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DEVELOPMENT O F  A 1.6-KW, 2000-VOLT9 HIGH-FREQUENCY 
DC-DC CONVERTER FOR ION THRUSTORS USING A MODULAR 
DESIGN AND AN INDUCTIVE ENERGY PUMPING TECHNIQUE 

FOR CONVERSION, REGULATION AND PROTECTION 

E. T .  Moore,  T. G. Wilson, J .  N. McIntire 

ABSTRACT 

P r i m a r y  objectives in  the design of this  modular  converter  w e r e  
v e r y  low weight, high efficiency, and a ruggedness ar,d general  compat- 
ibility with the transient-inducing nature  of the ion-engine load. 
frequency sil icon power t r ans i s to r s  w e r e  used with current-feedback 
base  d r ive  at a switching frequency of 10  kc.  The u s e  of spec ia l  energy-  
s torage  power t r ans fo rmers  was found to make  possible a very  efficient, 
lightweight, nondissipatively regulated converter  which is physically 
ve ry  simple.  
voltage conversion, f i l ter ing,  regulation, and protection functions which 

High- 

These spec ia l  t ransformers  play a n  in tegra l  ro l e  in  the 

take place in  the converter.  
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DEVELOPMENT O F  A 1.6-KW, 200O-VOLT, HIGH-FREQUENCY 
DC-DC CONVERTER FOR ION THRUSTORS USING A MODULAR 
DESIGN AND AN INDUCTIVE ENERGY PUMPING TECHNIQUE 

FOR CONVERSION, REGULATION AND PROTECTION 

Wilmore Electronics Company, Inc. 
Durham, North Carolina 

SUMMARY 

The two p r imary  objectives of this r e sea rch  and development 
contract  were  (1) to investigate the application of cer ta in  unconventional 
c i rcui t  techniques to a high-voltage converter  for  use with ion 'engines 
and (2 )  by using these circui t  techntques, to design and construct an 
Experimental  Model of an efficient, lightweight converter.  A modular 
approach was employed in  the design of the Experimental  Model which 
provides a nondissipatively regulated d-c output of 1600 wat ts  a t  2000 
volts. 
configuration; the converter input voltage is 25-31 volts d-c.  

Six identical building-block s tages  a r e  used in the modular 

Central  to the design of the converter  is the use of two energy- 
s torage t r ans fo rmers  pe r  building-block stage.  
f o r m e r s  involve multiple windings and a magnetic path containing a sma l l  
air gap. Each cycle of the operation of the converter involves a half 
cycle during which inductive energy is  s tored  in these t r ans fo rmers  and 
a half cycle during which this stored energy is delivered to the load. 

of a curren t  -feedback arrangement  involving smal l  saturable  cur ren t  
t r ans fo rmers .  
the nondis sipative regulation scheme involves varying this frequency to 
compensate f o r  changes in input voltage o r  load. 

These special  t r ans  - 

- Rase drix-~p t o  the h igh - f r eq~ency  s i l i c ~ f i  power  t r ans i s to r s  is by iiiealls 

A maximum switching frequency of 10 kc is  employed; 

The Experimental  Model exhibits an  efficiency which is near ly  
constant with variations in input voltage and which var ies  f r o m  67'7'0 a t  
5% of full load to 88. 870 at 64'7'0 of full  load, dropping to 86. 5'7'0 at 100'7'0 
of full  load. 
mental  Model is 16.4 pounds or 10. 25 pounds per  kilowatt. An especially 
interest ing fea ture  of this converter,  predicted during the design and 
verified by the Experimental  Model, i s  that short  circuiting the 2000-volt 
output produces no cur ren t  surges through either the output rec t i f ie rs  o r  
the power t r ans i s to r s .  

The total weight of the components of the 1 .  6 KW Experi-  

A s  a resu i t  of this work it has  been demonstrated that the energy-  

V I  



t storage t r ans fo rmer  approach is  well  suited for  use  in lightweight non- 
dissipatively regulated, high-voltage d-c  to  d-c  converters  for  ion-engines. 
The par t icular  current-feedback base  dr ive and regulation scheme which 
was developed makes possible a modular configuration having a high degree 
of physical simplicity. 

Based on the data obtained and experience to date,  it is felt  that 

These improvements would involve cer ta in  changes in the 
improvements can be made in both the weight and efficiency of the present  
converter .  
design of the energy-storage t ransformers  and would requi re  the usage of 
a higher input voltage such as 56 volts. 

I V i i  



1. INTRODUCTION 

A reaction-driven space vehicle receives  i t s  thrust  by accelerat ing and 
expelling propellant mass .  
sys tems is  the velocity to  whl-h propellant mass may be  accelerated and 
expelled, since this determines the total mass of propellant necessary  to 
accomplish a par t icular  mission. (It" In the case  of chemical rockets  and 
nuclear rockets in which the propellant is energized by a thermal  heating 
p rocess ,  the exhaust velocity i s  limited by the tempera ture  capability of the 
chemical reaction o r  of the ccmfining walls 
sys t ems ,  however, a r e  not subject to these constraints ,  and a considerable 
amount of effort is therefore  being devoted to the development of e lec t r ic  
th rus tors .  

One very important c r i t e r i a  for  such propulsion 

Nonthermal (e lec t r ic )  acceleration 

The weight, efficiency, and reliability of the power -eonditionJlng system 
which is used with an ion-engime wjll, of course ,  be fac tors  which direct ly  
affect  the degree to which the ion engine real izes  i t s  theoret ical  advantages. 
Certain of the requirements  which need to be me t  by such a power-conditioning 
sys tem a r e  discussed in Reference 2 ;  other  requirements  a r e  presently becom- 
ing m o r e  adequately defined as engine development and testing p rogres ses .  
One par t icular  problem is the t ransient-kducing nature of the ion-engine as 
an e lec t r ica l  load on a high-voltage power supply. 
quent and seve re  electr ical  breakdown (arcing)  requires  a high degree of 
ruggedness in  the power supply and makes the attainment of a very light- 
weight supply m o r e  difficult. Much l e s s  r e sea rch  and development work has  
been done in  the high-power, high-voltage a r e a  than in other a r e a s  of power- 
conditioning technology. ( 2  -59 

This tendency toward f r e -  

This contract  involved the development of a modular d -c  to d-c  converter  
for  ion-engine applications. The re  were  two main objectives: 

(1) To explore and evalGate the usefulness of cer ta in  unconventional power 
conversion techniques involving the use of special  energy-storage 
t r ans fo rmers  

(2) To provide to NASA an  Experimectal  Model of a lightweight and efficie-nt 
2000-volt, 0. 8-ampere d-c  to d-c  converter by using these techniques 
in a modular approach. 

The result ing Experimental  Model exhibits excellent performance charac te r  - 
i s t i c s  and a high power-to-weight ratio. 
building a highly efficient high-power converter  for  an  operating frequency of 
10 k c  with present ly  available t rans is tors  and magnetic mater ia l s .  
to verifying the usefulness of the original design proposals , such a s  the energy- 
s torage- t ransformer  technique, it is  felt that the resu l t s  of this contract  
indicate that the use of a modular approach has  considerable advantages ir, 
power -conditioning sys tems fo r  ion engines and should receive fur ther  attention. 

It a l so  demonstrates  the feasibility of 

In addition 

::References a t  end of section 
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11. OBJECTIVES AND BASIC SYSTEM DECISIONS 

The main electr ical  design objectives for  this dc-to-dc converter were  
a s  follows: 

Input: 2 8  volts, 3.1070 

Nominal output: 2000 vol ts ,  0-0.  8 a m p e r e s ,  d i rec t  cu r ren t  

Regulation of the output voltage f rom 3070 of full load to full  
load: fi 5% 

Output voltage regulation not to  exceed + 1070 at no load 

RMS ripple cur ren t  f rom the source  not to  exceed 270 of the 
average source  cur ren t  st full load 

RMS ripple in the output voltage not to  exceed 570 where percent  
ripple in the output voltage is defined a s  ( R M S  ripple) x ( l O O ) / ( Z O O O )  

Central  to  the design of this converter is the use of the energy-s torage-  
t r ans fo rmer  approach and current-feedback base dr ive for the power t r ans i s  - 
t o r s .  A pr imary  design objective was the development of a converter us ing  
these techniques which, although highly rugged and quite able to withstand 
the transient-inducing character i  st ies of an ion-engine load, nevertheless  
is character ized by a very  light weight. 

. 

Certain special  character is t ics  were  desired.  One of these was the 
need for  soft tu rn  on of the ccnverter output voltage and means for  adjusting 
this soft turn on, o r  r a t e  of r i s e  of the output voltage, over a wide range. 
Another was the des?re  for  an adjustable "blink-off time". 
off t ime ' '  a s  used in this report  re fe rs  to  the t ime period during which the 
converter  remains off before returnfng soft on af ter  i t s  protection sys tem 

The t e r m  "blink- 

has b e e n  aztl iated by an o-;er!oad o r  s h o r t  eircuft .  

A n  ear ly  sys tem decision was the use  of a modular approach to  the 
design of this  1600-watt converter. The decision to use six ra ther  than 
some other number of building-block s tages  was made  pr imari ly  on the 
bas i s  of two factors :  (1) the use  of six s tages  for this  converter resul ted 
in a per -s tage  power level which made possible near-optimum usage of 
the high-frequency power t rans is tors  and rec t i f ie rs  selected for  use  in the 
conver te r ,  and (2 )  six was the least number of stages which would readily 
allow the converter  to be designed such that ,  in the event of fa i lure  of one 
s t age ,  the remaicing s tages  of the converter  would have the capability to 
provide full output power and voltage. 
r equ i r e s  that each stage have a correspondingly g rea t e r  r e se rve  power and 
voltage capability. 
d e s i r e d  that either stage be able to supply the full output voltage and power 

The use of a l e s s e r  number of s tages  

F o r  example,  i f  only two s tages  a r e  used and i t  is 
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then this requirement will cause the weight of the converter to be near ly  
doubled. With six s tages ,  however, only a 20% per-s tage r e s e r v e  capa- 
bility is necessary  in  order  to be  able to provide full output in  the absence 
of one stage.  

P r imar i ly  because of the advantage of being able to operate  at a 
considerably higher base -plate temperature  and because of a generally 
l e s s e r  susceptibility to high-energy e lec t r ica l  t ransients  on the par t  of 
silicon semiconductors,  only silfcon semiconductors were  used in the 
design of this converter .  A l l  capacitors and other thermally vulnerable 
components a r e  high temperature  types (except for  the capaci tors  of the 
converter input f i l ter  fcr which computer grade electrolytics were  used 
in  the Experimental  Model because of pr ice  considerations). 
objective was to select  components and provfde an electr ical  design such 
that this converter could, i f  packaged for  flight u se ,  be operated reliably 
a t  a base plate tempera ture  of 90°C. 

A design 

Since weight reduction was a p r imary  design goal, i t  was  ne( r s s a r y  
that the converter  employ a high switching frequency. 
consideration of losses  in  the magnetic components ra ther  than limitations 
of available high -;Feed switching t r ans i s to r s ,  a frequency of 10  kc/s was 
selected,  

P r imar i ly  from a 

Because of tempera ture  limitatlor-s and low saturation flux level , the 
use  of f e r r i t e  for  the power t ransformers  was excluded f rom consideration. 
Supermendur,  a vanadium-cobalt-iron alloy, has  recently been made  ccm-  
merc ia l ly  available both in the form of cut C c c r e s  and closed tape-wound 
co res .  Cut C cores  of this mater ia l  were  initially considered for  the 
energy-storage power t ransformers  of this converter.  They w e r e ,  however, 
found to be unavailable in  1-mi l  mater ia l .  Additionally, because of i t s  much 
lower resis t ivi ty  ( 2 6  vs .  50 microhm-cm. the losses  of Supermendur tend 
to inc rease  much m o r e  rapidly with frequency than those of 3% sil icon-iron 
alloys.  
g ra in  oriented slli:on-lron were  considered to be best  suited for  this light- 
weight 10-kc converter 3nd were  therefore  used in the Experimental  Model. 

