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Bridge Synchronous Rectifier
Field of the Invention

The present invention is directed to providing a full-wave rectifier having low

power loss characteristics.

Background

Power converters are used to interface between power sources and electrical
devices. Because alternating current is preferred for efficient power transmission,
power sources tyi)ically provide power at alternating current. On the other hand the
operation of many electrical devices requires direct current. In order to provide direct
current for such devices from alternating current, the power sources, power converters
need to convert the current supplied from alternating to direct, and use rectifiers for
this purpose.

Bridge rectifiers are commonly used in power converters to provide full-wave
rectification of alternating current. A typical bridge rectifier is the Graetz circuit or
diode bridge which consists of four diodes arranged in a bridge circuit as shown in
Fig. la. It will be noted, however, that diodes are inherently inefficient conductors and
this produces a number of well known problems.

One problem resulting from the inefficiency of diodes is that they produce a
forward voltage drop. This is most noticeable in low-voltage power converters where
the voltage drop may be a significant proportion of the desired voltage output.
Schottky diodes, which exhibit very low voltage drops, are often used to minimize the
problem.

A further problem results from the heat dissipated by diodes, particularly in
high frequency switching power supplies. Apart from reducing overall efficiency of
the power converter, resulting high temperatures also reduce the reliability of
components. Much design effort is typically required to overcome this problem, and
other factors such as the dimensions of the system may be compromised as a result.

MOSFETs (Metal Oxide Semiconductor Field-Effect Transistors) are
electronic switches. A gate signal may be used to switch the MOSFET between an
OFF state and an ON state. In the OFF state, current is blocked whereas in the ON
state, a current path is provided between the source and the drain terminals, having the

characteristics of an ohmic resistor.
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A prior art Power MOSFET 130 is shown in Fig. 1b. The Power MOSFET
130 consists of an electronic switch 131 having a source terminal 134, a drain
terminal 136 and a gate terminal 138, and a diode 132 connected between the source
134 and drain 136 terminals in parallel to the electronic switch 131. When the
MOSFET 130 is in the OFF state, current may pass only through the diode 132,
however when the MOSFET 130 is in the ON state, an alternative low resistance
current path is provided between the source 134 and the drain 136 terminals through
the electronic switch 131. Because the closed electronic switch 131 of the MOSFET

130 behaves as an ohmic resistor, it produces less heat loss than the diode 132.

Additionally, it will be noted that MOSFETs have extremely fast switching
speeds. This allows them to be used to replace diodes in a rectifier. Typically, the gate
signals of the MOSFETs are synchronized with the frequency of the input voltage
such that they are switched into their ON state whenever there is a voltage drop
between the source 134 and the drain 138 terminals. Such rectifiers are known as

synchronous rectifiers and may be used to improve the efficiency of power converters.

In bridge rectifiers, up to two of the diodes of the Graetz circuit may be
replaced by MOSFETs, and their gate signal drawn directly from the input voltage.
However, if the remaining two diodes are replaced by MOSFETs and also draw gate
signals directly from the input voltage, it is difficult to avoid short circuiting between
the input and/or the output terminals of the bridge rectifier.

There is a need therefore for a synchronous rectifier characterized by a low

associated heat loss and the present invention addresses this need.



10

15

20

25

30

Summary of the Invention

In accordance with a first embodiment, the present invention is directed to
providing a current-triggered synchro-rectifier comprising an electronic switch having
an anode and a cathode, the electronic switch configured to be in its ON setting when
current flowing through the cathode exceeds a predetermined threshold.

Preferably, the electronic switch comprises a MOSFET device that comprises
a source terminal, a drain terminal and a gate terminal; a half-wave rectifier in parallel
with the MOSFET device, wired to the source terminal and the drain terminal of the
MOSFET device, and a current monitor configured to monitor a drain-current flowing
through the drain terminal and to send a gate signal to the gate terminal, such that the
MOSFET is switched to its ON state when the drain-current exceeds a first threshold
current and the MOSFET is switched to its OFF state when the drain-current falls
below a second threshold current. Optionally, the current monitor comprises a current
transformer.

