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1.0 ABSTRACT

This report covers the work effort from 15 June 1964 through 31
December 1965. Effort during this phase included:

I. Initial search and analysis

2. Development of a chopper-regulator

3. Development of a booster-regulator

4. Breadboard testing and evaluation

The principle results of this period are:

I. The selection of a self-stabilizing chopper power supply was made

for the low voltage (V OUT less than V IN MIN) output series of power

_Ipplies. The control technique adopted was a variable frequency,
variable on time switching schemes where the "on" time was a function

of input voltage.

@ The selection of a line compensated flyback booster was made for the

high voltage output (V GJT greater than V IN MAX) series of power

supplies. The control technique adopted was a variable "on" time,
fixed frequency switching scheme where the "on" time was a function

of both input voltage and load.

@ The nominal switching selected for both the chopper and booster series

of power supplies was 30KC. This frequency appeared to be consistent

with the minimum size and weight and maximum efficiency requirements.

2. Breadboard testing and evaluation was done with 8 breadboards. The

breadboard power levels were I0, 25, 50 and i00 watts. Breadboard

testing included voltage regulation, efficiency, ripple voltage
output, and ripple current feedback.
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2.0 FURPOSE

The purpose of this program is to provide concepts, techniques, and

developed modular circuitry for non-dissipative DC to DC converters in

the power range of up to I00 watts.

Major program goals are the maximization of efficiency, simplicityp

and reliability, along with the minimization of size, weight, and response
times of the converters.

The circuits are to be modular in concept, so that a minimmm of
development is required to tailor a circuit to a specific application

requirement. The concept should also allow, inasmuch as practical, for

the use of state-of-the-art manufacturing techniques.

The pro_am is multi-phased, including a study, analysis, and design

phase, stud a breadboard phase during which the concepts are to be veri-
fied by construction and test of eight breadboards.

I
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3.o INTRODUCTION
J , , i

This report covers the work effort doz_ on this program from 15 June

1962, through 31 December 1965. This effort was pricipally concerned

with the power stage circuitry for chopper and booster regulator-con-

verters. The electrical characteristics of the 8 pre-regulator converters
is shown in Table I.

An initial searc_ and analysis phase was conducted. Included in this

effort was a literature search, an analysis of voltage control techniques,

a study of efficiency versus switching frequency and a component materials
re.ewe

Development effort was first initiated on the chopper series of

regulator converters. The self-stabilizing chopper _ms selected as the

basic power stage. Several problem areas with the self-stabilizing

scheme were uncovered early in the breadboard development phase which

required extensive investigations. The problems were associated with

circuit starting, circuit recovery time, and balanced operation. Solutions

to each of these problems were determined. A nominal switching fre-

quency was selected based on frequency-efficiency testing and a pre-

liminary size and weight analysis of the I0 watt chopper.

Initial development effort on the chopper circuit was done at the

lO watt level. Scaling designs for the 25,'50 and lO0 watt power levels

were based on the results of the lO watt development program.

Development effort on the booster series of regulator-converters

was initiated near the completion of development effort on the chopper

power supplies. The results of the frequency-efficlency testing were

utilized in the selection of the nominal switching frequency for the

booster. A "flyback booster" using a line compensated pulse width

modulator was selected for the basic power stage. Minor development

problems occurred, such as selection of choke inductance for proper no

load and full load operation, limiting the flyback tr_sistor peak current

and control circuit compensation. Solutions to these problems were
determined.

Initial development effort on the booster circuit was done at the lO

watt level. Scaling designs for the 25, 50 mad lO0 watt power levels

were based on the results of the I0 watt program.

Selected electrical performance tests were run on the four chopper

breadboards and four booster breadboards. These breadboards were open-

loop configurations and were manually controlled. Data analysis was

performed on each of the IO watt power supplies.
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TABLE I

ELECTRICAL CHARACTERISTICS CF PRE-REGULATCR CONVERTERS

Vout lin

Reg-Conv. Voltage Power Ripple Ripple, Size Weight

Confisuration Input t V Output, V Watts MV P-P PA PK Cu. In. Oz.

A 10-20 22 10 20 15 15 10

B 10-20 9 l0 20 25 15 10

C 10-20 22 25 40 30 20 12

D 10-20 9 25 40 50 20 12

E 12-20 22 50 60 60 25 14

F 12-20 11 5o 6o lOO 25 14

G 22-33 35 I00 75 120 30 16

H 22-33 21 I00 80 200 30 16

ALL: Regulation: + 1% for Line and 75-100% or 100-75% Load

Recovery Time: 50 m sec. mximum (I0 milliseconds objective)

Transient Excursion: + 2% maximum

Efficiency: 90% minimum with output powers above 25%

Temperature: -20 to +70"C
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4.0 TECHNICAL DISCUSSION

4.1 INITIAL SEARCH AND ANALYSIS

h.l.l Literature Search

The literature search has revealed only five basic, non-dissipative

switching-type regulator-converters. They are:

a)
b)
c)
d)
e)

Chopper Regulator

Capacitive Divider

Bedford Step-up

Capacitive Doubler
Inverter-Rectifier

The first two are "buck" systems, the second two are "boost" systems,

and the last may be either.

Of these five basic types, a number of variations exist, The most

obvious variation is the push-pull connection. In general, the other

variations differ only in drive circuitry and the means of controlling

the output duty cycle. The only known exception to this statement is

the use of the "positive cla_p" which changes the inverter-rectifier to
the booster and hence modifies the circuits function.

There are also many other variations which use a combination of

basic circuits. An example is the use of a chopper regulator to supply

an unregulated inverter-rectifier and in this mmnner maintain a regulated

output voltage. In general, these variations are more complex and in-

herently less efficient than the basic types and so are not considered
here.

All of the applicable transistorized, regulated, pc_er state circuits

discussed in the literature search may be classified according to the

five basic types as follows:
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TABLE II

CLASSIFICATION OF POWER STAGES INTO BASIC TYPES

BASIC TYPE

Chopper Regulator

Capacitive Divider

Capacitive Doubler

Bedford Step-Up
Inverter-Rectifier

SINGLE -ENDED

Two-State Modulator

Telstar Blocking
Oscilla tor

Low Frequency Pulse
Generat or

Nonostable Regulat or

Chopper Regulator

Capacitive Divider

Capacitive Doubler

Bedf ard Step-Up

Unsymmetrical Low

Voltage Converter

PUSH-PULL

Self-Stabilizing Chopper

None

None
None

Pulse-width Modulated

Power Supply

Improved Booster-Converter

Sliding Squa re-Wave
Conver te r

One-Step Converter

5



Circuitr_ Selection Criteria

A group of factors to be used as criteria for selection of circuitry

were jointly agreed upon by NASA and HSED engineering. The factors
selected for evaluation were_

I)
2)
3)
4)
5)
6)
7)
8)
9)

Degree of commonality of circuitry for "buck" or "boost"

Number of magnetic components
Number of components

Efficiency

Input ripple current

Output ripple voltage

Ck-erload/short circuit protection

Minimum size and weight

Isolation of input/output grounds

I. Degree of commonality of circuitry for "buck" or "boost" application.

This is a rather subjective item to evaluate, however, the following
definitions will be used_

Commonality exists only if the same circuit arrangement can be

used for either operation. The inverter-rectifier, for example,
can be made to buck or boost merely by changing a transformer

ratio. The chopper and the Bedford Step-Up have no co_onality

even though the components used in each may be identical,
because they require a change of arrangement to go from one
function to the other.

The weighting factor for this item is 5, and the rating my vary

from zero to 5, where 5 is the minimum degree of commonality.
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Number of magnetic components. The weighting factor is 3, and each
magnetic component is rated as 2.5.

Number of components. Each component is rated at 0.5, and the

weighting factor is 5.

Efficiency. This rating is based upon the maximum efficiencies

which have been reported for the various approaches. Efficiency
ratings are_

a) near 95%, 1

b) near 90%, 2

c) near 85%, 3

d) near 80%, h
e) near 75%, 5

The weighting factor is 4.

Input ripple current. This is rated on the relative degree of

filtering required to smooth the input. The maximum is 5, minimum

O. The weighting factor is 2.

Output ripple voltage. Circuits with LC filters axe rated 2.5, and

capacitive filters at 5. The weighting factor is 5.

Overload/short circuit protection. Ratings are:

circuits which do not have a series element capable of being
"opened" so as to isolate the source from the load fault are
rated at 5.

b) circuits which have elements capable of being "opened", but
where current m_st be sensed on a DC basis (resistor sensing)

are rated at 2.5.

circuits of category b) where sensing can be done on an AC

basis (current transformer) are rated at O.

The weighting factor is 5.

Minimum size and weight. Each magnetic component is rated at I,
and each resistor, capacitor, or semiconductor at 0.5. The weighting
factor is 3.

Isolation of i_put-output grounds. Transformer-coupled circuits

are rated at O, and those without isolation at 5. The weighting
factor is 2.

7
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Two additional criteria, that of output voltage regulation and

dynamic regulation recovery time, initially appeared in the above listed

but have been deleted on the basis that these items are determined by
the control circuitry rather than the basic power stage.

The selection criteria and weighting factors thus serve to penalize

those circuits which have the highest valued summation of rating and
weighting factor products.

Comparison of Power Stages

Figure i shows eight power stages, which represent the simplest

configuration capable of performing the necessary functions.

In comparing these circuits, the assumptions were made that the

power stages were independent of drive and control circuitry, and that
all circuits are operated at the same repetitiom rate. This means that

the ripple components of the push-pull stages will be at twice the

frequency of those of the single ended stages and consequently easier
to filter.

Sin_le-endedChopper

I. Commonality - none. Rating = 5

2. Magnetic components - one. Rating = 2.5

3. Componants - four. Rating = 2

h. Efficiency - near 92%, but DC current sensing will reduce this to

about 90%. Rating = 2

5. Input ripple current - high. Rating = 5

6. Output ripple voltage - LC filter. Rating = 2.5

7e Protection - series element with DC sensing. Rating = 2.5

8. Size and weight - one magnetic and three other components. Rating = 2.5
9. Isolation - none. Rating _ 5

_Push-pt_llChopper

1.

2.
3.
4.
5.

.

7.
8.
9.

C_onality - none. Rating = 5

Magnetic components - one. Rating = 2.5

Components - five. Rating = 2.5

Efficiency- near 92_ Rating = 2

Input ripple current - twice the frequency of the single-ended unit.

