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1. INTRODUCT iON

This report describes inverter design techni ques pertaining to
60 and 400 lIz sinewave power generation by means of high freq uency
synthesis . The inverter configurations described achieve the de-
sired waveform synthesis in a single power processing stage . Regu—
latiort to remove the effects of load and input voltage variations is
accomp lished by controlling the quantity of controlled energy pulses
delivered to the output circuit.

The design of a 3.0 kilowatt , three phase inverter based on the
most promising high frequency synthesis technique is described .
T h i s  design uses five 300—W modules per phase to provide the re-
quired 1.0 kilowatt output power per phase. It also provides t he
increased capability necessary to support additional VA requirements
at 0.8  power factor and 120% overload . A conceptual design of the
3.0 kilowatt lnverter is discussed and the results of packaging and
reliability analyses are presented .

Test data on a l00—W breadboard unit are also presented . The
breadboard unit was subjected to a detailed performance evaluation .
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2 .  INVEST LGAT ION

The t echnique  cf lei gh fr e q u e n c y  waveform synthes i s  as applied to
inverter design refers to sinusoidal waveform construction by the
controlled transfer of energy—limited pulses to an output capaci-
tive storage ci cihent . The inverter toad is connuected across the
capacit ive s torage  element .  The energy pulses are delivered to the
capacitor and load combination at hi gh frequency to limit ripple to
an acceptable level.

General  Cons ide ra tLons of h i gh F~~ !ju ency Wave form S~ I~thesis

Figure 1 illustrates a sinewave voltage synthesized by trains of
constant energy pulses occurring with a sinusoidal time distribution.
A smooth voltage waveform is obtained by using a filter. The product
of maximum pulse repetition rate , f , and pulse energy , E, determines

the maximum power available at the peak of the output voltage waveform
according to P = f S.

in r

- Output Frequency
Output
Voltage

1
~~~~~~~~~~~~~~

o 314
I

~~~~~~~~~~~~~

Constant
Energy
Pulses I I h h h I I h h I ! I I  L i I i ! ! I I i I I ! 1 l i I -~.

Time

Figure 1. High frequency waveform synthesis.
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\ o  I t  ~I5c r e g u l a t i o n  is ob L a i  ned by gal lug Lime  colmatimu L energy
P U I H O S  ~m s a f u n c t i on  of Li ce e r ro r  between t i m e o u tp u t  vo l tage  and a
r e f er e n t -c sinewave v o l t a ge . Rogul a tin g  capab I l ily  depends  on the
number of pulse s per cycle of the o ut p u t  v o lt a g e .  For example ,
fewer thaim 100 i)uIs i ~s per h a l f — c y c l e  can be expected to g iv c  worse
tha n  1% vol tage  r e g u l a t i on , because cache pulse  is capab le  of d e—
li ver i ug  11 of the  energy requ i red  per pulse  per iod at  ti m e peak of
the  uutpuL vol tage . Because high f r e q u e n c y , low energy  pulses pro-
vide  f ine \-olLag~ r e s o l u t i o n , hi gh pulse r e p e t i t i o n  f r equency  also
eases Lime f i l t e r in g  requirement fo r  low d i s t o r t i o n  waveform .

A p r a c t i ca l  l i m i t a t i o n  on r e p e t i t i o n  f r e q u en c y  is set by t i me
s w i t c i mi n g  c har ac t e r i s t i c s  of the  physical  c i r c u i t  e l e m e n t s .  Power
losses in s w i t c h i n g  diodes , SCRs and t r a n s i s t o r s  increase  w I t h
o p e r a t i n g  f r e q u e n c y  . Al thoug ht the r e a c t i v e  components  in i i  l t cr s
decrease  e l e ct r i c a l l y  and in phys ica l  size w i t h  f r e q u e n c y , t ime power
loss in these components , p a r t i c u l a r ly i n d u c t o r s  and t r an s f o r m e r s ,
in creases  w i t h  f r e q u e n c y . Th e r e for e  , hi 1gb opera t i ng  Ire q u cn t v is ,
in general  , obta ined  at t i m e  expense of i l m v e r t m - r  c i  f t c  ien cy .

For an inv e r t e r  emp loy ing h i gh f r e q u e n c y  s y n t h e s i z i n g  t ec h niques ,
the  des i gn of the o u t p u t  f i l t e r  is determined  l a r g e l y  by time re-
q u i r e m e n t s  for  w a v e f o r m  at ligh t  loads.  As o u t p u t  power r e d u c e s
to zero , fewer  pulses are required u n t i l , at zero load , t ime r e g u la t o r
allows u n I v  enough pulses  to pass to supply  losses in t i m e  i n v e rh e r .
For t h i s  reason , the f i l t e r  consis ts  of a capac i to r  in p a r a l l e l  w i t h
an i n d uct o r .  This combinat ion is resonant  at ti me o u t p u t  f r e q u e n cy
of t Ime i nv er t er .  Th is type of f i lt e r  provides good w a v e fo r m  regard-
less of load .

im m u n i t y  to changes of t ime  load power f a c t o r  is p r o v i d e d  by t i m e
parallel resonant output filter. For a lagg ing po\~er f a ct o r , t h is
is done b y making the  f i l t e r  induc tance  sinaI 1 i-omnh)a red to t i m e equ iva—
len t  p a r a l l e l  load in duct ance  by a f a c t o r  of 2 or 3. This a lso en-
sures t h a t  t i m e  f i l t e r  c ap a c i t o r  is small compared to t i m e eq u i v a l e nt
p a r a l l e l  load capac i  tance  fo r  a leading powi r f a c t o r  a t  t i m e  i-nine mag-
n i t u d e  as th ic lagg ing powe r f ac t o r .

A d i s a d v a nt a g e  of the pa ra l l e l  resonan t  I L I  t e  r i s  i t s  p i m v s  t ea l
size f o r  low inver t er  o u t p ut  f r e q uen c  tes  . Wave ! urn  at  a l l  loads  and
iminun i t~ to power f a c t o r  improve w i t h  r educed damp i ng w h i t  r i  damp i n g
is Sc l ined as

D = ( l / 2 R ) ( L / C ) 2

and

R = load r e si s t ance

L = filter inductance

C = t i l L e r  C~ I I h l e  I t I I U ii

3 
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hie i m ce , fo r  low damp ing , t ime react  lye components  h e a v e  to be e l  c c —
tn -a Ii y amid p imy s  ica l ly  large r e l a t i v e  to t i m i ’  ioad . Ti me c i r cu  t at  i leg
c u r r e n t  between r e a c t i v e  elements  in the ft lLe’r i ime I e a i i e s  w i t b  re-
duced damp ing. This also leads to inc reased  p h y s i ca l  size . I l l  I

i) r ob ien m is son mew imat  r e l i eved  because , ~or a g i v e n  pulse  repi - L i t i  ‘0

f r e q u e n c y,  the damp ing at low in v er t e r  frequency JOi S not  need L
In ’ as low as necessary  at  high in ver t er f r e q u e n c y .  For exatnp e’
at  400 l iz , 1) 0 .2  i_ s sill  table  prov i tied t ime power I n c  t ) r  is no low er
t i t an abou t  0.8;  h owever , higher daui ~- ing such as 0 • t ) can h i - used
at 60 Liz . Time increased damping a t  60 liz is p e r m i s s i b l e  b e c a us e
m o r e  pulses  are ava i l ab le  per o u t p ut  w a v e f o r m  p er iod  to f i ne  t une
time w a v efo r m  shape

I ny c  r t c  r Con c e t  I

F i gu r e  2 shows a meth od of achieving h i g i m f r equency  wav e f o r m  s v n —
- s by mi s Lng a resonant  power s tage . Time ope ra t ion  of t ime  ~i r ~

m i- i he i l lu s t r a t e d  by considering a single energy transfer
Assume the in i t i a l  vo l tages  on ti m e capac i tors and t i m e  m l —

r en t  in the i n d u c t o r  are  zero . When s wit c h  SI is closed ,
i t  i~ w i l l  f low in to  t ime resonan t LI—Cl ne twork and cap a c i t o r

w i l l  be broug i mt  to a peak vol tage  equal  to 2 F . . At  t Im e sanme

I j ute , the  cu r r en t  I 1 w il l  fall  to zero . A t  t imis  t inme Si is opened
and SI is c losed . Energy stored on Cl is then delivered to Cl by
c u r ren t  i-~ . Time cu r ren t  ~ wi l l  increase in s i n u s o id a l  fa s i m ion and
then ilccre ’,~mse to zero . When i~ f a l l s  to zero , SI i , s  opened and t h e e
c i- c Ic is complete . Energy has bee im t r a n s fer r e d  to t i m e ’ ou tp u t  eapac i —
to r CI b y a two stage process: ( I)  energy f ronm t ime source was de—
1 i v e red  Li) Cl , (2)  the energy on Cl was t r a n s f e r re d  to t ime o u t p u t .

An ex tens ion  of the elemental power stage (Fi gu r e 2)  to a
st ag - p r o v i d ing  b o t h  p o s i t i v e  and negat ive  vol tage  f o r  thee  a l t e r m m a t —
11mg p o la r i ty  of t he  o u t p u t  wavefornm is sh own iii Fi gu re  3. ‘rime
s w i t c he s  in Fi gure 3 are represented  b y si  t i c o n — c u c m t r o l l e d  r& ’ c t i —
v i e r s  ( SCRs)  . A single cycle of opera t ion  of the c i r c u i t  shown l i t
Figure 3 beg ins , as fo r  the previous case , b y t r a n s f e r r i n g  energy
[rain t ime source to the resonant network  L I— C l .  Assume t ime m i  t i n t
‘and i t ia n s  ‘n the react  ivo components  are z e r o  . ‘li me r i ’s o i m a l m  t t i e  t —

work  L i — C l  is eoemtm ec ted to thee source by t u r n i ng  an Q I and Qb . I f
L i m e  vol t age’ d rop  in ~ I and (~6 is negl ig ib le  , capaci  t a r  Cl w i l l
c ih ir get to IE . . A t  t h e  t ime t i m e  Ci vo l t age ’  peaks , t i m e  c u r ren t  drawn

I rum the  source w i l l  a t temp t: to reverse . ilowe ’ver , it w it I be pre—
\‘ ‘ e m t  ed I I~~1:I r ev e  us Lug be cause Lime SCR swi L i l i e s  , Q I and Qh , w i l l
, cmi tama t icai lv t i m r ’ii o f f  . ‘l i m e  cite rgv  s t e  red on Cl caim now bet del lvi  m c d
to  time o u t p u t  e’~ipa h to r CI L l m r o u g h  two i l  I_ c ’ ru ,m t L~~ e p a th s  depe nd t ug

t m t i e  a l i t  pu t  pa t a r  i L i - -  des ire’d . Oime ta t I m  is e l~t a i imt ’d h i - s imui I , m —

l it : .  h y  c h e ;  i lmg I .mi m d I~’~ . A l o a c d  leap  is t h h i l  f o r m e d  wh t i m  1.1

4
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Figure 2. Resonant power stage — Concept I.

CL , and CI in series ammd c u r r ent  will f low to charge C 2 .  I f  i~I

and Q5 ~‘cr c  closed instead of Q3 and Q4 , then a s imilar  closed 1oop
c o t i t ;m in i n g  LI , Cl , and Cl in series would be es tabl i sh ed bu t  w i t h
CI reversed . CI would then be cimarged w i t h  oppos i te  p o l a r i t y.

Time ci rcu i t  tim Fi gure 3 is capable of del iver ing energy t-s t h e
load f i r  bo th  po l a r i t i e s  of t ime o u t p u t  waveform . I t  is an in m p r n c t i —
ca l ceint ig u r a t io n , hmowever , since it can be shown to be uncout re l-
i a b l e  fo r  repetitive energy  t r a n s f e r  c y c l e s . For o p e r a t i o n  t h roug h
a s i ng le I m a l f  c’~cle  of time o u t p u t  wav e fornm , t Ime c i r c u i t  ui Fi gt. t m c
3 care b~t r ep resen ted  by t ime e lemental  c i r cu i t  of Fi gure  I w i t h
switch es Ql and QO represented by SI and switches Q3 and Q-+ (or
p 1 a nd Q~i ,I s t he case may be)  represented by SI .  ‘l ’h me i n i t ia l  ci i i —
d i t i on s  on i-lie r e a c t i v e  circuit elements LI, Cl , and CI will imo t
iii ge ne ’ r , i I , be sore . A r ep r e s e nt ~m t Ly e case is shmown i Figure

w h e r e  the inp u t  v o l t a g e  is i ni t i a l ly  -+OV , t i m e  o u t pu t v o l ta g e  is
a nd c , m I ) a e  i t o  r Cl vol  tage is — 40 V . When sWi t i’ht SI is closed

C I  w i i  I dma rge t i  I , at w h m 1 d m  t i r s ’  Si opens  acid SI c 1 dISC S
l n e r gy  it ;  then  d e l i  ye r e e l  La t ;1 , and Cl discharges to zero . At ti m i s

5
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Fi gure  4 .  U p e r at i o n  f o r  input  vol tage  less th an  o u t p u t  v o l t a g e .

time S2 ope ns and SI closes . Cl is again charged f rom time source
b u t  on ly  to 80V , s u b s t a n t i a l ly less thnan on the f i r s t  c y c l e .  when
S2 is n ex t  c losed , energy is aga in  de l ivered  to C2 , b u t  less t i tan
fo r  t i l e  previous cy c le , and Cl [s only d i s ci ma r g e d  to 40\’ . When Si
next closes , no energy is transferred to Cl front  t ime source  S i ll .  C
they are both at 40V and no d r i v i n g  v o l t a g e  is e s t a b l i s h m e d  m t - ross
in d u c t o r  L i .  Wime i m S2 then closes , t i m e  O u t p u t  v u i t~lge-  ac ross Cl
is g rea t e r  titan time voltage on Cl and energy is removed fronm time
load and t r a n s fe r r e d  to CI wh ic h -i charges  to  SOV . in time S e Nt
closure of Si , energy is being t r a n s f e r r e d  f r u i t  Cl b a c k  to t h e
source ;  t imus  energy  f low h a s  r eversed . Energy  is being  removed
front  t i m e  load acid t r a n s fc r r e ’ - i to t ime ’ sou ;’e - r a t h e r  L i t - n V i c e ’ v e rsa
as required . In g e n e r a l  , w h e n e v e r  t i m e  ou t ~luL  v o l t ag e  is g r t - a  I c r
than t i m e  i n p u t  vo l tage , t i m i s  e’ondition w i l l  o c c u r .  h ence  , to  nm ; mi lm —
t;m in  e n e rgy  f low f ruin soim r ~-e to Load , the in p u t  v o l t ;m g e  must  be
greater than time o u t p u t  vo l t age ’ . If time avai lab le  source  vol tag e t
is l ess t h an t h e  d~’sl red o u t p u t  vo l tage , t i me u  a b o o s t  i - ir e’ r o p t i  l ; i  l e e
is requl r~’eh a l i e n S  of  the ’  i nv e r  L i ’ r si_ age ’ to a s s u m .’ e ’ p m o  h e r cue ’ r gv  1 I ow
fr oi im source  to load .

