune k, = — Vsec/ad

" Aw
-2
60
6.4-1.2
k, = ﬂ'( ) = 0.1065 V sec/rad

2
—(657.4—191)
<~ 60
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4.3.2 pstuumisfeidudie1euyesens Chopper (k. )

o o o 1 7 o 9 - v 4 o
NNUNURIUN 3.8 92U 'mwaﬂnJasmnumuﬂmusmumsnummmm'u
" AUUUUN muumaﬂuwaaﬂnmui‘lumaﬂmmwmwmws)s muusaﬂumnmmnﬁ;ﬂﬂmﬂuw

AN WTIAUIZNIN 0.6 iN 34 T’Jﬂﬂ 'Ll‘LlﬂfJ

° 1 S
4.3.3 msiuniailandug1t1euves Current Transducer (k,)

[V { da ot
MIUNUAIFIN 3.8 szansonflandudioTenves Current Transducer 14910

v
—=R=02Q
i

k =

r

4.4 mMIvanuUuY ‘nnm)mmzwamsmnenmimuqmﬁﬂﬁ amz'ﬁ'la

4.4.1 PMIVONUUVAINIIAY
4.4.1.1 MIMAIMTMeTV0ININT

nnmwIsimesveavemes Iinszuanse 100V, 1500 pm, 1 kW uazaou 9 it
R, =100 Q -

a

1l

I

L, = 1.05 mH

J = 0.00062 kg.m®

B = 0.00356 N.m.sec/rad
I

K

=10 A
D = 0.8035 V.sec/rad
L, 1.05
T, = — =1], SE€C
a Ra m
J 0.175
T, = — =0. s
m B CC
VINAUNIT (3.12b) Tuk,B 0.00096
. T = = . S€C
™ (K,D)*+R,B
C B
NNTAUMNT (3.14a) kn = 5= = 0.0055 A/V

(K,®)’ +R,B

Ko
1NAUNIT (3.14b) k= —*%

'm2

= 226.02 rad/sec.A

NNAUNT (3.19) ki

n

1
TC;——SA/V
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4.4.1.2 MIAUIUNIM Current Controller Gain , k /
1 4 T
AUNULNSAUINARANAIAAIAT ( Steady-State Error ) VINANNS

()= ——
elod) o — 2
! 1+ G(s)H(s)| _,
ngilii 3.8 Suguauguassua 9218
G(S)L.:O = klkckml
{3 H(s)IF0 = k,
1A
& (x) — .—L__
! 1+k,k .k, k,
1
-1
£,(x)

k.k,.k

cml™r

X

k =

e £,(<) fomRawmafianiuzasda ( steady state error ) HI51RDIAS
lunseenuuuiiden1sd 10% ozld g,() = 0.1
10—1
K1 = 2857).00059).02)
dloldm &, udRniunmim R, Wesmun R, = 2%Q nniladduainTouvesrsesly

~

= 286.38

qun1s (3.15 )zl
2 TN dn
C(s » R]

R, = k; R, = 57276 kQ = 580kQ

=k1

4.4.1.3 MIANMIUMIATINILANUUUR 1o
Tumagaundee hififAanaiafiaasnads (steady state error = 0) Tafih
1 k, uazIwa 1/ 7, Ta08NUUVIN damping ratio 1102 natural frequency
AUMIAUANVUSVOITLUY MNTUAT (3.26) A
1+st,+s'7,7, =0
1 s,
+—+5° =90

i Tnafe
2T2

Weoufuaunsnudnyuzyess Iy
2
§*+28w,s+ @ “=

0
y 1
26w = — (4.11)
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! 1
(4.12)

[{Ys}4
¥ " TsTZ

= ﬂ’l‘ o U T -~
ﬂuuumagizmw 0.4 04

£ ' M & P
W31 INI RN IHaneIauely undamped FeAn Iwad
n P 2 .
1/42 adunveusulasialy udumusiasly

b £ o = ' . 3
0.8 1319IMNISIADNAT damping ratio

:ﬁums (4.11)
deunumudaez1d T, =21, (4.13)
unu 7, aelu (4.12) 92ld
1
, w, = N (4.14)
" neums (3.26a) 1519 AR unuYBsRIAILAN fio
$ L T,

5 = I s
kl kIC km2 z-2

1
4 ; z
' unzillosundiennudsIsueIANe @, = 10 rad/sec MINANMS (4.13) Uz (4.14) 2214

1
Y CIaS Aa )\ Ay
P (W2)(0)
27, = 2.(0.071) = 0.142 sec

= 0.071 sec

T

s

b

unusnndulsiduuienim £, w'ld
0.175

k, = =
7 (0.1065)(5)(226.02)(0.071)
e lde k, uoz 7, udr aansamuauniat R, uaz C 18 vinaums (3.16)

!
I+s7
i Gc(s) [ ch—_C)
4 l s
da K, = — usr r, = CR
c RIC Tc 2
2 o« - (1+s7,)
nnufsumsufiuaumsyesianiugy  k, -
s 5
; k 1
W & dFL
TR
f fvua R, = 140 kQ uazunu k, uag 7, inwneeld
. 00205 1
; , 0.142 (140K)C
Al C =495 uF
' HazIn 7, =7, = CR,

unuam 7, uag C 9z 14
5 0.142 = (49.5 4 )R,
y
A R, =29kQ = 3kQ
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442 ﬂ'ﬁﬂﬂaﬂﬁ’)ﬂi}iﬂ’mﬂu%ﬁﬂﬁ ( P Controller )
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MOTOROLA 54
SEMICONDUCTOR TECHNICAL DATA

Order this document
by VN2222LU/D

TMOS FET Transistor

N-Channel — Enhancement

GATE

MAXIMUM RATINGS

3DRAIN

1 SOURCE

Rating Symbol Value

Unit

Drain—-Source Voltage Vpss 60

Vde

Drain-Gate Voltage (Rgs = 1.0 MQ) VDGR 60

Vdc

Gate-Source Voltage
— Continuous VaGs +20
— Non-repetitive (tp < 50 ps) VGsMm +40

Vde
Vpk

Drain Current
Continuous Ip 150
Pulsed IDM 1000

mAdc

Total Power Dissipation @ Ta =25°C Pp 400
Derate above 25°C 3.2

mwW
mw/°C

Operating and Storage T Tstg -55to +150
Temperature Range

°C

THERMAL CHARACTERISTICS

T

; Characteristic Symbol Max

Unit

Thermal Resistance, Junction to Ambient RgJa 312.5

°C/W

Maxjmum Lead Temperature for T 300
Soldering Purposes, 1/16” from case
for 10 seconds

°C

ELECTRICAL CHARACTERISTICS (T = 25°C unless otherwise noted)

VN2222LL

Motorola Preferred Device

CASE 29-04, STYLE 22
TO-92 (TO-226AA)

[ Characteristic

I Symbol |

Min Max Unit

OFF CHARACTERISTICS

Draih-Source Breakdown Voltage
(VGs = 0, Ip = 100 pAdc)

V(BR)DSS

60 — Vdc

Zero, Gate Voltage Drain Current

(VDS =48 Vdc, VGs =0)
(VpDs =48 Vdc, Vgs =0, T = 125°C)

Ipss

pAdce

—_ 500

Gate—Body Leakage Current, Forward
(VGsF = 30 vde, Vps = 0)

lassF

—_ -100 nAdc

ON CHARACTERISTICS(1)

Gate Threshold Voltage
(VDs = V@S, Ip = 1.0 mAdc)

V@s(h)

0.6 25 Vde

Static Drain-Source On—Resistance
(Vas = 10 Vdc, Ip = 0.5 Adc)
(VGs = 10 Vdc, Ip = 0.5 Vdc, Tg = 125°C)

DS(on)

1. Pulse Test: Pulse Width < 300 us, Duty Cycle < 2.0%.

Preferred devices are Motorola recommended choices for future use and best overall value.

