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3,295,043
D.C. TO D.C. REGULATED CONVERTER

Richard P. Massey, Westfield, IN.J., assignor to Bell Tele-

phone Laboratories, Incorporated, New York, N.Y,, a

corporation of New York
Continuation of application Ser. No. 263,062, Mar. 5,

1963. This application Feb. 15, 1966, Ser, No. 537,591

3 Claims., (CL 321—2)

This application is a continuation of application Serial
No. 263,062, which was filed March 5, 1963, now aban-
doned.

The invention rtelates generally to electrical current
supply circuits and more particularly to electrical current
supply circuits which are regulated to maintain substan-
tially constant output voltage.

The wusual voltage regulator operates with a closed
feedback loop. An error detector compares the output
or load voltage with a standard reference voltage and
feeds any discrepancy back to a regulating device which
is located between the input voltage source and the error
detector. The regulating device is normally a variable
impedance device or a switch and is connected either in
series with or in shunt across the input voltage source.
Such regulators are versatile in that they correct not only
for changes in input voitage but also for load impedance
variations, but tend to be relatively complex and can be
somewhat wasteful of power. Because they normally
provide no D.C. isolation between input source and load,
such regulators can also be troubled by unwanted ground
loops and a resulting instability and shock hazard.

One object of the present invention is to increase the
efficiency of voltage regulation in an electrical current
supply circuit in as simple a manner as possible.

Another object is to increase the efficiency of voltage
regulation and, at the same time, provide effective D.C.
isolation between the input and output circuits of the
regulator.

The invention takes advantage of the fact that there
are frequent occasions when a voltage regulator need
correct only for changes in input voltage and makes use
of a so-called D.C, to D.C. converter to provide regula-
tion on an open-loop basis. While the resulting regulator
does not compensate for changes in load impedance, it
has increased efficiency, greater simplicity, and provides
complete D.C. isolation between input and output circuits.

In the electrical current supply art, a converter is a
circuit for transforming a direct current at one voltage
level to another direct current at a different voltage level
and is normally made up of an inverter for changing the
direct input current to an alternating current, a trans-
former (which may be the output or feedback transformer
of the inverter) for changing the voltage level of the al-
ternating current, and an output rectifier. Such circuits
are generally quite simple, waste very little power, and
provide good D.C. isolation between input and output
circuits. They provide no regulation, however, since
changes in input voltage result in corresponding changes
in output or load voltage.

In accordance with the invention, a D.C. to D.C. con-
verter is made to function as an open-loop regulator by
providing the output or feedback transformer of its in-
verter with a saturable core having a substantially rec-
tangular hysteresis loop and driving the inverter in such
a manner as to maintain its operating frequency substan-
tially constant. The saturable transformer core main-
tains the volt-time product of the A.C. wave generated
by the inverter substantially constant, making the magni-
tude of the output voltage derived therefrom substan-
tially independent of variations in input voltage magni-
tude. The open-loop regulator retains, of course, all of
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the usual advantages of a D.C. to D.C. converter in that
it is relatively simple, wastes very little power, and pro-
vides good D.C. isolation. It can be used, moreover, to
provide either 'a step-up or a step-down in voltage. Be-
cause there is no closed regulating feedback loop, any
likelihood of unwanted ground loops, with the attendant
chance of shock hazard or instability, is eliminated.

In a preferred embodiment of the invention, the in-
verter (called the power inverter for reference con-
venience) of the D.C. to D.C. converter is driven at a
constant frequency by another inverter. The driving
inverter is powered from the same input voltage source
as the power inverter but has its operating frequency
specially stabilized against variations in input voltage
magnitude. The constant-frequency operation of the
power inverter permits the saturable core of its output
or feedback transformer to perform the regulating func-
tion by maintaining a constant volt-time product in the
manner described.

A more complete understanding of the invention may
be obtained from a study of the following detailed de-
scription of the specific embodiment illustrated in the
drawing.

