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1. Introduction

This design guide describes the circuit design of various sections of the Automotive 3kW 48V-
12V Bidirectional DC-DC Converter (hereinafter referred to as “this Design”).

As a result of worldwide efforts to reduce greenhouse-gas emissions, the use of hybrid-electric
vehicles and battery-powered electric vehicles called XEV is becoming increasingly popular instead
of conventional vehicles which use only internal combustion engines as power sources. These XEVs
are increasingly being equipped with 48V's Li ion battery to reduce power dissipation. However, 12V
batteries must be installed when some existing 12V applications that require lead-acid batteries as
power source are used. This design is a bidirectional converter that realizes step-down (buck)
operation from 48V to 12V and step-up (boost) operation from 12V to 48V. And such a converter is
essential in applications where 48V batteries and 12V batteries coexist.

From our automotive N-channel power MOSFET lineup with low on-resistance and high heat
dissipation, 40V rated XPQR3004PB is used for the high-side MOSFETs, low-side MOSFETs of the
switching section and the input/output switches of the 12V line, and 100V rated XPW4R10ANB is
used for the input/output switches of 48V line to achieve high-efficiency operation.

The input/output circuit of 12V line also uses a high-side N-channel power MOSFET gate driver
TPD7106F with a reverse-connection protection function, and by driving MOSFET with a back-to-

back connection *, it protects against circuit destruction when the batteries are connected in reverse.

* A configuration in which two MOSFETs are connected in series with their drain or source pins
connected. The positive and negative bidirectional currents can be cut off when the switch is off.
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2. Main Components Used

This chapter describes the main components used in this design.
2.1. Power MOSFET XPW4R10ANB

A 100V withstanding voltage N-channel MOSFET XPW4R10ANB is used in the 48V line (high-
voltage side) input/output switch section and DC-DC converter section. The main features of
XPW4R10ANB are as follows.

® AEC-Q101 qualified

® Small size, thin and small mounting area.

® Low on resistance: Rpsoony = 3.4mQ (Typ.) (Ves = 10V)

® Low leakage current: Ipss = 10pA (Max.) (Vos = 100V)

® Enhancement mode: Vin = 2.5 to 3.5V (Vps = 10V, Ip = 1.0mA)

Appearance and Pin Layout

8 5
T e F=N =
8 7 6 5
(111 ]
,._’hg 1, 2, 3: Source
9 4: Gate
|—?—T_\ 5,6,7, 8: Drain
HEERERE
\_@ —\ 1 2 3 4
A il
1 4
DSOP Advance(WF)L

Fig. 2.1 Appearance and Pin Layout of XPW4R10ANB
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2.2. Power MOSFET XPQR3004PB

A 40V withstanding voltage N-channel MOSFET XPQR3004PB is used in the 12V line (low-voltage
side) input/output switch section. The main features of XPQR3004PB are as follows.

® AEC-Q101 qualified

® Low on resistance: Rpsoony = 0.23mQ (Typ.) (Ves = 10V)

® Low leakage current: Ipss = 10pA (Max.) (Vos = 40V)

® Enhancement type: Vi, = 2.0 to 3.0V (Vps = 10V, Ip = 1.0mA)

Appearance and Pin Layout

i
1 ] 1: Gate

9: Drain (heatsink)
2 to 8: Source

L-TOGL™™

Note: L-TOGL™ is a trademark of Toshiba Electronic Devices & Storage Corporation.

Fig. 2.2 Appearance and Pin Layout of XPQR3004PB
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2.3. High-Side N-Channel MOSFET Gate Driver TPD7106F

This design uses a one-channel high-side N-channel MOSFET gate driver TPD7106F to drive

MOSFET of the 12V line (low-voltage side) input/output switching section. The main features of
TPD7106F are as follows.

RD210-DGUIDE-01

® AEC-Q100 qualified
@ Built-in charge pump circuit (charge pump capacitor is external)

® Output current is -10mA/+400mA and drive by parallel use of N-channel power MOSFET is
possible

® Built-in protection for reverse connection of power supply
® Built-in diagnosis output for under voltage of charge pump circuit
® SSOP16 package for surface mounting

Appearance and Pin Layout

CP1- 1[0 O —T116 CP2-
TEST 2[1 ] 1115 N.C.
CcP1 3O 1114 CP2
Voo 400 1113 CPV
STBY 5[1] 17112 OUT1
IN1 6 1] 111 OUT2
IN2 70O 1110 DIAG
GND1 8 [T ] —T1 9 GND2