According to other embodiments of the present invention, a full-wave rectifier
is disclosed, comprising:

= a first half-wave rectifier having one anode wired to a first output
terminal and one cathode wired to a first input terminal;
= a second half-wave rectifier having one anode wired to the first output
terminal and one cathode wired to a second input terminal;
= a third half-wave rectifier having one anode wired to the first input
terminal and one cathode wired to a second output terminal; and
* a fourth half-wave rectifier having one anode wired to the second input
terminal and one cathode wired to the second output terminal;
the full-wave rectifier for providing an output of constant polarity from an input of
variable polarity, wherein at least one half-wave rectifier comprises the current-
triggered synchro-rectifier of the first embodiment.

Alternatively, a full-wave rectifier is disclosed comprising

* a first half-wave rectifier having one anode wired to a first output
terminal and one cathode wired to a first input terminal;
= a second half-wave rectifier having one anode wired to the first output

terminal and one cathode wired to a second input terminal;
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» a third half-wave rectifier having one anode wired to the first input
terminal and one cathode wired to a second output terminal; and
= afourth half-wave rectifier having one anode wired to the second input
terminal and one cathode wired to the second output terminal;
the full wave rectifier for providing an output of constant polarity from an input of
variable polarity, wherein at least one half-wave rectifier comprises an electronic
switch configured to be in its ON state when the current flowing through the cathode
of the switch exceeds a predetermined threshold.

Preferably, the full-wave rectifier is provided wherein: the first half-wave
rectifiers comprises a first electronic switch configured to be in its ON setting when
the current flowing through its cathode exceeds a first predetermined threshold, and
the second half-wave rectifiers comprises a second electronic switch configured to be
in its ON setting when the current flowing through its cathode exceeds a second
predetermined threshold. Typically, at least one half-wave rectifier comprises an
electronic switch configured to be switched between its ON and OFF states in
synchrony with the frequency of the input signal.

In certain embodiments, the full-wave rectifier is provided wherein:

= the first half-wave rectifier comprises a first electronic switch
configured to be in its ON state when the current flowing through its
cathode exceeds a predetermined threshold;

= the second half-wave rectifiers comprises a second electronic switch
configured to be in its ON state when the current flowing through its
cathode exceeds a predetermined threshold;

= the third half-wave rectifiers comprises a third electronic switch
configured to be switched between its ON and OFF states in phase
with the voltage signal at the second input terminal, and

= the fourth half-wave rectifiers comprises a third electronic switch
configured to be switched between its ON and OFF states in phase
with the voltage signal at the first input terminal.

Optionally, the electronic switch comprises a transistor. Preferably, the
electronic switch comprises a MOSFET device.

Accordingly, a full-wave rectifier i1s disclosed wherein the electronic switch

comprises:



= a MOSFET device comprising a source terminal, a drain terminal and a
gate terminal;
= ahalf-wave rectifier wired to the source terminal and the drain terminal
in parallel with the MOSFET device, and
5 = a current monitor configured to monitor a drain-current flowing
through the drain terminal and to send a gate signal to the gate terminal
such that the MOSFET is switched to its ON state when the drain-
current exceeds a first threshold current and the MOSFET is switched
to its OFF state when the drain-current falls below a second threshold
10 current.
The current monitor may comprise a current transformer.
In a further embodiment the full-wave rectifier is incorporated into a power
converter.
In an additional embodiment the present invention is directed to providing a

15  power converter comprising a full-wave rectifier as described above.

10
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Brief Description of the Figures

For a better understanding of the invention and to show how it may be carried
into effect, reference will now be made, purely by way of example, to the
accompanying drawings.

