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LM5170-Q1 Multiphase Bidirectional Current Controller
1 Features 2 Applications

AEC-Q100 qualified for automotive applications:

— Device temperature grade 1: —40°C to +125°C
ambient operating range

— Device HBM ESD classification level 2

— Device CDM ESD classification level C4B

Functional Safety-Capable

— Documentation available to aid functional safety
system design

100-V HV-port and 65-V LV-port max ratings

1% Accurate bidirectional current regulation

1% Accurate channel current monitoring

5-A Peak half-bridge gate drivers

Programmable or adaptive dead-time control

Programmable oscillator frequency with optional

synchronization to external clock

Independent channel enable control inputs

Analog and digital channel current control inputs

Programmable cycle-by-cycle peak current limit

HV and LV port overvoltage protection

Diode emulation prevents negative current

Programmable soft-start timer

MOSFET failure detect at start-up and circuit

breaker control

Multiphase operation phase adding or dropping
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Simplified Application Circuit

%up

» Automotive dual-battery systems
» Super-cap or battery backup power converters
» Stackable buck or boost converters

3 Description

The LM5170-Q1 controller provides the essential high
voltage and precision elements of a dual-channel
bidirectional converter for automotive 48-V and 12-V
dual battery systems. It regulates the average current
flowing between the high voltage and low voltage
ports in the direction designated by the DIR input
signal. The current regulation level is programmed
through analog or digital PWM inputs.

Dual-channel differential current sense amplifiers and
dedicated channel current monitors achieve typical
current accuracy of 1%. Robust 5-A half-bridge
gate drivers are capable of driving parallel MOSFET
switches delivering 500 W or more per channel.
The diode emulation mode of the synchronous
rectifiers prevents negative currents but also enables
discontinuous mode operation for improved efficiency
with light loads. Versatile protection features include
cycle-by-cycle current limiting, overvoltage protection
at both HV and LV ports, MOSFET failure detection
and overtemperature protection.

Device Information(")
PACKAGE BODY SIZE (NOM)
TQFP (48) 7.00 mm x 7.00 mm

PART NUMBER
LM5170-Q1

(1)  For all available packages, see the orderable addendum at
the end of the data sheet.
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An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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4 Revision History
NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

Changes from Revision C (June 2020) to Revision D (August 2021) Page
» Updated the numbering format for tables, figures, and cross-references throughout the document. ................ 1
Changes from Revision B (June 2019) to Revision C (June 2020) Page
* Added functional safety bullet t0 the SECHON T ..........ummiieiiiiieee e 1

5 Description (continued)

An innovative average current mode control scheme maintains constant loop gain allowing a single R-C network
to compensate both buck and boost conversion. The oscillator is adjustable up to 500 kHz and can synchronize
to an external clock. Multiphase parallel operation is achieved by connecting two LM5170-Q1 controllers for 3-
or 4-phase operation, or by synchronizing multiple controllers to phase-shifted clocks for a higher number of
phases. A low state on the UVLO pin disables the LM5170-Q1 in a low current shutdown mode.
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6 Pin Configuration and Functions
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Figure 6-1. PHP Package 48-Pin TQFP Top View

Table 6-1. Pin Functions

PIN
1o DESCRIPTION

NO. NAME

1 CSA2 | CH-2 differential current sense inputs. The CSA2 pin connects to the CH-2 power inductor. The CSB2 pin
connects to the circuit breaker or directly to the LV-Port if the circuit breaker is not used. The CH-2 current sense

2 CsB2 I resistor is placed between these two pins.

3 NC — |No Connect
Internally connected to VIN pin through a cutoff switch. When the controller is shutdown, VINX is disconnected

4 VINX o from VIN, opening the current leakage path. When the controller is enabled, VINX is connected to VIN and
serves as the pullup supply for the RC ramp generators at the RAMP1 and RAMP2 pins. VINX also pulls up the
OVPA pin through an internal 3-MQ resistor.

5 NC — | No Connect

6 VIN | The input pin connecting to the HV-Port line voltage. It supplies the BRKG pin through an internal 330-pA
current source.

7 NC — |No Connect
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Table 6-1. Pin Functions (continued)

PIN

/oM DESCRIPTION

NO. NAME

The inverting input of the CH-2 PWM Comparator. An external RC circuit tied between VINX, RAMP2, and
8 RAMP2 | AGND forms the ramp generator producing a ramp signal proportional to the HV-Port voltage, thus achieving

a voltage feedforward function. The RAMP2 capacitor voltage is reset to AGND at the end of every switching

cycle.

Connected to the noninverting input of the HV-Port overvoltage comparator. An internal 3-MQ pullup resistor and
9 OVPA | an external resistor across the OVPA and AGND pins form a divider that senses the HV-Port voltage. When

the OVPA pin voltage is above the 1.185-V threshold, the SS capacitor is discharged and held low until the
overvoltage condition is removed.

The UVLO pin serves as the master enable pin. When UVLO is pulled below 1.25 V, the entire LM5170-Q1 is in
a low quiescent current shutdown mode. When UVLO is pulled above 1.25 V but below 2.5 V, the LM5170-Q1
enters the initialization stage in which the nFAULT pin is first pulled up to 5 V, while the rest of the LM5170-Q1
10 uLvo | is kept in the OFF state. When UVLO is pulled above the 2.5 V, the LM5170-Q1 enters a MOSFET failure
detection stage. If no failure is detected, the circuit breaker gate driver (BRKS and BRKG) turns on, and the
LM5170-Q1 enables the oscillator and RAMP generator, and stands by until the EN1 and EN2 commands
enable the channel.

Output of the CH-2 transconductance (gm) error amplifier and the noninverting input of the CH-2 PWM

1 COMP2 o comparator. A loop compensation network must be connected to this pin.

The soft-start programming pin. An external capacitor and an internal 25-yA current source set the ramp rate of
12 SS | the COMP pins voltage during soft start. If CH-2 is enabled after CH-1 completes soft start, the CH-2 turnon will
not be controlled by the SS pin.

CH-2 switch node. Connect to the CH-2 high-side MOSFET source, the low-side MOSFET drain, and the

13 Sw2 ! bootstrap capacitor return terminal.

14 HB2 P | CH-2 high-side gate driver bootstrap supply input

15 HO2 /0 | CH-2 high-side gate driver output

16 NC — | No Connect

17 LO2 /0 |CH-2 low-side gate driver output

18 PGND G |Power ground connection pin for the low-side gate drivers and external VCC bias supply

19 VCC P VCC bias supply pin, powering the drivers. An external bias supply between 9 V to 12 V must be applied across
the VCC and PGND pins.

20 LO1 1/0 | CH-1 low-side gate driver output

21 NC — |No Connect

22 HO1 /0 | CH-1 high-side gate driver output

23 HB1 P | CH-1 high-side gate driver bootstrap supply input

24 SWA | CH-1 switch node. Connect to the CH-1 high-side MOSFET source, the low-side MOSFET drain, and the

bootstrap capacitor return terminal.

Connected to the noninverting input of the LV-Port overvoltage comparator. An internal 1-MQ pullup resistor
and an external resistor across the OVPB and AGND pins form the divider that senses the LV-Port voltage.
25 OVvPB | When the converter operates in Boost mode the OVPB pin status is ignored. In Buck mode, when the OVPB
pin voltage is above the 1.185-V threshold, the SS capacitor is discharged and held low until the overvoltage
condition is removed.

Output of the CH-1 trans-conductance (gm) error amplifier and the noninverting input of the CH-1 PWM

26 COMP1 o comparator. A loop compensation network must be connected to this pin.

Fault flag pin or external shutdown pin. When a MOSFET drain-to-source short circuit failure is detected before
start-up, the nFAULT pin is internally pulled low to report the short-circuit failure, and the LM5170-Q1 will remain
27 nFAULT /0O |in a disabled state. The nFAULT pin can also be externally pulled low to shut down the LM5170-Q1, serving as a
forced shutdown pin. In forced shutdown, all gate drivers turn off, and nFAULT is latched low until the UVLO pin
is pulled below 1.25 V to release the latch and initiate a new start-up.

The inverting input of the CH-1 PWM comparator. An external RC circuit tied between VINX, RAMP1, and
AGND forms the ramp generator producing a ramp signal proportional to the HV-Port voltage, thus achieving

28 RAMP1 ! a voltage feedforward function. The RAMP1 capacitor voltage is reset to AGND at the end of every switching
cycle.
29 OPT | Multiphase configuration pin. Tied to either VCCA or AGND, the OPT pin sets the phase lag of the SYNCOUT
signal corresponding to 4 phase or 3 phase operation, respectively.
30 IPK I |Aresistor connected between IPK and AGND sets the threshold for the cycle-by-cycle current limit comparator
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Table 6-1. Pin Functions (continued)

PIN

NO.

NAME

ot

DESCRIPTION

31

VCCA

I/P

Analog bias supply pin. Connect VCCA to VCC through an external 25-Q resistor. A low-pass filter capacitor is
required from the VCCA pin to AGND.

32

NC

No Connect

33

BRKS

Connect to the common source of the circuit breaker MOSFET pair. When the circuit breaker function is
disabled, simply connect to AGND through a 20-kQ resistor.

34

BRKG

Connect to the gate pins of the circuit breaker MOSFET pair. Once the LM5170-Q1 is enabled, an internal
330-pA current source starts to charge the circuit breaker MOSFET gates. The BRKG to BRKS voltage is
internally clamped at 12 V.

35

CSB1

36

CSA1

CH-1 differential current sense inputs. The CSA1 pin connects to the CH-1 power inductor. The CSB1 pin
connects to the circuit breaker, or directly to the LV-Port if the circuit breaker is not used. The CH-1 current
sense resistor is placed between these two current sense pins. An internal 1-MQ resistor is connected between
the CSB1 and OVPB pins through an internal cutoff switch. During operation, the cutoff switch is closed and this
internal resistor pulls up the OVPB pins. In shutdown mode, the internal resistor is disconnected by the cutoff
switch.

37

I0UT1

CH-1 inductor current monitor pin. A current source proportional to the CH-1 inductor current flows out of this
pin. Placing a terminating resistor and filter capacitor from IOUT1 to AGND produces a DC voltage representing
the CH-1 DC current level. An internal 25-pA offset DC current source at the IOUT1 pin raises the active signal
to be above the ground noise, thus improving the monitor noise immunity.

38

I0UT2

CH-2 inductor current monitor pin. A current proportional to the CH-2 inductor current flows out of this pin.
Placing a terminating resistor and filter capacitor from IOUT2 to AGND produces a DC voltage representing the
CH-2 DC current level. An internal 25-pA offset DC current source at the IOUT2 pin raises the active signal
above the ground noise, thus improving the monitor noise immunity.

39

EN1

CH-1 enable pin. Pulling EN1 above 2.4 V turns off the SS pulldown and allows CH-1 to begin a soft-start
sequence. Pulling EN1 below 1 V discharges the SS capacitor and holds it low. The high- and low-side gate
drivers of both channels are held in the low state when SS is discharged.

40

SYNCIN

Input for an external clock that overrides the free-running internal oscillator. The SYNCIN pin can be left open or
grounded when it is not used.

41

SYNCOUT

Clock output pin and fault check mode selector. SYNCOUT is connected to the downstream LM5170-Q1 in a
3- or 4-phase configuration. It also functions as a circuit breaker selection pin during start-up. Placing a 10-kQ
resistor from the SYNCOUT to AGND pins disables the fault check. feature. If no resistor is connected from
SYNCOUT to AGND, the fault check is enabled.

42

ISETD

The PWM current programming pin. The inductor DC current level is proportional to the PWM duty cycle. Use
either ISETA or ISETD but not both for channel current programming. When ISETD is not used, short ISETD to
AGND.

43

EN2

CH-2 enable pin. Pulling EN2 above 2.4 V enables CH-2. Pulling EN2 below 1 V shuts down the HO2 and LO2
drivers.

44

DIR

Direction command input. Pulling DIR above 2 V sets the converter to the buck mode, which commands the
current to flow from the HV-Port to LV-Port. Pulling DIR below 1 V sets the converter to the boost mode, which
commands the current to flow from the LV-Port to HV-Port. If the DIR pin is left open, the LM5170-Q1 detects an
invalid command and disables both channels with the MOSFET gate drivers in the low state.

45

ISETA

The analog current programming pin. The inductor DC current is proportional to the ISETA voltage. Use either
ISETA or ISETD but not both for channel current programming. When ISETA is not used, connect a 100-pF to
0.1-uF capacitor from ISETA to AGND.

46

AGND

Analog ground reference. AGND must connect to PGND externally through a single point connection to improve
the LM5170-Q1 noise immunity.

47

0sC

The internal oscillator frequency is programmed by a resistor between OSC and AGND.

48

DT

A resistor connected between DT and AGND sets the dead time between the high-side and low-side driver
outputs. Tie the DT pin to VCCA to activate the internal adaptive dead time control.

EP

Exposed pad of the package. No internal electrical connections. Must be soldered to the large ground plane to
reduce thermal resistance.

M

Note: G = Ground, | = Input, O = Output, P = Power
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7 Specifications

7.1 Absolute Maximum Ratings

Over operating free-air temperature range (unless otherwise noted)() (2

MIN MAX UNIT
VIN, VINX, to AGND -0.3 95
VIN, VINX, to AGND 50-ns Transient 100
VIN to VINX -0.3 95
VIN to VINX 50-ns Transient 100
SW1, SW2 to PGND -5 95
SW1, SW2 to PGND (20-ns Transient) 100
SW1, SW2 to PGND (50-ns Transient) -16
HB1 to SW1, HB2 to SW2 -0.3 14
HO1 to SW1, HO2 to SW2 -0.3 HB + 0.3
HO1 to SW1, HO2 to SW2 (20-ns Transient) -1.5
Voltage LO1, LO2 to PGND 03 vcc+03| Y
LO1, LO2 to PGND (20-ns Transient) -1.5
BRKG, BRKS, to PGND -0.3 65
CSA1, CSB1, CSA2, CSB2 to PGND -5 65
CSA1 to CSB1, CSA2 to CSB2 -0.3 0.3
BRKG to BRKS -0.3 14
EN1, EN2, DIR, IOUT1, IOUT2, IPK, ISETA, ISETD, nFAULT, 0.3 7
OSC, OVPA, OVPB, SYNCIN, SYNCOUT, UVLO, to AGND
PGND to AGND -0.3 0.3
VCC to PGND, VCCA, DT, OPT, COMP1, COMP2, RAMP1, -0.3 14
RAMP2, SS, to AGND
T, Operating junction temperature -40 150 °C
Tstg Storage temperature -55 150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress
ratings only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under
Recommended Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device

reliability.

(2) For soldering specs, see www.ti.com/packaging.

7.2 ESD Ratings

VALUE UNIT
Human-body model (HBM), per AEC Q100-002(Y) +2000
- All pins +500
Vespy  Electrostatic discharge Charged-device model (CDM), P v
per AEC Q100-011 Corner pins (1, 12, 13, 24, 25, 36, 37, +750
and 48) -
(1) AEC Q100-002 indicates that HBM stressing shall be in accordance with the ANSI/ESDA/JEDEC JS-001 specification.
7.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)(")
MIN NOM MAX UNIT
Buck mode 85
VIN, HV-Port \Y
Boost mode 85
Buck mode 60
LV-Port \Y
Boost mode 3@ 60
Vvce External voltage applied to VCC 9 12 \%
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over operating free-air temperature range (unless otherwise noted)(")

MIN NOM MAX UNIT

T, Operating junction temperature(®) —40 150 °C
Fosc Oscillator frequency 50 500 kHz
Fex_cLk Synchronization to external clock frequency (minimal 50 kHz) 0.8 x Fosc 1.2 x Fosc kHz

toT Programmable dead time 15 200 ns
ISETD PWM frequency 1 1000 kHz

SYNCIN pulse width 100 500 ns

(1) Recommended Operating Conditions are conditions under which the device is intended to be functional. For specifications and test

conditions, see the Section 7.5.