SSOP16-P-225-0.65B

Fig. 2.3 Appearance and Pin Layout of TPD7106F
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3. Basic Operation of Bidirectional DC-DC Converter

This chapter describes the basic concepts of bidirectional DC-DC converters. Fig. 3.1 (¢) shows the
configuration of a typical non-isolated bidirectional DC-DC converter used in this design. The inductor
of the buck DC-DC converter shown in Fig. 3.1 (@) and the inductor of the boost DC-DC converter
shown in Fig. 3.1 (b) are shared and combined. In Fig. 3.1 (c), when the flow of power is from E;
to Ez, Q1 is switched to operate as a buck DC-DC converter, and when the flow of power is from E;
to E1, Q2 is switched to operate as a boost DC-DC converter.

Input [___Step down voltage > Output

Boost voltage | Input
o >,
YN o | YN oO—o
19T L © N Ly
= 1
Vl Ql Vl V
El__ CL_ ] C2__ VZ __Cl QZ (- Cz__ 2 __E2
= | K - — o |71
D> H
O O o0—
(a) Buck DC-DC Converter (b) Boost DC-DC Converter
Step down Boost
voltage Dy voltage
O | Y'Y O
1+] Q, L1
High voltage Q Low voltage
2 \%
E1 Ci L C, 2 | B
J— _ I_(_ﬁ D2 _— —
Vy H
O O
(c) Bidirectional DC-DC Converter
Fig. 3.1 Bidirectional DC-DC Converter
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3.1. Buck DC-DC Converter Operation
In the buck DC-DC converter shown in Fig. 3.2, during ton, MOSFET Q is turned on, and (Vin-Vour)
voltage is applied to both ends of the coil L. The following ripple current flows around the output

RD210-DGUIDE-01

current Iour.

Vin =V,
ap, = Y =Vour)
L
When Q is off i.e. torr, to maintain the current flowing through coil L, the current flows to the load
via diode D. The ripple current during this period is expressed by the following equation.

V
AIL == ﬂ X tOFF
L
In steady-state, AIL when Q is on is equal to AIL when Q is off. Therefore, if the switching period
is set to T and the duty of the period when Q is on is set to D, the following equation is established.

ton

— XV =tO—N><V =D XV,
(topr +ton) ~ ™ T m m

Vour =

Q-ON Q = Q-OFF

| 1 T B B B

141 L —

vout

peo

Vin|l — 5 N Cout

Fig. 3.2 Buck DC-DC Converter Circuit

MOSFET Q
Gate voltage

MOSFET Q L T LT

Current

Diode D
Current

Inductor
Current

Fig. 3.3 Buck DC-DC Converter Current Waveforms
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3.2. Boost DC-DC Converter Operation

In the boost DC-DC converter circuit shown in Fig. 3.4, during ton, MOSFET Q is turned on and the
input voltage Vv is applied to the coil L. The following ripple current flows around the input current
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IIN.

When Q turns off, the energy stored in the coil is released during the on period, and a voltage
higher than the input voltage is generated. During this duration torr, to maintain the current flowing
through coil-L, current flows to the load via diode D. The ripple current during this period is expressed
by the following equation.

Vour —Vin)
Al = - 1 X torF

In steady state, AIL when Q is on is equal to AI. when Q is off. Therefore, if the switching period
is set to T and the duty of the period when Q is on is set to D, the following equation is established.

(ton + torr) T 1
V, =—XV)y=F—7—XV,, =——XV,, =—= XV
ourt torr IN T — TON i 1— TO_N i 1—=D IN
T
_ Q-OFF
7YY =] —
L D
Q-ON
H (g
H I 0 - o vou
Vm T Jl—_ﬁ Cout 7& t
AN Q
A4

Fig. 3.4 Boost DC-DC Converter Circuit

MOSFET Q
Gate voltage

MOSFET Q _— ] ]

Current

Diode D
Current

Inductor
Current

Fig. 3.5 Boost DC-DC Converter Current Waveforms
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4. Automotive 3kW 48V-12V Bidirectional DC-DC Converter

This chapter provides an overview of the configuration of this design and the circuit design of each

part. Fig. 4.1 shows the configuration of this design. Four blocks of non-isolated bidirectional DC-DC
converter circuits in parallel.

! Block3
| Block2

! Block1

BlockO

| Surge stopper IC |

_| short circuit protection
TH1

—0
St

DC-DC converter

T —
i 3
1 »
48V Y
. — a YN TETL_TI7T NO’(
—_ b g | Ny
Lithium ion N
battery E J:jg 1 Safety switch 1 _12\/
5 — T T Lead acid
= VO;JD battery
—O o2 -
Fig. 4.1 Configuration Diagram of This Design
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4.1. Specifications
Table 4.1 lists the main specifications of this design.

