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1. Introduction

This Design Guide (hereafter referred to as this guide) describes the design of the Automotive
Buck-Boost DC-DC Converter for USB PD (hereafter referred to as this power supply).

Recently, USB Power Delivery (hereafter referred to as USB PD) power supply (for recharging)
has become popular for smart phones, tablets, laptop PC, etc. In response to the growing demand
for power supply not only indoors but also inside vehicles, USB Type-C® connectors have been
installed, and power supply by USB PD has become popular. Since the output voltage is
determined by the power receiving device in USB PD, DC-DC converter for automotive USB PD
requires a buck-boost converter to generate the output voltage from the vehicle battery voltage.
This power supply is an H-bridge type buck-boost DC-DC converter with four switching elements.
By using our small-package automotive MOSFETs as switching devices, we have realized an
automotive buck-boost DC-DC converter that is highly efficient and has a small board mounting
area.

We have prepared two types of automotive MOSFETs which are used in the H-bridge buck-boost
DC-DC converter section of this power supply. Option 1 uses a XPN7R104NC, and Option 2 uses a
XSM6K519NW. In addition, our automotive MOSFET XPN3R804NC is used as a switching device in
reverse-connection protection circuit and shield short-circuit protection circuit.
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2. Components Used

This section introduces the components used in this power supply. We have an extensive lineup
of automotive power semiconductor devices, including the components used this time.

2.1. Automotive Power MOSFET XPN7R104NC

Option 1 of this power supply uses XPN7R104NC of Vpss = 40 V (Max.), Ip = 20 A (Max.) for
switching the buck-boost H-bridge.

Features
® AEC-Q101 qualified
® Small size, low profile and small mounting area
® Low on-resistance: Rpsony = 5.6 mQ (Typ.) (Vs = 10 V)
® Low leakage current: Ipss = 10 yA (Max.) (Vps = 40 V)
e Easy-to-use enhancement type: Vin = 1.5t0 2.5V (Vs = 10V, Ip = 0.2 mA)

Appearance and Terminal Layout

5
8 8 7 6 5
HEEEEEN
1, 2, 3: Source
4: Gate
5,6, 7, 8: Drain
4
HEEREEE
1 2 3 4
1
TSON Advance(WF)
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2.2. Automotive Power MOSFET XSM6K519NW

Option-2 of this power supply uses XSM6K519NW of Vpss = 40 V (Max.), Ip = 8.0 A (Max.) for
switching the buck-boost H-bridge.

Features
® AEC-Q101 qualified
® MOSFET for 175 °C
® 4.5Vdrive
® Low on-resistance
Roscon) = 18 mQ (Typ.) (@Ves = 4.5 V)
Rosony = 13.3 mQ (Typ.) (@Ves = 10 V)

Appearance and Terminal Layout

6 5 4
N
R —
Y
Y 1,2, 5, 6: Drain
Drain — | ‘___a -+ T source 3: Gate
@ -1 - 4: Source
1 2 3
. TOP VIEW
Bottom View
DFN2020B(WF)
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2.3. Automotive Power MOSFET XPN3R804NC

XPN3R804NC of Vpss = 40 V(Max.), Ip = 40 A(Max.) is used as MOSFET for the power switch,
reverse-connection protection, and shielded short-circuit protection of this power supply.

Features
® AEC-Q101 qualified
Small size, low profile and small mounting area
Low on-resistance: Rpsony = 3.0 mQ (Typ.) (Ves = 10 V)
Low leakage current: Ipss = 10 JA (Max.) (Vps = 40 V)
Easy-to-use enhancement type: Vin = 1.5t0 2.5V (Vs = 10V, Ip = 0.3 mA)

Appearance and Terminal Layout

5
8 8 7 6 5
[ [ 11 T[]
1, 2, 3: Source
4: Gate
5, 6, 7, 8: Drain
4
HEEREEE
1 2 3 4
1
TSON Advance(WF)
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2.4. High-Side Gate Driver TPD7104AF

TPD7104AF is used as a gate driver for the power switch and the reverse-connection protection

MOSFET in this power supply.