On the bas i s  of relative weights and lo s ses ,  cut C co res  of 1 -mfl 

Efficfency requirements  dictated the use  of power t r ans i s to r s  wlth 
an exceptionally high switching speed and low saturation res i s tance .  
Several  t r ans i s to r  manufacturers  a r e  now marketing double-diffused and 
t r ip le  -diffused silicon power t rans is tors  which have switching speeds that 
a r e  quite a t t ract ive for  a high-frequency converter of this type. 
work was initiated on this cont rac t ,  however,  there  were  no suitable high- 
speed devices available with voltage ratings significantly above 100 volts - 
The power t r ans i s to r  which was  finally selected for  use in the Experimental  
Model,  the planar t r ip le  -diffused Honeywell (now Solitron) type MHT8302, 
has a rated breakdown voltage (BVcBo) of 100 volts. This is a 30-ampere 
device and proved to  be quite satisfactory a t  the 28-volt input voltage level 
of the Experimental  Model. 

At the t ime 

I 
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In the energy-storage - t ransformer approach being used,  the power 

In view of the 
t rans is tors  a r e  cyclically required to block a d i rec t  voltage which is  equal 
to approximately twice the input voltage to the converter .  
voltage ratings of the high-frequency power t r ans i s to r s  which were  available 

selected f o r  the design of the Experimental Model. More  recently,  however,  
suitable t rans is tors  with considerably hZgher voltage ratings have been made  
available,  and i t  would appear that a considerable advantage could be gained 
by using an input voltage level of 56 volts ra ther  than the present  28 vol ts ,  
This pcs5l.?i:ity 1~ discussed in more  detail in Section V of this report .  

I 

I a t  the s t a r t  s f  work under this contract an input voltage of 28 volts d-c was 

I 



111. CIRCUIT DESCRIPTION 

Since many of the character5stics of this converter resu l t  directly f rom 
the special  nature of the energy-storage t r ans fo rmers ,  these t r ans fo rmers  and 
the prizciples involved in their  use i n  a nondissipatively regulated d -c  to d-c  
converter a r e  initially reviewed. 
modular approach used in this converter is described in t e r m s  of a block 
diagram. 
along with brief technical descriptions of their  design and operation. 
attention is  dlrected to  a ful l  schematic-, of the complete six-stage converter  
and an associated components l ist .  

The bas ic  configuration of the s ix-s tage 

Schematics of each of the individual subcircuits a r e  then presented 
Finally,  

ENERGY -STOR AGE - TRANSFORMER CONVERSION PRINCIPLES 

Certain principlez which a r e  fundamental to  this d-c  to  d-c converter a r e  
best  illGstrated by- a consideration of F igures  121-l and 111-2. 
Figure  111-1 has  l inear  character is t ics  such J,S shown in F igure  111-2, i. e .  an 
h e r e a s e  in flux ( 8 )  in  core  T1 necessarily involves an approximately propor-  
tional increase  in  the ampere  turns  of magnetomotive force  (rnmf) applied to 
the core .  Such Characterist ics a r e  readily obtained by irzsertkng a smal l  air-  
gap in a hfgh FerpAeaS'_llty x a g n e t i c  :are. 
r e f e r r e d  to a s  an "energy-storage t ransformer"  in much of the discussion to 
follow. 
making use  of the fact  that an increment of kduct ive  energy may be s tored  in 
T1 and i t s  windings on one half cycle through wicding N1 and the2 delivered 
f r o m  this  ecergy-storage t ransformer to capacitor C, and the load through 
winding N2 on the next half cycle. 

Core T l  of 

C c r e  TI and i t s  wizdings will b e  

The circui t  of F igure  111-1 fmctions a5 a d-e to  d-c co rve r t e r  by 

V o 1 tag e C o rrv e r s ion 

Assume that,  by a dr ive circvl t  rot shown, t rans is tor  Q1 i:? Figure  111-l is 
cyclically turned on and off. 
Ein is impressed  2cross  winding N1 m d  the flux level in co re  T1 is k c r e a s e d .  
The relat ive winding polarit ies of windings N1 and N2 a r e  such that the voltage 
E. irnpreesed across Ki induces a voltage in winding N2 of such poisrisy that 
diode Do is subjected to  a r e v e r s e  voltage and no cur ren t  i s  allowed to flow 
in winding N2. 
del ivered to the load but the flux level itz core  TI and the magnetomot iv~  
f o r c e  on  the co re  a r e  increased ,  i. e. energy is s tored  within T1 and Its 
windings. Then t r a m i s t o r  Q1 is turaned off f o r  a half cycle. 
ing on c o r e  T1, of course ,  cannot be discontinuous. Therefore ,  when the 
cu r ren t  through winding N1 i s  suddenly interrupted by the turning off of Ql, 
the inductive energy s tored  in  the t ransformer  causes  the polarit ies of the 
voltages appearing a c r o s s  windings N l  acd N2 suddenly to  r eve r se  and continu- 
i ty of rnmf is  sustained because of the cur ren t  which then flows through 
winding N2 and diode Do into capacitor C, and the load. 

While t r a m i s t o r  Ql i s  turned on9 the voltage 

L E  

Thus, during the conducting inxerval of Q.I nc exergy is 

The mrnlP exis t -  

6 

A typical one-cycle flux-versus-mmf path for  core  T1 is shown by points 
A ,  B, C, D in F igure  111-2. The flux and rnmf increase  f rom point A to  point 
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B as t rans is tor  Ql conducts and decrease  f r o m  point C to point D during the 
interval in  which Q1 is  turned off aed energy is discharged through winding N2. 
The corresponding cyclic cur ren ts  through t r ans i s to r  QI and diode Do a r e  shown 
in Figure 111-3. 
load. 

The f i l ter  capacitor Co provides a low-ripple voltage Eo to the 

Regulation 

Within the t ime interval  A t l  during which t rans is tor  Ql conducts, the change 

(1) Ein = N1 Agl 

in fluxA@l which takes  place in  core  T1 i s  given by the relation 

where N1 and Ein r e fe r  to  F igure  111-1. - 
At1 

When t rans is tor  Q1 turns  off, current  mus t  flow through winding N2. In 
o rde r  that  this cur ren t  can flow, the voltage in winding N2 mus t  a s sume  the 
value of the output voltage Eo (plus the drop  a c r o s s  diode Do which will be 
assumed to be negligibly small compared to  Eo). 
of the load cur ren t ,  the cu r ren t  through winding N2 may  e i the r  [I)  flow 
during the ent i re  interval A t2 that Q1 is turned off, in which case  the oper-  
a t ing  point on the character is t ic  of core T1 follows a minor  loop similar 
to that shown in  Figure 111-2 or ( 2 )  flow only during the initial par t  of the 
interval  At2 that Ql is turned off, in which case  a minor  loop is  followed 
which includes the residual  flux point g r  of core  T1. 
course ,  occurs  a t  light loads,  whereas the f o r m e r  occurs  at heavier  loads. 

Depending on the value 

The la t te r  situation, of 

If the load cur ren t  is l a rge  enough that the minor  loop does not include the 
residual-flux point, the flux change 
A t2 that Ql is turned off is  given by the relation 

which takes place during the interval  

If s teady-state  conditions exis t ,  Po2 mus t  be  equal and opposite to  Ag1 as 
given by Equatios ( E ) ;  otherwise the average flux level in core  T1 would 
increase o r  decrease by t h e  increment [ ~ $ 1 -  A 6 2 j  eacii cycle. 
i nc rease  o r  decrease  i n  the average flux and, therefore ,  the average mmf 
existing on c o r e  T1 would imply a corresponding increase  o r  dec rease  in  the 
average  cu r ren t  supplied to  capacitor Co and the load, and the load voltage 
Eo would thereby be increased  or  decreased so  a s  to again make  A @ 2  = Ag1.  ) 

[Such an 

under steady 

( 3 )  Eo = 

Letting = A@1, it is  readily shown f r o m  equations (1) and ( 2 )  that ,  
. -state conditions, the output voltage Eo is simply 

Equation 
cu r ren t ,  the 
of the cyclic 

( 3 )  points out the fact  that, above some minimum value of load 
converter  output voltage Eo is directly proportional to  t h e  rat io  
conducting t ime At1 nonconducting t ime At2 of the power t rans is tor .  
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A s  will be explained in m o r e  detail i n  following sect ions,  the converter  
developed under this contract  is  character ized by a constant "on" t ime 
for  i ts  power t r a i s i s t o r ( s )  and Et is  the rloff'' t ime A t 2  which is var ied so 
as to control the output voltage. 

A tl 
b 

If the load cur ren t  is s o  smal l  that the minor  operating loop for  co re  T1 
includes the residual point 8,, a flux change occurs  in winding "2 during only 
pa r t  of the interval  A t 2  and Equations ( 2 )  and ( 3 )  no longer hold t rue.  The 
factors  affecting the output voltage under these conditions a r e  pointed out below. 

Pn the par t icular  converter developed under this contract ,  the conducting 
t ime A tl of the power t r ans i s to r s  i s  constant whereas  the off t ime A t 2  is 
var ied to  regulate the output voltage. 
output load cur ren t  equal to  o r  l e s s  than that load cur ren t  at which the operating 
minor  loop fo r  core  T1 first begins to include the residual  f lux  point O r ,  each 
conducting interval  of the power t rans is tor  Ql in F igure  111-1 will  cause a 
predetermined minimum amount of energy U(Ein) to be s tored  in  co re  T l a n d  L 

i t s  windings. 
charac te r i s t ic  of core  T1. 
fac t  that  it is  a function of E,,, i. e. it will  i nc rease  o r  dec rease  i f  Ein 
inc reases ' o r  decreases .  Thbs with a predetermined increment  of energy 
U(Ein) being t r ans fe r r ed  f rom the source to the f i l ter  capacitor and load each 
cycle,  the frequency f mus t  be made proportional to the output power in o rde r  
to  maintain regulation. 

Therefore ,  under any condition of 

That is ,  the operating loop cannot move any fi lr ther down the 
This energy is wri t ten as U(Ein)  to  reflect  the 

This m a y  be expressed  as 

(4) U(Ein)f Eo I, where U = energy t ransfer red  pe r  cycle 
f = frequency, cycles pe r  second 
Eo = output voltage 

Io = output cur ren t  

Whether the converter i s  operating under load conditions under which 
Equation ( 3 )  applies o r  u9der load conditions under which Equation (4)  applies , 
it is apparent  that controlltng the "off" t ime A t 2  of the power t rans is tor  Q1 
is a s imple and effective way of nondissipatively controlling the output voltage 
of the converter .  

Protect ion Charac t e ri st.ic s 

Through cyclically storing energy introduced on one half cycle through 
winding N1 and then delivering this energy to  the load through winding N2 on 
the next half cycle, the ci rcui t  of Figure 111-1 functions a s  a d-c  to  d-c  voltage 
converter .  A ma jo r  difference between this method of voltage conversion and 
m o r e  conventional methods is that the extraction of energy f rom the source  
and the delivery of energy to the fi l ter  capacitor and load occur on opposite 
half cycles .  
t r a n s i s t o r  Ql and diode Do f rom current  t ransients  caused by load shor t  c i rcui ts  
is concerned. 

