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SYNCHRONIZING/DRIVING CIRCUIT FOR A
. FORWARD SYNCHRONOUS RECTIFIER

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to a
synchronizing and driving circuit for a forward converter
employing a synchronous rectifier.

2. Related Art
In known forward switching power supply

circuits employing synchronous rectifiers, the secondary
side diodes are replaced by transistors to obtain a lower
on-state voltage drop. The transistors must be biased to
conduct from source to drain (for an N-channel power
MOSPET)'when a diode would have been conducting from
anode to cathode, and conversely, must be gated to block

-voltage from drain to source when a diode would have been

blocking from cathode to anode.

' In these known synchronous rectifier circuits,
the gate signals to the transistors must be synchronized
as close as possible to the inflection points of the
output inductor current, which inflection points
correspond to the zero crossings of the squarewave output



BACKGROUND OF THE | NVENTI ON 1. Field of the Invention 10

"The present invention relates to a synchroni zing and driving circuit
for a forward converter enpl oyi ng a synchronous rectifier. 2.
Rel ated Art In known forward swi tching power supply 15
circuits enploying synchronous rectifiers, the secondary si de di odes
are replaced by transistors to obtain a | ower on-state vol tage drop.
The transistors nmust be biased to conduct from source to drain (for
an N-channel power MOSFET) when-.azdiode woul d have been conducti ng
from 20 anode to cathode, and conversely, nust be gated to bl ock
voltage fromdrain to source when a di ode woul d have been bl ocki ng
from cat hode to anode. I n these known synchronous
rectifier circuits, the gate signals to the transistors nust be

synchroni zed 25indugtozx| vedtageposThel gate signalé | canibe Psehfsdofivend
output inductor gugrentneWghel 5RGh8E! 1@NtPOANPrectly to the circuit)
or "controlled synchronized" (i.e., a synchronizing
signal is derived from some point in the circuit and fed
5 to a MOSFET gate driver).

Examples of prior art synchronous rectifiers
may be found in U.S. Patent Nos. 4,903,189 to Ngo, et
al.; 5,430,640 to Lee; and 5,457,624 to Hastings; and in
the following articles: "Synchronous Rectifiers Improve

10 Efficiency in Low Output Voltage Forward Converters" by
Clemente, et al. (pp. 347-350) and "The Impact of Low
Output Voltage Requirements on Power Converters" by
Jitaru, HFPC, May 1995 Proceedings (pp. 1-10).

Some synchronous rectifier circuits of the

15 prior art monitor the primary side control signals and
transfer such signals to the secondary side of the power
converter (i.e., across the isolation boundary) in order
to synchronize the gating of the synchronous transistors.
Unfortunately, costly, non-optimal and complex circuitry

20 is required to maintain isolation between primary and
secondary portions of the circuit. For example, when
opto~isolators are used to maintain isolation,
undesirable delays and unpredictable gain variations
introduce errors in the system.

25 Other synchronous rectifier circuits of the
prior art use additional transformer windings to transfer
synchronizing information to the secondary circuit
transistors an still maintain isolation. However, such
transformers are more costly and complex and a

30 transformer reset problem also arises. .

Accordingly, there is a need in the art for a
new synchronous rectifier circuit which does not require
opto-couplers or additional transformer windings to
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correspond to the zero crossings of the squarewave out put

- 2- I nductor voltage. The gate signals can be "sel f-driven"

(i.e., the gate signal is tied directly to the circuit) or
"controll ed synchroni zed" (i.e., a synchronizing signal is derived
fromsone point in the circuit and fed 5 to a MOSFET gate driver).
Exanpl es of prior art synchronous rectifiers may be found in U S

Pat ent Nos. 4,903,189 to Ngo, et - 91‘; 5,430,640 to Lee; and 5, 457, 624
to Hastings; and in the followi ng articles: "Synchronous Rectifiers
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transfer synchronizing information across the isolation
boundary between primary and secondary circuits in a
forward power converter,

SUMMARY OF THE INVENTION .

In order to overcome the disadvantages of the
prior art synchronous rectifier circuits, the present
invention provides "self-driven" gate signals produced by
monitoring the voltage across the output inductor of the
converter and alternately gating the transistors in
response to transitions of the inductor voltage such that
one transistor is always on when the other is off, and
vice versa.

Other features and advantages of the present
invention will become apparent from the following
description of the invention which refers to the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

For the purpose of illustrating the'invention,
there is shown in the drawings forms which are presently
preferred, it being understood, however, that the
invention is not limited to the precise arrangements and
instrumentalities shown. _

. Figure 1 is a circuit diagram partially in
block form of a synchronous rectifier in accordance with
the invention. .

Figure 2 is an equivalent circuit of a
secondary circuit of Figure 1 during a first mode of
operation.