(2)  Minimum input voltage in boost mode can be lower than 3 V after startup; but, is limited by the minimum off time.
(3) High junction temperatures degrade operating lifetime. Operating lifetime is de-rated for junction temperature greater than 125°C.

7.4 Thermal Information

LM5170-Q1
THERMAL METRIC(") PHP (TQFP) UNIT
48 PINS
Rgua Junction-to-ambient thermal resistance 29.8 °C/W
Rauctop) Junction-to-case (top) thermal resistance 14.3 °C/W
Rgys Junction-to-board thermal resistance 5.3 °C/W
Wyt Junction-to-top characterization parameter 0.2 °C/W
Wi Junction-to-board characterization parameter 5.4 °C/W
ReJyc(bot) Junction-to-case (bottom) thermal resistance 0.6 °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application

report.

7.5 Electrical Characteristics

FOSC =100 kHZ; VVCC =10 V; VVlN = VHV—Port =48V and VLV-Port =12 V, unless otherwise stated.“)

PARAMETER ‘ TEST CONDITIONS MIN®) TYP@) MAX@®) UNIT
VIN SUPPLY (VIN, VINX)
Ishutpown  VIN pin current in shutdown mode Vuvio =0V 10 MA
Istaney  VIN pin current, no switching \=/\6C$/> 9V, Vyvio > 2.5V, Vent = Ven 1 mA
VIN to VINX disconnect switch Vuvio<1VorVycc <75V 5 MQ
VIN to VINX disconnect switch Vuvio > 2.6V, Vycc > 9V 100 Q
VCC AND VCCA BIAS SUPPLIES
Veeuvio VCC undervoltage detection Vycc falling 7.6 8.3 \%
VeeHys VCC UVLO hysteresis Vycc rising 8.1 8.5 8.9 \%
lvee_sp VCC sink current in shutdown mode Vuvio=0V 20 pA
lvec s VCC sink current in standby: no switching Vuvio > 2.6 V, Ven1 = VEn2 =0V 10 mA
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Fosc = 100 kHz; Vyce = 10 V; Vyin = Viveport = 48 V and Vy.port = 12 V, unless otherwise stated.(")

PARAMETER TEST CONDITIONS MIN®) TYP®) MAX@®) ‘ UNIT
MASTER ON/OFF CONTROL (UVLO)
Vuvio TH UVLO release threshold UVLO voltage rising 2.4 2.5 2.6 \%
lhys UVLO hysteresis current \liVLO source current when Vyyio > 2.6 21 25 29 pA
Vsp UVLO shutdown threshold (IC shutdown) UVLO voltage falling 1 1.25 1.5 \%
UVLO shutdown release UVLO voltage rising above Vgp 0.15 0.25 0.35 \
tuvLo UVLO glitch filter time UVLO voltage falling 25 us
UVLO internal pulldown current 1 MA
CHANNEL ENABLE INPUTS EN1 AND EN2
Vi Enable input low state Disabled the driver outputs 1 \%
Viy Enable input high state Enable the driver outputs 2 \%
Internal pulldown impedance EN1, EN2 internal pulldown resistor 100 kQ
EN glitch filter time (the rising and falling edges) 2 us
DIRECTION COMMAND (DIR)
Command for current flowing from LV-Port to . .
Vpir HV-Port (boost mode 12 V/ to 48 V) Actively pulled low by external circuit 1 \%
Command for current flowing from HV-Port to . . _—
LV-Port (buck mode 48 V/ to 12 V) Actively pulled high by external circuit 2 \%
Standby (invalid DIR command) DIR neither active high nor active low 1.5 \%
DIR glitch filter Both rising and falling edges 10 us
ISET INPUT (ISETA, ISETD)
Gisera Regulated DC current sense voltage to ISETA Vesa - Vessl = 50 mV 197 20 20.3 MV
voltage
ISETA internal pulldown resistor 170 kQ
Giseto dcl:’t;":;z‘l'gn ratio of ISETA voltage to ISETD ISETD frequency = 10 kHz, Duty = 100% 30.63 31.25 31.88| mV/%
Viseto Lo ISETD PWM signal low-state voltage 1 \
VISETD _HiI ISETD PWM signal high-state voltage 2 \%
ISETD internal pulldown resistor 100 kQ
ISETD internal decoder filter resistor (tied to
ISETA pin) 100 kQ
OUTPUT CURRENT MONITOR (IOUT1, I0UT2)
I0UT1 and IOUT2 versus channel current sense
GIOUT_BK1 voltage, in buck mode |VCSA - VCSBl =50mV, Vpr>2V 4.9 5 5.1 HA/MV
IOUT1 and IOUT2 versus channel current sense
GiouT_gsT1 voltage, in boost mode [Vesa— Vesel =50 mV, Vpr <1V 4.9 5 5.1 pA/mvV
IOUT1 and IOUT2 versus channel current sense | |[Vcsa — Vesgl = 10 mV, Vpr>2V, T =
Giout_ske voltage, in buck mode 25°C 4.91 5.18 543| pAmv
IOUT1 and IOUT2 versus channel current sense | |[Vcsa — Vesgl = 10 mV, Vpr <1V, Ty =
Giout_esT2 voltage, in boost mode 25°C 4.47 a7 511 wAmv
IOUT1 and IOUT2 DC offset currents [Vesa— Vesgl = 0 mV 22 25 28 MA
CURRENT SENSE AMPLIFIER (BOTH CHANNELS)
Ges ek glzg(lamer output to current sense voltage in buck Vesa - Vessl = 50 mV, Vpr > 2 V 49.95 50 50.75 VIV
G Amplifier output to current sense voltage in Vesa - Vessl = 50 mV, Vpr < 1V 49.95 50 50.75 VN
CS_BST1 boost mode csA— Vessl = » VDIR . .
Ges sKa Amplifier output to current sense voltage in buck |V€5A —Vesgl =10 mV, Vpr>2V, T = 49 52 55 VN
— mode 25°C
Amplifier output to current sense voltage in [Vesa—Vesgl =10 mV, Vpr <1V, T, =
Ges BST2  poost mode 25°C 45 48 51 VIV
BWcs Amplifier bandwidth 10 MHz
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Fosc = 100 kHz; Vyce = 10 V; Vyin = Viveport = 48 V and Vy.port = 12 V, unless otherwise stated.(")

PARAMETER ‘ TEST CONDITIONS MIN®) TYP®) MAX@®) ‘ UNIT
TRANSCONDUCTION AMPLIFIER (COMP1, COMP2)
Gm Transconductance 1 mA/V
lcomp Output source current limit Viseta = 2.5V, [Vesa — Vesgl = 10 mV 2 mA
Output sink current limit Viseta = 0V, [Vcsa — Vesgl = 50 mV -2 mA
BWgm Amplifier bandwidth 4 MHz
PWM COMPARATOR
COMP to output delay 50 ns
COMP to PWM offset 1 \Y
ToFF(min) Minimum OFF time 150 200 250 ns
RAMP GENERATOR (RAMP1 AND RAMP2)
RAMP discharge device Rps(on) 15 Q
Threshold voltage for valid ramp signal 0.6 \%
PEAK CURRENT LIMIT (IPK)
IPK internal current source 24.375 25 25.625 MA
Current sense voltage versus cycle-by-cycle
IPKgyck limit threshold voltage given at IPK pin, in buck |Rjpk =40 kQ, Vpr>2V 35.8 46 58.9 mV/V
mode
Current sense voltage versus cycle-by-cycle
IPKgoost limit threshold voltage given at IPK pin, in boost |Rjpk =40 kQ, Vpr<1V 38.5 48 62.25 mV/V
mode
OVERVOLTAGE PROTECTION (OVPA, OVPB)
OVP threshold OVP voltage rising 1.15 1.185 1.22 \%
OVPuys OVP hysteresis (falling edge) 100 mV
OVPA and OVPB dlitch filter 5 us
Rovea Internal OVPA pullup resistor VINX to OVPA impedance 3 MQ
Rovps Internal OVPB pullup resistor SSE” to OVPB impedance, Vyyio > 2.6 1 MQ

OSCILLATOR (OSC)

Oscillator frequency 1 Rosc =40 kQ, SYNCIN open 90 100 110 kHz
Oscillator frequency 2 Rosc = 10 kQ, SYNCIN open 335 375 410 kHz
Vosc OSC pin DC voltage 1.25 \%
SYNCIN
VsyNIiH SYNCIN input threshold for high state 2 \%
VsyniLsyne  SYNCIN input threshold for low state 1 \
Internal pulldown impedance Vsyncin =2.5V 100 kQ
Delay to establish synchronization 0.8 x Fosc < Fsyncin < 1.2 x Fosc 200 us
SYNCOUT
VsyNoH SYNCOUT high state 25 \Y
VsynoL SYNCOUT low state 0.4 \Y
Sourcing current when SYNCOUT in high state |Vsyncout =2.5V 1 mA
SYNCOUT pulse width 240 300 370 ns
SYNCOUT phase delay configurations Vor>2V % Degree
Vopr <1V 120

Use circuit breaker function and fault

- OPEN
- . detection at start-up
Rsyncout  Circuit breaker signature KO
Do not use circuit breaker function or

disable fault detection at start-up

Copyright © 2021 Texas Instruments Incorporated Submit Document Feedback 9

Product Folder Links: LM5170-Q1


https://www.ti.com
https://www.ti.com/product/LM5170-Q1
https://www.ti.com/lit/pdf/SNVSAQ6
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSAQ6D&partnum=LM5170-Q1
https://www.ti.com/product/lm5170-q1?qgpn=lm5170-q1

13 TEXAS
INSTRUMENTS

www.ti.com

LM5170-Q1
SNVSAQ6D — NOVEMBER 2016 — REVISED AUGUST 2021

Fosc = 100 kHz; Vyce = 10 V; Vyin = Viveport = 48 V and Vy.port = 12 V, unless otherwise stated.(")

PARAMETER TEST CONDITIONS MIN®) TYP®) MAX@®) ‘ UNIT
BOOTSTRAP (HB1, HB2)
VuB.uv Bootstrap undervoltage threshold (Vg — Vsw) voltage rising 5.7 6.5 7.3 \%
Vug.uv-.Hys Hysteresis 0.5 \%
luB-Lk Bootstrap quiescent current Vg —Vsw =10V, Vyo - Vsw =0V 50 pA
HIGH-SIDE GATE DRIVERS (HO1, HO2)
VoLH HO low-state output voltage lho = 100 mA 0.1 \
VoHH HO high-state output voltage lyo =—100 mA, Voun = Vi — VHo 0.15 \%
HO rise time (10% to 90% pulse magnitude) C.p = 1000 pF 5 ns
HO fall time (90% to 10% pulse magnitude) C.p = 1000 pF 4 ns
loHH HO peak source current Vg —Vsw =10V 4 A
loLH HO peak sink current Vg —Vsw =10V 5 A
LOW-SIDE GATE DRIVERS (LO1, LO2)
VoL LO low-state output voltage ILo =100 mA 0.1 \
Von LO high-state output voltage ILo = =100 mA, VouL = Vvee — Vio 0.15 \%
LO rise time (10% to 90% pulse magnitude) C.p = 1000 pF 5 ns
LO fall time (90% to 10% pulse magnitude) C.p = 1000 pF 4 ns
loHL LO peak source current 4 A
loLL LO peak sink current 5 A
INTERLEAVE PHASE DELAY FROM CH-2 To CH-1 (OPT)
VopTL OPT input low state 1 \%
VopTH OPT input high state 2 \%
HO2 on-time rising edge versus HO1 on-time Vopt > 2V for 2, 4, 6, and 8 phases 175 180 185
rising edge, or LO2 on-time rising edge versus Degrees
LO1 on-time rising edge Vopt < 1V for 3 phases 235 240 245
Internal pulldown impedance 1 MQ
DEAD TIME (DT)
toT LO falling edge to HO rising edge delay Rpt = 7.5kQ 40 ns
toT HO falling edge to LO rising edge delay Rpt =7.5kQ 40 ns
Vp1 DC voltage level for programming 1.25 \%
Vor (Dsﬁo\ﬁ)léa_lgttaoﬂ\alrcagzg)tive dead time scheme only VCCA v
Vaoer HO-SW or LO-GND vqltage thrgshold to enable |Vycc>9 V (Vug — Vsw) > 8V, HO or LO 15 v
cross output for adaptive dead time scheme voltage falling
taDPT LO falling edge to HO rising edge delay Vot = Vvee 36 ns
tappT HO falling edge to LO rising edge delay Vot = Vvee 41 ns
SOFT START (SS)
Iss SS charging current source Vgs =0V 25 MA
Vss.oFes SS to PWM comparator offset i;s)u_t PWM comparator noninverting 1 \%
Rss SS discharge device Rpg(on) Vgs =2V 30 Q
Vss_Low SS discharge completion threshold Once it is discharged by internal logic 0.23 \%
DIODE EMULATION
Current zero cross threshold Current sense voltage 0 mV
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Fosc = 100 kHz; Vyce = 10 V; Vyin = Viveport = 48 V and Vy.port = 12 V, unless otherwise stated.(")

PARAMETER TEST CONDITIONS MIN®) TYP®) MAX@®) ‘ UNIT

CKT BREAKER CONTROL (BRKG, BRKS)
IsRKG Sourcing current S/FAULT =5V, Vun =24V, Verks = 12 275 330 375 pA
VBRK-CLP Voltage clamp nFAULT=5V, Vyy =48V, Vgrs = 12V 9 14 \Y
RBRK-SINK Sinking capability nFAULT =0V 20 Q
Veeapy iz;ﬁ;gﬁsfj;;?;ﬁ?: threshold to indicate Rising edge 6.5 85 v
lsrkaLeak  BRKG leakage current (‘/E’;‘EGL?VE F:I/('SV;"Q‘O‘ \y Brks =0V, 10| pA
FAULT ALARM (nFAULT)

In normal operation, no fault 4 5 \%

Internal pull-up impedance for normal operation 30 kQ

Lnetggta;dpull-down FET Rps(on) after fault 195 Q

External pull-down voltage threshold for IC

shutdown L v
teauLT External pul-ldown glitch filter 2 us
ty1 FAULT Delay time of nFAULT pull-down below 1V to 5 us

- (VerikG — VBRks) < 1.5V

ta2_FAuLT Start-up fault detection duration Vuvio > 2.6V, Vycc > 9V 3 ms
THERMAL SHUTDOWN
Tsp Thermal shutdown 175 °C
Tsp-HYs Thermal shutdown hysteresis 25 °C

(1) Al minimum and maximum limits are specified by correlating the electrical characteristics to process and temperature variations and

applying statistical process control.
(2) Typical values correspond to T; = 25°C.

(3)  Minimum and maximum limits apply over the —40°C to 125°C junction temperature range.
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7.6 Typical Characteristics

Vyin =48V, Vyec =10V, Vyyio = 3.3V, T, = 25°C, unless otherwise stated.
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Figure 7-3. VCCA Standby Current vs Temperature
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Figure 7-4. VCC UVLO Threshold vs Temperature
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8 Detailed Description
8.1 Overview

The LM5170-Q1 device is a high performance, dual-channel bidirectional current controller intended to manage
current transfer between a Higher Voltage Port (HV-Port) and a Lower Voltage Port (LV-Port) like the 48-V and
12-V ports of automotive dual battery systems. It integrates essential analog functions that enable the design of
high power converters with a minimal number of external components. It regulates DC current in the direction
designated by the DIR pin input signal. The current regulation level is programmed by the analog signal applied
at the ISETA pin or the digital PWM signal at the ISETD pin. Independent enable signals activate each channel
of the dual controller.