Rating = 2.5

Output ripple voltage - LC filter. Rating = 2.5

Protection - series element with AC sensing. Rating = 0

Size and weight - one magnetic and four other components. Rating = 3
Isolation - none. Rating - 5



Single-Ended Chopper

HSER 31hO

Push-Pull Chopper

]Bedford Step-Up Single - Ended
Inverter - Rectifier

Capacitive Doubler Push-Pull Inverter Rectifler_

Capacitive Divider

,r

Push-Pu/l Booster

Fmum 

REPRESENTATIV_ BASIC POWER STAGES
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Bedford Step-up

l@

2.

3.
_°
5.
6.
7.

@

9.

Co_,onality- none. Rating = 5

Magnetic components - one. Rating = 2.5

Components - four. Rating = 2

Efficiency - 95%. Rating = i

Input ripple current - high. Rating = 5

Output ripple voltage - capacitive filter. Rating = 5

Protection - circuit cannot be protected without additional series
el_,ent. Rating = 5

Size and weight - one magnetic and three other components. Rating = 5

Isolation - none. Rating = 5

Single-ended Inverter-rectifier

I.

2.

3.
2.

.

6.
7.
8.
9.

Commonality- yes. Rating --0

Magnetic components - two. Rating - 5

Components - two magnetic and four other components. Rating- 3

Efficiency - 90 to 85%, but DC current sensing will limit it to

about 80%. Rating = h

Input ripple current- high. Rating = 5

Output ripple voltage - LC filter. Rating = 2.5

Protection - series element with DC sensing. Rating _ 2.5

Size and weight - two magnetics and four other components. Rating = 4

Isolation - yes. Rating -- 0

Push-_ull Inverter-rectifier

I. Commonality - yes. Rating = 0

2. Magnetic components - two. Rating = 5

3. Components - eight. Rating =

h- Efficiency - 85%. Rating = 3

5. Input ripple current - twice the frequency of that of single-ended

uni_. Rating = 2.5

6. Output ripple voltage - LC filter. Rating - 2.5

7. Protection - series element and AC sensing. - Rating = 0
8. Size and weight - two magnetic and six other components. Rating = 5

9. Isolation - yes. Rating = 0

Push-pull Booster

I. Conn_onality - deletion of the output potential clamp and change of

transformer ratio will allow this unit to Wb_ck'. Rating = 2.5

2. Magnetic components - two. Rating = 5

3. Components - seven. Rating - 3.5

h. Efficiency - varies according to the degree of boost. Average about

90%. Rating = 2

lO
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@

7.

.

9.

Input ripple current - varies depending on the degree of boost) but
is better than conventional push-pull because of continuous DC

content. Rating = I

Output ripple voltage - LC filter. Rating = 2.5

Protection - circuit cannot be protected without additional series

element. Rating = 5

Size and weight - two magnetics and five other components. Rating = 4.5
Isolation - none. Rating = 5

Capacitive Doubler

I.

2.

3.
2.

@

6.
7.
8.

@

Co_onality - none. Rating = 5

Magnetic components - none. Rating - 0
Components - six. Rating = 3

Efficiency- near 90% unregulated, probably will decrease to 80-85%
with regulation. Rating = 3

Input ripple current - high - Rating --5

Output ripple voltage - c_pacitive filter. Rating = 5

Protection - series element with DC sensing. Rating = 2.5

Size and weight - six non-magnetic components, however, the capacitors

are quite large and _ill be rated as if they were magnetic components.
Rating = h

Isolation - none. Rating = 5

Capacitive Divider

i@

2.
3.
2.

@

6.
7.
8.

.

Commonality - none. Rating - 5

Magnetic components - none. Rating - 0

Components - six. Rating --3

Efficiency - no experimental data available, however, it would

appear to be about equal to that of the Capacitive Doubler. Rating- 5
Input ripple current - high. Rating = 5

Output ripple voltage - capacitive filter. Rating = 5

Protection - series el_ent with DC sensing. Rating = 2.5

Size and weight - six non-magnetic components. However, excessive

capacitance is required) so the capacitors will be rated as magnetics.
Rating = h

Isolation - none. Rating = 5

Figure 2 is a comparison chart which shows the selector criteria)
the ratings, weighting factors)and sub-totals for each power stage. The

bottom line is the summation for each circuit) which indicates that the

relative capability of each circuit to meet the overall specification

requirements _d goals. On this basis, the ciroai_s which were

selected for further consideration are the push-pull chopper, _nd the
single-ended and push-pull inverter-rectifiers.

11
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2.1.2 Voltage Control Techniques

Sorensen I) presents a very descriptive discussion of the various

means of modnlaoion, using switching techniques, in which he discusses

the characteristics of pulse_width, pulse-ratio, and two types of pulse-
frequency modulation.

Several important points can be taken from his discussion:

a) Some controllers inherently have minimum ON or OFF times.

b) In modulation systems in which the frequency varies, the output

low-pass filter must be designed for the lowest frequency.

c) If either the ON or OFF time approaches zero, the bandwidth of the
controller must approach infinity.

The first point may be seen in, for example, the monostable multi-

vibrator, which has a minimum recovery, or OFF, time. The second point,
obviously, implies that the filter for a given regulator will be smallest

for a pulse-width modulated system, since its frequency is fixed. The

third point has several implications. First, the d esignof the controller

is more severe. Second, since the gain bandwidth product of any physically
rmlizable controller is limited, this means that the regulation of the

device suffers because of decreasing gain, and the controller may tend
to be unstable.

Assuming no transformer scaling, regulator B must produce 9 volts

from a 10-20 volt source. Allowing for a 1 volt series drop, the duty
ratio must vary from 100% down to about 25%. Likewise, regulator G

must produce 35 volts from a 22-23 volt source, with a duty ratio varying
from about 20% to 5%. If transformer scaling is used, the turns ratio

may be adjusted for, say, a step-up of 1.15, which shifts the duty
ratio of regulator B to a range of 87% to 39%, thus decreasing the

severity of the bandwidth requirement.

Another means of bypassing points a) sad c) above is through the

use of two modulating functions simultaneously, as in either the Pulse

Width Modulated Power Supply or the Self-Stabilizing Chopper. Here a
constant volt-second transformer establishes the ON time sad varies the

duty ratio as a function of input voltage, while a separate bistable

multivibrator, operating over a relatively narror range of frequencies,
furnishes the necessary OFF time to compensate for load changes. In the

limiting case of near 100% duty cycle, the transformer is operating

close to its normal 180 o saturated switching mode, and the multivibrator

is operating close to its design frequencyo

I) "Linear Control using ON-OFF Controllers,"

A. Sorensen, Electro-Technology, V71, n4, April 1963. 13
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It should be noted, that since the low-pass output filters are LC

with free-wheeling diodes, it is advantageous, from an efficiency view-

point, to limit the OFF time as ranch as possible and hence decrease the
amount of conduction time of the diode.

h.l.3 Efficienc 7 versus Switching Frequency

Investigations were conducted into the loss of characteristics of
semiconductors and transformers in an effort to determine the maximum

switching frequency consistent with high efficiency and minimum size

and weight.

Frequenc_ Range Characteristics of Semiconductors

In order to determine the usable frequency range as a function of

the semiconductor characteristics, a model was established, consisting

of a single transistor switching through an ideal choke input filter into

a resistive load with voltages, currents, and duty cycle equivalent to

those of the l0 watt regulator, as follows:

_C

\ 2OF

IOV

Vo u'r" Po v"r

c/ V IO. IW

_/ V l O, IW

Figure 3 Switching Model

In these calculations, delay and storage times were not considered.
Transistor OFF losses were also ignored as being only a small percentage

of total losses. Calculations were made at frequencies of I, I% I00,

250, and 500 KC with the following transistors_
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TABLE III

2N2880 PARAFETERS

Cond. Time tr + tf IB IC VCS VBS Freq.

•35 us .9V_5._

45.4.%

47.o%

29.6%

54.4

91.1%

91.2%

92._

95.5_

99._ _r

.112

.112

.114

.n6

.120

.112

.112

.113

.114

.116

1.12

1.13

1.14

1.16

1.20

1.12

1.12

1.13

1.14

1,16

.12V

I
i

j,_

IKC

10KC

IOOKC

250KC

5ooxc

IKC

10KC

100KC

25ox0

5oo]_c

Detailed curves for the 2N2880 were available, so typical values were

selected for the above parameters. Variation _ with frequency was

not availahl_ so it was held constant_ somewhat" arbitrarily, at all

frequencies.

15



Table IV. 2NI9OSX (assumed) PARAMETERS
HSER 31bo

Cond. Time tr+tf

1.8us45.2%
_.0
5_.1
67.6

90.5
91.h
99.5 1

m m

I_ I_ Vcs • VBS Freq.

•I12 1.12 .08V .gV IKC
•113 I.13 " IOKC
.120 I.20 ] IOCKC
.1_5 1.35 I 2_oKc

i
.I12 1.12 ]

.ll3 1.13 _ IOZC.116 1.16 - L IO0_C

Detailed curves were not available £or the 2NI90B, .so (tr+tf),
IA, VCS " and VBS were established so as t o illustrate the effect

o low saturation voltage,and medium switching speed as a contrast
to the medium saturation voltage and high speed of the 2N2880.

Tables were prepared, using the formulas below:

COA/Z% T/,_4E = _ ÷ Z 4

z= = :<, ,,f )

T

Pb = Ps_,.,r'dHl.vd.,"/°o,v ,,-:_,_sdr

Table V.

Cond. Time

/6.2_
_;._
_7.o_
b9.6_
5_.1_
9z.I_
91.2%
92o9_
9_;.E;S
99.9_

2N2880 DISSIPATION vs. ENERGY

Psw Po_ 1_ PD "_ Fr_eq.

.0o1_: .o_0_ .o_57 .1o8 98.92 um

.013_ .0_12 .0_9 .1_ 98.8_ 10_c
•135 .o595 .0_ .239 97.68 IOOKC
• 342 .0571 .0I_28 .4_2 95.83 250KC
.7o8 .0_;2_ .0_9_ .8o0 92.66 _;ooKc

.000669 .122 .0918 .214 97.96 IKC
.00669 .122 .0916 .220 97.87 IO_C

.0675 .121 .0909 ,279 9'7,30 IOCKC
,170 ,119 ,0890 .378 96.37 250_C
.3b6 .Zlh .08_6 .5_6 94.84 E;OOKC

i

z.)

i

Vm

2O
20
2O
2O
20
10
10
10
10
10

16
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Table VI _NI908X DISSIPATION vs. FREQUENCY

Cond. Time Psw

25._ .00675

46.0% . .o681

5 4.1% •724

67.6% 2.04

90.5% _ .00339

91.4% .O342

99.5% o .351

Pon

.o252

.0249

.0_17

.O153

.0506

.0506

.O473

PB

.0454

•0_9

.0389

.0275

.0911

.0911

.0851

.o77_

.138

.785

2.08

._5

.176

.483

99.21

98.63

92.75

82.92

98.54

98.25

95._6

Freq.

