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(57) ABSTRACT

A sense terminal 1s configured to sense a drain-to-source
voltage of a field eflect transistor and a drive terminal 1s
configured to drive the gate terminal of the field eflect
transistor to alternatively turn the field eflect transistor on
and off to provide a rectified current flow 1n the field effect
transistor channel. A comparator 1s configured to perform a
comparison of the drain-to-source voltage of the field effect
transistor with a reference threshold and to detect alternate
downward and upward crossings of the reference threshold
and the drain-to-source voltage. A PWM signal generator 1s
configured to drive the gate terminal of the field eflect
transistor to turn the field effect transistor on and oif as a
result of the alternate downward and upward crossings of the

reference threshold by the drain-to-source voltage.




Patent Application Publication  Oct. 24, 2019 Sheet 1 of 4 US 2019/0326808 Al

4
4
¥ v il
/) Iy
4 (0 +
- .
‘ v, & [
4 \ >
.
- R A .. > RS AKX RN R A =B
2 L)

4

4 »

* » S +
-

! ’

4.5 .5.%

FIG. 1A

vy vy vy vy v vvvwvh

i

-

-

T
/M
5
L]
L]
]
o g
-
§
¢
% s SN
]
i
I&mua
Y
AN

R T I

2 W W VI Q“““""““a

3 K5y e

il
e
R

+
. \ ~~
Mx ary % vwn
® X
.
4
& .
.
. £ 3
.
Ju" .
-, i a
. PV
.
. 5
.
v
.
-
.
.
.
)v-vvvvvvvvv'OObe"‘44(1"44vv‘vvvvvvvvv’nnlllnn-lﬂﬂﬂﬂhwﬂﬂ.ﬂvvvbv))vvavvvvvb(1“44vvvv44vvlvvvvvvwi\\Q\-rl--‘wﬂlnnnlr'vvvb v A I v B 5 g
- v 15
+ -
+
- . -
+
- .. -
« ofe
- .
+ Ll
.
+ Ll
.
\ + 4
¢
4 4
. -
4 +
. -
- Ll
. -
+
Ll 4
>
- + 1l
>
+ - )
>
+
< v
>
. . »
.
. .
\ .
. .
¢ 4
.
.
.
+ . >
-
+ >
-
+
- s
+
& .
+
- .
.
-
K . »
\ * »
. -
. - .
- . -
~ -
T
+ > »
~
- > >
+ >
-
+ ¢ >
.
¢ >
\ > >
.
¢ >
.
+
. E
< 4 4
> - .
* - 4
+ . . >
+ -
-
+
- >
14
¢ > ¢
”.l.“' . > >
.
‘e . Bt 2]
‘hm U
>
»
+
-
+
0S
4
\
.
' §
.
.
.
.
4
<
M *
+
’ -
» % +
: hen :
4 H %
< % .
> .
.
M .
o .
» M 3
-
: 4 "~y
-
!
" . P
.
R
N‘ .
.
e .
.
% .
v
* .
A A A ST MEACAG. OEY 1+ 4 44 DI, AR, A A ICHE 3 I3 + ¢ + 4 4+ 4

———

c L]
R ~ o1 .o
"0‘ L 3 . 4
+ P ’
ERER TR PR TR A 1 1 1o 1o o o oo T A o M b ke ek e iy S S sl sl sl e e 3 M e PR R R 00 3o o oy el o, ] ] ] o, . o e e e S ey e L Dt AL e LIS ZE T A S T T e
< (3
S+ ot wye - il
. . O 0 s a4
» ¢ P W ’
« S OERM % &
"+ -~ b 4 b A
i f‘.l' N e .~ v v ir A
4 L + 44, My AR "~
oFe v
Eo ~ SN ¢ - oy
Py ' ‘e N + 98
. U N v - e
- L] r e
*¥ 1 SR
Lo - 1 - ¢
-+ " w-
LR » E N
- - a
- 0.’ &% ‘o‘o
d ———_ s,
Eo P - Y ﬁ ™~
> a - 4
[ - - ¢
4 + N LR
« 4 * . e
& a .
~ & .o
*~ * ’l.- itV -
Et F S ¥ + &
* v .
R - r
PR v
LA L
4 & a .
o @ .o
*~ * -
*« " L 4
a w 2 .
o - -~
‘ P -
« " ¥
« - 4
c o ¢
]
¢
4 ¥ 2
o 4 &
* 4
e 9
» s ¥
L
- v
e o~ a
® 3
Lo N 4
- =
e o -
® ¢
Lo
- v
& ~ a ? Lana a0l p



Patent Application Publication  Oct. 24, 2019 Sheet 2 of 4 US 2019/0326808 Al

FiG. 3

..
4 +
L)
L)

PWM SR~ N
{
~" vdd | 3
s

* 4 4 4 h v e vt hrd e

\'\m.

\

famnde

G

J
N

P owed dd e b

w 4 F vy e m rvyd Py e s r vy vy vy sy

LR T

- A A A A ) - A AP b A A A b N 4 b A A A DS B oS b A BB B b N AG hA D b s AhA b N4 A A A ) oA

- aA A s PPy AN

AR AR

4 PR AG A AL LS

* b

-
O‘D.
L R
> v .
-~ +

- .