*
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;.‘ l t i  Ic  a j l ~~t egum i m t a r  curt Id be added ah ead a t  l i t e  i l ive_ - i t t i r  st stge ’
It .m s s u e ’c P~~~P 1 - r  ~- ; i e - I g v  h o w , t h e  i t iv e r te r  c i r c u i t  e l  F igu r e  2 w i l l
st  m l I t t  i a  r i  I i -.- ,m l i~~’ ,- , t i m se ’  t ime  energy  t r at i s t e l -  per  p0151’ is eec —
cumi t r o l  1 W  i e ’ . i - h g u r e  : i l lu s t ra t e -t ;  t h i s  S i  tw i t  h i m  by u ! m e l w i i l g  a im

opt ’ r , m  t i m g ~mo liii ci  ih thee  out  ~~~ vo l t age  I u _ - s t - t i m - t i  t h e ’  i m h ) u t  v o l t  - i

Ra t h er  L i l , m i m  t i Ce e’ l re ’m mi t Vi) I t iegei S rind cut- i ’ i ’ O t t i  dec rC t t ;  ag ant i  r e - V t  I . ’—

h ig p h m . t t i ~ ’ ,is or  thee p r e\ ’  ious case. t ime y now inc re ’ ,i~ c u n c u r l  I rol Labl~
atm Su , C c ’- ,S r y e ’ c V e ’ l ets . in a practical. love- r I_ cr , th is U n c u m i t i e - t

p u , ; - ,- t i m  t i r l i l e r l c ’ ,’ w o u l d  lead to a; t n — ; t - -s n ac-id di’ s t r u e - t io l i  i f  Li ce
ci rcti I L et lemen Is

It resolve’ thee operational problems discussed above and recover
c o c m t r o i  o f  time invertei r power stage , it is necessary to add addi t ion-
al sc.’ it c im  e’l&i inont s to the  c i r c u i t .  ‘flee requi red  mud i f i ’ ;m t i o n s  a re
si t ocli in Fi gure  ~~~. The i I ri -n i t sh own can be desi gned to de l iver
cont r o l l e d  energy  pu lses  to time Ou tp u t  even fo r  s o u r c e  vol tages  l ess
L i r t i l  L i m e  o u t p u t  vol taget , thins e l iminat ing the need for  a p r e r e g u l a —
L o r .  Tb is capab i l i t y  is achieved by adding swi tc iming  elements  tha t
al 1-n , ’ t i m e  r e s o n a n t  c i r cu i t  LI—Cl to be charged in s teps . For ox —

~il:) i) l e - , c los 11mg Q5 , Q6 , Ql3 , and 014 wi l l  charge Cl to a c e r t a i n  v u l —
pe’ . i i  t h i s  vol tage  is less ti tan Lime output voltage , energy can-

n ot  he ’ d e l i v e r e d  acid Cl must  be charged f u r t h e r .  This is ;lce:uu:-

P i t  S I t e d  hi - ’ e’ let siri g Ql , Q~ , Q9 , amid QIO and reconnec t ing  t i m e rcsoiiau t
c i r c u i t  LI—Cl to t ime source b u t  a t  oppos i te  p o l a r i t y . Cl wi l l
J i m a r g e to a higher (bu t  negat ive)  vol tage ari d acquire more energy.
i i - xt , Q5 , Q6 , Ql3 , and Q14 are closed and the  resonant  ne twork  is
a lt e C  u, lr e reversed and connected in a miornmal sense acr o s s  t ime s o u r c e .
l i i i ’  c a p a c i t o r  ;m e qu ~ res more energy and the voltage  increases  a t h i rd
t i m e - . i f  the v o l t a g e  on Ci is i-cow h i gher  t i tan t im e o u t p u t  vo l tage ,
t i m i - l i  c ; i er gv  can be t r a n s f e r r e d  to time o u t p u t  by closing Ql7 amid l ,~2 3 .
if t iot , Cl cam -c be p umped f ar t h e r  until it a t t a i n s  a voltage greater
t i m a l l  th e  o u t p u t , a t  this t ime , Lic e s to red  energy can l)e transferred .

t h e  p rob lem w i t i m  c i r c u i t  vol tages and c u r r e n t s  g rowing  u n c o n t r ol -
lably  f or source  v o l t a g e  g r e a t e r  than  o u t p u t  v o l ta ge  is s i m i la r l y  r e —
salved . In th is case , t ime r e sonan t  n e t w o r k  L l— C i  is r o p e - t i  L i v e’ I ;  re~—
versed  and connee’ted to the  o u t p u t  c i rcu  it r a t h er t lma n to t i m e  se)urce
vol  t . l g e ’ as discussed above fo r  source vo l t age’  less than  o u t p u t  vo l—
L~ lpu.

W im i Ic thee iii ve -rter power stage shown in Fi gure  6 ca lm , il-i pr .i m m —
ci p i c  , be made to work , i t  has serious drawbacks  t l t , m t  I m i t  it L i n e ’—

f u l m e e s s  . The recjuirenmecl t f o r  several  r eappl  i i- n t  ions of t i t e  re ’sa t mlm I.
m e twork  t i  t h e  s o l ir r e t  vo l t age  b e f o r e  t r a n s f e r r i n g  e n e r gy  te l  L l l e  lo ut
st’ r i i t i s l v  i i c h i t s  t ime hm i gh l r e q u e n cL e s  Ilei ’e s s ;m r v  I or ( h l l a l I L i -  W a v e —
I arm sycmt imes i s .  Also , t ime c i r c u l a t i n g  c u r ren t s  tom el ‘,ti~ l t ages  il l  t i r e ’
sw i t , - I s - s  and r e s e n ;m u t  e l e m e n t s  w i l l , i~m g i ’I l e ’ I ’ ai  , be ’ ve ry -I m i i i  I n  I l - C r
th ,in L I ~~r s e -  e h r , i w u  by  t h e  Output load . h l e i m c e , t ime ’  i i  r i - I l  t v i  h I l i l y ; -
t e l  l i c e - - ;  a l~m r ge ’ , i r : t a i u i t . of r o u t  I V e ’ ~)0 WC ~

’ I t ’ l i t  I V e ’ L i )  t l~~’ r i - l i
i t  ca l l  d i i  I ‘~-~-r to a load . As a i’o n s e q u e lm c e ’ , ; i g n i t  I t i n t  I n t l _ - I - u
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loss will be realized in the c i r c u i t  elements which degr ade -  the 1n

verter efficiency, and the circuit elements themselves w ill have to

be oversized , relative to the output power obtained , to accommodate

the high peak voltages and currents .

I n vert e r  C o n c e p t  Ii — Resonan t  Swi t c h i t t g  I n v er t  c m

‘\tl i n ver t e r  power  s t ag e  u - i  th b e t ter  chi n  rac Le ’C i . s t  en than tho s~-
in Concept  I ‘can investigated . This irmv erL er , a resonant  s w i t c h i n g
inverter , is derived from a circuit technique developed and succ es s—
fuily app lied fo r  d c—dc power conversion . Ti-ce ope ra t i on  i f  t imis
power stage) as a d c — d c  conve r t e r  wi l l  f i r s t  be d e s c r i b e d  and then
followed by a discussion of the m o d i f i c a t i o n s  r e qu i r e d  L i a d ap t  i t
f o r  use as ac-c invel,’te r .

Figure 7 simows the schematic am -id waveforms of time power outpu t
stage of a r e s o lm a n t  switching dc— dc conve r t e r  w i t h  i se) lated  o u t p u t .

The esseliti;l  I f e at u r e s  of the t echni que at e - :

(a )  The col lec tor  c u r r e n t  w a v e f o r m  of t i l e  u lce r t r a i m s i r - t i r
resembles a h a l f — s i n u s o i d .

(b)  TI-ic power t r ans i s to r  is tu rned  on am - i d s a t u r a te d  b e f o r e
time collector current begins to r i se ;  it is turned
o f f  a f t e r  time co l lec tor  r e t u r n s  to zero .

(c) The col lector  cu r r en t  waveform at-cd t iming  is  due to
two resonant circuits consisting o{ two inductors
shar ing time sante capac i  t a r .

The n a t u r al  f rquen eies  of t ime two r e s o t i , m n t  e- i r eu i t s , ( ‘O t i S  I S e - r i - t i  in-
d i v i d u a l l y ,  are widely  sepa ra t ed , u s u a l l y  b y a f a c t o r  at  a b o u t  f o u r .

In , m i t e !  i L ion to  t h ese essont in I ic _ - i tu rin , t h e  h i t s e  d r i V e ’  c u r ren t
is obtained b y pon i  Live  f eedback  Iron - i  a c u r r e n t  I m a n s  o rt ~u~- r  w i t i m
i ts  p r i nm ar y  wit -cd I ng in time i-o h I e - t i i r  i i  r eu  i t  . Thus Li ce ’ , m t - e ’  c u t  —

ren t wavetorin i s  a l so  IC ha h i — t u  i u t t m i - u i i i ’ ,j c O L l I e ’ t c i e ’ t i t ; , i t i m  and b ’ I ’ P u ’l  —

t i,0 m-I LLI to the ’ t ’ot lec La C C I I I ’  r e ’I l  t

A de’s cr  i p t  i o i m  e i ~~ a i ’v c i i ’ i t  o i l - r u  I 11) 1) W I  1 1 m 1 l u s t  I .1 ‘ - L i i i -  e ’ S S t - t —
t i n t  I e’a tu res  acid p rov de a i u . m i P - g l i l l m m m i i  f , j  I l ; t J c t ’ n l a t td  i : tg  L I t  m l —
van timgeus of time Ic- ‘ i tem t I ~ ue ’ . Ih e  Op t  - r I t  i i t  ~‘ i’Vi’ I - ~l h s c l - u t  i t  1 , 1 1 1  \‘ i n
t i m t e - i ’ periods: (1) e l l e r g i  S i n g  

~~~~ 
t i , ( P t  I’ ci -o v er y  p e r i o d , 3 )

powe r o u t i r t  per  j a i l

‘l i me  r - t ’ e l v u ’ry  i l c C l t I t i  i r L  1 , 1 1  I .‘~~m ’ i , i p ~- 1) 1 111 H-  , i t l m e r i so , - c i i i
the power  ou t p u t  i r t ’r i o d  r i m :  t ’ , - , t i ’ m l u l  i n t o  t i m e  ent ’rg h’ in g  u - n od .
i- ’i g m m r e  7 i i  L i t _ - i t r , l t ~~- i ;  ii C o n ver t  1 - I  r I l m u m i n  f r m l  I ‘ - ‘ ‘ c u r .

Ii

_ _ _ _ _  -
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f i t e ’ e l m e ’ r g i c  i t m ~’ p e r i o d  co ver s  t i m e  t i m e ’, 0 to t~~, be~g i i m e m  l e g ’  w i t h

t l r l l — a l t  of t he ’ L r a e l s i s t o l ’ ‘v t i m e  leading edge ot t h e  t r i~ ’gu - l  P u l s e ’ .
l Ime c u i n c h  i i  1 0115 he’t ’ im r c  z e ro  t i t lte are :

R e n o l m , l n t  c l m i l a c  I t a r , C 1 
is  cimurg et h  to ~u L ’ d~~ vo l L ,m ge -

w i c i c i m  is h i g h e r  t iman Lime  i np u t  V O l t d ~ ’ u ; , I . .

F i n -  i nd u c t o r  c u r r e n t , I~~, i s  at I l t i l l i l i l U I l t .

Cal h e - c t  or e ’ cc r  rem t , - , 
hose c u r r e n t  , i~ , m m m i i  b ,mse -

v o l t a g e - , 
~

‘
BF ’ a t e  a l l  . :c -r o .  L 2 hIt S zero  e ’li e; t ’ t , ’,’ .

( l i lt  p u t  i ’~ l r r e I t t  , 1 , is f l o w i n g

D u r i n g  t h i s  p er i o d  i n d u c t o r , , is r e e - t i e r g i z e ~d front  time ’ i nput

f i l t e r , C , . and front  t h e ’ sou rce .  Th Is Is do cm e b y ac-i i c it e rc i l ange  of

u t l e ’ r F v  j t  I he r e sonan t  c i r c u i t  , L 2 C~, . ‘I lt c  act ion  is as f o l l o w s :

I t  t t h e ’ h o n e - — e m i t t e r  v o l t age  rises q u i c k l y  to s a t u r a t i o n. From
Cl

t L a t ,, , 1 under c o n t r o l  by l, ,1 C , rises sinusoidal ly to a peak

and f i l l s  b a c k  to  -z e r o . By means of cur renr  t r ans fo rm er , T1, t ime

n e’L - n u n . l l l t  c i r c u i t, L
2

C1, also controls base drive’ amid Li ce t r a n s i s t o r

is d r i v e n  t i m r ou g imo ut  t h i s  in te rva l  w i t h  a forced ~ of about  10.
F n u c ;  I , 1  to t 1 , t I r e  resonant capacitor acts as 11 source and del iver s

n i l  of its ene rgy  t o  e s t ab l i s i m  I in L, and to dr ive’ t h e  t r a n s i s t o r

ru -~uc hes z er o  and I ,~ reacimes peak energy at t
1
. This i n c r e - I l n i m u l -

— 

~‘o i t , u g e ’  is l i m e  p a t e nt  ial  ti -mat  begins ene rg i z ing  rind blocks t i le

la st nec u v u ’rv re - c t  ivier , CR
~ , 

so ti-cc output filter (~3 
ac-cd t i l e ’  load

I i i  ‘‘c i i ’  ~- I  l o u t a~i t he -  c i m u  i t  d u r i n g  t h e  r emainder  of  t ime’  Cl’Iu ’ I I

i i u . ~ p er  l ad .

j  

D u r in g  t I Cli - t
0 

11) 11) a sl igh t  r i se in t,ltm e rg\’ in 1
~l 

is  m d  i c - i t  t - u !

by r i s i n g  
~1 d r i ve n by F, . — VCI

. However , becait se e i f  t I l e - ph ase ol ’

- 
- \‘ ,~ r e l a t i v e  to  ~~ i~ is delayed about  90 degr ee ’ s  bei m ic ’md 1 , h i l l s

compl etes t lie first part of t ime  ene rg iz ing  p e r i o d . In t i m e  second
p ar t  of t im e  ‘n e r g i z i n g  period , 1

1 
t i  t , , there ’ is a second C I I C t I I ; ’ t-

a) t i l e ’ r u  C ~ fl L i i i ’  h I g im— t r e qu en c y  resonant c i r c u i t  . As i
~ 

Ia] Is t o —

w i n d  S i - I c ’ , I l i e  u ’ u u - r ) ’ , v in I, ., f a l l s  f r u i t -  i t s  pelm k L i i  . -l u ’n o .  ‘ ib is

‘ I l u g Y  c i l ; ’ r ; - ~ - - - ( :
1 t I m t ime i’ve rse s~’r i v u  an t i  d r i ve s  t I l e ’  L r a I l S i ’ t u , t

i - I l  i n  S L f l l l S ( l I (hI I l v  helen1 ’ zero . li - i t i l l s  i c m t c r v c l  I cofift’s eiimth r

h I  r — e c a e m e l  i I i h l u u Ul i ’ t ’  u -u r r t ’n l  I~ L i l r i l u g I l  
I 

h i l l s  u h U C F e I I L  I :  e t c L \ u  H
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by vol tage E . — VC1, which  increases as f r i l l s  f a r t h e r  below

zero . Mewm nw i mi l e  t ime f i r s t  in f l u e n c e , 
~~~ 

is decreasing.  About  h a l f

way th rough  the ~n t e rv a 1  t to t 2 ,  t ime two inf luences  cancel  and

~
‘ci r e ach e s  a minimum . Ti-men time current , I

~~
, predominates over

an d V~ 1 rise ’s s it iusoidal ly reacim ing zero at L~~ . l~, reaches a peak

at approx er a tel, v C
3
.

lri ti -ce in te rva l  t ) to t 3 , C 1 
is energized , pa r t ly  by the source

and p a r t l y by L1, f rom V~,1 = 0 to  ~~~~~ Timi s is ti -me end of t1~e

energ i z i n g  period . and C 1 are bot h -i at peak energy level ready

to de l i ve r  ou tpu t  power .

