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ABSTRACT OF THE DISCLOSURE 

A high-power DC-to-DC converter (or “chopper”) sys 
tem provides an input voltage V1 of substantially constant 
level to a chopper which includes a switch. The opened 
and closed times of the switch are controlled to pass an 
output voltage Vo of variable magnitude through a ñlter 
to a load. A control circuit is connected to actuate the 
chopper over a variable frequency range, and practical 
operating conditions such as heating of the switch impose 
an upper limit on this frequency range. The chopper is 
operated such that the output voltage Vo is one-half the 
input voltage V1 at the maximum operating frequency 
of the chopper. To provide levels of output voltage Vo 
less than half V1, the frequency is gradually reduced as 
the chopper on dwell time is maintained approximately 
constant or allowed to decrease. To provide levels of out 
put voltage V0 greater than one-half the input voltage Vi, 
the chopper operating frequency is gradually reduced as 
the chopper otf dwell time is maintained substantially 
constant or allowed to decrease. Circuit details of a con 
trol circuit for operating the chopper according to this 
method are set out. 

BACKGROUND OF THE INVENTION 

A chopper or DC-to-DC converter in general comprises 
a switching circuit supplied with a DC bus voltage V, and 
operable to provide a variable DC output voltage Vo which 
is a fraction of the input voltage level V1. This is ac 
complished by actuating a switch, frequently a semicon 
ductor switch such as a silicon controlled rectifier (SCR) 
or a power transistor, to apply either virtually the full 
DC bus voltage V1 or substantially zero voltage to a 
filter which is coupled between the chopper and the load 
to smooth the output from the chopper. 
The DC bus voltage V1 may be provided from any suit 

able source, such as a battery, rectiñer circuit, fuel cell, 
or other unit. The filter generally has an inductor and a 
capacitor, and provides a DC voltage which is approxi 
mately equal to the average output voltage level of the 
chopper. This average output voltage Vo in turn is varied 
by changing the length of time for which the full DC bus 
voltage is passed to the ñlter, termed the “on dwell time” 
or pulse width of the chopper, or the length of time in 
which zero voltage is applied to the filter, termed the “off 
dwell time” of the chopper. Those skilled in the art will 
appreciate that this average output voltage Vn will also 
be a function of any variation or modulation of the input 
voltage level V1. That is, if any other system of energizing 
the input circut to the chopper is utilized in place of the 
two-level voltage arrangement just described wherein the 
full input voltage V, or zero input voltage is applied, then 
the output voltage Vo will be a function not only of the 
chopper on dwell time and ofr” dwell time, but also of the 
modulation of the input voltage V1 applied to the chopper. 

Various characteristics of the chopper system and its 
semiconductor components impose limits on the time dura 
tions of the on dwell time and the off dwell time of the 
chopper, in addition to limitations on the maximum 
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chopper operating frequency. For example a certain mini 
mum time is required for effective commutation of an 
SCR. Moreover rapid switching of a chopper circuit above 
a practical maximum produces overheating and consequent 
destruction of the semiconductors. With previous chopper 
systems it has been found that, particularly in high power 
chopper applications, in observing the maximum operat 
ing frequency and minimum pulse width limitations of the 
chopper it is not possible to provide an extended output 
voltage range without greatly oversizing the filter choke. 
As a corollary it has been found that the value of the 
volt-time integral applied to the filter choke, which is 
also a measure of the physical size and thus the cost of 
the filter choke, varies considerably at the different values 
of the average output voltage Vo produced by the chopper. 
A salient aspect of the present invention is a method 

of operating a chopper system to provide a range of av 
erage output voltage V0 which extends virtually 
from zero to the full DC input voltage Vi. A corollary 
consideration of this invention is to provide a method 
of regulating the chopper which produces a minimum 
value of the volt~time integral over the output voltage 
range, thereby minimizing the physical size (and thus 
the cost) of the filter for al given chopper system. 

SUMMARY OF THE INVENTION 

The present invention is useful with a DC-to-DC con 
version system in which a load is energized through a 
ñlter at an output voltage level Vo determined by the 
chopper circuit. An input circuit supplies an input voltage 
or bus voltage V, to the chopper, and the on and off dwell 
times of the chopper itself are determined by signals re 
ceived from a control circuit. Particularly in accordance 
with the method of this invention, the range of the out 
put voltage Vo (that is, the percentage of input voltage 
Vi) passed to the load is regulated by establishing delivery 
of an output voltage Vo equal to one-half the input voltage 
V1 at substantially the maximum operating frequency of 
the chopper circuit. To deliver an output voltage level 
Vo less than one-half Ví, the chopper operating frequency 
is gradually decreased while maintaining the pulse width 
or on dwell time of the chopper substantially constant or 
allowing the pulse width to decrease. Similarly to deliver 
an output voltage Vo greater than one-half the input 
voltage Vi, the chopper frequency is gradually decreased 
from its maximum value as the chopper off dwell time 
is maintained substantially constant or allowed to de 
crease. 

THE DRAWINGS 

In the several figures of the drawings like reference 
numerals identify like elements, and in those drawings: 

FIG. l is a block diagram, partly in schematic form, 
of a high power DC-to~DC converter useful for prac 
ticing the inventive method; 

FIGS. 2 and 3 are propaedeutic illustrations useful 
in understanding chopper operation; 

FIGS. 4 and 5 are graphical representations useful 
in understanding various characteristics of chopper sys 
tems; 
FIG. 6 illustrates waveforms of a Iknown method of 

chopper operation; 
FIGS. 7 and 8 depict waveforms illustrating chopper 

operation in accordance with the method of this inven 
tion; 
FIGS. 9 and 10 are graphical illustrations useful in 

understanding the method of this invention; 
FIG. 1l illustrates waveforms denoting chopper op 

eration in a method which is a variation of the method 
of this invention; 
FIG. l2 is a graphical illustration contrasting opera# 
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tion in accordance with the inventive method with other 
methods of chopper operation; 

FIG. 13 is a block diagram of a control circuit useful 
in practicing the method of this invention; 

FIGS. 14 and 15 are schematic diagrams depicting de 
tails of the control circuit shown generally in FIG. 13; and 

IFIG. 16 is an equivalent circuit, and FIG. 17 illus 
trates waveforms, useful in understanding opeartion of 
the control circuit shown in FIGS. 13-«l5. 

GENERAL CHOPPER OPERATION 

FIG. 1 shows a chopper or converter 20 which in 
cludes a pair of switches 21, 22. For illustrative purposes 
these switches are depicted as mechanical units, but those 
skilled in the art will appreciate that in general the 
switches may be semiconductor units such as transistors, 
power transistors, or silicon controlled rectiñers. A DC 
source 18 is connected to supply a voltage Vi over input 
conductors 23a, 23b to chopper 20‘. A battery, fuel cell, 
rectifier circuit or other energy source can provide the 
energy for application over conductors 23a and Z3b to 
the chopper. A control circuit 24 includes an adjusting 
mean 25 for regulating the timing and the duration of 
control signals applied over lines 26 and 27 to the 
switches 21, 22, respectively. Lines 26, 27 are depicted 
as mechanical linkages to close the mechanical switches 
21, 22 but of course in a conventional circuit these lines 
represent the electrical conductors which pass the gating 
signals to the base or gate of the semiconductor unit. 
A ñlter 28 is coupled between the output circuit of 

chopper 20 and the load to smooth the output voltage 
Vo passed to the load. As shown the »ñlter comprises an 
inductor 30 coupled in series with one of the load con 
ductors, and a capacitor 31 connected across the two 
load conductors to fñlter the output voltage. The voltage 
Vo is equal to the average output voltage of the chopper 
circuit 20, neglecting the series resistance of the filter. 
The switches 21, 22 are connected such that when one 

switch is opening, the other switch is always closed. Thus 
when switch 21 is closed the full input voltage V1 is 
applied to the chopper and when switch 21 is opened this 
voltage application is interrupted. Switch 22 provides a 
DC connection between the choke and the input circuit 
during the off dwell time of the chopper. Such a connec 
tion obviates high voltage levels which would otherwise 
occur with the large change in current over a very small 
time span if switch 21 were opened without providing 
some other DC path. Of course a diode could be em 
ployed in place of switch 22 but generally a semiconduc 
tor switch is utilized in this positoin and thus this arrange 
ment has been selected to depict the basic chopper 
operation. 