Table 4.1 Specifications of This Design

Item Conditions Min. Typ. Max. Unit
During buck operation
Input voltage 24 48 54 \Y
Output voltage 11.85 12 12.15 \Y
Maximum output power 4-phase operation 3 kW
Switching frequency 200 kHz
During boost operation
Input voltage 5 12 16 \Y
Output voltage 47.4 48 48.6 \Y
) Vin = 12V or higher, 4-phase
Maximum output power . 3 kW
operation
Switching frequency 200 kHz

Common items

Input undervoltage protection, input overcurrent protection,
. . input overpower protection, output overvoltage protection,
Protection function ] T ]
output overcurrent protection, output short-circuit protection,

and overheat protection

Main Board: FR-4 6-layer configuration, copper foil thickness of
105um (surface layer) and 210um (inner layer)
Board layer configuration
Control Board: FR-4 4-layer configuration, copper foil thickness of
35um
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4.2. Circuit Configuration
Fig. 4.2 shows the circuit block configuration of this design. Input/output circuit (load switches)

RD210-DGUIDE-01

are provided for each block of a four-block bidirectional DC-DC converter. The system is designed to
operate safely in the remaining three blocks even if a fault or fault occurs in one of the four blocks
of bidirectional DC-DC converters.

VP_H VP_L
- -
48V BlockO 12V
High-Voltage High-Voltage |(YP_H_0-1) Bidirectional (VP_L_0-1)["| ow-Voltage Low-Voltage
Side Side Side Side
Input/Output Input/Output Cor.'ver.ter Input/Output Input/Output
Terminal Circuit Circuit Circuit Terminal
Block1 High-\.éoltage (VP_H_0-2) Bidirectional (VP_L_0-2)| |ow-Voltage
Side Side
Input/Output Cor)ver_ter Input/Output
Circuit Circuit Circuit
Block2 High-\{joltage (VP_H 0-3) Bidirectional (VP_L_0-3) [ Low-Voltage
Side Side
Input/Output COI’]VEI’ItEF Input/Output
Circuit Circuit Circuit
Block3
Highfyoltage (VP_H_0-4) Bidirectional (VP_L_0-4) Lowé\_/ccinltage
Inpuil;j()eutput Corjver_ter InputI/C?utput
Gircuit Circuit Circuit
Fig. 4.2 Circuit Block Configuration of this Design
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4.3. High-Voltage Side Input/Output Circuit

Fig. 4.3 shows one block of the high-voltage input/output circuit of this design. The power line
capacitors (Ci to Cy2) are inserted into only BlockO circuit out of BolckO to 3. From the fail-safe point
of view, two capacitors are arranged in series so that even if one capacitor is short-circuited, there
is no problem. Two MOSFET XPW4R10ANB are inserted in parallel in 48V line. They are driven by
the control IC LTC4364-2 (Analog Devices) (hereinafter referred to as “control IC”). This section
explains the circuit of this block. For more information on the control IC, refer to LTC4364-2

RD210-DGUIDE-01

datasheet and related documentation.

Typical application example of this IC is shown in Fig. 4.4. It drives the N-channel MOSFET (M1)
on HGATE pin, limits the voltage/current to the load circuit during power transient or overcurrent
events. DGATE pin is used to drive the second N-channel MOSFET (M2) as an ideal diode to protect
the load from being damaged during reverse-polarity input conditions, and to prevent the generation
of reverse current from the input voltage. In this design, M2 is not inserted because it is assumed
that the high-voltage input/output terminal will not be touched or operated externally.

TN11 VP_H RS L1 -@- VP_H_0-1
1 Q2rt<h — NN
0.41 0.47 TosHiea LY 1mo 0.4 uH
o1| WF pF _| 1O HF] 10 WF| 10 pF| 10 uF| XPW4R10ANB ci6 |ci7
Cc1 Cc3 Ccs c7 (@] c11 ::u_ ::u_
§§I . Q1 1¥T 3 3
78V cal c6] CB] C10L C12 | yosHiea 8 |R
0.47| 0.47] 100F 10 uF[ 10 uF 10 uF| | XPW4R10ANB| RZ h
TN12 uF WF e
- GND_P-1 »7-
Ic1 6 R2 GND_5V_10_2
Hour FB o PC2
I 21sENsE TMREE— i sl ] R Power Good 0-1
= U 3 ne ENOUT%X 20 |2 gl:;é R2
= »— pGaTE FLT ] N 1
—2 SOURCE GND 15 1oka TLX9000 ~
7
2| HGATE ov = VP_5RO-1
>H8 NC uv -1-0—9 c cis5 ¢ PC1 1
Vee SHDN = R66
T [ [
w100 kQ LTC4364-2 orf |8 |4 U™ [3
3 = = Q18
o | @ S TLX9906
L -
e Q17
o SSM3K361TU RN1907
RE5 GND_1
100 kQ

