National
Semiconductor

Scalable 2-Phase Synchronous Buck Controllers with
Integrated FET Drivers and Linear Regulator Controller

General Description

The LM3753 and LM3754 are full featured single-output dual-
phase voltage-mode synchronous PWM buck controllers.
They can be configured to control from 2 to 12 interleaved
power stages creating a single high power output. Both con-
trollers utilize voltage-mode control with input voltage feed-
forward for high noise immunity. An internal average current
loop forces real time current sharing between phases during
load transients.

The LM3753 supports a Tracking function, while the LM3754
supports adjustable Soft-Start. The LM3753 Tracking is al-
ways enabled, so the output is controlled both up and down.
The Soft-Start function on the LM3754 can only drive the out-
put upwards — it will not pull it down, therefore, pre-biased
loads will not be discharged. Available in the 5 mm x 5 mm
thermally enhanced 32-lead LLP package with a thermal pad.

Features

m  Wide input voltage range of 4.5V to 18V

Up to 12 channels for 300A load

System accuracy better than 1%

0.6V to 3.6V output voltage range

Switching frequency from 200 kHz to 1 MHz

LM3753/54

December 14, 2009

Phase current sharing +12% max over temperature
Integrated 4.35V +2.3% LDO

Inductor DCR or sense resistor current sensing
Interleaved switching for low I/O ripple current
Integrated synchronous NFET drivers
Programmable Soft-Start (LM3754) or Tracking (LM3753)
Pre-biased startup (LM3754)

Output voltage differential remote sensing
Minimum controllable on-time of only 50 ns
Programmable Enable and input UVLO

Power Good flag

OVP, UVP and hiccup over-current protection

Applications

m CPUs, GPUs (graphic cards), ASICs, FPGAs, Large
Memory Arrays, DDR

High Current POL Converters

Networking Systems

Power Distribution Systems

Telecom/Datacom DC/DC Converters

Desktops, Servers and Workstations

Simplified Application
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LM3753/54

Connection Diagram
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32-Lead LLP
Ordering Information
Order Number T:J ':2::) iS Package Type NSC Package Drawing Supplied As
LM3753SQ TRACK LLP-32 SQA32A 1000 Units / Reel
LM3753SQX TRACK LLP-32 SQA32A 4500 Units / Reel
LM3754SQ SS LLP-32 SQA32A 1000 Units / Reel
Pre-Bias Protection
LM3754SQX SS LLP-32 SQA32A 4500 Units / Reel
Pre-Bias Protection
www.national.com 2
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Pin Descriptions

Pin Number Pin Name Description

1 HG2 Gate drive of the high-side N-channel MOSFET for Phase 2.

2 Sw2 Switching node of the power stage of Phase 2.

3 LG2 Gate drive of the low-side N-channel MOSFETs for Phase 2.

4 VDD Power supply for gate drivers. Decouple VDD to PGND with a ceramic capacitor. VDD can either
be supplied by an external 5V +10% bus, or by the internal regulator, which uses an external
NPN pass device. If using the internal regulator, connect VDD to the emitter of the NPN pass
device.

5 PGND Power Ground. Tie PGND and SGND together on the board through the DAP.

6 LG1 Gate drive of the low-side N-channel MOSFETs for Phase 1.

7 SWi1 Switching node of the power stage of Phase 1.

8 HG1 Gate drive of the high-side N-channel MOSFET for Phase 1.

9 BOOT1 Bootstrap of Phase 1 for the high-side gate drive power supply.

10 PGOOD Power Good open-drain output. Active HIGH.

11 SYNCOUT | Synchronization Output. For multi-controller systems this pin should be connected to the SYNC
pin of the next controller in daisy-chain configuration

12 SYNC Synchronization Input. SYNCOUT of one controller is connected to SYNC of the next controller
in a daisy-chain fashion. To synchronize the whole chain of controllers to an external clock, wire
the external clock to the SYNC pin of the first controller of the chain (called the Master controller).
Otherwise, connect the SYNC input of the Master controller to ground and all of the controllers
will be controlled by the internal oscillator of the Master.

13 FAULT Input/Output. Wire the FAULT pin of all controllers together. FAULT gets pulled Low during
startup, an over-current fault, or an over-voltage fault. FAULT = Low signals all controllers to stop
switching and prepare for the next startup sequence. The first LM3753/54 in the system (the
Master) supplies the FAULT pin pull-up current for all of the controllers.

14 NBASE Connect to the base of external series-pass NPN if using the LM3753/54 internal LDO controller
to generate VDD. Otherwise leave unconnected.

15 VIN Input Voltage. Connect VIN to the input supply rail used to supply the power stages. This input
is used to provide the feed-forward for the voltage control of V5, and for generating the internal
VCC voltage.

16 VCC Supply for internal control circuitry. Decouple VCC to PGND with a ceramic capacitor. When VIN
> 5.5V, the internal LDO will supply 4.35V to this pin. When 4.5V < VIN < 5.5V, connect VIN to
VCC. In this case the internal VCC LDO will turn off and VCC current will be supplied directly by
VIN.

17 SGND Signal Ground. Tie PGND and SGND together on the board through the DAP.

18 COMP Error Amplifier Output. For the Master, a compensation network is placed between the COMP
pin and the FB pin. The COMP pin of the Master should be connected to the SNSP pin of each
of the Slaves. The COMP pin of each of the Slaves must be connected to its VDIF pin

19 FB Feedback Input. This is the inverting input of the error amplifier. Connect the Master FB pin to
the output voltage divider and compensation network. Connect each Slave FB pin to its own VCC
pin. This will put that controller in Slave mode and disable its error amplifier.

20 VDIF Output of the remote-sense differential amplifier. Connect the Master VDIF pin to the output
voltage divider and compensation network. The Slave differential amplifier is used to buffer
COMP from the Master controller. Connect each Slave VDIF pin to its own COMP pin.

21 SNSM Inverting input of the remote-sense differential amplifier. Connect SNSM of the Master controller
to PGND at the load point. On Slave controllers, the differential amplifier is used to buffer COMP
from the Master controller. Connect SNSM of each Slave controller directly to the Master
controller SGND pin.

22 SNSP Non-inverting input of the remote-sense differential amplifier. Connect the SNSP of the Master

controller to V1 at the load point. On Slave controllers, the differential amplifier is used to buffer
COMP of the Master controller. Connect SNSP of each Slave controller to the Master controller
COMP pin.
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3 Pin Number Pin Name Description

g 23 TRACK Tracking Input. Connect the TRACK pins of all of the controllers in the system together. Wire the
= (LM3753) TRACK pin to the external TRACK control signal. Tracking is always enabled on power-up,

-~ shutdown and brownout.

23 SS (LM3754) | Soft-Start. Connect the SS pins of all of the controllers in the system together. At the Master
controller, connect a soft-start capacitor between SS and SGND. Only the Master controller
supplies the pull up current to the SS capacitor.

24 FREQ Frequency Adjust. A frequency adjust resistor and decoupling capacitor are connected between
FREQ and SGND to program the switching frequency between 200 kHz to 1 MHz (each phase).
These components must be supplied on the Master and Slaves, even if the system is
synchronized to an external clock.

25 IAVE Current Averaging. Connect a 4.02 kQ, 1%, resistor between each controller's IAVE pin and
SGND. In the case where one phase is not used, connect an 8.06 kQ resistor. Connect a filter
capacitor between IAVE and SGND at each controller,

26 EN Enable Input. Used for VIN UVLO function, connect EN to the midpoint of a voltage divider from
VIN to SGND. The EN pins of all controllers must be wired together. For an on/off EN function,
wire the EN pins of all controllers together and control with an open drain output.

27 CSs2 Positive current-sense input of Phase 2. Connect to the DCR network or the current-sense
resistor of Phase 2. The negative current-sense input is the CSM pin.

28 ILIM Current Limit Set. Connect a resistor between ILIM and CSM. The resistance between ILIM and
CSM programs the current limit.

29 CSM Negative current-sense input of the internal current-sense amplifiers. Connect to V1.

30 CSH Positive current-sense input of Phase 1. Connect to the DCR network or the current-sense
resistor of Phase 1. The negative current-sense input is the CSM pin.

31 PH Phase Select Input. Connect this pin to the middle of a resistor divider between VCC and SGND
to program the number of phases in the system.

32 BOOT2 Bootstrap pin of Phase 2 for the high-side gate drive power supply.

DAP Die Attach Pad. Must be connected to PGND and SGND but cannot be used as the primary
ground connection; do not place any traces or vias other than GND in the outer layer under the
DAP; see AN-1187 application note.
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Absolute Maximum Ratings (vote 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

VIN to SGND, PGND
SGND to PGND

VCC and VDD to VIN
VDD to PGND

PGOOD, FAULT to SGND

VCC, EN, SS, TRACK,
SYNC, CS1, CS2, CSM,

ILIM, SNSM, SNSP to SGND

FREQ, PH, FB to SGND

BOOT1, BOOT2 to PGND
(Note 2)

SW1, SW2 to PGND
(Note 2)

BOOT1 to SW1,
BOOT2 to SW2 (Note 2)

SYNCOUT
PGOOD, FAULT
VDIF

COMP

ESD Rating

HBM (Note 3)

Electrical Characteristics Limits in standard type are for T, = 25°C only; limits in boldface type apply over the
junction temperature (T ) range of -5°C to +125°C. Minimum and Maximum limits are guaranteed through test, design, or statistical
correlation. Typical values represent the most likely parametric norm at T, = 25°C, and are provided for reference purposes only.
Unless otherwise stated V\, = 12V, V\pp = 5V, V¢ = internal LDO, Vg =2V, Rggq = 78.7 kQ, Vp = 0V, Vgy = Vego = Vogu =

-0.3V to 24V
-0.3V t0 0.3V
+0.3V
-0.3Vto 6V
-0.3Vto 6V
-0.3Vto 6V

-0.3to VCC + 0.3V
-0.3V to 24V Peak

—-0.3VDC to 24V Peak
-3V for less than 40 ns

—0.3V to 6.0V Peak

+20 mA
+20 mA
+5 mA
+4 mA

2kV

Junction Temperature
(Ty-max)
Storage Temperature Range

Operating Ratings (note 1)

VIN Low Range

VIN High Range when using
integrated VCC LDO

VIN High Range when using
integrated VDD linear
regulator controller

VCC External Supply Voltage
VDD External Supply Voltage
Output Voltage Range
TRACK

SYNC, EN

SNSM

SNSP to SNSM

IAVE

CS1 and CS2 to CSM

CS1, CS2, ILIM and CSM to
SGND

ILIM to CSM

Junction Temperature Range
Thermal Data
Junction-to-Ambient Thermal
Resistance (0,,), LLP-32
Package (Note 4)

Vss = Vrrack = Vsnsp = 1.8V, Vim = Vg = 100 MV, Vgygy = Vsyne = OV, Vsyncour floating.