v v 8 8 s vy4{ vyeuw s s ddvyws s~

~— 20}

o o

7 % s s s e v s
-
+
.
+
LI
vy
v 4,
-
DR R R NN

P
“

FI1G. 4

. . -
+*
. . .
+*
. G .
. oje .
. N8 R
- 4
< . <
+ 4 +* *,
+* +*
A .
id +*
- .
+ +*
L »
-
+
-
i
. -
.
4 *,
.
4
. .
d
- *
* 4 +*
-
+* *
- A
+* v
- 4
> -
- ’
-
*, L4
. -
4 +*
. -
+
N - .
4
- .
-
*
-
» >
- -
.
+ +*
.
. .
> -
.
*
>, - .
o - -
M L]
+* +*
+* +*
4
* >
-
4
.
4, -
»
- .
>
. 4
~ - 4
4
- .
* .
-
1 .
> * .
+*
M +*
4 +*
s » N
“NHM " : N A
-
-
-
13
.
*
>
-
: : :
.
» »
. % \
. i Mg f’
h! / +
+ M +
+* H 4
+ 3 5 m’ 4
4 ‘ *
) T
. h!q .
M .
h% a
+*
-
> M
' E
& -
. "Q
: g i R,
. N
: M %
; .
. ““
»
- .ﬁ) >
- ‘N‘
> 0 r . 4 - - & ) 4 -~ - ') - - - a 4 4 - » 4 ~ - > ¢ 0 r S r e 4 & &
v 4 IR =
l ¥ e ¥ & & T & - 4y
. Y “ W A G e a o
R e L AR I
> + @ 4 - a4 ¥ « v a 4+ 10
By ¢ o ¢ n e o
CRCECOIZIZIANIEICEXIEINID } ‘-‘ -\ TN B IIFTEE X A A HPIFIRCACRIICICZIZIIANICIEITINININDIE X LH & 3 &£ 34 0 B 4 & 4 + F b & 2 5 1 B B B 5 H H ' ’ a’s * 0.0 h("*lm)" > Rl - 34 M H H
¥ o Y rat e *> & @ ¢ v N
4 4 4 A/ e & & & ¢
Y. ot W L NI M
] s ¢ N LRS-/ L IR B B
E‘o’o s S e as Tt 4 00000‘00-
- . v N~ .
+ TR ¢ e v PP M = - » G
+%Bs ¢ QO + JEIEIRIE .
* ‘% Qe v ¢ o AN,
.. 4 .QV b.
e < » o,
« 0 2 *e a0 ¢ » o VPPN
£d +
<« ¢ - T~ e T
* L P F e 2
+ N * 4" n ¢ 4 T
« * > & 4 e
Lk + 74 + ¢ ¢ &«
q. “ - a »
-~ » 4 ¢ AR & AN
* L - r s Mabbs
- ~; . ¢ & T
* 4 A 4 » L B
4+ &g 4 < =n L L
* s . Lid s 4 4
Lo ] ¢ ¢ Lo
- s @ « a @ * a 9
LA 4 >~ ¢ L A
& v 3 el VS . « b @
s . r w
® 7 . S * ¢+ N
P K ooo‘#m
* 4 a a ¢ a4 4
OO(I LQ Lo R\
L 4 - * > v 9
*> - e ”~ «a r n
Eo » {: 4{“4
* LA S
> a - N * 4,
» & »® & 4
- - - v v
* Lo N
e 4 9 LR I I
o ¢4
. + ¢
-
-
-
»
> &
a® - 2
LA
i"l
- RO OO R O OO OO O N OO O N R N O R R R O R R R L R R R R C




US 2019/0326808 Al

Oct. 24, 2019 Sheet 3 of 4

F1G.

Patent Application Publication

NG
/
PWM_5K

L R I I R I R N N I I
MR RN E NN

*
+*
+*
B H 4

+*
*
-

=50

ACIQICICICIEICIKIKIKIEY
+*
*

T-ADC

b R v v *"IOAT * Y Y v v v v w v w v w v w w . w v w
< ¢ <0 2, "L IR VRE R RN RN BTN PR TR RO R RN PR R PR RN RN PR
; A0 B B IR B B D" + 0 DL B BN I DL L DL DS DL DN DL DN NN DL D N I I D N D I I I I R
* * < ¢ O 00.0.0.0.0.0.0.0.0.0.0.0.0.0.
W ® 4 0 + o DL BN BN NN BN NN DN NN N NN N D DN NN B I D DU B DN D I D D D I I
N e I R R R R R R R N X N A SR N N
e e s e s e s a s OO M N VT Pl i e Snd S A Aesd Aed Aew? ew? slew® slen® dlen® wlen® Wil ® s
L I I I -
LR B I I N n
[
v
N
A
R
R
L}
|

A mn as wams wems wms wms s e e e mes mes e DEORCOCOOROCOUOT [ EET
R + +
* *
+*
+* +*
H *
+ +
+ * *
+ +* +*
+ + +
* * *
+* +*
-o + +
'} + +
+
-o + +
| + +
) + +
|+ + +
| B + + +
[ B+ + +
| B+ + +
[} I + +
v N + +
v + +
L * + +
m +
" * *
H + +
L + + +
L + + +
v + + +
4 + +
]
- " * * *
n +* +*
o +*
H . + +
Il../ “ + +*
v >
n +* +*
H + + +
/ H + + +
’ H + + +
Tl H + + +
H + +
v
P : ;
m * * *
LS R N
- +* +*
[ + +
'] + + +
- +* +* +*
[ ] + + +
| + + +*
| X + +
| + +
+*
| + +*
+
| + +
d
| + +
| | + +
| | + + +
| | + + +
'} + + +
'] + +
| M + +
M : . X
'] W + +
'} + +
'} + +
- +* +* +*
[} + | | + +
[} + + +
m + [ ¥V I+ +
[} ) + +
v + +
b .
¥ M + +
N + +
m +
" * *
H + +
m + + +
. u + +* +*
an b4 + + +
D : : :
Y +
n * *
a +
n +* +*
' H + + +
- + + +
v
“ A +* +*
H + +
-
u 000 * *
n +* +* +*
- +* + 4
H I + +
-
v & o PEEARNRAN ™ P P Py ooy o L Lmm
TR R EEEEREEX o LI IE IR IR IR IR I IR R
g LRI TE I T IR 4 L PR PR N TSR R )
g“' e s e v e v e v sl RN IR SRR B AR I IR R IR B
Ny . R IR + . O R T B R DT TR
,\‘l; M * o L IWWITS 2 4 2 4.2 42 42 4242 %3+
+ RJ +* + LN I TR D O R TR N CEE D VR R TR I TR IR O N TR RN A
e . ooootttts‘.‘!.‘l‘;.‘-{{{IIII1‘I
rar e ARSI
* + 4
+* + 4 - .
* + 4
* + 4 *
+ + .
* + 4
* + 4
ne +
* + + 4
* * 4+ 4 *
ane
* e +*

* * .

