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LM5036 Half-Bridge PWM Controller with Integrated Auxiliary Bias Supply

1 Features

* High integration controller for small form factor,
high-density DC-DC power converters

* Integrated 100-V, 100-mA auxiliary bias supply

« Fully regulated pre-biased start-up

+ Enhanced cycle-by-cycle current limiting with pulse
matching for low and high primary FETs

* Optimized maximum duty cycle for primary-side
FETs

» Voltage-mode control with input voltage feed-
forward

* 100-V high-voltage start-up regulator

» Configurable latch, OVP operation

* Integrated 100-V, 2-A MOSFET drivers for primary-
side FETs

* Programmable dead-time between primary-side
and synchronous rectifier (SR) FETs

* Create a custom design using the LM5036 with
the Excel Calculator Tool or WEBENCH® Power
Designer

2 Applications

* Telecom and data communication isolated power
supplies

» Industrial power supplies and factory automation

» Test, measurement equipment

3 Description

The LM5036 PWM controller, with integrated auxiliary
bias supply, offers high power density for industrial

isolated power applications. It contains all the features
necessary to implement half-bridge power converters,
using voltage-mode control, with input voltage feed-
forward. This controller is intended to operate on
the primary side of an isolated converter with DC
input voltage up to 100 V. The controller includes
features that improve power density and reliability
while reducing system cost:

* An integrated fly-buck converter as auxiliary bias
supply. Provides bias power for both primary and
secondary circuits, with a minimum of external
components.

* Fully regulated pre-bias start-up. Eliminates output
voltage over-shoot or dips even when starting into
a pre-charged output capacitor.

+ Enhanced cycle-by-cycle peak current limit with
pulse matching. The controller limits both positive
and negative current. Pulse matching ensures
equal pulse width for low and high side devices,
to avoid transformer saturation. Output current limit
is approximately constant across the full range of
input voltage.

Device Information
PACKAGE("

WQFN (28)

PART NUMBER
LM5036

BODY SIZE (NOM)
5.00 mm x 5.00 mm

(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

RES| |asr
AGND| ™ .
COMP| 7 <o

REF[...4 Therﬁgl Pad 18{___|LSG
i Yelo:
RON[™ “|PGND
ON_OFF BST_AUX

Figure 5-1. RJB Package, 28-Pin WQFN (Top View)

Table 5-1. Pin Functions

SENE PIN G TYPE(") DESCRIPTION
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 (0] Half-bridge high-side MOSFET output driver

LSG 18 (0] 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 4 O 5-V reference regulator output

RES 1 | Hiccup mode restart timer

RON 6 | Auxiliary supply on-time control

RT/SYNC 5 | 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

SSSR 9 | Synchronous rectifier soft-start input

SW 23 | Half-bridge switch node

4 Submit Document Feedback

Copyright © 2021 Texas Instruments Incorporated

Product Folder Links: LM5036


https://www.ti.com/product/LM5036
https://www.ti.com/lit/pdf/SNVSB14
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSB14C&partnum=LM5036
https://www.ti.com/product/lm5036?qgpn=lm5036

13 TEXAS

INSTRUMENTS

www.ti.com

LM5036
SNVSB14C — APRIL 2018 — REVISED OCTOBER 2021

Table 5-1. Pin Functions (continued)

PIN
TYPE(" DESCRIPTION

NAME NO.
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
(1) 1= Input, O = Output, I/O = Input or Output, G = Ground, P = Power.
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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 \Y
SW/SW_AUX to GND -5 105 \
BST TO SW, BST_AUX TO SW_AUX -0.3 16 \
HSG to SW -0.3 16 \
LSG to GND -0.3 16 \
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, CS_SET to GND -0.3 5 \Y
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 +2000
v Electrostatic pins(") + y
(ESD) discharge Charged device model (CDM), per JEDEC specificationJESD22- +750
C101, all 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
ViN Input voltage 16 100 \%
External V¢ Supply Voltage 8.5 14 \%
RDy RD4, RD, Resistor value 5 kQ
T, Junction Temperature -40 125 °C
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6.4 Thermal Information
LM5036
THERMAL METRIC () RJB (WQFN) UNIT
28 PINS
Roua Junction-to-ambient thermal resistance 29.9 °C/W
Reuc(top) Junction-to-case (top) thermal resistance 18.2 °C/W
Rous Junction-to-board thermal resistance 104 °C/W
Wyt Junction-to-top characterization parameter 0.2 °C/W
Y Junction-to-board characterization parameter 10.3 °C/W
ReJc(pot) Junction-to-case (bottom) thermal resistance 1 °C/W

(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 < T, < 125°C. Unless otherwise specified, the following
conditions apply: V|y =48 V, Rt = 25 kQ, RD41 = RD, = 20 kQ, Ron = 100 kQ. No load on LSG, HSG, SR1, SR2, UVLO = 2.5

V,ON_OFF =0 V.
PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
START-UP REGULATOR
Vee V¢ voltage lcc =10 mA 7.5 7.8 8.1 \%
lec (Lim) Vcc current limit Vec =6V, V=20V 69 81 94 mA
Supply current into Vcc from an
lccext) Vcc supply current externally applied source. Vg =9V, 6.6 9 1 mA
FB_AUX=0V
Vec(reg) Vcc load regulation lcc from 0 to 50 mA 31 49 73 mV
Veewy) Vcce undervoltage threshold Positive going Vcc 7.4 7.7 8.0 \Y
Negative going Vcc 6.1 6.3 6.7 \%
VN shutdown current ViN=20V, Vywio =0V, Roy = 100 kQ 276 580 670 HA
Vin =100V, Vyyo=0V, Ron = 100 kQ 299 600 717 MA
V) start-up regulator leakage \>/C2CV= ggl ,=ag Q}iesoixt:e;rz)a;)ll}li,QFB_AUX 180 234 304 pA
VOLTAGE REFERENCE REGULATOR (REF PIN)
VRer REF voltage Irer = 0 MA 4.85 5 5.15 \Y
VREF(REG) REF load regulation Irer = 0 to 25 mA 24 37 57 mV
IREF(LIM) REF current limit VRep =45V, V=20V 28 39 47 mA
VREF(UV) REF undervoltage threshold Positive going Vrer 4.3 4.5 4.7 \Y
Hysteresis 0.16 0.26 0.37 \%
UNDERVOLTAGE LOCK OUT AND SHUTDOWN (UVLO PIN)
VuvLo UVLO threshold 1.205 1.25 1.305 \Y
luvLo UVLO Hysteresis current 15 20 24 pA
Vso niernal startup regulator enable s - o v, FB_AUX =25V 034 038 041 V
Hysteresis 90 135 175 mV
OVER-VOLTAGE/LATCH (ON_OFF PIN)
Von_oFF ON_OFF threshold 1.18 1.25 1.32 \Y
lovL ON_OFF hysteresis current 40 50 60 MA
SOFT-START (SS PIN, SSSR PIN)
Iss SS charge current SS=0V 17 20 24 uA
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MIN and MAX limits apply the junction temperature range of —-40°C < T, < 125°C. Unless otherwise specified, the following
conditions apply: Viy =48 V, Rt = 25 kQ, RD4 = RD, = 20 kQ, Ron = 100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =2.5
V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Vsssecen fhsatrg;eiﬂ‘r’r':ntto enable SSSR— 1 e < 800 pA 1.93 2.06 22| v
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, Icomp < 800 pA 17 20 24 pA
SSSR output low voltage Sinking 100 pA 30 38.7 49 mV
Vssren fsrffﬁhlhéﬁﬁgﬂﬁéi enable SR 0.65 117 167 Vv
CURRENT SENSE (CS_POS, CS_NEG, and CS_SET PIN)
Vi Current limit setting voltage 0.72 0.75 0.77 \Y
tcsLse CS to gate driver output delay 60 85 122 ns
teseLk CS leading-edge blanking 33 53 76 ns
Kcger Vim X (K2a X Kigp - K10a) At CBC trip threshold 7.28 7.51 7.81 \Y
Vesorrset {1 Ves_pos - Vs NEG At CBC trip threshold -0.63 -0.02 0.32 mV
Igiasoffset V) IgiasPOS - IBiasNEG At CBC trip threshold -0.67 0.02 0.29 pA
lsLope Peak value of cur.rent source for 36 uA
slope compensation
REVERSE CURRENT PROTECTION
Number of switching periods to
N reset negative over-current event 4
counter
o asm 51 v
HICCUP MODE (RES PIN)
RRes RES pulldown resistance Termination of hiccup timer 24 36 55 Q
VRESTh1 RES hiccup threshold 0.90 1 1.04 \Y,
VRESTh3 RES upper counter threshold 3.91 4 4.07 \Y
VRESTh2 RES lower counter threshold 1.95 2 2.04 \%
IRES-SRC1 Charge current source1 Vges < 1V, CBC active 12 15 18 MA
IRES-SRC2 Charge current source2 1V <Vges<4V 25 30 36 MA
IRES-DIST Discharge current source1 CBC not active 3.2 5 5.5 WA
IRES-DIS2 Discharge current source2 2V <Vges<4V 25 5 7.5 MA
HICCUP MODE BLANKING
Vic pLk TH EECSUR; tlgll;]enslrizg to disable the 526 55 5.66 v

VOLTAGE FEED-FORWARD (RAMP PIN)
RAMP sink impednace (clocked) 3.9 6.0 9.1 Q
OSCILLATOR (RT PIN)

fowt Frequency (half oscillator Rr = 25kQ 185 200 215 KHz
frequency)

fowa Frequency (half oscillator Rr=10kQ 420 480 540 KHz
frequency)