The dual-channel differential current sense amplifiers and dedicated channel current monitors achieve typical
accuracy of 1%. The robust 5-A half-bridge gate drivers are capable of controlling parallel MOSFET switches
delivering 500 W or more per channel. The diode emulation mode of the buck or boost synchronous
rectifiers enables discontinuous mode operation for improved efficiency under light load conditions, and it also
prevents negative current. Versatile protection features include the cycle-by-cycle peak current limit, overvoltage
protection of both 48-V and 12-V battery rails, detection and protection of MOSFET switch failures, and
overtemperature protection.

The LM5170-Q1 uses average current mode control which simplifies compensation by eliminating the right-half
plane zero in the boost operating mode and by maintaining a constant loop gain regardless of the operating
voltages and load level. The free-running oscillator is adjustable up to 500 kHz and can be synchronized to an
external clock within £20% of the free running oscillator frequency. Stackable multiphase parallel operation is
achieved by connecting two LM5170-Q1 controllers in parallel for 3- or 4-phase operation, or by synchronizing
multiple LM5170-Q1 controllers to external multiphase clocks for a higher number of phases. The UVLO pin
provides master ON/OFF control that disables the LM5170-Q1 in a low quiescent current shutdown state when
the pin is held low.

Definition of IC Operation Modes:

*  Shutdown Mode: When the UVLO pinis < 1.25V, or VCC < 8V, or nFAULT < 1.25V, the LM5170-Q1
is in the shutdown mode with all gate drivers in the low state, all internal logic reset, and the VINX pin
disconnected from the VIN pin. When UVLO < 1.25V, the IC draws < 20 pA through the VIN and VCC pins.

+ Initialization Mode: When the UVLO pinis > 1.5V but< 2.5V, and VCC > 8.5V, and nFAULT > 2V, the
LM5170-Q1 establishes proper internal logic states and prepares for circuit operation.

» Standby Mode: When the UVLO pinis > 2.5V, and VCC > 8.5V, and nFAULT > 2V, the LM5170-Q1
first performs fault detection for 2 to 3 ms, during which the external power MOSFETs are each checked for
drain-to-source short-circuit conditions. If a fault is detected, the LM5170-Q1 returns to the shutdown mode
and is latched in shutdown until reset through UVLO or VCC pins. If no failure is detected, the LM5170-Q1
is ready to operate. The circuit breaker MOSFETSs are turned on and the oscillator and ramp generators are
activated, but the four gate drive outputs remain off until the EN1 or EN2 initiate the power delivery mode.

* Power Delivery Mode: When the UVLO pin>2.5V, VCC > 8.5V, nFAULT >2 V,EN1 orEN2 > 2V, DIR is
valid (> 2V or <1YV), and ISETA > 0V, the SS capacitor is released and the LM5170-Q1 regulates the DC
current at the level set at the ISETA pin.
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8.2 Functional Block Diagram
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8.3 Feature Description
8.3.1 Bias Supply (VCC, VCCA)

The LM5170-Q1 requires an external bias supply of 9 V to 12 V at the VCC and VCCA pins to function. If an
external supply voltage is greater than 12 V, a 10-V LDO or switching regulator must be used to produce 10 V
for VCC and VCCA. Figure 8-1 shows typical connections of the bias supply. The VCC voltage is directly fed to
the low-side MOSFET drivers. A 1-yF to 2.2-yF ceramic capacitor must be placed between the VCC and PGND
pins to bypass the driver switching currents. The VCCA pin serves as the bias supply input for the internal logic
and analog circuits for which the ground reference is the AGND pin. VCCA should be connected to VCC through
a 25- to 50-Q external resistor. A 0.1-pF to 1-uF bypass capacitor must be placed between the VCCA and AGND
pins to filter out possible switching noise.

The internal VCC undervoltage (UV) detection circuit monitors the VCC voltage. When the VCC voltage falls
below 8 V on the falling edge, the LM5170-Q1 is held in the shutdown state. For normal operation, the VCC and
VCCA voltages must be greater than 8.5 V on a rising edge.

250
M

Ext
9~12 Vdc Ext >12 Vdc

Driver

T_t_[]vco i 1%¥rﬁj

- ——-

Cvcea
R Analog
— Circuit VSVC — LDO
c
S PGND | ° T T
v LM5170-Q1 =

Figure 8-1. VCC Bias Supply Connections

8.3.2 Undervoltage Lockout (UVLO) and Master Enable or Disable

The UVLO pin serves as the master enable or disable pin. To use the UVLO pin to program undervoltage lockout
control for the HV-port, LV-port, or VCC rail, see Section 8.5.2 for details.

There are two UVLO voltage thresholds. When the pin voltage is externally pulled below 1.25 V, the LM5170-Q1
is in shutdown mode, in which all gate drivers are in the OFF state, all internal logic resets, the VINX pin is
disconnected from VIN pin, and the IC draws less than 20 pA through the VIN, VCC and VCCA pins.

When the VCC voltage is above the 8.5 V and the UVLO pin voltage is pulled higher than 1.5 V but lower than
2.5V, the LM5170-Q1 is in the initialization mode in which the nFAULT pin is pulled up to approximately 5 V, but
the rest of the LM5170-Q1 remain off.

When the UVLO pin is pulled higher than 2.5 V, which is the UVLO release threshold and the master enable
threshold, the LM5170-Q1 starts the MOSFET failure detection in a period of 2 to 3 ms (see Section 8.3.16). If
no failure is detected, BRKG pin starts to source a 330-pA current to charge the gates of the breaker MOSFETs.

When the BRKG to BRKS voltage is above 8.5 V, the LM5170-Q1 enters standby mode. In standby mode, the
VINX pin is internally connected to the VIN pin through an internal cutoff switch (see Figure 8-2), and the internal
1-MQ OVPB pullup resistor is connected to the CSB1 pin through another internal cutoff switch (see Figure
8-18). The oscillator and the RAMP1 and RAMP2 generators start to operate, and the SYNCOUT pin starts to
send clock pulses at the oscillator frequency, and the LM5170-Q1 is ready to operate. The LO1, LO2, HO1, and
HO2 drivers remain off until the EN1, EN2, and DIR inputs command them to operate.

When a MOSFET gate-to-source short-circuit failure is detected, the LM5170-Q1 is latched off. The latch can
only be reset by pulling the VCC pin below 8 V, or by pulling the UVLO pin below 1.25 V. For details, see Section
8.3.16.

8.3.3 High Voltage Input (VIN, VINX)

Figure 8-2 shows the external and internal configuration for the VIN and VINX pins. Both are rated at 100 Vdc.
The VIN pin should be connected either directly to the voltage rail of the HV-Port, or through a small RC filter
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consisting of 10- to 20-Q resistor and 0.1-yF to 1-yF bypass capacitor. The internal 330-pA current source
supplying the BRKG pin is supplied by the VIN pin.

A cutoff switch connects and disconnects the VIN and VINX pins. When the UVLO pin voltage is greater than
2.5V, and when the VCC voltage is greater than 8.5 V, the switch is closed and the VINX and VIN pins are
connected.

The VINX pin serves as the supply pin for the RAMP generators (see Figure 8-2 and Section 8.3.9 for details).
It is also the high-side terminal of the internal 3-MegQ pullup resistor for the OVPA pin (see Section 8.3.17 for
details). Moreover, it serves as the HV-Port voltage sense for internal circuit use during operation.

HV-Port (48 V)
VIN

VINX

OVPA [ RAMP1

AGND l

1 [n 3
RAMP2
LM5170-Q1

Figure 8-2. VIN and VINX Pins Configuration

8.3.4 Current Sense Amplifier

Each channel of the LM5170-Q1 has an independent bidirectional, high accuracy, and high-speed differential
current sense amplifier. The differential current sense polarity is determined by the DIR command. The amplifier
gain is 50, such that a smaller current sense resistor can be used to reduce power dissipation. The amplified
current sense signal is used to perform the following functions:

» Applied to the inverting input of the error amplifier for current loop regulation.

* Used to reconstruct the channel current monitor signal at the IOUT1 and IOUT2 pins.

* Monitored by the cycle-by-cycle peak current limit comparator for instantaneous overcurrent protection.

» Sensed by the current zero cross detector to operate the synchronous rectifiers in diode emulation mode.

The current sense resistor Rcs should be selected for 50-mV current sense voltage when the channel DC
current reaches the rated level. The CS1A, CS1B, CS2A, and CS2B pins should be Kelvin connected for
accurate sensing.

It is very important that the current sense resistors are non-inductive. Otherwise the sensed current signals are
distorted even if the parasitic inductance is only a few nH. Such inductance may not affect the current regulation
during continuous conduction mode, but it does affect current zero cross detection, and hence the performance
of diode emulation mode under light load. As a consequence, the synchronous rectifier gate pulse is truncated
much earlier than the inductor current zero crossing, causing the body diode of the synchronous rectifier to
conduct unnecessarily for a longer time. See the Section 8.3.15 for details.

If the selected current sense resistor has parasitic inductance, see the Section 9.1 for methods to compensate
for this condition and achieve optimal performance.

8.3.5 Control Commands
8.3.5.1 Channel Enable Commands (EN1, EN2)

These pins are two state function pins. Always use CH-1 if only single-channel operation is required. Note that
CH-2 can only be enabled when CH-1 is also enabled.

1. When the EN1 pin voltage is pulled above 2 V (logic state of 1), the HO1 and LO1 outputs are enabled
through soft start.

18 Submit Document Feedback Copyright © 2021 Texas Instruments Incorporated

Product Folder Links: LM5170-Q1


https://www.ti.com/product/LM5170-Q1
https://www.ti.com/lit/pdf/SNVSAQ6
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSAQ6D&partnum=LM5170-Q1
https://www.ti.com/product/lm5170-q1?qgpn=lm5170-q1

13 TEXAS
INSTRUMENTS LM5170-Q1
www.ti.com SNVSAQ6D — NOVEMBER 2016 — REVISED AUGUST 2021

2. When the EN1 pin voltage is pulled below 1 V (logic state of 0), CH-1 controller is disabled and both HO1
and LO1 outputs are turned off.

3. Similar behaviors for EN2, HO2 and LO2 of CH-2, except that the EN2 pin does not affect the SS pin. Refer
to Section 8.3.10 for details.

4. When the EN1 and EN2 pins are left open, an internal 100-kQ pulldown resistor sets them to the low state.

5. The built-in 2-us glitch filters prevent errant operation due to the noise on the EN1 and EN2 signals.

8.3.5.2 Direction Command (DIR)

This pin is a triple function pin.

1. When the DIR pin is actively pulled above 2 V (logic state of 1), the LM5170-Q1 operates in buck mode, and
current flows from the HV-Port to the LV-Port.

2. When the DIR pin is actively pulled below 1 V (logic state of 0), the LM5170-Q1 operates in boost mode, and
current flows from the LV-Port to the HV-Port.

3. When the DIR pin is in the third state that is different from the above two, it is considered an invalid
command and the LM5170-Q1 remains in standby mode regardless of the EN1 and EN2 states. This
tri-state function prevents faulty operation when losing the DIR signal connection to the MCU.

4. When DIR changes state between 1 and 0 dynamically during operation, the transition causes the SS pin
to discharge first to below 0.23 V, then the SS pin pulldown is released and the LM5170-Q1 goes through a
new soft-start process to produce the current in the new direction. This eliminates surge current during the
direction change.

5. The built-in 10-ps glitch filter prevents errant operation by noise on the DIR signal.

8.3.5.3 Channel Current Setting Commands (ISETA or ISETD)

The LM5170-Q1 accepts the current setting command in the form of either an analog voltage or a PWM signal.
The analog voltage uses the ISETA pin, and the PWM signal uses the ISETD pin. There is an internal ISETD
decoder that converts the PWM duty ratio at the ISETD pin to an analog voltage at the ISETA pin. Owing to
possible ground noise impact, Tl recommends users to remove EN1 signal to achieve no load (0 A).

Figure 8-3 and Figure 8-4 show the pin configurations for current programming with an analog voltage or a PWM
signal. The channel DC current is expressed in terms of resulted differential current sense voltage V¢s 4c. When
ISETA is used, the ISETD pin can be left open or connected to AGND. When ISETD is used, place a ceramic
capacitor Cisgta between the ISETA pin and AGND. Cisgta and the internal 100-kQ at the output of the ISETD
decoder forms a low-pass RC filter to attenuate the ripple voltage on ISETA. However, the RC filter delays the
ISETD dynamic change to be reflected on ISETA. To limit the delay not to exceed Tgelay |sETD, the time constant
of the RC filter should satisfy Equation 1.

Tdela ISETD
100 kQxC < AR

ISETA 4 1)
Therefore, the maximum C;seta should be determined by Equation 2:

c Tdelay_ISETD
'SETA ™7 4x100 kQ @)

On the other hand, the time constant of the RC filter should be big enough for effective filtering. To attenuate the
ripple by 40 dB, the RC filter corner frequency should be at least two decade below F\gg1p, that is, Equation 3

1
<0.01xFRgetp
27'C><100 kQXC|SETA (3)

Therefore the minimum ISETD signal frequency should be determined by Equation 4:

FiseTo 2 1kQ1 Crera 2 T400
X XVISETA X ldelay ISETD (4)
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For instance, if ISETA is required to settle down to the steady-state in 1 ms following an ISETD duty ratio step
change, namely Tdelay_ISETD < 1 ms, the user should select CISETA < 2.5 nF, and FISETD > 64 kHz. If Tdelay_ISETD
< 0.1 ms, then Ciggta < 250 pF, and Fisgtp> 640 kHz. Note that the feedback loop property causes additional

delay for the actual current to settle to the new regulation level.

A
Current Level LM5170-Q1 60.0
Command o 1] SRR y
ISETA E |
o 1
ISETD (‘/’; §
AGND (&) H
im! > E
l ° 0 25 3.0 >

ISETA (V)

Figure 8-3. Pin Configurations for Current Setting Using an Analog Voltage Signal

A
Current Level LM5170-Q1 62.5
Command S 50.0 bocomoo oo .
ISETD £ :
(&)
FISETD=1~1000 kHz T
ISETA 8
>
CISETA AGND |
100 pF~100 nF 0 !
0% 80% 100%
ISETD Duty (%)

Figure 8-4. Pin Configurations for Current Setting Using a PWM Signal

The ISETA pin is directly connected to the noninverting input of the error amplifier. By ISETA programming, the
channel DC current is determined by Equation 5:

Vos ge = 0.02x VigeTa (5)

Or by Equation 6:

V,
|_channel_dc = —S5-9¢%
Rcs .
Or by Equation 7:
.02xV,
|_channel_dc = 0.02x Viseta
Rcs .
where

* Recs is the channel current sensing resistor value.

When using ISETD, the produced V|seta by the internal decoder is equal to the product of the effective duty
ratio of the ISETD PWM signal (Disgtp) and the 3.125-V internal reference voltage. The channel current is

determined by Equation 8:

IMiseTa =3.125 V xDigerp ®)
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Or by Equation 9:

Or by Equation 10:

|_channel_dc =
Rcs (10)

8.3.6 Channel Current Monitor (IOUT1, IOUT2)

The LM5170-Q1 monitors the real time inductor current in each channel at the IOUT1 and IOUT2 pins. The
channel current is converted to a small current source scaled by the factors seen in Equation 11 and Equation
12:

IOUT1= 8L o5 A
200 Q (1)

IoUT2 = Jes2_ o5 A
200 Q (12)

where

* V¢g1and Vs are the real time current sense voltage of CH-1 and CH-2, respectively
» the 25 pAis a DC offset current superimposed on to the IOUT signals (refer to Figure 8-5).

