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LM5036 Half-Bridge PWM Controller with Integrated Auxiliary Bias Supply

1 Features 2 Applications

e High Integration Controller for Small Form Factor, e Telecom and Data Communication Isolated Power
High-Density DC-DC Power Converters Supplies

» Integrated 100-V, 100-mA Auxiliary Bias Supply * Industrial Power Supplies

» Voltage-Mode Control with Input Voltage Feed- oo
Forward 3 Description

« 100-V High-Voltage Start-Up Regulator The LM5036 device is a highly integrated PWM

controller with integrated auxiliary bias supply which

Fully Regulated Pre-Biased Start-Up offers high power density for telecom, datacom and

Enhanced Cycle-By-Cycle Current Limiting with industrial power converter applications. It contains all
Pulse Matching of the features necessary to implement half-bridge
Optimized Maximum Duty Cycle for Primary-Side topology power converters using voltage-mode
FETs control with input voltage feed-forward. This device is

intended to operate on the primary side of an isolated

Configurable Latch, OVP Operation DC-DC power converter with input voltage up to 100

Integrated 100-V, 2-A MOSFET Drivers for V.

Primary-Side FETs

Programmable Dead-Time Between Primary-Side Device Information®

and Synchronous Rectifier (SR) FETs PART NUMBER PACKAGE BODY SIZE (NOM)
Create a Custom Design Using the LM5036 with LM5036 WQFN (28) 5.00 mm x 5.00 mm
the WEBENCH® Power Designer (1) For all available packages, see the orderable addendum at

the end of the data sheet.
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5 Pin Configuration and Functions
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Pin Functions

PIN
/oW DESCRIPTION

NAME NO.
AGND 2 G Analog ground
BST 21 | Half-bridge high-side gate drive bootstrap
BST_AUX 15 | Auxiliary supply high-side gate drive bootstrap
COMP 3 | Control current input to half-bridge PWM comparator
CS_NEG 26 | Current sense amplifier negative input terminal
CS_POS 25 | Current sense amplifier positive input terminal
CS_SET 27 | Current limit setting
FB_AUX 12 | Auxiliary supply output voltage feedback
HSG 22 (@) Half-bridge high-side MOSFET output driver
LSG 18 (@) Half-bridge low-side MOSFET output driver
ON_OFF 7 | Configurable for over voltage protection (OVP) or latch mode
PGND 16 G Power ground
RAMP 24 | RAMP signal input to half-bridge PWM comparator
RD1 10 [ Synchronous rectifier trailing-edge delay
RD2 11 | Synchronous rectifier leading-edge delay
REF (@) 5-V reference regulator output
RES | Hiccup mode restart timer
RON | Auxiliary supply on-time control
RT/SYNC | Oscillator frequency control or external clock synchronization
SR1 20 O Synchronous rectifier PWM control output
SR2 19 O Synchronous rectifier PWM control output
SS 8 | Soft-start input
(1) 1=input, O = output, G = ground
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Pin Functions (continued)

PIN
/oW DESCRIPTION

NAME NO.

SSSR 9 | Synchronous rectifier soft-start input

SW 23 | Half-bridge switch node

SW_AUX 14 | Auxiliary supply switch node

UvLO 28 | Input undervoltage lockout

VCC 17 | Bias supply

VIN 13 | Input voltage

Pad 29 G Exposed thermal pad
6 Specifications
6.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)®

| MIN MAX UNIT

VIN to GND -0.3 105 \
SW/SW_AUX to GND -5 105 \Y
BST TO SW, BST_AUX TO SW_AUX -0.3 16 \%
HSG to SW -0.3 16 \Y
LSG to GND -0.3 16 \Y
SR1/SR2 to GND -0.3 5 \
VCC to GND -0.3 16 \Y
RT, UVLO, ON/OFF, RON, RAMP, RES, FB_AUX, CS_POS, CS_NEG, 03 5 v
CS_SET to GND

COMP to GND -0.3 \Y
COMP Input Current 10 mA
Junction Temperature 150 °C
Storage Temperature, Tstg -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.

6.2 ESD Ratings

VALUE UNIT
Human body model (HBM), per
ANSI/ESDA/JEDEC JS-001, all pins® +2000
V(esp) Electrostatic discharge Charged device model (CDM), per v
JEDEC specificationJESD22-C101, all +750
pins?
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)
| MIN NOM MAX UNIT
VN Input voltage 18 100 \%
External Vcc Supply Voltage 8.5 14 \%
T; Junction Temperature -40 125 °C
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6.4 Thermal Information

LM5036
THERMAL METRIC @ RJIB (WQFN) UNIT

28 PINS
Reia Junction-to-ambient thermal resistance 29.9 °C/IW
ReJc(top) Junction-to-case (top) thermal resistance 18.2 °C/IW
Reis Junction-to-board thermal resistance 10.4 °C/IW
Wit Junction-to-top characterization parameter 0.2 °C/IW
Yig Junction-to-board characterization parameter 10.3 °C/IW
Reic(bot) Junction-to-case (bottom) thermal resistance 1 °C/IW

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

report .

6.5 Electrical Characteristics

MIN and MAX limits apply the junction temperature range of —40°C to 125°C. Unless otherwise specified, the following
conditions apply: V\y =48 V, Ry = 25 kQ, RD; = RD, = 20 kQ, Rgy =100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =25

V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
START-UP REGULATOR
Vee Vcc voltage lcc =10 mA 7.5 7.8 8.1 Y
lcc (Lim) Vcc current limit Vee=6V,Vy=20V 69 81 94 mA
Supply current into Vcc from an
Icc(ext) Vcc supply current externally applied source. Vec =9V, 6.6 9 11 mA
FB_AUX =0V
Vec(reg) Vcc load regulation lcc from 0 to 50 mA 31 49 73 mV
Veeuy) Vcce undervoltage threshold Positive going Vcc 7.4 7.7 8.0 Y
Negative going Vcc 6.1 6.3 6.7 \%
Vjy shutdown current n =20V VS Ve 276 580 670 WA
\k/g =100V, Vyyio =0V, Roy = 100 299 600 717 uA
V) start-up regulator leakage \>/C2CV= Z;/ ,:ag [illi’egs:t:rfg(l)lyk,; B_AUX 180 234 304 HA
VOLTAGE REFERENCE REGULATOR (REF PIN)
VREE REF voltage Irerp = 0 MA 4.85 5 5.15 \%
VREF(REG) REF load regulation Irer = 0 t0 25 mA 24 37 57 mV
IREF(LIM) REF current limit VrReg =45V,VnN=20V 28 39 47 mA
VREF(UV) REF undervoltage threshold Positive going Vger 4.3 4.5 4.7 \%
Hysteresis 0.16 0.26 0.37 \%
UNDERVOLTAGE LOCK OUT AND SHUTDOWN (UVLO PIN)
Vuvio UVLO threshold 1.205 1.25  1.305 Y,
luvLo UVLO Hysteresis current 15 20 24 HA
Vso e A V" SS=0V, FB_AUX =25V 034 038 041 v
Hysteresis 90 135 175 mV
ON_OFF PIN
Von_oFF ON_OFF threshold 1.18 1.25 1.32 \Y
ON_OFF hysteresis current 40 50 60 HA
SOFT-START (SS PIN, SSSR PIN)
Iss SS charge current SS=0V 17 20 24 pA
?usrrt:r:?ShOId to enable SSSR charge lcoup < 800 LA 1.93 2.06 29 Vv
Copyright © 2018, Texas Instruments Incorporated Submit Documentation Feedback 5

Product Folder Links: LM5036


http://www.ti.com/product/lm5036?qgpn=lm5036
http://www.ti.com
http://www.ti.com/product/lm5036?qgpn=lm5036
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVSB14A&partnum=LM5036
http://www.ti.com/lit/pdf/SPRA953
http://www.ti.com/lit/pdf/SPRA953

13 TEXAS
INSTRUMENTS
LM5036

SNVSB14A —APRIL 2018—-REVISED MAY 2018 www.ti.com

Electrical Characteristics (continued)

MIN and MAX limits apply the junction temperature range of —40°C to 125°C. Unless otherwise specified, the following
conditions apply: V\y =48 V, Ry = 25 kQ, RD; = RD, = 20 kQ, Rgy =100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =25
V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
SS output low voltage Sinking 100 pA 30 48 57 mV
SS threshold to disable switching 865 1000 1198 mV
Isssr SSSR charge current SS>2V, lcomp < 800 pA 17 20 24 HA
SSSR output low voltage Sinking 100 pA 30 38.7 49 mV
recuheelng pulse 065 117 167] V
CURRENT SENSE (CS_POS, CS_NEG, and CS_SET PIN)
Vim Current limit setting voltage 0.72 0.75 0.77 \%
curent i treshod o 03 0587 " 09
tcsLse CS to gate driver output delay 60 85 122 ns
tesBLK CS leading-edge blanking 33 53 76 ns
Keger @ Vi X (K2a X Kiop - K10a) At CBC trip threshold 7.28 7.51 7.81 v
Vesotset  Ves pos - Ves NG At CBC trip threshold -0.63  -0.02 0.32 mv
Igiasofiset Ipiaspos - IgiasNEG At CBC trip threshold -0.67 0.02 0.29 PA
lsLope @ Es;l;gsgﬁig; current source for slope 50 54 59 LA
REVERSE CURRENT PROTECTION
N Numper of switching periods to reset 4
negative over-current event counter
SR_CTR_TH 322’; ;Tgﬁthgém‘:erreset SSSR cap 48 494 5.1 v
HICCUP MODE (RES PIN)
RRes RES pulldown resistance Termination of hiccup timer 24 36 55 Q
VRes RES hiccup threshold 0.90 1 1.04 \%
RES upper counter threshold 3.91 4 4.07 \%
RES lower counter threshold 1.95 2 2.04 \%
IRES-SRC1 Charge current sourcel Vges <1V, CBC active 12 15 18 HA
IRES-SRC2 Charge current source2 1V <Vgegs<4V 25 30 36 HA
IRES-DIS1 Discharge current sourcel CBC not active 3.2 5 55 HA
IRES-DIS? Discharge current source2 2V <Vges<4V 2.5 5 7.5 HA
HICCUP MODE BLANKING
HC_BLK_TH E;ﬁlzntgreshold to disable the hiccup 5.96 55 5.66 v
VOLTAGE FEED-FORWARD (RAMP PIN)
RAMP sink impednace (clocked) | 3.9 6.0 9.1 Q
OSCILLATOR (RT PIN)
fswi Frequency (half oscillator frequency) Rt =25 kQ 185 200 215 kHz
fswz Frequency (half oscillator frequency) Rt =10 kQ 420 480 540 kHz
DC level 1.85 2 2.06 \
RT sync threshold 2.8 3 3.3 Y
SYNCHRONOUS RECTIFIER TIMING CONTROL (RD1 and RD2 PINS)
4 Sﬁrggfgiggvﬁgﬁfufﬁ_'ﬁﬁ SRwm-offto 1 gp, = 20 ko 94 123 157 ns
RD; = 100 kQ 213 278 350 ns
(1) Guaranteed By Design
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Electrical Characteristics (continued)

MIN and MAX limits apply the junction temperature range of —40°C to 125°C. Unless otherwise specified, the following
conditions apply: V\y =48 V, Ry = 25 kQ, RD; = RD, = 20 kQ, Rgy =100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =25