Features
® Built-in charge pump circuit

® Built-in load short (overcurrent detection) and power reverse connection protection function

® Compact with surface mount package (PS-8)

Appearance and Terminal Layout

oo [ ] 8 Riswer
215 [ ] 7oiaG
sout [ J6N
asus [ ] 56ND
PS-8
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3. Buck-Boost DC-DC Converter

3.1. Outline of Operation
The configuration of the buck-boost DC-DC converter is shown in Fig. 3.1.

V. Ql L \YJ V L VOUT
N r<h m out an nm D
O
© LT © P
- U
C Synchronous Q W
Rectification D C 3 P TR
IN—— Operation E ——COUT IN_L I—} %QA' -_COUT
[ R B ~ T T 4 ‘\ /’ T
g “‘ — ~[__~
: ! Synchronous
\\, ,/' Rectification
Operation

(a)

Cn Switching L:: Synchronous | Cp :
: —L_ operation Y ¥\ Rectification _| :
E — ¥ Operation —_— b
5 2|:zs i Qs :
: — Dz ¥ D3 :
: Synchronous we Switching .
. Rectification .5 Operation 3
* —— Operation —t— Gl o

. — — + . — — *
e — — + ‘e od

(c) Buék-boos.t. converter

— — -
--------------------------------------- .

Fig. 3.1 Configuration of Buck-Boost DC-DC Converter

The non-inverting buck-boost DC-DC converter circuit, which combines a buck DC-DC converter
circuit and a boost DC-DC converter circuit, can be more efficient by using synchronous
rectification with MOSFET instead of the diodes as used in the buck DC-DC converter and the boost
DC-DC converter. It contains four MOSFETs surrounding the inductor and is also called H-bridge
buck-boost DC-DC converter. The buck-boost DC-DC converter is suitable for switching between
step-up and step-down operation. It can output a constant voltage even when the input voltage
fluctuates, such as with battery, and it can also change the output voltage depending on the
output loads, such as in USB Power Delivery powered equipment. The buck-boost DC-DC converter
has the following operating modes.
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(1) Buck Mode (when the input voltage is sufficiently higher than the output voltage)

Switching Q1 and Q2 shown in Fig. 3.1 enables buck mode. Q1 and Q> operate in a
complementary fashion and Q. behave as a synchronous rectifier. At this time, Qs is fixed to on
and Qs is fixed to off.

(2) Boost Mode (when the input voltage is sufficiently lower than the output voltage)

Switching Qs and Q4 shown in Fig. 3.1 enables boost mode. Qs and Q4 operate in a
complementary fashion and Q4 behave as a synchronous rectifier. At this time, Q1 is fixed to on
and Qg is fixed to off.

(3) Buck-Boost Mode (when input voltage = output voltage)

If the input voltage = output voltage, the output voltage fluctuation becomes large in the step-
down mode or step-up mode. In the buck-boost mode, all Q1 to Q4 in Fig. 3.1 operate and
correspond to the operation of the step-down mode and the step-up mode.
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3.2. Operation of Each Mode
3.2.1.Buck Mode

Fig. 3.2 shows the current path in buck mode. In buck operation, Q1 and Qz are switched to
control the voltage of SW1. At this time in the boost circuit, Qs is fixed to off, and Q4 is fixed to on.
The voltage of SW2 is Vour. When Q1 is on (Q2 is off), the current rises in the path of Vin-Qi-
Inductor L-Q4-Vourt to charge the L. When Q1 is off (Q2z is on), the stored energy in L is discharged
along the path of GND-Q2-Inductor L-Q4-Vout and the current is reduced. The waveforms of the
current flowing through inductor L and the voltage across inductor L are shown in Fig. 3.3.