The DC offset current is introduced to raise the no-load signal above the possible ground noise floor. Because
the monitor signal is in the form of current, an accurate reading can be obtained across a termination resistor
even if the resistor is located far from the LM5170-Q1 but close to the MCU, thus rejecting potential ground
differences between the LM5170-Q1 and the MCU. Figure 8-6 shows a typical channel current monitor through a
9.09-KQ termination resistor and a 10-nF to 100-nF ceramic capacitor in parallel. The RC network converts the
current monitor signal into a DC voltage proportional to the channel DC current. For example, when the current
sense voltage DC component is 50 mVdc, namely Ves ¢ = 50 mV, the termination RC network will produce a
DC voltage of 2.5 V. Note that the maximum IOUT pin voltage is internally clamped to approximately 4 V.

275

IOUT (uA)

% 50 >
V_CS (mV)
Figure 8-5. Channel Monitor Current Source vs Current Sense Voltage

To MCU

IM5170-Q1 E{O”'tor

9.09 k 10~100 nF

V' MCU Local
Impedance GND

Figure 8-6. Channel Current Monitor
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8.3.7 Cycle-by-Cycle Peak Current Limit (IPK)

The internal 25-pA current source and a single external resistor Rjpk establishes a voltage at the IPK pin to
program the cycle-by-cycle current limit threshold. To set the inductor peak current limit value to Ipk, Rjpk should
satisfy Equation 13:

RCSXIPK
IPK = "7 17 A
1.1uA (13)

Ipk should be greater than the inductor peak current at full load, and lower than the inductor’s rated saturation
current lgat.

Note that when the IPK pin voltage is greater than 4.5 V, either owing to a very large R,pk value or the pin being
open or some other reason, an internal monitor circuit will shut down the switching, preventing the LM5170-Q1
from operating with erroneous peak current limit threshold.

8.3.8 Error Amplifier

Each channel of the LM5170-Q1 has an independent gm error amplifier. The output of the error amplifier is
connected to the COMP pin, allowing the loop compensation network to be applied between the COMP pins and
AGND.

The LM5170-Q1 control loop is the inner current loop of the bidirectional converter system, of which the outer
voltage loop can either be controlled by an MCU, a DSP, an FPGA, and so forth, or by an analog circuit.
Because the LM5170-Q1 employs the averaged current mode control scheme, the inner loop is basically a first
order system. As seen in Figure 8-7, a Type-Il compensation network consisting of Rcomp, Ccomp, and Cyg is
adequate to stabilize the LM5170-Q1 inner current loop. Refer to Section 9.1 for details of the compensation
network selection criteria.

8.3.9 Ramp Generator

Refer to Figure 8-7 for the circuit block diagram of the ramp generator, gm error amplifier, PWM comparator, and
soft-start control circuit. The VINX pin serves as the supply pin for the ramp generator. Each ramp generator
consists of an external RC circuit (Rgramp and Cramp) and an internal pulldown switch controlled by the clock
signal.
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HV-Port (48 V)

T VIN
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% Rewer RAMP1
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/ —— CLK1
l CRAMP1
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COMP1 1| \' PWM To Driver Logic
° o |
L] ! *
Rcompi % 25 pA
Gm AMP
Curt —— SS $ From Current
] . —
Coowpi =— i : o Sense Amp
Css —— :l L + ISET
AGND
[l
L COMP2
% To CH2 PWM
RAMP2
(] .
|—— CLK2

Crampz
l LM5170-Q1

Figure 8-7. Error Amplifier, Ramp Generator, Soft Start, and PWM Comparator

When the LM5170-Q1 is enabled, Cramp1/2 is charged by the VINX pin through Rramp1/2 at the beginning of
each switching cycle. The internal pulldown FET discharges Cramp1/2 at the end of the cycle within a 200-ns
internal, then the pulldown is released, and Cramp1/2 repeats the charging and discharging cycles. In general the
RAMP RC time constant is much greater than the period of a switching cycle. Therefore, the RAMP pin voltages
are sawtooth signals with a slope proportional to the HV-Port voltage. In this way the RAMP signals convey the
line voltage info. Being directly used by the PWM comparators to determine the instantaneous switching duty
cycles, the RAMP signals fulfill the line voltage feedforward function and enable the LM5170-Q1 to have a fast
response to line transients.

Note

Tl recommends users to select appropriate Rgamp and Cramp values by the following equation such
that the RAMP pins reach the peak value of approximately 5 V each cycle when VIN is at 48 V.

9.6

Rravp =——~——
Fow % Cramp (14)

For instance, if Fg, = 100 kHz, and Crampt1 = Cramp2 = 1 nF, a resistor of approximately 96 kQ should be
selected for Rramp1 and Rrampa-
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Because Crampi/2 must be fully discharged every cycle through the 15-Q channel resistor of the pulldown FET
within the 150-ns minimum discharging interval, Cramp1/2 should be limited to be less than 2.5 nF nominal at
room temperature.

There is also a valid RAMP signal detection circuit for each channel to prevent the channel from errantly running
into the maximum duty cycle if RAMP goes away. It detects the peak voltage of the RAMP signal. If the peak
voltage is less than 0.6 V in consecutive cycles, it is considered an invalid RAMP and the channel will stop
switching by turning both HO and LO off until the RAMP signal recovers. This 0.6-V voltage threshold defines the
minimum operating voltage of the HV-Port to be approximately 5.76 V.

8.3.10 Soft Start

The soft-start feature helps the converter to gradually reach the steady-state operating point, thus reducing
start-up stresses and surge currents. With the LM5170-Q1, there are two ways to implement the soft start.

8.3.10.1 Soft-Start Control by the SS Pin

Place a ceramic capacitor Cgg between the SS pin and AGND to program the soft-start time. When the EN1
voltage is < 1V, an internal pulldown switch holds the SS pin at AGND. When the EN1 pin voltage is > 2V, the
SS pulldown is released, and Cgg is charged up slowly by the internal 25-pA current source, as shown in Figure
8-7. The slow ramping SS voltage clamps the COMP1 and COMP2 pins through two separate clamp circuits.
Once the SS voltage exceeds the 1-V offset voltage, the PWM duty cycle starts to increase gradually from zero.

When EN1 is pulled below 1 V, Cgg is discharged by the internal pulldown FET. Once this pulldown FET is
turned on, it remains on until the SS voltage falls below 0.23 V, which is the threshold voltage indicating the
completion of SS discharge.

Note that the EN2 pin does not affect the SS pin. When EN1 and EN2 are enabled together, the CH-2 output will
follow CH-1 by going through the same soft-start process. If EN2 is enabled at a later time and CH-1 has already
completed soft start, CH-2 will not be affected by the SS pin. This allows the CH-2 current to ramp up quickly
to supply the increased load current. However, when SS is pulled low, both CH-1 and CH-2 are affected at the
same time.

8.3.10.2 Soft Start by MCU Through the ISET Pin

The MCU can control the soft start by gradually ramping up the ISETA voltage, or the ISETD PWM duty ratio,
whichever is applicable. When ISETA or ISETD is used to control the soft start, Cgg should be properly selected
to a value such that it does not interfere with the ISETA/D soft start.

8.3.10.3 The SS Pin as the Restart Timer
The SS pin also fulfills the function of a restart timer in an OVP event or following a DIR command change:

(1) Restart Timer in OVP: When OVPA or OVPB catches an overvoltage event (refer to Section 8.3.17), Cgsg
is discharged immediately by the internal pulldown FET, and this FET remains ON as long as the overvoltage
condition persists. When the overvoltage condition is removed and after the SS voltage is discharged to below
0.23 V, the SS pulldown is released, setting off a new soft-start cycle. The circuit may run in retry or hiccup mode
if the overvoltage condition reappears. The retry frequency is determined by the SS capacitor as well as the
nature of the overvoltage condition.

(2) Restart Timer: When DIR dynamically flips its state from 0 to 1, or 1 to 0 during operation, Cgg is first
discharged to 0.23 V by the internal pulldown FET, then the pulldown is released to set off a new soft-start
cycle to gradually build up the channel current in the new direction. In this way, the channel current overshoot is
eliminated.

8.3.11 Gate Drive Outputs, Dead Time Programming and Adaptive Dead Time (HO1, HO2, LO1, LO2, DT)

Each channel of the LM5170-Q1 has a robust 5-A (peak) half bridge driver to drive external N-channel power
MOSFETs. As shown in Figure 8-8, the low-side drive is directly powered by VCC, and the high-side driver
by the bootstrap capacitor Cgr. During the on-time of the low-side driver, the SW pin is pulled down to PGND
and CgT is charged by VCC through the boot diode Dgt. Tl recommends selecting a 0.1-yF or larger ceramic
capacitor for Cgt, and an ultra-fast diode of 1 A and 100-V ratings for Dgy. Tl also strongly recommends users
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to add a 2-Q to 5-Q resistor (Rgt) in series with Dgt to limit the surge charging current and improve the noise
immunity of the high-side driver.

vCC |

External _’j_

Driver

10-V Supply i
Internal Driver ™
Logic
Circuit
LM5170-Q1

Figure 8-8. Bootstrap Circuit for High-Side Bias Supply

During start-up in buck mode, Cgr may not be charged initially; the LM5170-Q1 then holds off the high-side
driver outputs (HO1 and HO2) and sends LO pulses of 200-ns width in consecutive cycles to pre-charge Cgr.
When the boot voltage is greater than the 6.5-V boot UV threshold, the high-side drivers output PWM signals at
the HO1 and HO2 pins for normal switching action.

During start-up in boost mode, Cgrt is naturally charged by the normal turnon of the low side MOSFET, therefore
there is no such 200-ns pre-charge pulse at the LO pins.

To prevent shoot-through between the high-side and low-side power MOSFETs on the same half bridge leg, two
types of dead time schemes can be chosen with the DT pin: the programmable dead time or built-in adaptive
dead time.

To program the dead time, place a resistor Rpt across the DT and AGND pins as shown in Figure 8-9.

The dead time tpT as depicted in Figure 8-10 is determined by Equation 15:

ns
thbr =Rpr x4—+16 ns
DT DT ™Mo (15)

Note that this equation is valid for programming tpt between 20 ns and 250 ns. When the power MOSFET is
connected to the gate drive, its gate input capacitance C,sg becomes a load of the gate drive output, and the HO
and LO slew rate are reduced, leading to a reduced effective tpt between the high- and low-side MOSFETSs. The
user should evaluate the effective tpt to make sure it is adequate to prevent shoot-through between the high-

and low-side MOSFETSs.

When the DT programmability is not used, simply connect the DT pin to VCC as shown in Figure 8-11, to
activate the built-in adaptive dead time. The adaptive dead time is implemented by real time monitoring of a
driver’s output (either HO or LO) by the other driver (LO or HO) of the same half bridge switch leg, as shown in
Figure 8-11 and Figure 8-12. Only when a driver’s output voltage falls below 1.25 V does the other driver starts
turnon. The effectiveness of adaptive dead time is greatly reduced if a series gate resistor is used, or if the PCB
traces of the gate drive have excessive impedance due to poor layout design.
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Figure 8-9. Dead Time Programming With DT Pin (Only One Channel is Shown)
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Figure 8-10. Gate Drive Dead Time (Only One Channel is Shown)

HV-Port (48V)
RBT1/2 DBT1/2 |:}
vee NN Bt
LM5170-Q1 l HB1/2 | |
| = Cerir2
DLY ] HO1/2 | T
Logic Driver| o
, - SW1/2
L
LA(@@ ngicJ
Level Hevel Shift
FROM Shift T VGG |
PWM oy | H | Lo1/2 |..<}
Logic Driver[etit L
o
AGNDi T DT T PGND

v

Figure 8-11. Dead Time Programming With DT Pin (Only One Channel is Shown)
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Figure 8-12. Adaptive Dead Time (Only One Channel is Shown)

8.3.12 PWM Comparator

Each channel of the LM5170-Q1 has a pulse width modulator (PWM) employing a high-speed comparator. It
compares the RAMP pin signal and the COMP pin signal to produce the PWM duty cycle. Note that the COMP
signal passes through a 1-V DC offset before it is applied to the PWM comparator, as shown in Figure 8-7.
Owing to this DC offset, the duty cycle can reduce to zero when the COMP pin or SS pin is pulled lower than
1 V. The maximum duty cycle is limited by the 200-ns minimum off-time. Note that the programmed dead time
may reduce the maximum duty cycle because it is additional to the minimum off-time. Therefore, the available
maximum duty cycle, for both buck and boost mode operation, is determined by Equation 16.

DMAX :1—(200 nS+tD-|-)><FSW (16)

where
* tpris the dead time given by (15) or the adaptive dead time, whichever applicable.

This maximum duty cycle limits the minimum voltage step-down ratio in buck mode operation, and the maximum
step-up ratio in boost mode operation.

Note that the maximum COMP voltage is clamped at approximately 1.5 V higher than the RAMP peak voltage.
This prevents the COMP voltage from moving too far above the RAMP voltage which could cause longer
recovery time during a large scale upward step load response.

8.3.13 Oscillator (OSC)

The LM5170-Q1 oscillator frequency is set by the external resistor Rosc connected between the OSC pin and
AGND, as shown in Figure 8-13. The OSC pin must never be left open whether or not an external clock is
present. To set a desired oscillator frequency Fosc, Rosc is approximately determined by Equation 17:

40 kQQx100 kHz
Fosc (17)

Rosc =

Rosc must be placed as close as possible to the OSC and AGND pins. Take the tolerance of the external
resistor and the frequency tolerance indicated in Section 7.5 into account when determining the worst case
operating frequency.

The LM5170-Q1 also includes a Phase-Locked Loop (PLL) circuit to manage multiphase interleaving phase
angle as well as the synchronization to the external clock applied at the SYNCIN pin. When no external clock is
present, the converter operates at the oscillator frequency given by Equation 17. If an external clock signal of a
frequency within £ 20% of Fgyy is applied (see Section 8.3.14), the converter will switch at the frequency of the
external clock Fgx cLk, hamely Equation 18:

Fosc (in Standalone)
Fsw =

Fex oLk (in Synchronization) "

Two internal clock signals CLK1 and CLK2 are produced to control the interleaving operation of CH-1 and CH-2,
respectively. The third clock signal is output at the SYNCOUT pin. All these three clock signals run at the same
frequency of Fsy. The phase angles among these three clock signals are controlled by the state of the OPT pin.
See Section 8.4.1 for details.
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Figure 8-13. Oscillator and Interleaving Clock Programming

8.3.14 Synchronization to an External Clock (SYNCIN, SYNCOUT)

The LM5170-Q1 can synchronize to an external clock if Fgx cik is within £20% of Fogc. The SYNCIN clock
pulse width should be in the range of 100 ns to 500 ns, with a high voltage level > 2 V and low voltage level < 1
V.

Fex cLk can be adjusted dynamically. However the LM5170-Q1 PLL takes approximately 500 ps to settle down
to the newly asserted frequency. During the PLL transient, the instantaneous Fgy may temporarily drop by 25%.
To avoid overstress during the transient, TI recommends the user to reduce the load current to less than 50%
by lowering the ISETA voltage or ISETD duty, or to simply turn off the dual-channels by setting EN1 = EN2 = 0
when making an the external clock change.

