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Super Junction MOSFET series

Benefits given by PrestoMOS™ series —
for the Phase-Shift Full-Bridge

Power supplies that can handle high power, such as servers and on-board chargers, generally employ a full bridge circuit. In

particular, Phase-Shift Full-Bridge (hereafter PSFB) circuit can perform a zero-voltage switching (hereafter ZVS) operation when
switching devices, such as Super-Junction MOSFETs (SJ-MOSFETSs) or IGBTSs, are turned ON. Therefore, the switching loss can be
further reduced compared with general hard switching converters, making the PSFB circuit suitable for handling higher power.

This application note describes the basic operation of the SJ-MOSFET in the PSFB circuit, and explains the importance of the
recovery characteristics of the MOSFET'’s body diodes. This application note also presents the results of a comparison of the power
conversion efficiencies in an actual PSFB circuit between PrestoMOS™, which is a high-speed recovery type SJ-MOSFET included

in ROHM’s lineup, and products from other manufacturers, showing that this series is very useful in the PSFB circuit.

1. Basic configuration of PSFB circuit

Figure 1 shows the basic configuration of the PSFB circuit. To establish ZVS operation, the leakage inductance of the transformer
is used as a resonance inductor. However, an inductor may be added in series to the transformer in order to extend the range of

ZVS operation. In this application note, it is presupposed that the circuit uses such a serially added inductor (Ls).
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Figure 1. Basic circuit diagram of the PSFB circuit

Figure 2 shows the timing chart of switching devices Q1 to Q4 in the <! ON -
PSFB circuit. The numbers under the chart represent the operation modes o on H
in the PSFB circuit. — — 5 "

As can be seen in the chart, after the ON/OFF states of Q1 and Q2 are Q3 . (:f)l\'1 I
switched, the ON/OFF states of Q3 and Q4 are switched with a certain ] : T l ' on
phase delay. Accordingly, the leg of Q1 and Q2 is generally referred to as o ON: i ; . FF
the leading leg, while the leg of Q3 and Q4 is referred to as the lagging Mode : “‘_ 1') ;('I: ) :I"?: \ "J W) (:‘l": ”_" :
leg. (3) (6) (10) (13)

Figure 2. Timing chart of Q1 to Q4
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2. Basic operation of PSFB circuit

Z\/'S operations in the PSFB circuit consists of discharging the stored electric charges from output capacitance Coss of the
MOSFET as the switching device, conducting the body diode and decreasing drain-source voltage Vps to nearly zero, and then
turning ON the MOSFET.

Figure 3 shows the waveforms of the drain currents of Q1 to Q4 and the current flowing through the primary side of the
transformer in the PSFB circuit. When the direction of the current flowing from the drain to the source is regarded as positive, it can
be confirmed that each of Q1 to Q4 has a period during which the drain current flows in the negative direction, i.e., a period during
which a forward current flows through the body diode. For example, the section of Mode (7) represents such a period for Q3. During
this period, ZVS operation can be achieved by turning ON the MOSFET because Vps is nearly zero.
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Figure 3. Waveforms of the drain currents of Q1 to Q4 and the current flowing through the primary side of transformer

In Figure 3, it can be seen that the leading and lagging legs have different current waveforms, not just their phases are shifted. The
difference in the waveforms between the two legs can be explained by considering the current path for each Modes (1) to (14) shown
in Figures 2 and 3. Figures 4 to 7 below show the current path for each mode and explain how the current waveforms as shown in
Figure 3 are caused.

Mode (1) Mode (1)
ToiT| 1 [ o3l 1 * Q1 and Q4 are ON state, while Q2 and Q3 are OFF state.
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Figure 4. Current paths for Modes (1) to (2)
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Figure 5. Current paths for Modes (3) to (7)

Mode (3)

« If the energy remains in Ls after charging of Coss_a1 and
discharging of Coss_a2 are completed, current flows
through the body diode of Q2 (Da2) and the freewheeling
operation is started.

» While the freewheeling operation, the electromagnetic
energy isn’t delivered to the secondary side. However, the
current keeps flowing due to the work of Lo. Since the
current direction due to Lo is forward for D1 and D2, the
current flows through both diodes.

Mode (4)

* Q2 is turned ON. Since Dazis conducting at this time, the
drain-source voltage of Q2 (Vbs_a2)is nearly OV. Therefore,
ZV/S operation is achieved, and the turn-ON loss is nearly
zero.

