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1. Introduction

This Design Guide describes how to design the various circuitry and layout of 1kW full-bridge DC-
DC converter (hereafter referred to as this power supply).

If a component is indicated as “Not Mount” in the bill of materials, then it is not mounted on the
PCB, even if the part number is written in the circuit diagram.

Mounting locations are provided on the PCB for value adjustment of various circuit components at
the time of circuit design.

1.1. Power MOSFET Used

TPH2R4080M
In the primary-side of the phase-shift full-bridge (PSFB) circuit
Vpss = 80 V, Rpsiony@Ves = 10 V (max) = 2.43 mQ, SOP Advance package
U-MOSX-H process: the latest process, good FOM for switching applications

TPH1500CNH
In the secondary-side of the phase-shift full-bridge (PSFB) circuit
Vpss = 150 V, Rpsiony@Ves = 10 V (max) = 15.4 mQ, SOP Advance package
U-MOSVII-H process: suitable for switching applications, reduced synchronous rectification loss

©2021 o . 3/18 2021-04-28
Toshiba Electronic Devices & Storage Corporation Rev.1


https://toshiba.semicon-storage.com/ap-en/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH2R408QM.html
https://toshiba.semicon-storage.com/ap-en/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH2R408QM.html
https://toshiba.semicon-storage.com/ap-en/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH1500CNH.html
https://toshiba.semicon-storage.com/ap-en/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH1500CNH.html

TOSHIBA

RD170-DGUIDE-01

2. Circuit Design

This section describes the main points of circuit design of this power supply.

2.1. Phase-Shift Full-Bridge (PSFB) Circuitry Designing

In this power supply, both the primary and secondary sides generate +54 V output in the phase-
shifted full-bridge (PSFB) circuit. PSFB circuitry alternately turns on/off the high-side MOSFET and
low-side MOSFET of each arm on the primary side at a duty of 50 %, and adjusts the timing (phase)
of the on-state between the legs to control the output voltage. When the high-side MOSFET and
low-side MOSFET are switched, a dead-time is provided to prevent shoot-through phenomenon.
However, MOSFET switching becomes Zero Volt Switching (ZVSs) due to resonance operation during
that period. ZVS reduces switching losses and enables a high-efficiency power supply. This power
supply uses a controller UCC28951 manufactured by Texas Instruments ("PSFB controller") to
configure PSFB circuit. The following describes basic design of PSFB circuit of this power supply. For
detailed designs around the controller, refer to UCC28951 datasheets of Texas Instruments and
related documents. In addition, refer to RD170-SCHEMATIC-01 for the circuit diagram of this power
supply and to RD170-BOM-01 for the bill of materials.
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Fig. 2.1 PSFB Circuit/Secondary Side IC Power Supply Circuit

©2021 . _ 4/18 2021-04-28
Toshiba Electronic Devices & Storage Corporation Rev.1



TOSHIBA

RD170-DGUIDE-01

Overvoltage detection

circuit
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Fig. 2.2 Control IC/Primary Side Gate Drive/Output Control/
Overvoltage Detector Circuit
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Setting-the-mMinimum tlnput
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Fig. 2.3 Primary Side IC Power Supply Circuit/Secondary Side Gate Drive
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Setting the minimum Input Operating Voltage
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Fig. 2.4 Setting the Minimum Input Operating Voltage

Set the minimum input-voltage at which this power supply operates using the external resistors
(R133, R134, R135, R136). The minimum input operating voltage (Vin_min_on) is set by dividing
the input voltage Vin by using the resistors (R133, R134, R135, R136) and inputting it to the SD pin
of the switching regulator LM5575MHX.

The switching regulator LM5575MHX supplies power to the control IC. Therefore, if LM5575MHX
does not operate, the power supply voltage cannot be supplied to the control IC, so this power
supply cannot operate. LM5575MHX starts operation when the SD pin voltage exceeds 1.225 V. After
the start of operation, the shutdown and the standby thresholds each have a hysteresis of 0.1 V.