In the illustrated embodiment of the invention, the
power inverter is driven at a constant frequency fixed
by an auxiliary inverter powered from the same input
voltage source but stabilized in frequency -against changes
in input voltage magnitude in the manner disclosed and
claimed in applicant’s United States Patent 3,215,952,
which issued November 2, 1965,

The frequency-stabilized driving inverter is in the form
of a four-terminal bridge circuit in which a pair of p—n—p
transistors 11 and 12 form one pair of adjacent arms and
a pair of voltage-dividing capacitors 13 and 14 the other.
As illustrated, the emitter-collector paths of transistors
11 and 12 are connected in series with one another, with
the emitter of transistor 11 and the collector of transistor
12 forming one of the four terminals of the bridge. To
apply a direct input voltage across one diagonal of the
bridge, the terminal formed by capacitor 14 and the
emitter of transistor 12 is grounded and the one formed
by capacitor 13 and the collector of transistor 11 is con-
nected to the negative side of an input D.C. source 15
through a smoothing filter consisting of a shunt capacitor
16 and a series inductor 17. In addition, a germanium
diode 18 is connected across inductor 17 to eliminate any
voltage transients created by turning the converter on
and off. The output of the frequency-stabilized inverter
is taken from a transformer 21, one winding 22 of which
is connected from the bridge terminal between capacitors
13 and 14 to that formed by the emitter of transistor 11
and the collector of transistor 12.

Regenerative feedback is provided in the driving in-
verter by two additional windings 23 and 24 of trans-
former 21. The relative polarities of the windings are as
indicated by the dots. One end of winding 23 is con-
nected to the emitter of transistor 11, while the other is
connected through a timing capacitor 25 and a timing
resistor 2§ to the base of transistor 11. One end of wind-
ing 24, on the other hand, is grounded (as is the emitter
of transistor 12) while the other is connected through a
timing capacitor 27 and a timing resistor 28 to the base
of transistor 12. Timing resistors 2% and 28 are variable
and ganged, as illustrated, to provide fine control of the
driving inverter operating frequency. Finaily, a diode
22 is connected between the base and emitter electrodes
of transistor 11 and poled toward the latter electrode,
while a diode 30 is similarly connected and poled be-
tween the base and emitter electrodes of transistor 12.

In operation, transistors 11 and 12 of the driving in-
verter conduct alternately. The voltage division between



3,295,043

3

capacitors 13 and 14 is substantially equal. When tran-
sistor 12 is conducting (in saturation), half of the input
voltage is applied to winding 22 and induces voltages on
the other windings of transformer 21. The voltage on
winding 22 is negative at the dot, as are those on wind-
ings 23 and 24. The negative potential applied to tim-
ing capacitor 27 by winding 24 holds transistor 12 in its
conducting state, while the positive potential applied to
capacitor 25 by winding 23 and developed across diode
29 holds transistor 11 in its non-conducting state. As
capacitor 27 charges, the base current of transistor 12
decreases exponentially, When it reaches the value I./8
I, is the collector current flowing in the transistor and
g is the transistor common-emitter current gain, tran-
sistor 12 comes out of saturation and the voltage across
its emitter-collector path increases. At the same time,
the reverse bias on transistor 11 decreases as capacitor
25 charges. By regenerative action, transistor 11 switches
to its conducting (saturated) state and transistor 12
switches to its non-conducting state. The voltage across
winding 22 of transformer 21 reverses and the induced
voltages across all of the windings of the transformer
21 also reverse. The cycle repeats itself, maintaining
oscillation, with the frequency determined primarily by
the time constant of capacitor 25 and resistor 26 and by
the time constant of capacitor 27 and resistor 28.

The frequency of the driving inverter is stabilized
against input voltage variations by a pair of diode-resistor
networks connected to inject into the base of each tran-
sistor when conducting a reverse current at least equal
to the maximum I, for that transistor, where I, is the
transistor collector current which still flows in the
absence of emitter current. One of these networks,
made up of the serial combination of a current-limiting
resistor 31 and a diode 32, is connected from the end of
transformer winding 24 indicated by the dot to the base
of transistor 11, The other, consisting of the serial com-
bination of a current-limiting resistor 33 and a diode
34, is connected from the end of winding 23 remote from
the dot to the base of transistor 12. Diodes 32 and 34
are both poled toward the base electrodes of their re-
spective transistors and resistors 31 and 33 both cooperate
with their respective transformer windings to fix the in-
jected currents at at least the maximum values of I,
for their respective transistors. The injected currents are
preferably limited to values only slightly in excess of the
maximum values of I,, for the transistors in order to
provide complete frequency stability without unneces-
sary loss of power,

