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ABS TRAC T 

D-c to d-c  converter regulators  described in this r epor t  u se  a var iable-  
frequency control with flyback voltage conversion to obtain regulated 
output voltage and high efficiency over a wide range of output power. 
Pulsewidth i s  var ied to maintain output power over a wide range of in-  
put voltages. 

Experimental  c i rcui ts  have shown conversion efficiencies near  85 per  - 
cent over a 1 O O : l  range of output power. 
r e su l t s  in a sma l l ,  lightweight package; a 300-watt supply weighs l e s s  
than five pounds, without housing. 

Flyback voltage conversion 
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A.  INTRODUCTION 

Experiments conducted on spacecraft  often require  well-regulated 

d - c  supply voltages. 

of a bat tery providing an  unregulated output voltage. 

approach for  supplying regulated voltages of various values f rom an  

unregulated source  is by means of a d-c  to d-c  converter-regulator .  

Conventional converter - regulators consis t  of a voltage p re  - regulator  

followed by a square  -wave - oscillator converter and fi l ter  combination. 

A typical spacecraf t  p r ime power supply consists 

The usual 

1 ,2* 

Because on-board spacecraf t  power is limited, a premium is placed 

on efficient conversion, 

of the conventional converter is typically between 7 0  and 80 percent  a t  

full output power, but drops off to approximately 50  percent a t  one- 

tenth full output power. 

because approximately 10 percent of the full output power is consumed 

by the square-wave oscil lator i n  t ransformer and switching losses ,  

regard less  of the power being delivered to  the load, even down to a 

stand-by o r  no-load condition. 

the output power required is constant and remains near  full load, but 

i f  a n  electronic system has input power requirements that va ry  widely 

with t ime,  an  efficiency degradation imposes a severe  penalty on either 

operating life o r  main power supply weight. 

The input-to-output power -conversion efficiency 

This lower efficiency a t  fractional loads occurs  

This efficiency loss is not important i f  

A spacecraf t  r ada r  system i s  an example of a sys tem i n  which the 
3 power required may  vary  f rom hundreds of watts to tens of watts.  

If a conventional converter -regulator is employed, the stand-by power 

requirements  of the converter system would be grea te r  than the average 

power requirement  of the r a d a r .  

widely varying power requirements,  wiii  benefit f rom a 6 - c  ti, d-c 

converter  - regulator  which has high efficiency over a wide range of 

output power. 

this efficiency character is t ic .  

A r ada r ,  o r  any system which has 

Presented here  i s  a design technique for achieving 

The design has been applied to converter 

* 
Superscr ip ts  r e fe r  to numbered i tems  i n  the Bibliography. 
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regulators delivering maximum output power ranging f rom 1 watt 

to over 250 watts.  

percent of their  full load output power in  the unloaded o r  stand-by 

condition. The efficiency is grea te r  than 80 percent over a 1OO:l 

range of output power. 

These converter regulators use  less  than 1 

One-shot Voltage 
Multivibrotor - Converter 

Voltage- 
Controlled - 
Osci I lator 

Reference 
Amplifier - 

B. 

Voltage - -  - + 

DESIGN 

L 

CONCEPT 

t - - 

A conventional d-c  to d -c  converter exhibits efficiency loss a t  

low output power pr imar i ly  because the square -wave oscil lator 

maintains a fixed frequency, regardless  of the power t ransfer red  to 

the load. Thus t ransformer  and switching losses  remain  essentially 

constant, independent of cur ren t  drawn f rom the output te rmina ls .  