+150°C

-65°C to +150°C

4.5V to 5.5V
5.5V to 18V

6V to 18V

4.5V to 5.5V
4.5V to 5.5V
0.6V to 3.6V

0V to 5V

0V to 5.5V
-0.25V to 1.0V
0V to 3.6V

0V to 1.15V
-15mV to 45 mV
0V to 3.6V

0V to 200 mV
-5°C to +125°C

26.4°C/W

Symbol | Parameter Conditions | Min | Typ | Max | Units
System Accuracy
Vour Output Voltage Accuracy Vout = 3.6V -0.65 | -0.11 0.45 %
Includes trimmed EA and diff Vour = 2.5V -0.75 | —-0.134 0.6 %
amplifier offset and gain errors; 0.5 Vour = 1.8V 09 | —0.165 07 %
mA load at VDIF
Vour =0.6V -2.25 -0.4 1.25 %
Phase Current Equalization
Alpy, Current Equalization (from average [Vogy = 1.8V, Vg = Vego = Vegu + 30 mV, | =12 12 %
per phase current) Viave = 740 mV, Veoue = 1.9V
System Supplies and UVLO
VIN
lvin VIN Operating Current 2-phase switching gate drivers unloaded 15 mA
lvin-g VIN Quiescent Current Vg =650 mV, no PWM switching, NBASE 18 mA
is floating (no NPN)
lvin-sD VIN Shutdown Current Vey =0V 200 450 pA

Downloaded from Elcodis.com electronic components distributor
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§ Symbol Parameter Conditions | Min | Typ | Max | Units
g VCC
= Vvee VCC Linear Regulator Output 0 to 3 mA sourced to an external load; 4.25 4.35 4.45 \'%
~ Voltage Vyn =5.5V to 18V
lvee VCC Input Current from External |V\,y = 5.5V, Vycc =5.5V 10 20 mA
Supply
lvce-so VCC Input Shutdown Current from |Vgy = 0V, V= 12V, Vyoc =5V 260 pA
External Supply
lvee.um VCC Output Current Limit Vyee =2.5V 9 30 53 mA
Vyge =0V 50
Vyccen VCC UVLO Thresholds Vycc Rising 4.04 4.14 4.24 \Y
Vycc Falling 3.9 4 4.1
Vycenys | VCC Threshold Hysteresis 140 mV
to.vee VCC UVLO/UVP Debounce Time 8 ps
VDD, NBASE, BOOT1, BOOT2, SW1, SW2
Vvop VDD Controller Regulation Voltage [ Vy,y = 6V to 18V 4.6 4.85 5.1 \'%
VNBASE VIN-to-NBASE Dropout Vyin — 5.5V, 700 mV source connected 330 mV
from VDD to NBASE, lygase =5 MA
Vyn — 5.5V, 700 mV source connected 130
from VDD to NBASE, lygase = 1 mA
Viease-reg | NBASE Load Regulation Vyin =18V, 700 mV source connected from 4 mV
VDD to NBASE, Iygage steps 1 mAto 5 mA
lvob VDD Operating Current from Vyvob = Vvin = Vyee = 5.5V, fgyy = 300 kHz, 1 mA
External Power Supply Gate Drivers unloaded
lvop-sp VDD Shutdown Current Ven =0V, Vy =12V, Vypp =5V 2 30 pA
Ingase-c. | NBASE Current Limit Vaease = Vvop + 0.7V, AVypp = =100 mV 5.8 10 mA
Vigase = Vvop = 0V 20
lzooT-5D BOOT1, BOOT2 Shutdown Current| Vgy = 0V, Vgyyq(5) = OV, Voot = Vg = 5V 4.5 15 pA
lsoot BOOT1, BOOT2 Operating Current| Vgogry(p) = 17.0V, Vo) = 12.0V, fgyy = 650 pA
300 kHz, Gate Drivers unloaded
lsw SW1, SW2 Leakage Current with | Vycc =0V, Vgy =0V, Vg o) = 3.6V 3 pA
Pre-Biased Output
Vyvop-TH VDD UVLO Thresholds Vypp Rising 3.8 4.02 4.28 \Y
Vypp Falling 3.37 3.71 4.03 \Y
Vvop-ays | VDD UVLO/UVP Hysteresis 310 mV
to.voD VDD UVLO/UVP Debounce Time 11 us
Thermal Shutdown
T,.sp Thermal Shutdown Threshold Rising 160 °C
Thvs Thermal Shutdown Threshold 30 °C
Hysteresis

www.national.com
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Symbol Parameter Conditions | Min | Typ | Max | Units
EN
Venn HIGH Level Input Voltage 1.51 \
VEnL LOW Level Input Voltage 1.14 \
VEN-TH EN Threshold Vyin = 4.5V to 18V, V¢ = 4.5V (Rising) 1.26 1.39 1.51 \
Vyn = 4.5V to 18V, Vo = 4.5V (Falling) | 1.14 1.25 1.35 \%
Ven-Hys EN Threshold Hysteresis 140 mV
len EN Input Bias Current Vegny = 1.5V 0.1 pA
Vey = 1.0V 0.4 1.7
Reference, Feedback & Error Amplifier: FB, COMP
Veg FB Voltage Under Regulation Veowp = 1.8V 0.593 | 0.599 | 0.605 \%
Veg.REGT FB Voltage VIN Line Regulation  [V,,\ =5.5V to 18V +0.01 %
Vegrege | FB Voltage VCC Line Regulation | Vyee = Vy = Vypp = 4.5V to 5.5V (same +0.15 %
source)
Ig FB Input Bias Current 45 130 nA
VEB-PTH FB Pin Master/Slave Programming 3.2 \
Threshold
Aol DC Gain FB to COMP, Vioouyp = Veg + 1.0V 70 dB
faw Error Amplifier Rcomp-sano = 1-5 kKQ, Coomp.sanp = 50 PF 15 MHz
Unity Gain Bandwidth
Veomp-siew | Error Amplifier Slew Rate 6 V/uS
Vcomp-reg | COMP Load Regulation, Sourcing Vigye = 2.7V, Algoye = +1 mA, DC Gain -3 mV
=40
PWM Ramp and Input Voltage Feed-Forward
Dpiax Maximum Duty Cycle Controlled by [ Vy,\ = 6V, Veoup = 3.5V 81 %
Clock
Der Duty Cycle Controlled by VIN Feed- [ Vy,\ = 9V, Veoup = 2.2V 42 %
Forward
ton-MIN Minimum Controllable On-Time 50 ns
Veavpmin | PWM Ramp Range Ramp Minimum 1.3 \
VRAMP-MAX Ramp Maximum 2.8 \
Veamp PWM Ramp Amplitude 1.5 \
Differential Amplifier: SNSP, SNSM, VDIF
Vosaneur | Input Offset Voltage Vgngp = 1.8V 3 mV
Rineut-snsp | INput Resistance of SNSP 30 kQ
Ayv.piE Gain Vgngp = 0.6V to 3.6V 0.996 1.004 VIV
faw-nIF 3dB Bandwidth 2 MHz
Vpir-regt | VDIF Load Regulation, Sourcing | Vype = 3.6V, lypr = 0.5 mA -3 mV
Vpirrege | VDIF Load Regulation, Sourcing | Vypr = 0.6V, lypr = 0.5 mA -3 mV
Current-Sense, Current Limit and Hiccup Mode: CS1, CS2, CSM, ILIM
Ves.os Current-Sense Input Offset Voltage [ Vo1 = 1.8V *2 mV
Range, Vesi2) — Vesm
les CS1, CS2 Input Bias Current Vesm =36V, Vegqo)— Vogu=-15mVand| -200 200 nA
+40 mV
Vesm =0.6V, Vigio)— Vogu=-15mVand| -450 450 nA
+40 mV
lcsm CSM Input Source Bias Current | Vg =0.6V and 3.6V, Vg () — Vogy = 40 150 240 pA
mV
lesL CS1+ CS2 + CSM + ILIM Leakage |Vycc = 0V, Vg =0V, Vogm = Vest = Veso 0.1 pA
Current with Pre-Biased Output =V =36V
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§ Symbol Parameter Conditions Min Typ Max Units
g faw.cs 3dB Bandwidth, CS1(2) to PWM 1.0 MHz
= COMPARATOR Input
~ lium-source | ILIM Source Current Vium = 0.6V to 3.6V, Vy, = 5.5V 85 94 103 pA
VeL Current Limit Threshold Voltage |V, y = 0.6V to 3.6V, V,y = 5.5V -2.5 0 4.6 mV
Vim ~ Vesig)
th.oL Current Limit Comparator Vgy OF Vg, stepped from 0.9V to 1.1V, 200 ns
Propagation Delay Viw=1V
toum Master or Slave Fast Current Limit | Vg = 280 mV, 1-phase over-current: 7 Switch
Delay Ves1 OR Vego > Vi cycles
Vg = 280 mV, 2-phase over-current: 3 Switch
Vst AND Vs > Vi cycles
to.miccup  |Master or Slave Over-Current 1-phase over-current: 446 Switch
Hiccup Mode Delay Ves1 OR Vg > Viom cycles
2-phase over-current: 223 Switch
Vegy AND Vigo > Vi cycles
tp.cooL-oown | Hiccup Over-Current Cool-Down 6 ms
Time
Power Good: PGOOD, OVP, UVP
Vovp OVP Threshold Vg rising edge 125 130 135 %Veg
to.restart | OVP Restart Delay 2 ms
Nove.atch | Number of OVP Events Before 7
Latch-Off
Vuvp UVP Threshold Vg falling edge 75 80 85 %VEg
Vuvenys  |UVP Threshold Hysteresis 25 mV
to.oveuve | OVP/UVP Debounce Time 5 us
Veg.L0 PGOOD Low Level lpgoop = -4 MA 0.14 0.25 \
lpg-LEAK PGOOD Leakage Current Vpbgoop = 5-5V 5 300 nA
FAULT
lzaoT Internal Pullup Current in Master 325 pA
Mode
Voo |FAULT Output Low Level lezors sinking 500 pA 0.21 v
Vouraure | FAULT Output High Level lexgrF sourcing 50 pA VCC - v
0.1
Oscillator and Synchronization (PLL): SYNC, SYNCOUT, FREQ
fsw-min Minimum Switching Frequency Rerq = 121 kQ 200 kHz
fow-max Maximum Switching Frequency Regq = 21.3 kQ 1000 kHz
faw Switching Frequency Accuracy Regq = 78.7 kQ 282 300 318 kHz
fayne SYNC Frequency Capture Range |200 kHz to 1 MHz +25 %
Vsync-rise | SYNC Rising Threshold 1.46 1.68 Vv
Vgyncka | SYNC Falling Threshold 1.12 1.3 \Y
tsynemin | SYNC Minimum Pulse Width 150 ns
lsyne SYNC Bias Current Vgyne = 010 5.5V -15 25 pA
(internal or external VCC)
Vayncourn | SYNCOUT Logic High Level Sourcing 10 mA, V¢ = 4.5V external VCC - \'%
0.42
Vayncoutio | SYNCOUT Logic Low Level Sinking 10 mA, Vo = 4.5V external 0.48 \