Buck Operatlon (controls SW1 voltage) Boost Circuit Fixed

-----------------------------------

g ] e B 9 UT
{ o ON i ON S
QlJl': Q4 |.'.'._
i |_ :
Q, ON Cin L swi AP w2 _:COUT
Q2 OFF Inductog Eurrent
Q@OFF Qs (I égoFF
VN .............................. | —— VUT
3 o OFF i ON — <]
i k] H
Q,OFF i UEE
Q, ON i Gy | ¥ Cour
(Synchronousi - Swi mduin:'?f_;'urmm Sw2
Rectification): Q; L i1 Q5 \OFF
: I -
ON

Fig. 3.2 Current Path in Buck Mode

1
Q, Gate Voltage I H t
Q, Gate Voltage T | | |
: : : t
Q; Gate Voltage T : : :
t
Q4 Gate Voltage
: : : t
SW1 Voltage Vi l—l: ;
+ : i t
H Vouri H H
SW2 Voltage H : H H
: : : : t
Q Current i Q Current i
M e : r-- i
1 N AT i VTl
Inductor L Current i : / : :
@ Ll ! 4
' : >t
Vin-Vour
Inductor L Voltage t t
Vour }. :

Fig. 3.3 Operation Waveforms in Buck Mode
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The relationship between the input voltage and the output voltage is derived from the fact that
the stored energy and the released energy of the inductor L are equal in Fig. 3.3. The following
equation holds between the energy AU; accumulated in the inductor during Q1 on (Q2 off) period

and the energy AU; (<0) released from the inductor during Q1 off (Q2 on) period:
AU;+ AU, =0

AU4, AU; calculation is as follows; when the energy is accumulated in the inductor the current
increases by Aiq1, and when the energy is released the current decreases by Aig2, Q1 on time is
Ton, and the off time is Tor. (Vin-Vour is applied when Q1 is ON and -Vour is applied when Q1 is OFF)

AU=(Vin-Vour)* dig1* Ton
AUz=-Vouyr Aigz* Tosr
From the above
(Vin-Vour)* Aigz* Ton-Vour digz* Tor=0

When a constant current is applied to the inductor,
AiQ]:AiQZ
Thus, it becomes

TO n

Vour = ———V,
out Ton + Tofy IN

on
=—1Y
T IN

Assuming that the ratio of Ton in the switching period T of Q1 is duty D,
Vour = D*Viy

If the switching frequency is fsw, D is expressed by the following equation.

D= Ton _ Ton =T
= T = Ton+—Toff =lon X fsw
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3.2.2.Boost Mode

Fig. 3.4 shows the current path in boost mode. In boost operation, Qs and Q4 are switched to
control the voltage of SW2. At this time in the buck circuit, Q1 is fixed to on and Q: is fixed to off.
Thus, the voltage of SW1 is Vin. When Q3 is on (Qa is off), the current rises along the path of Vin-
Qi-Inductor L-Q3-GND to charge the Inductor L. When Qs is off (Q4 is on), current flows through
the path of Vin-Qi-inductor L-Q4-Vout based on the stored energy in the inductor L. The difference
between the input voltage and the output voltage is applied to inductor L. The waveforms of the
current flowing through inductor L and the voltage across inductor L are shown in Fig. 3.5.

Buck Circuit Fixed Boost Operation (controls SW2 voltage)

:’.v .................................. L, et V'
N — — 4 ST
Q; ON P On L swi M sw2 L Cour
Q, OFF : T Inductorg Lurrent T
) i Qi INoFF i OGN
P
3 1

.........................................................................

VN e ———— Vi
S ON i ON ——+C
| QU:JQS HO
Q, OFF : a2 R
Q, ON i Gv L swi Y SW2 1 Cour
(SynChFOF‘IOUS E T Inductor ?Current —_—
Rectification)g Q| OFF Q OFF

.....
....................................................................