Figure 3 is an equivalent circuit of the
secondary circuit of Figure 1 in a second mode of
operation.
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10" 'Efficiency I n Low Qutput Voltage Forward Converters" by

‘Clenente, et al. (pp. 347-350) and "The |npact of Low Qut put Vol t age
Requi renents on Power Converters" by Jitaru, HFPC, May 1995
Proceedi ngs (pp. 1-10). Some synchronous rectifier
circuits of the 15 prior art nonitor the primary side control signals
and transfer such signals to the secondary side of the power
converter (i.e., across the isolation_bgundary) in order to
synchroni ze the gating of the synchronous transistors. Unfortunately,
costly, non-optimal and conplex circuitry 20 Is required to maintain

| sol ati on between prinmary and secondary portions of the circuit. For
exanpl e, when opto-isolators are used to nmintain isolation,

undesi rabl e delays and un@ﬁgﬂk@tabhqlggtgagaglaévgﬁgrms at VE&ﬁQﬂMﬁe errors
in the system ﬁg ropous rectifier %IFCUIt%-Of t he
prior art use aR&FPlﬁnQPrﬂpgnQPEFﬁﬁﬁqﬁ i hYsCRE FHEAULL, of Figur

synchroni zi ng |nfornatlonthumbeSSshowdathecciruuit of Fignaesilstdth an

still maintain | o] I stly
and conpl ex and aﬁbggh%ggrangﬁ %§3583° ro%#é§£§% EHE?igg%g Tshowh
Accordi nglsy, thanedetaalnaedﬂlﬂumheSart for a new synchronous
rectifier circuit which deggRQl ¢ efdlECan a1tePH£9198ughS6&1ﬁEn&ﬂ@ﬁ”ﬂﬂ&”

transformer windings to
comparator of Figure 5.

DETAILED DESCRIPTION OF THE INVENTION
Referring now to the drawings wherein like

10 numerals indicate like elements, there is shown in Fig. 1
a synchronous rectifier 10 in accordance with the
invention which includes a primary circuit 20 and a
secondary circuit 30. The primary circuit 20 includes a
voltage source V,, a primary winding 11 of a transformer

15 12, a switch §,, a reset winding 13 for resetting the
core of the transformer 12 and a reset diode D,. The
switch §,, for.simplicity, is shown as a single pole,
single-throw switch; in actuality, however, the switch
may be a conventional MOS-gated semiconductor switch,

20 such as power MOSFET or insulated gate bipolar transistor
(IGBT). ,

The secondary circuit 30 includes a secondary
winding 14, an output inductor L, and output capacitor C,
a first power transistor S;, and a second power

25 transistor S,. Each power transistor S;, S, includes an

anti-parallel diode thereacross. |

A comparator 40 is connected across the output
conductof L for sensing the voltage thereacross, V., that
is, for sensing the differehce in potential between the

30 voltages V, and V,. The comparator 40 has an output
connected to the gate of the transistor S; and an



-'3- transfer synchronizing informati on across the isolation
"boundary between primary and secondary circuits in a forward power
converter. SUMMARY OF THE | NVENTI ON I n accordance with the
present invention, there is provided an isolated forward sw tchi ng power
converter, conpri sing: a primary side circuit coupled to a primary
wi ndi ng of an isolation transformer; and a secondary side circuit
coupled to a secondary wi nding of the isolation transforner, the secondary
side circuit including: an out®put inductor coupled in series with
the secondary winding at a first node and coupled at a second

inverted output connected to the gate of the transistor
S;.
When the voltage V; across the inductor L is
positive,. the transistor S, is biased on and the
5 transistor S, is biased off. Conversely, when the
voltage V, is negative, the transistor S, is biased on
and the transistor S, is biased off.
Thus, the rectifier 10 has two modes of
operation. In the first mode, Mode 1, the transistor §,
10 is on and conducting current and the transistor S, is off
and blocking current. In the second mode, Mode 2, the
transistor S, is off and blocking current and the
transistor S, is on and conducting current.
A better understanding of Mode 1 may be had by
15 referring to the equivalent circuit of Figure.2 in which
V, represents the voltage across the secondary winding
14, transistor §,; is represented by an ideal diode §;, and
the output voltage is represented by an output voltage
source V,. The relationship between the various voltages
20 is as follows: V, =V, + V,, and V, = V, = V,. Since V, is
greater than V,, V, is thus positive. |
Also, I, in Mode 1 is ramping up or increasing.

di sg e . di
_ s posit . 8 V., = L — -
at 1s positive ince T 9E  °

this analysis also shows that V, is positive in Mode 1.

Accordingly,

25 Mode 2, in which the transistor S; is blocking
current and the transistor S; is conducting current, may
be represented by the equivalent circuit shown in Figure
3, where the transistor S, is represented by the ideal
diode S,. As in the equivalent circuit for Mode 1, V, =

30 vV, + Vo, and, therefore, VvV, =V, - V,,. Here, V, is zero

volts which is less than vout and, therefore, V. is
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node to an output capacitor across which an output voltage is taken;
"a first MOS gated transistor coupled in series with the secondary w ndi ng
and the output inductor; a second MOS gated transistor coupled in
shunt fromthe first node to ground; and a synchronous rectifier
control circuit coupled to the first and second MOS gated transistors, the
synchronous rectifier circuit sensing the voltage across the output
i nductor and alternately biasing the first and second transistors on and
of f in response thereto. | n-owder to overcomne the di sadvant ages
of the prior art synchronous rectifier circuits, the present invention
provides "self-driven" gate signals produced by nonitoring the voltage
across the output inductor of the converter and alternately gating the
transistors in response to transitions of the inductor voltage such that
one transistor inegAbtises oldfen ihelageh@n s ¥ fdecrrAsing okrramping