REV 1

© Motorola, Inc. 1997

@ MOTOROLA
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VN2222LL

ELECTRICAL CHARACTERISTICS (Tc = 25°C unless otherwise noted) (Continued)

t I Characteristic

Symbol Min Max [ Unit 1
ON CHARACTERISTICS(1) (Continued)
Drain-Source On-Voltage VDS(on) Vde
(Vgs = 5.0 Vdc, Ip = 200 mAdc) — 1.5
(Vas = 10 Vde, Ip = 500 mAdc) — 3.756
On-State Drain Current 1D(on) 750 — mA
(Vas = 10 Vdc, Vps 2 2.0 Vpg(on))
Forward Transconductance Ofs 100 — pmhos
(Vps = 10 Vdc, Ip = 500 mAdc)
DYNAMIC CHARACTERISTICS
Inpu¢ Capacitance Ciss —_ 60 pF
Output Capacitance (VDs ?251 %d&‘_:lz ?‘S =0. Coss - 25
Reverse Transfer Capacitance Crss — 5.0
SWITCHING CHARACTERISTICS(1)
Turn—On Delay Time (VDD = 15 Vdc, Ip = 600 mA, ton — 10 ns
Turn-Off Delay Time Rgen=25Q,R =23 Q) toff — 10

1. Pulse Test: Pulse Width < 300 ps, Duty Cycle < 2.0%.

Motorola Small-Signal Transistors, FETs and Diodes Device Data
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1,8}— TA=25°C
16 Vgg=10V-]
14 " 9V
1.2 /]
1 // 8V
0.8 // 7V
08 /,// 6V
04 e SV,
02 4V |
3V d
0 2 3 4 5 6 7 8 ] 10
Vps. DRAIN-SOURCE VOLTAGE (VOLTS)
Figure 1. Ohmic Region
)
r
: 24
E 22
2 Vgg=10V
! Ip =200 mA P
5 1.8 D = v
; § 1.6 >
X 14
S 12 >~
: 2 * ]
§ =~ 1 /
= 08 e
= 0.6
= E
n 04
3 -60 -20 +20 +60 +100 +140
T, TEMPERATURE (°C)

Figure 3. Temperature versus Static
Drain-Source On-Resistance
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VN2222LL
‘ /
@ 08}— vps=10v [~ C
3 -55°C/ A
Z 08 /Y 125°c
/44
z 04 /|
&
a
£ 02
Z

0 1 2 3 4 5 6 7 8 g 10
VGS, GATE-SOURCE VOLTAGE (VOLTS)

Figure 2. Transfer Characteristics

1.2
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S Ip=1mA

1.05

095
09
085 S
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0.75

0.7
-60

—

Vastth): THRESHOLD VOLTAGE (NORMALIZED)

~20 0 420 +60

T, TEMPERATURE (°C)

+100 +140

Figure 4. Temperature versus Gate
Threshold Voltage

Aotoroia Small-Signal Transistors, FETs and Diodes Device Data y 3
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*  PACKAGE DIMENSIONS

NOTES:
1. DIMENSIONING AND TOLERANCING PER ANS}

_,i A "_ B T Y145M, 1982,

A [ 2. CONTROLLING DIMENSION: INCH.
3. CONTOUR OF PACKAGE BEYOND DIMENSION A
3 - 1S UNCONTROLLED.
R & 4, DIMENSION F APPLIES BETWEEN P AND L.

P

DIMENSION D AND J APPLY BETWEEN L AND K
+ MINIMUM. LEAD DIMENSION IS UNCONTROLLED
L

—
1

iN P AND BEYOND DIMENSION K MINIMUM.
SEATING F T
PLANE - _*. K INCHES MILLMETERS

MR MAX
r _'ID
G

0.175 4. 520
> H @ J

0.170 | 432 | 533
e —1

0.125 318 | 419
i SECTION X-X

i3

9
0.21

=]

5

0016 ] 0. 041 | 055 |
0.016 | 0. 0.41
0.045 115 |
0,005 242
0.015 0.3
0.500 12,70
_0250
0,080 |
— |0
0.115
0135

=
=
o

| B

204

:

29
343

<n~uzr—x¢-:¢)ﬂvnm>!§

JC002cEE

e
I

STYLE 22:

b CASE 029-04 PIN1. SOURCE
’ (TO-226AA) g: SQIEN
ISSUE AD

&

Motorola reserves the right to make changes without further notice to any products herein. Motorola makes no warranty, representation or guarantee regarding
the suitablity of its products for any particular purpose, nor does Motorola assume any liability arising out of the application or use of any product or circuit, and
specifically disclaims any and all liability, including without limitation consequential or incidental damages. “Typical® parameters which may be providedin Motorola
data sheets and/or specifications can and do vary in different applications and actual performance may vary overtime. All operatingparameters, including “Typicals”
must be validated for each customer application by customer's technical experts. Motorola does not convey any license under its patent rights nor the rights of
others. Motorola products are not designed, intended, or authorized for use as components in systems intended for surgical implant into the body, or other
applications intended to support or sustain life, or for any other application in which the failure of the Motorola product could create a situation where parsonal injury
or death may occur. Should Buyer purchase or use Motorola products for any such unintended or unauthorized application, Buyer shall indemnify and hold Motorola
and its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and expenses, and reasonable attorney fees
arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized use, even if such claim alleges that

Motorola was negligent regarding the design or manufacture of the part. Motorola and @ are registered trademarks of Motorola, Inc. Motorola, Inc. is an Equal
Opportunity/Afiirmative Action Employer.

Mtax is a trademark of Motorola, Inc.

How to reach us:
USA/EUROPE/Locations Not Listed: Motorola Literature Distribution; JAPAN: Nippon Motorota Lid.; Tatsumi-SPD-JLDC, 6F Seibu-Butsuryu-Center,
P.O. Box 5405, Denver, Colorado 80217. 303-675-2140 or 1-800-441-2447 3-14-2 Tatsumi Koto-Ku, Tokyo 135, Japan. 81-3-3521-8315
L]
Mtax™: RMFAX0@email.sps.mot.com - TOUCHTONE 602-244-6609 ASIA/PACIFIC: Motorola Semiconductors H.K. Ltd.; 8B Tal Ping Industrial Park,
INTERNET: http//Design—NET.com 51 Ting Kok Road, Tai Po, N.T., Hong Kong. 852-26629298
I
@ . MOTOROLA - ‘
Motorola Small-Signal Transistors, FETs and Diodes DevitdBaty®
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LM2524D/LM3524D

General Description

The LM3524D family is an improved version of the industry

standard LM3524, It has improved specifications and addi-

tional features yet is pin for pin compatible with existing
3524 tamilies. New features reduce the need for additional

external circuitry often required in the original version.

The LM3524D has a + 1% precision 5V reference. The cur-
rent carrying capability of the output drive transistors has
been raised to 200 mA while reducing V cesat 8nd increasing
Ve breakdown to 60V. The common mode volitage range
of the error-amp has been raised to 5.5V to eliminate the
need for a resistive divider from the 5V reference.

in the LM3524D the circuit bias line has been isolated from

the shut-down pin. This prevents the oscillator pulse ampli-

tude and frequency from being disturbed by shut-down. Also

at high frequencies ( =300 kHz) the max. duty cycie per
output has been improved to 44% compared to 35% max.

duty cycle in other 3524s,

In addition, the LM3524D can now be synchronized exter-

nally, through pin 3. Also a latch has been added to insure

&National Semiconductor

January 1985

Regulating Pulse Width Modulator

one pulse per'period even in noisy environments. The
LM3524D includes double pulse suppression logic that in-
sures when a shut-down condition is removed the state of
the T-flip-flop will change only after the first clock pulse has
arrived. This feature prevents the same output from being
pulsed twice in a row, thus reducing the possibility of core
saturation in push-pull designs.