VRTReg DC level 1.85 2 2.06 \%

VRTsync RT sync threshold 2.8 3 3.3 \%

SYNCHRONOUS RECTIFIER TIMING CONTROL (RD1 and RD2 PINS)
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MIN and MAX limits apply the junction temperature range of —-40°C < T, < 125°C. Unless otherwise specified, the following
conditions apply: Viy =48 V, Rt = 25 kQ, RD4 = RD, = 20 kQ, Ron = 100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =2.5
V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
t, tSORptrir;igrr‘g Sevsi?fhdti's]‘[;R tum-off | 2p, = 20 kQ o4 123 157|  ns
RD4 = 100 kQ 213 278 350 ns
t Switoh Ut 1o SR mon | |R02 =200 0 79 102 s
RD, = 100 kQ 188 250 315 ns
tek Pulse width of the clock 47 65 87 ns
COMP PIN
lpwm-0s COMP current to RAMP offset RAMP =0V 596 800 1063 uA
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
lcossrEn gﬂfﬁ::;ﬁgt for SSSRcharge 555 5y 600 750 900 pA
COMP to gate driver output delay 100 120 150 ns
Minimum duty cycle lcomp = 1 MA 0 %
BOOST (BST PIN)
VBsTuv) BST under-voltage threshold Vst - Vsw rising 3.2 4137 5.6 \Y
Hysteresis 0.37 0.481 0.65 \%
LSG, HSG GATE DRIVERS
VoL PRI Low-state output voltage lusgisg = 100 mA 0.1 0.3 0.41 \%
VoH PRI High-state output voltage {?fszfﬁo:giiilrzp\‘}é?ﬂ\—/:j: Vee - 0 0.38 1 v
Rise Time C-load =1000 pF 12 ns
Fall Time C-load =1000 pF 10 14 ns
Iso_prI Peak Source Current Vhseise = 0V A
Isi_pri Peak Sink Current VysaeiLsg = 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 Isr1/sr2 = 10 MA, Vo _sr = VRrer - 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 V=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 Rpg(on) ltest= 60 mA 3.0 5.2 7.5 Q
Synchronous Switch Rps(on) ltesT= 60 MA 1.2 2.8 4.5 Q
AUX SUPPLY UNDERVOLTAGE LOCKOUT
VBST_AUX(UV) BST_AUX undervoltage threshold | Vst aux - Vsw_aux rising 3.5 5.0 6.5 \Y
VAUX UVLo ,rAISLIJr)](gstlrJ]pr)gIS);](L)JIL/LO input voltage 122 15 16.0 Vv
]f\all]li):gstlrzzlzhtél\éLO input voltage 79 1.2 12.7 v
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MIN and MAX limits apply the junction temperature range of —-40°C < T, < 125°C. Unless otherwise specified, the following
conditions apply: Viy =48 V, Rt = 25 kQ, RD4 = RD, = 20 kQ, Ron = 100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =2.5
V, ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
AUX SUPPLY REGULATION
OFF-State AUX Voltage
Vaux-ofF Regulation Level 1.26 1.4 1.53 v
ON-State AUX Voltage
Vaux-on Regulation Level 0.95 ! 1.04 v
AUX SUPPLY CURRENT LIMIT
AUX Supply Current Limit
IAUX(LlM) Threshold 150 200 250 mA
Current limit comparator blanking
tcsBLKA period measured from start of ton 50 ns
period (1)
Delay from Comparator
tauxwLimy Threshold to upper MOSFET 116 ns
turn-OFF (1)
T Aux Current Limit Parasitic Filter 41 ns
AuxSns time constant (1)
AUX SUPPLY THERMAL SHUTDOWN
AUX Supply Thermal Shutdown o
Tsp_Aux Tomp TPV 160 C
AUX Supply Thermal Shutdown o
. 28 C
Hysteresis

(1) Specified by design. Not production tested.

6.6 Switching Characteristics

MIN and MAX limits apply the junction temperature range —40°C < T, < 125°C. Unless otherwise specified, the following
conditions apply: Viy = 48 V, Rt = 25 kQ, RD¢ = RD, = 20 kQ, Rony =100 kQ. No load on LSG, HSG, SR1, SR2, UVLO =2.5
V,ON_OFF =0 V.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
ton AUX SUPPLY ON-TIME Vin = 32V, Roy = 100 kQ 240 330 440 ns
ton AUX SUPPLY ON-TIME(") Vin=54 V, Roy = 250 kQ 493 ns
ton AUX SUPPLY ON-TIME(™ ViN=T5V, Ron = 250 kQ 370 ns
tOFF(MIN) ?K/IXESUPPLY MINIMUM OFF- FB_AUX=0V 69 103 136 ns

(1)  Specified by design. Not production tested.
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6.7 Typical Characteristics

Input Voltage (V)

Figure 6-3. Input Leakage Current of Start-up
Regulator vs Input Voltage
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Figure 6-4. VCC and REF Voltage vs Input Voltage
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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 MOSFETs
» 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

An Excel Calculator Tool is provided to ease the process of creating custom designs using this controller. This
tool calculates values for all the external components required by the controller to meet a given specification. It
also generates many key parameters of the power stage including, for example, the turns ratio of the half-bridge
transformer. The tool generates graphs predicting, for a given set of current limit components, how the output
current limit will vary with input voltage. Maximum flexibility is offered by calculating suggested values for most
components, but allowing the user to input values of their own choice.
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7.2 Functional Block Diagram

VCC
¢ vce REF | REF laux ILim I
1y1 Regulator IAUX_LIM One-Shot AUX
res -/ T ocpP .4E5 BST_AUX
Start-Up Regulator - VIN
RON Vaux_uvLo
3 VIN
350 mV —— — >J
VCC UV |
= REF UV HB OFF AUX = »
195V |+ TEMP Supply |_14 SW_AUX
20 pA 160°C AUX OTP Control
Logic,
Dnyer —
125V ~ o Logic,
RON — Dead
! COoT ]
ON_OFF| 7 | + VIN —]  Timers Time,
50 A Protection
Hiccup Mode Logic = -
4
HB OFF — AUX
150°C OTP UVLO<1.25 V ASYNC 17| VCC
(LATCH RESET) AUXOCP— Mode
RD2 | 11 G
OFF STATE FB_AUX ———— FeAX
RD1 10| G - =
10 >
REF_AUX
RAMP | 24 ss ad
I_CLK
l 2V T Q HSG
MAIN CLK DELAYED CLK — 4/—D
RT [ 5] 0sc gnlng. > a 3| sw
REF cay
COMP | 3 Q
_ 5 Main 1€| LSG
Supply
Soft-Start, —
Voour MAIN CLK —  Driver
) Logic, REF
HiCCuP Dead-
BLANK Time
ss Control, Z(EI SR1
IsLope s
* Pulse =
cs_POS |:25 Matching |
lOFFSET SSSR Cap Hiccup
Clamp Event -  Mode
K Counter Timer
L L and
CS_NEG [26 Clamp Logic | RES
| > IPOS LIM SSSR Cap
lcs_seT NEG OC
CS_SET : INEG LIM A Event Counter

Clamp
SSSR Cap

Copyright © 2018, Texas Instruments Incorporated

14

Submit Document Feedback

Copyright © 2021 Texas Instruments Incorporated

Product Folder Links: LM5036


https://www.ti.com/product/LM5036
https://www.ti.com/lit/pdf/SNVSB14
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSB14C&partnum=LM5036
https://www.ti.com/product/lm5036?qgpn=lm5036

13 TEXAS
INSTRUMENTS LM5036
www.ti.com SNVSB14C — APRIL 2018 — REVISED OCTOBER 2021

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. Higher input voltages can be accommodated by adding
some additional external parts, as described in Section 8.2.2.4. When the UVLO pin voltage is greater than Vgp
(0.38-V typical), 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 V¢ (7.8-V typical). The VCC regulator provides power
to the reference (REF) regulator. The regulator output at VCC is internally current limited to lcc(im) (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-uF 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 Vpayx4 of the auxiliary supply must be connected
through a diode to the VCC pin, as shown in Figure 7-1. The auxiliary supply must raise the VCC voltage above
the internally generated V¢ 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 Vg voltage.

Vauxi

Figure 7-1. External VCC Bias Supply Connection

7.3.2 Undervoltage Lockout (UVLO)

The LM5036 controller contains a three-level under-voltage lockout circuit. When the UVLO pin voltage is below
Vsp (0.38-V typical), 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 Vgp, the VCC and REF regulators become active.

When the VCC and REF outputs exceed their respective UV thresholds and the input voltage Vy rises above
Vaux_uvLo (15-V typical), the auxiliary supply is enabled.

When UVLO pin voltage rises above Vyy o (1.25-V typical) 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 normal operation begins. An external set-point voltage divider from V| 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 Vy o when V|y enters the desired operating range. UVLO hysteresis
is accomplished with an internal current sink Iy o (20-yA typical) that is switched on or off into the impedance
of the external set-point divider. When the UVLO pin voltage threshold of Vo is exceeded, the current sink
is deactivated to quickly raise the voltage at the UVLO pin. When the UVLO pin voltage falls below the VyyLo
threshold, the current sink is enabled causing the voltage at the UVLO pin to quickly fall. See Table 7-1 for more
detail on functional modes of LM5036.
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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 Irerimy (39-mA typical). The REF pin must be locally decoupled with a ceramic
capacitor, the recommended range of values is from 0.1-yF to 10-uF.