A block diagram of a converter-regulator  i n  which stand-by 

losses a r e  minimized i s  shown in  F i g .  1 .  In this sys tem,  losses  

Input Voltage 

Fig. 1 .  System Block Diagram 

a r e  kept to a minimum because energy is t r a n s f e r r e d  to the output 

capacitor only when required to maintain the output voltage a t  the 
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des i red  level.  

voltage, then any cur ren t  drawn by a load ac t s  to  decrease  the 

voltage on the output capaci tor .  

i n  F ig .  1 senses  any change i n  output voltage by comparing the 

output voltage to a temperature-s table  zener  reference.  

voltage due to a decrease  in  the output voltage is used to va ry  the 

frequency of the voltage-controlled osc i l la tor .  

oscil lator output is a sho r t  pulse which t r iggers  the one-shot multi- 

v ibra tor .  

of known t ime duration, which drives the voltage converter,  t r a n s -  

fe r r ing  a pulse of energy onto the capacitor to reestabl ish the desired 

output voltage. The g rea t e r  the output cur ren t  drain,  the more  

frequently the one-shot multivibrator is f i red.  

vibrator  frequency is sharply reduced; i t  is f i red  only to replace 

in te rna l  c i rcu i t  l o s ses .  

and the energy t ransfer  per  pulse is sma l l  enough, s o  the d - c  output 

voltage is regulated within a few millivolts of the desired voltage. 

If the output capacitor is charged to the desired 

The reference amplifier a t  left 

A difference 

The voltage-controlled 

The multivibrator generates a constant-amplitude pulse 

At no load the multi- 

The feedback control action is fas t  enough, 

I t  a l so  is desirable  t o  maintain design output power, even while 

the unregulated main power supply voltage is falling off. 

sys tem,  multivibrator pulsewidth is var ied  by the unregulated input 

voltage in  order  to maintain a constant energy per pulse t ransfer red  

to the output capaci tor .  When the unregulated input voltage drops,  

the multivibrator pulse width increases  s o  that the total energy of 

each pulse remains  constant.  

Appendix A. ) 

constant fo r  each pulse.  

In this 

(This mat te r  is  discussed i n  detail  in  

Thus the energy t ransfer red  to the capacitor remains  

The voltage -controlled oscil lator,  the multivibrator,  and the 

re ference  amplifier a re  a l l  low-power c i rcu i t s  designed for  minimum 

power dissipation. 

f ina l  voltage-converter stage,  and these losses  a r e  directly re la ted  to 

frequency. 

real ized over wide ranges of power output. 

Almost a l l  of the conversion losses  a r e  i n  the 

The resu l t  is that high conversion efficiency can be 
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C .  CIRCUIT DESCRIPTION 

Figure 2 shows a simplified circui t  for  the voltage converter ,  

which can be thought of as a d - c  to d-c  t ransformer  between the 

unregulated input voltage and the regulated output voltage. 

and actual oscilloscope waveforms a r e  shown for the switching 

t ransis tor  Q,.  

Fig.  2b , controls t rans is tor  

Q,. The sharply rising v pulse saturates  t rans is tor  Q bringing 

the collector voltage to nearly ground potential, as shown in Fig.  2c . 
While the collector voltage is near ground potential, the unregulated 

input voltage appears ac ross  the pr imary  of the output t r ans fo rmer .  

As shown in Fig.  2d 

for a time T, due to the pr imary  magnetizing inductance. During the 

t ime current  is increasing i n  the pr imary ,  the diode i n  the secondary 

circui t  opposes cur ren t  flow to the output capacitor.  

t ime interval T a quantity of energy is s tored  i n  the magnetic field 

of the coil. 

Idealized 

be ' The multivibrator output pulse v 

be 1 '  

the cur ren t  through the coil will increase  l inearly 

At the end of the 

At the end of the v pulse Q begins to turn  off, causing the be 1 
polarity of the t r ans fo rmer  pr imary  voltage to r eve r se .  This flyback 

effect increases  the collector voltage to a value grea te r  than the input 

supply voltage, as  shown i n  Fig.  2c , The energy s tored  in the field 

is t ransfer red  to the output capacitor? Co , because a decreasing 

cur ren t  i n  the p r imary  induces a voltage in the secondary in the c o r r e c t  

direction for  cur ren t  to flow through the diode. This flyback technique, 

that is, opening an inductive circui t  to obtain an energy t ransfer ,  provides 

a lossless  energy t ransfer  i f  a l l  components a r e  ideal,  and low-loss 

t ransfer  even with nonideal e lements .  