FIG. 2 illustrates, with an idealized waveform, the 
operation of the chopper circuit. The input voltage level 
V, is shown at the left side, on the ordinate scale. At 
time t0 the system is at rest, and at time t1 switch 21 
closes and the applied voltage passed to the :filter goes 
to the maximum level. At time t2 switch 21 is opened and 
switch 22 is simultaneously closed, so that the applied 
voltage decreases to zero. Thus the time interval be 
tween t1 and t2 denotes the pulse Width or the “on” dwell 
time of the chopper, which time is also referenced by 
A to facilitate` discussion hereafter. The chopper remains 
in this same condition until time t3 when, under the im 
petus of the signals applied-over lines 26, 27, switch 21 
is again closed and switch 22 is opened. Thus this time 
period between t2 and t3 is the “off” dwell time vof the 
chopper. The total time period including the sum of the 
on and olf times is denoted T, both in FIG. 2 and here 
after in this explanation. Accordingly the off dwell time 
is equal to (T-A). 

With the chopper operating as shown in FIG. 2, the 
average output voltage V„ve is depicted by the dashed 
line, being equal to VQ. This. value is equal t0 
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The better to portray the advantages achieved by con 
struction and operation of this invention, previous 
chopper or converter systems and their attendant dis 
advantages will be described. In large measure the signi~ 
ñcant dilference between the system of this invention and 
previous chopper arrangements resides in the timing of 
the switching signals applied from the control circuit to 
the chopper. -A preferred circuit for deriving and applying 
the switching signals will be described hereinafter. Dif 
ferent nomenclature has been applied to the various 
known systems and methods for providing and applying 
the timing signals to the chopper. Each of these methods 
or systems constitutes a somewhat different arrangement 
which has its own distinctive characteristics. In describing 
and comparing these various systems, consideration will 
been given to the minimum on and olï dwell times of 
the chopper, the maximum operating frequency of the 
chopper, the range of the average chopper output volt 
tage Vo, and to the physical size of the choke or inductor 
employed in the ñlter. For simplicity of explanation the 
average chopper output voltage Vo will be considered to 
be symmetrical about a value of (LSV, throughout the 
description; for example, 0.1V1 to A0.9V1, 0.3V, to 0.7V1, 
and so forth. 

Because a primary consideration of this invention is 
the provision of a chopper control system in which the 
physical size of the inductor in the ñlter is minimized 
for a certain output voltage range, considering the maxi 
mum operating frequency fmax and the minimum pulse 
width A of the chopper, it will be helpful to have a gen 
eral expression for the voltage-time integral of the filter 

Vi 

choke. Such an expression can readily be evaluated and 
provide an index of the physical size of the filter choke. 
By integrating the instantaneous value of the voltage 
appearing across the choke with respect to time, from 
the start of the period T until the termination of the on 
time A, or integrating from the end of the on time A 
to the expiration of the period T, the result is: 

V* ik? <1) 
Because the ñlter choke must be sized to withstand the 
maximum value of the volt-time integral obtained by 
Equation 1, the maximum value of this expression will 
be significant during the following explanation. 

PULSE-WIDTH MODULATION 
In the pulse-width modulation system for chopper 

control the operating frequency f, and thus the period 
T, remain ñxed, and the on dwell time A of the chopper 
is varied to provide control of the amplitude of the out 
put voltage Vo. This operation is shown in FIG. 3 wherein 
the on dwell time A is gradually varied from a minimum 
value to a maximum value. The minimum on time .A is 
shown in FIG. 3a and the minimum of time (T-A) is 
shown in FIG. 3d. These minimum values are limitations 
which are determined primarily by the chopper compo 
nents. Each semiconductor switch has limitations> as to 

- turn-on and turn-off times, and this imposes limitations 

65 

70 

on the system, resulting in the minimum on and off dwell 
times represented in FIG. 3. 
Once the maximum frequency of the chopper, and the 

minimum on and off dwell times are determined, the 
maximum range of the average output voltage Vo of the 
chopper (for example, 0.2V, to 0.`8V,) and the maximum 
value of the volt-time integralY applied to the ñlter choke 
are established. As the pulse-width or the on dwell time 
A changes, the ratio A/ T likewise changes, and the value 

 of the volt-time integral given by Equation 1 changes. 
These changes in the values of A and T-A are readily 
discernible in FIG. 3, but for a better understanding of 



3,559,028 
the resultant changes in the value of the volt-time in 
tegral, reference is now |made to FIG. 4. 

In FIG. 4 the values of T, the complete period of op 
eration of the chopper, are plotted in milliseconds along 
the abcissa. The values of A, the time duration of the on 
cycle of the chopper, are plotted along the ordinate in 
milliseconds. A Ifamily of nine solid-line curves Kl-Kg of 
parabolic form are plotted for different values of constant 
volt-time integral, or constant physical size of the choke. 
Another family of curves is illustrated in broken line 
form, each being a straight line, plotted to represent 
constant values of A/T. In the pulse-width modulation 
system, T is maintained constant and A is varied. Ac 
cordingly in the illustration of FIG. 4, as the value of 
the average output voltage Vo is changed, the required 
combinations of A and T are found along a straight ver 
tical line of constant T and variable A. 
By way of example suppose that the maximum fre 

quency fmax of the chopper were 200 hertz, the minimum 
value of T were l millisecond, and that a 9:1 voltage 
range (0.1Vi to 0.9V1) were desired. For the lower limit 
of this voltage range, A equals l millisecond and T equals 
10 milliseconds; for this point 32 the corresponding value 
of the volt-time integral lies between K1 and K2. As the 
on time A increases, the value of A/ T similarly increases. 
At the mid-point of the voltage range, point 33, where 
A/ T equals one-half, the value of the corresponding volt 
time integral is K5. Thereafter the value of the volt-time 
integral decreases as the value of A/ T increases beyond 1/2. 
FIG. 5 illustrates three different curves each depicting 

the results achieved with a different technique of modula 
tion. Along the abcissa scale the output voltage VD is 
depicted as a percentage of the input voltage V1. On the 
ordinate scale the relative value of the volt-time integral, 
or absolute magnitude of the filter choke required, is 
represented. It will become apparent that operation over 
an output voltage range is represented -by a volt-time curve 
such as one of the three solid line curves depicted in FIG. 
5. The maximum value of such a curve is of interest be 
cause it denotes the maximum value of the volt-time 
integral and therefore determines the size of the ñlter 
choke required for such a system. Curve 34 illustrates 
the values of the volt-time integral as a function of the 
average output voltage Vo of the chopper when pulse 
width modulation is utilized. It is noted that the maximum 
value of the volt-time integral for this system occurs at 
point 35 where A/ T equals 1/2. 

There are several disadvantages inherent in the pulse 
width modulation syste-m. To reduce the maximum value 
of the volt-time integral or the maximum physical size 
of the choke (equivalent to passing through curves of 
smaller K values on FIG. 4), it is necessary to decrease 
the length of the period T. This however increases the 
operating frequency of the chopper and decreases the 
available range of the average output voltage V0, neither 
of which effects is desirable. To increase the average out 
put voltage Vo it is necessary to increase T. However this 
in turn results in a larger value for the maximum volt 
time integral, or a larger physical dimension for the choke 
in the ñlter.- Accordingly it is manifestly difficult to ob 
serve the limitations of the chopper in the pulse-width 
modulation system, to maintain a relatively small volt 
time integral and still obtain the desired voltage range 
of the output voltage V0. 

