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A High-Speed Synchronous Rectifier With Improved Dead Time Compensation
and Suitable for High-Voltage Applications
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Abstract—Vpg (drain—source voltage)-based synchronous recti-
fiers (SRs) are widely used due to their simplicity and low cost.
However, there are still three obvious issues. 1) The premature
turn-OFF caused by parasitic inductance under high frequency.
2) The turn-ON propagation delay is typically tens of nanoseconds.
3) Commercial SRs usually have a limited Vpg rating of about
200 V. To solve the above problems, a high-speed SR (includ-
ing a customized SR IC and a peripheral circuit) is proposed.
A high-speed comparator together with a slope detection circuit
is proposed to reduce the turn-ON delay, and the proposed fully
integrated SR IC is implemented in a 1-p2m bipolar process with a
die area of 1.47 x 1.98 mm?. The peripheral circuit contains the im-
proved dead time compensation circuit, the self-driven high-voltage
isolation circuit, and the power supply circuit for SR IC, and the
component count is reduced by device reuse. In a 200-W Double
clamp zero voltage switching (DCZVS) buck-boost converter pro-
totype, the proposed SR can achieve a switching frequency of more
than 700 kHz with minimal dead time, the turn-ON propagation
delay including peripheral circuits and SR IC is reduced to 8.1 ns,
the isolated drain—source voltage is limited to within 10 V, and the
peak efficiency is 93.6%.

Index Terms—Double clamp zero voltage switching (DCZVS)
buck-boost converter, high-voltage blocking, synchronous rectifier
(SR), Vpg-sensing.

1. INTRODUCTION

YNCHRONOUS rectifiers (SRs) are usually adopted to re-
S place the diodes in isolated power converters [1],[2], [3], [4]
for higher efficiency. There is a variety of ways to implement SR
[5], and they have significant differences in technical solutions,
costs, and applications. Among them, Vpg-sensing [7], [8], [9],
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Fig. 1. Nonideality of commercial SR ICs. (a) Parasitic Inductance of SR.
(b) Three kinds of nonideality.

[10] is the most promising choice and is more popular with
commercial SR ICs for its robustness and simplicity [7], [8], [9],
[10]. However, there are still three obvious issues remaining to
be resolved for commercial SR ICs, as shown in Fig. 1.

First, due to the parasitic inductance (Lp) caused by the
packaging of power MOS or PCB wiring, SR can be turned
OFF prematurely at high switching frequency, as follows:

dl
Vps = — (IS X Ron + Lp dzg ) (D

where Vpg is the drain—source voltage, /g is the secondary
current through synchronous rectification MOS, and Roy is the
ON-resistance of SR MOS. During the dead time (#qcaq), the
current goes through the body diode, causing large power loss.
Although RC-based compensation [11], [12] is proposed, the
accuracy is influenced by temperature and gate—source voltage
(Vas)- Adaptive control methods [2] are also proposed to alle-
viate this problem, but dynamic degradation is inevitable.

Second, commercial SR ICs [6], [7], [8], [9], [10] have large
turn-ON propagation delay (f4clay) due to the limited perfor-
mance of the turn-ON circuit, and this will increase power loss,
especially for converters with peak current at the beginning of
energy transfer stage (such as ACF [13], DCZVS buck—boost
[4D).

Finally, since the BCD technologies are usually adopted to
implement the ICs for their maturity and low cost, the max-
imum rating drain—source voltage (Vpg max) 18 typically less
than 200 V. Therefore, commercial ICs are not suitable for
high-voltage applications (more than 200 V). To expand the
voltage range, some research [14], [15] has been reported. Yu
et al. [14] use a blocking FET to isolate high voltage, but an
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Fig. 2. Power topology and architecture of the proposed SR.

external capacitor is required to mitigate the impact of high dv/dt,
which introduces an additional sampling delay. Zhang et al. [15]
propose a self-driven SR drain-to-source voltage sensing circuit,
which provides a low-impedance bypassing path for the current
introduced by high dv/dt. However, digital isolators and filters
also introduce additional delay. Furthermore, Yu et al. [14] and
Zhang et al. [15] do not present the power supply circuits of the
proposed SRs.

In this letter, a high-speed SR IC together with a peripheral
circuit is proposed and verified. The proposed SR IC is im-
plemented in a bipolar process for low delay and high driving
current density [16]. The novel peripheral circuit can almost
eliminate the dead time, isolate the high voltage, and power up
the SR IC at the same time.