The voltage on the SD pin must not exceed 14 V.

Calculate the lower operating-voltage limit (Vin_min_on) using the following equation.

) ) 1.225 x (R133 + R134 + R135)
Vin_min _on = R136 + 1.225

In this power supply, Vin_min_on is set to 29.8 V by selecting the value of R133 as 22 k2, R134
as 22 kQ, R135 as 33 k2, and R136 as 3.3 kQ, as shown in Fig. 2.4.
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Setting the switching frequency of LM5575MHX
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Fig. 2.5 Setting the switching frequency of LM5575MHX

Set the switching frequency (fimsszs) of LM5575MHX using the external resistors (R141 and
R142). Calculate the switching frequency (fumss7s) using the following equation.

1
(R141 + R142) x 135 x 1012 + 580 x 10~

fimss7s(Hz) =

In this power supply, LM5575MHX switching frequency (fimss7s) is set to 120 kHz by selecting the
value of R141 as 24 kQ and R142 as 33 kQ, as shown in Fig. 2.5.

It is recommended that the switching frequency (fuvsszs) of LM5575MHX be at least £10 % of the
switching frequency (fpwm) of the PSFB controller. If the frequency is within £10%, it may interfere
and cause abnormal oscillation.

The frequency can be set within the range: 50 kHz to 500 kHz.
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Setting the Primary Side IC Power Supply Voltage (LM5575MHX Output Voltage)
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Fig. 2.6 Setting the LM5575MHX Output Voltage

Set the output voltage of LM5575MHX using the external resistors (R152, R153, R154). Adjust
the resistors (R152, R153, R154) so that the FB terminal becomes 1.225 V, and set the output
voltage (VP10VP).

Calculate the output voltage (VP10VP) using the following equation.

1.225 x (R152 + R153)

Vprovp (V) = R154 + 1.225

In this power supply, the value of the output voltage of LM5575MHX is set to 10 V by selecting
the value of R152 as 10 kQ, R153 as 1 kQ, and R154 as 1.5 kQ, as shown in Fig. 2.6.
The tolerance of 1.225 V of the FB terminal is £1.5 %.
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Setting the Current limiter
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Fig. 2.7 Setting the Current limiter

When the voltage at the CS pin of PSFB PWM controller reaches the current limit threshold value
(2.0 V), PSFB controller controls the input-side bridged MOSFET to apply the current limit.

Set the current limiter level (I_limit) by using the current limit threshold value (2.0 V), current
detection resistor (R61, R62, R64) value, and the turn ratio (transformer turns ratio) of the current

transformer (T2). Calculate the combined resistance value and current limiter level using the

following formulas.

RZ is the combined resistance value of R61, R62, and R64

R61 X R62 X R64
R61 X R62 + R62 X R64 + R61 X R64

Rz(N) =

Current limiter level (I_limit)

2
Rz X (transformer turns ratio)

I_limit(A) =

In this power supply, the current limiter level is set to 51.2 A by selecting the value of R61 as
22k, R62 as 22 k2 and R64 as 27 kQ, and the turn ratio of current transformer (T2) as 1:200, as

shown in Fig. 2.7.
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Setting the Switching Frequency
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Fig. 2.8 Setting the Switching Frequency

Set the switching frequency (fewm) of PSFB circuit using the external resistors (R80 and R81).
Calculate the switching frequency (frwm) using the following equation.

Combined resistance Rt of R80 and R81

Ro(0) = R80 X R81
r(@) = R80 + R81
Switching Frequency (fpwm)
f (eH2) 2.5 % 103
zZ) =
PWM RT(k.Q) + 1)
Veer(V) — 2.5

Note. VREF shown above is pin 1 (VREF) of the PSFB controller, and has a voltage of 5.0 V.