CONSTANT PULSE-WIDTH, VARIABLE 
FREQUENCY MODULATION 

FIG. 6 illustrates variations in the chopper wave-forms 
for the constant pulse-width, variable-frequency modula 
tion system as the on dwell time A of the chopper is held 
constant and the frequency or period T of the chopper is 
varied. The output voltage V0 from the chopper can thus 
be varied as shown in this illustration. Considering again 
the families of curves shown in FIG. 4, operation of the 
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6 
constant pulse-width, variable-frequency modulation sys 
tem results in movement along a horizontal line, for which 
A has a constant value, as the value of T is varied. To 
correlate this system with the one just described, again 
the chopper operation is considered wherein the maxi 
mum frequency equals 200 hertz, minimum time T equals 
1 millisecond, and a 9:1 voltage range is desired. To pro 
duce an output voltage Vo equal to 0.9Vi, operation at 
this point referenced 36 in FIG. 4 is indicated, where A 
equals 9 milliseconds and T equals l0 milliseconds. At 
point 36 the value of the volt-time integral, and thus the 
physical size of the choke, lies between the curves K1 
and K2. As the output voltage Vo is decreased lfrom 0.9Vi 
to 0.1Vi (by holding the Value of A constant and increas 
ing the value of T), the corresponding value of the volt 
time integral continues to increase. Curve 37 in FIG. 5 
depicts a plot of the volt-time integral value against the 
average output voltage Vo -for the fixed pulse-width, vari 
able frequency modulation system. It is particularly 
noted that the volt-time integral increases linearly as the 
average chopper output voltage Vo is decreased. 
There are two major disadvantages with this second 

system. First, to obtain the desired voltage V0 at the lower 
end of the output voltage range, it is generally true that 
large values of the volt-time integral must be applied to 
the filter choke. Thus the choke must be greatly over 
sized to meet the lower output voltage requirement. Sec 
ond, to obtain average output voltage values approaching 
Vi, the minimum oif dwell time (T-A) must be small, or 
else the period T must be large, which requires that still 
larger volt-time integral values must be applied to the 
ñlter choke at the lower end of the voltage range. 

SYSTEM OF THIS INVENTION 

Maximum chopper frequency at V :1/2V1 

Particularly in accordance with the present inventive 
method, an arrangement is provided in which both the 
pulse width A and the frequency (and thus the period T) 
are varied to achieve optimum system operation with a 
minimal physical size of the choke. For this arrangement 
it is initially assumed that the maximum operating fre 
quency fmax of the chopper is limited only by the mini 
mum pulse-width A of the chopper. The inventive method 
includes establishing the middle of the output voltage 
range, where Vo equals one-half Vi, at the point where the 
maximum chopper operating frequency occurs. This can 
be accomplished, by way of example, by producing a por 
tion of the output voltage range of Vo with an on dwell 
time A of the chopper held constant and the frequency 
varied, and producing the remainder of the voltage range 
VD by maintaining the off dwell time (T ~A) fixed and 
varying the frequency of the chopper. Such operation is 
illustrated by the waveforms depicted in FIGS. 7a-7g, 
inclusive. To obtain an output voltage Vo of 0.5V1, the 
value of A/ T is equal to 1/2, and the chopper is operat 
ing at its maximum requency f5 as shown in FIG. 7d. 
In this explanation subscripts of higher ̀ value denote fre 
quencies of greater magnitude; for example, f5 is higher 
than f4. To decrease the average chopper output voltage 
below the 0.5V1 value, the chopper frequency is gradually 
decreased through the frequencies f4, f2 and f1 as shown 
in the waveforms of FIGS. 7c, 7b and 7a. In this de 
crease of the output voltage Vo the on or dwell time A of 
the chopper is held constant as the frequency of chopper 
operation is decreased. 

Conversely to increase the output voltage V., above the 
level of 0.5V1, the otf dwell time (T -A) is held fixed 
and the frequency of the chopper is varied as shown suc 
cessively in FIGS. 7e, 7f and 7g. The frequencies are 
again designated f4, f2 and f1, representing frequency val 
ues successively less than the maximum frequency f5 
shown in FIG. 7d. The better to illustrate the result of 
this system operation, reference is again made to FIG. 4. 

It is assumed that fmax equals 200 hertz, minimum time 
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T equals 1 millisecond, and a 9:1 voltage range is desired. 
When the chopper output voltage Vo is half the input 
voltage V1, the on dwell time A is equal to 1/2 of T. At 
point 39 in FIG. 4, by way of example, A is equal to half 
of T. To reduce the output voltage VD below this level, 
A is held constant and T is increased as shown in FIGS. 
7c, 7b and 7a. In FIG. 4 this corresponds to movement 
from point 39 along a horizontal line to the right. It is 
manifest from Equation 1 that for values of output volt 
ages Vo decreasing below 0.5V1, the value of the volt 
time integral increases. To increase the output voltage V0 
above 0.5V1, as shown in FIGS. 7e, 7f and 7g, the off 
dwell time (T-A) is held consstant and T is increased. 
In FIG. 4 this voltage increase would be indicated by a 
diagonal line extending from point 39 upwardly to the 
right along a line whose slope is greater than the 0.5 con» 
stant A/ T line, toward the upper right-hand corner of the 
graph across the curves of increasing K values. The value 
of the volt-time integral also increases under these condi 
tions for values of Vo greater than 0.5V1. This increase 
of the value of the volt-time integral is shown by curve 
38 in FIG. 5. The initial downwardly-sloping (relative to 
the horizontal axis) portion of curve 38 signifies a gradu 
ally decreasing value of the volt-time integral as the out 
put voltage Vo goes from 0.1V, to 0.5Vi, with the lowest 
value of the curve occurring in the middle of the voltage 
output range. The value of the volt-time integral there 
after gradually increases as shown by the upwardly-slop 
ing right hand portion of curve 38, in the output voltage 
range of 0.5V1 to 0.9Vi. Thus a characteristic V-shaped 
volt-time integral curve 38 is obtained with the variable 
pulse-width, variable frequency modulation system. 

This system has several desirable features. In the first 
place the last described system readily provides a virtu 
ally unlimited range of output voltage Vo. By increasing 
the period T shown in FIG. 7a, the output voltage Vo of 
the chopper can be reduced to nearly zero. Likewise by 
increasing the period T shown in FIG. 7g the output volt 
age V0 can be increased to approximately the full input 
voltage V1. The minimum chopper pulse width and filter 
choke size considerations do not impose a stringent limi 
tation on the maximum voltage range which can be 
achieved with the variable pulse-width, variable frequency 
system and this is a significant advantage over the earlier 
described systems. 

In the second place the magnitude of the volt-time in 
tegral applied to the filter choke in the variable pulse 
width, variable frequency system represents another im 
portant advantage. As noted above it was assumed that the 
chopper can operate up to a frequency fmax limited solely 
by the minimum pulse-width A of the chopper. This point 
of maximum frequency corresponds to operation at the 
middle of the output voltage range as shown in FIG. 7d, 
and from inspection it is apparent that: 

fmax=1/2Tmin (2) 
The better to illustrate the advantage of the value of the 
volt-time integral realized with this system, a typical 
set of conditions will be considered. It is assumed that the 
maximum value of the output voltage Vo is required to be 
0.9Vì. To provide this output voltage with the smallest 
value of the volt-time integral, the waveform of the chop 
per voltage is identical for all the three described chop 
per modulation systems. Note the constant frequency 
chopper operation shown in FIG. 3d; the constant pulse 
width operation depicted in FIG. 6d; and the variable 
pulse~width, variable frequency operation illustrated in 
FIG. 7g. Accordingly the volt-time integral applied to the 
filter choke for each of these modulation arrangements is 
identical at the point where V0 equals 0.9V1, and this 
point is designated 40 in FIG. 5. 

Note, however, that for the pulse-width modulation 
arrangement described in connection with FIG. 3, as A is 
gradually decreased as shown in FIGS. 3c, 3b and 3a, the 
value of the volt-time integral increases as shown by curve 
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34 toward a maximum value at point 35, the mid-range 
point of the chopper output voltage level. Again, for the 
variable frequency modulation system described in con 
nection with FIG. 6, as the frequency is gradually de 
creased to decrease the output voltage level as shown in 
FIGS. 6c, 6b and 6a, the value of the volt~time integral 
likewise increases as represented by curve 37 in FIG. 5. 
In contradistinction to the volt-time integral values for 
these two systems, curve 38 denotes that the volt-time in 
tegral gradually decrease for the variable pulse-width, 
variable frequency system as the output voltage Vo de~ 
creases from the maximum value at point 40. Even 
though the value of the volt-time integral again increases 
over the lower voltage range of the chopper, as shown by 
the left side of curve 38, the value of the volt-time in 
tegral never exceeds the value established at point 40 
representing the other end of the range of output voltage, 
where the values of the volt-time integral for all three 
systems are the same. The earlier-described systems both 
increase the value of the volt-time integral substantially 
above the level at point 40 as the chopper output voltage 
level is decreased. Therefore each of the variable pulse 
Width and constant pulse-width, variable frequency sys 
tems have a peak value of the volt-time integral substan 
tially larger than the peak value in the variable pulse 
width, variable frequency modulation system. This graphic 
explanation of the advantages of the third system is read 
ily confirmed by quantitive analysis of Equation 1 given 
above for each of the three modulation systems. 