. down. Accordingly, %JE is negative. Since
V., =L —“3—'7& . this analysis also indicai;es that v, is
negative in Mode 2.
5 Waveforms occurring at different points in the

circuit of Figure 1 during operation are shown in Figure
4.
. Turning now to Figure 5, there is shown a
detailed implementation of the comparator 40 of Figure 1
10 which includes a non-inverting transistor comparator Q,
| and associated (push-pull) driver transistors Q, and Q,,
and an inverting transistor comparator Q, and associated
(push-pull) driver transistors Q; and Q;. The transistors
Q, and Q, respond to the voltage V., with respect to
15 ground, where V.. changes as a function of VvV, and V,.
In Mode 1, V, is greater than V,, (i.e., V, =
Vy' (N,/N;)) and, therefore, V

sense

is a positive voltage
approximately equal to V., + Vi, where Vg is the forward
voltage drop across the diode D,. This resulfs in the

20 transistor Q, being biased on and Q, being biased ofEf.
The output from the emitter of @, is therefore a positive
voltage which causes Q; to turn on and Q; to turn off.
Accordingly, the voltage at the gate of S, rises to about
Vzz and S, turns on. Conversely, the output from the

25 collector of Q, is about zero volts which causes Q4 to
turn on and sweep the charge off the gate of S, and turn
it off.

In Mode 2, V, is less than V, (i.e., V, = 0
volts) and, therefore, V., = V, ® 0 volts. This results
30 in transistor Q, being biased off and Q, being biased on.
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: '315 - O her features and advantages of the present invention

w Il becone apparent fromthe foll ow ng description of the invention which
refers to the acconpanyi ng draw ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS
For the purpose of illustrating the invention, there is shown in the

drawi ngs forms which are presently preferred, it being understood, however,
that the invention is not limted to the precise arrangenents and
instrunmentalities shown. Figure 1 is a circuit diagrampartially
in block formof a synchronous rectifief n accordance with the invention.
Figure 2 is an equivalent circuit of a secondary circuit of Figure 1 during
a first node of operation. Figure 3 is an equivalent circuit of
the secondary circuit of- Figure 1 in a second node of operation.

The output from the collector of Q, is therefore a
positive voltage which causes Q; to turn on and Q; to turn
off. Accordingly, the voltage at the gate of S, rises to
about V,; and S, turns on. Conversely, the output from

5 - the emitter of Q, is about zero volts which causes Q, to
turn on and sweep the charge off the gate of S, and turn
it off. _ '

Thus, the gating of S, and S, is a function of

the voltage V, across the inductor L, that is, when Vv, is'

10 positive, S; is biased on (the gate of S, is positive with
respect to its source) and S, is biased off (the gate of
S, is low with respect to its source). When V. is
negative, on the other hand, 8, is biased off and S, is
biased on. _ ,

15 .Advantageously, the gate of the transistors are
"self driven" by sensing conditions in the secondary
circuit 30, namely the inductor voltage, V.. Thus, there
is no need for expensive, unpredictable and slow opto-
isolators or additional windings in the transformer 12.

20 Further, the efficient utilization of discrete components
cbviates the need for expensive integrated circuit type
conmparators.

It is noted that diode D, advantageously limits
the voltage at V., to one diode drop above V.« Which also

25 limits the voltage input to Q, and Q,. Thus, the circuit

' is immune to back oscillation at peak values of Va
" because such peak values are not fed back in the circuit
of the present invention. Further, by limiting maximum
excursions of V,,. to about Vw" the transistors are off

30 when V,, is under voltage (i.e. when V,, is less than 1)
thereby providing for enhanced start up characteristics
of the converter.
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-"4- Figure 4 illustrates wavefornms at various
points during operation of in the circuit of Figure 1.

Figure 5 shows the circuit of Figure 1 with a conpar at or shown in
the bl ock diagramin Figure 1 shown 5 in detail in Figure 5.

Figure & shows an alternative enbodi nent of the conparator of Figure
5. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

Referring now to the draw ngs wherein |ike 10 nuneral s indicate |ike

el ements, there is shown in Fig. 1 ~— 8 =

It is noted that D, allows an extra diode drop
of driving voltage for driving Q,-Qs; (i.e., Vipe = Vou +
Vip1) - Nonetheless, if V,, is designed to be a very low
output which would not allow proper drive voltage to Q-

5 Qs, then the cathode of diode D, may be connected to V. .
Thﬁs, a higher voltage would be obtained to drive Q;—-Q
(i.e.; Ve = Vg + Vp).
' Capacitors C, and C, are used to introduce
respective time delays into the circuits of Q; and @, in
10 order to provide a requisite deadtime.

The reason for deadtime is as follows: The
synchronous rectifier gate signals needs to be
synchronized as closely as possible to the transitions in
V., (i.e., the zero crossing points). If the respective

15 gates are on too long (i.e., turned on early, turned off
late), current overshoot or oscillation due to cross
conducting between S; and S, can occur. If the respective
gates are turned on too late or turned off too early, the
anti-parallel diode of the power MOSFETs will conduct

20 giving higher conduction losses while it conducts and
reverse recovery effects when turned off as the voltage
swings to the opposite polarity.