I KC

IO KC

IOO KC

z_oKC

IK

I0 KC

IOO KC

Vm

20

20

20

20

I0

I0

I0

, i

Transistor efficiency versus frequency is plotted in Figure 4 for

each transistor at each condition of input voltage mad conduction time.

In the very low frequencies, switching time (tr+tf) is insifnificant,

and the 2_1908X is superior because of its lower saturation (VCS) voltage.

The condition of 45% duty cycle is more efficient than the 90% condition

merely because the _ losses (Pin + PBase) occur for a smaller portion

of the period.

In the higher frequencies, where switching time is a significant

portion of the period, the 2N2880 is clearly superior by virtue of its

switching speed. The 2NI908X cannot be operated much above IOOKC, be-

cause of the assumed switching speed, since above this frequency the switching
time soon becomes greater than the ON time. In the higher frequency

region, the 90% duty cycle condition is the most efficient because the
ratio of switching time/ON is less than that for the 45% condition.

Frequenc_ Range Characteristics of Transformers

Several sample designs were done for the iO-watt output transformer

shown in Figure 5- The designs were based on the use of Indiana General

type 0-5 material_ a low loss ferrite_ and the results are shown in
Table VII.
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Figure 5 - I0 Watt Output Transformer

The table illustrates that relatively efficient transformers with

reasonable sizes and weights can be designed for operation to at least
50 KC. What is not apparent from the table is a definitive relationship

among efficiencyp wei@htp and frequency of operation. General Electric

confronted with the smme problem developed an _alysis to determine a

definitive relationship of efficiency, weight and size versus frequency
of operatic. 2)

The analysis mhowed that core and winding losses vary as the cube of

transformer dimensions while power rating varies as the fourth power of

transformer dimensions. Therefore, an increase in the size of a transfor-

mer, _ith all other quantities held constant, will increase the efficiency
of operation.

Efficiency will also be effected by the current density. Winding

losses _ Ii increase as the square of current density while output power

is directly proportional to this same parameter. Therefore, efficiency

will ultimately be adversely affected. However, up to the point at which

core and winding losses are equal_ increasing current density will

improve efficiency. In practice, even further increases may be desirable

to improve light load operation and to attain a greater power output for

a given design weight.

Figures 6 and 7 show power loss versus transformer weight for two
different core materials. These curves are for a model iO0 watt design.

These curves can be used for power levels other than iO0 watts with

appropriate axis scaling. The shift factor K c-n be obtained utilizing

the three-quarter power relationship.

2) Voltage Regulation and Conversion in Unconventional
Electrical Generator Systems_Finsl Report, Volume 2,

August 31, 1963, Bureau of Naval Weapons Contract
NGg 62-0984-d.
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= K

wh_reg POI = Power rating desired

P02 = I00 watt power rating

K = shift factor

e.g. For a i0 watt transformer_

POI = IO watts

PO2= I00 watts

Pol io 3/4
=(_) O.18

(_-_02) =K -

Thus_ values of power loss and weight_ determined by the use of
Figures 6 and 7p mast be multiplied by O.18 to be used for a ten watt
design.

In a similar manner, changes in other design parameters can be

accomodated, thus lending a universal character to these curves.

One other significant point should be mentionedz examination of these

graphs clearly indicates the possibility of efficient transformer designs

at reasonable weights throughout the i0 KCPS to IO0 KCPS frequency range.

_.I.4 Materials Review
i , , ,

A review of electrical components was made to determine component

availability and component limitations for high frequency switching.

semico uotors

Vendor literature was searched for transistors with fast switching

times and low saturation voltages. Table VIII shows representativej

presently-available transistors within the applicable power_ voltag%

and current range. It is interesting to note 9 that_ of the four germanium

devices with frequency capabilities from 600 KC to 15 MC 9 the switching

speeds are not nearly as high as most of the devices.

Table IX shows the available high-speed power rectifiers in the range

of i to 20 _ps.
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In the lower power range there are numerous transistors and diodes

available with high frequency capabilities.

Magnetic Haterlals

One of the considerations of this program is to minimize the con-

tribution of the magnetic components to stray magnetic fields. Several

facrmrs which contribute to stray fields are air-gaps, non-uniform wind-

ing d_stributions, and loose coupling between windings and core.

In surveying the available magnetic materials, both stamped laminations

and c-cores were eliminaDed immediately because they have built_in air-

gaps and because their windings cannot be uniformly distributed or

tightly-coupled to the core. The hermetically-sealed, oil-filled, tape

wound variety of toroids was considered_ but these cores are available

with a minimum tape thickness of 1 rail, which allows for operation up to

about 10KCPS, beyond which the core losses become prohibitive.

The configurations which offer the most promise are the toroidal and

the tape-would bobbin cores. The toroids ofler high permeability, uniform

winding distribution, tight coupling, and inductive tolerances of about
+ 20% maxirmm. Their prime use is non-critical inductors and transformers

Where small size is a requirement. Their frequency range is a function

of the core ma_erlal, and materials available include molybdenum-permalloy,

iron powder, and ferrites.

The tape-wound bobbin cores cover the frequency range of 2 KCPS
to 500 KCPS. Use of stainless steel rather than ceramic bobbins is

reco_nended_ because their smaller wall thickness gives smaller winding
periphery_ hence lower overall winding resistance, and better ratio of

core cross-sectional area to overall bobbin cross-sectional area, thus
reducing flux leakage somewhat. These cores are available in either

Orthonol or Permalloy 80 materials_ and in tape thicknesses of 1/8,

i/_ i/2 and i rail. At the present time no published core loss curves

and almost no laboratory-type curves are available for these materials

so _hat in general the vendors can only recommend what to use for a

particular application.

In the power-frequency range, say up to 500 CPS, the prime requisite

for core material is high permeabilityp and core losses and switching time

are secondary considerations. In the audio range, from 500 CPS to 15 KCFS,

both hysteresis and eddy current losses become importantp and only moder-

ate permeability is required. In the high frequency range, from 15 KCPS

upward_ eddy current losses predomina_e_ switching time becomes i_portant

and permeability can be quite low.
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Generally speaking, materials, such as Orthonol, which have very

square hysteresis loops have slower switching times than those materials

which have more rounded loops, such as h-79 Molybdenum-Fermalloy, at a
given drive level in 0ersteds.

At this time, little specific information regarding the magnitude of

losses vs. frequency has been assembled. Hoover, the following table

shows, for each frequency range, the relative characteristics of the
applicable core materials:

TABLE X RELATIVE CHARACTERISTICS OF CORE MATERIALS FOR SPECIFIC FREQUENCY
RANGES

Freq.
CPS

i

0.5-15Kc

15-4OE0

_9-20OKC

Core

Material

Moly-Perm. Powder
Iron Powder

Ferrite

Moly-Perm. Powder

Iron Powder

Ferrite

Moly-Perm.Powder
Iron Powder
Ferrite

Hysteresis
Loss

J

Low

Moderate

H_gh

Low

Low

Moderate

Low

Low

Low

Eddy Cur
Loss.

L(yg

Low

Low

High

Moderate

Low

Excessive

High
Low

Permeability

High, Decreasing

High, Decreasing

Low, Constant

Moderate,
Decreasing

Moderate,
Decreasing

Moderate,
Constant

Low

Low

High

(Tape-wound bobbin cores not included because logs curves are not available)

h.2 DEVELOR_/_ OF CHOPPER-REGULATCR

h.2.1 Conce_ Evaluation and Selection

The basic self-stabilizing chopper power stage shown in Figure 8,
consists of two power transistors QI and Q2, two driver transistors Q3 a
and Q4 and a base drive transformer TI. Resistors R2 and Rh control the

base current supplied to QI and Q2.

z7
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A description of circuit operation follows; assume transistor Q3 is

biased in the forward direction. If the leakage current through resistor

R3 is sufficient to turn on transistor Q2 slightlyj part of the input

voltage E will be _pplied across transformer TI. Current will flow through

transistor Q3 thus driving transistor Q2 into saturation and delivering
power to the load. Drive voltage for transistor Q2 is maintained for Et

volt-seconds until transformer TI saturates. Drive voltage for transistor Q2

collap_es after saturation of the drive transformer_ thus turning
_ransis_or Q2 off. The chopper circuit is forced into a cut-off state

until transistor Q_ becomes energized. When transistor Q4 becomes ener-

gized, the cycle repeats itself with transistor QI delivering power to

the load. Note that starting of the self-stabilizing chopper is required
to initiate each half cycle.

Self-stabilization of the chopper is obtAned through the constant
volt-second product of the saturating core drive transformer TI. The

volt-3econd product of this transformer is capable of sustaining a

voltage of E volts for a time of t seconds. Thus, at a fixed load and

frequency_ the on time of the core will decrease in proportion to the

increase in voltage to maintsin the constant volt-second product. This
results in inherent regulation of the output voltage with variations of

input line voltage.

The self-stabilizing chopper does not have inherent regulation for

variations in load. Variations in load cause variations in output

voltage. These variations in output voltage can be compensated by a
variable drive frequency to the chopper stage. The variable drive

frequency produces a variable off time of the chopper thus resulting in
a constant output voltage.

E

Figure 8 Basic Self-Stabilizing Chopper Power Stage
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2.2.2 Initial Development Effort

Several problem areas were uncovered with the basic self-stabilizing

chopper scheme early in _he breadboard development stage. One problem

was concerned with circuit starting. A second problem was associated

with insuring rapid turn-off of the self-stabilizing chopper after the

drive transformer TI saturated. A third problem was associated with

obtaining a balanced output of the push-pull stage consisting of transistors
QI and Q2.

Circuit Startin_ Problem

An external means of starting the self-stabilizing chopper is required

to initiate each half-cycle of operation. This is necessary since the

saturation of the drive transformer TI during the previous half cycle
shuts off the main chopper transistors.

A modification was investigated and decided upon as a solution to i

the starting problem. This circuit utilizes a gate pulse input rather

than the fixed leakage coupling previously discussed. The gate p_ise
is synchronized to the variable frequency square wave source so that

it is _ plied to the bases of transistors QI and Q2 alternately 9 at the
same instant that either transistor _ or Q3 is forward biased. The

gate pulse momentarily forward biases the bases of transistors QI and Q2

alternately, at the same instant that either transistor Q4 or Q3 is for-
ward biased. The gate pulse momentarily forward biases the bases of

transistors QI and Q2 alternately, thus allowing the input voltage E to

be impressed across drive transformer TI. The regeneration process is

initiated, and the circuit operates as previously described.