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
Rt 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

Ry =
T fose X 1% 10710 1)

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 Vrrreg (2-V typical) 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-ns and 200-ns. The Ry
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 Rt 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 7-2.

|:|:|F{AMP
COMP REF /l/l/l/]

REF
RAMP
%5 . [
Vss-0s + o
Vcomp +| PWM i
' VW = COMP !

2 madSS I
R 1
I
SS i
I

[Ijss

Figure 7-2. Voltage-Mode Feedback Control Loop for Half-Bridge Converter

Vauxe Vo

VREFSec

The output voltage (Vo) is sensed and compared against a reference voltage (Vrersec) 0N 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
Vcowmp is compared with the soft-start capacitor voltage (SS) and the smaller of the two passes through an offset
Vss.os (1-V typical), 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.
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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 7-3. 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.

REF

5kQ
COMP v R Slope proportional to V|

R
Rer
RAMP
(1)\ 5
o b 1
I AGND E Time

™ Figure 7-4. Modulation Ramp Slope

-

A. Slope proportional to input voltage (see Figure 7-4)
Figure 7-3. Feed-Forward Voltage-Mode Control
Configuration

Ramp

L

\

An external resistor (Rrr) 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 (ton) varies inversely with the input
voltage (V|y) 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.

Assistance with half-bridge voltage control loop design may be obtained using the Power Stage Designer™ tool.

The recommended capacitor value range for Cgr is from 100-pF to 1800-pF. Figure 7-3, shows that the Cgg
value must be small enough to be discharged within the clock pulse-width (tc| k). The value of Rgg required can
be calculated from Equation 2

-1

V;
fose X Cpp X 1 (1 — ﬂ)
0sC FE n VIN(min)

Rpp =
(2)

For example, assuming a Vramp Vvoltage of 1.5-V (a good compromise of signal range and noise immunity),
ViN(miny Of 36-V, oscillator frequency of 400-kHz and Cgg = 560-pF results in Rgr = 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-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.
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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 + V.

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 A
(typical). The recommended value of the BST capacitor is 0.1-yF or greater. A low ESR/ESL capacitor, such as a
surface mount ceramic, should be used to prevent voltage drop during the HSG transitions.

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 7-5. The synchronous rectifiers (SRs)
provide the ground path for the energized secondary winding and the inductor current.

Vin
SR1
__|
Vo
(d
(d
i
sr2
SGND

Figure 7-5. 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
7-6. The main clock is generated by the internal oscillator. A delayed clock is derived by adding a delay of tp to
the main clock. tp 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 7-6. PWM Signal Timing Diagram

As illustrated in Figure 7-6, 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

t; =tp + Lok (4)

where
* tcLk is the pulse width of the clock which is 65 ns (typical).
The minimum achievable t; is dominated by the pulse width of the clock when tp is set to minimum (30 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 (5)
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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.

Resistor values of no less than 5-kQ should be connected between the RD1/RD2 pins and AGND
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 7-7. In LM5036
device, it is intended to achieve optimized maximum duty cycle for the primary FETs in order to accommodate
wider range of operation.

A
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I "
| I
Main : H
CLK I I
1! | !
L 1l
I I
I I
Delayed | !
CLK ! I
. il
Pl it
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[ | :
LSG 'l i
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[ [ L
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| | :
i
| e
HSG L I
W I
1L |
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[N [l
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P t1 !4- t2 | <
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Ll [}
[ 1
I
I
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Figure 7-7. PWM Signals at Maximum Duty Cycle Condition
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Use Equation 6 to calculate the maximum duty cycle for the primary FETs

fosc (6)

where
» fosc is the oscillator frequency which is twice the switching frequency

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

The pre-biased start-up process is handled automatically by LM5036. The user need only select values for Cgg,
Csssr, and the ramp rate of the secondary reference (Vrersec) SOft-start Figure 7-8. The circuit of Figure 7-8
uses a comparator to, detect the voltage change of Vayxo and, release the FET shorting across the secondary
soft-start capacitor (Csssec). This comparator circuit may also be replaced by the transistor based circuit of
Figure 8-3.

7.3.9.1 Primary FETs Soft-Start Process

Figure 7-8 shows a simplified block diagram of the soft-start function.

[|] FB_AUX

REF

AUX PWM []7 !
REF_AUX o
AUX Regulation compP ::)7 a
c t :l -
omparator I: E/A

Rsssec VREFSec

Vauxa AN
|—I CSSSeiL

T >h T

VAUX-OFF T Vo

Figure 7-8. Soft-Start Function

The auxiliary supply has two reference output voltage levels of Vayx.orr (1.4 -V typical, off state) and Vayx-on
(1-V typical, on state) which facilitates easy voltage level shift detection on the secondary side. The auxiliary
supply starts to operate as soon as VN > Vaux uvLo (15-V typical) and VCC and REF are above the respective
UV thresholds. When the soft-start capacitor is below Vsssecen (2.06-V typical), the auxiliary supply will produce
the off-state voltage on the primary (Vayux1-ore) and secondary side (Vauxz-orr), @s shown in Figure 7-9.
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The off-state auxiliary output voltage level present on the secondary side Vayxo-orr is above the threshold
VTHsec, Which activates a reset circuit that discharges the output voltage reference Vgggsec. This ensures that
the opto-coupler is producing a 0% duty-cycle command. When UVLO exceeds Vyy o (1.25-V typical) 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 Vgsgecen-

A

Vaux_uvLo
VIN

VuvLo

Vsp
UvLO

Vaux2-OFF

Vauxz-oN

Vauxe

VssSecEn
Vss.os
SS |

Prebias

Vo

VREFSec

lcossrEn

SR Soft-Start of SR

lcomp 1 i
SYNC Mode Freewheeling

VssRen

SSSR

v

Figure 7-9. Pre-biased Start-Up Waveform

The secondary side reset circuit will now be disabled because Vayx2.on < VTHsec, and the output voltage
reference is released. The reference capacitor soft-starts the output voltage under full regulation. By modulation
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of the auxiliary output voltage, the communication between the primary and secondary side is established
without the need of any additional opto-coupler.

Due to the introduced programmable soft-start delay (before SS capacitor reaches Vgssecen), the duty cycle is
controlled by the feedback control loop at all times without being interfered by the SS capacitor voltage (because
Vcomp < Vss). When the reference voltage exceeds the pre-bias voltage at the output, the Igowp starts to fall as
the secondary side error amplifier demands increased power. As Icoup falls the internal Veomp voltage will rise
and when it exceeds Vgg.0s, which corresponds to zero duty cycle, the duty cycle of the primary FETs starts to
increase. Once the Icomp current falls below Icossren the device starts to charge SSSR capacitor with current

Isssr (20-pA typical).

Main

Clk

Delayed i i i
ok |l | |

LsG H — |_|

HSG | |1 -

SR1 | | -

=

********** VssRen
SSSR

Figure 7-10. PWM Timing During Startup Process

7.3.9.2 Synchronous Rectifier (SR) Soft-Start Process

Until SSSR capacitor reaches Vggren (1-V typical), the controller operates at SR synchronization (SYNC) mode
where the SR pulses are synchronized to the respective primary FET pulses, as shown in Figure 7-10. 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 in 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 Vggren, the LM5036 device begins the soft-start of the SRs freewheeling
period (highlighted in gray in Figure 7-10) where the SRs may sink current from the output if they are engaged
prematurely. The Vggren 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 7-10, 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
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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 FETs, as shown in Figure 7-6.

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 7-11 illustrates the half-bridge converter with low-side current sensing using a sense resistor.

ViN !
| SR1
i _
i Vo
I (@
I
|
I
|
]
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]
|
]
i |
]
|
i SR2N J;
! SGND
|
I
|
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Figure 7-11. 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 7-12. The current sense circuit limits positive
current flowing from input to output and also negative current flowing from output to input. An input voltage
compensation function helps to minimize the variation of effective output current limit across the range of input
voltage. A pulse matching function is automatically implemented when the peak current limit circuit is active. This
function matches the pulse width on the high and low primary FETs to maintain voltage balance of the half-bridge
capacitor divider. This method ensures flux balance of the transformer during peak current limit operation.

24 Submit Document Feedback Copyright © 2021 Texas Instruments Incorporated

Product Folder Links: LM5036


https://www.ti.com/product/LM5036
https://www.ti.com/lit/pdf/SNVSB14
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVSB14C&partnum=LM5036
https://www.ti.com/product/lm5036?qgpn=lm5036

13 TEXAS

INSTRUMENTS LM5036
www.ti.com SNVSB14C — APRIL 2018 — REVISED OCTOBER 2021
Vin
444
IpRI Ry
R r_|T|_0PE K1oa
L1
g CS_POS 3
VCST Res - -F Amp 1/Ki10p
R 1L
CS_NEG Kea EBC POS_OCP
— PGND - o -
lcs_seT
Rum [ 1/Kop
NV NEG NEG_OCP
v T —
AGND CS_SET Vi
AGND

Figure 7-12. Block Diagram of the Current Limiting Function

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

VLIM

I =
CS_SET RLIM )

where
* Vm (0.75-V typical) is the internal current limit setting voltage.

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 Rj3 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 k after LSG is turned on. If the magnitude of the noise
spike is excessive, an additional filter capacitor Ck may be added to form an RC filter with R4 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 (K4oa X Ics_seT), is injected to the
CS _POS pin. This offset allows positive internal thresholds on the CBC and NEG comparators that correspond
to effective Ics_set and -Ics_set / 2 thresholds at the input.