Thus, to avoid cross-conduction, when V, is
greater than V,, the transistor S, turns on after a

25 deadtime and the transistor S, turns off. Conversely,
when V, is less than V,, the transistor S, turns off and
the transistor S, turns on after a deadtime.

- Advantageously, the amount of deadtime can be
predetermined to allow for designs having different types

30 of power MOSFETSs. | |

'The resistor Ry, capacitor C; and diode D, serve

as a driving power source or auxiliary source of DC
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a‘éynchronous rectifier 10 in accordance with the I nventi on which

i ncludes a primary circuit 20 and a secondary circuit 30. The
primary circuit 20 includes a vol tage source V[err], a primary

wi nding 11 of a transforner 15 12, a switch S[err], a reset winding 13
for resetting the “core of the transforner 12 and a reset diode
Derr]. The swtch Serr], for sinplicity, is shown as a single

pol e, single-throw switch; in actuality, however, the switch

may be a conventional MOS-gated sem con8uct or sSwi t ch, 20 such as power
MOSFET or insul ated gate bipolar transistor (IGBT)

The secondary circuit 30 includes a secondary w ndi ng 14, an out put
i nductor L, and output capacitor C, a first power transistor S[err],

and & second poyeLeg?  a1cbLABNISGY ST, dRCBAGUER bEADS] SN LT

S[err] includes ara&VeI“ﬂ I'ode thereacross
A conpar at or 40hnghcennghe&Oaw@ysdehsuﬁmpment drivecvadtisgerte the

sensing the VO' geEs! BF g @ieSs ¥BegfahucE Txe forwa 8SrebP5tafmsi ng the
difference in tentia t ween es err and Lerr] The

conpar at or 40 hﬁbeﬁﬁoﬁuﬁéuﬁ-r to fuddyneshanceo Fﬁet§%P§l§F°¥ﬁe @15 st or
. Slerr] ang an g,
R; serves as a bleeding resistor to charge C,.
C; provides the current to the circuit and maintains Voz
according to the breakdown voltage V,, of the zener diode
D,. If V, is greater than V,, then V,; is approximately
10 equal to the breakdown voltage of the zener diode D,. On
the other hand, if V, is less than Vp,, then V,; is
approximately equal to the peak value of Ve
Advantageously, the V,, supply permits driving
the power MOSFETs with high enough voltage to fully
15 enhance the devices and lower their forward resistances.
This mitigates the need for an extra winding on the
transformer or an extra power supply.
Figure 6 shows an alternative embodiment 40’ of
the comparator 40 of Figure 5. In the embodiment of
20 Figure 6, FET transistors Q,-Q, are used in place of the
bipolar transistors Q,-Q, of Figufe 5. Operation of this
embodiment is essentially the same as the embodiment of
Figure 5. More specifically, when V, is greater than V,,,
a high voltage is inputted to the gate of S; and a low
25 voltage is inputted to the gate of S,. Conversely, when
V., is less than V,, a low voltage is applied to the gate
of S, and a high voltage is applied to the gate of S,.
Although the present invention has been
described in relation to particular embodiments thereof,
30 many other variations and modifications and other uses
will become apparent to those skilled in the art. It is



s5n i nverted out put connected to the gate of the transistor

“Slerr]. When the voltage V[err] across the inductor L is
positive, ., the transistor S[err] is biased on and the 5 transi stor
S[err] is biased off. Conversely, when the “voltage VL is negative,
the transistor S[err] is biased on and the transistor Serr] is
bi ased off. Thus, the rectifier 10 has tw nodes of
operation. In the first node, Mde 1,,4he transistor S[err] 10 is on
and conducting current and the transistor Slerr] is off and bl ocki ng
current. In the second node, Mde 2, the transistor Slerr] is off
and bl ocking current and the transistor S[err] is on and conducti ng
current. A better understanding of Mode 1 may be had by

preferred, therefore, that the present invention not be
limited by the specific disclosure herein.



15i' referring to the equivalent circuit of Figure 2 in which

V[err] resents the voltage across the secondary w ndi ng 14,
transistor S[err] 1s represented by an ideal diode S[err], and t he
out put v ] nted by an out put vol tage source V[err].
The rel aﬂ'ﬂﬂﬂﬁl’mugmamt he vari ous vol tages 20 is as follows: V[err]
= V[err] % ferlr| ¥ anm err] = V[err] - V[err]. Since V[err] is

greater than V[err], V[err] is thus positive. _ Al so,
I[err] in Mbde 1 is ranping up or incredsing. Accordingly, [err]
I's positive. Since [err] this analysis al so shows that VL is
positive in Mde 1. 25 Mode 2, in which the transistor
S[err] is blocking current and the transistor S err] is conducting

current, may Hﬁﬁ%ﬁﬁ?ﬁéﬁﬂiﬁﬁﬁiﬁf by the equivalent circuit shown in
Fi gure 3, tor S[err] is represented by the idea
diode S[err]. As in the equivalent circEit for Mode 1, V[err] = 33A < yero
VLT T S0 RSy P e it ffghons e
converter, comprising: _ .
a primary side circuit coupled to a primary
winding of an isolation transformer; and
5 a secondary side circuit coupled to a secondary
winding of the isolation transformer, the secondary side
circuit including:
an output inductor coupled in series with the
secondary winding at a first node and coupled at a second
10 node to an output capacitor across which an output
voltage is taken;
a first MOS gated transistor coupled in series
with the secondary winding and the output inductor;
a second MOS gated transistor coupled in shunt
15 from the first node to ground; and
a synchronous rectifier control circuit coupled
to the first and second MOS gated transistors, the
synchronous rectifier circuit sensing the voltage across
the output inductor and alternately biasing the first and

20 second transistors on and off in response thereto.