V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
t, fj?n[if;‘fdt'ggsgd?uin‘fgfy primary switch | opy) = 20 k 60 79 102 ns
RD, = 100 kQ 188 250 315 ns
tok Pulse width of the clock 47 65 87 ns
COMP PIN
Vpwm-0s COMP current to RAMP offset RAMP =0V 596 800 1063 HA
Vss.os SS to RAMP offset RAMP =0V 0.86 1 1.15 \Y
COMP current to RAMP gain delta RAMP/delta lcomp 1895 2400 2936 Q
SS to RAMP gain delta SS/delta RAMP 0.574  0.646 0.74
g%ﬁi current for SSSR charge curent SS>2V 600 750 900 WA
COMP to gate driver output delay 100 120 150 ns
Minimum duty cycle lcomp =1 mA 0 %
BOOST (BST PIN)
VBsT(UVY) BST under-voltage threshold VgsT - Vsw rising 3.2 4137 5.6 Y
Hysteresis 0.37 0.481 0.65 Y
LSG, HSG GATE DRIVERS
VoL PRI Low-state output voltage IhsGiLsg = 100 mA 0.1 0.3 0.41 \%
Vo PRI High-state output voltage I\?LSSG(;%‘O:nggln;Q}B\gH'_——\';E'SZ Vee - 0 038 1 %
Rise Time C-load =1000 pF 8 12 ns
Fall Time C-load =1000 pF 10 14 ns
Iso_pri Peak Source Current VhseiLse = OV 15 A
Isi_pri Peak Sink Current Vysense = VCC 2 A
SR1, SR2 GATE DRIVERS
VoL sr Low-state output voltage Isr1/sr2 = 10 mA 0.12 \%
VoH_sRr High-state output voltage Isry/sr2 = 10 MA, Vo sr = Vrer - Vsr 0.313 \%
Rise Time C-load = 1000 pF 25 45 65 ns
Fall Time C-load = 1000 pF 4 10 16 ns
Iso_sr Peak Source Current Vsr =0V 0.05 0.09 0.14 A
Isi_sr Peak Sink Current Vsr = VRer 0.1 0.2 0.4 A
HALF BRIDGE THERMAL SHUTDOWN
Tsp Thermal Shutdown Temp 150 °C
Thermal Shutdown Hysteresis 25 °C
AUX SUPPLY SWITCH CHARACTERISTICS
Buck Switch Rps(ony ltest= 60 MA 3.0 5.2 7.5 Q
Synchronous Switch Rps(on) ltesT= 60 MA 12 2.8 45 Q
AUX SUPPLY UNDERVOLTAGE LOCKOUT
Vest auxuy)y BST_AUX undervoltage threshold VBsT Aux - Vsw_aux rising 21 2.8 3.6 \%
VAUX_ VLo @]Lrlexssglzply UVLO input voltage rising 122 15 16.0 v
Q?éﬁglpéply UVLO input voltage falling 79 112 127 Vv
AUX SUPPLY REGULATION
VAUX.OFF E)eFVFe]State AUX Voltage Regulation 1.96 1.4 153 v
Copyright © 2018, Texas Instruments Incorporated Submit Documentation Feedback 7
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Electrical Characteristics (continued)

MIN and MAX limits apply the junction temperature range of —40°C to 125°C. Unless otherwise specified, the following
conditions apply: V\y =48 V, Ry = 25 kQ, RD; = RD, = 20 kQ, Rgy =100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =25

V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT

VAux.ON ON-State AUX Voltage Regulation 0.95 1 1.04 Vv
Level

AUX SUPPLY CURRENT LIMIT

lauX(LIM) AUX Supply Current Limit Threshold 150 200 250 mA
Current limit comparator blanking

tCsBLKA period measured from start of toy 50 ns
period (D

AUX SUPPLY THERMAL SHUTDOWN

Tsp_aux AUX Supply Thermal Shutdown Temp 160 °C
AUX Supply Thermal Shutdown

B 28 °C

Hysteresis

6.6 Switching Characteristics

MIN and MAX limits apply the junction temperature range of —40°C to 125°C. Unless otherwise specified, the following
conditions apply: V\y =48 V, Ry = 25 kQ, RD; = RD, = 20 kQ, Rgy =100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =25

V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
ton AUX SUPPLY ON-TIME Viy = 32V, Roy = 100 kQ 240 330 440 ns
tOFFMIN) AUX SUPPLY MINIMUM OFF-TIME | FB_AUX =0V 69 103 136 ns
8 Submit Documentation Feedback Copyright © 2018, Texas Instruments Incorporated
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6.7 Typical Characteristics
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Typical Characteristics (continued)

Temperature (°C)

Figure 9. COMP Pin to 1-V RAMP Offset vs Temperature
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7 Detailed Description

7.1 Overview

The LM5036 device is a highly-integrated, half-bridge PWM controller with integrated auxiliary bias supply. It
provides a high power-density solution for telecom, datacom and industrial power converters. The device has all
of the features necessary to implement a power converter that uses half-bridge topology. The device employs
voltage-mode control and includes input voltage feed-forward to improve performance. This device operates on
the primary side of an isolated DC-DC power converter with input voltage up to 100 V.

The soft-start function provides a fully regulated and monotonic rise of output voltage, even when the converter
energizes into a pre-biased load. The device uses an enhanced cycle-by-cycle (CBC) current limit. This function
matches the pulse to maintain the voltage balance of the half-bridge capacitor divider. This method ensures flux
balance of the transformer during CBC operation. The input voltage compensation function helps to minimize the
variation of the current limit level across the entire input voltage range.

The LM5036 device has these other features:

» configurable latch protection

» configurable overvoltage protection (OVP)

» optimized maximum duty cycle operation for the primary MOSFETSs
» integrated half-bridge MOSFET gate drivers

» programmable dead-time between the primary MOSFETs and synchronous rectifiers
» auxiliary supply synchronous and asynchronous mode transition

» 5-V synchronous rectifier PWM outputs

» programmable line undervoltage lockout (UVLO)

» hiccup mode overcurrent protection (OCP)

* reverse current protection

» a 2-MHz capable oscillator with synchronization capability

» two-level thermal shutdown protection
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7.2 Functional Block Diagram
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7.3 Feature Description

7.3.1 High-Voltage Start-Up Regulator

The LM5036 device contains a high-voltage VCC start-up regulator that allows the input pin (VIN) to be
connected directly to an input voltage up to 100 V. When the UVLO pin voltage is greater than 0.35 V, the start-
up regulator is enabled to charge an external capacitor connected to the VCC pin. The output voltage of the VCC
regulator is regulated at 7.8 V (typical). The VCC regulator provides power to the reference (REF) regulator. The
regulator output at VCC is internally current limited to 81 mA (typical) . The value of the VCC capacitor depends
on the total system design, and its start-up characteristics. The recommended range of values for the VCC
capacitor is 0.47 yF to 10 pF.

LM5036 can power itself using its internal high-voltage start-up linear regulator, but internal power dissipation
can be reduced by powering VCC from an auxiliary switched mode supply. LM5036 device integrates all of the
functions needed to implement a low-cost and easy-to-design isolated fly-buck auxiliary supply based on the
constant-on-time (COT) control scheme. The primary output Vyx; Of the auxiliary supply must be connected
through a diode to the VCC pin, as shown in Figure 12. The auxiliary supply must raise the VCC voltage above
the internally generated VCC voltage in order to shut off the internal start-up regulator. Powering VCC from an
auxiliary switched mode supply improves efficiency while reducing the power dissipation of the controller IC. The
VCC under-voltage (UV) circuit will still function in this mode, requiring that VCC never falls below its UV
threshold during the start-up sequence. The VCC regulator series pass transistor includes a diode between VCC
and VIN that should not be forward biased in normal operation. Therefore, the auxiliary VCC voltage should
never exceed the VIN voltage.

ViN Vauxi

Figure 12. External VCC Bias Supply Connection

7.3.2 Undervoltage Lockout (UVLO)

The LM5036 device contains a three-level under-voltage lockout circuit. When the UVLO pin voltage is below
0.35 V, the controller is in a low current shutdown mode where the functional circuit blocks are not enabled
including VCC startup regulator, auxiliary supply and the main half-bridge control logic and gate drive circuitry,
etc.

When UVLO pin voltage is above 0.35 V, the VCC and REF regulators become active.

When the VCC and REF outputs exceed their respective UV thresholds and the input voltage VIN is above 15V,
the auxiliary supply is enabled.

When UVLO pin voltage is above 1.25 V and VCC and REF voltage are above their respective UV thresholds,
the control logic of the main half-bridge converter is enabled. The soft-start capacitor is released and the normal
operation begins. An external set-point voltage divider from VIN to GND can be used to set the minimum
operating voltage of the half-bridge converter. The divider must be designed such that the voltage at the UVLO
pin is greater than 1.25 V when VIN enters the desired operating range. UVLO hysteresis is accomplished with
an internal 20-pA current sink that is switched on or off into the impedance of the external set-point divider.
When the UVLO threshold of 1.25 V is exceeded, the current sink is deactivated to quickly raise the voltage at
the UVLO pin. When the UVLO pin voltage falls below the 1.25-V threshold, the current sink is enabled causing
the voltage at the UVLO pin to quickly fall.

7.3.3 Reference Regulator

The REF pin is the output of a 5-V linear regulator that can be used to bias an opto-coupler transistor, primary
side of an isolated gate driver or digital isolator, among other housekeeping circuits. The regulator output is
internally current limited to 39 mA (typical). The REF pin must be locally decoupled with a ceramic capacitor, the
recommended range of values is from 0.1 pF to 10 pF.
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7.3.4 Oscillator, Synchronized Input

The oscillator frequency of LM5036 device is set by a resistor connected between the RT pin and AGND. The Ry
resistor should be located close to the device. To set a desired oscillator frequency (fosc), the value of Ry
resistor can be calculated from Equation 1.

1
" foge X 1x 10710 1)

Ry

For example, if the desired oscillator frequency is 400 kHz, that is, each phase (LSG and HSG) switches at 200
kHz, the value of Ry is calculated to be 25 kQ. If the LM5036 device is to be synchronized to an external clock,
that signal must be coupled into the RT pin through a 100 pF capacitor. The RT pin voltage is nominally
regulated at 2 V and the external pulse amplitude should lift the pin to between 3.5 V and 5.0 V on the low-to-
high transition. The synchronization pulse width should be between 15 and 200 ns. The RT resistor is always
required, whether the oscillator is free running or externally synchronized and SYNC frequency must be equal to
or greater than the frequency set by the Ry resistor.

7.3.5 Voltage-Mode Control

The LM5036 device employs voltage-mode control with input voltage feed-forward for the main half-bridge
converter. A simplified block diagram of the voltage-mode feedback control loop is shown in Figure 13.

1 RAMP

|
|
|
|
COMP REF a4l | Vauxz Vo
|
|
|
|

RAMP I: REF T

5kQ . :I [
I
Veomp +I @» comp "}M‘; VEs
i [F— Ein
ss :}
ss I:I:I ss

Figure 13. Voltage-Mode Feedback Control Loop for Half-Bridge Converter

The output voltage (Vo) is sensed and compared against a reference voltage (Vgee) on the secondary side which
produces an error voltage which is then processed by the error amplifier. The compensated error signal is
transmitted across the isolation boundary through an opto-coupler and then gets injected into the COMP pin in
the form of a control current. The COMP pin current is internally mirrored by a matching pair of NPN transistors
which sink current through a 5-kQ resistor connected to the 5-V internal reference. The resulting control voltage
Vcowp IS compared with the soft-start capacitor voltage (SS) and the smaller of the two passes through a 1-V
offset, followed by a 2:1 resistor divider before being applied to the PWM comparator to determine the duty cycle
of the half-bridge converter. The PWM comparator polarity is configured such that with no current flowing into the
COMP pin, the controller produces maximum duty cycle for the primary FETS.

An opto-coupler detector can be connected between the REF pin and the COMP pin. Because the COMP pin is
controlled by a current input, the voltage across the opto-coupler detector is nearly constant. The bandwidth
limiting phase delay which is normally introduced by the significant capacitance of the opto-coupler is thereby
greatly reduced. Higher loop bandwidths can be realized because the bandwidth limiting pole associated with the
opto-coupler is now at a much higher frequency.

The voltage at the RAMP pin provides the modulation ramp for the PWM comparator. The PWM comparator
compares the modulation ramp signal at the RAMP pin to the COMP voltage to control the duty cycle. The
modulation ramp signal can be implemented as a ramp proportional to the input voltage, known as feed-forward
voltage mode control, as shown in Figure 14. The RAMP pin is reset by an internal MOSFET when RAMP
voltage passes COMP voltage, current limit event, or at the conclusion of each PWM cycle, whichever comes
earlier.

(1) Slope proportional to input voltage (see Figure 15)
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Figure 14. Feed-Forward Voltage-Mode Control Figure 15. Modulation Ramp Slope

Configuration

An external resistor (Rgg) and capacitor (Cgg) connected to VIN, AGND, and the RAMP pins are required to
create a saw-tooth modulation ramp signal. The slope of the signal at RAMP will vary in proportion to the input
voltage. The varying slope provides line feed-forward information necessary to improve line transient response
with voltage-mode control. With a constant control signal, the on-time (Toy) varies inversely with the input voltage
(V\n) to stabilize the volt-second product of the transformer. Using a line feed-forward ramp for PWM control
requires very little change in the voltage regulation loop to compensate for changes in input voltage, as
compared to a ramp with fixed slope. In addition, voltage-mode control is less susceptible to noise. Therefore, it
is a good choice for wide input range power converter applications. However, voltage-mode control requires a
Type-lll compensation network due to the complex-conjugate poles of the L-C output filter.

The recommended capacitor value range for Cge is from 100 pF to 1800 pF. Referring to Figure 14, it can be
seen that Cpe value must be small enough to be discharged within the clock pulse-width. The value of Rge
required can be calculated from Equation 2

-1

fOSC X CFF X In (1 - m)
IN (min )

Rpp =

@

For example, assuming a Vgyaup Voltage of 1.5 V (a good compromise of signal range and noise immunity),
Vingmin) Of 36 V, oscillator frequency of 400 kHz and Cgr = 560 pF results in Ree = 105 kQ.