A secondary winding on the flyback t r ans fo rmer  is not necessary  

but is useful for severa l  purposes.  

the primary,and output voltages can have values higher and lower than 

the input and of either polarity. 

F ig .  2 with only two taps,  which can represent  the ent i re  output of the 

Voltage converter or can be considered to r ep resen t  only one section 

The output voltage is isolated f r o m  

The secondary c i rcu i t  i s  shown in 
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of the output, between any two taps of a multi- tap secondary 

winding. 

multiple output voltages, each output c i rcui t  requi res  i t s  own 

output capacitor and diode. However, obtaining well-regulated 

output voltages f o r  each of s eve ra l  output c i rcui ts  involves problems 

which a r e  not discussed here .  

When the secondary winding has multiple taps to provi.de 

Typical c i rcui t  schematic diagrams for  the re ference  amplif ier ,  

voltage-controlled oscil lator and multivibrator a r e  shown in  Fig.  3. 
The voltage-controlled oscil lator consists of an  NPN t rans is tor  

(a3) and a P N P  transis tor  (a4) connected i n  a positive-feedback 

configuration. 

amplifier to be broken ( A  i n  Fig.  3 ) ,  the oscil lator operates  a t  a 

constant frequency determined by the R C combination a s  follows: 

The initially uncharged capacitor C begins charging toward the 

input voltage V through R1. When the voltage on C1 reaches 

a value equal to the forward bias voltage of Q 

for  silicon t rans is tors ) ,  Q conducts and turns  on Q When Q4 

conducts i t  supplies m o r e  base cur ren t  to Q result ing i n  a fas t -  

r ising voltage pulse a t  the collector of Q 

ceases  when C1 has been nearly charged to the input voltage through 

04. 
Q3 and the next pulse will not occur until the charging cur ren t  through 

R1  again forward biases  Q3. Thus the t ime between triggering 

pulses i s  determined by the R C combination. 
1 1  

If we a s sume  the connection from the reference 

1 1  

i 
(approximately 0 . 7  volt 3 

3 4' 

3 '  
The regenerative action 4' 

At this t ime the polarity of the voltage on C r e v e r s e  biases  1 

If we now assume A is reconnected, the frequency of the osci l -  

lator w i l l  be controlled by the reference ampl i f ie r ,  which is a differential  

amplifier of conventional design. 

greater  than the zener voltage, the difference voltage i s  amplified 

and base cu r ren t  is  supplied through connection A in  F i g .  3 to  the 

base of Q The effective res i s tance  of Q 2 ,  which can  v a r y  over 

a wide range, i s  included in  the charging c i rcu i t  of C1 , thus varying 

the time constant considerably in response  to the difference between 

the output voltage of the converter and that of the zener  re ference .  

When the output capacitor voltage is 

2 '  
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The one-shot multivibrator is  a s tandard complementary 

design4 with the addition of a variable-pulsewidth feature.  

multivibrator pulsewidth is controlled to be inversely proportional 

to the input voltage to insure  that a drop in  the input voltage will 

not resu l t  i n  a drop i n  the available output power, as discussed in  

Appendix A. 

base  of Q to va ry  the collector cur ren t  of Q This va r i e s  the 

charging cu r ren t  to 

determines pulsewidth. 

The 

A fraction of the main supply voltage is applied to the 

5 5 '  
the multivibrator timing capacitor,  which 'T ' 

D. DESIGN CONSIDERATIONS 

The principal factors which influence the converter design a r e :  

(a) Maximum power output 

(b)  Output regulation and ripple 

( c )  Efficiency 

(d)  Weight 

Each  of these factors  is discussed in  detail below. 

1. Maximum Power Output of Converter 

The maximum circui t  power of the converter shown in  F ig .  2 

is limited by the maximum allowable collector - to-emit ter  voltage and 

the peak- cur ren t  capacity of t rans  is tor Q1 ,  as given by the following 

equation, derived i n  Appendix B. 