Ti -me recovery period begins at t 1 
in t ime en e rg iz ing  period and

extends i n to  ti -me power o u t p u t  period . L 7 recovers d u r i n g  t
1 

to t
2

-

‘ b y means of the  reverse voltage excursion of V~ 1. From L ) to

ti-me current transformer , T
1
, reacts from the drive ti-mat was applied

by I and partially recovers the flux level it had before t 0.

In reacting it causes an undershoot in 1B 
and removes t ime s tored

charge from the base—emitter region . This completes recovery of
the transistor. Recovery of T

1 
is completed later in tu e power

output period .

Also during t 2 to t
3 

timere may be a slight undershoot in I~~.

This undershoot flows not through Q1 but through the diode CR4 .

The combination of clamp ing by CR 4 and stored charge in tile base—

emi t te r  prevents VCF 
f rom r i s ing , a l t hough  V

BE 
is below zero and

I is zero .  At t
3 , VCE 

rises to V~ 1~ wi t im  practically no ov er s imoo t .

Even wi th  an overshoot there  would be no switciming dissipat ion in
t l i o  ‘: a l l e c to r  circuit because I

C 
is zero.

must also recover from ti-ce voltage , E. — applied dur ing

j -i~ur ox im;it ely t h e  l at t e r  two—thi rds  of t ime t ime , t 0 
to t ,3 . This is

dune  1w t ime app  l i e _ - i t  ion of V Clp~ 
wh ich is hig imer  than F . p

u s u al ly  h i g h  en oug hm to _ -m l l ow time t r a n s i s t o r  to be run at abou t a
i I I l t V  cycle. ‘time maximum V~,11, is set by t i m e  r e c t if i e r , C t-i 1 , c l amp ing

on E h I S  I beg ins  to  f low . Wimen running rmt f u l l  power , ti - me re -—
u l i l t  i t

u - a ve ry  o f  1,
~ 

u s ’ c l l r i - u  over t i m e  whole period t to  t

14
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Our it -mg t ho puwe’ r o u t  p e l t  pe r  [ad t rot im t ~ to L~1 , i ,j  lid in vi’s as a
r o , m e - t  1u c t r a e m s f o t ’ t r ter  d e l i v e r i n g  i t s  e l c e r g v  t u u  t i m e- o u t p u t  m i L L e r , C3,
and Le t  the l e a d . ‘l’lee fnl I i i m g  e r m e r r g v  love ’! i ’ t  F 1 is icm d im’rm t ed by
f a l l  illg I 

~~ 
l i e  h m H i . n w im e r e  L iIe ’  h in d is I Ig i c t  , !

~~ 
is 5111011 r m u d  I j

w i l l  c -ross -ii ’ l u  u , m t m d  h eu c eur m e le g,- t L iv e  . - N e’g~t L i V e  1 1 t nd j ~- ; m  tes t i l l I t  t i l e ’

load is not  a c c eh ) L  L U g  t ice e ner gy  One 1 time eemer gv i s  c i r cu  I a t  f ag  back
LI ) L u )  tim e input, filter C

i l u ; I t r e  7 sicows ,i  cas e where  time’ n ext  t r i ggi’ r pu lse  ac -c u r s  be ’—
mb re L 1 lion i ’uu i i~ i I et  e l y d i s i ’imarged  i t s  e’lmeL’gy . ‘111115 t ime pu iw u ’ t  u l l l t —

pu t  L I m L e  m ’vn I l Ive r  I reps i t m t  a t Ime  fo l  lowing i’t ic ’ rg I z ing i i ’ lad l I n t  i I
V , 1 f a l l s  nu l ti c icntly to bloc-k time reel if i er , CR . i n  rm m i y i lSe ,

the faLl oIl l~ is gradual and reverse r e c ov e ry  of CR u u u ’ c ’ u r s  e’ [ L i t —

u ’ i j t I m l I dU el  t r a i t s  I e ’il t power dissipation . This cullmp l ete-s t h e  u ’yc i i ’  01

op er at  LOU of t ime r e s o n a n t  sw t t c l m i t i g  d c — d c  t ’ ot i v e ’r t e’r

Each ope ra t ing  cyc le  of l i i i ’ d c — d c  c o m m v e r t u ’ r  i s  in it [ated  by a

trigger puLse as s lmown in Fi gu re 7 . At  coliip l e t  C o l t  i l l  11 i’ve Ic , tile ’

converter becomes e lu i c n c u t i  L u n t i  I til e 1°:-: L t r i gger  p u l s e .  ‘l ’ime o u t —
put voltage is conLro l l t i d by Priss log  ri -g i l lar lv e u ’ cu r r  i r i g  L r i g gi ’ C

pU 1 ’-uos th roug im a ga t e  wic ic i m ~‘it ime r  a t  ions _ ‘ , i c l m  p l l i S e ’ L h m r u u umg l l  u i ’

in imib i t s  it  depend ing  an the ins t i n  t a lme ou s  error bcLnc-e -tt time u ’ U t  put

volt age  and a dc re - I cr ors-e  vol t h l g u ’ . T im is Lr  ~g~g-r  L n g  L C c i l l m  111110 15

called pulse train r e g u l a t i on .

Fi gure 8 i l l u s tr a t e s  pulse ’  t r a i n  c egu lat  h e l m .  l i i i  ~i a g i t t  t eide’ oil

ti -me ri pp le voltage clime to reguiat  11 m g a c t i o n  on t i m e -  ou t p u t  of t h u
c o n v e r t e r  is l i m i t e d  by t i m e  hy s t e r e s i s  of t i m e ’ co n L r ol  I cr .  I l \ - s t e l r —
esis is ~ita i nt o  lImed a t  a l ev el  p eruu t i t t Lag Lim e peak— to—peak r m p g  I o

vol t_ - t g i - on t I l e  dc output t o  be’ he ld  to 11 s m a l l  f r~tc t [ot t  oi l t l ~ e’
ou t p u t  vo l tage’ . F i gure  8 i l l  us t ra Lo s t w i t  e x L r I ’nlc - easels . F o r  h l ( ’ b t V V
load and Low in p u t  vo l t age , most  of tim e t r i gger  pu l s e’s l t O  F,,~ t~~zi 1, 1

t ime c o n v e r t e r  to m a in t a  in t ime o u t p u t  v o l t a g e  w e t i m ~~n L h ~ ’ re - i ) u l  I r e d
tel I c r _ - i n c - c- . i_- a r I igh i t  load and i m i g im ilip el t ~‘u ’ ,lt il gi ’ , an I ~

‘ ‘r I c - n I r i g-
ger p t m  m e n  a r e  r equ  [red

Time Fe ’son,tU t  SW it c i l i l ’ig col lver te ’  U IS auJ ~ip t e’u1 L i i  111a L u -  i i i  l i i ’ , ,  -

by add ic -mg a n o i l m e ’  r s e c a t m d _ - t  r~ wind ing _ - m n d  Uc ’ e ’ t i f  i c r  2 f a d e ’ a n I i t t ’ I_ i l —

due tor , I l l  , prov i ding ~c please swi tc im to t i ’ i v .t  t i  u l5’  Ui - c t  I I L~’ r i t
t im e em n u i i ’ i ’e’s s ye h a lt — c y c l e s  of o u t p i m t  v u l t _ - i g i - , aud u s i ng  .m s i ne - - - -
wave Lt i n Lead of 11 dc r e f 1  r e ’l lce  veil t _ - m g e l  . Figure- 9 i I I  us I r , u  Li -S l i e
bas ics  o f a re ’sonr tnt  s w i tch i ng  inveir te i r

Q and Q ,3 u -ar c s t i L ut e  a p hase - sw it  cii d r i v e n  by I i m , l ~~u - di’ i vi ’
t h r ou g im I r h m l l n f e ’ r t l m e - r , ‘1’ , t r am t i m e  co imt  l’e ) l I e ’r . l i i ’ p h a s e ’  C 1 S L L c I 1
deac  t i Va Li ’S Cl-i, - , by t~i e , t t m n  e ’l  ici g i m i l i ipe dr i l I e ’ e ’ L i i  S e l l ’ h e l i  , tc md - u t  ~ V - l I  - S

CR1 1 by cit’s i m i g  t i m e  CR 5 e - i r c t l i t d u r i ng  t i l e  P05 Ct  l V d  hi ~m I I — u ’ V u ’ I e ’ i i i  L
~~

.
i-’ i r ~r i l u m ’ h u ’ , d u r i n g  the ‘ t e ’ i i , l t l v i ’ l l - t i f — u ’y c l e l , C R - i  is  u h t ’ - u ’ L i \ ’ , m t u - tJ - l  1
CR5 c s  , i u L i v ~i I t -d . ‘ l i m e  i t r i l t  I i ’  I b r  I ic  i U t I e ’5 1 i m i g i m I l ’ e’ u h l le ’ l l e ’\ ’ p I l l  Se-
ge - r l i - r l t u ’r , squat ’ u -iu ’ h m v u - p l e a se  d r [v ~’ gci mi ’ r u t t ’ r  a t  t I l e ’ I r e - g l i n t -v  i l l  I ,
SL n O W ; I V C  V i i  t i c -  l u ’ l  c r c - I l -c , S I l t e ’ W , t V u  v u ’ i L : u g e ’  u ’ l l l i l b t l r ~ i t i u F  , ,u t lci i m i g i l

L r e ’ u i u l I ’ t l u - v  ~ 1 i5e’ ‘ u I -  t i l t  r o b  I ’ , )  l i v  t b ’ -  e’, u l l r , l l ’ , u  I t ’ . L t e ’ u - I  r i - m i t i ’ l l
I l m c  p r i r ;l m r v  i l u h u ’  u - i l  i~ j is I i i ’  S ,lli e ’ .15 LII .1 d c — e l - u i’;l\’ ,’ m I I

15

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —
, ~~~~~~~~~~~~~~~~~~~~ ~

.

~~~~~

- ---

~

----.



- “ u - 
~~~~~~~~~~ - , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

,,,, ,

Block Diagram , Control Function

Resonant
Switching
Conver ter dc Ou tpu t

Vol tage

I I I I
Gated Trigger Pulses

Controller
Clock

J ,J ~~~n-
Squarewave

.1. ~~~~~~~~~~~
Cated Tri gger I I I
80 kHz I l L i l i  1 1 1 1 1 1  I I I

Low Input Voltage and Heavy Load

R ipp le Voltage

- , I t e ’d 1 r I ‘ic r I I I

80 kH z l i i i  l i i i
High Input Voltage and Light Load

I ~~~~~~ M . C u n ~~rol f u n c t io n , resonant swi tch ing  conver te r .

16 
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~u i  I i u ’ O t I  (L I I I L I’ d I it’d ReeL i Il [ e r  Ve ’r s i eum of R c ’ s a l i t I l t  S W I  I c l i I i ~,fi
i mm v c r l e ’r . I-5~c ’ t ’pt  I i l l ’ Im i g im I ue ’ u p l c ’ i u c u ’  I i h i t  t t t t  [Otis , LCRs u n i t  be ’ emsed
i~m tim e l ’c’ S c t m l , I I I t  swi  t e i m i m i g  itwerter w i  t i m  SCRs il l  p h - a u -c ’ o f Qi * Q and

u\s shown i i i  Fi gure’  ° , t ime  ci reel it Lu rIms time SCRt; off 115 rI’—
i t e m i U e ’ ei t - .’ i t  i m O t e  t spe c in I c o l l l i u l t m t h m  Li ng e’L rcu  i ts  . h e i r  t i l e  l)oHi t ive  Im a 1f

V i ’ I 0 i i i  1’;) ,) , e t l id ’ l m i gi m — v e u  I tage SCR cIlIa p e r f o r m  bo tic t i l e  Sw it d i n g
I l l l t c ’t b i t  a t  Q ’  , m m m e i  t i l e  r ec  L i f y i t ig  f u m m c t i o l m  01 Cl-it 1 . Likewise for
time tm eg5i l b Ve ’ I l _ - m i  I — c v ~ Ic , one 8CR can replace ’  bo t im  Q~ and CR5 . - ‘

‘to eva I t la t e  t i ce ’ speed I il ic i t a t  ie ut is of SCRs iii t I m e  p r im a r y  side ’
01 time ’ imm ve ’r t e r  c i r c u i t , t l m a t is Qi of Fi gur e 9, a se’ries cu t tests
t- .’ e ’UC Il l _ - I de’ us ing a 9 0 — w a t t  b readboard  o p e r a t i n g  a t  a repetition rate
oil 10 k I I ; ~ . ‘1\~o di Il l’erelmt SCRs were tes tee !: Time I n t e r na t i o n a l  R e c—

i l l  i cc’  0 , l I i i - i  30 and the Trans  1 t ron  ‘I ’C2020 . Tile r a t  i l tg s  f o r  t h ese
I-in - m m ’e ott  I e l i  I os-s

92RN 130 ‘I’C2(i20

I ock  i t i g  Vu 1 Lng e , V 300 200

I r i m — c u t  Il t itti’ (lii i e rosee’) f or  10 7
d i / d L  , A/ l l l f e ’l’ i lSi’ e ’ 5 tmo spec

eiv/u,it , V / m i c r o n t ’ c - 200 30

A v e t ’ ige _ - f o r w a r d  c u m r r e i m c t  , A 05 10

From im t i m e  te ’st  l’e’su l  ts i t  is p r o j e c ted  t h a t  L i i i ’ 92Rli3() u ’ u u u i d  be
used in a 3 0 0 — w a t t  c i r i ’u i t ;  imowever , the m a x i m u m  Ileas ib le  repetition

r a t e  would  be about  15 k l i z .  At tim is r a t e’ , 18 would he t he  UIOX i lliulil

puusS m I t  I c  n i i i r h u ’t ’ of  p u l s e s  per i m~m l f — c y e  b e  of 400 l I z  o u t pu t .  W i  LI I
t i m e -se f i ts’ ~~t l i Se’s , it would be ienposs ib Ic to ,me -imi eve Sn! t ab  i e ’ Va I —

t agu  re - g u m  lot 01) due to poo r resol Ut  ion . Fil te ’r i ng to u u b t , u  i l l  ge od
wave f o r m  w o u l d  l i k e l y  be heavy . For these  reasons time i t t I  e l ip t  te l
else  ~ CRs i l l  L im e  p r i t i l ar y  s i de  o the. inverter was _ - c h _ - m n d o i m e d  i n
f _ - e v e r 01 L r a lm s  is  L a r s  tel col l li) iet e  t h e e  l I m V e s  L i  gaL j u l 1 1  .

io L’V , I  l u , u  te SCRS in t ime secondary side of t i m e  i I l V e ’L ’t e ’ t ’ , t e n t s
were  made oem a iOO —w a t t breadboard  operat  ~ng a t  t repe t i t  i OI l  IOu ’

of 80 k I iz  . A Ge nera I E l e c t r i c  Type- C1451 X . 2 8CR rep laced Cl-h , _ - c l md
Q amid t i m ~ same type  SCR rep laced CR 5 , m l I d  Q3 . ‘ J im is SCR 11,15 t he
I a  I I  i u ~ ; i tig r at  L f l~~~1 .

