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[57] ABSTRACT

In a push-pull converter, switching transistors are pro-
tected from peak power stresses by a separate snubber
circuit in parallel with each comprising a capacitor and
an inductor in series, and a diode in parallel with the
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[58] Field of Search ........ccccounrreviircnrunnnne. 363/22-26, the transistor is switched off, to protect it against peak
363/55-58, 131-134; 361/8, 13,91  power stress, discharges through the inductor when the
(56] References Cited transistor is turned on, and after the capacitor is dis-
charged the energy now stored in the inductor dis-
U.S. PATENT DOCUMENTS charges through the diode. To return this energy to the
2,802,149  8/1957 Germer et al. ..ovrvrreenererens 361713 power supply, or to utilize this energy in some external
3,305,756 2/1967 Doss et al. .ocoevceerernrercinesinenes 363/23 circuit’ the inductor may be rep]aced by a transformer
ggi;vg?g ) (3); }gg; (S:tm:ty et al i ggg? }gg having its secondary winding connected to the power
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3430125 2/1969 Povenmire et al. ......oun. 363/2¢  Supply or to the external circuit.
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3,670,234  6/1972 Joyce 363/56 3 Claims, 11 Drawing Figures
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PUSH-PULL CONVERTER WITH ENERGY
.SAVING CIRCUIT FOR PROTECTING -
SWITCHING TRANSISTORS FROM PEAK POWER
, STRESS |

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under-a NASA contract and is sub-
ject to the provisions of Section 305 of ‘the‘National
Aeronautics and-Space Act of 1958, Public- Law 85-568
(72 Stat. 435, 42 USC 2457)

BACKGROUND OF THE INVENTION

“This invention relates to switching power converters
of the push-pull type, and more particularly to’an im-
proved snubber ¢ircuit for safeguarding the switching
transistors against peak stresses..

In a conventional push-pull powet eonverter, the
source of DC power is alternately connected to two
sides of a center tapped primary winding in a trans-
former by two control transistors periodically switched
on 180° out of phase. In'a converter which incorporates
output voltage regulation, the period that each control
transistor is turned -on is regulated through a ‘pulse
width modulator as a function of the output voltage.
U.S. Pat. No. 3,670,234 discloses such-a pulse width
modulated voltage regulator for a driven power con-
verter. Each of the control transistors is protected by a
diode which conducts current in a direction opposite to
the current through the control transistors to protect
them against reverse current when they are turned off
due to energy stored:in the primary winding of the
transformer. Such a technique: for protecting a switch-
ing transistor havmg an mductlve load has become quite
conventional. o

One of the problems encountered in the operation of
such a push-pull regulating converter is that the pres-
ence of an inductive load-on the switching transistors
produces power -peaking when the transistor that is
conducting is switched off. This could result in over-
stressing the switching transistors. FIG. 1 illustrates a
basic push-pull converter, and FIG. 2 illustrates the
peak power of the switching transistor Q1 or Q2 which
is the product of its collector current, Icand its collec-
tor-emitter voltage Vg, at turn-off. This peaking re-
sults because the voltage across the off-going transistor
must reach the level of the input voltage before it can be
turned off and the 1oad current begins to flow mdepen-
dent of the transistor being switched off.

In practical circuits, the transformer T causes the
collector-emitter voltage to be twice the level of the
input voltage Ejn. This high voltage, 2Ey, and collec-
. tor current, I¢, produce in-the transistor being switched
off a peak-power. point which may damage, or-decrease
the life of, the transistor. This undesirable situation has
been handled by. use of a *“snubber” circuit consisting of
a-resistor or a capacitor as shown in respective U.S. Pat.
Nos. 3,430,125 and 3,305,756, or with both a resistor R
and a capacitor Cyp as shown in FIG. 3. The curve
shown in FIG. 4 indicates the change in parameters
resulting from this snubber circuit. Peaking and the
total energy which must be absorbed by the switching
transistor are reduced. A disadvantage is that power is
wasted in the snubber circuit: A better prior-art snubber
circuit is shown:in FIG. 5 in which the circulating load
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the voltage rises across the transistor during turn-off.