7.3.6 Primary-Side Gate Driver Outputs (LSG and HSG)

The LM5036 device provides two gate driver outputs for the primary FETs of the main half-bridge converter: one
floating high-side gate driver output HSG and one ground referenced low-side gate driver output LSG. Each
internal gate driver is capable of sourcing 1.5-A peak and sinking 2-A peak (typical). Initially, the LSG output is
turned on during the power transfer phase, followed by a freewheeling period during which both LSG and HSG
outputs are turned off. In the subsequent power transfer phase, the HSG output is turned on followed by another
freewheeling period.

The low-side LSG gate driver is powered directly by the VCC bias supply. The HSG gate driver is powered from
a bootstrap capacitor connected between BST and SW. An external diode connected between VCC and BST
provides the high-side gate driver power by charging the bootstrap capacitor from VCC when the switching node
SW is low. When the high side FET .is turned on, BST rises to a peak voltage equal to VCC + VIN.

The BST and VCC capacitors should be placed close to the pins of the LM5036 device to minimize voltage
transients due to parasitic inductance because the peak current source to the MOSFET gates can exceed 1.5 A
(typical). The recommended value of the BST capacitor is 0.1 pF or greater. A low ESR/ESL capacitor, such as a
surface mount ceramic, should be used to prevent voltage drop during the HSG transitions.
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7.3.7 Half-Bridge PWM Scheme

Synchronous rectification on the secondary side of the transformer provides higher efficiency, especially for low
output voltage and high output current converter, compared to the diode rectification. The reduction of the diode
forward voltage drop (0.5 V to 1.5 V) to 10 mV to 200 mV Vpg voltage for a MOSFET significantly reduces
rectification losses. In a typical application, the secondary windings of the transformer can be center tapped, with
the output power inductor in series with the center tap, as shown in Figure 16. The synchronous rectifiers (SRs)
provide the ground path for the energized secondary winding and the inductor current.

! SR1
! 1
i Vo
1| (@
|
|
I
|
I [
|
I
|
I
|
I
! SR2V
SGND

Figure 16. Half-bridge Topology with Center-Tap Rectification

The internal SR drivers are powered by the REF regulator and each SR output is capable of sourcing 0.1 A and
sinking 0.2 A peak (typical). The amplitude of the SR drivers is limited to 5 V. The 5-V SR signals enable the
transfer of SR control signals across the isolation barrier either through a digital isolator or isolated gate driver. It
should be noted that the actual gate sourcing and sinking currents for the SRs are provided by the secondary-
side gate drivers.

The timing diagram of the four PMW signals (LSG, HSG, SR1, and SR2) with dead-times is illustrated in
Figure 17. The main clock is generated by the internal oscillator. A delayed clock is derived by adding a delay of
tp to the main clock. t; can be calculated from Equation 3, where RD; is the value of the resistor connected
between RD1 pin and AGND.

tp =RD; X 2pF+20ns 3)
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Figure 17. PWM Signal Timing Diagram

As illustrated in Figure 17, the rising edge of the main clock is used to turn off the SRs. Primary FET drive signal
LSG/HSG is turned on at the falling edge of the delayed clock. Therefore, the dead-time between the falling edge
of SR and the rising edge of the respective primary FET can be calculated from Equation 4

ty =1tp + Lk

where
e tck is the pulse width of the clock which is 65 ns (typical). (4)

The minimum achievable t; is equal to the pulse width of the clock when ty is set to 0 ns.

After SR1 is turned off, the body diode of SR1 continues to carry about half the inductor current until the primary
power raises the drain voltage of the SR1 and reverse biases its body diode. Ideally, dead-time t; would be set to
the minimum time that allows the SR to turn off before the body diode starts conducting.

Power is transferred from the primary to the secondary side when the LSG is turned on. During this power
transfer period, the SR2 is still turned on while the SR1 is turned off. The drain voltage of SR1 is twice the
voltage of the center tap at this time. Under the normal operation, the LSG is turned off either when the RAMP
signal exceeds the COMP signal or at the rising edge of the next delayed clock signal (maximum duty cycle
condition), whichever comes earlier. A dead-time t, is inserted between the falling edge of LSG and rising edge
of SR1. t, can be calculated from Equation 5, where RD, is the value of the resistor connected between RD2 pin
and AGND.

t; =RD; X 2 pF + 30 ns ()

Copyright © 2018, Texas Instruments Incorporated Submit Documentation Feedback 17
Product Folder Links: LM5036


http://www.ti.com/product/lm5036?qgpn=lm5036
http://www.ti.com
http://www.ti.com/product/lm5036?qgpn=lm5036
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVSB14A&partnum=LM5036

13 TEXAS
INSTRUMENTS
LM5036

SNVSB14A —APRIL 2018—-REVISED MAY 2018 www.ti.com

During the dead-time t,, the inductor current continues to flow through the body diode of SR1. Because the body
diode causes more conduction loss than the SR, efficiency can be improved by minimizing the t, period while
maintaining sufficient margin across the entire operating conditions (component tolerances, input voltages, etc.)
to prevent the cross conduction between the primary FET and SR.

During the freewheeling period where both of the primary FETs are turned off while both of the SRs are turned
on, the inductor current is almost equally shared between SR1 and SR2 which effectively shorts the secondary
winding of the transformer. SR2 is then turned off before HSG is turned on. The power is transferred from the
primary to secondary side again when HSG is turned on. After HSG is disabled and the dead-time t, expires,
SR1 and SR2 both conduct again during the freewheeling period.

7.3.8 Maximum Duty Cycle Operation

The LSG and HSG will operate at maximum duty cycle when they are turned off at the rising edge of the delayed
clock, instead of by the event where RAMP voltage passes COMP voltage, as shown in Figure 18. In LM5036
device, it is intended to achieve optimized maximum duty cycle for the primary FETs in order to-accommodate
wider range of operation.
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Figure 18.- PWM Signals at Maximum Duty Cycle Condition
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Use Equation 6 to calculate the maximum duty cycle for the primary FETs
1
T —tak
D — fosc
MAX 2
fosc
where
» fosc is the oscillator frequency which is twice the switching frequency (6)

The pulse width of the clock is used in this case to prevent cross-conduction between the two primary FETS
during the maximum duty cycle operation.

7.3.9 Pre-Biased Start-Up Process

The soft-start functionality limits the inrush current and voltage stress of the power converter. A common
requirement for the power converters used in the telecom/datacom applications is to have a monotonic output
voltage start-up into pre-biased load conditions where the output capacitor is pre-charged prior to start-up. In a
pre-biased load condition, if the synchronous rectifiers are engaged prematurely they will sink current from the
pre-charged output capacitors resulting in undesired output voltage dip or even power converter damage. The
LM5036 device implements unique circuitry to ensure intelligent turn-on of the synchronous rectifiers such that
the output voltage has monotonic start-up.

The start-up process can be divided into two phases:
» soft-start of the primary FETs
» soft-start of the SRs

7.3.9.1 Primary FETs Soft-Start Process

Figure 19 shows a simplified block diagram of the soft-start function.

1 FB_AUX

—_ Vo

OFF-state level REF
AUX PWM I:
REF_AUX
ON-state level i
AUX Regulation COMP _ Ves
Comparator
SS

AV E/A
v
E VRer
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The auxiliary supply has two reference output voltage levels of 1.4 V (off state) and 1 V (on state) which
facilitates easy voltage level shift detection on the secondary side. The auxiliary supply starts to operate as soon
as VIN > 15 V (typical) and VCC and REF are above the respective UV thresholds. When the soft-start capacitor
is below 2 V, the auxiliary supply will produce the off-state voltage on the primary (Vaux:) and secondary side
(Vaux2), @as shown in Figure 20.
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Figure 19. Soft-Start Function

The off-state auxiliary output voltage level present on the secondary side Vx» is above the threshold TH, which
activates a reset circuit that discharges the output voltage reference Vgee. This ensures that the opto-coupler is
producing a 0% duty-cycle command. When UVLO exceeds 1.25 V and VCC and REF are above the respective
UV thresholds, the soft-start capacitor starts to charge. The auxiliary supply will produce the on-state voltage
level when the soft-start capacitor reaches 2 V.
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Figure 20. Pre-biased Start-Up Waveform

The secondary side reset circuit will now be disabled because Vx> < TH, and the output voltage reference is
released. The reference capacitor soft-starts the output voltage under full regulation. By using the modulation of
the auxiliary output voltage, the communication between the primary and secondary side is established without
the need of any additional opto-coupler.
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Due to the introduced programmable soft-start delay (before SS capacitor reaches 2 V), the duty cycle is
controlled by the feedback control loop at all times without being interfered by the SS capacitor voltage (because
Vcowr < Vss). When the reference voltage exceeds the pre-bias voltage at the output, the Voup Starts to rise.
After Vcomp reaches the 1-V threshold (for example Icomp = 800 HA) which corresponds to zero duty cycle, the
duty cycle of the primary FETs starts to increase. In the meantime, the device starts to charge SSSR capacitor
with a 20-pA current source when the duty cycle is greater than zero.
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Figure 21. PWM Timing During Startup Process

7.3.9.2 Synchronous Rectifier (SR) Soft-Start Process

Until SSSR capacitor reaches 1 V, the controller operates at SR synchronization (SYNC) mode where the SR
pulses are synchronized to the respective primary FET pulses, as shown in Figure 21. This helps to reduce the
conduction loss of the SRs. In addition, due to the fact that the SRs only conduct during power transfer phase,
there is no risk of reverse current at the SYNC mode. Since the pulse width of SRs gradually increases, the
output voltage disturbance due to the difference in the voltage drop between the body diode and the on
resistance of the SRs is prevented.

Once the SSSR capacitor crosses the 1-V threshold, the LM5036 device begins the soft-start of the SRs
freewheeling period (highlighted in gray in Figure 21) where the SRs may sink current from the output if they are
engaged prematurely. The 1-V offset on the SSSR pin is intended to provide additional delay which ensures that
the primary duty cycle ramps up to a point-where the output voltage is in-regulation, thereby avoiding reverse
current when the SRs are engaged. The SR soft-start follows a leading-edge modulation technique such that the
leading-edge of the SR pulse is soft-started as opposed to the trailing-edge modulation of the primary FETs. As
shown in Figure 21, SR1 and SR2 are turned on simultaneously with a narrow pulse-width during the
freewheeling period. At the end of the freewheel period, that is, at the rising edge of the main CLK, the SR in
phase with the next power transfer cycle remains on while the SR out of phase with it is turned off. The in-phase
SR remains on throughout the power transfer cycle and at the end of it, both the primary FET and the in-phase
SR are turned off simultaneously. At the end of the soft-start, the SR pulses will become complementary to the
respective primary FETSs, as shown in Figure 17.
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7.3.10 Zero Duty Cycle Operation

The zero duty cycle detection ensures that there is no excessive reverse current when the primary duty cycle is
zero. In that case, the SSSR capacitor would be clamped to ground and therefore SRs will be turned off (SR
SYNC mode). Normal operation will resume (SSSR capacitor start to charge) as soon as the load is applied. It
should be noted about a special application scenario where there is a low output capacitance value. During the
start-up under no load condition, the output capacitor acts like a load. With small output capacitor the converter
might get stuck in zero duty until load is applied.

7.3.11 Enhanced Cycle-by-Cycle Current Limiting with Pulse Matching
Figure 22 illustrates the half-bridge converter with low-side current sensing using a sense resistor.

SR1
__|
Vo
)% i
SR2
SGND

Figure 22. Half-Bridge Converter with Low-Side Current Sensing

In LM5036 device, current limiting for the half-bridge converter is accomplished with three pins, including
CS_SET, CS_POS and CS_ NEG pins, as shown in Figure 23 .

ViN
IpRI Rz i
K10a
3
Amp 1/K10p
K: _L +
2 CBC |_POSb
Rum lcs_set \\ UK
[ ] 2b
A ] 9_» |_NEGb
* AGND CS_SET Vi
AGND

Figure 23.  Block Diagram of the Current Limiting Function

CS_SET pin is used to set the internal current limit threshold with an external resistor R,y according to
Equation 7.