Mode (5)

* Q4 is turned OFF.

* Since Q4 is turned OFF, the output capacitance of Q4
(Coss_aa) is charged. The source side electric potential of Q3
is increased simultaneously, and discharging output
capacitance Coss_as.

Mode (6)

« If energy remains in Ls after charging of Coss_a4 and
discharging of Coss_a3 are completed, the current flows
through the body diode of Q3 (Das3) and the freewheeling
operation is started.

Mode (7)

* Q3 is turned ON. Since Dasis conducting at this time, the
drain-source voltage of Q3 (Vbs_a3) is nearly OV.
Therefore, ZVS operation is achieved, and the turn-ON
loss is nearly 0.

* When Q3 is turned ON, Lsrapidly releases energy. Since
the voltage direction is reversed from [Lin Modes (1) to (6),
the current direction is rapidly inverted.
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Mode (8)
Mode (8) + Q2 and Q3 are ON state, while Q1 and Q4 are OFF state.
Tl T 1 i * Therefore, Coss_a1 and Coss_a4 are charged.

WL JrLIn * Viis applied to the primary side of the transformer in the

rrrrrrrrrrrrrrrrr i O RS ot L opposite direction from Mode (1).
— b o =] * As the current flows through Ls, energy is stored in Ls.
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Mode (10)
Mode (10)

« If energy remains in Ls after charging of Coss_a2and
discharging of Coss_a1 are completed, the current flows
through the body diode of Q1 (Da1) and the freewheeling
operation is started.

» While the freewheeling operation, the electromagnetic
energy isn’t delivered to the secondary side. However, the
current keeps flowing due to the work of Lo. Since the current
direction due to Lo is forward for D1 and D2, the current
flows through both diodes.

Mode (11)
* Q1 is turned ON. Since Da1 is conducting at this time, the
drain-source voltage of Q1 (Vbs_a1) is nearly OV. Therefore,
L Z\/S operation is achieved, and turn-ON loss is nearly zero.

Cor R

Mode (12)

* Q3 is turned OFF.

« Since Q3 is turned OFF, Coss_a3 is charged.
L Simultaneously, Coss_a4 is discharged.

Figure 6. Current paths for Modes (8) to (12)
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Mode (13)
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Figure 7. Current paths for Modes (13) to (14)

As explained specifically for Modes (7) and (14), turning ON the MOSFET in the lagging leg connects the input power supply and
Lsin series, rapidly reducing the energy in Ls. Since this action does not occur in the leading leg, the difference in the current
waveforms occurs between the leading and lagging legs as a result (the channel conduction time is generally longer for the lagging
leg). As can be seen from this fact, a difference in the power losses occurs between the MOSFET of the leading and lagging legs.
Therefore, care must be taken regarding this point in the thermal design.

3. Cautions for PSFB circuit under light load
3-1. Conditions for establishing ZVS and importance of dead time

As explained in Chapter 2 for operation modes (5) and (6) as well as (12) and (13), the charging and discharging of the MOSFET
cannot be completed if the energy stored in Ls is lower than the energy stored in Coss of the MOSFET in the lagging leg. Therefore,
ZV/S operation cannot be achieved. In other words, taking Mode (5) as an example, a condition for achieving ZVS can be expressed
as Equation (1) below. Here, IL1 represents I when Mode (4) ends. Eoss_a3and Eoss_a4 represent the energies required for completing
the charging and discharging of the output capacitances of Q3 and Q4, respectively.

1
ELSIE1 > Eoss gz + Eoss_qa " eh)

Equation (1) shows that ZVS operation is difficult to be achieved at light load because /L1 is small, and can be achieved more easily
as the load is increased.

On the other hand, the MOSFET in the leading leg delivers energy to the secondary side via the transformer when Coss is charged
and discharged. Consider a condition for establishing ZVS with the energy balance as described above. Taking Mode (2) as an
example and assuming that the ratio of the windings numbers of the transformer is n, the condition for establishing ZVS in the
leading leg can be expressed as Equation (2) below. Equation (2) shows that ZVS operation can be easily achieved in the leading
leg, because the energy in the load inductance on the secondary side also contributes to the charging and discharging.

1
E(LS + nzLO)Ifz > EOSS,Ql + EOSS,QZ ............ (2)

Here, I.2represents I when Mode (1) ends. Eoss_a1 and Eoss_a2 represent the energies required for completing the charging and
discharging of Coss of Q1 and Q2, respectively.