In the subsequent discussion the fixed pulse-width, vari 
able frequency system described in connection with FIG. 
6 and shown by the curve 37 in FIG. 5 will be dropped 
from consideration. Referring to FIGS. 3d and 6d, for 
which the values of A, T and Tmm are assumed identical, 
the volt-time integral values for the two systems are the 
same at 0.9Vi, represented by point 40 in FIG. 5. To 
reduce the output voltage V0 to 05V, with the pulse 
width modulation arrangement, the period T is held fixed 
and the on dwell time A is reduced to provide the maxi 
mum value of the volt-time integral at point 35 as shown 
in FIG. 5, where the output voltage is equal to 0.5Vi. 
However with the fixed pulse-width, variable frequency 
modulation system the value of the volt-time integral 
constantly increase, as depicted by curve 37, as the value 
of the output voltage decreases, with an increase in the 
period T as the on dwell time A is held constant. By 
evaluation for the corresponding values for the volt-time 
integral expression given in Equation l, it is demonstrable 
that under any conditions the pulse-width modulation 
technique always has a smaller peak value of the volt 
time integral. Accordingly the fixed pulse~width or fixed 
on dwell time A, variable frequency modulation system 
described in connection with FIG. 6 and represented by 
the curve 37 in FIG. 5 will no longer be considered. 

HYBRID MODULATION SYSTEM 

Improvement of the variable pulse-width, variable 
frequency system 

It was assumed in describing the variable pulse-width, 
variable frequency system in connection with FIG. 7 that 
the only limitation on the maximum operating frequency 
of the chopper was the minimum chopper pulse-width 
A, in accordance with Equation 2. In actual practice 
however these theoretical limitations are not necessarily 
the true limitations on the system. A chopper used in 
high power applications may not be capable of operating 
at a frequency as high as that indicated by equation 2 for 
various reasons, such as over-heating of the components 
in the chopper. In other words as a practical matter the 
true limitation on the maximum operating frequency fmax 
of the chopper is not equal to the reciprocal of twice 
Tmm as indicated in Equation 2, but the maximum op 
erating frequency is lower than this theoretical value. It 
is thus important to this invention to provide an improved 
operating method in which the chopper is operated in a 
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more efficient manner than that of the variable pulse 
width, variable frequency system, and this improved sys 
tem is termed the hybrid modulation system. This hybrid 
system assures that the advantage of reduction in the 
Volt-time integral value is obtainable even when the max 
imum operating frequency of the chopper is less than 
1/ ZTmm. 
Even though these practical considerations may impose 

some limitation on the maximum operating frequency of 
the chopper, nevertheless the variable pulse-width, vari 
able frequency modulation system described above mani 
festly exhibits an advantageous volt-time integral char 
acteristic curve (38, FIG. 5) in the region where the 
chopper operating frequency is below its maximum value. 
Another way of viewing this frequency reduction is in 
connection with FIGS. 7a-7g. If it is assumed that the 
chopper cannot operate at the maximum frequency f5 
indicated in FIG. 7d, the chopper can still operate at the 
considerably lower frequencies f4, f2 and f1 shown in this 
figure. With continued operation at the lower frequencies, 
the volt-time integral curve 38 is still correct for the up 
per (maximum V0) and lower (minimum Vo) portions 
of the output voltage range, but is no longer valid for 
the center portion near the value of 0.5V1. 

Particularly in accordance with the present invention, 
effective control over the entire range can still be achieved 
at the lower maximum frequency by applying pulse 
width modulation at the maximum operating frequency 
of the chopper. Waveforms illustrating this operation are 
set out in FIGS. Saz-8h. Note that the lower portion of 
the output Voltage range is still achieved by operation 
similar to that of the system described in connection with 
FIG. 7. In FIGS. 8a and 8b, at the lower frequencies 
f1 and f2, the minimum pulse-width A is maintained and 
the period T is gradually reduced (T1, T2) to correspond 
ingly effect the gradual increase in the output voltage 
V0. Particularly in accordance with the present invention, 
to enhance the chopper operation with the hybrid system, 
at frequency f3 pulse-width modulation is utilized to effect 
regulation of the amplitude of Vo over the central por, 
tion of the output voltage range at one constant frequency 
f3, or one constant period T3, as depicted in FIGS. 
Sc-Sf. Thereafter, at the upper end of the output voltage 
range as shown in FIGS. 8g and 8h, the minimum off 
dwell time (T _A) is maintained constant as the fre 
quency is thereafter reduced, and T is increased, to ap 
proach the maximum voltages Vo of the chopper. 
 Referring again to FIG. 4, the just-described hybrid 
operation with pulse-width modulation at the maximum 
chopper frequency will result in a different “movement” 
of the value of the volt-time integral in this graph. 
With respect to FIGS. Sa and 8b, as the frequency is 
gradually increased Width the on dwell time A maintained 
constant, this is represented in FIG. 4 by movement from 
right to left along a horizontal line as T is reduced and 
A is maintained constant. When the maximum chopper 
frequency is reached, movement to the left along the 
horizontal line in FIG. 4 ceases. Then, as shown in FIGS. 
8c-8f, the frequency remains constant, T remains con 
stant, and A is gradually increased to provide regula 
tion of Vo over the central portion of the chopper out 
put voltage range. In FIG. 4 this corresponds to move 
ment along a vertical line upwardly as the middle fre 
quency is maintained constant. Thereafter as depicted in 
FI. 8g and 8h, the off dwell time (T-A) is maintained 
constant while A and T are gradually increased with de 
creasing frequency to approach the maximum value of 
output voltage V0. In FIG. 4 this corresponds to move 
ment upwardly and to the right along a diagonal line. 
Those skilled in the art will appreciate that this move 
ment along three straight lines, first the horizontal line 
to the left, then a vertical line upwardly, and then an 
other straight line upwardly to the right, is a rough ap 
proximation of a constant volt-time integral curve such 
as the series of curves shown in solid lines in the drawing. 
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The more closely these curves can be approximated, the 
more nearly does the actual physical size of the choke 
required for the filter correspond to the minimum size 
that can be effectively used for a chopper when all the 
system parameters and operating conditions are con 
sidered. 
FIG. 9 depicts three different volt-time integral curves 

for the hybrid modulation arrangement just described. 
Curve ABC is identical to the variable pulse-width, var 
iable frequency modulation curve 38 shown in FIG. 5, 
and the broken line curve 34 represents the pulse-width 
Inoduation values consonant ̀ with the showing in FIG. 5. 
If the theoretical maximum operating frequency were 
fmaxzl/ZTmm, the system could operate in the variable 
pulse-width, variable frequency modulation mode along 
the curve ABC. In accordance with the inventive teach 
ing, assuming that a lesser value of the maximum chop 
per frequency fmaxl is the practical limitation on the 
system, the value of the volt-time integral is depicted 
in FIG. 9 by the curve which extends between points 
A and D, with pulse-width A held constant and T de 
creasing as shown in FIGS. 8a and 8b; over the pulse 
width modulation portion 41 to point E, as T is held 
constant and A is increased (FIGS. 8c-8f); and from 
lpoint E to point C, with (T-A) held constant and both 
A and T increasing as shown in FIGS. 8g and 8h. Sim 
ilarly if the limitation on the maximum operating fre 
quency is reduced further to the value fmaxz, the value 
of the volt-time integral is depicted by the curve 
A-F-42-G-C. A still further frequency decrease, to 
fmX3 for the maximum chopper operating frequency, re 
sults in a volt-time integral value ranging over the curve 
A-H-43-J-C. Thus the initial and terminal portions of 
the volt-time integral curve for the hybrid modulation 
system vary along the generally V-shaped curve char 
acteristic of the variable pulse-width, variable frequency 
modulation curve 38, and the central portions 41~43 of 
each of the hybrid modulation curves vary in a manner 
similar to the characteristic 34 of the pulse-width mod 
ulation system. 