www.national.com
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pre-bias; Vigack = 0.6V

Symbol Parameter Conditions Min Typ Max Units
PHgaTiO Vpy/Vycc Divider Ratio to Set 2 & 4 Phases 0 0.138
Phase Number 3 Phases 0.152 3/14 | 0.279
5 Phases 0.294 5/14 0.418
6 Phases 0.438 714 0.562
8 Phases 0.587 914 0.703
10 Phases 0.730 11/14 | 0.844
12 Phases 0.874 1
Ipy PH Bias Current Vycc = 4.5V forced, Vp =010 Ve -150 150 nA
Dparne HG1 to HG2 Phase Shift for 2, 4, 6, 180 °
8, 10 or 12-Phase Modes
Dpaing HG1 to HG2 Phase Shift for 3- 240 °
Phase Mode
Dpains HG1 to HG2 Phase Shift for 5- 216 °
Phase Mode
Dgyne SYNC to SYNCOUT Phase Shift |N>2 360/N °
for N-phase Operation N=2 920
tsyncerr | SYNC to SYNCOUT Phase Shift 5 ns
Error
tsyncne | SYNC to HG1(2) 165 ns
DpcerRr HG1 and HG2 Controller-to- 300 kHz, 6-phase 5 °
Controller Phase Delay Error
Soft-Start (LM3754): SS, Pre-Biased Startup
Iss SS Source Current Vgg = 0.3V 5.7 10 14.6 pA
Rps-ss Soft-Start Pull-Down Resistance 750 Ohm
ta-Pwi First LG High Pulse Width during 460 ns
Soft-Start
taar LG Asynchronous-to-Synchronous 2 ms
Gradual Transition Time
toensw | EN-to-Switching Delay Delay from EN = High to FAULT = High; no 2 ms
pre-bias
Tracking (LM3753): TRACK
Virack Tracking Range 0 VRer \
Vivstrack | TRACK Falling Voltage Hysteresis 50 mV
tssnT Internal SS Time during Fault After Fault 3.8 ms
Recovery
ltrack TRACK Input Bias Current Vigack = 0.3V 5 200 nA
Vigack = 5V 0.2 mA
t g-Pwi First LG = High Pulse Width during 460 ns
Fault Recovery
t g-gTF LG Asynchronous-to-Synchronous 1.8 ms
Gradual Transition Time during
Fault Recovery
toensw | EN-to-Switching Delay Delay from EN = High to FAULT = High; no 2 ms
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§ Symbol Parameter Conditions | Min | Typ | Max | Units
5 Gate Drivers
= | lpkna-source |HG1 and HG2 Peak Source Less than 100 ns 1.9 A
- Current
Ruc-source |HG1 and HG2 Source Resistance |Vgoor — Yoy = 5V 25 Q
lpkna-sink  |HG1 and HG2 Peak Sink Current | Less than 100 ns 4 A
Ruc-sink HG1 and HG2 Sink Resistance Veoot = Vaw =5V Q
Ipk.La-source |LG1and LG2 Peak Source Current|Less than 100 ns 2.3 A
Rig-source |LG1 and LG2 Source Resistance 2 Q
Ibkia-sink  |LG1 and LG2 Peak Sink Current | Less than 100 ns A
RLc-sink LG1 and LG2 Sink Resistance Q
Ruc-ruLLoown | HG-SW Pull-Down Resistor 16 kQ
R\ g-puLLbown |LG-PGND Pull-Down Resistor 16 kQ
to-He-LG HG Falling to LG Rising Cross- SW node not switching 30 ns
Conduction Protection Delay
(Dead-Time)
th.Le-HG LG Falling to HG Rising Delay 28 ns
tosHe-La HG Falling to LG Rising Cross- SW node switching 10 ns
Conduction Protection Delay
(Dead-Time)

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur, including inoperability and degradation of device reliability

and/or performance. Functional operation of the device and/or non-degradation at the Absolute Maximum Ratings or other conditions beyond those indicated in
the Recommended Operating Conditions is not implied. Operating Range conditions indicate the conditions at which the device is functional and the device should
not be operated beyond such conditions. For guaranteed specifications and conditions, see the Electrical Characteristics table.
Note 2: Peak is the dc plus transient voltage including switching spikes.
Note 3: Human Body Model (HBM) is a 100 pF capacitor discharged through a 1.5 kQ resistor into each pin. Applicable standard is JESD22-A114C. All pins
pass 2 kV HBM except VDD, VIN and VCC which are rated for 1.5 kV.

Note 4: Tested on a four layer JEDEC board. Four vias provided under the exposed pad. See JEDEC standards JESD51-5 and JESD51-7.
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Typical Performance Characteristics
System Accuracy vs Vg1 fsw vs Temperature
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LM3754 (SS) Startup from 0V

LM3753/54

€—EN2VDIV
<~ PGOOD 1V/DIV
el
L1
L~} 5S 500 mviDIV
>
¥=Vour 1.5VDIV
L _/
2 ms/DIV

30091910

LM3754 (SS) Pre-Biased Output Startup

~|4=EN 2V/Div-+ |-+ +|

i

SS 500 mV/Div-+. /

A
Vout 500 mV/Div

| €= VoyuTt =600 mV.

o — | 2 m!s/Div!
30091911
LM3753 (TRACK) Startup
i
H—PGOOD—]
--1V/Div
[4-EN 2V/Div
/
/
/if/ /
FB 0.5V/Div
. // A IR .
VOUT 1.5V/Div
Ao |||
30091912

Over-Voltage Fault

Over Voltage pulse
4= 200 mV/DIV injected into FB

/:—VQUT 500 mV/Div

2 ms/Div

30091913

Repeated Over-Voltage Conditions

Over Voltage pulse 200 mV/Div added to FB

L]

L]

30091914

Over-Current Fault (Soft Short)
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Vour
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LM3753/54

Block Diagram
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LM3753/54

Functional Description

GENERAL

The LM3753 and LM3754 are two-phase voltage-mode step-
down (buck) switching regulator controllers. From one to six
LM3753/54 controllers can be connected together to control
from two to twelve phases (2, 3, 4, 5, 6, 8, 10, or 12 phases).
Since external switching components can typically handle
25A per phase, a 12 phase system can supply a total of 300A.

Multiple controllers in a system communicate with each other
and work together. They will startup and shut down together,
each phase on each controller will share current equally, and
all the phases will react in unison to fault conditions. In a multi-
controller system, all controllers are the same part (all
LM3753 or all LM3754). One controller functions as the Mas-
ter and all the others act as Slaves. The Master and Slave are
differentiated by how they are connected in the system. The
Master controller senses the system output voltage and VIN
(as well as SS or TRACK) and sets the target duty cycle for
each phase on all of the controllers. The Master and Slave
controllers monitor the current-sense information from each
phase. Based on this current information, the controllers ad-
just the duty cycle on each phase up or down from the target
level, in order to achieve optimal current sharing.

Each controller incorporates a phase locked loop (PLL) that
communicates with the PLLs on the other controllers. By this
means, the switching edges of the different phases are
spread out equally within one switch period. For N phases
operating at any switching frequency, the angle in degrees
between one phase switching and the next is 360° / N. A
SYNC pin is available that can be used to lock the Master
switching frequency and phase to an external clock.

The LM3753 has a Tracking function. The output voltage will
follow the TRACK pin, both up and down, whenever it is less
than VREF. Synchronous switching is always enabled, ex-
cept during fault recovery.

The LM3754 has a Soft-Start function. The Master controller
sources 10 pA out of the SS pin so that the output voltage rise
time is controlled by the size of the external SS capacitor. The
LM3754 will not pull down a pre-biased load. The syn-
chronous NFET switch is not turned on during the soft-start
cycle until the SS ramp exceeds either the FB voltage or the
internal reference voltage VREF. At this point a gradual tran-
sition to synchronous switching is initiated.

CONTROL ALGORITHM

The control architecture is primarily voltage-mode. An error
amplifier amplifies the difference between the FB pin voltage
and the internal reference voltage to generate a COMP signal.
This signal is compared against a ramp that consists of a fixed
value plus a term proportional to VIN which controls the duty
cycle. In order to facilitate current sharing there is an inner
current-sense loop. Information for the current through the in-
ductor in each phase is sensed either with a sense resistor or
with a DCR arrangement which uses the DC resistance of the
inductor. This current-sense signal is connected to the CS pin
(CS1 or CS2). The negative reference for current-sense is
Vout Which is common for both phases and connected to the
controller's CSM pin. The controller amplifies the (CS1(2) —
CSM) voltage difference for each phase, and compares it to
the voltage on the IAVE pin, which tracks the average current
of all phases. Any phase whose current is more than the av-
erage has its duty cycle decreased and vice versa. The IAVE
signal is common to all controllers in a system. Each controller
outputs a current onto the IAVE bus so that the total current
on the bus is the sum of the current signals from all of the

phases. An external resistor to ground translates this current
signal to a voltage, which all of the controllers read back.