B I u~ck I emg vc~ I t  age 900

I u u O m — o I I  t i r a ’  1() nh u ’ e i u i - t ee ’

ci v / d  t , ‘00V/ r~i l i ’ i’utsi ’~’

r u - i - I t  i ’~~,i r d  rlt rr c ’a t 20~
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‘l’htc r e su l t s  sh owed t hat  ,mt 81) kllz , n i t Ic l u - _ m I , cur l t i l t s  u i  10 am-
pere ; • these ~‘Cli,s - l u  [m e l t  t u r n  c u t f re’ l i ab l y  and u n -  i t t u - 1  tic I e a t  . ‘time

main proti ten hu - s i dt ’s  turn—off t ulle appears I t ’  be ’ L u I S t i f  I f i  [ c h I t  di/dt
r a t i n g  at  t u r n — u r n  . t I, ’ , l5  t n o  i t t  ed L i l a  t tO obta 111 dcl c’tIUii t ~,‘ ~e -~ f o r —
mance , t h e  repetil, ion r at e  would  h ave Li ’ be r e d u c e d  I t ’ 21) u I  30 k i i z
IIIIIX IeItU It l . An o t im er  d i f  I u -u I  ty i im u s in g  SC Ri- ; U S i - i t _ - l i t  [ l c d p l u , 1 5  c Sw I L c l u e ’ ’ - ;

anil 5( 1-is 1mm L I l e :  i i  r e lu i t  cu t  F l  gure  9 * is that t i t e  1)05 L I , Vi ;  v i u l t , m ge

drive t r O u t  1 ;  rena I llS dun the 5CR gates d em r irmg ri-v e rs i ’ b h i d ; i l i g  pe r i -

ods . Ri ’ve ;r s~’ I’ 1 ock i l eg  capab [ I  i tv  Wi Li i  ~~05 it [vi’ gate’ dr ive i s  n ot
spec if [i’d and is probably g r e _ - c t  lv redui ’eid be low t u e r l _ - I~ u 1. t i -ve rn e  vo I—
t age e’a pob Li~ tV  . 10 overcome ’ t imi s p r u t i )  ic ’mn , _ - t rev ised p h ase’ d r i v e
would be t ie’ e’ded to retme’v e p iu s  [L ive ’ p _ - i L  e V u t I t  age dcl r i l h g  Uc,’ Vi ’ I n c

b l o c k i ng  per iet ebs . For these re _ -m e r l i n  it,  s’,us  de c ided to r e v e r t  te
t r a n s i s t o r s  al-m d d iodes  In Li i i ’ su ’ c u u t i d ~~uv side  and the  pr  ~an r \ -  side
t c- el olltple te  t i le  iliVe’S t L 1~ lI t 1(1 11

Trami s  i st o r id ed  Inv e rt er . Tim e tr_-insis tors clmose� n to cv a l l t~l t c ’
rcSOIllln t si~ i tc l m i ug  Li ’c i mn  i qeies  are  RCA 2NoO 32 f or  t i m e  p r  imua rv  s ide
and Soil  t rol i  SD i’96301u or  t i m e  s econda ry  si,d e .  F L g u r e  0 ; I u u u w s  a
sLngle trans L St e ’i t ’ , Q -  or c~~ , f o r  ea ch It a i lT  d c  iii of E u. For  E u =
120 VrII S and IT . = 60 V~~l~~

’ • t ime  vol t , t g c  app  l i e ’S tO t~ _- u i i ’ ~~~ 1i;1V h~:

over 800 volts. ‘I’lie Solitrom 50 190306 is r a t e d  a t  V~ 10  
I tV ;m n d

V~,;j,0 = 300V . Out  ii it igher  v o l  t _ - l p e - ’— r - i t c -d t r a m i s  [S LOI S  c u u t i  Id be o h —

tam ed w i t i m  sa l  1 ic  1~en t  spee5i  Li t op e r a t e  ;t t  SO kl1;~ * i t  Wd5 OCt ’0 5—

s_ - cry  to divide time volt , ige  among three soroo 3Oss f o r  O , i u ’h It _ - u  f a f
ti -me secene darv - Tim is  a r r a ng e m e n t g ives r e l i a b le  ap c ’r ; i t i o t m  I tt’ e’V ; l I—
ua tlon  purposes f u r  IT . 31,) te l 60 vo l ts  and  IT 0 = 12 1) Vrm s

Final Design r l t ’t s  Ls t c u r i s u ’d kc sonan t  ; ; n i t c l m L l h g  iu t v et - t en

A b lou ’k d i  - eg  I: _ - l ; :u  o f thu ’ ho Ii z , -‘iO I I  l i x  s it i cwav c  I h I V e ’ I’ t c ’ I ’ is si mowtm
in F [guile 10. 1 I c p u t  powel ’ is p rtl u ’c’s neih in t h m i ’  i)0W t’r st - ; L l. i l l  -isse m—
blics  W i t i m o u t  p r c  r cge i la  Lion . liii ’ has Ic a p p r o a ch  i r i v o  I y e s  t i h l e ,iti
pleases , i den t i ca l  in c c l i i  f i g u r a t i o n , c’ ,ii ’h lm ;u v i t mg  a Li i I i i  V u u 11 — u r g e  I’e ’
c a p a b i li t y  of  1500 VA . N c u l l i i i l l  S te ’ae i \ ’ — s t ; i t c , l u l l  [ e t , t u l  c,t 1t _ - i bi h, i t\’
is 1000 w a t t s  per phase .  The a d dit i on a l  V,\ c ap a b i li ty  w i l l  ,ucco t l i—
modatc 20 pe t’cen t overloa~I S imul tanecsln w i t h  Il  1) .8 liOnS pc u \ , ’ e ’ m I ac t i ur .

Each pimase ’ c O I l S  .15 ts e t f  I 1 vem idea t [dl ii  101) VA P°’~~ ” 5 I ; Igu :  l i i - t l i c ’l l l
hi i_ cs o p e n _ - i t  r e i g  [I’m I ) ,Ir a 1 id . E~i cI m phase h a s  ,iIm ciii t p l l t  h J~ t -  t •

5 [ I 1 L ’ W ,I V e ’ u ’ e u t i l  r~il1e r , a p h m ;t se  5’,u’it  CII d i ’i t’~~’ a tIh it l . i I c i , ,hl hd an t ’vi ’L ’—
cur r en t  ‘~ i’l l S e ’ el eiilli’t i t

1’) 
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Figure 10. SLEEPS ir~verter Block Diagram .
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I l t p u L  C o i m l a e : L o r  . A m o d  i f  led hla r t i t ma t m L y p e ’ A— 885 l m . u ; ;  h u u ’ i  i t  e ’hmoSCn
f o e ’  I t m e  SLEIT1 i-i I kW u m v e r t e r  . T lm i ,s co n t act o r  is a DPS’l’ niuu: tc ’rtt a ry

typ e  ulLt t w i th cotitac  ts colmm lee - Lcd u t  p u t _ - i  l I e ’  1 to g ive’ ~0() [mm~u i - ri
SI’~ I c a p_ -m b i liLy . ‘l’lme con L a d  L o r  . t  I Sd has SI’S’!’ ;Iu:- :i I iar y  e’ u u t i  t , m u ts
Mod i i  i c _ - I L  ions inc Lud e an e co lt o m iZ i r coil to u e ’ t l t i , u ’ power  di  ss
t io lm dur  i~tg o p e r a t i o n , icicl Ju l  overcu i ’  r e m i t  p r o t e e L i o t i  s i  c h m u u t
idd i t iona t c i r c u i t r y .

A nloltcent ary type  c O t t  t~ ie ’ L i  -r i - J , ,  ch osen r a t  Iter r im _ - i n ,m nmag m mz L I

h a  t c h u i ng  type  because  of the s i mg i i c I t y  i f  imp ] eniert t i t  t’cv c_ - r ; e

vol r ige p rot e c t iOn  us ing  th is  Lype  u n i  t .

i h 0 u s e m k e ep i n ~ , Sup~) l y .  Fi g u r e  11 ~-itows a schema tic d ia gr ~~- r de-

p i c t  ing  t ime ba sic’  _ -m p p r o a c h  to the  h t o u S u ’l’,ec’p i t u g  su pp l y  . [‘t i e  C u  r c u i ’_ t
c i m o sel’l is :i u ’ ou u v c n m t i o l ’m a l  sw~~tc hi i m mg r egu la to r  w i t h  10 to 60 V Od ill—
p u t  f r o n t  t ime load Side of t ime c o n t a c t o r , amid a r e g u l a t e d  28 Vd c
o u t p u t .  Regu la t ed  28 Vd c is s u p p l i e d  to time f a u l t  pr ot e c t io n  cir-
c ui t s  and to t h e  cooling fans  which are brush lcs_--~ dc f ar s  W i t h
b u i l t —  L u u  s o l i d — s t a t e  i n v e r t e r s .  An a d d i t i o n a l  r egu l a to r  is ice —
e t u r j ’ ’r d t e d  to supply +5 Vdc to the  t iming  g e l mer a t o r , sinee,lave
r e t  cr en c c_ -  ge ner _ - l tor , and to t ite f a u l t  p r o t e c t i o n  c i r c u i t s .  The
- Vdc r equ i r ed  f o r  th ee sinewave c o n t r o l l e r  is der ived  f r o m  time
p H as e  s wi L c h  d r i v e  ampl i f ie r .

i’ imnit ip Gelt era to r atmd Sinewave Re fe r ence  G e n e r a t o r .  T u e  L i t _ - r i g_i
geimeratc ) r d iagram is shown in Figure  12. For 400 tlz operat ion time ,
76 .80 kItz clock is divided down to 2400 Hz b y 131, U 2 .  and 135. I t
is then appl ied  to a t l mree — p hase , squarewave generato r  cons i s t ing
of 136 , 117 , and U S .  Time r e s u l t i n g  400 lI z , th ree—phase squarewaves
~ur e  used to d r ive  the p lease swi tch  drive a m p l i f i e r s  of each phtas e ’ .
For bO lix ope ra t ion , t im e clock f r e q u e n c y  is changed to 8O .b , i 1 khl z
and an a d d i t i o n a l  elf ide by seven c i rcu it  is swi tclted  in to pro—
vidu: 360 liz Li i  i i m - _ i  t l m r e e— p i m a s e , squarewave g e n e r a t o r .

‘Ilt e t h ree  phases  and t h e i r  c om p l e r :u e n i t s  are a v a i l a b l e  f r e t _ - u t1~ e
t 5.11 11d ‘c - u ’S, ’ r , t  L u ) r  Set t h a t  any twe) p icases can be o p e rat e S  180 0 o u L
of plmas e L o r  1 iO vol t , sin g le—please  o u t p u t

S low l i _ - i t  u l r t i o n  wave f o r  each phase is also a v a il ab l e  u r t u ; l u  t l c e
u ; L r - : u u [ L of  Fi gure  12. The t h ree low d i s t o r t i o n  WaV el S ar e  f e - el L u ’
the s I newave rd er e m m c e  genera to r  of Fi gu re  13.  there t ite  pos I t i  Vi
, t t l d h  t i e - p _ - u t  ive s i g n _ -m i s  [or  c _ - i t _ - r u  p i tt i se  _ - crc  n ut_ -t u e’S a _ - r d  i i i te ’l ’e’d in s t _ - i d - —

pa _ - s _ - uc ’t I ye f i t t e ç s  to p r o v i d e  t i le  l U  re _ - c’ ii i l i t w , u y i ’  r u - I  c n n  cc si gn~ u 1;
ne ’ u l l m i  ru - el by  th i~~ S I n O W U V e ’ t i t h E  r o l l~’rs i l l ’ 03e~i t h I l t _ - m et

l i i -  H v S t u ’ t : t  ; I u n l- , w l t i u ’Ii is 11011 h u l u I u e l e’d i t t  F i g u r e  11 wu ’ i t h ; I  be ’
p_ -i t c u t  s u u  - t I It  Lug ;u _ - iu ’I ’, l  L i i  I . ‘ l i i i ’  c l o c k  i u l i  I p u t  i t t  70 . 81) I _ -~l , _ -  111
S I ) .  Lu h _ - _ - i i ;  a I~~a s i t p p h  le d  I _ u t  I _ h u e ’ s i u i e i - , I V u - c d u h t t r  I Le ,’r I i ’  S h u - V i d e ’
L he I u . l S ~~u ’ l~~- p e ’L t L i  L u l h i  ‘ i i i ’ t i n  L l ’ i g g c - n i h m g  t i l e ’ ~ OH’ ’r S Ln g e - _ - -
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Fi gure 13. Sinewave reference generator .
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S imm ewav e Cont ro l le r .  The sinewave control lers  sense Lhm ~ output

waveforms  of t imeir respective stages and colmmp are those o u t p u t s  to
the  three reference sinewaves provided by Li i i ’  s ine-wave re ference’
generator . A sciteimmatic diagram of a sine-wave e’Ohl t r Ol l C r  is shown
lit Figure 14. Comparator UI compares time inverter output waveform
to the reference sinewave while 132 acts as a ze ro —cru )_ - I s ing — de t ec to r .
Inver ters U3 and “AND ” gates U4 provide time required logic to make
circuits perform as an absolute- amplitude comparison circuit. This
c_-muses trigger pulses to be issued to time associated power s t ag e
whenever the amplitude of the djvidcd dowum , fed back output wave is
less than the reference waveform . Pulse amplifiers Qi and Q2 pro-
vide the 1.5 microsecond pulses required to initiate conduction of
time power stages .

Time o u t p u t  w_ - cve is timus syntimesized by puls e t ra in  modu la t i on
of the power s tage a t  an 80—khl z r a te . Pulses are delivered f rom
time power stages to the ou tpu t  f i l t e r s  only as requi red  to main ta in
tIme correct wave-shape acid amplitude .

Pimase Sw L t cim Dr ive Antpli fier . One phase s w i tch  d r i v e  amup l i f i e n
is req uired fo r  eacim o u t p u t  p imase.  Fi gure 15 is a sclme iaat ic  d ia—
gram of a phase swi tch  a m p l i f i e r .  The amplifier is essentially a
dr iven  power inverter , capable of operating at 60 or 400 lIz as
determined by the  input  f rom time t iming g e n e r a t o r .  The six o u t p u t
windings are capable of d r iv ing  all the pitase switcimes of time f i v e
power s tage  assemblies in one pimase.

Ami auxi l ia ry  winding w i t i m  r ec t i f i e r s  and a f i l t er  provide the
—5 Vdc power required by the sine-wave con t ro l l e r .

C o n t r a c t o r  Control  and Fault Protect ion.  TI -m e - cont ac tor  control
and f a u l t  pro t ec t i on  c i r cu i t s  provide the capabi l i ty  of inverter
o n/ o I l control , reverse voltage protection , output  overcurrent pro—
L~~c t i o f l , amid input  over/under  voltage pro tec t ion . input  ove rcu r r en t
p r o t e ’ction is inherem i t in time contac tor  chosen .

