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LMR36015-Q1 4.2-V to 60-V, 1.5-A Ultra-Small Synchronous Step-Down Converter

1 Features .

AEC-Q100-qualified for automotive applications:
— Temperature grade 1: —40°C to +125°C, Tp
Functional Safety-Capable

— Documentation available to aid functional
safety system design

Designed for automotive applications
— Junction temperature range —40°C to +150°C

— Protection features: thermal shutdown, input
undervoltage lockout, cycle-by-cycle current
limit, hiccup short-circuit protection

— 0.4-V dropout with 1.5-A load (typical)
— +1.5% reference voltage tolerance
— 3.3-V fixed-output voltage option available
Suited for scalable power supplies
— Pin compatible with;

— LMR36006-Q1 (60 V, 0.6 A)

— LMR33620/30-Q1 (36 V, 2 A, or 3 A)
— 400-kHz, 2.1-MHz frequency options
Integration reduces solution size and cost

— Small, 2-mm x 3-mm VQFN package with
wettable flanks

— Few external components

Low power dissipation across load spectrum

— 93% efficiency at 400 kHz (12 Vin, 5 VouT, 1
A)

— Increased light load efficiency in PFM

— Low operating quiescent current of 26 pA

Optimized for ultra low EMI requirements
— Meets CISPR25 class 5 standard

— Hotrod™ package minimizes switch node
ringing

— Parallel input path minimizes parasitic
inductance

— Spread spectrum reduces peak emissions

e Create a custom design using the LMR36015-Q1
with the WEBENCH® Power Designer

2 Applications

* ADAS camera module
» Body control module

3 Description

The LMR36015-Q1 regulator is an easy-to-use,
synchronous, step-down DC/DC converter. With
integrated high-side and low-side power MOSFETS,
up to 1.5 A of output current is delivered over a wide
input voltage range of 4.2 V to 60 V. Tolerance goes
up to 66 V.

The LMR36015-Q1 uses peak-current-mode control
to provide optimal efficiency and output voltage
accuracy. Advanced high speed circuitry allows the
LMR36015-Q1 to regulate from an input of 20 V to an
output of 5 V at a fixed frequency of 2.1 MHz.
Precision enable gives flexibility by enabling a direct
connection to the wide input voltage or precise
control over device start-up and shutdown. The
power-good flag, with built-in filtering and delay,
offers a true indication of system status eliminating
the requirement for an external supervisor.

Device Information®
PACKAGE BODY SIZE (NOM)
VQFN-HR (12) 2.00 mm x 3.00 mm

PART NUMBER
LMR36015-Q1

(1) For all available packages, see the orderable addendum at
the end of the data sheet.

Simplified Schematic
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5 Description (continued)

The LMR36015-Q1 is in a HotRod™ package which enables low EMI, higher efficiency, and the smallest
package to die ratio. The device requires few external components and has a pinout designed for simple PCB
layout. The small solution size and feature set of the LMR36015-Q1 are designed to simplify implementation for a
wide range of end equipment.
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6 Device Comparison Table
ORDERABLE PART OUTPUT SPREAD EPWM faw PACKAGE QUANTITY
NUMBER VOLTAGE SPECTRUM
LMR36015AQRNXTQ1 Adjustable No No 400 kHz 250
LMR36015AQRNXRQ1 Adjustable No No 400 kHz 3000
LMR36015FSCQRNXTQ1 Adjustable Yes Yes 2.1 MHz 250
LMR36015FSCQRNXRQ1 Adjustable Yes Yes 2.1 MHz 3000
LMR36015FSC3RNXRQ1 3.3-V fixed Yes Yes 2.1 MHz 250
LMR36015FSC3RNXTQ1 3.3-V fixed Yes Yes 2.1 MHz 3000
LMR36015SC3QRNXRQ1 3.3-V fixed Yes No 2.1 MHz 250
LMR36015SC3QRNXTQ1 3.3-V fixed Yes No 2.1 MHz 3000
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7 Pin Configuration and Functions

RNX Package
12-Pin VQFN-HR
Top View

SW
12

PGND |1 | [ 11| PaND

VIN|2 10| VIN

NC 3] [ 9en
BOOT [4 ] [gra
[5] [e] [7]

VCC AGND FB

Pin Functions

NO. NAME TYPE DESCRIPTION
1,11 PGND G Power ground terminal. Connect to system ground and AGND. Connect to C,y with short wide traces.
2,10 VIN P Input supply to regulator. Connect to C,y with short wide traces.
3 NC . Connect the SW pin to NC on the PCB. This simplifies the connection from the Cgpoot capacitor to the
SW pin. This pin has no internal connection to the regulator.
Bootstrap supply voltage for internal high-side driver. Connect a high-quality 100-nF capacitor from this
4 BOOT P pin to the SW pin. Connect the SW pin to NC on the PCB. This simplifies the connection from the Cgoot
capacitor to the SW pin.
Internal 5-V LDO output. Used as supply to internal control circuits. Do not connect to external loads.
5 VCC P Can be used as logic supply for power-good flag. Connect a high-quality 1-pF capacitor from this pin to
GND.
Analog ground for regulator and system. Ground reference for internal references and logic. All electrical
6 AGND G . S
parameters are measured with respect to this pin. Connect to system ground on PCB.
7 FB A Feedback input to regulator. Connect to output voltage node for fixed VOUT applications. Connect to tap
point of feedback voltage divider. Do not float. Do not ground.
Open drain power-good flag output. Connect to suitable voltage supply through a current limiting
8 PG A resistor. High = power OK, low = power bad. Goes low when EN = Low. Can be open or grounded when
not used.
9 EN A Enable input to regulator. High = ON, low = OFF. Can be connected directly to VIN; Do not float.
Regulator switch node. Connect to power inductor. Connect the SW pin to NC on the PCB. This
12 SwW P AT ; h i
simplifies the connection from the Cgoot capacitor to the SW pin.
A = Analog, P = Power, G = Ground
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8 Specifications
8.1 Absolute Maximum Ratings
Over operating junction temperature range of -40°C to 150°C (unless otherwise noted)®
MIN MAX UNIT