Satisfactory starting characteristics were obtained with this

starting method. All further breadboard testing was done using the

gate pulse starting technique.

Circuit Recover 7 Time Lag Problem

The finite recovery time of the main chopper transistors, after
driver transformer TI has saturated_ results in a transient low impedance

condition existing across the input voltage. This causes a large curren_

spike to be dr_n through the driver transformer. This current spike

introduces an additional time delay in circuit recovery time, thus

resulting in significant power losses for the system. Preliminary

breadboard testing indicated that if this current pulse could be limitedp
the recovery time of the chopper circuit could be increased, and the

power losses associated with this recovery lag could be minimized.
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Investigations were conducted to determine circuit methods for
achieving sameform of current limiting. The investigation covered three
methods, designated as resistive current limiting, degenerative feed-
back current limiting, and transistor current limiting.

The degenerative feedback curren_ limiting shownin Figure 10p was
determined to be the best solution to the current spike problem. Assume
transistor Q1 and Q3 are driven into saturation; a current spike is
drawn through transformer T1 and transistor Q3when T1 saturates. As
the current increases, the voltage drop across resistor R6 also increases
reducing the base-emitter bias of transistor Q3. This causes _ransistor
Q3 to comeout of saturs_ ion, thus introducing a large resistance into
the line. The result is a current spike whose amplitude is significantly
less than that with no current limiting.

Effects of Degenerative Feedback Current Limiting

Experimental testing has shown that the chopper system using degen-

erative feedback current limiting requires a larger frequency range,
compared _o a system with no current limiting, to maint_n a constant

output voltage for line and load variations. Figure 9, shows a typical

collector to ground waveform in the driver stage.

A

I
J

T J
Collector To Ground Waveform - Driver StageFigure 9

It was found that the area of section A during transistor satur-

ation remained relatively constant as input voltage was varied. However,
both the voltage magnitude and the pulse width of section B during

current limiting increased as input voltage increased. The amplitude

of section B is approximately the input Voltage _pplied from the collector

to ground. The pulse width of section B appears to be dependent on the

storage time of the chopper transistor. The efi'ect of current limiting

is to leave the base of the chopper transistor floating, since the

magnitude of the induced reverse voltage upon saturation is made very
small by this current limiting method. The magnitude of this reverse

voltage is not large enough to reverse bias the chopper transistor_ thus
tending to increase its storage time.

3O
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As input voltage increases, the effective gain of the chopper
transistor decreases. This is because the base drive for the transistor
is derived from the variable input impressed across the driver trans-
former. The net effect is to require a larger frequency range for con®
trolling the output voltage against line and load variations with this
degenerative feedback method of current limiting.

Balanced Output Problem

A problem occurred early in the experimental testing in connection

with obtaining a balanced output waveform from the push-pull chopper

power stage. The asymmetrical output of the push-pull chopper occurred

over the entire input voltage range and for all load conditions. The

degree of asymmetry was greater at light loads than at full Iced. This

asymmetrical operation of the chopper made operation erratic at low

input voltage and heavy Iced. Conditions were such that only one side

of the push-pull chopper could be pulse-width controlled.

Preliminary tests indicated that the problem was caused by the input
impedance characteristics of the chopper transistors. It appeared that

an input impedance mismatch of the chopper transistors reflected an un-

balanced load of sufficient magnitude to affect operation of the satur-

ating driver transformer. A possible solution to this problem would be

to cancel out the impedance variation characteristics of the chopper
transistors. To effectively do this would require the series resistors

R2 and R_ of Figure 8 to have values significantly larger than the

maximum reflected input impedance characteristics of the chopper trans-

istors. This condition would not be compatible with the high efficiency

requirement since significant power losses would now be associated with

these resistors. An alternate solution to this problem would be to

require matched input impedances for the chopper transistors; this would

require both matching of transistor gain and base-emitter voltage. In

addition, the input characteristics of the transistors would have to be

closely matched for all possible voltage and load ccnditions.

The resultant disadvantages of the solutions above required an

investigation for an alterrmte self-stabilizing chopper scheme. A circuit

concept investigated was a single-ended version of the basic push-pull

chopper. The single-ended self-stabilizing chopper power stage is shown

in figure IO. Circuit operation is similar to the push-pull chopper

except for the output of the driver. The output of the driver is half

wave rectified through diodes D3 and Dh and connected in a frequency

doubling configuration at the base cf transistor QI. Thus, transistor

QI operates at twice the fundamental frequency of the system. This

circuit concept utilizes the full power capability of the driver stage.

j T
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The single-ended version of the chopper was tested and gave satis-

factory performance. All development testing and performance testing

discussed in this report was accomplished using the single-ended circuit
scheme.

_Rl "

Figure i0 Single Ended Self-Stabilizing Chopper

 .2.3 F al .c .c t Co !,, uration

The final circuit configuration of the chopper power supply is shown

in Figure ii. Since the chopper is working in the open loop configuration

a separate voltage source is required for the variable frequency oscillator

and drive circuitry.

Oscillator

The oscillator is a conventional saturating core square wave oscillator

consisting of a push-pull amplifier, transistors QI and Q29 a saturating

transformer TI, which supplies base drive to the transistors and an output
coupling transformer T2. A starting circuit of diode DI and resistor R6

insures starting of the oscillator.
E x 108

The frequency of oscillation is defined by the equation f = h NBA

where N is the number of turns on the primary of tr_sfor_er TI, B is the

flux density in lines/sq, inch. and A is the cross sectional area of core

in sq. inches. The voltage E, impressed across the primary is a square

32
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wave with a peak amplitude equal to twice the supply voltage minus the

drop across the feedback resistor RI. Thus, when the resistance of RI

is a minimum, the maximum frequency of oscillation is obtained. If
resistance RI is increased, the voltage developed across transformer

T1 will decrease. Since the volt second product is constant, the

frequency of oscillation will, therefore, decrease. The minimum limit
of operating frequency is determined by the minimum base-to-emitter

voltage required to drive the switching transistors, QI and Q2. The
result is a range of frequencies found experimentally to be about 2.5
to I.

The Gate Circuit

The operation of the gate circuit is as follows_ The square wave

across transformer T2 is differentiated by R24-CI and R25-C29 half-wave

rectified and applied to the base of transistor QII as a train of positive

pulses at twice _he frequency of the oscillator. This frequency doubling

is required since the output pulses of transistor QI2 are used to gate

on the chopper transistor QI3 every half cycle.

Two transistor stages are required to provide adequate amplification

of the pulses to the base of transistor _3. This is accomplished mainly

by the second stage, transistor QI2, whose B+ is made to follow the input

to chopper transistor QI3.

The Driver Stage

The driver stage consists of two push-pull stages (Q3-Q6) and a

push-pull Darlin_ton pair (Q7-QIO) for driving the main chopper transistor.

The use of Darlington amplifiers in the third stage is necessary to

achieve the high gain requirements.

The three stages in the driver are necessary in order to maintain

a carefully controlled drive into the Darlington amplifier. Controlled

drive is required to insure effective current limiting.

Output Filter

The output filter consists of a free-wheeling diode DI3 and a low

pass filter consisting of choke LI and capacitor C6. The low pass filter

averages the output of the chopper stage to provide a constant DC output.

System Operation

Assume a positive voltage is applied to the base of drive transistor

QT. At the same instant, a positive pulse from the gate circuit is

3k
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applied to the base of chopper transistor QI3o This turns transistor Q13

on for a very short instant of time. Through transformer action, base

drive for transistor Q13 begins to flow. _Nhen the volt-second ratio

of transformer T3 is exceeded, T3 saturates and current limiting results.

The ba_e drive to transistor Qi3 collapses and Q13 turns off.

The other half-cycle is inltia_ed when the base of transistor Q8

is forward biased at the same insSmut transistor Q13 is pulsed on.

Regeneration occurs and the process repeats itself.

The output voltage from the chopper is applied across the free-

wheeling diode DI3.

The low pass filter averages chopped voltage to provide a DC out-

put voltage.

4.2.2 Preliminar_ Data

Prel_minary tests were performed to determine the efficiency-fre-

quency characteristics of the chopper circuit. Efficiency tests were

run on a iO watt self-stabilizing chopper power stage and output filter

a_ several switching frequencies. These tests were performed to deter-

mine the frequency-efficiency characSeristics of this circuit. The

power stage was operated in a single-ended configuration_ and a constant

470 load (approximately 2% load) was maintained across the output
terminals to simnlate normal control circuit loading. The efficiency

measurements were based on power measurements at the input of the chopper

power stage and at the output of the filter. The input power measure-

ments included gate drive power but did not include frequency control

stage power cr budTer driver stage power. Efficiency measurements

were made for nominal switching frequency designs of 5, 1% 20_ and 3OKC.
The degenerative feedback current limiting technique was used in these
tests.

Figure 12 shows the _ii load efficiency versus input voltage for

each of the frequencies tested. The curves show that the drop off of

efficiency is more rlpid for the higher switching frequencies. The peak

efficiency for the 5KC test was 91.5% whereas the peak efficiency for

the 30KC test was 86.3%_ both of these points occurred at i0 volts input.

At 20 volts input the efficiency for the 5KC test dropped to 79.0%
whereas the efficiency for the 3OKC tes_ was only 68.6%.

Investigations were conducted to determine the distribution of losses

in the circuit. It was found that the bulk of the power losses were in

the filter c_rcuit with the losses increasing significantly with the

input voltage. Preliminary tests sho_ed that a significant portion of
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the power losses at high voltage occurred across the free-wheeling diode.

The diode used was a fast switching type, but had a typical forward drop
of 0.8 volts at 1 amp. The conduction time of this diode increased %o

nearly 50% at 20 volts input because of the duty cycle requirement. The

remainder of the losses in the filter occurred primarily across the choke

as combined AC and DC losses with the DC losses alone being approximately
one-half watt.

The power stage and driver stage showed relatively high efficiency

of opera_ion_ the average efficiency of these stages over the ir@ut

voltage range was 9h%. Measurements were made of the drive losses at the

input of the main chopper transistor. The drive power was mainly a

function of the input voltage and was relatively independent of load.

For example_ the drive power at I0 volts input varied from 105 milli-

watts at no load to II0 milliwatts at full load_ _he drive power at
20 volts input varied from 405 milliwatts at no load to hTO milliwatts
at full load.

4.2@5 Chopper Scaling Design

The criterion on which the scaling was based is given below for

the different stages within the system.