* e
* e
* + 4+ *

+*
LEL el o H H H 3 & 4 34 4 4 4 34 + & + + F F B B _F_F 2 J



Patent Application Publication  Oct. 24, 2019 Sheet 4 of 4 US 2019/0326808 Al

FiG. 6

-

> r s
T -
\d

T
-

-

-
- a

- a

AR IR R R R R A R R R R N U R R R R RN N N

106 .

D
e Ve
O atata
'a:r "+
]
[
.
: :
' !
’
’
1
v
3
’
’
3
v
-
.
.
.
.
v
.
gy e Py

& A A b g A Ay

& p g moaS

& A A b hAy AP

" A P B R AR A AL AALAGA)PApP S P ES

e S bl d s s s e s N S S S S Sy L QAT

t

1187



US 2019/0326808 Al

SYNCHRONOUS RECTIFICATION CIRCUIT,
CORRESPONDING DEVICE AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to Italian Patent
Application No. 102018000004743, filed on Apr. 20, 2018,
which application 1s hereby incorporated herein by refer-
ence.

TECHNICAL FIELD

[0002] The description relates to a synchronous rectifica-
tion circuit, as well as a corresponding device and method.

BACKGROUND

[0003] In various power conversion systems, such as
AC/DC and DC/DC converters, field effect transistors or
FETs (MOSFET transistors, for instance) driven by control
logic can replace rectifier diodes.

[0004] This technique, oftentimes referred to as synchro-
nous rectification (SR), 1s found to improve converter efli-
ciency. Resorting to SR facilitates reducing conduction
losses 1nsofar as the (rectified) output current tlows through
the MOSFFET channel instead of the rectification diode, with
power losses correspondingly reduced.

[0005] Such a power converter continues to operate also 1f
a synchronous rectification FET 1s not driven. This 1s
because rectification 1s still provided by an iternal body
diode (essentially body-to-drain, with body-to-source being
irrelevant insofar as this i1s shorted out by an internal
body-to-source connection).

[0006] The body diode (which 1s intrinsic to most FET
types) may however exhibit poor performance: properly
driving a (MOS)FET, when the body diode 1s forward

biased, may increase system efliciency by about 3%-4%.

SUMMARY

[0007] Despite the intensive activity in that area, further
improved solutions are desirable. Embodiments can contrib-
ute 1n providing such improved solutions.

[0008] The description relates to synchronous rectifica-
tion. One or more embodiments can be applied, for instance,
to a variety of AC/DC and DC/DC converters. Converters
for use 1n battery chargers for electronic devices, USB
power delivery (USB-PD) arrangements, adapters are non-
limiting examples of such applications.

[0009] One or more embodiments may relate to a corre-
sponding device, e.g., a MOSFET-based synchronous rec-
tifier 1n a battery charger for electronic devices, a USB
power delivery (USB-PD) arrangement an adapter and so
on.

[0010] One or more embodiments may relate to a corre-
sponding method.

[0011] One or more embodiments may be based on the
recognition that, while suited to be implemented with analog
components (for instance dedicated ICs), synchronous rec-
tification 1mplemented 1n digital form facilitates reducing
the number of components, achieving improved flexibility in
devising control procedures and a higher tolerance to noise.
[0012] One or more embodiments may provide adaptive
synchronous (SR) implementation.

[0013] One or more embodiments may be implemented
with a microcontroller (such as, for instance, an STM32

Oct. 24, 2019

microcontroller as available with companies of the ST
group) by using only the internal peripherals therein.
[0014] In one or more embodiments, an (internal) com-
parator may trigger a timer which 1n turn generates a
pulse-width modulation (PWM) signal. The comparator can
be reconfigured on-the-fly by a direct memory access
(DMA) channel to trigger PWM shut-down (otherwise a
second internal comparator can be used). An analog-to-
digital converter (ADC) channel can be used to sample the
drain-to-source voltage Vds of the (MOS)FET after PWM
turn-off, then the synchronous rectification (SR) control
logic can change the comparator threshold by using, for
instance, a digital-to-analog converter or DAC channel.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] One or more embodiments will now be described,
by way of example only, with reference to the annexed
figures, wherein:

[0016] FIG. 1 comprises two portions, FIGS. 1A and 1B,
and 1s representative of the possible replacement of diode
rectification with synchronous rectification by means of field
elflect transistors (FETs) such a MOSFETs,

[0017] FIG. 2 1s a time diagram exemplary of certain
signals possibly imnvolved in synchronous rectification with
FETs,

[0018] FIG. 3 1s a block diagram exemplary of a possible
context of use of embodiments,

[0019] FIGS. 4 and 5 are further time diagrams exemplary
of certain signals possibly involved 1n synchronous rectifi-
cation with FETs, and

[0020] FIG. 6 1s a flow chart exemplary of possible
operation of embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0021] In the ensuing description, one or more speciiic
details are 1llustrated, aimed at providing an in-depth under-
standing of examples of embodiments of this description.
The embodiments may be obtained without one or more of
the specific details, or with other methods, components,
materials, etc. In other cases, known structures, materials, or
operations are not 1llustrated or described 1n detail so that
certain aspects of embodiments will not be obscured.