Pi(max) = ( - v<m)(  BVce-  vi ) 
BVce 

where  BVzz is the maximum allowable collector - to-emit ter  
voltage before breakduw-ii occ i i r s  

is the main supply input voltage 

is peak allowable collector cur ren t  of Q 

vi 

Im 1 

This equation shows that f o r  a given input voltage Vi , Pi is 

l imited by Im and BVce which become factors  i n  the selection of 

t r ans i s  tor Q 1. 
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As shown in Appendix B,  to  approach the power output of 

Eq. 1 the output t ransformer requires  sufficient inductance t o  

satisfy the condition: 

V. T 
L =  - 

P 
( 2 )  

1 

I 

In general ,  a magnetic core  i s  required to provide sufficient 

inductance. 

mus t  satisfy the expression: 

As shown i n  Appendix B, to avoid saturation the core  

where 

Vi T 
NA > 

- Bs 

is the saturation flux density of the core  

is the number of pr imary  turns 

S 
B 

N 

( 3 )  

and A i s  the core  cross-sect ional  a r ea  

The designer chooses the smallest  core  s ize  which satisfies the 

requirements  on L and NA to minimize core  weight. 

2 .  -- Output Ripple and Regulation 

The ripple o r  a - c  component of the outpilt voltage is the change in  

output voltage caused by the t ransfer  of energy from the pr imary ,  

given by: 

wnere 

1 2  
P 

7 LI 

c o  vo 
-- AVoe = 

L is the  primary magnetizing inductance 

I is the peak p r imary  cur ren t  

is the average output voltage 

i s  the output capacitance 

is the change in output voltage due to 
energy transfer 

P 

v O  

AVOe 

0 
C 

L 

(4) 
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This ripple component can be excessive when high output cur ren t  

i s  required at  low output voltages. The ripple can be reduced by 

either adding more  capacitance a t  the output or by t ransferr ing 

less  energy per  pulse. Of these two alternatives,  t ransferr ing less 

energy per pulse i s  the more  attractive solution since no additional 

weight i s  required.  Transferr ing less energy per pulse (while s t i l l  

maintaining the same power output) generally means increasing the 

maximum frequency of operation. 

be used depends upon the losses  in  the components, especially the 

switching t rans is tor .  

to frequencies a s  high a s  1 Mc with 10i.v losses .  

t ransis tors ,  operation i s  usually limited to frequencies below 

In some applications a number of high-speed, low-power t rans is tors  

have been used in  paral le l  to obtain moderate amounts of power a t  a 

frequency of 100 kc and an  efficiency of 85 percent .  

Exactly how high a frequency can 

High-speed, low-power t rans is tors  can be used 

With higher power 

100 kc.  

5 

Output load regulation i s  ideally controlled by the gain of the 

reference amplif ier .  

s ee  Appendix A, the change i n  output voltage corresponding to a change 

in output power is: 

Since output power is proportional to frequency, 

- Af - APO A v o  - -- - 
lG l K Z G  

( 5 )  

where 

and 

is the change i n  output power 

is the corresponding change i n  d-c  output voltage 

is a constant relating frequency to control 
voltage for the voltage-controlled oscil lator 

is a constant relating output power to frequency 

is the voltage gain of the differential  amplifier 

A P 0  

K 1  

AVO 

K2 

G 

The output voltage regulation a l so  depends on the stability of the 

reference voltage. 

stable reference diode with a temperature  coefficient which is better 

than 0 .  01 percent/OC. 

the reference voltage i s  stable with respec t  to var ia t ions in  the input 

voltage. 

The re ference  voltage is obtained f rom a tempera ture-  

The diodes have low dynamic res i s tance  s o  that 
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3 .  Efficiency - 

The power losses  ar is ing f rom the use of non-ideal components 

a r e  described below. By fa r  the largest  power loss  occurs  in  the 

voltage -converter stage of Fig. 2 .  The t rans is tor ,  t r ans fo rmer ,  

rect i f ier ,  and output capacitor a l l  contribute to the losses  

Losses in  the power -switching t rans is tor ,  Q, , can  be separated 

into base drive losses ,  saturat ion voltage losses  and switching losses .  