I _ Vi
CS_SET — R
LIM
where
* Vum=0.75V (typical) is the internal current limit setting voltage. )
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The CS_POS pin is driven by a signal representative of the current flowing through the low-side FET of the half-
bridge converter. The current sense voltage at CS_POS pin (equal to CS_NEG pin voltage) is converted to a
current sense signal through R; which is then sensed, scaled and compared against the internal current limit
thresholds. In order to blank the leading-edge transient noise seen when the low-side FET is turned on, the
current sense signal is blanked for tcgg  after LSG is turned on. If the magnitude of the noise spike is excessive,
an additional filter capacitor Cx may be added to form an RC filter with R; to reduce the high-frequency noise
spike. Both the leading-edge blanking and RC filter help to prevent false triggering of CBC current limiting
operation.

In order to achieve bi-directional current sensing, an internal offset current (Ko X lcs sev), is injected to the
CS_POS pin. This offset allows positive internal thresholds on the CBC and NEG comparators that correspond to
effective Ics ser and -les_ser / 2 thresholds at the input.

When the current sense signal (Irs X 1 / Kiqp) reaches the positive threshold (K,4 X Ics set), CBC current limiting
operation is activated. The controller essentially operates in peak current mode control, with the voltage loop
open, during the CBC operation. A common issue with peak current mode control is sub-harmonic oscillation.
This occurs when the effective duty cycle is greater than 50%. A common solution for sub-harmonic oscillation is
to add slope compensation. The slope of the compensation ramp must be set to at least one half the downslope
of the output inductor current transformed to the primary side across the current sense resistor. To eliminate sub-
harmonic oscillation after one switching cycle, the slope compensation must be equal to the downslope of the
output inductor current. This is known as deadbeat control. In LM5036, the slope compensation signal is a saw-
tooth current signal ramping up from 0 to I ope at the oscillator frequency (twice the switching frequency of each
primary FET).

However, another issue will arise after slope compensation is added. The current limit level varies with the input
voltage, as illustrated in Figure 24. Because the slope compensation magnitude is different at different input
voltages, the actual current limit level varies with input voltage for a given internal current limit threshold.

A A
Ics_seT x 20 Ics_seTx 20
I“|5L0PE X Dmax " Istope X Dmin
_— 1
[ | <*lo / Nps <_VCS/ Ry
- lo / Nes Ves / R1 Y
Y ¥ L I«V
IN(max) / Ry
——— les serx 10 — — —f_v”\‘(m”‘) L les_ seTx 10— ————
Ics_seT X 5 Ics seT X 5
time > time >

Figure 24. Current Sense and Current Limit Waveforms

A new feature, input voltage compensation, is provided by LM5036. By adding an extra signal, which is a
function of input voltage, on top of the current sense signal and the slope compensation signal, variation of the
current limit level can be minimized over the entire input voltage range. The CS_POS pin voltage at time t, after
the rising edge of LSG, is expressed by Equation 8:

Vin—Ves_pos (1)
R»

Ves pos (1) =Vves (1) +Ry x ['cs_SET xKi0a + +lg opg X tx fosc]

®
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Vin

Ves (t) +Rqx [ICS_SET xKqpa + R, +ls opg X X fost
2
Ves pos (t) = R
1+ -1

Ra ©)

At the trip threshold, of the CBC comparator, both its inputs are at the same potential. In this case the voltage on
the CS_NEG pin is expressed by Equation 10.

Ves_NeG =los_seT XKaa xKyop XR3 (10)

Ves_pos (t)= Vcs NEG (12)

For a given duty cycle (D) the current sense threshold voltage that will just trigger the CBC comparator can be
determined by combining Equation 9, Equation 10 and Equation 11.

1 1 V,
Ves ceeth =Ripx [ICS_SET X [KZa xKiop xR3 [R_ + R_] - KlOa] - R;N —lsiopE * D]

1 2 2 (12)
Now if we assume:
1 1 1
_— - —
R; Ry Ry
K10a =Kiop =10
Kza = 2
2xV,
D = ton *fosc = =2 xNps
IN
N Ne
PS =1
Ng (13)
Equation 12 simplifies to Equation 14.
K V, 2xV
Ves ceeth = Rpx [% - % —lsiopE 2 x NPSJ
LIM 2 IN
Where
Keaer = Vium % (Kza *Kiop =Kioa)
(14)

LM5036 ensures flux balance of the main transformer during CBC operation. The duty cycles of the two primary
FETs are always matched. If the low-side FET is terminated due to a current limit event, a matched duty cycle
will be applied to the high-side FET during the next half switching period, regardless of the current condition. The
matched duty cycles ensure voltage-second balance of the transformer which prevents transformer saturation.

The pulse matching operation is illustrated in Figure 25. When the current limit is reached during the low-side
phase, a FLAG signal goes high. The RAMP signal is sampled at the rising edge of the FLAG signal and then
held through the next half switching period for the high-side phase. When the high-side phase RAMP signal rises
above the sampled value, the high-side PWM pulse is turned off so that the duty cycle are matched for both
phases. In the meantime, the hiccup restart capacitor is charged with a 15-pA current source during CBC
operation.
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Figure 25. Pulse Matching Operation

7.3.12 Reverse Current Protection

In addition to the CBC current limit, a negative current limit, which is set to be half of the positive current limit as
shown in Figure 26. This is used to prevent excessive reverse current which could cause significant output
voltage dip and potentially damage the power converter. When the negative current limit is exceeded twice, the
SSSR capacitor will be clamped to ground so the controller enters the SR SYNC mode where the SR pulses are
synchronized to the respective primary FET pulses. Therefore, the SR freewheeling pulses are turned off. The
negative current limit event counter will be reset if the number of negative current limit events detected within
four switching periods is less than two.

1/Kop
Negative I SSSR Cap )
CS_SET Current Limit Clamp Event _»chcup Mode O_N
. When Counter = 8
I_NEGh|Event Counter| Clamping Counter
SSSR cap

Riim Vi

AGND AGND

Figure 26. Reverse Current Protection Circuit

At the trip threshold of the NEG comparator both inputs are at the same potential. In this case the voltage on the
CS_NEG pin is expressed by Equation 15.

1
Ves NEG =les seT % Ko xKqop XR3
2b (15)
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The voltage across the CS resistor at the trip threshold of the NEG comparator can therefore be determined by
combining Equation 9, Equation 11 and Equation 15.

Keeez  Vin
Ves NeeTh = Rpx (—R R, IsLope * tcsik * fosc
LIM 2
Where :
bi = 2

1
Kesez = Vi X [K_XKlOb - KlOaj

2b (16)
Notice that the inductor current has its most negative value at the start of the LSG on period. The NEG
comparator trip will occur immediately after the blanking period (tcsg k) has expired.

7.3.13 CBC Threshold Accuracy

The CBC current limit amplifier deployed within LM5036 is a precise component. In.common with all such

devices the input bias currents and input offset voltage will lead to small variations in the current trip threshold
between parts and across temperature.

Vin
R
IPRI 2
IsLope K Vesoffset
R1 — 10a -
¢ L] M )
| cr CS_POS IgiasPoOS
Vcs T Rcs -1 1/K10p
R3 IBiasNEG
] 1
_L M/\FEJCS G K2a ced osb
= PGND -NE , CB I_P
|
Rum _L CS_SET Ko e
NN L] > +NEG _|
Al

GND CS_SET Vi

AGND

Figure 27. Diagram of Current Limiting Function with Error Terms Shown in Red
At its trip threshold the two inputs of the CBC comparator must be equal. At this condition the voltage on the
CS_NEG pin is given by Equation 17.

v _ VLIM
CS_NEG ~| R}
LIM

xKoa xKyop + lBiasNEGj xRz

17)
The voltage drop across the ideal amplifier input must be zero. The voltage of the CS_POS pin, at the trip
threshold can be expressed as follows:

Ves_pos = Ves NEG T Vesoffset (18)

V,

_ Lim

Ves pos =Ves ceeth t (R xK10a +Igiaspos + D xlsLope +
LIM

VIN —Ves_pos
Pttt XRJ

Ry (19)

Combining Equation 17, Equation 18 and Equation 19 and re-arranging gives:
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Keeer Vesoffset \
_ IN
Vcs cBcTh = Ry x ( R —lgiasoffset + —Dxlg ope — R.
3 2
Where :
IBiasOffset = IBiasPOS - IBiasNEG
(20)

Hence, for a given set of external component values, the variation in current trip threshold across parts and
temperature can be found using data supplied in the Electrical Tables.

A short delay will exist (tcs sg), after the CBC comparator inputs reach their trip threshold, before the LSG falling
edge. During this delay the primary current will continue to ramp, giving rise to a further error in the apparent trip
threshold. The peak primary current flowing when the low side MOSFET switches OFF (Ipicc), is expressed by
Equation 21.

Ves_ceeth 1 V, V, V,
R +1icsLsc % 25T N N Y (Ij\l
cs Mag Lo XNpg o0 XNpsg

loricec =

(1)

7.3.14 Impact of CBC Duty Cycle Mismatch on Output Current Limit

For a variety of reasons, including the difference in propagation delay of high and low side drivers, perfect
matching of upper and lower duty cycle is not possible. Figure 28 illustrates the inductor current ripple waveform
that exists when the tgy time of the upper switch is slightly longer than the lower switch by a small amount 2 x At.
This type of steady-state asymmetric ripple waveform impacts the relationship between output current limit and
the CBC circuit components.
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Figure 28. Output Inductor Current Waveform showing Impact of Duty Cycle Mismatch

For steady-state operation with mismatched duty cycle the output inductor current, splitter capacitor voltage and
magnetising current must all return to their starting values at the end of a complete switching cycle. To ensure
steady-state operation Equation 22, Equation 24 and Equation 29 must all be true.

(ton +A)x Vin x (1-X) _ (ton —At) x Viy x X

Al =
Mag 2% Lyag 2% Lyag

(22)

Where x is the fraction of V|y that appears across the lower splitter capacitor. Based on Equation 22 an
expression for x can be determined as a function of the duty cycle (D) and duty cycle mismatch (AD).

1 D+AD
X=—X

2 D
Where

(23)
Notice that for zero duty cycle mismatch (AD = 0) Equation 23 produces x = 1/2 as expected.

For the output inductor to be in steady-state the total volt-second product applied to the inductor over a complete
switching cycle must equate to zero. This is expressed by Equation 24.
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Vin XX

[v.Nx(l—w

P.

—Vo}(to,\, +At)+{
PS

(24)

Simplifying and substituting Equation 23 we arrive at a quadratic expression for the duty cycle required to
achieve the required voltage gain Equation 25.

2
_AD” _ 2xVg < Nos
D ViN

(25)

The quadratic Equation 25 can be solved to give Equation 26.

2
D:ﬁxNPS + V—OxNPS +AD?
ViN ViN

(26)

Again for zero duty cycle mismatch (AD = 0) notice that Equation 26 becomes the same as the duty cycle
expression given in Equation 13.

Vin XX ]
Lo Vo *[tosc ~ (ton —AD)] [ Nps
va2 = lvar t L - L
0 o]
(27)
Substituting Equation 23 and Equation 25 into Equation 27 gives the result Equation 28
lvaz = a1
(28)

Finally the current flowing into the splitter capacitors over a complete switching cycle must be zero. This is
expressed by Equation 29.

—IVal *lhia X (D + AD) - m X (D = AD) +Imagoftset =0

4 X NPS 4 X NPS
(29)
V,
_ (6]
R T x[1-(D+AD)]
o *losc

(30)
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Vo
oz = lvar + Lt X[l_(D_AD)}
o *losc
(31)
Output current is equal to the inductor current averaged over a complete switching cycle.
= lva1 y lpa + lpi2
°" 2 4
(32)
Hence we get Equation 33
V,
g =lo ———2——x(1-D
val = lo 2x Lo * foge ( )
(33)

Substituting Equation 33 into Equation 29 gives Equation 34. lyagomset IS the DC component of magnetising
current required to ensure that net current flowing into the splitter capacitors over a complete switching cycle is
zero.

- AD V, AD
IMagOffset = N_Val X F - 5 o X — X (1— 2% D)
PS Lo xTosc xNps
(34)
The peak primary current is given by Equation 35.
I
lpripk = Bha AIMag - IMagOffset
Nps
(35)

Substituting Equation 31, Equation 33 and Equation 34 into Equation 35 gives an expression for the output
current as a function of the peak primary current.

VO
2xLg xfoge xNpg

x(1-D+AD) -

lo =Nps x lpripk —

J—— —_ Y

(36)

The output current limit level (I, ) can be found if the peak primary current flowing at the moment the low side
MOSFET turns OFF (lp,icec) replaces the peak primary current in Equation 36.
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v = Nps X =——! lpricac ~ x(1-D+AD) - —=—2—
D+ AD 2xLg xfogc XNpg 2% LMag xfosc
(37)

Equation 21 for the peak primary current, flowing as the lower MOSFET turns of, is adjusted to account for duty
cycle mismatch to give Equation 38.