2. The isolated forward switching power
converter of claim 1, wherein the peak value of the
sensed inductor voltage is limited to the output voltage.

3. The isolated forward switching power
converter of claim 2, wherein one terminal of a resistor
is coupled to the first node, the cathode of a diode is
coupleﬁ'to the second node, the anode of the diode is

5 coupled to the other terminal of the resistor at a third

S
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-6~ negative. Also, in Mdde 2, I[err] is decreasing or ranpin
down. Accordingly, [err] is negative. Since Vlerr] =

- [err] thls analysis also indicates that VL is negative in Mde 2.
5 Wavefornms occurring at different points in the

circuit of||iR ﬂ operatlon are shown in Figure 4.

Tur ni ng no“ﬂlﬂnumm II“" ere is shown a detail ed i npl enentation
t he conparator® 43 o Ffgute 1 10 whigh-i ncl udes a non-inverting
transi stor conparator err} ' and associ ated (push-pull) driver

transistors B
and associ at ed
transi stors

and 4, and an inverting transistor conparator e

(push-pull) driver transistors Qerr] and Qerr].
node and the sensed inductor voltage is obtained from the
third node.

4. The isolated forward switching power
converter of claim 1, wherein the secondary circuit
further comprises an auxiliary source of DC voltage, the
auxiliary source of DC voltage being taken across a zener
diode, the zener diode coupled to the first node through
a blocking diode and current limiting resistor.

5. The isolated forward switching power
converter of claim 4, wherein the peak value of the
sensed inductor voltage is limited to the auxiliary
source of DC voltage.

6. The isolated forward switching power
converter of claim 5, wherein one terminal of a resistor
is coupled to the first node, the cathode of a diode is
coupled to the auxiliary source of DC voltage, the anode
of the diode is coupled to the other terminal of the
resistor at a third node and the sensed inductor voltage
is obtained from the third node.

7. The isolated forward switching power
converter of claim 1, wherein the sensed voltage is
coupled to a non-inverting sense circuit and an inverting
sense circuit.

8. The isolated forward switching power
converter of claim 7, wherein

the non-inverting sense circuit includes a non-
inverting amplifier coupled to a first drive circuit;

This Sheet Has Been Re
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qerrj and Jerr] respond to the voltage V[err] with respect to 15

gr ound;—where—Vferr] changes as a function of VL and VA
In Mde 1. VA is Ereater than Verr] (i.e., V[err] = V[err]

ggl[ore:‘);} m,wmlﬁuu m”m erefore, V[err] is a positive voltage

[err] + V[err], where V[err] is the forward

vol tage drop across “t hé di ode Derr]. This results in the 20 t ransi st or
Q err] being biased on and Qerr] being biased off. The out put from
the emtter of Jerr] is therefore a-pd3itive vol t age whi ch causes
@ to turn on and Qerr] to turn off. Accordi ngly, the voltage at
the gate of S[err] rises to about V[err] and S[err] turns on
Conversely, the output fromthe 25 collector of Jerr] is about zero

vol ts which causes 6 to , turnp on and sweep the charge off the gate
of S[err]®and turn the figst drive Tlreutt s QQFFﬂﬁﬂg to ghergates
| ess than V[eridf (Hhee.£idék [trdrdsiktor; volts) and, therefore, V[err] =

Vlerr] [err] O volts. Thi,s resul 30 i n.transistor err]_being
bi ased of f and Q being %ﬁiﬁ?%ﬁﬁing sense '¢irciit 1nclé§es An
inverting amplifier coupled to a second drive circuit;
and
the second drive circuit is coupled to the gate

of the second transistor.

9. The isolated forward switching power
converter of claim 8, wherein

the non-inverting amplifier includes a bipolar
transistor connected in an emitter follower
configuration;

5 the first drive circuit includes a bipolar

push-pull transistor pair;

the inverting amplifier includes a bipolar
transistor; and

the second drive circuit includes a bipolar
push-pull transistor pair.

10. The isolated forward switching power
converter of claim 8, wherein

the non-inverting amplifier includes a MOS
gated transistor; ' '

5 the first drive circuit: includes a MOS gated

push-pull transistor pair;
. the inverting amplifier includes a MOS gated
transistor; and ’

the second drive circuit includes a MOS gated
push-pull transistor pair.



-7- The output fromthe collector of Jerr] is therefore a-
positive voltage which causes Jerr] to turn on and Qerr] to turn

of f. Accordingly, the voltage at the gate of S2 rises to about
Vlerr] and S[err] turns on. Conversely, the output from 5 the emtter
of @err] is about zero volts which causes Jerr] to turn on and
sweep the charge off the gate of S[err] and turn it off.