The energy loss per  cycle i n  the t rans is tor  can  be wri t ten a s :  

Transis tor  loss per  cycle = / vbeibdt t / v i dt t 
r 
v i dt 

T T T 

ce  c ce  c 
0 0 T 

The lower case  le t ters  re fer  to t ime-varying quantities as shown i n  

F ig .  2 .  T is the pulsewidth and T r  i s  the r e se t  t ime. 

The base drive and switching losses  can be reduced to a minimum 

by circuit  techniques to be described below. 

loss  is  p r imar i ly  determined by the type of t rans is tor  used and cannot 

be significantly reduced by c i rcu i t  techniques. 

The saturat ion voltage 

F r o m  Eq.  6 above it can  be seen  that base dr ive losses  will be 

minimized by reducing the base dr ive voltage and cu r ren t  to minimum 

values required for t rans is tor  operation. 

generally available s o  that a pract ical  solution i s  to use  a matching 

stepdown t ransformer  to supply the base voltage as shown i n  the lower 

right of F ig ,  7 (page 18).  The p r i m a r y  of the matching t ransformer  

is driven by an increasing r a m p  of cu r ren t  to match the collector 

cur ren t  of the switching t r ans i s to r s  Q through Q I Z ,  in  F ig .  7 ,  

which a r e  the equivalent of Q i n  F ig .  2 ,  The requi rement  on the 

driving cur ren t  r a m p  is that enough base  cu r ren t  be supplied to  hold 

the collector - to-emit ter  voltage of t r ans i s to r s  Q through Q12 

a t  a low value. 

Low voltages a r e  not 

9 
1 

9 

An alternate method of supplying the base cu r ren t  is to add a 

feedback loop through a differential amplif ier  to  supply jus t  enough 

base cur ren t  to keep t rans is tor  Q, slightly above saturat ion.  A 

sketch of this base cu r ren t  feedback added to the voltage conversion 

stage is shown in  Fig.  4. The converter  shown i n  F ig .  6 (page 1 7 )  

uses  this approach. Since there  is no base  fIo-Jerdrivel' cu r ren t  with 
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L 

this method, charge s torage in  the base of Q is minimized, 

allowing the t rans is tor  to switch off m o r e  rapidly. 
1 

Differential * 
Amplifier - I 

Reference 

4, 

Mu1 on tivibrator P& (Q3 
"And" 

i I 

Fig. 4. Voltage Converter with Feedback to Minimize Bose Current 

The third t e r m  in  Eq. 6 represents  the loss in  Q1 during the 

turn-off t ime.  

s ince the collector cu r ren t  is high and the collector voltage is 

increasing rapidly. 

to-base feedback capacitance) can be turned off rapidly and withstand 

the high voltages which a r e  generated. 

reduced by removing charge s tored i n  the base  of Q by pulsing 

another t rans is tor  connected to the base  of Q, at turn-off. The 

converters  of F igs .  6 and 8 (pages 17 and 2Oj  use this t e c h x ~ i y ~ e .  

Peak collector dissipation can  be high during turn-off 

High speed epitaxial t rans is tors  (with low collector- 

Turn-off t imes can  be fur ther  

1 

The usual winding resis tance,  hys te res i s ,  and eddy cu r ren t  

losses  are  present  i n  the converter output t ransformer .  

the high peak cur ren ts  it is important to minimize winding resis tance.  

Assuming the p r imary  cu r ren t  increases  l inearly,  the energy lost 

p e r  cycle i n  the winding resis tance is:  

Because of 
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where I is the peak pr imary  cu r ren t  
P 

R 

R 

n i s  the t ransformer turns ra t io  

T is the pulse width 

is the pr imary  winding res i s tance  

is the secondary winding res i s tance  
P 

S 

Tr is the t ransformer r e s e t  t ime 

Since the peak cur ren t  i s  typically four t imes the average cur ren t  

( s ee  Appendix B)  winding resis tances  must  be kept sma l l  to obtain 

low res i s t ive  losses .  Low winding res i s tance  i s  achieved by using 

a s  large a wire  s i ze  as  will physically fit on the t ransformer  c o r e .  