Reve rse’ ve lt age p ro tec t ion  for  all c i rcu i t s  powered  f r o i h u  time
O L l t [ ) ( t t  s ide ’ c i t  Li me ce tn t a ct o r , is achieved by employing a diode in

u ,  e’e t n t _ - u -.: to r  c o i l .

O u t p u t  ov er c u r r e nt  p r o t e c t i o n  is achieved by sensing the c u r r e m -it
a t  the’ ou t p ut  of eac lm phase and us ing  tim e - c u r r en t  signal f o r  two
p u r p o s e ’s : ( I )  to l i m i t  time modulat ion by reduc icm g s i t l e c , u v c  rd i ’r—
el Ide’ h d V e ’ I t rm t l t u ’ S inewave i’e i i it ro ller  ( L i m e  c i rcu i tr ’-  to aecomp l i s lc
t h i s  I I t U t 11 ing il _ - IS I m i l t  be’ehi desi gned but  would be in c o r p or _ - i t c e i  m t
t i c  - ;  I T 1 i ’Wt i V c  e o n t r c ) l i e ’r  c ir c u i t s )  , and ( 2 )  to  s l m cmtdo wim t he  invcr t ’ e’ n’
l)Y (t~ % e~t 1 if lg  Li ce c o ut a e : t or  i i  t i - me  ovcr curr cn t  is severe  or n u s l a i e m e d  .

Tb.’ sh u t d o w n  would be’ c o n t r o l l e d  by d O t t h p a n i  i t 1’ O u t p u t  c u r r e n t  to  two
_ -- ,ee h re’I er e ’nc ’ e-s . b - u n  se ver e ’ ove_ -rcUrnitl mt s no t inc d e l ay  would lt e

c t _ - I t ’  t c ’\ ’dd . b u l l ’  mode r~ u t i  nyc  ni’tmrrents a t i t _ - n e  d e l _ - t v  ~c’ c ’ui~ h he ’ i i , nc _ - d

28
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101) VA h ’ e iWc _ - l  Switch A sse imc b ly .  Fi gu re l b  s imuiw s t i te c i r cu i t  of
a 100—VA power sw i t ch . TImr ee phase switcimes in eacim h a l f  of t h e
sece n d a r y  s f d t _ -  of Li are  requi red  to suppor t  t ime imi gh vo l tages
present d u r ing normal ope ra t ion . The o u t p u t  f i l t e r  is cmot simown
in Fi gure  in  b e c a u se  n i 11 f i v e  power swi t ches  are CohuI te Ct ed in
p a r a l  h e !  to one o u t p u t  f i l t e r  which  is a pa ra l l e l  LC f i lt e r  re so—
n_ -m i t t  at t ime -  r e q u i r e d  o u t p u t  fr e q u e n c y , 60 or 400 H z .  Each power
switch im ,u _ - ; its own i n p u t  filter c_-cpacitor , C7, in Fi gure Iti .

B r db oa rd Eval at ion Tes t 1n~

1 :v _ - t l u at i o m m  t e s t i ng  was accomplished on a l O O — w a t L , p r o o f — o f —
pr inc i pal breadboard . Figure 17 shows t u e  b readboard  tes t  con—
f i guration. Time breadboard  c i rcu i ts  tested inc luded time 100—watt
b readboard  power s tage assembly ,  time t iming g e n e r a t o r  ( w i t b m o u t
clock) , and time sine-wave con t ro l l e r .  Other  e l em emmts  sucic  as time
clock , sine-wave r e _ - f or e -n c r  generator , o u t p u t  I i lt e r , housekeeping
s u pp l y , and p h a se switchm dr ive  amp li f i e r  were s i m u l a t e d  W i t l h  l_ - i h e t r _ - i
tory  i n s t rumen t s  amid compoiment s .

Since the main empimasis of th is  phase of ti me p rog ram was cam t ime
power stage development and since h_t o t a l l  i n ver t e r  c i r c u i t s  were
breadb o_ -m r d e d , e v a l uat i on  teSts  were s e l e c t e d  t ima t  would  e v a l u a t e
the c ircui ts  tha t  were breadboarded . Time f o i l o w ilm g  t e s t s  were in-
cluded : ( I )  limme ari d load regu la t ion, (2)  efl icieh cv , (3)  t o t a l
uarnconic d i s t o r t  ion , ( -u ) sing le- imarm on ic  dis t o r t  i jil , (5) d (_ -  o f f s e t
vol tage , and (n) t r a n s i e n t  pe r fo rmance  f o r  app l i ca t ion  aimd r e j c c—
tiorm at rated i cu a d  at -m d t r a n s i e n t  over load . Wi-mr - r e  app l icable , t e s t s
were r u n  w i t h  power factors of 1.0 and 0.8.

fe ’sL Equmj~~ent Lis t . ‘l’able 1 l i s ts  time equi~)h 1me ’ l u L  ci sed f o r  t i -me
b r eadboard  t e s ts .

Re,~ u i at  t i t , Li~te , 3h el Load ‘fest I’ r o c e d u n u ,’ . O u t p u t  v o lt  agu ,- c c c
measured  a m m u  r e c o r u l e - d u r  a l l  I inc v o l t ag e-  _ - h h d load con -il> m a t  b I tS
:iru d i c a  t ed in Table 2 , a t h I t  and 400 H z .
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Figure 16. Power switch circuit.
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TABLE 1. TEST EQUIPMENT LIST

Equipment Mfgr Model Description Equip . No.

Power Supply Trygon M7C160—l5 0 to 160 Vdc , EQ534580
(Prime Inpu t  Power) 15 Amp

Power Supply HP 6227B 0 to 25V, 0 to 2A ME].36901
Dual (Auxiliary Pwr) each output

Pulse Generator HP 80l2A EQ535515
(80 kHz clock)

Function Generator HP 3300A
(Reference Sinewave)

Phase Lock Pl ugin HP 3302A EQ526186

DVM True RNS Fluke 9500A EQ527001
(Output Voltage V2)

Distortion Analyzer HP 330B USAF 31571
(Total Harmonic
Distortion)

Wave Analyzer HP 302A USAF 31328
(Single Harmonic
Distortion)

Ammeter (Output Sensitive RF 0 to 2A EQ52l92l
Current , 12) Research

Voltmeter , dc Wes ton 901 0 to 75 Vdc ME 101272
(Inp ut Voltage , Vi)

Ammeter , dc (Input Weston 901 50 mV, ME125 003
Current , 11) (20A with Shunt)

Meter Shunt (Input Weston 20 Amp — ME 12 5047
Current , Ii)  50 mV

A udio Amplifier Mcintosh MC—60 ME104886
(Phase Switch Drive )

Power  M e t e r  Wes ton  310 MEl 2 9 eF~O
( O u t p u t  Power)
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TABLE 2. TEST CONDITIONS

Input  Load Nominal  ~\ u r i i n , i 1
Condit ion Voltage , Load* Inductance , Load , Lo’~2 Nominal

(Vdc)  (m U ) ’ ’  ( v o l t — a _ - u p s )  Power , PF
( w a t t s )

1 30 No load 0 0 1.0

2 30 1/2 load 52 52 1.0

3 30 Full load 104 104 1.0

4 30 1/2 load 65 52 0. 5

5 30 Full load 130 104 0.8

6 40 No load 0 0 1.0

7 40 1/2 load 52 52 1.0

8 40 Ful l  load 104 104 1.0

9 40 1/2 load 65 52 0.8

10 40 Full load 130 104 0.8

11 50 No load 0 0 1.0

12 50 1/2 load 52 52 1.0

13 50 Full load 104 104 1.0

14 50 1/2 load 65 52 0.8

15 50 Full  load 130 lb-~ 0.8

16 60 No load 0 0 1.0

17 60 1/2 load 52 52 1.0

18 60 Full load 104 10~~u 1.0

19 60 1/2 load 65 52

20 60 Fu l l  load 130 104

*P ar al l ei  Load I n d u c t a n c e  (Nominal  Values)

tFull load 60 Hz — 470 mU
F u l l , load 400 liz — 74 mI-I
Ha l f  load 60 Hz — 980 ml!
Half load 400 liz — 148 ml!
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E f f ~~~~~ermc Test Procedure. Efficiency was measured and re—
corded for all input voltage and load conditions indicated in Table
2. The input power was recorded for no—load conditions . Efficiency
was me~isured and recorded at both 60 and 400 Hz.

Total Harmonic Distortion Test Procedure. Total harmonic dis-
tor tion was measur ed and record ed for  all input vol tage and load
conditions indicated in Table 2 for both 60 and 400 lIz.

Single Harmonic Dis tor t ion Test Procedure. Single harmonic dis—
tortion was measured and recorded for conditions 3, 5, 8, l0~ 13,
15 , 18 and 20 of Table 2 for 400 Hz and for conditions 3, 5, 10 , 15
and 18 plus condition 13 at E . = 45 Vdc for 60 Hz. The second har—

nmonie’ through the twelfth harmonic were measured for each operating
condition listr’d above.

dc Vo 1t~ g~~ 0 f f set _Test Procedure. Direct current (dc) voltage
offset was measured and recorded for each of the input voltage and
load combinations of Table 2. The measurements were made using
the  f il ter ne twork of Figure 18 and an oscilloscope . The network
and oscilloscope were- connected as shown in Figure 17.

51.1K 51.1K
0- Wv

MFD 
J~~

O MFD

j ioov 1Toov

-o
Fi gure 18. dc o f f s e t  voltage measurement network.

~ pp 1icat ion of Ra ted  Load Test P rocedu re .  Wi th  the  power s t age
o~~er at in g  s t e a d y— s t a t e  at no load wi th - i  Viii = 60V , the rated resis-
tive load was app lied suddenly by closing load switch Si. Time power
stage o u t p u t  vol tage  di p and recovery were monitored by oscilloscope
and recorded by ph otograpiming time oscilloscope p resen ta t ion . Time
t e s t  was repeated for rated load at 0.8 power factor.

R u - - - u- ’ u t  ion of Ra ted  Load Test P r o c e d u r e .  With time power stage
o h s - r u t  i u i ~ a t  f it i l  r e s i s t i v e  load w i t h  Viii = 60V , time load switch
w i c opened. The power s t a ge  o u t p u t  v olt a g e  r ise  and r ecove ry  welt-
I n i u n  i t u u i ’c’d WI t i c  an i’sci 1 l O S u _ - i u i ) e ’  and re Ce)rd ed by p h m o t o g r a p ic l u g  t h e
icc j i l t  us( ’ uu i ) e i~ resen I at  ion  . Time t e s t  W~ IS l u - p u - i t  ed for r_ - c t ed  lu _ - c d

i t  0.  )~ ) t u  ) t - ,’ u - I - I au -  tO I

In

—‘ - - -  —---~~~~~~~ ---- - --- ---- ~~~~
-
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Overload Test Procedure. The power stage was operated at l20~
o f r _ - t ed power f o r  10 seconds minimum , with time input voltage at
40 Vdc. Time output voltage , power , and waveform were recorded .
The t e s t  was repeated wi th  the  input  vo l t age  at 60 \‘de.

Test I)ata. The test  data  fo r  t m e  lOU —wat t  breadboard are g i v e - m i
i n  l ah)  les 3 t i t r ough  17 and Ficur os  19 ti r u t u - ,L 2 -  . i a U l c s  ‘

, ‘u , and
cover vo l t age  r e g u l a t i o n , e l I  i_ -_ i - - r _ - c~’ and t o t a l  harmonic d is to_ --

t i o lm  (T 1ID) f o r  400 lIz . Tables 6 , 7 , ai~d 8 cover vol tage  r u ~ at b u s ,
u - i l  [ciency atmd THD fo r  60 lIz . 3ingle harmonic  di~~c , r t [aim f o r  400
H:—_- i -u given in Tables 9 , 10 , 11, and 12 , and fo r  60 liz is Ta] I
13 , 14 , and 15. The resul ts  of the l2~)2 overload t es t s  are shown
in I s n ie s  16 and 17.

I R e  r u - ’su u l t s  of  t r a n s i e n t  load t e s t s  f o r  60 lIz are  sl oc’s in
F ]  - , u r u - -s 19 and 20. In each-i of these f i g u r e s  the ucml~~,~d~ d cu _ - a  a ct

01 c s ing le  po lo , double  t ltrow , mercu ry  swituJ t is  used is load

~‘ ,- i r o i i in g  indicatot  ic-i time lower t race .  T h i s  is not an accu rate
i t t _ - I  i c a tor  du e  to a delay between c u i s R e  ~~~~ b m u-_ -a~-: and b e - Lw e u t t  b r~ -~~I
c u _ - I m a k e

Figures  21 and 22 sicow the  r e - t u  i ts  of t r a ss i  c u t  I u - u _ - i l I o r
400 lIz . In c_ -cd t of L I d e  p ico r os , load swit ch ing  is i n d i c t e d  by
~u e d  c u r r e n t  shown in t i l e  l ower  t r a c e .

Figures  2 3  and 24 show waveforms f o r  the 120,. overload t e s t
f o r  hotl m 60 liz md 4(iO Hz o p e ra ti o n .

Packag ing Design Approacim

I ] . e  p r o t o t yp e  des ign  l ayou t  shown in Figures 2 5 , 26 and 27 ~ as
so lu - c- tech to i u v  [ i c  c u~: i 1u _ - u in ~ pro t ec t  ion and _ - i u c c c _ - _ - c  ib i l  I tv  tic t I i ~
f u t ~~u ’ t  i o t t c  subassemb l ies and to minimize  p roduc t ion  cost s  ti u ru c u- , ’!
c : - L e n s l i e  use of iden t i ca l  modular power un i t s  and m ec im a i mic a l  do-
t- i i  I t .  W i t i m  t he  except  ion of t ime ou tpu t  f i l t e r  c i r cu i t s , co n t u c t -~r ,
‘in I root  panel cont ro ls , all c i r c u i t s  arc contained in 16 m o d u l a r
c i t _ - i c c ! ;  a rrt inged in two rows (Figure 26 , section B—B) . F i l t u o n  of
t R u - -  ii it ha t -us i s  ar e  i d e -n t  i _ - i l  power switch subassomblies . They a re
rat ed u t 300v1 i- ; i ch m and provide  ti - me condi t ioned  o u t p u t  power .  TI m e
161 ~ c s ic t l.c houses t h e  t aul t p ro tec t iom ’., sine wave control ler , p h t ~ i e

c-i t i _ - h drive i t - - t i  t s  , t iming , and lm ou scd -_ -uep i ng power sup p i  ~ . T ime
I i’~~ u r i c  mounted in pa i rs  and inserted v e r t ica l ly  1cm s tr u c t  ural

g i l m u , h t - s  w h i u ’ h i  u n g_ -u ge s i t e _ - m r  p ins  at  t ime back 01 t i cu p _ - i d u l i -  c h a s s i s .
t h e  ‘ - i - dal es i cc’ ha lt cii to t h e  sup por t  gu ide  it  t h i c  fu,urc’;ird end .
I - Ru t  I l y  , i u - ’ i i ’ S t t  i b i e  c u u u c m t e e t o r s  a r e  provided at th u  f a r w _ - m r d  u - -~~’I u i

t moc hul  & -
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Condi tions

E . = 40 Vdc P = 106 W
1 0

E = ll9 Vrms
0

, 

(a) Load Rejection

E and E (100V/div)ref o
Super imposed

(10 msec/djv)

Full Load

Zero Load

, 

(b) Load Acceptance

E and E ( 100V/d iv)
ref o

Superimposed

(10 msec/div)