Q, Gate Voltage

Q, Gate Voltage

A
| : ! 1 H
Q; Gate Voltage T—\ t
11\
|

Q, Gate Voltage

t
P Vi
SW1 Voltage H
i >t
:Vour
SW2 Voltage |
>t
Q; current Q, current
/r-"‘- i /Fh—‘
(e PR I T
/o ' E
Inductor L Current . : i :
lga i Q4 |
U 4
.. t
E Vin : :
Inductor L Voltage I t t
Vin-Vour

Fig. 3.5 Operation Waveforms in Boost Mode
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The relationship between the input voltage and the output voltage is derived from the fact that
the stored energy and the released energy of the inductor L are equal in Fig. 3.5. The following
equation holds between the energy AUz accumulated in the inductor during Qs on (Q4 off) period

and the energy AU4 (<0) released from the inductor during Qs off (Q4 on) period:
AUz + AU4=0

AUs, AU4 are calculated as follows; when the energy is accumulated in the inductor the current
increase is Aig3, and when the energy is released from the inductor the current decrease is Aigs, Q3
on time is Ton', and the off time is Torr. (Vin is applied when Qs is ON and Vin-Vour is applied when
Qs is OFF)

AUsz=Vn* digz* Ton'
AUs=(Vin-Vour)* Aiga* Torr'
From the above
Vine digs* Ton+ (Vin-Vour)* digs* Togr'=0
When a constant current is applied to the inductor,
Aigz=Aiga
Thus, it becomes

Ton' + Torf'

Vour = 7 IN

Torr
=—Viy
Toss'

Assuming that the duty D' is the ratio of Ton' in Q3 switching period T

1
Vour = 777 Viw

If the switching frequency is fsw, D is expressed by the following equation.

DI _ Ton’ _ TOTL, _ T !
= T = m =lon X fsw
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3.2.3. Buck-Boost Mode

In order to achieve the input voltage = output voltage, particularly the voltage ratio 1 in the
buck mode and boost mode, in buck mode from the I/0O voltage relation expression Vour = D - Vi,
Q1 duty needs to be D=1, and in the boost mode from the I/O voltage relation expression Vour=1/
(1-D") Vin, Q3 duty needs to be D'=0. However, since such switching is not realistic, the IC
operates in the buck-boost mode when input voltage = output voltage.

As described above, the relationship between the input voltage and the output voltage in the

buck mode is as follows.
TOTL

Vour = —2—V,
ouT Ton+Toff IN

on
= TVIN
(Ton: Buck switch Q1 on time, Tofr: Buck switch Q; off time)

The relationship between the input voltage and the output voltage in boost mode is shown

below.

T
Vour = me

(Ton': Boost switch Qs on time, Torf': Boost switch Qs off time)
In the buck-boost mode, the operation is such that the output on the buck circuit side becomes
the input of the boost circuit side. Therefore, the relationship between the input voltage and the

output voltage is expressed by the following equation.
Ton T

Vour = VINT X Tory
o

When Vi, Vout or T (switching period) is determined for the buck mode or boost mode, the

requirements of the switching elements are determined in one way. However, even if Vin and Vour
are determined, both the switching element Q1 on the buck side and the switching element Qs on
the boost side can be operated in various ways. There may also be cases where T (switching
period) differs between the buck circuit side and the boost circuit side, or where the switching
period fluctuates.
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4. Circuit Design

This section describes the gist of the circuit design. This power supply uses a MAX25432 (hereafter
referred to as this controller) manufactured by Analog Devices as a controller IC. Refer to MAX25432
data sheet and related documentation for detailed information on component circuit design.

Refer to RD227-SCHEMATIC1 (Option 1) or RD227-SCHEMATIC2 (Option 2) for schematic diagrams
and to RD227-BOM1 (Option 1) or RD227-BOM2 (Option 2) for bill of materials. Fig. 4.1 shows the
block diagram of this power supply.

XPN3R804NC
Power / Reverse XPN7R104NC (Option 1)
5""'“%#3?&"’3%.&/ XSM6K519NW (Option 2)
Vear O m m / / / O Vour
— —
1 =F /=R
XCUZ16V | shield
Gate —_ ' i —_— _ short
TPD7 104AF/’ Driver Protection VOUT-
— —
ate H&
C(I;Ir?.g.tol_’ DC-DC _S%ntals JH} J J
(12C) Controller
XPN3R804NC

