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r \ ' r^^"  i - ' ' r " -+- ia l  appl icat ions requi re power f rom dc vo l tage sources,  Severa l  o f  these: t r  d r l J  l  l  l L l  u  J  L L  ,

applications, horvever, perform better in case these are fed from vqriable dc voitage sources,
F v e m n l p q  n f  c r r e h  d c  q v s f  p m q  2 r p  - " L - - ' ^  + - ^ l l ^ "  L " ^ ^ ^  L ^ ! + ^ - w - n n p r e t c r i  v p h i r ' ' ^  -

- -  , . : - - .  * -  -  s u u \ r y d y  L d r 5 .  L l  U t r g - v  u L t b E S ,  u d L L g r  '  e . , ^ ! I c : .

fa t tery-charg ing etc .

F rom ac  supp ly  sys tems ,  r ' a r i ab le  dc  ou tpu t  vo l t age  can  be  ob ta ined  th rough  the  use  c f
0 reqe -nnn t rn l l pd  nonve r te rs  (d i scussed  i n  Chap te r  6 )  o r  mo to r -genera to r  se ts .  The  conve rs i cn|  ' * -  "

- ' . : . . ^ r  r ^ . . - r r ^ - ^  ^ r r . . ^ ! ^ L 1 ^  r ^  ^ . . r ^ . , + , . ^ l + ^ p . g .  t h r o r r g h  t h O  i t s e  O f  S e m i C O n d U C : C , l -0 .  - . . ' . c t I  u u  \  u l L d B U  L U  a 1 l l  d L l J u b u d u l t r  u L  u u t P u u  v u l u a  - - b - .  - ^ . ,

/ : .  i ces .  can  be  ca r r j ed  ou t  by  the  use  o f  bwo  t ; pes  o f  dc  to  dc  conve r te rs  g i i ' en  be lo r ' , '  [ 51

AC L ink  Chopper .
. .  r  conve r te r ) .  AC i s

In  the  ac  j i nh  chopper ,  dc  i s  f i r s t  conve r ted  to  ac  by  an  i nve r te r  j :

t hen  s tepped-up  o r  s tepped-dou 'n  bv  a  t rans fo rmer  r vh i ch  i s  t i : e : r
a  d i o d e  r e c t i f i e r  F i g . 7 . 1 ( o ) .  A s  t h e  c o n v e r s i o n  i s  i n  t x ' o  s t a g e s . . i : : -
) i nk  chopper  i s  cos t l y .  b r r l kv  and  l ess  e f t r c ien t .

co:-. ' .  . . : t  ed back to dc l . ly
. - . - J . 1 - - - - ^ ^ , - - l n  A cg t - d - . . -  - l r u l I  d u  L U  u - .  . . -
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, a )  . . \ C  l i n k  c i i o p p e r ( D J  c i c  c h o p p e r '  , c r  c h o p p c r  )  a n C

1 c )  R e p r o c i u c t i o n  o f  a  p o \ v e r  s e m i c c n d u c t o r  d e v i c e .
F i g .  7 .  i

Chopper .  Ac i i oppe r  i s  a  s ta i i c  dev j ce  tha t  conve r t s  f i xed  dc  i npu t  vo l t age  to  a ' , ' a r i a i : l ' :
: ' . : ' -  ' , ' ; i t agc  d i rec t l l '  F ig .  7 .1  (b ) .  A  chopper  may  be  though t  o f  as  dc  equ iva len t  o f  an  ac
- : : : r r r  s i nce  thev  behave  i n  an  i den t i ca l  manner .  As  choooers  i nvo l ve  one  s tagel l l g j ' . ^ - r r

s : : r .  t hese  a re  more  e f f i c ren t

- - - : ' - e rs  a re  no rv  be ing  used  a l l  c , \ ' e r :he  * ' o r l d  f o r  rap id  t rans i t  s - \ ' s tems  These
. : . : : c l l e1 ' ca rs .  n la r i ne  ho i s t s ,  f o rk l i f t  t r ucks  and  m ine  hau le rs .  The  fu tu re

: - . . ' * . . : s  a r e  l i k e l v  i o  u s e  c h o p p e r s  f r r . - ; - . e i r  s p e e d  C r r F i t r o l  a r r d  b r a k i n g  C h o p p e r
s :  ' - : h  cc l r t ro l .  h igh  e f f i c i enc - r ' ,  i as t  : €sL tnsc  and  regenera t i o l l .

a r e  a i s c
e l e c i r . c
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Ch opp e  rs
- l  r '

' ' 1vu r  ! r ,  \ ' 1u  o r  t o rce -commuta ted  thy r i s to r .  These  d .u i ces ,  t ; ; ; ; ; ,  # . ' . . ;bv a sw. i tch S\V wi th  an arrow ur ' .no*r ,  n  f ;g" i . i (c) .  When the swrtch is  : : :  .c a n f l o r r ' , \ \ ' h e n t h e s w r t c t . ' i ' o , . , , c u r r e n t f l o r v s i n t h e d i r e c t j o n o f a r r o i r ' c : . . .
-semiconductor  dev ices have o"- r tu t ,  vo l tage d.op"  of  0 .5 v  to  z .s  vacross the: : ,  :  _of  srnpl ic i t l ' ,  t l ^ l . rs  'o l tage d. r ;  ; ; ; ; .s  these a. , . i . .s  is  neglected.

. rne po\ \ 'er  semiconductor  dev ices used for  a  chopper  c i rcu i t  can be po. . i .3_ _
l i t j ' I-qTrS:9 or,forru-.o-*"," i .a thvristor. These devices in oo-o-^,  ̂ - :

As stated abor .e,  a  chopper  is  dc equiva lent  to  an ac t ransformer ha. , , . : : : : :
;il:::'::TJ,i1il?"t'I:::::l'1":T-'i " 'nofp* cal be used to step doi,n ::fi xed dc inpur vo1 rage As s rep-do*; ;;".;;;..:t"; fr ;',nT J;,'j"f,. :;:;. :'" t l l : o:.t l *.11 -"un 

" . i.p ao*r dc choppu. urrt... srared othenvise

a .  =  C >

1 S  e .The  ob jec t  o f  t h i s  chap te r  i s  t o  d i scuss  the  bas i c  p r i nc ip les  o f  chopper  op : : : : . , .more common t . r 'pes of  chopper  conf igurat ions ;J ; ;  idear  swi tches.
7.1,  PRINCIPLFT oF cHoppER OPERATTON
, '  

' ^ r  chopper  is  a  h igh speed on/of f  semiconductor  swi tch,  I t  conr . ,ects  sc; : : . -  :o rsconnec ts  the  road  f rom sou rce  a t  a  fas t  speed .  t n  t rus  manner ,  a  choppe i  . := :  ,sho r ' n  i n  F ig .  7 ,2  (b )  i s  ob ta ineJ r .o -  a  cons tan t  dc  supp ly  o f  magn i tude  i ,  ^ : .  J . :chopper  i s  rep resen ted  by  a  sw i t ch  s i v ins ide  a  do t ted . rec tang le ,  whrch  ma i .b :  : - : . .:[n:iJT:: ij:::*"Il:,t !"r..3r r,igi]ighji"i,no principre or choper ^ .::.circuitrv used ror controlled tn. o,', ori;;ffi:'Ji?ili,:fi,ii'l'Ti;,1:;1";:-,:'_'-

|<--T

l c

Fig '  7 '2 ( r )  E I " . l : ) " t ry  chopper  c i rcu iL  and (b )  ou tpur 'o r tage und. " ' - " . . , . . i .a . . ; . - - -? " - ,  c h o p p e r  i s  o n  a n d  l o e r J  ' n l r o r a  j ^  ^ ^ - . ^ r  r

o  = $ =  d u t y  c y c l eT
Thus load 'or tage can be controred by 'ar fng duty cvcre a Rn t'o l tase is  indepenaent or io"a.u. .unt .  Eq.  (z.1 icai ; , : 'J# ' : j ; ,11. f l r (7.1)  shoi i 's  : . -

r c - ,  ch .ppe r  i s  on  and  l oad ' c r tage  i s  equar  to  sou rce  vo l tage  ! r '  Du r :ng  i h :_ : : := .chopper is ofl  load current f lows through the freeri-heering diode ,pD. A.; a :=s _terminals  are shorL c i rcu i ted by FD una' to"J- , r " i ; ;g .  is  the iefor  
"  

, " ro  dur , :g  7-_. .manner '  a  chopped dc vo l tage is  produced at  the load terminals .  The loac cu i - r=: : :  a .i n  F ig .  7 .2  (b )  l s  con t i nuo , r . ]F .o -  F ig .7 .2 fa l ,  ̂ r . . ^Se  l oad 'o l t age  I , n : s  g i , , . en  b . .

vo=Jr-v ,=+u= o4' o .  '  ' o f f  rY;here 
Ton =on-t ime , Toff=off_time

T = Ton + Tnff= chopping p.r loa

t -

.  - . - E

- - . -. . -:
:  * : - , r _ - -

.  .  -  . .  :
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wnere

7.2. CONT'ROL STR.ATEGIES

-  ^ h n n n i n c r f r o n r r o r-  v ^ a v r ' F - ^ - b  - -  - . 1 * - f , c Y

I t  is  seen f rom Eq.  (7 .1)  that  average va lue of  outputvo l tage Vo can be contro l led through

cr b-r 'opening and closing the semiconductor switch periodical iy. The various control strategies

for varying duty cycle cr are bs follows :

7 ,2.1.  Constant  FrequencY SYstem

In th is  scheme,  the on- t ima Ton is  var ied but  chopping f requency f  (or  chopping per iod

I is kept constant. \rariat ion of Ton means adjustment of pulse width, as such thus scheme

is a lso ca l led pulse- tu id th-ntodulat ion scheme.  This  scheme has a lso been referred to  as

time-ratio control (TRC) by some authors.

Fig. 7.3 i i lustrates the principle. of pulse-width modulation. Here chopping period I is

c o n s t a n t .  I n F i g .  7 . 3 ( a ) , T o n = 1  T s o t h a t a  = 0 . 2 5  o r c r =  2 5 V o . I n  F i g . 7 . 3  ( b ) , T o ^ = 1 ? s o t h a t

cr = 0.75 or 7SVo.Ideally G can be varied from zero to i :rfrnity. Therefore outptrt voltage Vo can

be varied between zero ald source voltage Vr.

7.2.2.  \ rar iab le Frequency SYstem

In th is  scheme,  the chopping l tequency f  (or  chopping per iod ? ) is  var ied and e i ther  ( r )

on- t ime ?o^ i r  kept  constant  or  ( l l )  o f f - t ims Tof f  is  kept  constant .  This  method of  contro l l ing

cr is also called frequency-modulation scheme'

/  I  O n
t .

I
L o c d  v o l i c g e

V ^ = l

^ 1
, T

. ( 7  2 )

i
l

vo

vs

1 . 1
| . _ l +

t r \ )

Lood  vo l t oge

Fig. 7.3. Principle of puisc-x' idt)r modulation (constant ?).

Fig. 7.4 i l lustrates the principle of frequency modulation. In Fig. 7.4 (o'),  Ton is kep."

constant  but  T is  var ied.  In  the upper  d iagram of  F ig.  7 .4 @),  Ton= I7 so that  a  = 0.25 In

the lower d iagram of  F ig.  7  .4  (o) ,  Ton = 1T so that  a  = 0.75.  In  F ig.  7  .4  (b) ,  ToSl ts  kept  ccnsta: r* "

and ? is yaried. In the upper diagram of this f igure, Ton = i T so that u = 0.25 and in the lou'er

r :^  -^- -  ' r  -  .  -  So t [a t  Cr  = 0.75.u I d . 5 r d l r r  t  o n - 7  L

Frequency  modu la t i on  scheme has  some d i sadvan tages  as  compared  to  pu l se - ' * . i : - - .

modulat ion scheme.  These are as under  :
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[A r t .  : . 3

tron L o a d  v o l t o g e

/ r l| ---- -------)i

i* Ton L o o d  v o i i a g e
t__-

f.- T

- T"n
L o o d  v o l i c g z

I _ --l

L o c c  i ' 9 , l s g g

-.- T"n

. l
I 

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

( b )

FiF  7  !  
p r inc ip le  o f  f requency  modu la t ron .(a) on-t i rne ?o, constant and 161 onlt , -"  ?ns constantoff;;ru;L.,n....,a g e  i n  f r e o u e n c v  r n n r . l , - l o i j ^ -  r . j r r ^ -  r  -'oltase in rrequencv mocrurarion F'tJr';..:;;;.1'fiLil:?.:il::#l:i;:;;;:,;._;::_==qui te  d i f i icu l t . i s  : : : a : : : _qui te  d i f i rcu l t .

V^

fl

( i l )  pot  the control  of  c,  f requency var iat ion wourd be rv ide.  As such, there is a pcss-:- ,  : -of interference with tig-tturirngina t. l.phon. hr.rL f.uqrru.rcy moduration scheme
0,..:t;,;;:i,rilflin"[ il;.:l$iJ,."., 

modu]ation scheme may make the rcac :-:::::
I t  is  seen f rom above that  constant  f requency 

lpwi{ )scheme is  bet ter  tha: l  r .a- . .a : .=frequency scheme' PWM tn.inriqu. has, howev"., l  r i- irat lon. i" i i r ,  techaique, ?0,, can:::be reduced to near  zero for  most  o f  the commutat ion-c i rcu i ts  used in  choppers.  As suc l . :  ::fff;' :: i :aT? : i i: ::#::'J ii :T#tr;H:n,l :TnrJ** !u.i n, i,'. * u lrs, .
7.3. STEP-UP CHOPPERS

For the chopper configuration of Fig' 7 '2 (a), average output vortage vo is less thai :--.=inpu tvo l tage  \ r " i ' e ' v r t v , ;  t h i scon f i gu ra t i on i s the re fo reca l l eds tep -downchopper  
A r .e :e ;=output  l 'o l tage v6 greater  than input  vo l tage v,  can,  however ,  be obta ined by a chopper , ._ . -

:::i-lfJ:ffi1,i'l;i :J:lri': ̂i':j:::1.'"*,.",y rorm ora step-up choppa, rn this Av, . :
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(a )

l ; n
v

I  -  + lt t l t
l+ t  I  r i t

\ t  l u l
_ -  Yg  Vn  lA l
T  I  

-  
l c l

l -  |  .  I  T
l l t - t

Fig. ?.5 roltS*o-ro chopper (b) r stores eners-y (c) L .di/d.tJ?oo"o * u.
(d) current waveform.

In this chopper, a large inductor I in series with source voitage v, is essential as sho*,n
in  F ig '  7 'F @) '  When the chopper  CH i6  on,  the c losed current  path is  as shown in  F ig.  7 .5i5) aid inductor stores energ-y during ?o,'  period. sleen the chopier CH is cff^, as the induct,or
current cannot die down instantaneously, this current is forced to f low through the diode andload for  a  t ime T,*F ig.7.5 k) .  As the current  tends to  decrease,  po iarr ty  of  the emf induced
rn I  is  reversed as lhow'n in  F ig.  7 .5 G).  As a resul t ,  vo l tage across the load,  g iven b.v\ ' 'o = V, + L (di/dt) '  exceeds the source voltage {. In this manner, the circuit of Fig. 7.5 (o)
acts  as a s tep-up chopper  and the energy s tored in  .L  js  re leaseci  to  rhe Ioad.

\\I l ' ren cH is on. current through the load *,ould increase from 1, to I,  as sho*.n in r. ig
;  5  (d) '  \ \ rhen cH is  of l  current  would fa l l  f rom l r to  I r .  wi th  CH on,  source vo i tage is  appl ied
ro L t .e .  uL=\ / , .  \ \ r t ren CI I  is  o f f ,  KCLfor  F ig.  7 .5 (c)  $r .es ur- \ /a*  I / ,  =  0,  or  1 , ,  _  V0 _ V, .  Here
: r ' -  =  \ 'o i tage across l .  Assuming l inear  var ia t ion of  output  c t r . .ent ,  the energy input  to
:nduc to r  f rom the  sou rce .  du r ing  the  pe r iod  ?o . ,  i s

Win= ( r 'o l tage across I )  (average current  through L)  To,
l T  r  \

= 4 lT ' i r "^ (7 8)
\ "  )

During the t i rne Toy, w'hen chopper is off ,  the energy released by inductor to the load is
Wof  =  ( r 'o l tage across  l )  (average cur ren t  th rough L)  To f f

-  (v - ' , -  '  l / t  *  1 ' l  -- \ Y o - " )  
t -  2  ) t o r r  . . . ( 7 . 4 t

. .  Ccns ide r ing  the  sys tem to  be  l oss iess ,  t hese  tu 'o  ene rg ies  g i ven  by  Eqs  .  e .a )  and  (7 .4 )
r , , ' r l l  be  equa l ,

i 7  5



Choppers

I t  is  seen from Eqn, (7,5) that  average vol tage across the load can be steppe j  * :  :  '  'a- :

the duty cycle,  I f  chopper of  Fig.  1,5 @) is alwaya of f ,  cr  = 0 and Vo=V, '  I f  : . - . : :  : : . :Ft

a lwa l ,s  on ,  s=  l  and Vs=*  ( in f in i t y ) ,  in  p rac t ice ,  chopper  i s  tu rned on  anc l ; : :  .  :ha :

var iab te  and the  requ i red  s tep-up average ou tpu t  vo l tage,  more  than scu : :=  - . :as

obta ined,
. t .ha nr in . i r . la  s f  r j tep=up chopper  can be ernpioyed for  the legenerat i " 'er  r rc  Pr  r r rurPrE 

*" ' , . l i " f iV ; ; ; : i l . i - - ' i t r " " ' t ; ; ; ; " ;  an l  ' " -
n totote,  In  F ig,  7 ,5 (a) ,  i f  V,  represents the motor  arn lature vo l tage

vol tage,  the power can be fed back to  the dc source in  case V, /O =-  cr . )  is  rno i€ ' -

, . , . , r n n o r  r p o . e n p ; ^ { i . . ^  1 . ' ^ L i n o  n f  d c  m O t o f  O C C u f S ,  E v e n  a t  d c c r e l s ; : . ;l r l d l l r l U l  I  J .  t r B E r r U l  A L I Y t j  U l  c l . I \ r l l 6  w r  u u

regenera t i ve  b rak ing  can  be  made  to  take  p iace  p rov ided  du ty  cy ' c le . i . . - : :

V, /0  -  u)  exceeds the f ixed source vo l tage Vo,

Example 7 .1 For the basic dc to dc conuerter of Fig. 7.2 (a), erpr€-c-r i  r.

as funct ions of  v , ,  R and duty  cycLe o,  in  case load is  res is t iue :

(a) Auerage outpttt  uoltage and current

f t )  Output  current  a t  the instant  o f  contmrt ta t ton
(c.) Auerage and rms freewheeltng diode cttrrents

(d.) Rms uaLue of the output uoltoge
(e) Rnts and auerage t lryristor currents
(f) Effectiue input resistance of the chopper'

Solut ion.  The load vo l tage var ia t ion is  shorvn in  F ig.  7 .2 ( .br  i - : :  a  : .

or  ]oad current  H 'aveform is  s imi lar  to  load vo l tage rvaveform,

-  a t l

: : e

: " e

Rms thyr is tor  curreni

\ ' -
( f t  Alerage source current:  &\ '€r&9Q thyr istor current = G E

Ef{ect\ve \nput resistance cf the chopper

'T

(a) Average output voltage, Vr= # % = c %

Average output  current ,  ,o=2 =? 
*  

=  
"  *

(b)  The output  current  is  commutated by the thyr is tor  a t  the ins:an

^ " t ^ "#  +  ' r  t hc  i ns tan t  o f  commuta t i on  i s  V r /R 'u u L P u L  L L l r r t : l r L  a u

(c)  For  a res is t ive load,  f reervheel ing d iode FD does not  come in tc  p la i '

and rms val r :es of  f reervheel rng d icde currents  are zero '

I r 
-lr/2

(d)  Rnrs va l i re  of  output  
" 'c l tage 

= |  *  V3 I  =  t ' [  %'  
L r  ' . 1

(e) Average thyrrstor current =? 
* 

= 
"  *

V,
R

7 2 - ' I /2

lT", (v, ) I= J  r  l n l l' \
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Example 7.2. For type-A chopper of Fig. 7.2 (a), dc source
= J0 f l .  Toke a uoltoge drop of 2 Vocross choaper when it  is on.

(a) auerage and rtns ualues of output uoitage anci
(b) chopper efficiency.
Solution. (o) Wtren chopper is on, output voltage is (%

choppei is 0ff, output voltage is zero.

uoltage = 230 V, lood resistance
For o duty cycle of 0.4, calculote

-  2)  vo l ts  and dur ing the t ime

.'.. Average output voltage

Rms valrre of output voltage,

(b) Porver output or power

P o =

Power  input  to  chopper  ,  P i=

(v, - 2) Ton
-  n  t  i f  o \

T  
- u \ r s - 4 l

=  0 . 4  ( 2 3 0  -  2 )  =  9 1 . 2  V

[  ? - l '
Vo,  = l  (V,  -  2)2 f  I

L - -  ^ J
= r '0.4 ( .230 -  2)  =

dehvered to  load,

\ ' -  / 1  I  /  o \ L

_ - - y f  _  \ ^ 4 ' ' - l  _ g n . 7 q  ? A l \ u
R  1 0  

-  ' v  t  J ' u u :  r Y

/2

=f i1 \2 ,_2 )

r44.2V

q t ,

f f  = 2097'6 w

x  100  =  99 .13Vo .Chopper efficiency

\', 1o = 230 x

Pc 2079 361
n  n n ^ r y  ^

L  L V J  I  . V

Exarnple 7,3. A step-up chopper has.input t 'oltage of 220 V ond. output uoLtage
1f  the non-conduct in !  t in te of  t l ry ' r is tor  chopper  is  1a0 - : .s .  cot r lpute the pulse width

of 660 \r.
^ €  ^ , , + ^ , , +
u l  u u L P u L

T
T
T
t
T

uoltage.

I n  C A S e  O U I S e  r ' , ; ) t L  ; .  h - 1 . ' . , J  t ^ . 7 6 n . q ! n n l  f r p o : ; p : 1 ^ ^ ' r - . - - t i ^ ^  f i - )  ' h o  n o , , ,  n r r t n t r f  t : n l  .y q L o c  r t - t t ( L L I L  L 5 . I L U t L e L l  / U I  L v / r J , u / r t  l t L r l 4 r - , , - \  A p e l Q L t O I l ,  l L n ( l  l l L .  t L e w  w u t p L t , , - w ; _ C ! l

Solut ion.  From Eq.  (7 .5) ,  660 = 22A T\
l - u

^ r f

n r  , r - l - - t c "u - ^ - T

7 , "=?  ? '  anc l  To11=T  -Ton= ]  r  =  ]  r  =  100  pLs  (g rven )
J  " '  " ' '  J  3

- l -  _  ? r . l , l . , c  . ^ , _ l  ,  I

t  a+  -  a \ Jv  ! - r  d r rL r  Ton  =  
t  x  300  =  200  p rs .