Ves_ceeth 1 D+AD V, V, V,
loricec = ——=— +lcsise ¥ 2% x| —h 4 N e

Res D Lvag Lo xNps® ) Lo xNpg
(38)
Equation 20 for CBC threshold voltage is adjusted to account for duty cycle mismatch to give Equation 39.
K v V,
Ves ceerth = Rix CBEL I asoftset + —o2el —|g) opE X (D-AD)- .
LIM Rs R,
(39)

Substituting Equation 39 and Equation 38 into Equation 37 gives an expression for output current limit (I, ) in
terms of circuit components and datasheet parameters.

Figure 29 illustrates the shift output current limit that occurs due to duty cycle mismatch during CBC operation.
LM5036 and it integrated drivers offers excellent duty cycle matching so for most applications the impact on
output current limit is small and may be neglected.
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Figure 29. Output Current Limit vs Input Voltage Showing Effect of CBC Duty Cycle Mismatch

7.3.15 Hiccup Mode Protection

A block diagram of the hiccup mode function is shown in Figure 30. Both the repetitive CBC and negative current
limit events will trigger hiccup mode operation in LM5036 device.
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Figure 30. Hiccup Mode Circuitry

The device charges the hiccup restart capacitor with a 15-pyA current source during CBC operation. The hiccup
mode is activated when Vggg exceeds 1 V. During hiccup mode operation, the SS and SSSR capacitors are fully
discharged and the half-bridge converter remains off for a period of time (ty,c) before a new soft-start sequence

o g

dl 1 »
Ml tHIC »

Figure 31. Hiccup Mode Activated By Continuous CBC Operation

Use Equation 40 to calculate the duration of CBC operation before entering the hiccup mode.

Crgs X1V
tepe = 1A
where
e Cges is the value of the hiccup capacitor (40)

After the RES pin reaches 1.0 V, the 15-pA current source is turned off and a 30-pA current source is turned on
which charges the RES capacitor to 4 V. Then a current source of 5 pA is enabled which discharges the RES
capacitor to 2 V.

Use Equation 41 to calculate the hiccup mode off-time.
Crps X2V X8 Cres X(2VX8+1V)

t =
Hie 5 pA 30 A (41)
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In addition to the repetitive CBC current limit condition, the device also enters hiccup mode if the SSSR capacitor
is clamped for eight times due to repetitive negative current limit condition. The operating pattern of the hiccup
mode activated by the negative current limit is similar to that activated by CBC current limit. The only difference
is that at the beginning of the hiccup mode operation the RES capacitor is charged with a 30-pA current source
when activated by negative current limit as illustrated in Figure 32 whereas the RES capacitor is charged with a
15-pA current source when activated by CBC current limit condition.

4V -~

2V--

oV

Counter @ I< thic >

(1) SSSR capacitor clamp event counter

Figure 32. Hiccup Mode Activated By Repetitive Negative OCP. Condition

Once the hiccup off-timer expires, the SSSR capacitor clamp event counter will be reset. If SSSR capacitor gets
clamped for less than eight times before the SSSR capacitor voltage is fully ramped up to its maximum value, the
SSSR capacitor clamp event counter will also be reset. This is because the fact that SSSR capacitor voltage is
able to fully ramp up to its maximum value indicates that repetitive negative current limit condition no longer
exists.

7.3.16 Hiccup Mode Blanking

In some application scenarios such as high output capacitance and/or heavy load, there can be excessive inrush
current during the start-up process. This would trigger CBC current limit which in turn activates the hiccup mode
operation, thereby causing the converter to keep attempting to restart. In LM5036 device, a hiccup mode
blanking circuitry is implemented to disable the hiccup mode operation during the start-up. The hiccup capacitor
is clamped to ground until the SSSR capacitor voltage rises above the hiccup blank threshold.

7.3.17 Over-Temperature Protection (OTP)

Two-level internal thermal shutdown circuitry is implemented in LM5036 device to protect the integrated circuit in
the event the maximum rated junction temperature is exceeded. When the internal temperature is above the
lower-level threshold of 150°C, the half-bridge converter is turned off and thereby the SS and SSSR capacitors
are fully discharged.

Typically, the internal temperature should drop after the main half-bridge converter is turned off. However, if the
temperature continues to rise above the higher-level threshold of 160°C, the auxiliary supply will be disabled in
order to prevent the device from catastrophic failures due to accidental device overheating . Note that the internal
VCC and REF bias regulators still remain active during thermal shutdown to provide the bias power for the
external house-keeping circuitry.

7.3.18 ON_OFF Pin

The ON_OFF pin can be configured as a latch pin or OVP pin. In the latch configuration, the half-bridge
converter remains off even after the faults are cleared. A new soft-start sequence will not be initiated until the
latch is reset. One latch configuration is illustrated in Figure 33 where a large latch resistor R, (for example, 50
kQ) and a diode are tied to the ON_OFF pin.
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Figure 33. ON/OFF Pin Latch Function

When any of the faults is detected including OVP, hiccup mode OCP and 150 °C OTP, the 50-uA ON_OFF pin
current source is activated, which raise the ON_OFF pin voltage quickly. As a result, the latch diode is reverse
biased. The current source remains active even if the fault is cleared because the ON_OFF pin voltage is latched
above 1.25 V. To reset the latch operation, simply pulling down the UVLO pin voltage below 1.25 V which
disables the current source and thus the ON_OFF pin voltage falls quickly. A new soft-start sequence will be
initiated as soon as the latch is reset and the faults are cleared.

Use Equation 42 to design the external voltage divider in latch mode.
1.25V+Vy 125V
INL = (

+ ) XR;y+1.25V+V,
where
* where V¢ is the forward voltage drop of the latch diode
* Vi is the desired input voltage latch threshold, and R, is the latch resistor. (42)

Note that the current source does not provide any hysteresis when ON_OFF pin is configured in latch mode.

The ON_OFF pin can also be configured as an OVP pin as shown in Figure 34. In this configuration, the external
voltage divider should be designed such that the ON_OFF pin voltage is greater than 1.25 V when over-voltage
condition occurs.

REF
50 pA
VIN +
R ON_OFF 1.25V -
1 REF UV
| +
|
e [ Hicoup Moge |
Hiccup Mode T\ VCC UV HB_OFF
150C OTP
UVLO <1.25V
AGND UVLO <1.25V
Figure 34. ON/OFF Pin Configured as OVP Pin
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The OVP hysteresis is accomplished with the 50-pA current source. When the ON_OFF pin voltage exceeds
1.25 V, the 50-pA current source is activated which quickly raises the voltage at the pin. The half-bridge
converter is turned off and the SS and SSSR capacitors are fully discharged. When the ON_OFF pin voltage falls
below 1.25 V, the current source is deactivated causing the voltage at the pin to quickly fall followed by a new
soft-start sequence. In addition to the OVP fault, hiccup mode and internal 150 °C thermal shutdown faults will
also cause the half-bridge converter to turn off. Once the faults are cleared, a new soft-start sequence
automatically begins. Because the hiccup mode or 150 °C thermal shutdown fault also activates the current
source, it is important to make sure that the ON_OFF pin voltage doesn't rise above 1.25 V when the input
voltage is high, which otherwise would lead to latch operation. Avoid this scenario by selecting a proper voltage
divider.

Use Equation 43 and Equation 44 to select the voltage divider for the OVP configuration.

R = Vhys (ovp)
17 s0pA
where
*  Vuysovr is the OVP hysteresis (43)
R 1.25V xRy
2 —
VIN(OFF) - 125 V
where
*  Vinorr is the OVP rising threshold (44)

7.3.19 Auxiliary Constant On-Time Control

Figure 35 shows a block diagram of the constant on-time (COT) controlled fly-buck converter. The LM5036
device integrates an N-channel high-side MOSFET and associated high-voltage gate driver. The gate driver
circuit works in conjunction with an external bootstrap capacitor and an internal high voltage diode. A 0.01-pF
ceramic capacitor connected between the BST_AUX pin and SW_AUX pin provides the voltage to the driver
during the on-time. During each off-time, the SW_AUX pin is at approximately 0 V, and the bootstrap capacitor
charges from VCC through the internal diode. The minimum off-timer ensures a minimum time in each cycle to
recharge the bootstrap capacitor. The LM5036 device also provides an internal N-channel SR MOSFET and
associated driver. This MOSFET provides a path for the inductor current to flow when the high-side MOSFET is
turned off.

The integrated auxiliary supply employs constant on-time (COT) hysteretic control which provides excellent
transient response and ease of use. The control principle is based on a comparator and a one-shot on-timer, with
the output voltage feedback (FB_AUX) compared to an internal reference. If the feedback voltage is below the
reference the internal buck switch is switched on for the one-shot timer period, which is a function of the input
voltage and the on-time resistor (Rgy). Following the on-time the switch remains off until the FB_AUX voltage
falls below the reference, and the forced minimum off-time has expired. When the feedback voltage falls below
the reference and the minimum off-time one-shot period expires, the high-side buck switch is then turned on for
another on-time one-shot period. This will continue until regulation is achieved.
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Figure 35. COT Controlled Fly-Buck Auxiliary Supply Circuitry

In a fly-buck converter, the low-side SR MOSFET is on when the high-side switch is off. The inductor current
ramps up when the high-side switch is on and ramps down when the low-side switch is on.

The switching frequency remains relatively constant with load and line variations. Use Equation 45 to calculate
the switching frequency of the auxiliary supply.

f _ Vauxi
SWAUX ™ 9 % 10~11 X Roy

where
e Vaux: is the primary output voltage of the auxiliary supply. (45)

Two external resistor values set the value of V,yx:. This regulation of the output voltage depends on ripple
voltage at the feedback input, requiring a minimum amount of ESR for the output capacitor (Cayx1)- A minimum
of 25 mV of ripple voltage at the feedback pin is required for stable operation of the auxiliary supply. The
Auxiliary Ripple Configuration Types section describes three types of auxiliary ripple circuit configurations.

7.3.20 Auxiliary On-Time Generator

The on-time for the auxiliary supply is determined by the resistor Roy, and is inversely proportional to the input
voltage, resulting in a nearly constant switching frequency as the input voltage is varied over its entire range.
Figure 36 shows the block diagram for the on-time generator.
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Figure 36. On-Time Generator Figure 37. Constant On-Time Control Waveform

A current source, which is a function of the input voltage and the Rgy resistor value, charges a capacitor. The
capacitor voltage ramps up linearly and gets reset when it reaches the threshold.

Use Equation 46 to calculate the on time tgy of the high-side switch.
9 x 10711 x Rgy

oN Vi (46)

The Ry should be selected for a minimum on-time (at maximum VIN) greater than 100 ns for proper operation.
This requirement limits the maximum switching frequency according to Equation 45 and Equation 46.

7.3.21 Auxiliary Supply Current Limiting

The LM5036 device contains an intelligent current limit off-timer for the auxiliary supply. If the current in the high-
side switch exceeds 200 mA typical, both the high-side MOSFET and the low-side SR are immediately turned off,
and a non-resetable off-timer is initiated. The length of the off-time is a function of the FB_AUX voltage and the
input voltage VIN. As an example, when Vig aux = 0 V and V|y = 48 V, a maximum off-time is set to 16 ps. This
condition occurs when the output is shorted, and during the initial phase of start-up. This amount of time ensures
safe short circuit operation up to the maximum input voltage of 100 V.

In cases of overload where the FB_AUX voltage is above zero volts (not a short circuit) the current limit off-time
is reduced. Reducing the off-time during less severe overloads reduces the amount of foldback, recovery time,
and start-up time. The current limit off-time is calculated from Equation 47.

_(0.07 X Viy)
torr (LIM) = Ve aux 0.2V us .

Because the current limit protection feature of the auxiliary supply is peak limited, the maximum average output
is less than the peak.

To prevent excessive reverse current during the off-time of the current limit, the auxiliary supply will operate at
the asynchronous (ASYNC) mode where the low-side SR is turned off during the current limit operation.

Note that the minimum on-time of the high-side FET at the maximum VIN must be greater than the leading-edge
blanking period for the current sense (95 ns typical). Otherwise, the current limit condition would not be detected.
Due to the leading-edge blanking and propagation delay, the typical current limit response time for the auxiliary
supply is 150 ns. Therefore, it is critical to ensure that the auxiliary transformer does not get saturated during this
period, particularly under high-input voltage surge test where the rising slew-rate of the auxiliary transformer
current is extremely fast. This can be accomplished by using an auxiliary transformer with adequate saturation
current and inductance rating.
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7.3.22 Auxiliary Ripple Configuration Types

With COT control, the on-time of the high-side FET is terminated by an on-timer, and the off-time is terminated
when the feedback voltage (Vg aux) falls below the reference voltage (Vrer aux)- TO maintain stable operation,
the feedback voltage must decrease monotonically, in phase with the inductor current during the off-time. This
change in feedback voltage during off-time must be large enough to suppress any noise component present at
the feedback node.