Features

Fully interchangeable with standard LM3524 family

+ 1% precision 5V reference with thermal shut-down
Output current to 200 mA DC

60V output capability

Wide common mode input range for error-amp

One pulse per period (noise suppression)

Improved max. duty cycle at high frequencies
Double pulse suppressgion

# Synchronize through pin 3

Block Diagram
15 REFERENCE 16
Y © REGULATOR Vier
WY NPUT O 5V 10
5 INTERNAL CIRCUTRY
N INPUT
9 = lSV
COMPENSATION O- 2k D) 5
e T L
e L 6 11
T — EMITTER A
" 10 10 2000 l.'tV
SHUTDOWN O———AAA =g
T q 130 coutector
100
% P
F 3 14
= T = e
2000 =
, v T -
O 3 o OSCILLATOR
chs OSCHLATOR ; OUTRUT
oD
T L
TL/H/8850~1

©1986 Natiorst Serniconducior Corporation TUH/0E50

RRD-B30M115/Primted InU. S, A

10}eINPO UIPIM 8sind Bujteinbayd areSEWT/aveseiNT
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&

Absolute Maximum Ratings (ote 5)

H Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.

Operating Junction Temperature Range (Note 2)
LM2524D —40°Cto +125°C
LM3524D 0°Cto +125°C

Supply Voltage 40V Maximum Junction Temperature 150°
Collector Supply Voltage Storage Temperature Range —65°Cto +150°C
(LM2524D) 55V Lead Temperature (Soldering 4 sec.) M, N Pkg. 260°C
{LM3524D) 40V
Output Current DC (each) 200 mA
Oscillator Charging Current (Pin 7) 5mA
tnternal Power Dissipation 1w
Electrical Characteristics (Note 1)
LM2524D LM3524D
" Tested | Design Tested | Design
Symf:ol Parameter Conditions Typ | Limit Umit | Typ | Limit Limit Units
] (Note 3) | (Note &) (Note 3) | (Note 4)
REFERENCE SECTION
VREF Output Voltage 5 4.85 4.80 5 4.75 VMin
5.15 5.20 5.25 VMax
VRLine | Line Regulation | vy = 8V 1o 40V 10 15 30 10 25 50 MVMax
VRLoad | Load Regulation | I = 0 mAto 20 mA 10 15 25 10 25 50 mVpax
v :
AV | iople Rejection | f = 120 Hz 66 66 dB
AVRer
los | Short Circuit VRee = 0 25 25 mA Min
Current 50 50
L 180 200 mA Max
No Output Noise 10 Hz < 1 < 10 kHz 40 100 40 100 | pVims Max
Long Term Ta = 125°C
.| Stabilty 20 20 mV/kHr
OSCILLATOR SECTION
fosc- Max. Freq. Rt = 1k, Cy = 0.001 pF
(Note 7) 550 500 350 kHzpgn
fosc Initial Rt = 5.6k, Ct = 0.01 pF 175 17.5 kHZpmin
Accuracy (Note 7) 20 20
225 225 kHZpax
Rr = 2.7k, Cr = 0.01 uF 34 30 KHzin
(Note 7) 38 38
42 46 kHzpax
Afosp Freq. Change ViN = 8 to 40V
with Viy 0.5 1 05 1.0 ) % Max
Aosk | Freq. Change Ta = —55°C fo™+125°C
with Temp. at 20 kHz Rt = 5.6k, 5. 5 %
. Cr=0.01pF
Vosc | Output Amplitude | Ry = 5.6k, C = 0.01 puF ]
| Pin3) (Note 8) 3| 24 8 24 Vin
tow Output Puise Ry = 5.6k, Cr = 0.01 pF
Width (Pin 3) 0.5 1.5 0.5 1.5 tSMax
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Electrical Characteristics (continued)

LM2524D LM3524D
Tested | Design © | Tested | Design
Symbol Parameter Conditions Typ Limit Limit | Typ | Umit Limit Units
(Note 3) | (Note 4) (Note 3) | (Note 4)
OSCILLATOR SECTION (Continued)
Sawtooth Peak Rt = 5.6k, C1 = 0.01 uF
Voltage 3.4 36 38 3.8 Viax
Sawtooth Valley Rt = 5.6k, Ct = 0.01 pF 14 08 0.8 06 Viin
Voltage
ERROR-AMP SECTION
Vio Input Offset Veum = 2.5V
Voltage 2 8 10 2 10 mVpmax
lis Input Bias Vem = 2.8V
Current 1 8 10 1 10 pAMax
o Input Offset Voum = 2.5V
Current 0.5 1.0 1 0.5 1 #AMax
lcost Compensation Ving — Vingw) = 150 mV 65 65 1AMin
Current (Sink) 95 95
125 125 2AMax
lcoso Compensation ViNgN) = Vingy = 150 mV -125 —-125 BAMIA
Current (Source) -95 ~95
—65 —65 pAMax
AvoL Open Loop Gain RL = o,Vomq =25V 80 74 (1] 80 70 60 dBuin
VCMR Common Mode 1.5 1.4 15 VMin
Input Voltage Range 5.5 5.4 5.5 VMax
CMRR Common Mode
Rejection Ratio 9 2 P Pa Btin
Gpw Unity Gain AyoL = 0dB, Vgy = 2.5V
Bandwidth 3 é MHz
Vo Output Voltage RL = o 0.5 0.5 VMin
Swing 55 5.5 VMax
PSRR | Power Supply Vin = 810 40V :
Rejection Ratio \Y 7S g0 65 doMin
COMPARATOR SECTION
" ton Minimum Duty Pin9 = 0.8V,
osc | Oycle [Ry = 5.6k Cr = 0.01 pF] | ° g 0 9 omax
ton Maximum Duty Pin9 = 3.9V,
tosc Cycle [Ry = 5.6k, Ct = 0.01 pF) 42 45 3 d %omin
toN Maximum Duty Pin9 = 3.9V,
osc | Oycle [Ar = 1k Cr=0001pF) | | 3 4.1 3 %Min
Vcompz | Input Threshold Zero Duty Cycle
: 1 1 \"
(Pin 9)
VcomPm InPut Threshold Maximum Duty Cycle 35 a5 v
(Pin 9)
s Input Bias _ _
Current 1 1 kA
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Electrical Characteristics (continued)

LM2524D LM3524D
Tested Design Tested Design
Symbol Parameter Conditions Typ Limit Limit Typ Limit Limit Units
(Note 3) | (Note 4) (Note 3) | (Note 4)
CURRENT LIMIT SECTION
VSEN Sense Voltage Vpin2) = ViPin1) 2 180 180 mVin
150 mV 200 200
220 220 MVpMax
TC-Vgange | Sense Voltage T.C. 0.2 0.2 mVv/°C
13
Gommon Mode -0.7 -0.7 VMin
. Voltage Range Vs — V4 = 300 mV 1 1 VMax
SHUT DOWN SECTION
Vsp High Input Vipin2) = V(Pin 1) 2 1 0.5 1 0.5 VMin
N Voltage 150 mv 1.5 1.5 VMax
Isp High Input
Gurrent lpin 10) 1 1 mA
OUTPUT SECTION (EACH OUTPUT)
Vces Collector Emitter Ic <100 pA .
\ Voltage Breakdown " i Viin
lces’ Collector Leakage Vce = 60V
Current Vee = 55V 0.1 50 pAMax
. . Vge = 40V 0.1 50
VCESAT Saturation lg = 20mA 0.2 0.5 0.2 0.7
Voltage Vuax
g Ig = 200 mA 15 22 1.5 25
VEo Emitter Output Ig = 50 mA
Voltage 18 17 18 17 VMin
R Rise Time ViN = 20V,
lg = —250 pA 200 200 ns
. Rg = 2k
te Fall Time Rc = 2k 100 100 ns
SUPPLY CHARACTERISTICS SECTION
Vin Input Voltage After Turn-on 8 8 VMin
Range 40 40 VMax
T Thermal Shutdown | (Note 2) 160 160 <
. Temp.
N Stand By Current Vin = 40V (Note 6) 5 10 5 10 mA

Note 1: Unless otherwise stated, these specifications apply for Ty = T, = 25°C. Boldface numbers apply over the rated temperature range: LM2524D is — 40" to
85C and LM3524D i 0°C 1o 70°C. Viy = 20V and fosc = 20 kHz.