\ I / l - ^ -  ^ , , 1 ^ ^ , , . ; . . t + l -  i ^  L ^ 1 , . ^ J  
1

\ r r l s l r  P u t s c  \ \ r u L r r  r r  r r d r y E u ,  T . r = i X 2 0 0  =  1 0 0  p S'I

f o r  cons tan t  f requency  ope ra t i oy \ ,  T  =  300  us  ,To f ,=T  -Ton=  2OO,us

T o n  1 o o  1
f f = -

T  a a n  a
- I  J U U  J

; Fdltag€, Vo= 220+ = 330 V.
r - 3

7.4.  T}?ES OF CHOPPER CIRCUITS

P o r i ' e r  s e m i c o n d u c t o r  d e v i c e s  u s e d  i n  c h c p p e r  c i r c u i t s  a r e  u n i d i r e c t j o n a l  d e v i c e s ;
r  - l a r i t i es  o f  ou tpu t  vo i t age  Vo  and  i he  d ; rec t j on  c f  cu tpu r  cu r ren t  I .  a re ,  t he re fo re .  res r r i c :e  i

T
T
T
I



T
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Choppers

[Ar t .  7 .4] 2ssl
*::ffi:ili:;1";fi::.:i.";,x?:ffi.?i.'l::ffiquadrants bv an appropriate arrange*;
forms the basis  of  the i r  . l " . r rn"" i ;nn ae r r rn^ A  ̂ *^__opu. l t ion in any of  the four  quJCrar tsrw."'|s rrre Dasrs ot their cjassification as type A .h"o;;i^;;; ld;;";:: '}: 

t::;xr:::;:::

ffJ;lnJils 
chopper classification as crass A, crass B, ... in pracl or type -A, \pe-[)

In the choDoei-circuit confizurations drawn henceforth, the current directions ancr r.o.lt:gepol3rit ies '"*tua i,,;h;;;;;".1...rit wourd be treated 
". ;;;; i ;;. ,-, .u." cur-rent crrcctjcnstroo ffif:g:.T'ffi:',:fu*:.*i:,:;"#;i'o.. sho*n in the circuit, rhese currents

In  th js  sect ion '  the c lass i f icat ion of  var ious chopper  conf igurat ions is  d iscussecr .7.4. I .  F i rs t -quadrant ,  or  1}are_A,  Chopper
This  t ) 'pe of  chopper  is  shor"n in  F ig '  7 .6 (a) . I t  is  observed that  chopper  c i rcu iL of  r . , .7  2 (a)  is  a lso type-A chopper .  In  F ig.  {a  @), ; " ; . r ,  chopper  cr r i  i . -o , r ,  1 ,0 = lz ,  and cur i : : r . . -lo  f lows in  the arrow d i rect ion shown.  When CHl  is  o f f  ,  uo = 0 but  io  i ; r  the load ccnr i r . ._ : . , .f lorv ing in  the same d i rect ion through f reervheel ing d iode FD,  F, ig .  7 .2 (b)  I t  is  thus scen t : . . :average va lues of  both load vo l iage and current ,  i ' ,  voand;o n i "  on"urs pos i t i 'e  :  th is  ia : :rs  sho*n b-v ' the hatched area in  the f i rs t  quadrant  o f  % _/o prane in  l , . ig .  7 .6 (b) .

I
t
T
t
T
T
T
T
I
I
t
t
I

C H l

Por,-er circui t  for
a dc source E, l ike a

F D vc*

/ !'^'
( a )

Fig. 7.6. First-quadrant,  or type-A chopper.  
(6)

lT;:;":: i^.I^i:^:-T-.d 
chopper is arways from source to ioad rlusca i i e d s t e p . d o w n, h o p p r r' is ;;. ;; ;; ; r r, ", "r, 

j;.;; I :, r" r^ i:. :.ff;ft':
s '

7.4,2.  Second-quadrant,  or  Tlpe_B,

chopper  is  a lso
input  dc vo l tage

t lr is t lpe of chopper is 
3!own in Fig. 7 .7 (a).Note that load must contai.battery (or a dc rnotor) in this .to"pp"r.

Chopper

{ v ^

t.. J\
I

\q\
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\ Y h e n C H 2 i g o f l l U 6 = 0 b u t l o a d v o l t a g e E d r i v e s c u r r e n t t h r o u g h L a n d C H z ' I n d u c t a n c e(  , l ; \

^L  s to res  energy  dur ing  Ton(=onper iod)  o f  cH2 '  \ \hen cH2 is  o f f '  us= la+ LA lexceedg

source vol tage %. Ae a resurt ,  d iode Dz iaforward biased and begins e onduct iorr ,  thu/  a l lowing

power to flow to the Bouree, chopper cH2 rnay be on or off, current 16 flowa out of the 1oad,

eurrent in is therefore treated as negative, Sirr.. V6 ic alway's positive and f6 ia negative'
/  s i \

power flow is always frorn load to goui'ce, As ioad voitage vo = 
lE 

* L 
ff i i is 

rnore than eouree

voitage v., ty?e=B chopper is also called step'up ehopper,

Both t ; ,pe=A and type=B chopper e onf igurat iond have a common negat ive te lmi i ia l  between

t i re i r  input and outPut c i rcui ts '

7.4.g.  TE,o-quadrant type-A chopper,  or  Type-C Chopper

This type of chopper is obtained b}' connecting.tl 'pe-A and type-B choppers in parallel as

si to i i .n in Fig.  7.8 (o).  Tbe output tor tug. vo is atways posi t ive because of  the presence of

free.,r,heeling diode FD across the load. \vhen chopper cH2 is on' or freervheeling diode FD

coiducts,  output vol tage u0 = 0 and in case chopper CH1 is on or diode D2 condr ' rcts '  output

r-ol . .age uo = %.The Ioad current 19 Can, however,  reverse i ts direct ion'  Current lo f lorvs in the

arrc\ \ 'c l i rect ion marked in Fig.7.8 (o),  i .e '  load current is posi t ive rvhen cI{1 is on or FD

conouccs. Load current is negat ive:rr  cnzis on or D2 conciucts '  In other rvords'  CH1 and FD

operar, t  together as type-A chopper in f i rst  quadrant '  L ikex' ise CI12 and D2 operate together

as t ', pe-B chopper in second quadrant'

luo

c - ? , ) :  c ! 1  t r L

i-\/o i

, 'A  \
(o l

l ' ig l  r .S Tt 'o-quadrant t ; ' 'pe-A cl ' ropper '  or t1-oc-C chop! 's1

Average load vo l tage is  a l rva) 's  pos i t i ve  bu t  averagc  ioaC cur ren t  may be  pos i i i ve  o r -

negat ive  as  exp la in"a  uEo ' " .  t6ere to i ,  po t t " '  f lo rv  maybe f rcnr  source  to  load ( f i rs t -quadra : r t

opera t ion)  o r  f rom load to  source  (second-quadrant .ope ia t ion) .  choppers  cH1 and c i12  sho ' i j ' j

n o t  b e  o n  s i m u i t a n e o u s l y  a s  t h i s . " r " r ; l J ^ d  t o  a c i r e c t  s h o r t  c i r c u i t  o n  t h e  s u p p 1 1 ' l i n e s  T h r s

t l . p e o f c h o p p e r c o n t i g u r a t i o n i s u s e d f o r m o + - o r i n g a n c l r e g e n e r a t i r ' e b r a k i n g o I d c i l - i o t o i s .
The c i , ,e ra t ing  reg :or r -o r  t r , i .  t1 'p .  o f  . t rop ts r  i s  shorvn  in  F ig .  i .B  (b )  b i -  ha tche ' l  a rca  in  i i r s t

a n d  s c c o n d  q u a d r a n l s .

i ,1 .4 .  Two-quadrant  T) -pe-B Chopper '  o r  T-vpe ' l  Chopper

The pou'cr circuit diagrari for tr"'o-qlaf rant,:f '; '-:it::i:*:i 
i:::3"tilii: ='.

i , ,  F, ;  ; l ; ; ;  ; ; ; ; . ; ; ; , , ; i ; ;€ u0 = \ ; , ' .hen bcth cHI and cFi2 are on ancr r .  = -
! l l  I  r <

! - . , h  . h ^ n n . - r c  ; r , . r r  o f f  b u r  b o t h  d i u d e s . D i  a n C  D l  c c n d u c t .  - ' \ r ' e t ' a l t c  o u i i : u t  1 6 ' l l 3 i !  i  l S
- ' J t r r  l r r r / l ' } , q  .  T  - - . -  ^ l - - . . , . . -  . i  ' -  t r ] ,'  J l r r  I  

r  ^ l - - . , . , ^  . ^  [ - ; , .' r  i ^  T t o r e  " . l : a n  t i l c l r  * ' u r n " c ' 1 1  1 - l l l ' c  l  '  ' - '  i :  S i l - \ "  I l  I I l  i  r :
, ' , h g n  c h o p p e r s  t r t r t r - o n  t t m e  /  e 4  i s  r t r u r E  L r r G i r _ ' ^ . " _  

-  - ,  r  1 ,  r . i - r - . ^  - r : _ ^ . , + : . . .

" .  

" - " : : : : , 1 : " t . ' , ; + . - . -  
\ /  i "  n o c ' e f i ' , ' e  . ' r ' i ' i e n  t h e r r  T - '  < 7 , ' ; '  F ' i 3  ; 9  ( d '  T h e  c l i r e c t i c n

. r , \ e l a g g C t . l l i t J i \ ! I t i 1 3 L i r 0 r . - \ r ' L i ( ' ! r '  . ' : . .  r , _ .  ,  . . t .^  \ \  u : . r < v  v ! ^ w t - \ . '  u  -  1' -  
, , , - - ^  L . . . - . , , , c o  ^ ' . i  . l i c ; d e s  c a n  c o r t d u c t  c l t r l e n t  o l - t . l ' l

c u r r e n t  i s  a l ' . i ' a ] ' s  p o s i t i v e  b e c a u s e  c l l 0 p p e r s  a ' r r u  u i
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Choppers

direction of arrows shorvn in Fig' 7 '9 (a) '

operation of this type of chopper is sho*n

in  F ig .  7 .9  (b ) .

As Vo is reversible,

by the hatched area

power f low is  revers jb le  Th:

in f irst and fourth quadrar' :s

nr l
l =

\

t(b )

\rg.'i S \o) an\ \\)\r s-qua\rtrr\\59e\ 1\.sl\qr' 
-'t' . = 

--
"  (c) Vo is posi t ive, 1 'on>Toffand (d) Vs is re=' .  '

7 . 4 . 5 . F o u r - q u a d r a n t C h o p p e r , o r T l p e - E C h o p p e r

T h e p c l w e r c i r c . r i t d i a g r a m f o r a f o u r - q i r a d r a n t c h o p p e r i s s h o ' ' ' : . . ' . .
of faur _remtconductor sr,ilches cHl to CH4 and four diodes Dl to D4 :: -'

tf lkr rhoilter ut lhe 'tcur quadrenls n esp/atned as under 
"

l)2;/ qzar/r,zz/ .'y'hr 2sl-4tzz/z:zzl ap-e'zzharz a/2;: Z/2 /'/ (V-i 
"-' 

''.''

;.q:/ z-412,22r'121/,:;'422.'.2-".'y' //;/'l /71t/ /19'r'r24 '/a'z'1r'z//'z;re ;2 : {- ""'-. 
t= 

:
,/.2za/rz.z.azz7' y'1,;Zh,- :ZZz- -.4?,2'/Z:./:7 ,2,2y'2 .Z'Z7zz-fz:;'fZ"r:Zl;t7': -a' 7. '- ) "'- : 

- ''-' -'- ::

ffrten (H/ r turzed c,t'po.t-/l/re currenl.teer.iee/s fuIrou;zl 07/, D': ''': ':":"-: ':"':':':=': -

Vo, /o canbe controlled in the first quadrant'

s""o,'a quadran t '. Ilere CH2 is operated' *{ 9Hl,-,t-tl,u19,tJ;-11:":;-:."t;..'--.'
.";:::ll:::t::"-"-"t";\ ;;; iio** tt"o'*n "-t?^*?;"i..::3-? ,:",1t';Tl'.1 :: .."- -^A ^f f  nrrr ren\  rs ie,d.  bac\  \ - : .  : - - " - :  -, ! 1 ' z  on ,  I e \ g ISc  \ uL  \ \EBd ' t \ \ e r  vq ! ' " ^ : : : "  

^ r f  o  . _ - * . . -  s  ! e i \  bac \  i : .  : - -

energy during thr.e tine Cl12 rs on'\Yh.en 
"O3rf 

tr'rured' off' curren\- t' 
,r^-^ \; 5:: n e l g y  l l u l  I I I B  L r r s  r r r r \ !  z  r _ . \

th rough d iodes  D1.  D+.  \o te  tha t  Lu . "  
I  
E  +L f f i l *  more  than thc '  :ource  vo l ias€  !  s  ' - ' ' -  '  i

.  \  . ,  ' : - ^ ) ^ ^ ^ ^ r  a r r  o . t r q n f  o n e r a t i o n  o f  c h o p p e r  ^ : ^ - '

;a t i r ' ! ,  i t  iJ rd.o, 'd  quadrant  opcrat icn c i  choppe:  - r - ' '

po\\ ' Ier is fed back from Ioad to source'

;il ff ; ;J:; : F or third- qy ^1: *t" :ry:"|:'i : : " : i : ::i ": 31 t : ?t: : T"? ;^;.*"rl:J1.t"3i1il';r',",:,'f;:T:i#fi;1il-;;r.,i:H:'i".,T1,:'::1,:':"_H,1,X",::',...r -  r  r ^  ^ ^ r r r ^6  \ , /  cn  f ha t  ho th  u^ .  l e  & r9  neEa t i ve  l eac : : - '
::1*: T.if5,ij:":i::T;:,, .J:'J# ;; ';;{ .o tr,ut both u6, r , &re negatir e }eac:: ;

t  f - o o . r ' h o , t l  :  t r , r f . t :  ; : .

;Til:a* * ;:,.,,, ;; ;;;: w*; in' i,'"3ji :t t-^*:^.:::.^1', 
rr e e,vh e el s th r o u i :

8uiil il*-i" ,fir;il";, ;; ;t;; can be controlled in the third quadrant

Fourth quadran t'. Here cHa \'!'\'::!T*y'J.t':T;^:':"::i:::,::i; ;:.-
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Choppers

direction of arrorvs shorvn in Fig. 7.9 (o)'

operation of this type of chopper is shou'n
j . r F i g  7 9 ( b )

As

by

Vo is reversible,

the hatched area

power f low is  revers ib le  ; ' :

in  f i rs t  and four t l r  Qua: : : " '

D2

-l-

r o

_l
I

i )''irn,
i lr i

l o

( b )

( c )

Fig. ?.9 (o) and (b) TVo-quadranl type-B chopper '  or t lpe-D chopper

t . l  Vo i tpo. iLiu",  Ton>Toffand (d) Vs is negat ive'  ?o,. '  <Toi

7.4.5. Four-quad-rant Chopper,  or Tlpe-E Chopper

T h e p o r v e r c i r c . r i t d i a g r a m f o r a f o u r - q u a d r a n t c h o p p e r i s s h o r v n i n F i g  
7 1 0 r c  I ' - : ' : ' : - s :

^  ^  - ^  i l  - l  \ r . ' -  - j : -

.rr.:::5;:";"d:;;;;.,;:;.;;^cnt^r. cH4 and ro* i ioa"s D1 to D4 in antiparallel \ ' ' ' : :^': ' :

of this chopper in the four quadrants is explained as under :

F i rs t  quadrant :  For  f i rs t -quadrant  operat ion of  F ig '  7 '10 (o) ,  cH4 is  kept  on '  CH3

kept off and, CHl is operated. With CH1, iH4 o.t,  load voltageuo=%,(totl t" t : l ' : : ]--:".

load current ls begin. lo f lo*. Here both uo and lo are posit ive grving f irst quadrant opera::::

when cH1 is  turned of f ,  pos i t ive current f reervheels  through cH4'  D2'Tn th js  ntanner  : l : :

Vg,Is can be control led in the f irst quadrant'

second quadrant: Here cH2 is operated' and cHl, CH3 and cH4 are kept off \ ' ' - ' : : .

CH2 on, reverse (or negative) current f lows through L, CH2, D4 and E'. Inductance L st:: :s

energ'y during the t ime cH2 is on. whu.t cH2is turned off,  current is fed back to scrj: : :

t h rough  d iodes  D1 ,  D4 .  No te  tha t t - t . . "  f f  
. t # l i t , t t o . "  t han  the  sou rce  vo l tage  V l  As  l : ' -

voltage Vo i,  posit ive and .Io is negati le, i t  is sttot 'd quadrant operation of chopper' Als -

po\ryer is fed back from load to source'

T h i r d q u a d . r a n t : F o r t h i r d - q u a d r a n t o p e r a t i o n o f F i g . T . l 0 ( a ) , C H 1 i s k e p t o f f , C I ] 2 . .
kept on and C/13 is operated. Polarity-of ioad u*lP must be reversed for this quadrai:

working. With CH3 on, load gets .or.rru.t"a to source V, so that both us' lo are negative ieadir: '

to third quadrant operation. when cH3 is turned' off, negative culrent freewheels throug''

cH2, D4. In this manner, u0 and lo can be control led in the third quadrant'

Fourth quadran t : Here cH4 is :I'^::::Tu"::n?',X";:';:T"I::r:"'""i::i: ;I.:.

vo
- Y O
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CH2 operate0

CH2- D.1 :  L ,  s tores
CH 1 operaleo

C H l - C H 4  :  o n

C H l  : o t l : t h e n1.I
I D-?

i
4

i
T D 4

l

CH3-CH2  :  on

C H 3 : o f l ; i h e n
conduc t

^ ! ?  ^ ^ ^ . - . ^ J
u r , u  v P g r d t t r u

cH2-o4 I
I

-vo i
( b )

e n e r g y
C H 2 : c f i ; i h e n

c o n 0  u c l
- t

CH4-D2
conduct

I o

CH4-D2 :  L "  s l o res  ene rgy

CH4 :  of f  :  rhen D2,  D3
conduct

CH4  ope ra ted

'l
Y m

r a  r  -  
o- L

1= -
2

I

I
t
I
t
;

T
;

T
r
I
l -

F
-

\u /  
F ig .  ? .10.  Four-qudrant '  3r  

T lne-B chopper

(a)  c i rcu i t  d iagram a ' ' 'a  ia)  opera i ion of  conducl ing c lev ices '

, luadrant. with cH4 on, posit i \re current f lorvs through clL4'D2' L and E' Inductarce L stores

.nergr- during the t ime CH4 is on' i i i ; ; ;  CH*-l: , : :rned off '  current is fed back to source

:hrough d iodes D2,  D3.  Here load vo l tage is  negat ive '  but  load current  is  pos i t ive leading to

:he chopp". opur^i ioo i . ,  the fourth 0""?r"",.  Alro power is fecl back fron load to source'

T h e d e v i c e s c o n d u c t i n g i r r t h e f o u r q u a d . r a n t s a r e i n d i c a t e d i n F i g . T ' 1 0 ( b ) .

Example 7.4, Shout t l tat for a bisic dc to dc con,erter'  th"e cri t !caL indtLctonce of the i iLter

: ; r c t t i t  i s  g iuen  bY
V 2 - , ( \ t . - \ i , , t

L =i,Jt:4-

' - ; h e r e \ ' - o , V ' P s o n d ' f a r e l o a d r - ' o l t a g e ' s o u r c e t ' o l t o g e ' I o a d ' p o u e r a r t d c h o p p i t t g f r e q u e n c t

- : s : a c ; ; i r e i l ' .  
.  : -  r .  i ^ -  . . . h i e h  1 [ p  6 1 1 l n r r f

Solut ion.  The cr i t ica l  indt rc ta nce L is  that  va lue of  inductance for  u .h ich the outp,"

:-: :eni fal ls to zero atf = ? durinr^;;;  t t t 'n-off period of the chcpper' ' \  typical rva'eform of

: - i p u r c u r r e n t , r v i t h c r i t i c a i i n d u c t a " t " i " i l t t l o a d c i r c u i t ' i s s h o r " ' n i n l - i g  
7 ' 1 1  ( b ) ' I f  c u r r e n t

- . -ar !ar icn,  f rom zero Lo In . , ,our ing i ,  ^" i  * ; f f  Io ' to  zero dur ing 7 'o . ' ' ' \s  asst tmed l inear '  then

:;€iage value of output current ' fo is giverr by

r 6
I I T

' n \ i  '  
a n

I  I I
L n L t l ' o n

= 2 l r := t r t&Xl i l l r lm \ ra lue of  choppel  currenf  at

: hcoper  CH l s  on ,

T - - - - - l

l . A . i

t  =  T o n . I t  i s  s e c r i  f r o m  F i g  
' 7  i i  ( o  )  t h a t

1 ,  q 1

2 1 n r  
L  o i i

, n - ' r - l r  T
=  t  o , r i  l , -  j . n i t  

-

) "

&  - . r . .

Vs

F : e .  ?  1 1  P e : - :
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o r

,-l ;
V o + L - ; - : = V ^- d t

, T
f  "  - r /
" T - - y s *'  o n

T
u r  Y O - f  l t ; i - = V ,

r n n

,  _ ( V , - V i T o n" - *-- 
2i;-

of  ou tpu t  vo l tage Vo=f  TonV,  and ou tpu t ,  o r  load ,  po , , , , .? :  - :  _ : - .

,-rt \'; Pn
t o " = F . V ,  a n d  1 o = U i

values of Ton and 10 in Eq (l),  rve get

,  (V , -VdV3
. l J = -

2 f v , P o
7.5. STEA,DY STATE TIME-DOMAIN ANALYSIS OF TYPE-A CHOPPERFor  the  t ype -A  chopper  o f  F ig '  7 .6  (a )w i thRLE load ,  t he  r vave fo rms  fb r  Ea : . . s . . - : - -load current  io  and ioad vo j taSe ro are as shorvn in  F ig.  7 . I2  (a)  for  cont inuous _: : . r_ : :_-a n . l  ; ^  t r - i -  r y  1  nd. , ,u ,  r r r  r rg .  t . Iz  (b)  for  d iscont inuous conduct ion.  In  F ig.  7 . I2  (b) ,  per ioc i rc  t in : :  l_  : j  =_t h a n t h a t i n F i g '  7 ' r 2 ( a ) ' T h e d e t e r m i n a t i o n o f l o a d c u r r e n t e x p r e s s i o n i s u s e f u l  

i - : . . : . - ; - =
1 : ) l f . , cu r ren tp ro - f i l eove rpe r iod i c t ime  T , ( i i ) t hecu r ren t r i pp leand( i i i )  r vhe the : r i , : __ - - r zts continuous or discontinuous. The object of this art icle is io studf irr" ' , ,rp" a c:_::-, .  a-*rRLE load for current variat ion over ?, current . i fpiu and also for the Fourrer :r: . . . .= :o u t p u t  v o l t a g e .  