This fact  has  considerable significance ins'ofar as protecting 

Assume,  f o r  example, that the circuit  of Figure 111-1 (plus ,  of course ,  the 
necessa ry  dr ive circui t  f o r  Ql which is not shown) is functioning normally with 
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waveshapes of cur ren t  through the semiconductor elements as shown in  
F igure  111-4 and that at some time tl the  load is suddenly shor t  circuited. 
Whatever energy exists in  the f i l ter  capacitor Co is  quickly discharged into 
the short  c i rcui t  and the output voltage E 
However, there  is no sudden current  t ransient  in diode Do as a resu l t  of the 
load fault condition and no cur ren t  transient in t rans is tor  Ql. 
happen is that,  according to Equation (2) which has  been previously discussed,  
the flux change aIb2 which occurs  during the nonconducting half cycle of Q1 
becomes very  small because the output voltage Eo has become very  small. 
Thus , 
remains  unchanged. 
the average flux level and the average mmf existing on core  T1 begin to 
cyclically increase.  

abruptly becomes essentially zero.  
0 

What does 

AIb2 becomes quite small, while A @, (change in  flux while Ql conducts) 
Since AIb2 no longer can be equal and opposite to  AIbl 

The behaviors of the cur ren ts  through t rans is tor  Q1 and through diode Do 
af te r  a load shor t  c i rcui t  which occurs  a t  some t ime tl a r e  shown in F igure  111-4. 
Note that the shor t  c i rcui t  a t  t ime tl produces no sudden cu r ren t  t ransients  in 
either of the two power -handling semiconductor components but , instead, only 
a steady r i s e  in the mmf being applied to core  T1. 
after the shor t  c i rcui t ,  co re  T1 will  become saturated (unless  the fault 
condition c l ea r s  i tself  o r  is cleared) ,  and at t ime t2  the cur ren t  through 
t r a m i s t o r  QI will become quite l a r g e  and probably damaging to  this t rans is tor .  
Thus, a shor t  c i rcui t  can be expected to  cause no destruct ive cur ren ts  through 
the semiconductors for  a predictable interval  of t ime (tl to t z ) ,  and protective 
m e a s u r e s  mus t  be put into effect before t ime t2. 
tl to  t 2  is a design parameter  which can be chosen in accordance with par t ic -  
u la r  sys t em requirements.  
d-c conversion has  distinct advantages insofar as protecting the power- 
handling s emic onduc t o r  component s f rom 1 oad -induced t ransient  s is c onc e rned. 
These advantages resul t  p r imar i ly  f rom the fact  that in this converter  the 
taking of energy f rom the source  and the delivery of this  energy to  the load 
occur  on opposite half cycles.  

At a predictable t ime t2 
I 

The interval  of t ime f rom 

Thus , this "energy-pumping'' manner  of d-c  to  

Full-Wave Confieuration 

The basic  power circui t  of Figure 111-1, although it i l lus t ra tes  cer ta in  
useful pr inciples ,  bas some significant disadvantages insofar as use  , in this 
s imples t  f o r m ,  in an ion thrus te r  would be concerned. 

.A pr imary  disadvantage of the unsymmetrical  configuration of Figure 111-1 
I s  that  it takes cur ren t  f rom the source Ein in  half-wave pulses and also 
supplies cur ren t  to f i l ter  capacitor C, in  half-wave pulses.  F o r  cer ta in  
s o u r c e s ,  e. g. so la r  ce l l s ,  this would be a disadvantage since considerable 
input-current  f i l tering would be required. Also the s i ze  of capacitor Co for  
a given ripple in  the output voltage would be undesirably large.  Perhaps a 
m o r e  se r ious  consequence i s  the fact that the conversion efficiency would be 
adverse ly  affected by the lo s ses  caused by the relatively la rge  alternating 
c u r r e n t s  which would flow through the effective s e r i e s  res is tance of the input 
and output f i l ter  capacitors.  
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By using two complcTcr ta ry  baslc eonversion circui ts  of the type shown 
In Figure ILI-1. the ripple La the current  drawn f rom the source and the ripple 
in  the output voltage for  a given value fo r  f i l t e r  capacitor Co can be substan- 
tially reduced. Such a full-wave circuit  is i l lustrated in  Figure 111-5. 
that t ransformer  TI and t rznsformer  T2 are  separa te ,  independent t r ans fo rmers ;  
the circuit of Figb-re 111-5 Es ns t  analogous in its operation to the widely used 
conventiopal paral le l  k v e  r r e r  configuration. As ,  fo r  examples traEs1stor Q1 
conducts and e ~ e r g y  1s supplled to winding N1 of core  Tly a r eve r se  voltage is  
applied to diode Dk by wlrdq-rg N2. Simultamously,  diode D2 conducts and 
energy s tored in  core  T 2  atld l ts  windirzgs during the previous half cycle is 
supplied f rom windizg N4 to  5zpac:tor C,. That, is, as energy f rom the 
source is s tored  fr, t ransformer  TI, epergy which has previously been s tored  
is delivered to the load by t ransformer  T2, a r d  vice ve r sa .  
the duty cycle of Ql ar i l  Q2,, cui-rezt is drawn f rom +he source for  essentially 
the ent i re  duratiox 2f each haif cycle and, although there  is  some ripple 
coxponerut tu the currerat dr;twn f rom the source by the full-wave circui t  of 
F igure  IX-5, the mag-ritude of this ripple compor-ent relative to the average 
cur ren t  drawn f rom the source is mcch l e s s  than is the case  for  the circui t  of 
F igure  IPI-1. Depending on the character is t ics  of the source ,  fur ther  reduction 
in the ripple ccmpcxent of the source cu r rec t  t h ~ o u g h  appropriate fi l tering may  
o r  may not b e  desirable .  

Note 

Depending on 

BLOCK DIAGRAM O F  THE COMPLETE MODULAR CONVERTER 

Figure  Zi -6  shows tCe basic configuration of the complete converter i n  

The block diagram of F igure  111-6, however, 
block d iagram form. 
discussed in  a late=. .;ect?on. 
s e r v e s  to focus attention on the modular nature  of the design of this high- 
power converter  and to  i l lustrate  the basic  design approach. 

Ed& of the constituent suScSreuits will be individually 

In addhion to the six bullding-block CONVERTER STAGES themselves ,  the 
dosed - loop  regdat5cvn s y s t e m  of the inver te r  involves a voltage divider R1 and 
R2, a ZEPiER DIODE REFERETVCE VOLTAGE, a DIFFERENTIAL AMPLIFIER 
which compares tr.e vcolthge from the voltage divider to the reference voltage, 
and a VOLTAGE TO FCZSE-FREQUENCY CONVERTER which gelnerates pulses 
having a frequency wk Ech is proportional to the "error-signaP'o output of the 
differential  umplifier, 
s ta tes  at a ra t e  determ:n,ed by the p d s e  frequency, 
in m o r e  de ta i l ,  the f r e q c e x v  with whi*+h tke F L I P - F L O P  reve r ses  s ta tes  i s  
the mear-s whereby the cctpet vol tage  cf the stx current-feedback zonverter 
s tages  i s  controlled. 

These p d s e s  a r e  fed to  the F L I P - F L O P  wk>icK swltches 
A s  will be explained la te r  

DESCRIPTION O F  THE BUILDING-BLOCK CONVERTER STAGE 

F igure  II?-7 a3.ows the c i rcu i t  of one of the six ?dentical full wave energy- 
s torage  - t ransformer  converters  u T e d  en the modular Experimental  Model. The 
bas ic  gerirPal p ~ h c l p l e s  cf i t s  operaticn have been rev5ewed En preceding pages. 

A current-feedback base -drive sys tem i.s employed '_n this converter.  This 
methoci  oi base ciri\ey EE wik?ch t h e  base cur ren t  oi each power t rans is tor  is pro-  

I 
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porticlnal on an instantarLeous basis  t0 i t s  collector cur ren t ,  is quite advantageous 
frown an efficiency viewpo,nt. ( 4 2  6 )  Current  feedback a l so  has  advantages insofar 
a s  some types of overloads a r e  concerned since the power- t ransis tor  base cur ren t  
increases  with any increase  in  collector cu r ren t  and the power t r ans i s to r s  tend to 
rema-ln Eaz a saturated condition, e .  e. a low-dSssipation condition, unless the 
collector cur ren t  is allowed to  reach ex t reme values. The par t icular  cur ren t -  
feedback base -drive sys tem developed under this contract  provides an efficient 
and physically very simple means for controlling the duty cycle of each power 
t rans is tor  f r o m  a 50% average cyclic conduction t ime to  a ze r0  70 average cyclic 
conduction t:me in cirder to nondissipatively regulate the converter output voltage. 
Because the duty cycle of the power t r ans i s to r s  can be reduced all the way to 
ze ro  by this sys tem,  it is well suited fo r  use  in a d -c  to d-c  converter  such a s  
this in  which it is des i red  that regulation be maintatned f rom full load all the 
way to zerC load without the necessity fo r  providing a minimum internal  load. 

In F igc re  111-7, t r a i s f o r m e r s  T I  and T2 a r e  the power t r ans fo rmers ,  i. e. 
the "energy-storage" t ransformers .  
handling switching t rans is tors .  T rans fo rmers  T3 and T4 a r e  smal l ,  saturable 
cur ren t  t r ans fo rmers .  
of T3 and T4 af ter  each conduction interval of the main  power t r ans i s to r s .  
voltage is  a l te r ra te ly  applied to polcts (3) and (4) in  F igure  111-7 S Q  a s  to a l t e r -  
nately turn  on t ra-sfs tcrs  Q3 and Q4. When Q3 is  conducting, Q4 i s  nonconducting 
and vice versa.. The voltages applied a t  points (3)  and (4) a r e  der ived f r o m  a 
frequency-contrclled flip-flop, which is not shown in F igure  111-7. A s  can be 
seen  f r o m  the following description, it is by coctrolling the frequency of this 
flip-flop that the converter  is regulated. 

T rans i s to r s  Q1 and Q2 a r e  the power- 

Trans is tors  Q3 and Q4 a r e  used to cause proper  resett ing 
A positive 

The converter  has  two independent halves ,  each of which is  capable of 
Ql  and Q3 a r e  the active elements 

A s  previously 
operating without the presence of the other.  
of one half; Q2 and Q4 a re  the active elements  of the other half. 
mentioned, by operating the two halves 180 degrees  out of phase,  significant 
reductions a r e  made  En the a-6: component of the input cur ren t  and the cur ren t  
in  the output f i l t e r  capacitors.  Since the two halves a r e  identical, only the 
left half is discussed in what follows. 

A full cycle of operatEGn of the converter  proceeds a s  follows. Assume  
that c o r e  F3 has  J ~ s t  saturated and, therefore ,  that t rans is tor  QI has  Jus t  
turned off. Q1 is  held off by the voltage appearing a c r o s s  capacitor C1 in 
para l le l  with R 6  azd D9 in i ts  base Circuit. The voltage a t  point ( 3 )  is ze ro  at 
the moment  Q1 is  turned off. Th;en, after some predetermined interval  of 
t ime ,  depending on the frequency a t  which the flip-flop as being dr iven,  the 
flip-flop will  be switched and a voltage will  be applied a t  point (3). 
t r ans i s to r  Q3 on and applies a voltage to  winding NY of core  T3 which causes  
this  c o r e  to  be r e s e t  to  the opposite saturation level. 
co re  T3 sa tura tes ,  t rans is tor  Q3 ccntinues to conduct. Core T3 is  driven well  
into saturat ion and maintained in this condition until the flip-flop again r e v e r s e s  
s ta tes  and Q3 is thereby turned off. While Q3 conducts and T3 is saturated,  all 
of the voltage in the r e s e t  circuit  appears a c r o s s  R2.  
s ta tes  and Q3 is turced off,  the energy s tored  in the af ter-saturat ion inductance 

This tu rns  

However, even a f t e r  

When the flip-flop switches 
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of t r ans fo rmer  T3 causes  a voltage to be induced in winding N2 s o  as to again 
initiate conduction in Q1. 