Note 2: For operation at ek d temp 8, devices in the N package must be derated based on a thermal
in the M package must be derated at 125°C/W, junction to ambient.

Note 3: Tested limits are guaranteed and 100% tested in production.

Note 4: Design fimits are guaranteed (but not 100% production tested) over the indicated temperature and supply voitage range. These Emits are not used to
calculate outgoing quality level.

Note 6: Absolute maximum ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when operating
the dolvieo beyond its rated operating conditions.
Note §: Pins 1, 4,7, 8, 11, and 14 are grounded; Pin 2 = 2V. All othier inputs and outputs open.

Nots 7: The vaiue of a C; capacitor can vary with fi Carefu! of this must be made for high freq y operation. P
thig test. NPO ceramic or polypropylene can also be used. .

Note &: OSC amplitude is meastred open circuit. Available current is imited 10 1 mA 30 care must be exercised o fimit capacitive loading of fast pulses.

of 86°C/W, j 1o ambient. Devices

was used in

ySly
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Typical Performance Characteristics
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Functional Description
INTERNAL VOLTAGE REGULATOR

The LM3524D has an on-chip 5V, 50 mA, short circuit pro-
tected voitage regulator. This voltage regulator provides a
supply for alf interal circuitry of the device and can be used
as an extemnal reference.

For input voltages of less than 8V the 5V output should be
shorted to pin 15, V|, which disables the 5V regulator. With
these pins shorted the input voltage must be limited to a
maximum of 6V. If Input voltages of 6V-8V are 1o be used, a
pre-regulator, as shown in Figure 7, must be added.

*Minimum Cg of 10 uf required for stabifity.
FIGURE 1

OSCILLATOR

The LM3524D provides a stable on-board oscillator. its fre-
quency Is set by an external resistor, Rt and capacitor, Cy.
A graph of Rr, Ct vs oscillator frequency is shown is Figure
2. The oscillator’s output provides the signals for triggering
an Intemal fiip-flop, which directs the PWM Information to
the outputs, and a blanking pulse to tum off both outputs
during transitions to ensure that cross conduction does not
occur. The width of the blanking pulse, or dead time, Is con-
trolled by the value of Ct, as shown in Figure 3. The retom-
mended values of Rt are 1.8 k2 to 100 kA, and for Cr,
0.001 pF to 0.1 pF.

TL/H/8650-4

It two or more LM3524D's must be synchronized together,
the easiest method Is to interconnect all pin 3 terminals, tie
all pin 7's (together) to a single Ct, and leave all pin 6's
open except one which is connected to a single Rt. This
method works well unless the LM3524D’s are more than 6”
apart.

A second synchronization method is appropriate for any cir-
cuit layout. One LM3524D, designated as master, must
have its RyCy set for the correct period. The other slave
.M3524D(s) should each have an RtCr set for a 10% long-
er period. All pin 3’s must then be interconnected to allow
the master to properly reset the slave units.

The osciliator may be synchronized to an external clock
source by setting the internal free-running osclllator fre-
quency 10% slower than the external clock and driving pin 3
with a pulss train (approx. 3V) from the clock. Pulse width
should be greater than 50 ns to insure full synchronization.

100
THiCy = 0001 o
s §0 LAl -
ANl 7
g Ty~ 0008 oF = 4
a cr--llm £ f
€ i/ y
£ ! Tl
7 r
& Cr=6. l
7 = 0.02 4 FA Cy» 006 uF
1 ATV R

1 2 5 1020 60100280 500 W
OSCILLATOR PERIOD (us)
TL/H/8650-5
FIGURE 2
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Functional Description (continued)

Vee =V

Th 26
- 4
3
g <
i P
s B
o
5
£ oo
3

0.1
0001 eoce 10t [ 2 [ A}
Cy P
TL/H/8850-8
FIGURE 3
ERROR AMPLIFIER

The error amplifier is a differential input, transconductance
amplifier. Its gain, nominglly 86 dB, is set by either feedback
or output loading. This output loading can be done with ei-
ther purely resistive or a combination of resistive and reac-
tive components. A graph of the amplifier's gain vs output
load resistance is shown in Figure 4.

" RL-o'o
= RL= {M \\
= g0 [ Ry 300k
< Ry = !Dﬂ( -*
w 40 [RL=30k
¢
S »

N

0 | R = RESISTANCE FROMPIN 8
TOGND
1 1

L L

16 100 1k 18k 100k 1M 10M
FREQUENCY (Hz)
FIGURE 4

The output of the amplifier, or input to the pulse width modu-
lator, can be overridden easily as its output impedance is
very high (Zo = 5 MQ}). For this reason a DC voltage can
be applied to pin 9 which will override the error amplifier and
force a particular duty cycle to the outputs. An example of
this could be a non-regulating motor speed control where a
variable voltage was applied to pin 9 to control motor speed.

A graph of the output duty cycle vs the voltage on pin 9 is
shown in Figure 5.

TL/H/8850-7

The duty cycle is calculated as the percentage ratio of each
output’s ON-time to the oscillator period. Paralleling the out-
puts doubles the observed duty cycle.

o

" /

. /

20

DUTY CYCLE (%)

1 15 2 25 3 35 4

VOLTAGE ONPIN9 (V)
FIGURE §

The amplifier’s inputs have a common-mode input range of
1.5V-5.5V. The on board regulator is useful for biasing the
inputs to within this range.

CURRENT LIMITING

The function of the current limit amplifier js to override the
error amplifier's output and take control of the pulse width.
The output duty cycle drops to about 25% when a current
limit sense voltage of 200 mV is appfied between the +C
and —C; sense terminals. Increasing the sense voltage ap-
proximately 5% results in a 0% output duty cycle. Care
should be taken to ensure the —0.7V to + 1.0V input com-
mon-mode range is not exceeded.

In most applications, the cutrent limit sense voltage is pro-
duced by a current through a sense resistor. The accuracy
of this measurement is limited by the accuracy of the sense
resistor, and by a small offset current, typically 100 pnA,
fiowing from +CL to —~CL.

OUTPUT STAGES

The outputs of the LM3524D are NPN transistors, capable
of a maximum current of 200 mA. These transistors are driv-
en 180° out of phase and have non-committed open collec-
tors and emitters as shown in Figure 6.