The LM3753/54 includes an uncommitted differential amplifi-
er. On the Master controller this amplifier is used to remotely
sense the converter’s output voltage, typically at the load. On
the Slave controllers this amplifier is used to buffer the Master
controller's COMP signal and level shift it to the Slave
controller’s local ground.

POWER CONNECTIONS

The LM3753/54 has three supply pins, which are VIN, VCC,
and VDD. It employs two ground pins, SGND and PGND.
VDD and PGND are the power and ground for the gate driver
stage that controls the HG and LG pins. The quiescent current
drawn by VDD is very small — around 1 mA. To predict the
VDD current requirement one can assume it is mostly switch-
ing current and use the standard formula:

lypp = (1 0r 2) X fgy X QroraL_prase
QroTaL pHasE IS the sum of the high-side switch gate charge
and the low-side gate charge. The (1 or 2) factor corresponds
to one or two phases running. The low-side driver is powered
directly from VDD. The high-side driver draws its power from
VDD through the external bootstrap Schottky diode. The rest
of the controller is powered by VCC and SGND.

The LM3753/54 has two on-board regulators, one to generate
VCC and one to generate VDD. The VCC regulator is self-
contained and only needs a 4.7 pyF ceramic capacitor to
SGND. The VDD regulator uses an external NPN pass de-
vice. This device should be sized to meet the VIN to VDD
dropout requirements for the calculated |,,5. The collector of
this device goes to VIN, the base goes to NBASE and the
emitter goes to VDD. VDD also needs a 4.7 pF bypass ca-
pacitor to PGND. The internal VIN to NBASE dropout is
approximately 300 mV. The minimum VIN is calculated as:

VINy = VDDyyy + Ve npn + 300 mV
VDI:)MIN = MAX(VDDUVLO' VGATE-MIN)

VDD, o is the controllers maximum VDD under-voltage
lockout voltage, which is 4.06V. Vgare iy is the minimum re-
quired gate drive voltage for the power MOSFET switches.
VINy,\ is typically 5.5V to 6.0V. For VIN less than 5.5V, the
regulators are omitted and the VCC and VDD pins are con-
nected as shown in Figure 3.

18V > Vi > 6V ViN
D .
% 220
-
VIN
NBASE —5
p—p}— BOOT1
- 1uF
¢—»}— Boom
_I__ vee VDD
I 47 uF :l_ 47 yF
‘ SGND PGND

v =

30091919

FIGURE 1. Power Connections Using the Internal
Regulator
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18V > Viy > 5.5V !lly
O

Optional Schottky
(if 5V Rail is up when V) is off)

2.20
-
VIN 5V Rail
NBASE |-N/C
¢—Pp— BOOT!
T 1pF +—Pp— BooT2
r VCC VDD
1-4-7 uF :|: 4.7 uF
® SGND PGND

v =

30091921

FIGURE 2. Power Connections Using a System 5V Rail

VIN =5V +-10% VIN
D .
é 2.20
-
VIN
> NBASE [=N/C
10 —P1— BOOT!
T1uF ¢—P1— BOOT2
vCC VDD
-[4-7 uF :l: 4.7 uF

SGND PGND

v =

30091923

FIGURE 3. Power Connections for V| = 5V

UNDER-VOLTAGE LOCKOUTS and ENABLE

The LM3753/54 controller has internal under-voltage lockout
(UVLO) detection on the VCC and VDD supplies. The under-
voltage lockout on VIN is set using the EN pin threshold.
Connect a voltage divider between VIN and SGND with the
midpoint going to the EN pin. The division ratio and the EN
pin threshold determine the VIN level that enables the con-
troller. This divider should be used in all cases. If the system
does not have a particular VIN under-voltage lockout require-
ment, the level is set to be below the minimum VIN level at
the worst case combination of tolerances and operating con-
ditions.

VIN_uvLo
VEN

Ruvz _

Ruv1

To guarantee startup at the lowest input voltage, set the di-
vider to the Vg .1y rising max specification. For a higher
accuracy VIN UVLO operation, the resistor divider minimum
current should be 1 mA or higher. This will reduce the thresh-
old error contribution of the EN pin bias current, which is
guaranteed to be less than 1.7 pA over temperature. The en-
able pin can also be used as a digital on-off. To do this, the
enable signal should be used to pull down the midpoint of the

voltage divider using open-drain logic or a transistor. A cus-
tomary implementation uses an external MOSFET.

VIN

Ruvz

EN

EXT_EN
Ruv1

30091924

FIGURE 4. Input Voltage UVLO with External Enable

While the EN pin has a threshold hysteresis of 140 mV typical,
a small noise-filtering capacitor may be added between the
EN pin and SGND. This is particularly useful when the con-
troller is turning on via the resistor divider by a slowly rising
VIN rail.

STARTUP SEQUENCE

During the initial startup phase the LM3753 and LM3754 be-
have identically. When EN is below its threshold, the internal
regulators are off and the controller is in a low power state.
When EN crosses above its threshold the VCC regulator turns
on. When VCC rises above its under-voltage lockout thresh-
old the VDD regulator turns on. When VDD rises above its
under-voltage lockout threshold the controller is ready to start.

If VDD or VCC is supplied externally and already sitting above
its under-voltage lockout point, then the controller is ready for
startup as soon as EN crosses above its threshold. Anytime
VCC or VDD drops below its UV threshold, switching stops
and the controller goes into a standby state. It will go through
normal startup once the supplies recover.

When the controller is ready to start, it reads the voltage on
the PH pin and determines how many phases are running in
the system. By this means the phase delay from SYNC to
SYNCOUT through the PLL is configured. Following this the
oscillator and PLL turn on and pulses will be observed on
SYNCOUT.

A 2 ms timer is initiated so that all of the PLLs in the system
can synchronize up. As each controller times out, it stops
pulling its FAULT pin low. At the end of this sequence, the
FAULT bus rises and the controllers are ready to switch.

On both the LM3753 and LM3754, the error amplifier uses a
different input stage when TRACK/SS is below VREF. During
normal operation the error amplifier employs a low offset
bipolar input stage. At startup, the input bias current of this
stage is large enough in relation to the soft-start current to
affect the soft-start timing. A MOS input stage is used during
the soft-start or track phase which has a lower input bias cur-
rent but a higher input offset voltage. A 40 mV offset is
introduced when TRACK/SS is less than 70 mV. This offset
forces the error amplifier output to be low during startup. The
offset transitions progressively to zero as TRACK/SS moves
from 0 to 70 mV.

TRACKING (LM3753)

The LM3753 implements a tracking function. The error am-
plifier amplifies the minimum of VREF or TRACK at the FB
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LM3753/54

pin. By means of the closed loop regulation through the
switching stage, FB will be regulated to TRACK. When
TRACK is below VREF, the LM3753 will control FB both up
and down to follow TRACK. When TRACK is above VREF,
FB will be regulated to VREF. A pre-biased output will be
pulled down by the LM3753. Full synchronous switching is
always employed on the LM3753, except for restart after a
fault condition.

When the LM3753 is ready to switch, normally TRACK will be
grounded and COMP will be low. LG will get pulled to VDD to
turn on the synchronous switch. As TRACK slews above FB,
COMP will slew up and LG will go high for 300 ns to charge
the HG bootstrap capacitor. Following this HG begins switch-
ing. COMP will set the duty cycle with normal PWM control of
HG and LG. The loop acts to have FB follow TRACK. If
Vour is too high, it will get pulled down. An internal timer sets
a 2 ms delay from the time of the first HG pulse, which occurs
as soon as COMP slews above the PWM ramp bottom.

When the 2 ms times out, PGOOD goes high if FB is above
the output under-voltage threshold on the Master, TRACK is
above VREF, no fault conditions are present, and SYNC is
toggling on the Slaves.

SOFT-START (LM3754)

The LM3754 implements a soft-start function, and operates
so as to prevent discharge of a pre-biased output. The error
amplifier amplifies the minimum of VREF or SS at the FB pin.
By means of the closed loop regulation through the switching
stage, FB will be regulated to SS. The Master controller
sources 10 pA onto the SS pin, while the Slaves do not source
any current. This sets the total soft-start current in a multi-
controller system to 10 pA.

The SS pin is automatically pulled down to SGND prior to the
onset of switching and during a restart from a fault condition.
When SS is initially released, COMP is low and no switching
occurs. Both LG and HG are held low while SS is below FB,
which guarantees that a pre-biased load will not be pulled
down. When SS crosses above either FB or VREF, COMP
will slew up and switching will start. The first switching pulse
is a 300 ns LG pulse to charge the external HG bootstrap
capacitor. After this the LG pulse width is reduced to zero.
This insures that V,r does not get pulled down while COMP
slews up and the system loop is settling. Pulses on HG cause
the high-side FET to turn-on so that FB tracks the SS pin as
it slews up. During the switch cycle off-time the inductor cur-
rent can only flow through the body diode of the synchronous
switch. During each successive cycle the LG pulse width
gradually increases. Over the course of 0.3 ms to 2.0 ms, de-
pending on the amount of pre-bias, LG pulses get longer until
full synchronous switching occurs. The internal timer waits 2
ms, regardless of duty cycle, for this transition in LG pulse
width to complete.

Following this PGOOD goes high if FB is above the output
under-voltage threshold on the Master, SS is above VREF,
no fault conditions are present, and SYNC is toggling on the
Slaves.

PHASE NUMBER SELECTION

The voltage at the PH pin determines the phase shift between
the two phases of each controller and also the phase shift
between the SYNC and SYNCOUT pulses in a Master-Slave
configuration. This voltage is read at startup and the resulting
phase configuration saved. The PH pin should be connected
to the center of a resistor divider between VCC and SGND to
select and program the required number of phases and the

corresponding phase delays per Table 1. Each controller re-
quires the same resistor divider at the PH pin.