Full Load

Zero Load

Figure 19. Transient load tests — 60 Hz ,
1~0 PF.
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Condit ions

E . = 40 Vdc P = 106 W
1 0

E = 119 V rins
0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (a) Load Acceptance

E and E (100V/div)ref o
Superimposed

(10 msec/div)
V V

F’ull Load

I
Zero LL - u ,i

- - 

(b) Load Reject ion

E f and E (100V/div)

a Superimposed

“WI ’
(10

I i : -  -

I -  ~

Fi gure 20. Transient load tests — 60 Hz ,
0.8 PF.
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Condi t ions

E . 4O Vd c P = 106 W
1 0

E = 119 Vrms
0

• 

(a) Load Accep tance

E and E ( 100V/div)
- ref o

- 
Superim po sed

Full Load
Ze ro Load Load Current (2A/div)

(5

• 

(b) Load Rejection

E and E (100V /div)
ref o

Superimposed

Full Load

Zero Load 
Lou - id  Curren t ( 2 A / d i v )

(5 msecfdiv)

Fi gure 21. Transient load tests — 400 Hz ,
1.0 PF .
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Condi tions

E . = 40 Vdc P 106 W
1 0

E = 119 Vrms
0

, 

(a) Load Rejection

E and E (100V/div)ref o
Superimposed

Full Load Zero Load 
Load Current (2A/div)

(10 msec/div)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (b) Load Accep tance

E and E (100V/div)ref o
Superimposed

Zero Load S
Load Curren t (2A/div)

F Load (10 msec/div)

Figure 22. Transi ent load tests — 400 Hz,
0~8 PF.
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Condi t ions

Full, load : P 107.6 W

E = 118.1 Vrms
0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (a) E . = 4 O Vdc

P = 130.2 W
0

E = 117.5 Vrms
0

E and E ( 100V/div)ref o
Superimposed

(5 msec/div)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (b) E . 6O Vdc

—  

P = 132.6 W
0

E = 118.9 Vrms
0

E and E ( 100V/div)
- 

ref o
Superimposed

(5 rnsec/div)

II

Figure 23. Overload tests — 60 Hz , 120% overload ,
PF = 1.0.
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Condi tions

Full load: P = 107.6 W
0

E = 118.1 Vrms
0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (a) E . 4O Vdc

E = 119.0 Vrins
0

P = 130.6 W
0

E and E (100V/div)ref o
Superimposed

Load Curren t (2A/div)

(1 msec/djv)

(b) E . 6O Vd c

E = 120.2 Vrms
0

P = 135 W
0

E and E ( lOOV/div)ref o
Superimposed

Load Current (2A/div)

(1 msec/div)

Fi gure 24. Overload tests — 400 Hz, 120% overload ,
PF = 1.0.
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T u e  ou tput  l il t er  c ircuit S  are con ta ined  in a chassis wh ich is
mounted to the back of the front panel. T h e  f i l t e r  chassis support s
the large output chokes and c ipacit ~u - c : u -~ and an array of three cooling
fans centrall y located behind th e 1 1 0 1 1  p anel u - i ir grill and filter
assembly. The output filter el1~Is5i~ l : u - : u r l C i r U t C - C u -  tJieruia l conduc tion
paths and integral fins for heat di ss i pi ti oii .

The main enclosure is formed f rom 0 . 0 9 0 — i n c h  thick aluminum
sheet reinforced with structu Lal shu -apes to support internal loads
and pr ovide the desired rigidity . The rear panel with exhaust
louvers is rivited at assembly . Sealing f langes are installed to
mate with the front panel edges to assure dri p proof performance.

The front panel , fabricated from 0.125—inch thick stock is
hinged alCng one side with off—set hinges to allow approximately
180° or opening travel and provide full access to internal moduies ,
associated wiring and front panel—mounted components .

Power Switch Module ~~~~~~~ The 15 power switch modules are
packaged as aluminum 1—section chassis with integral cooling fins to
facilitate forced air cooling . Figure 27 illustrates a proposed
part s layout and chassis geometry . The major heat dissipators are
arranged close to the fins and are mounted directly to the central
ch a s s is wall with individual electrical insulators installed . Since
most of the components require chassis mounting for thermal reasons ,
pri nted circuit boards are not used . A large number of smalL tan-
talum capacitors connected in parallel are mounted on bo th sides
or the central chassis deck . A 25—pin rectangular connector is pro—
vlded fo r  mating with the internal harness.

Two modules are s t ruc tu ra l ly  tied together by lightwei ght  r ibbt d
cover plates . The module pair is supported in the enclosure by
u-u- Lcc - t r  p ins at the rear and fa st eners at the f ron t which engage
module suppor t  guides secured to the enclosure structure.

C o n t r o l  CICc ,t u I , e Design. The 16th module in the dual row of
nodu les is occupied by the control module. Its construction is
s imilar  to t l t ~ power swi tch  modules , having the same e x t e r n a l  d m 01 --

sions and cooling f i n s  b u t  i t  c~iL l  be i n t e rna l ly  compartmented for
El-li control. l’ar t s  w i l l  be mo u n t e d  on fou r  p r i nL ed  c i rcu i t  boards
supported on machined bosses .

Coo l ing  P rov i s ions . The prototype inverter desi gn used three
axial t low ,- c c s .  They deliver a total of about 135ctm to provide
lorced u -’ jr heat transfer from the f inned  subassemblies. Filtered
t i r  f rom the fro m panel intake grill is direc ted pas t integra l
f in s  in 1 1 0  o u t p u t  f i l t e r  chassis , throug h the power s w i t c h  m o d u l e
f i n s, it i d  is then exhausted throug h louvers in  t h e  r ear  p amieJ  . The

- L I - I t  ‘ l I t  through i low path and proper sizing of flow pass gcs will
u - ucCsUrc , u -  s u f f i c i e n t  mass flow for  adequate cooling .
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The heat generated in the electrical devices is conducted through
the a luminum chassis structure to the fins which are sized to miii i—
mniz e thermal conduct ion gradients  and provide cfficiemit heat trans-
fer  to the cooling a i r .

Maintainability Features . Excellen t nia intaiimabllity is achieved
iii this prototype design by using modular construction and lull ac-
cessibility a f fo rded  by the hinged f r o n t  panel .  The modules are
accessible by opening the front panel , disconnecting t h e  module con-
nector and removing two fasteners located at the forward end of a
module pair. Slide—guides assure proper placement and support fo r
the module pa i r .

Front panel—mounted components are equally accessible due to the
wide  opening panel f ac i l i t a t i ng  inspection or replacement of com-
ponents and assemblies .

The air filter which will require  periodic mnaint ena i i ce , is di—
i-ectl y accessible from the f r o n t  panel w i t h o u t  opening the assembly .
The air grill is removed to allow filter maintenance or replacement.

Size and Weight. To adequately support and mainta in  the  proto-
type inverter in its fu l l  range of environments , the package s iz e
and wei ght  is found to exceed the design object ives  by a s~ gn i f i c ; i i i L
amount. From the layout the size is 20.30 x 26.37 u--: 2 7 . 7 5  inches
g iving a volume of 14 , 855 in 3 (8.6 cu it ) . The wei ght , summar ized
below , has been calcula ted to be 233 pounds . Table 18 is a weight
summary of the 3 kW SLEEPS I nv e rt e r .

Sleeps Inverter Reliabili~~

R e l i a b il it ,’ is a measure of the p r o b a b i l ity  of su r v i v a l  Ol  e q C l I ~~C —

ment dur ing i t s  mission . The g e n e r a l  e x p r e s s i o n  b r  r e l i ab i l i t ’ :  is

— - I- C t
H = e

where;

R = ~u -cl tabi lity , L I I J L  i s  t h e  p r o b ab i l~~iy oil s u r v i v a l

e exponential (2.71828...)

A L u - t i l t i r e  r a t e  in u n i l u - ;  oil b ailo ut -a per hmoi j i

t = Op e  1 dt  i l ig  t im e  L I I  11011 .,
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TABLE 18. WEIGH T SUMMARY , 3 kW SLEEPS IN/ERT ER

Weigh t

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(ib)

Output switch chassis 15 at 2.35 lb 35.25

Control module chassis 2.85

Output filter chassis 12.—+0

Module cover tie panels (16) 16.35

Module guides (16) 3.65

Module support rails (16) 4.50

Side stiffeners (4) 2.88

Hinge doubler 0.54

Hinges (2) 0.43

Front panel 6.24

Protective covers (2) 1.13

Panel flanges (3) 0 . 97

Terminal blocks (2) 0.72

Input/output terminals (6) 0.55

Enclosure 29.00

Fas teners (208) 0.79

Fil ter , Grill , Wire and Miscellaneous 10.00

Connectors (19) 1.35

Electrical parts 103.40

To tal 2~ ’3.0O
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l i m e  mean time b e f o r e  fa i lu re  (MTBF) is de f ined  a:; thi ~ r e - i  p r oci l of

t h e  f a i l u r e  ra te , Iha t  is ,

MTBF = ( 2 )

1-’or the SLEEPS inverter , the r equ i red  fI T BF is 1200 hours . By e q u m —
L I II (2)  th is  MTBF is seen to be eu u i va leu t  to a failure rate oi
833 x 10 ~ failures per h our .

A reliability model for the SLEEPS inverter is shown in Figure
‘8. Since the inverter is nonredundant , all blocks are in series

and the f a i lu re  rates of the individual b Locks u-Ire- added to d e t t - r —
mine the t o t a l  inve r t e r  f a i l u r e  r a t e .  The f a i l u r e  r at e s  of the
ind iv idua l  blocks are themselves determined by summing the i a i l u re
rates of the p iece par ts  in te rna l  to tile block in accordance w i t h
the methods  oil l - I I L—HDBK—2 17B , section 3.0.

For any given block , tim e f a i l u r e  r a t e  is d e te rm i n e d  Ir on

A t :QU 1P 
= N 1 (A -- Q ) (3)

i = l  1.

f o r  a given  e n v i r o n m e n t, where:

EQUIP 
= to ta l  equipment  f a i lu re  rate

= k’ l I l e U i c  f a i l u r e  ra te  fo r  ti le ~th generic part

ri~ = qu a l i ty  f a c t o r  fo r  the ~
th 

generic part

- - . th
N . = = ci a n L i L s  of IL g e n e r i c  p a r t

n = n u m ber  of d i f f e r en t g e n e r i c  p a r t  c a t e g o r i es

For the SLEEPS i n ver t t - r  analysis , the generic failure rate data ap-
p l- iou - m b  Ic for ground u-lob l i e  environments  (Gin in I I I L —1I DBK — 2 l 7 0 )  wore
used. The quality factor :; applicable to MIL—STD—883 , i l a a s  B into—
g r i i  o h  v I rcu its . \N I i ’ve I t r an sI s t o r s  and diodes , and e s tab l ish e d

I :mbi [ i t  y eve M i-apaci tees and re-s is Lu rs were I1Si -d to lu - e di t  y t i l t -
g u I l t - F l u  I - l i  li t ie rate Lii i t o r d u - i i i , e wI tim equatiOn 3 .  the l i i  lure
r a t e  - i l c u l , i t i u m i s  u - i m a . - u - - u ! ; l l l l a r i l i e d  i i i  t ab le - 19 f o r  t Ime i l l d i v i d I I t i I 

—
b i n - L u - ;  i d e i i L l L I - d  i l l  F i g i ir c  13~ A t u t u - m i t u - m i l u r e  r i t e  o t  0 / 3  x It! ~
i i i  h u r t ’ s  per hour  is F l !  ia’.ed for the ~-fl l-1- PS inv er tir . I’hiia lu - m i l u r e
r i t e  is 1( l i l i Vt t  I emit Lu an MI’BF I 1480 h i o u r s

L 

the ’ il e t u - l i  h i d  breakdown oil al lure u - i t o  t i l t - u l i t  I I I ! :  I I  t l~~• i i i —
d l v  idui ;m i blot -I - : - h i l t  i t  let! l i i  I g i u i ~~’ -~~~~ - i  I t  s hown  i i i  1 ib h - u - -  2 ( 1
t h m l - eu~ h ~7
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TABLE 19. FAT LURE 82\TE SUI’UIAR\’

l-’ai lure i-~ite
Block (x  10— ’

Co n t r ; - - t o r , Ri’Lj~’ , Swi t ches , Fans , Miscellaneous 63 . 9

Co n t r a e  I or C u i i t r o l / I ’a u lt  P ro tec t ion  2 8.  -~

H o u - i u - - a - k e c p  lug l o we r  S up p l y  5 . 1

‘fin i n g  Generato r  & Sinewave Reference  Gener ato r  7 . 8

P w i~~i A

i~~’~- ’cr Sw i teli \ ssemb ly 175.6

h i t  ‘ut  !-il L - r  0.05

5u~ i L , - r t  l ) r i v ~ - Aiup l i f i e r/ Si n e w a ve  Cont ro l l e r  13.5

I-,

Power Swi t ch  As semb ly 17 5 . 6

O u t p u t  Filter 0.05

Switch i)r ive Amp lit l ie r /S inewave Cont ro l le r  13.8

I’ iii-a - L

1’ ‘n-c r Sn- l to ii  Assembly 1 75 .

~ U t h ) l t t  [l I t e r  0 .05

Sw i t~~ i i  l u  i ve  . \mpl I fh i - r / S i n e w a v e -  Con t ro l l e r  13 .

1 ’ t a h  I- mi l i r e  R a t e -  ~73 x J ( I

I n v e r t  iF N~l hi - - . 5 1 .  hr
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TABLE 20. CONTACTOR , RELAY , SWITCHES , FAN S , MISCELLANEOUS FAILURE RATE

~‘ (x lO..6 )
Pa r t  Rd .~ua li ty

Descr ip t ion  Type Level Factor Qty Each T o ta l

( a n r ~t’ et o r , ;  1.0 18 1.0 18

Switches  1.0 3 2 . 9  8 . 7

Relays 1.0 1 1.6 1.6

Fans 1.0 3 10.0 30.0

PC Boards 1.0 4 0.0048 0 .019

Contactor 1.0 1 5.6 5.6

63.9

TABLE 21. CONTA CTOR CONTROL /FAULT PROTECTION FAILURE RATE

A (x 10 _ b - )
Par t  Re! Qua lity

D e s cr i p t i o n  Type Level Factor Qtv Each Total

Reu - s l~ to r s

!~i Im RN R N 1.0 117 0 .04 2

- a u to r s

Ce ran i . CKR N 1.0 l~1 0. t ) - + - ~ 0.

Di sc re - - I S . I I j O I I I , I I I i  t r s

I r , u l s i r ’I - ’ m , ~,j , i ll i ~~~ I A N  .1.0 6 2 . 7  lo .2

j u t .  - - r i i t t - t (  ( i t  u - u - i

Li  .- .u -— 58Th 2. l~ 1 ) . u - . I

~~
‘ ‘ -  —— ~ S 3 B  2 . 5  1 0. ~~- . ( t . i - .