8.3.15 Diode Emulation

The LM5170-Q1 has a built-in diode emulation function. Each channel has a real time current zero crossing
detector to monitor instantaneous Vcs. When Vs is detected to cross zero, the LM5170-Q1 turns off the gate
drive of the synchronous rectifier to prevent negative current. In this way, the negative current is prevented and
the light load efficiency is improved. Figure 8-14 shows key waveforms of a typical operation transiting into the
diode emulation mode.

CLK [

| |
s UL T
|| ] i

Sync FET
Turn-ON

INIEIRI

Diogle Emulgtion

Inductor
Current

Figure 8-14. Diode Emulation Operation

To obtain optimal diode emulation performance, it requires the Vg signal to be accurate in real time. Any signal
distortion caused by parasitic inductances in the current sense resistor or sensing traces may lead to erroneous
zero crossing detection and cause non-optimal diode emulation operation, and the sync FET may be turned off
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while the current is still high in the positive direction. See Section 9.1 for coping with current sense parasitic
inductances for optimal diode emulation operation.

8.3.16 Power MOSFET Failure Detection and Failure Protection (hFAULT, BRKG, BRKS)

The LM5170-Q1 includes a circuit to detect a MOSFET switch short-circuit failure during start-up. If a MOSFET
drain and source are found shorted, the LM5170-Q1 pulls down the nFAULT pin to flag the fault, and the
controller remains in an OFF state. This feature prevents the LM5170-Q1 from starting with a short-circuit-failed
MOSFET, thereby preventing catastrophic failures.

The LM5170-Q1 also integrates a control circuit to control the circuit breaker. As shown in Figure 8-15, the circuit
breaker consists of a pair of back-to-back MOSFETs. When the breaker is off, the current path between the
HV-Port and LV-Port is cut-off so as to prevent possible catastrophic failures.

Note

The failure detection function must be deactivated if the circuit breaker is not present, or if the circuit
breaker FETs are not controlled by the LM5170-Q1.

8.3.16.1 Failure Detection Selection at the SYNCOUT Pin

Depending on application preference, the failure detection function can be activated or deactivated by the
SYNCOUT pin. During start-up, the LM5170-Q1 first detects the external resistor attached to the SYNCOUT pin.
To enable the failure detection function, do not place resistor between the SYNCOUT and AGND pins (refer to
Figure 8-15 or Figure 8-16).

To disable the failure detection function, place a 10-kQ resistor between the SYNCOUT and AGND pins, as
shown in Figure 8-17, and the LM5170-Q1 skips the 2- to 3-ms interval of MOSFET failure detection. Instead, it
will activate the standby mode in approximately 300 us after VCC is above 8.5 V and UVLO is greater than 2.5
V. If the circuit breaker is not present or not controlled by the LM5170-Q1, do not leave the BRKG and BRKS
pins floating, but terminate the BRKG and BRKS pins with 20-kQ resistors as shown in Figure 8-17.

8.3.16.2 Nominal Circuit Breaker Function

If the failure detection function is enabled, which also implies the circuit breaker being controlled by the LM5170-
Q1, the LM5170-Q1 will perform a MOSFET failure detection during start-up. The detection starts after the
UVLO is pulled higher than 2.5 V and VCC above 8.5 V. The detection operation lasts for 2 to 3 ms. During
the detection, the LM5170-Q1 checks the high-side and low-side MOSFETs of both channels as well as the
circuit breaker MOSFETSs to see if any of them has drain-to-source shorted. If no failure is detected, a 330-pyA
current source at the BRKG pin is turned on to charge up the breaker MOSFET gates. When the BRKG to BRKS
voltage rises above 8.5 V, the LM5170-Q1 enters standby mode, waiting for the EN1 and EN2 commands to
operate in power delivery mode. The voltage across BRKG and BRKS is internally clamped to 12 V, preventing
overvoltage stress on the breaker MOSFET gates.

If a failure of any MOSFET is detected, the LM5170-Q1 immediately pulls the nFAULT pin low, and keeps the
LM5170-Q1 in a latched shutdown mode, thereby preventing catastrophic failure.

The nFAULT pin can also be externally pulled low during normal operation and the LM5170-Q1 immediately
turns off the circuit breaker and stays in a latched shutdown. There is a 2-uys glitch filter at the nFAULT pin to
prevent errant shutdown by possible noises at the nFAULT pin.

To release the nNFAULT shutdown latch, it requires the UVLO pin to be externally forced below 1.25V, or VCC is
below 8 V.

Figure 8-15 and Figure 8-16 show two ways to use the circuit breaker function. A TVS is recommended to
prevent surge voltage when the circuit breaker is turned off during operation.

The BRKG 330-pA current source is powered by the VIN pin, or the HV-Port. Therefore, the differential voltage
between the HV-Port and LV-Port should be greater than 10 V to ensure that BRKG to BRKS voltage can
establish > 8.5 V and allow the LM5170-Q1 to enter power delivery mode. The BRKG to BRKS voltage is
internally clamped to 12 V if the differential voltage of the two ports is greater.
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The load dump transient at the LV-Port may raise the rail voltage and reduce the differential voltage of the two
ports to below 10 V. To maintain the circuit breaker to be closed during the transient, TI recommends adding a
1-nF to 10-nF capacitor across BRKG and BRKS to hold the gate voltage during the transient.

Note that the BRKG 330-pA current source will always be turned on once the LM5170 starts up. If the
failure detection mode is deactivated, the LM5170-Q1 will also skip checking the BRKG to BRKS votlage
condition. Therefore, the circuit breaker can still be controlled by the LM5170-Q1 even if the failure detection
is deactivated. If the steady-state differential voltage between the HV-Port and LV-Port is less than 10 V during
power up, Tl does not recommend the user to activate the failure detection function. Also, if the differential
voltage is less than 8 V, TI recommends not to use the circuit breaker function of the LM5170-Q1 at all.

HV-Port LV-Port

[ i;i Lm Res | TEH Ilii ]
VIN HO SW LO CSA CSB  BRKGBRKS
SYNCOUT ToMcU
¢ nFAULT [¢—»_ '
System
OPEN Monitor
< LM5170-Q1

Figure 8-15. Controlling Dual-Channel Circuit Breaker for MOSFET Failure Protection

HV-Port [ LV-Port
o
] gV A Z S
1¥] Lm M 1¥] r
To SYNCIN of
the Next VIN HO sw LO CSA CSB —
LM5170-Q1 - -
4 SYNCOUT BRKG -
T —~
BRKS
OPEN To MCU or
s S
- nFAULT L - ystem
Q7 LM5170-Q1 T p System

Figure 8-16. Controlling System Level Circuit Breaker for MOSFET Failure Protection

HV-Port LV-Port
|_4,_|i . /‘YYY\_,_\/\/\/\
L- Lm Rcs ﬂ
20 k 20 k
VIN HO SwW LO CSA CSB BRKG BRKS
SYNCOUT From MCU
NFAULT |4— or System
10k Monitor
LM5170-Q1

Figure 8-17. Circuit Breaker Function Disabled
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8.3.17 Overvoltage Protection (OVPA, OVPB)

As shown in Figure 8-18 and Figure 8-19, the LM5170-Q1 includes the overvoltage protection function for both
HV-Port and LV-Port. Use the OVPA pin for the HV-Port protection, and the OVPB pin for the LV-Port protection.
It should be pointed out that the OVPB protection function is disabled during the boost operation mode, while the
OVPA function is always enabled in both buck or boost operation modes.

8.3.17.1 HV-V- Port OVP (OVPA)

A dedicated comparator monitors the HV-Port voltage through a resistor divider. The divider consists of an
internal 3-MegQ pullup resistor between the VINX and OVPA pins, and an external pulldown resistor between
the OVPA pin and AGND. When the OVPA pin voltage exceeds the 1.185-V threshold, both HOs and LOs are
turned off. At the same time Cgg is discharged, preparing for the restart through soft start when the OV alarm is
removed. See Section 8.3.10 for details.

8.3.17.2 LV-Port OVP (OVPB)

A dedicated comparator monitors the LV-Port voltage through a resistor divider. The divider consists of the
internal 1-MegQ pullup resistor between the CSB1 and OVPB pins, and an external pulldown resistor between
the OVPB pin and AGND. When the OVPB pin voltage exceeds the 1.185-V threshold, both HOs and LOs are
turned off. At the same time the SS capacitor is discharged, preparing to restart through soft start when the OV
alarm is removed. See Section 8.3.10 for details.

Note the hysteresis voltage of both OVPA and OVPB comparators is approximately 100 mV. There are 5-pus
built-in glitch filters for both OVPA and OVPB comparators. In addition, a small capacitor can be considered to
place from the OVP pins to AGND. All these will help prevent errant operation by possible noises on the OVPA
and OVPB signals.

HV-Port (48 V) LV-Port (12 V)

e——————p Converter Stage Py T
CSA1 I ,lCSB1

VIN

Current
To Ramp VINX Sense
Generator
HV Sense, o o OvPA OVPB LV Sense,
ToMcU 1 ---2-% 7o MCU
Covea™3™ SRovea Rovee =37 Covps
! |
< ] AGND <
r-|SS
SYNCOUT c
<-- 1 l ss
10k LM5170-Q1

Figure 8-18. Overvoltage Protection: When Circuit Breaker Function is Not Used
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Figure 8-19. Overvoltage Protection: When Circuit Breaker Function is Used
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8.4 Device Functional Modes

8.4.1 Multiphase Configurations (SYNCOUT, OPT)

There are various options to make multiphase configurations.

8.4.1.1 Multiphase in Star Configuration

Each LM5170 synchronizes to an external clock, and the clock signals should have appropriate phase delays
among them for proper multiphase interleaving operation. The interleave angle between the two phases of each
LM5170-Q1 can be programmed to 180° or 240° by the OPT pin.Table 8-1 summarizes the settings of the
external clocks and the OPT pin state for multiphase configurations.

Table 8-1. Multiphase Configurations With Individual External Clock

PHASE SHIFT
Numper | BETHEEN EXTERNAL | opT LoGIC CH-2 PHASE Ng:‘"ggﬁ%';'l'_'{'z;?' NUMBER OF EXTERNAL
OF PHASES|  SrOCKS FOR STATE( LAGGING VS CH-1 ONTROH CLOCKS NEEDED
INTERLEAVING
2 180° 1 180° 1 Tor0
3 120° 0 240° 2 2
4 90° 1 180° 2 2
6 60° or 120° 1 180° 3 3
8 45° 1 180° 4 4
2xN (180° / N) 1 180° N N

(1)

OPT State = 0 when the pin connects to AGND

, and 1 when the pin voltage is > 2.5 V.

b4

MCU

EN1
SYNCIN
SYNCOUT
U1

EN2 ycca

OPT

0osc
AGND

!

DIR
ISETD

EN1  EN2 ycca
SYNCIN

SYNCOUT  OPT

DIR 0SsC
ISETD AGND

!

Figure 8-20. Example of Six Phase Star Configuration
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8.4.1.2 Configuration of 2, 3, or 4 Phases in Master-Slave Daisy-Chain Configurations

This can be used to achieve 1, 2, 3, or 4 phases without using an external clock. Table 8-2 summarizes the
OPT settings for the daisy-chain multiphase configurations. Figure 8-21 shows the daisy-chain connections for
multiphase configurations.

Table 8-2. Multiphase Configurations With Built-In Daisy-Chain Master-Slave Configuration

NUMBER OPT LOGIC STATE() CH-2 PHASE SYNCOUT PHASE Ngrggﬁ%%t’rg;? NUMBER OF EXTERNAL
OF PHASES LAGGING VS CH-1 |LAGGING VS CH-1 NEEDED CLOCKS NEEDED
1 180° 90° 1 Oor1
0 240° 120° 2 Oor1
1 180° 90° 2 Oor1
(1) OPT State = 0 when the pin connects to AGND, and 1 when the pin voltage is > 2.5 V.
A 4 A 4

MCU

EN1 EN2 ycca

EN1 EN2 vccA

SYNCIN

SYNCIN OPT OPT

osc

SYNCOUT
AGND

;I;uz

Figure 8-21. Three or Four Phases Interchangeable Configuration

SYNCOUT  OSC

OPT="1" 90 Degree Phase Delay
OPT="0" 120 Degree Phase Delay

8.4.1.3 Configuration of 6 or 8 Phases in Master-Slave Daisy-Chain Configurations

To configure 6 or 8 phases, it requires two daisy chains shown in Figure 8-22 through Figure 8-25. Note that two
phase-shifted external clock signals are required for proper interleaving operation. When external clock signals
are not available, the 6-phase can be configured in 120° interleaving, and 8-phase in 90° interleaving by daisy
chain (refer to Figure 8-23 and Figure 8-25), in which two phases of the system are synchronized in phase.
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EN1 EN2 ycca EN1 EN2 vcca

0 Deg

SYNCIN OPT

SYNCIN

OPT

SYNCOUT
AGND

luz

SYNCOUT 0osc

AGND

o

120 Degree Phase Delay

osc

MCU

Channel Phase Angle
U1-CH1 0 deg
U3-CH2 60 (420) deg
U2-CH1 120 deg
U3-CH1 180 deg

U1-CH2 240 deg
U2-CH2 300 deg

[1SYNCOUT  0SC ]
AGND

lus

Figure 8-22. Six Phases 60° Interleaving Configuration

EN1

EN2 vcea EN1 EN2 vcca

0 Deg

SYNCIN OPT SYNCIN OPT

SYNCOUT
AGND

luz

SYNCOUT  OSC 0osc

AGND

lm

120 Degree Phase Delay

MCU

Channel Phase Angle
EN1 EN2 U1-CH1 0 deg
VCCA U2-CH1 120 deg
U3-CHA1 240 deg

SYNCIN OPT

U1-CH2 240 deg
U2-CH2 0 deg
U3-CH2 120 deg

SYNCOUT OSC
AGND

lu3

Figure 8-23. Six Phases 120° Interleaving Configuration

240 Degree Phase Delay
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MCU

EN1  EN2 ycca

0 Deg

SYNCIN OPT

0OSC

SYNCOUT
AGND

SYNCIN

SYNCOUT

EN1  EN2 ycca

OPT

0OSC

AGND

lm

90 Degree Phase Delay

luz

EN1  EN2 yooa

SYNCIN

OPT

SYNCOUT
AGND

0OsC

EN1EN2 ycca
SYNCIN OPT

SYNCOUT 0OSC
AGND

lus

135 Degree Phase Delay

!

Figure 8-24. Eight Phases 45° Interleaving Configuration
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EN1  EN2 ycca

OPT

SYNCIN

SYNCOUT  OSC

AGND

I

90 Degree Phase Delay

MCU

EN1

SYNC

SYNCOUT

EN2 vcea

IN

OPT

0OSC
AGND

u2

!

EN1  EN2 ygca

SYNCIN OPT

SYNCOUT
AGND

lus

270 Degree Phase Delay

0OSC

180 Degree Phase Delay

EN1EN2 yccA

SYNCIN

OPT

SYNCOUT OSC

AGND

lu4

Figure 8-25. Eight Phases 90° Interleaving Configuration

8.4.2 Multiphase Total Current Monitoring

To minimize the number to signal lines, multichannel monitors can be combined into a total current monitor.
Figure 8-26 shows an example of total current monitor of a three phase system in which the unused fourth phase

monitor (U2-I0UT2) is grounded.