TL/H/8650-8

Ca
OUTPUT
ENABLE

€

G
PN

£

TL/H/8650-9

FIGURE 6
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Typical Applications
Vi O- Design Equations
Av‘v‘v RF - 5k (:—; - 1)
PiN 1 — -
< o 1
< Sk NV Vo - fosc = o
L M i u Lt = 25Vin2 (Vo - Vind
Ssk g5k O-fosc Ey 01 fosclo Vo?
* N—< —0 V, 2 loVo~ Vi
‘ U seen 0 Com oscavoVe
-G A Vs
Ry Ey lofmax) = hN Vo
& sbj-o
-1 GND coup 4
Sk =%
>k 50k
C
T 0.001 uF T
. : & oI
OO b TL/H/8650-11
FIGURE 7. Positive Regulator, Step-Up Basic Configuration (lpgmax) = 80 mA)
N(MAX)
g 'R"
] o -
14
PN 1
> °
3 sk ™ ~0 Vo
NI
o5k :b O=j0sC
‘P > Juc
L LM3524D
1" 'cL
Ry
. | Cr
d L () COMP [+
R _|_ %
c‘ .
T . 0.001 uF
GND O > L NI S

FIGURE 8. Positive Regulator, Step-Up Boosted Current Configuration
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Typical Applications (Continued)

vRv v Dasign Equations
F
VNGO - (h - )
N Re = 5k {52~ 1
PIN 1 Current Limit
[} _ Sense Volt
< 5k NV A RoL = Ton
T .
S5k sk Oose €
> > . U= 2.5V, (ViN — Vo)
% s @ o Vintosc
10 RL+]-C, ) —— o Vin = Vg VT2
Ry € oYY g 0V, °  BaVoVaLI
OT SD -0 tomax) = ||N‘-IV|—N
s GND coup _i.: °
b4 o T
G 50k
T 0.001 uf T
4 4 g g -O GND
RETURNC e A'A'A' -
cL
TO =C; PIN T0 +C; PIN
@ 4 TL/H/8650-13
FIGURE 8. Positive Regulator, Step-Down Basic Configuration (Iymax) = 80 mA)
"‘V"
Re =
LY
PIN 1 J 2
[ ]
g Sk WY VR
- NI Vin s
> sk S5k O-]0s¢ £ 1
— *CL G
LM3524D
o= 'CL CA '—I
Rr & Ao
G spf-o
L | & P COMP s
< ==C
$h 50k
o
T 0.001 uf N
3 & QO GND
TL/H/8650~14

FIGURE 10. Positive Regulator, Step-Down Boosted Current Configuration
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Typical Applications (continued)

¥

AAA

Re Design Equations
Vmc Vo
| wa(-3)
¥ < PN 1 < 25
< 5k ¢ 5k Py R1:: 1
fosc ™ ——
NV Ve ‘tﬁl RCt
NI v, < 25VinV,
2 5k ™ 733 L= ——2Vmve
o-dosc £ < " fosc(VoI+v ViNl b
0¥0
—] +C, LM3524D % _J I ' OVo % ™ ZVptosc Vo ¥ Vi
| o C
Ry £
o sp}-0 L
) 3 — GND coMP
$h J. 50k "Lco
1 -[-cr +
0.001 uf
R GND O g -r —O GND

TL/H/8650-15

FIGURE 11. Boosted Current Polarity Inverter

BASIC SWITCHING REGULATOR THEORY
AND APPLICATIONS

The basic circuit of a step-down switching regulator circuit is
shown in Figure 12, elong with a practical circuit design us-
Ing the LM3524D in Figure 15.

\/
W SAT

Vv ou )

—_—

+
¢ %
C 01 :I:

3 —

TL/H/8650-16
FIGURE 12. Basic Step-Down Switching Regulator

The circuit works as follows: Q1 is used as a switch, which
has ON and OFF times controlled by the pulse width modu-
lator. When Q1 is ON, power is drawn from Vi and supplied
to the load through L1; Vp is at approximately Viy, D1 is
reverse biased, and C,, is charging. When Q1 tums OFF the
inductor L1 will force Va negative to keep the current flow-
ing in it, D1 will start conducting and the load current will
flow through D1 and L1. The voltage at V4 is smoothed by
the L1, C, filter giving a clean DC output. The current flow-
ing through L1 Is equal to the nominal DC load current plus
some Al which is due to the changing voltage across it. A
good rute of thumb is to set Aljp.p = 40% X /o

A+ Ay-
\l/ \I/—
b oV f
Va -W——-._‘o“ o] l.

NSor

FIGURE 13

g

TL/H/8850-17
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Typical Applications (continued)

} g LT
From the relation V|_ = L —, Al = —
dy L1
(Vin — Vol ton Vo torF
+ = - Al — =
Al L1 L U
Neglecting VgaT. Vp. and settling Al + = Al —;
ton ton
o (] v (2):
° ™ "N \torF + ton T

where T = Total Period

The above shows the relation between V|, Vo and duty
cycle.

. N
ingpey = louT (——)
(DC) QUT(DC) ton + torF
as Q1 only conducts during toy.
ton
Pin = ey Vin = (oD )(—-— vi
IN IN(DC) VIN o(DC) ton + torF N
Po = loVo
The efficiency, n, of the circuit is:
1oV,
MAX = —2 = 070
K Pin (ton) (Vsat ton + Vpitors)
lo—Vjy + ————————— lo
T T
Vo
= Vo1 for Vsat = Vpy = 1V.

7MAX will be further decreased due to switching losses in
Q1. For this reason Q1 should be selected to have the maxi-
mum possible fr, which implies very fast rise and fall times.

CALCULATING INDUCTOR L1

(Al +) X L1 (Alg-)y x L1
(=1 "~
toN (ViNn — Vo) == Vo
(Alg¥) X L1 (AlL—) X L1
+ =T= :
fon + torr Vin - Vg Ve
_ _O4ll1  0dlgL1
(ViNn = Vo) Vo
Since AlLt = Alp~ = 0.41,
Ay~ Ale
I ly /\< p
7 \/l g
v, 1 2
(COLLECTOR y S
OF PNP) e—torF —efe—toy—+]
TL/H/8650-18
FIGURE 14

Solving the above for L1

= 2.5 Vo (Vin — Vo)

L1
loVint

where: L1 is in Henrys
f is switching frequency in Hz

Also, see LM1578 data sheet for graphical methods of in-
ductor selection.

CALCULATING OUTPUT FILTER CAPACITOR C,:
Figure 14 shows L1's current with respect to Q1's toy and
torr times. This curent must flow to the load and Co. Cy's
current will then be the difference bgMeen 1L, and l,.
Ico =1L —lo
From Figure 14 it can be seen that current will be flowing
into C,, for the second half of toy through the first half of
torr or atime, ton/2 + torr/2. The current flowing for this
time is Al /4. The resuiting AV, or AV, is described by:
1AL (tON tOFF)
Vopp = = X — X | = + =—
AVopp =X 7 2 2
_ A (‘ON + 'OFF)
4C 2
Vo(T - ton)
1

Since Al = Ve

D Vo(T

AVopp =

VoT
andtoN=V—TN

_ (N — Vg) VoT2
BVINCol1

£ V_OT)
Vin (I)
4C L1 2

_ Vin — Vo) Vo T2
BAVoVinL1

Co

1
switching frequency
AV, is p-p output ripple
For best reguiation, the inductor's current cannot be al-

lowed to fall to zero. Some minimum load current |,, and
thus inductor current, is required as shown below:

where: C is in farads, T is

| - (Vin — Vol ton = (Vin — Vo) Vo
oMIN) 201 20Vt
(V= V
ayye T Tolon
lo
N N
TL/H/8650~19

11
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Typical Applications (continued)

A complete step-down switching regutator schematic, using where Vy is the voltage at the error amplifier’s non-invert-
the LM3524D, is illustrated in Figure 15. Transistors Q1 and ing input.

Q2 héve been added to boost the output to 1A. The 5V

Resistor R3 sets the current fimit to: -
reguiator of the LM3524D has been divided in half to bias

the error amplifier's non-inverting input to within its com- 200 mv = 200 my = 1.3A

mon-mode range. Since each output transistor is on for half R3 0.15

the period, actually 45%, they have been paralleled to allow Figure 16 and 77 show a PC board layout and stuffing dia-
longer possible duty cycle, up to 90%. This makes a lower gram for the 5V, 1A regulator of Figure 15. The regulator's
possible input voltage. The output voltage is set by: performance is listed in Table 1.

R1
Vo=V 1+—],
° N'( Rz)

L
500 uH Vo=5V
Ve —YYY—d-0 01,= 1A
>8v 1=20 kHz
R4 RS
sk Sk
AA AA
vy vy
R2 ’——-l
k
ade L % s L 2
10F c3 RE 0IUFT s
0.1 uF 8.5k 500 pF
'A' v L
c1 ]
0.01 ‘IF MRBS0
1
2] cowp 2
2 [ ap &
0.01 uf
R? 8
30k
& O GND
R3
0,15
RETURN O- AN
TL/H/BB50-20
[ *Mounted o Staver Heatsink No. V5-1.
Q1 = BD344
Q2 = 2N5023

L1 = >40 tums No. 22 wire on Ferroxcube No. K300502 Torrold core.