With specific reference now to the drawings in detail, it is stressed that the
particulars shown are by way of example and for purposes of illustrative discussion of
the preferred embodiments of the present invention Only, and are presented in the
cause of providing what is believed to be the most useful and readily understood
description of the principles and conceptual aspects of the invention. In this regard, no
attempt is made to show structural details of the invention in more detail than is
necessary for a fundamental understanding of the invention; the description taken with
the drawings making apparent to those skilled in the art how the several forms of the
invention may be embodied in practice. In the accompanying drawings:

Fig. la is a circuit diagram of a full-wave diode bridge rectifier of the prior art;

Fig. 1b is a diagram of a Power MOSFET of the prior art;

Fig. 2 is a block diagram of a first synchronous full-wave rectifier in which
two of the diodes of the diode bridge of Fig. 1 have been replaced by electronic
switches;

Fig. 3a is a block diagram of a second synchronous full-wave rectifier
according to an exemplary embodiment of the invention in which all four diodes of
the diode bridge of Fig. 1 have been replaced by electronic switches;

Fig. 3b is a schematic diagram showing a current triggered Power MOSFET
which draws a gate signal from the current flowing through its drain terminal;

Fig. 3c is-a graphical representation of the variations in drain-current and state
of the MOSFET of Fig. 3b, over a single cycle of a sinusoidal input voltage, and

Fig. 4 is a circuit diagram representing a synchronous full-wave MOSFET

bridge rectifier according to another embodiment of the invention.

11
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Description of the Preferred Embodiments

Reference is now made to Fig. 1a showing a circuit diagram of a typical full-
wave rectifier 100 of the prior art. The rectifier has two input terminals T; and T, and
two output terminals T3 and T4. When an alternating current source ACy, is wired to
the two input terminals Ty and T, a direct current output DCoy may be drawn from
the two output terminals T3 and T4 of the rectifier 100.

Four diodes D)4 are arranged so that two diodes D; and D, form a first branch
110 of a Graetz circuit and the other two diodes D3 and D4 form a second branch 120
of the Graetz circuit. The anodes of two upstream diodes D, and Dj are wired to the
first output terminal T and the cathodes of the two downstream diodes D, and Dy are
wired to the second output terminal T4. The cathode of the first upstream diode D, and
the anode of first downstream diode D; are wired to the first input terminal T, and the
cathode of the second upstream diode D; and the anode of second downstream diode
D4 are wired to the second input terminal T,.

When the polarity of the first input terminal T, is positive relative to the
second input terminal T, current flows through the first downstream diode D, and
through the second upstream diode D3;. When the polarity of the first input terminal T
is negative relative to the second input terminal T, current flows through the second
downstream diode D4 and through the first upstream diode D;.

Diode bridge rectifiers, such as that shown in Fig. la, are used to produce an
output with a fixed polarity that is independent of the polarity of the input. Such diode
bridge rectifiers may be used in AC-to-DC power converters, for example. Optionally,

the output is smoothed by a smoothing capacitor C.

It will be appreciated that power is lost from each diode with each reversal of
polarity. In high frequency power converters, where the polarity of the input terminals
T, and T> may oscillate at a frequencies of 100 kHz or more, such power losses may
result in significant heating of the bridge circuit and its surrounding components,

which may result in reduced reliability or failure.

Power loss may be reduced by replacing diodes with electronic switches, such
as the Power MOSFETs shown in Fig. 1a, which have much lower associated power
loss. Fig. 2 is a block diagram of one such synchronous full-wave rectifier 200 in
which the first downstream diode D, and the second downstream diode D4 of the

diode bridge of Fig. 1a have been replaced by two electronic switches M; and M.

12
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The electronic switches M3 and M, are controlled by switching signals G, and
G4 which switch them between the ON and OFF states. The switching signal G»
controlling the electronic switch M; must be synchronized to switch to the ON state
whenever the polarity of the first input terminal T, is positive relative to the second
input terminal T,. The switching signal G4 controlling the electronic switch M4 must
be synchronized to switch to the ON state whenever polarity of the first input terminal

T, is negative relative to the second input terminal T,.

Typically, this synchronization is achieved by drawing the first switching
signal G, from the voltage of the second input terminal T, and drawing the second

switching signal G4 from the voltage of the first input terminal T).

The above described synchronous full-wave rectifier 200 in which two diodes
are replaced by MOSFETs may reduce power loss from the rectifier by up to 50% as
compared with the diode bridge rectifier 100 of the prior art. Where further reduction
in power loss is required it would be desirable to replace the remaining two diodes D,
and D3 with electronic switches. However, it is much more difficult to synchronize
four electronic switches without inadvertently causing short circuits between either

the input or output terminals.