The conduction interval of Q1 is relatively constant and, in  the converter 

The resett ing t ime of core  T3 af te r  Q3 i s  turned on is approximately 
designed under this contract ,  has  been made  to be approximately 50 m i c r o -  
seconds. 
40 microseconds.  Since the minimum period of the flip-flop circui t  has  been 
made  to be 100 microseconds,  each power t rans is tor  can be made  to a n d u c t  
for  50 of every 100 microseconds fo r  a maximum duty cycle of 0. 5. 
this condition, either Ql  o r  Q2 will always be conducting. 
flip-flop is made  longer,  the duty cycle of the power t r ans i s to r s  becomes 
correspondingly lower. The flip-flop in this par t icular  converter has  been 
designed to be controllable in frequency f rom a maximum of 10 k c / s  to a 
minimum of 0 c / s  in o rde r  to provide nondissipative regulation all the way 
to no load. 

Under 
If the period of the 

Zener diodes D5 and D6 provide voltage clipping a t  the collectors of the 
high-speed power t rans is tors  Q1 and Q2 such that t ransient  cur ren ts  caused 
by the leakage inductance of T1 and T2 do not pass  through Q l  and QZ as they 
switch abruptly f rom the conducting to the nonconducting state.  By returning 
the acodes of D5 and D6 to the 28-volt input bus,  a small  efficiency advantage 
(about 0. 5% in this particular converter) is gained a s  opposed to using Zener 
diodes of a higher voltage rating and connecting their  anodes to ground. 
Diosed D7 and D8 prevent D5 and D6 f r o m  conducting in the forward'direction 
when Ql  and Q2 turn  on. 

Res is tor  R1 and Zener diode D12 a r e  used to  provide a convenient voltage 
level (18  volts) to the r e se t  c i rcui ts  involving Q3 and Q4. 

In o r d e r  to avoid second breakdown effects in Q3 and Q4, which were  
observed in prel iminary breadboard c i rcu i t s ,  it was  found to be highly d e s i r -  
able to cause the square-wave voltages a t  points ( A )  and (B) to a l ternate  
between ;z positive and a negative value ra ther  than simply between a positive 
falue and zero .  
base-emi t te r  junctions of Q3 and Q4 as they a r e  switched off, second break-  
down problems were  eliminated. An added precaution, however, i s  the 
addition of diodes D10 and D11 and Zener diode D13 to  fo rm a voltage clip- 
ping network which l imits the peak voltage which Q3 o r  Q4 must  withstand 
to  39 volts.  

By thus providing a fas t - r i se t ime reverse voltage to  the 

A single flip-flop is used to control a l l  six stages of this modular con- 
Protection is effected by reducing the flip-flop frequency to ze ro  v e r t e r .  

whenever an overload o r  short  circuit occurs .  
a s imple  circui t  which causes the frequency of the flip-flop to r i s e  f rom ze ro  
to i t s  s teady-state  value a t  a predetermined rate .  
re la ted subcircui ts  a r e  described in  the following paragraphs.  

Soft tu rn  on is achieved by 

These functions and the 

I 
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DESCRIPTION O F  OTHER MAIN SUBCIRCUITS 

13 

Fl ip  - Flop 

is used for  the flip-flop circui t  as shown in F igure  111-8. 
provides a high degree of temperature  stability and protection f r o m  false  
tr iggering by noise transients.  
network is used in  conjunction with the bases  of the NPN pai r  of t r ans i s to r s  
to cause the flip-flop to  change states each t ime a pulse is applied to point (11). 

I 

A complementary configuration utilizing two N P N  and two P N P  t r ans i s to r s  
This configuration 

A resistor-diode-capacitor pulse-steering 

The outputs of the flip-flop appearing a t  points (9)  and (10) a r e  applied 
to the bases  of the resett ing t rans is tors  (Q3 AND Q4) of all six of the building- 
block converter stages.  Capacitors C8  and C9 insure  that the bases  of 
these resett ing t rans is tors  receive a negative voltage r a the r  than mere ly  a 
nea r  -zero  voltage during their  nonconducting intervals .  Res is tors  R19 and 
R21 (and R20 and R22) form a voltage divider which limits the peak-to-peak 
swing of the flip-flop output voltages to within the emit ter-base breakdown 
voltage limitations of the resett ing t rans is tors .  

Voltage -to -Pulse  -Frequency Converter 

c i rcu i t ry  of the Experimental  Model. 
main  subcircuits.  
involving Q14, U J T l ,  and Q15. Transis tor  Q14 and r e s i s to r  R45 form a volt- 
age-controlled cur ren t  source  and it is  the voltage applied to  the base of Q14 
f r o m  the differential amplifier which controls the r a t e  of charging of C19. 
The charging ra te  of C19 determines the frequency at which the unijunction 
t r ans i s to r  UJTl  f i res .  
UJTl  and the output pulses  at point ( 1  5) a r e  applied to  the flip-flop circui t  t o  
cause  switching. 

The schematic diagram of Figure 111-9 shows the regulation and protection 
This c i rcui t ry  can be divided into severa l  

One of these is  the voltage-to-pulse -frequency converter 

Trans is tor  Q15 amplifies and inverts  the pulses f r o m  

Differential Amplifier 
A matched dual t rans is tor  Q13 , used as a differential amplifier,  compares  

that percentage of the output voltage provided by the voltage -divider r e s i s to r s  
R42 and R43 to the reference voltage derived f rom Zener  diode D 2 J .  By con- 
necting R41 and C17 between the two bases  of the matched t rans is tor  pair  Q13, 
the high frequency gain of the differential amplifier is  considerably reduced. 
This was  found to be necessary  i n  order  to insure  closed-loop stability. Be- 
cause  of C17, the dc gain of the amplifier is undiminished, thus assuring 
p r e c i s e  steady-state regulation. The value of R41 is chosen to allow the high 
frequency gain of the amplifier t o  be grea t  enough to insure  that,  under t r an -  
s ient  conditions such as the abrupt removal o r  application of the load, the 
overshoot o r  undershoot of the converter output voltage will be very small .  

Protect ion and Soft - Turn-  On Circuits 

The converter  is designed to  "blink off'' and r e tu rn  soft on whenever 
it is overloaded o r  shor t  circuited rather  than simply to  cur ren t  limit. 
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It  will continue to  cycle off and on until the  overload is  removed. Both the 
length of time the converter  remains turned off and the r ise t ime of the 
output voltage in the Experimental  Model a r e  adjustable over  a wide range.  

The proteqtion c i rcu i t ry  is shown in  F igu re  111-9. The converter  
output cu r ren t  p a s s e s  through the  current-sensing r e s i s t o r  R33 in such a 
direct ion that the bottom of this r e s i s to r  becomes  negative with respec t  to  
ground. Whenever the output current  exceeds 125% of the rated full load 
cu r ren t ,  Zener  diode D18 conducts and t r ans i s to r  Q9 is turned on, This 
tu rns  on Q11 and the conduct!on of this t r ans i s to r  reduces the voltage 
a c r o s s  Zener  diodes D22 and D22 to  ze ro9  therefore  turning off the converter .  
T rans i s to r  QIO and Q11 form a latching c i rcu i t  similar to  a conventional 
monostable mult ivibrator  which causes the re ference  voltage to be held at 
z e r o  for  a predetermined period of time. During the "bli3k-off ir.terval'!, 
t r ans i s to r  QlO is turned off acd t rans is tor  Ql1  is held on by cur ren t  through 
capacitor C13. The blink-off interval ends when C13 becomes fully charged 
and ceases  to allow base  cnr ren t  to  flow to t r ans i s to r  Q l l .  
this blink-off interval  may be adjusted by varying R3 1 which de termines  the 
charging r a t e  of C13. 

The length of 

Soft tu rn  on : s  accomplished by controlling the r a t e  of charging of 
capaci tor  C15 and t rereby controlling the r a t e  of r i s e  of the re ference-  
voltage input to  the differential  ampl i f i e r .  
rate is by means of R35 Sn the  base  circui t  of Q12 through which C15 is 
charged. 

Adjustment of the soft-turn-on 

F igure  111-10 shows the interconnection of the var ious subcircuits d i s -  
cussed  herein.  The numbers  on the connection points refer to numbers  on 
these s a m e  points in the subcircui t  schematics  of F igu res  111-7, 111-8, and 
111-9. A pa r t s  l i s t  for  the Experimental  Model is given in Appendix A .  

REFERENCES 

6. INVERTER FOR USE WIT3 V E R Y  LOW I N P U T  VOLTAGES, E. T ,  Moore 
and T. G. Wilson, IEEE Transactions on Communications and Electronics ,  
VOL. 83 ,  J d y ,  1964, FP. 424-426. 
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FIGURE 111-1. CIRCUIT ILLUSTRATING BASIC PRINCIPLES O F  D-C TO D-C 
CONVERSPON THROUGH AN ENERGY -STORAGE TRANS- 
FORMER. 

FIGURE 111-2. MAGNETIC CHARACTERISTPCS O F  CORE T1 O F  FIGURE 111-1. 

time 

time 

FIGURE 111-3. ( A )  CURRENT VS. TIME THROUGH Q1 IN FIGURE 111-1. 
CURRENT VS. TIME THROUGH Do IN FIGURE 111-1. (B)  
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FIGURE 111-4. ( A )  BLTILD U P  IN CURRENT VS. TIME FOR TRANSISTOR Q, 
IN FIGURE 111-1 AFTER LOAD SHORT CIRCUIT WHICH 
OCCURS A T  TIME tll’ ASSUMING NO PROTECTION 
ACTIONS ARE TAKEN. 

(B)  BUILD U P  I N  CURRENT VS. TIME FOR DZODE D, IN  
FIGURE L I I - I  AFTER LOAD SHORT CIRCUIT WHICH 
OCCURS A T  TIME t l ,  ASSUMING NO PROTECTION 
ACTIONS ARE TAKEN. 
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FIGURE 111-5. BASIC FULL-WAVE CONFIGURATION O F  THE “ENERGY - 
PUMPING” CONVERTER. 
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D8 

F I G U R E  I!.%-?. THE SUILDENG-BLOCK C O N V E R T E R  STAGE.  Six of 
t E e ~ e  -t, tges a r e  used in t h e  modular 1600-wa t t  de to  dc 
rC'nvVerter. 



Cb 

F I G U R E  LkJ -8. THE FLLP-FLOP CIRCUIT. The frequency with which 
this fllp-flop reverses  s ta tes  is determined by the f r e -  
q c e c c y  of the pulses applied t o  the flip-flop a t  point (11). 
The output voltsges of the flip-flop points ( 9 )  and (10) a re  
applied to  a11 six building-block converter  s tages .  