Vee

RpH1

PH

RpH2

30091925

FIGURE 5. Phase Selection

TABLE 1. Phase Divider Resistors

Number Of | Divide Ratio Rpy Rppa
Phases Target (= 1%) (= 1%)
2 & 4 Phases 0.000 Omit 0
3 Phases 0.214 7870Q 2150Q
5 Phases 0.357 6490Q 35700
6 Phases 0.5 49900 49900
8 Phases 0.643 3570Q 6490Q
10 Phases 0.786 2150Q 7870Q
12 Phases 1 0 Omit

OVER-CURRENT and OVER-VOLTAGE FAULTS

If any controller experiences a fault condition, it will pull the
FAULT bus low and all of the controllers will stop switching.
From the time when EN is low to the point where FAULT rises,
both HG and LG are low so that the SW node of each phase
is floating. The FAULT input may be pulled low externally
through an open drain MOSFET to disable the system.

The LM3753/54 employs cycle-by-cycle current limiting. This
occurs on each phase for both Master and Slave controllers.
The current (that is the CS1(2) — CSM voltage) is continuously
compared to the over-current set point (ILIM — CSM). Any
time that the current-sense signal exceeds current limit, the
cycle is ended.

In order to determine that a current fault has occurred, each
controller counts the number of over-current pulses. When
the sum of the counts for phase 1 and phase 2 reaches 446
an over-current fault is declared. The counter is reset after 16
consecutive switching cycles with no over-current on either
phase.

There is a second method for achieving an over-current fault,
which is meant to react to heavy shorts on V. The Master
controller will determine that an over-current fault has oc-
curred after 7 over-current cycles if the voltage at the FB pin
is less than 50% of its target value. This feature is disabled
during startup. Since the Slave controllers do not see the FB
voltage, they cannot detect this type of fault.

Any controller which sees an over-current fault will respond
by pulling the FAULT bus low. All of the controllers will react
and stop switching. Both HG and LG on each phase will be
pulled low. The inductor current in each phase will decay
through the body diodes of the low-side switches. The con-
troller which recognized the over-current fault will hold
FAULT low for 6 ms, which determines the hiccup time. This
allows the energy stored in the inductors to dissipate. After
this, FAULT is released and all of the controllers will restart
together.
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The restart after fault process for the LM3754 is the same as
the initial startup process. SS is pulled low and the system will
go through a full soft-start cycle. Switching will resume when
SS crosses above FB.

The restart after fault for the LM3753 is different from the initial
startup. When an over-current fault occurs, TRACK is usually
above VREF. In order to avoid V7 slewing up precipitously,
a fixed time internal soft-start is connected to the error ampli-
fier to control the rise of V7. The low-side switch is not
turned on until the internal SS exceeds FB or VREF, which
allows V7 to remain high. The error amp will use as a ref-
erence the minimum of VREF, TRACK or the internal SS.
Once switching ensues a gradual transition to fully syn-
chronous operation occurs.

Over-voltage faults are only recognized by the Master con-
troller. About 5 ps after FB crosses above the OVP threshold,
which is 30% above VREF, the Master controller declares an
over-voltage fault. It pulls the FAULT bus low and all of the
controllers stop switching, with HG being low and LG being
high. The low-side MOSFETSs pull V,; down to remove the
over-voltage condition. As soon as FB crosses below the un-
der-voltage detect point, which is 20% below VREF, the LG
outputs go low to turn off the low-side MOSFETSs. This pre-
vents the negative inductor current from ramping too high.
The Master controller then waits 2 ms to allow any negative
inductor current to transition into the high-side MOSFETs
body diodes.

The restart from an over-voltage fault is the same as the
restart from an over-current fault. In addition there is an over-
voltage fault counter. On the seventh over-voltage fault, the
system does not restart. It waits for power or EN to be cycled.
This counter is reset to zero when power goes low or EN
crosses below its threshold.

PGOOD and PGOOD DELAY

PGOOD is an open-drain logic output. It is asserted HIGH
when the output voltage level is within the PGOOD window,
which is typically —20% to +30%. In order to operate, the
PGOOD output requires a pull-up resistor to an appropriate
supply voltage. This voltage is typically the supply for an ex-
ternal monitoring circuit. The resistor is selected so that it
limits the PGOOD sink current to less than 4 mA.

PGOOD is delayed from either power-up or VIN under-volt-
age lockout, and has three primary factors:

1) A synchronization delay, set to 2 ms after the slowest
controller in the system recognizes a valid level on EN, VCC
and VDD. This delay is timed out internally and allows for the
phase lock loops to synchronize.

2) Soft-Start/Track up, in non-fault conditions.

3) Transition period from diode emulation mode to fully
synchronous operation, set to 2 ms.

CURRENT SENSE and CURRENT LIMIT

The LM3753/54 senses current to enforce equal current shar-
ing and to protect against over-current faults. There are two
system options for sensing current; a current-sense resistor,
or a DCR configuration which uses the DC resistance of the
inductor. The current-sense resistor is more accurate but less
efficient than the DCR configuration.

The input range of the differential current-sense signal (CS1
(2) — CSM) is from —15 mV to +40 mV. The common mode
range is the same as the controller’s output range which is OV
to 3.6V. Two considerations determine the value of the cur-
rent-sense resistor. If the resistor is too large there is an
efficiency loss. If it is too small the current-sense signal to the
controller will be too low. Choose a resistor that gives a full

load current-sense signal of at least 25 mV. This is typically
a resistor in the 1 mQ to 2 mQ range. The current-sense re-
sistor is inserted between the inductor and the load. The load
side of the resistor which is V1, is connected to CSM, the
negative current-sense input. This is the negative current-
sense reference for both phases. The positive side of the
current-sense resistor goes to CS1(2).

For the DCR configuration a series resistor-capacitor combi-
nation is substituted for the current-sense resistor. The resis-
tor connects to the switch node (SW) and the capacitor
connects to V1. CSM is connected to Vq; as with the
sense resistor. CS1(2) is connected to the center point of the
resistor and capacitor, so that the current-sense signal is de-
veloped across the capacitor. The voltage across the capac-
itor is a low pass filtered version of the voltage across the
resistor-capacitor combination, in the same way the current
through the inductor is a low pass filtered version of the volt-
age applied across the inductor and its intrinsic series resis-
tance. Choose the DCR time constant (Rpcg X Cpcg) to be
1.0 to 1.5 times the inductor time constant (L / R). Rpcg is
selected so that the CS pin input bias current times Ry 5 does
not cause a significant change in the CS voltage. The inductor
time constant and the DCR time constant will skew over tem-
perature since the components have different temperature
coefficients. Critical applications may employ a correction cir-
cuit based on a positive temperature coefficient thermistor
(PTC).

The over-current limit is set by placing a resistor between ILIM
and CSM. The value of the resistor times the ILIM current of
94 pA sets the over-current limit.

CURRENT SHARING and CURRENT AVERAGING

The current sharing works by adjusting the duty cycle of each
phase up or down to make the phase current equal to the
average current. The maximum duty cycle shift is £20%.

To determine the average current, each phase sources a cur-
rent onto the IAVE bus proportional to its load current as
measured by the current sense amplifier connected to the
CS1(2) and CSM pins. The IAVE pins of all controllers are
connected together and a resistance of 8 kQ per phase (par-
allel) to SGND provides the proper voltage level for the IAVE
bus. Each phase compares its current sense output to the
IAVE bus and sums the resultant voltage into the common
COMP signal to adjust the duty cycle for optimum current
sharing.

IAVE forms the current sharing bus for the entire power con-
verter. The IAVE pins of all controllers must be connected
together. Filter capacitors with a time constant of Ry, x Cpy, =
1 /fg,y are connected between IAVE and SGND of each con-
troller. The parallel combination of the filter capacitors times
the summing resistors (one set per controller) forms the time
constant of the current sharing bus.

ERROR AMPLIFIER and LOOP COMPENSATION

The LM3753/54 uses a voltage mode PWM control method.
This requires a TYPE Il or 3 pole, 2 zero compensation for
optimum bandwidth and stability. The error amplifier is a volt-
age type operational amplifier with 70 dB open loop gain and
unity gain bandwidth of 15 MHz. This allows for sufficient
phase boost at high control loop frequencies without degrad-
ing the error amplifier performance.

The error amplifier output COMP connections are different for
Master and Slave controllers. For the Master, a compensation
network is placed between the COMP pin and the FB pin. The
COMP pin of the Master is connected to the SNSP pin of each
Slave. The SNSM pin of each Slave is connected to the bot-
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LM3753/54

tom of the Master feedback divider at SGND. The COMP pin
of each Slave is connected to its corresponding VDIF pin. This
provides sufficient buffering of the master COMP signal for
the internal summing of the current averaging circuit.

OSCILLATOR and SYNCHRONIZATION

A resistor and decoupling capacitor are connected between
FREQ and SGND to program the switching frequency be-
tween 200 kHz to 1 MHz. These components must be sup-
plied on each controller, even if the system is synchronized
to an external clock.

The switching frequency and synchronization are controlled
by the Master. The Master can switch in a free-running mode
or be synchronized to an external clock. To synchronize the
Master apply the external clock to the SYNC pin of the Master,
otherwise ground this pin. The amplitude of the signal on the
SYNC pin must be limited to be between 0V and VCC.

The value of the frequency setting resistor is determined as:

1 42ns
Rere = faw
FRQ ™ ™ 40.56 pF

A 1000 pF ceramic capacitor is used to provide sufficient de-
coupling. If the Master is synchronized set the resistor ac-
cording the nominal applied frequency. If the signal on the
SYNC pin is below 150 kHz the signal will be ignored and the
device will revert to free-running mode. The SYNCOUT signal
from the Master is applied to the first Slave’s SYNC pin. The
SYNCOUT pin of the first Slave is connected to the SYNC pin
of the second Slave, and so on, in a daisy chain configuration.
SYNCOUT of the last Slave (or the Master in a single con-
troller system) is left unconnected.