Thus, the gating of S[err] and S[err] is a function of - t he vol t age
VL across the inductor L, that is, when VL is 10 positive, S[err] is

bi ased on (the gate of S[err] is positive with respect toits
source) and S[err] is biased off (the gate of S2 is lowwth respect
to its source). Wien VL is negative, on the other hand, S[err] is

bi ased off and S[err] is bi ased on. 15

Advant ageously, the gate of the transistors are "self driven" by
sensing conditions in the secondary circuit 30, nanely the inductor
vol tage, VL. Thus, there is no need fhgr expensive, unpredictable and
sl ow opt o- isolators or additional wndings in the transfornmer 12.

SYNCHRONIZING/DRIVING CIRCUIT FOR A
FORWARD SYNCHRONOUS RECTIFIER

ABSTRACT OF THE INVENTION
An isolated forward switching power converter

5 includes a primary side circuit and a secondary side
circuit having an output inductor, a first MOS gated
transistor coupled in series with the output inductor, a
second MOS gated transistor coupled in shunt relationship
with the output inductor, and a synchronous rectifier

10 control circuit which senses the voltage across the
output inductor and alternately biases the first and
second transistors on and off in response thereto.

Fig - l
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20 Further, the efficient utilization of discrete conponents

obvi ates the need for expensive integrated circuit type conpar at ors.
It is noted that diode D err] advantageously limts t he vol tage at
Vlerr] to one diode drop above V[err] which also 25 limts the voltage
input to Qerr] and Qerr]. Thus, the circuit ~is imune to back
oscillation at peak val ues of VA bgcause such peak val ues are not
fed back in the circuit of the present_invention. Further, by
limting maxi num excur si ofs g~ \ferL] Vo about Perr], the
transistors are off 30 when Vierr] Is under vol tage] (i.e. when V[err]
Is less than 1) t hereby providing for heaced artLup

characteristics of the co rter— 4. :
: A w \{4—][ 5 : Vaa;- |
Sﬁ\ +V.-

- 8-
' | . -~
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It is.nQte ] allows an extra di ode drop of driving
vol t ad eet(r:11 BQ&'RI err]-Qerr] (i.e., Verr] = Verr] + Verr]).
Nonet h ﬂl M r] is designed to be a very |ow out put whi ch

woul d er drive voltage to Qerr]- 5 Q, then the cathode
of diode Derr] may be connected to V[err]. Thus, a higher voltage
woul d be obtained to drive Qerr]-Qerr] (i.e., Verr] = Verr] +
Vlerr]). Capaci tor's C[err? and C afe—sed to

i ntroduce respective t|i me_detgys intlo the crrcurts o Jerr] and
derr] in 10‘_-0 der to prawvide a‘?equisite deadti ne. B

The reason f jme i s ag-fottows: The W—
gate signal g2 gl Qe syncihonized as cl S possi [ he

transitions ;VL (i—-8. pthe zero crossing points). If t he

respective 15 gates are gA—top |0 | .S urned on , turned off
| ate), currentysover shoofaf dse atli%%;((:luel &4 frode ™~ oA qndudtaig
bet ween S[err] afd S[érr] can occur.. IT the respective gates are

turned on too |ate or:turned off fo00 early, thej . anti-pdyallel diode
20 l

of the power FETs w I conduct gi vi ng} hi ghler conduct}i on lfosses
while it cond c'ﬁf and ;- revefse recovgry effect -t urned
t he vol t age Wi; ngs to lthe opposite palarcity. Thus,

! p\M: | .
to avoid cr oss-conauctgl on, when VA is

PO5




gréate#i—h&n—#&e#ﬂ——t—he—transistor S[err] turns on after a 25 deadti ne

and th S o rns off. Conversely, when VA is less than
V[err] 2 [err] turns off and the transistor S[err]
turns on Advant ageously, the anobunt of deadtine
can be m ned to allow for designs having different types 30
of power I\/DSFETS The resistor R err], capacitor (err]
and diode Dierr] serve as a driving power source or auxiliary source
of DC 3/4 -9- -power .

Alternatively, V[err] can be usedﬁs_lmr_[_]_ |f_7,_\[Lerr] S
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L}

hi gh enough to provide sufficient drive voltage to the gat es of
S[err].,arnd—SEeTﬂ"t’(T’rTaduce the forward resistance thereof (i.e., to

fully e hangeudsBeentepsd stors Slerr] and 5 Slerr]).