GND_p_lﬁ 7)7GND75V71072
Fig. 4.3 High Voltage Side Input/Output Circuit

MOSFET (M1) MOSFET (M2)
Vi < g I Vour
1iT 111 i
‘[FI -
w LTC4364
1T
1 4
Fig. 4.4 Control IC Typical Circuit
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4.3.1. Overcurrent Protection

The control IC has an adjustable current-limiting circuit that protects against short circuits and
excessive load-currents. If the voltage on OUT pin is higher than 2.5V, HGATE pin is controlled during
an overcurrent event, and the current sense voltage between SENSE pin and OUT pin (AVsns) is
limited to 50mV. If the voltage at OUT pin is lower than 1.5V, the current limit detect voltage is
reduced to 25mV in order to add protection in case of an output-short circuit. The current-sensing
resistor is placed between SENSE pin and OUT pin. Rsns is given by the following equation:

AVSNS

Rgys = I
LIM

If OUT is higher than 2.5V in this design, Rsns (Fig. 4.3, R8) is 1m£, and AVsys is limited to 50mV,
so Im per ladder is 50A. Iim is 25A when OUT is lower than 1.5V.

4.3.2. Input Overvoltage Comparator

The overvoltage is detected using an external resistor divider (Fig. 4.3, R2 and R3+R4) connected
to OV pin and line voltage. Upon power-up, prior to reaching the 100pus internal power-on reset
deadline or prior to resolving the low-voltage status at UV pin, if OV pin's voltage is higher than its
threshold (1.25V), HGATE pin is held at "L" until OV pin's voltage is lower than its threshold. In this
design, the line-voltage is 71V when R2 is 100k, R3+R4 is 1.8k, and the voltage at OV pin is
1.25V. Therefore, when the input-voltage exceeds 71V, HGATE pin is "L".

4.3.3. Fault Timer

The control IC incorporates an adjustable fault timer. Connecting a capacitor C14 between TMR
and GND sets the delay before MOSFET (Fig. 4.3, Q1, Q2) turns off in the event of an overvoltage
fault condition or an overcurrent fault condition. The same capacitor also sets the duration of the
cool-down to allow MOSFET to be turned on again after the fault condition has been cleared.
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4.4. Bidirectional Converter Circuit

Fig. 4.5 shows the circuit for one block of the bidirectional converter in this design. Control signals
from MCU TMS320F28377S (Texas Instruments) (hereinafter referred to as “MCU") are fed to the
gate driver IC UCC27211A (Texas Instruments) (hereinafter referred to as “driver IC") via the isolator
ISO6720 (Texas Instruments) (hereinafter referred to as “isolator”) and the buffer IC TC7PZ17FU to
drive the high-side and low-side MOSFETs XPW4R10ANB. Three MOSFETs are used in parallel on
both the high side and low side to reduce conduction loss. Sense resistors (R29, R38) are inserted

RD210-DGUIDE-01

between the high-voltage and low-voltage power lines, and the voltage across these is input to the
current sense circuit. The inductor current at the inductor L2 is also detected by the current sensing
circuit.

This section explains the circuit of each part of the bidirectional DC-DC converter. Refer to the
device data sheet and related documentation for details of the devices used.