The configuration of the system, namely the number of con-
trollers and phases is programmed by the voltage on the PH
pin. For each controller connect the midpoint of a resistor di-
vider between VCC and SGND to the PH pin. The division
ratios are given in the Electrical Characteristics table and
nominal resistor values in Table 1. This sets the phase shift
between SYNC and the SYNCOUT pin. Where an even num-
ber of phases (N) are employed, the phase delay from SYNC
to SYNCOUT is 360°/N. The phase difference between the
two phases on the same controller is 180°. For systems with
an odd number of the phases, the HG2 and LG2 gate drivers
on the last Slave are unconnected and the phase arrange-
ment is set according to Table 1

DUTY CYCLE LIMITATION

The minimum controllable on-time is typically 50 ns. This lim-
its the maximum V,y , Vo7 and fg,, combination.

fow < (Vour/ Vin) X 20 MHz

The maximum guaranteed duty cycle is 81%. This limits the
minimum V y to V7 ratio.

(Vour/ Vi) X 1.25 < 0.81

The 1.25 term allows margin for efficiency and transient re-
sponse.

THERMAL SHUTDOWN

The internal thermal shutdown circuit causes the PWM con-
trol circuitry to be reset and the NFET drivers to turn off all
external power MOSFETSs. The controller remains enabled
and all bias circuitry remains on. After the die temperature
falls below the lower hysteresis point, the controller will
restart.

NFET SYNCHRONOUS DRIVERS

The LM3753/54 has two sets of gate drivers designed for
driving N-channel MOSFETSs in a synchronous mode. Power
to the high-side driver is supplied through the BOOT pin. For
the high-side gate HG to turn on the high-side FET, the BOOT
voltage must be at least one Vg greater than VIN. This volt-
age is supplied from a local charge pump which consists of a
Schottky diode and bootstrap capacitor, shown in Figure 6.
For the Schottky, a rating of at least 250 mA and 30V is rec-
ommended. A dual package may be used to supply both
BOOT1 and BOOT2 for each controller.

Both the bootstrap and the low-side FET driver are fed from
VDD. The drive voltage for the top FET driver is about VDD
— 0.5V at light load condition and about VDD at normal to full
load condition.

DeooTt
VDD BOOT -LCsoort
- VIN
HG |
LM3753/ J Vout
54 SW
4 +
LG b——oHo I

30091926

FIGURE 6. Bootstrap Circuit

REMOTE SENSE DIFFERENTIAL AMPLIFIER

The differential amplifier connected internally to the SNSP,
SNSM and VDIF pins is a single stage unity gain Instrumen-
tation amplifier. The differential gain is tightly controlled to
within 0.4%.

M

R
SNsP WA +
R

SNSM -

—{] VDIF

30091927

FIGURE 7. Differential Amplifier

On the master controller, the differential amplifier is used to
provide Kelvin sensing of the output voltage at the load. This
provides the most accurate sampling for load regulation.

On the slave controllers, the differential amplifier is used to
sense the COMP signal of the master controller with respect
to its signal ground and drive the COMP pin of that slave con-
troller relative to its local signal ground. This allows the master
controller to accurately provide the target duty cycle of the
slave controllers.

The differential amplifier has a low output impedance to allow
it to drive the COMP pins of the Slave controllers. This is nec-
essary because the current sense signal is internally added
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to COMP to provide the duty cycle adjustment for phase-to-
phase current sharing.

Application Information

NUMBER of PHASES

The number of phases can be calculated by dividing the max-
imum output load current by 25A. Therefore a 120A load
requirement will need at least 5 phases, or 3 controllers. It
may be better to use 6 phases which will still require 3 con-
trollers, but will reduce the maximum current/phase to 20A.
Increasing the number of phases will also reduce the output
voltage ripple and the input capacitor requirements. Note that
the 25A/phase is dictated by external components and not by
the LM3753/54. After the number of phases has been chosen,
the PH pin on each controller should be programmed as dis-
cussed in the Functional Description under PHASE NUMBER
SELECTION. The same number of phases must be selected
for each controller.

POWERING OPTIONS

The power connections will be determined by the VIN range
and the availability of an external 5V rail. This is discussed in
detail in the Functional Description under POWER CONNEC-
TIONS. For 12V input systems, the use of an external 5V rail
to power the VDD bus can improve overall system efficiency.

MULTI-CONTROLLER SYSTEMS

For systems with more than 2 phases, there will be one con-
troller configured as the Master and from 1 to 5 controllers
configured as Slave.

The Master controller uses the differential amplifier to sense
the output voltage at the load point. It also provides the com-
mon COMP signal used by all controllers, provides the loop
compensation and synchronizes the system clock to an ex-
ternal clock if one is provided.

The SYNCOUT of the Master is connected to the SYNC input
of the first Slave controller.

The Slave controllers are configured by tying the FB input to
the VCC pin of that controller. Each Slave uses the differential
amplifier to sense the COMP signal of the Master controller
and drive its own COMP input. The SYNCOUT of each Slave
controller is connected to the SYNC input of the next Slave
controller.

All controllers have the same parallel RC components con-
nected from the FREQ pin to local ground corresponding to
the desired system clock even if synchronizing to an external
clock.
Common connections for all controllers:

1) IAVE (each controller will have a parallel RC filter to local
ground).

2) FAULT

3) EN

4) SS (LM3754), TRACK (LM3753)

5) PGOOD

TRACKING (LM3753)

The LM3753 will track the output of an external power supply
by connecting a resistor divider to the TRACK pin as shown
in Figure 8. This allows the output voltage slew rate to be
controlled for loads that require precise sequencing.

A value of 10 kQ 1% is recommended for Ry, as a good com-
promise between high precision and low quiescent current
through the divider. Note that the TRACK pin must finish at
least 100 mV higher than the 0.6V reference to achieve the

full accuracy of the LM3753 regulation. To meet this require-
ment the tracking voltage is offset by 150 mV. The output
voltage will reach its final value at 80% of the external supply
voltage. The tracking resistors are determined by:

0.75 = Vexy x a1
. “VEXTAn T o
Rr1+ Rz
vV VDIF
EXT MASTER
EXTERNAL (Vour)
POWER
SUPPLY LM3753
Rr2 RreT
TRACK FB
Rt4 RreB
TO SLAVES

30091929

FIGURE 8. Tracking an External Supply

3.3V

08x3.3V ----

30091930

FIGURE 9. Tracking an External Supply

For equal slew rates, the relationship for the tracking divider
is set by:

Rt

Vout = VexTXg——5—
Rr1+Rr2

3.3V

30091932

FIGURE 10. Tracking an External Supply with Equal Slew
Rates
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LM3753/54

In order to track properly, the external power supply voltage
must be higher than the LM3753 output voltage.

SOFT-START (LM3754)

To avoid current limit during startup, the soft-start time tgg
should be substantially longer than the time required to
charge Cq 1 to Vg1 at the maximum output current. To meet
this requirement:

Vout x Court
tss> T—————
lumir = lout

Choose a soft-start capacitor according to the formula:

0 pA
0.6v

Css =1ss X

Where Cqg is the soft-start capacitor and tgq is the soft-start
time.

External Components Selection

The following is a design example selecting components for
the Typical Application Schematic of Figure 20. The circuit is
designed for two controller 4-phase operation with 1.2V out
at 100A from an input voltage of 6V to 18V. The expected load
is a microprocessor or ASIC with fast load transients, and the
type of MOSFETSs used are in SO-8 or its equivalent packages
such as PowerPAK ®, PQFN and LFPAK (LFPAK-i).

SWITCHING FREQUENCY

The selection of switching frequency is based on the tradeoff
between size, cost, and efficiency. In general, a lower fre-
quency means larger, more expensive inductors and capac-
itors will be needed. A higher switching frequency generally
results in a smaller but less efficient solution. For this appli-
cation a frequency of 300 kHz was selected as a good com-
promise between the size of the inductor and MOSFETS,
transient response and efficiency. Following the equation giv-
enfor Regq inthe Functional Description under OSCILLATOR
and SYNCHRONIZATION, for 300 kHz operation a 78.7 kQ
1% resistor is used for Repq. A 1000 pF capacitor is used for

Crra-

OUTPUT INDUCTORS

The first criterion for selecting an output inductor is the induc-
tance itself. In most buck converters, this value is based on
the desired peak-to-peak ripple current, Al, that flows in the
inductor along with the load current. As with switching fre-
quency, the selection of the inductor is a tradeoff between size
and cost. Higher inductance means lower ripple current and
hence lower output voltage ripple. Lower inductance results
in smaller, less expensive devices. An inductance that gives
a ripple current of 1/5 to 2/5 of the maximum output current is
a good starting point. (Al = (1/5 to 2/5) X lgyy). Minimum in-
ductance is calculated from this value, using the maximum
input voltage as:

Vinmax) - Vout
fSW X A||_

Lun = xD

By calculating in terms of amperes, volts, and megahertz, the
inductance value will come out in micro henries. The inductor
ripple current is found from the minimum inductance equation:

Vinmax) - Vour

A||_= xD

fsw X LacTuaL

The second criterion is inductor saturation current rating. The
LM3753/54 has an accurately programmed peak current limit.
During an output short circuit, the inductor should be chosen
s0 as not to exceed its saturation rating at elevated temper-
ature. For the design example, a standard value of 440 nH is
chosen to fall within the Al = (1/5 to 2/5) x |57 range.

The dc loss in the inductor is determined by its series resis-
tance R, . The dc power dissipation is found from:

Ppc = lout® X R
The ac loss can be estimated from the inductor
manufacturer's data, if available. The ac loss is set by the
peak-to-peak ripple current Al and the switching frequency

fow-
OUTPUT CAPACITORS

The output capacitors filter the inductor ripple current and
provide a source of charge for transient load conditions. A
wide range of output capacitors may be used with the
LM3753/54 that provides excellent performance. The best
performance is typically obtained using aluminum electrolytic,
tantalum, polymer, solid aluminum, organic or niobium type
chemistries in parallel with ceramic capacitors. The ceramic
capacitors provide extremely low impedance to reduce the
output ripple voltage and noise spikes, while the aluminum or
other capacitors provide a larger bulk capacitance for tran-
sient loading.