Input voltage VIN to PGND -0.3 66 \%

Input voltage EN to AGND -0.3 66.3 \%

Input voltage FB to AGND -0.3 55 \Y

Input voltage PG to AGND -0.3 22 \%

Input voltage AGND to PGND -0.3 0.3 \%

Output voltage SW to PGND -0.3 66.3 \%

Output voltage | SW to PGND less than 10-ns transients -3.5 66.3 \%

Output voltage | CBOOT to SW -0.3 55 \%

Output voltage | VCC to AGND -0.3 55 \%

Junction Temperature T, -40 150 °C

Storage temperature, Tgyg —65 150 °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.

8.2 ESD Ratings

VALUE UNIT
v Electrostatic Human-body model (HBM), per AEC Q100-002 +2500 Vv
(ESD) | discharge HBM ESD Classification Level 2 -
v Electrostatic Charged-device model (CDM), per AEC Q100-011 +750 v
(ESD) | discharge CDM ESD Classification Level C5 -

(1) AEC Q100-002 indicates that HBM stressing shall be in accordance with ANSI/ESDA/JEDEC JS-001 specification.

8.3 Recommended Operating Conditions
Over the recommended operating junction temperature range of —40 °C to 150 °C (unless otherwise noted)®

MIN MAX UNIT
VIN to PGND 4.2 60 Y,
Input voltage EN to PGND® 0 60 \Y
PG to PGND®@ 0 18 \Y
Output current lout 0 15 A

(1) Recommended operating conditions indicate conditions for which the device is intended to be functional, but do not ensure specific
performance limits. For ensured specifications, see Electrical Characteristics.
(2) The voltage on this pin must not exceed the voltage on the VIN pin by more than 0.3 V.
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8.4 Thermal Information

LMR36015
THERMAL METRIC® RNX (VQFN-HR) UNIT
12 PINS
Rgia Junction-to-ambient thermal resistance 72.5 °C/W
Rojctop) Junction-to-case (top) thermal resistance 35.9 °C/W
Rgis Junction-to-board thermal resistance 23.3 °C/W
WIT Junction-to-top characterization parameter 0.8 °C/W
viB Junction-to-board characterization parameter 23.5 °C/W

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

report.

8.5 Electrical Characteristics

Limits apply over operating junction temperature (T; ) range of —40°C to +150°C, unless otherwise stated. Minimum and
Maximum limits® are specified through test, design or statistical correlation. Typical values represent the most likely

parametric norm at T; = 25°C, and are provided for reference purposes only. Unless otherwise stated, the following conditions
apply: Viy =24 V.

PARAMETER | TEST CONDITIONS | MIN TYP MAX UNIT
SUPPLY VOLTAGE (VIN PIN)
Operating quiescent current (non- _ )
lQ-nonsw switching)(g) Ven = 3.3 V (PFM variant only) 18 26 36 HA
Shutdown quiescent current; _
lsp measured at VIN pin Ven=0V 5 KA
ENABLE (EN PIN)
VEN-VCC-H Enable input high level for V¢ output | VenagLE FiSing 1.14 \%
VEN-vee-L Enable input low level for V¢ output VenagLe falling 0.3 \%
VEN»VOUT-H Enable input hlgh level for VOUT VENABLE riSing 1.157 1.231 1.3 \Y
VEn-vouT-Hys | Enable input hysteresis for Voyt Hysteresis below VenagLe-w; falling 110 mV
I kG-EN Enable input leakage current Ven = 3.3V 0.2 nA
INTERNAL LDO (VCC PIN)
Vee Internal V¢c voltage 6V<V<60V 4.75 5 5.25 v
Vecuvio- Internal V¢ undervoltage lockout Ve rising 3.6 3.8 4.0 \Y
Rising
ViC'UV'-O' Internal V¢ undervoltage lockout V¢ falling 3.1 3.3 35 \%
Falling
VOLTAGE REFERENCE (FB PIN)
Vour-z.av- Output voltage 3.23 3.3 3.37 \Y
Fixed
VER Feedback voltage 0.985 1 1.015 \%
LL:G'VOL;T' Feedback leakage current Vout = 3.3 V (Fixed Option) 1.4 1.8 HA
.3V-Fixe
I kG-EB Feedback leakage current FB=1V 0.2 nA
CURRENT LIMITS AND HICCUP
Isc High-side current limit©) 2 2.4 2.8 A
ILs-LiMIT Low-side current limit®) 1.55 1.8 2.07 A
IL.z¢c Zero cross detector threshold PFM variants only 0.02 A
IPEAK-MIN Minimum inductor peak current® 0.45 A
IL-NEG Negative current limit® FPWM variant only -1.8 -1.4 -0.9 A

(1) MIN and MAX limits are 100% production tested at 25°C. Limits over the operating temperature range verified through correlation using

Statistical Quality Control (SQC) methods. Limits are used to calculate Average Outgoing Quality Level (AOQL).
(2) This is the current used by the device open loop. It does not represent the total input current of the system when in regulation.