Fig. 3a is a block diagram of a second synchronous full-wave rectifier 300 in
which all four diodes D,.4 of the diode bridge of Fig. la have been replaced by
electronic switches Mj.4. In order to provide an output DC,, of constant polarity, the

switching signals G,.4 need to be carefully controlled.

When the polarity of the first input terminal T, is positive relative to the
polarity of the second input T, the first upstream and second downstream electronic
switches M, and M, must be switched to the OFF state and the first downstream and
second upstream electronic switches M, and M3 must be switched to the ON state.
When the polarity of the first input terminal T, is negative relative to the polarity of
the second input terminal T,, the first upstream and second downstream electronic
switches M| and M, must be switched to the ON state and the electronic switches first
downstream and second upstream electronic M; and M3 must be switched to the OFF

state.

Synchronization of the switching signals G,.4, is complicated by an additional

constraint. In order to prevent shorting across the output terminals, the upstream and

13
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downstream electronic switches along a common branch 310, 320 must never be in
the ON state at the same time. In practice, when both of the switching signals G; and
G; controlling the two electronic switches M, and M, along the first branch 310 are
each drawn from one of the input terminals T, and T,, the two switches M, and M,
are periodically both in their ON states. Because the switches M, and M, are adjacent
along the first branch 310 of the circuit, a short circuit is formed between the output
terminals T3 and T4. Similar shorting may occur along the second branch 320 when
the switching signals G; and G4 which control the other two electronic switches Mj3

and M4 are each drawn from one of the input terminals T and Ts.

According to preferred embodiments of the invention, only the switching
signals G, and Gy for the downstream electronic switches M, and M, are drawn
directly from the voltage at the input terminals T; and T, whilst the switching signals
G, and G; for the upstream switches M; and Mj are controlled independently.
Preferably, the switching signals G; and Gs are responsive to changes in the cathode

current of switches M, and M3 respectively.

Fig. 3b shows a current-triggered synchro-rectifier 330 according to an
exemplary embodiment of the invention, which may serve as an electronic switch M
incorporated into a bridge synchro-rectifier 300. The current-triggered synchro-
rectifier 330 includes a Power MOSFET 130, such as that shown in Fig. 1b, and a
current monitor 332. The current monitor 332 is wired to the drain terminal 136 of the
Power MOSFET 130 and is configured to send a current-based gate signal G; to the
gate terminal 138 of the Power MOSFET when the drain-current I; exceeds a
predetermined threshold Iiy. Although in the above example the current-triggered
synchro-rectifier 330 includes an n-channel MOSFET 130, it will be appreciated that
in other embodiments current-triggered synchro-rectifiers may incorporate p-channel

MOSFETs.

In order to understand the functioning of the current-triggered synchro-
rectifier 330 consider the case where a sinusoidal alternating voltage is connected
across the cathode 334 and the anode 336 terminals of the current-triggered synchro-
rectifier 330. Fig. 3c shows three gfaphs showing variations in 1) the voltage drop V4
from the cathode 334 to the anode 336, 2) the drain-current Iy, and 3) the MOSFET

state during one voltage cycle.

14
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= For the first half of the sinusoidal cycle the voltage drop V4 between the cathode
334 and the anode 336 is negative, thus the polarity of the cathode 334 is negative
relative to the anode 336. Consequently, no current flows through the drain-
terminal 136 and the MOSFET remains in the OFF state.

= At the beginning of the second half of the sinusoidal cycle, the voltage drop V4
between the cathode 334 and the anode 336 increases above zero. The polarity of
the cathode 334 becomes positive relative to the anode.336 so a small drain-
current 4 begins to flow through the diode 132. This current is measured by the

current monitor 332.

= During the third quarter of the cycle, the voltage drop V4 between the cathode 334
and the anode 336 continues to rise. The current monitor 332 measures an

increasing drain-current I.