LM5170-Q1

u2
{7 3-Phase
IAGND Total Current
Monitor
LM5170-Q1
|OUT1
No Load: 0.23 V
Max Load: 2.48 V
. IoUT2 ( C _
’ RN
1 3.01 kQ 10~100 nF
TAGND
Ground MCU Local
Impedance GND

Figure 8-26. 3-Phase Total Current Monitor
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8.5 Programming
8.5.1 Dynamic Dead Time Adjustment

In addition to a fixed dead time programming by Rpr, the dead time can be dynamically adjusted either by
applying an analog voltage or a PWM signal as shown in Figure 8-27. Varying the analog voltage or the duty
ratio of the PWM signal will adjust the DT programming. For analog adjustment, a single stage RC filter is
recommended to filter out any possible noise. For PWM adjustment, a two-stage RC filter is recommended to
minimize the ripple voltage resulted on the DT pin.

Rapyz Ray1 LM5170-Q1
10k 10K

DT Adjust by
Analog Voltage

Vapy
CADJ1
0.1 uF
Time l

(a) Adjustment by Analog Voltage

1DT

AGND

DT Adjust by RaoJs 4F?9ABJT< ?80&1 LM5170-Q1

PWM 4.99 k

1DT
Vhi-

VLo..J_I_I_L Capuz Chout

> € D, 0.1uF - 0.1uF
FADJ=10"’100 kHz l l

(b) Dynamic Dead Time Adjustment

AGND

Figure 8-27. Dynamic Dead Time Adjustment

When an analog voltage is applied, the resulted dead time is determined by Equation 19:

tDT(VADJ):[ L L - _08<Vany
Ror  Rapyt +Raipz  Raput +Rapye

-1
J ><4E+16 ns
Q (19)

where
* Vapy is the analog voltage used to adjust the dead time

When a PWM signal is applied, the resulted dead time is determined by Equation 20:

1, 1 ~ 0.8%[ (Vi = Vio) *Papy + Vio |
Ror  Rapyt +Raspz +Rasps Rapu1 +Rapuz +Rapus

-1

ns
thr (D = 4—+16 ns
ot(Dapy) [ } x kQ

(20)

where

* Vy and Vo are the high and low voltage levels of the PWM signal, respectively,
* Dapy is the duty factor of the PWM signal.

8.5.2 Optional UVLO Programming

The UVLO pin is the LM5170-Q1’s master enable pin. It can be directly controlled by an external control unit like
an MCU.
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Nevertheless, the UVLO pin can also fulfill the undervoltage lockout function of a particular power rail. The rail
can be either the HV-Port, or the LV-Port, or VCC. Use a resistor divider to set the UVLO threshold, as shown in
Figure 8-28. The divider should satisfy Equation 21:

Ruvioz xVyyLo =2.5 V
Ruvio1 +Ruvioz (21)

The UVLO hysteresis is accomplished with an internal 25-yA current source. When UVLO > 2.5V, the current
source is activated to instantly raise the voltage at the UVLO pin. When the UVLO pin voltage falls below
the 2.5-V threshold the current source is turned off, causing the voltage at the UVLO pin to fall. The UVLO
hysteresis is determined by Equation 22:

Vivs =Ruvior x25 pA (22)

An optional ceramic capacitor Cyy o can be placed in parallel with Ryy oo to improve the noise immunity. Cyy o
is usually between 1 nF to 10 nF. A large Cy o may cause excessive delay to respond to a real UVLO event.

If Equation 22 does not provide adequate hysteresis voltage, the user can add Ryy o3 as shown in Figure 8-29.
The hysteresis voltage is thus given by Equation 23:

Ruviot
Vhys = {RUVLO1 +RyviLos * (1 =yl 25 pA
UVLOZ (23)
HV-Port,
or LV-Port,
or VCC

| 2SEA

MASTER i
ENABLE T » ! Rt S
0 i+ ENABLE
o - 25 v/“_>
Coie i AGND| .
UVLO _i,. Ruvmzi ?] _}—}RESET
........... 15

LM5170-Q1

Figure 8-28. UVLO Programming

HV-Port,
or LV-Port,
or VCC

RUVLO1 g

| 2SEA

5w} e Lo [
—W\— _f/_i_pENABLE
poomeeeee - 2.5 Vi
Cuwo =i RUVLozi AGND }—}RESET
(I 15Vl

Figure 8-29. UVLO With Additional Hysteresis Programming
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9 Application and Implementation

Note

Information in the following applications sections is not part of the Tl component specification,
and Tl does not warrant its accuracy or completeness. TI's customers are responsible for
determining suitability of components for their purposes, as well as validating and testing their design
implementation to confirm system functionality.

9.1 Application Information

The LM5170-Q1 is suitable for the bidirectional DC-DC converters for the automotive 48-V and 12-V dual battery
systems, and battery backup systems. It can also create stackable, high power, unidirectional buck or boost
converters with balanced power sharing among multiphases.

9.1.1 Typical Key Waveforms

The following describes the typical power up sequence of the LM5170-Q1 bidirectional converter in a 48-V to
12-V dual battery system.
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9.1.1.1 Typical Power-Up Sequence
Figure 9-1 shows key waveforms of power-up sequence.
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Figure 9-1. Typical Turnon Sequence Key Waveforms

9.1.1.2 One to Eight Phase Programming

Figure 9-2 and Table 9-1 show a typical logic control signals and external clock requirements to run an eight
phase system
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Table 9-1. Multiphase Programming
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Figure 9-2. Eight Phase Configuration

9.1.2 Inner Current Loop Small Signal Models

The following describes the inner current loop that is controlled by the LM5170-Q1. The outer voltage loop
should be managed by the MCU, or by an external analog circuit. The interface signals between the inner
current loop and outer voltage loop are basically the DIR and ISET signals, of which the DIR signal controls the
current direction, and the ISET signal carries the error information of the outer voltage loop.
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9.1.2.1 Small Signal Model

Figure 9-3 shows the current loop block diagram. The power plant transfer function from the error voltage (Vea)
to the channel inductor current (i, ,,) is determined by the following, regardless the current flow direction.

HV-Port hn
VYY) LV-Port
1971 - "
V48 V12
DIR — -t/ 50X
Vea -
PY Gm
ISETA
COMP X _|
e
Ramp | o |
— | Generator c comp
inamp RAMP : HF | Type |l Compensator
Y, C
KFFV43/I/\/| | coP |
_T____ | .
Figure 9-3. Control Loop Block Diagram
H(S) = —Lm = 1 1
Vea KFFX(RCS+RS) S x I-m 1
RCS + RS

(24)
where

* Ly, is the power inductor,

* Rcs the current sense resistor,

* Rgthe equivalent total resistance along the current path excluding Rcs,

*  Kgg the ramp generator coefficient. When the RAMP signal is generated per Equation 14 , Keg = 0.104.

9.1.2.2 Inner Current Loop Compensation

Equation 24 indicates that the power plant is basically a first-order system. A Type-Il compensator as shown in
Figure 9-3 is adequate to stabilize the loop for both buck and boost mode operations.

Assuming the output impedance of the gm amplifier is Rgy, the gain from the inductor to the output of gm
amplifier is determined by Equation 25:

G(S) :Yﬁ = SOXRCS XGmX[RGM 1] ZCOMP(S)]
im (25)
where

» the coefficient 50 is the current sense amplifier gain;
* Gm is the transconductance of the gm error amplifier, which is 1 mA/V;
*  Zcowmp(s) is the equivalent impedance of the compensation network seen at the COMP pin (see Equation 26)
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1 1+sxR xC
ZCOMP(S) — c c « COMP COMP
HF + Ccomp Chr x Ccomp
sx|1+sxRgoup X ==
Cur +Ccomp (26)
Usually Cyg is << Ccomp- Thus Equation 26 can be simplified to Equation 27:
ZCOMP(S) _ 1 y 1+sx RCOMP X CCOMP
Ccomp 8% (1+8xRcomp % Chr) 7)

Because Rgy is > 5 MegQ, and the frequency range for loop compensation is usually above a few kHz, the
effects of RGM on the loop gain in the interested frequency range becomes negligible. Therefore, substituting
Equation 28 into Equation 25, and neglecting Rg)y, one can get the following:

G(S) :& _ SOXRCS xGm y 1+SXRCOMP XCCOMP
Lm Ccowmp s x (1+8xRgomp * Cpr) (28)

The total open-loop gain of the inner current loop is the product of H(s) and G(s):

GlOtal (S) = H(S) x G(S) (29)
Or:
1 SOXRCS x Gm 1+SXRCOMP XCCOMP
Giotal(S) = K x L X
rFrX(Rcs +Rs)*Ccoomp g, 'm 1 Sx(1+8xRgomp xCpE)
Rcs +Rs (30)

The poles and zeros of the total loop transfer function are determined by:

for =0 (31)
)= (Res +Rs)
P 21 x Lm (32)
’
2nxReomp % Che (33)
3 1
* 2nxRgomp xCoomp (34)

To tailor the total inner current loop gain to cross over at fco, select the components of the compensation
network according to the following guidelines, then fine tune the network for optimal loop performance.

1. The zero f, is placed at the power stage pole fp,

2. The pole fy3 is placed at approximately two decade higher then fco,

3. The total open-loop gain is set to unity at fco, namely,

|H(2i><TEXfco)XG(2iXTC><fco)|:1 (35)

Therefore, the compensation components can be derived from the above equations, as shown in Equation 36.
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1 Kee

- 2 x 1 x g % Ly + (Rgg + R
50 x Rog x GM x H(2i x 7 x foo)| 50 x Rog » Gm 12 ® % foo  Lm + (Rgs + Rs)

Reomp =

L
Rcs + Rs) x Roomp

m

Ccomp = (

... — Ccowp
H 100

(36)
9.1.3 Compensating for the Non-ldeal Current Sense Resistor

Tl strongly recommends employing a non-inductive resistor for Rcs. Even a few nH of inductance will cause the
current sense signal to be remarkably distorted, as shown in Figure 9-4. The adversary consequences include
reduced peak current limit than actually programmed and false current zero-crossing detection well above 0 A.
The former may reduce the available maximum current to be delivered; and the latter will terminate the sync FET
gate early and the body diode is used to conduct the remaining current, thereby reducing the efficiency as well
as the accuracies of the channel DC current regulation and IOUT monitors under light load.

When the current sense resistor has some parasitic inductance, it is necessary to compensate the effects of
inductance with an RC circuit, as shown in Figure 9-5. The user should place a 1-Q resistor in each of the
current sense signal path, and the selection of Ccg should satisfy Equation 37, assuming the inductance of the
current sense resistor is L¢sg:

2 Qx RCS (37)

For instance, if Rcg =1 mQ, Lcs = 1 nH, the required compensation capacitor Ccg should be approximately 0.5
uF.

Note that selecting Ccg greater than the value given by Equation 37 would over compensate the inductance and
consequently defer the current zero crossing detection point to a negative current. Excessively larger capacitor
should not be used to prevent malfunction of the controller.
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Figure 9-4. Effects of Parasitic Inductance on the Current Sense Signal and Zero Crossing Detection
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Figure 9-5. Compensation Network to Compensate the Current Sense Resistor’s Parasitic Inductance
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9.1.4 Outer Voltage Loop Control

The LM5170-Q1 serves as a current regulator that regulates the DC component of the power inductor current
to the value programmed at the ISETA pin. To regulate the output voltage, an outer voltage loop should be
employed. The outer voltage loop can be implemented with an analog circuit (see Figure 9-6) or a digital circuit
like an MCU (see Figure 9-7). The error voltage signal of the output voltage loop is the ISET command for
the inner current loop.Tl advises that the outer voltage loop crossover frequency should be one decade below
that of the inner current loop crossover frequency fco. Refer to the LM5170-Q1 Design Calculator for the loop
compensation guidance.

HV-Port(48 V) LV-Port (12 V)
] —y YN AV H

—— FFRamp

Generator
2 LM5170-Q1

> ISET Z
jw W4 -

DIR REF + + REF
48 V Error Amp 12V Error Amp DIR
EN = EN
BST SS = =

= BKSS

Figure 9-6. Analog Outer Voltage Loop Control

HV-Port (48 V) LV-Port (12 V)
Y YY)
L 19T (]

L—] FFRamp

Generator
2 LM5170-Q1 %

DIR

I T Yy I 1
- ADC -
— Vout Set —»é—» PID
" Microcontroller
Figure 9-7. Digital Outer Voltage Loop Control
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9.2 Typical Application
9.2.1 60-A, Dual-Phase, 48-V to 12-V Bidirectional Converter
A typical application example is a 60-A, dual-phase bidirectional converter as shown in Figure 9-8. The HV-Port

voltage range is 32 V to 70 V and the LV-Port 0 V to 23 V. Each phase is able to deliver 30-Adc current through
the inductor.
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Figure 9-8. Schematic of the Example Dual-Phase Bidirectional Converter

9.2.1.1 Design Requirements

Table 9-2 lists the design parameters for this example.
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Table 9-2. Design Parameters
PARAMETER EXAMPLE VALUE NOTE
VLv_min 6V LV-Port minimum operating voltage
VLV reg 14V LV-Port nominal voltage
VLV max 23V LV-Port maximum operating voltage
VHv_min 32V HV-Port minimum operating voltage
VHV reg 50V HV-Port nominal operating voltage
VHV_max 70V HV-Port maximum operating voltage
Fsw 100 kHz Switching frequency
Imax 30A Maximum channel DC current, bidirectional
lotal 60 A Total bidirectional DC at the LV-Port

9.2.1.2 Detailed Design Procedure
9.2.1.2.1 Determining the Duty Cycle

Obviously, the duty cycles are determined by Equation 38 through Equation 41:

D _VLV_reg_14V_02
BK _min — - -V
e VHV max Vv (38)
V,
De oy = —vre 14V _ 5 438
- Vivmin 32V (39)
D _ Viv_reg — VLV_max _50vV-23V 054
BST_min — = =V
VHVfreg 50V (40)
V, -V, ; _
DBST_max _ VHV_reg LV_min _ 50V-6V 088

VHVfreg 50V (41)

9.2.1.2.2 Oscillator Programming

To operate the converter at the desired switching frequency Fgsy, select the Rposc by satisfying Equation 17,
namely,

o = A0KQX100KHZ _
100 kHz 42)

Choose the closest standard resistor, that is, Rogc =40.2 kQ.
9.2.1.2.3 Power Inductor, RMS and Peak Currents

The inductor current has a triangle waveform, as shown in Figure 9-4. Tl recommends selecting an inductor such
that its peak-to-peak ripple current is less than 80% of the channel inductor full load DC current. Therefore, the
inductor should satisfy Equation 43:

V, x(1-D ; _
Ly o Ve (1-Dak_min) _ 14 Vx(1-0.2) 467
80 /o><|max>< FSW 0.8x30 Ax100 kHz (43)

Select L, = 4.7 yH.

Then, the actual inductor peak to peak inductor current is determined by Equation 44:
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VLV reg X(1-Dgi_min) 14 Vx(1-0.2) _2383 A

| _
Lo % Fow 4.7 tHx100 kHz (44)

pk-pk =

The peak inductor current is determined by Equation 45:

ok —pk 23.83

boak =lnax + £ 5 =30 A+ === 41.9 A

(45)
Select an inductor that has a saturation current Iy at least 20% greater than lpeak to ensure full power with
adequate margin. In this example, Tl recommends selecting an inductor of Ig, > 49 A.

The power inductor’s full load Root Mean Square (RMS) current Iy rvs determines its conduction losses. The
RMS current is given by Equation 46:

1
| =2 +—xB ., =30.8A
Lm_RMS \/max 12 x pk—pk (46)

9.2.1.2.4 Current Sense (R¢s)

To achieve the highest regulation accuracy over wider load range, the user should target to create 50-mV of Vg
at full current. Therefore, Rcg should be selected as Equation 47:

50 mV :50 mV ~1.667 MO
I ax 30 A (47)

RCS <

Ideally, a 1.5-mQ current sense resistor should be chosen for this example. However, owing to availability, a
standard non-inductive 1-mQ current sense resistor is selected, namely,

Because R¢g conducts the same current as the power inductor, its power dissipation is also determined by
ILm_RMs-

If the selected Rgs has parasitic inductance (assuming it is 1 nH), it should be compensated, and the
compensation capacitor Ccg should satisfy Equation 37.