Fig. 4.1 Block Diagram of Automotive Buck-Boost DC-DC Converter for USB PD
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4.1. Buck-Boost DC-DC Converter
Fig. 4.2 shows the basic circuit of the buck-boost DC-DC converter.
Vin Vour
O O
s o,
Switchi L L i Synchronous
C[N E‘INI ¢ '?9 Rectifier COUT
— emen Yyn Element L
T swi sw2 T
JEke.  E
— 4D —4* D3
Synchronous Switching
Rectifier Element
=— — Element —_— — —

Fig. 4.2 Basic Circuit of Buck-Boost DC-DC converter

4.1.1.Bootstrap Circuit

The high-side MOSFET of the buck-boost H-bridge, Q1 and Q4 gate-drive supplies are generated
by a capacitor-diode bootstrap. Fig. 4.3 shows the bootstrap circuit. The capacitor C; is MOSFET Q1
gate drive power supply (BST1) and the capacitor C, is MOSFET Q4 gate drive power (BST2).
When Q2 is on, C; is charged via Vcc-Dge1-C1-Q2 path relative to Q1 source (LX1). Similarly, when Qs
is on, Cz is charged via Vcc-Dg2-C2-Q3 path relative to LX2 of Q4 source (LX2).

VIN (VVAT) VOUT (VBUS)
O Capacitor for Q, O
Q gate drive power 4
I
j:ﬁ ey Capacitor for |-|:
dri
pH1__|{7] £8D; poversuny 2P 4ADy
Switching o L Synchronous
CIN 1 Element l fYYY\\ ? Rectifier COUT
- * J \ > Element :
Q | =10 C, = Qs
— + 1 2 +
pL1__|T7|AND D
— 2 e 10 | | ! DL2 3
Synchronous |, < Switching
Rectifier DB]_ DBZ Element
— Element — pa a — —
VCC
Bootstrap Circuit
Fig. 4.3 Bootstrap Circuit
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4.1.2.Buck Mode Operation

In Fig. 4.2, Q1 and Q are switched to perform the buck-mode operation. Qi1 and Q; operate in a
complementary fashion, and Q performs synchronous rectification. Q4 of the boost circuit is fixed
to ON, and Qs is fixed to OFF, so the operation is the same as that of the buck DC-DC converter
circuit. Fig. 4.4 shows Q1 to Q4 gate signal control in buck-mode operation.

Viy 135 Ve Vo 5V (Q, Duty=0.37) Vin 135V = Vo 9V (Q Duty=0.67)
ENINININENIEEE NN InININN

Qs Qs

Qa Q4

Fig. 4.4 Gate Signal Control Example in Buck Mode Operation

If Q1 on time is Ton and the off time is Tofr, the input voltage Vin and output voltage Vour are

related as follows.

TO’H
Voyr = —2—V,
ouT Ton + Toff IN
TOTl
= — V
T IN

=D-Viy
(T: Q1, Q2 switching period, D: On duty of Qi)

4.1.3.Boost Mode Operation

In Fig. 4.2, Q3 and Q4 can be switched for boost mode operation. Q3 and Q4 operate in a
complementary fashion and Qs behave as a synchronous rectifier. Q1 of the buck circuit is fixed to
on, and Q2 is fixed to off. This operation is similar to that of the boost DC-DC converter circuit. Fig.
4.5 shows Q1 to Q4 gate signal control in boost mode.

Vin10.5 V= Vi 20V (Q; Duty=0.475) VIN 10.5 V= VOUT 15V (Q, Duty=0.3)
Ql Ql

Q. Q:

et e e I e
LT, e

Fig. 4.5 Gate Signal Control Example in Boost Mode Operation
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When Qs on time is Ton' and the off time is Tor', the input voltage Vinv and output voltage Vour are

related as follows.
Ton' + Torf'
Tors' "
T
me
1

“Top ™

(T: Qs, Q4 switching period, D': On duty of Q3)

Vour =

4.1.4.Buck-Boost Mode Operation

When the input voltage Vin = output voltage Vour, buck-boost mode operation is performed, and
boost mode operation and buck mode operation are alternately performed to stabilize the output
voltage. Fig. 4.6 shows Q1 to Q4 gate-signal control in Buck-Boost mode. In the Fig. 4.6, when Qs
is off and Q4 is on, Q1 and Q3 are switched, and when, Q1 is on and Q; is off, Q3 and Q4 are
switched.