CNg
J_J_J_J_J_J_J_J_J_J_J_ 111 J_ J_ J_ | ISEN_N_1-1 B2P-VH
R29
T TTTTTITTITTTT T T T T T T we| Sl
C18~C28 47HFx11 C20~C34  4.70Fx6 06 2
—}
P24 CN29 N0 L SEN P 1-1
P4 TSW-101-7-G-S [TSW-101-7-G-S 1% 4.7 nF
| VP_12R0_SY5 100 | O o L La7ef
4.7 A7
2 CcN1D
GND. CMS 1013 CMSIOPA RIZ cMs1 QGE—EI;ND—“ 1SEN_P_3-1 B2P-VH
0 I R
=z z = 1
< Ed <
cas R9l 100 z z g
C36 C37 C38 228 0k | 3 ES p
VP_5V_10_0 VP_5V_10_0 TP14 z g
1c2 s Q| % astQ [ %
: Has uCC2721A-Q1 1017
VDDIO-1 ‘ Q [ Trrvatsovras TSW-101-7-G5
c14 Lo VDD = NS
7 2 /| B 1
c0 st re13 B N ST e 8 ;
1 |veet veez |8 TC7PZ17FY U Ho B 2.2pF TD11-3H103FT P2 2 — 1
01pF - " o Sly uelt T B28-EH 3 — —
[Pwmnot 2 [VINA OUTA | ] - P27 o Nz _[enss [ | cst~ese
3 C40 GND VCC TSW-101-7-G-S [TSW-101-7-G-S  Tpzg =) H 1 39pFx6
[PwMLo1 N8B HO[6 2 I3
” ST 2 9 CMS101308, Y
ND1 s |2 ) o6 16 | or [CMS101304 R23 D8 R26 s
| oA RZE CMS10I30A 1 & o O
g;_l —|c39 l_D.luF ong_sv_fo7o ﬁ 2 o ; il
77 R21 S g 2 :: ’: C57~C58
eno_12RosYs 100 | 100 L 2 - = = ! 150pFx2
10 ka2 E L
o o| ¥l oeq | g O = el
R47 TSM-102-01-L-5V P17 oWt oS I |s1ew =5
VP_5RO0-1 100 VDDA-1 5 [} cooncos
=) Ve 4.7uFx6
= C76 | 1470 pF GND_P-1 —
g — H
R4 - GND_P-1
3 [Pfarst rs2 R53 VP_5R0-1 Rss - |
R # 1 k0 7z
MES EN 0-1 i s 5 2 e 20 0o TSM-102-01-L-SV
) C80 || 470 pF
11 ke RS6 S —] 5
R68 ¢ | 1 PC4 611k >
N | TLc272A-01 1 . - Tl b}
sl 3| gl |4 Q12 g s e |
— | B R73 " % R59
2 o N I z
R69 Tixooos RSO 33 3 ¥l [ 7 5
350 @ tka c10 oN16 GND_1 —1

— g L0 | . Vo1
77— Y0P T5M-101-07-G-5 R7%0q TLX9906 R
GND_P-1 CN17 R3811ke
TSM-101-07-G-S GND_P-1

Fig. 4.5 Bidirectional DC-DC Converter Circuit
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4.4.1. MOSFET Driver

The high-side and low-side MOSFETs are driven by the driver IC. Fig. 4.6 shows the internal
circuit of the driver IC and an external connection example. This driver IC receives the high-side
and low-side PWM. The high-side signal is a signal that is referenced to the switch node (HS) by a
level-shifting circuit, enabling control of HO signal.

The high-side driver is powered by a bootstrap circuit. The bootstrap diode is built-in, and the
bootstrap capacitor is externally connected between HB and HS terminal and is charged from Vpp
when the low-side MOSFET is on. The high-side driver is referenced to the switch-node (HS) where
the source of the high-side MOSFET and the drain of the low-side MOSFET are connected, while the
low-side driver is referenced to Vss, which is normally ground.

This driver IC has a UVLO function for the drive power supply of high-side and low-side drivers to
monitor Vpop and Vhe-Vhs. Voo UVLO disables both drivers if Vpp drops below a specified threshold.
Vpp threshold is 7.0V and the hysteresis is 0.5V. Vyg UVLO disables only the high-side driver when
Vue-Vhs drops below a specified threshold. Vis UVLO rise threshold is 6.7V and the hysteresis is 1.1V.

N - High side
% L2 MOSFET
uvLO HO — L:j&

| LEVEL )

SHIFT

N\ /
T

Low side

|—"] MOSFET
l_

N\ /

Fig. 4.6 Gate Driver IC Connection Example
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4.4.2.

Current Sense Circuit

Current is detected by sense resistors inserted at the high-voltage and low-voltage sides of the
bidirectional DC-DC converter. The inductor current of the circuit is also detected. Fig. 4.7 shows the
current sense circuit on the high-voltage side, Fig. 4.8 shows the current sense circuit on the low-
voltage side, and Fig. 4.9 shows the current sense circuit for the inductor.

Current sense circuit

(High voltage side)

Boost Operation
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Fig. 4.7 High-Voltage Side Current Sense Circuit
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Fig. 4.8 Low-Voltage Side Current Sense Circuit
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Fig. 4.9 Inductor Current Sense Circuit

Current of sense resistors and the inductor are sensed by the current sense amplifier INA290
(Texas Instruments) (hereinafter referred to as “current sense amplifier”). The current sense
amplifier measures the voltage drop generated by the current flowing through the current sensing
section, such as the current sense resistor. The current sense amplifier detects only the current that
is supplied from the power supply to the system load because it is only in unidirectional mode. The
gain G of the current sense amplifier is 50V/V, and the output-voltage Vour of the current sense
amplifier is as follows, where I is the current flowing through the sense resistor Rsense.