-  - r r - ' "  q r r q  q r J U  l v 1  L j r e

^---F:. RLE type load, E is the road vortage which may be a dc motor. or aCFi l  is  on in  F ig '  ? '6  (o) ,  the equiva lent  c i rJu i t  is  as shorvn in  F ig.  7 . r2 (c) .  rcoperation, the differential 
"q,rui ion 

governing its performance is
d r

I l  -  D  - '  ,  r  - r  ny s  . . - _ r L  L - r L = + . ( ,
a t

o < t < T- - - - ^ o n '

when cH1 is off,  the load current continues f lowing through the freew,heeiing ,:,the equiva lent  c i rcu i t  is  as shorvn in  F ig.  7 . IZ (d) .  For  th is  c i rcu i r ,  the d i f ferenrra l  :

d r

0 - R i - r l " ' - h '
1 ,  I  u

a t

But  average va lue
This gives

Subst i tu t ing these

for

for
Q n l , , + i ^ ' ^  ^ c  nv w r u L t u l l  g l  I | o s

q e p n  f r n -  L a i -  n  : "o c s r r  r r  u r n  r ,  t g .  r  . 1 2
The re fo re ,  Lap lace

T o n K t < T .

' (7.6) and (7.7) m.ay b9 obtained by the use of Laprace tran,. ir_,r:_-. -:  +( o ) t h a t i n i t i a ] v a l u e o f c u r r e n t i s i - n f o r E q . r z ' o l ^ a n a I , " , f o r . -

t ransform of  Eqs.  (2 .6)  and (Z.T)  is

fi1(s) + I[s1(s) - I^n)= 5j

f i1(s)+I [s1(s) -1- , ]  - f

1 ' - - '  -

l r  n
' s

s(E + I")

a n d

From Eq  (Z .g ) ,
"I(s) =
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Inuerters
-:

A  c lev ice  tha t  con 'e r ts  dc  po \ \ .e r  in to  ac  po ' , ' , ' e r  a t  c les i red  ou tpr - r t 'o i tage and i reqr tenc-v

i s  c a l l e d  a n  i n v e r t e r .  S o m e  i n d u s t r r a l  a p p i i c a i i o n s  o i  i n ' e  r r e r s  a r e  f o r  a d j u s t a b i e - s p e c d  a c -

c l r i ves ,  induc t ion  hea i i . rg ,  s - rand b . i  a i r -c ra11 po , , . , ,e r  s , , rpp l res ,  L lps  (u r in te r r r - rp t i l - ' 1e  por r ' ' . r=

s u p p l i e s )  f o r  c o m p u t e r s .  h r , d c -  t r a n s n - i i s s i c n  l l r : e s  e t c P h a s e - c o n t r o l i e d  c o n V e r t e r s '  r : ! ] l e n

o p e r a t e d  i n  t h e  i n ' e r t e r . r o d e .  a r e  c a r i e , r  r i i i . - c o n r m u t a t e d  i n v e r t e r s ,  c h a p t e r  6  B ' ' r t -

i i n e - c o m m u t a t e d  i n r . e r t e r s  r e o u l r e  a r  t h e  o u t p u i  t e r n i n a i s  a n  e x i s t i n g  a c  s u p p l ' * ' h i c h  i €

u s e d  f o r  t h e i r  c o m m u t a t i ' . .  T h i s  m e a n s  t h a t  r i n e - c o r r m u t a t e d  i n ' e r t e r s  c a n ' t  f u r c t t o n  a s

i s o r a t e d  a c  v o r t a g e  s o u r c e s  o r  a s  r - a r i a b l e  f r e q u e n c \ . g e n e r a t o r s  r v i t h  d c  p o w e r  a t  t h e  i r - r p u t -

There fore ,  r ,o l tage 1eve l ,  f iequenc; , '  and  t ' ' aue f? t? 'on  the  ac  s ic le  o f  l ine-con" i i r lu ia ie€

i n v e r t e r s  c a n n o t  b e  c h a . r g e d  C n  t h t  o t h t t  h a n d '  f o r c e  c o m m u t a t e d  i n ' e r t e r s  p r o " ' i i e : r r -

lndependent  ac  ou tpu t  r ,o ] tage , : i  ad) . i s iab ]e . , .c1 tage and ad jus tab le  f requency  and i - ra ' ' ' L

t h e r e f o r e  m u c h  u ' i c l e r  a p p l i t u r i t " t  I n  t h i s  c h a p i c r '  f o r c e - c o r n l n r - r t a t e d  a n d  l o i r t E

c o m m u t a t e d  i n v e r t e r s  a r e  d e s c r : b e o '

The dc  power  input  to  rhe  in . , .e r re i  i s  ob ta ined f rom an ex is t ing  power  supp l l '11s ;1v6rk  oE

f rom a  ro ta t ing  u i l J r r - , " ro .  in rcugh a  rec t i f ie r  o r  a  ba t ie r l "  fue i  ce i l ,  pho to 'o l ta lc  a r ra 'c '=

magaeto h1,drocl1.nanric ( \ IFID' '  g.nelatol '  The conf igurat ion of ac to dc cOnr'erter and cc tc

ac inverter is calrecl  a dc-r i rk coi1,.er: ier.  The rect i f icat ion is carr ied out by standa.d dio' ' reg

o r t h l ' r i s t o r c o n v e r t e r c i r c u i t s i l s c u s s e d i n C h a p t e r 6 . T h e i n v e r s i o n i s p e r f o r m e d b r ' i h i -
=methods  d iscussed in  th is  chaprer  

r ,  ,  -  ,  .  p . .  =

Inver te rs  can be  broad ly  c iass t t teo  in "o  t r i ' o  t lpes ;vo l tage source  tnver te rs  an f l  cu l i ' - " -

source  inver te rs .  Avo l tage- fec j  in r .e r te l  i \T i ) ,  o r  vo l tage-source  inver te r  (vs I ) ,  i s  one in  i " 'h rcn-

the  dc  source  has  smai l  o r  neg5g ib ie  rmpedance.  In  o th" .  rvords ,  a ' ro l tage source  in i 'e r te r -

has  s t i f fdc  vor tage source  a t  i t s  inpu t  te rmina ls .  A  cur ren t - fed  inver te r  (cF I )  c l  cur ren t -sourcE

inverter (csi)  is fed with adjustable current from a dc source of high impedance' i  e from a

st i f f  dc current source. i r i  a csr fed rvi th st i r f  current source, output cr*rrent \va'es are not-

affected by the load. 
:

In  VSIs  us ing  th ln - is tOrs ,  some t lpe  o f  fo rcec i  con lmuta t ion  is  usua l ly  requ i reo  ln  ca 'se

v S i s  a r e  m a d e  u p  o f  u s i n g  G ' . f o s ,  p o " i ' e l  t r a n s i s t o r s ,  p o w e r  I \ { O S F E T S  c r  I G B T s =

se l f -comnut ta t ion  tv i th  base or  ga te  d r i t ' e  s igaa ls  i s  emplo1 'ed  io r  the i r  con t ro l led :u : r - :n  anr l

f r  r  r n  - n f f

The object  o f  th is  chapter  is  to  descr ibe the cperat ing pr inc ip les of  both s ing 'e- : : :ase an€

three-phase inver ters  and to  present  the i r  e lerneniar i 'u l . i1 ' . i . .  As before,  s" r i ic i : : - ' :  1= ' ' ' rces-

q r p  ? q q r r m o r l  f n  n n q q o . s ' i  d e a l  c h a r a c t e r i s t i c s '  =
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8.r. SINGLE-PIIASE VOLTAGE SOLIRCE IIMRTERS : OPERATING PRINCIPLE

In this section, operating principle of single-phase voltage source inverters is discussed.

8.1.1. Single-phase Bridge Inverters

Single-phase bridge inverters are of two types, namely ( l) single-phase half-bridge
inverters and (l l)  single-phase ful l-bridge inverters. Basic principles of operation of these two
types are presented here.

Porver circuit diagrams of the two configurations of single-phase bridge inverter, as stated
above, are shorvi"r in Fig. 8. i  (a) for half-bridge inverter and in Fig. 8.2 (a) for ful l-bridge
inverter. In these diagrams, the circuitry for turning-on or turning-off of the thl.r istors is not
shorvn for simplicity. The gating signals for the thyristors and the result ing output voltage
rvaveforms are shorvn in Figs 8.1 (b) and 8.2 (b) for half-bridge and ful i-bridge inverters
respectivei l ' .  These voltage rvaveforms are drawn on the assumption that each th-yristor
conducts for  the durat ion i ts  gate pulse is  present  and is  commutated as soon as th is  pu lse
is  removed.  In  F igs.  8 .1 (b)  and 8.2 (b) ,  i r1- iga,  are gate s igr 'a ls  appi ied respect ive iy  to
thyristors T1-T4.

vo

VS

?

Vg
)

D I

n ?

vs
?

Ys
2

S i n q l c - n h a s e  h a l f

diodes and three-rv i re

la )  t b t
F ig.  8 .1.  S ingle-phase hal f -bndge inver ter .

br idge inver ter ,  as shown in  F ig.  8 .1 (o) ,  consis ts
supply .  I t  is  seen f rom Fig.  8 .1 (b)  that  for  0  < t  <

( q r .  r g l

of tu'o SCRs, two
T/2, thyristor T1

L N

---] t----l I- _t
3 , 1 9  4

I f--_-l [--_l -,

\ a )
F ig .  8 .2 .  S ing le -phase

(b )
full-bridge inverter

l e



In verters
[ A r t .  8 . 1 ]  3 1 1

8 2 ( b )

! 'or  fu l l -br idge inver ter ,  u 'hen T1- '

load ., 'oltage is - 1/. as shorvn in Fig E

conducts and the load is  subjected ro a Vol tage \ ' r /2  due to  the upper  vo l tage source \ ' . ' '2  At

t=T /2 ,  t hy - r i s to r  T1  i s  commuta ted  and  T2  i s  ga tec l  on '  Du r ing  the  pe r iod  T /2< t3T '

th l r is tor  T2 conducts and the load rs  subjected to  a ' " 'o l tage ( -v , /2)  due to  the lorver  I 'o l tage

source vr /2 . I t  is  seen f rom Fig.  g .1(b)  that  load vo l tage is  an a l ternat ing vo l tage $ 'aVefor t r t

o f  ampl i tu  de \ / , iZand of  f requencl '  I /T  LIz '  Frequencl '  o f  the inver ter  output  vo i tage can be

changed by control l ing ?'

The mai. drawback of haif-bridge inver'ter is that i t  requires 3-wire dc suppiy TLus

d.if f iculty can, however, be ot,. . .o-. b'1lth. t t t" of a ful l-bridge inverter shorvn in Fig 8 2 (o)

It consists of four scRs and four diodes In t lus in'erter, n..r ' 'b"t of th1'r istors and diodes rs

trvice of that in a half bridge inverter. Ti- i-rs, horvever, does not go against ful l  inverter because

the ampl i tude of  output  vo l tage as r " 'e l l  as r ts  output  power is  doubled in  th is  lnver te l  as

comparec l  to  the i r . ro l r_r" .  in  the hat f -br icge in 'er ter .  T l ' r - , .  is  e ' rdent  f ronr  F igs '  81(o)  and

T2 ccnduct .  l ca i  vo l tage is  1 ' ' ,  and  r " 'hen  T3 '  T4  cor lduc t

.2  (  b  t . l ' re , luencv  o1  su t -pu t  vo l tage can be  cor - r t ro l led  br

varyrng thc per iod ic  t i rne T '  
r  ̂ _ - .  in  cor ipq 2. r .  F ie  g.2 @) thyr is tors

In  F ig .8 '1 (o ) ,  t h l ' r i s to rs  T1 ,  T2  a re  i n  se r ies  ac ross  the  sou rce  ; t n

T1,  T4 or  T3,  T2 arealso in  ser ies across the source Dur ing inver ter  ooeiat ion '  i t  should be

ensured.  that  tu ,o SCRs in  the." t , - t .  I tu , 'ch,  such as-T1 '  1 i  in  F ig S ' r  (o) '  do not  conduct

simultaneousll ,  u, l1' i .  rvould lead to a dr-rect short circuit of the source'

Fo r  a  res i s t i ve  l oad ,  t r vo  SCRs  in  F ig  81 (c l  l i  
f cu r  scRs  in  F ig '  8 ' 2@)  r vou ld  su f f i ce '

because load current lo and r"ua ,oitug. '  ,  o ,to.,rd arrvay's be in phase with each other' This'

horvever ,  is  not  the case rvhen the road rs  other  than res is t ive.  For  such types of  loads,  current

lo wil l  not be in phase rvith voltag. J, and diodes connected in antiparal lel with thyrtstors

w*l arlorv the current to f lorv rvhen the main thyristors are turned off.  These diodes are called

feedback diodes.

8.1.2.  Steady-state Anal l 's is  o f  S ingle-phase Inver ter

F i g s . 8 . 1 ( b ) a n d 8 . 2 f t ) r e r ' e a l . t h a l i : l a d r ' o l t a g e r ' ' ' a v e f o r m d o e s n o t d e p e n d o n t h e n a t u r e
of  load.  The Ioad vo l tage is  grven bv-

f o r h a l f - b r i d g e i n v e r t e r ,  t ' o = , l ' 0  < t < < T / 2

\ '' s
= - -

2
v 0 - ' s  '

\ /-  -  7 s

. . . . 7 / 2 < t < T

. . . 0  <  t  < T / 2

. . . . . 7 / 2  <  t  < T

The load current is, however, dependelt Yp9^ 
the nature of load' Let the load' in generai '

consist of RLC in series. The circuit 'moder of singre-phase half-bridge or ful l-bridge rnverter

is as shown in Fig. g.3 (o). In this circuit,  load iurrent would f inaiy sett ie dowrr to steadl '

state condit ions and would 
"uty 

pt ' ioait^ify as shown in Figs' 8'3 (c) to (D' I t  is seen from

these waveforms that

and for full-bridge inverter,

r  ^ ,  |  --  -  l A  a v  t  -

r  a f  r r  -
= 1 0  d r ,  -

^  tT  o tT  Qr f
V ,  l ,  / ' r  r  u i  1 . . ' . '

' 1 1  t o  Q ' l  / q  4 T  / ,
I  /  L ,  O f  /  p ,  v t  '  ' ,  " " ' '

t ^

i aand
: -  - ^ r^1  ^ r  F i -  e  2  (n )  fn r  ha l f -b r idee inver te r  and io r
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8.T. STIYGLE.PIIASE VOLTAGE SOI.IRCE INVERTERS : OPERATING PRINCIPLE
in this section' operating principle of single-phase voltage source inverters is discussed.
8. i .1 .  S ingle-phase Br idge Inver ters
Single-phase bridge inverters are of two t1pes, namely ( l) single-phase haif-bridgern'erters and (l l)  singie-phase ful l-bridge inverters. Basic principles of operation of these twot1-oes are presented here.
Porver circuit diagrams of the two configurations of singie-phase bridge inverter, as statedabove, are shorvn in Fig. 8'1 (a) for half-bridge inverter u.rd i .r Fig. g.2 (o) for ful l-bridge

inverter'  In these diagrams, the circuitry for tuining-on or turning-offof the thy.r istors is notshown for simplicity. The gating signals for the thyristors and the result ing output voltagervaveforms are shown in Figs. 9.1 (b) and g.2 (b) for half_bridge and ful l_Lridge inverters
respectively' These voltage waveforms are drawn on the assulnption that ealh thyristor
conducts for the duration i ts gate pulse is present and is commutated as soon as this pulse
is  removed'  In  F igs.  8 .1 (b)  and g.2 (b) ,  i r1- is t  are gate s igr ra ls  appl ied respect ive iy '  to
thyristors T1-T4.

_5
z

Vs
z

V^
n t  v

vs-=
I

DZ Vg- z

Single-phase hal f
d iodes and threc-u ' i re

( a )  ( b )
F ig .  S .1 .  S ing le -phase ha l f -b r idge inver te r .

b r idge inver te r ,  as  shown in  F ig .  8 .1  (a ) ,  cons is ts
supp ly .  i t  i s  seen f rom F ig .  8 .1  (6 )  tha t  fo r  0  <  t  <

o f  tu 'o  SCRs,  t i vo
Tt2 .  thw is to r  T1

t 9 t , 1 9 2

1

D2

(a )

Fig .  8 .2 .  S ing le -phase
(b)

ful l -br idge inverter.

t g 3 , t g 4

1 _

T1

l 1 {

I
,
t ni  ot  

*  uo - t 'J
L
I
B

z Z
j  t  I  . i -r o  r o

i D 4  T 2 J
4



3t2 [Ar t .  8 .1] Pou 'er  E lec t ron  ics
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F ig .  8 .3 .  Load  vo i t age  and  cu r ren t  \ vave fo rms  fo r  r r i ng l s - t i r ase  b r i c l g , :  i nve r te r

V "  d i "  I  I-2 ,  = .R io+  L  
e i , . * - i , ,  ) r , rd t  + \ r , , . ( . 9  1 )

For  fu l l -br idge inver ter .  rep lace \ / " i2bv \ / ,  in  Eq.  (8 .1) ,  In  th is  equat ion,  \ /^ ,  i - "  the jn i t ia l
vo l tage across capaci tor  a t  /  =  0.

For  T/2<t  <-7,  or  0  < t '<7. /2 ,  the vo l tage equat ion for 'ha l f -br idge inver ter  is

- * = . R l n +  L + . * f  i d t ' + v - ,  ( E 2 ,' l  "  d t  L J  '

and for a ful l-bridge invert€r, replace ( -V,i2) by (- V'.) in Eq. (8.21. ir-r this equation, I, ' . ,  is
the init ial voltage across capacitor dt = 0

r T 1 , T 2  r r  T 3 T 4



I n  ve r te  r s
I A r t , 8 , 1 ] - 1 1 . ' 1

D i f f e r e n t r a t i , r n  r f  E q s  r ' S  1 r  a n d  ( g . 2 )  g i v e s

, 2
ct Ia
-.,_ _t

dt '
, 2

*  ' i )

, ' 9
c l t '

7

I\
;
r)

d i n  1
) +  

' r r - u a - w
q a  a : L .

d in 'l
-  t l

) ] ,  ' f  r - " 0 - w
U  L  L t t

a n d

The  so lu t i on  o f  t l ' r ese  second  o rde r  d i f f e ren t i a l  equa t i ons  can  bc  ob ta incd  b l . us ing  i . i t r i i lcondi t tc ins as speci f ied abot 'e .  Conrponents const i tu t ing the ioac l  c lec ic le  t } - ie  naturc o i  lo i r r lc Llrrrrnt r. ,  ai.eform s.

Fr l r  a  fu l l  inVer ter ,  the rectangular  output  vo l tage rvavefor ln  is  ,shor , , ,n  in  f ' rs  g  3 ro , .  F, : ,1 .
thrs  inVer ter ,  r 'ar to t ls  current  r r 'aveforms for  d i f ferent  load charactcr i . t i . .  o . "  i .J r r ]n  in  t , ' ig
E.3 rc) to  iR.  The nature of  t i rese current  rvaveforms is  br ie f l , r ,d iscussed in  u,hat  fo l lor i .s

R load.  For  a res is t ive load ,R,  load current  rvavcform lo  is  ident ica l  * , i th  load vo l tage' . ' ' . a ' e fo rm uo  and  d iodes  D1-D4  do  no t  come in to  conduc t i on ,  F ig .8 .3  ( c )

RL and RLC overdamped loac ls .  The load current  rvar . 'e forn ' is  for  RL and RLC
overdamped loads are.shor i 'n  in  F igs.  8 .3 (d)  anc i  (e)  respect i r .e l1 , .  Before /  =  0,  thp is tors  T3,
T '1 are conduct ing and load current  lo  is  f lowing f rom B to A,  i .e .  in  the reversed c i i rect ron,

.F ig"  8 .2 (o) .  This  currcnt  is  shor , , 'n  as -10 at t  =  0 in  F igs.  E.3 (d)  anc l  (e) .  Af ter  T3,  T4 are
turned of f  a t  /  =  0,  current  z .1 cannot  change i ts  d i rect ion inrnrcc i ra te l l ,  because of  the nature
of  load As a resul t ,  d iodes D1,  D2 star t  conduct ing af ter  /  =  0 and a l low,ro to  f low against  the
suppiv  vo l tage y,  A.  soorr  as D1,  D2 begn to conduct ,  load is  subjected to  V,  as shorvn.  Thopgh
T1 ,  T2  a re  ga ted  a t  /  =  0 .  t hcse  SCRs  rv i i l  no t  t u rn  on  as  these  a re  reve rse  b iased  bv  vo l tase
drops across d iodes D1 and D2 \ \ 'hen load current  through D1,  D2 fa lLs i "  ; ; ; ; ,  i i  , " j ' fz
become forN'ard brased b-r 'source vo l tage V '  T1 and T2 therefore get  turned on as these arc
gated for  a  penod T/2 sec.  Norv load current  io  f lows in  the posi t ive d i rect ion f rom A to B .
At  /  =  T i2;  T1,  T2 are turned of f  b-v  forced commutat ion and as ioad current  cannot  reversc
inrmediate i l - ,  d iodes D3.  D '1 conre in to conduct ion to  a l low the f lou,  o f  currcr - r t  to  af ter  7 ,2

Th- " r i s to rs  T3 ,  T4 ,  t hough  ga tec i ,  i i ' r l l no t  t u rn  on  as  these  a re  reve rse  b iascd  b r . t he  vc l t aEe
drop  i n  d iodes  D3 ,  D4 .  \ \ hen  cu r ren t  i n  d iodes  D3 ,  D4  d rops  to  ze ro ;T3 ,  T ,1  a re  ru rneC cn
as these are a l readl '  gated.  The conduct icn of  var ious components of  the fu j l -br idse in , , .er i . . r
i s  shoun  in  F igs .  8 .3  (d )  and  (e ) .