L
CCS = CS = 1 nH = 05 l,lF
2QxRgg 2Qx1mQ (49)

Select the closest standard capacitor, Ccg = 0.47 pF.

For optimal performance, it is good practice to add a 100-pF ceramic capacitor at each current sense pin to filter
out common-mode noise, as shown in Figure 9-9.
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Figure 9-9. Current Sense With Compensation to Cancel the Effects of Parasitic Inductances

9.2.1.2.5 Current Setting Limits (ISETA or ISETD)

Tl recommends setting a hard limit of the maximum current programming signal such that the converter cannot
be over driven by an errant current programming signal. Assume the converter is allowed up to 10% overloading
current. Refer to Equation 7, the analog current setting signal ISETA should be limited by the following voltage
level:

110%x1... xR 110%x 30 A x1 mQ
Y/ < max” " CS _ =165V
ISETA_max 0.02 0.02 (50)

Refer to Equation 10, the PWM current setting signal ISETD should be limited by the following duty cycle:

110% x| R 9
DISETD s O/Xmaxx cs :110/o><30 A><1mQ:52_8%
- 0.0625 V 0.0625 V (51)
9.2.1.2.6 Peak Current Limit
One purpose of the peak current limit is to protect the power inductor from saturation. Select Rjpk such that the
peak current limit threshold is 5~10% greater than I,¢,¢. According to Equation 13, one gets:

Rcg x105% x| o
K = CS peak :1mQX105AX419A:40 kO
11 A 11 A (52)

Select Rjpk = 40.2 kQ, which results in a nominal inductor peak current limit of 44.2 A per channel.
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9.2.1.2.7 Power MOSFETS

The power MOSFETs must be chosen with a Vpg rating capable of withstanding the maximum HV-port voltage
plus transient spikes (ringing). In this example, the maximum HV-rail voltage is 70 V. Selecting the 80 V rated
MOSFETs will allow 10-V transient spikes.

When the voltage rating is determined, select the MOSFETs by making tradeoffs between the MOSFET Ryson)
and total gate charge Qg to balance the conduction and switching losses. For high power applications, parallel
MOSFETs to share total power and reduce the dissipation on any individual MOSFET, hence relieving the
thermal stress. The conduction losses in each MOSFET is determined by Equation 53.

1 8 X RdS(ON)

2
|:)Q_cond = x IQ_RMS

(83)

where

* N is the number of MOSFETSs in parallel
* 1.8 is the approximate temperature coefficient of the Rds(ON) at 125 °C
* and the total RMS switch current lq rus is approximately determined by Equation 54

ICLRMS ~ \/Dmax X ay = \/Dmax X Imax (54)

where
*  Dmax is the maximum duty cycle, either in the buck mode or boost mode.

The switching transient rise and fall times are approximately determined by:

N x Og
Alige ® ———
4 A (55)
N x Qg
Algy = A
(56)

And the switching losses of each of the paralleled MOSFETs are approximately determined by:

Ipeak

x Wiy % (Atyige + Atgg) x Fgy

1 5 1
F)C)_sw = 5 x Coss * Vi xFow + > x rise

(87)

where
* Cyss is the MOSFET’s output capacitance.

The power MOSFET usually requires a gate-to-source resistor of 10 kQ to 100 kQ to mitigate the effects of
a failed gate drive. When using parallel MOSFETs, a good practice is to use 1- to 2-Q gate resistor for each
MOSFET, as shown in Figure 9-10.
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HV-Port ® p To Inductor

LM5170-Q1

Figure 9-10. Paralleled MOSFET Configuration

If the dead time is not optimal, the body diode of the power synchronous rectifier MOSFET will cause losses
in reverse recovery. Assuming the reverse recovery charge of the power MOSFET is Q,, the reverse recovery
losses are thus determined by Equation 58:

PQ_rr =Qy x VHV_max x Fau (58)

To reduce the reverse recovery losses, an optional Schottky diode can be placed in parallel with the power
MOSFETs. The diode should have the same voltage rating as the MOSFET, and it must be placed directly
across the MOSFETs drain and source. The peak repetitive forward current rating should be greater than Ieax,
and the continuous forward current rating should be greater than the following Equation 59:

ISD_avg = Ipeak xtpr xFew (59)

9.2.1.2.8 Bias Supply

The LM5170-Q1 requires an external 10- to 12-V VCC bias supply to operate. If not available in the system, the
user can generate it from the LV-port using a buck-boost or SEPIC converter, or from the HV-port using a buck
converter. Refer to the Texas Instruments LM25118-Q1 and LM5118-Q1 to implement a buck-boost converter, or
LM5001-Q1 to implement a SEPIC converter, or the LM5160-Q1 and LM5161-Q1 to implement a buck converter.

The total load current of the bias supply is mainly determined by the total MOSFET gate charge Qg. Assume the
system employs multiple LM5170-Q1s to implement M number of phases, and each phase uses N number of
MOSFETs in parallel as one switch. There are 2x N MOSFETs per phase to drive. Then the total current to drive
these MOSFETSs through VCC bias supply is determined by Equation 60.

|VCC:2><M><N><Q9><FSW+M><5 mA (60)

where
* 5 mAis the worst case maximum current used by the control logic circuit of each phase.

In an example of a four-phase system employing two parallelled MOSFETs for one switch, where M = 4, N =
2, Qg = 100 nC, and Fg,, = 100 KHz, the bias supply should be able to support at least the following total load
current:

lyoe 22x4x2x100 NCx100 kHz +4 x5 mA =180 mA (61)

In an example of an eight-phase system employing the same parallel MOSFETs for one switch, the bias supply
should be able to support the following total load current:
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lvce sph =2x8x2x100 nCx100 kHz +8x5 mA =360 mA (62)
The VCC AC bypass ceramic capacitor Cycc = 1 to approximately 2.2 pF, rated at least 16 V, must be placed

close to the VCC and PGND pins. Similarly, a ceramic capacitor Cycca = 1 WF, rated at least 16 V, must be
placed close to the VCCA and AGND pins. Place a 24-Q resistor between VCC and VCCA pins.

9.2.1.2.9 Boot Strap

Select a ceramic capacitor Cpgq1 = Chygo = 0.1 to approximately 0.22 pF, placed close to the HB and SW pins.
The fast switching diode of the forward current rated at 1-A and reverse voltage not lower than Vpy max should
be selected as the boot strap diode, through which the boot capacitor Cpgq or Cugy is charged by VCC. To
reduce the noise caused by the fast charging current, a 2-Q to 5-Q current limiting resistor must be placed in
series with each boot diode.

9.2.1.2.10 RAMP Generators

According to Equation 14, the ramp generator should be selected such that a peak voltage of 5 V is produced
each cycle when the HV-port voltage is 48 V.

Select Cramp1 = Cramp2 = 1 nF. Therefore,

Rramp = 96 = 9-6 =96 kQ
FSW X CRAMP 100 kHz x1 nF (63)
Choose the closest standard resistor value, namely:
Rramp1 = Rramp2 = 95.3 kQ.

For optimal performance, Cramp1 @nd Cramp2 should be ceramic capacitors with tolerance not greater than 10%.
Capacitors of the 5% or 1% COG and NPO types are preferred.

9.2.1.2.11 OVP

As shown in Figure 8-18 and Figure 8-19, the HV-Port and LV-Port overvoltage protection thresholds can be
programmed by Roypa and Roypg, respectively. These resistor values are determined by Equation 64 and
Equation 65.

Roves = ——182V 3000 ko =—-188 Y 3500 k2 = 51.66 kQ

Vv max —1-185 V 70 V_1.185V &
Rovee = — 180V q000 k= — 189V 4000 ko =54.3 ko

Viv max —1.185 V 23V _1.185V 5

Select the closest standard resistor values. In this example, Roypa = 51.1 kQ, and Roypg = 54.9 kQ.
9.2.1.2.12 Dead Time
To use the built-in adaptive dead time, the DT pin must be connected to VCCA pin.

To program the dead time, follow Equation 15 to select the resistor Rpt. To dynamically adjust the dead time with
an external analog voltage signal, follow Equation 19. To dynamically adjust the dead time with an external PWM
signal, follow Equation 20.

In the example circuit, the nominal dead time is selected to be 55 ns. According to Equation 15, the
programming resistor should be:

ns
thbr =Rpr x4—+16 ns
DT DT ™Mo (66)
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tpr —16 ns | kQ 55ns-16 ns 4 k_Q:9.75 KO

R =
DT 4 ns 4 ns (67)

Select the standard value, Rpt = 10 kQ.
9.2.1.2.13 IOUT Monitors

Tl recommends making the following selections:
Riout1 = Riout2 = 9.09 kQ (68)
Ciout1 = Ciout2 = 0.01 pF (69)
Then the monitors' delay is determined by the following time constant:

TouT = R|OUT1 X CC|OUT1 =9.09 kQx0.01 MF =90.9 us (70)

At full load, the DC component of the monitor voltage is determined by:

l...xR 30 Ax1mQ
Viout1 = Viourz = (%Jr 25 HAJX Riout1 = (WJF 25 MAJX 9.09 kQ=1.591V

(71)

Because the inductor ripple current is 23.8 A, according to Equation 11, the IOUT peak to peak ripple current is:

I R
pk—pk % cs=23.8Ax1mQ=119HA
200 Q 200 & (72)

AIOUT1 =

The RC filter corner frequency is thus given by:

Four = 1 _ 1 —~1.75 kHz
6'28XR|OUT XCIOUT 6.28x9.09 kQx10 nF (73)

The resulting peak-to-peak monitor ripple voltage is approximately determined by:

Fow 100kHz

—|09{ ] ~log
AViour = AIOUTIxRgyr x10 00T/ =119 1A x9.09 kQ x 10 (1-75“*2) =19 mV (74)

Which is approximately 1.1% peak-to-peak ripple on top of the full load DC monitor voltage. Increasing Cioyt

value will further attenuate the ripple voltage, but also cause longer monitor delays.
9.2.1.2.14 UVLO Pin Usage

The example circuit uses the UVLO pin as the master enable pin of the LM5170-Q1. However, the UVLO pin can

also fulfill the function of undervoltage lockout, either the 48-V rail UVLO, or 12-V rail UVLO, or VCC UVLO.

Assume the user implements the 48-V rail UVLO, and the low-side resistor Ryy o2 = 10 kQ, the 48 V UVLO
release threshold Vyy o = 24 V, and UVLO hysteresis is Vys =2.4 V. Referring to Figure 8-29 and Equation 21,

one can find that Ryy_o1 is given by:

V -25V 24V -25V
R - WO =~ * 'R =———— x10kQ =86 kQ
UVLO1 55V UVLO2 55V 75)
The final selection should select the closest standard resistor of Ryy o1 = 86.6 kQ.
And Ryy 03 should satisfy Equation 23, namely,
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Vhvs _ UVLOT 24V _g6.6ka
25 pA 25 pA
Ruvios = = =0.973 kQ

Select the closest standard resistor, Ry o1 = 976 Q.

If the user chooses to add the capacitor Cyy o = 1 nF, it leads to a delay time constant of 10 ps to filter possible
noise at the at the UVLO pin.

9.2.1.2.15 VIN Pin Configuration

The VIN pin must always be connected to the HV voltage rail. It is good practice to add a small RC filter to
improve the VIN noise immunity, as shown in Figure 9-11. Usually the filter resistor selection is 10 to 20 Q, and
the bypass capacitor is 0.1 yF to 1.0 pF.

HV-Port
RVIN
10Q
1VIN
CVIN
0.1~1.0 uF 1AGND
LM5170-Q1

Figure 9-11. VIN Pin Configuration

9.2.1.2.16 Loop Compensation

Assuming the total resistance along the current path including the external power cables, PCB current tracks,
and battery internal impedances is 50 mQ, according to Equation 36, the compensation network for the inner
current loop is determined by:

K . 0.104 .
Rcomp = m x [2i x 7 x fgo x Ly + (Res + RS)}_SO e T Ay 12X T x10kHz x 4.7 uH + 51 mQ) = 0623 kO
Ccomp = L = 4.7 pH =147 nF
(Res + Rs) x Rcowp (50 mMQ + 1 mQ) x 0.623 kQ
Gy = COOMP _ 1 47 nF
100
(77)
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Selecting the closest standard values for the compensation network, namely,
Rcomp1 = Rcompz = 634 Q

Ccomp1 = Ccompz = 150 nF

Chr1 = Chr2=1nF

These initial component selections produce a total loop phase margin of 90°, which is larger than necessary.
Fine tune the loop compensation by reselecting Ccomp1 = Ccomp2 = 15 nF, then the phase margin is 45° for an
optimal dynamic performance.

Figure 9-12 shows the Bode Plots of the power plant, the compensation gain, and the resulting total open loop.

60

Power Plant

40 )
Compensation

— Total Loop

20

Gain (dB)

-20

100 1x10° x10* 1x10° 1x10°

180
150p e
120
S DA A 971 e £ L (-

60\ /’x

30

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

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

Phase (deg)

100 1x10° 1x10* 1x10° 1x10°

Frequency (Hz)
Figure 9-12. Bode Plots of the Example Converter

9.2.1.2.17 Soft Start

Soft start can be programmed with a ceramic capacitor Cgg. Note that Cgg also determines the retry frequency
when the converter is an under overvoltage condition (OVPA or OVPB). Because the soft start completes when
the SS pin voltage reaches approximately 5 V, the capacitor Cgg can be chosen by Equation 78 to limit the full
load start-up time within ATgg = 2 ms:
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c _25HA><AT88_25MA><2mS_ 10 nF
SS 5V 5V (78)

Select the closest standard ceramic capacitor, that is, Cgs = 10 nF.
9.2.1.2.18 ISET Pins

To control the current setting by an analog voltage, ground the ISETD pin. To control the current setting by a
PWM signal, there are two options to choose.

The first option is to use the built-in ISETD-to-ISETA decoder as shown in Figure 8-4. The PWM duty cycle to
ISETA voltage conversion ratio satisfies Equation 8. The selection of Cisgta and Fisgtp should be constrained
by Equation 1 and Equation 4. The advantages of this option include convenience and current control accuracy.
The drawback is the delay it may cause.

Another option is to use an external two-stage RC filter to convert the PWM ISETD signal to a DC voltage
feeding the ISETA pin as shown in Figure 9-13. To achieve the same ISETA ripple voltage, this option only
requires Ciseta =1.5 nF, and the delay time of this two-stage filter is only 10% of the built-in decoder, or 15 ps
versus the built-in decoder’s 150 ps. The drawback of this option is the conversion errors if the PWM signal
voltage levels are not well regulated. This option is more suitable for operation under a closed digital outer
voltage loop because the ISETD to ISETA conversion error can be readily compensated by the closed outer
voltage loop.