Vour = I X Rsgnsg X G

This design uses two unidirectional current sense amplifiers to measure bidirectional current.
Filters are also arranged in the input section. Fig. 4.10 shows the internal block diagram of the
current sense amplifier and the input filter circuit. Refer to INA290 data sheet and related
documentation for more information on filter resistances.

Ve
Vo |

Filter

]
gje: £ %

Current Feedback

FT
oy

out

Buffer

L

LOAD |:
GND

—— GND

Fig. 4.10 Current Sense Amplifier Circuit
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The output of the current sense amplifier is connected to an analog switch TSA3159 (Texas
Instruments) (hereinafter referred to as “analog switch”). Analog switch is an SPDT (Single Pole
Double Throw) switch that is designed to operate from 1.65V to 5.5V. A SPDT is a type of electric
switch that has two input terminals and one output terminal. It can switch the input and output
connection. Fig. 4.11 shows the internal configuration of the switch.

IN

COoM

NC

—

NO

Fig. 4.11 Analog Switch Internal Configuration

When power is applied, COM pin is connected to NC pin. Where NC represents normally closed
and NO represents normally open. If IN is Low, COM is connected to NC. If IN is high, COM is
connected to NO. In this design, the operation state (buck or boost operation) is input to IN, the
buck operation input/output current information of NC pin is output to COM pin during buck operation,

and the boost operation input/output current information of NO pin is output to COM pin during
boost operation.
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4.5. Low-Voltage Side Input/Output Circuit

Fig. 4.12 shows one block of the low-voltage side input/output circuits in this design. The power-
line capacitors (C85 to C96) are inserted only into BolckO circuit. From the fail-safe point of view,
two capacitors are arranged in series and designed so that even if one capacitor is short-circuited,
there is no problem. Two MOSFETSs are inserted on the 12V line as the protection switches with their
drain terminals connected (back-to-back connection). These MOSFETs is controlled by the high-side
gate driver TPD7106F. To reduce power dissipation, two sets of switching MOSFETs XPQR3004PB
are used in parallel.

RD210-DGUIDE-01

VP_L_0-1
XPQR3004PB cN22 XPQR3QO4PE Vet TNL3
Q14 r'éj HW-1-5 Q16 B 0
131 R63 R3] 5§l$ulg l@ lg lg L
8] 2| ©
" 230 kgis 5L 7S “oi :i 5 ‘;:1 D15
w XPQR3004PB S =
onos & g Q 013 XPGQR3004PB bt PN B B B DIEZ
g 4
TSW-101°07.G-5 g} 2 | 5|0 | s]dL]| o =
2 - 1c 121 oot ok sl Slesl s
, =
VP-12R0_SYS_10_1 Y ¥ C% - TPD7106F 1yl g E v LY G2TasT = 5 E wi
~ ™~ (8]
? z 3 & TNI4
O =1 |—Hepe o2 OB 0k L £ ¥z - u
10 nF D18
VP-5RO_L  "153403E Hc: E] - e L L RE2 20 g & & J,
< C. — 3
o g o GND_P-1
g Ll [ cpo g 1SS403E| | qoo =) VP_5V¥I0_1 -
P
= 4 1301 HF RE1 RoZ  2S5C4117-GR | EDZVFH15B
VDD cPv —| || o7 7k
3 5 12 (82 D17 R93
TBY ouTL 7 158403E 330 ke ez
| 6 ouz |1 GND_P-1 GND_P-1 3k DIAG 01
NG - 3.3k
T 3k Rt 2
a 2 2| 7 10 I
ERRE N2 DIAG !
gl s 9 TLX9000
3 R GND1  GND2 GND_t
: 5 |5
TLX9291A s Q19
RN1907 —
V TSW-101-07-G-S NO_P1 | GND_SV_10_1
A STBY 0-1 |

‘GND_121R0_SYS-10_1

LINtO-1 |

GND_1

Fig. 4.12 Low-Voltage-Side Input/Output Circuit

In the back-to-back connection shown in Fig. 4.13, the body diode of MOSFET is reversed so that
when the battery is connected in reverse, current can be prevented from flowing back through the
body diode.