RLC underdamped load.  The load current  lo  for  RLC underdamped load is  shc i , , .1  i r^ .
F ig '  8 '3  ( , f l .  Af ter  t  =  0 ;  T1,  T2 are conduct ing the load current ,  As io  through T1,  T2 reduces
to zero at  / r ,  these SCRs are turned of f  before T3,  T4 are gated.  As T1,  T2 s top conciuct r ; r : .
current  through the load reverses and is  norv carr ied by d iodes D1,  D2 as T3,  T+ are nc i . ! - . :ga ted '  The  d iodes  D1 ,  D2  a re  connec ted  i n  an t i pa ra l l e i t o  T l ,T2 ; the  vo l tage  d rop  i n  thas :
d iodes appears as a reverse b ias across TI ,  T2. I f  durat ion of  th is  reverse b ias is  mor€ i r3n
t h e  S C R  t u r n - o f f  t i m e  / n ,  i . e . I f  ( T / 2 - t r ) > t q ;  T 1 ,  T 2  r v i l l  g e t  c o m m u t a t e d  n a t u r a l l y  a r , c i
therefore no con-)mlr ta t ion c i rnr r i f ry  wi l l  be needed.  This  method of  commutat ion.  kno, , , . .s  as
Ioad '  commtt ta t ion, ; .  j ; ; ;^ ; . ; ;^ i t r  

h igh f requency inver ters  .sed for  induct ion hea: : : . . -
In  s ing le-phase br idge inver ters  shown in  F igs.  8 . i  (o)  and 8.2 to : ,  th , r . r is i , - : rs  ar= = i : . . , , , ,n

as srv i tch ing devices.  Note that  bas ic  inver ter  operat ion is  not  deperdent  cn rhe, ' r r : i : , j la i
semiconductor  dev ice used.  I t  means that  i f  np i  t  un" is tors  (or  GTos.  IGBTs i i - ,  , : , i : .  jS ic
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Fig. 8.4' Single-phase (o) haif-bridge and (6) ful l-bridge inverters using transistors.

obtained. The operating principle of an inverter using transistors, Fig. 8.4, can be described
merely replacing T (for thyr-istor) by TR (for transistor) in Figs. g.1 (b), g.2 (b) and g.3 (c to fl.

Example.8.L. (a) A single-phase fult bridge inuerter is connected. to an RL load.. For a d.c
source uoltage of V, and output frequency f = 1lT, obtain expressions for load. current os a
fitnction of time for the fi.rst two half clcles of tlte output uoltage.

(b) Deriue also the expressions for steady-state current for the first two half cycles.
f t )  For  R=20{)  and L=o.rH,  obta in current  express ions for  par ts  (o)  and.  (b)  in  case

source uoLtage is 240 v dc and frequency of output uoltage is s0 Hz.
Soiut ion '  (a)  For  the f i rs t  ha l f  cyc le,  F ig.  8 .3 (b) ,  i .e .  for  0  < t  <  T/2,  the vo i tage equat ion

for frl load is

d i "
V r = E r o t L , ,

" d t

I ts Laplace transform, with zero init iai condit ion-s, is
t /

;  = R /(s) + Ls 1(s) = 1(s) [R + Ls]
D

I ts t ime solution is,

D3

D 2

This is the expression of current as
instant of switching in rvith lo(r) = 0 at f

.  ( 8 . 3 )

. ( 8 . 4 )

t ime for the hrst half cycle from the

for

! 0 \ ! , ,  -

0 <

V (  n \
- - - l i t - o - T t l

n l ^ l
K \ I

r L  \  , /

t  <  T /2 .

a function of
- n

At f = T/2, current lo(/) of Eq. (8.4) becomes the irut ial value for second half cvcle.

V.(  R?\
i o (T /z )  =  

^R l l  
- e -  z t  

)  . . ( 8 .5 )

Fo r  second  ha l f  cyc le ,  t ime  l im i t i s  f rom T /2 to  ?o r  0  < t ' <T /2where t '= t -T /2 .The
voltage equation for RL load during second half cycle is

di"
% = f t i o + L 7 7  . . . ( 8 6 )

I ts  Laplace t ransform,  wi th  in i t ia l  current  ioe/z)  g iven by Eq.(g.5) ,  is
vI  = 1(s) [R + Ls] - io(T/z) L

a -
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or f ,  \  v ,  L . i o ( T / z )
r \ s / = - s ( n + Z s )  +  

R + I s

o r

for

Its t ime solution is

t  ̂ ( f

Eqs.  (8 .4)  and (8.7)  grve
cycles respectively.

0 < t ' < T / 2 .

the transient solution for load current for

(b )  Under  s teady -s ta te  cond i t i ons ,  a t  /=0 ,  l o (0 )  =_  Io ,  F ig .8 .3  (d ) .
Laplace t ransform of  Eq.  (8 .3) ,  is

io(t ') =- +(t 
- r- l ' ' ' )* ,o (rtq,-l '

= - *(' -,-l'). * (' -"- E1;i'

1/

; = f f t )  [ B + t s J  + L I o

I ts t ime solut ion is lolr ;  = *(t  -r-  f  
'1 

-  to 
"- 

f  '
'  n \  /

At /  = T/2, i0 G) = Io Fig. g.3 (d), therefore from Eq. (g.sl

t r  /  B l r
v - l  - -  \  R T

i o T / 2 ) - / o  = F [ t  - ,  *  
) -  

I o .  e -  z r

\ /
- ; = 1 ( s )  [ R  + L s ] - L I o

v  (  - * ' ' \  - ! ,
r 1 ( f ) = -  ̂  l 1 - e  "  l + I n e  L" rr \ / 

Rr

r /  r r /  R T r  R . ,
, r  =  _  ] '  *  ! : l  t  _  o -  zL  l " -  L ''  R  ^ R [ -  

-  
) "

. . . . 8  ?  I

f i rs t  and second hal f

Under  th rs  cond i t i on ,

( 8  8 )

( E  9 )

R T

v -  t  _ o - E
o r  / n = = l  

*  "  *- u  
R  _ : :

r + e  &

Subst i tu t ing th is  va lue of  /e  in  Eq.  (8 .8) ,  g ives

RT
V " ( ,  - f ' )  V , I - e - E  - ! ,

i o l t ; = # l  1 - .  '  
! i j } 7 6 r -  '  i S  1 0"  f i \  /  f i  

I + e - L

Eq' (8.10), gves the steady-state solution during the f irst half cycle, i .e. for A < t < T 2
For  second  ha l f  c1 ' c le ,  a t  t=T /2 ,  i oQ/2 )= -16 ,  F ig .  8 .3  (d )  Under  th i s  i n i t i a l  conC i t ron .

Laplace t ransform of  Eq.  (8 .6) ,  is

It-s 1i-" soiution is

v , ( -  - f , ' )  %  I - e - E  - l ' '
; l  1 - t '  j * ; . - w y e  . . ( 8 . 1 1 )
r r \  . /  r r  

I + e - z L

-  
Eq  (8 .11 )  g i ves  the  s tead l ' - s ta te  so lu t i on  du r ing  the  second  ha l f  cyc le ,  l . e .  f o r

0  < t ' < T / 2  w h e r e  t ' = t - T / 2 .

/ ^ \ Y '  R  1  i  R T
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are double of those in the haif-bridge inverter of Fig. 8.15. The rvorking of this inverter is
similar to that described for half-bridge inverter in the previous section. For example, for
mode I, thyrristors T1, T2 are conducting and load current f lows through V,TI, L1, load, L2,
T2. Voltage across CL, C2 is zero but C3, C4 are charged to voltage V,. For init iat ing
commutat ion of  TI ,T2; thyr is tors  T3,  T4 are t r iggered.  This  reverse b iases TI ,T2 byvol tage
- V., these thyristors are therefore turned off and so on.

8.4. THREE PIIASE BRIDGE IN\IERTERS
nf ' o r  p rov id ing  ad jus tab le - f requencv  po \ r ' e r  t o  i ndus t r i a l  app l i ca t i ons ,  t h ree -phase

inve r te rs  a re  more  common than  s ing le -phase  i nve r te rs .  Th ree -phase  i nve r te rs ,  l i ke
single-phase inverters, take their dc suppll '  from a battery or more usually from a recti f ier.

A basic  thrcc-phase jnver tcr  is  a  s i r -s tep br idge inver ter .  I t  uses a min inrum of  s ix
thyr is tors .  In  invcr ter  terminologr ' ,  a  s iep is  def ined as a charge in  the f i r ing f rom one
thyr isLor  to  the next  thyr is tor  in  proDer sequence.  For  one cyc le of  360 ' ,  cach stcp rvould be
of 60" interval for a six-step inverter. Thrs means that thy'r istors would be gated at regular
in terva ls  of  60 ' in  proper  sequence so that  a  3-phase ac vo l tage is  synthesized at  the output
terminals of a six-step inverter.

F ig.  8 .19 (o)  show's the porver  c i rcu i t  o f  a  three-phase br idge inver ter  us ing s ix  thyr is tors
and six diodes. As stated earl ier, the transistor famii l '  of devices is norv very widely used in
inver tcr  c i rcu i ts .  Present ly ' ,  the use of  IGBTs in  srngle-phase and three-phase inver ters  is  on
the r ise.  The basic  c i rcu i t  conf igurat ion of  inver ter ,  hor i 'ever .  remains unal tered as shor . r 'n  in
F ig .  6 .19  (b )  f o r  a  th ree -phase  b r i dge  i nve r te r  us ing  IGBTs  in  p lace  o f  t hy r i s to rs .  A  l a rge
capaci tor  connected at  the input  terminals  tends to  make the rnput  dc vo l tage constant .  This
capaci tor  a lso suppresses the harnronics fed back to  the source.

In  F ig .8 .19  ( c )  i nve r te r  us ing  s i x  t hps to rs .  commuta t i on  and  snubber  c i r cu i t s  a re
omi t ted  fo r  s in rp l i c i t l ' .  I t  ma1 'bc  seen  f rom F ig - . . 9 .1  and  8 .19  tha t  a  th ree -phase  b r i dge
inverter consists of three haif-bridge inverters arranged side by side. The three-phase load
is  assumed to be s tar  connected.  In  F ig.  8 .19 (o) ,  the thyr is tors  are numbered in  the sequence
i n w h i c h t h e y a r e t r i g g e r e d t o o b t a i n v o i t a s e s  L , " 5 , L , 6 6 , u , o a t t h e o u t p u t t e r m i n a l s a , b , c o f t h e
inverter.

There are two possibie patterns of gating the thyristors. In one pattern, each thyristor
conducts for 180" and in the other. each thpistor conducts for 120". But in both these patterns,

tr-L' s T C

T 1
L

D 1
i ;

6

D4l
:  l \I  l r

l o

L

I t i D

t
- rA

7_
T 6 D 6

\
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-  uob
\\\ b

' u b c *

- n h r < p r
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gating sigaals are applied and removed at 60o intervals of the output voltage rvaveform'

Therefore-, both thesl modes require a six step bridge inverter. These modes of thFistor

conduction are described in what fol lows :

8.4.1. Three-phase 180 Degree Mode VSI

Tn rhp rhrpc-nhase inver ter  o f  F ig.8.19,  each SCR conducts for  180 'of  a  cyc le.  Thl r is tor
r r r  u r r !  v r r r  e e  I

pai r  in  each arm,  l .e .  T1,  T4;T3,  T6 and T5,T2 are turned on wi th  a t ime in ten 'a l  o f  180 ' .

f- 
.180" ---*-'180" --l

T1 I 4 TI T4

T 6 I J T3 T 6

T5 T2 T 5 T 2 T 5

o' Lad iaoo 3ooo 3600 600 1200 ' l8o'  240" 300" 360"

t r  l r - l  v l u i r  I n  l m  l r  l v  l u  i , . .u  r *  |  ^  t  -  
i -  :  i  '  r  r  i i n ^ ^ : , , - +

ti,s't,z.s,ti:,a,sl a,s,ol s,o,t lo.r,z | 1.z3tt?.3.1,1 :.a.sl . t ,i}flru::'ff
l ' ' ' ' " 1 ' ' " ' " i - ' " " i "  i ' l  i  i  i ' t hv r i s to rs
l r i l i t l l l
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Fig. 8.20. Voltage waveforms for 180" mode 3-phase \ ISI '
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I t  means that  T1 conducts for  180 '  and T4 for  the next  18Oo of  a  cyc le.  Thyr is tors  in  the upper
group,  i .e .  TI ,  T3,  T5 conduct  a t  an in terva l  o f  120" .  I t  impl ies that  i f  T1 is  f i red at  cr l l  =  0 ' ,
then T3 must be f ired at cof = I20" and T5 at cr-t/  = 240". Same is true for iorver group of SCRs
On the basis  of  th is  f i r ing scheme,  a tab le is  prepared as shorvn at  the top of  F ig.  8 .20 I r r
this table, f irst row shorvs that T1 from upper group conducts for 180", T4 for the next
lS0 'and  then  aga in  T1  fo r  lE0 'and  so  on .  I n  t he  second  ro rv ,  T3  f rom the  upper  g roup  IS
shorvn to start conducting I20'after T1 starts conducting. After T3 conduction for 180'. T6

conducts for the next 180" and again T3 for the next 180" and so on. Further, tn the thir-d
roiv, T5 from the upper group srarts conducting 120" after T3 or 240" after T1. After T;r

conduct ion for  180" ,  T2 conducts for  the next  180 ' ,  T5 for  the next  180 'and so on.  In  th is
manner ,  the pat tern of  f i r ing the -= ix  SCRs is  ident i f ied.  This  tab le shows that  T5,  T6,  T i

s h o r - r i c l  b e  g a t e c l  f o r  s t e p  I ; T 6 ,  T 1 ,  T 2  f o r  - c t e p  I i ; T 1  , T 2 , T 3  f o r  s t e p  I I i ; T 2 ,  T 3 ,  T 4  f o r  s t e p
l V  a n d  s o  o n . ' I h u s  t h e  s e q u e n c e  o f  l l r i n e  t h e  t h y r i s t o r s  i s  T I , T 2 ,  T 3 ,  T 4 ,  T 5 ,  T 6 ; T 1 ,  T 2 . . .

I t  is  seen f rom the tab le that  in  ever . \ ' -s tep o i60 'durat ion,  o t r ly  three SCRs are conduct lng-one
fronr rrnner ! 'rol ln and t* 'o from the lor ' . 'cr grcup or tu'o from thc upper group and one frott l

the iow'er  group.

Thc c i rcu i t  model .s  for  srcp i - i \ -  arc  shc. , ' , 'n  in  F ig.8.21.  Dur ing s tep I ,  thyr is tors  5,6.  1

a re  conduc t i ng .  These  a re  sho* -n  as  c losec i  sw- i t ches  and  non -conduc t i ng  SCRs  2 ,3 ,4  as  open

s i i . i t chcs  i n  l r i g .  E .21  (o ) .  Thc  l oad  t c rn t i na l s  c  an .J  c  a rc  connec ted  to  the  pos i t i ve  bus  o f  dc

sorr rce w'heleas terminai  b  is  ccnnectec l  to  rhe negat ive bus of  dc source,  F ig.  8 .2I  (a)  The

loacl  vo l tage is  u . ,5  = L)c6 = 1, .  in  ntag; r r i rude The magni tude of  l ine to  neutra l  vo l tage can be

r ' l  t e r r i c d  a s  u n d c r

D u r i n g  s t e p  I .  0  (  t c / .  i ,  n i g .  S . 2 1  r : ' .  t h - , r i s t o r s  c c ' n l : c t i n g  5 ,  6 ,  1 .

9 \ /u ' s

o
J

to

trr,
3

an4

C  r  r r r e n t

The l ine to  neutra l  vo l tages are

During step II,

( l r r r r e n f

L / 9 \ ' ,
- s ! s

l -  = - -

n z S z
l t - f ;

z

. L

- a a  - c a  - L  
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,  Fig.  8.21 (b),  thyr istor conduct in g 6, 1,  2

o V. - s
- ' z  

3 2
2 v ,  z  %

U o O = t 2 " =  
B  

' L ' g b = U a  = L z t =  
g

T 7

The above l ine to  neutra l  vo l tages may be wr i t ten &s uo6 = u"0 =f  and ubo='

vo l tages are shown in  F ig.  8 .20 (o)  dur ing s tep I .  For  the ne*t  s te i  I I ,  the l ine
voltases are as under :

2n
, t a T

.  These

neutra l

TC
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These output  vo l tages are p lot ted in  F ig.  g .20 (a) . In  th is  manner ,  the var ia t ion of  phase. . ^ l + ^ - ^ ^  . .\ .Ol rages L ' "o,  L '5" ,  L 'co as obta ined in  F ig.  8 .21 up to  s tep IV and s imi lar iy  for  o ther  s teps,  ,sp lot ted in  F ig '  8 '20 (a)  i t  is  c lear  that for  each cyc le of  output  vo l tage of  each phase,  s ix  s tepsare requi red and each step has a durat ion of  60" .

S tep  I

Step I I

t6 )  60-120o ;  6 ,  I ,2  c losed.

Step III

(c )  120-180"  ;  1 ,  2 ,  3 "c losed.

Step fV

t d )  160 -2a0"  ;  2 ,8 ,  4  c iosed .
Fig.  E.21.  Equiva ienf  c i rcu i ts  for  a  3-phase s ix-s tep 1g0"  mode
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T h e  l i n e  v o l t a g e  L , o b =  L , u  r  L - ;  c r  i r :  =  I  , . -  L i ,  r s  o b t a i n e d  b y  r e v e r s i n g  u 6 o
Lo L too  as  shown in  F ig .  8 .20  (b ) .  S in i ia r l , r - .  i i ne  vo l tages  ub ,=ubo-  u .o  and 1 , . ,
p io t ted  in  F ig .  8 .20  (b ) .

The three rows in the top of Fig. E.20 also indicate the pattern of gating signal waveforms
At co/ = n, when 1"1 is removed. T1 is turned off and simultaneously l"n is applied to turn on
T 4  S i m i l n ' 1 "  q *  r s l  -  ' n  / a  " ' L ^ -  ;  -  i s  c u t  n f f .  T 6  i s  t u r n e d  o f f  a n d  a t  t h e  s A m e  i n s t a n t  rr  r '  v r r r r r r a r r J r  a L  u L  -  / 2 : r /  r .  \ \ l . t g t . l  a ; 5  . -  . r L  v - r !  ^ -  . o  c U f I l g U  O I I  a n 0  a I  t - ^ -  , * ^ . . ,  . ^ ^ - . * ^ . .  - n 3  1 S

applied to turn on T3. Same is true for other thy'r istors.

I t  is  seen f rom Fig.8.20 that  phase vo l tages ha, . 'e  s ix  s teps per  cyc le and l ine vo l tages
have  one  pos i t i ve  pu l se  and  one  nesa r i ve  pu l se  (each  o f  120 .  du ra t i on )  pc r  c1 .c le .  Thc  phasc
as rve l l  as l ine vo l tages are out  o f  phase b1 '120 ' .  The funct ion of  d iodes D1 to D6 is  to  a l lorv
the f low of currents through them *,hen the load is reactive in nature.

series as fol iorvs

. . ( 8  4 4 )

. . . ( E . 4 5 )

. . . ( 8  4 6 )

The  th ree  l i ne  ou tpu t  vo l t ages  can  be  desc r ibed  bv  the  Four ie r

:  4 \ -  n t

r , i  =  I  l :  c o s  f  s i n  n ( a t  +  n / G 1
nTi b)

-  r T ;
n l f

r '.,, = : l l  cos f sin n(ot - n/2)
n: l  b

r , ,  = i  4.o.  f  s i . ,  " [* .  *)
n = i . 3  r , - n n  

o  (  6  
)

^ - J  ^ J J i *  -  i ,
d r r u  a u u l r l t i  l  -

=  U c o  -  L ' a o  a f e

. ( 8 . 4 7  r

a -
For n = 3,  cos a^ '

o
given by Eqs. (8.44)

= 0. Thus, al l  tr iplen harmonics are absent frorn the l ine voltages as

to  (8 .46 ) .

The l ine voltage waveforms shown in Fig. 8.20 represent a balanced set of three-phase
alternating voltages. During the six intervals, these voltages are well defined. Therefore,
these voltages are independent of the nature of load circuit which may consist of any
combination of resistance, inductance and capacitance and the load may be balanced or
unbalanced,  l inear  or  nonl inear .

Fourier series expansion of l ine to neutral voltage uooin Fig. 8.20 is given by

where

*  q r i

L ' - ^ =  t  a s i n n c , y
n T (

n = o € I 1

k  =  0 , I , 2 , . . .

For a l inear star-connected balanced ioad, phase or l ine currents can be obtained from
Eq'(8.47) .  Express ions s imi lar  to  Eq.  (8 .47)  can belvr i t ten for  u6oand uro by replac ing ot  by
(ot - 120") and (of - 24A") respectively.

In Fig. 8.21, ioad is assumed star connected and three phase and l ine voltages are obtained
as shown in Fig. 8.20. For a delta connected load also, phase or l ine voltage rvaveforms
ua6 ,u6s ,uco  as  sho rvn  i n  F ig .8 ,20  wou ld  be  ob ta ined  d i rec t l y .  The re fo re ,  f o r  a  l i nea r
delta-connected load, phase and l ine currents can be obtained from Eqs. (8.44) to (8.46). From
Eq. (8.4+), rms value of nth component of l ine voltage is

A  l l*  y s  n T C
V ' .  = -  a n q  -

\ l ' ,  nJt l-r
/8  . is
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Rnis  va iue of  fundamenta l  l ine vo l tage '

\I tt 
--

I t  is seen fron"r l ine vol tage

to  120 ' .  There fore .  rms \ ra lue  o f

or

^ - l
d - l lu

f  . * i 2
I  <  a  L l r  u

t t  I  l f 2 Sv r = l ; J ^  ! , u
t -  u

R r t r s  v a l u e  o f  p h a s e  v o l t a g c  t  -  i s

I  \ . /
=  r  S  / l  n

t - U ) ^ - v .

r 2 . n  b

lvar.'eform uo6 in

l ine vol taEe Vt

u " o

L 'b .

u r o

l i
(arf) 1 =

J

t l v t

L-i cL  1 6 .

i s

v,

8 . 2 0

.  ( 8  49 )

(a) that l ine voltage is \/ ,  frotr. i  0"

v " = 0 8 1 6 5 %  . ' ( 8 ' 5 0 1

( 8 . 5 1 )

in  F ig .  S  19 .  Fo r

1 8 0 '  m o d e .  1 2 0 '

one cYcle of  the

\ - t  . I . ,  _  n  1 ; t l  L .
\ ; = . , j  = _ ; \ , r t =  u + r r . . '  v .