In this power supply, the switching frequency (fewm) is set to 90 kHz by selecting the value of R80
as 120 kR, and R81 as 150 kQ, as shown in Fig. 2.8.
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Setting the Output Voltage
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Fig. 2.9 Output Voltage Setting

Set the output voltage (Vout) of PSFB circuit using the external resistors (R123, R124, R125,
R126) and the shunt regulator (IC6). The shunt regulator (TL431BIPK) controls the current of the
photocoupler (DS1) so that the voltage obtained by dividing the output voltage of PSFB circuit by
resistors (R123, R124, R125, R126) matches the reference voltage (Vrer = 2.495). The PSFB
controller operates to keep the output voltage (Vout) constant according to the amount of current

fed back from the photocoupler (DS1). Calculate the output voltage (Vout) by the following
equation.

R123, R124, R125 combined resistance Ryour

R123 X R124

R N)=—"—_"" 4+ RI125
vour (42) R123+R124+

Output Voltage Vout

Vour(V) = T Riz6 + 2.495

In this power supply, the output voltage (Vour) is set to 54.0 V by selecting the value of R123 as
82 kQ, R124 as 33 k2, R125 as 22 kQ, and R126 as 2.2 k2, as shown in Fig. 2.9.
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Gate drive circuit
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Fig. 2.10 Gate Drive Circuit

The design of the gate drive circuit affects power supply efficiency and EMI. Generally, there is a
trade-off between power supply efficiency and EMI, and a balanced design is required for both.
Although PSFB circuit has low EMI because of ZVS operation, if the presence of the hard switching
area seems to be the cause of EMI, increase the resistance value of the gate series resistors (R5,
R6, R13, R14) of the primary MOSFETs (Q3, Q4, Q7, Q8) and increase the resistance value of the
gate series resistors (R26, R27, R31, R32, R35, R36, R41, R42) of the secondary MOSFETs (Q9 to
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Q16) and then confirm the EMI. The primary MOSFET can be individually adjusted at turn-on and
turn-off. As shown in Fig. 2.10, 4.7 Q is selected as the resistor value (R92, R94, R96, R98) for
this power supply.

Transformer

When On Duty of the synchronous rectifier is set to 57 % in the steady-state condition of PSFB
circuitry, a square wave of approximately 100 V is required on the secondary side because the
output voltage is 54 V. Since the input voltage (standard) of this power supply is -54 V, select
4:7:2 (with auxiliary winding) for the turn ratio of the transformer (T1). This results in a square
wave of 94.5 V on the secondary side. In addition, primary-secondary dielectric strength, winding
temperature rise, magnetic flux saturation, core loss, etc. must also be considered carefully. Refer
to the Bill of Materials (RD170-BOM-01) for the specifications of the transformer used in this power
supply.

In addition, this power supply uses the leakage inductance of the transformer to perform ZVS. If
the resonance due to the leakage inductance is insufficient, ZVS cannot be realized, and problems
such as a decrease in power supply efficiency and an increase in EMI may occur. In such a case,
add a coil for resonance and adjust so that the ZVS is achieved over a wide load range.
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Output Capacitor
Select the capacitance value (Cout) oOf the output capacitor so that the output ripple voltage (Vrippie)

is within the required specification. The combined value of the ripple voltage that occurs in each of
the following cases becomes the output ripple voltage (Vrippie).

1. Ripple voltage (Vripple esr) generated by the ripple current (AI) and the equivalent series
resistance (ESR) of the output capacitor.

2. Ripple voltage (Vripple cap) generated by the ripple current (Al), the capacitance of the output
capacitor (Cout), and the switching frequency (fpwm).

3. Ripple voltage (Vripple_esL) generated by the switching voltage (Vsw) and the equivalent series
inductance value (ESL) and inductance (L) of the output capacitor.