RB1 R12 
R 2 5  

t b  0 
6 9  
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-. 
1 L'. F L R F O R M A N C E  A N D  WEIGHT O F  THE EXPERIMENTAL MODEL 

13urir-g the testir_g program,  the Experimental  Model was  operated f o r  
more  t h t c  65 h o u r s 9  including 10 hours of continuous operation. Using a 
tydroger ,  t r -yr l t ron ds  a breakdown device in  para l le l  with the load, the con- 
v e r t e  T w a s  5Ltjected t o  m o r e  than 100,000 severe  thyra t ron-hduced  load 

Y n e  load was  a l so  directly Ekort c i rcui ted approximately 200 
t ime3 w-ith a metal l ic  cogductor. No fa i lures  o r  performance degradation 
:.-,-uitt.d f r o m  snv  of these t e s t s .  The general  performance of the converter  
1s oi.r,lned 3elow ir- Zsnsiderable detatl 

t; *.tC: 

Th-s A ~ , ~ ~ Z ~ u . ~ m  effEciency of the converter  was  found to be 88, 8'7'0, and 
* .  

tZ<&5 o $ - c u r s  3 t  647'0 of f u l l  load. W i t h  a 28-volt input, the full load efficiency 
;S 86. 570 

F!.g"re iV-1 shows the curve of efficiency vs .  load cur ren t  with the 
lrput voltage held constant a t  28 volts. 

E':EI::- :V -2 *-,kows curves  of efffciency vs. input voltage over  the range 
clf 2 5  t o  31 volts.  Curves a r e  shown for  3470, 6470, and 100'7'0 of full  load. 

K e g ~ h t f o n  f r o m  EO load and an  input voltage of 31 volts to full load 
3rd a:-- Lnput voltage of 25  volts was  found to be f 0. 4570. 
cyutpu~ voltsge vari-stior- was  observed to  occur  f r o m  no load to 2570 of rated 
l o i d .  

- =  s ~ ' ? ; ~ e v e d  in  J. mznner  w2:ch does not dec rease  the converter  efficiency o r  
In.cred5c the c o r v e r t t r  weight o r  complexity. 

Most of this  sl ight 

Tb'h5.l- degree of regulatioll is  ac o rde r  of magyitude be t te r  than the 
57~ :Fa:!.fErd in the coctract .  However, the ex t r a  precis ion of regulation 

'!he rl ,ar ,knurn R M S  voltage ripple in  the 2000-volt output of the con-  
ver te r  was  four-d to be l e s s  than 4 volts o r  l e s s  than 0 27'0. 
plcturr: of the wive fo rm of this ripple under full-load conditions is  shown 

An oscilloscope 

' n  F i g L r e  " -3 .  

F i g u r e  IV-4 shows a n  oscilloscope p ic ture  of the waveform of the 
c u r r e n t  drawn f r o m  the source  by t h e  converter .  A s  specified in the con- 
t r a c t ,  the RMS value of the ripple current f r o m  the source  a t  full load is 
l imited by the choke-capacttor input f i l t e r  of the converter  to less than 2'7'0 
of the a v e r i g e  v3;ue of the input cur ren t .  
r ipple  cu r ren t  is  approximately 1%. The high-frequency spikes which a re  
evident in t$e waveform of Figure IV-4 w e r e  extraneous pickup by the probe 
and !tu leads .  
nhx E : a - ! ! T -  y n n x r i _ n _ m  thP nrnhe> 

The actual  RMS value of this 

(This  could be demonstrated in  the t e s t  configuration by 
~ h n r t e n i n g  a n d  r e a r r a n g i n c  i t s  l eads .  etc.  \ 

1-- 2 D - - -  I - -  

22 I 
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Disregarding these high-frequency spikes ,  the peak cur ren t  drawn f r o m  the 
source a t  full load is l e s s  than 27" grea ter  than the average value of the source  
cur  r e nt 

ADJUSTABLE SOFT-TURN-ON AND BLEPITK-OFF TIMES 

By adjusting patentLometer R354see F igure  PP-9)3 the rise time of the 
output voltage of the Exper .henta1  Model e a 2  be se t  anywhere in the range 
f r o m  20 miLllseconds to 520 rnllX:'-.-.conds. Frtrther adjustment in the d i r ec -  
t i o r  of decreasi.-zg rEse tkne  reauir-es that the value of resLstor R36 he changed. 
The energy-storage - t ransformer  converter,  howeverp has  an inherent soft 
tu rn  on characteristfc wh:& estaSllsh,s a mir imurn r i s e  time of approximately 
8 mill iseconds.  
rise t ime is corzcerned. 
capacitance in paral le l  writ5 $21 5 Q bee F5gu-e 

No such  limit ex5sts Snsofar a s  lengshenkg the soft tu rn  on 
The maximum r5se teme r a ~  be 'incpeased by adding 

Figure IV-5 shows osc.Xos-spe t r aces  taken f r o m  the Experimental  
Model of the rise of output voltage wLth the aof t - tun-on  porentlometer 
adjusted for  mizldmum and maximum r i s e  tEme. 

The "bl.h-ii-off t:rne"., o r  t lme Ecterval that the eonv~rter remains 
turned off before attempdng t o  turn on again a f te r  an overlcad bas actLvated 
the prctectlon system, is adjustable by means  of potentlcmeter RS1 ( s e e  
F igure  H:-93. In the Expertrre~tal  Model, adjGstmert of R31 warees tke 
blink-off rime between 2 0  and 100 milleseconds. 
blink-off f m e  may  be decreased  or increased  by changing the value of C l 3 .  

These lirnLfs on the 

VOLTAGE AND CURRENT WAVEFORMS AND POWER 
DISSIPATION FOR MAIN COMPONENTS 

Figure  LV-8 shows the cycl:t waveform of the collector-exn-tter 
voltage of one of the MHT8302 power t r ans l s to r s  (QY. Q2) of the  E x p e ~ i -  
mental  Model at full load. DLrLzg their  no2conducting Ezterva13 these 
t r ans i s to r s  a r e  required to block a voltage of twLce the input volt5ige or 
approximately 56 volts. 
tu rns  off a voltage t ransient  f r o m  collector to emEtteP9 Issting apprsxe- 
mately 0 .8  microsecond,  occurs because of the smal l  leakage L~ductance 
of the energy-storage t r ans fo rmers  ( T l ,  TZ). This voIf~,ge splke Es 
evide i t  En Figure  1'7-8 a r d  is seer  to have an amplLtde  cf 80 voltc. 
mentioned in Seet ion  111, the amplitude of this voltage t ransient  is limited 
to  this  value by Zener  diodes D5 and D6. 

A s  ope aji these h:gh-speed power trsnsLstsrs 

A s  

That the lncrement  of inductive energy s tored  in the leakage Induc- 
tance of each energy s torage t ransformer  is diverted f rom the msln power 
t r a n s i s t o r s  as they abruptly assume their high impedance s ta te  is i l lustrated 
in  F igu re  IV-9. 
one of the voltage-clipping Zener diodes (D5> D6) when the power t rans is tor  
associated with this diode turns  off. This cur ren t  flowing through an 80-volt 
potential for  approximately one mlcrosecsnd each cycle is roughly equivalent 

T h h  oscrlloscope t r a c e  shows the cur ren t  pclse through 
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to m e  percent of 
the anodes of the 

the .t3r*tp~t power. A s  meiitioned previousiy-, 57 connecting 
&lppLng Z-ner diodes t~ the positive te rmina l  of the con- 

ve r t e r  input f i l ter  eaFac'.tors rather than using higher voltage Zener diodes and 
connecting their  'anodes to  ground, par t  of this irzductive energy is recovered 
and a significant efEr lency advantage is  obtained. 

FigusesZl,c-10 ara IV-1i show t2-e very  shor t  r f se  and fall t imes  of the 
cur ren t  switched by the high-speed MHT8302 power t r ans i s to r s .  Even at 
10  kc ,  swEtchiog losses a r e  3 mEnor portion of the dissipation En these 
t r ans t s to r s  and, except for  otker eo-stderations such 3 s  the lo s ses  In the 
magnetic components , a considerably hSgher operating frequexzy, e .  g. 2 0  kc ,  
could have been used. 

F igure  E V - P Z  sE_r,ws the steady-state waveform of the collector cur ren t  

These 
of a ccnverter  pcwer t r a i s f s t c r  a t  ful l  ;cad. 
pondEng waveform of the cur rex t  through one of the output TectXierso 
waveforms compdre remarkably well to the idea!:zed waveforms for  these 
cu r ren t s  as shown in  Figbre ?PI-3. 

FSgure JV-13 shows the c o r r e s -  

One problem existing 2n the Experimental Model Ls i l lust rated in  
F igures  IV-6 acd 'V-3. 
whish occurs  a c r c s s  the output rectrf iers  D1 -D4 { s e e  Flgure 
cease  to copduct cu r r sn t  in the forward direction and begin to  block a r eve r se  
voltage, 
F igure  KV-6 and i s  seen t o  reach  a peak value of 1 ,000  volts. 
and r e v e r s e  cur req t  through this rectifier during i t s  Pecovery interval  is 
shown in  F!gcre IV-7 .  
the rect i f ier  is that ,  as the vcltage a c r o s s  the rectifier  revers^.^, the rect i f ier  
at first conducts a rehat:vely large cur ren t  in  the r eve r se  dfrectTon and then 
ve ry  abruptly- begiris to block th:s current .  
"snapped off", the slight leakage inductance of the secondary wlnd?ng of the 
energy-storage t r ans fc rmer  causes z l a rge  voltage t rans 'en t  to appear 
a c r o s s  the rect i f ier .  
lim-ited by e i t h e r  of two phcmxnens: ( A )  r eve r se  breakdown of t 5e  dLcde c r  (2) 
the winding capa?:mnc? of The secondary of the energy-storage t ransfcr rner .  

TEls problem involves a high voltage t ransient  

TELs high voltage t rans le r t  1s shown in  the oscllloscope picture of 
The forward 

The reztsop for  the high voltage t ransient  a c r o s s  

When this r e v e r s e  cur ren t  Is  

The Feak magr2tude of thLs voltage t r a m i r n t  cxn be 

The 1000-volt transLent tcl whEch for  fractions of a rnLcroueccnd the 
output rectifLers a r e  subjected is a ser ious  pro5lem. 
in  the Experimen?_+al Model ape parallel  pa2rs of 2-ampere ,  600-\,c!t devices 
by Unitrode and a r e  not, dvakafi,-he breakdown types. Et is  recorn-m-ended that 
Unitrode's new 4-ampere ,  avalanche -breakdown, fas t  recovery rect i f iers  
be used in any subsequent models of this converter ,  and that consEderation 
be given to the use cf pa i r s  of these avalanche-breakdown devfces in  se r i e s .  

The rect l f lers  used 

Appendix C gives the voltages, cur ren ts ,  and power dissipations to 
which the main power-handling convert e r  components a r e  subjected. 
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1 PROTECTION 

One of tke advantages of the eneffgy- tora age-transformep converter is 
that extraction of energy f rom the S C ~ U P " C ~  occurs on one half rycle and delivery 
of this energy t c  the output f f l t e r  capacitors and lcad occurs  on the next half 
cycle. 
there  is never a direct  energy-transfer path between the source and the load. 
Short circuiting the load causes  EO curren t  t ransients  through ei ther  the power 
t r ans i s to r s  of the cdnverter or  the output rect i f iers .  This fact I s  i l lust rated 
fo r  the output rect i f iers  by the osrlllcscope t race  shown in FEgure IV-14.  

Excellent protection cl.a~acterL?tacs a r e  made  possible by the fact  that 

A s  mentioned previously, while operatang a t  full load the Experemental 
Model was subjected to m o r e  than 100 ,000  severe  thyratron-induced load 
t ransients  and to m o r e  tE.a- 200 dryeet shor t  clrcuib-s of the load w-th a meta l  
conductor. No damage or degradstLc,n o r z w r e d .  

In connection with the protection charac te r i s t ics  of this cozvertel- i t  is  
interesting a l so  to note the resul ts  of shor t  circuit  t es t s  which were  performed 
on the breadboard model with its protection system completely diiabled. Short 
c i rcui ts  sustaiced for  per;ods of up to  4 secords were  found to ' i ~ s e  110 com- 
pone_n-t fa i lures .  
v e r t e r  was shor t  circcited.  
charac te r i s t ics  of the energy-storage t r ans fo rmers  and to the i ur ren t -  
feedback sys tem of base drive.  
to  shor t  c i rcui ts  wLth its protection sys tem disabled: however, 
expected to display the Fame degree of ruggedness. 