In accordance with an important feature of the inven-
tion, the frequency-stabilized inverter which has just been
described is employed to drive the main or power in-
verter of a D.C. to D.C. converter, The output or feed-
back transformer of the power inverter is, in accord-
ance with another important feature of the invention,
provided with a saturable core.having a substantially
rectangular hysteresis loop. The power inverter in the
illustrated embodiment of the invention is without in-
dependent frequency stabilization, but is of the same
general type as a driving inverter. It takes the form of
another four-terminal bridge circuit in which a pair of
p-n—p transistors 35 and 36 form one pair of adjacent
arms and voltage-dividing capacitors 13 and 14 form
the other. A pair of diodes 37 and 38 are connected in
series with one another across capacitors 13 and 14 to
assist in maintaining exact voltage division across the
capacitor voltage divider. As illustrated, diodes 37 and
38 are poled from D.C. source 15 toward ground so that
they are biased in the reverse direction.

The output from the power inverter is taken from the
bridge diagonal between the terminal formed by the
respective emitter and collector electrodes of transistors
35 and 36 and the terminal formed between capacitors
13 and 14. Half of a center-tapped winding 39 of an
output transformer 49 is connected across that diagonal.
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The other half of winding 392 is connected, as illustrated,
from the junction of capacitors 13 and 14 to the junction
between diodes 37 and 38. Exact voltage division across
the capacitor voltage divider is obtained through the use
of this portion of winding 39 in conjunction with diodes
37 and 38. If the voltage across capacitor 14 tends to
rise while tragnsistor 36 is conducting, due to an un-
balance in the capacities of the two capacitors, the volt-
age across the upper portion of winding 39 also tends
to rise. The wvoltage across the lower portion of the
winding rises at the same time. Since the resulting volt-
age across the lower portion of winding 39 is greater
than the voltage across capacitor 13, the ensuing current
through dicde 37 charges capacitor 13 and restores equal
voltage division. Similarly, if the voltage across ca-
pacitor 13 tends to exceed that across capacitor 14, diode
38 conducts and restores equal voltage division.

Regenerative feedback in the power inverter is pro-
vided by a pair of feedback windings 41 and 42 of trans-
former 40. As illustrated, winding 41 is connected to
the base of transistor 35, while winding 42 is connected
to that of transistor 36. Toc provide accurate control
of the frequency of the power inverter, output trans-
former 21 of the driving inverter, which is stabilized in
frequency against variations in input voltage magnitude,
is equipped with a pair of output windings 43 and 44.
One end of winding 43 is connected through a capacitor
45 and a current-limiting resistor 46 to the end of wind-
ing 41 remote from transistor 35. Resistor 46 is shunted
by a capacitor 47. The other end of winding 43 is con-
nected to the bridge terminal formed by the junction be-
tween the emiiter of transistor 35 and the collector of
transistor 36. One end of winding 44, on the other
hand, is connected through a capacitor 48 and a current-
limiting resistor 49 to the end of winding 42 remote
from transistor 35. Resistor 49 is shunted by a capaci-
tor 50. The other end of winding 44 is grounded. The
relative polarities of all of the windings of transformers
21 and 40 are as indicated by the dots. Finally, a first
Zener diode 55 is connected between the emitter and base
electrodes of transistor 35 and poled in the forward di-
rection toward the base, while a second Zener diode 56
is similarly connected and poled between the emitter and
base electrodes of transistor 36.

The power inverter in the illustrated embodiment of
the invention operates in both frequency and phase syn-
chronism with the driving inverter. Transistors 11 and
35 conduct in phase with one another, as do transistors
12 and 36. When transistors 12 and 36 are conducting,
the voltages across windings 43 and 44 of transformer
21 are negative at the dots and series additive with those
across windings 41 and 42 of transformer 40. The com-
bined voltage across windings 42 and 44 forward biases
Zener diode 56 and the base-emitter junction of transistor
36, driving transistor 35 into full conduction. This base
driving current, the bulk of which flows through tran-
sistor 36 rather than through diode 56, is limited by
resistor 49 and charges capacitors 48 and 50. At the
same time, the combined voltage across windings 41 and
43 breaks down Zener diode 55 in the reverse direction,
charging capacitors 45 and 47 through current-limiting
resistor 46. Since Zener diode 55 is in breakdown, it
provides a reverse cut-off voltage for transistor 35 and
holds it in its non-conducting state,