When selecting the value for the output capacitors the two
performance characteristics to consider are the output volt-
age ripple and transient response. The output voltage ripple
for a single phase can be approximated as:

1 2
AVgp = Al R+ [—M—
°© LX\/ c (8stwXCo>

With all values normalized to a single phase, AV (V) is the
peak to peak output voltage ripple, Al (A) is the peak to peak
inductor ripple current, R (Q2) is the equivalent series resis-
tance or ESR of the output capacitors, fg,, (Hz) is the switch-
ing frequency, and C, (F) is the output capacitance. The
amount of output ripple that can be tolerated is application
specific. A general recommendation is to keep the output rip-
ple less than 1% of the rated output voltage. Figure 11 shows
the output voltage ripple for multi-phase operation.
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FIGURE 11. Multi-Phase Output Voltage Ripple

Based on the normalized single phase ripple, the worst case
multi-phase output voltage ripple can be approximated as:

AV,(N) = AV, /N
Where N is the number of phases.

The output capacitor selection will also affect the output volt-
age droop and overshoot during a load transient. The peak
transient of the output voltage during a load current step is
dependent on many factors. Given sufficient control loop
bandwidth an approximation of the transient voltage can be
obtained from:

RCZXCoXVL
2xL

L x Alg?

Vp =
P 2xCox VL

With all values normalized to a single phase, V;p (V) is the
output voltage transient and Al (A) is the load current step
change. Cy (F) is the output capacitance, L (H) is the value
of the inductor and R, (Q) is the series resistance of the output
capacitor. V| (V) is the minimum inductor voltage, which is
duty cycle dependent.

ForD < 0.5,V =Vqyr

ForD>0.5,V =V,y-Vour

This shows that as the input voltage approaches Vg 1, the
transient droop will get worse. The recovery overshoot re-
mains fairly constant.

The loss associated with the output capacitor series resis-
tance can be estimated as:

2
Al
Pco = Ro X —

iz

Output Capacitor Design Procedure

For the design example V| = 12V, Voyr = 1.2V, D = Vo1 /
Viy=0.1, L =440 nH, Al_ = 9A, Alg = 20A and Vp = 0.12V.
To meet the transient voltage specification, the maximum
Rg is:

Ve
R —
c Algp

For the design example, the maximum R is 6 mQ. Choose
Rc = 3 mQ as the design limit.

From the equation for Vp, the minimum value of C, is:

L x Alg? 1

X
VPXVL 2
1+ 1_(R(;XA|0>
Ve

02

ForD <0.5, V= Vqyr
ForD>0.5,V =V\y-Vour
With Rg = Vp / Alg this reduces to:

2
L x Al
COZ—O
VPXVL

With R, = 0 this reduces to:

L x Alg?

>7
Co= 2xVpx VL

Since D < 0.5, V| = V1. With Rg = 3 mQ, the minimum value
for Cg is 476 pF.

The minimum control loop bandwidth f; is given by:

Alp
oz ————
8xCoxVp

For the design example, the minimum value for f is 44 kHz.
Two 220 pF, 5 mQ polymer capacitors in parallel with two 22
WF, 3 mQ ceramics per phase will meet the target output volt-
age ripple and transient specification.

INPUT CAPACITORS

The input capacitors for a buck regulator are used to smooth
the large current pulses drawn by the inductor and load when
the high-side MOSFET is on. Due to this large ac stress, input
capacitors are usually selected on the basis of their ac rms
current rating rather than bulk capacitance. Low ESR is ben-
eficial because it reduces the power dissipation in the capac-
itors. Although any of the capacitor types mentioned in the
OUTPUT CAPACITORS section can be used, ceramic ca-
pacitors are common because of their low series resistance.
In general the input to a buck converter does not require as
much bulk capacitance as the output.

The input capacitors should be selected for rms current rating
and minimum ripple voltage. The equation for the rms current
and power loss of the input capacitor in a single phase can
be estimated as:

leingus) = lo x,/D x(1-D)

Pen ~ lo” x D x (1= D) x Ry

Where |5 (A) is the output load current and Rgy () is the
series resistance of the input capacitor. Since the maximum
values occur at D = 0.5, a good estimate of the input capacitor
rms current rating in a single phase is one-half of the maxi-
mum output current.

Neglecting the series inductance of the input capacitance, the
input voltage ripple for a single phase can be estimated as:
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loxDx(1-D Al
AV|N=M+(

+ —_—
Cin X fsw lo 2

LM3753/54

loxD x (1 - D)

By defining the maximum input voltage ripple, the minimum
requirement for the input capacitance can be calculated as:

Cn2

capacitor rms current is approximated as:

Al
AVIN—[lo+ - XRein | X fsw

For multi-phase operation, the general equation for the input

leingrms) = 1o X ‘/ D x (% - D)

This is valid for D < 1 / N and repeats for a total of N times.
lo represents the total output current and N is the number of
phases. Figure 12 shows the input capacitor rms current as
a function of the output current, duty cycle and number of

8-PH §V

phases.
50 forr ]
1-PH
© 40
R
=
30
ul / 2-PH \
[id
2
2
g 4-PH
S 10 7N [T\

DUTY CYCLE

of Output Current

approximated as:

loinemsMax = 0.5 X g/ N

adequate damping.

0.0 0.2 04 0.6 0.8

FIGURE 12. Input Capacitor RMS Current as a Function

For multi-phase operation the maximum rms current can be

In most applications for point-of-load power supplies, the in-
put voltage is the output of another switching converter. This
output often has a lot of bulk capacitance, which may provide

When the converter is connected to a remote input power
source through a wiring harness, a resonant circuit is formed
by the line impedance and the input capacitors. If step input
voltage transients are expected near the maximum rating of
the LM3753/54, a careful evaluation of the ringing and pos-
sible overshoot at the device VIN pin should be completed.
To minimize overshoot make C > 10 x L. The characteristic
source impedance and resonant frequency are:

/LlN 1
Zo= | — fo=——mF——
S Cin s 2XTX 1[L|NX Cin

The converter exhibits a negative input impedance which is
lowest at the minimum input voltage:

2

Zn=" Pout

The damping factor for the input filter is given by:

1 [Run*tRen  Zs
o= X|——mM 4+ —
2 Zs ZiN

Where R,y is the input wiring resistance and Ry is the series
resistance of the input capacitors. The term Zg/ Z, will always
be negative due to Z.

When & = 1, the input filter is critically damped. This may be
difficult to achieve with practical component values. With & <
0.2, the input filter will exhibit significant ringing. If & is zero or
negative, there is not enough resistance in the circuit and the
input filter will sustain an oscillation.

When operating near the minimum input voltage, an alu-
minum electrolytic capacitor across Cy may be needed to
damp the input for a typical bench test setup. Any parallel
capacitor should be evaluated for its rms current rating. The
current will split between the ceramic and aluminum capaci-
tors based on the relative impedance at the switching fre-
quency. Using a square wave approximation, the rms current
in each capacitor is found from:

C1=Cn1 R1=Rcint C2=Cin2 R2=Rcine

1
T 22x W xfgyx C1

1
27 22X m xfgyx C2

2 3
lcinRms) X f R27 + X2

1/(R1 + R2)2+ (X1 + X2)

IcinRMS) X R1%+X1?

(R1+ R2)%+ (X1 + X2)?

X4

X

lcintRMS) =

lciNz2(RMS) = J

Input Capacitor Design Procedure

Ceramic capacitors are sized to support the required rms cur-
rent. An aluminum electrolytic capacitor is used for damping.
Find the minimum value for the ceramic capacitors from:

> |o
Cinz AVinx 4 x N x faw

Allowing AV, = 0.6V for the design example, the minimum
value is Cy = 34.7 yF. Find the rms current rating from:

leingusmax = 0-5 X 1o / N
Using the same criteria, the result is 12.5A rms. Manufacturer
data for 4.7 pF, 25V, X7R capacitors in a 1210 package allows
for 4A rms with a 20°C temperature rise. For the design ex-
ample, using two ceramic capacitors for each phase will meet
both the input voltage ripple and rms current target. Since the
series resistance is so low at about 4 mQ per capacitor, a
parallel aluminum electrolytic is used for damping. A good
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general rule is to make the damping capacitor at least five
times the value of the ceramic. By sizing the aluminum such
that it is primarily resistive at the switching frequency, the de-
sign is greatly simplified since the ceramic capacitors are
primarily reactive. In this case the approximation for the rms
current in the damping capacitor is:

IcINRMS)
2.2 x Tt X N x fsw X Roinz X Cing

lcinz(RMS) &

Where C)\, is the damping capacitance, Rgy, is its series
resistance and C, is the ceramic capacitance. A 470 pF,
25V, 0.06Q, 1.19A rms aluminum electrolytic capacitor in a
10 mm x 10.2 mm package is chosen for the damping capac-
itor. Calculated rms current for the aluminum electrolytic is
0.67A.

MOSFETS

Selection of the power MOSFETS is governed by a tradeoff
between cost, size and efficiency.

Losses in the high-side FET can be broken down into con-
duction loss, gate charge loss and switching loss. Conduction
or I2R loss is approximately:

Pconp_ni =D X (loyt? X Rpgon)_ni X 1-3)
(High-side FET)
Pcono_o = (1 - D) x (.IOUTZ X Rpg(on)_Lo X 1-3)

(Low-side FET)

In the above equations the factor 1.3 accounts for the in-

crease in MOSFET Rpg,, due to self heating. Alternatively,

the 1.3 can be ignored and the Rpg,, of the MOSFET esti-

mated using the Rpgqn vS. Temperature curves in the MOS-

FET datasheets.

The gate charge loss results from the current driving the gate

capacitance of the power MOSFETS, and is approximated as:

Por = Vin X (Qg_mi + Qg_1o) X fsw

Where Qg 1y and Qg | ¢ are the total gate charge of the high-
side and low-side FETs respectively at the typical 5V driver
voltage. Gate charge loss differs from conduction and switch-
ing losses in that the majority of dissipation occurs in the
LM3753/54 and VDD regulator.