= When the drain-current Iy exceeds the predetermined threshold Iy, the current-

based gate signal G; triggers the MOSFET 130 to switch to the ON state.

®= As long as the MOSFET 130 is in the ON state, current flows through the ohmic
conductive path of the electronic switch 131. Consequently, the drain-current Iy

varies in proportion to the voltage drop V4.

= During the last quarter of the cycle, the voltage drop V4 between the cathode 334
and the anode 336 decreases. The current monitor 332 measures a decreasing

drain-current lq4.

=  When the drain-current falls below the predetermined threshold I, the current-

based gate signal G; triggers the MOSFET 130 to switch to the OFF state.

Fig. 4 is a circuit diagram representing a synchronous full-wave bridge

rectifier 400 according to an exemplary embodiment of the invention.

The electronic switches M;_4 of the exemplary embodiment are all MOSFET
transformers having three terminals: a source terminal, a drain terminal and a gate
terminal. The upstream MOSFETs M, and M3 are both n-channel MOSFETSs and their
source terminals are both wired to the first output terminal T3 of the rectifier. The
downstream MOSFETs M, and My are both p-channel MOSFETSs and their source
terminals are both wired to the second output terminal T, of the rectifier. The drain

terminals of the first upstream MOSFET M, and the first downstream MOSFET M,

10
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are both wired to the first input terminal T of the rectifier and the drain terminals of
the second upstream MOSFET M3 and the second downstream MOSFET M, are both

wired to the second input terminal T; of the rectifier.

The input terminals T, and T, are wired to a secondary coil L, of a power
transformer which is inductively coupled to a primary coil (not shown). The
secondary coil L, provides an alternating current input to the two input terminals T,
and T,.

The gate terminals of the downstream MOSFETs M, and M, are wired to the
input terminals T> and T, via smoothing circuits 420, 440 respectively. The switching

signals G2 and G, are therefore in out of phase with each other.

The gate terminals of the upstream MOSFETs M, and M3 receive switching
signals G, and Gj driven by their own drain-currents Iy and I43. The drain current Iy,
of the first upstream MOSFET M, is monitored by a first current transformer 410, in
which a primary current monitor coil CT)p transfers the current signal to a secondary
current monitor CT,s the output of which is rectified and relayed to a first input IN, of
a driver 450 which amplifies the signal before outputing a signal from a first output
OUT,. This first output signal from the driver is then fed back to the first upstream
MOSFET M, such that when the drain current I4; exceeds a threshold value the
MOSFET M, switches itself to the ON state. This produces a switching signal G, at

the same frequency as the alternating current input AC;j.

Similarly the drain current I43 of the second upstream MOSFET M, is
monitored by a second current transformer 430, in which a primary current monitor
coil CTop transfers the current signal to a secondary current monitor CTss the output
of which is rectified and relayed to a second input IN, of the driver 450 which
amplifies the signal before outputing a signal from a second output OUT,. The second
output signal from the driver is then fed back to the second upstream MOSFET M;
such that when the drain current Is; exceeds a threshold value the MOSFET M3
switches itself to the ON state. This produces a switching signal G; at the same

frequency as the alternating current input ACj,.

Although in the example hereabove, current transformers 410, 430 are used to
monitor the drain-currents 14y, I4o, in alternative embodiments other current monitors

such as ammeters, galvanometers, Hall effect sensors or the like may be preferred.
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The scope of the present invention is defined by the appended claims and
includes both combinations and sub combinations of the various features described
hereinabove as well as variations and modifications thereof, which would occur to
persons skilled in the art upon reading the foregoing description.

In the claims, the word “comprise”, and variations thereof such as
“comprises”, “comprising” and the like indicate that the components listed are

included, but not generally to the exclusion of other components.

17



10

15

20

25

30

Claims

A current-triggered synchro-rectifier comprising an electronic switch having an
anode and a cathode, said electronic switch configured to be in its ON setting

when current flowing through said cathode exceeds a predetermined threshold.

