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1. Introduction

This operation guide describes operation of phase-shifted full-bridge topology which is used for
the 1 kW full-bridge DC-DC converter (this power supply). Refer to the Reference Guide for the
specifications, operating procedure, and performance of this power supply, and to the Design
Guide for the circuit design of this power supply.

2. Phase-Shifted Full-Bridge (PSFB) DC-DC Converter
Circuit

Fig. 2.1 shows the phase-shifted full-bridge (PSFB) DC-DC converter circuit. Q1 to Qs in Fig. 2.1
shows MOSFET and Dq: to Dqos shows MOSFET body diode. In addition, Cq:1 to Cqs indicates the
parasitic capacitance of MOSFET and L. indicates the leakage inductance of the transformer TR.
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Fig. 2.1 Operation Description Circuit
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3. Operation Signal and Output Waveform

Fig. 3.1 shows an example of the input gate signal waveform for each MOSFET and the output
voltage and current waveforms for the primary and secondary sides. The waveform is only an
image, and the dead time for switching between the upper and lower MOSFET is shown longer
than the actual value.

The primary Q1 and Q2 are switched at -50 % duty and 180 degrees out of phase with each

other. Q3 and Q4 are also switched similarly. Q3 and Q4 switching signals are phase-shifted relative
to Q1 and Q2 switching signals. This phase shift determines the amount of overlap in the diagonally

located MOSFETs and also determines the amount of energy transferred during this overlap period.
The secondary side is a circuit that rectifies the energy transmitted from the primary side.
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Fig. 3.1 Input Signal and Output Voltage, Current Waveform

3.1. Operation Signal and Output Waveform

This section explains the circuit operation in each period of a to h shown in Fig. 3.1.
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Period a : Power Transfer to the Secondary Side
[Primary Side] Qi1 and Q4 are On
The period during which power is transferred from the primary side to the secondary side through

the transformer TR. In this case, the primary winding voltage is the input voltage (Vin).

Input voltage Vin is applied to the primary side of the transformer TR in the negative direction.
[Secondary Side] Qs and Qs are On

Voltage n x Vin corresponding to the winding ratio is applied to the secondary winding. The current
in the secondary winding flows from the source to drain of Qs, then from Lo, and then returns to
the secondary winding after flowing from source to drain of Qs. During this period the power is
supplied to the secondary side.
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Fig. 3.2 Period a Operation

Period b-1 : Cq3, Cqos4 Charge/Discharge
[Primary Side] Only Q1 is On
After Q4 turns off, Cq4 is charged in the following way:
Vin Positive side = Q1 — n1 Winding = Lr = Cqs — Vin Negative side
The moment when Q4 turns off, the voltage across Cq4 is 0V, thus Q4 turn off becomes ZVS. While

Caas is getting charged, Cqs is discharged in the following way:
Cqz — Qi1 — n1 Winding = Lr = Cq3
After Cqz and Cqs4 have been charged/discharged, the unit proceeds to the next operation.
[Secondary Side] Qs and Qs are On
Operation of period a continues.
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Fig. 3.3 Period b-1 Operation
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Period b-2 : Doz Conduction

[Primary Side] Only Q1 is On
The energy accumulated in L; continues to flow through the following path even after Cqz and Cqs
have been charged/discharged.

Lr = Dq3 = Q1 — ni1 Winding — L,
In this condition, Q3 turns on and system moves to the next operation. At this time, since Dqz is
conducting, the Qs voltage is approximately 0 V and thus Qs turn on is ZVS.
[Secondary Side] Qs and Qs are On
Operation of period a continues.
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Fig. 3.4 Period b-2 Operation

Period c : Q3 Conduction (Continuation of current flow through inductor)

[Primary Side] Qi1 and Qs are On
After Qs turns on, current continues to flow through the following paths because of L energy:

Lr > Q3 > Q1 = n1 Winding — L,
The current of Lr gradually decreases, and the energy accumulated in Lr gradually decreases.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
On secondary side, in addition to Qs and Qs, Qs and Q7 are also turned on. Therefore, current flows

through following two paths; first is from the source to drain of Qs — n2 Winding — source to drain
of Qs, and second is from the drain to source of Q7 = n2 Winding — drain to source of Qs.
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Fig. 3.5 Period c Operation
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Period d-1 : Cqi, Cq2 Charge/Discharge

[Primary Side] Only Qs is On
Even after Qi turns off, current continues to flow through the following paths because of L: energy:

Lr = Qs — Cq1 — n1 Winding — L-
While Cq1 is getting charged, Cq2 is discharged in the following way:

Lr = Q3 — Vin = Cq2 — n1 Winding — L,
When charging/discharging of Cqi and Cq2 is completed, the system moves to next operation.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
Operation of period c continues.
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Period d-2 : Dq2 Conduction

[Primary Side] Only Qs is On
The energy accumulated in L, continues to flow through the following path even after Cq1 and Cq2
have been charged/discharged.
Lr = Q3 — Vin = Dq2 — n1 Winding — L,
In this condition, Q2 turns on and the system moves to next operation. Because Dq> is conducting,
Q2 voltage is approximately 0 V and thus Q turn on is ZVS.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
Operation of period c continues.

Fig. 3.6 Period d-1 Operation
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Fig. 3.7 Period d-2 Operation
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Period d-3 : Q> Conduction
[Primary Side] Q2 and Qs are On
After Q2 turns on, current continues to flow through the following paths because of L energy:
Lr = Q3= Vin = Q2— n: Winding — L.
In L, the incoming voltage Vi, is applied in the direction that opposes this current flow, and thus
the current of L; is rapidly reduced, and is immediately inverted, and then the system moves to the

next operation.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
Operation of period c continues.
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Fig. 3.8 Period d-3 Operation

Period e : Power Transfer to the Secondary Side

[Primary Side] Q2 and Qs are On

This is the period during which power is transferred from the primary side to the secondary side
through the transformer TR. In this case, the primary winding voltage is the input voltage (Vin).
[Secondary Side] Qs and Q7 are On

Voltage n x Vin corresponding to the winding ratio is applied to the secondary winding. The current
in the secondary winding flows from the source to drain of Q7, then from Lo, and then returns to the
secondary winding after flowing from the source to drain of Qe. This is the period during which power

is supplied to the secondary side.
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Fig. 3.9 Period e Operation
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Period f-1 : Cq3, Cqos Charge/Discharge

[Primary Side] Only Q2 is On
After Qs turns off, Cqz is charged in the following way:
Vin Positive side = Cqz = Lr = n1 Winding = Q2 — Vin Negative side
When Qs turns off, Cq3 voltage is 0V, so Qs turns off to ZVS.
While Cq3 is getting charged, Cqa is discharged in the following way:
Cq4 = Lr = n1 Winding = Q2 = Cq4
After Cq3z and Cqs4 have been charged/discharged, the system moves to the next operation.
[Secondary Side] Qs and Q7 are On
Operation of period e continues.
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Fig. 3.10 Period f-1 Operation

Period f-2 : Dgs4 Conduction

[Primary Side] Only Q2 is On
The energy accumulated in Lr continues to flow through the following path even after Cqz and Cqa

have been charged/discharged.

Lr = n1 Winding = Q2 »Dq4 — L
In this condition, Q4 turns on and the system moves to the next operation. At this time, since Dqs4
is conducting, Q4 voltage is approximately 0 V and thus Qa4 turn on is ZVS.
[Secondary Side] Qs and Q7 are On
Operation of period e continues.
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Fig. 3.11 Period f-2 Operation
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Period g : :

Q4 Conduction (Continuation of current flow through inductor)

[Primary Side] Q2 and Q4 are On
After Q4 turns on, the energy accumulated in L. continues to flow through the following path.

Lr = n1 Winding = Q2 2Q4 — L
The current of L gradually decreases, and the energy accumulated in L also gradually decreases.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
On secondary side, in addition to Qs and Q7, Qs and Qs are also turned on. Therefore, current flows
through following two paths; first is from the source to drain of Qs — n2 Winding — source to drain
of Q7, and second is from the drain to source of Qs — nz Winding — drain to source of Qs.
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Period h-1 : Cq1, Cq2 Charge/Discharge

[Primary Side] Only Q4 is On
Even after Q. turns off, current continues to flow through the following paths because of L. energy:

Lr = n1 Winding = Cq2 > Q4 — Lr
While Cq2 is getting charged, Cq: is discharged in the following way:

Lr = n1 Winding = Cqo1 = Vin > Q4 — L
After Cq1 and Cq2 have been charged/discharged, the system moves to the next operation.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
Operation of period g continues.
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Fig. 3.13 Period h-1 Operation
© 2021 10/ 13 2021-04-28