Core  losses  depend on the mater ia l  chosen for the t ransformer  

core .  An excellent choice for a core  mater ia l  in  these applications 

is powdered Molybdenum-Permalloy. As  expected, core  losses  i n  

this mater ia l  increase  with increasing induction level and increasing 

frequency. However, experience with the Molybdenum Permalloy 

co res  has shown that core  losses a r e  quite low, even a t  frequencies 

approaching 100 kc.  This mater ia l  has relatively stable temperature  

charac te r i s t ics .  

6 

A v e r y  important factor i n  connection with the t ransformer  is 

the coupling o r  leakage inductance between p r imary  and secondary 

windings. As mentioned ea r l i e r ,  the secondary winding is desirable  

s ince i t  provides isolation and allows the output voltage to be either 

higher o r  lower than the input voltage and of e i ther  polarity. 

secondary winding must  be closely coupled to the pr imary  since 

otherwise a high voltage transient will be induced i n  the p r imary  at 

the t rans is tor  turn-off t ime.  The combination of collector cur ren t  

and high collector voltage results i n  high p*iak dissipation and i n  

ex t reme cases  will resu l t  in t ransis tor  breakdown. 

the p r imary  cu r ren t  at turn-off w i l l  effectively flow into the output 

capacitor and the p r imary  voltage will be limited to the output voltage 

The 

With good coupling 
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divided by the t r ans fo rmer  turns  ratio.  The bes t  resu l t s  have 

been achieved by twisting the p r imary  and secondary windings 

together before winding them on a toroidal co re .  

Rectifier and capacitor losses  occur pr imar i ly  during the t ime 

when energy is being t ransfer red  to the output capacitor.  

i n  the rectifier a r e  present  because of the forward voltage drop  

(on the o rde r  of 1 volt for si l icon rec t i f ie rs ) .  

becomes significant a t  low output voltages, e .  g . ,  for a n  output 

voltage of 6 volts approximately 15 percent of the output power i s  

lost in the rect i f ier .  

rectif ier with a t rans is tor  and thus reduce the forward voltage drop 

during rectification. 

rectification and some examples a r e  shown i n  Fig.  5. 

shown a r e  limited to low output voltages (10 volts o r  l e s s )  because 

high speed, high gain si l icon t rans is tors  suitable as rect i f iers  

generally have relatively low emi t te r  - to-base breakdown voltages.  

Losses  

This forward drop 

It is sometimes possible to replace the diode 

This process  is usually called synchronous 

The examples 

a) Negative Output Voltage b) Positive Output Voltage 

Fig. 5. Synchronous Rectifier Circuits 

The output capacitors a r e  e i ther  tantalum o r  aluminum e lec t ro-  

lytic types to obtain the requi red  capacitance i n  a srnall  s i ze .  

Tantalum capacitors a r e  roughly comparable  i n  s i ze  to aluminum 

electrolytic capacitors except i n  ve ry  high capacitance o r  high 

voltage values,  and a r e  super ior  to aluminum electrolyt ic  capacitors 

~ ~ __ 

a) Negative Output Voltage b) Positive Output Voltage 

Fig. 5. Synchronous Rectifier Circuits 

The output capacitors a r e  e i ther  tantalum o r  aluminum e lec t ro-  

lytic types to obtain the requi red  capacitance i n  a srrlall s i ze .  

Tantalum capacitors a r e  roughly comparable  i n  s i ze  to aluminum 

electrolytic capacitors except i n  ve ry  high capacitance o r  high 

voltage values,  and a r e  super ior  to aluminum electrolyt ic  capacitors 
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in  almost a l l  performance character is t ics  including temperature  

stability, leakage cur ren t  and dissipation factor .  The dissipation 

factor is high for either capacitor type a t  frequencies above 10 kc .  

However, this has  no significant effect on efficiency because 

(except during the init ial  charging process)  during normal  operation 

there  is  only a sma l l  a - c  voltage component across  the capacitor.  