The output voltage ripple has two components:
» Capacitive ripple caused by the inductor current ripple charging/discharging the output capacitor.
* Resistive ripple caused by the inductor current ripple flowing through the ESR of the output capacitor.

The capacitive ripple is not in phase with the inductor current. As a result, the capacitive ripple does not
decrease monotonically during the off-time. The resistive ripple is in phase with the inductor current and
decreases monotonically during the off-time. The resistive ripple must exceed the capacitive ripple at the output
node for stable operation. If this condition is not satisfied unstable switching behavior is observed in COT
converters, with multiple on-time bursts in close succession followed by a long off-time. Figure 38 through
Figure 40 show three different methods for generating appropriate voltage ripple at the feedback node
(SW_AUX).

7.3.22.1 Typel

Figure 38 shows the lowest cost configuration. In cases where the capacitor ESR is too small, an additional
series resistor R: can be added to increase the ripple magnitude. For applications where lower output ripple
voltage is required, the output can be taken directly from a low ESR output capacitor. However, R¢ slightly
degrades the load regulation.

7.3.22.2 Type 2

Figure 39 shows the reduced ripple configuration. The output voltage ripple is ac coupled to the feedback node
through C,.. Therefore, the value of R¢ is reduced.

7.3.22.3 Type 3

Figure 40 shows the ripple method that uses R, and C, and the switch node voltage to generate a triangular
ramp. This triangular ramp is ac coupled using C,. to the feedback node. Because this circuit does not use the
output voltage ripple, it is ideally suited for applications where low output voltage ripple is required. See AN-1481
Controlling Output Ripple and Achieving ESR Independence in Constant On-Time (COT) Regulator Designs for
more details for each ripple generation method.

Vauxi Vauxi

Vauxi
Rc

Chaux

I E—vwa—

PGND PGND

PGND PGND

PGND  PGND See Equation 49 and
See Equation 48 Equation 50 PGND
Figure 38. Type 1: Lowest Cost Figure 39. Type 2: Reduced See Equation 53, Cr
Configuration Ripple Configuration = 1000 pF, Cac =
100 nF
Figure 40. Type 3: Minimum
Ripple Configuration
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5
Cac 2
R, >_ 2omV Vauxi fsw aux X (Repz || Rrp1)(49) c, = 1000 pF (51)
CcC =
AlLaux)min  VREF_AUX 48) > 25 mV C,c =100 nF (52)
=
AIL(AUX )_min (50)

(Vin @miny — Vaux1 ) X ton min)
25 mV

R, XC, <

(53)

7.3.23 Asynchronous Mode Operation of Auxiliary Supply

In LM5036 device, there are two conditions where the auxiliary supply will enter asynchronous (ASYNC) mode
operation where the low-side SR is turned off and only its body diode is allowed to conduct. The first condition is
when the half-bridge converter is turned off (Refer to the Device Functional Modes section). This helps to reduce
the power consumption of the auxiliary supply at light loads. As described in the Auxiliary Supply Current Limiting
section, the auxiliary supply will also be forced to operate at ASYNC mode during current limit operation to
prevent excessive reverse current.

7.4 Device Functional Modes

The functional modes of the device are summarized in the following table. Faults include hiccup mode OCP,
OVP, and 150°C OTP.

Table 1. Device Functional Modes

CRITERIA VCC AND REF AUXILIARY HALF-BRIDGE
REGULATORS SUPPLY CONVERTER
UVLO <0.35V OFF OFF OFF
(0.35V < UVLO < 1.25 V) & (VIN < 15 V) ON OFF OFF
(0.35V<UVLO <1.25V) & (VCC & ON ON at ASYNC OFF
REF > UV) & (VIN > 15 V) Mode
(UVLO > 1.25 V) & (VIN > 15 V) & (VCC
& REF > UV) & No Faults ON ON at SYNC Mode ON
(UVLO > 1.25 V) & (VIN > 15 V) & (VCC ON ON at ASYNC OFF
& REF > UV) & Any Faults Mode
(VCC & REF > UV) & (VIN > 15 V) & ON ON at ASYNC NA
AUX Current Limit Mode
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8 Application and Implementation

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
validate and test their design implementation to confirm system functionality.

8.1 Application Information

The LM5036 device is a highly integrated half-bridge PWM controller that contains all the features necessary for
implementing the half-bridge topology power converters using voltage-mode control with input voltage feed-
forward. The device targets isolated DC-DC converter applications with input voltage of up to 100 V.

8.2 Typical Application

The following schematic shows an example of an isolated half-bridge DC-DC converter controlled by LM5036
device. The operating input voltage range is 36 V to 75 V, and the output voltage is 12 V. The maximum load
current is 8 A and the output current limit is configured to be 10 A.
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Figure 41. Evaluation Board Schematic
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8.2.1 Design Requirements
PARAMETER VALUE
VN Input voltage 36 Vto 75V
Vo Output voltage 12V
lo(max) Maximum load current 8A
ILim Output current limit 10A
n Peak efficiency 94.41%
Efficiency at Viy=48 Vand Iop =8 A 93.46%
Vaux1_oFfF Off-state auxiliary output voltage 126V
Vaux1 oN On-state auxiliary output voltage 9V
Load regulation 0.2%
Line regulation 0.1%
Line UVLO rising/falling threshold 34V/32V
Line OVP rising/falling threshold 80 V/78 V
Latch threshold 80V
Maximum load current for auxiliary supply 100 mA

8.2.2 Detailed Design Procedure

8.2.2.1 Custom Design With WEBENCH® Tools

Click here to create a custom design using the LM5036 device with the WEBENCH® Power Designer.

1. Start by entering the input voltage (V|y), output voltage (Vout), and output current (Ioyt) requirements.
2. Optimize the design for key parameters 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, these actions are available:

* Run electrical simulations to see important waveforms and circuit performance

* Run thermal simulations to understand board thermal performance

» Export customized schematic and layout into popular CAD formats

» Print PDF reports for the design, and share the design with colleagues

Get more information about WEBENCH tools at www.ti.com/WEBENCH.

8.2.2.2 Input Transient Protection

The voltage applied to the VIN pin of LM5036 device serves as the input voltage for the internal VCC startup
regulator and auxiliary supply. In typical applications, the VIN pin voltage is the same as the input voltage for the
main half-bridge converter. The recommended range of the VIN pin voltage is 18 V to 100 V. Figure 42 shows
the recommended filter that suppresses the transients that may occur at the input supply. This suppression is
particularly important when the input voltage rises to a level near the maximum recommended operating rating
(100 V) of the LM5036 device.

Figure 42. Input Transient Protection
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8.2.2.3 Level-Shift Detection Circuit

An example implementation of the V,yx, level-shift detection circuit is shown in Figure 43. The zener voltage
must be between the off-state and on-state level of Vyxo. When V,x, is above the zener voltage, both Q1A and
Q1B are turned on and therefore the reference output voltage Vger is clamped to ground. Once V,x» falls below
the zener voltage, both Q1A and Q1B are turned off, and the reference is released.

Q1B
MMDT3946-7-F

10 kQ

10 kQ

Q1A
| 0.01uF  MMDT3946-7-F _| 0.1uF

~

SGND
Figure 43. Secondary Auxiliary Voltage Level-Shift Detection Circuit

8.2.2.4 Applications with V,y > 100 V

For applications where the input voltage exceeds 100 V, all of the 100V-rated internal circuit blocks, including
VCC start-up regulator, auxiliary supply and half-bridge gate drivers, need to be bypassed. In this case, VIN pin
can be powered from an external start-up regulator, as shown in Figure 44. The VIN and VCC pins should be
tied together in this configuration. The voltage at the VCC and VIN pins must be greater than the maximum
internal VCC voltage yet not exceed the maximum recommended rating. The external bias supply Vayxi, can be
derived from an external auxiliary supply. An external gate driver with _higher voltage rating should be used to
drive the half bridge.

ViN
T ’ VIN VCC T Vauxi
PGND
PGND

Figure 44. External Start-Up Regulator

8.2.2.5 Applications without Pre-Biased Start-Up Requirement

For applications where the pre-biased startup is not required, the level-shift detection circuit described in the Pre-
Biased Start-Up Process section is not necessary. Without the level-shift detection circuit, the reference voltage
on the secondary side would be released as soon as the secondary bias is established. The external VCC bias
supply can be derived from the integrated auxiliary supply or an auxiliary winding of the main transformer.

8.2.2.6 UVLO Voltage Divider Selection

As described in the Undervoltage Lockout (UVLO) section, two external resistors can be used to program the
minimum operating voltage for the power converter, as shown in Figure 45. When the UVLO pin voltage falls
below 1.25-V threshold, an internal 20-pA current sink is enabled to lower the voltage at the UVLO pin, thus
providing the threshold hysteresis. Resistance values for R; and R, can be determined from Equation 54 and
Equation 55.

R, — Vhys (uvLo)
| =———
20 pA
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where
*  Viuyswuvio) is the UVLO hysteresis (54)
R 1.25V x Ry
> Vineom — 1.25V — 20 pA X Ry
where
*  Vinen IS the input voltage UVLO rising threshold. (55)

Figure 46 illustrates one way to configure a latch reset operation by pulling the UVLO pin voltage below 1.25 V.
The diode voltage drop must be between 0.35 V and 1.25 V. The controller can be forced to enter shutdown
mode by pulling UVLO pin to GND.

L

L

Ry UVLO L
r
L
20 pA Ry

Vin
V gRl UVLO 125V ¥ .
ik 125V —]% , , r
E—— 20 UA
4*
R P LATCH J J
2 * - RESET 035V > >
AGND

Figure 45. UVLO Configuration Figure 46. Latch Reset

8.2.2.7 ON_OFF Pin Voltage Divider Selection

As described in the ON_OFF Pin section, the ON_OFF pin can be configured as a latch pin or an OVP pin.
Figure 33 shows the latch configuration. The ON_OFF pin is latched when the pin voltage reaches 50 pA x R,
when any of the internal faults is detected. The latch diode is reverse-biased during latch operation. The latch
resistor R, should be selected such that 50 pA x R, > 1.25 V. In this design example, R is selected to be 49.9
kQ. If the latch threshold is 80 V, R, should be 40 kQ, and R, should be 710 Q.

If the ON_OFF pin is configured as an OVP pin, two resistors can be used to program the maximum operating
input voltage for the half-bridge converter, as illustrated in Figure 34. When the ON_OFF pin voltage rises above
the 1.25-V threshold, an internal 50-pA current source is enabled to raise the ON_OFF pin voltage, thus
providing the threshold hysteresis. Use Equation 43 and Equation 44 to determine resistance values for R; and
R,. If the LM5036 device is to be disabled when Vyoer) reaches 80 V and enabled when it is decreased to 78 V.
R, should be 40 kQ, and R, should be 635 Q. In addition, the ON_OFF pin can also be used for external thermal
protection with a thermistor.

8.2.2.8 SS Capacitor

The soft-start delay tpss) , Which is the time it takes for the soft-start capacitor to rise from 0 V to 2 V, can be
programmed with the SS capacitor value according to Equation 56
_ Iss X tp(ss)

where
e lsg = 20 pA (typical) is the current source of the soft-start pin (56)

8.2.2.9 SSSR Capacitor

The SSSR capacitor value determines the rate at which the pulse width of the SR's of the half-bridge converter
increases. To achieve a monotonic start-up for the output voltage, the SSSR capacitor value should satisfy the
following two conditions:

e SR soft-start sequence should be completed before regulation set-point of the output voltage is reached.

« With a lower control loop bandwidth, the primary-side duty cycle tends to increase at a slower rate. Therefore
the ramp-up speed of the SSSR capacitor voltage should be reduced accordingly in order to prevent
excessive reverse current.

44 Submit Documentation Feedback Copyright © 2018, Texas Instruments Incorporated
Product Folder Links: LM5036


http://www.ti.com/product/lm5036?qgpn=lm5036
http://www.ti.com
http://www.ti.com/product/lm5036?qgpn=lm5036
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVSB14A&partnum=LM5036

13 TEXAS
INSTRUMENTS
LM5036

www.ti.com SNVSB14A —APRIL 2018—REVISED MAY 2018

A general rule of thumb is to maintain the control loop bandwidth of the half-bridge converter above 1 kHz. With
a slow control loop bandwidth, the output voltage needs to drop at least 25% from the regulation set-point during
the restart time period where the SS pin voltage rises from 0 V to 2 V and then the secondary-side reference
VRer lises to 75% of regulation set-point. To satisfy the first condition above, the rise time of the SSSR capacitor
voltage should be less than 25% of the rise time of the output voltage, as described in Equation 57.