Toshiba Electronic Devices & Storage Corporation

Rev.1



TOSHIBA

RD170-OGUIDE-01

Period h-2 : Dg1 Conduction
[Primary Side] Only Q4 is On
The energy accumulated in L; continues to flow through the following path even after Cq1 and Cq2
have been charged/discharged.
Lr = n1 Winding = Dqi1 = Vin = Qa— Lr
In this condition, Qi turns on and the system moves to the next operation. Because Dqi is
conducting, Qi voltage is approximately 0 V and thus Qi turn on is ZVS.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
Operation of period g continues.
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Fig. 3.14 Period h-2 Operation

Period h-3 : Q1 Conduction
[Primary Side] Qi1 and Q4 are On.
After Qi turns on, current continues to flow through the following paths because of L energy:
Lr = n1 Winding > Q1 — Vin > Qa4 — Lr
In L, the incoming voltage Vin is applied in the direction that opposes this current flow, and thus
the current of L: is rapidly reduced, and is immediately inverted, and then the system moves to the

next operation.
[Secondary Side] Qs, Qs, Qs, and Q7 are On
Operation of period g continues.
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Fig. 3.15 Period h-3 Operation
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3.2. Signal Waveform of Actual Operation

Fig. 3.16 shows operation waveforms of the primary side MOSFET Q> and Qa. Fig. 3.17 shows
operation waveforms of the secondary side MOSFET Qs and Qs. Fig. 3.18 shows gate signal timing
of each MOSFET.
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Fig. 3.18 Each MOSFET Signal Timing
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Terms of Use

This terms of use is made between Toshiba Electronic Devices and Storage Corporation (“We"”) and customers who
use documents and data that are consulted to design electronics applications on which our semiconductor devices
are mounted (“this Reference Design”). Customers shall comply with this terms of use. Please note that it is assumed
that customers agree to any and all this terms of use if customers download this Reference Design. We may, at its
sole and exclusive discretion, change, alter, modify, add, and/or remove any part of this terms of use at any time
without any prior notice. We may terminate this terms of use at any time and for any reason. Upon termination of
this terms of use, customers shall destroy this Reference Design. In the event of any breach thereof by customers,
customers shall destroy this Reference Design, and furnish us a written confirmation to prove such destruction.

1. Restrictions on usage

1. This Reference Design is provided solely as reference data for designing electronics applications. Customers shall
not use this Reference Design for any other purpose, including without limitation, verification of reliability.

2. This Reference Design is for customer's own use and not for sale, lease or other transfer.

3. Customers shall not use this Reference Design for evaluation in high or low temperature, high humidity, or high
electromagnetic environments.

4. This Reference Design shall not be used for or incorporated into any products or systems whose manufacture,
use, or sale is prohibited under any applicable laws or regulations.

2. Limitations

1. We reserve the right to make changes to this Reference Design without notice.

2. This Reference Design should be treated as a reference only. We are not responsible for any incorrect or
incomplete data and information.

3. Semiconductor devices can malfunction or fail. When designing electronics applications by referring to this
Reference Design, customers are responsible for complying with safety standards and for providing adequate designs
and safeguards for their hardware, software and systems which minimize risk and avoid situations in which a
malfunction or failure of semiconductor devices could cause loss of human life, bodily injury or damage to property,
including data loss or corruption. Customers must also refer to and comply with the latest versions of all relevant our
information, including without limitation, specifications, data sheets and application notes for semiconductor devices,
as well as the precautions and conditions set forth in the "Semiconductor Reliability Handbook".

4. When designing electronics applications by referring to this Reference Design, customers must evaluate the whole
system adequately. Customers are solely responsible for all aspects of their own product design or applications. WE
ASSUME NO LIABILITY FOR CUSTOMERS' PRODUCT DESIGN OR APPLICATIONS.

5. No responsibility is assumed by us for any infringement of patents or any other intellectual property rights of
third parties that may result from the use of this Reference Design. No license to any intellectual property right is
granted by this terms of use, whether express or implied, by estoppel or otherwise.

6. THIS REFERENCE DESIGN IS PROVIDED "AS IS". WE (a) ASSUME NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING
WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF
DATA, AND (b) DISCLAIM ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO THIS
REFERENCE DESIGN, INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT.

3. Export Control

Customers shall not use or otherwise make available this Reference Design for any military purposes, including
without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological
weapons or missile technology products (mass destruction weapons). This Reference Desigh may be controlled under
the applicable export laws and regulations including, without limitation, the Japanese Foreign Exchange and Foreign
Trade Law and the U.S. Export Administration Regulations. Export and re-export of this Reference Design are strictly
prohibited except in compliance with all applicable export laws and regulations.

4. Governing Laws
This terms of use shall be governed and construed by laws of Japan.
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