Manifestly the hybrid operation system represents a 
substantial advance over the pulse-width modulation sys 
tem. Note for example that reducing the maximum op 
erating frequency of the chopper from fmax to fmax, 
provides a resultant curve in which the central portion 
41 does not exceed the higher values at points A and 
C of the volt-time integral characteristic curve. In the 
limiting situation where the limitation of the maximum 
chopper operating frequency approaches lower and lower 
values, the characteristic curve for the hybrid system 
approaches that of the pulse-width modulation curve 
34. In the range of practical chopper operating frequen 
cies and the desired range of output voltage Vo, the 
hybrid modulation system has proved the most effec 
tive by reason of limiting the volt-time integral value, 
and thus the physical size and cost of the choke, pro 
vided in the filter. 
A main consideration of the present invention is to 

minimize the physical size of the filter choke, analogous 
to the smallest value of the peak volt-time integral, for 
a given range of the output voltage V0. By way of ex 
ample, the system characteristic for the fmax2 curve 
A-F-42-G-C shown in FIG. 9 will be considered, and 
this curve is reproduced in FIG. 10. It is noted that the 
peak value of the volt-time integral curves occurs at 
the midpoint of the output voltage range, at a value 
equal to 0.5V,. Accordingly if the system operates such 
that for other values of the output voltage V0, the level 
of the volt-time integral does not exceed this amplitude 
at the point 0.5V1, then operation of the system will still 
be acceptable. In other words, if the broken line 45 in 
FIG. 10 is taken as the limiting condition, any modifi 
cation of the chopper modulation method which still pro 
duces a volt-time integral curve of an amplitude not ex 
ceeding that of curve 45 will still permit chopper opera 
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tion with the same size filter choke. If the volt-time in 
tegral curve is varied, as shown by either of the broken 
line curves 46 and 47 in FIG. ‘10, this operation would 
still be acceptable. These curves 46, 47 could in fact be 
produced by concomitant variation of both the pulse 
width A and the period T over the entire range of out~ 
put voltage V0, in a manner illustrated in FIGS. 11m-11g. 
Operation such as that represented by the waveforms of 
FIG. 11 produces combinations of A and T, on the 
graphical representation of FIG. 4, which define a path 
tending to follow more closely the parabolic constant 
volt-time integral curves K1-K2. To vary the amplitude 
of the output voltage Vo from some given output voltage 
corresponding to a certain point A1, T1 on FIG. 4 to some 
different output voltage Vo represented by a second point 
A2, T2, the selected combinations of A and T define a 
curve which does not cross any of the constant volt 
time integral curves Kl-Kg of a value larger than the 
value associated with either of the points A1, T1 and 
A2, T2. It is again emphasized that these two points 
have been initially selected to provide the smallest volt 
time integral value possible, thus minimizing the physical 
size A( and cost) ofthe filter choke. 

FIG. 12 is a pictorial representation of the operating 
advantages achieved by the present invention with the 
hybrid modulation system. In an illustrative example 
let Tmm equal 1 millisecond, fmax equal 200 hertz, and 
let a 9:'1 voltage range be produced. The curve 37 shows 
the smallest value possible for the volt-time integral for 
the ñxed pulse-width, variable frequency modulation sys 
tern. Curve 34 depicts the minimum value obtainable 
for the volt-time integral value characteristic in the var 
iable pulse-width, constant frequency modulation system. 
The variable pulse-Width, variable frequency modulation 
arrangement produces a range of values depicted by 
curve 52. In accordance with the inventive teaching the 
hybrid modulation system provides a volt-time integral 
characteristic curve always below the line 53 which cor 
responds to one of the solid line curves in FIG. 4. The 
actual value of the curve may lie anywhere in the shaded 
area 54. Shown in broken line 55 is a typical volt-time 
integral curve in the hybrid modulation range obtained 
when A is varied continuously as shown in FIG. 11. 
The solid line curve S6 shows the hybrid modulation 
technique in which the system is first operated with a 
decreasing T as shown in FIGS. 8a, y8b. At the maximum 
frequency, T is held constant and A is varied as shown 
in FIGS. '8c-8f, and thereafter (T-A) is held constant 
as A and T are gradually increased to the upper limit 
of the output voltage V0. It is thus manifest that the 
minimum physical size of the filter choke for the given 
range of output voltage Vo is obtained with the hybrid 
modulation system. ` 

DESCRIPTION OF CONTROL CIRCUIT 24 

In FIG. 1 control circuit 24 is represented generally 
as an adjustable unit for passing control signals over 
lines 26, 27 to regulate operation of the chopper switches 
21, 22. To implement the practice of the hybrid modula 
tion system described above, a suitable control circuit 
24 will now be described. 

FIG. 13 depicts in block form the general circuits of 
the complete control circuit system. In unit 60 is any 
suitable circuit for generating a controlled, variable input 
signal for application over line 61 to compensating circuit 
62. In turn the output signal from circuit 62 is passed 
over line 63 to a difference amplifier 64, which provides 
a pair of output signals designated I1 and I2. These two 
signals are applied over lines 65 and 66 to a pair of 
stages 67, 68, each of which includes sensing and clamp 
ing circuits. The outputs from these two stages are respec 
tively applied over lines 70, 71 to a pair of pulse circuits 
72, 73, which in turn apply their output signals over 
lines 74, 75 to a flip-flop or multivibrator stage 76. The 
state of the tiip-iiop 76 at any time is denoted by signals 
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fed back from stage 76 over lines 77 and 78 to the respec 
tive sensing and clamping circuits 67, 68. Output signals 
from the fiip-iiop stage are passed over lines 26, 27 to 
provide signals for firing the semiconductor switches in 
a chopper circuit, thus to provide regulation of the chop 
per on time and chopper off time. 

The more detailed description of the control circuit 
shown generally in'FIG. 13 is conveniently divisible into 
two portions. The initial description will include the input 
portion of the circuit, from the receipt or provision of 
the adjustable control signal in stage 60 to the generation 
of the two difference signals I1 and I2. Details of this por 
tion of the circuit are depicted in FIG. 14. 
The compensating circuit is in the upper portion of 

FIG. '14 and includes a pair of NPN type transistors 80 
and 81. The lower portion of FIG. 14 includes the dif 
ference amplifier with output conductors 65, 66 for 
passing signals I1 and I2 to the sensing and clamping 
circuits. A pair of PNP type transistors 82, 83 are in 
cluded in the difference amplifier. Those skilled in the 
art Will appreciate that the specific components illustrated 
are by way of illustrating actual operation of a preferred 
embodiment. Transistors of one type can readily be re 
placed by transistors ofthe opposite type, with the accom 
panying polarity reversal of the supply voltages and the 
signals. 
A pair of input terminals 84, 85 are provided in FIG. 

14, and terminal 85 is connected to ground conductor 
86. Terminal 84 is coupled over conductor 87 to the base 
of transistor 80. The circuit of FIG. 14 is energized by 
applying a suitable undirectional potential difference be 
tween terminal 93 and ground conductor 86, with the 
polarity at conductor 92 being positive relative to the 
ground conductor. 
An input signal designated V2 is applied between ter~ 

minals 84, 85, and thus this signal is applied to the base 
of transistor 80. Such input signal could also be obtained 
by suitable current adjusting means, for example, by a 
potentiometer. A reference voltage is established at >the 
common connection between resistor 94 and a Zener 
diode 95, which circuit is coupled between conductor 92 
and ground. The base of transistor 81 is coupled to the 
connection between resistor 94 and diode 95, and the 
collector of this transistor is coupled through a resistor 
96 to conductor 92. The emitter of this transistor is 
coupled over a conductor 97 to the difference amplifier. 
Transistor 81 and its associated circuit provide compensa 
tion for changes in the base-emitter voltage drop from 
>transistor 80 which may occur by reason of temperature 
variation. 