Saturatln _ Core Square Wave Oscillator

The primary turns of transformer TI were calculated for a

frequency of 30KC f_r the various B+ supply voltages according to the
equation f =__

hNBA

where_ N = number of primary turns of transformer TI

B = Flux density in lines/square inch

A = cross sectio_l area of core in square inches

E = peak _plitude of the square wave across the primary

A +10% tap was added to the primary _o compensate for variations in

the flux density of transformer T1 and the frequency of operation of

driver transformer T3.

Driver Stage

The scaling of component values within the three-stage driver was

based on the power requirements of chopper transistor QI3. The value for
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the degenerative feedback resistor R21 was determined experimentally

based on the amount of current limiting required and the frequency range

required for control of line and load variations.

Ga_e Circuit

The ga_e control stage was relatively unaffected by loading and
required no major changes for the i0, 25 and i00 watt choppers.

Choppe r S_age

The turns ratio of driver transformer T3, _he value of the base

resistors R22 and R23, and the types of transistors to be used for

Q9, 0%0 and Q13 were determined by the power requirements of chopper

transistor Q13. The primary turns of the driver transformer were set

for a maximum frequency of approximately 30KC.

Choke Inpu_ Filter

The component values for the IO watt output filter were determined

experimentally for the lO watt unit and scaled for the 25, 50, and lO0

watt converters with the following relationships:

kl

L = IDC Min.

Where kl is a function output voltage, input

frequenoyandpercent duty cycle.

Where k2 is a function of allowable peak to peak

ripple voltage, ir_t frequency and per cent

duty cycleo

A high speed rectifier was selected for diode DI3 to minimize power

losses during switching.

h.3 DEV_OP_ OF BOOSTER REGULATOR

h.3.1 Booster Concept and Evaluation

The push-pull inverter-rectifier was initially selected for the

booster series of power supplies, as a result of the initial search and

analysis phase. The preliminary tests conducted on the _hopper series
of power supplies indicated that the weigh_ and efficiency goals would

probably be impossible to meet with the inverter-rectifier (I/R) circuit

as the basic booster configuration. Estimates of the component weight

increase indicated a hO% increase in weight of the I/R booster compared

to the chopper. Estimates of the efficiency loss indicated by an approx-

imate 9% loss of efficiency of the I/R booster compared _o the chopper.
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These serious disadvantages required a re-evaluation of the selection

of the I/R circuit as the basic booster configuration. The basic flyback

converter, described in detail in the following section, has been recon-
sidered as the basic booster configuration° This concept has the inherent

ability to overcome the weight and efficiency disadvantages of the I/R
circuit discussed above.

One of the series lir_tations 9 presented in the initial analysis of
+_h_ £iyback converter is its inability to provide inherent protection

against short circuits. Means of provioing short circuit protection

for this circuit are presently being actively investigated.

h.3o2 Initial Development Effort

The basic fiyba_k circuit makes use of an induced voltage in series

with the source voltage to boost the output voltage° The basic circuit

is shown in Figure i3

i- D ]

_J_ I.

V0. o, c

0

Figure 13 BASIC FLYBACK BOOTER CIRCUIT

With transistor Q on and diode D off the voltage across the inductor

L is equal to VIN, and there is a linear current build-up in L. di = VIN

After a given time transistor Q is turned off and diodeD_forward biased

The current through the inductor L is then directed through diode D,

capacitor C, and the load. (L is made large enough to supply current

for the load and C during the period that Q is off and D is on). During

this period the voltage across L is equal to VOUT - VINo When transistor

Q turns on again, diode D is back biased, and capacitor C supplies power

for the load whi!e the input source is causing a current build-up in
the inductor Lo

The result is a rectangular voltage across L with a positive value

of VOUT_VIN and a negative value equal in magnitude to VIN. The current

through L is adc value with a triangular wave of ripple superimposed

due to the current build-up and dec_vthrough the inductor.

39



The output voltage is a function of the on _d off time of the fl 7-

back transistor and is given bys VGUT - V_ where f is the freq_enc 7

of operatiea, and t off is the off time of the fl_ck transistor. Thus,
the output can be theoretically boosted to any voltage greater than VIN.

The _ boost voltage is limited by the switching characteristics

of the flyback transistor, diode, and energy sturage capabilities of the

inductor and capacitor.

The basic fl_k power stage is not inherently line compensated.

This c_ensation _st be supplied by a pulse width modulated drive.

The amount of boost is dependent on the ratio of tON to tOFFp and the

amount of boost required is dependent on the ratio of V OUT to V IN.

The on-_Ime of the flyback transistor must be made to change as V IN

varies to obtain inherent line regulation. This could be accomplished

by a voltage level sensitive device such as the _hmitt trigger shown

in Figure i_. The voltage developed across resistor R2 is proportional

to the input voltage. This voltage is compared to a linearly changing

m

Figure I_ BASIC SCHMITT TRIGGER

voltage at the input to transistor _I, thus setting the firing point

of the transistor. The pulse width at the output of transistor Q2,

is, therefore, made a function of the comparison between the ramp input
to transistor Q1 and the _itage across resistor R2.

_.3.2  tlal pe 1, mnt

Several miner development problems occurred during the initial

development phase. One problem was concerned with selection of choke

20
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inductance value for proper no load and full load operation. A second

problem was concerned with limiting the flyback transistor peak current.

A third problem was concerned with control circui_ compensation.

Choke Inductance

The current through choke LI increases linearly during the on-time

of the flyback transistor. During on-time the transistor current is

equal to the choke current, thus the peak _ransistor current is the DC

input current plus one half of the total change in current through the

choke. The net change in choke current is a triangular wave that has

equal positive and negative peaks about the dc level.

The magnitude of this triangular wave is inversely proportional to

the choke inductance; therefore, LI must be large enough to keep this

peak current at an acceptable level.

The inductance L1 must supply current for the load, the output

capacitor and the control circuits _hile the booster transistor is off,

and the carrent through the inductor decreases linearly during this

part of the cycle. At extremely light loads the DC current through the

inductance can approach zero before the end of the off time period of

the booster transistore The voltage across the inductor decreases when

this occurs. This makes the normal voltage compensation ineffective

which results in an increase in,the output voltage. To prevent this,

a critical inductance is required and a bleeder resistor, R2Op is necessary
to maintain a minimum current for critical inductance.

Fl_back Transistor Peak Current

The output voltage of the converter is momentarily placed across the
flyback transistor at the instant of transistor turn-on. This is caused

by the finite recovery time of diode D in the flyback circuit. As a

result of this_ the transistor draws a spike of current much greater than
the normal peak switching current. A fas_ switching rectifier must be

used for diode D to minimize this spike current.

Con tro ! Circuit Com_,ensation

For proper operation of the line compensating section of the pulse

width modulator circuit there _st be a change in the trigger reference

voltage proportional to each change in source voltage. The base-emitter

drop of transistor QI must be added to the voltage across resistor R2 to

get the effective reference voltage for triggering. This base-emitter

drop introduces a non-linearity which must be compensated for. It can

be seen from the circuit diagram of the _pnlse width modulator
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circuit (Figure 15) that the omitter'base drop of transistor Q3 c_mpen-
sates for only half of the drop, and the addition of diode DI is necessary
to completely compensatefor the base-emitter drop in QI.

4.3.3 Final Circuit Configuration

In the fina± circuit_ shown in Figure 16, the basic booster circuit
is driven from transi°ormer T1 and is switched by two supplemsmtary windings

on the transformer, the trigger and reset windings. A current feedback

approach is used, because it supplies efficient drive at all levels.

The trigger winding is necessary only to initiate the turn-on of the

flyback transistor Q9_ after turn-on the current feedback winding supplies
suiTicient drive to maintain saturation.

The reset winding is necessary to reset the core during the off time

of the flyback transistor and to supply a large negative current spike

to insure fas_ transistor turn-off. Capacitor C5 is charged through

resistor R19 to supply the current spike necessary for reset. Resistor

R18 prevents capacitor C5 from discharging excessively during turn-off,

so that it can supply the voltage necessary to reset the core of the
drive transformer.

The reset transistor Q8 is turned on and off by the pulse width

modulated rectangular wave form transistor Q6. Transistor Q6 is used to

amplii_y the output of the pulse width modulator circuit. The trigger

transistor Q7 is turned on through capacitor C4 when transistor Q8 turns
off.

The pulse width modulator, which supplies the control for switching

the reset, is triggered by a sawtooth voltage formed across capacitor
C1. Capacitor C1 is charged through resistor Rh and transistor Ql_ the

voltage across capacitor C1 is reset to zero, to initiate each half cycle.
Transistor Q2 is pulsed from a conventional uniJunction relaxation

oscillator which operates at a frequency of about 30KC. Open loop

control of the output voltage is accomplished by varying the state of
conduction of transistor Q1. This is accomplished by varying its base

bias with the voltage divider consisting of resistors R1, R2, and R3.

h.3oh Booster Preliminar_ Data

Preliminary tests were performed to determine the efficiency-fre-

quency characteristics of the booster circuit. Efficiency tests were

run on a lO-watt booster for nominal switching frequencies of IOKC

20KC and hOKC. Power was measured at the source terminals and the output

termir_s_ and did not include losses in the unijunction oscillator or

the ramp generator. Figure 17 shows the full load efficiency versus
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Figure 15 PULSE WIDTH MODULATC_
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input voltage for each of the frequencies tested. At iO KC amd 20KC the

peak efficiency was 98.9% and at hOKC the maximum was 88.5%, and the
minimum efficiencies were 87.6% at IOKC and 2OKC _d 86._% at hOKC.

For all frequencies the maximum efficiency occurred at the 15 volt

input and the minimum efficiencies were at low-line.

Investigations were conducted to determine the distribution of losses
in the iO-watt booster. At low-line it was found that the bulk of the

losses were fairly evenly distributed with about O._ watt each inhhe

reset circuit, the flyback diode and the choke, and about 0.3 watt in

the flyback transistor. At high-line the losses in the choke and fly-

back transistor became very small (about Ooi watt each), and the losses

in the diode were about 0.2 watt, but the reset losses increased to
about 0.55 watt.

 .3o5 Booster,S llng Design

The booster was divided into two main sections; The power stage and

the control stage. The control stage consisted of a uniJunction relax-

ation oscillator, a linear ramp generator, a pulse width modulator, and

the trigger-reset circuit. -.

The control stage was relatively unaffected by loading and required

no major changes for the I0, 25 and 50 watt boosters, because the base

drive for the power stage was supplied by a current feedback transformer.