Rl err] edl ng resistor to charge Cerr]. C3 provides

t he curgﬁ“ﬁm \B uit and maintains V[err] according to the

br eakdo rr] of the zener diode : Derr]. If Verr] is
greater than V[err] then V[err] is approximtely 10 equal to the
breakdown vol tage of the zener diode Derr]. On the other hand, if
VAis less than V[err], then V[err] is approximately equal to the
peak val ue of VA. Advan;tﬁ??eousl y, the V[err] supply
permts driving t he power MOSFETs h hi gh enough voltage to fully
15 enhance the devices and | ower—therr- forward resistances. Thi s
mtigates the need for an extra w r}deng;Jonéhe transfornmer or an
extra power supply. Figure 6 shows an alternative

enbodi ment 40" of : the conparator 40 of Figure 5. In the enbodi nent
of 20 Figure 6, FET transistors qerr]-qer__r(% are used in place of the
bi pol ar transistors Qerr]-Qerr] of Figure 5 eration of this

enbodi nent is essentially the sane as the odi-ment of Fi gure 5.
More specifically, vvhen VA is greater yhan V[ &rr¥ae7 a high voltage is
inputted to. t't]e pat ;[errj and a Tow PS¢ g vorthige—s—tHAputted to the
gate of Slerr t; ]%ly when Sz VA is.)ess than Verr] a | ow

vol t age i¥,,ap "‘hicgh voltage is

t 5
applied to tat OTZS[!e?%e F_r [@"/D] an
| sel gl

L=

:”‘_
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Aithough the present i nventi on has been - described in relation to

part i cul ar enbodi ments thereof, 30 . .many other variations and
"‘nodi fications and other uses o wi |l becone apparent to those skilled
inthe art. It is WIATISW“X'EE‘\@HSHEETS Sgl An

i solated forward sw tching power conv rtﬁg}, primry

side circuit coupled to a prinmary w ndij 'gﬁam‘?q |S§F’é{‘tdﬂ¢t? Pa% ’jf,ﬂ[,mnr and

iz} to pag
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a secondary side circuit coupled to a secondary winding of the isolation
fransforner, the secondary side circuit including: an out put

i nductor coupled in series with the secondary winding at a first node and
coupled at a second node to an output capacitor across which an out put
voltage is taken; a first MOS gated transistor coupled in series
with the.secondary w nding and the output inductor; a second MOS
gated transi stor coupled in shunt fromthe first node to ground; and

a synchronous rectifier control circuit coupled to the first and second MOS
gated transistors, the synchronouszrgctifier circuit sensing the voltage
across the output inductor and alte/nately bi asing the first and second
transi stors on and off in response thereto. 2. The isolated -
forward switching power converter of_claim1l, wherein the peak val ue of the
sensed inductor voltage is Iim - one di ode drop above the out put
vol t age. CLPCcKhe isol it chi Ngpe+ conv er of
claim2, wherein REELLNG st node,
the cathode of a KIHARYS

2 |
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coupl ed to the second node, the anode of the diode is coupled to the other
términal of the resistor at a third - 12 -
node and the sensed inductor voltage is obtained fromthe third node.

4. The isolated forward switching power converter of claim1l, wherein the
secondary circuit further conprises an auxiliary source of DC voltage, the
auxiliary source of DC voltage being taken across a zener diode, the zener
di ode coupled to the first node through a bl ocki ng di ode and current
limting resistor.
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5 The |solated formard smntchlng power converter of cIa|n14 mhereln the :
‘peak val ue of the sensed inductor voltage is linmited to about one diode
drop above the output voltage. 6. The isolated forward

swi tching power converter of claimb5, wherein one termnal of a resistor is
coupled to the first node, the cathode of a diode is coupled to the
auxiliary source of DC voltage, the anode of the diode is coupled to the
other termnal of the resistor at a third node and the sensed i nductor
voltage is obtained fromthe third node. 7. The isol ated
forward switching power converter of claimi, wherein the sensed voltage is
coupled to a non-inverting sense circuit and an inverting sense circuit.

8. The isolated forward switching power converter of cIa|n17 wherein

the non-inverting sense circuit includes a non-

4/4
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inverting anplifier coupled to a first drive

oy - " T
T 12 - node and the sensed inductor yo =Hﬁ "f%?ﬂggﬁgi EEEY omSGhe
t hird node. 4. The isol at ed}f S Erobish 1Raged of. Joveaged B9
converter of claimi1, wherein the secondary cir@fieimi) :gaged Hdrtocumepd iZes
an auxiliary source of DC voltage,-the- hukdi PrasEis(@oureged of. tDQaged tags
bei ng taken across a zener 5 di ode, the zepdH Alsgde couplged..I.do tgaged i.T.St
node t hrough a bl ocking diode and current limting resistor.

_DATE OF RECEIPT.23:93-9%

transfer synchronizing information across the isolation
boundary between primary and secondary circuits in a
forward power converter.

SUMMARY OF THE INVENTION

In accordance with the present invention, there
is provided an isolated forward switching power
convertar, comprising: '

a primary side circuit coupled to a’ primary
winding of an isolation transformer; and '

a secondary side circuit coupled to a secondaxry
winding of the isolation transformer, the secondary side
circuit including: '

an output inductor coupled in series with the
secondaxry winding at a first nods and coupled at a second
node to an output capacitor across which an output
voltags is taken; _