[0022] Reference to “an embodiment” or “one embodi-
ment” 1n the framework of the present description 1is
intended to 1indicate that a particular configuration, structure,
or characteristic described 1n relation to the embodiment 1s
comprised 1n at least one embodiment. Hence, phrases such
as “in an embodiment™ or “in one embodiment” that may be
present in one or more points of the present description do
not necessarily refer to one and the same embodiment.
Moreover, particular conformations, structures, or charac-
teristics may be combined i1n any adequate way in one or
more embodiments.

[0023] The references used herein are provided merely for
convenience and hence do not define the extent of protection
or the scope of the embodiments.

[0024] As noted, 1n various power conversion systems,
such as AC/DC and DC/DC converters, field effect transis-

tors, namely FETs (MOSFET ftransistors, for instance)
driven by control logic can replace rectifier diodes. This
technique, oftentimes referred to as synchronous rectifica-
tion (SR) 1s found to improve converter efliciency.
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[0025] The FIGS. 1A and 1B are exemplary of the possi-
bility of replacing one or more rectification diodes (for
istance two rectification diodes D1, D2 1n FIG. 1A) with
respective corresponding FETs (MOSFET transistors, for
instance) F1 and F2 1in FIG. 1B within the framework of a
rectifier circuit.

[0026] This may occur, for instance, at the secondary side
of a transformer T, with the MOSFFET transistors F1 and F2
alternatively turned on (that i1s, made conductive) and off
(that 1s, made non-conductive) under the control of a control
unit CU so that a (rectified) current may flow in channels of

the MOSFET transistors F1 and F2.

[0027] The rectifier circuit architecture in FIG. 1 icludes
two diodes D1, D2 (FIG. 1A) or two MOSFET transistors
F1, F2 (FIG. 1B) coupled to the secondary winding of a
transformer T and having cascaded thereto a RC low pass
filter suited to provide a (rectified) voltage signal V_ _ to a
load L.

[0028] It will be appreciated that the rectifier circuit archi-
tecture 1n FIG. 1 1s just exemplary of a wide variety of
rectifier circuits to which SR can be applied. Theretore, the
circuit architecture of FIG. 1 1s not to be construed, even
indirectly, as confining the scope of the embodiments.
[0029] One or more embodiments may comprise (digital)
controller circuits suited to be coupled to field effect tran-
sistors (for mstance, F1 and F2 1n FIG. 2).

[0030] A conventional field effect transistor (FET) such as,
for mnstance, a MOSFET comprises a channel between
source and drain terminals as well as a body diode and a gate
terminal configured to control electrical current flow 1n the
field eflect transistor channel.

[0031] As noted, by resorting to SR, conduction losses can
be reduced thanks to the output current I_ . flowing through
a (MOS)FET channel instead of a rectification diode, so that
the power loss 1s decreased trom P, . .. .=V 1 . (where
V, is the voltage drop across the diode) to P,
mosrer=R ,. 1 * (where R ,. _ 1is the drain-source resis-
tance in the “on” or conductive state) which may be (very)

low for SR MOSFETs.

[0032] As similarly noted, such a power converter contin-
ues to operate also if a synchronous rectification FET 1s not
driven. This 1s because rectification i1s still provided by an
internal body diode, which, however, may exhibit poor
performance: properly driving such a MOSFET when the
body diode 1s forward biased may increase system efliciency
by about 3%-4%.

[0033] A problem underlying synchronous rectification
(SR) using FETs (MOSFETs will be primarily referred to in
the following for simplicity) 1s detecting the MOSFET body
diode conduction 1n order to be able to turn-oil the MOSFET
channel 1n a fast and reliable way, thus avoiding current
inversion, which may cause MOSFET {failure.

[0034] This may apply, for instance, to those systems
where a digital controller has no prior information about
diode conduction (e.g., because the power converter is
driven by another IC). To increase the efliciency of the
system, a control logic should desirably be able to reduce
progressively the conduction times of the MOSFET body
diode, for instance via adaptive SR driving.

[0035] It 1s observed that digital solutions can be con-
ceived where the drain-source voltage V. of a SR MOS-
FET can be sensed to detect body diode conduction by using
additional hardware (1.e., comparators, etc.) to measure the
conduction time. Based on this measure, the duration of the

OUL
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PWM “on” time can be adjusted to avoid a fast turn-oif
mechanism 11 the diode conduction time changes abruptly.
Such an implementation can be resorted to, for instance, 1n
those topologies (e.g., LLC converters) where the turn-on
time may be already known to the digital controller.

[0036] One or more embodiments may rely on a MOSFET
turn-on and turn-ofl mechanism where (only) internal
resources of a digital controller may be used to detect the
start and the end of conduction of the body diode of a FET
such as a MOSFET and drive the FET consequently. This
may facilitate performing an adaptive SR algorithm which
increases the efficiency of the converter in a simple and
reliable way.

[0037] As exemplified 1n the diagram of FIG. 2, the
drain-source voltage V ,,. voltage (possibly conditioned—e.
g, converted to digital—as desired, 1n manner known per se)
can be sensed and sent to an comparator (e.g., internal to the
controller CD) and compared to a threshold V4, on o St
by the controller.

[0038] This may occur within the framework of a circuit
as exemplified 1n FIG. 3.

[0039] There a digital controller CD 1s shown coupled to

a power converter CP comprising a rectifier arrangement of
one or more SR FETs such as MOSFET transistors.

[0040] As noted, one or more embodiments may be
applied to a wide variety of rectifier circuits adopting
synchronous rectification.

[0041] For that reason, FIG. 3 refers for simplicity to a
converter circuit block CP, which may include one or more
rectification FETs whose V. voltage can be sensed with
current conduction in the FET channel controlled via a
PWM signal applied to the FET gate. An example of such a
converter circuit block CP 1s shown 1n FIG. 1B.