The i00 _tt booster operated at higher voltage levels, therefore, all

resistors were increased in proportion to the voltage increase to keep

the curren5 levels appraximately constanto

The power stage, which consisted of the basic flyback circuit and

driver transformer, had to be scaled for the different current levels

of the iO, 25, and 50 watt units and the higher voltage levels of the
I00 watt unit.

The critical value for L1 is defined by the mi_ DC input current

with no external load on the booster. This was assumed to be appraximately

5% of full load irAout current. At the critical value IDC = _i

_i = peak to peak ripple current in amperes and L was defined by-_

f .... he _ s
"_'7-

f - frequency of operation
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L1 was calculated for the condition where EIN was equal to one half
EOUT; it can be shown that this is the maximum value for L.

The flyback transistor Q9 was sized according to peak collector

current which was approximately equal to the DC input current. Diode
D2 was sized by the average current through it which was calculated as

the product of the DC input current and the duty cycle of the diode.

The transformer was unchanged for the I0, 25, and 50 watt units

except for wire size. The I00 watt booster operated at a higher
voltage, thus, the number of turns in the reset wind was increased.

Capacitor C6 was sized by voltage rating and permissible ripple

voltage. The ripple voltage requirements were satisfied by_

C = EOUT -EIN

f RL4V
Z_V = peak to peak output ripple

voltage

RL = load resistance

The lowest values for EIN and RL were used to calculate the minimum
capacitance necessary to satisfy the ripple requirements.

4.4 BREADBOARD TESTING AND EVALUATION

Selected performance tests were run on the four chopper and four

booster breadboards. The following tests were performed on each class
of breadboards:

I. Efficiency
2. No load losses

3. Open loop regulation for line variations

4. Open loop regulation for load variations

5. Open loop regulation for line and load variations

6, Open loop regulation versus temperature

7. Output voltage stabiAity
8. Overload and short circuit characteristic

9. Output voltage ripple

I0. Input current ripple

II. Frequency control versus input voltage for the chopper bread-

boards and per cent duty cycle characteristic versus input
voltage for the booster breadboards.

Performmnce curves from the test data are included in appendices I

and II. Included with the performance data _s a detailed data analysis
for the I0 watt chopper and lO watt booster.
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h.5 MCDULARIZATI ON

The overall objective of this program was to satisfy anticipated

satellite power conversion system requirements by utilization of modular-

ization concepts for the power conversion circuits. The anticipated

modular breakdown consisted of: a regulator-converter module for obtaining

voltage regulation and control for DC source variations; DC to DC con-

version modules for obtaining isolation, voltage transformation, and

multiple output voltages; output regulator modules for providing the

required matching characteristics to the load. The present program was

limited in scope to modularization of the non-dissipative regulator-

converter portion of this system.

The original goals set forth in this program were modularization

with respect to output voltage level, and to output power level. Modular-

ization with respect to output voltage level was divided into two groups,

one group being those converters having output voltages less than the

minimum input voltage, and the second group being those converters having

output voltages greater than the maximum input voltage. The converters

in these groups were categorized as either choppers or boosters respectively.

Modularization with respect to output power level was made at the output

power levels of I0, 25, 50, and I00 watts.

The direct result of this modularization approach was to pursue

separate programs of development for the chopper regulator converter

and for the booster regulator converter. Each of the regulator-converter

concepts were to be capable of being scaled to the desired output power

levels. Modularization within each converter concept was established

as a goal wherein specific signal and control circuits could be made

independent of power level. Achievement of this goal would enable

these circuits to be utilized at any power level.

The modularization goals achieved during the Phase I program for

the chopper regulator were:

I. Scaling with respect to power level was possible.

2. Selection of components for the power stage, driver stage, and

filter stage was power dependent.

3. Circuits common to all power levels was restricted to the

variable frequency source and the chopper transistor gate

circuit.

The modularization goals achieved during the Phase I program for the

booster regulator were:

I. Scaling with respect to power level was possible.

2. Selection of components for the power/filter stage and trigger/

reset driver stage was power dependent.

3. Circuits common to all power levels was restricted to the fixed

frequency source and pulse width modulator circuits.
h8
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CHOPPER - REGULATOR

The final configuration selected for the power stage for the chopper-

regulator series is the single - ended self-stabilizing chopper. External
gate trigerring has been selected as the most suitable means of circuit

starting. The degenerative feedback method of current limiting was shown

to be the most effective method of improving circuit recovery time. This

method of current limiting required a significantly larger range of operating
frequency to maintain output voltage control.

The frequency-efficiency tests on the chopper regulator have shown that

the peak efficiency occurs at minimum input line, and that a nominal switching

frequency of 30 KC was a reasonable frequency consistent with minimum size

and maximum efficiency. Analysis of these tests showed that bulk of the

power losses were associated with the output filter. Optimization of the

output filter should improve this efficiency characteristic. The efficiency
tests at full load ranged from 83.5% at I0 watts to 89.9% at I00 watts. This

was mainly caused bY the power losses within the circuit becoming a smaller

percentage of the total output power as the power level increased. At a

constant power level, the efficiency decreased as the input voltage increased

because the power losses within the circuit were higher at maximum input
voltage.

The no load losses increased as the power level increased. This was

caused by the higher current being drawn by the 5% bleeder resistor at the

higher power levels.

The open loop voltage regulation tests for line and for load showed

that the chopper power supply with degenerative feedback current limiting

had poor inherent regulation. This problem was caused by the storage time

of chopper transistor Q13.

The frequency range vs. input voltage tests showed that approximately
a 2.5 to 1 frequency range was required to maintain a constant output

voltage. This range could be decreased if the storage time of chopper
transistor Q13 were reduced.

The open loop voltage regulation vs. temperature tests have shown that
the chopper power supply exhibits a positive temperature coefficient charac-

teristic. This condition can be brought within specification when the

system is operated in the closed loop configuration.
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The output voltage stability test showed that the output voltage

exhibited an increasing upward trend during the forty-four hours. To be

considered conclusive, this test would have to be run over a longer period
of time with many more points recorded.

The overload and short circuit characteristic tests showed that the

chopper switches into a constant current mode of operation as the load is

increased above 100%. The amplitude of the constant current was higher at

maximum input voltage than at minimum input.

The output voltage ripple tests ha_e shown that the low frequency

components were higher at no load than at full load and that they increased

as the input voltage increased. The tests also showed that an RFI type

filter would be required to reduce the high frequency ripple components to
be within acceotable limits.

The input ripple tests showed that the chopper had no inherent means

of filtering the ripple current feedback, since the ripple current feedback

was the peak switching current. The tests showed that the low frequency

components were higher at full load than at no load. At no load, the

ripple was fairly constant. At full load, the ripple was a minimum at low-

line, increased and leveled off at high-llne.

5.2 BOOSTER - REGULATCR

The final circuit configuration selected f_ the booster-regulator series

is the single-ended flyback booster controlled by a line compensated variable

pulse width modulator.

The results of the preliminary frequency-efficiency data indicated

that 3OKC was a reasonable operating frequency consistent with minimum

size and maximum efficiency.

The full-load efficiency of the booster power supplies showed an

increase with power level_ at I0 watts the peak efficiency was 87.7_

and at IO0 watts the efficiency reached 95.0%. For all power levels

the efficiency was greatest at the higher input voltage.

The no-load losses increased at the higher power levels, because the

lower inductances used required larger minimum dc currents. The open loop

regulation for all variations of line and load was within +5% of 22.00 VDC
for the IO watt booster and ±2% of 35.00 VDC for the IO0 watt booster.

Limiting the minimum load to 25% the variations in output voltage were
reduced to +3._% for the I0 watt booster and ±1.6% for the I00 watt unit.

The regulation could be improved considerably by optimizing the choke and

reset circuitry.

5O
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In the output voltage vs temperature regulation tests, the IO watt

and 100 watt boosters exhibited negative temperature coefficients, while
the 25 and 50 showed positive temperature coefficients. These variations

of output voltage with temperature were due to the temperature coefficients

of the semiconductor Junctions, and they can be brought within specifica_
tions with closed loop operation.

The overload test indicated that there was no short circuit protection.

The output voltage dropped off due to IR drops as the load was increased,

but the drop-off was not sufficient to protect the unit or its source.

The percent duty cycle data showed that a control range from about 5%

to 55% on-time was capable of regulating the output of all the booster

power supplies.

Both input ripple current and output ripple voltage were considerably

higher than allowable. This indicated that either a larger choke and output
capacitor were necessary, or supplementary L-C filters would have to be

added to the input and output of the booster power supplies.

The stability data indicated a general trend toward increasing output

voltage over a period of 44 hours. To be conclusive, however, this test

would have to be run over a longer period of time with many more data
points taken.

5.3 OVERALL RECOMMENDATIONS

It is recommended that the present booster concept be further developed

in the Phase II program. The further development work would include opti-

mizing the filters required to satisfy the input/output ripple requirements,
and optimizing the control circuits. Final effort would then be directed

to obtaining satisfactory closed loop performance with this series of power
supplies.

It is recommended that the present chopper concept, which utilizes

the variable pulse width variable frequency scheme, be discontinued. The

problems associated with circuit starting and current limiting have required

that complex auxiliary circuits be used to obtain proper performance of the

basic power stage concept. In addition, major effort is still required to

obtain good inherent line regulation because of the turn-off problem of the

main chopper transistor.

It is recommended that the basic control concept developed for the

booster power supplies to the chopper power supplies, since the booster

control concept has been shown to provide tighter inherent line compen-

sation and higher overall efficiency. With this concept, further develop-
ment work for the chopper would include optimization of filters and control

circuits and obtaining satisfactory closed loop performance.
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7.0 CONFERENCES

On July 5, 1964, a conference was held with Messrs. Yagerhofer and

Pasciutti of NASA Goddard. Discussion concerned program progress, philo-

sophy of the study, and a review of the literature search. The criteria

for selection of circuitry was reviewed, and weighting factors established.

On September 25w 196h, a second conference was held with Mr. Pasciutti.

Program progress was discussed, and a rough draft of the first quarterly
report was reviewed. It was decided that the original program plan

should be modified somewhat, with the aim of performing most of the
analytical and feasibility investigations before any formal breadboard
work was initiated.

A conference was held at NASA, Goddard on July I, 1965. In

attendance were Messrs. F. Yagerhofer and E. Pasciutti representing NASA,

and Messrs. E. Trifari and F. Raposa representing H_ED. Technical status

and contract status of the progrsm were reviewed. Program extension for

the phase I program and initiation of the phase II program were discussed

and agreed upon.

conference was held at NASA, Goddard on November 29, 1965. In

attendance were Messrs. F. Yagerhofer, E. Pasciutti and G. Burgholder

representing NA_, and Messrs. E. Trigari and F. R_posa representing
HSED. The outline for the final project report for the Phase I program

was reviewed and approved by the NASA technical representatives.