ISETD
PWM 10 kQ 10 kQ LM5170-Q1

ISETA

ISETD
AGND

et

J

Figure 9-13. Two-Stage RC Filter to Convert the PWM into an Analog Voltage at the ISETA Pin
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9.2.1.3 Application Curves

C1---10UT1, 0.5V/div
C2--1SET, 0.5V/div
C4---1_L, 10A/div

Horizontal: 2ms/div

Figure 9-14. Channel Inductor Current and IOUT

C1--10UT1, 0.5Vidiv
C2-—ISET, 0.5V/div
C4-—1_L, 10A/div

Horizontal: 2ms/div

Figure 9-15. Diode Emulation Prevents Negative

Figure 9-16. Channel Inductor Current and

Tracking ISETA Command Current
: l
C2 - UVLO, 1V/div g 4 |
[pr———— _— — C3 ---V_BKRGS, 10V/div i T
Buck Mode Boost Mode = Buck Mode Boost Mode lc4 --SYNCOUT, 2V/div ! 8-5\/\\! ’
- i ! | Ready to
\ ! Switch
\/ i LN
3 . e : el P ; : - Fault
Soft Start ' | Detect ; |
/ \ 1 Horizontal: 2ms/div {* il
P ! w: : |
C2 - DIR, 5V/div i |
C3 - IOUT, 1V/div
Cd—|_L, 20A/div | Horizontal: 2ms/div = I Tha e

statu:
™

Figure 9-17. Start-Up Sequence Following UVLO

Responses to Dynamic DIR Change Enable
il TTIT TTETTITINTT
Boot Cap | {[ ‘
Pre-charge —, i | ‘ ‘ | ‘ ‘ | l I
e 3 Pulses | e o 0|
€2 - nFAULT, 1V/div _--"--T T
e gt i o —. C1--LO, 10Vidiv I
1 N 1l C3 - V_BKRGS, 10V/div T ‘
f.'u.-ﬂa --—-iﬁ--ih-abJ-J‘--:‘ﬁ Cdi== SYNGOL), 2Vidiv ) [ L | i |
=~ - . - —————_————
AN LLLLLLL (o €1-- L0, 5Vidiv
l RN % 9 S €2 - HB-SW,2V/div
Horizontal: 50ps/div C3 - HO-SW, 2V/div
Pimaca B : Horizontal: 100ps/div

Figure 9-19. Boot Capacitor Pre-Charge During

Start-Up in Buck Mode
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ANAAAAASANAAN

I(L1) 10A/div
-- SYNCOUT, SV/div
Horlzontal: 10ps/div

a@dﬁ!ﬂ Postrs.

P2 maic) PImaicn
s w Bash oA

r‘#@- 1Y

Buck Mode

Figure 9-20. Dual-Channel Interleaving Operatlon.

VXKRNMXNN NN

o €3 - I(L1), 10A/div
C4 - SYNCOUT, 5V/div
Horizontal: 10ps/div

P1 fwaiC2] Prmmial Pl
oo e B8TA wiA
,,,,,

n-m ———
Figure 9-21. Dual-Channel Interleaving Operation:

Boost Mode

C1--SS, 5Vidiv
C2 - VOUT, 10V/div
vour €3 - I(L1), 10A/div

Horizontal: 1.6ms/div

/L_/

i =|[Trigger GG
160 msav|Stop 237V
16.0MS _ 1.00 GSis||Edge Posiive|

C1--SS, 5Vidiv
C2 - VOUT, 10V/div
Horizontal: 1.6ms/div

/1

= (oo
5.00 Vi 10.0 Vi
1015 Voret 3990V of:

Figure 9-22 LV-Port OVP: Buck Mode

Figure 9-23. HV-Port OVP: Boost Mode

10 Power Supply Recommendations

The LM5170-Q1-based converter is designed to operate with two differential voltage rails like the 48-V and
12-V dual battery system, or a storage system having a battery on one end and the Super-Cap on the other
end. When operating with bench power supplies, each supply should be capable of sourcing and sinking the
maximum operating current. This may require to parallel an Electronic load (E-Load) with the bench power
supply (PS) to emulate the batteries, as shown in Figure 10-1.

It can also be used with a voltage source on one end and a load on the other end if the outer voltage control
loop is closed. The outer voltage loop can be implemented either with digital means like an MCU or with analog

circuit, as shown in Figure 9-6 and Figure 9-7.

Copyright © 2016, Texas Instruments Incorporated

Figure 10-1. Emulated Dual Battery System With Bench Power Supplies and E-Loads
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11 Layout

11.1 Layout Guidelines

Careful PCB layout is critical to achieve low EMI and stable power supply operation as well as optimal efficiency.
Make the high frequency current loops as small as possible, and follow these guidelines of good layout
practices:

1. For high power board design, use at least a 4-layer PCB of 2-oz or thicker copper planes. Make the first
inner layer a ground plane that is adjacent to the top layer on which the power components are installed, and
use the second inner layer for the critical control signals including the current sense, gate drive, commands,
and so forth. The ground plane between the signal and top layers helps shield switching noises on the top
layer away from affecting the control signals.

2. Optimize the component placements and orientations before routing any traces. Place the power
components such that the power flow from port to port is direct, straight and short. Avoid making the power
flow path zigzag on the board.

3. Identify the high frequency AC current loops. In the bidirectional converter, the AC current loop of each
channel is along the path of the HV-port rail capacitors, high-side MOSFET, low-side MOSFET, and back to
the HV-port rail capacitors’ return. Place these components such that the current flow path is short, direct
and the special area enclosed by the loop is minimized.

4. Place the power circuit symmetrically between CH-1 and CH-2. Split the HV-port rail capacitors and LV-port
rail capacitors evenly between CH-1 and CH-2.

5. If more than one LM5170-Q1 is used on the same PCB for multi phases, place the circuits of each LM5170-
Q1 in the similar pattern.

6. Use adequate copper for the power circuit, so as to minimize the conductions losses on high-current PCB

tracks. Adequate copper can also help dissipate the heat generated by the power components, especially

the power inductors, power MOSFETSs, and current sense resistors. However, pay attention to the polygon
of the switch node, which connects the high-side MOSFET source, low-side MOSFET drain, power inductor,
and the controller SW pin. The switch node polygon sees high dv/dt during switching operation. To minimize
the EMI emission by the switch node polygon, make its size sufficient but not excessive to conduct the
switched current.

Use appropriate number of via holes to conduct current to, and heat through, the inner layers.

Always separate the power ground from the analog ground, and make a single point connection of the power

ground, analog ground, and the EP pad, at the location of the PGND pin.

9. Minimize current-sensing errors by routing each pair of CSA and CSB traces using a kelvin-sensing directly
across the current sense resistors. The pair of traces must be routed closely side by side for good noise
immunity.

10. Route sensitive analog signals of the CS, IOUT, COMP, OVPA, and OVPB pins away from the high-speed
switching nodes (HB, HO, LO, and SW).

11. Route the paired gate drive traces, namely the pairs of HO1 and SW1, HO2 and SW2, LO1 and return, and
LO2 and return, closely side by side. Route CH-1 gate drive traces in symmetry with CH-2’s.

12. Place the IC setting, programming and controlling components as close as possible to the corresponding
pins, including the following component: Rosc, Rot, Ripk, Cramp1, Cramp2, Rovea, Roves, Ciseta, Ccompi,
Rcomp2, Ccomp1, Ccopmz, Cri1, and Cyez.

13. Place the bypass capacitors as close as possible to the corresponding pins, including Cyn, Cvces Cvecas
Chg1,» CHB2: Copva, Covea, as well as the 100-pF current sense common-mode bypassing capacitors.

14. Flood each layer with copper to take up the empty areas for optimal thermal performance.

15. Apply heat sink to components as necessary according to the system requirements.
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11.2 Layout Examples

The following figures are some examples illustrating these layout guidelines. For the detailed PCB layout artwork
of the LM5170-Q1 Evaluation Module (LM5170EVM-BIDIR), please refer to the LM5170-Q1 EVM User's Guide

(SNVU543).
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o) e ° :
(20 | —
" : T
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LM5170-Qf m\ e Lobp
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Figure 11-1. A Layout Example of Dual-Channel Power Circuit Placement
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To LM5170-Q1

Figure 11-2. A Layout Example of MOSFET Gate Drive Routing

RCS% To LM5170-Q1

(a) Kelvin Contact of Resistor without Sense Pins

Re To LM5170-Q1

(b) Kelvin Contact of Resistor with Sense Pins

Figure 11-3. A Layout Example of Current Sense Routing
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Figure 11-4. A Layout Example of LM5170-Q1 Critical Signal Routing
64 Submit Document Feedback Copyright © 2021 Texas Instruments Incorporated

Product Folder Links: LM5170-Q1


https://www.ti.com/product/LM5170-Q1
https://www.ti.com/lit/pdf/SNVSAQ6
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSAQ6D&partnum=LM5170-Q1
https://www.ti.com/product/lm5170-q1?qgpn=lm5170-q1

13 TEXAS
INSTRUMENTS LM5170-Q1
www.ti.com SNVSAQ6D — NOVEMBER 2016 — REVISED AUGUST 2021

12 Device and Documentation Support
12.1 Device Support
12.1.1 Development Support

For development support, see the following:
 LM25118-Q1

+ LM5118-Q1
+ LM5001-Q1
+ LM5160-Q1
+ LM5161-Q1

12.2 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. Click on
Subscribe to updates to register and receive a weekly digest of any product information that has changed. For
change details, review the revision history included in any revised document.

12.3 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.

Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.

12.4 Trademarks

TI E2E™ is a trademark of Texas Instruments.

All trademarks are the property of their respective owners.
12.5 Electrostatic Discharge Caution

This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled
A with appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

‘Si. \ ESD damage can range from subtle performance degradation to complete device failure. Precision integrated circuits may
- be more susceptible to damage because very small parametric changes could cause the device not to meet its published
specifications.

12.6 Glossary

Tl Glossary This glossary lists and explains terms, acronyms, and definitions.

13 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
LM5170QPHPRQ1 Active Production HTQFP (PHP) | 48 1000 | LARGE T&R Yes Call TI Level-3-260C-168 HR -40 to 150 LM5170Q1
LM5170QPHPRQ1.A Active Production HTQFP (PHP) | 48 1000 | LARGE T&R Yes Call TI Level-3-260C-168 HR -40 to 150 LM5170Q1
LM5170QPHPTQ1 Active Production HTQFP (PHP) | 48 250 | SMALL T&R Yes NIPDAU Level-3-260C-168 HR -40 to 150 LM5170Q1
LM5170QPHPTQ1.A Active Production HTQFP (PHP) | 48 250 | SMALL T&R Yes NIPDAU Level-3-260C-168 HR -40 to 150 LM5170Q1
LM5170QPHPTQ1.B Active Production HTQFP (PHP) | 48 250 | SMALL T&R - NIPDAU Level-3-260C-168 HR -40 to 150 LM5170Q1

@ status: For more details on status, see our product life cycle.

@ Material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without limitation quality assurance,
reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available for ordering, purchases will be subject to an additional
waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

® RoHS values: Yes, No, RoHS Exempt. See the TI RoHS Statement for additional information and value definition.

® |ead finish/Ball material: Parts may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two lines if the finish value exceeds the maximum
column width.

® msL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per JEDEC standards is shown.
Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

® part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.

Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the previous line and the two
combined represent the entire part marking for that device.

Important Information and Disclaimer:The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information provided by third parties, and
makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and continues to take reasonable steps to provide representative
and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals. Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers
and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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OTHER QUALIFIED VERSIONS OF LM5170-Q1 :

o Catalog : LM5170

NOTE: Qualified Version Definitions:

o Catalog - TI's standard catalog product
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO [¢—P1—
LR ey R g T
o| |e e Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O O OO 0O 0O 0 O0 Sprocket Holes
| |
T T
St N Il )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ & A |
T T
N
Pocket Quadrants
*All dimensions are nominal
Device Package |Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) | (mm) [ (mm) [ (mm) |Quadrant
(mm) |W1(mm)
LM5170QPHPRQ1 HTQFP PHP 48 1000 330.0 16.4 9.6 9.6 15 12.0 | 16.0 Q2
LM5170QPHPTQ1 HTQFP PHP 48 250 330.0 16.4 9.6 9.6 15 12.0 | 16.0 Q2
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TAPE AND REEL BOX DIMENSIONS
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
LM5170QPHPRQ1 HTQFP PHP 48 1000 336.6 336.6 318
LM5170QPHPTQ1 HTQFP PHP 48 250 336.6 336.6 31.8
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GENERIC PACKAGE VIEW
PHP 48 TQFP - 1.2 mm max height

7 x 7, 0.5 mm pitch QUAD FLATPACK

This image is a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.
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PACKAGE OUTLINE

PHP0048C PowerPAD  TQFP - 1.2 mm max height
PLASTIC QUAD FLATPACK

:

PIN 11D —

s UUUUUUUUU L Uas 1
|

0.27

44x - 48X 017

-~ x[Ee—— [ ]o.08@ [cA[B]
o — 1.2 MAX
SEATING PLANE
(0.13) ASEE DETAIL A [ [0.08]
TYP
13 24
7 N
12— 125
T 'l N /4
—] —1
— —
(1)
46 —] :: GAGE PLANE
3.6 — 49 — -
— —1
—] | L 0.15
— 0°-7 0.45 0.05
— P —
1 = —136 DETAIL A
B AR
48 46 37
36 4X (0.115)NOTES 4226381/A 11/2020
NOTES: PowerPAD is a trademark of Texas Instruments.

-

. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm per side.

. Reference JEDEC registration MS-026.

. Feature may not be present.
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EXAMPLE BOARD LAYOUT
PHP0048C PowerPAD  TQFP - 1.2 mm max height

PLASTIC QUAD FLATPACK

48 37 SOLDER MASK

o I

r—-— -+ -=—-= —
J_:: (. o Sy & /I (136
1

f 1 1)
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@0.2) TYP - - -
VIA | L
24 I METAL COVERED
I———I- (1.1 TYP)

SEE DETAILS—] BY SOLDER MASK

(8:5)

LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN

SCALE:8X
0.05 MAX —=
0.05 MIN
ALL AROUND ALL AROUND I__
METAL | SOLDER MASK
v OPENING
. EXPOSED METAL—~_ ||
e
[
EXPOSED METAL—" [ N
x METAL UNDER
SOLDER MASK I SOLDER MASK
OPENING J
NON SOLDER MASK SOLDER MASK
DEFINED DEFINED

SOLDER MASK DETAILS

4226381/A 11/2020

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
8. This package is designed to be soldered to a thermal pad on the board. See technical brief, Powerpad thermally enhanced package,
Texas Instruments Literature No. SLMAQ002 (www.ti.com/lit/sima002) and SLMA004 (www.ti.com/lit/sima004).
9. Vias are optional depending on application, refer to device data sheet. It is recommended that vias under paste be filled, plugged
or tented.
10. Size of metal pad may vary due to creepage requirement.
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EXAMPLE STENCIL DESIGN
PHP0048C PowerPAD TQFP - 1.2 mm max height

PLASTIC QUAD FLATPACK

(4.6)
BASED ON
0.125 THICK STENCIL
SYMM SEE TABLE FOR
DIFFERENT OPENINGS
37 FOR OTHER STENCIL

ﬂ ﬂ ﬂ W THICKNESSE? B

”ﬁ{ UU Juiiiig/
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| Qo O O ' Q Q | 36
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NS O O 25
____________ —J
R0.05) TYP
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METAL COVERED U U U U J
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13 24
(8.5)

SOLDER PASTE EXAMPLE
EXPOSED PAD
100% PRINTED SOLDER COVERAGE BY AREA

SCALE:8X
STENCIL SOLDER STENCIL
THICKNESS OPENING
0.1 5.14 X 5.14
0.125 4.6 X 4.6 (SHOWN)
0.150 42X4.2
0.175 3.89 X 3.89

4226381/A 11/2020

NOTES: (continued)

11. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
12. Board assembly site may have different recommendations for stencil design.
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IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI’'s products are provided subject to TI’s Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
Tl products.

Tl objects to and rejects any additional or different terms you may have proposed.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2025, Texas Instruments Incorporated
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