- Each - diode ‘provides a low impedance current path
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current is diverted through diodes D and D3 shunting .

resistors Rygand Ripto charge capacitors Cjsand Capas

during turn-off and forces current through the current-
limiting. resistor during turn-on. This results in the
somewhat better curve shown:in FIG. 6. A disadvan-
tage of these snubber circuits shown in FIG. 3 and FIG.
5-is that both require use of low dissipation type capaci-
tors and resistors having fairly large power ratings, with
that of FIG. 3 having a slight advantage in that fewer
components are required. Both do reduce considerably
the power dissipated in the transistors, at a small penalty
of somewhat slower switching capability, but both
waste power dissipated in the resistors. In addition, the
wasted power produces heat which imposes an undesir-
able thermal load that must be taken care of, perhaps at
some further cost in energy consumption. It would be
desirable to provide a snubber circuit in which energy
absorbed by the circuit is returned to the power supply
instead of being dissipated in the circuit. That would"
both reduce thermal load and conserve energy in the
power supply. .

The energy dissipated by the prior art snubber cir-
cuits can be determined by calculating the energy trans-
fer from the snubber capacitor during each switching
cycle as $CV2, and multiplying by the frequency of
operation, f, as follows:

P, avg =fC( Vz/ 2)

Applying this equation to a power supply system in
which four 400 watt power supplies are paralleled, each
having an input varying from 200 to 400 volts and an
operating frequency of 10 kHz, and in which transistor
collector current 1. is 5 amperes, with a minimum oper-
ating volfage of 200, a changing voltage At=0.5X 10—$,
the value of C becomes

C=(IAl/ AV)mfd

-Substituting values:

(5) (0.5 X 10—6 )

c= 200

and

C=0.0125m/d

The average power d1351pated in each side (phase) by
the resistor is:

| Payg=fC(V%/2)
Payg=(10% (0.0125X 10~ 6) (400)2/2

Pgyg=10 watts :

The loss of 20 watts per module for the four modules
amounts to 80 watts. While this is only 5% of the total
of 1600 -watts, the heat load must be: thermally ac-
counted for and rejected. Any improvement which
minimizes the thermal load and increases the efficiency
of the system by recovering and conserving much-of
thlS wasted energy is therefore of interest.

SUMMARY OF THE INVENTION

~In accordance with the ‘present. inventior, an im-
proved snubber circuit for switching transistors which

“alternately connect a DC power supply across a center
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tap of a transformer winding and the opposite ends of
the transformer winding consists of a separate circuit
for each transistor comprised of a capacitor, a diode and
an inductor, with one plate of the capacitor connected
to. the collector of ‘the transistor and the other plate
connected through the diode to the emitter of the tran-
sistor. The polarity of conduction through the diode is
the same as the base-emitter junction of the transistor.
The energy stored in the capacitor when the transistor
is turned off discharges through the inductor when the
transistor is turned on, thus transferring the energy
stored into the inductor. Once the capacitor is thus
discharged, the inductor discharges its stored energy
through the diode. Very little energy is lost in the very
low resistance of the forward biased diode and the low

resistance of the mductor. If this energy is to be re-

turned to the power supply, or used in an external cir-
cuit, the inductor is replaced by a transformer having a
load in its secondary winding connected to the power
supply or external circuit.

The novel features of the mventlon are set forth with
particularity in the appended claims. The invention will
best be understood from the following description when
réad in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a circuit diagram of the basic prior-art push-
pull buck power converter referred to hereinbefore.

FIG. 2 is a graph referred to hereinbefore of collector
current versus collector-to-emitter voltage of a switch-
ing transistor in the converter of FIG. 1.

_FIG. 3 is a circuit diagram of the basic converter with
a prior art snubber circuit referred hereinbefore.

FIG. 4 is a graph referred to hereinbefore of collector
current versus collector-to-emitter voltage of a swntch-
ing transistor in the converter of FIG. 3.

FIG. 5 is a circuit diagram of an improved snubber
circuit in the prior art referred to hereinbefore.