FPiq was the lczlgest period for whIch the cnp'pltectcd co9-  
T!-,s v r u s u z l  ruggedness l s  , ittr_SLtible to the 

TI-e Espe r  ent,x1 Model was pot subjected 
t would be 

WEIGHT 

the total weight of the coimpcnents of the Experlnraenr,d Model  : 3  16. 43 
pounds. 
percent  of t h i s  total. 
percentage of the total are  1 ' 3 t - J  lr, Table VV-1. 
men t s  to the conver te r ,  several  of whk~ i l  wculd i-esiilt 
a r e  discussed En SectLon V u  

The weight of the ene rgy  - s ta rage  t r ans fo rmers  comp 
The wekgFts of other components znd the i r  relative 

CestaIzr posa:ble ' m p r w e -  
,i Ted; - e 6  T T 7 6 : n h f  '* ."-6"'- 



T A 5 L E  1%- - COMPCNEST WEIGHT ANALYSIS 

Component 
Description 

Power T r a m  fo r  mer 

Output F i l t e r  Capc ' t c r  

Input F i l t e r  CapscLtor 

Power Trans i s to r  

Input Choke 

Curyerat Trarsfosmer 

A l l  Other Cornpo~~rer ts  

TOTAL 

Qsy. 

12 

12 

3 

12 

Y 

12 

Weight 
p e r  Ptem 

( h S "  

0. $0 

0 . 2 0  

0. 61 

0. 07 

0. 6% 

0 .  e3 

Total wt. 
of Comp. 

Type (lbs. ) 

9 .  60 

2. 40 

1.83 

0 .84  

0.  68 

0 .  36 

0. a2 

16.43 

70 of A l l  
Component 

Welght 

58. 4 

14. 6 

11.1  

5. 9 

4. 1 

2 .2  

4 . 4  

100.0 
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Figure  EV - 1. EFF' IGIENCY WS. LO-4D C U R R E N T  F O R  AN i N P U T  

VOLTAGE O F  28  Y@LTS 
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F I G U R E  9V - 2 .  EFFICIENCY VS. I N P U T  VOLTAGE. Curves are 
shown for  conditions In which load currer_t is held 
constant at 3470, 647'0 and 1007'0 of the full load 
value of 800 mfl l famperes .  
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----q I+-- 20 Microseconds 

F I G U R E  IV - 3 .  O U T P U T  V O L T A G E  R I P P L E  A T  F U L L  L O A D  

v1 
a, 
k 
a, a 

9 I k- 20 Microseconds 

F I G U R E  IV - 4. INPUT C U R R E N T  R I P P L E  A T  F U L L  L O A D  
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FIGURE IV - 5. RISE O F  OUTPUT VOLTAGE SHOWING 
SOFT TURN ON CHARACTERISTICS. The 
upper t r a c e  shows the r i s e  of output voltage 
when the potentiometer which adjusts the 
soft turn on is set  for  minimum r i s e  t ime. 
The lower t r ace  shows the same waveform 
for  the setting which provides maximum r i s e  
time. 
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---et I+. 1 Microsecond 
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F I G U R E  IV - 6.  V O L T A G E  ACROSS A N  O U T P U T  R E C T I F I E R  
(UNITRODE U T R  - 62)  DURING R E C O V E R Y  

INTERVAL.  

.--a I- 0 . 4  Microseconds 

F I G U R E  IV - 7 .  C U R R E N T  THROUGH A N  O U T P U T  R E C T I F I E R  

(UNITRODE UTR - 62) DURING R E C O V E R Y  

I N T E R V A L .  



-1 p- 20 Microseconds 

F I G U R E  IV - 8. C O L L E C T O R  - E M I T T E R  V O L T A G E  O F  

M H T  8 3 0 2  P O W E R  TRANSISTOR. 

(0 

al 
k 
al a 
E 
-4 

T I 

4 Microseconds 
i 
i 

F I G U R E  IV - 9 .  P U L S E  O F  C U R R E N T  THROUGH THE 

1 N 2 9 9 1 B  Z E N E R  DIODE WHEN THE 

P O W E R  TRANSISTOR TURNS O F F  

UNDER F U L L  - LOAD CONDITIONS. 
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2 Microseconds 

F I G U R E  IV - 10. C O L L E C T O R  C U R R E N T  O F  M H T  8302 P O W E R  

TRANSISTOR DURING TURN-ON I N T E R V A L .  

This waveform does not ref lect  the r i se - t ime 
charac te r i s t ics  of the power t r ans i s to r  so  much 

a s  i t  does the effective s e r i e s  inductance of the 

t ransformer  winding connected in  s e r i e s  with the 

t rans is tor .  

7- I 

m 
Q) 
k 
w 

8 < 
In 

c 

0 

N 
z- 
Y 

2 Microseconds + I -  
F I G U R E  IV - l l .  C O L L E C T O R  C U R R E N T  O F  MHT 8302 P O W E R  

TRANSISTOR DURING T U R N - O F F  I N T E R V A L .  

This waveform shows relatively accurately the 
very sho r t  fall t ime of the cur ren t  through the 
power t r ans i s to r  s ince reactive cur ren t  resulting 
from external  c i rcui t  inductance is bypassed by 
the IN2991 Zener  diode (See Figure IV - 9 ) .  
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4 b-- 50 Microseconds 

FIGURE IV - 12. STEADY-STATE WAVEFORM O F  THE 

COLLECTOR CURRENT O F  A MHT8302 
P O W E R  TRANSISTOR AT FULL LOAD. :k 

rn 
a, 
& 

0 

h 

0 
g- w 
N 
Y 

-- --d k- - -  50 Microseconds 

FIGURE IV - 1 3 .  STEADY-STATE WAVEFORM O F  THE 
CURRENT THROUGH A UTR-62 OUTPUT 
RECTIFIER AT FULL LOAD. x: 

8 The slight tilt in the z e r o  levels of these cu r ren t  waveforms is  
caused by the limited low frequency response of the Tektronix 
type P6016 cu r ren t  probe with passive termination which, with 
appropriate  d-c  bias ,  was  used to record these waveforms.  
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FIGURE IV - 14. CURRENT THROUGH A UTR-62 OUTPUT RECTIFIER 
AS THE CONVERTER IS SUBJECTED TO A SEVERE 

NECTED I N  PARALLEL WITH THE LOAD. P r i o r  to  
point (A)  on the time sca le  of the above picture ,  the 
converter  w a s  operating under steady-state conditions. 
At point ( A )  the hydrogen thyratron was  f i red .  Note 
the absence of any cur ren t  surge  through the rec t i f ie r .  
Because of the overload, the converter protection sys t em 
is actuated and at point (B)  the rec t i f ie r  cur ren t  has  
reached zero and the thyratron begins to recover  its 
blocking ability. A t  point (C)  the converter "blink-off" 
period ends and "soft tu rn  on" of the converter  begins. 

OVERLOAD BY THE FIRING O F  A THYRATRON CON- 
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V. POSSIBLE IMPROVEMENTS 

The r e sea rch  and development effort under this contract  has established 
a basic design and verified cer ta in  desirable  features  of the energy-storage 
t r ans fo rmer  approach. An Experimental Model of 3 lightweight, highly effi- 
cient modular converter  using this approach has  been built and tested.  A s  a 
resul t  of this work, much has  been learned about the design and performance 
of this type of dc to dc Converter. Also, since this work was initiated, new 
high voltage power t r ans i s to r s  have been made  avallable which would seem 
to have cer ta in  advantages in this Converter. 
ve r t e r  design can be improved and refined such that a somewhat l ighter ,  
m o r e  efficient converter than the present Experimental  Model can be built. 
Certain specific improvements a r e  suggested below. 

It is  felt  that the present  con- 

P E R  -STAGE PROTECTION 

The converter  designed under this contract  uses  a modular approach. 
Six identical building-block stages a r e  used with the output voltage of each 
stage being nondissipatively controllable 
other modular schemes which involve , for  example, severa l  unregulated 
s tages  plus one stage which has  a contrcllAble output voltage .icd which is 
used to regulate the composite system. 
s tages  ra ther  than regulated and unregulated stages has  the advantage of 
allowing the design of a protection sys tem such that the fai lure  of any one 
stage would not prevent the converter f rom continuing to supply not only 
full power but also the normal  regulated voltage to the load. The use of 
identical building -block stages has the fur ther  advantage of greatly facili - 
tating the scaling up or  down of power o r  voltage levels in modular converters 
using these s tages  as building blocks 
sys t em,  i. e. a modular system in which a l l  building-slock s tages  a r e  regulated 
and exactly identical ,  is that providing the mexns for  nondissipatively control- 
ling the output voltage of each stage m a y  introduce additional complexity. 
However, the techniques developed under this contract  allow this to  be 
accomplished with l i t t le or  no added complexity. 

This approach contrasts  with 

The use of identical building-block 

The potential disadvantage of such a 

The six-stage modular converter developed under this contrdct was 
designed such that any five of the s ix  building-block s tages  could provide 
the full output power and main t ia i  normal  voltage regulation. 
one stage would mere ly  involve a 2070 f m r e a s e  in the voltage and power 
del ivered by the other five stages.  
would be a slight drop in  efficiency. 

Loss of any 

The main effect on sys tem performance 

However, in  o r d e r  to take advantage of the reliability advantage made  
possible by this capability, the present overall  protection sys tem of the s ix-  
s tage converter  mus t  be supplemented by a "per -stage protection system" 
f o r  each individual stage.  The per-s tage protection sys tem of an indivual 
s tage  would per form the function of turning off that s t sge in  the event of a ma l -  
function within that stage which, f o r  example, caused that stage to  draw an 
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input cur ren t  of m o r e  than 15070 of the maximum curren t  i t  would normally 
require  a t  full load. 

Although the design of such per-stage protection sys tems was not a 
pa r t  of this contract ,  some work w a s  done in this direction. 
developed which worked well with breadboard models of individual stages 
but which was found to be unsatisfactory when tes ted in the full six-stage 
converter .  
these per  -stage protection systems but these sys tems have been disabled 
as they were  found to per form unsatisfactorily. 
disabled per  -stage protection systems in the Exper imenta l  Model a r e  
painted blue for easy identification and to give a visual indication of the 
amount of complexity they add. ) 

A system was 

The Experimental  Model actually contains the components fo r  

(The  components of these 

The development and testing of a simple and reliable per-s tage 

It is recommended that this be ca r r i ed  
protection sys tem could readily be accomplished and, in fact ,  has already 
been s ta r ted  as mentioned above, 
out as it significantly enhances the advantages of the modular design 
approach. 

USE O F  AVALANCHE RECTIFIERS 

A s  discussed in Section IV t3e abrupt recovery charac te r i s t ics  of the 
output rec t i f ie rs  in the building-block converter  s tages  c rea tes  an inductive 
voltage spike which was found during the testing program to have a sufficient 
magnitude to pose a definite hazard to the paral le l  pa i r s  of Unitrode UTR-62 
diodes now being used as output rectifiers.  
this problem would be to substitute for  the UTR-62 diodes a diode which 
would have avalanche breakdown character is t ics  and a higher dissipation 
rating. The new UTR-63 fast-recovery,  avalanche-breakdown, 3-ampere 
diode recently made  available by the Unitrode Corporation should be evaluated 
for  this purpose. 
in s e r i e s .  