When the current sense signal (Irs x 1/ K4qp) reaches the positive threshold (Ko, 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 Ig opg 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 7-13. 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.
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Figure 7-13. 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:

Vi — V t
VCS_POS(t):VCS(t)+R1X[ICS_SETXK1Oa+ N —Ves_pos (1)

+lsLope x % fosc}
2

8)

V,
ves (1) +Ryx [ICS_SET xKiga + % +lg opE X X fosoj
2
Vecs pos (t) =

©)

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.

Vos NeG =los seT XKaa xKiop ¥Rg (10)

ves_pos (1) =Ves nea (1)

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 \Y/
Ves_ceeth =Rix [ICS_SET x (KZa xKiop *R3 (R_ + R_J —K; OaJ - % —lsLopE % D]
1 2 2 (12)

Now if we assume:
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1 1 1

- = —

Rs R, R,

K10a :K10b =10

Koq =2

2XVO
IN

D = ton xfosc = *Npg

N
Nes =g
S (13)

Equation 12 simplifies to Equation 14.

K V 2xV,
Ves_ceeth = Ry X[—F{CL?;1 - v O xNst

Where

Keeer = Vum * (K2a *Kiop — K10a)
(14)

Section 8.2.2.11 gives an example design process for calculating the CBC external resistor values. The Excel
Calculator Tool can also be used to assist in the process of selecting these resistor values.

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 7-14. 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 current source Irgs.srct1 (15-pA
typical) during CBC operation. The pulse matching feature is handled automatically by the LM5036 controller
and requires no action from the designer.
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Figure 7-14. 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 7-15. 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/Kap
Negative _I SSSR Cap .
CS_SET Current Limit Clamp Event |—»-Hiccup Mode ON
f When Counter = 8
Event Counter| Clamping Counter
SSSR cap

Rum

AGND AGND

Figure 7-15. 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.
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]
Ves NeG =los seT X P Kioo *Rs
2b (15)

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.

K V,
Ves NegTh = Ry x [% - % —lsLope *tcspik % fosc)
LIM 2

Where :
K2b = 2

1
Keecz = Vum % P Kiob —K1oa

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 (tcsgLk) has expired.

The Excel Calculator Tool predicts both the positive and negative output current limit levels as a function of input
voltage for a given set of resistor values.

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
. 444
PRI 2
Ry IsLopPe K1oa Vggffset
» '_—l @ . L 2 + |
L |

Cr CS_POS IBiasPOS

VCST Rcs p—
Rs IBiasNEG -
A ] t
| — Koa +
—— PGND CS_NEG CBC POS_OCP
lcs_seT
v ] e NEG_OCP
+ AN LT EIEG _
AGND CS_SET Vi
AGND

Figure 7-16. 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 xKygp + 'BiasNEGJ xR
(17)
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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 1 Vesoffset (18)

v =v + Vum
cs_pos =Vos_ceeth | g

ViN—Vcs_Pos
xK1oa *Igiaspos + D * s ope + — =R | Ri
2 (19)

Combining Equation 17, Equation 18 and Equation 19 and re-arranging gives an expression for the voltage
across the current sense resistor at the trip threshold Equation 20.

Vcsoffset Vin

Kc

BC1

— —lgiasofiset + —R D xlg opg — R
3 2

Ves cseth = Ry X[
LIM

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.sc), 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 (Ip/icgc), is expressed by
Equation 21.

Ves_caeth 1 [V v v
lo o — CS_CBCTh 1 IN_ N |__ Vo
PriCBC Ros CSLSG *| 5 Lvag LoxNes? ) Lo xNeg

(21)

The output current at which the primary peak current threshold is reached is expressed by Equation 22.

lLim = Npsg x |:|PriCBC T New Al pag
PS

(22)
Al o is the amplitude of ripple current in the output inductor and is expressed in Equation 23.
Vo x(1-D
AILO = —O X ( )
Al pag is the amplitude of ripple current in the magnetising inductor and is expressed in Equation 24.
AILMag _ m % D _ NPS X Vo
2 2% LMag X fOSC 2 x LMag X fOSC
(24)
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Combining Equation 22, Equation 23 and Equation 24 gives an expression for output current limit as a function
of primary current limit threshold Equation 25.

L = Now x| 1 ~ Vox(1-D) V5 xNpg
um =Nps x| lericac =57

xfosc XNps 2% Lyag *fosc (25)

The Excel Calculator Tool can be used to evaluate the tolerance of output current limit.
7.3.14 Hiccup Mode Protection

A block diagram of the hiccup mode function is shown in Figure 7-17. Both the repetitive CBC and negative
current limit events will trigger hiccup mode operation in LM5036 device.

Continuous

CBC Hiccup
Mode *
J_ Timer RES
SSSR Cap and |—
Clamp Event T Logic L
Reset (v)
SSSR

Hiccup
TH Blank T

SSSR -—1V

L

 vlen

o

Figure 7-17. Hiccup Mode Circuitry

The device charges the hiccup restart capacitor with a current source Ires.srct1 (15-pA typical) during CBC
operation. The hiccup mode is activated when Vrgs 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 is initiated.

[N m

+
tHIC

Figure 7-18. Hiccup Mode Activated By Continuous CBC Operation

Use Equation 26 to calculate the duration of CBC operation before entering the hiccup mode.
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tcee = e
RES-SRC1 (26)
where

* Cggs is the value of the hiccup capacitor

After the RES pin reaches 1.0-V, current source Igres.srct1 (15-WA typical) is turned off and current source
IRes-src2 (30-pA typical) is turned on which charges the RES capacitor to 4-V. Then current source Ires.pis2
(5-pA typical) is enabled which discharges the RES capacitor to 2-V.

Use Equation 27 to calculate the hiccup mode off-time.

IRES—DIS2 |RES—SRCZ

thic =
(27)

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 current source Irgs.src2
when activated by negative current limit as illustrated in Figure 7-19 whereas the RES capacitor is charged with
current source Igres.srct When activated by CBC current limit condition.

4V -~

2V--

oV

Counter I# thic

(1) SSSR capacitor clamp event counter

Figure 7-19. 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.

7.3.15 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 Vyc gLk TH (5.5-V

typical).
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7.3.16 Over-Temperature Protection (OTP)

Two-level internal thermal shutdown circuitry is implemented in LM5036 device to protect the integrated circuit
should its maximum rated junction temperature be 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 failure 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.

7.3.17 Over-Voltage / Latch (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 7-20 where a large latch resistor R (for example, 50
kQ) and a diode are tied to the ON_OFF pin.

REF
lovL
VIN + y <
ON_OFF N
+
Hiccup Mode :>_ VCC UV
,—C HB OFF
150°C OTP
UVLO<1.25V
(LATCH RESET) UVLO<1.25V

Figure 7-20. ON/OFF Pin Latch Function

When any of the faults is detected including OVP, hiccup mode OCP and 150 °C OTP, the ON_OFF pin current
source, loy (50-pA typical), is activated, that raises the ON_OFF pin voltage quickly. As a result, the latch diode
is reverse biased. The current source lgy, remains active even if the fault is cleared because the ON_OFF pin
voltage is latched above Vo off (1.25-V typical). To reset the latch operation, simply pulling down the UVLO
pin voltage below Von ofr 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 28 to design the external voltage divider in latch mode.

Von_orr + Ve Von_oFF
VIN_L = +

R J xRov1+ Von_orr + VE
ov2

(28)
where

* Vg is the forward voltage drop of the latch diode
* VN L is the desired input voltage latch threshold, and R, is the latch resistor.

Note that the current source Igy 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 7-21. In this configuration, the
external voltage divider should be designed such that the ON_OFF pin voltage is greater than Von orr When an
over-voltage condition occurs.
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VIN + -t

VoN_oFF -
REF UV
d +
Hiccup Mode } VCC UV HB_OFF
150°C OTP
UVLO<1.25V
AGND UVLO<1.25V

Figure 7-21. ON/OFF Pin Configured as OVP Pin

The OVP hysteresis is accomplished with the Iy current source. When the ON_OFF pin voltage exceeds
Von ofr, the loyL 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 Von ofF, 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 Von ofr When the input
voltage is high, which otherwise would lead to latch operation. Avoid this scenario by selecting a proper voltage
divider.

Use Equation 29 and Equation 30 to select the voltage divider for the OVP configuration.

R Vivs(ove)
oVt ="~

where

. VHYS(OVP) is the OVP hysteresis

Von_orr XRovi

Rovz =
Y Y,
IN(OFF) — VON_ OFF (30)

where
* VinoFF) is the OVP rising threshold
7.3.18 Auxiliary Constant On-Time Control

Figure 7-22 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.
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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 (Rpn). 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.

VCC
VCC

I BST_AUX

-
|

[ ]

PWMA

L
]i:B—‘

FB_AUX
- 1
L
+ REF_AUX = \

Figure 7-22. COT Controlled Fly-Buck Auxiliary Supply Circuitry
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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 31 to calculate
the switching frequency of the auxiliary supply.

£ — VAUXl
SW.AUX 9 x 10711 x Ron (31)

where
*  Vauxq is the primary output voltage of the auxiliary supply.

Two external resistor values set the value of Vayx¢. 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 Section
7.3.22 section describes auxiliary ripple circuit configuration.

7.3.19 Auxiliary On-Time Generator

The on-time for the auxiliary supply is determined by the resistor Rpgy, 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 7-23 shows the block diagram for the on-time generator.
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Figure 7-23. On-Time Generator

Time g
Figure 7-24. Constant On-Time Control Waveform

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

Use Equation 32 to calculate the on time tgy of the high-side switch.