Technical status of the booster concept effort then in process was

discussed in detail. A request for contract modification was submitted

for retention of the breadbosrds from the Phase I program for the remainder

of the Phase IIoprogram.



8.0 N_ TECHNOLOGY

Not applicable during this reporting period.
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APPENDIX I

BREADBOARD TEST DATA

CHOPP_ REGULATOR POWER SUPPLIES

NOTE

Selected electrical performance tests were

run on the four chopper breadboards. The
data for the lO-watt breadboard is shown in

Figures l-1 through Ill and typical wave-

forms of output voltage ripple and input

current ripple are shown in Figures 1-12

through 1-13. Data for the 25, 50 and 100

watt breadbosrds is shown in Figures I-l_

through 1-49.

An analysis of the iO watt chopper bread-
board data is presented in this section.

I-I
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I-I EfficiencT,

At full load, the efficiency decreased from 83.5% to 69.5% as the

input voltage increased from iO VDC to 20 VDC. A large part of the

power losses in the circuit were in the power stage and the output

filter. As the input voltage increased to maximum, the power losses

also increased to a maximumgthe bulk of the losses being across the fre@-
wheeling diode and the filter choke.

At a constant input voltage, (i.e. 20 VDC), efficiency decreased
from 69.5% to 27.5% as the load was decreased from full load to 25%

load. This decrease in efficiency was primarily due to the constant

base drive associated with constant input voltage. Thus, the drive

losses at full load were smaller percentage of the total power drawn

from the input than at no load.

1-2 No-Load Losses

The no-load losses increased slightly as the input voltage increased

from a minimum to a maximnm. This is because the power losses within

the driver stage, power stage and output filter increased as the input

voltage increased.

As the power level increased from I0 watts to I00 watts, the no

load losses also increased. This is caused by the increased power losses

within the driver stage, power stage, output filter and load at the higher

power levels. However, the bulk of the increased loss is in the filter
and load because a bleeder resistor of approximately 5% load is required

at the no load condition. Thus_ as the power level increased from I0

watts to IO0 watts, the bleeder current increased. This caused additional
loss in the filter and the load.

1-3 Open Loop Regulation For Line

The frequency was set for an output voltage of 9.0 VDC at I0 VDC

input. Keeping the frequency constant, the output voltage had increased

to 12.57 VDC at full load as the input voltage was increased to 20 VDC.

This increase in output voltage at constant load was caused by the

increase in storage time of chopper transistor Q13. The increased

storage time was due to the decrease in the effective gain of chopper

transistor Q13 as a result of overdrive.

The output voltage was also set for 9.0 VDC at I0 VDC input for a no

load condition. Keeping the frequency constant, the output voltage

had increased to 14.23 volts at 20 VDC in_mt. Again, this increase in

1-2
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output voltage was due to the storage time of transistor QI3. At no load,
the overdrive condition was greater than at full load. This was because
the base current was ralatively independent of load whereas the peak
collector current is lower at no load than at full load. This caused

the storage time of QI3 to further increase as compared to full load.

l-h Open Loop Regulation F&r Load

The frequency was set for an output voltage of 9.0 VDC at full load

and I0 VDC input. Keeping the frequency and input voltage constant,
the output voltage increased to 9.947 VDC as the load was decreased to

no load. This increase in output voltage was caused by; a decrease in

the voltage drops in the chopper tr,nsistor QI3_ and an increase in its

storage time.

An output voltage of 9.0 VDC was set at full load and 20 VDC input.

Keeping the frequency and input voltage constant, the output voltage
increased to 13.92 VDC as the load decreased to no load. This increase

in output voltage at 20 VDC input is caused mainly by the storage time

of transistor QI3. This is because its base current is highest at 20 VDC

input. Thus, as the load current decreased, the collector current of

QI3 also decreased causing a greater overdrive condition at 20 VDC input

thsm at iO VDC input. This resulted in a higher output voltage at no-

load at 20 VDC than at I0 VDC input.

1-5 Open Loop Re_lation for Line and Load

The frequency was set for an output voltage of 9.0 VDC at 15 VDC input 9

full load. Keeping the frequency and load constant, the input was

decreased to IO VDC. The output decreased to 7.405 VDC. The input was

then increased to 20 VDC and the output voltage increased to 10.31 VDC.

This change in output voltage was caused primarily by the change in

storage time of chopper transistor QI3.

At no load, the output voltage varied from 10.04 VDC to 16.11 VDC

as the input increased from IO VDC to 20 VDC, and was about 13.2 VDC
output at 15 VDC input. Since the output was initially set at 15 VDC

input, full load, this increase in output voltage to 13.2 VDC at 15 VDC

input, no load was attributed to the very low collector current at no
load. This resulted in an overdrive condition since the base current is

relatively independent of load and thus caused an increase in storage
time of QI3.

The change in output voltage from I0 VDC to 20 VDC input was greater

at no load than at full load, which was primarily due to increased storage
time.

I-3
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I_6 FreQuenc_ vs. Input Voltage

At no load, 9 VDC output, the frequency varied from 18,160 cps to

11,335 cps as the input increased from 10-20 VDC. At full load, 9 VDC
._utput9 the frequency varied from 25,970 cps to 17,280 cps as the input

voltage increased from 10_20 VDC. This decrease in frequency at a

constant load was caused mainly by the increase in storage time of chopper
transistor Q13 as the input voltage increased.

The frequency range at full load was greater than at no load because

the losses in the power stage and filter stage are higher at full load.

At i0 VDC input, 9 VDC output, the frequency increased from 25,970
_ps to 18_160 cps as the load decreased from full load to no load. At

20 VDC input_ 9 VDC output, the frequency decreased from 17,280 cps to
11,335 cps as the load decreased from full load to no load. This decrease

in frequency from full load to no load was a result of the increased

storage time of chopper transistor Q13. This was because the storage
time of Q13 varied inversely with changes in load current.

1-7 Open Loop Regulation vs Temperature

The output voltage of the I0 watt chopper was set at 9.0 VDC at full

load, 15 VDC input in an ambient temperature of +21 ° C. Without resetting

the frequency, the temperature was increased to + 70 °C and maintained

there for one hour. The output voltage at the end of one hour increased

to 9.812 VDC. The temperature was then decreased to -20 ° C and maintained

there for one hour, at which time the output was recorded to be 8.466 VDC.

The temperature was then increased to +21 ° C ambient, and the output
voltage returned to 9°0 VDC.

1-8 Output Voltage Stability

The frequency of the ten watt chopper was set for an output voltage

of 9.0 VDC at 15 VDC i_put, full load. The unit was then allowed to
operate continuously for 48 hours.

From the data, it can be seen that output voltage exhibits an increasing

upward trend during the _4 hours. To be considered conclusive, this

test would have to be run over a longer period of time with mar_ more
points recorded.

1-9 Overload and Short Circuit Characteristics
, i i ,

At i0 VDC input, the output voltage remained constant from no load
to 117% loado The chopper breadboard then switched into a constant
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current modeof operation, and the output power dropped off rapidly.
about 1.4 VDCoutput, the system switched out of the constant current
modes, and the current increased to a maximumof 2.7 ADCat zero ohms
short circuit.

At

At 20 VDCinput, the output voltage remained constant from no load
to approximately 360%load. The open loop output then switched into a
constant current modeof operationp and the output power dropped off
rapidly. The current remained constant at 4.7 ADCinto the zero ohm
short circuit.

I-IO Output Voltage Ripple

The ripple voltage was divided into two components, The low fre-

quency component was interpreted as the ripple below one megacycle and

the high frequency component as all ripple over one megacycle.

The low frequency output ripple voltage at both no load and full

load increased, peaked and then dropped off as the input voltage increased

from 10 VDC to 20 VDC. This indicated that the AC components of the

voltage across the input to the filter peaked and then dropped off as

the input increased to 20 VDC input.

The output ripple voltage was higher at no load than at full load.

This was because of the lower frequency of operation at no load which

resulted in the decreased attenuation of the AC components by the
filter.

I-ll Input Ripple Current

The input ripple current was defined as the zero to peak input
current which was switched by the chopper power stage. It was divided

into two components; the low frequency component was interpreted as the

ripple below one megacycle, and the high frequency components as all
ripple over one megacycleo

The low frequency input ripple current at full load was a minimum

at i0 VDC input voltage. The peak current is a function of the d_y

cycle of the chopper power stage and of the current drawn during current

limiting.

Since the duty cycle at 10 VDC was very high, the current limiting

was negligible. This resulted in a minimum value of peak current-drawn

from the input and thus a lower value of ripple current. As the input

voltage increased, the input current increased and then leveled off at

a peak current determined by the current drawn during current limiting.

I-5
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The low frequency input current ripple at no load remained relatively

constant as the input increased from 10-20 VDC. This was because the peak

current was a function of the current drawn during current limiting which
remained constant for changes in line voltage.

I-6
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Output Ripple Voltage at No Loac - 15 Volt Input
Verbical Scale - 0.I Volt/CM

Horizontal Scale - I0 u sec/CM

Output Ripple Voltage At Full Load - 15 Volt Input
Vertical Scale - 0.i Volt/cm

Horizontal Scale - lO u sec/cm

Figure 1-12 Output Ripple Voltage i0 Watt Chopper
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Input Ripple Current At No Load - 15 Volt Input
Vertical Scale - 0.288 Amps/cm

Horizontal Scale - lO u seclcm

Input Ripple Current At Full Load - 15 Volt Input

Vertical Scale - 0.720 A_,ps/cm
Horizontal Scale - l0 u sec/cm

Figure 1-13 Input Ripple Current lO Watt Chopper
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Output Ripple Voltage At No Load - 15 Volt Input

Vertical Scale - 0.I Volt/cm
Horizontal Scale - lO u sec/cm

Output Ripple Voltage At Full Load- 15 Volt Input
Vertical Scale - 0.i Volt/cm

Horizontal Scale - lO u sec/cm

Figure I-_4 Output Ripple Voltage 25 Watt Chopper
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Input Ripple Current At No Load - 15 Volt Input
Vertical Scale - 0.720 Amps/cm

Horizontal Scale - l0 u sec/cm

Input Ripple Current At Full Load - 15 Volt Input
Vertical Scale - l.hhAmps/cm
Horizontal Scale - lO u sec/cm

Figure 1-25 Input Current Ripple 25 Watt Chopper
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Output Ripple Voltage At No Load - 16 Volt Input