A first s tep toward eliminating 

It may be found to be desirable  to use  pa i r s  of these diodes 

WEIGHT REDUCTION 

Energy-Storage Trans fo rmers  

change of flux in the energy-storage t ransformer  is equal to approximately 
15% of the saturation-flux level of the cores .  Based on the performance of 
this converter  and the design information result ing f rom the work to date ,  
i t  appears  to  be possible to use somewhat sma l l e r  energy-storage t r ans -  
f o r m e r s  for  the same power level by utilizing a higher-percentage cyclic 
change of flux. 
to approximately 257' of the saturation-flux level be used for  the energy-stor  
age  t r ans fo rmers  of future  versions of this converter .  
in  a theoretical  weight savings of 40% for  the energy-storage t r ans fo rmers  
and a n  est imated actual savings of 3070~ 

The present  Experimental Model was designed such that the cyclic 

Specifically, it is suggested that a cyclic flux change equal 

This would resul t  

Since these t ransformers  comprise  
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58. 470 of the total weight of the c o ~ ~ e r t e r  components, the overal l  component 
weight of the converter would thereby be reduced by approximately 18. 570. 
Slightly higher eddy cur ren t  losses  would occur in the sma l l e r  co res  because 
of the grea te r  ra te  of flux change per unit of core  a r e a .  
of the ?o res  would be reduced and copper lo s ses  a l so  would be reduced. 
is estimated that the net decrease  En Converter efficiency would be approxi- 
mately 0.40/00. 

Howeverg the volume 
It 

Output F i l t e r  Capacitors 

14. 6% of the total component weight of the converter .  
the output-voltage ripple requirement of 57Q QRMS) i s  concerned, these cap-  
ac i tors  a r e  excessively la rge .  -4s mentioned in  Section IV,  the full load 
output ripple with these capacitGrs is l e s s  than 0. 270~  The value of the output 
f i l ter  capaci tors  was selected not only on the basis  of adequate ripple atten- 
uation but a l so  f rom condiseratjsn of the maximum a c  cur ren t  which flows 
through these capacitors and the resulting internal heating. 
suggested on the basis  of tes ts  and evaluation to date that the value of the 
output f i l ter  capacitors should be reduced f rom 22 microfarads  to the range 
of 10 - 14 microfarads.  The total component weight of the converter should 
be reduced approximztely 5% b\ this change aRd the output ripple voltage 
(RMS) should stAl be l e s s  than 1%. 

The twelve 22 microfarad output f i l ter  Capacitors together represent  
Insofar as meeting 

However, i t  is 

Input F i l t e r  

r a the r  than tantalum capacitors were used in the LC input f i l ter  of the Experi-  
mental  Model because of the v e r y  high cost  of suitable tantalum types,  although 
the tantalum capacitors would have bet ter  temperature  charac te r i s t ics  and 
would weigh les  s 

It should be noted that computer -grade aluminum electrolytic capacitors 

In o rde r  to l imit  the ripple in the source cur ren t  to 270 (RMS) when the 
source  has  an  extremely low internal impedance such as the s torage bat ter ies  
and laboratory power suppl2es with whfch the Experfmental Model was tes ted,  

has  a ze ro  internal  Impedance, the use  of a simple capacitor input f i l ter  will 
have no effect a t  a l l  upon the source ripple current .  
a r r a y  is character ized by a sfgnficant  internal impedance. 
that  the input-filter requirements be analysed on the bas i s  of the charac te r -  
i s t i c s  of a so la r -ce l l  cource and that i t  may be desfrable to eliminate the 
input inductor o r  to make  i t  much smal le r .  

ai1 Ei-~diicto+-~apaclt-.- : - - .u+  .C;1tn* r n ~ , - . , 2 , 2 ~ 2 I . \ T ~  A * b _ _  y y u _  If ,  f e r  exam-ple, the soiirce 
' L W -  L A ~ ~ U L  > - A L L &  

However, a solar-cel l  
It is suggested 

U S E  OF A HIGHER I N P U T  VOLTAGE 

The choice of 28 volts as  the nominal input voltage for  the Experimental  
Model was made  on the basis  of the voltage ratings of the best  high-frequency, 
high-power silicon switching t rans is tors  which were  availa3le a t  the s t a r t  of 
this  contract .  
v e r t e r  mus t  withstand a voltage of approximately twice the input voltage. 

A s  menticned previously, the power t rans is tors  of this con- 
F o r  



. a 56-volt input level,  high- frequency power t r ans i s to r s  with breakdown- 
voltage ratings in excess  of 200 volts a r e  needed. These have recently 
been make available. F o r  example, the new Texas Instrument 2N3846 - 
2N3849 t rans is tors  appear  to be well suited for  this application. 

It is suggested that future versions of this energy-storage - t ransformer  
converter be designed for  a 56-volt input level. 
increase  in  overal l  efficiency of at l eas t  1%. 

This should resu l t  in a n  

39 
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VI. CONCLUSIONS 

The two p r imary  cbjectives of this  r e sea rch  and development contract  
w e r e  (1)  to investigate the app1icat:on of cer ta in  unconventional c i rcu i t  
techniques involving energy -storage t r ans fo rmers  to  a high-power, high- 
voltage converter  fcr use  with ion engines, and ( 2 )  using these techniques 
to design and construct a n  Experimental  Model of a n  efficient, rugged, and 
lightweight converter .  
block coEverter s tages  was  used i n  the design of the 2000-volt, 1600-watt, 
nsndis sipathvely regulated Expe rirnental Model. 

A modular  approach Snvclvkg six identical  building - 

A s  a resu l t  of this  work it can be conclndrd that the use  of this  type of 
converter ,  especfally a modular sys tem,  Ss an excellent approach to  
employ in  meeting certain of the power -cond~t ioni rg  requirements  of ion 
engines. The Exptr!ment21 Model which was  bullt and tes ted  under this  
contract  ExhLbits a full-load efflciency of 86. 57'0 and a maximum overa l l  
efficiency of 88. 870. 
menta l  Model is 1 6 . 4  pounds. 
cha rac t e r i s t i c s  of the Experimental Model are particularly desirable  features  
A n  apalytical p-.riiie+:c~. th2+ 
s torage t rnnsfcsmerr$,  lcidd ehort  c i rce i t s  would not c-suse cur ren t  o r  voltage 
surges  that would affect zny of the converter  semiconductors has  been v e r i -  
f ied  expe r hmentally . 

The total  component weEght of the 1600-watt Exper i -  
The genepal ruggedness and the protection 

Serause of the 1-haracterist ics of the energy- 

Based p r i m a r i l ~  03 t e s t s  and measurements  made  on the Experimental  
Model cer ta in  suggesdrons for improvements to  the design of this  type of 
converter  are made ix Se :t!cn V of this repor t .  In par t i cu la r ,  it is noted 
that  the akaallable flux swing of the energy- s torage t r ans fo rmers  could be 
m o r e  fully utilized without F;erious per,alt,es. A s  discussed in  Section V ,  
it l e  es t imated that a= overa l l  component weight reduction s f  approximately 
18. 570 would resu l t  f r o 3  this  modification and that the efficiency would only 
be decreased  aFproxirnately 0 4%. The second mos t  sigcificant suggestion 
f o r  improvement is the use  of a higher input voltage. 
Section V .  new high-voltage, hfgh-speed power t r a n s i s t o r s  have recently 
been made  available which appear  to be well suited to a converter  using 
the c i rcu i t  technique.; developed under this ecntract  and designed 'for a 
56-volt r a the r  t h a i  a 28-volt input level.  
should make  possible ,3n h c s e a s e  En overs11 efficiency of at l ea s t  1%. 

A s  discussed in  

The use of a 56-volt input voltage 

One advzntage of the modular concept used in this  p rogram of effort  
is  the ease  with which the basic  converter design can  be scaled up and down 
in  voltage and power leve l  and thereby adapted to  a wide var ie ty  of power-  
conditioning r e q u i r e m m t s .  F o r  example the present  Experimental  Model 
is designed to  provide an output of 2 ,  000 volts and 1,600 wat ts .  By simply 
adding th ree  m o r e  building-block s tages  Identical to the six now being used, 
an output of 3 , 0 0 0  volts and 2 , 4 0 0  watts could jus t  as easi ly  be provided, 
A wide var ie ty  of s e r i e s  and paral le l  interconnections of the basic  building- 
block s t ages  is possible with l i t t le o r  no redeslgn o r  modification being 
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necessary.  This flexibility of interconnection is great ly  facilitated by the 
fact that, r a the r  than having regulated ar,d unregulated s tages ,  the building- 
block s tages  of this converter  are  a11 truly identlcal; the output voltage of 
each is nondissipatfvely controlled from a single flip-flop circui t  which is 
common to all s tages ,  

An important potentk! advantage of a modular sys tem in  which all 
s tages  a r e  identical is that a degree of redundancy may  conveniently be 
designed into such 3 sys tem.  
can be designed to hzve suff 
range of output-voltage cor t ro l  > U L ~  that ,  i f  any one stage should fail during 
the operation of the conver te r ,  the remaining s tages  would be  able to provide 
the full ra ted output voltage and power of the converter ,  In o r d e r  to real ize  
this  potential redundanzy advantage in the modular sys tem developed under 
this contract ,  the overal4 converter protection circuit  used in the Experi-  
mental  Model would have to be supplemented by a per -s tage  protection 
sys t em which would prevent a malfunctioning individual stage f rom over - 
loading the source.  As  mentioned in Section V ,  some prel iminary work on 
a suitable p e r  -stage protection technique was done Gnder this coctract ,  
although such redundancy was Lot a coa=tract requirement  o r  a ma jo r  
objective. This task was  not car r ied  to completion. However, this poten- 
tEal redundancy advantage I -  ' n h e r e n t  'n the idetzticzl. stage modular concept 
and should certainlv be exploited 
per -s tage  protection sys tem should be a very minor  problem, 

Ea& of the building-block s tages  of the system 
ent r e  P erve  power -handling capability and 

Cornp1et;on of the design of a suitable 

Through the use of a 56-volt input level acd by making the mlnor  design 
modifications sLggested f 2  Section V ,  L t  Is  felt  that modular  energy-storage-  
t r ans fo rmer  conver te rs  f a r  ,an engines and other high-power applications 
could be bbilt for  a wide rar-gr. of output voltage and power levels to provide 
a n  overa l l  conversion efficiency of 8770 at a component weight of 8 pounds 
p e r  kilowatt. This  welght p e r  kilowatt f igure a s sumes  the desirabil i ty of 
designing individual bu '_ldIng-~?ock s t  ages  s o  that they will have a margin  
of capability wh;ch, in the event m e  stage fails, l j  adequate to allow the 
remaining - stages  to  provide full rated output. 