9x 10711 x Roy
Vin (32)

ton =

7.3.20 Auxiliary Supply Current Limiting

The LM5036 controller contains an intelligent current limit off-timer for the auxiliary supply. If the current in
the high-side switch exceeds Iayxwim) (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 pin voltage and the input voltage V|y. As an example, when Veg aux = 0V and Viy = 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 33.

_(0.07 X Viy)
torr LIM) = Ves 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 operates in
asynchronous (ASYNC) mode where the low-side SR is turned off during current limit operation. The body
diode of the internal low-side MOSFET (QB) incurs significant power loss during asynchronous operation. Tl
recommends adding an external schottky diode (Dgy) between the PGND and SW_AUX pins to ensure robust
and efficient current limit operation. This schottky diode is particularly important when operating from high input
voltage. Use an external schottky diode (Dgy) that is rated to carry the maximum auxiliary current and block the
maximum input voltage (Vinmax))-

For high density designs it is desirable to use an auxiliary transformer with low magnetising inductance and
saturation current. The peak magnetising current flowing in the auxiliary transformer can exceed layximy due
to delays in the peak current detection and comparator circuit. The actual peak magnetising current reached
is a function of the maximum slope of the transformer magnetising current. This behavior depends upon both
maximum input voltage V|ymax) @nd magnetising inductance value. The method outlined below allows designers
to estimate the peak magnetising current that will flow in the Aux transformer (I py).
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As illustrated in Figure 7-25, it is convenient to model the internal current sense circuit as a simple RC time
constant, Tayxsns (41-ns typical), that delays the sensed current signal presented to the OCP comparator input.
There is a further delay tayximy (116-ns typical), after the comparator input reaches its trip threshold before the
OCPbD fault flag is set. The controller applies this extended off time, torrLimy, Only if the OCPb fault flag is set
before the COT (toN) period ends. Equation 34 is an expression for the sensed and delayed magnetising current
inductor signal applied to the non-inverting input of the OCP comparator.

VIN
QA
— I pk PWMA TAuxSns IAuxsns(t)
IQA(t)/ ILAux(t) %'%_ taux(LIM)
——— e — —— — =\ - IAUX(LIM) laa(t) ocPo

L v
LInit |AUX(LIM) SW_AUX AUX2-

[
auxsns(t L | B
> QB ®
< tAUX(LIM) PWMB Dew

ton — PGND F[ Vauxi

= PGND

Yy

— PGND

Figure 7-25. Aux Current Limit Circuit Model

—t

T
Lauxsns (1) = (ILinit = Maux X Tauxsns ) X | 1-€ A |+ mp, xt

(34)

where

*  Mayx is the slope of Aux transformer magnetising inductor current during QA on period
Tauxsns IS the time constant of the internal current sensing circuit feeding the OCP comparator

Maximum peak current occurs when the magnetising inductor current slope has its highest value. This peak
occurs at start-up, or when a short circuit is applied across the Vayxq output, while operating from maximum
input voltage (Vin(max))- The maximum inductor current slope is given by Equation 35.

VIN(max)

Maux =

I‘AUX (35)

where
* Laux is the magnetising inductance of the Aux transformer

For a use case where the inductor current slope is fixed at its maximum value (mpyx), the highest peak current
occurs when the inductor current at the start of the pulse (I ,it) is just high enough to trip the OCPb flag before
the COT period (ton) expires. After this trip occurrs, the controller applies the extended OFF period (torr(Lim))
to reduce the inductor current for subsequent pulses. This condition is given in Equation 36 and is shown
graphically in Figure 7-25

|auxsns (tON - tAUX(LIM)) =lauxLim) (36)
where
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*  taux(m) is the time delay between comparator input threshold being achieved and the OCPb flag set

Combining Equation 34 and Equation 36 determines the initial inductor current for a pulse containing the highest
peak current Equation 37.

Laux(LIM) —MAux X (tON - tAUX(LIM))

ILInit =

+m XT
_(tON_tAUX(LIM)) Aux AuxSns
TAuxSns

Equation 38 uses the COT period in Equation 37 for the maximum input voltage.

i KonxRon

ON ="y

IN(max) (38)

where
+ Kon (9 x 10~ typical) is an internal constant that defines the COT period for a given Vjy and Roy
Having calculated I it the estimated peak inductor current is given by Equation 39.

Pk = lLinit + Maux X ton (39)

Use this method to ensure that the operation does not exceed the Aux transformer saturation current under
transient or fault conditions. This method assumes fixed transformer magnetising inductance. The method
provides only a reasonable accuracy if the transformer magnetising inductance has not fallen significantly at the
predicted peak current.

To avoid excessive peak magnetising current during transient or fault events, ensure that the COT period (toN)
is longer than the response time of the peak current protection circuit. Equation 40 expresses it as a minimum
required value for Rpy -

R > (TAuxsns + tAUX(LIM)) x1.2
ON 2

K * ViNgmax) = ViN(max) % 2-09 kQ
. (40)

7.3.21 Auxiliary Primary Output Capacitor Ripple

Equation 41 describes the output ripple voltage amplitude for a buck converter. This equation may be used if
there is no secondary winding or if the current supplied by Vayxs is small compared with that supplied by Vayux1
(laux1>>laux2)- Equation 41 neglects capacitor ESR and therefore calculates only the capacitive component of
output voltage ripple.

AV 3 Al (aux)
AUX1Cap — DT C
*Isw _ Aux X auxt 1)
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Figure 7-26. Auxiliary Transformer Current Waveform for Cpyx4 Ripple Calculation

Figure 7-26 shows the flybuck primary and secondary winding current waveforms I_ prj and I sgc. The reflected
secondary winding current adds to the primary winding current during the off-time of the high-side switch. Due to
this increased current, the output voltage ripple is not the same as in a conventional buck converter. In this case
the average current flowing into Cpayx4 during the tgn period is the reflected secondary current. Hence Equation
42 can be used to calculate AVayxicap, the voltage ripple across the primary side capacitor, for the more typical
case when the secondary current cannot be neglected. Notice that Equation 42 neglects capacitor ESR and
therefore calculates only the capacitive component of ripple voltage amplitude.

N
laux2 x WZ x toN(max)
1

AVAUX1Cap -
2xC
X AUX1 (42)

7.3.22 Auxiliary Ripple Configuration and Control
The voltage ripple across the output capacitor Cayx4 is made up of two components:

» Resistive ripple appears across the equivalent series resistance (ESR) of the output capacitor. This
component of ripple is in phase with the inductor current and is 90° delayed compared with the applied
PWM signal.

» Capacitive ripple appears across the ideal capacitor. This component of ripple is 90° delayed compared with
the inductor current ripple and 180° delayed compared with the applied PWM signal.

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 Veg aux falls below the reference voltage (Vayux.on)- For a buck topology this type of

hysteretic control provides stable operation if these two conditions are met:

» Output voltage ripple is dominated by the resistive ESR component. The resistive ripple amplitude must be
approximately five times the capacitive ripple amplitude to guarantee stable operation.

» Output voltage ripple amplitude present at the FB_AUX pin must be greater than noise coupled onto this pin
from other sources. For an output voltage ripple amplitude of 25 mV at the FB_AUX pin ensures that other
sources of noise coupled to the pin can be assumed small

Aux transformer magnetising inductor ripple current amplitude is expressed by Equation 43.

Al _ Vauxi_, T |- KonxRon [ 1_ Vauxi
L(AUX) ON
2xLaux | fsw_aux 2xLayx ViN

(43)

For a buck converter the capacitive component of output voltage ripple amplitude is expressed by Equation 41.
The resistive component of output ripple voltage amplitude is expressed by Equation 44.
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AVauxires = Al aux) X Resr

(44)
Our condition for stable operation requires that Equation 45 and Equation 46 are both satisfied.
AV >5xAV
AUX1Res AUX1Cap (45)
AV >25-mV
AUX1Res (46)

The method outlined above allows us to calculate the resistance (Rgg;) that must be present in series with the
output capacitor (Cpyx1) to provide stable operation of a buck converter. This simple method has disadvantages
of high output voltage ripple amplitude and high dissipation in the series resistor Rgs;. The method is also not
ideal for a flybuck topology, especially if most of the load current is drawn from the secondary winding. In this
case much of the magnetising inductor current flows into the secondary output capacitor (Cayx2) and not the
primary output capacitor (Cayxq) during the low-side FET conduction period (torg). The circuit of Figure 7-27
provides a better solution that is well suited to the flybuck topology. A series branch R, — C, is connected
across Layx- The controller applies the same PWM voltage across this series branch as appears across Layx.
Assuming most of the PWM voltage is dropped across R,, the voltage across C; has the almost the same shape
and phase as the inductor current. The voltage ripple across C, can be used to substitute the voltage across
Resr and thus provide stable operation without the need for high output ripple and dissipation. By coupling this
capacitor voltage signal directly to the FB_AUX pin we can achieve the same result as a large ESR resistor, but
without the penalty of dissipation and high output voltage ripple amplitude. The method is suitable for a flybuck
topology, since the down-slope of the magnetising current is synthesised, across C,, and therefore available on
the primary side to couple onto the FB_AUX pin.

Laux
SW_AUX i ~ o ] Vauxi
Res1
Cac
T | Cauxi

FB_AUX [ ] =

Rrg2

I:l PGND PGND

PGND

Figure 7-27. Minimum Ripple Configuration

The impedance of the capacitor generating the synthesised inductor current ripple signal, at the Aux switching
frequency (fsw_aux), must be low compared with the impedance of the Rggy divider network.