For an actual circuit operation, a period of dead time is generally set to prevent short circuiting between the upper and lower arms.
As described above, the charging and discharging of the MOSFET may not be completed, i.e., Vbs may remain, particularly in the
lagging leg under a light load. Therefore, the turn ON loss in the lagging leg could be increased depending on the dead time setting.
Consequently, the dead time setting under a light load is especially important for the lagging leg in the PSFB circuit.
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Figure 8 shows the schematic diagram of the turn ON waveforms with appropriate and inappropriate dead times.

> Turn-ON

Solid line: Appropriate dead time

Dashed line: Inappropriate dead time

Figure 8. Schematic diagram of MOSFET’s turning ON in the lagging leg under a light load

Furthermore, if the dead time is inappropriate, a large drain current (/d) may be observed instantaneously. There are two possible
reasons for this as follows.
(1): Gate-source voltage Vas follows the change in Vps and temporarily exceeds threshold voltage Vi (erroneous turn-ON),
resulting in an observation of through current.
(2): The charging current to Coss of the MOSFET on the other arm is observed.

The charging current to Coss in the latter generally occurs during the hard switching operation. The through current due to the
erroneous turn ON in the former can be prevented by appropriately setting the ratio of the gate-drain capacitance (Cgd) and the gate-
source capacitance (Cgs) of the MOSFET.

The ratio of Cqd and Cgs is appropriately designed for PrestoMOS™. Therefore, a reduction in the switching loss can be expected
by preventing the through current.

3-2. Cautions for parasitic bipolar transistor

Generally, the recovery time of the body diode (#r) of the MOSFET becomes longer in the PSFB circuit under a light load. This is
because Vbs applied to the body diode is nearly OV during the recovery period in the PSFB circuit, delaying the release of electric
charges. In the PSFB circuit. If this recovery current remains when the MOSFET is turned OFF, the parasitic bipolar transistor may
be erroneously turned ON, causing the MOSFET to be destroyed [1).

Figure 9 shows the relationship of recovery time fr, the conduction time of Ip, and the erroneous turn ON of the parasitic bipolar
transistor in the leading leg. As Vs is decreased under a lighter load, fr is extended as shown with the dashed line in red. If tr
becomes longer than the conduction time of Ip, the remaining recovery charges may erroneously turn ON the parasitic bipolar
transistor and destroy the MOSFET.

t0 to t1: Output capacitance of the MOSFET is discharged
and the forward current starts flowing through the

 § . body diode.
trr is longer

I=0A ||

t1 to t2: Body diode is conducting during this period.

12 to t5: MOSFET is ON state.

. . : } t2 to t4: Recovery current of the body diode flows during this
| ] period. This period is extended as Vs is decreased.

t5 to t6: MOSFET is turned OFF. If the recovery current still

remains at this time, the parasitic bipolar transistor
1 I B may be erroneously turned ON and the MOSFET may
. 5 0 1 H ody Diode 1 HH
i 1| Diode | !l Reverse Recovery | i be destroyed.
0 2 B ¢4 | MOSFET channel |{c'ye

Figure 9. Relationship of recovery time fr, conduction time of /,, and erroneous turn ON of parasitic bipolar transistor in leading leg
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Based on the above considerations, it is preferable to select MOSFET with a short fr for the PSFB circuit. PrestoMOS™ series
show one of the industry’s best performances for the high-speed recovery. Therefore, these issues are unlikely to occur with

PrestoMOS™ series.

Also for the lagging leg, the parasitic bipolar transistor may be erroneously turned ON during the turn OFF. However, as explained
in Chapter 2, the effect of the increase in fir is smaller, because the conduction time of /, is longer in the lagging leg compared with
the leading leg (Figure 10). In other words, the risk of MOSFET breaking down by erroneously turning ON the parasitic bipolar

transistor is lower in the lagging leg compared with the leading leg.

t0 to t1: Output capacitance of the MOSFET is discharged
and the forward current starts flowing through the
body diode.

t0 to t1: Body diode is conducting during this period.

Ip=0A ||

t1 to t4: MOSFET is ON state.