Rtns  va lue  o f  fu r - rc lan- ren ta l  phase vo l tage '  f ro r r  Eq 'S ' i ; r '  r s

r I -  \ " , '
! r  -  

n  r r r - , . )  \ -  -  - - =

\ r t  = . . 2  
+ = '  

+ J r ' / -  i '  -  
r 3

8 .4 .2 . ' f h ree -phase  120  Degree  N lode  \ iS I

T h e p o r i . e r c t r c u i | c i i a g - r a n r . b f t i . , , . i n r . e r t t l i s t h e S a l ] l e a S t h a t s h o l r . n
the 120 deg. . "  n . ,oJ"  i rs l ]ea.h th1 ' . i . tor .o , . ,a ' rc ts  for  120 'of  a  c1 'c le  L ike

n r o d e i n r . e r t e r a l s o r e q r - r i r e S s i x . t u p ' . e a c h c i 6 0 . d u r a t i o n , f o r c o l : r p l e t i n g

. i s  5 2

""'Tj.",; l : : :r;"; , . .  
rooi a table srr. i .g the sequence of f ir ing the six thvristors is prepared

as shorvn 1n rhe top of  r ig .  s .22.  I i  th is- tab le.  r r . " t  roru.  shor"s  that  T1 co 'ducts  for  120"  and

for  the next  60. .  ne i t l . rer  Tt  nor  i+ .o, ' ,d . , . ts .  \o i r  T4 is  turnecl  on at  o l l  =  18O' ,and i t  fur ther

conciucts  for  120 ' ,  i .c .  f rom , ' , i  =  iSO'  to  o i  =  300 ' '  Th is  mea's  that  for  60"  in terva l  f ro ' . t

or  = 120.  to  cDl  = 1E0. ,  -ser ie .  .or - r r r . . , .d  ScRs co not  conduct .  At  cr l /  =  300 ' '  T4 is  1 '111gd o i f '

then 60"  in ter 'a l  e lapses i r . io . .  i r  is  rurned o. ,  ogui r .  a t  c . f  =  360 '  ln  the secor- rd ror"" ' f l i  rs

, , , ,  turned on at  cr ) l  =  120 'as i r - r  1E0'nrode inver ter '  NJrv T3 conducts for  120 ' '  ther- r  60 ' in tcrva l

:: , : :  elapses dunng ri ,hrch neither ig r-,o. T6 conciuctr. et crl f  = 300o' TG is turned oi-r '  l t  conclr ' tcts

for  120"  and then 60"  i r . r ter r , " i . i "or . r -a f ter  r ' i r r . r - r  T3 is  tur 'ecr  o 'again The rh i rc l  r ' - \ '  rs

= arso conpleted s i r r i lar r l . .  Th is  t "Lr .  shorvs r .hat  io .  T1 shoulc l  be gateJ fcr  s tep I  '  TL '  T2 i r :

=  s tep I I  :  T2.  T3 for  s tep i i i  and so on.  T l - re  sequen. .  o f  f i r ing the s ix  t i ' r1- r is to .s  is  l i r ' .  j3 i r r :

as for the 1E0. n.rocre i ' r ,erter. Du.r, ig each srep. cr-r ly two thyristors corduct for t ir is i i" ' ' : - i . i :

=  -  o .e f ron i  t l . re  upper  group 
" ;J ; ; ; f ronr  

the ioo 'u 'group ;but  i .  180 'mode inr ' ' ' r t r r '  
" : ' r "

= thyr is tors  conduct  in  each sfep '

: T h e c i r c u i t r r r o d e l s f o r s t e p s l - i \ i a r e s } r o r v n i n r i g . $ . / J , r r ' l r e r e l o a d i s a s s u r t l e o t o b :

= res is t i 'e  and star  connected Dur i .g  s tep I '  th1 ' r is tors-6 '  1-  u t t  conduct ing and as such loa i

tern_r inar  o is  connected to  the posl t ive bus of  dc sot i rce whereas terminal  b  is  ccnnected to

= negat i 'e  uu_-  of  dc source.  r ig"  I .zJ- io j  Loud ternr i^a i  c  is  not  connected to  dc bus The l ine

= ro ner- i t ra l  ve ' l rages,  f rorn F ig "9 
23 (o)  are

1/' s
= -

a

v' s
= - l l ''z

I,,'
_ _ _--:,

- 0

t )  ,
"  a c
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steos{l I
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I
v^J
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c o

o
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n
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r  +  
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_ Ys -f-

2

Fig. 8.22. Voltage rvaveforms for 120"mode six-step 3-phase VSI.

These vo j tages are shown in  F ig.  E.22 (a)  dur ing s tep I  o f  0o -  60o.  For  s tep I i .  th l r is tcr
1 ,  2  conduc t  and  l oad  vo l tages  a re  L ' *= \ / r / 2 ,  u ro=  -V r /2  andubo=O,  F ig .  8 .23  (b )  ;  t hes

vol tages are p lot ted in  F ig.  8 .22 (a) .  Thrs procedure is  fo l lowed for  obta in ing load vo l tages fc

the  rema in ing  s teps  and  rhese  phase  vo l tages  a re  then  p lo t ted  i n  F ig ,  8 .22  (a ) .

The l ine voltage-q

and

are  a l so  p lo t ted  i n  F ig .  8 .19  (b ) .

I t  i s  seen  f rom F ig .  8 .22  tha t  phase  vo l tages  have  one  pos i t i ve  pu l se  and  one  nega t i v
n r r l se  (eaeh  o f  l ?0 '  du ra t i on )  f o r  one  c - r ' c l e  o f  ou tpu t  a l t e rna t i ng  vo i taee .  The  l i ne  vo l tages

\ v e v 4 r

horVeVer ,  have  s i x  s teps  pe r  c1 ' c )e  o f  ou tpu t  e l t e rna t i ng  Yo l tage .

As s tated before,  the three rorvs in  the top of  F ig.8.22 ind icate the pat tern of  gat ing s igna

x'aveforms.

The mer i ts  and demer i ts  o f  12O-deeree ntode inver ter  over  18O-degree mode i t tver ter  ar

as follorvs :

E

3 { ,

o

" c b  - a o  - O o

t ) ,  = l l ,  - l )

" c a  - c o  - a o
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1-

V^

(o )  0 -60 '  ;  6 ,  1  c losed

Step I

u oo = Vr/Z

ubo = -  Vr /2 and 1, . ,  = 0

Step I I

(6 )  60-120"  ;  7 ,  2  c losed

Step I I I

u ao = Vs,/2

U c o = - V . / 2  a n C

( c )  1 2 0 - 1 8 0 '  ;  2 , 3  c l o s e d

Step fV

- -
3

t r .  -  I  /  /t  h .  
-  |  . /  L

t c o -  r  
s /  

!  a , . )

ubo  =  V r /2
(d)  180-2.10" :  3 ,  -1 c losed L.ro= -  \ . - r /2  and 1.r , .  = ,_

F ig .8 .23 .  Equ i va len t  c i r cu i t s  f o r  a  3 -phase  s i x - s tep  120"  mode  i n r . e r te r  * i t h  ba lance j
s ta r - connec led  res i s t i ve  l oad .

( l )  In  the 180"  mode inver ter .  t lhen gate s ignal  l r ,  is  cut -of f  to  turn of f  T1 at  u t  = 1g0. .
gat ing s ignal  t+  is  s imul taneousl ) '  appl ied to  turn on T4 in  the same leg.  in  pract ice.  a

7

T

- - I  - (
1 . .
I  v s

l )t -- - i

i v t
i 7
l

_ I

--.
-t

.:

+

s
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commutat ion in terva l  must  ex is t  bet rveen the removal  o f  i r ,  and appl icat ion of  ig+,  because

otherwise dc source would exoerience a direct short-circuit throueh SCRs T1 and T4 in the
same leg.

This diff iculty is overcome considerablf in 120-degree mode inverter. in this inverter,
there is  a  60 '  in terva l  befw'een the turn ing of f  o f  T l  and turn ing on of  T4.  Dur ing th- is  60 '
in terva l ,  T1 can be commutated safe ly ' .  In  genera l .  th is  angular  in terva l  o f  60 'ex is ts  behveen
the turn ins-of f  o f  one deyice and turn ing-o: r  c f  the complenrcntary dey icc in  the same leg.
This 60" period provides suffrcient trme for rhe outgoing thyristor to regain forrvard blocking
capabil i ty.

( l l )  In  the 120 'mode inver ter ,  the potent ia ls  c i  on l - r ' ts 'o  output  terminals  connected to

the  dc  sou rce  a re  de f i ned  a t  an ] ' r ime  o f  t : e  c - r ' c l e .  Tne  po ten t i a l  o f  t he  th i rd  te rm ina l ,
- ^ -+^ i - ; - -  +^  ̂  ^a r t i cu ia r  l eg  i n  r vh i ch ; re i t h . : :  i e ' . ' r c r  i s  c lnduc t i ng ,  i s  no t  r ve l l  de f i ned  ; i t sP Y i .  L d r l r _ r r r E  L v  < L  P .

poten t ia l  there fore  depends on  the  na tu ie  o l  the  joad c i rcu i t .  Thus ,  the  ana lys is  o f  the

p e r f o r m a n c c  o f  t h i s  i n v e r t e r  i s  c o n r p i r c a t e d : c r  a  g e n e r a l  l o a d  c i r c u i t .  F o r  a  b a l a n c e d  r e s i s t i v e

load,  the  po ten t ia l  o f  a l l  the  th ree  te rmina ls  i s ,  horver . 'e r ,  r i ' e j l  de f ined.  Th is  i s  the  reason load

is  assumec l  res is t i ve  in  F ig .  8  23 .  For  a  ba lanced de l ta 'connected  res is t i ve  load,  the  l ine

vo l tages  as  shon 'n  in  F ig .  8 .22  (b ' . t  a re  ob ia ined d i rec t l l ' .

The Four ie r  ana lys is  o f  phase vo) tage r ' , ' ave form u"o  o f  f ig .6 .22  (a )  i s

n/6) ( 8  5 3 )

r ,q  54)

.  , ( 8  5 5 )and

(b) is

*  / o \

- l
n l
o j

I ' io  R 22

-  o  T . r
/ t

Tu ^ ^ -  /  C O S - ; S l n n ( C D r +
n7 l  o

n  =  1 ,  3 , 5
*  

2 \ ' ,
S i m i i a r l y ,  u b o =  I  

J c o s  
U  

s i n n ( c r : l -

-  o \ t  /
l v  I\ i  I  cos f  s in  n lc l l  +u c a -  , / t  n f t  o  I

n = 1 , 3 , 5 , . . . . .  \

The Fourier ana-lysis of l ine voltage waveform uob of

-  c  \ r

r ) ^ x =  t  
3  v ' . i n n l , u *

H n l l {
n = 6 4 + l  \

k  =  0 ,  1 , 2 ,  3 . . .

d (at)

p frnm
v ,  ^ ^  v - - -

5 = n  4 n R 2 v
!6

( b  a h
n )
; lo )

rvhere

Similar expressions for u6. and uca can also be rvri t ten.

Rms value of  fundamenta l  phase vo l tage,  f rom Eq.  (8 .53) ,  is

2V-
Vpr= f* '  

.ot  f r  
= 0.38e8 %

Rms value of  phase vo l tage,

f 2
|  .  . 2 a / 3  l t r  \

v  = l 1 l  l _ : lY -  - l  I'  P  
L n ' o  

t r 2  
)

of fundamental l ine voltag

o
z

)" '
l -

J _
p Y .  \ v

6 1 7
.1 V- ' s   ^ n - o  r i  - . T f Z

V L t =  : l ; - -  
=  U . b i  D Z  ! ' ,  =  \ o  v ' p l

1 ' ' /  t

Rms value 56) ,  i s
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I

I
Rms vaiue of l ine voltage,

v
Vr =.,i3 Vo = 

d 
= 0.7071 %

Eiample 8.8.  A three-p l tase br id .ge ,nuer ter  de l iuers power to  a res is t iue load f rom a ' !50 I
V dc source. For a star-cortnected. rcia of 10 t l  per phase, determine for botlt  (d 1Ea" mode I

and (b)  120"  mode,

(i) rms uolue of load current
(i i)  rms uolue of thyristor current
(i i i )  Load power.

Solut ion.  For  a res is t ive load,  the rvaveform of  ioad current  is  the same as that  o f  the

appl ied vo l tage.  In  v ierv  of  th is ,  rvaveforms of  phase- load current  and th l r is tor  current  are

as s l ror rn in  F ig.  g .24 (a)  for  180 'mode operat ion and in  F ig.8.24 (b)  for  120o nrode operat ron.

' n l s t

\ a /
( b )

Fig.  8 .24.  Per ta in ing to  example B.B (o)  180 '  mode (b)  120 '  mode.

(a )  1g0 'mode :Upper  r vave fo rm o f  F ig .  8 .24 (a )  shows  tha t  rms  va lue  o f  pe r -phase  l oad

current  1o,  is  g iven by

(E 60) I

,l!

, -[.lfY't r (zv,Y -r frY .Jlt" '=.1;1[*.1 5.[*J *5*tq/ 5] i
=[[* l i  *3*i ,a#l .*]  =r55o=lETo8'\

D . * ^  , . ^ 1 , , ^  ̂ f  + i  , ' - i S t o r  c u r r e n t  i SI \ 1 l l >  \  c l l u c  u l  L l l - Y t

-?l!
3 R

I
T
I
I
t
T
I
I
t
t
t
I
T

2Vs
;;

J X

l r . t . - ' ) ' t ' 2

,  - l  t  [ (  +so ) '  "  
zr  *(zx +so\ ,  + i  I' r t - l z x l [ a * r o ;  " 3  

[ s x i o J  a l j
= r[75 = 13.229 A

Porver delivered to load
= 313,-R = 3 (r6-so)2 x 1o = 1o'5 kw

(b )  120 .  mode :  Upper  l , ave fo rm in  F ig .  8 .24 (b )  g rves  rms  va lue  o f  pe r -phase  l oad  cu r :e : l t

1"- as '.-urder :

f  ,  /  , r n  V  n * ) " '
r  = l l l  l r v  I  x ? l  = ! 3 9 2 . 5 = 1 8 . 3 7 1  A- o r  

L n [ 2 x 1 0 J  3 J I .-=
:::

I 
'"=



In  ver te rs [Ar t .  8 .5 ]  317

R n i s  v a i u c  o f  t h S r i s t o r  c - i t ' : . . . ' .

:
.  1  . :

r  i  I  : ' '  -

,7,1 _ ,t 
2: 2 .; ., 

_,

T oar l  nor ,vcr  = 13 I - -  |  =  - :

8.5. VOLTAGE CONTROL IN SA-GLE.PII{SE hN'ERTERS

AC loads  may requr re  consran:  : :  a j - i j s :a 'c ie  vo l tage a t  the i r  inp t i t  te rn - r ina ls .  \ \ ' hen  sLrch

loac ls  a re  fed  by  inyer te rs .  i i  t s  :SS?r - i ,  . - , ' . : . : , .a  iu tpL l t  ' , ' o l tage o f  the  inver tc rs  i s  so  cont i 'o l led

as  to  {u l f r l  the  requ i rc l l te t t t  : i : . :  ^  : .1 .  i - l : - . ' :1 , ; r . s  o f  such requ i ren len ts  a re  as  under  .

( l )An  ac  loac l  n1av  re , : i , . i t : ' : .  : .  :  r . : l - r r - - i . : - : i i  i ' o i tage though a t  d i f fe ren t  leYe ls  For  ' tuc ] ' l

a  load ,  an-v  \ ra r la t io r i s  in  th :  11-  i : : : ' , . i  - . , l :age  n- rusr  be  su i tab i l '  compensated  in  o rc le r  to

n t a i n t a i n  a  c o n s t a n t  v o l t a : : r  a :  i 1 l . : :  j - : . : i  i : r n l i n a l s  a t  a  d e s r r e d  l e ' , ' e l

0 l )  I n  c a s e  i n v e r t e r . s u p p l r e s  L - , 1 - , - . : r : - - , a  n a g n e t i c  c i r c u i t ,  s u c h  a s  a n  i n d u c t i o r l  m o t o r ,  t h e

vo l tage to  f requency  ra t io  a t  th t  in . .  e , r t , . r  ! ' . . ' l : tu t -  te rn t lna ls  mL ls t  be  kept  cons tan t  Th is  a t 'o ids

sa tura t ion  in  thc  n tagnc t ic  c i r . . l i  : :  ih :  de" " i : ' .  fed  b1 ' the  inver te r .

T l - re  Yar rous  mcthods  lc i r .  t i t : .  : : i i l ' c , l  o f  cu tpu t  vo l tage o f  inver te rs  a re  as  t tndcr  :

(a )  Ex terna l  con t ro l  o i  ac  o . t i c ' i l t  '  o l tage

(b)  Ex terna l  con t ro l  o f  dc  inpu;  ' ' ' o l tage

(c )  In te rna i  con t ro i  o f  inver te r

The f i rs t  t rvo  methods  requ i re  the  use  o f  per iphera l  components  rvhereas  the  th i rd  method

reor r i res  no  ner inhera l  con tponen is .  These ne thcds  are  now br ie f l l '  d iscussed
l -  " ^ ' l -

8.5.1.  External  Contro l  o f  ac Output  Vol tage

There are two poss ib le  merhods of  external  contro l  o f  ac output  vo l tage obta ined f ronr

i .nver ter  output  terminals .  These method- '  are :

(o ) AC voltage control
(  b  )  Ser ies- inver ter  contro l

These are now discussed bricf l1'.
(o)AC vol tage contro l  :  In  th is  method,  an ac vo l tage contro l ler  is  inser ted betrveen the

output  terminals-of  inyer ter  and the load terminals  as shorvn in  F ig,8.25.  The vo l tage tnput

to the ac load is regulated through the f ir ing angie control of ac voltage control ler. This methocl

gives r ise to higher harmonic content in the output voltage ; part icularly rvhen the output

voitage from the ac voltage control ler is at ioiv level. This method is, therefore, rarel l '

employed except for low power applications'

I , 1  A A  \

'l

.
. ' . - :  -  : . - - T n l O i l - \ I -
: ' ' ' ,  

)  I !  -  I V . I 4 U  A Y Y

Fig. 8.25. External control of ac output voltage'

(b) Series-inverter contrbl :  This method of voltage control involves the use of t$'o

more inver ters  in  ser ies.  F ig.8.26 (o)  i l lus t rates how the output  vo l tage of  two inver ters  i

be summed up rvith the help of transformers to obtain an adjustable output voltage I:.  :

f igure, the inverter output ls fed to two transformers whose secondaries are crnn:--: '  -

series. Phasor sum of thre two funCamental voltages Vs1, V62 gives the result?n! i ' : : : : : :-:--

voitage Vo as shorn'n in Fig. 8.26 (b). Here Vo is given by

ct-
: - :

_:-

Cons ton t Con t ro l t ed

d c  v o l i o g e
^ .  \ t a l l d a e
v v  r v ' r e > v
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.T---i
O r i
o a
o '  ]
o i  i
o , ,  i
o  v . "  I
c -
o l
o l  l
r i  i
o r  H

I  l l

) a
. | ------O> l  I
> r l
> t  I
t '  I
> t  ^  I
>  - : l  l
> i  i
> i

I

i .c ) (b)
Fig S 26. Series inverter control of two inverLers.

I t  is  essent ia l  that  the l iec- :enc)-of  output  vo i tages Vot ,Vozfrom the two inver ters  is  the
s a m e . W h e n 0 i s z e r o ,  l ' , . = 1 ' : : * i ' : z a n d f o r g = r c , V o = 0 i n c a s e V o r = V o r . T h e a n g l e 0 c a n b e
varied by the f ir ing angle ccn:rcl of tn'o inverters. The series connection of inverters. cal led
ntult iple conuerter controL, does ioi augment the harmonic content even at low output voltage
levels .

8.5.2. External Control of dc Input Voltage
In case the avai lab le vo l taee scurce is  ac,  then dc vo l tage input  to  the inver ter  is  contro l led

through a ful lr ' -control led rccri i ier. Fig. 8.27 (a) ; through an uncontrol led recti frer and a
chopper ,  F ig '  8 .27 . rb r ;o r  t h r l ugh  an  ac  vo l tage  con t ro l l e iand  an  uncon t ro i l ed  rec t i f i e r ,  F ig .
8 '27 k) . I f  avai iab le vc l tage is  c ic ,  ihen dc vo l tage input to  the inver ter  is  contro i led by means
of  a chopper  as show.n in  F ig E.27 \ .d) .

Input voitage-control techniques shown in Fig. 8.27, rnwhich dc voltage input to inverter
is control led by means of components external to the inverter, has the fol loq,ing main
advantage

C cn  s t cn t Con t ro l  I  ed C o n t r o l l e d
d .  '  ^ l l ^ ^ ^u  !  v w r t u s < d  c  vo { toge o  c  v o l t o g e

Con sto n t Contro l led Contro l led
o c  v o i t o g e d  c  vo l t oge o c vot toge

Cons ton t Contro l led Con t  ro i l ed
^ . , ' ^ l t ^ ^ ;v t  v v r ( u Y E

dc  vo l t oge ^ .  t ' ^ l a ^ ^ ^
v l  v v r l u v s

( c  )

C c n  S t  o  n t C o n t r o l l e d C o n t r c  l t e d
d .  \ t ^ ' l ^ ^ -
v r  v v l r u g r d c  v o l t o g e

External control of dc input voltage
(6) w'ith dc

to inverter ; (o), (6) and (c) u'ith
source on the input.

o c  v o { t o g e

ac source on the inpur

F  1 , .  - ^ - r . ^ i l
J  J  ' -  -  ' -

e d  r e a t , i l t e r F i l t e r Inv er  le  r

Un cont  ro l le  d
rec l i l i e r F i l t e r lnver ler

A C  v o { t o g e

c o n t  r  o l { e  r
Uncontro l led

rec t i f i e r F i l t e r I nve r te r

C  h o  p p e r F i l t e  r l n v e r t e r

F i s  R  ? 7
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(l) Output voltage waveform and its harmonic content are not affected appreciably as the

inverter output voftage is contro]led through the adjustment of dc input voltage to the

inverter.
This method of voltage control, however, suffers from the following disadvantages :

(l) The number of power converters used for the control of inverter output voltage varies

from two to three, f ig. A.ZZ. More power-handling staged result in more losses and reduced

eff iciency of the entire scheme.
(ll) For reducing the ripple content of dc voltage input to the inverter, filter circuit is

required in al l  typeJ of schemes shown in Fig. 8.2?. Fi l ter circuit increases the cost, weight

and size and at the same time reduces eff iciency and makes the transient response sluggish'

(tt t) As the dc input is decreased, the commutating capacitor voltage also decreases.

r  V \
This has the effect of reducing the circuit turn-off time 

I 
t = C j jfor the SCR for a constant

load current. Therefore, for a large variation of output vo'ltage fdr a constant load current,

control of dc input voltage is not conducive. This difficulty can, however, be overcome by a

separate fixed dc source ior charging the commutating capacitor, but this makes the scheme

costly and complicated.

8.5.3. fnternal Control of Inverter

Output voltage from an inverter can also be adjusted by exercising a control within the

inverter itself. The most efficient method of doing this is by pulse-width modulation control

used within an inverter. This is discussed briefly in what follorvs.

Pulse width modulation control. In this method, a f ixed dc input voltage is given to

the inverter and a controlled ac output voltage is obtained by adjusting the on and off periods

of the inverter components. This is the most popular method of controlling the output voltage

and this method is termed as pulse-width modulation (PWM) control.

The advantages possessed by PWM technique are as under :

(l) The output voltage control with this method can be obtained without any additional

components.
(ti) With this method, lower order

its output voitage control. As higher
requirements are minimised.

The main disadvantage of this method is that the SCRs are expensive as they must

possess low turn-on and turn-off times.