[0042] For the sake of simplicity, FIG. 3 refers to a single
FET whose VDS voltage can be sensed via a conventional
voltage sensor VS at a sense node 10 of the digital controller
CD and where current conduction in the FET channel can be
controlled via a PWM signal applied to the FET gate via a
drive node 12 of the digital controller CD.

[0043] For the sake of explanation it will be assumed that
a “high” state of the PWM signal 1s intended to cause the
FET to be conductive (turned on) and that a “low” state of
the PWM signal 1s itended to cause the FET to be non-
conductive (turned off). Of course, adopting such an option
1s not mandatory.

[0044] FIG. 3 illustrates a (digital) comparator 14 in the
controller CD where, as discussed i1n the following, the
drain-source voltage VDS sensed at node 10 1s compared
with a reference value (e.g., V-, on orr), With the result of
comparison at 14 used to drive a PWM generator block 16
having an output coupled to the drive node 12 which
controls (rectified) current flow (I.,) 1n the FET channel.

[0045] In one or more embodiments, rising and falling
edges of V. at the comparator 14 (that 1s crossings of the
threshold(s) of the comparator 14 by V) can be used to
trigger the PWM generator block 16 to generate at node 12
the PWM signal for driving a FET 1n the converter CP.

[0046] For instance, as exemplified 1n FIG. 2, when the
voltage V ., decreases below the threshold of the comparator
14 (falling edge at the comparator output—see point A 1n
FIG. 2—which 1s indicative of the body diode conducting),
the PWM generation block 16 (which may comprise a timer)
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1s triggered to generate a PWM signal, designated PWM_SR
(e.g., “high”), after a programmed delay (turn-on delay
TOD).

[0047] The signal PWM_SR 1s kept high for a minimum
on-time (blanking window of the comparator BT) to avoid
false triggers.

[0048] A result of VDS rising again above the threshold
(rising edge at the comparator output—see point B 1n FIG.
2—which means that the body diode 1s going to be reverse
biased), the comparator output triggers via the block 16 the
shutdown of PWM signal PWM_SR (see FIG. 2, right hand
side), at a comparator trigger time CT earlier with respect to
a normal pulse duration NP of the PWM signal.

[0049] Intervals of body diode conduction at points A and
B are indicated as DC (body diode conduction).

[0050] It will be appreciated that, 1n one or more embodi-
ments, various options may be resorted to in order to
facilitate this kind of operation.

[0051] For instance, a single comparator with a single
threshold can be used with the comparator configured to
trigger alternatively, PWM signal turn-on and turn-off. Hys-
teresis (possibly programmable) may be present and kept at
a low level 1n order to facilitate switching at a desired
threshold. Avoiding undesired abrupt switching may be
facilitated by the Blanking window feature BT discussed
previously.

[0052] In one or more embodiments, two comparators
with a single threshold may be used, so that the same
threshold can be used for turn-on (triggered by a first
comparator) and turn-off (triggered by a second compara-
tor), so that no reconfiguration 1s required.

[0053] In one or more embodiments, two comparators
with two (different) thresholds may be used, so that a first
threshold can be used for turn-on and a second (variable)
threshold can be used for turn-ofl.

[0054] In this description of exemplary embodiments, a
single (adaptive) threshold V..., ;A o7z Will be considered
in order to make the presentation simpler and facilitate
understanding of the embodiments.

[0055] FIG. 4—where entfities like entities already dis-
cussed 1n connection with FIG. 2 are indicated with like
references (a related description will not be repeated here for
brevity)—shows that if the PWM signal PWM_SR 1s
turned-ofl too early, a (still) positive current I, through the
FET will causes a non-negligible body diode conduction
(DC, right hand side of FIG. 4). This implies low converter
efliciency, so that the benefits of SR are at least partially lost.

[0056] FIG. 5—where entities like entities already dis-
cussed 1n connection with FIGS. 2 and 4 are again indicated
with like references (a related description will not be
repeated here for brevity)—shows that if, conversely, the
PWM signal PWM_SR 1s turned-off too late, the FET will
be forced to conduct even with the diode reverse-biased
(DC, right hand side of FIG. 5) and an ensuing negative
current 1., can damage the MOSFET and cause its failure.

[0057] Moreover, after FET turn-off, a voltage ringing of
V,. may force the body diode to conduct again, thus
producing an undesired turn on: see UTO 1n FIG. 5). The
comparator 14 may be triggered again to generate an unde-
sired PWM signal PWM_SR (FIG. §, bottom right) losing

elliciency and keeping the FE'T on for a minimum “on” time.
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[0058] One or more embodiments may thus adopt an
adaptive SR control logic which facilitates reducing body
diode conduction time by making the comparator threshold
VTH_ON_OFF adaptive.

[0059] One or more embodiments may thus check if the
threshold (V - o orz) 0f the comparator 14 1s well tuned.
This may occur by sampling the voltage V. with a pro-
grammable sampling delay SD from PWM turn-off using the
previous threshold value, and comparing 1t with a fixed
value.

[0060] An analog-to-digital converter (ADC) channel can
be used to sample the drain-to-source voltage Vds (for
instance at times T-ADC 1n FIGS. 4 and 5) of the (MOS)FET
after PWM turn-ofl (time indicated CT 1n FIGS. 4 and §5) and
the synchronous rectification SR control logic can change
the threshold(s) in the comparator 14 by using, for instance,
an digital-to-analog converter or DAC channel.

[0061] The programmed delay facilitates achieving a con-
dition where the (MOS)FET 1s completely turned-off
because 1t can consider both turn-off delay and propagation
delay mtroduced by gate drivers (both delays can be known
and do not vary over time).

[0062] The value thus obtained being found to be below
the preset threshold (see right hand side of FIG. 4) means
that the MOSFET body diode 1s still conducting and the
PWM is turned-ofl too early because the voltage drop on the
MOSFFET 1s equal to the forward voltage of body diode. In
this case the threshold of the comparator 14 can be increased

to achieve a later (delayed) MOSFET turn-off.