(3) The current limit values in this table are tested, open loop, in production. They may differ from those found in a closed loop application.
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Electrical Characteristics (continued)

Limits apply over operating junction temperature (T; ) range of —40°C to +150°C, unless otherwise stated. Minimum and
Maximum limits® are specified through test, design or statistical correlation. Typical values represent the most likely
parametric norm at T; = 25°C, and are provided for reference purposes only. Unless otherwise stated, the following conditions
apply: Viy =24 V.

PARAMETER | TEST CONDITIONS MIN TYP MAX UNIT
POWER GOOD (PGOOD PIN)
Vpg-HicH-up | Power-Good upper threshold - rising % of FB voltage 105% 107% 110%
VpG-LOW-DN Power-Good lower threshold - falling % of FB voltage 90% 93% 95%
VA ;(?IY;/]ZS-GOOd hysteresis (rising & % of FB voltage 204
Trg ggg]/\llﬁ;‘Gé)é)lgyrlﬁng/fallmg edge 80 140 200 us
VA Minimum input vol_tage for proper 5

Power-Good function

Rpg Power-Good on-resistance Ven=25V 80 165 Q
Rpg Power-Good on-resistance Ven=0V 35 20 Q
OSCILLATOR
Fosc Internal oscillator frequency 2.1-MHz variant 1.95 2.1 2.35 MHz
Fosc Internal oscillator frequency 400-kHz variant 340 400 460 kHz
MOSFETS
Rps-oN-Hs High-side MOSFET ON-resistance lout=05A 225 435 mQ
Rps-on-Ls Low-side MOSFET ON-resistance lout=05A 150 280 mQ

8.6 Timing Requirements

Limits apply over operating junction temperature (T, ) range of —40°C to +150°C, unless otherwise stated. Minimum and
Maximum limits™ are specified through test, design or statistical correlation. Typical values represent the most likely
parametric norm at T; = 25°C, and are provided for reference purposes only. Unless otherwise stated, the following conditions
apply: Viy =24 V.

MIN NOM MAX | UNIT
toN-MIN Minimum switch on-time 55 83 ns
toFF-MIN Minimum switch off-time 53 73 ns
toN-MAX Maximum switch on-time 7 12 ps
tss Internal soft-start time 3 4.5 6 ms

(1) MIN and MAX limits are 100% production tested at 25°C. Limits over the operating temperature range verified through correlation using
Statistical Quality Control (SQC) methods. Limits are used to calculate Average Outgoing Quality Level (AOQL).
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8.7 System Characteristics

The following specifications apply to a typical application circuit with nominal component values. Specifications in the typical
(TYP) column apply to T; = 25°C only. Specifications in the minimum (MIN) and maximum (MAX) columns apply to the case

of typical components over the temperature range of T; = —-40°C to 150°C. These specifications are not ensured by production

testing.
PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
VN Operating input voltage range 4.2 60 \Y
Vour Adjusta}blce( output voltage PFEM operation _1.5% 2506
regulation
Vour Xfétsg)e regulation for Vour = 3.3V | cp\ym operation 3.28 3.33 337| v
| Input supply current when in ViN=24V,Voyur =33V, oyt =0A, 26 A
SUPPLY | regulation Regr = 1 MQ, PFM variant K
Dmax Maximum switch duty cycle @ 98%
Vie FB pin voltage required to trip short- 0.4 v
circuit hiccup mode
Time between current-limit hiccup
the burst 94 ms
tp Switch voltage dead time 2 ns
E Frequency span of spread spectrum +4 %
sSS operation -
Triangular spread spectrum
Frss repetition frequency 16 kHz
Tsp Thermal shutdown temperature Shutdown temperature 170 °C
Tsp Thermal shutdown temperature Recovery temperature 158 °C

(1) Deviation in Vot from nominal output voltage value at Vi =24 V, loyt=0Ato 1.5 A
(2) Indropout the switching frequency drops to increase the effective duty cycle. The lowest frequency is clamped at approximately: Fyn =

1/ (ton-max * torr-min)- Dmax = ton-max /(ton-max + torr-min)-
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8.8 Typical Characteristics

Unless otherwise specified the following conditions apply: T, = 25°C, V\y =24 V.

32 10 T
31 |
30 9
= €
g 27 — g 7
=1 3
3 26 C 6
5 25 :
§ / 18 5
o 241~ 2
>
& 23 @4 ,/
A — 25C
22
31— — 150C
21 o -40C
20 2
5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60
Input Voltage (V) Input Voltage (V)
Veg =1V EN=0V
Figure 1. Non-Switching Input Supply Current Figure 2. Shutdown Supply Current
3.2 2.2
3 2
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g 26 5 —
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2.4
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2 1.2
_40 0 40 80 120 150 -40 0 T 40 o80 120 150
Temperature (°C) emperature (°C)
Viy =24V Vin=24V
Figure 3. High Side Current Limit Figure 4. Low Side Current Limit
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s g A
S 0.99 3
=
0.992 o 480 S~
(] /
0.988 2 450 - — 25C
0.984 — 150G
-40C
0.98 420
-40 0 40 80 120 150 5 10 15 20 25 30 35 40 45 50 55 60
Temperature (°C) Input Voltage (V)
IOUT =0A VOUT =33V fSW =-400 kHz
Figure 5. Reference Voltage Drift Figure 6. lpeak-mIN
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9 Detailed Description

9.1 Overview

The LMR36015-Q1 is a synchronous peak-current-mode buck regulator designed for a wide variety of
automotive applications. The regulator automatically switches modes between PFM and PWM depending on
load. At heavy loads, the device operates in PWM at a constant switching frequency. At light loads the mode
changes to PFM, with diode emulation allowing DCM. This reduces the input supply current and keeps efficiency
high. The device features internal loop compensation which reduces design time and requires fewer external
components than externally compensated regulators.