M P
Y : HE : : H : :
Qs
Q4
Buck : Buck Buck t Buck 3 Buck
Boost Boost Boost Boost

Fig. 4.6 Gate Signal Control Example in Buck-Boost Mode Operation
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4.2. Power Switch and Reverse Connection Protection Circuit

Fig. 4.7 shows the power switch and reverse connection protection circuit. In the power supply
input section, two MOSFETs with their sources connected in common are connected in two stages
(back-to-back connection), the first stage acts as a power switch and the second stage acts as a
reverse connection protection switch. These MOSFETs are driven by the high-side gate driver
TPD7104AF, and when the power is normally supplied, the gates are driven and these two MOSFET
are turned on to supply the power to the buck-boost DC-DC converter circuit. However, in case of
reverse connection of power supply, the gates of these two MOSFETs are not turned on, and since
the body diodes of these two MOSFETs are connected in reverse (because of back-to-back
connection), the overall switch is turned off, thus protecting the buck-boost DC-DC converter
circuit from the reverse voltage.

XPN3R804NC Buck-Boost DC-DC Circuit
Bl [ |
| ]
! T C _O
» ol |
i | I :
TPD7104AF L M L
Risref Voo [ To Buck-Boost :
H-Bridge Circuit —
DIAG 1S | —I —]? :
| ]
IN ouT ! — 4 L 4 [
> L ! - - - - !
© w GND suB| —— E.. :- :
n o | _____________________________
IE I

Fig. 4.7 Power Switch and Reverse Connection Protection Circuit
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4.3. Shield Short Circuit Protection Circuit

The battery shield short protection circuit is shown in Fig. 4.8. It protects the circuit from short-
circuit of the shield and battery power supply if the shield at the end of USB Type-C® cable touches
the cigarette lighter socket. As shown in Fig. 4.8, the negative terminal of the Power Out connector
is connected via a shielded short-circuit protective MOSFET rather than directly to ground within
the power supply. The negative terminal (shield potential) of the power connector is monitored by
the SHLD_SNS (shield sense) pin of this controller. When the voltage at the connector shield is
detected, the shield short-circuit protective MOSFET is turned off by GDRV signal. This prevents a
short circuit between the shield and the battery.

£

o

T

=

()

g8

g0

[

§&

SHLD_SNS
e
-
GDRV [
XPN3R804NC
MAX25432B

Fig. 4.8 Shield Short Circuit Protection Circuit
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5. Performance

5.1. Switching MOSFET Characteristics

MOSFET used in the buck-boost DC-DC converter circuit of Option 1 and Option 2 of this power
supply are shown in Table 5.1.

Table 5.1 Characteristics of Switching MOSFET Used in Each Option

Option 1 Option 2
Equipped MOSFET XPN7R104NC XSM6K519NW
Pack Name TSON Advance(WF) DFN2020B(WF)
ackage
9 Size 3.1 x 3.6 mm 2.0 x2.0 mm
Rated drain-source voltage 40V 40V
A
% g Rated channel temperature 175 C 175 C
4@ g Drain-source on-resistance 14.2 mQ 36.3 mQ2
%’ § (Max.) @Vgs = 4.5V @Vgs = 4.5V
= % Total gate charge 10 nC 6.5 nC
@) ‘© (Typ.) @Vpp = 32V @Vpp = 32V
v VGS =45V VGS =45V
Ip=20A Ipb=8A
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5.2. Power Supply Efficiency

The power supply efficiency varies depending on the load conditions and I/0 voltage conditions.
Fig. 5.1 shows the example of measured efficiency curves under each I/O voltage condition.

Generally, in the light load region (output current is small), the conduction loss of the switching
element is small, and the percentage of the switching loss of each element is high. In the light load
region, Option 2 tends to be more efficient than Option 1 because it uses a smaller-gate-input-
charge MOSFET. On the other hand, in the heavy load region (where the output current is large),
the conduction loss in proportion to the current due to the on-resistance of the switching element
accounts for a large percentage of the total loss. Therefore, under heavy loads, Option 1 tends to
be more efficient as it uses a MOSFET with a smaller on-resistance.