W : H t1 to t3: Recovery current of the body diode flows during
Ve it 1 this period. This period is extended as Vps is
b ] ' ' decreased.

t4 to t5: MOSFET is turned OFF.
Since the conduction time of Ip is longer compared
with the leading leg, the recovery current is less
o : i likely to remain during the turn OFF (the parasitic
F [ Body Diode i bipolar transistor is less likely to be turned ON
- | Reverse Recovery 3 erroneously).

i
s ] T i
T

t0t1 t2 t3 MOSFET channel | t4 t5

Figure 10. Relationship of recovery time tr, conduction time of /,, and erroneous turn ON of parasitic bipolar transistor in lagging leg
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5. Results of efficiency evaluation

Based on the explanations above, it can be understood that PrestoMOS™ with a short tr is useful in PSFB circuit. Next, Figure 11
shows the results of an evaluation of the power conversion efficiency using an actual power supply circuit. A power conversion
efficiency is one of the most important indicators of for power supplies. As the MOSFET of Q1 to Q4, PrestoMOS™ with an on-
resistance of approximately 200mQ is compared with products of the same class from other manufacturers.

As can be seen in Figure 11, R6018VNX in the latest generation of the PrestoMOS™ products resulted in the highest efficiency
across the entire load range. This shows that the R60xxVNX series products have industry-leading switching performance as high-

speed recovery type SJ-MOSFET, and are ideal for PSFB circuit.
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Figure 11. An example of power conversion efficiency vs. output current characteristics of PSFB circuit

6. Summary

» Under a light load, ZVS operation is difficult to achieve for the MOSFET in the lagging leg. Therefore, the turn-ON loss is more
likely to be increased. To reduce this turn-ON loss, it is generally important to set the dead time appropriately.

« In the leading leg under a light load, if &+ of the body diode of the MOSFET is too long, the parasitic bipolar transistor of the
MOSFET may be erroneously turned ON. Therefore, for the PSFB circuit, it is important to select a MOSFET for which the body
diode has a short tr characteristics.

* PrestoMOS™ R60xxVNXx series in ROHM'’s latest generation have industry-leading switching performance as high-speed recovery

type SJ-MOSFET, and therefore are ideal for the PSFB circuit.
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10)

11)

12)

13)

Notes

The information contained herein is subject to change without notice.

Before you use our Products, please contact our sales representative and verify the latest specifica-
tions :

Although ROHM is continuously working to improve product reliability and quality, semicon-
ductors can break down and malfunction due to various factors.

Therefore, in order to prevent personal injury or fire arising from failure, please take safety
measures such as complying with the derating characteristics, implementing redundant and
fire prevention designs, and utilizing backups and fail-safe procedures. ROHM shall have no
responsibility for any damages arising out of the use of our Poducts beyond the rating specified by
ROHM.

Examples of application circuits, circuit constants and any other information contained herein are
provided only to illustrate the standard usage and operations of the Products. The peripheral
conditions must be taken into account when designing circuits for mass production.

The technical information specified herein is intended only to show the typical functions of and
examples of application circuits for the Products. ROHM does not grant you, explicitly or implicitly,
any license to use or exercise intellectual property or other rights held by ROHM or any other
parties. ROHM shall have no responsibility whatsoever for any dispute arising out of the use of
such technical information.

The Products specified in this document are not designed to be radiation tolerant.

For use of our Products in applications requiring a high degree of reliability (as exemplified
below), please contact and consult with a ROHM representative : transportation equipment (i.e.
cars, ships, trains), primary communication equipment, traffic lights, fire/crime prevention, safety
equipment, medical systems, servers, solar cells, and power transmission systems.

Do not use our Products in applications requiring extremely high reliability, such as aerospace
equipment, nuclear power control systems, and submarine repeaters.

ROHM shall have no responsibility for any damages or injury arising from non-compliance with
the recommended usage conditions and specifications contained herein.

ROHM has used reasonable care to ensure the accuracy of the information contained in this
document. However, ROHM does not warrants that such information is error-free, and ROHM
shall have no responsibility for any damages arising from any inaccuracy or misprint of such
information.

Please use the Products in accordance with any applicable environmental laws and regulations,
such as the RoHS Directive. For more details, including RoHS compatibility, please contact a
ROHM sales office. ROHM shall have no responsibility for any damages or losses resulting
non-compliance with any applicable laws or regulations.

When providing our Products and technologies contained in this document to other countries,
you must abide by the procedures and provisions stipulated in all applicable export laws and
regulations, including without limitation the US Export Administration Regulations and the Foreign
Exchange and Foreign Trade Act.

This document, in part or in whole, may not be reprinted or reproduced without prior consent of
ROHM.
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More detail product informations and catalogs are available, please contact us.
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