The LMR36015-Q1 is designed with a flip-chip or HotRod™ technology, greatly reducing the parasitic inductance
of pins. In addition, the layout of the device allows for reduction in the radiated noise generated by the switching
action through partial cancellation of the current generated magnetic field. As a result the switch-node waveform
exhibits less overshoot and ringing.

i “““““““““ T S L R A O R R U
i
i'
r
I
‘ rﬂ"” st S .
|
i
i
N
|
i
L
{I
1 2v/div
.: i h 1 50ns/div I[‘.WMMVM SN O PR PO W
_BW:5Q0MHz
Figure 7. Switch Node Waveform
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9.2 Functional Block Diagram
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9.3 Feature Description

9.3.1 Power-Good Flag Output

The power-good flag function (PG output pin) of the LMR36015-Q1 can be used to reset a system
microprocessor whenever the output voltage is out of regulation. This open-drain output goes low under fault
conditions, such as current limit and thermal shutdown, as well as during normal start-up. A glitch filter prevents
false flag operation for short excursions of the output voltage, such as during line and load transients. Output
voltage excursions lasting less than tpg do not trip the power-good flag. Power-good operation can best be
understood by reference to Figure 8 and Figure 9. Note that during initial power-up a delay of about 4 ms
(typical) is inserted from the time that EN is asserted to the time that the power-good flag goes high. This delay
only occurs during start-up and is not encountered during normal operation of the power-good function.

The power-good output consists of an open drain NMOS; requiring an external pullup resistor to a suitable logic
supply. It can also be pulled up to either VCC or Vg, through an appropriate resistor, as desired. If this function
is not needed, the PG pin must be grounded. When EN is pulled low, the flag output is also forced low. With EN
low, power good remains valid as long as the input voltage is = 2 V (typical). Limit the current into this pin to < 4
mA.
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Feature Description (continued)
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Figure 8. Static Power-Good Operation
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Feature Description (continued)
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Figure 9. Power-Good-Timing Behavior

9.3.2 Enable and Start-up

Start-up and shutdown are controlled by the EN input. This input features precision thresholds, allowing the use
of an external voltage divider to provide an adjustable input UVLO (see the section). Applying a voltage of = Vgy.
vce-H causes the device to enter standby mode, powering the internal VCC, but not producing an output voltage.
Increasing the EN voltage to Ven.out-n (Ven-w in Figure 10) fully enables the device, allowing it to enter start-up
mode and beginning the soft-start period. When the EN input is brought below Ven.out-n (Ven-y in Figure 10) by
Ven-out-ys (Ven-nys in Figure 10), the regulator stops running and enters standby mode. Further decrease in the
EN voltage to below Vgn.ycc.. completely shuts down the device. This behavior is shown in Figure 10. The EN
input may be connected directly to VIN if this feature is not needed. This input must not be allowed to float. The
values for the various EN thresholds can be found in the Electrical CharacteristicsElectrical Characteristics table.

The LMR36015-Q1 utilizes a reference-based soft start that prevents output voltage overshoots and large inrush
currents as the regulator is starting up. A typical start-up waveform is shown in Figure 11 along with typical
timings. The rise time of the output voltage is about 4 ms.
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Feature Description (continued)

EN
A

VenH

Ven-+ — Ven-Hys

VEN—VCC—H

VenveeL

5V —14

Vour

Vour ——

0

Figure 10.

Precision Enable Behavior
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Feature Description (continued)
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Figure 11. Typical Start-up Behavior
Vin=24V,Vour =33V, lour=15A

9.3.3 Current Limit and Short Circuit

The LMR36015-Q1 incorporates valley current limit for normal overloads and for short-circuit protection. In
addition the high-side power MOSFET is protected from excessive current by a peak current limit circuit. Cycle-
by-cycle current limit is used for overloads, while hiccup mode is used for short circuits. Finally, a zero current
detector is used on the low-side power MOSFET to implement diode emulation mode (DEM) at light loads (see
Glossary).

During overloads the low-side current limit, I 7, determines the maximum load current that the LMR36015-Q1
can supply. When the low-side switch turns on, the inductor current begins to ramp down. If the current does not
fall below I 1 before the next turnon cycle, then that cycle is skipped, and the low-side MOSFET is left on until
the current falls below Iy This is somewhat different than the more typical peak current limit and results in
Equation 1 for the maximum load current.

lour| =l + (Vin = Vour)  Vour
OUT e =lumi =521 7

where
* fgw = switching frequency
e L =inductor value 1)

If, during current limit, the voltage on the FB input falls below about 0.4 V due to a short circuit, the device enters
into hiccup mode. In this mode the device stops switching for tyc or about 94 ms, and then goes through a
normal re-start with soft start. If the short-circuit condition remains, the device runs in current limit for about 20
ms (typical) and then shuts down again. This cycle repeats, as shown in Figure 12 as long as the short-circuit
condition persists. This mode of operation helps to reduce the temperature rise of the device during a hard short
on the output. Of course the output current is greatly reduced during hiccup mode. Once the output short is
removed and the hiccup delay is passed, the output voltage recovers normally as shown in Figure 12.