FIGURE 15. 5V, 1 Amp Step-Down Switching Regulator

12
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Typical Applications (continued)

TABLE |
. Typical
Parameter Conditions Characteristics
Output Voltage VIN = 10V, }g = 1A 5V
¢ Switching Frequency VIN = 10V, |, = 1A 20 kHz
v Short Circuit -
- Current Limit Vin = 10V 1.3A
" Load Regulation ViN = 10V
' lo = 02 — 1A 3mv
Line Regutation AViN = 10 — 20V, 6mv
fo = 1A
Efficiency ViN = 10V, 1o = 1A 80%
Output Ripple Vin = 10V, 1 = 1A 10 mvp-p

I NATIONAL

-

TL/H/8650-21
FIGURE 16. 5V, 1 Amp Switching Regulator, Foil Side
RS _ch Your
M- T w Lo ce —ﬁ— GO
W~ T -
2 % RETURN
LM3524 R0
:ga AN~ i
D
RBSre © & =
m% _L s 8
RZ% R S% c1 Q2 [+]]
T £ BCE
TL/H/8650-22

FIGURE 17. Stuffing Diagram, Component Side

13
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Typical Applications (continued)

THE STEP-UP SWITCHING REGULATOR

Flgure 18 shows the basic circuit for a step-up switching
regulator. In this circuit Q1 is used as a switch to alternately
apply Vi across inductor L1. During the time, ton, Q1 is ON
and energy is drawn from Vy and stored in L1; D1 is re-
verse biased and |, is supplied from the charge stored in C,.
When Q1 opens, toef, voltage V1 will rise positively to the
point where D1 turns ON. The output current is now sup-
plied through L1, D1 to the load and any charge lost from Cq
during ton is replenished. Here also, as in the step-down
reguiator, the current through L1 has a DC component plus
some AIL. Al is again selected to be approximately 40% of
Iy, Figere 79 shows the inductor’s current in relation to Q1's
ON and OFF times.

Al+

TL/H/8650-23
FIGURE 18. Baslic Step-Up Switching Regulator

A~

)/\<\// - ‘o} .

e

T

FIGURE 19

TL/H/8850-24

14
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Typical Applications (continued)

v T V|
From Al = —I—':— At = %‘10“
(Vo — ViN) torr

and Al ~ = T

Since Al_* = Al_~, ViNnton = Voltorr — ViNtoFF,
and neglecting VgaT and Vpy

1,
Vo = VN (1 + —°—")
torF

The above equation shows the relationship between Vi, Vo
and duty cycle.

In caiculating input current lin(pc), which equals the induc-
tor's DC current, assume first 100% efficiency:
Pin = lingc) ViN
Pour = loVe = loVin (1 + 12L)
torr
forn = 100%, Poyt = Pin

toN)
o V (1 + N = v
o VIN iore) ~ Moo Vi

ton )
! =1+ ——
IN(DC) = lo ( Brr
This equation shows that the input, or inductor, current is
larger than the output current by the factor (1 + ton/torr)-
Since this factor is the same as the relation between V, and
Vin: Iinpc) can also be expressed as:

v,
o) = fo (-Vl—:)

So far it is assumed = 100%, where the actual efficiency
or nax will be somewhat less due to the saturation voltage
of Q1 and forward on voitage of D1. The internal power loss
due to these voltages is the average I current flowing, or
s through either Vgat or Vp1. For Vgat = Vpy = 1V this
power loss becomes linpc) (1V). nmax is then:
Po Volo Volo
MAX = =2 = =
+
PN Volo + iin(1V) Volo + lo (1 + ton )
torF

From Vo = Viy (1 + %r)

Vin
Vin+1

TMmex =

This equation assumes only DC losses, however nyax is
further decreased because of the switching time of Q1 and
D1.

In calculating the output capacitor C, it can be seen that C,
supplies 1, during ton. The voltage change on Cq, during this
time will be some AV = AV, or the output ripple of the
regulator. Calculation of C, is:

! 1
AV = ———°§;’“ orGp = —213:‘

T V]
From Vo = ViN (;.;F): orF=-T

1
where T = ton + toFF = T

Vo=V

v
ton=T-NT=T ( 'N) therefore:
o

Vo — VIN)
loT | ———
b ( Vo

R~V i —

[+]

lo (Vo — Vin)
fAVoVo

where: C, is in farads, f is the switching frequency,
AV, is the p-p output ripple
Calculation of inductor L1 is as follows:
Vinton
L e ——==
ALt
Vin is applied across L1

since during ton,

\
Alipp = 0.41_ = 0.41 1)y = 041, (Qﬁ) therefore:

L1 = —INON _ o gince ton = T — Vi)
0.41 (1'2) Vo
0 \vin
L1 = 28Vin2 (Vo — ViN)
TRV

where: L1 is in henrys, f is the switching frequency in Hz

15
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Typical Applications (continued)
To epply the above theory, a complete step-up switching
regulator is shown in Figure 20. Since Vi is 5V, VRer is tied
to Vin. The input voltage is divided by 2 to bias the error
Fmplmer's inverting input. The output voltage is:

R2 R2

VouTt = (1 +—R—1-)XV|NV=2.5X(1 +—Fﬁ)

The network D1, C1 forms a slow start circuit.
This holds the output of the error amplifier initially low thus
reducing the duty-cycle to a minimum. Without the slow start

circuit the inductor may saturate at turn-on because it has to
supply high peak currents to charge the output capacitor
from OV. It should elso be noted that this circuit has no
supply rejection. By adding a reference voitage at the non-
inverting input to the error amplifier, see Figure 21, the input
voltage variations are rejected.

The LM3524D can also be used in inductoriess switching
regulators. Figure 22 shows a polarity inverter which if con-
nected to Figure 20 provides a — 15V unregulated output.

Vo= 18V
Yo —p} O 00.5A
sV T

02
< MRBS0
>
i
< Veer
SRé
2.4k
N
<R3 R1
‘D
N S24k 24 LN3524D d
Suf o= === ANV NV 01 pF o= :E 500 uf
0.1 uF i
A""V RT D‘
0024 No14
COMP g
1t P
50k
+
0.001 pr..l— .l_ g‘pF
OND O- . ¢ O GND

TL/H/8850-25

L1 = > 25 tums No. 24 wire on Ferroxcube No. K300502 Torroid core.
FIGURE 20. 15V, 0.5A Step-Up Switching Regulator

VNOTE--"""".