II. ANALYSIS AND DESIGN OF PROPOSED SR
A. Architecture of Proposed SR

The proposed SR and the topology of the power converter are
shown in Fig. 2. The proposed SR is composed of a peripheral
circuit (compensation, isolation, and power supply circuit) and
an integrated SR controller. Specifically, M; has the following
three functions. 1) M; and Cs form the compensation network.
2) M, is also the high-voltage blocking switch. 3) Ry, R2, R3, C1,
D1, D3, D3, My, and Q; form the power supply circuit. M, is the
power transistor, D1 and Q1 form the voltage reference, and Q1,
R1, and Ry form the error amplifier. The integrated SR controller
turns SR MOS ON or OFF by sampling Vpg, and a detailed
description will be given later. Fig. 2 shows the configuration
of high-side SR, the proposed SR can also be configured to the
low side.

B. High-Voltage Isolation Sampling and Power Supply Circuit

To improve the Vpg rating of SR and power up the SR IC, a
power supply and high-voltage isolation circuits are proposed,
as depicted in Fig. 2. To illustrate the working principle, key
waveforms are shown in Fig. 3. The working principle of the
DCZVS buck-boost converter can be found in [4].

to—t1: Both M7 and M5 are OFF. Vggs keeps low, and Vpgs rises
to V, by t1. Vpg: increases with Vpga, and Vpg sen keeps
constant. Cy is discharged and V¢ is reduced.

t1—to>: Both My and M are OFF. Vpg; follows Vpga, Vps sEn
keeps at maximum value unchanged, and the high voltage is
isolated by M.

to—t3>: Both My and My are OFF. Vg decreases with Vpgs,
and Vpg; reaches —0.7 V by #3 and is clamped due to the
conduction of the body diode of M;.
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Fig. 4. Simplified compensation circuit. (a) Conventional. (b) Proposed.

t3—t4>: Both My and M, are OFF. Since Vpg; is clamped to
—0.7 V, Vps sen decreases with Vpga. Vggr increases due
to the decrease of Vps sgN, and Vs reaches Vi by t4,
and then M/ is turned ON.

ty—t5>: My is ON and M5 is OFF. Since M is ON, Vpg is zero and
Vbs_sen decreases with Vpga. Vpg sgn reaches the turn-oN
threshold of SR at 75, and then, M, is turned ON. More energy
is needed to turn M5 ON, so V¢ is reduced sharply at this
moment.

t5—ts>: Both M and M are ON, and Vpg sgn equals Vpgo and
reaches the turn-OFF threshold of SR at 7, and then M5 is
turned OFF.

tg—t7>: M7 is ON and My is OFF, Vpg ggn increases with Vpgo
and reaches (Vocc+Vpons) by 7.

t7—ts(tg)>: My is ON and M5 is OFF. D3 is ON and C; is
charged, and V is increased. Since V¢ is increased, Icq1
is increased, and Vg is decreased. And Vg reaches Vg
by #5(ty), and then M, is OFF. A new cycle begins after fg.

C. Dead Time Compensation Circuit

Since parasitic inductance (Lp) caused by the packaging of
power MOS or PCB wiring will lead to the phase lead of Vggo,
RC-based compensation was presented and extensively used for
its simplicity and low cost [11], [12], as shown in Fig. 4(a). The
s-domain expression for Vpg sgn can be obtained with (1) and
Fig. 4(a)

Lp 1
=71 1 2
Vbs_sen SRON< +8RON> <1+3RCC’C> ()

where Vpg sen is the sensed source—drain voltage, R¢ is the
compensation resistor, and C¢ is the compensation capacitor.
To compensate for the phase lead caused by Lp, R¢, and C¢
should satisfy

Lp

RoCo = Ron .

3
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Fig. 6. Key simulation waveforms of the proposed SR IC.

The methods in [11] and [12] have two issues: 1) Ron varies
with gate—source voltage and temperature; (b) an additional reset
circuit is needed to keep the initial value of C¢. To solve the
above two issues, the proposed compensation circuit is shown in
Fig. 4(b), of which the resistor R - is implemented by a MOSFET
Mo (M in Fig. 2), and the drive circuit of M is shown in
Fig. 2. If M is chosen the same as Mgr and driven by the
same gate—source voltage, R o should be the same as Ron. When
laying out the PCB, make M ¢ as close as possible to Mgy to
eliminate the impact of temperature on Ron. As also shown in
Figs. 2 and 3, D5 is ON when Vpg» is low, thus Vg is equal to
Veoe. As described in Section II-B, due to the conduction of M
between 74 and tg, Vpg_sgN varies between positive and negative
values and thus be reset cycle by cycle.