4. Weight 

The t ransformer  and output capacitor contribute most  of the 

weight to this converter design. 

is almost directly proportional to pulsewidth. Thus, the weight is 

reduced a s  pulsewidth is decreased,  subject to maintaining a reasonable 

efficiency as  previously discussed. The flyback t ransformer  i n  this 

design is  relatively light i n  weight when compared to a conventional 

t ransformer,  that i s ,  one which requires  an appreciable p r imary  

magnetizing inductance. Only a sma l l  p r i m a r y  inductance, typically 

fractions of a millihenry, is required for a flyback t ransformer .  

Such a smal l  inductance is easily real ized with a smal l ,  light c o r e .  

The weight of both these components 

E .  EXPERIMENTAL RESULTS 

Approximately ten different power converters  using the techniques 

presented in  this paper have been designed and tested.  

summarizes  the resu l t s  obtained with three  of these designs.  

three designs discussed a r e :  

This sect ion 

The 

1 .  A high-power, high-voltage converter designed to supply 
a r ada r  modulator. 

2 .  A low-power, multiple-output-voltage converter .  

3 .  A relatively simple medium power converter .  

The efficiency of any converter based on the design techniques 

introduced here  can be uniquely specified a t  any power- t ransfer  level 

through the use of only two converter pa rame te r s ,  because the 

efficiency of the actual power - t r ans fe r  c i rcui ts  ( t r ans fo rmer ,  switching 

t rans is  tors,  output rect i f ier  and capaci tor)  is independent of the actual 

power - t ransfer  level. The two pa rame te r s  specified a r e :  
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1. A stand-by or  no-load power which can be measured  by 
measuring input power required by the converter with 
no load connected to the output. 
as  Ps. 

An incremental  efficiency , qi , which is measured  by 

slightly varying the power the converter is delivering 
to a load and dividing this change i n  load power by the 
resultant change i n  input power. 

This quantity is defined 

2 .  

The efficiency for any of the circuits described below is com- 

puted a t  any operating power level by the relationship: 

- Power Out - Power Out - 
Power In  Power Out " =  

"i ps + 

F. BREADBOARD CONVERTERS 

1. High-Power, High-Voltage Converter 

The circui t  shown i n  Fig.  6 was designed to supply power a t  400 

volts to  a r ada r  modulator. 

approximately 300 watts a r e  required for  a 100-ms interval,  followed 

by a period lasting f rom 1 to 10 seconds when no power is required.  

The converter designed for  this application operates f rom an  

The t ransmit ter  profile is such that 

input voltage between 23 and 33 volts. 

is 15 m W  , and a n  incremental  efficiency of 80 percent is obtained. 

Regulation for  this converter i s  within f 2 volts (including ripple) 

for  tempera ture  changes from 0 to 50 C. 

(which can operate continuously a t  the 300-watt level i f  necessary)  

is l e s s  than 5 pounds. 

The stand-by power required 

0 The weight of the equipment 

2.  Low - Power , Multiple -Voltage Converter 
5 

The circui t  shown i n  Fig.  7 ,  which has  been reported previously, 

de l ivers  regulated voltages f rom 3 volts to 12 volts f rom an input 

voltage of 10 to  3 0  volts.  

by power requirement  is 0 . 5  mW,  and an incremental  efficiency of 

approximately 85 percent is obtained. 

one voltage (t 12 v); therefore,  the regulation of the other output 

voltages degrades a s  the ratios of the cur ren ts  drawn from the multiple 

Maximum output power is 1 watt. The stand- 

Feedback is obtained f rom only 
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outputs change. If, however, the rat ios  of the cur ren ts  supplied 

by the converter a r e  maintained within a factor of 1 .5  to 1, regulation 

is maintained within f 3 percent for any combination of output power 

level and input voltage over the temperature  range of - 6 O O C  to 

tllooc. 

3 .  Medium Power Converter 

The circui t  diagram of a relatively s imple converter is shown i n  

Fig.  8 .  

maximum power output of 16 watts over a range of input voltages f rom 

24 to 32 volts. 

efficiency of 85 percent .  

is less than 0.05 volt. This converter was not tested over a wide 

range of temperatures;  however, it would be  expected to  exhibit the 

s a m e  temperature  character is t ics  a s  the two previously mentioned 

designs.  