The collector of transistor 80 is coupled through a re 
sistor 98 to conductor 92. Transistor 80 essentially func 
tions as an input resistor which limits loading of the 
input signal by the difference amplifier circuit. 'I‘he base« 
emitter junctions of transistors 80, 81 are forward biased 
and their base-collector junctions are reverse biased. The 
voltage appearing at the emitter of transistor 80 and 
passed over conductor 100 to the difference amplifier 
circuit is equal to the input voltage Va minus the base 
emitter voltage drop of transistor 80. Similarly the volt 
age established on conductor 97 is equal to the reference 
voltage between resistor 94 and diode 95 minus the base 
emitter voltage drop of transistor 81. 
A resistor 101 is coupled between conductor 100 and 

. the emitter of transistor 82. Conductor 100 is also coupled 
to the top of a parallel circuit which includes a Zener 
diode 102 in one leg, and a potentiometer 103 series 
coupled with a resistor 104 in the other leg. A resistor 
105 is coupled between the bottom of this parallel circuit 
and ground conductor 86. The movable arm of potenti 
ometer 103 is coupled to the base of transistor 83, and 
the emitter of this transistor is coupled over a resistor 
106 to conductor 97. Conductor 97 is also coupled to 
the top of another parallel circuit which includes a Zener 
diode 107 in one leg and a potentiometer 108 series~ 
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coupled with a resistor 110 in the other leg. The bottom 
of this parallel circuit is coupled through a resistor 111 
to ground conductor 86. In the difference amplifier cir 
cuit potentiometers 103, 108, resistors 104, 105, 110, 
111 and Zener diodes 102, 107 provide adiustable bias 
voltages for the bases of transistors 82 and 83. The dif 
ference amplitier applies a first output signal I1 over 
conductor 65 to sensing and clamping circuit 67, and the 
other transistor 83 in the difference amplifier provides an 
output signal I2 over conductor 66 to the other sensing 
and clamping circuit 68. 
FIG. 15 shows an energizing terminal 112 and a ground 

conductor 113, .which conductor can be connected to 
ground conductor 86 (FIG. 14) as the same unidirec 
tional potential dilference applied to terminal 93 is also 
applied to terminal 112. The power supply for the circuit 
of FIG. 15 need not be well regulated but may fluctuate 
over a considerable range, by reason of the connection 
of resistor 114 and Zener diode 115 between terminal 
112 and ground. The potential on conductor 116 is thus 
a well-regulated potential, and is positive relative to 
ground conductor 113. The components shown in FIG. 
15 include the sensing and clamping circuits 67, `68, the 
pulse circuits 72, 73, and the flip-flop 76 shown more 
generally in FIG. 13. Because the circuit of FIG. 15 is 
symmetrical, a detailed description of half will suffice for 
a clear understanding of the entire circuit and its oper 
ation. 

In the left portion of FIG. l5 is a unijunction tran 
sistor 117 having its emitter connection coupled through 
a resistor 118 to conductor 65, which conductor is also 
coupled through a capacitor 120 to ground conductor 
113. The base-two connection of transistor 117 is coupled 
through a series circuit including a resistor 121, a diode 
122, and another resistor 123 to conductor 116. The 
common connection between diode 122 and resistor 123 
is coupled to the collector of NPN type transistor 124 
in the circuit of flip-flop 76, and the emitter of this tran 
sistor is coupled directly to ground conductor 113. 
The base-one connection of transistor 117 is coupled 

through »a resistor 125 to the ground conductor 113, and 
both a diode 126 and primary winding 127 of a pulse 
transformer 128 are coupled in parallel with resistor 125. 
The secondary winding 130 of the pulse transformer has 
one side grounded, and the other end of the winding is 
coupled through a resistor 131 and a diode 132 to the 
base of transistor 124. A resistor 133 is coupled between 
the base and emitter of this same transistor, and the com 
mon connection between diode 132, resistor 133 and the 
base of transistor 124 is extended over a conductor 134 
to one side of a parallel circuit including resistor 135 and 
capacitor 136. The other side of this parallel circuit is 
coupled to output conductor 27, the collector of the other 
NPN type transistor 137 in flip-flop 76, and through a 
resistor 138 to conductor 116. 
Another parallel circuit comprises a resistor 140 and 

a capacitor 141, and the left side of this circuit is coupled 
to output conductor 26, resistor 123, diode 122, and the 
collector of transistor 124. The right side of parallel cir 
cuit 140, 141 is coupled over a conductor 142 to the 
common connection between a diode 143, a resistor 144, 
and the base of transistor 137. The other side of resistor 
144 is coupled to ground conductor 113, and the other 
side of diode 143 is coupled through a resistor 145 and 
secondary winding 1'46 of pulse transformer 147 to 
ground. The primary winding 148 of this transformer 
has one side coupled to ground conductor 113, and diode 
150 and resistor 151 are coupled in parallel with pri 
mary winding 148. The common connection between this 
primary winding, diode 150 and resistor 151 is coupled 
to the base-one connection of another unijunction tran 
sistor 152, of which the base-two connection is coupled 
through a series circuit including a resistor 153 and a 
diode 154 to the common connection between resistor 
138, output conductor 27 and the other illustrated com 
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ponents. The emitter connection of transistor 152 is cou 
pled through a resistor 155 to the common connection 
between input conductor 66 and a capacitor 156, with 
the other side of this capacitor being coupled directly to 
ground conductor 113. 

Considering the operation of the circuit in FIG. l5 in 
general terms, charging current such as I1 received over 
input conductor 65 charges capacitor 120 and the voltage 
of this capacitor is applied through resistor 118 to the 
emitter of transistor 117. A bias voltage for the base-two 
connection is applied over diode 122 and resistor 121. 
When the charge accumulated in capacitor 120 is suñ’i 
ciently high, transistor 117 conducts or fires and a pulse 
is applied-through this unijunction transistor and across 
the primary winding 127 of pulse transformer 128. As 
this pulse abruptly ceases to flow through the primary 
winding, diode 126 clamps the voltage at that level across 
the primary winding. The pulse is transmitted over sec 
ondary winding 130 through resistor 131 and diode 132 
to the base of transistor 124 to switch this transistor on 
and, through parallel circuit 140, 141 and conductor 142, 
to switch transistor 137 olf. Thus the state of flipeflop 76 
is changed each time capacitor 120 accumulates a voltage 
suñîciently high to ñre transistor 117 and pass a pulse 
over transformer 128. Accordingly the output signals 
from conductors 26, 27 can be utilized to switch the 
semiconductor units in the chopper, to ultimately control 
the times of chopper operation and non-operation. 
The operation of the circuits shown in both FIGS. 14 

and l5 may be better understood by considering the 
equivalent circuit diagram of FIG. 16. As there shown a 
ñrst current generator 160 is connected to provide charg 
ing current I1 over conductor `65, and another current 
generator 161 provides the other charging current I2 over 
conductor 66. A capacitor C1 is coupled in parallel with 
a switch S1 between current generator 160 and ground 
conductor 162. Similarly another capacitor C2 is coupled 
in parallel with a second switch S2 between current 
generator 161 and ground conductor 162. The purpose 
of the equivalent circuit is to generate two timing signals 
denoted t1 and t2 in FIG. 17a, each of variable duration, 
to provide timing signals for the hybrid modulation sys 
tem for controlling the on and olf dwell times of the 
semiconductor switches referenced generally as 21, 22 in 
FIG. 1. These two semiconductors are always in opposite 
states, as previously explained. Operation of the equiva 
lent circuit illustrated in FIG. 16 will now be described. 

It is initially considered that switch S1 is closed and S2 
is open as shown in FIG. 16. Accordingly capacitor C1 
is effectively short circuited and all of the current I1 from 
the generator 160 flows through S1. This current is refer~ 
enced Isl in FIG. 16 and depicted as the waveform in 
FIG. 17b. Thus at this time there is no charge being 
accumulated in C1, and the voltage V1 across this capaci 
tor is zero as shown in FIG. 17C. At the same instant 
switch S2 is open and current I2 from generator 161 is 
thus linearly charging capacitor C2. The absence of any 
current flow 1.52 through switch S2 at this time is indicated 
by the zero level of the initial portion of the waveform 
depicted in FIG. 17d, and the linear charge accumulation 
across capacitor C2 to provide the voltage V2 thereacross 
is indicated in FIG. 17e, where the voltage rises from 
zero to a peak value Vp. 