Vout = 5V Vout = 9V Vout = 15V Vout = 20V
vin = 10.5V, vout =5v Buck . Vin = 10.5V, Vout =9V ggglgi . vin = 10,5y, vout =15V Boost . vin = 10.5v, vout =20v Boost
=
in
=]
-
n
L=
> Optienl Option1 Option1 84%% Optienl
—&—Option2 —&—Option2 82% ——0ption2 829 —8—Option2
1 1 1 15 1 1 1 L
ut [A] Tout [A ut [ ut [A]
Vin = 135V, Veut =5V gy el . Vin = 13.5, Vout = OV gyl , Vin = 13.5V, Vout =15V gg:l;i B Vin = 13.5V, Vout = 20V B o et
e " > 96% =t . 3 96% — == . -]
o i’ o
z. o P * 4 * )
ey [
- -’
n 1
= 6
> Optionl Optienl 849 optiont 849 optionl
] - Option2 #—Option2 82% - Option2 82% #— Option2
1 1 1 1 3 1 1 1 L
Tout [A] Tout [A] Tout [A] Tout [A]
Vin = 18V, Vout =5V Buck Vin = 18V, Vout =8V Buck Vin = 18V, Vout = 15V Buck Vin = 18V, Vout = 20V Buck
98% o83 98% Boost
-t r—t—* * * a5 -—r—t—t—n . .
. 8 o ® . - & -
. [
2 eet———p »
=1 . ¥ 03
[ - [
=
= ¢ Option1 Optiont Cptiont 849 Optioni
- Option2 t ®—Option2 82% - 0ption2 82% *—Option2
1 15 2 25 3 o 05 1 15 2 25 3 o 05 1 15 2 25 3 T 05 1 15
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Fig. 5.1 Power Supply Efficiency Example in Each Condition
© 2023-2026
23 / 25 2026-06-29

Toshiba Electronic Devices & Storage Corporation

Rev.2



TOSHIBA

RD227-DGUIDE-02

5.3. Temperature Rise

Fig. 5.2 shows the measurement results of MOSFET surface temperature rise AT under various
input/output voltage conditions.

The maximum rated MOSFET channel temperature is 175 °C, and after derating it by 80% it
becomes 140 °C. Considering the maximum ambient temperature of 85 °C, the allowable
temperature rise becomes 55 °C (140 °C - 85 °C). The measured temperature rise shown in
Fig. 5.2 has a considerable margin compared to the 55 °C.