~a first MOS gated transistor coupled in series
with tha secondary winding and the output inductor;

a second MOS gated transistor coupled in shunt
from the first node to ground; and

a synchronous rectifier control circuit coupled
to the first and second MOS gated transistors, the
synchronous rectifier circuit ssnsing the voltags across
the outéut inductor and alternately biasing the first and

second transistors on and off in respcnse thereto.
In order to overcome the disadvantages of the

prior art synchronous rectifier circuits, the present
invention provides "self-driven" gate signals produced by
rnonitoring the voltage across the output inductor of the
converter and alternately gating the transistors in
response to transitions of the inductor voltage such that
one transistor is always on when the other is off, and

vice versa. RERLACEMENT SHEET

‘— 23 BEP 1998
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5.+The isolated forward switching power converter of claim4, wherein
“3*the peak value of the sensed inductor voltage is limted to the

auxi l-i ary " source of DC voltage. 6. The isol ated
forward switching power converter of claim5, wherein one termnal of
a resistor I's coupled to the first node, the cathode of a diode is
coupled to the auxiliary source of DC voltage, the anode 5 of the diode
I's coupled to the other term nal of the resistor at a third node and
t he sensed inductor voltage is ddtained fromthe third node.

7. The isolated forwapgnpaw tfaytrﬁ&e%owd advan‘EQgr el o 9fe Pibderdy wherein

the sensed voltage is coupled to a non-invértin sense circuit and an
inverting inveagiea wipdybecome apparent from the Jaypind ed f or war d

swi t chi ng pa¥8EriptiohOBYERRY iRfvertdion (hivhekRifers to the t he
non- |nvert|ng sense ¢ircuit includes a non-
conpanylng drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

For the purpose of illustrating the invention,
there is shown in the drawings forms which are presently
preferred, it being understood, however, that the
invention is not limited to the precise arrangements and
instrumentalities shown.

Figure 1 is a circuit diagram partially in
block form of a synchronous rectifier in accordance with
the invention.

Figure 2 is an equivalent circuit of a
secondary circuit of Figure 1 during a first mode of
operation.

Figure 3 is an equivalent circuit of the
secondary circuit of Figure 1 in a second mode of
operation.
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|nverting anplifier coupled to a first drive circuit;
13 - 5 the firgt-«drive «circuit is coupled to the gate

of t he flr‘T‘TTaﬂs+s4£uﬁ§__ﬁ_~ the inverting sense circuit

I ncl udes an tnverting anplifier coupled to a second drive circuit;

?Eg cecond “ﬂu“”,_ Iﬂﬁmnd drive circuit is coupled to the gate . of

" - 11 -

WHAT IS CLAIMED IS:

1. An isolated forward switching power
converter, comprising:

a primary side circuit coupled to a primary
winding of an isolation transformer; and

a secondary side circuit coupled to a secondary
winding of the isclation transformer, the secondary side
circuit including:

an output inductor coupled in series with the.
secondary winding at a first node and coupled at a second
node to an output capacitor across which an output
voltage is taken;

a first MOS gated transistor coupled in series
with the secondary winding and the output inductor;

a second MOS gated transistor coupled in shunt
from the first node to ground; and

a synchronous rectifier control circuit coupled
to the first and second MOS gated transistors, the
synchronous rectifier circuit sensing the voltage across
the output inductor and alternately biasing the first and
second transistors on and off in response thereto.

2. The isolated forward switching power
converter of claim 1, wherein the peak value of the
sensed inductor voltage is limited to about one diode
drop above the output voltage. :

3. The isolated forward switching power
converter of claim 2, wherein one terminal of a resistor .
is coupled to the first node, the cathode of a diode is
coupled to the second node, the anode of the diode is
coupled to the other terminal of the resistor at a thiré
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9. +The isolated forward: ﬁﬁttching power converter of claim8, wherein

““the non-i mmnmm i ncl udes a bi pol ar transi stor connected in
an en1tter nfiguration; 5 the first drive
circuit inctudest*a 5|polar push-pul | transistor pair;
the inverting anplifier includes a bipolar transi stor; and
1he second drive circuit includes gaybiLpol ar push-pul | transistor pair.
10. The isolated forward switching power converter of claim8, wherein
the non-inverting anplifier includes a MOS . gated transistor; ‘5
the first drive circuit includes a MOS gated push-pul | transistor
pair; " " the inverting anplifier includes a MOS gated
transistor;ndqd and the sensed iRt Ul tdide/s & idtE fnddCEHIRStRe MOS
gat ed ‘%fﬁh‘%ﬁé transi stor pair.

4, The isolated forward switching power
converter of claim 1, wherein the secondary circuit
further comprises an auxiliary source of DC voltage, the
auxiliary source of DC voltage being taken across a zener
diode, the zener diode coupled to the first node through
a blocking diode and current limiting resistor.

5. The isolated forward switching power
converter of claim 4, wherein the peak value of the
sensed inductor voltage is limited to about one diode drop
above the output voltage.

6. The isolated forward switching power
converter of claim 5, wherein one terminal of a resistor
is coupled to the first node, the cathode of a dicde is
coupled to the auxiliary source of DC voltage, the anode
of the diode is coupled to the other terminal of the
resistor at a third node and the sensed inductor voltage
is obtained from the third node.

7. The isolated forward switching power
converter of claim 1, wherein the sensed voltage is
coupled to a non-inverting sense circuit and an inverting

sense circuit,.

8. The isolated forward switching power
converter of claim 7, wherein

the non-inverting sense circuit includes a non-
inverting ampllfler coupled to a first drive circuit;
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