D. High-Speed SR IC

Since the bipolar process has better current efficiency [16],
the proposed SR IC is implemented with bipolar technology, as
shown in Fig. 5 . The driver IC is composed of a high-speed
comparator, slope detection, control logic, output stage, current
bias, UVLO, minimum ON-time control, and minimum OFF-time
control, and detailed analysis of high-speed comparator, slope
detection, and minimum ON/OFF-time control is presented.

1) High-Speed Comparator: As shown in Fig. 5, the com-
parator includes Q1, Q2, Qg, Qg, Q10, D1, D2, D3_and Dy. Qs,
Qy, and Q1 form the current mirror and provide the current bias
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Fig. 7. (a) Testing setup. (b) Die photograph of the proposed SR IC.

of the input path and the reference path. D1, D5 and Q1 form the
reference path, and the reference voltage is zero. D3, D4 and Qo
form the input path, and the output of the comparator is Vcnp.
When Vpg > 0, Voup is high; when Vpg < 0, Voup is low.
The ideal reference voltage is 0, but this can be violated by the
mismatch between Qg and Q1(, and the mismatch between the
input path and reference path. This violation can be minimized
by matching the design of the layout, and this violation can be
further removed by R4 or R5 of Fig. 2. The current bias generated
by Qg and Q¢ will go through R, and R of Fig. 2, respectively.
The configurable threshold of the comparator is expressed by

Vin =04+ 1IpR4
Vinemp = Vps + I Rs

where Vi and Vinenmp are the reference voltage and the input
voltage of the proposed comparator, respectively, and /g is the
bias current generated by Qg and Q1.

When R4 > Rs, the reference voltage of the comparator will
be increased. And when Ry < Rj, the reference voltage of the
comparator will be decreased. R4 and R5 can also be used to
adjust the ON/OFF threshold voltage of SR MOS. Therefore, the
effect of the parameter’s tolerance on the comparator can be
compensated and ignored.

2) Slope Detection: As shown in Fig. 5, Ry and C; form the
slope detection circuit. The falling slope of Vpg determines the
current through R;. When C; is determined, the larger the falling
slope of Vpg, the greater the current flowing through R;. And
the maximum current of R, is Vgp3/R;. When the falling slope
of Vpg meets with the following equation:

dVbs _ Vess | Iss ®)
dt — RiC; 4 ’

Qs is ON, and one input of the AND gate is high. The slope
detection circuit is designed to avoid the wrong opening. To
avoid parameter deviation and the accuracy of slope detection,
R, is designed to be adjustable with trim.

3) Minimum Off-Time: As shown in Fig. 5, Q1g, Q20, R11,
Ri2, Ry3, and C3 form the minimum OFF-time control circuit.
As described before, slope detection is designed to avoid wrong
openings, but this is not enough. At the moment, when SR
MOS is turned OFF, Vpg is usually accompanied by a large
high-frequency voltage ringing, which may also cause a wrong
opening. To avoid this risk, a blanking time is usually set to

“
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Transient test waveforms. (a) With NCP4306 (Vi, =400V, V, =28 V, P, = 200 W). (b) With NCP4306 (Vi, = 170 V, V, =28 V, P, = 20 W).

(c) With the proposed SR driver (Vi, = 170V, V, =28 V, P, = 200 W). (d) With the proposed SR driver (Vi, =170 V, V, =28 V, P, = 0 W). (e) With the
proposed SR driver (Vi, =400V, V, =28V, P, = 200 W). (f) With the proposed SR driver (Vi, =400V, V, =28 V, P, =20 W).

the input signal S of the SR trigger. In this work, a blanking
time (typically 50 ns) determined by C3 and R;2 is added to the
circuit. At the falling edge of Vpr
dVor _ VEBis
Cs— Tio (6)
When ignoring the base current of Q;g, the minimum OFF-
time can be got

+ Ipis.

Vi )
EB18

where t,in oft 1 designed to avoid wrong openings, and there are
no high requirements for its accuracy, and it can also be trimmed
by R 12

4) Minimum On-Time: As shown in Fig. 5, Qa21, Ri4, R15,
and C4 form the minimum ON-time control circuit. It functions
at the rising edge of Vppr to prevent wrong turning OFF. The
principle is similar to that of minimum OFF-time.

The key simulation waveforms of the proposed SR IC are
shown in Fig. 6, which is consistent with the theoretical wave-
forms in Fig. 3. To illustrate the impact of parameter tolerance
on the turn-ON delay, simulations were conducted at different
process corners and temperature, and the simulation results are
shown Table I. The turn-ON delay is between 5.9 ns and 11.5 ns,
and the typical turn-ON propagation delay is 6.5 ns.