The high-side-current limit trips when the peak inductor current reaches Igc. This is a cycle-by-cycle current limit
and does not produce any frequency or load current fold back. It is meant to protect the high-side MOSFET from
excessive current. Under some conditions, such as high input voltages, this current limit may trip before the low-
side protection. Under this condition, Isc determines the maximum output current. Note that Igc varies with duty
cycle.
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Feature Description (continued)
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Figure 12. Short-Circuit Transient and Recovery

I

9.3.4 Undervoltage Lockout and Thermal Shutdown

The LMR36015-Q1 incorporates an undervoltage-lockout feature on the output of the internal LDO (at the VCC
pin). When VCC reaches 3.8 V (typ.), the device receives the EN signal and starts switching. When VCC falls
below 3.3 V (typ.), the device shuts down, regardless of EN status. Because the LDO is in dropout during these
transitions, the previously mentioned values roughly represent the input voltage levels during the transitions.

Thermal shutdown is provided to protect the regulator from excessive junction temperature. When the junction
temperature reaches about 170°C, the device shuts down; re-start occurs when the temperature falls to about
158°C.

9.4 Device Functional Modes

9.4.1 Auto Mode

In auto mode the device moves between PWM and PFM as the load changes. At light loads the regulator
operates in PFM. At higher loads the mode changes to PWM.

In PWM the regulator operates as a constant frequency, current mode, full synchronous converter using PWM to
regulate the output voltage. While operating in this mode the output voltage is regulated by switching at a
constant frequency and modulating the duty cycle to control the power to the load. This provides excellent line
and load regulation and low output voltage ripple.

In PFM the high-side MOSFET is turned on in a burst of one or more pulses to provide energy to the load. The
duration of the burst depends on how long it takes the inductor current to reach lpgakmin- The frequency of these
bursts is adjusted to regulate the output, while diode emulation (DEM) is used to maximize efficiency (see
Glossary). This mode provides high light-load efficiency by reducing the amount of input supply current required
to regulate the output voltage at small loads. This trades off very good light-load efficiency for larger output
voltage ripple and variable switching frequency. Also, a small increase in output voltage occurs at light loads. The
actual switching frequency and output voltage ripple depends on the input voltage, output voltage, and load.
Typical switching waveforms in PFM and PWM are shown in Figure 13 and Figure 14.

swilov/div | SW: 10 /div

IL: 225 mA/div IL: 910 mA/div
i

NNEAAANAANAANAAANAAY

VOUT: 10 mV/div VOUT: 10 m/div

! i | | 1

5 ps/div 5 ps/div

Figure 13. Typical PFM Switching Waveforms Figure 14. Typical PWM Switching Waveforms
Vin =24V, Vour =5V, lout = 200 mA Vin =24V, Vour =5V, loyr = 1.5 A, fs = 400 kHz
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Device Functional Modes (continued)
9.4.2 Forced PWM Operation

The following select variant(s) is/are a factory option made available for cases when constant frequency
operation is more important than light load efficiency.

Table 1. LMR36015-Q1 Device Variants with Fixed Frequency Operation at No Load

ORDERABLE PART NUMBER OUTPUT VOLTAGE SPREAD SPECTRUM FPWM fsw
LMR36015FSCQRNXTQ1 Adjustable Yes Yes 2.1 MHz
LMR36015FSCQRNXRQ1 Adjustable Yes Yes 2.1 MHz
LMR36015FSC3RNXRQ1 3.3-V fixed Yes Yes 2.1 MHz
LMR36015FSC3RNXTQ1 3.3-V fixed Yes Yes 2.1 MHz

In FPWM operation, the diode emulation feature is turned off. This means that the device remains in CCM under
light loads. Under conditions where the device must reduce the on-time or off-time below the ensured minimum
to maintain regulation, the frequency reduces to maintain the effective duty cycle required for regulation. This
occurs for very high and very low input/output voltage ratios. When in FPWM mode, a limited reverse current is
allowed through the inductor allowing power to pass from the regulator’s output to its input. Note that in FPWM
mode, larger currents pass through the inductor, if lightly loaded, than in auto mode. Once loads are heavy
enough to necessitate CCM operation, FPWM mode has no measurable effect on regulator operation.

9.4.3 Dropout

The dropout performance of any buck regulator is affected by the Rpgon Of the power MOSFETS, the DC
resistance of the inductor, and the maximum duty cycle that the controller can achieve. As the input voltage is
reduced to near the output voltage, the off-time of the high-side MOSFET starts to approach the minimum value.
Beyond this point the switching may become erratic and/or the output voltage falls out of regulation. To avoid this
problem the LMR36015-Q1 automatically reduces the switching frequency to increase the effective duty cycle
and maintain regulation. In this data sheet the dropout voltage is defined as the difference between the input and
output voltage when the output has dropped by 1% of its nominal value. Under this condition the switching
frequency has dropped to its minimum value of about 140 kHz. Note that the 0.4 V short circuit detection
threshold is not activated when in dropout mode. Typical dropout characteristics can be found in Figure 15 and
Figure 16.