This converter delivers a regulated t28-volt  output with a 

The stand-by power is 120 mW with an incremental  

No-load to full-load output voltage var ia t ion 
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APPENDIX A 

Pulsewidth of the multivibrator i n  F i g .  3 is reduced when 

input voltage r i s e s ,  and conversely.  Therefore,  a constant energy 

per  pulse i s  s tored  in the p r imary  inductance of the t ransformer .  

The energy s tored  per  pulse is: 

1 2  
2 P  

E = -LI 

where E = energy s tored  per  pulse 

L = t ransformer  pr imary  inductance 

I = peak p r imary  cur ren t  
P 

The charging cur ren t  to CT i n  F ig .  3 is var ied  so  that the pulsewidth 

i s  inversely related to the input voltage by a constant K as:  

T = K/Vi (A21 

Equation A2 holds only for a range of input voltages centered a t  the 

average value. 

The peak collector cur ren t  of Q i n  Fig.  2 is re la ted to the input 1 
voltage by the equation: 

Equation A3 represents  a good approximation under the following 

three  assumptions: ( 1 )  the saturat ion voltage of t rans is tor  Q1 is 

sma l l  compared to the input voltage, ( 2 )  the input voltage remains 

constant over the pulsewidth, and ( 3 )  the magnetizing inductance of 

the pr imary  of the output t ransformer  is a constant and is purely 

inductive. Combining Eqs.  A l ,  A2 and A3 yields: 

which shows that the energy s tored  i n  the field per pulse i s  a constant, 

independent of input voltage. 

energy s tored per  pulse t imes the frequency 

frequency i s  directly proportional to the output power, regard less  of 

changes in the input voltage. 

The output power is proportional to the 

The converter operating 

-23- 



-24 -  

APPENDIX B 

The input power to the converter of Fig.  2 is 

(B1) Pi - - Vi(Ic)av 

, where ( I  ) is the average collector cur ren t .  This expression 

assumes  that V is constant and ignores the sma l l  collector-to- 

emit ter  saturation voltage across  Q,. Referring to the waveforms 

of Fig.  2 i t  can  be seen  that the average cur ren t  (computed over 

one cycle) is: 

c av 

i 

To pe rmi t  repetitive operation, the volt-time product ac ross  the 

t ransformer  must  be zero .  This is expressed mathematically as: 

ViT - (V - V . ) T  i r  = 0 (B3) ce 

where V is the collector-to-emitter voltage of Q during the 

r e s e t  time. 

the resu l t  is: 

ce 1 
Solving Eq. B3 for Tr  and substituting in  Eq. B 2  , 

( icIav - - (+)( Vce; "i) 

ce  

The maximum allowable value of (ic)av is obtained for  the highest 

value of Vce  which is defined as BVce , the col lector- to-emit ter  

voltage which can  appear ac ross  Q,  without t rans is tor  breakdown 

occurring. In the limit, as cycles of operation immediately follow 

one another,  

input is : 

approaches (i and the maximum power (Ic'av c 'av 

P . (max)  = ( ~; ' p )  (Bvc e - V i  ) 
1 BVce 

I , peak design cur ren t ,  must be kept less  than I , maximum P m 

1' allowable cur ren t  for Q 

Equation 3 is the condition which must  be met  to avoid core  

saturat ion during the ON time. 

famil iar  equation: 

This condition i s  derived f rom the 
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v = N $  

V is the voltage across  the p r imary  winding of 
t ransformer T 1 

N i s  the number of pr imary  turns 

4 i s  the pr imary  flux 

It is assumed that the core  i s  initially unmagnetized, that i s ,  

a t  t = 0, 6 = 0. Rearranging and substituting + = BA: 

B 

A i s  the core  cross-sectional a r e a  

B i s  the change i n  flux density over the ON t ime,  
t = O  to t = T  

If v i s  constant and equal to V i '  

ViT 

NA 
B = -- 

To ,avoid saturation, the value B must  be kept less  than Bs , 
the saturation value for the co re  mater ia l .  This condition can  be met  

by imposing the condition: 

Vi T 
NA > - 

BS 
- 