When the voltage accumulated across C2 reaches the 
peak value Vp, switch S2 closes and switch S1 opens. 
When switch S2 closes capacitor C2 discharges through 
S2, as evident in FIG. 17e, and the charging current I2 
from generator 161 bypasses capacitor C2 and flows 
through S2, as shown in FIG. 17d. As switch S1 opens, 
current Isl no longer flows through the switch (FIG. 
17b) but instead begins a linear charge of capacitor C1 
to provide voltage V1 thereacross (FIG. 17e). When the 
voltage across C1 reaches the peak value Vp, switch S1 
closes and switch S2 opens. Capacitor C1 then discharges 
through S1 and the charging current I1 is also bypassed 
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through this closed switch. This cyclical'operation con 
tinues as indicated in the idealized waveforms of FIGS. 
17b417e. The timing signals referenced t1 and r2 in FIG. 
17a correspond to the respective charging times of ca 
pacitors C1 and C2 `as is manifest from FIGS. 17C and 
17e. 
_With this explanation of the idealized circuit operation, 

the operation of difference amplifier 64 shown in FIG. 
14 is more readily understood. In this schematic diagram, 
when Va at terminals 84, 85 equals the reference voltage 
established at the' base of compensating transistor 81, 
trimmer potentiometers 103, 108 are set so that the volt 
ages applied tothe bases of transistors 83 _and 82 are 
equal, and hence 11:12. If Va now increases,_such volt 
age increase appears across resistor 105 andv hence the 
base bias voltage to transistor 83 is increased. The emit 
ter current and thus the collector current of transistor 83 
is therefore reduced. At this time, however, the voltage 
applied to the base of transistor 82 has not changed, Va 
has been increased, and thus the emitter and collector 
currents flowing through transistor 82 increase. The mag 
nitude of this increase in output current I1 is equal to the 
amount of the decrease in output current I2 from tran 
sistor 83, and thus the sum of the currents I1 and I2 has 
not changed. ' 

In an analogous manner if Va decreases, the voltage 
decrease appears across resistor 105 and thus at the base 
of transistor 83. It follows that the emitter and collector 
currents of this transistor increase, With the decrease of 
Va the emitter and collector currents of transistor 82 
decrease. Once again the changes in currents Il and I2 
are equal in magnitude but opposite in direction and thus 
the sum of the currents I1 and I2 has not changed. 

lf the level of the input signal Va becomes sufiiciently 
high, the base-emitter junction of transistor 83 becomes 
reverse biased, I2 goes toward zero in magnitude, and the 
time t2 which is required to charge a capacitor with cur 
rent I2 approaches infinity. Conversely as the amplitude 
of the input signal becomes sufficiently low, transistor 82 
is cut off, I1 approaches Zero level and t1 approaches 
infinity. From the previous explanation of general chop 
per considerations, it is apparent that these limiting con 
ditions are related to a chopper output voltage Vo of 
virtually zero V1, and to the other limiting condition 
where the chopper output voltage V0 approaches full Vi 
or the full DC bus voltage applied to the chopper. 

In the schematic diagram of FIG. 15, currents Il and 
I2 generated in the manner just described flow over con 
ductors 65 and 66 into this circuit. Considering initial 
conditions wherein transistor 124 of flip-flop 76 is “on” 
or conducting, the collector of transistor 124 is virtually 
at ground potential, and hence no bias voltage is applied 
to the base-two connection of unijunction transistor 117. 
All of the current I1 is thus flowing through resistor 118, 
the emitter to base-one junction of transistor 117, and the , 
saturated primary winding 127 of transformer 128. The 
collector voltage Vc of transistor 124 is shown in FIG. 
17f, and the legend VX denotes the voltage level established 
by resistor 114 and Zener diode 115. 
With transistor 124 on, transistor 137 is “off” or non 

conducting and the collector potential Vc of this transistor 
is approximately VX as shown in FIG. 17g. A bias voltage 
is applied to the ̀ base-two connection of unijunction tran 
sistor 152 through diode 154 and resistor 153 at this 
time. The emitter to base-one junction of transistor 152 
is reverse-biased and thus current I2 is linearly charging 
capacitor 156. When the voltage across this capacitor 
reaches the peak emitter voltage of transistor 152, uni 
junction transistor 152 fires and a voltage pulse is applied 
across transformer 147 to the base of transistor 137 in 
ñip-Jîop 76. This pulse turns transistor 137 on which in 
turn switches olic transistor 124‘, changing the state of 
Hip-flop 76. The collector potential Vc of transistor 137 
drops virtually to’ground potential (FIG. 17g) and the 
collector potential Qf tranSiStor 124 rises to approximately 
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Vx (FIG. 17f). With `Vc of transistor 137 at nearly 
ground potential, no bias voltage is applied to the base 
two connection of unijunction transistor 152, and hence 
after capacitor 156 discharges through this unijunction 
transistor, current I2 continues to ñow through re 
sistor 1,55, the emitter to base-one junction of transistor 
152, and the saturated primary lwinding 148 of trans 
former 147. At the same instant that ñip-flop 76_ changed 
states, the collector voltage Vc of transistor 124 rose to 
approximately VX, thus applying a bias voltage to the 
base-two connectionof unijunction transistor 117, reverse 
biasing the emitter to Ibase-one junction of this transistor. 
Accordingly the current I1 no longer flows through tran 
sistor 117 and'instead begins to charge capacitor 120 in 
the linear manner. From this description of a half-cycle 
of operationv of the ñip-ílop circuit, the subsequent half 
cycle vand successive operation of the circuit is readily 
apparent. . 

'It is again emphasized that the operation of the circuits 
depicted in FIGS. 14 and 15 is inherently free of aber 
rations due to temperature variation. Flip-ñop 76 can 
be designed to operate over a wide range of temperatures. 
In addition, with proper design of the unijunction cir 
cuits, ,the voltage level at which the unijunction transistors 
fire can be established at a very stable level to provide a 
corresponding stability of the durations of the timing sig 
nals t1 and t2. 

After the foregoing description of the interconnection 
and operation of the control circuit depicted in FIGS. 13 
16, it can readily be shown that the volt-time integrals 
which are present when the described control circuit is 
constructed and operated are precisely those which allow 
practice of the inventive method detailed in the earlier 
portion of the specification. It has been emphasized that 
the control circuit is designed so that the magnitudes of 
the currents I1 and I2 are variable, lbut the sum of the 
magnitudes of these two currents is always a constant 
value. For this demonstration let R represent this con 
stant amplitude value. i ‘ 

I1|12=R From-the foregoing explanation, and particularly in con 
nection with the equivalent circuit of FIG. 16, it is mani 
fest that 

I t1 ,and Ig- t2 (4) The term t1 used in connection with FIGS. 16 and 17 

corresponds to the term A used with FIGS. 2-8, and 
similarly the term (t1-H2) corresponds to the term T. 
Thus with t1=A and t2=T-t1, it follows that 

VDC1+ VpC'z = 
A T-A (6) 

By selecting the magnitude of C1 to be equal to C2, it 
follows that the products VpCl and VpC2 are constants, 
and are equal to each other. Letting S represent this con 
stant value 

R 

S S 
Trifft (7) 

Dividing both sides by S _ 

l 1 R 
¿M_-TT' (s) 

Combining terms 

L_E 
AT _1412" S (9) 

Inverting both sidesv 

AT -A2_ 1_8' 
. T *R (10) 

'simplifying 
A2 S 

A_î :E (11) 
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Because R and S are both constants, then the term 

A2 
A-r 

for the described control circuit is also a constant. As 
noted above in ̀ Equation 1, this term, in connection with 
the input voltage V1, is the generalized expression for the 
volt-time integral applied to the filter choke, when the 
described control circuit is utilized to >open and close the 
semiconductor switches in the chopper. The circuitry thus 
presents a constant volt-time integral to the filter choke 
as represented by brokenline 45Ain’FIG.l .10. It follows 
that the described control circuit operates in one of the 
hybrid modulation technique modes explained earlier, and 
thus operation of the chopper system with the minimum ' 
size of filter choke is attained. ' 

Solely to assist those skilled in the art to` practice the 
method of` this invention, a table of component identifica 
tions and circuit values for the circuits of FIGS. 14 and 
15 is set out below. This information is given solely 
to implement practice of the invention, and in no sense 
by way of limitation. ' . - 

‘Identification of value Component: 
80, 81, 124, 137 ___________ __-____'_ 2N3642. ~ 
82, 83 ____ ___ _________________ _. 2N3638. 

117, 152 ______________________ _. 2N3'647. 

95 ________ __,_____» ____________ _. IN4743. > 

102, 107 _________________ ______. 1N4738.` 
115 _________________ __ _______ _- 1N740. 

‘ 122, 12.6, 132,143, 150, 154 ______ __ 1N659. 
120, 156 _____________________ __ 1.27 afd. 
136, 141 ___ ________ ____ _____ ___. 300 uuid. 

103, 108 ...... _`_ ______________ _- 0-5`K ohms. 

118, 155 ______________________ _. 22 ohms. 
121,153 __" _________ __ ______ ____. 100 ohms. 
12S, 151 ____ __________________ _. 12() ohms. 
114, 123, 138> ____________ ____`___- 220 ohms. 
96, 98 _____ ___ ________________ _. 470 ohms. 
105, 111 ___ _____ ____ _________ __. 680 ohms. 
1_01, 106 _____ __'_' ____ __- ________ _. 750 ohms. 