Calculate each ripple voltage using the following equation.
Vrippte 55z (V) = Al X ESR

~ Al
8 X Coyr X fpwm X 2

Vripple_Cap (V)

Vsw X ESL
VripplefgsL )= f

Here,

Vsw — Vour) X Vour

AI(A) =
4 Vow X fowm X2 X L

If the switching voltage (Vsw) is 94.5 V, the output voltage (Vour) is 54.0 V, the switching
frequency (fpwm) is 90 kHz, and the inductance (L) is 33 pH, then the ripple current (AI) is 3.9 A.
If the equivalent series resistance (ESR) is 12.7 mQ (38 mQ/3pcs @ 90 kHz), the capacitance
(Cour) of the output capacitor is 66.0 uF (22 puFx3pcs @ 120 Hz,0.25 V), the equivalent series
inductance (ESL) of the output capacitor is 2nH (6nH/3pcs), and the inductance (L) is 33uH, then
the ripple voltage generated by each is Viipple_esr = 49.5 MV, Vripple_cap = 41.0 mV, and
Viipple_est = 5.7 mV. The ripple voltage generated by Vripple cap Cannot be simply added because it is
out of phase with Vripple_esr @and Viippie_est, but because the ripple voltage generated by Vripple cap is
small, the simplified sum can be used as a reference for the output voltage ripple.

Adjust Cour, ESR, and ESL of the output capacitor so that the output voltage ripple (Vripple)
satisfies the required specifications. Also, check the following:

1. The output terminal’s undershoot and overshoot at the time of sudden load change falls within
the specified voltage range.

2. The actual ripple current of the output capacitor is within specification.

3. Tolerances and aging of output capacitors are considered.
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Output overvoltage detection circuit
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Fig. 2.11 Output Overvoltage Detection Circuit

Set the overvoltage detection value (Vovwp) of the output with the reference voltage

(Vref = 2.495 V) of the shunt regulator (TL431BIPK) and the external resistors (R131, R132).
When the output voltage value reaches the overvoltage detection value (Vovp), the photocoupler
DS2 is activated, the SS pin of the PSFB controller is latched to LOW, and the switching operation
is stopped. Calculate the output overvoltage detection value (Vovp) using the following equation.

2.495 x R132
VOUp = T:))l + 2.495

In this power supply, the overvoltage detection value (Vovp) is set to 66 V by selecting the value of
R131 as 2.2 kQ, and R132 as 56 kQ, as shown in Fig. 2.11. To restart the switching operation
stopped by overvoltage detection, cut off input and input again.
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Setting the secondary IC power supply voltage
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Fig. 2.12 Setting of Secondary IC Power Supply Voltage

As shown in Fig. 2.12, there are two power supplies, one for the power supply (VP10VS) of the
secondary driver IC and the other for the power supply (VP3VS) of photocoupler used for
transmitting gate signals to the secondary driver IC. Since the same IC is used, the voltage setting
method is the same.

Set the output-voltage of TPS7A1901DRBR using the external resistors (R39, R43, R40 (R56,
R59, R57)). Adjust the output voltage (using R39, R43, R40 (R56, R59, R57)) so that the FB
terminal becomes 1.233 V, and set the output voltages (VP10VS) and (VP3VS). Calculate each
output voltage using the following equation.

1.233 X (Combined resistance of R39 and R43)
Vpiovs(V) = R40 + 1.233

1.233 X (Combined resistance of R56 and R59)
Vpays(V) = RS7 + 1.233

In this power supply, the power supply (VP10VS) of the secondary side driver IC is set to 10 V by
selecting the value of R39 as 22 kQ, R43 as 22 kQ, and R40 as 1.5 kQ, as shown in Fig. 2.12. In
addition, the power supply (VP3VS) of photocoupler used for transmitting the gate signal to the
secondary side is set to 3.3 V by selecting the value of R56 as 2.2 k2, R59 as 10kQ2, and R57 as 1
kR, as shown in Fig. 2.12.

The tolerance of 1.233 V of the FB terminal is £0.2 %.
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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 Design 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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