. 3 . Reet +Rego
r
2X X fsw_Aux Rre1 xRrg2 (47)

The synthesised inductor ripple, generated across C,, is added to the ripple across the output capacitor (Cayx1)-
The resultant signal is coupled to the FB_AUX pin via capacitor C,.. The value of series resistor R, is chosen to
ensure the synthesised resistive ripple amplitude satisfies Equation 45 giving Equation 48.

Kon Ron x(1 _ Vauxi J

"710xC, x AVauxicap ViN(min) (48)
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Capacitor C,; couples the ripple signal directly onto the FB_AUX pin. Ensure that the value of this capacitor is
at least five times greater than the value of C,. This ratio ensures minimum attenuation and phase shift of the
coupled ripple signal.

Cae 25x%C,

(49)
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 Section 7.4 section). This helps to reduce the power
consumption of the auxiliary supply at light loads. As described in the Section 7.3.20 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 7-1. Device Functional Modes

CRITERIA VCC AND REF AUXILIARY HALF-BRIDGE
REGULATORS SUPPLY CONVERTER
UVLO < Vgp OFF OFF OFF
(Vsp <UVLO < Vyyo) & (Vin < ON OFF OFF
Vaux_uvLo)
(Vsp < UVLO < Vyy o) & (VCC & REF > ON ON at ASYNC OFF
UV) & (ViN > Vaux_uvio) Mode
(UVLO > Vyyi0) & (ViN > Vaux_uvio) &
(VCC & REF > UV) & No Faults ON ON at SYNC Mode ON
(UVLO > Viyyi0) & (Vin > Vaux_uvio) & ON ON at ASYNC OFF
(VCC & REF > UV) & Any Faults Mode
(VCC & REF > UV) & (Viy > Vaux_uvio) 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 Tl component specification,
and Tl does not warrant its accuracy or completeness. TI's customers are responsible for
determining suitability of components for their purposes, as well as validating and testing their design
implementation to confirm system functionality.

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 Vpc.

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 8-1. Evaluation Board Schematic
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8.2.1 Design Requirements

PARAMETER VALUE
VN Input voltage 36Vto75V
Vo Output voltage 12V
lo (max) Maximum load current 8A
ILm Output current limit 10A
n Peak efficiency 94.4 %
Efficiency atViy =48 VandIlp=8 A 93.5%
V AUX1-OFF Off-state auxiliary output voltage 1.9V
VAUX1-ON On-state auxiliary output voltage 8.5V
Load regulation 0.2%
Line regulation 0.1%
Line UVLO rising threshold 34V
Line UVLO falling threshold 32V
Line OVP rising threshold 80V
Line OVP falling threshold 78V
Latch threshold 80V
|AUX(max) Maximum load current for auxiliary supply 100 mA

8.2.2 Detailed Design Procedure

The Excel Calculator Tool can be used to assist with selecting both power stage and controller setup
components.

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 (Vy), output voltage (Voyt), 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 8-2 shows
the recommended filter to suppress 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.
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Figure 8-2. Input Transient Protection

8.2.2.3 Level-Shift Detection Circuit

An example implementation of the Vayxo level-shift detection circuit is shown in Figure 8-3. The zener voltage
must be between the off-state and on-state level of Vpyxo. When Vayxo is above the zener voltage, both Q1A
and Q1B are turned on and therefore the reference output voltage Vrersec is clamped to ground. Once Vayxe
falls below the zener voltage, both Q1A and Q1B are turned off, and the reference is released.

Designers who wish to benefit from the fully regulated pre-biased startup feature of LM5036 must use separate
voltage reference and error amplifier devices. Popular combined error amplifier and voltage reference devices,
such as TL431, can be used only when the fully regulated pre-biased startup feature is not required.

Assistance with half-bridge voltage control loop design may be obtained using the Power Stage Designer™ tool.

Q1B VREFSec
MMDT3946-7-F

10 kQ Vaux2

1.15kQ

10 kQ

10 kQ

A

1 gn L

MMDT3946-7-F
0.01 uF 0.1 uF
% GND

Figure 8-3. 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, or powered from a
reduced voltage. In this case, VIN pin can be powered from an external start-up regulator, as shown in Figure
8-4. If pre-biased start-up is required the integrated flybuck aux circuit should be used from the reduced VIN pin
voltage to supply the secondary control circuit. If pre-biased start-up is not required, the bias supply Vayx4, can
be derived from an external auxiliary supply. An external gate driver with higher voltage rating should be used to
drive the half bridge.
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Vauxi

PGND
Figure 8-4. 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
Section 7.3.9 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 Section 7.3.2 , two external resistors can be used to program the minimum operating voltage
for the power converter, as shown Figure 8-5. When the UVLO pin voltage falls below Vyy o (1.25-V typical),
an internal current sink Iy o (20-pA typical) is enabled to lower the voltage at the UVLO pin, thus providing
threshold hysteresis. Resistance values for Ryy1 and Ryy2 can be determined from Equation 50 and Equation
51.

R _ HHYS(UVLO)
UVI =
where

. VHYS(UVLO) is the UVLO hysteresis

Vuvio *Ruvi
)~ Vuvio —luvio *Ruvi

Ruva =
V
IN(on (51)
where
* Vin(on) is the input voltage above which the main converter will start to operate.

Figure 8-6 illustrates one way to configure a latch reset operation by pulling the UVLO pin voltage below Vyy_o.
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.
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Vin

ViN gRUW
Ruvt UVLor Vuvio —+ uvLo Vuvio—+
> [_ >
L L

luviLo luvio
Ruva j-——————————————
LATCH J J § Ruvz

RESET

L
LI

AGND

Figure 8-5. UVLO Configuration

Figure 8-6. Latch Reset

8.2.2.7 Over Voltage, Latch (ON_OFF Pin) Voltage Divider Selection

As described in Section 7.3.17, the ON_OFF pin can be configured as a latch pin or an OVP pin. Figure 7-20
shows the latch configuration. The ON_OFF pin is latched when the pin voltage reaches Igy_ * R when any of
the internal faults is detected. The latch diode is reverse-biased during latch operation. Select the latch resistor
R value such that Iy * R > Von ofg- This design example uses an R| value of 49.9 kQ. If the latch threshold
is 80 V, use an Rpy1 value of 40 kQ, and use an Rpy; value of 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 7-21. When the ON_OFF pin voltage rises
above the VN off threshold, an internal current source Igy is enabled to raise the ON_OFF pin voltage, thus
providing the threshold hysteresis. Use Equation 29 and Equation 30 to determine resistance values for Roy4
and Roys. If the LM5036 controller is to be disabled when V) rises above 80 V and enabled when it falls below
78 V. Use an Ry value of 40-kQ, and an Rgy» value of 635-Q. 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 tp(ss) , which is the time it takes for the soft-start capacitor to rise from 0 V to Vsssecen
(2.06-V typical), can be programmed with the SS capacitor value according to Equation 52

V.
SSSecEn (52)

where
* lgs (20-pA typical) is the current source of the soft-start pin
8.2.2.9 SSSR Capacitor

The SSSR capacitor value determines the rate at which the pulse width of the SRs of the half-bridge converter

increases. To achieve a monotonic start-up for the output voltage, the optimum SSSR capacitor value satisfies

the following two conditions:

» Ensure the SR soft-start sequence is completed before the controller reaches the regulation set-point of the
output voltage.

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

A general rule 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 Vgssecen (2.06-V typical) and then the
secondary-side reference VRgr rises to 75% of regulation set-point. To satisfy the first condition above, maintain
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the rise time of the SSSR capacitor voltage to less than 25% of the rise time of the output voltage, as described
in Equation 53.

ISSSR X 25% X tRAMP
C <
SSSR 5V

(83)

where
* lsssr (20-pA typical) is the current source of the SSSR pin. tranmp is the ramp-up time of the output voltage.

Use the SSSR capacitor value calculated from Equation 53 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 Half-Bridge Power Stage Design
For a PWM operating frequency of 400kHz applied to the output inductor the oscillator frequency of LM5036
must also be set to 400kHz. The value of resistor Ry is obtained using Equation 54.

1

Rr=——=25-kQ
f 1x10710
osc X 1% (54)
Maximum effective duty cycle that can be applied to the output inductor is Equation 55.

Maximum transformer turns ratio that will deliver the required output voltage from minimum input voltage is given
by Equation 56.

DMAX X VIN mi
NPS(max) = —2 <V (min) _ 1.46
O (56)

For our example design we will opt for a planar transformer with 4 primary turns and 3 secondary turns. The
turns are located in an un-gapped RM7/ILP ferrite core made of 3C95 material. This core has an inductance
factor AL = 4.4-pH/turn?. Hence the actual turns ratio (Nps) and magnetising inductance (Lmag) are given by
Equation 57 and Equation 58.

Np 4
Vs =Re 73

S (57)
Lptag =Np® x AL =70.4 —uH )

Maximum inductor current ripple will occur at maximum input voltage. The output inductor value Ly will be
selected to limit inductor current ripple amplitude to 20-% of the maximum output current I

VOX(1_DMIN) =43-pH
%ox2xlmxfosc

LO =
20 (59)

Hence a catalog part with an inductance of 4.7-uyH, capable of carrying the full output current, and with a
saturation current of more that 120-% of I, is selected.
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8.2.2.11 Current Limit

Section 7.3.11 describes the CBC current limiting functionality in detail. Figure 8-7 illustrates the current limiting
block diagram of the LM5036 controller. These are the five resistors associated with the current limiting function
of the half-bridge converter:

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

ViN
444
lpRI Ro
R r_'TLOPE K1oa
L
g Cs_POS 3
VcsT Rcs — F Amp 1/K1o0b
L 1L
CS_NEG Kea EBC POS_OCP
= PGND = : _
lcs_seT
RLim 1 1/Kop
VY i NEG NEG_OCP
- —
AGND CS_SET Vi
AGND

Figure 8-7. Current Limiting Block

The value of current sense resistor R¢g 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 61.