94 ________ _.;..;...._.`._ ____ __.'..` _____ _. Ohms». 

104, 110 _____________________ __ 1.8K ohms. 

131, 145 ______________________ __ 2.2K ohms. 

133, 135, 140, 144 _____'_____ ____ _- 8.2K. ohms. 

While Aonly particular methods ofv theinvention have 
been described, it will be apparent to those skilled inthe 
art Athat various changes'and modifications may be made 
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therein without departing from the invention in itsI broader. i \ 
aspects. Therefore the aim Ain the appended claims ̀ is to 
cover all such changesand modifications as may fall 
within the true spirit and scope of the invention. 
What is claimed is: 
1. In a DC-to-DC conversion system in which a load 

is energized through a filter which includes an inductor 
from a chopper circuit at a level determined by the 
on dwell time and off dwell time of the semiconductor 
switch in the chopper circuit, with a control circuit pass 
ing regulating signals to the chopper circuit to regulate 

50 
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the durations of the on and oif times, the method of 60 
regulating the range of output voltage passed to the 
load as a fraction of the input voltage passed to the chop 
per, comprising: 

delivering an output voltage level equal to one-half 
the input voltage level at the maximum operating 
frequency of the chopper; and 

delivering output voltage levels less than one-half the 
input voltage level to the chopper by gradually de 
creasing the chopper operating frequency from its 
maximum value, while maintaining the chopper on 
dwell time approximately constant, to minimize the 
filter inductor size for a given set of chopper oper 
ating characteristics such as output voltage range, 
minimum switching time and maximum operating 
frequency. 
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2. ln a DC-to-DC conversion system in which a load 

is energized through a filter which includes an inductor 
from a chopper circuit at a level determined by the on 
dwell time and olf dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing 
regulating signals to the chopper circuit to regulate 
>the durations of the on and off times, the method of 
regulating the range of output voltage passed to the 
load as a fraction of the input voltage passed to the 
chopper, comprising: 

delivering an output voltage level equal to one-half 
the input voltage level at the maximum operating 
frequency of the chopper, while employing pulse 
width modulation to gradually increase the on dwell 
time of the chopper frem substantially its minimum 
value to the point where the olf dwell time of the 
chopper is at substantially its minimum value; and 

delivering output voltage levels less than one-half the 
input voltage level to the chopper by gradually de 
creasing the chopper operating frequency from its 
maximum value, while maintaining the chopper on 
dwell time approximately constant to minimize the 
filter inductor size for a given set of chopper oper 
ating characteristics such as output voltage range, 
minimum switching time and maximum operating 
frequency. 

3. In a DC-to-DC conversion system in which a load 
is energized through a ñlter which includes an inductor 
from a chopper circuit at a level determined by the on 
dwell time and off dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing 
regulating signals to the chopper circuit to regulate the 
durations of the on and off times, the method of regulat 
ing the range of output voltage passed to the load as a 
fraction of the input voltage passed to the chopper, com 
prising: 

delivering an output voltage level equal to one-half 
the input voltage level at the maximum operating 
frequency of the chopper; and 

delivering output voltage levels less than one-half the 
' input voltage level to the chopper by gradually de 

creasing the chopper operating frequency from its 
maximum value, while decreasing the on dwell time 
as the chopper operating frequency decreases, to 
minimize the lilter inductor size for a given set of 
chopper operating characteristics such as output volt 
age range, minimum switching time and maximum 
operating frequency.r ` ` y 

f' 4. In a DC-to-DC conversion system in which 'a load 
isl energizedl through a filter which Aincludes anv inductor 
from a chopper circuit at a level determined' by the onA 
dwellA time and off dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing regu 
lating signals to the chopper circuit to regulate the dura 
tions of the on and off times, the method of regulating 
the range of output voltage passed to the load as a frac 
tion of the input voltage passed to the chopper, oom 
prising: 

delivering an output voltage level equal to one-half 
the input voltage level at the maximum operating 
frequency of the chopper, while employing pulse 
width modulation to gradually increase the on dwell 
time of the chopper from substantially its minimum 
value to the point where the off dwell time of the 
chopper is at substantially its minimum value; and 

delivering output voltage levels less than one-half the 
input voltage level to the chopper by gradually de 
creasing the chopper operating frequency from its 
maximum value, while decreasing the on dwell time 
as the chopper operating frequency decreases, to 
‘minimize the ñlter inductor size for a given set of 
chopper operating characteristics such as output 
voltage range, minimum switching time and maxi 
mum operating frequency. 
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5. In a DC-to-DC conversion system in which a load 
is energized through a filter which includes an'inductor 
from a. chopper circuit at a level determined by the on 
dwell time and otic dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing regu 
lating signals to the chopper circuit to regulate the dura 
tions of the on and olf times, the method of regulating 
the range of output voltage passed to the load as a frac 
tion of the input voltage passed to the chopper, com 
prising: 

10 
delivering an output voltage level equal to one-half the  

input voltage level at the maximum operating fre 
quency of the chopper; and 

4delivering output voltage levels greater than one-half 
the input voltage level to the chopper by gradually 
decreasing the chopper operating frequency from its 
maximum value, while maintaining the chopper otf 
dwell time approximately constant, to minimize the 
ñlter inductor size for a given set of chopper operat 
ing characteristics such as output voltage range, mini 
mum switching time and maximum operating fre 
quency. 

6. In a DC-to-DC conversion system in which a load 
is energized through a filter which includes an inductor 
from a chopper circuit at a level determined by the on 
dwell time and off dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing regu 
lating signals to the chopper circuit to regulate the dura 
tions of the on and 01T times, the method of regulating 
the range of output voltage passed to the load as a frac 
tion of the input voltage passed to the chopper, compris 
mg: 

delivering an output voltage level equal to one-half the 
input voltage level at the maximum operating fre~ 
quency of the chopper, while employing pulse width 
lmodulation to gradually increase the on dwell time 
of the chopper from substantially its minimum value 
to the point where the off dwell of the chopper is 
at substantially its minimum value; and 

delivering output voltage levels greater than one-half 
the input voltage level to the chopper by gradually 
decreasing the chopper operating frequency from its 
maximum value, while maintaining the chopper off 
dwell time approximately constant, to minimize the 
filter inductor size for a given set of chopper oper 
ating characteristics such as output voltage range, 
minimum switching time and maximum operating 
frequency. 

7. In a DC-to-DC conversion system in which a load 
is energized through a tilter which includes an inductor 
from a chopper circuit at a level determined by the on 
dwell time and olir dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing regu 
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lating signals to the chopper circuit to regulate the dura 
tions of the on and off times, the method of regulating 
the range of output voltage passed to the load as a frac 
ion of the input voltage passed to the chopper, compris 
ing: , _ _ , 

delivering an output voltage level equal to one-half the 
input voltage level at the maximum operating fre 
quency of the chopper; and 

delivering output voltage levels greater than one-half 
the input voltage level to the chopper by gradually 
decreasing the chopper operating frequency from its 
maximum value, while decreasing the off dwell time 
as the chopper operating frequency decreases, to mini 
mize the filter inductor size for a given set of chop 
per operating characteristics such as output voltage 
range, minimum switching time and maximum oper 
ating frequency. ‘ 

8. In a DC-to-DC conversion system in which a load 
is energized through a ûlter which includes an inductor 
from a chopper circuit at a level determined by the on 
dwell time and off dwell time of the semiconductor switch 
in the chopper circuit, with a control circuit passing regu 
lating signals to the chopper circuit to regulate the dura 
tions of the on and off times, the method of regulating 
the range of output voltage passed to the load as a frac 
tion of the input voltage passed to the chopper, com 
prising: 

delivering an output voltage level equal to one-half the 
input voltage level at the maximum operating fre 
quency of the chopper while employing pulse width 
modulation to gradually increase the on dwell time 
of the chopper from substantially its minimum value 
to the point where the off dwell time of the chopper 
is at substantially its minimum value; and 

delivering output voltage levels greater than one-half 
the input voltage level to the chopper by gradually 
decreasing the chopper operating frequency from ,its 
maxamum value, while decreasing the off dwell time 
as the chopper operating frequency decreases, to 
minimize the ñlter inductor size for a given set of 
chopper operating characteristics such as output volt 
age range, minimum switching time and maximum 
operating frequency. i 
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