PWM inverters are quite popular in industrial applications, these are therefore discussed

in detail in the next section.

8.6. PULSE.WIDTTI MODUT,ATED II{\TERTERS
PWM inverters are gradually taking over other types of inverters in industrial

applications. PWM techniques are characterised by constant amplitude pulses. The width of

these pulses'is, however, modul'ated to obtain inverter output voltage control and to reduce

its harmonic content. Different PwM techniques are as under :
(o) Single-pulse modulation
(c) Sinusoidal-puise modulation.

(b ) Multiple-pulse modulation

In PWM inverters, forced commutation is essential. The three PWM techniques listed

above differ from each other in the harmonic content in their respective output voltages'

Thus, choice of a particular PWM technique depends upon the permissible harmonic content

harmonic can be eliminated or minimised along with

order harmonics can be filtered easily, the filtering
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peak va lue of  fundamenta l  component '

-  /  .  
'  j .  -

itt65&ffitussuryp{led *ca a i,i.ixie bridge rectii-ter and an

F%ae-q+ lgawst&gsweas i *F ig .E .2(c i fo ras ing}e-phaSernver te r
ry- S-LS i=r e r&r*.p.&a-= irrErter. But now' the derices are sr','jtched on and offseveral

within each half rcie rr ccntrol the output voltage rvhich has lorv harmonic content

In the fol loqtng Lines, the basic principles of PWtr{ techniques for single-phase inverters

are i l lustrareC and then the methods of obtaining such output I 'oltages are considered'

E.6.  1 .  S ingle-pulse I \ Iodulat ion

The output 'oirage from single-phase ful l-bridge-inverter is shorvn in Fig. 8.28 (a ) \ \hen

th is  * .a 'e form is  modi la ted,  the outpub vo i tage is  o f  the form shon'n in  F ig.  8 .28 (b) .  I t  consis ts

o f  a  pu l se  o f  r v id th  2d  l oca ted  symmet i i ca l l y  abou t  r / 2  and  ano the r  pu l se  l oca ted

sl rnmetr ica l i l 'about  3x/2.  The range of  pu lse width 2d var ies f rom 0 to  n ,  i  e  0 <2c <; i  The

output  r ,o l tage is  contro l led by var l , in*  [he pulse-rv id th 2d.  This  shape of  the outpt t t  'o l tage

wave shorvn in  F ig.  8 .28 (b)  is  ca l led quasi -square wave'

Four ier  analys is  of  F ig.  8 .28 (b)  is  as under  :

d 1tot1= . . . ( 8 . 6 1 )

ut n/2 and

coeff icient

9 (r"2 - d)

A _ = 1 1  ^  V " s i n n c o /
' ,  

N J  l r i / l - a i  
'

-1% |- trTi ,'- t s r n  ^  = t ^ n o ]
n , T L  z  )

2E (b) are sy-rnmetrical abo

also ident ica l .  -A.  a  resul t .
cr ibed b1 '  Four ier  ser ies as

Posit ive and negative half cy'cles of uo in Fig' 8'

3r/2 respectively. In addit ion, these haif cycles are

B- = 0.  Ttus the rvaveform of  F ig.  B '28 (b)  can be des

or
1
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9 n

I f  nd .  i s  made  equa l  t o  no r  d= :  o r  i f  pu l se  w id th  i s  made  equa l  t o  2d=+ ,  Eq .  (8 .62 )
n ' n

shows that nth harmonic is el iminated from the inverter output voltage. For example, for

el iminating third harmonic, pulse width of 2d rnust be equal to 120".

The peak value of nth harmonic, from Eq. (8.62), is

4 v
n ^ ^ ^ =  

-  ' '  
s i l  n d  . . . ( 8 . 6 5 )

nlt

From Eqs.  (g .64)  and (g.65) ,  3 ' ' ' t "  =  srn nc . . . (8 .66)

In Eq. (8.66), note that uor- is ,ni;"* 
" l t ,r" 

of the fundamental component of rectangular

vo l tage wavefrom of  rv id th 2cJ=x.  The rat io  as g iven by Eq.(8.66)  is  p io t ted in  F ig 8.2B(c)

f o r n = 1 ( p l o t o f s i n d ) , n = 3 ( p i o t o f s i n 3 d , ' 3 ) , f t = 5 , T f o r d i f f e r e n t p u l s e r v i d t h s .  I t i s s e e n

from these curves that  rvhen fundamenta l  component  is  reduced to 0.5 for  2d = 60" ,  the

amplitude of third harmonic is ] sin 90 = 0.33. \!hen fundamentai component is reduced to

about  0.143,  a i l  the three harmonics (3,5,  7)  become a lmost  comparable to  the fundamenta l .

This shos,s that in this method of voltage control, a great deal of harmonic content is

introduced in the output voltage, part icularly at lorv output voltage levels.

The rms value of output voLtage, fronl Fig I 23 lb.t,  is
1  , t

, , ' :  .  ) t  ] o . t - '  "

\ - . = l - ' i  = \ " *  6 6 ;
r  / t  I  [ " - . ]

8.6.2.  Mul t ip le-pulse Modulat ion

Th is  me thod  o f  pu i se  modu la t i on  i s  an  ex tens ion  o f  s ing ie -pu l se  modu la t i on  In

mult iple-pulse modulation (MPIW), several equidistant pulses per half cycle are used For

s impl ic i ty ,  the ef fect  o f  us ing two syrnmetr ica l l l ' spaced pulses per  ha l f  cyc le,  F ig.  6 '29 (a 
"  

is

investigated here. In this f igure, pulse rvidth is taken half of that in Fig. 8.28 (6), but their

ampl i tudes are the same.  This  means that  rms values of  pu lses in  F igs.8.28 (6)  and 8.29 (o. t

are equal to that given in Eq. (8.67). For the waveform of Fig. 8.29 (a), Fourier constants are

as under :

' ^ n uo  s in  no t  ' d (a t )

d ($ t )  -2

The use of factor 2 in the above expression accounts for the trvo pulses from 0 to r in Fig

8 .29  b )

) + i

9. l f t- t ^

D  l q + d / 2 )
= : l  , ^ V "  s i n n c o /

T C J  \ 1  - a / z )

vo

VS

vo

vs

(o) (b)

--- 
uli"
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4V^  ,  t r _d /2  8% nd
A . = -  i c o s n t o f 1 . . , , "  = - =  s l n n Y S l n ;

"  n f t  |  r \ + o / z  n n  Z

6  2 8  i b ) ,  B n = 0  i n  F i g . 8 . 2 9  ( o )  a l s o .

the * 'avefolm of Fig. 8.29 (o) can be described by Fourier series as

n \ -  - s- '  sin ny sin f sin naf
nii  L

r . t 1 3 d ' l  5 d l
r n  y s i n  *  s i n  0 y + *  s i n 3 y  s i n l l  s i n  3  c r t ' + f  s i n  5 l s i n ;  s i n  5 c o l  + . . .- - - 2 -  3  t  r  

. . r a + o t
of the nth harmonic of the two-puise waveform of Fig. 8.29 (o), from Eq'

( 8 . 6 8  r

, . . ( 8 . 6 e )

. . . ( 8 . 7 1 )

. .8 .72)

l. i..t :

, x  h u  I i

e n r n l i f r r d a

8 Y "  n d
l ) ^ = - S f n n Y ' S i n ;

" n T / .

n r  i n  q p n p r : l

Eq. (8.71) shou's that magnitude of u,. depends upon Y and d. TtLis expression also shows

t,hat n,hen y = 4 o. d =+,nth harmonic can be el iminated from the ou@ut voltage. But this

has the effect of reducing the fundamentai component of output voltage. For example, take

puise ry id th 2d.=72"  for l ing le-pulse modulaf ion of  F ig.  8 .28 (b) .  Then,  f ron Eq.  (8  65) ,  the

-  - -L -  ' . . 1 ' , -  ̂ f  f , ' - damen ta l  vo l t age  componen t  i sp r d . J \  \  d l u r  \ - / l  l u l t u a r l r s t r t 4 r  Y v r u q 6 v  

4 v ^

u o l ^ =  f  s i n  3 6 o  =  0 ' 7 4 8 4 V ' '

For  t rvo-pulse moduiat ion and pulse rv id th d=36' .1 in  F ig '  8 .29 (o) ,  is
a 6 n  n o  n O
L 6 V -  l L  t z z' l = ' - -  ' -  

+ -  = 5 4 "
I Q A

T - z d  d
Y =  N + 1  

+ F

Eq.  (8.72, r  is  va i id  in  case pulses of  equal  width are s) ' rnmetr ica l ly  spaced'  HereNis the

number  o f  pu l ses  pe r  ha l f  cyc le .

Eq.  (8  72)  can a lso be obta ined by referr ing to  F ig.  8 .29 (b) .  For  N pulses per  ha l f  cyc le,

there are (N - 1) rnten'ening equid,islant spaces, each of rvidth 0r as shorvn in Fig' 8.29 (b)'

Note that  for  these equid isrant  spaces,  u0 = 0.Tota l  rv id th of  these ( . \ ' -  1)  equid is tant  spaces

- rf - l)  0r = (n - i i ' idth of . \  pulses) = 1x - 2d'1

o r  ,  
n - Z d

Jr = 
rf,r+ 1

Fig.  g .2g (b)  shows that  02=hal f  o f  thepulsewidth=$,  ru .  f igure a lso reveals  that

Y = 0 1 + 0 2
n - 2 d  d

o r  Y =  N d - " N

Pea-Ii  vaiue of fundamental voltage component, from Eq' (8.71)' is
R V

uoL,n= l j  sin 54 sin 18" = 0.637 %.

. . . ( 8 . 7 2 )
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I t  is seen from above that fundamental component of output voltage is lorver (0'637 lr,)

for trvo-pulse modulation than it  is for single-pulse modulation (0.7484 %l It  can be shovrn

that for a larger value of pulses per half cycle, the amplitudes of low-er order harmonics are

reduced but those of some higher harmtnics are increased signif icantly. But this is no

disadvantage as higher order harmonics can be f i l tered out eaSily'

The sy'rnmetrical modulated wave shown in Fig' 8'29 (a) can be generated by comparing

an adjustabie square voltage wave V, of frequency to with a triangu'lar carrier wave V' of

f requency 0)c as shown in  F ig.  8 .30 (b) .  This  compar ison is  done in  a comparator '  F ig '  8  30

(o) .  in  F ig.8.29 (o) ,  there are only  t rvo pulses per  ha l f -cyc le but  in  F ig '  8 '30 (b) '  there are

t o

Squore
wove

Y^

Ys

r l l+ l r i
T , l

i ; i

iT-] t-

v r

L

(c )

F ig .  8 .30 .  io )  Per ta in ing
with

I  - i  rr*
1  2d l " l ' t
f--- ^+
i -  2 l
t

per half-cycle
of souare reference \1'ave

(b )

to multip'le-pulse modulation (lvIPI\I) (b) Output voltage wavelor

N'IPI\{ tcl V. ana V. showf\ on a larger scale'

four pulses per half cycle. The tr iggering pulses for thyristors are generated at the pornts ot

intersection of the carrier and reference"signal waves. The f ir ing pulses so generated turn-on

the scRs so that output voitage uo is availabre during the interval tr ianguiar voltage wa'e

exceeds the square modulating wave shown in Fig. 8.30 (b)'  In this f igure' f  and f are the

frequencies in Hz for the carrier signal and reference signar respectively. Thrs figure reveals

, ,  1  7 I  - - r  |  -  ^ ^ r  r ' ' o  n r rmt  aa  i .  1x  1=  4 '  I n  genera l ,  t he  number
tnat r, = 

f,  
and 

,=n 
and the number of tr igger puis"" '" 

7, 
^ 

1 
- =' ^^^

of pulses generated per half cycle can be determined from Fig' 8'30 (b) as under :

For triangular carrier wave' pulse wid'th = 
f

For square reference wave, width of half-cycle =

. ' .  Number of pulses per half-cycle
= Number of hi l i- toPs

T  o n c r t h  n f h a l f - e v c l e

1

:-"

r r r Y Y r r

p u l s e
gen  e ro  t o i

a ^ m ^ ^ r n l o r
! v , ,  '  

H v i  v \ v

i  r  t g g e r

Car r i e r  s i gno l  V . , f r eq  u . t .

Ref  erence s ignot  Vr ,
freq u:

- ,  1 l t -  -

Jr,.- x
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( 8  7 3 )

\ote that  }  in  Eq.  (8 .73)  must  be an in teger .  The pulse height  o f  the reference,  or
9rl

n-icciularing. signal can be control led w-ithin the range 0 < % < f and pulse rvidth fr varied
] Y

in  the range O.#.  *  bV adjust ing the magni tude V,  o f  the reference square s 'ave.  The

n,r tcp n ' j r t th  ; "  la) r ro i t rn"  assumpt ion of  same rms voi tage as in  s ing le-pulse modulat ion '
P I ' - | ' I : C  

\ \  l u L l l  L >  L U /

in Fig. E.30 (b), puise width zd/N is given by

f  r , t
L  Z f  l c  ' ' c

' -  = -
I/f, 2f 2a

2d  _ ( t  _  o . . l
, V  

- 1 4  *  
l

A genera l  express ion for  the pulse width can be obta ined by sketch ing thc f i rs t

carr ier  s ignai  on a larger  scale as in  F ig.8.30 (c) .  From thrs  f ig ' - r re .  pu lse rv id th,  in

rs grven by

. T

c; 'c le of
g e n e r a l .

. . . ( 8 . 7  4  t2 x l
J

v,
' 

;-7
v c

( n
- l  

t
t z +

A T
v r

2d
;
- tY

: ^

T /
Y c

or

rvhere r. defined in Fig. 8.30 (c),

n/2N x
1f

- -  o ^ r
4 \

From Eq.  (8 .7a) ,  the Pulse w' id th is
z  r z  \  /  r /  \

2 d - l f t - i t  L l = I r - l : l a  . ( 8 . 7 5 )
r r - t r r  r r  t r  I  

I -  y " l , ^ /
r Y  ( r t  

r Y  , r )  
\  

' . , r -

In  I lp ] I  method,  lou,er  order  harmonics can be e l iminated by a proper  choice of  2d and
' i .  But  the rms r -o i tage in  F igs.  8 .28 to  8.30 is  the same,  I  e

f  qa)1 '2
1 /  -  1 /  l " *  |Y o r - ' s l  

n  I

This means that i f  lo*'er order hu.*oJ., are el iminated, the magnitude of higl-rer order

harmonics rvoujd go up.  But  th is  is  not  a  d isadvantage,  as h igher  order  harnrouics can be

hltered out b-v* the use of fr. l ters at the output terminajs of the inverters.

8.6.3.  S inusoidal -pu lse Modulat ion (s in  M)

In rh is  nrethod of  rnodulat ion,  severa l  pu lses per  ha l f  cyc ie are used as in  the case of

* , . r t i - r^  - , . r .^  - rdu lat ion (MpN,I ) .  In  I \ , IPM, the pulse width is  equal  for  a l i  the pulses.  But
. l ; t u l L l l J I c - l - J u l : c  l l l u L l u l d L r u l r  \ ^ Y r a  r r r  r - - -  -

i - .  sin -: l f .  the pulse v,idth is a sinusoidal function of the angular posit ion of the pulse rn a

: ' , c l e  as  shos 'n  i n  F rg .  E .31 .

Fc,r realizing sin j f ,  a h-igh-frequency tr iangular carrier \ \ 'ave u. is compared rvith a

s,r-rus,,: ,1: l  reference v.: l \ '8 L,- of the desired frequency. The intersection of u. and u, waves

jet=rr : : . : ,=s :h .  s i i r tcrung instants  and commutat ion of  the modulated pulse ln  F- ig '  E 31 '
' , - , -  t>  i l l :  t r : . : . .^  " ' i : : *e  

' : f  i l iangular  carr ier  wave and V,  that  o f  the reference or  modulat ing '

- : -  ^ i

Tne : : . r ;e . : ; : :  : : :e :e i lce \ , , 'aves are mixed in  a comparator ,  \ \ l t :n  s inusoic ia i  " ' ' 'a i 'e  
has

'agn i ' . ud=  n :E i := i : : - : : : : . f :  t nangu la r  \ \ ' ave '  t he  cOmpara tOr  ou tpu t  iS  h :e : l '  : l : l e r " " r se  l f  i s
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R e f e r e n c e  w o v e ,

Car r i e r  wove , f req .  t ,

vo

vs

Vo

vs

{,o.)
Fig. 8.31. Output vol tage waveforrns with sinusoidal pulse modulat ion.

lo* ' .  The comparator ouf,put is processed in a tr igger pulse generator in such a manner that

the output vol tage wave of the inverter has a pulse rvrdth in agreement with the comparator

output pulse width.

When trianguiar carrier wave has its peak coincident with zero of the reference sinusoid,
t

there are N=3-  pulses per  ha l f  cyc le ;  F ig .  8 .3 i  (o)  has f ive pulses.  In  case zero of  the
zl

f,r iangular wave coincides with zero of the reference sinusoid, there are (N - 1) pulses per

hal f  cyc ie ;  F ig .  8 .31 (b)  h" ,  [g-  r  i  ; . .  four ,  pu lses per  cyc le.
['l )

The ratio of Vr/V,is cal led the modulation index (MI) and it  controls the harmonic content

of the output voltage waveform. The magnitude of fuadamental component of output voltage
is proport ional to MI, but MI can never be more than unity. Thus the output voltage is

controlled by varying MI.

. Harmonic analysis of the output modulated voltage wave reveals that sin M has the
follorving important features : -

( l)  For MI iess than one, largest harmonic amplitr.rdes in the output voltage are associated
rvith harmonics of ordpr f / f  + 1 or 2-l/* 1, rvhere l /  is the number of pulses per half cycie.
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f renrrpn. \ 'n2n hp ra ised.  r ' , 'h ich can then be f i l tered out  eas i iy .  in  F ig.  8 .31 (a) ,  / t -=  5,  therefore

harmonics of order g and 11 become signif icant' in the output voltage' I t  may be noted that

the highest order of signif icant harmonic of a modulated voitage wave is centred around the

ca r r i e r  f requenc l ' I  t i "  f i g .  8 .31  (a ) ,  f  =  10 ] .

It  is obsel 'ed from above that as N is increased, the orde.r of signif icant harmonic

increases and the f i i tering requirements are accordingly minimised' But higher value of ' l /

entai ls fLigher s*itching frequency of thyristors. This amounts to more switching iosses and

therefore an impai red invei ter  e f f ic iency.  Thus a compromise between the f i l ter ing

requi rements and inver ter  e f f ic iency should be made'

( l l ' r  For1,f1 greater than one, lorver order harmonics appear, since for MI > 1, pulse rvidth

is no longer a sinusoidai function of the alrgular posit ion of the pdse'

In addit ion to the three plt l t  techniques discussed above, there is another PWIv{

fpehn in r ro  r "e l l p r l  r n r r l t i n l e -n r r l se  modu la t i on  w i th  se lec t i ve  reduc t i on  (MPMSR) .  I n  t h i s
L c l r r r r r Y u u  u q r r L u  H * . " "  "

technio 'e  the number of  l f -p . , tse posi t ions in  each quar ter  cyc le are so se lected as to  reduce
u ! t  ! r . v  r . q ,

or el iminate M harmonrcs from the output voltage rvaveform t6l, This PW\t technique wil l ,

ho le\ ,er ,  not  be d iscussed here.

8.6.4. Realization of PwM in Single-phase Bridge Inverters
, t  l ,o  ̂ . . rn , , r . ,n l lzgs waveforms shown in  F igs.  8 .28 to  8.31reveal  that  output  vo l tage f rom
I  l l E  u u L P u l  Y  w

^- i-, ,^-+^- i- r.r 
"" io 

o. - V.. Such x,aveforms can be realized in single-phase inverters as
i l l l  I I I V c I t c r  r b  v . ,

l r n n o r

(o  )  S ingle-phase fuH-br idge inver ter .  In  the inver ter  o f  F ig.  8 .2 (a) .  n 'hen + \ / ,  is  to  be

obta ined in  the posi t ive hal f  cyc le,  thynstors T1,  T2 are turned on.  l -or  obta inrng -  v ,  in  the

-^-^+j r ,^  l ,o l r^ . ,^1g,  thyr is tors  T3,  T4 should be turned on.  For  zero output  vo l tage,  l .e .  i f  the
. t t u g d L l \  c  l l d . l i  L J L r

l oad  i s  t o  be  sho r t - c i r cu i t ed  ; t hen  T1 ,  D3  o r  T3 ,  D1  f rom pos i t i ve  g roup ;o r  T4 ,  D2  o r  T2 ,D4

from nesat ive e-roup should conduct  dependingupon the d i rect ion of  load current .  This  means

that for obtaining zero output voltage at the end of each pulse' one of the trvo conducting

SCRs should only-be turned off.  Under this strategy, only one thyristor need be turned on for

ohta in inq the next  vo l tage pulse.  s lv i tch ing on and-commutat ion of  thyr is tors  should be so

arranged as to uti l ize the thyristors .y*-"t. i .al1y. Let us i l lustrate this rvith an example'

Srrnnose outout voltage of pulse width 2n/3 radians is to be obtained in each half cycle'

This pulse rvidth is sym*"etricai ly placed as shown in Fig. 8.32. The rvaveform of load current

n-
b

+  |  l u c - -

- T !  n l +

T1, IZ - ,T1,D3:T3,D]F-

r 1,r 2 -------+'fi z,a4t r\02 --_

T3 , T4 -=+i IlP?i-n'D4-'

T3,T1 -----------T3,D1 lT1P3 '+

;2 .  Conduct ion  o f  var ious  components  fo r  s ing le -phase br idge inver te r  o f  F ig  S '2  (a ) '
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AC Voltage Controllers

AC voltage conbrol lers are thyristor based devices which convert frxed alternating voitage
directl l '  to variabie alternating voltage without a change in the frequency. Some of the main
annl inef innc nf  q .  vo l tage cOntro l lers  are for  domeSt ic  and industr ia l  heat ing,  t ra ls former tap
changing, l ighting control, speed control of single-phase and three-phase ac drives and
star t ing of  induct ion motors.  Ear l ier ,  the devices used for  these appl icat ions \ \ ,ere
auto-transformers, tap-changing transformers, magnetic amplif iers, saturable reactors etc.
But these devices are now replaced by t irpistor-and briac-baseci ac voitage controi iers because
of their high eff iciency, f lexibi l i ty in controi, compact size and iess maintenance. AC voltage
contro l lers  are a lso adaptable for  c losed- loop contro l  systems.  Since the ac vo l tage contro l lers
are pha*se-control led devices, th1'r istors and briacs are i ine commutated and as such no
compiex commutat ion c i rcu i t ry  is  requi red in  these contro l lers .  The main d isadvantage of  ac
voltage control lers is the introduction of objecrionable harmonrcs rn the supply current and
load vo l tage waveforms,  parb icu lar ly  a t  reduced oubput  vo l tage levels .