Vertical Scale -.i Volt/cm
Horizontal Scale - lO u sec/cm

Output Ripple Voltage At Full Load - 16 Volt Input

Vertical Scale - .i Volt/cm

Horizontal Scale - lO u sec/cm

Figure 1-36 Output Ripple Voltage 50 Watt Chopper
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Input Ripple Current At No Loaa - 16 Volt Input
Vertical Scale - 0.720 Amps/cm

Horizontal Scale - lO u sec/cm

Input Ripple Current At Full Load - 16 Volt Input
Vertical Scale - 1._ Amps/cm

Horizontal Scale - lO u sec/cm

Figure 1-37 Input Ripple Current 50 Watt Chopper
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Output Ripple Voltage At No Loa_ - 27.5 Volt _nput

Vertical Scale - .i Volt/cm
Horizontal Scale - 10 u sec/cm

Output Ripple Voltage At Full Loaa - 27.5 Volt Input
Vertical Scale - .1 Volt/cm

Horizontal Scale - lO u sec/cm

Figure 1-48 Output Ripple Voltage lO0 Watt Chopper
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Input Ripple Current At No Load - 27.5 Volt Input

Vertical Scale - i.84Amps/cm

Horizontal Scale - lO u sec/cm

Input Ripple Current At Full Load - 27.5 Volt Inpu_

Vertical Scale - 2.88Amps/cm

Horizontal Scale - i0 u sec/cm

Figure I-_9 input Ripple Current I00 Wa_t Chopper
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APPENDIX II

Breadboard Test Data

Booster Regulator Power Supplies

NOTE

Selected electrical performance tests were run on the four booster

breadboards. The data for the 10 watt breadboard is shown in figure II-1

through 11-11, and typical waveforms of output voltage ripple and i_put

current ripple are shown in figures II-12 through II-13. Data for the 25,
50 and 100 watt breadboards is shown in figures II-14 through II-49.

An analysis of the I0 watt bosster breadboard data is presented in
this secti on.

II-I
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BOOSTER DATA ANALYSIS

II=I Efficienc_

The efficiency tests were run at full, 3/4, ]/2 and 1/4 load with the

output voltage held at 22.0 volts as the input voltage was varied from IO
VDC to 20 VDC. At full load the efficiency increased from 86.4% to 87.7%

as the input voltage was increased from I0 VDC to 20 VDC. This was primarily
due to a decrease in the DC current through the choke and the peak current

through the flyback transistor. At 25% of full load the efficiency decreased
from 76.3% at IO volts in to 67.0% at 20 volts in. This was accounted for by

reset losses. At low power levels the losses of the main power components

decreased, but the losses in the reset circuit remained relatively constant
as the load was decreased and increased with input voltage.

11-2 No Load Losses

The no load losses of the i0 watt booster varied from about .55 watts

to .85 watts as the input voltage increased from I0 VDC to 20 VDC, and varied

from 4.4 watts to 4.9 watts for the I00 watt booster as the input voltage was
varied from 22 volts to 33 volts. The losses were higher for the I00 watt

booster_ because the inductance was about 25% of the value for the i0 watt

booster. This made it necessary to make the no load current in the i00 watt
booster about four times that of the I0 watt booster to keep the current in

the choke continuous. This demonstrated that at light loads the major losses

were in the reset circuit. As explained above_ the reset losses were relatively

independent of load and increased with input voltage.

11-3 Open Loop Voltage Regulation for Line Variations

The open loop line regulation showed a low point in the output voltage
at about 15 volts inputs. The droop became more pronounced at light loads.

Experimental data and calculations have shown that at about 15 volts input

the ratio of the voltage across the reset capacitor C5 to the on-tima of the

flyback transistor was a minimum. This indicated that the volt-second product

during the on-time of the flyback transistor could become greater than the

volt-second product during reset which is supplied by the voltage across

capacitor C5. Under this condition the drive transformer saturated during

the on cycle and turned off the flyback transistor before its duty cycle

was completed. This resulted in a decreased output voltage. This caused
a total excursion of about .42 volts at full load and about I.I volts at

no load.
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11-4 Open Loop Voltage Regulation for Load Variations

As the load was decreased from full load to 1/4 load the output voltage

increased from 22.0 to 23.3 volts at low line and 22.0 to 22.18 at high line.

The change was linear indicating an effective voltage drop.

At loads less than 25% of full load, the DC input current became smaller

than the zero to peak input r_pple current, so the choke current dropped to

zero during the off=time of the flyback transistor. Because of this the

inherent regulation became ineffective and the output voltage increased to

24.1 volts at low line and 22.5 at high line.

11-5 Open Loop Voltage Regulation for Line and Load Variations

The regulation for line and load demonstrated the cumulative effect

of the line regulation and the load regulation. For this test the output

voltage was set once and not readjusted throughout the test. The changes

in output voltage are similar to the line regulation test, except that they

are not equal at full load. The equal distances between the curves at
different load shows that regulation is linear with respect to load except
at no load where the choke current becomes a factor.

The total excursion of output voltage over the entire load and line range

was between 24.0 and 21.5 volts.

11-6 Closed Loop Percent Dut_ Cycle Characteristic

Ideally the percent duty cycle would vary with llne voltage and be

constant with respect to load variations. The test showed that a slightly

longer on-time (i.e. more bcost) was required at full load than no load,

to compensate for IR drops°

At low line the percent duty cycles for no load and full load were

52.0% and 52.5% respectively, and at high line they were 8.0% and 9.0%.
Calculated values for low and high line were 54.5% and 9.1%, respectively.

Values are within the accuracy of the test.

II-7 Open Loop Voltage Regulation for Temperature Variations

The IO watt booster was set at 22 volts out, full load with 15 volts in

after the unit had stabilized at room temperature. Without adjusting the

output voltage the unit was run at 70°C far one hour. The voltage stabilized
at about 20.3 VDC. The temperature was l_ered to -20°C for one hour and the

voltage stabilized at about 21.7 VDC. The change in output was caused by

variations in gain and transistor emitter-base junction changes as a function

of tempe ra ture.

II-S
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11-8 Output Voltage Stabilit_

The output voltage stability test was run continuously for 44 hours.

The results of the stability test showed a general downward trend in

output voltage, but to be conclusive the test would have to be run over

a lo_r period of time with mere frequency readings. The maximum excursion

was 22.01 to 21.86 volts, however, at the end of the test the voltage had

only varied from 22.0 to 22.01 volts.

11-9 Overload Characteristics

The output voltage was set at 22.0 volts at full load for this test;
then the load was increased from no load to about 300% of full load. At

both high and low line the voltage dropped off almost linearly. No attempt

was made to approach a short circuit condition since there were no means of
providing short circuit protection.

!I-I0 Output Ripple Voltage

The ripple voltage was divided into two components. The low frequency
was interpreted as the ripple below 1 megacycle and the high frequency as

all ripple over 1 me gacycle.

The low frequency component was due to the charging and discharging

of C6. The ripple should have decreased as VIN increased because it is
a function of % on-time. The data sh_ed no increase, but this could have

been due to the relative sizes of the high and Io_ frequency components.

ll-ll Input Ripple Current

The ripple current was divided into two components. The low frequency

was interpreted as the ripple below one megacycle and the high frequency as

all ripple over one megacycle.

Theoretically, the ripple at high line should have equalled 1/3 the

ripple at low line. Neglecting changes in Lip the ripple should have been

the same at full load and no load. The data sho_ed a relatively constant
ripple for both load and line. This was probably because the values measured

were very small compared to the high frequency spikes, causing distortion

of the wave shape on the oscilloscope. The measured values were about 107

ma peak to peak.
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P

Output Ripple Voltage At No Load - 15 Volt Input
Vertical Scale - .I Volt/am

Horizontal Scale - lO u sec/cm

Output Ripple Voltage At Full Load - 15 Volt Input
Vertical Scale - .I Volt/on

Horizontal Scale - l0 u sec/cm

Figure II-12 Output Ripple Voltage I0 Watt Booster
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Input Ripple Current At No Load - 15 Volt Input
Vertical Scale - .27 Amp/cm
Horizontal Scale - l0 u sec/cm

input Ripple Current At Full Load - 15 Volt Input

Vertical Scale - 2.7 Amps/cm

Horizontal Scale - l0 u sec/cm

Figure 11-13 Input Ripple Current i0 Watt Booster
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_F_ 3_0

Output Voltage Ripple At No Load - 15 Volt Input
Vertical Scale - .I Volt/cm

Horizontal Scale- lO u sec/cm

Output Voltage Ripple At Full Load - 15 Volt Input

Vertical Scale - 1.0 Volt/cm
Horizontal Scale - i0 u sec/cm

Figure II-gh Output Ripple VoLtage 25 Watt Booster
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_EH 3A_O

Input Ripple Current At No Load - 15 Volt Input
Vertical Scaie.2 7 Amps/cm
Horizontal Scale - I0 u sec/cm

Input Ripple Current At Full Load - 15 Volt Input
Vertical ScaLe 2.7 Amps/cm
Horizontal Scale - 10 u sec/cm

Figure 11-25 Input Ripple Current 25 Watt Booster
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HSER 31_0

Output Ripple Voltage At No Load - 16 Volt Input
Vertical Scale - .I Volt/cm

Norizontal Scale - I0 u sec/cm

Output Ripple Voltage At Full Loaa - 16 Volt Input

Vertical Scale - .2 Volt/cm

Horizontal Scale - l0 u sec/cm

Figure 11-36 Output Ripple Voltage 50 Watt Booster
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HSER 3140

Input Ripple Current At No Load - 16 Volt Input
Vertical Scale - .27 Amp/c_

Horizontal Scale - l0 u sec/cm

Input Current At Full Loaa - 16 Volt Input
Vertical ScaLe - 2.7 Amps/cm
Horizontal Scale - lO u sec/cm

Figure 11-37 Input Ripple Current 50 Watt Booster
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HSE_31hO

Output Ripple Vo±tage At NoLoad - 27.5 Volt Input
Vertical Scale - .i Volt/cm
Horizontal Scale - lO u sec/cm

Output Ripple Voltage At Full Load - 27.5 Volt Input
Vertical Scale - .3 Volt/cm
Horizontal Sca±e - i0 u sec/cm

Figure 11-48 Output Ripple Voltage lOOWa_t Booster
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HSER 3120

Input Ripple Current At No Loa_ -

Vertical Scale - 2.7 Amps/cm
Horizontal Scale - lO u sec/cm

27.5 Volt Input

Inpui_Ripple Current At Full Load - 27.5 Volt Input
Vertical ScaLe - 2.7 Amps/cm
Horizontal Scale - IO u sec/cm

Figure II - h9 Input Ripple Current i00 Watt Booster
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