[0063] Otherwise, the acquired value being above the
preset threshold (see right hand side of FIG. 5) suggests that
MOSFFET may have been “forced” to conduct even with a
reverse current and the PWM 1s turned-off too late. This may
be related to the fact that a small safe interval, in which the
diode conducts (little notch 1n the V. waveform), 1s not
present and V . rises (too) quickly. In this case the threshold
of the comparator can be decreased to turn-oif the MOSFET
earlier.

[0064] The sampling delay from PWM turn-off (times CT
in FIGS. 2, 4 and 5) gives also the time duration of this safe
body diode conduction interval.

[0065] In the block diagram of FIG. 3, reference 18
denotes a circuit block which 1s triggered (via a line T) by
a signal provided by the PWM generator 16 to provide a
delayed acquisition of the signal V . at the input node 10.
[0066] Reiference 20 denotes an adaptive SR logic acting
in cooperation with the delayed acquisition block 18 and
with a circuit block 22 which controls (adaptively) the
threshold(s) of the comparator 14.

[0067] In one or more embodiments, the threshold of the
comparator 14 can be increased and decreased within an
expected range [COMP /3,y COMP .., +] that depends
on the characteristics of the sensing circuit and can be
acquired with some measurements.

[0068] A small capacitor can be added in the sensing
circuit VS to reduce the slope of V. in sensing the asso-
ciated waveform and obtain a better threshold regulation.

[0069] The flowchart of FIG. 6 1s exemplary of an adap-

tive synchronous rectification (SR) procedure which can be
performed at each MOSFET turn-off or at a lower frequency
(1n this latter case, the comparator threshold(s) 1s/are kept
constant over more PWM cycles).

[0070] The block 100 in the flow-chart of FIG. 6 1s
representative of MOSFET turn-ofl, triggered as a result of



US 2019/0326808 Al

comparing, e.g., 1 the comparator 14, the (conditioned)
sensed value for V. with a “previous” threshold.

[0071] The block 102 1s exemplary of V . being sampled
after a fixed delay (e.g., T-ADC) added to the FET turnoil
time CT taken as starting time. This operation can occur in
an automatic manner in a digital controller (for instance, a
STM32 microcontroller as available with companies of the
ST group) even without resorting to software instructions.

[0072] For instance (as a function of the type of controller)
the possibility exists of adding a certain (predetermined)
delay starting from an (external) event such as the compara-
tor trigger to an internal timer of the controller.

[0073] The timer may be the same as used for generating
the PWM signal (PWM generator block 16) 1n advanced
microcontrollers (a so-called “autodelayed mode” 1n e.g.,
STM32F334).

[0074] Alternatively, one may use a further timer which
starts counting at a trigger event (e.g., the falling edge of the
PWM signal.

[0075] If the muicrocontroller does not include internal
trigger connections one may use a further pin of the micro-
controller coupled with the PWM signal and start the further
timer at a falling edge (see, for instance the line T in FIG. 3).
[0076] As a result of the timer reaching a certain count
value (that 1s, after T-ADC has lapsed), a (sampling) ADC 1s
triggered.

[0077] In one or more embodiments the comparator trig-
ger can be stored 1n a register 1n a timer (for instance, in the
memory of the microcontroller).

[0078] With the measurement result received from the
ADC triggered at a desired time, 1n a block 104 a check can
be as to whether V. as sampled 1s higher than a preset
desired value, e.g., Vds_TH.

[0079] If the check at 104 yields a positive outcome (Y),
a decreased value for the threshold (e.g., V- o oFr) 10 the
comparator 14 is calculated at 106 and a check is performed
at 108 as to whether the value thus calculated (not yet set)
1s lower than a minimum respective value, e.g., COMP .,
MIN,

[0080] If the check at 108 yields a positive outcome (Y)
the minimum value 1s selected for the comparator threshold
(s).

[0081] If the check at 104 yields a negative outcome (N),
an increased value for the threshold (e.g., Vo on orr) 10
the comparator 14 is calculated at 112 and a check is
performed at 114 as to whether the value thus calculated (not
yet set) 1s higher than a maximum respective value, e.g.,

COMP 1, 4+

[0082] If the check at 114 yields a positive outcome (Y)
the maximum value 1s selected for the comparator threshold
(s).

[0083] Starting from any of:

[0084] the block 110;

[0085] a negative outcome (N) of the check at 108;
[0086] the block 116;

[0087] a negative outcome (N) of the check at 114,
[0088] a (new) value for the threshold (e.g., Vi on orr)

of the comparator can be set at 118 as dictated by these
previous acts.

[0089] In one or more embodiments, a circuit may com-
prise a controller (e.g., CD) configured for coupling to a field
ellect transistor (e.g., as included 1n CP 1n FIG. 3) having a
field effect transistor channel between source and drain
terminals as well as a body diode and a gate terminal
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configured to control electrical current flow 1n the field eflect
transistor channel. The controller may comprise a sensing
port (e.g., 10), a comparator (e.g., 14), and a PWM signal
generator (e.g., 16).

[0090] The sense terminal (e.g., node 10) 1s configured to
sense (e.g., VS) the drain-to-source voltage (e.g., Vo) of the
field eflect transistor as well as a drive terminal (e.g., node
12) configured to drive the gate terminal of the field effect
transistor to alternatively turn the field eflect transistor on
and off to provide a rectified current flow 1n the field eflect
transistor channel.

[0091] The comparator (e.g., 14) 1s coupled to the sensing
port. The comparator 1s configured to perform a comparison
of the drain-to-source voltage of the field effect transistor
with at least one reference threshold (e.g., V- or oFz: as
noted, a single threshold is discussed for simplicity) and
detect alternate downward (e.g., A) and upward (e.g., B)
crossings of the at least one reference threshold by the
drain-to-source voltage.