Ri12C3

tmin_off =

III. EXPERIMENTAL VERIFICATION AND COMPARISON

The experimental prototype is shown in Fig. 7(a), the die
photo of the proposed SR IC is shown in Fig. 7(b), and the key
parameters of the experimental prototype are listed in Table II.
Fig. 8 presents the waveforms of the DCZVS power converter
with NCP4306 and with the proposed SR driver under different
input voltages and loads. Fig. 8(a) shows the waveforms of full
load and high input voltage for NCP4306, and Fig. 8(b) shows
the light load and low input voltage for NCP4306. It can be
seen from Fig. 8(b) that the turn-ON delay of NCP4306 is about
30.3 ns and the late turn-OFF leads to a significant negative
current. Fig. 8(c)—(f) shows the waveforms of the proposed SR

TABLE I
TURN-ON DELAY UNDER DIFFERENT PROCESS CORNERS AND TEMPERATURE
TT SS FF SF FS
-40 °C 5.9 ns 6.6 ns 6 ns 6 ns 5.9 ns
27 °C 6 ns 7.8 ns 6.5 ns 6.8 ns 6.4 ns
125 °C 9.8 ns 9.8 ns 11.5ns 9.2 ns 10.8 ns
TABLE 1T

KEY PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Comp ts Parameters
Input voltage Vi, 170-400 V
Output voltage V; 28V
P, 200 W
Switching frequency f; 700 kHz
Transformer N=Np:Ng=6:1, Ly=15 uH, Lg=50 nH
Msgr, Mc BSZ240N12NS3G

driver. As theoretically analyzed before, when Vpgs is high,
Vbs_sen is always maintained at around Vcoc; when Vpgg is
at a low level, Vps s can accurately follow Vpgs. Fig. 8(c)
and (d) shows the waveforms of 200 W and O W under the
input of 170 V, respectively. It can be seen from Fig. 8(d) that
the turn-ON delay is only 8.1 ns, and the turn-OFF is almost
at zero current. Fig. 8(e) and (f) shows the waveforms 200 W
and 20 W under the input of 400 V, respectively. With self-
driven MOS-and-capacitor-based compensation, our SR has
minimal dead time after M5 is turned OFF and is not affected
by temperature and driving voltage. By comparing Fig. 8(b)
and (d), the turn-ON propagation delay (Z4c1ay) of the proposed
SR driver is 8.1 ns and is slightly larger than the simulation
result of 6.5 ns, which is much smaller than the turn-ON delay
of NCP4306. The efficiency of the DCZVS power converter
with the proposed SR, NCP4306, and without SR is shown
in Fig. 9. Thanks to the fast turn-ON and compensation for
turn-OFF, the proposed SR driver achieves a peak efficiency of
93.6%, which is higher than 91.6% of NCP4306 and 90% of
without SR. The performance of the proposed SR is summarized
and compared to other state-of-the-art SRs in Table III. With
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TABLE III
PERFORMANCE SUMMARY AND COMPARISON
TPEL[11] TPEL[12] JESTPE[14] JESTPE[15] This work
SR scheme Discrete IR1168 NCP4303 Discrete NCP4306 C ized IC
fy 1000 kHz 170 kHz 300 kHz 500 kHz 700 kHz 700 kHz
P, 1000 W 600 W 1000 W 3300 W 200 W 200 W
Peak efficiency 96.3% 95.8% N/A 97.6% 91.6% 93.6%
thelay 75 ns 60 ns” 60 ns” 60 ns 30.3 ns 8.1 ns
RC-based, RC-based,
Im}?iroven‘lent of deteriorated by deteriorated by N/A N/A N/A caplzl/[c(i)tsr?::se d
ead time temperature and temperature and X
L. L. compensation
driving voltage driving voltage
. Self-Driven Self-Biasin; . .
. VDS rating N/A N/A Blocking MOSFET, | Blocking MOS%ET, N/A Self-driven High-
xtension of SR . . Voltage Blocking
with extra delay with extra delay
Component count Low Low Low High Low Low
* The delay of the compensation circuit is not included.
The boldface values to highlight “This work.”
10 REFERENCES
90 — [11 C. Sun, Q. Sun, R. Wang, P. Zhang, L. Zhang, and P. Wang, “Univer-
- /¢/ sal synchronous rectification scheme for LLC resonant converter using
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—_ L pp. 5747-5759, Jun. 2023.
g\i 70 / [2] Q. Qian, Q. Liu, M. Zheng, Z. Zhou, S. Xu, and W. Sun, “An improved
> L / adaptive synchronous rectification method with the enhanced capacity to
5 60 — Proposed(Vin=170V) | | | eliminate reverse current,” IEEE Trans. Power Electron., vol. 37, no. 2,
s 7 —— Proposed(Vin=400V) pp. 1394-1410, Feb. 2022.
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