FIG. 6 is a graph referred to hereinbefore of collector
current versus collector-to-emitter voltage of a switch-
ing transistor in the converter of FIG. 5. -

FIG. 7 is a circuit diagram of a converter with an
improved snubber circuit in accordance with the pres-
ent invention.

FIG. 8 is a simplified circuit illustrating part of the
operation of the circuit of FIG. 7.

FIG. 9 is a simplified circuit illustrating another part
of the operation of the circuit of FIG. 7.

FIG. 10 is a graph of inductor current and capacitor
voltage in the operation of the circuit shown as FIGS.
8and 9.

FIG. 11 illustrates a modification of the invention
iltustrated in FIG. 7 to utilize power stored in the induc-
tor or to return it to the power supply.

DESCRIPTION OF PREFERRED
EMBODIMENTS

As noted hereinbefore, the basic push-pull buck con-
verter of FIG. 1 has diodes-CR1 and CR2 for protection
of transistors Q1 and Q; against reverse current flow due
to-the inductive load comprised of transformer T1 as
the transistors Qpand Q; are alternately turned on by a
pulse-width modulator .10 which may receive the out-
put voltage Eg from a filter comprised of an inductor L.
and a capacitor C in order to regulate the output volt-
age to a load. Diodes CR3 and CR4 in the secondary
circuit rectify the output of the transformer for full
wave rectification in the power converter. FIG. 2 illus-
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4
trates the peak power produced across each of the tran-
sistors Q and Q; as they are switched from the on con«
dition to the off condition., This peak power over-
stresses the transistors thereby severely limiting their
life span, and sometimes causing a very premature fail-
ure.

To reduce the peak power of the circuit a snubber
circuit consisting of capacitor C; and resistor R1 is
added to the basic push-pull buck converter of FIG. 1.
FIG. 4 illustrates in a graph of collector current versus
collector-emitter voltage of a switching transistor to
show how the peak power to which the transistor is
subjected has been very significantly reduced. To fur-
ther reduce the peak power, the snubber circuit of FIG.
3 has, in the past, been modified as shown in FIG. §
wherein the capacitor C; has been divided into two
parts C1zand Cjy, and the resistor has. been divided into .
two parts Ry, and R),. The junction between these
resistors Riq and Ry stand connected to the return
current path to the power supply, and diodes D and
D are connected in parallel with the resistors R, and
Ris

In operation, while a transistor is.turned off, such as
the transistor Q, the associated capacitor Cy4is charged
through the diode D1. When the transistor is turned on,
the charge stored in the capacitor Cj, discharges
through the transistor Q; so that when that transistor is
again turned off, the capacitor C;, can again be
charged, thereby providing a path for current while the
transistor is being turned off, that is to say while collec-
tor current is still flowing through it. In that manner,
the capacitor functions as a current sink to significantly
reduce the collector current of the transistor while it is
being switched off in order to significantly reduce the
peak power to . which the transistor is being subjected as
it is switched from the on state to the off state.

The improved snubber circuit of the prior art shown
in FIG. § has the disadvantage noted hereinbefore that
power is being dissipated in the resistors R, and Ryp.
To significantly reduce this power loss, the resistors

- Rigand R are substituted by inductors Lj,and L5, as

shown in FIG. 7. While a switching transistor is turned
off, such as the transistor Q, the associated capacitor
Cia is charged as before. When the transistor is then
turned on, the capacitor Cjq discharges through the
transistor drawing current through the inductor Ljq as
shown-in FIG. 8. When the capacitor Ci, has dis-
charged so that it-no longer produces current through
the transistor, the energy stored in the inductor is dis-
‘Charged through the diode D as shown in FIG. 9. The
energy stored in the inductor is thus discharged through’
the low impedance of the diode and the inductor. If the
energy discharged from the inductor is instead coupled
out' through a transformer to a load, or back to the
power supply, as shown in FIG. 11, much lower heat is
generated in the converter circuit,-and thus reduces the
energy that might otherwise be required to dissipate
heat in the converter circuit. FIG. 10 illustrates how the
voltage of the capacitor reduces to zero in a period T
during which the transistor is turned on, thus increasing
the inductor current which after the turn-on period T
continues as a discharge current that decreases in ampli-
tude over a period of time while the transistor is turned
on:

The energy stored in the inductor L4 can be returned
to the power supply, or it can be utilized in an external
circuit, by replacing the inductor L1, with a transformer
Tisas shown in FIG. 11. Since current now present in
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the secondary winding of the transformer T for return
to the power supply, or D3 may be included in the sec-
ondary circuit of the transformer Ty, with a filter simi-
lar to the filter shown in FIG. 7. The inductor Ly is
then also substituted with a transformer T); which,
through a rectifying diode Dy, is then also connected to
the output filter. In that manner, the secondary wind-
ings of the transformer T, and Ty provide transfer of
the recovered energy through the diodes D3 and Dy to
a load which may be the same load as the main con-
verter circuit shown in FIG. 7, in which case the filter
elements may be the same, i.e., the diodes D3 and Dy
may be feeding into the same filter as the diodes CR3
and CR4 of the main circuit. The turns ratio of the
transformers is selected so that when the diodes D3 and
D4 conduct, the reflected voltage appearing across the
primary is not high enough to turn on the diodes Dj and
D5. In that regard, it should be noted that in place of
one diode, such as the diode Dj, two or more diodes
may be connected in series in order to incfease the
reflected voltage which can be tolerated across the
primary winding of the transformer.

Although particular embodiments of the invention
have been described and illustrated herein, it is recog-
nized that modifications and equivalents may readily
occur to those skilled in this art. Consequently, it is
intended that the claims be interpreted to cover such
modifications and equivalents.

What is claimed is:

1. In a circuit having a switching power transistor
driving an inductive load, said transistor being switched
on and off, an improved means for protecting said tran-
sistor from peak power stresses comprising a capacitor
and an inductor connected in a series circuit that is
connected between the collector and the emitter of said
transistor, said inductor being a primary winding of a
transformer, and a diode in parallel with said primary
winding, said diode being connected to conduct for-
ward current to charge said capacitor while said transis-
tor is turned off, whereby energy stored in said capaci-
tor is automatically transferred to said primary winding
when said transistor is turned on, and once said capaci-
tor is discharged, energy stored in said primary winding
is discharged through said diode, whereby energy dis-
charged from said capacitor may be transferred to an
external circuit, load or power supply for the circuit
through said transformer.
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2. In a converter having at least one power transistor
being turned on and off to periodically conduct current
from a DC source through a primary winding of a trans-
former, an improved snubber circuit connected in paral-
lel with said transistor to said DC source comprising a
capacitor and an inductor connected in series, said in-
ductor being a primary winding of a second transformer
having its secondary winding connected through a rec-
tification diode to an external circuit, load or power
supply, and a diode connected in parallel with said
inductor, said diode being oriented to conduct in the
same direction as the base-emitter junction of said tran-
sistor.

3. An improved snubber circuit for switching a pair
of transistors used to alternately connect a DC power
supply to first and second halves of a center tapped
primary winding of a transformer for DC-to-DC con-
version, wherein one transistor has a collector con-
nected to one end of the primary winding of said center
tapped transformer, the other transistor has a collector
connected to the other end of the primary winding of
said center tapped transformer, and both transistors
have base-emitter junctions with their emitters con-
nected to said power supply for return current con-
ducted from the center tap of said primary winding
through the two halves thereof alternately as said tran-
sistors are turned on and off, said improved snubber
circuit comprising two parts, one part in parallel with
one transistor, and one part in parallel with the other
transistor, each part comprising a capacitor having one
terminal connected to the collector of one of said tran-
sistors and the other terminal connected to the emitter
of said one of said transistors through an inductance,
and a diode connected in parallel with said inductance
between the emitter of said one of said transistors and
said other terminal of said capacitor, wherein said in-
ductance is a primary winding of a transformer for
utilization in its secondary circuit power recovered
from said inductance, or for return of power to said
power supply, said diode being connected for current
conduction of the same polarity as current through the
base-emitter junction of said transistor, whereby energy
stored in said capacitor while said transistor is turned
off discharges through said inductance, and energy thus
transferred and stored in said inductance is thereafter
discharged through said diode in parallel with said in-

ductance.
* * * * *
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