As has already been indicated, the core of transformer
48 is of the rectangular hysteresis loop variety. For
this reason, it saturates before the base currents in the
driving inverter transistors decrease to the switching
point. When the core of transformer 49 saturates, there
is no further change in flux and all winding voltages fall
to zero. The difference between the voltage across ca-
pacitor 48 and that across winding 44 of transformer
21 is positive and small enough not to break down Zener
diode 56. Also, the sum of the voltage across capacitor
45 and that across winding 43 of transformer 21 is posi-
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tive and small enough not to break down Zeper diode
55. Since Zener diodes 55 and 56 are reverse biased,
they are effective open circuits, causing both transistors
35 and 36 of the power inverter to be non-conducting.

When transistors 11 and 12 of the driving inverter
switch so that transistor 11 conducts and transistor 12
is shut off, the voltages across windings 43 and 44 of
transformer 21 reverse polarity. The sum of the volt-
ages across capacitors 48 and 50 and the voltage across
winding 44 of transformer 21 is positive and high enough
to break down Zener diode 56. Transistor 36 is thus
held in its non-conducting state. At the same time, the
difference between the voltage across capacitor 45 and
the voltage across windings 43 of transformer 21 is nega-
tive, forward biasing Zener diode 55 and the base-emit-
ter junction of fransistor 35. Transistor 35 is thereby
driven into conduction. The voltage on the upper por-
tion of winding 39 of transformer 46 then reverses po-
larity and the cycle repeats. Capacitors 47 and 56 help
decrease the turn-off times of power inverter transistors
35 and 36.

The output voltage of the power inverter in the illus-
trated embodiment of the invention appears at an out-
put winding 61 of saturable transformer 40 as alternate
halves of a square wave separated by zero voltage inter-
vals. Full-wave rectification is provided by a pair of
diodes 62 and 63, each connected to an opposite end of
output winding 61. The rectified voltage is filtered by
passing it through a series inductor 64 to the load 65.
A shunt capacitor 66 between inductor 64 and load 65
aids in the filtering. A Dbleeder resistor 67 is shunted
across load 65 to limit output voltage in the event of an
open-circuited load.

Line voltage regulation without a closed feedback loop
in the illustrated embodiment of the invention is achieved
by the use of material having a substantially rectangular
hysteresis loop for the core of transformer 49. Such a
material has a constant volt-time product. For this reason,
transformer 40 saturates earlier in the cycle when the
voltage applied to the upper portion of winding 39 in-
creases and later when that voltage decreases. Since there
is no further change in flux when transformer 40 saturates,
all winding voltages fall to zero, switching the conducting
one of power inverter transistors 35 and 3§ to its non-
conducting state. Since the other transistor is not
switched to its conducting state until the corresponding
transistor in the driving inverter begins to conduct, the
over-all period of the output wave appearing on output
winding 61 of transformer 4@ consists of one conduction
interval and one zero voltage interval of transistor 36
followed by one conduction interval and one zero voltage
interval of transistor 35. If the input voltage supplied
by D.C. source 15 increases, the conduction intervals
shorten and the zero voltage intervals lengthen by a
corresponding amount. If the input voltage decreases,
on the other hand, the conduction intervals lengthen and
the zero voltage intervals shorten. Since the over-all
period of the power inverter output wave is, in accordance
with an important feature of the invention, held constant
by the driving inverter even though the input voltage
changes, the average value of the rectified ouput of the
power inverter is held constant. The final filtered output
voltage appearing across load 65 is thereby made inde-
pendent of input voltage variations and a regulating effect
is achieved without the use of a closed feedback loop,

Because there is no power dissipation in a series or
shunt regulating element, the illustrated regulator ap-
proaches optimum efficiency. It is extremely simple and,
for that reason, rugged and highly reliable. The D.C. to
D.C. converter permits either a step-up or a step-down in
voltage and the lack of a closed feedback loop permits
complete D.C. isolation of the input and output circuits.

The illustrated regulator may, in addition, be operated
as a closed-loop regulator in order to achieve closer load
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voltage regulation than is obtainable from an ordinary
closed-loop regulator. A conventional error detector may
be used to detect departures of the load voltage from a
reference value and the resulting error signal used to vary
a resistance placed across an additional winding of trans-
former 21. Resistance variations are reflected back into
the driving inverter and adjust its frequency in such a
way as to regulate the load voltage.