The object  o f  th is  chapter  is  to  s tudy s ing le-phase ac vo l tage contro l iers  so far  as the i r
principle of working and gating signal requirements are concerned. Their use in transformer
tap changers is  a lso considered.

9.1. TYPES,OF AC VOLTAGE CONTROLLERS

The porver circuit diagram of a singie-phase half-wave ac voltage control ler using one
th l r is tor  in  ant ipara l le l  rv i th  one d iode is  shown in  F ig.9.1(o) .  In  th is  f igure, .R is  taken as

vo

I

I

I

I

;
, , 2

TI

I

i+. l
t o l

(a)

Fig. 9.1..  Single-phase half-wave ac
and (6) voi tage

(6)
voltage control ler (o) Power-circuit diagram
and current rvaveforms.

: l l

:::

V, sin ut

T I
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s i r n p l i c i b y . T h e o u b p u t v o ] | a g e a n d c u r r e n t r v a v e f o r m s o b | a i n e d f r o m | h i s
shorvn in  F ig.  9 .1 (b) .  I t  is  seen. f rom th is  f igure that  pos i t ive hal f  cyc le is  not

negabive i. ,^f i .V.ir ' to, Uott ' ,  voltage and curre-nt rvai 'eforms' As a resulf '  dc

inbroduced in  the srppiv ;a ioad c i rcu i ts  rvh ich is  undesi rab le '

v o l

n l 2

/ A \
( o l

F:.g. 9.2..si") iJ-pr- '"se ful l-wave ac voilage controi ler (o) Power-circuit diagram-
urrrEre t^^- . "a 

tu l  vo l tage and current  rvaveforms'

r:g. g 2 @.) shows the power circuit diagram of a single-pha_se fut-rvave ac voltage

:- : . : : , r l l : : . , i - i rh t rvo SCRs ror, t . . t . i ln unt ipuial le l '  For th is lonh'o11er '  vol tage and current

,-..:...::;:;:s are sho',vn in Fig. 9.2 (b)' This figurt 'ut"i i t tt ' tut potit i 'e iralf c1"cle is identica]

.,:...,: rrgatr'e hali cycle for Ujt ', uoit"gt -i c"t 'et't wav'eforms' The porver circuit of Fig'

9 :  . ; , .  lherefore,  - i ro i . r . . ,  no airu. iJo-po"t" t  'n the t"ppf '  and loai  c i rcui t '  This c i rcui t

.: --i.us nore suited to practical , ir;;;;- i l 'an single-phu.u huti-ruutu circuit '  In rhis chapter'

-.=:e:cre. only fuliwu'"t ut voitage conbrolJers are described'

3J. NTEGR.AI CYCLE CONTROL

,: :s s;ated above that ac voltage conbro]Iers- Te-phT.-control]ed.del.ices' 
The principle

: :  : rase ccntror, ;  
j ' ; ; ; ; r tea in Fi ; r : ; . f  

""J 
g.z In these f igures,  L,he ph'ase reiat ionship '

r : : . i€ei  - :e srart  cf  load current J; ; ; t "ppfy vol tage is control ledby varf  ing lhe t r r tng

-.:.: -\ ::r: c:n,:roued oubput ir ^;, ih;r. ut. called pf,ur.-.otthrolled ac volfage controilers

'= 'il;.-'r'.:-:;T:;5. 
severar appricarions jn which mechanical bime constanf or thermal

:.::: :::.s:.a.: :s cf the order .f ,. ' i ; ; i  tt,o"at' rt ' ' t*u-ple' mechanical bime sen5failf fol

:.::--.. :: -::: =.., i-rorrroi drives, oi th.r-al bime constant for most of the heating ioads is

- . . :a. . - . .  : . . : : :e : ,g i  n. ,  , " . f r  uppi l .ut io.rs,  a lmost no var iabion in speed or femperature wi l l

: :  : . : : . :=:  : :  : : : . : : l  ls  achie.red bi ,  Jonnr. t lng tbe load to source for some on-cycles and then

- . : : - : - : . : : : ' - :3 : : := , :aJ  fo r  some: t t . cyc les  l i i s . io11 t ' ; ; ; ; ;  
co t ' t to l  i s  ca l led in tegra l  cyc le

: : : . : : : . S : : : : : s : ; ' c 1 ' ' c i e c o n t ' o l . t o t " i ' i s o f s w i t c h i t ; ' ; t r ' u ' " - t p p t y t o l o a d f o r a n i n t e g r a l
. . . : . : . :  : :  : - ' . : . 's  :n j  then swit . r ' -g. i i th. , 'pply f i r  a fur ther number of  integral  cycles,

,___f t*i |-12 
-1
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, I

U
i ^
r o  I

C
v^

I L

1,2  n
/ "
i

-;*T 1

o n
l n n

Fig.  9 .3.  Waveforms oer ta in ing to  in tegra l  c5 'c le  contro l  
r  ,

f o r n = 3 a n d m = 2 , P o r v e r i s d e ] i r ' e r e d t o ] o a d f o r n c y c l e s N o p o w e r i s d e l i v e r e d t o ] o a d f o r
m cyc les.  I t  is  the average power in  the load that  is  contro l ied '

I n l i t e r a t u r e , i n t e g r a ] c } , c ] e c o r r t r o ] i s a l s o k n o r v n a s o n . o f f c o n t r o l , b u r s t f i r i n g ,
zero'voltage swi'tc'hi-ng, Zyde silection or c;;cle syncopati'on'

For sinusoidal supply voltage, the rms value of output voltage vo, can be obfained as

u n d e r '  
.  e +

rl I  l" '  v! sin2 cot d (rof), for frrst on-cycle
v  -  I  1  u L'  o r  D e r l o d l c l t y  |  '  '

-  i : '  1r2^sinz at  d (ol) ,  for  second on-cycle + """  +

, r:'
Ii ' , 't^srn2 of 'd (o:t), for nth ot-crtte]

For n on-cycles and m off-cycies, the periodicity = (n + m) 2n radians, see Fig' 9 3'

-1/2

l "
\ r  - l' o , - l 2 n ( n + m )Il" ,lsin2 cor d (,ir).}

f _ VZ r2,r
I  t e  r  m  I  t- l + " ( n + m ) t o cos 2at) d

11/2

rcorl I
j

= y s \ pv*= E '

= rms va]ue of source voltage

= n is  the duty  cyc ie of  ac vo l tage contro l ler '
n + m

v^-
, o r  _  

R

vo,

v,

k,

t f
r s

where

and

i

Rms load current,

r Q  l ;
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Porver  de i ivered to

Rms value of inPut

lnput !z{ = V" (rms

Similarly, rms value

t 2  v 2 (  n  )  A  V 3  . . . ( g . 2 )r ^ ^ r  _ v . . = i J l  t L  1 = #l u a u  -  
R  R \ n + r n 1  t (

current, 1s = rms v'alue o? load current'  ' Io'

va lue of  source cun-ent)
v^.

- V r '  / ,  =  %  ' l o r = V '  
;

InpuL VA x pf  = porver  de l ivered to  load
r iJ  \ /  a  -

i n p u t  p f  = +  = ? = \ ;  = ^ ' '
f L  V a  | c .  t s

As each thyristor conducLs for I racl ians during each cycle

value of thyristor currenb is grven by

. . ( 9  3 )

of  n  on-c1 'c les ,  the  average

.  e 1 i
'  l -  |  r  ein rpf .  d (rr l l) ,  for f irst on-c1cle -l r a=T i  J0  r rn  r " "

+ fr / , ' '  sin o)t '  d'  (o/) '  for second on-c'vcle + +
2rt r

T
t l

* Jo t -  '  s in ol  'd 1at1,  for  nth on-c-r-c le l
;

n tn '
= --------'- ----. I t - sin of d (at)

2 n ( n + m ) ' o
I ^  n  h ' 1 .  . .  1 9  4 )- - : : -  = -
1 l  m + n  1 l

of thyr istor current is

)" '(of) I
-t

9 . - )

Integral  cycle conbrol  inhroduces less harmonics into the supply system, rhe suppi ;"

undertakings therefore insist upon the consumers to use integrar-cycle method for heatr;13

ioads and for motor-control drives'

Ac voltage controuers rvith on-off contror has specific applications as discussed aboi'e

Phase-conh-ol led ac vol tage control lers ale,  howevel '  mole cominon'  As such'  phase-control l td

ac voltage corrtroti.r, ,"i i i  only be discussed and analysed in what follows :

Example 9.1. A single-phase uoltage contro-l^Ier has input uoltage of 230 v' 50 Hz and c'

tood" of R = ls (L For 6 cycres o, on'.d.'4'rycres off, determiie (a) rms output uoltage, ft) i 'nput

pf ond (c) ouerage and.rms tlryristor cttrcents'

Solution. (o) From Eq. (9.1), rms value of output vo}Il1:s

t ^ t 6
V o , = V , \ ; - h  = 2 3 0 \ t *  =  1 7 8  1 5 7 \ r

1

/ L \  E 1 - ^ *  I 1 n  f O  q \ ' i n n r r t  n f
=  0 . 1 7 4 6 | a g .
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Also porver delivered to load

Input \rA

. ' .  Input pf

From Eq. (9.4), average vaiue of thyristor

-  k I ^  0 . 6

=rZ,R=+=*#=2116w
= 230x 'Uf = 27 31.7 4 Y A

21r6 = 0.77461a9
273r .74
n0 \T(c) Peak thy'r istor current, I^= 2 1 . 6 8 1 A

I D

current,

x  2 1 . 6 8 1
T - ---::! -

L T A  _

r A  
I i

= 4.7407 A

From Eq. (9.5), rms value of thyristor current,

Irn
I ^ . i k  2 1 , ' 6 8 1  x r T 6 = 8 .397 A

L

9.3. SINGLE-PIIASE VOLTAGE CONTROLLERS
Fig. 9.4 shorvs three possible configurabions of single-phase ac voltage control lers. Fig.

9.4 (a), similar to Fig. 9.2 (a), uses two thyristors connected in antiparal lel.  The tr igger sources
for the brvo thyristors must be isolated from one another because othenvise the hvo cathodes
rvould be connected together and the two thyristors wou-ld be out of circuit as shorvn in Fi,'
9.4 (b). Thus, no control of the output voltage would be possible.

T  r i g  g e r
sou rce

Qh .. G)
Fig. 9.4. Single-phase ac voltage controllers.

Scheme shown in Fig. 9.4 (c) employs four diodes and one thyristor, For this circuit,  there
is no need for any isolation bebween control and power circuits. This scheme, therefore offers
a cheap ac voltage control ler. The voltage drop in 6he three conducting devices (two diodes
and one thyristor) wil l ,  however, be more than in Fig. 9.4 (o),

The circuit shown in Fig. 9.4 (d) uses one tr iac. This configurt ion is suitable for lorv-power
applicabions where the load is resisbive or has only a small inductance. The briggering circuit
for the tr iac need not be isolated from the power circuit.

lcL )

t_ :l

a J +

V
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9.3.1.  S ingle-phase Vol ta$e Contro l ler  wi th  R Load

Fig. 9.5 (a) shows a single:phase voltage conbrol ler feeding power to

--1. stated before, brvo thyristors are connected in ant,paral lel.  Waveforms

: ' , ,  gabing pulses ie t , i {z , load current  19,  source current  l r ,  load vo l tage u0 '

a-i L'r-r and that across T2 x u72 a:re shorvn in Fig' 9'5 (b)'

rgZ

i i'o"s

a  res i s t i ve  l oad  -R .

for  source vo l tage

vo l tage  ac ross  T1

" r l
I

-*l
I

\ 1

\  ( 2 r  n  c )  3 r I

( n \  ( b )
\ P /

nli. 'g.s. (a) Single-phase ac voltag-e control ler with R Ioad
(6) V'oltage and current waveforms for figure (o)'

Thrrr istors T1 and T2 are forward biased during posit ive and negative half,  c; 'cles
^ ^ r J r ^ u L v ^ v

I...pu.biu.Iy.'During positive half cycie, Tl is briggered at a fir ing angle G. T1 starts conouctrns

and source voltage is applied to load fiom stolr. atn, foth ro,io fu'U Lo zero' Just after r ' TL

is subjected to reverse bias, it is therefore turned off. Duin g negative haif cycle' T2 is

triggered at (n + u).-Ti.orran.* from n + s t0 2t. Soon aft 'er 2n, T2 is subjected t0 a re"'e:se

bias, it is therefore com-utated. Load and source currenfs have the 6ame rvavefornl'

From zero to G, T1 is forward biased' url = u' as shown' From a' T1 conducts' L-' i i

+L^ -^ r ^ - ^  ^1^^ . , 1  1  \ r  a f l o .  r  T1  i c  r -pvArse  h iased  bv  sou rce  vo l t ase .  t he re fo re  uT t=L ' ,  i t ' : '

t r r -

I

V o l t o o e i d r o p
oc  ross  i

I t l  ) , k r + a )
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n to n + cx.. From fi  + c{, lo 2n,T? conducts ; T1 is therefore revelse biased by.voltage drop across

T2 w-hich is about 1 to 1.5 v. The 'orfage variat ion u7i &cross scR T1 is shown in Fig. 9'5(b)'

Similarly, the variat ion of voltage 1,72 acroSS TZ can be drawn. In Fig.9.5 (b), voltage drop

across thyristors T1 and 12 is p,-,rpo..ty shorvn just to highright the duration of reverse bias

across T1 and T2. Examlnabion of this figlttu reveals that for any value of cr, each thyristor

is reverse biased for n./rt: sec.

There is thus no restr icbion on the value of f ir ing angle a. Fir ing angle can, therefore' be

control led from zero to n a-nd rms output voltage from V, to zero' Here V, is the rms value of

source voltage.
1i

l r  -  -  c o n
- 0 )

Harmonics of  output  quant i t ies and input  current .  I t  is  seen f rom Fig '  9 '5  (b)  that

rvaveforms for  output  quunt i t iu .  (vo l tage t '6  and current  16)  and input  current  ls  are

non-s inusoidar .  These rvaveforms can be descr ibed by Four ier  ser ies.  As the posi t i 'e  and

negat ive hal f  cyc les are ident ica l ,  dc component  and even harmonics are absent '

The output  vo l tage u0 can be represented by Four ier  ser ies as under  :

uo =  IAn s in  n ro t  + \e ,  cos  no f .  (e.6)

.  ( 9 . 7 )

. . . ( 9 . 8 )

n  =  1 , 3 , 5 n = 1 , 3 . 5

) / r ; l

Circuit turn-off t ime,

rvhere

and

and

A- =? f l  , 'n  i . r r  s in  ncol  '  c i 'a ! '
"  T l t v  

-

q r f r
B ̂  = ! l^ un (r.ut) cos n ct l

"  f l t v  
'

The load voltage u6 during the f irst half c1'cle is

u o = V * s i . n  o l f  . . .  " c l  <  a t  < x

Subst i tu t ion of  u6 f rom Eq.  (9 .9)  in  Eqs.  r9 .7 ' r  and '$ .$)  g i " 'es

. t \ /  . 1  1
L Y  *  I

A ^  =  J  I  s i n  o f  s t n  n Q :  c  t . " :
1 r  ( 7

|  /  a  t r

= '  ^  
|  [ . 0 =  ( n  -  1 )  c f  -  c o s  ( n  +  1 )  o l t ]  d ( o l f )

7 I  J U

:
*V^ [s in 

(n -  1)  a -  s in (n --1) cx '  
I

7 r  I  n + l  n - I  lL
, \ /  s f t

B-  =  2 l  s i n  o /  cos  na t  '  d (a t )
, ,  

T T  J U

V ^ l n ,
=: J,, [ . in 1n + 1) o/ - sin (n - 1) rot] d(rot)

_ V ^ [ c o s  ( n  +  1 )  a -  1 -  c o s  ( n  -  1 )  o -  1  
I  .  t 9  1 1

1 r  I  n * 1  n - r  l
where V*= ^{2 V, and % = 

"t's 
iralue of source voltage '

F o r o b t a i n i n g E q . ( 9 . 1 1 ) , n o t e t h a t f o r n = 1 , 3 , 5 . . . c o s ( n + 1 ) n = l a n d c o s ( n - 1 ) n = 1
The amplitude of the nth harmonic output voltage Vn^ and its phase Q,, are given b1''

/ o  q )

( 9  1 0 i
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vn^= q+4 and Qn = tan
R

A
f,n

( Q  1 2 n \
r r , \ v .  a ! e /

, . . Q . 1 2 b )

/ o  1 ? )

r q  1 i l

. ' n l f r c r e

. . . ( 9 . 1 5 4 )

M  / n l
, . ' \ u .  a ,  g '

/ o  1 t A )
, , , \ v .  L  t  v  /

and

T 7
v

I^^  -  4  = nth harmonic  load current
K

For fundamenta l  f requency,  i .e .  for  n=1,V,-  and Q,  cannot  be obta ined f rom Eqs '  (9 '10)

ro (g.12) ,  because these become indeterminate for  n= I .  Th is  d i f f icu l ty  can,  horvever , -be

o 'ercome by put t ing n = 1 in  Eqs.  (9 .7)  and (9.8)  and subst i tu t ing the va lue of  u6 f rom Eq'

i a  c r )

, . t  t f t  V .  l c i n  2 r r  I
A, =! |  v^ sin2 o/ d"st) = + I : i -  ;  ( ;  -  o.) |" r  r t \ ' ^ " " '  ;  |  

' l  
I

e  t ' '  \ ' -  [ . o .  2 u -  I )
a n d  B t = i ) " 1 , ^ s i n o i  c c s c r r  d ( a t ) = ; i - - ' - l

! J

From the coef f rc ienfs  A,  and 8, ,  the peal i  va lue of  the fundanlenta l  f requency

V1- ar ld  i ts  phase Q1 are g iven bY

vr^= yal  + a l )1 '2

,  V  1 *  ^ * - ^ t : r . , , 1  .  ^ f  f , , n r l r n r p n i ^ 1  ^ ^ - - , . - . - f  n f  l ^ a d  O r  S O U I C e  C U r r e n t  . . . ( 9 . 1 5 b )I r^=  - f  =  ampl i tude o f  fundaner i ia l  cv r rpor l to [  o I  10 ,
t v

c o s 2 u - 1 . . ( 9 . 1 6 )and srn 2ct + Z(it - u

t rhen ac vo l tage contro i ler  is  used for  the speed contro l  o f  a  s ing le-phase induct ion molor ,

on ly . fundarnenta i "component  is  usefu l  in  producing the torque.  The harmonics in  the motor

c,]rrent merely increase the losses and therefore heating of the induction motor'

Fnr  heat ing and l ight ing loads,  horvever ,  both fundamenta l  and harmonics are usefu l  in
^  v ^  l r v q v ^ . . b  s

nrorlrrc. ing the ac conhr"oi led-po.'u.r. In such applicabions, rms value Vo, of the output voltage

should be known. It  ca-n be obtained from Eq. (9.9) as fol lorvs :

, B t
Qt = tan- '  a= 

= tan
,  ^ 1

r - )1 /2

%,= l l  I  V2^s in2  co t .d (ov ) l
L n ' o  J

=k[1{,^ - c) + } ' i" 'o }.l" '! 2 [ n 1  /  J i

and I^,=+= rms value of  load, or source current'o r  
R

The average pov/er P deiivered to load of resistance .R is

vz v2 [ r I
p = I3,R = + = #l fn - oi + f sin 2o, I

r v  p t r L v L  
"  )

r r z f  1  I=#f rn-o l+ is i "zoJ

Maximum power Pro-- is delivered to load rvhen o = 0'

. . . ( 9 . 1 8 )
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This gives

t f l
D  -  

r s
' ^ * -  

f i R

P L
p  = 1 t n -
' m.&r L

ol* * si '  zaj
- )

In  terms of  harmonic  components,

P = R (l i l+ If ir+ I lu+ ... . . .  )
= fi rv\., * v3, + vlr+ .. .... )

Fig. 9.5 (6) shorvs that source current waveform is identical with
This shoii 's that expressions for both load and source currenk for the
: . re  the  same

Pos 'e r  Fac to r .  Assuming  tha t  sou rce  vo l tage  rema ins  s inuso ida l
ncn-sinuscidal current i ,s draw'n from it,  the power factor is given by

^, _ Real power _ f -I1 cos Q1 ,[1 '  cos Q1
'A' l  - 

Apparent power 
- -Trf,; :  

1,,*

load current waveform.
appropr ia te harmonics

a \ r o n  f h ^ t t - l t

/ q  1 q )

' - r
^ 1 -

I t= 
l+z 

= rms value of fundamental component of source current

grven by Eq.  (9 .15 b)
I r * "= f .  =  rms value of  source current ,  Eq.  (9  17 b) ,

q ,  = phase angle between % utrd 1r ,  Eq.(9.1G)
Another expression for pf can be^obtained as foi lows :

f , L

Real power del ivered to load = +
K

Apparent  power del ivered to  load

-  Y  '  I o r = V r '

" 4/n
nr - --- -n' - v, v"r/R-

or=?= [* {,'- c) + } .i' ,*}f"'

1r'  or

R
T T
Y o r

T T
Y .

From Eq .  (9 .17o ) , . ( 9 . 2 0 )

The maximum value of rms output voltage and current occurs at a = 0 arld are s-iyen bv
% uttd V,/R respectively, Eq. (9.17). For G = 0, harmonics are absent, these are therelore also
the maximum values of fundamental rms voltage and current.

Example 9,2. A single-phase uoltage controller feeds pouer to a resistit,e load. of 3 e from
230 V, 50 Hz source. Calculate :

@) the maximum ualues of auerage and rms thyristor currents for ony firing angLe u,
(b) the minimum circuit turn-off time for any firing angle a,

k) the ratio of third-ltarmonic uoltage to fundamental uoltage for a=L,

@) the maximum ualue of di / dt occurcing in tlte thyristors,
(e) the angle u at which the greatest forward or reuerse uoltage is applied. to either of the

thtristors ond the magnitude of these uoltages.
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considered here for  descr ib ing the pr inc ip le  of  operat ion of  both the types of  cyctoco,rver ters .
A s ing le-phase to s ing le-phase der . ice of  the mid-point  t lpe is  shorvn in  F ig.  10.1 (o)  and of

the  b r i dge  t ype  i n  F ig .  i 0 .1 (b ) .  W i th  the  he lp  o f  t h i s  f i gu re ,  t he  bas i c  p r i nc ip les  o f  bo th  t ypes

of  cyc loconver ters  are descnbed here

10 .1 .1 .  S ing le -phase  to  S ing le -phase  C i r cu i t -S tep -up  Cyc loconve r te r

For  understanding the operat ing pr inc ip le  of  s tep-up device,  the ioad is  assumed to be
res is t ive for  s impl ic i ty .  I t  should be noted thar  a s tep-up cyc loconver ter  requi res forced
commutat ion.  The basic  pr inc ip le  of  s tep-up c le i - ice is  descr ibed ] rere f i rs t  for  mid-point  and
then for  br idge- type c1-c loconverLers

?--r

( 'LJ  v .

v a o

t

v b o

o-  
N 2

(a )  (b )

Fig .  10 .1 .  S ing le -phase to  s ing le -phase cyc loconver te r  c i rcu i t
(o) mid-point t lpe and (6) br idge t lpe.