[0092] The PWM signal generator (e.g., 16) 1s coupled to
the comparator circuit and the drive terminal. The PWM
signal generator 1s configured to drive (e.g., PWM_SR) the
gate terminal of the field effect transistor to turn the field
eflect transistor on and ofl as a result of the alternate
downward and upward crossings of the at least one reference
threshold by the drain-to-source voltage.

[0093] In one or more embodiments, the PWM signal
generator may be configured to turn the field eflect transistor
on with a certain delay (e.g., TOD) to the respective cross-
ings of the at least one reference threshold by the drain-to-
source voltage.

[0094] In one or more embodiments, the PWM signal
generator may be configured to keep the field effect tran-
sistor turned on for on-time intervals 1n excess of a lower

on-time threshold (e.g., BT).

[0095] One or more embodiments may comprise an acqui-
sition circuit block (e.g., 18) and an adaptive network (e.g.,
20, 22). The acquisition circuit block (e.g., 18) coupled (e.g.,
at T) to the PWM signal generator in the controller. The
acquisition circuit block 1s sensitive to field eflect transistor
turn off times (e.g., CT), the acqusition circuit block
coupled to the sensing port and configured to sense the
drain-to-source voltage of the field eflect transistor with a
certain delay (e.g., T-ADC) to field eflect transistor turn oif
times. The adaptive network (e.g., 20, 22) 1s coupled to the
acquisition circuit block i1n the controller. The adaptive
network 1s configured to control the field effect transistor
turn off times as a function of the drain-to-source voltage of
the field effect transistor sensed with a certain delay at the
acquisition circuit block.

[0096] One or more embodiments may comprise the adap-
tive network configured to compare (e.g., 104 1n FIG. 6) the
drain-to-source voltage (V) of the field eflect transistor
sensed with a certain delay (T-ADC) at the acquisition
circuit block with an acqusition threshold value (for
instance, V5 7) and cause the field effect transistor turn oft
times to occur later resp. earlier (e.g., due to a change 1n the
threshold 1n the comparator 14) as a result of the drain-to-
source voltage of the field eflect transistor sensed with a
certain delay at the acquisition circuit block being below
resp. above the acquisition threshold value.

[0097] In one or more embodiments the adaptive network
may be arranged intermediate the acquisition circuit block
and the comparator, the adaptive network configured to vary
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(see, e.g., 100 to 118 in FIG. 6) the at least one reference
threshold as a function of the drain-to-source voltage of the
field effect transistor sensed with a certain delay at the
acquisition circuit block.

[0098] In one or more embodiments, the controller may
comprise a digital controller.

[0099] In one or more embodiments, a device such as, for
istance, a converter for use 1n battery chargers for elec-
tronic devices, USB power delivery (USB-PD) arrange-
ments, adapters and so on, may comprise a rectification
network (e.g., T, L, C, F1, F2 1n FIG. 1) comprising at least
one field effect transistor having a field effect transistor
channel between source and drain terminals as well as a
body diode and a gate terminal configured to control elec-
trical current flow 1n the field effect transistor channel. The
device can also include a circuit according to one or more
embodiments, having the sensing port coupled to the at least
one field eflect transistor and configured (e.g., VS) to sense
the drain-to-source voltage of the at least one field eflect
transistor and the drive terminal coupled to the gate terminal
of the at least one field eflect transistor to alternatively turn
the at least one field effect transistor on and off to provide a
rectified current flow 1n the channel thereof.

[0100] In one or more embodiments, a method of driving
a field effect transistor having a field effect transistor channel
between source and drain terminals as well as a body diode
and a gate terminal configured to control electrical current
flow 1n the field effect transistor channel. The method may
comprise sensing the drain-to-source voltage of the field
effect transistor and driving the gate terminal of the field
ellect transistor to alternatively turn the field effect transistor
on and off to provide a rectified current flow in the field
effect transistor channel, performing a comparison of the
drain-to-source voltage of the field eflect transistor with at
least one reference threshold and detecting alternate down-
ward and upward crossings of the at least one reference
threshold by the drain-to-source voltage, and driving the
gate terminal of the field effect transistor by turning the field
eflect transistor on and off as a result of the alternate
downward and upward crossings of the at least one reference
threshold by the drain-to-source voltage.

[0101] Without prejudice to the underlying principles, the
details and embodiments may vary, even significantly, with
respect to what has been described by way of example only,
without departing from the extent of protection.

[0102] The extent of protection 1s determined by the
annexed claims.

What 1s claimed 1s:

1. A circuit configured to be coupled to a field effect
transistor that has a channel between source and drain
terminals as well as a body diode and a gate terminal
configured to control electrical current flow 1n the field effect
transistor channel, wherein the circuit comprises:

a sense terminal configured to sense a drain-to-source
voltage of the field eflect transistor;

a drive terminal configured to drive the gate terminal of
the field eflect transistor to alternatively turn the field
ellect transistor on and off to provide a rectified current
flow 1n the field effect transistor channel;

a comparator coupled to the sense terminal, the compara-
tor configured to perform a comparison of the drain-
to-source voltage of the field efiect transistor with a
reference threshold and to detect alternate downward
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and upward crossings of the reference threshold and the
drain-to-source voltage; and

a PWM signal generator coupled to the comparator and
the drive terminal, the PWM signal generator config-
ured to drive the gate terminal of the field effect
transistor to turn the field eflect transistor on and off as
a result of the alternate downward and upward cross-
ings of the reference threshold by the drain-to-source
voltage.

2. The circuit of claim 1, wherein the PWM signal
generator 1s configured to turn the field eflect transistor on
with a delay relative to the downward crossings of the
reference threshold and the drain-to-source voltage.