-
I

( ‘7
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TABLE 22 .  HOUSEKEEPiNG SUPPLY FAILURE RATE

Par t  Rd Qua l i ty  A (x 1~~~~)

Descr ip t ion Type Level Factor  Qty Eac h  Total

Resistors

Composition EG N N 1.0 2 0.0085 0 .017

Film RNR N 1.0 6 0 .042 0 .252

C apac ito r 5

Ceramic CKR N 1.0 1 0. 044 0 . 044

Wet Slug CLR N 1.0 2 0.11 0 . 2 2

Disc  r e t e  S e m i c o n d u c t o r s

I)iode , Si , General
purpose  1N)0(XX JAN 1.0 1 0.68 0 .o8

f r a i m s i s Lor , Si , I’Nl’ 2NXXXX JAN 1.0 2 1.60 L I

integrated Circuits

Linear ——— 883B 2 . 5  2 0 . 3 2  0. 64

5. 1

TABLE 2 3 .  TIMING GENERATOR/SINEWAVE REFERENCE GENE RA TOR FA iLU RE RAIl-:

Part Rd Q u a l i t y  A (x l0~~ )

Descr ip t ion  Type Level Factor (~t\ I- a c i i Total

Film RNR H 1.0 29 0.042 1.218

Ca p ac i t o r s

Ci ’ F I I I I L C  CKR N 1.0 4 0.044 U . I /

R e t  Slug CLR H 1.0 1 0.11 ( 1 .11

D i sc r e t e  Se- rn i coimd tic tors

Tr anst u - ;to r , Si , NI’N 2NXXXX JAN 1.0 2 0. 9S 1 . nt

111L -t ’ F , i L c i l  C t rc i i  i t a

h . i i i t - - i r  ——— 88311 2 . 5  4 0 . 12 1 .15

iI’l! 15 ——— 88311 2 .5 1 0. 14 . 1 l i

7 . ‘
~
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TABLE 24 .  POWE R SWITCH ASSEMBLY FA1 LURE RATE (PER Ph ASE)

(x 1O~~Part Rd Qu a lity 
-

I)escripti on ‘lype- Level Factor Q I v  Eu - me - l i  Tot. 1

Resistors

Wi rewound  RWR H 1.0 14 0.11 1 . ‘5

Ca p a c i t o i - s

Wet Slug CLR M 1.0 7~~ 0 .11  8 . 1 4

Pl astic CQR H 1.0 6 0.0012 0 .0072

Disc re t e  Semiconduc tors

Dio de’ , Si , General
Purpose  1NXXXX JAN 1.0 17 0.68 11.56

T r an s i s t o r , Si , NPN 2NXXX X JAN 1.0 14 0.98 1 1. 7 2

tli’~~~- 1i ~c~

A u - a l i t ’ XFMR 1.0 10 0.011 0.11

I’owe r X I- ’MR/Fi i ter  1.0 1 0.034 0 .034

Tota l/M odule  35.11

Total  per Phase (X 5 )  l7~ . t.

TABLE 25.  OUTPUT FILTER FAiLURE RATE (PER PHASE)

Part Rel Qualit y \ ~~ 1O~~~)

D e scription Type Level Factor Qty Each T u t u - il

, i [  I u- I I ~F5

P l a s t i c  CQR N 1.0 2 0 .0 0 12  1 . 1 0 12 4

Ma:’ i t t - t i c s

A u d i o  XFMR 1.0 1 0.0 11 0 .01 1

I’uwe r X F M R / F i l L e r  1.0 1 0. 0 3 4

‘lu ta l. 0. ( 1 +  /
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TABLE 26. SWITCH DRIVE ANPLIFIER FAILURE RATE (PER PHASE)

X ~x 
10_ 6

Par t Rel Quali ty
Descri p tion Type Level Factor Qty Each Total

Resistors

Film RNR M 1.0 13 0.042 0.55

ça p ac ito r 5

We t Slug CLR M 1.0 1 0.11 0.11

Discrete Semiconductors

Diode , Si , General
Purp ose 1NXXXX JAN 1.0 2 0.68 1.36

Transistor , Si , NPN 2NXXXX JAN 1.0 4 0.98 3.92

Transistor , Si , PNP 2NXXXX JAN 1.0 2 1.60 3.20

Integrated Circuits

CMOS —— 883B 2.5 1 0.34 0.34

Magne t ics

Audio XFMR 1.0 1 0.011 0.011

Total per Phase 9.5

TABLE 27. SINEWAVE CONTROLLER FAILURE RATE (PER PHASE)