10 .1 .1 .1 .  M id -po in t  cyc loconve r te r .  i t  cons i s t s  o f  a  s ing le -phase  t rans fo rn te r  w i th  n t i d -
*?n  on  the  second^ - "  " ' i ^ r i - -  ^ - ,  f ou r  t h r r i s to rs .  T \ r ' o  o f  t hese  th r r i s to rs  P1 ,  P2  a re  fo rJ d r y  \ Y I l r u l r r E  d r u

los i t ive group and the other  t rvo N1,  N2 are for  the negal ive group.  Load is  connected bet* 'een
secondary rv ind ing mid-point  0  and terminal  A as shorvn in  F ig.  10.1 (o) .  Posi t ive d i rect ions
for  output  vo l tage u0 and output  currenl  ie  are marked in  F ig.  10.1 '

T

Fig. 10.2. Waveforms for step-up c1'cloconverter,

In  F ig.  10.1,  dur ing the posi t ive hal f  cyc le of  supply  vo l tage of  F ig.  10.2,  terminal  a  is
posi t ive rv i th  respect  to  terminal  b .  Therefore,  in  th is  pos i t ive hal f  cyc le,  both SCRs P1 and
\2 are fonvard b iased f rom ot /  =  0 to  @t =I t .  As such SCR Pl  is  turned on at  o /  = 0o so that
lcad vo l tage is  pos i t ive wi th  termina]  A posi t ive an 'd 0 negat ive.  The load vo l tage norv fo l iorvs
rhe posi t ive envelope of  the supply  vo l tage,  F ig.  10.2.  At  instant  o f  1 ,  P1 is  force commutated

ard fonvard-biased thyristor N2 is turned on so that load voltage is negative rvith terni inal
, i  pos i t iye and A nesat ive.  The load,  or  output ,  vo l tage norv t races the negat ive envelope of

i N 2
tut:t ^

t tUJ

z f  a =
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Cgclocorluerters

A device which converts input power at one frequency 'uo output poiver a'u a different

frequency with one-stage con.rersion is cal led a cycloconverter. A c1-cloconverter is thus a

one-stage frequency changet. Basical ly, cycloconverters are of trvo types, namely :

( l) step-down cycloconverters and
( l l )  s tep-up cyc loconver ters .

In step-down cycloconverters, the output frequency f6 is lorver than the supply,frequency

f, i .e. fo < f,  In step-up cycloconverters, io, f ,

The operat ing pr inc ip les of  s tep-dorvn cyc loconver ters  were developed as far  back as 1930.

bhat t ime, mercury-arc recti f ier rvas used as a cycloconverter for convert ing three-phase

Hz supply to single-phase rcf;W.- supply for use in ac Lraction s1'st,em tn Germanl' .  A

s ingle-phase ser ies motor ,  rvhen operated at  a  lower  f requency,  g ives bet ter  operat ing

characterist ics. In the United States, a cycloconverfer comprising 1B thyratrons was emplol 'ed

to drive a 400-HP synchronous motor for several years in Logan power station [6]. The

cyc loconver ter  systems at  that  t ime d id not  f ind widespread use only  because ear l -u-  systems

rvere not technical ly attractive and econornical ly viable.

With the advent of high-power thJristors, cycloconverters are again becoming popuiar. At

present ,  the appi icat ions of  cyc ioconver ters  inc lude the fo l lowing :

( l )  Speed contro l  o f  h ig l i -power ac dr ives
( l l )  Induct ion heat ing

(l l l )  Static VAR generation
gu)  For  conver t ing var iab le-speed a l ternator  vo l tage to  constant  f requency output  vo l t -

age for use as power supply in aircraft or shipboards'

The general use of cycloconverter is to provide either a variable frequency power from a

fixed input frequency poru.t (as in ac motor speed control) or a frxed frequency porver from

a ,rariable inpul frequency power (as in aircraft or shipboard porver supplies).

The object of this chapter is to presentboth single-phase and three-phase cycloconverters

at an inbroductory level.'

10.1. PRINCIPLE OF CYCLOCO}'I\TERTER OPERATION

In this section, basic principle of operation of step-up as lvel l  as step-dou'n cycloconverter

is  presented.  S ingle-phase to s ing le-phase cyc loconver ter ,  though seidom used in  pracf ice,  ts

ta:

, - -
:1:
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cn .  I n  t h i s  manner ,  a  sma l l  de lay  i n  f i r i ng  ang ie  i - r  i n t r r c iu : :d  a t  C .  D .  t  F  ; . :  G .  A l  G ,  t he
f i r i no  ans lo  i c  . o .g  a_nd  the  mean  Ou tpp t  vO lLage .  g t yen  b ) '  , , tO  =  l L  ccs  C .  iS  na -x i t t u tn  a t  G .

. { t  A .  t h e  m e a n  o r . r * . . }  , . ^ l # ^ - ^  : ^  - ^ r O  a S  G  =  9 0 " .  A f t e r  n o i n f  G  a  s : : - r : l l  f , ^ 1 ^ . '  l -  i - r , . -  ^ - - 1 -
- r u - ^ )  v r r u  r r r u u r  w L I L I J L l L  V U r L d S t r  1 5  Z C I U  d )  U  -  J V  .  n l L € r  p v r r r u  v .  a  J . - ; r r  J C - d - '  i : I  : I I 1 . : <  a r S l C

is further introduced progressively at points H,l,J, K, L and -r,-[  Al , tr-f ,  the f ir ing angle rs

F o b r i c o t e d  o u t p u t
v o l t o g e

^ r , r ^ , r r , ' n l l n n o' v , , u r r

Fig .  10 .5 .  Fabr ica ted  and nean ou tpu t  vo l tage rvaveforms fo r  a  s ing le -phase cyc loco lver* ,e r .

e s a i n  Q O r  e n d  t h e  v a l u e  o f  n r e a - : r  o u t p u t  v o l t a g e  i s  z e r o .  T h e  g a t i n g  c i r c u i c r i ' i s  s u i t a b l - r '
d e s i g n e d  t o  i n t r o d u c e  p r o g r e s s i v e  f i r i n g  a - n g ) e  d e l a y  a s  d i s c u s s e d  h e r e .  I n  F i g .  1 0 . 5 ,  t h e
s i n c l e - n h A s e  o p 1 6 ' ' r  - - ^ l + ^ - .  t ^ l - - ; ^ ^ '  -  r  f - . ' *  . l  ' . l ' ^ ^ ^  : - - ^ " +  - ' ^ l + ^ - ^  : ^  ^ \ O r v n  b v  t h i C k  C U * ' . .J r r r E r u - p r r G r L  v u L p d L  V U l t . l g C ,  1 < 1  U . l  l U d t C U  l l U l l l  d - P r l d 5 t r  r r r P u L  v U l L d E , c ,  I J  ) l

] Iear i  ou tpu t  vo l tage \ ' ;ave  is  ob ta jncd  b ; '  jo in i r rg  po in ts  per ta in ing  to  average vo l tage va lues .
F 'n .  p .a rn . lo  e f  - l  ,  Cr  -  90 ' ,  ! ' o  =  0  ;  a t  G,  Cr  =  0o ,  there fore  Vg has  max imum mean autpu t^ v ,  q v  l

vol tage and so on.  I t  is  seen f rom Fig.  10.5 that  fabr icated ouf ,putvo l tage grven by ' th ick cun 'e
can be resolved in to fundamenta l  f requency output  vo l tage p ius severa l  o ther  harrnonrc
cnrnnnnpnfq Tho j92 j  inductance can,  l rorvever ,  f i l ter  out  the h igh- f requencv unrvar t te t l
hermnnir .q  t r ' ic '  10.5 reveals  that  fcr  one hal f -cyc le of  fundamenta l  f requency output  vo i tage
(marked mean output  vo l tage in  th is  f igure) ,  there are e ight  ha l f  cyc les of  supply  f requency
, . ^ l r ^ - ^  r n l . : ^  ^ L ^ - ,,  v .u rs t r .  r , r r r  ' ru rvs  tha t  ou tpu t  f requenc l ' fo  =  * f ,  rvhere  f ,  i s  the  supp ly  f requency .

I t  is obvious from Fig. 10.5 that for oUtuini . ,g posit ive half  cycle of lorv-frequency output
' . '  -a . 'p  f i r inc '  ano lg  i s  var ied  f rom 90"  to  zero  degree and then to  90 ' .  For  ob fa in ing  one c ; ' c le
: : ; rs is t ing  o f  one pos i t i ve  ha l f  c i ' c le  and one negat ive  ha l f  cyc le )  o f  low f requency  ou tpu t

- . ' - : i a . ' e .  t h e  f i r i n s  a n s l e  s h o u i d  b e  v a r i e d  f r o m  9 0 "  t o  z e r o  d e q r e e  t o  9 0 o  f c -  - - ^ - r + i " ^  L ^ l r  ^ " ^ r ^
_ . - _ o - ,  l r l e u t l u l l l  J v  v t ) z L -  -  . J r l i u 5 l t l \ e l l a l l u y L r u

: : ,  f rom 90 '  to  180"  and back to  90"  for  negat ;ve hal f  cyc le.  This  is  i l lusr rated in  F ig.  10.6.

It  is thus seen from above that a complete cycle of low-frequency output voitage can be
: : : r icated f rom the segments of  3-phase input  vo l tage waveform by the use of  phase-contro l led

TL  ̂  ^"c loconver ter  can be made to del iver  any pf  ioad.  In  F ig.  10.6,  the device is- - . . t c l L v r : .  I l t u  L y

. : . : ' . i 'n  to  del iver  a  Iagging pf  load.  In  a thyr is tcr  conver ter  c i rcu i t ,  current  can only  f lorv  in
, :  =  c i recf ion.  For  a i lorv ing the f lorv  of  current  in  both the d i recbions dur ing one c0mplete
: - . ' : l :  o f  load current ,  t rvo three-phase hal f -wave conver ters  mustbe connected in  ant ipara j le l
: :  : - . r J 1 1  l t  l ' l t  r ' l E .  I

. . , . :  : i ' c le  of  lorv- f requency output  current  is  ca l led posi t iueconuer tergroup.  The other  group
- ' - - ' r ' r jno tho f lo1y of  current  dur ing the negat ive hal f  cyc le of  output  current  is  ca l led

: : - - - - C L U t L L t C t L V I  
I

;  -: ; . ; ' . : , ' i1 in Fig. I0.7 @) and basic circuit configlration in Fig, 10.7 (b). This f igure uses brvo
:  : . : :se:a l f  wal 'e  conver ters  in  ant i -para l le i ,  the posi t ive $oup for  the conduct ion of  pos ib ive
::- j  : : :rent and the negative group for the f lorv of negative load current.

: : ' : : : : inat ion of  F ig.  10.6 reveals  thatwhen oubput  current is  pos i t ive (above the reference
-  = - :  : :s i ; i ' , 'e  conver ter  conducfs.  Under  th is  condi t ion,  pos i t ive conver ter  acts  as a rect i f i : :
- : . .  : ' - : : ' - : :  ' , 'cl tage is posit ive and as an inverter rvhen oubput voitage is negative. \ \1::

(
f /

M e  o n
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,vco ,/v bo

(a )

( D /

- ' l v t r -
Meon  ou tpu t

l i ^  l ;

l \  \ Y : Vpz+N2-iN1:- i  Nzi*-Pzl-\* P11--

l r  T
I S -,'r*-\

t , , ( 2 -  - 1 1

l o

F i g .  1 0 . a .  \ ' o . t i r e  r : - - i '  c u : r . : - ' -  " i  , " : l i : : : ' . -  i . : '

s tep-don'n cvc ioconverter  ' , i ' l th  co i l r : i1" . : '  L :s  l ' - ' : ' l  ' -  - . : - l . t : - ' :

u ' aye fo rm i s  red ra rvn  i n  F ig .  10 . , 4  (d )  unde r  s teadv  s t r t e  c , - r ; r : i r t r ons .  I t  i s  see r l  f r o tn  l oad  cu r ren t

' , i -aveform that  1 , . ,  is  sy,nm-t r ica l  about  o l  ax is  in  F ig.  10.1 C .  The l los i t ive group of  vo l tage

s ronn  and  c r r r ren t  wa t ,e  cons i s t s  o f  f o r r r  p r r l ses  and  san ie  i s  t l ue  fo l  nega t i ve  g roup  o f  r vave .
o ^ v s y

One posi t ive group of  pp lses a long ' , r ' i t ] - i  one negat ive group of  ide l t t ica l  pu lses consLt tu te one

c,r .c le  for  the ioac l  . , 'o l tage and load current .  The supplv  vo l tage has,  horvever ' ,  gone through

for- r r  c1,c les.  The output  f requency is ,  thereforP,  / , . ,  =  
i i  tn  F ig.  10. '1 .

rcJ.2.2,  Br idge- t5,pe cyc loconver ter .  The operat ion of  br idge t -vpe c1 'c loconver ler '

- .hon 'n in  F ig.  tO. i  ib t -  can be easi l l '  exp la ined for  l :o th d iscont inr - rous and cot r t inuous load

curre l ts .  The vo l tage a1d current  rvavefornts  * 'ou ic l  agai i r  be as shorvn in  F ig.  10.3 for

d iscont inuous load cr i r rent  anc l  as in  F ig 10.4 for  cont in t rot is  load currenl .  The erp ianat lon

: f  br idge- t1 'pe c1 'c loconr ,er ter  is  le f t  as an exerc ise to  the reader .

1 0.2. THREE. PTLAS tr II{LF.WAVE CYC LO C O N\TE RTER

The object  o f  th is  sect ion is  to  consider  hor l '  s ing le-phase lor r ' - f requenc] '  outpr- r t  vo l tage rs

: : l , r i ra ted f ror l  the segnrents of  3-phase input  vo l tage rvaveform.  Then three-phase to

: l : r : : -phase c1 ' -c loconver ters  are descr i l led.

10 .2 .1 .  Th ree -phase  to  S ing le -phase  Cyc loconve r te rs

F:r  conr-err ing three-phase supply  at  one f reqr . rency to  s ing le-phase suppl l 'a t  a  lor ' , 'er

:reqii=:rc;.,  rhe baslc principle is to varl,  progressively the f ir ing angle of the three thFistors

: i  :  - l  r i rase i ra i f - ' , i .ave c i icu i t .  In  F ig.  10.5.  f i r ing angle at  A to  90o,  a t  B f i r ing angle is

s: : .= . , . . -ha i  les* .  rhan 9r . ) ' ,  a t  C t i re  f i r ing angle is  s t i l l  fur ther  reduced than i t  is  a t  B ancl  so

i A

I( c )  
f

( d )

2
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( , ) f  =1r  tprminal  b  is  pos i t ive wi th  respect  to  terminal  o  ;both SCRs P2 and N1 are therefore
! L  

-  / \ ,

forrvard biased rro* ri= n to 2n. at ror = fi, N2 is force commutated and forward biased SCR
1 1

p2 is turned on. At rof = 
|* *,,oris 

force commutated and forward biased scR N1 is turned
/ J

on. In this manner, thyristors P1, N2 for first half cycle ; P2, N1 in the second half cycle and

so on are switched altlrnately between positive and negative envelopes at a high frequency'

As a result, output voltage of frequency f6, higher than the supply frequency f is obtained'

In Fig. I0.2, f ,  is the supply frequency and f6 is the output frequency. Also fe=6f, in Fig'

r0.2.
10.1.1.2.  Br idge- type cyc loconver ter .  I t  consis ts  of  a tota l  o f  e ight  thyr is tors ,  P l  to  P4

i.e. four for posit ivl  gro"p and the remaining four for the negative group. When o is posit ive

*, i th respect to r inl ig. 10.1 (b), l .e. during the posit ive half cycle of supply voltage off ig

10 2, thyristor pairs P1, P2 ald N1, N2 a1e forward biased from Ol = 0o to 0)t=1t'  When

forrvarci biased thyristors PI,P2 are turned on together at ot '  = 0o, the load voltage is posit ive

rvith respect to r in Fig. 10.1(b), forward-biased thyristors P1, P2 are turned on together at

of = 0o so that load vollage is posit ive rvith terminal A posif ive rvith respect to 0. Load voltage

now t raverses the posi t i ie  en, , , . lope of  supply  vo l tage,  F ig.  10.2.  At  co l r ,  Pai r  PI ,P2 is  force

co'rmutated and forward biased pair Nl, N2 is turned on. With this, load voltage is negative

rviLh terminal 0 posit ive with respect to A. Load voltage now fol lorvs the negative envelope

of source voltage, Fig. 10.2. At ot2 ; N1, N2 are force commutated and P1, P2 are turned on'

The load voltage is now posit ive and foi lorvs the posit ive envelope of source voltage. After

cDf = rc, thyristor pairs P3, P4 and N3, N4 are fonvard biased, these can therefore be turned

on and force commutated from orf = 7r to at = 2n.In this nlanner, a high-frequency turnrng-on

and force commutat ion of  pa i rs  P7,P2,  N1 N2 and pai rs  P3 P4,  N3 N4 g ives a carr ier - f re-

quency modulated output voltage across ioad terminals'

In Fig. 10.2 conduction of thyristors P1, P2 and N1, I '12 for mid-point cycloconverter of

Frg. 10.1(o) is only shown. It  is lair ly easy to indicate the conduction of thyristors P1 to P4

and N1 to N4 in Fig. 1-0.2.

1 0.  1 .2.  S in g le-phase to s in  g le-phase c i rcu i t -s tep-down cyc loconver ter

A  s t e p - d o w n  c y c l o c o n v e r t e r  d o e s  n o t  r e q u i r e  f o r c e d  c o m m u t a t r o n .  I f  r e q u i r e s

phase-contro l led conver ters  connected as shorvn in  F ig.  10.1.  These conver ters  need only l ine '

or natural, commutation which is provided by ac supply. Both rnid-point and bridge-type

cycloconverters are described in what fol lows :

10.1.2.1.  Mid-point  cyc loconver ter .  This  type of  cyc loconver ter  rv i l l  be descr ibed both

for discontinuous as rvel l  as continuous load current. The Ioad is norv assumed to consist of

l?  and L in  ser ies.

(o)  Discont inuous load current .  When a is  pos i t ive rv i th  respect  to  0 in  F ig.  10 ' I (o) ,

fo*vard biased SCR p1 is tr iggered at of = cr. With this, load current ls starts building up in

the posit ive direcbion from A to O. Load current ls becomes zeto at (or = F > n but less than

(n + a), Fig. 10.3 (c). Thyristor P1 is thus natural iy commutated at o)t = F which is already

re'erse biased after n. After half a cycle, b is posit ive with respect to 0' Now forward biased

th1-ristor p2 is triggered at at = n + cr. Load current is-again positive from A to O and builds

i in from zero as .h.-ortr in Fig. 10.3 (c). At cor - tc + B, ls decays to zero and P2 is natural ly

. : , r r : ,u :a ied Ai  2 ;+ a- ,  P1 is  again turned on.  Load current  in  F ig.  10.3 (c)  is  seen to be

: l is . - : . : : : . , : : ,us.  Af ter  four  pos ihve hal f  cyc les of  load vo l tage and load current ,  thyr is tor  N2

: : : : :  ? l  \ l  s : :u iC be f i ied)  is  gated u i  t+n+ cr )  rvhen 0 is  pos i t ive rv i r 'h  respect  to  b.  As N2
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Frg .  1C .3 .  \ ' o , : age  and  cu r ren t  wave fo rns  f o r

stepdon'n c l ic locoive:- ier  \ f  i th  d iscont inuous load current .

i s  forward b iased,  i t  s tar ts  conduct ing but  load current  d i rect ion is  reversed,  t .e .  i t  is  norv

f rom 0 to  A.  Af ter  N2 is  f r iggered,  load currenr  bu i lds up in  the negat ive d i rec l ion as shown

in F ig. r  10.3 (c) .  In  the nexihal f -cyc je,  0  is  pos ihve rv i th  respect  to  a but  before N1 is  f i red,

lo  decays to  zero and N2 is  nabura l l l ' ccnmu[ated.  Norv rvhen N1 is  gated at  (5n+ G),  i0  again

bui lds up but  i t  decays to  zero before lh i - r is :or  N2 L ' t  sequence is  again gated.  In  th is  n lanner ,

four  negabive hal f  c) ,c les of  load vo lcage and ioad current ,  equal  to  the number of  four  pos i t ive
] -^ t r  ̂ "^ l^ .  ^ -^  -^ ;erated.  Norv Pl  is  again tnggered to  fabr icate fur ther  four  pos i t ive hal f
r r d . r r .  L J L r c > ,  d r  t r  6 c

cyc les of  load 
"o l t "g .  

and so on.  For  d iscont inuous load current ,  natura l  commutat ion is

achieved,  i .e .  P l  goes to  b lock ing s tate before P2 is  gated and so on.

In Fig. 10.3, mean output voltage and current rvaves are also shor', 'n. I t  is seen from this
1

f igure that frequency of oubput voltage and current is f6 =;f '

(b)  Cont inuous load current .  When a is  pos ib ive wi th  respect  to  0 in  F ig.  10.1 (o) ,  P1

is briggered at o:t = u, posit ive output voltage appears across Ioad and load current starbs

building up, Fig. 10.a ic). At o/ = f i ,  supply and load voltages are zero. After ot = n, P1 is

leverse biased. As load current is continuous, P1 is not turned off at at = f i .  When P2 ls

tr iggered in sequence at 7r +a, a reverse voltage appears across P1, i t  is therefore turned off

byitutal commutation. When P1 is commutated load current has buil t  up to a value equal

to -R-R, Fig. 10.4 (c). With the turning on of P2 at (n + cr), output voltage is again posit ive as

it,  rvas with P1 on. As a consequence, load currentbuilds up further than RE as shown in Fig

10.4 (c) .  At (2t r+ c) ,  when Pl  is  again turned on, 'P2 is  natura l ly  commutated and load current

through P1 builds up beyond,RS as shorv-n. At the end of four posit ive haif cycles of oufput
- . , : ,1 iage,  load current  is ,RU. When N2 is  now t r iggered af ter  P2,  load is  subjected to  a negat ive
' . : i :age cyc le and load current  16 decreases f rom posi t ive RU to negat ive AB (say)  as sho* 'n

- -  l ig .  10.4 (c) .  Now N2 is  commutated and N1 is  gated at  (5n + a) .  Load current  lp  becomes

:- : :e  negabive than AB at  (6n+ a) ,  th is  is  because rnth N1 on,  load vo l tage is  neget ive.  For
--, r.  

".g^bive 
half cycles of output voitagq current je is shorvn in Fig. 10.4 (c). Load curreni