3. The circuit of claim 1, wherein the PWM signal
generator 1s configured to keep the field eflect transistor

turned on for on-time intervals 1n excess of a lower on-time
threshold.

4. The circuit of claim 1, further comprising an acquisition
circuit block coupled to the PWM signal generator, wherein
the acquisition circuit block 1s sensitive to field effect
transistor turn ofl times, the acquisition circuit block coupled
to the sense terminal and configured to sense the drain-to-
source voltage of the field effect transistor with a delay
relative to field effect transistor turn off times.

5. The circuit of claim 4, further comprising an adaptive
network coupled to the acquisition circuit block, the adap-
tive network configured to control the field effect transistor
turn off times as a function of the drain-to-source voltage of
the field eflect transistor sensed with the delay at the
acquisition circuit block.

6. The circuit of claim 5, wherein the adaptive network 1s
configured to compare the drain-to-source voltage of the
field efect transistor sensed with the delay at the acquisition
circuit block with an acquisition threshold value to cause the
field effect transistor turn ofl times to occur earlier as a result
of the drain-to-source voltage of the field effect transistor
sensed with the delay at the acquisition circuit block being
above the acquisition threshold value.

7. The circuit of claim 5, wherein the adaptive network 1s
configured to compare the drain-to-source voltage of the
field efect transistor sensed with the delay at the acquisition
circuit block with an acquisition threshold value to cause the
field effect transistor turn off times to occur later as a result
of the drain-to-source voltage of the field effect transistor
sensed with the delay at the acquisition circuit block being
below the acquisition threshold value.

8. The circuit of claim 5, wherein the adaptive network 1s
arranged between the acquisition circuit block and the
comparator, the adaptive network configured to vary the
reference threshold as a function of the drain-to-source
voltage of the field effect transistor sensed with the delay at
the acquisition circuit block.

9. The circuit of claim 1, wherein the circuit operates as
a digital controller.

10. A circuit comprising:

a rectification circuit comprising a field effect transistor
that has a channel between source and drain terminals
and a gate terminal configured to control electrical
current flow 1n the channel;

a sense terminal configured to sense a drain-to-source
voltage of the field eflect transistor;

a drive terminal coupled to the gate terminal of the field
effect transistor to alternatively turn the field eflect
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transistor on and off to provide a rectified current flow
in the field effect transistor channel;

a comparator circuit coupled to the sense terminal, the
comparator circuit configured to perform a comparison
of the drain-to-source voltage of the field eflect tran-
sistor with a reference threshold and to detect alternate
downward and upward crossings ol the reference
threshold and the drain-to-source voltage; and

a PWM signal generator coupled to the gate terminal of
the field effect transistor, the comparator circuit and the
drive terminal, the PWM signal generator configured to
drive the gate terminal of the field effect transistor to
turn the field eflfect transistor on and off as a result of
the alternate downward and upward crossings of the
reference threshold by the drain-to-source voltage.

11. The circuit of claim 10, wherein the rectification

circuit further comprises:

a transformer having a first secondary winding terminal
and a second secondary winding terminal, the first
secondary winding terminal coupled to the source of
the field eflect transistor;

an inductor having a first terminal and a second terminal,
the first terminal of the inductor coupled to the drain of
the field effect transistor; and

a capacitor having a first terminal and a second terminal,
the first terminal of the capacitor coupled to the second
terminal of the inductor.

12. The circuit of claim 11, further comprising a second
field eflect transistor coupled to the transformer.

13. The circuit of claim 12, wherein the second field effect
transistor has a source coupled to the second secondary
winding terminal and the second terminal of the capacitor,
the second field eflect transistor also having a drain coupled
to the drain of the field eflect transistor and the first terminal
of the inductor.

14. The circuit of claim 12, wherein the second field effect
transistor has a source coupled to the second secondary
winding terminal and a drain coupled to the drain of the field
effect transistor and the first terminal of the inductor,
wherein the second terminal of the capacitor 1s coupled to
the source of the field eflect transistor and to the first
secondary winding terminal.
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15. The circuit of claim 12, wherein the comparator circuit
comprises a single comparator and the reference threshold
comprises a single threshold.

16. The circuit of claim 12, wherein the reference thresh-
old exhibits a hysteresis characteristic based on turning on
and off of the field eflect transistor.

17. The circuit of claim 12, wherein the comparator circuit
comprises two comparators coupled to the reference thresh-

old.

18. The circuit of claim 12, wherein the comparator circuit
comprises first and second comparators, the first comparator
coupled to the reference threshold and the second compara-
tor coupled to a second reference threshold.

19. The circuit of claim 10, further comprising an acqui-
sition circuit block coupled to the PWM signal generator,
wherein the acquisition circuit block 1s sensitive to field
ellect transistor turn ofl times, the acquisition circuit block
coupled to the sense terminal and configured to sense the
drain-to-source voltage of the field eflect transistor with a
delay relative to field eflect transistor turn off times.

20. The circuit of claim 19, further comprising an adaptive
network coupled to the acquisition circuit block, the adap-
tive network configured to control the field effect transistor
turn off times as a function of the drain-to-source voltage of
the field eflect transistor sensed with the delay at the
acquisition circuit block.

21. A method of driving a field effect transistor that has a
channel between source and drain terminals and a gate
terminal that 1s configured to control electrical current flow
in the field effect transistor channel, the method comprising:

sensing a drain-to-source voltage of the field effect tran-

sistor;

comparing a drain-to-source voltage of the field effect

transistor with a reference threshold;
detecting alternate downward and upward crossings of the
reference threshold by the drain-to-source voltage; and

driving the gate terminal of the field effect transistor by
turning the field eflect transistor on and off as a result
of the alternate downward and upward crossings of the
reference threshold by the drain-to-source voltage, the
driving causing a rectified current flow 1n the field
eflect transistor channel.
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