.
-

TH_T5T

ks
Y

avol

Fig. 4.13 Back-to-Back Connection
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4.5.1. MOSFET Control for Switching

The protection and reverse connection protection switch (XPQR3004PB) is controlled by TPD7106F
which is an N-channel power MOSFET gate driver for one channel high-side switch.

The functions of TPD7106F include on/off control and quick off control of external MOSFET by
input signal. It also has built-in features like charge pump, voltage drop detection and power reverse
connection protection. Fig. 4.14 shows the internal-block diagram of TPD7106F.

The operation using TPD7106F is outlined below.

CP2-

—

CP2

CPV

XPQR3004PB

@ | { outs RE | 5
S
Q % DIAG
= T e

H

STBY

ouT2

IN1

IN

LR
Tl
e
s

Fig. 4.14 TPD7106F Internal Block Diagram
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4.5.2. Power MOSFET Gate Drive

On-Driver Section

TPD7106F receives a MOSFET turn-on command (Vini = Viv) from the input-pin IN1 (for normal
on/off control), and the charge pump and drive circuit operate to drive MOSFET with enough voltage
boosted by the charge pump. (Vout: = Vop+12V(Typ.))
* Vit IN1 pin input voltage Vin: High-level input voltage Vouri: OUT1 pin output voltage

Off-Driver Section (Normally Off)

In normal operation, IN1 receives a MOSFET turn-off command (Vin1 = Vi) from the input pin,
and the external MOSFET is turned off by M2 shown in Fig. 4.15 (driver on resistance = 630Q (Typ.).
* V1. Low-level input voltage

Off-Driver Section (Rapid Off)

When an external MOSFET or a short circuit around the load is detected and MOSFET needs to be
turned off within a short time, IN2 of the input terminal receives MOSFET rapid off command (V2
= Vi), and M3 shown in Fig. 4.15 operates to quickly turn off the external MOSFET. (Driver on-
resistor Roniz = 5Q (Typ.) The quick off driver operation duration (to2on) is up to 200us.

* Vina: IN2 pin

)

vDD |

i3]
(e

It

Fig. 4.15 Configuration of TPD7106F Output Section

Operation Truth Table
Table 4.1 shows the truth table of operation.

Table 4.1 Truth Table

IN1 IN2 STBY ouT1 ouT2 state

X X L Hiz Hiz Stand-by mode

L L H L Hiz

- Normal operation
H L H H Hiz
L H H L L
Rapid off mode
H H H L L
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4.5.3. Power Supply Reverse Connection Protection

When the power supply is connected in the reverse-polarity, the current from GND terminal is cut
off by M4, M5, and the external MOSFETSs are turned off.

Fig. 4.16 Power Supply Reverse Connection Protection

4.5.4. Charge Pump Voltage Drop Detection

Fig. 4.17 shows the timing chart of charge pump voltage drop detection operation. This device
monitors the CPV (Charge Pump Voltage Output Pin) voltage and detects any charge pump voltage
drops. When the voltage falls below the charge-pump low judging voltage VCPL, DIAG pin becomes
Low. Output-pin OUT1, OUT2 keeps operating. When STBY is set to the L state, the charge pump is
stopped.

STBY
cPV Vel
IN1 ﬂ
IN2 T
VCPV

ouT1 Hiz | J | |
ouT2 Hiz
DIAG Hiz

—>e— — e i

Under Rapid off Under

voltage (100 ps typ.) voltage

Fig. 4.17 Timing Chart
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4.6. Control Power Supply

The basic block diagram of control power generation for this design is shown in Fig. 4.18. The
control power supply circuit is shown in Fig. 4.19 and Fig. 4.20. The control power is generated
from both input and output (12V, 48V) of the bidirectional DC-DC converter. As shown in Fig. 4.18,
when 48V line voltage or 48V voltage is not supplied, 12V voltage is generated from 16.4V boosted
from 12V line. This 12V is used as the power supply for MOSFET drive, and it is also used to
generate 5V for each power board control and 5V for the MCU. 5V for MCU is also used to generate
1.2V and 3.3V for MCU.

This section provides an overview of each power supply circuit. Refer to the respective data sheets
and related documents for the detailed description of the IC used for power generation.

Control Power Circuit Diagram1

| _ DC-DC Buck
5 48V line switching regulator
i Input/Output LM5010A-Q1
16.4 V
g ] DC-DC Boost
i 12Vline | switching regulator
i Input/Output | M5001-Q1

MOSFET drive voltage for each block (Block0 to 3) !