ISSSR X 25% X tRAMP
C <
SSSR 5V

where
e lsssgr = 20 HA (typical) is the current source of the SSSR pin. tgavp is the ramp-up time of the output voltage. (57)
Use the SSSR capacitor value calculated from Equation 57 as a starting point. Fine-tuning may be needed based

on the actual control loop design and other specific design requirements such as pre-bias conditions and loading
profile.

8.2.2.10 Current Limit

The Enhanced Cycle-by-Cycle Current Limiting with Pulse Matching section describes the CBC current limiting
functionality in detail. Figure 47 illustrates the current limiting block diagram of the LM5036 device. There are five
resistors associated with the current limiting function of the half-bridge converter, as listed below:

* Res
. R3
. R2
* Rum
. Rl

Because R; is equal to the equivalent resistance of R; and R, as given by Equation 13, there are four unknown
resistor values to be determined.

ViN
IpRI R
IsLope @ K10a
—I A
|
Ccs_POS 3
Amp 1/K10p
:I K2a _L +
CS_NEG CBC I_POSb
Rum lcs_set \\ UK
[ ] 2b
A ] 9_» |_NEGb
* AGND CS_SET Vi
AGND

Figure 47. Current Limiting Block

The value of current sense resistor Rgg is determined based on the maximum power consumption requirement.
Typically, the current sense resistor should consume less than 0.5% of the input power of the converter at the
worst case scenario. The sense resistor conducts every alternate current pulse flowing in the primary winding.
The power dissipated in the sense resistor is determined by Equation 58.

2
s
PCS _ Pri_RMS XRCS
2 (58)
The RMS current flowing in the primary winding may be calculated using Equation 59.
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| 1 (Al 2
Ipri RMS = O « IDx 1+—x{—P”J
- Nps 3 lo

Where

Al V, - V,

Nps 2xLoxNps (fosc) 4*Lwag fosc (59)

Maximum loss in the current sense resistor will occur while maximum output current (I, ) is delivered from
minimum input voltage (Viymin)- Evaluating Equation 59 gives Equation 60.

lbri_rvs = 7-07A (60)

To achieve our target of dissipating less than 0.5% of maximum output power the current sense resistor must
satisfy Equation 61.

2
Reg <0.5% x Vg x 1l % — = 0.024 Q3

Pri_RMS (61)
In our example design the current sense resistor value selected is given in Equation 62.
Res =5mQ (62)
A
HSG 1 |,

LSG <_tON_><-tOFF_>I—I<_tOFF->

A ViN
Vsw |
Vin/2

[——ton—"

A X

lLo/Nps *’
Nt //\ /N
{\/ } \O ps

Alpy } Alo/Nps
Alo/Nps
+ ILMag *
0 - 1 —
AILMag *
AILMag

Ipri

Figure 48. Main Converter Operating Waveforms

The resistor Ry is used to set the slope compensation magnitude. In LM5036 device, the slope of the
compensation ramp is given by Equation 63. To eliminate sub-harmonic oscillation, m¢ should be set to at least
one-half the down-slope of output inductor current transformed to the primary side across the current sense
resistor, as given by Equation 64 and Equation 65. To damp the sub-harmonic oscillation after one cycle, m¢
must be set equal to one times the down-slope of the output inductor current. This configuration is known as
deadbeat control. In LM5036 device, the slope compensation signal is a saw-tooth current waveform of
magnitude Ig opg at the oscillator frequency (twice the switching frequency).

Mc =ls ope * fosc *R;

where
e Where m¢ is the slope of the compensation ramp
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* g ope is the amplitude of the saw-tooth current signal used for slope compensation (63)
V, 1 mV
mL=—O>< XRCS=9.57_
Lo Nps us
where
* m, is the down-slope of the output inductor current transformed to the primary side
* Np is the number of turns for the primary winding of the main transformer
* Ns is the number of turns for the secondary winding of the main transformer
e Vg is the output voltage of the half-bridge converter
e Lo is the output inductor value of the half-bridge converter
* Rgsis the current sense resistor (64)
1
mec >—-—Xm
€77 L (65)

Substituting Equation 63 and Equation 64 into Equation 65 gives us an expression for the minimum value for
resistor R, to avoid sub-harmonic oscillation.

V,
Rl>%><—o>< 1 XRCSX;=23QQ

Lo Nps IsLope * fosc (66)

Deadbeat control is ensured by doubling this value. For our example design the value given in Equation 67 has
been selected

R, =576 Q 67)

Values have now been selected for both Rcg and R;. Values for R,y and R, are yet to be determined. These
values define the peak current limit threshold and how this level will vary with input voltage. The relationship
between peak primary current limit and maximum output current is defined by Equation 36, Equation 38 and
Equation 39. For this design example we will neglect Igiasoftsets Vesotiset @nd duty cycle mismatch AD. Since these
parameters have only a small effect on output current limit. Setting all these parameters to zero we arrive at
Equation 68, Equation 69 and Equation 70.

V, VA xN
lo (VinoRumR2) = Npg x IPriCBC(VIN’RLIM1R2)_2 L fO N x(1-D _ﬁ
*Lo Xlosc *Nps X Lmag * losc 68)
Ves_ceeth(VineRumiR2) 1 V, V, V,
lbricac (VinoRumiR2) = ——= R Tlesise | 5% T T —— L (,)\,
CS Mag LO X NPS o XNpg (69)
K V,
Vs ceeth(VineRumiR2) =Ry X( F\?Bm —ls ope XD —ﬁj
LIM 2 (70)

The output current limit will vary with input voltage. For this design example the output current limit is set to Iy
at the extremes of input voltage giving Equation 71 and Equation 72. This is done to limit the spread of output
current limit across the range of input voltage.

lo (VIN(min)’RLIM’RZ) =lum

(71)
I6 (V LR mR5 ) =1
o( IN(max)* LM 2) LIM (72)
Solving Equation 71 and Equation 72 simultaneously yields values for resistors Ry and R».
R, = L - =2.33MQ
tesis, Res [ 1 1 S |- 1 Voo Res | ooex2x Vg xNpg
2 RixNps | Lmag Lo xNps® ) Vingmin * Vinmax) (Lo xfosc Ra
(73)
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Rim = Keaer =56.9 kQQ
Res % lLim + Vo «| 1— 2x Vo xNps + VoxNps _tesise « Vingmin) + Vingmin) ) +lg ope % 2x Vo xNps + Vingmin)
Ry | Nps 2xLgxNpg xfosc Vin(min) 2xLyag *fosc  Nps 2xLyag  2xLoxNpg? Lo *Npg Vin(min) R
(74)

Having determined values for R; and R,, the value of resistor R is fixed by Equation 13.

The selected values for R, and Ry, are given in Equation 75. Figure 49 presents the measured output current
limit vs input voltage for the circuit presented in Figure 41. Figure 49 also presents the output current limit vs line
for the same circuit predicted by Equation 68, Equation 69 and Equation 70. There is good agreement between
measured and predicted results.

R, =1.96 MQ

If the magnitude of the leading-edge spike is excessive, an additional filter capacitor Cr should be added to form
and RC filter with R, to reduce the high-frequency noise spike. The time constant of this RC filter must be short
compared with the shortest tyy period to avoid affecting the current limit set point. Both the leading-edge blanking
and the RC filter help to prevent false triggering of the CBC current limiting operation.

10.2
| —— ILIM Calculated

10.1 — S A @ ¢ ILIM Measured
z 10 > N

9.9 * g

9.8 & \\ *

9.7

*
*

*

9.6

Output Current Limit

9.5

9.4

9.3
36 41 46 51 56 61 66 71 76
Input Voltage (V)

Figure 49. Main Converter Measured vs Predicted Output Current Limit

8.2.2.11 Auxiliary Transformer

A coupled inductor or a flyback-type transformer is required for this fly-buck topology auxiliary supply. Energy is
transferred from primary to secondary when the low-side SR MOSFET is conducting.

The transformer turns ratio is selected based on the ratio of the primary output voltage to the secondary output
voltage. In this design example, the two outputs are setto be equal and a 1:1 turns ratio transformer is selected,
i.e., N,/N; = 1. If the secondary output voltage is significantly higher or lower than the primary output voltage, a
turns ratio less than or greater than 1 is recommended. The primary output voltage is normally selected based on
the input voltage range such that the duty cycle of the converter does not exceed 50% at the minimum input
voltage. This condition is satisfied if Vayxi < Vinmin) / 2-

Use Equation 76 to calculate the maximum peak-to-peak inductor current ripple Al ayx) that can be tolerated
without exceeding the peak current limit threshold (150 mA minimum) of the high-side switch,

N
Alyauxy = (0-15 —Iauxt —lauxe X N_1> X 2

where

e lauxs is the primary output current, and I,y iS the secondary output current of the auxiliary supply,
respectively. (76)

In this design example, the maximum total output current |ayxmax) Of the auxiliary supply referred to the primary
side is 100 mA, as given by Equation 77.
2
Laux (max) = Tavx1 + lavxe X~ = 0.1A
1 77)
Therefore, Al aux) = 0.1 A. Use Equation 78 to calculate the minimum inductor value for the auxiliary supply.
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V, —Vauxt V
LAUX — IN (max ) UX x AUX1 - 132 IJ.H
Al cauxy X fsw_auvx  ViN(max) (78)

Select a higher value of 150 pH to ensure the high-side switch current doesn’t exceed the minimum peak current
limit threshold.

8.2.2.12 Auxiliary Feedback Resistors

The two feedback resistors are selected to set the primary output voltage Vayx: Of the auxiliary supply. The
internal reference for the off-state and on-state auxiliary output voltage levels are 1.4 V and 1 V, respectively.
The feedback resistors are calculated such that both of the off-state and on-state auxiliary output voltage fall into
the recommended operating range (8.5 V to 14 V). In this design example, the off-state and on-state auxiliary
output voltages are setto 12.6 V and 9 V, respectively. Reg; is selected to be 1 kQ and Rgg, is calculated to be 8
kQ according to Equation 79. Note that it is the valley of the output voltage that is regulated at the reference
value. Therefore the average output voltage is greater than the reference value due to the ripple injected to the
feedback node. Rgp; is selected to be 7.5 kQ in this design example.

Rgg2
Vauxi = VRer aux X (1 + RFB1>

(79)

8.2.2.13 Ry Resistor

Use Equation 45 to calculate the value of Rpy required to achieve the desired switching frequency for the
auxiliary supply. For this design example where the on-state Vayx; is 9 V and fgy aux is 600 kHz, the calculated
value of Rpy is 167 kQ. A standard value of 165 kQ is selected for Ry

8.2.2.14 VIN Pin Capacitor

Place the required bypass capacitor close to the VIN pin of the LM5036 device. Ensure that the capacitance is
large enough to limit the ripple of the VIN pin voltage to a desired level.'Use Equation 80 to calculate the value of
Cn required to meet the ripple voltage AV,y requirement.

IAUX (max )

Cpn =
™= 4 X fow aux X AViy (80)

Choosing a value of 0.5 V for AV, yields a minimum C,y value of 0.067 pF. Select the standard value of 0.1 puF
for this design. Ensure that the voltage rating of the input capacitor is greater than the maximum input voltage
under all conditions.

8.2.2.15 Aukxiliary Primary Output Capacitor

Use Equation 81 to calculate output ripple voltage for a conventional buck converter.

Al aux)

AVA =
P8 X fow _aux X Cauxt (81)

To limit the primary output ripple voltage AV,yx; to approximately 50 mV, an output capacitor Cax; 0of 0.33 YF is
required.
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IL_pri/IL_secC A

lauxi + No/N1 x Iaux2

0A

>

Time

Figure 50. Auxiliary Transformer Current Waveform for Cayx; Ripple Calculation

Figure 50 shows the primary and secondary winding current waveform |, pg; and I, sec. The reflected secondary
winding current adds to the primary winding current during the off-time of the high-side switch. Because of this
increased current, the output voltage ripple is not the same as in conventional buck converter. The output
capacitor value calculated in Equation 81 should be used as a starting point. Optimization of output capacitance
over the entire line and load range must be done experimentally. If the majority of the load current is drawn from
the secondary isolated output, a better approximation of the primary auxiliary output voltage ripple is given by
Equation 82.

N
(IAUXZ X N—i) X toN (max)
AVpyx1 =

Caux1 (82)
A standard 1-pF, 25-V capacitor is selected for this design.

8.2.2.16 Auxiliary Secondary Output Capacitor
A simplified waveform for the secondary winding current I,_ggc is shown in Figure 51.