The current-triggered synchro-rectifier of claim 1 wherein said electronic switch
comprises:

a MOSFET device that comprises a source terminal, a drain terminal and a gate
terminal;

a half-wave rectifier in parallel with said MOSFET device, wired to the source
terminal and the drain terminal of the MOSFET device,

and a current monitor configured to monitor a drain-current flowing through the
drain terminal and to send a gate signal to said gate terminal,

such that said MOSFET is switched to its ON state when said drain-current
exceeds a first threshold current and said MOSFET is switched to its OFF state

~ when said drain-current falls below a second threshold current.

The current-triggered synchro-rectifier of claim 2 wherein said current monitor

comprises a current transformer.
A full-wave rectifier, comprising:

a. a first half-wave rectifier having one anode wired to a first output terminal

and one cathode wired to a first input terminal;

b. a second half-wave rectifier having one anode wired to said first output

terminal and one cathode wired to a second input terminal;

c. a third half-wave rectifier having one anode wired to said first input

terminal and one cathode wired to a second output terminal; and

d. a fourth half-wave rectificr having one anode wired to said second input

terminal and one cathode wired to said second output terminal;

the full-wave rectifier for providing an output of constant polarity from an input of
variable polarity, wherein at least one half-wave rectifier comprises the current-

triggered synchro-rectifier of claim 1.

A full-wave rectifier comprising

13

18



10

15

20

25

a first half-wave rectifier having one anode wired to a first output terminal

and one cathode wired to a first input terminal;

a second half-wave rectifier having one anode wired to said first output

terminal and one cathode wired to a second input terminal;

a third half-wave rectifier having one anode wired to said first input

terminal and one cathode wired to a second output terminal; and

a fourth half-wave rectifier having one anode wired to said second input

terminal and one cathode wired to said second output terminal;

the full wave rectifier for providing an output of constant polarity from an input of

variable polarity, wherein at least one half-wave rectifier comprises an electronic

switch configured to be in its ON state when the current flowing through the

cathode of said switch exceeds a predetermined threshold.

6. The full-wave rectifier of claim 5 wherein:

a.

said first half-wave rectifiers comprises a first electronic switch configured
to be in its ON setting when the current flowing through its cathode

exceeds a first predetermined threshold, and

said second half-wave rectifiers comprises a second electronic switch
configured to be in its ON setting when the current flowing through its

cathode exceeds a second predetermined threshold.

7. The full-wave rectifier of claim 5 wherein at least one half-wave rectifier

comprises an electronic switch configured to be switched between its ON and

OFGF states in synchrony with the frequency of the input signal.

8. The full-wave rectifier of claim 5 wherein:

a.

said first half-wave rectifier comprises a first electronic switch configured
to be in its ON state when the current flowing through its cathode exceeds

a predetermined threshold;

said second half-wave rectifiers comprises a second electronic switch
configured to be in its ON state when the current flowing through its

cathode exceeds a predetermined threshold;
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c. said third half-wave rectifiers comprises a third electronic switch
configured to be switched between its ON and OFF states in phase with the

voltage signal at said second input terminal, and

d. said fourth half-wave rectifiers comprises a third electronic switch
configured to be switched between its ON and OFF states in phase with the

voltage signal at said first input terminal.

9. The full-wave rectifier of claim 5 wherein said electronic switch comprises a

transistor.

10. The full-wave rectifier of claim 5 wherein said electronic switch comprises a

MOSFET device.

11. The full-wave rectifier of claim 5 wherein said electronic switch comprises:
a MOSFET device comprising a source terminal, a drain terminal and a gate
terminal;
a half-wave rectifier wired to said source terminal and said drain terminal in
parallel with said MOSFET device, and
a current monitor configured to monitor a drain-current flowing through said
drain terminal and to send a gate signal to said gate terminal such that said
MOSFET is switched to its ON state when said drain-current e).(ceeds a first
threshold current and said MOSFET is switched to its OFF state when said drain-

current falls below a second threshold current.

12. The full-wave rectifier of claim 11 wherein said current monitor comprises a

current transformer.
13. The full-wave rectifier of claim 5 incorporated into a power converter.

14. A power converter comprising a full-wave rectifier of claim 5.
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