SR
& 2.4k

> TO NON-INVERTING
INPUT OF LM3524
4 LN336

I (v, o 2.49Y)

FIGURE 21

TL/H/8850~26

00 uF  1N914B
FROM JUNCTION

OF L1, D2

FIGURE 22
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(.fdnnection Diagram

INV INPUT s

NI HPUT _1_

05C BUTPUT =

4
+CL SENSE —

~CL SENSE 3

6
Ry ==

7
7 —

8
END ==

o

U

16
I VRer

15
o le

4
ux EMITTER S

13
p~—— COLLECTOR B
Ji COLLECTOA A
il'— EMITTER A
'-m— SHUTDOWN

L COMPENSATION

T

Top View

Order Number LM2524DN or LM3524DN
See NS Package Number N16E

Order Number LM3524DM

See NS Packags Number M16A

TL/H/8650-2

'Physical Dimensions inches (milimeters)

8,150 -0.157
g I TE- T
as-oms
nzs—agel <5
| 8 MAX TYP
i ALL LEADS
o.mtn.m
0.618 -0.650
Ra-aE) T {0456 1.270]
0.004° TYP ALL LEADS
0102
ALL LEAD TIPS

Surface-Mount Package (M)

Order Number LM3524DM

NS Package Number M16A

0.278-0.244 o
(5.781 -6.198} e
’QU egygy
LEAD ND.1 t 2 3 4 3% § 7 8
TDENT 9.010 yax
{8.252)
9.953-9.069
(1.46—1.753) 0.6040.018
(0,02 8.254)
s - |
e e i SEATING
0.814
Putley 0.050 4.014-0.620
(0.356) i) m.ﬁ—u.sn)m
" - <—-———°’m v
(a.203) MISAREVHY
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LM2524D/LM3524D Reguiating Puise widin Moauiaior

Physical Dimensions inches (milimeters) (Continued) Lit. # 107451

0.740 = 0.780 ol

{1380~ 19.81) —

OPTION 01

0.090

0.085
0.13040.008 0.060 4° TP 0.300 - 0.320 {1.651)
- ;
i B30220027) | I+ frszgy P "\ l" OPTIONAL _’1 7.620=8.128 ,'_ §
0.145 - 0.200 |
(3.683-5.080)
] | 95°25° 0.008-0.016
0.020 90°% 4° TYP l——jom_om
[0,5085 un 0.125_- 0.150 ‘l:_/o,osogoms l‘_ lgﬂ:) -.'
{5.175~3.810) ¢ T M ke 20381) NN
0.014-0.023 0.100£0.010 +0.040
{0.356-0.584) 0.050£0.0 "o" "‘ {(25402025¢) Qizs__m NIGE (REV )
L (127020250) e (8255548

Molded Dual-In-Line Package (N)
Order Number LM2524DN or LM3524DN
NS Package Number N16E

LIFE SUPPORT POLICY

¢ NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL

Q

-

SEMICONDUCTOR CORPORATION. As used herein:

1. Life support devices or systems are devices or
systems which, (a) are intended for surgical implant
into the body, or (b) support or sustain life, and whose
failure 1o perform, when properly used in accordance

2. A critical component is any component of a life
support device or system whose failure to perform can
be reasonably expected to cause the failure of the life
support device or system, or to affect its safety or

with instructions for use provided in the labeling, can effectiveness.
be reasonably expected to result in a significant injury
to the user.
Nationat Semiconductor Natlona!l Semiconductor
Corporation Ewope Hong Kong Ltd. Lid.
1111 Wost Bardin Road Fax: (+48) 0-180-530 85 66 13th Floor, Straight Block, Tol: 81-043-200-2308
Arington, TX 76017 Email: chjwge @tevin2.nsc.com Ocean Ceantre, 5 Canton Rd. Fax: 81-043-209-2408
Tel: 1(800) 272-0959 Deutsch Tel: (+48) 0-180-530 85 86 Teimshatsul, Kowloon
Fax 1(800) 737-7018 English Tel: (+49) 0-180-532 78 32 Hong Kong
Frangals Tek: (+49) 0-180-532 83 68 Tel: (852) 2737-1600
Htaliano  Tel: (+49) 0-180-534 16 80 Fax: (852) 2736-9560

Natonal doss nol assume any responsiility for use ot any circultry described, no circull patent licenses are implied and National reserves the right at any time whhout nolics 1o change ssid circuitry and specifications.
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[xor] Rectifier

PD-8.374G

IRF640

HEXFET® Power MOSFET

¢ Dynamic dv/dt Rating

® Repetitive Avalanche Rated
® Fast Switching

® Ease of Paralleling

¢ Simple Drive Requirements

Description

Third Generation HEXFETs from International Rectifier provide the designer
with the best combination of fast switching, ruggedized device design, low

° Vpss = 200V .
RDS(OH) = 01 89

on-resistance and cost-effectiveness.

The TO-220 package is universally preferred for all commercial-industrial
applications at power dissipation levels to approximately 50 watts. The low
thermal resistance and low package cost of the TO-220 contribute to its wide

acceptance throughout the industry.

Absolute Maximum Ratings
Parameter Max. Units

lo @ Tc=25°C | Continuous Drain Current, Ves @ 10V 18 :
Io @ Tc=100°C | Continuous Drain Current, Vas @ 10V 11 A
lom Pulsed Drain Current © 72
Pp @ Tc=25°C | Power Dissipation 126 W

Linear Derating Factor 1.0 -WrC
Vas Gate-to-Source Voltage 120 \
Eas Single Pulse Avalanche Energy @ 580 mJ
AR Avalanche Current © 18 A
Ear Repetitive Avalanche Energy ® 13 md
dv/dt Peak Dlode Recovery dv/dt @ 5.0 Vins
Ty Operating Junction and -55 to +150
Tsra Storage Temperature Range °C

Soldering Temperature, for 10 seconds 300 (1.6mm from case)

Mounting Torque, 6-32 or M3 screw 10 Ibfeln (1.1 Nem)
Thermal Resistance

Parameter Min. Typ. Max. Units

Raic Junction-to-Case -_ — 1.0
Recs Case-to-Sink, Flat, Greased Surface — 0.50 — CW
Raa Junction-to-Ambient — — 62

215
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Electrical Characteristics @ Ty = 25°C (unless otherwlse specified)

Parameter Min. | Typ. | Max. | Units Test Conditions
Vieripss Drain-to-Source Breakdown Voltage | 200 | — | % | 'V [Vas=0V, Ip=250pA
AV(srpss/ATy| Breakdown Voltage Temp. Coefficient ~— | 029 | — | VC |Reference to 25°C, Ip= 1mA
Rpsion) Static Drain-to-Source On-Resistance — | — 1018 Q {Vas=10V,lp=11A @
Vas(n Gate Threshold Voitage 20| — | 40 V| Vog=Vas, lo= 250pA
Ots Forward Transconductance 67 | — | — S | Voe=50V, lp=11A ®
Ipss Drain-to-Source Leakage Current —t— 22 550 HA zﬁggz' xg‘\: T35G
lass Gate-to-Source Forward Leakage — -~ | 100 A Vag=20V
Gate-to-Source Reverse Leakage — — | -100 Vas=-20V
Qq Total Gate Charge — | — i 70 lo=18A
Qus Gate-to-Source Charge — | — | 13 | nC |Vos=160V
| Qga Gate-to-Drain ("Miller*) Charge — — | 39 Vee=10V See Fig. 6and 13 @
taton) Tum-On Delay Time — | 14 { — Vop=100V
Rise Time _ 51 — = lp=18A
torom Tum-Off Delay Time — | 45 | — Rg=9.1Q
] Fall Time — | 36 | — Rp=5.4Q See Figure 10®
Lo Internal Drain Inductance — | 45 | — gmzles?,? j
nH | from packagfe o
Ls Intemal Source Inductance — | 75| — g,“ed JzoneLg ¢
Cies Input Capacitance | — f1800[ — Vas=0V
 Coss Output Capacitance o | — | 430 ] — | pF |Vpg=25V
Ceas Reverse Transfer Capacitance — 130 | — f=1.0MHz See Figure 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. | Max. | Units Test Conditions
Is Continuous Source Current = . 18 MOSFET symbol o
(Body Diode) A |showingthe
Ism Puised Source Cumrent _ -\ 72 integral reverse ¢
(Body Diods) @ p-n junction diode. s
Vso Diode Forward Voltage — — | 20 V| T=25°C, lg=18A, Vas=0V @
ter Reverse Recovery Time — | 300 | 610 | ns |T&=25°C, le=18A
Qn Reverse Recovery Charge ~ | 34 | 71 | uC |di/d=100A/us @
ton Forward Tum-On Time Intrinsic tum-on tims is neglegible (tum-on is dominated by Lg+Lp)
Notes:
@ Repetitive rating; pulse width limited by @ Isps18A, di/dt<150A/us, VDDSV(ER)DSS,

max. junction temperature (See Figure 11)

@ Vpp=50V, starting Ty=25°C, L=2.7mH
Ra=25Q, Ias=18A (See Figure 12)

Tus160°C

@ Pulse width < 300 ps; duty cycle <2%.