A

IL_sec

laux2

0A

- >
Time

Figure 51. Auxiliary Transformer Secondary Winding Current Waveforms for C,yx, Ripple Calculation

The secondary output current l,yx» is sourced by Cpyx, during on-time of the high-side switch, Toy. Ignoring the
current transition times in the secondary winding, the secondary output capacitor ripple voltage can be calculated
using Equation 83.

Iauxz X ton (max)
Cauxz (83)

AVpuxz =
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For a 1:1 auxiliary transformer turns ratio, the primary and secondary voltage ripple equations are identical.
Therefore, Cayxz is chosen to be equal to Cpx; (1 UF) to achieve comparable ripple voltages on the primary and
secondary outputs.

8.2.2.17 Auxiliary Feedback Ripple Circuit

Type | and Type Il ripple circuits use series resistance and the triangular inductor ripple current to generate ripple
at Vux1 and the FB_AUX pin. The primary ripple current of a fly-buck is the combination of primary and reflected
secondary currents as illustrated in Figure 50. In the fly-buck topology, Type | and Type Il ripple circuits suffer
from large jitter as the reflected load current affects the feedback ripple.

Selecting the Type Ill ripple components using the Equation 53 from Type 3 will guarantee that the FB_AUX pin
ripple is greater than the capacitive ripple from the primary output capacitor Cyx;.-

With C, = 1000 pF and C,. = 100 nF, the calculated value of R, is 206 kQ. This value provides the minimum
ripple for stable operation. Select a smaller resistance to allow for variations in tgy, primary output capacitor and
other components.

8.2.2.18 Auxiliary Secondary Diode

Use Equation 84 to calculate the reverse voltage across secondary rectifier of the auxiliary supply when the high-
side switch is on.

2
Vp = — XV,
D N1 IN (max) (84)

For a maximum input voltage of 75 V and the 1:1 turns ratio of this design, select a schottky diode with a rating
of 75-V or higher.

8.2.2.19 VCC Diode

A diode must be connected between the primary output Vaux; and the VCC pin. When Vx; is more than one
diode voltage drop greater than the internal V¢ voltage, the V¢ bias current is supplied from V,x;. This results
in reduced power losses in the internal V¢ regulator, especially at high input voltage.

8.2.2.20 Opto-Coupler Interface

Figure 52 illustrates the opto-coupler interface for the main feedback control loop. The primary side of the opto-
coupler is biased with REF voltage from LM5036 device. Roptg should be selected such that with the minimum
error amplifier output, the comp current flowing into the COMP pin of the device is greater than 800 YA which
corresponds to zero duty cycle, as given by Equation 85.

]
|
1 v
I
|
I
|

REF T
g
comp i Ropro \  JZ]e—— vq
i Y Vs
|
| <~
SGND
Figure 52. Opto-Coupler Interface
V, -V =V,
lcomp = 2—1—€xCTR
opto
where

* where V, is the bias supply for the error amplifier and opto-coupler on the secondary side
« V;is the diode forward voltage drop of the opto-coupler
e V. is the error amplifier output
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e CTRis the current transfer ratio of the opto-coupler
e lcomp is the comp current flowing into the COMP pin
* REF is the 5-V reference of LM5036 device (85)

8.2.2.21 Full-Bridge Converter Applications

While LM5036 device is optimized for half-bridge applications, it can also be used for full-bridge applications.
External gate drivers are needed to support an additional pair of FETs in full-bridge configuration. In addition, a
DC-blocking capacitor is required to ensure voltage-second balance of the main transformer with the voltage-
mode control of LM5036 device. Only one phase current information is needed for current protection in the full-
bridge applications.

8.2.3 Application Curves

100% v s |
95%
//— -
90%
/
)£ —
85% . . L R R L. R . R
>  80% ad 1 Hok b oW b
g d ~
2 75% F : s :
E 700/ / A A A
° 4 \\_/'/\‘,// \\// y\_ )\\,"/ i \\/’/ \V/ 4 ‘\/"l i\,/‘” \/ /\‘J/ \\,/f \L-'/ \‘\/‘f'\\ 2 7\ \/ \ //\\/
65%
60% —_— V|N =36V
55% — Vin=48V
e V|N =75V
50%
0 1 2 3 4 5 6 7 8 A oo | T T T T
Load Current (A) @ v wo ] p s
fSW - 200 kHZ VO= 12 V @ 2.0vidiv 1MQ 8y:20.0M Auto January 30,2018 10:53:02
Vin =48 V Vo=12V
lo=8A
Figure 53. Efficiency Figure 54. Steady State Operation Waveform
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9 Power Supply Recommendations

The power converter controlled by LM5036 device can have considerable current level. Care should be taken
that components with the correct current rating are chosen. This includes magnetic components, power
MOSFETS and diodes, connectors and wire sizes. Input and output capacitors should have the correct ripple
current rating.

The recommended maximum input voltage for the VIN pin of LM5036 device is 100 V. The recommended
voltage for the VCC pin is between 8.5 V and 14 V. Both VCC pin and REF pin must be locally decoupled with a
ceramic capacitor. The recommended range of values is 0.47 pF to 10 pF for VCC pin, and 0.1 pF to 10 pF for
REF pin. To reduce the power consumption of the internal VCC regulator, an external bias supply can be
connected to VCC pin through a diode.
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10 Layout

10.1 Layout Guidelines

The two ground planes (AGND and PGND) of LM5036 device should be tied together with a short and direct
connection to avoid jitter due to relative ground bounce. The connection point could be at the negative
terminal of the input power supply.

The VIN, VCC, REF pin capacitors, and CS_NEG resistor should be tied to PGND plane. UVLO, ON_OFF,
RT, RON, RD1 and RD?2 resistors, RAMP, RES, SS and SSSR capacitors, and the thermal pad should all be
tied to AGND plane.

SW and SW_AUX are switching nodes which switch rapidly between VIN and GND every cycle which are
sources of high dv/dt noise. Therefore, large SW/SW_AUX node area should be avoided.

The differential current sense signals at CS_POS and CS_NEG pins should be routed in parallel and close to
each other to minimize the common-mode noise.

The area of the loop formed by the main feedback control signal traces (COMP and REF) should be
minimized in order to reduce the noise pick up. This can be accomplished by placing the COMP and REF
signal traces on top of each other in adjacent PCB layers. In addition, the main feedback control signal traces
should be routed away from the SW_AUX switching node to avoid high dv/dt noise coupling.

The gate drive outputs (LSG and HSG) should have short and direct paths to the power MOSFETs to
minimize parasitic inductance in the gate driving loop.

The VCC and REF decoupling capacitors should be placed close to their respective pins with short trace
inductance. Low ESR and ESL ceramic capacitors are recommended for the boot-strap, VCC and the REF
capacitors.

A decoupling capacitor should be placed close to the IC, directly across VIN and PGND pins. The
connections to these two pins should be direct to minimize the loop area which carries switching currents.
The boot-strap capacitors required for the high-side gate drivers of the half-bridge converter and auxiliary
supply should be located close to the IC and connected directly to the BST/BST_AUX and SW/SW_AUX pins.
The area of the switching loop of the power stage consisting of input capacitor, capacitive divider,
transformer, and the primary MOSFETSs should be minimized.

10.2 Layout Example

See Figure 55 for an example layout that matches the schematic of Figure 41.

54
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Layout Example (continued)
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Figure 55. LM5036 PCB Layout Example
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11 Device and Documentation Support

11.1 Custom Design With WEBENCH® Tools

Click here to create a custom design using the LM5036 device with the WEBENCH® Power Designer.

1. Start by entering the input voltage (V|y), output voltage (Voyt), and output current (Iopyt) requirements.
2. Optimize the design for key parameters 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, these actions are available:

* Run electrical simulations to see important waveforms and circuit performance

* Run thermal simulations to understand board thermal performance

» Export customized schematic and layout into popular CAD formats

» Print PDF reports for the design, and share the design with colleagues

Get more information about WEBENCH tools at www.ti.com/WEBENCH.

11.2 Receiving Notification of Documentation Updates

To receive natification of documentation updates, navigate to the device product folder on ti.com. In the upper
right corner, click on Alert me 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.

11.3 Community Resources

The following links connect to TI community resources. Linked contents are provided "AS IS" by the respective
contributors. They do not constitute Tl specifications and do not necessarily reflect TI's views; see TI's Terms of
Use.

TI E2E™ Online Community TI's Engineer-to-Engineer (E2E) Community. Created to foster collaboration
among engineers. At e2e.ti.com, you can ask questions, share knowledge, explore ideas and help
solve problems with fellow engineers.

Design Support TlI's Design Support Quickly find helpful E2E forums along with design support tools and
contact information for technical support.

11.4 Trademarks

E2E is a trademark of Texas Instruments.
WEBENCH is a registered trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

11.5 Electrostatic Discharge Caution

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

‘m 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.
11.6 Glossary

SLYZ022 — TI Glossary.
This glossary lists and explains terms, acronyms, and definitions.
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12 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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IMPORTANT NOTICE

Texas Instruments Incorporated (TI) reserves the right to make corrections, enhancements, improvements and other changes to its
semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest issue. Buyers
should obtain the latest relevant information before placing orders and should verify that such information is current and complete.

TI's published terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products that Tl has qualified and released to market. Additional terms may apply to the use or sale of other types of Tl products and
services.

Reproduction of significant portions of Tl information in Tl data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such reproduced
documentation. Information of third parties may be subject to additional restrictions. Resale of Tl products or services with statements
different from or beyond the parameters stated by TI for that product or service voids all express and any implied warranties for the
associated TI product or service and is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Buyers and others who are developing systems that incorporate Tl products (collectively, “Designers”) understand and agrees that
Designers remain responsible for using their independent analysis, evaluation and judgment in designing their systems and products, and
have full and exclusive responsibility to assure the safety of their products and compliance of their products (and of all Tl products used in
or for such Designers’ products) with all applicable regulations, laws and other applicable requirements. Designers represent that, with
respect to their applications, they have all the necessary expertise to create and implement safeguards that (1) anticipate dangerous
consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that might cause harm and
take appropriate actions. Designers agree that prior to using or distributing any systems that include Tl products, they will thoroughly test
such systems and the functionality of such Tl products as used in such systems.

TI's provision of reference designs and any other technical, applications or design advice, quality characterization, reliability data or other
information or services does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl products, and
no additional obligations or liabilities arise from TI providing such reference designs or other items.

Designers are authorized to use, copy and modify any individual Tl reference design only in connection with the development of end
products that include the TI product(s) identified in that reference design. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY
ESTOPPEL OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR
INTELLECTUAL PROPERTY RIGHT OF Tl OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right,
copyright, mask work right, or other intellectual property right relating to any combination, machine, or process in which Tl products or
services are used. Information published by Tl regarding third-party products or services does not constitute a license to use such products
or services, or a warranty or endorsement thereof. Use of the reference design or other items described above may require a license from a
third party under the patents or other intellectual property of the third party, or a license from Tl under the patents or other intellectual
property of TI.

TI REFERENCE DESIGNS AND OTHER ITEMS DESCRIBED ABOVE ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS
ALL OTHER WARRANTIES OR REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING THE REFERENCE DESIGNS OR USE OF
THE REFERENCE DESIGNS, INCLUDING BUT NOT LIMITED TO ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE
WARRANTY AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-
INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNERS AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS AS
DESCRIBED IN A TI REFERENCE DESIGN OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT,
SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH
OR ARISING OUT OF THE REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, AND REGARDLESS OF WHETHER TI
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

Unless Tl has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), Tl is not responsible for any failure to meet such industry standard requirements.

Where TI specifically promotes products as facilitating functional safety or as compliant with industry functional safety standards, such
products are intended to help enable customers to design and create their own applications that meet applicable functional safety standards
and requirements. Using products in an application does not by itself establish any safety features in the application. Designers must
ensure compliance with safety-related requirements and standards applicable to their applications. Designer may not use any Tl products in
life-critical medical equipment unless authorized officers of the parties have executed a special contract specifically governing such use.
Life-critical medical equipment is medical equipment where failure of such equipment would cause serious bodily injury or death (e.qg., life
support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such equipment includes, without limitation, all
medical devices identified by the U.S. Food and Drug Administration as Class Ill devices and equivalent classifications outside the U.S.

TI may expressly designate certain products as completing a particular qualification (e.g., Q100, Military Grade, or Enhanced Product).
Designers agree that it has the necessary expertise to select the product with the appropriate qualification designation for their applications
and that proper product selection is at Designers’ own risk. Designers are solely responsible for compliance with all legal and regulatory
requirements in connection with such selection.

Designer will fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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