(61)

The RMS current flowing in the primary winding may be calculated using Equation 62.

2
I 1 [ Al
IP RMS: 0 X DX 1+—X(ﬂj
- Nes 3 Ll
Where :
Al V 1-D V, D

Neri = oo+ Aie0 = 35T N X[f ]+4 T

S xLo *Npg 0sC *Lmag Tosc (62)
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Maximum loss in the current sense resistor will occur while maximum output current (I ;) is delivered from
minimum input voltage (Vymin))- Evaluating Equation 62 gives Equation 63.

lori_Rms =7.07A

(63)

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

satisfy Equation 64.

RCS < 0.5°/o X VO X IL|M X % = 0024 Q
Pri_RMS (64)
In our example design the current sense resistor value selected is given in Equation 65.
A
HSG [ | [
LSG R i T i R
A VN
Vsw |
VIN/2
[ —to\— P
A ...*. *
ILO/Nps <
\ * /\ IO/Nps
A \/ )
o Alpyi }' Alo/Nps
} Al o/Nps
Alpr
+ ILMag +
0 - 1 —
AILMag *
AILMag

Ipri

Figure 8-8. 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 66. To eliminate sub-harmonic oscillation, set m¢ 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 67 and Equation 68. To damp the sub-harmonic oscillation after one cycle, mc must be
set equal to one times the down-slope of the output inductor current. This configuration is known as deadbeat
control. In LM5036 controller, the slope compensation signal is a saw-tooth current waveform of magnitude
IsLopE at the oscillator frequency (twice the switching frequency).

M =lsLope * fosc xRy

where

* mg is the slope of the compensation ramp
* lgLope is the amplitude of the saw-tooth current signal used for slope compensation

(66)
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V, 1 mV
Lo Nps us (67)
where

* m is the down-slope of the output inductor current transformed to the primary side
* Npis the number of turns for the primary winding of the main transformer

* Ngis the number of turns for the secondary winding of the main transformer

* Vg is the output voltage of the half-bridge converter

* Lo is the output inductor value of the half-bridge converter

* Rcs is the current sense resistor value

1
me >—Xm
€77k (68)

Substituting Equation 66 and Equation 67 into Equation 68 gives an expression for the minimum value for
resistor R4 to avoid sub-harmonic oscillation.

xRgg x————221-0
2 Lo Npg IsLope % fosc (69)

Doubling this value ensures deadbeat control. For this example design, the value given in Equation 70 are
selected

R, =576 Q (70)

Values have now been selected for both Recg and Ry. Values for Ry and R, are yet to be determined. These
values define the peak current limit threshold and how this level varies with input voltage. Equation 20, Equation
21 and Equation 25 define the relationship between peak primary current limit and maximum output current. For
this design example ignore Igijasofset aNd Vesofiset, because these parameters have only a small effect on output
current limit. Setting these parameters to zero calculates Equation 71, Equation 72 and Equation 73.

V, VA xN
lo (Vin:Rum:R2) =Nps x| lpricac (Vin-Rum:R2) - = X(1—D)——O FS
" 2x LO X fOSC X NPS 2x LMag X fOSC (71)
Ves caeth(Vin-Ruim:Rz) 1 (Vv vV V,
o icne (Ving By i, Ro ) = ——== +1 x|ox| N4 N _J__ 70
pricac (Vin-RumRz2) Ros CSLSG ¥| 5 Luteg '—oXNPsz Lo xNpg o

K V
Vos_ceeth(Vin-Rum:R2) =Ry X( RCBC1 —lsLope XD_%)
LIM 2
(73)
The output current limit varies with input voltage. This design example limits the output current to Iy at the
extremes of input voltage giving Equation 74 and Equation 75. This value limits the spread of output current limit
across the range of input voltage.

lo (VIN(min)1RLIM7R2) =lm

(74)
lo (V. RumRz ) =1
O\ VIN(max):"'LIM:T12 LIM
(Vo .
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Solving Equation 74 and Equation 75 simultaneously yields values for resistors Ry and Ry.

1

R, = 5 =2.32-MQ
t R 1 1 1 V R
csLsG , Mes + 5 |- O x5S 15 opg x2x Vg xNpg
2 RixNps (Lmag Lo xNpg Vingmin) % ViNgmax) | Lo *fosc R (76)
Rum = Kosor =55.2-kQ
Res | lm | Vo X[1 _2xVoxNes |, VoxNes fesisa | Vinmim ,  Vinwmin Vo |, lsLopE X 2xVo xNps . Vingminy
Ry [ Nes  2xLoxNpgxfosc ViN(min) 2xLyggxfosc  Nps [ 2xLmag  2xLoxNps® Lo *xNpg ViN(min) Ra (77)

Having determined values for R4 and Ry, the value of resistor Rj is fixed by Equation 13.

The selected values for R, and Ry are given in Equation 78. Figure 8-9 presents the measured output current
limit vs input voltage for the circuit presented in Figure 8-1. Figure 8-9 also presents the output current limit
vs line for the same circuit predicted by Equation 71, Equation 72 and Equation 73. There is good agreement
between measured and predicted results.

R, =1.96 MQ

10.2

— ILIM Calculated
@ ¢ |LIM Measured

*

10.1 =
10 >

L 4
*

9.9

*
b,

9.8

&
\ 4

*

N
9.7 \ \ g
9.6 \

9.5

9j4 \

N

*

&
\ 4

Output Current Limit (A)

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

Figure 8-9. Main Converter Measured vs Predicted Output Current Limit

If the magnitude of the leading-edge spike is excessive, add an additional filter capacitor Cg to form an RC filter
with R4, to reduce the high-frequency noise spike. Both the leading-edge blanking (tcsg k) and the RC filter help
to prevent false triggering of the CBC current limiting operation.

The circuit connected to the CS_POS pin may be approximated by the simplified circuit shown in Figure 8-10.

lpri(t
pri(t) Ipri(t) X Res '_,.—':

\

Figure 8-10. CS_POS Filter Circuit Model and Waveform

The voltage across the current sense resistor during the conduction period of the low-side MOSFET is
represented by Equation 79.
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lpri (t) xRes = (lpg +mxt)xRes 79)

Where Ipq is the primary current at the start of the on period of the lower switch, and m is the slope of the
primary current during the on period.

NPS (80)

m = ViN(max) _va i 1 N ViN(max)
2 X NPS LO X NPS 2 X LMag

(81)

The voltage across capacitor Cg for the circuit shown is expressed by Equation 82.

-t
VCF(t):RCSX (IPo_mXCFXR1)x 1_eCFXR1 +mxt

(82)

Let us assume that the on period of the lower switch is more than four times longer than the time constant made
up of Cg and Rj. In this case the exponential term of Equation 82 tends to zero and the voltage across capacitor
Ck at the end of the tgy period may be expressed by Equation 83.

VCF(tON):RCS ><[|p0—m><CF XR1 +m><tON] (83)

Comparing Equation 79 and Equation 83 shows that capacitor Cg introduces an error in the sensed peak current
given by Equation 84.

[VIN(max) Y ]x 1 i VIN(max) XCF % R1
ErGF - Vos (ton) = Vor (ton) _ mxCe xRy _ [\ 2%Npg Lo xNps  2xLyag
B B I - I
LTIVENV- W N N
PS PS (84)

Hence, to ensure the error introduced by the filter capacitor is less than 2%, the value of capacitor Cg should not
exceed the value given by Equation 85.

Cg <
ViN(max) _Va lx 1 N ViN(max) <R. xN
(85)

=84 -pF

The Excel Calculator Tool can be used to facilitate the process of calculating all the external CBC component
values.

8.2.2.12 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 set to be equal and a 1:1 turns ratio transformer is selected,
i.e., No/N4 = 1. The primary output voltage is normally selected based on the input voltage range such that the
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duty cycle of the converter does not exceed 50% at the minimum input voltage. This condition is satisfied if
Vauxt < Vingmin) / 2.

Use Equation 86 to calculate the maximum inductor current ripple amplitude Al_ (ayx) that can be tolerated
without exceeding the peak current limit threshold Iayxim) (200-mA typical) of the high-side switch,

Ny
AIL(AUX) = (IAUX(LIM) —laux1 —lauxe * N_J
‘ (86)
where

* lauxq is the primary output current, and Iayxo is the secondary output current of the auxiliary supply,
respectively.

In this design example, the maximum total output current Iayxmax) Of the auxiliary supply referred to the primary
side is 100-mA, as given by Equation 87.

2
IAUX (max) = laux1t + lauxz X N_1 =0.1A o)

Therefore, Al (aux) = 0.1-A. Use Equation 88 to calculate the minimum inductor value for the auxiliary supply.

Laux > Kon xRon [1 ~ Vauxi ] _88_uH

2x Al
L(AUX) IN(max) (88)

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

8.2.2.13 Auxiliary Feedback Resistors

The two feedback resistors are selected to set the primary output voltage Vx4 of the auxiliary supply. The
internal reference for the off-state and on-state auxiliary output voltage levels are Vayux.orr (1.4-V typical) and
Vaux-on (1-V typical). 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 set to 11.9-V and 8.5-V, respectively. Rggs is selected to be 1-kQ and
Reg1 is calculated to be 7.5-kQ according to Equation 89. 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.