6 4.5E+5
4E+5
5.5 Af
~ 3.5E+5 /
- < A
2 5 Z  3E+5
) |
g /f/ 5 2sEss 4 f
S 45 8 /
= w 2E+5
5 4 S 15E+5
o] ]
L H
(%) 1E+5
35F — lout =0.0015 A
— lour=0.75A 5E+4 — lout=0.75A
lour=1.5A — lour=15A
3 0
4 42 44 46 438 5 52 54 56 58 6 5 51 52 53 54 55 56 57 58 59 6
Input Voltage (V) Input Voltage (V)
Figure 15. Overall Dropout Characteristic Figure 16. Frequency Dropout Characteristics
VOUT =5V fSW =400 kHz
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9.4.4 Minimum Switch On-Time

Every switching regulator has a minimum controllable on-time dictated by the inherent delays and blanking times
associated with the control circuits. This imposes a minimum switch duty cycle and therefore a minimum
conversion ratio. The constraint is encountered at high input voltages and low output voltages. To help extend
the minimum controllable duty cycle, the LMR36015-Q1 automatically reduces the switching frequency when the
minimum on-time limit is reached. In this way the converter can regulate the lowest programmable output voltage
at the maximum input voltage. An estimate for the approximate input voltage, for a given output voltage, before
frequency foldback occurs is found in Equation 2. As the input voltage is increased, the switch on-time (duty
cycle) reduces to regulate the output voltage. When the on-time reaches the limit, the switching frequency drops,
while the on-time remains fixed.

V,
VlN < ouT
ton - fsw @)
2.4E+6
2.2E+6
2E+6
= L
¥ 1.8E+6 ~ =
> 1.6E+6
f
S 1.4E+6
=]
8 1.2E+6 ™~
[T
o 1E+6
£
S 8E+5
(% 6E+5
4E+5 —_— :OUT=8A A
— lour =0.75
2E+5 lout = 1.5 A
0

10 15 20 25 30 35 40 45 50 55 60
Input Voltage (V)

Figure 17. Switching Frequency vs Input Voltage
Vour =5V

9.4.5 Spread Spectrum Operation
The spread spectrum is a factory option in the select variants.

Table 2. LMR36015-Q1 Device Variant(s) with Spread Spectrum Operation

ORDERABLE PART NUMBER OUTPUT VOLTAGE SPREAD SPECTRUM FPWM fsw
LMR36015FSCQRNXTQ1 Adjustable Yes Yes 2.1 MHz
LMR36015FSCQRNXRQ1 Adjustable Yes Yes 2.1 MHz
LMR36015FSC3RNXRQ1 3.3-V Fixed Yes Yes 2.1 MHz
LMR36015FSC3RNXTQ1 3.3-V Fixed Yes Yes 2.1 MHz
LMR36015SC3QRNXRQ1 3.3-V Fixed Yes No 2.1 MHz
LMR36015SC3QRNXTQ1 3.3-V Fixed Yes No 2.1 MHz

The purpose of the spread spectrum is to eliminate peak emissions at specific frequencies by spreading
emissions across a wider range of frequencies than a part with fixed frequency operation. In most systems
containing the LMR36015-Q1 low frequency conducted emissions from the first few harmonics of the switching
frequency can be easily filtered. A more difficult design criterion is reduction of emissions at higher harmonics
which fall in the FM band. These harmonics often couple to the environment through electric fields around the
switch node. The LMR36015-Q1 devices with a triangular spread spectrum use typically a +4% spreading rate
with the modulation rate set at 16 kHz (typical). The spread spectrum is only available while the internal clock is
free running at its natural frequency. Any of the following conditions overrides spread spectrum, turning it off:

» At high input voltages/low output voltage ratio when the device operates at minimum on time the internal

clock is slowed disabling spread spectrum.

» The clock is slowed during dropout.

e The internal clock is slowed at light load in the PFM variant (LMR36015SC3QRNXTQ1,
LMR36015SC3QRNXRQ1). In FPWM mode, spread spectrum is active even if there is no load.

Copyright © 2018-2020, Texas Instruments Incorporated Submit Documentation Feedback 19
Product Folder Links: LMR36015-Q1


http://www.ti.com/product/lmr36015-q1?qgpn=lmr36015-q1
http://www.ti.com
http://www.ti.com/product/lmr36015-q1?qgpn=lmr36015-q1
http://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSAY8D&partnum=LMR36015-Q1

LMR36015-Q1
SNVSAY8D —AUGUST 2018—-REVISED MAY 2020

13 TEXAS
INSTRUMENTS

www.ti.com

10 Application and Implementation

10.1

validate and test their design implementation to confirm system functionality.

NOTE
Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should

Application Information

The LMR36015-Q1 step-down DC-to-DC converter is typically used to convert a higher DC voltage to a lower DC
voltage with a maximum output current of 1.5 A. The following design procedure can be used to select
components for the LMR36015-Q1. Alternately, the WEBENCH® Design Tool may be used to generate a
complete design. This tool utilizes an iterative design procedure and has access to a comprehensive database of
components. This allows the tool to create an optimized design and allows the user to experiment with various
options.