Although work under this cantrast  involved the development of a con- 
v e r t e r  to  provide a high-voltage output, the basic energy-storage-transformer 
approach i s  well suited to  a wlde range of requirements  involving Bow-voltage 
as wel l  as high-voltage otitputs. 
a l so  be  provided. Because the ck l r ac t e r i s t i c s  of thE5 converter  a re  inherently 
different  f rom those of m o r e  conventiopal conver te rs ,  there  may  be various 
special  applications to  which this type of converter  is  exceptionally well suited. 
One m a j o r  differepce betweer, this type of converter  and conventional types is  
that i n  this converter  the secondary windings of the power t r ans fo rmers ,  i .  e. 
the energy-storage t r ans fo rmers ,  actually appear  a s  cur ren t  sources  ra ther  
than voltage sources .  This fact  has  been used to good advantage in  designing 
the protect ion sys t em of the converter developed under this contract. 
a l so  be  used to excellent advantage, for  example,  in  the application of these 
genera l  c i rcui t  techniques to a converter fo r  cyclically charging a bank of 

Multlple outputs a t  daiferent dc levels can  

Et could 

----gy - S ~ Z ~ Z ~ P  ~ z - n a  r4 t n r s  a- 1- - b&--* 
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One application requiring an  efficient, lightweight converter €or cycli - 
cally charging relatively la rge  energy-storage capaci tors  is the pulsed- 
coaxial-accelerator c l a s s  of electric th rus tors .  The basic  techniques d is  - 
cussed in this report  should be exceptionally well suited to this application; 
the "output f i l ter  capacitor '!  of the converter would simply be the energy- 
s torage capacitor of the coaxial accelerator .  F o r  reasons previously ex- 
plained, the energy -s torage Capacitors would cause no cur ren t  t ransients  
through any other components of the converter.  Because the power t r a n s -  
f o r m e r s  would inherently function as nondissipatively controllable cur ren t  
sources ,  such a converter  should not only be very efficient but should a l so  
be physically very  simple as well. For the same  basic  reasons which a r e  
discussed in this report  in  relation to the voltage-regulated converter 
developed under this contract ,  a modular configuration would a l so  seem 
to have definite m e r i t s  fo r  a capacitor-charging application such as the 
coaxial acce le ra tor  



43  

A P P E N D I X  A .  PART'S L 3 T  F O R  E X P E R I M E N T A L  M O D E L  

Q l .  Q2 
Q3 Q4 
DA. DZ ID3 D4 

D5 D6 
D7.  D8. D10 Dli  
D G  
DIZ 
D13  
R 1  
RZ: R 3  
R 4  R 5  
R 6  
C r  
c2. c:3 

T 1 .  T2,  7 '3 ,  7 4  

T R  ANSrSTOR , M H T 8  3 02 I 
TRU4S,e2TSTOR, 2 x 2 2 9 7  F A I R C H I L D  
3 ODE P A  RS, EACH D1ODE 1N THE C'ERCUPT DIAGRAM 

Z E K E R  DIODE, lX2?91B, M O T O R O L A  
DLODE, 1N645  T E X A S  I N S T R U M E N T S  

MOSEY W E L L  (YOW SOLPPRON) 

3 A FLAXALLEL P A I R ,  U T R - 6 2 ,  UXl'TRODE 

DTODE, 11':5C961 G E K E R A L  E L E C T R 1 G  
Z E U E R  D-ODE *N37;C5S7 M O T O R O L A  
Z E ' J E R  DiODE,  i N 9 7 5 B .  M O T O R O L A  
R E S S T C R ,  180 OHM, I W A T T ,  PRC T Y P E  GBT-1 
R E S j S T O R S ,  470 OHM, I W A T T ,  I R C  T Y P E  GBT-Y 
RESLSTORS, ;30 OHM, 1 / 2  W A F T  L R C  TYPE GBT' - l /2  
RESJSTOR,  0 3 3  OFM 2 W,AT';, i R C  Tk-PE AS2 

64PA6 TORS, : 2  M F D  . 400 VDC S P R A G U E  T Y P E  
20ZD2.2 6X040OD3 
SEE A P P E U 3 ' X  3 

C3434GrTOXp ? 2 M F D  3 5  S D C  T E X A S  :?%ST* SCM-2  

F L I P - F L O P  CCKE USED; 

riTEM DESCR CP TION 

Q5,  Q6 
Q7,  Q8 
D14, D15, D16 D17 
R 7 ,  R b ,  R 2 5  
Rq R10 R15 R16 
R11, R ld  R13, R i 4  
R 2 3 ,  R 2 4  
R19, RZO 
RP7, R18, RZ1, .RZ? 
6 4 ,  C5,  C 6 ,  C? 

c 9  
c10 611 

TRANS-STCRS,  2 N X 3 2  F E X  4s ~ N P J T R U M E X T S  
TR4%S.!SFORS, 2 V 2 9 0 9  G E h E R A L  ELECTRLC 
D ODES, 1X?16,  G E Y E R A L  E L E C T R ' G  
R E S - S J O R S ,  i O C Q  GEM$, i W 4 T P 9  _RC3 7 PE G3F I 

RESISTCSRS, 4-0 CHMS, i / z  W A T T ,  . R C  FE c ' s y  3/2 
RESISTORS,  2 . 2 0 0  OHMS, 1 / 2  W.ATTH, '-RC TYPE ( :WI- ; r2  
RESISTORS,  4 7 0 0  OHMS, 3 / 2  W A ' f 7 ,  R C  T'L-PE G b T  1 / 2  

'URS,  4'0 OHMS, i W A T T ,  RC", T Y P E  GBT 1 
R E S L S T O R S ,  1 @ G  OHMS, 1 / 2  WATT, RC T'n'PE GBP 1i.P 
G 4 P 4 C i  TORS 66 P i C G F A R  4DS, - C O O  'I S? Li E R  M - C A ,  
A R C C  E L M E X C O  
@ 4 P A G ? _ T O R S ,  2 2  M F D  7 0  VDG,  SPRAG'L'E T h P E  130D 
C A P A C l T O R S ,  .001 M F D ,  I00 \ S P R 4 G U E  191P1020152 

c c. 

1 
-.C 

3 P A R A L L E L  GAPACLFORS,  EACH 5000 M F D ,  50  V D C  
SPR-AG'TE T I P E  30D 
C F l 7  I _ _  ADPFKT_RI'X fi 
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APPE?;D:X -4. {COXT, 

R E G U L A T I O N  AND P R B T E C T E O V  CiRCUIT [ONE USED) 

I T E M  DESCRiPTTON 

U Z T l  YV3YXCTIOX TRANSZSTOR, 2N491A G E N E R A L  

Q9,  Q14 TRc4XSDSTQRS, 2 X l I 3 2 ,  T E X A S  I N S T R U M E N T S ,  

QlO, Qll Q12 TRANSISTORS, 2 x 2 9 0 9 ,  G E N E R A L  E L E C T R I C  
Q13 D U A L  TRANSI’STOR, 2NZ640,  T E X A S  I N S T R U M E N T S  
D18 Z E N E R  DIODE, 1 x 9 6 3 5 ,  M O T O R O L A  
Dl9, D20 3322, D24, D25  D ODES,  1 x 6 4 5  T E X A S  TSSTRUMEXTS 

E LE C T RIC 

F 41RCZPLD 

I321 
D23  
s 1  
R 2 6 ,  R 3 4  
R 2 7 ,  R41  
R 2 8 ,  R 2 9 ,  R44 ,  R 4 5  
R 3 0 ,  R 4 0 ,  R 4 8  
R31  
R32 
R33  
R 3 5  
R 3 6  
R37  
R 3 8  
R39 
R42  

R 4 3  

R 4 6  
w.47 
R 49 
6 1 2 ,  C14, C 2 0 ,  C22 

- C13. 
C15 
C 1 6 ,  C l 9  
C17 

C18, C21 

LB 

Z E N E R  DnOQDE, li”8’9673, M O T O R O L A  
Z E S E R  DIODE, I”C9413 M O T O R O L A  
SWLTCX, SPST,  C U T L E R - H A M M E R  T Y P E  8866K7 
RESLSTORS, i ,  500 OHMS, 1 /2  W A T T ,  I R C  G B T - 1 / 2  
R E X S T O R S ,  330  OHMS, 112 W A T T ,  HRC GBT-1 /2  
HESIST@RS, 4 700 OHMS, 1 / 2  W A T T ,  I R C  GBT-1 /2  
RESISTORS,  1 ,  OCEO OHMS, 1 / 2  W A T T ,  ZRC CBT-1/2 
POTE“x.;T O M E T E R ,  A 5  C O G  OXMS. 1 W A T T  
RESLSTOR, I 000 OEMS, h W A T T ,  I R C  G B T - 1  
R E S I S T O R ,  5 OHMS, B O  W A T T S ,  D A L E  R H - 1 0  
P O T E K T 7 0 M E T E R ,  50 000 OHMS, 1 / 2  W A T T  
RESZSFCR, 2 , Z C O  OHMS, 1 / 2  W A T T ,  ;RC GBT-1 /2  
RESiST‘CR, f 800 OHMS, 1 / 2  WATT , i R C  GBT-112 
RESiSTOR,  2 700 OHMS, 1 / 2  W A T T ,  I R C  GBT-1 /2  
RESlSTOR,  I 680  OEMS, 1 / 2  W A T T ,  I R C  GBT-1 /2  
RES’STOR, 9 7 6  KLLOHMS, 1% I R C  T Y P E  M E C  
( 3  - tuslY\  :crnFrFsed of teE 97 ,  6 K ,  P - w i t t  r e s i s to r s  
J - ~  serLei1 
RES-STOR,  5. 58 KILOkiMS, 1 /2  WATT,  1% 
( % (  t u ~ 1 1 y  ;C,mpr..Sed of 7 .  32 K n p a r a l l e l  w-th 3 
= t i - ~ 6  --___I-”.--& 

RESISTOR,  2 C C  @?IMS, l / ” Z  W A T T ,  JRC; GBT-1 /2  
RESISTOR,  470  OHMS, 1 / 2  W A T T ,  I R C  G B T - 1 / 2  
RESISTOR,  10 OWVS, 1 W A T T ,  I R C  G B F - 1  
C A P 4 G T O R S ,  22  M F D  7 0  V D C n  SPRAC-VE 130D 
C_4PAG_TQR9 1 . 2  M F D ,  35 VDC,  ASTRON FES 
C A P A C I T O R ,  1 . 0  M F D  1 5  VDC S P R A G U E  150D 
CAPAC’PORS, 0 . 0 0 5  MED,  400 V ,  S P R A G U E  
C A P A C i F O R ,  110 M F D ,  6 V N O N P O L A R I Z E D  
S P R A G I E  151D 
C A P A C i F O R S ,  0 , 0 4 7  M F D  3 5  VDC,  TEXAS 

lNDLP6:TORb, 1250 -MLCROHENR3 , D E L E V A N  492416 

uiii i i  U S L  CII ~f 2 2  K slid i. 5 K )  

LNSTRUMENTS S C M - 2  
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APPEND1.X C .  CQMPARISON O F  ELECTRYC4L STRESSES A T  
FTLL LOAD TO COMPQNEX? R-4T'SGS FOR MAIN 

POWER ,ZI4N D L 3 G  COMPOYENT'S 

COMPOXENT 

Trans i s to r s  Q1: Q2 
(Honeywell MHT8302 

Zener  dEodes D5c D6 
(Motorola ?N299!BI 

R 4  TINC 

Power D i s s , =  100 TN 

dt  100°C C A S E  temp. 

Power Dj ss. = IO w 

A C T U A L  
STRESS 

13 Upeakb 
5 .5  a (aberage)  

84 v { I - G S ~ C  
cl'pped spike) 

60 v ?sustained 
wh-le cff9 

4.2 v 

4. 6 w 

340 v (sustained 
wh:l e "01 ocking) 

1020 \ ( t rans ien t ,  
s e e  Se:tlon IV) 

I . 3 137 

S A F E T Y  
FACTOR 

5.5 

1 . 2  

1.7 

1 . 9  

22 

3 -6 
{depending 
on cur ren t  

sharing) 

1 .8  

None 

a .  7 

NOTE:  

The e l ec tp i  -a: s t r e s s e s  dur-ng the traLs:ent interval  following the 
f i r ing of a thyratron a c r o s s  the  lcsd o r  following the application of a 
d i r ec t  shor t  c i rcui t  with a metd l i c  conductor were  found not to exceed 
the abcve full-load s t r e s s e s ,  
of th i s  report .  

Reascns f c r  thrs a re  discussed in Section III 