Boost Mode 10.5V =» 15 V/3 A (45 W) Operation environment : Convection cooling
MOSFET temperature derating 80 %
100 C 175 T % 80 % 100 C 100 C
90 C X 80 % E g0 | 175CTx80% £ oo | 175Tx80%
Y goc | =1407CC < ot =140C < oc =140 T
) o
8 70 | -Allowable temperature rise-at 2 70C Allowable temperature rise at 2 70 | Allowable temperature- rise at
o 60T | ambient temperature of 85.C....| ¢ 60°C | -ambient temperature of 85T © 60°C | ambient temperature of 85°C |
55T =T N o S ————————— 2 50¢C
40T 33.6.C S a0t 31:8-€ O a0t 3347
o 30T 21.2°C Q 30°C 20.0°C a 30T
Q_ .
£ 20 C % 20 C g 20T 17.0°C
0T 0cC 'R
Option1 (45 W) Option2 (45 W) Optionl (45 W) Option2 (45 W) Optionl (45 W) Option2 (45 W)
Boost-side Low-side MOSFET Boost-side High-side MOSFET Buck-side high-side (always ON) MOSFET
Operation environment : Convection cooling
Boost Mode 10.5V = 20V/3 A (60 W) MOSFET temperature derating 80 %
100°C 100°C 100 °C
I 90°C 175 °C x 80 % — 90°C 175°C x 80 % L 90°C 175°C x 80 %
< g =140 C < goc =140 C <Qg0°C =140C
[«D I . 0] o . o
270 c Allowable temperature rise at 27T Allowable temperature rise at e Allowable temperature rise at
60°C _ambient temperature of 85 °C_ | o 60°C | _ambient temperature of 85 °C _ =60°C ambient temperature of 85 C
550°C ) 5 50°C . £50°C |- ]
4@ 40°C 62C 4@ 40°C 32C |40°C 331°C
@ 30°C € 30T T30°C
220 & 20°C S0
o 10°C 0 10°C T10°
[ 10°C
0°C 0°C = 0°C
Optionl (60 W) Optionl (60 W) Option1 (60 W)
Boost-side Low-side MOSFET Boost-side High-side MOSFET Buck-side High-side (always ON) MOSFET
Operation environment : Convection cooling
BUCK MOde 18 V=S V/3 A (15 W) MOSFET temperature derating 80 %
100 C 100 °C 100 C
— o0 | 175%C x 80 % — g0 || 175°C x80 % — 90 || 175Cx80 %
< o0 =140 C < g0 =140C < go °C =140C
.@ 70 °C Allowable temperature rise-at _8 70 °C Allowable temperature rise at _q@) 70 °C Allowable temperature-rise-at
@ 60°C |-ambient temperature.of 85C o 60°C | ambient temperature of 85 T ¢ 60 C [-_ambient temperature of 85 C
é 50°C § Y Ss50C | TTTTTTTTTTTTTTTToTTT
® 40 C © 40T @40C
Q 30C £ ¥ 30°C 9 U 30°C
Q. o 19.6 °C o 19.9°C o
E 2 1.2 ¢ E 20C 170 ¢ g£20C 12:3-% 14.8.X
[0)
B om W
or Il o L mm
Option1 (15 W) Option2 (15 W) Option1 (15 W) Option2 (15 W) Optionl (15 W) Option2 (15 W)
Buck-side Low-side MOSFET Buck-side High-side MOSFET Boost-side High-side (always ON) MOSFET

Fig. 5.2 MOSFET Temperature Rise

% USB Type-C®, USB-C® are registered trademarks of USB Implementers Forum.
% Company names, product names, and service names may be trademarks of their respective
companies.
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Terms of Use

This terms of use is made between Toshiba Electronic Devices and Storage Corporation (“We") and Customer who downloads or
uses this Reference Design. Customer shall comply with this terms of use. This Reference Design means all documents and data
in order to design electronics applications on which our semiconductor device is embedded.

Section 1. Restrictions on usage

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

2. Customer shall not use this Reference Design for sale, lease or other transfer.

3. Customer 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 product or system whose manufacture, use, or sale is
prohibited under any applicable laws or regulations.

5. This Reference Design shall not be used in any manner that is contrary to the precautions specified by us.

Section 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, Customer is 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.
Customer 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. Designing electronics applications by referring to this Reference Design, Customer must evaluate the whole system
sufficiently. Customer is solely responsible for applying this Reference Design to Customer's own product design or
applications. WE ASSUME NO LIABILITY FOR CUSTOMER'S PRODUCT DESIGN OR APPLICATIONS.

5. WE SHALL NOT BE RESPONSIBLE 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 WITHOUT
LIMITATION, WARRANTIES OR CONDITIONS OF FUNCTION AND WORKING, WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT.

Section 3. Terms and Termination

It is assumed that Customer agrees to any and all this terms of use if Customer downloads or uses 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 without any cause. Upon termination of this terms
of use, Customer shall eliminate this Reference Design. Furthermore, upon our request, Customer shall submit to us a written
confirmation to prove elimination of this Reference Design.

Section 4. Export Control

Customer 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 Act and the U.S. Export Administration
Regulations. Export and re-export of this Reference Design is strictly prohibited except in compliance with all applicable export
laws and regulations.

Section 5. Governing Laws
This terms of use shall be governed and construed by laws of Japan, without reference to conflict of law principle.

Section 6. Jurisdiction
Unless otherwise specified, Tokyo District Court in Tokyo, Japan shall be exclusively the court of first jurisdiction for all disputes
under this terms of use.
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