10.2

NOTE
All of the capacitance values given in the following application information refer to effective
values; unless otherwise stated. The effective value is defined as the actual capacitance
under DC bias and temperature; not the rated or nameplate values. Use high-quality, low-
ESR, ceramic capacitors with an X7R or better dielectric throughout. All high value
ceramic capacitors have a large voltage coefficient in addition to normal tolerances and
temperature effects. Under DC bias the capacitance drops considerably. Large case sizes
and/or higher voltage ratings are better in this regard. To help mitigate these effects,
multiple capacitors can be used in parallel to bring the minimum effective capacitance up
to the required value. This can also ease the RMS current requirements on a single
capacitor. A careful study of bias and temperature variation of any capacitor bank should
be made in order to ensure that the minimum value of effective capacitance is provided.

Typical Application

Figure 18 and Figure 19 show typical application circuits for the LMR36015-Q1. This device is designed to
function over a wide range of external components and system parameters. However, the internal compensation
is optimized for a certain range of external inductance and output capacitance. As a quick start guide, Table 3

provides typical component values for a range of the most common output voltages.

Vourt
Vin o L VIN Sl m S
CnZ= “=Chr1 ——Cure VIN Cegoor
4.7 uF 220 nF [220 nF N BOOT /| L Cour
VPU LMR36015-Q1 0.1 wF
—_ 100 kQ
- Cer | Rerer
PG T 100ka =
VCC FB
Cvce J: PGND PGND AGND Reres §
: I l
Figure 18. Example Applications Circuit (Adjustable Output)
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Typical Application (continued)

L
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47pF  [220nF 220 nF N BOOT /| L Cour
VPU
LMR36015-Q1 0-1uF
L 100 kQ
PG =
VCC FB
Cvce PGND PGND AGND
i
Figure 19. Example Applications Circuit (Fixed 3.3 V Output)
Table 3. Typical External Component Values
f Nominal Coyt | Minimum Coyt
(ka\g) Vour (V) L (uH) (rated (rated RreT (@) Rres (2) Cin Crr
capacitance) @ | capacitance) @

400 3.3 10 2 x 47 yF 2 x 22 uF 100 k 43.2 k 4.7 uF + 2 x 220 nF 20 pF

2100 3.3 2.2 3 x 22 uF 2 x 15 uF 100 k 43.2 k 4.7 uF + 2 x 220 nF 20 pF

400 15 3 x 22 uF 2 x 22 uF 100 k 24.9 k 4.7 uF + 2 x 220 nF 20 pF

2100 5 2.2 2 x 22 uF 2 x 15 uF 100 k 24.9 k 4.7 uF + 2 x 220 nF 20 pF

400 12 27 3 %22 uF 2 x 22 uF 100 k 9.09 k 4.7 uF + 2 x 220 nF 20 pF

2100 12 6.8 2 x 22 uF 2 x 15 uF 100 k 9.09 k 4.7 uF + 2 x 220 nF 20 pF
(1) Optimized for superior load transient performance from 0 to 100% rated load.
(2) Optimized for size constrained end applications.
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10.2.1 Design 1: Low Power 24-V, 1.5-A PFM Converter

10.2.1.1 Design Requirements

Example requirements for a typical 5-V or 3.3-V application. The input voltages are here for illustration purposes
only. See Specifications for the operating input voltage range.

Table 4. Detailed Design Parameters

DESIGN PARAMETER EXAMPLE VALUE
Input voltage 12 V to 24 V steady state, 4.2 V to
Output voltage 5VI3.3V
Maximum output current 0Atol5A
Switching frequency 400 kHz
Current consumption at 0-A load Critical: Need to ensure low current consumption to reduce battery drain
Switching frequency at 0-A load Not critical: Need fixed frequency operation at high load only

Table 5. List of Components for Design 1

Vewr FREQUENCY Rrse Cowr L U1
5V 400 kHz 24.9 kQ 2% 22 pF 10 pH, 45 mQ LMR36015AQRNXRQ1
3.3V 400 kHz 433 kQ 2% 22 pF 10 pH, 45 mQ LMR36015AQRNXRQ1

10.2.1.2 Detailed Design Procedure
The following design procedure applies to Figure 18 and Table 4.

10.2.1.2.1 Custom Design With WEBENCH Tools
Click here to create a custom design using the LMR36015-Q1 device and the WEBENCH Power Designer.

1. Start by entering the input voltage, output voltage, and output current requirements

2. Optimize the design for key performance such as efficiency, footprint, and cost using the optimizer dial.

3. Compare the generated design with other possible solutions from Texas Instruments.

The WEBENCH Power Designer provides a customized schematic along with a list of materials with real-time
pricing and component availability.

In most cases the following features are available with this tool:

* Run electrical simulations to see important waveforms and circuit performance.

e Run thermal simulations to help understand board thermal performance.

e Export customized schematic and layout into popular CAD formats.

e Print full design reports in PDF.

Get more information at ti.com

10.2.1.2.2 Choosing the Switching Frequency

The choice of switching frequency is a compromise between conversion efficiency and overall solution size.
Lower switching frequency implies reduced switching losses and usually results in higher system efficiency.
However, higher switching frequency allows the use of smaller inductors and output capacitors, and hence a
more compact design. For this example 400 kHz is used.