A 1x iO_ 6
Par t Rel Quali ty

Descrip tion Type Level Fac to r Qty Each Tota l

Resistors

Composi tion RCR N 1.0 2 0.0085 0.017

Film RNR N 1.0 7 0.042 0 . 29 4

Capacitors

Ceramic CKR M 1.0 3 0.044 0 .132

Discrete Semiconductors

Transistor , Si , NPN 2NXXXX JAN 1.0 1 0.98 0.98

Transistor , Si , PNP 2NXX XX JAN 1.0 1 1.60 1.60

~~~~~~~~~~~~~~~~~~~~~

l in e -a r — — 883B 2 . 5  2 0 .32 ( 1 . 0-4

— —  88311 2 . 5 2 0. 1 +  U . (~

[ ‘total per I’I i as~’ . I
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3. DISCUSSION

The implenientation of the resonant switch techni que into a
3.0 kilowatt , three phase inverter requires five 300—W modules
per phase (see Figure 10). Five modules per phase provide suf-
f i c i e n t  capabi l i ty  to handle the increased VA load at 0.8 power
factors and 120 percent overload . The packaging and reliability
studies were made on the basis of five 300—W modules per phase.
However , the test data were obtained on a lOO—W breadboard . if
no further improvements were made , the performance of a full
scale inverter can be predicted on the basis of the test results
from the 100—W breadboard . The design equations for a 300—W mod—
ule are the same as for the 100—W breadboard.

lar - - rmance

The resonant  switching inverter  as presently developed and
exemp l i f i e d  by the lOO— W breadboard shows low e f f i c i e n c y ,  f a i r
regulations , fair waveform and excellent transient response.
These character istics are all due to hi gh f requency  o p e r a t i o n .
Lower frequency would improve efficiency but would reduce the
other three performance characteristics.

The breadboard voltage characteristics are summarized in
Figur es 29 through 32 as a f unc tion of input vol tage fo r  various
load conditions at 60 and 400 Hz. The SLEEPS regulation require-
ment  of ±2 % is met for all conditions excep t zero load .

Effic iency data ob tained on the breadboard u n i t  a r e  summar ized
in Fi gures  33 th roug h 36. These data are p lo t ted  u - ms a f u n c t i o n
ot inpu t  vo l t age  fo r  var ious load condi t ions  at 60 and 400 H z .
‘I l ie  efficiency obtained is rather poor. The decrease in e f f i —
c ie n cy  a t  Bi g ht input  vol tage  is a t t r i b u t a b l e  to increased peak
cu r r en t s  in both  the p r i m a r y  and secondary sides of t h e  r e s o n a n t
switch inverter  c i r c u i t .  These increased c u r r e n t s  r e su l t  Iii a
g rea te r  than propor t iona l  power loss due to the  series resis--
tance of the c i r c u i t  elements.

At 60 Hz and zero load s t i m e  to ta l  harmonic  d i s t o r t i o n  is over
87~ with individual harmonic content as hi g h 6. 1~~. For all  o t h e r
conditions , total harmonic distortion is no higher t han  4 .5~~.
‘the t h i r d  harmonic  d i s t o r t i o n  is 2~ or hi g h er under  the  I c  l iow i ng
condi t ions  at  f u l l  power :
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(a) f = 400 Hz, E . = 60 Vd c , PF = 0.8
o in

(b) f 60 Hz , E . = 30 to 60 Vdc , PF = 0. 8
o in

(c) I = 60 Hz , E . 60 Vdc , PF = 1.0
o in

The highest third harmonic distortion measurement obt ~ 1ned was
2.4 for case (a) above . Reduction of the harmonic content at
60 Hz and zero load could b e accomplished by reducing tim e damp ing
in the output filter . However , this would increase s i:~e and
weight.

Respons e to sudden app lica t ion on removal of f ull load , is
shown in Figures 19 through 22. Regulation and waveform are
maintained and response time is less titan a half—period of the
o u t p u t  f r e q u e n c y .

Response to 120% overload is shown in Figures 23 and 24~

Regulat ion and waveform are maintained fo r  dura t ions  longer than
10 seconds.

Potential Imtiprovements

Three practical versions of the resonant switch inverter
power stage can be distinguished , depending on the switching
technology used . These versions are: (1) all transitor switches ,
(2) all SCR switches , and (3) comb ination transitor and SCR
switches .

Improvements in the transistorized version can be made by the
f o llowing chang es .

(a) Reduce the repetition rate from 80 to 40 kllz and the
natural  resonant f r equency  f rom about  150 to about
100 k}Iz.

(b) Trigger the five 300 VA power switches in sequence  a t
200 kHz instead of all at once at 40 kiiz . This is called
interlacing .

L i m e  b e n e f i t s  of these changes are expecte d to be:

(a) Improved e f f i c i e n c y ,  especially in t i m e  ma Oll - ti c s , Jut -
to lower repetition rate in each sw i t c h  and lower
resonant frequency .
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(b An effec tive interlaced repetition rate of 200 kIlz in-
stead of only SO k iiz.  This will  reduce the r e q u i r e—
ments  on the o u t p u t  f i l t e r  and allow higher  damp ing .
This will resul t in reduced weight in tim e o ut p u t  f ii t +  r
which at  p r e s e n t  is one of t he  m a i n  c o nt r i b u t o r s  Lu
wei gh t .

improvements in the silicon—controlled rectifier ver s i o n  c
be made as fol lows :

(a) Increase the r e p e t i t i o n  r a t e  f rom 10 to 16 kliz and in-
crease the resonant frequency from 20 to 32 kllz.

(b) ‘I’rigger time five 300 VA power switches in sequence at
80 kIlz instead of all at once at 16 kJ-iz ( i n t e r lac i n g )

(c) tri gger the SCRs on the  secondary side of the  i n ver t e r
bc us ing  a pulse  t h a t  lasts only long enough to se-
cur e  adequate turn—on i nst e a d  of w i th  a squ a r e wave .

T i m e  b e n e f i t s  to be expected from these cimanges are:

(a) Due to sequential gating of the f i v e  power s w i t c h e s,
the  e f f e c t i v e  r e p e t i t i o n  r a t e  will  be 80 k}{z . This
will improve regula t ion  and waveform to t i m e level
obtained in the performance test r e s u l t s  fo r  the t r a i t—
sistorized breadboard unit.

(b) Short pulse triggering of the SCRs on the secondary side
of the inverter will improve efficiency of the phase
drive func t ion  and will also allow the SCRs to be op—
crated at f u l l  reverse vo l tage .

l u cre is a possibility of using transistors in time primary
sid e  and SCRs i n  the secondary side of the inver ter  w i t h  l i t t l e
or  no r e d u c t i o n  in r e p e t i t i o n  r a t e  and wi th  sequent ia l  t r i g g e r —
ii i o  f o r .  i n t e r l ac  j ug . T ime b e n e f i t  of th is approac h , compared to

+ t h e  a l l —L r a n s i st or  vers ion , is simp l i c i t y  and c o s t — r e d u c t i o n  i n
time secondu-irv side. This r esu l t s  because s ix  t r a n s i s t o r s  and
si : :  d iodes  would be replaced w i t h  two SU Rs in e1-i c im of  f i v e  p L 1\ s c l
switch -modules per phase.

The ex i st i n g  hi gh—speed vo l tage  r e g u l a t i o n  1oop p r o v i d e’s go od
transient response . h owever , u-m t zero load t ime r e g u l a t i o n  dc -te n —
or tles due to reduced resolution. Regu la t ion  could be i~ m p r+ ved
by u s i n g ~m mm a d d i  t ional r e g u l a t o r  loop t h u - m t  sense- i ;  - l v t - m ’ l ) +  ou t pu t
vu i t~ ge c ompared to a dc v o l t a ~ & u - re f c r t u + : c
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4. COST ESTIMATE

A cost estimate of the SLEEPS Inverter was performed for a
production quantity of 100 units delivered over a 5—month period.
The estimate was divided into five major areas: mechanical de-
tail fab r ica tion , general assembly fabrication , test , inspection
and material procurement.

An estimate of mechanical detail costs was prepared based on
cost—effective production methods. All module assemblies were
costed as either sand cast or investment cast aluminum parts.
Where appropriate procurement costs were estimated for outs ide
vendor services. The cost estimate included an allowance for
planning and supervision and for inspection.

A manufactur ing  fabr ica t ion  est imate was prepared based on
time standards and improvement curves. Individual fabrication
operations were recorded on worksheets. These operations were
categoriz ed into run times and setup times. The standard run
times were then adjusted by an appropriate improvement curve.
A 90 percent improvement curve was used for printed wiring board
intensive operations because they allow a degree of automation
in the manufac turing proce ss , and an 85 percent improvement curve
was used for all other operations . Improvement curves were used
to modif y run time s only. Setup times were not adjusted.

A test estimate was prepared which included test eng ineering
labor , tool fabrication , planning, actual test labor , and material
cos ts.

An inspection estimate was prepared as a fixed percentage of
the “hands on” fabrication and test estimates. Different factors
were used for the fabrication and test functions . Inspection
supervision was then estimated as a fixed percentage of inspect ion
labor .

Material procurement costs were prepared for a 100—unit  pro-
duction quantity. A list of time inverter electronic p iece p a rt s
is provided in Table 28. The total piece par t cost. es t i m a te  was
adjusted by a manufacturing allowance factor to account for
scra ppage .

The accumula t ed  p rocurement  costs and labor h o u r s  - s t  u - m b l i  sh i ed
by the methodology  descr ibed above were m o d i f i e d  b y  s t an d i m r c l
labor rates for the dii f e ren t  labor  cat egor  j vs  , OVC rlm e ,m d , nc ru - i l

and a d m i n i s t r a t i v e  (C&A ) , and p r o f i t  to & n t , - m b l  i sh u - i f i i iu - i i. cost
For a 101) u n i t  b u i l d , t i m e  p r o  h i L t - i  cost c mi:m ~’ Ln ~~~ + 127 p~- r
unit recurring and $1OI-3 - ’i per unit n1+imr • - cmm l’r L ug  c m + S t  (I i ’-/ t i i b l m t e d
u - m e - r o s s  t i m e  100 u i u i L n .
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TABLE 28. INVERTER PIECE PARTS

Q u a n t i t y
r

Part Number Manufacturer Description Ma cim inc

Model 4110 Pamotor Cooling Fan 28 Vu-Ic 1

A—885 Y ( M c d i i.)  Hartman DC Contactor SPDT b O A , 1
2 8V

81—1059—01—102 Dialight Indicator  Lu-imp Assy 6

1191 Dialight Lens, Red 1 I

52—3192 Dialight Lens , Green 1

52—3193 Dialight Lens , Amber 1

52— 3194 Dialight Lens , Blue 1

32-3 l~t 3 h)ialight Lens, White  1

32~~~’9b Dia l ig iut  Lens , Yellow 1

TT 1JD— 3 Alco Switch Toggle Sw i t ch  SPOT 3

2SP SB Chicago Miniature  Lamp 28V , 0.0/IA (1—2) 6

LMI1IJ/883h1 NSC MicroCircuit , Comparator 13

LMIOIAJ/ 883B N SC ‘ticroCircuit , Op \mp 9

LMS55J/8883B NSC MicroCircuit , Tinie r 4

LM72 3D/883 i1 NSC MicroCircu i t , Regulator  1

LMIO9 K/8 83B NSC MicroCi rcu i t , Regu lator 1

AFIOO— 1J/8S hR NSC M i c r o C i r c u i t  ,A c t i ve  3
Fil ter

0D-d)4~C-LI/883B RCA MicroCircuit , Dig ital 3

~ O ’t 0 0 H ,h/ 8 83 B  RCA MicroCi rcu i t , Di g i ta l

c i )  ‘~0 I IIYLT/881fl RCA MicroCircuit , D ig i t a l  2

I I c +0’ 3R-L 1 /~ S hI~ RCA M i c r o C i r cu i t , D i g i t a l  3

; i)4U 7lhMJ/L~83B RCA >11 c r oC i r c u i t  , D i g i t a l

CI ) - ’,040M ,J/ 88 ’3 B RCA M i c r o C i r c u i t  3
J + N ) N I ) +~~ f .  I. 1 L’u - t I l s i n t o r  11

J.\N .~N,D)0 A T. I. T r a n s i st or

IAN2N 1-822 Motorola Tr .nu-+ I sLur , i -I ~
,IAN./N I ~o2 u - t u t o r o  Ia ‘I rons 1st or , Pom~- + - r ‘N p

J:\ N 2 N ’i25i  Solit ron 1 r u - m i u s  m s t  o r , Power 01 11 21 .6

Da L e R e si s t o r  1/31/ , i -~ ‘ i t  m l  l~ t I
l-’i.tm

83

-- - - - - - --5-- --- - -  -~~~~
-—~~~--~~~~~~~- - -- -- --— 5-—-



- :~~~:::g~ _________

TABLE 28. INVERTER PIECE PARTS (continued)

Quant iL ’j
per

Part Number Manufacturer Description ~-lachilne

RCR2OGXXXM Allen Bradley Resistor 1/2W , 5~ 2
Carbon

RC2 OG2ORN Allen Bradley Res istor 20~~, 1/2W , 5% 6

RWR81S2000FM Nytronics (Sage) Resistor 20O~ , 1W (WW ) - 15
1%

RWR8 IS1OROFM Nytronics (Sage) Resistor lO~~, 1W (W~ ) 15
1%

RWR8IS5ROOFM Nytronics (Sage) Resistor 5u-~~, 1W (WW ) 90
1%

RWR81SI000FM Nytrormics (Sage) Resistor lOOd , 1W (WW) 90
1%

JAN1N3813 Motorola Diode , l2A , 400V 90

JAN1NDO 7 6 Semtech Diode , 6A , SOy 66

JXN IN6 O79 Semtech Diode , 12A , 5OV 60

J.-\NIN6O 81 Semtech Diode , l2A , l5OV 46
Mjl—C—39014/02—1230 Aerovox Capacitor , 0.1 ~u-fd. , 12

b o y

Mib — C— 390 14/0 1—l 230 Aerovox Capacitor , 390 p f d , 2
2 OOV

~-iii— C— 390l4/O2— l407 Ae,irovox Capacitor 1.0 tefd , 50V 3

M ii— C — 190b4/ 0l— 1555 Aerovox Capa citor , 0.01 ijfd , 4
1 OOV

Mil_ C~ 39O22 /O1 _ 139 Lm Sprague Capaci tor , 10.0 tj fd , 50V 9

M3900 6/ 09— 8373 Trans i s tor  Corporat ion Capacitor , 110 u- id , 75V

C QR07 A1QB — lO3 — ~T IM Sprague Capacitor , 1 g f d , 100V 90

M i I—C — 3 9 0 2 / / 1) 9 0 2  Component Research Capaci tor  F i l t e r , Total  2-3 0
330 pfd , 120V

( J i R O 1K—2 ~~~— u-l Component Research C a p u - m c i t o r  Ci L t er , Total 99
130 te fd , l 2OV

10006/09—8373 Sprague C a pa c i t o r  Rank , T o o t - m i  eec  l i i i )

331) in— ,\J ~-L m gnt ’L ir s , Inc . M a g n e t i c  Core , l oms-le r 3

3323 3—\2 Magnet ics , Inc. Mu - i l ie ’ tic Co re , Powder I r e

~-i i)’,u c L  i r s , Inc. M u - m g i -m e - t i c  C o r e , Pen s - t i e r 1 - )

3 e  t I — ’e2 “I.;glie ’tLcS , Inc. M mgime - t ic (eere , P owde r  Vt
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TABLE 28. INVERTER PIECE PARTS (concluded)

Quan t i t  v
pe- r

—__Part Number Manufacturer Description machine

52091—2A Magnetics , Inc. Magnetic Core , Tape 3

M 0000—4S Magnetics , Inc. 
- 
Cut C—Core 3

3o24—Ol—OO—O Cambion Serieu; ~‘s  Inductor , Air Core 120

~~2b1D Potter Brumfield Relay Mag. Latch DPDT 6V 1
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5. CONCLUS IONS AND REC OI0-hi ’NDATIONS

Sinewave inver te r  waveform generation by means of high fre-
quency waveform synthesis is desirable for several reasons .
First , p o t e n t i a l  savings in weight due to t i me  reduced  s ize of
key power handling circuit elements operating at high frequency
can be projected . In addition , the p ossib i l i ty  of single s tage
power processing is feasible since voltage regu la t ion  can
theoretically be accomplish ed by controlling the average  number
of high f requency pulses delivered to the  load c i r c u i t .  Sing le
stage power processing is i tse l f  desirable  front  t ime s t a n d p o i n t
of reducing overall c i r c u i t  par t s  count  (hence , reducing wei g h t
and cost while increasing reliability) and increasing overall
inverter efficiency.

While the desirable features of high frequency synthesis
discussed above can potentially be exploited , there are compensat—

+ ing drawbacks inherent in the technique. One drawback pertains
to ou tpu t  voltage cont ro l  at light load . The techniques iu’.- e s t i —
gated depended for regulation on controlling the average number
of controlled energy pulses to the load circuit. At light load ,
the number of such pulses in a single output period becomes
small and control resolution is degraded . A second drawback is
the difficulty of achieving sufficiently high frequency f o r
prac tical app lication of the techniques . Present  day high
power devices , particularly SCR s, have limited frequency capability.
Transistors can be used to operate at higimer frequency. h owever ,
the power handling capability is severely l i m i t e d . Also , in time
SLEEPS application considered , high c i r c u i t  vol tages  were  genera ted
that required connecting a number of transistors in series to
sustain the voltages .

As a consequence of these drawbacks , time c i r c u i t  tec imn i ques
investigated do not  appear promising for high power inv e r ter s .
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APPENDIX A

llfl’ROVEI~fl~NT CURVES

The use of improvement curves is an accepted procedure
throug hout the industry for cost estimating . The technique is
also accepted and recommended by government agencies.

The term “learning curve” is perhaps more commonly used than
“improvement curve .” However , there are subtle nuances of mean-
ing in the terminologies that favor “improvement curve” as more
descriptive , because it implies active and aggressive improve—
uclerut policies and programs rather than passive learning processes.
The cost reduct ions  predicted by improvement curves do not happen
as a matter of course as production continues. They happen as a
result  of tooling and procedural improvements , ti m e replacement of
i n e f f i c i e n t  methods with efficient ones, the institution of
engineering changes to enhance producibility, tighter production
control and procurement policies , and , of course , individual op-
erator learning as lie fabricates a succession of units. The im-
provement curve combines all these factors into a characteristic
slope . Every industrial process has a characteristic slope.
Some will be characterized by steep slopes and some by relatively
f la t slopes , but ti-me characteristic slope will continue on indef-
initely .

It is sometimes felt that achieving cost reductions whm ici m
continue indefinitely is unreasonable since the cost will even-
tually go to zero . This is not ti-me case , however. The q u a n t i ty
of units produced will approach infinit much f i n  Le r  t i e -m n  t i me
cost approache s zero.  Consider , for  example , a 90 ~ercc-iu t im-
provement curve . Every time tI-u~ quantity of units is doubled ,
ti-me cost to produce a ui-mit is reduced 10 percent. If i t  co s t s
100 hours to produce the first umu i t , the Cost f o r  u n i t s  in p r e —
duc t ion  would be reduced according to the t a b u 1 e m t i~ n .

Uni t
1 101)
2 90
4 81
8 7 2 . 9

1,000
100 , 000 1 7 .3

1, 000 , 000 12 .2

A u t o m a t e d  p r l ) e : e s s c s are typ ically c i e m r u - m c t - r i ; : e ’d by  il i r _ t 1e - r
cu rve -s (90 pe rc e nt and bet ~e- r) t h in :u- m u - imi+i l o p er d t  i i i  -

S L f l C e i e :, o p p o r t u i u i L ’  for i e-up1 ~o ’i- ru- -n L e ’ X j S t H .  Co- e m ~ir  n n ’ r , m I I v
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expressed in labor hours rather than dollars , reflecting the fact
that labor is a more fundamental basis of comparison and is free
of the complicating factors of varying labor rates and inf la t ion .
Often certain classes of labor , such as test time and setup time,
are excepted from improvement curve cost reduction predict ions
and are held constant sic-ce little opportunity for improvement
is expected. Material costs are, of cou rse , not subject  to ito—

provement curve analysis.

Uni t Cost

The basic equation of improvement curve analysis is given by

TFIJT(x) = (Al)

or

Log = [T(x)] = Log [TFU I — N Log (x) (A2)

where

T(x) = the time or cost for the x—th unit

IFU = Theoretical First Unit Cost

x = the prod uction sequence number of the unit for  which the
cost is to be found

N = the improvement curve slope factor.

The definition of improvement curve given above is known as the
unit straight line system (Crawford) and is the most widely used .
One other definition in common usage is the cumulative average
straight line system (Wright). The formula for this system
is identical to equation Al. However , for the Wright system ,
T(x) expresses the average time or cost to product a total of
x units rather than the cost to produce the x—th unit. The
analysis which follows applies only to unit straight line systems .

Improvement curves are , in general , characterized by a performance
factor , P, which describes the cost improvement obtained when the
quantity of units is doubled . For example , for a 90 percent
learning curve (P=O.9), the cost of the second unit will be 90
percent of the cost of the f i r s t , the cost of the fourchm will be
90 percent of the cost of the second , and so on. The improvement
curve slope factor , N, is related to the performance factor , P.
by
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N — 
Log (P)

- - 

Log ( 2 )  ( A 3 )

As an illustration , consider the costs of five production
units to a 90 percent improvement curve . Time i m p ru vy ln e n t  cum vc

• slope factor can be found from equation A3 as

N = 
Log (0.9)

Log (2 )  (A L )

= 0.1520031

individual unit costs can then be foun d f rom equat ion Al , or

— TFU
~(x) — 

0.1520031 (A5)

u - mo individual  unit costs are tabulated.

Unit , x T(x) /TFU

1 1.000
2 0.900
3 0.846
4 0.810
5 0 . 7 8 3

In production estimating , time standards are normally given
f o r a product well into production rather than for the first u n i t .

The theoretical first unit cost , TFU , can be der ived f r o m t i -m e Im u- gi
production figure to give a starting point in analysis. Consider ,
fo r  examp le , a standard run time of 139.65 hours for the 5000th
unit and a 90 percent improvement curve . The TFU cost is found
by simp ly rearranging equation Al:

TFU xi” T( x )

50000.1520031 x 130 .05

TF U = 509.67 hours (,- \h )
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Average Unit Cost

For production cost estimating purposes, the average unit
cost for a production run is of more interest than an individual
unit cost figure. As an illustration, consider the problem of
establishing an average cost for production units 21 through 30
for the case of a 90 percent learning curve. From equation A4,
we have

N = — 
Log P
Log 2

— — 
Log 0.9
Log 2

N = 0.1520031

The individual unit costs can be found from equation Al. These
costs are tabulated in Table Al. The sum of the costs divided
by the 10 uni~s over which they are distributed gives the average
unit cost, 0.6119133.

TABLE Al. PRODUCTION COSTS FOR 90% IMPROVEMENT CURVE

Unit , x T(x)/TFU

21 (a) 0.629533
22 0.62509 7
23 0.620888
24 0.616884
25 0. 613068
26 0.609424
27 0.605938
28 0.602598
29 0.599392
30 (b) 0.596311

Sum = 6.119133
Average = 0.6119133

For large production quantities, the effort involved in calu—
lating individual unit costs, summing the costs for all produc-
tion units, and averaging the total cost becomes prohibitive .
Fortunately, for large quantity analysis, a useful estimating re-
lation can be established . The problem is illustrated in Figure
•U. For a production run of units from a to b , the cumulative
costs for  the p roduction run are represented by the sum of the
rectangular areas. The total rectangle area is composed of the
area under the curve (shaded portion) and the individual corner
areas, Aa 

through A
D
. These corner areas can be approximated as

triangular segments with individual areas given by:
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Aa

/
T(x )  // a+l/ _____ 

A 

A
2

a a+l a+2 a+3 b—2 b—i b b+l

Unit number , x

Figure Al. Unit cost curve.
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= 0.5 
[(b~ l) N 

- 

bN

= 0.5 
[b

N - 
(b+i)N1 (A7)

The sum of all triangular segment area, AT, 
can be conveniently

expressed by,

AT
A + A +l + 

•

or 
= o.s - 

(b+l)N] (A8)

The shaded area under the curve is foun d by direct integrat ion .

d
A 1  — xc i  N

I x

b+l
_~~~~~

1-n a

or N 1-N
A 

(b+l) — a
c 1-N

The estimate of cumulative t ime represented by the total
rectangular  area , T1,(a ,b ) ,  no rmalized to TFU is th en AT 

plus  A~~
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Equation AlO provides an accurate estimate of cumulative pro-
duction costs. For the example given in Table Al , we have for

21 and b 30,

T~(2l~3O)

TFU 
= 6.100903 + 0.018093.

= 6.118996

which is within 0.002 percent of the actual cumulative cost of
6.119133 given in Table Al.

In general, the error in the approximation given by equation
AlO will decrease as the number of units is increased or if the
lower limit considered , a, is increased . An upper bound on esti-
mation error can be established by using equation AlO to find th e
cumulative cost for a single unit , the lower limit unit a. Set-
ting b equal to a in equation AlO gives

T~ (a~a) (a+l) N_al~~ + 0 ~~ 
[Ti: - 1

TFU 1-N L~ 
(a+l)N] (All)

Now , the actual cost for this single unit is known to be

TFU Na

Therefore , we have

T8
(a ,a) 

= 

N
ç

1~ N 
+ 0.5 E N 1  (~\12)

T .(a , b) a k + 1  

0 .5  [ ( )  
~

j
or E 

= 
a 

- -  - + 0.5 
1_ ( ~i \  (Au )

T(a) 1—N ~. i4- l 
~
i
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For the example of Table Al, equation A13 gives an upper er-
ror bound of 0.003 percent. As stated above, the error was
actually 0.002 percent. The estimation errors for production
runs having several lower limit values of interest are tabulated
for a 90 percent improvement curve (N = 0.1520031),

Estimation Error Limit, P 0.9

a 
T~(a,a)/T(a) —1

1 — 0.66 %
2 — 0.23
5 — Q.Q48
10 — Q.Q13
20 — Q.Q035
50 — 0.QOQ5S
100 — Q QQQ11

If a production estimate for, let us say, the first 1,000,000
units is desired to better than 0.05 percent accuracy , one can
find the individual costs for units 1 through 4 and add them
to the cumulative cost estimate given by equation AlO for units
5 through 1,000,000. By equation A13 one is assured that the
error is less tItan O.0’.b petcent .
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