216



78

IRF640

Ip, Drain Current (Amps)

Ip, Drain Current (Amps)
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ya ‘.5\
= 20us PULSE WIDTH
2 } Jl Te = 25°C
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Vps, Drain-to-Source Voitage (volts)
Fig 1. Typical Output Characteristics,

Tc=25°C
1 i
1
ot 150°C
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l'
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7
Vps = S0V
1074 20us PULSE WIDTH
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Vas, Gate-to-Source Voltage (volts)
Fig 3. Typical Transfer Characteristics
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Fig 2. Typical Output Characteristics,
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|RF640

3000 20
Ves = OV, T - 1wk Ip = 184 BRERE
Ciss = Cgs *+ Cgg. Cgs SHORTED B Vps = 160V =)\
00 Crse = Cgd s Vpg = 100V — T\
\ Coss = Cgs * Cgg 2 16 Vpg = 40V <
y - ]
T ) o
AN g
-y ~ o
® \Nc)ss > 12
€ 0 [N 8
'g i o 03) B
g 1000 \ ot $
(] \\ N ‘3
~L (G [
5 Crss A
‘1~4 8 [ .
— > FOR TEST CIRCULT
M~ SEE FIGURE 13
e 0! % i5 30 3 80 75
Vps, Drain-to-Source Voitage (volts) Qg, Total Gate Charge (nC)
Fig 5. Typical Capacitance Vs. Fig 6. Typical Gate Charge Vs.
Drain-to-Source Voltage . Gate-to-Source Voltage
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é . 3 0| T
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Ves = OV o, LSINBLE PuLSE
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Vsp. Source-to-Drain Voltage (volts) Vps, Drain-to-Source Voltage.(volts)
Fig 7. Typical Source-Drain Diode Fig 8. Maximum Safe Operating Area

Forward Voltage
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1p. Drain Current (Amps)

Vos > AAA

. Vas /7] DUT.

() :

T-Voo

1 < M. Bov

Pulse Wiith < 1ps

Duty Factor  0.1%
12 \‘ +

Fig 10a. Switching Time Test Circuit

Vbs
Yo Pl \ /
4 \ | ]
| | |
%5 75 00 125 1% e L} J ]
Te, Case Temperature (°C) on) ¥ oty Y
Fig 9. Maximum Drain Current Vs. Fig 10b. Switching Time Waveforms
Case Temperature
i == i s

-

H

Thermal Response (Zgc)
o
1

T 1 T H
s = f 7
.00 5 5 T ,H—u-
1072
e
NOTES:
t. DUTY FACTOR, D=ty/ty
10°3 2. PEAK TPou X Zing * T
1073 10"4 10-3 1072 0.1 1 10

t1, Rectangular Pulse Duration (seconds)
Fig 11. Maximum Effective Transiént Thermal Impedance, Junction-to-Case
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Fig 12a. Unclamped Inductive Test Circuit
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Fig 12b. Unclamped Inductive Waveforms
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Fig 13a. Basic Gate Charge Waveform
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Fig 12¢c. Maximum Avalanche Energy
Vs. Drain Current

Fig 13b. Gate Charge Test Circuit

Appendix A: Figure 14, Peak Diode Recovery dv/dt Test Circuit ~ See page 1505
Appendix B: Package Outline Mechanical Drawing — See page 1509

Appendix C: Part Marking Information — See page 1516
Appendix E: Optional Leadforms — See page 1525
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MOTOROLA % * Order this document
SEMICONDUCTOR TECHNICAL DATA by MUR3020PT/D

SWITCHMODE™ Power Rectifiers MUR3020PT

. . . designed for use in switching power supplies, inverters and as free MUR3°4°PT*
wheeling diodes, these state—of-the—art devices have the following features: ' Munsosoplr*
s Ultrafast 35 and 60 Nanosecond Recovery Time *Motorola Preferred Devices

. 175°C Operating Junction Temperature
¢ High Voltage Capability to 600 Volts
¢ Low Forward Drop ULTRAFAST RECTIFIERS
 Low Leakage Specified @ 150°C Case Temperature 30 AMPERES
e Current Derating Specified @ Both Case and Ambient Temperatures 200-400~600 VOLTS
L ]

Epoxy Meets UL94, Vo @ 1/8”
High Temperature Glass Passivated Junction

Mechanical Characteristics:
¢ Case: Epoxy, Molded
* Weight: 4.3 grams (approximately)

¢ Finish: All External Surfaces Corrosion Resistant and
Terminal Leads are Readily Solderable 1

¢ Lead Temperature for Soldering Purposes: 260°C Max.
for 10 Seconds

o Shipped 30 units per plastic tube 3
¢ Marking: U3020, U3040, U3060

2,4

CASE 340D-02, Style 2
TO-218AC

MAXIMUM RATINGS, PER LEG

Rating Symbol MUR3020PT | MUR3040PT | MUR3060PT Unit

Peak Repetitive Reverse Voltage VRRM 200 400 600 Volts
Working Peak Reverse Voltage VRWM
DC Blocking Voltage VR

Average Rectified Forward Current (Rated VR) IF(AV)

Per Leg 15 @ Tg=150°C 15@Tc=
Per Device 30 @ T¢ = 150°C 30 145°C

Peak Rectified Forward Current, Per Leg IFRM 30 30
(Rated VR, Square Wave, 20 kHz, T = 150°C) @ To = 150°C @ Tg =145°C

Nonrepetitive Peak Surge Current lFSMm 200 150

(Surge applied at rated load conditions,
halfwave, single phase, 60 Hz) Per Leg

Operating Junction and Storage Temperature TJ. Tstg -65t0+175 °C
THERMAL CHARACTERISTICS PER DIODE LEG

Maximum Thermal Resistance — Junction to Case RaJyc 1.5 °C/wW
— Junction to Ambient ReJA 40

ELECTRICAL CHARACTERISTICS PER DIODE LEG

Maximum Instantaneous Forward Voltage (1) VF Volts

(IF = 15 Amp, Tg = 150°C) 0.85 112 12
(IF = 15 Amp, Tg = 25°C) Co 1.05 1.25 15

Meaximum Instantaneous Reverse Current (1) iR HA
(Rated DC Voltage, T = 150°C) 500 1000
{Rated DC Voltage, T = 25°C) 10 10

Maximum Reverse Recovery Time tr 35 60
(ir = 1.0 Amp, di/dt = 50 Amps/us)

(1) Pulse Test: Pulse Width = 300 us, Duty Cycle < 2.0%.

Amps

Amps

Amps

ns

SWITCHMODE is a trademark of Motorola, Inc.

Preferred devices are Motorola recommended choices for future use and best overall value.
*

Rev 4
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r(t), TRANSIENT THERMAL RESISTANCE (NORMALIZED)
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OUTLINE DIMENSIONS

‘_
- NOTES:
1. DMENSIONING AND TOLERANCING PER ANSI
Y145M, 1982.
2. CONTROLLING DIMENSION: MILLIMETER.

MLLIMETERS | INCHES
MN | MAX | wiN_| mAx
— 120361 — [ 0801 |
14,70 | 1520 | 0579 | 0.
470 | 490 ] 0185 | 0163
1.10 1,30 | 0.043
147 | 1.37 | 0,046
540 | 556 | 0213 | 0219
200 | 300 [ 0079 | 0.118
050 | 078 | 0020 | 003t
31,00 REF 1220 REF.
— 1620 | _— [ o6
400 | 4101 0.158 | 0.161
1780 1820 | 0.701 | 0717
4.00 REF 0.157 REF
175 REF 0.069
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STYLE2:
PIN 1. ANODE 1
2. CATHODE(S)
3. ANODE 2
4. CATHODE(S)
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