10.2.1.2.3 Setting the Output Voltage

For the fixed output voltage versions, FB is connected directly to the output voltage node. Preferably, near the
top of the output capacitor. If the feedback point is located further away from the output capacitors (that is,
remote sensing), then a small 100-nF capacitor may be needed at the sensing point.
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10.2.1.2.3.1 FB for Adjustable Output

The output voltage of LMR36015-Q1 is externally adjustable using a resistor divider network. The range of
recommended output voltage is found in the Electrical Characteristics table. The divider network is comprised of
Regt and Regg, and closes the loop between the output voltage and the converter. The converter regulates the
output voltage by holding the voltage on the FB pin equal to the internal reference voltage, Vgee. The resistance
of the divider is a compromise between excessive noise pick-up and excessive loading of the output. Smaller
values of resistance reduce noise sensitivity but also reduce the light-load efficiency. The recommended value
for Regt is 100 kQ; with a maximum value of 1 MQ. If a 1 MQ is selected for Regt, then a feed-forward capacitor
must be used across this resistor to provide adequate loop phase margin (see Cge Selection). Once Rggr is
selected, Equation 3 is used to select Rggg. Vgrer is nominally 1 V.

R
Regg = _ BT
[VOUT _1}

VRer ®)

For this 5-V example values are: Rggr = 100 kQ and Rggg = 24.9 kQ.

10.2.1.2.4 Inductor Selection

The parameters for selecting the inductor are the inductance and saturation current. The inductance is based on
the desired peak-to-peak ripple current and is normally chosen to be in the range of 20% to 40% of the maximum
output current. Experience shows that the best value for inductor ripple current is 30% of the maximum load
current. Note that when selecting the ripple current for applications with much smaller maximum load than the
maximum available from the device, use the the maximum device current. Equation 4 can be used to determine
the value of inductance. The constant K is the percentage of inductor current ripple. For this example we choose
K = 0.4 and find an inductance L = 16 pH; we select the standard value of 10 pH.

L (Vin—Vour)  Vour
fsw ‘K loutmax ~ Vin (4

Ideally, the saturation current rating of the inductor is at least as large as the high-side switch current limit, Igc.
This ensures that the inductor does not saturate even during a short circuit on the output. When the inductor core
material saturates, the inductance falls to a very low value, causing the inductor current to rise very rapidly.
Although the valley current limit, I w7, is designed to reduce the risk of current runaway, a saturated inductor can
cause the current to rise to high values very rapidly. This may lead to component damage; do not allow the
inductor to saturate! Inductors with a ferrite core material have very hard saturation characteristics, but usually
have lower core losses than powdered iron cores. Powered iron cores exhibit a soft saturation, allowing some
relaxation in the current rating of the inductor. However, they have more core losses at frequencies above about
1 MHz. In any case, the inductor saturation current must not be less than the device low-side current limit, 1, jt.
In order to avoid sub-harmonic oscillation, the inductance value must not be less than that given in Equation 5:

Ly 0.28. Your
fsw )
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10.2.1.2.5 Output Capacitor Selection

The value of the output capacitor, and its ESR, determine the output voltage ripple and load transient
performance. The output capacitor bank is usually limited by the load transient requirements, rather than the
output voltage ripple. Equation 6 can be used to estimate a lower bound on the total output capacitance, and an
upper bound on the ESR, required to meet a specified load transient.

Aloyr K?
> Aour _ |(1_p).(+K)+ . (2-D
COUT>fSW'AVOUT'K {( )-(1+ )+12 ( )}

(2+K)- AVt

ESR <
2-Al 1+K+£- 1+ 1
out 12 (1-D)

D= VOUT
Vin
where

*  AVgyur = output voltage transient
* Algyr = output current transient
« K =Ripple factor from Inductor Selection (6)

Once the output capacitor and ESR have been calculated, Equation 7 can be used to check the output voltage
ripple.

V, = Al -\/ESRZ + 1

8 fsw -Cout )/

where
« V, = peak-to-peak output voltage ripple )

The output capacitor and ESR can then be adjusted to meet both the load transient and output ripple
requirements.

In practice the output capacitor has the most influence on the transient response and loop phase margin. Load
transient testing and bode plots are the best way to validate any given design and must always be completed
before the application goes into production. In addition to the required output capacitance, a small ceramic
placed on the output can help to reduce high frequency noise. Small case size ceramic capacitors in the range of
1 nF to 100 nF can be very helpful in reducing spikes on the output caused by inductor and board parasitics.

Limit the maximum value of total output capacitance to about 10 times the design value, or 1000 pF, whichever
is smaller. Large values of output capacitance can adversely affect the start-up behavior of the regulator as well
as the loop stability. If values larger than noted here must be used, then a careful study of start-up at full load
and loop stability must be performed.
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10.2.1.2.6 Input Capacitor Selection

The ceramic input capacitors provide a low impedance source to the regulator in addition to supplying the ripple
current and isolating switching noise from other circuits. A minimum ceramic capacitance of 4.7-uF is required on
the input of the LMR36015-Q1. This must be rated for at least the maximum input voltage that the application
requires; preferably twice the maximum input voltage. This capacitance can be increased to help reduce input
voltage ripple and/or maintain the input voltage during load transients. In addition a small case size 220-nF
ceramic capacitor must be used at the input, as close a possible to the regulator. This provides a high frequency
bypass for the control circuits internal to the device. For this example a 4.7-pF, 100-V, X7R (or better) ceramic
capacitor is chosen. The 220 nF must also be rated at 100-V with an X7R dielectric. The VQFN package
provides two input voltage pins and two power ground pins on opposite sides of the package. This allows the
input capacitors to be split, and placed optimally with re