R
Vauxi-on = VYaux-on % (1 + %}
FB2
(89)

8.2.2.14 Roy Resistor

Use Equation 31 to calculate the value of Rpy required to achieve the desired switching frequency for the
auxiliary supply. Make sure that the calculated Rgy value is greater than the minimum value required by
Equation 40. For this design example where on-state Vayxq is 8.5-V and target fgw aux is 500-kHz, the
calculated value of Ry is 189-kQ. The minimum recommended value calculated using Equation 40 is 209-kQ.
A standard value of 220-kQ is selected to satisfy this minimum Rgy requirement giving and actual switching
frequency (fsw_aux) of 430-kHz.

8.2.2.15 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 90 to calculate the value of
Cn required to meet the ripple voltage AV |y requirement.
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I
C]N > AUX (max )
4 x fSW_AUX X AVIN (90)

Choosing a value of 0.5-V for AV|y yields a minimum C,y value of 0.12-yF. Select the standard value of 0.1-yF
for this design. Ensure that the voltage rating of the input capacitor is greater than the maximum input voltage
under all conditions.

8.2.2.16 Auxiliary Primary Output Capacitor

The output capacitor value (Caux1), needed to achieve our target output ripple amplitude (AVauxicap = 25-mV),
may be calculated using Equation 94.Highest ripple voltage will be observed if all the Aux current is drawn
from Vauxe (Iaux2=lauxmax))- In this case a capacitor value of 1.1-uF is required to limit capacitive ripple voltage
amplitude to 25-mV. A standard 1-uF, 25-V capacitor is selected for this design.

8.2.2.17 Auxiliary Secondary Output Capacitor
A simplified waveform for the secondary winding current I, _sgc is shown in Figure 8-11.

A

I sec

lauxz

0A

>

Time

Figure 8-11. Auxiliary Transformer Secondary Winding Current Waveforms for C,yx2 Ripple Calculation

The secondary output current Iayxo is sourced by Cpayxe during on-time of the high-side switch, toy. Ignoring the
current transition times in the secondary winding, the secondary output capacitor ripple voltage amplitude can be
calculated using Equation 91.

Iaux2 * ton(max)

AVaux2cap =
P 2xC
AUX2

(91)

For a 1:1 auxiliary transformer turns ratio, the primary and secondary voltage ripple equations are identical.
Therefore, Cpyuxz is chosen to be equal to Cpayxq (1 PF) to achieve comparable ripple voltages on the primary
and secondary outputs.

8.2.2.18 Auxiliary Feedback Ripple Circuit

The auxiliary feedback ripple circuit employed is presented in Figure 7-27. Having selected appropriate values
for Ron in Section 8.2.2.14 and Rggy in Section 8.2.2.13, the value of C, required can be calculated using
Equation 47. For our design we have opted to use a standard value C, = 1-nF.

> 3 «Reet+PRes2 43 nF
2xmxfow_aux  Ree1*Res2

r

(92)

Based on our target output ripple specification a value for the primary output capacitor (Cayxs = 1-uF) was
chosen in Section 8.2.2.16. The primary output ripple voltage Vayxicap can be calculated using Equation 94.
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Since the value of Vayxicap is already greater than 25-mV there is no danger that we will fail to meet the
requirement of Equation 46. Hence the value of R, needed to ensure stable operation is calculated using
Equation 48. For our design example a value of 46.4-kQ has been selected.

R <—RonxRon 1y Vaua |_g5 ko
10x G, x AVayxicap IN(min)

(93)

The minimum value of C,; is determined using Equation 49. The precise value of this component is not very
critical and for our design example we selected a convenient value of C,. = 100-nF.

Cue 25%xC, =5-nF (94)

8.2.2.19 Auxiliary Secondary Diode

Use Equation 95 to calculate the reverse voltage across secondary rectifier of the auxiliary supply when the
high-side switch is on.

N,
Vp = — XV,
D N1 IN (max ) (95)

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.

8.2.2.20 VCC Diode

A diode must be connected between the primary output Vayx¢ and the VCC pin. When Vayx4 is more than one
diode voltage drop greater than the internal VCC voltage, the VCC bias current is supplied from Vayx4. This
results in reduced power losses in the internal VCC regulator, especially at high input voltage.

8.2.2.21 Opto-Coupler Interface

Figure 8-12 illustrates the opto-coupler interface for the main feedback control loop. The primary side of the
opto-coupler is biased with Vgrgr 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 lpy\.0s
(800-pA typical) which corresponds to zero duty cycle, as given by Equation 96.

|
|
|
|
|
| Vo

VRer }
|

&
“

compP | Ropro I le—vo
| + [¢——VREFsec
|
|
i <
i SGND

Figure 8-12. Opto-Coupler Interface
V,-Vi-V
ICOMP = —b f e X CTR
opto (96)
where
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* '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 LED

* V. is the error amplifier output

* CTRis the current transfer ratio of the opto-coupler

* lcowmp is the comp current flowing into the COMP pin

*  VRger (5-V typical) is the reference of LM5036 device

8.2.2.22 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% ———— — = —~
95%
90% e .
// | — | ]
85% R s e e i i
805, e L ‘,( IR H k J , I T ET L | R
> % | | [ [ | I
§ 4 EL U | ol ! bl : 1 \
g 750/0 / = * * * ’;
b 70% /\\_/Av/’\vf\ /\ /\v,'\v /w\/\v/\J/\J/\/"\\/\//‘\J /,«*\V/\V,f\ /\\l/‘vl
65% F 1
0, “. :
60% — V=36V
55% — V|N=48V
— V=75V
50% ‘
0 1 2 3 4 5 6 7 8 Do
Load Current (A) ,_
fsw = 200-kHz Vo= 12V Viy = 48-V Vo = 12-V
Figure 8-13. Efficiency lo =8-A
Figure 8-14. 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-yF for VCC pin, and 0.1-pF to 10-uF
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 RD2 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 MOSFETs should be minimized.

10.2 Layout Example

See Figure 10-1 for an example layout that matches the schematic of Figure 8-1.
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Figure 10-1. LM5036 PCB Layout Example
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11 Device and Documentation Support
11.1 Device Support
11.1.1 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/\WWEBENCH.

11.2 Documentation Support

11.2.1 Related Documentation

11.2.1.1 Receiving Notification of Documentation Updates

To receive notification 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 Support Resources

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

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

11.4 Trademarks

TI E2E™ is a trademark of Texas Instruments.

WEBENCH® is a registered trademark of Texas Instruments.
All 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
A with appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

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

11.6 Glossary

Tl 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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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
LM5036RJIBR Active Production WQFN (RJB) | 28 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 LM5036
LM5036RJBR.A Active Production WQFN (RJB) | 28 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 LM5036
LM5036RJBT Active Production WQFN (RJB) | 28 250 | SMALL T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 LM5036
LM5036RJBT.A Active Production WQFN (RJB) | 28 250 | SMALL T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 LM5036

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

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

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

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

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

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

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

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

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
: |
© Bo W
Reel ) l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
BO | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 I Q4 User Direction of Feed
[ 8
T
A
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
LM5036RJIBR WQFN RJB 28 3000 330.0 12.4 525 | 525 | 11 8.0 | 12.0 Q2
LM5036RJIBT WQFN RJB 28 250 180.0 12.4 5.25 | 5.25 1.1 8.0 12.0 Q2
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*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
LM5036RJBR WQFN RJB 28 3000 367.0 367.0 38.0
LM5036RJIBT WQFN RJB 28 250 213.0 191.0 35.0
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PACKAGE OUTLINE
RJB0O028A WQFN - 0.8 mm max height
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NOTES:

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

2. This drawing is subject to change without notice.

3. The package thermal pad must be soldered to the printed circuit board for thermal and mechanical performance.

i3 TExas
INSTRUMENTS
www.ti.com




EXAMPLE BOARD LAYOUT
RJB0O028A WQFN - 0.8 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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SOLDER MASK DETAILS
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NOTES: (continued)

4. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
number SLUA271 (www.ti.com/lit/slua271).

5. Vias are optional depending on application, refer to device data sheet. If any vias are implemented, refer to their locations shown
on this view. It is recommended that vias under paste be filled, plugged or tented.
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EXAMPLE STENCIL DESIGN
RJB0O028A WQFN - 0.8 mm max height

PLASTIC QUAD FLATPACK - NO LEAD

SYMM

F (2.138) TYP ——1
e— 4X ([ 1.47)

Q?TJJGGEBHHWWM>

N ,
j “(l\, . 21
tCb 3

==

)
24X(05)ED {(7%7. %C%%(}VESYMM
(R0.05) TYP —° @

0

(2.138)
TYP

(0.835) (4.65)
C1 ]
R

I

| |
| 8 | 14 |
i (0.835) TYP J——w i
1 \

(4.65)

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL

EXPOSED PAD 29:

75% PRINTED SOLDER COVERAGE BY AREA UNDER PACKAGE
SCALE:18X
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NOTES: (continued)

6. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
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IMPORTANT NOTICE AND DISCLAIMER

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

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

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

TI's products are provided subject to TI's Terms of Sale, TI's General Quality Guidelines, or other applicable terms available either on
ti.com or provided in conjunction with such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable
warranties or warranty disclaimers for Tl products. Unless Tl explicitly designates a product as custom or customer-specified, TI products
are standard, catalog, general purpose devices.

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

Copyright © 2025, Texas Instruments Incorporated
Last updated 10/2025


https://www.ti.com/legal/terms-conditions/terms-of-sale.html
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