It is to be understood that the above-described arrange-
ment is illustrative of the application of the principles of
the invention. Numerous other arrangementis may be
devised by those skilled in the art without departing from
the spirit and scope of the invention.

What is claimed is:

1. A regulated converter which comprises a source of
direct input voltage, an output rectifier, a separately ex-
cited inverter powered by said source connected to supply
an alternating voltage to said output rectifier, said
separately excited inverter including a pair of transistors,
a pair of capacitors, the emitter-collector paths of said
transistors being connected in series to form two adjacent
arms of a four-terminal bridge and said capacitors being
connected in series to form the remaining two arms of the
same bridge, and a saturable output transformer having a
primary winding connected across the diagonal of said
bridge formed by the juncture between said transistors and
the juncture between said capacitors, a pair of feedback
windings each connected to the base electrode of a
respective one of said transistors to render the emitter-
collector paths of said transistors alternately conducting
and non-conducting in phase opposition to each other, and
a secondary winding connected to said output rectifier,
said source being connected across the other diagonal of
said bridge and said saturable output transformer having
a substantially rectangular hysteresis loop and saturating
at least once during every half cycle of said alternating
voltage, and a substantially constant frequency self-excited
inverter powered by said source connected with its output
coupled to said feedback windings to drive said separately
excited inverter at said substantially constant frequency,
whereby said saturable transformer maintains the volt-
time product of said alternating voltage substantially con-
stant and the magnitude of the direct voltage derived
therefrom by said output rectifier is independent of vari-
ations in the magnitude of said direct input voltage.

2. A regulated converter in accordance with claim 1
in which said self-excited inverter includes said pair of
capacitors and a second pair of transistors, the emitter-
collector path of said second pair of tramsistors being
connected in series to form two adjacent arms of a second
four-terminal bridge and said capacitors also forming the
remaining arms of said second bridge.

3. A regulated converter in accordance with claim 2 in
which means abstracting the output from said self-excited
inverter is connected across the diagonal of said second
bridge formed by the juncture between said second pair
of transistors and the juncture between said capacitors and
said source is connected across the other diagonal of said
second bridge.
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FURTHER READING

Click any one of the following links to be taken to a website which contains
the following documents.

There appears to be a lot of recent patent activity in the area
of building "bridgeless PFC convertors". The following are
some of the patents.

11 584 983 Method and_apparatus_for high efficieny rectifier
11_204_307_AC_to_DC_power_supply with_PF

11 302 544 Simple partial switching power_ factor_ correction
11_474_712_ BRIDGELESS BI_DIRECTIONAL FORWARD TYPE_ CONVERTER
11 480 004 High efficiency power_ converter system
11_706_645_AC_to_DC_voltage_converter_as_power_supply

12 401 983 BRIDGELESS PFC _CIRCUIT FOR_CRM
12_798_682_Bridgeless_PFC_converter

3295043 _MASSEY D_C__TO_D_C__ REGULATED CONVERTER
4183079_DC_AC_inverter

4523266_AC_to_DC_conversion_system
4943902_AC_to_DC_power_converter_and_method
5570276_Switching_converter_with_open_loop_input_regulation
5815380_Switching_converter_with_open_loop_Primary_regqulation
5815384 _Transformer_uses_bi_directional_synch_Rectifiers
6115267_AC_DC_converter_with_no_input_rectifiers
6157182_DC_DC_converter_with_multiple_operating_modes

6608522 DC_to_DC_converter providing_stable_ operation
7250742_Digital_control_of_ bridgeless_power_factor_correction
7265591_CMOS_driver_with_minimum_ shoot_through

And here is some more information for those who may be interested.

A BIDIRECTIONAL PWM THREE-PHASE STEP-DOWN RECTIFIER

A bidirectional, sinusoidal, high-frequency inverter

A DUAL INPUT BIDIRECTIONAL POWER CONVERTER

A new structure for bidirectional Power flow

BI-DIRECTIONAL INVERTER-CHARGER

Bi-directional single-phase half-bridge rectifier for power quality
BiDirectional Converter

Bidirectional_ UP_Inverter

Synthesis of Input-Rectifierless AC/DC

11.28.10_10.11AM
dsauersanjose@aol.com
Don Sauer
http://www.idea2ic.com/
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