12V output
__________________ MCU_control power supply_
Buck DC-DC— 5V
TPS629210 |:> Output
5V
Buck DC-DC 1.2v
TPS62420 output
3.3V
output
.................................... 1
LDO regulator :> 5V
BD750L2F output

____Control power supply for each block (Block0 to 3) _ |

Fig. 4.18 Control Power Configuration Diagram
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Fig. 4.19 Control Power Circuit Diagram 1
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4.6.1.

Fig. 4.20 Control Power Circuit Diagram 2

Boosting From the 12V Line Voltage

Boost converter IC LM5001-Q1 (Texas Instruments) (hereinafter referred to as “boost converter
IC") is used to boost from 12V. A typical basic configuration using a boost converter IC is shown in
Fig. 4.21. Refer to LM5001 datasheet and related documentation for detailed circuit description.

VIN

O

L1

V, out

O

C1

D2
Y'Y I~
L~
R1 RS
VIN sw | ¢ R4
COMP —| c3
— EN LM5001 h—
FB
VCC RT GND
R2 i R6
R3

3|

%

Fig. 4.21 Boost Converter

FB pin is the output-voltage feedback pin. This pin is connected to the inverting input of the internal
error amplifier. 1.26V reference is internally connected to the non-inverting input of the error
amplifier. The output voltage Vour is calculated by the following equation.

R5 in Fig. 4.21 corresponds to 12.01kQ2 (R900+R808) of this design as shown in Fig. 4.19, and
similarly R6 corresponds to 1kQ2 (R809) of this design, and therefore Vour is 16.4V.
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4.6.2. 48V or 16.4V to 12V Step Down

12V power generation from 48V or 16.4V uses a buck switching regulator IC LM5010A-Q1 (Texas
Instruments) (Hereinafter referred to as “12V generation IC"). Fig. 4.22 shows the basic circuit using
the 12V generation IC. Refer to LM5010A datasheet and related documentation for more information
on 12V generation IC.

VIN
o VIN VCC —— c3
LM5010A
g Ron @
SHUTDOWN BST —] c4
RON/SD L1 Vour

sw 1T

js
D1 R1
c6 r SS ISEN QP&

FB

—vr RTN SGND c2
%7_ €7 R2 —VF

Fig. 4.22 12V Generation IC Basic Circuit

The power supply Vour is calculated by R1 and R2 in Fig. 4.22 using the following equation.
Vour = 2.5V x (R1+ R2)/R2

R1 in Fig. 4.23 corresponds to 6.81kQ (R814+R819) of this design as shown in Fig. 4.19 and R2
corresponds to 1.8kQ (R815) of this design, and therefore Vour is 11.96V.

4.6.3. 5V Power Generation for MCU

From the above 12V, a buck converter IC TPS629210 (Texas Instruments) (hereinafter referred to
as “5V generation IC") is used to generate 5V power supply for MCU. Fig. 4.23 shows the basic
circuit using 5V generation IC. Refer to tps629210 datasheet and related documentation for more
information on 5V generation IC.

The voltage at FB pin is adjusted to 600mV and the output voltage Vour is calculated by the
following equation.

R1 in Fig. 4.23 corresponds to 264kQ (R670+R671) of this design as shown in Fig. 4.20, R2
corresponds to 36kQ (R673) of this design, and therefore Vour is 5V.

VDUT

Vg VIN Sw —(
C1 TPS629210
- VoS
EN o)
FB/
MODE/ VSET
S-CONF
R3 PG
GND
v v v
Fig. 4.23 5V Generation IC Basic Circuit
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4.6.4. 1.2V, 3.3V Power Generation for MCU

Converter IC TPS62420 (Texas Instruments) (hereinafter referred to as “1.2V/3.3V generation
IC") with two built-in synchronous buck converters is used to generate 1.2V and 3.3V power supply
for MCU from the above 5V. Fig. 4.24 shows the basic circuit using 1.2V/3.3V generation IC. Refer
to TPS62420 datasheet and related documentation for more information on 1.2V/3.3V generation
IC.

The output voltage Vour: of converter 1 is calculated by the following equation.
Vours = 0.6V x (R11 4+ R12)/R12
The output voltage Vout2 of converter 2 is calculated by the following equation.
Vourz = 0.6V X (R21 + R22)/R22
R11 in Fig. 4.24 corresponds to 337.5kQ (R675+R676) of this design as shown in Fig. 4.20,
equivalent to, R12 corresponds to 75kQ (R677) of this design, and therefore Vour: is 3.3V.

Similarly, R21 corresponds to 200k (R678), R22 corresponds to 200kQ (R679), and therefore Vour2
is 1.2V.
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Fig. 4.24 1.2V/3.3V Generation IC Basic Circuit
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