The switching loss occurs during the brief transition period as
the FET turns on and off, during which both current and volt-
age is present in the channel of the FET. This can be approx-
imated as:

Psw on = VINX I v X @ X Rg on X fsw

VpR - V-
X Qap + Cpss x Ln [—PR™VTH
VbR - VpLT2 VDR - VLT

Psw oFfF = ViN X IL_pk X B X Rg_oFF X fsw
Qep VpLT2
X + Cisg xLn
(VPLTZ 1SS ( VTH

Where Qg is the high-side FET Miller charge with a Vpg
swing between 0 to V|y; C\sg is the input capacitance of the
high-side MOSFET in its off state with Vpg = V|\. a and B are
fitting coefficient numbers, which are usually between 0.5 to
1, depending on the board level parasitic inductances and re-
verse recovery of the low-side power MOSFET body diode.
Under ideal condition, setting a = = 0.5 is a good starting
point. Other variables are defined as:

I, v = lour — 0.5 X Al

IL_pk = loyr + 0.5 X Al

ILw
Veirt = Vi + ——
OmFET_HI
IL_pk
Veurz = Vi + g
Pz = Vrn + g e

Re on =5+ Rg it + Rg_ext

Ra ofr =2+ Rg it + Rg ext
Switching loss is calculated for the high-side FET only. 5 and
2 represent the LM3753/54 high-side driver resistance in the
transient region. Rg |\t iS the gate resistance of the high-side
FET, and Rg gxr is the extra external gate resistance if ap-
plicable. Rg gxt may be used to damp out excessive parasitic
ringing at the switch node.

For this example, the maximum drain-to-source voltage ap-
plied to either MOSFET is 18V. The maximum drive voltage
at the gate of the high-side MOSFET is 5V, and the maximum
drive voltage for the low-side MOSFET is 5V. The selected
MOSFET must be able to withstand 18V plus any ringing from
drain to source, and be able to handle at least 5V plus ringing
from gate to source. If the duty cycle of the converter is small,
then the high-side MOSFET should be selected with a low
gate charge in order to minimize switching loss whereas the
bottom MOSFET should have a low Rpgqp, to minimize con-
duction loss.

For a typical input voltage of 12V and output current of 25A
per phase, the MOSFET selections for the design example
are SIR850DP for the high-side MOSFET and 2 x SIR892DP
for the low-side MOSFET.

A 2.2Q resistor for the high-side gate drive may be added in
series with the HG output. This helps to control the MOSFET
turn-on and ringing at the switch node. Additionally, 0.5A
Schottky diodes may be placed across the high-side MOS-
FETs. The external Schottky diodes have a much faster re-
covery characteristic than the MOSFET body diode, and help
to minimize switching spikes by clamping the SW pin to VIN.
Another technique to control ringing at the switch node is to
place an RC snubber from SW to PGND directly across the
low-side MOSFET. Typical values at 300 kHz are 1Q and 680
pF.

To improve efficiency, 3A Schottky diodes may be placed
across the low-side MOSFETSs. The external Schottky diodes
have a much lower forward voltage than the MOSFET body
diode, and help to minimize the loss due to the body diode
recovery characteristic.

EN and VIN UVLO

For operation at 6V minimum input, set the EN divider to en-
able the LM3753/54 at approximately 5.5V nominal. Values
of Ryyy = 1.37 kQ and Ry, = 4.02 kQ will meet the target
threshold.

CURRENT SENSE

For resistor current sense, a 1 mQ 1W resistor is used for a
full scale voltage of 25 mV at 25A out.

For DCR sensing, Rg is equal to the inductor resistance of
R, = 0.32 mQ plus an estimated trace resistance of 0.2 mQ..
The full scale voltage is about 13 mV at 25A. For equal time
constants, the relationship of the integrating RC is determined
by:
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LM3753/54

L
Rocr X Cper = R

Choosing Cpcr = 0.15 pF:
Rpcr = 440 nH / (0.15 pF x 0.52 mQ) = 5.64 kQ.

Using a standard value of 5.90 kQ, the average current
through Rpcg is calculated as 203 pA from:

Iocr = Vout/ Rocr
Ipcr is sufficiently high enough to keep the CS input bias cur-
rent from being a significant error term.

CURRENT LIMIT

For the design example, the desired current limit set point is
chosen as 34.5A peak per phase, which is about 25% above
the full load peak value. Using DCR sense with Rg = 0.52
mQ:

R m =34.5A x0.52 mQ /94 pA =191Q

For resistor sense, the relatively low output inductor value
forms a voltage divider with the intrinsic inductance of the
sense resistor. When the MOSFETSs switch, this adds a step
to the otherwise triangular current sense voltage. The step
voltage is simply the input voltage times the inductive divider.
With L = 440 nH and Lg = 1 nH, the step voltage is:

Vig=12Vx1nH/441 nH=272mV

Using the same method as DCR sense, an RC filter is added
to recover the actual resistive sense voltage. Choosing C = 1
nF the resistor is calculated as:

R=1nH/(1 nFx1mQ)=1kQ
The current limit resistor is then calculated as:
Rium =34.5A x 1 mQ /94 pA = 367Q

The closest standard value of 365Q 1% is selected for the
design example.

TRACK (LM3753)

For the design example, an external voltage of 3.3V is used
as the controlling voltage. The divider values are set so that
both voltages will rise together, with Vg reaching its final
value just before V1. Following the method in the Applica-
tion Information under TRACKING (LM3753) and allowing for
a 120 mV offset between FB and TRACK, standard 1% values
are selected for Ryy = 10 kQ and Ry, = 35.7 kQ.

SOFT-START (LM3754)

To prevent over-shoot, the soft-start time is set to be longer
than the time it would take to charge the output voltage at the
maximum output current. Following the equations in the Ap-
plication Information under SOFT-START (LM3754):

tssquiny = (1.2V x 484 pF) / (34.5A - 25A) = 61 ps
Choosing a value of Cg4g = 0.1 pF, the soft-start time is:
tsg = (0.1 yF x 0.6V) /10 pA =6 ms

VCC, VDD and BOOT

VCC is used as the supply for the internal control and logic
circuitry. A 4.7 uF ceramic capacitor provides sufficient filter-
ing for VCC.

Cypp provides power for both the high-side and low-side
MOSGET gate drives, and is sized to meet the total gate drive
current. Allowing for AV, = 100 mV of ripple, the minimum
value for C,pp is found from:

Qe Hi *+ Qg Lo

Cvop 2
VDD AVvon

Using Qg 1y =2x10nC and Qg | o =4 x 21 nC per controller
with a 5V gate drive, the minimum value for Cyppn = 1.04 pF.
To use common component values, Cyppq and Cypp, are also
selected as 4.7 pyF ceramic.

A general purpose NPN transistor is sized to meet the re-

quirements for the VDD supply. Based on the gate charge of
104 nC per controller, the required current is found from:

loc = Qg _totaL X fsw
At 300 kHz, |5 = 31.2 mA per controller. For a two controller
system, the minimum HFE for the transistor is determined by:
HFEyn = lac_totaL /5 MA

The power dissipated by the transistor is:

Pr = (Vin = Vpp) X lac_ToTaL

The transistor must support 62.4 mA with an HFE of at least
12.5 over the entire operating range. At 18V in the power dis-
sipated is 0.8W. A CJD44H11 in a DPAK case is chosen for
the design example. A 0.047 pF capacitor from base to PGND
will improve the transient performance of the VDD supply.
Cgoot Pprovides power for the high-side gate drive, and is
sized to meet the required gate drive current. Allowing for
AVgoor = 100 mV of ripple, the minimum value for Cgoqt is
found from:

Qg _Hi

AVpooT

Cgoot 2

Using Qg 1 = 10 nC per phase with a 5V gate drive, the min-
imum value for Cgoor = 0.1 YF. Cggor is selected as 0.22 puF
ceramic per phase for the design example. A 0.5A Schottky
diode is used for Dy at each controller.

PRE-LOAD RESISTOR

For normal operation, a pre-load resistor is generally not re-
quired. During an abnormal fault condition with the output
completely disconnected from the load, the output voltage
may rise. This is primarily due to the high-side driver off-state
bias current, and reverse leakage current of the high-side
Schottky clamp diode.

At room temperature with 12V input, the reverse leakage of
each 0.5A Schottky diode is about 15 pA. With the EN pin high
and the FAULT pin low, the bias current in each high-side
driver is about 105 pA. Allowing for a 2 to 1 variation, the
maximum value of resistor to keep the output voltage from
rising above 5% of its nominal value is found from:

R =0.05x 1.2V /330 pA = 182Q

A value of 120Q is selected for the design example. This rep-
resents a 10 mA pre-load at the rated output voltage, which
is 0.01% of the 100A full load current.

CONTROL LOOP COMPENSATION

The LM3753 uses voltage-mode PWM control to correct
changes in output voltage due to line and load transients. In-
put voltage feed-forward is used to adjust the amplitude of the
PWM ramp. This stabilizes the modulator gain from variations
due to input voltage, providing a robust design solution. A fast
inner current sharing circuit ensures good dynamic response
to changes in load current.
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The control loop is comprised of two parts. The first is the
power stage, which consists of the duty cycle modulator, cur-
rent sharing circuit, output filter and load. The second part is
the error amplifier, which is a voltage type operational ampli-

fier with a typical dc gain of 70 dB and a unity gain frequency
of 15 MHz. Figure 13 shows the power stage, error amplifier
and current sharing components.

L RL Vout
T ° o—ITN——AANA, _T_ l ®
+
VIN HG ——¢  Cot Co2
Rocr | Cocr Ro
DRIVERS 2 mANV CsS| csm Re1 Re2
G2
= = 2 mA/é ~ 15 mv = = -
-l
125 pAV - —|— IAVE
KrF=0232  f CURRENT SHARE l . SNSP | | SNSM
A=50 AV AV
Vin x K
wxkee{ AN, oy VDIF
CHF
PWM I} Cre DIFF AMP
_ 25kQ  COMP
1} + A 1 I_M_" RrFBT
v ! RFF
Ccomp Rcomp
FB
< R ®
RFeB

ERROR AMP

FIGURE 13. Power Stage, Error Amplifier and Current Sharing

The simplified power stage transfer function (also called the
control-to-output transfer function) for the LM3753/54 can be
written as:

S
A 1+ —
Wz
= TAwpX 2
ve 1+ S .S
wp X Qp (.0p2
Where
K 1
(O-S_D)XRiXT_"'KFF
K _1+KmXRiXHa(S) W, = 1 wo? = Kp
D Ro z CoxRe P LxCo
K
wpXQp= D
— + Co x (Re + K x Rj x Ha(s))
Ro
With:
D:ﬁ Ri=AXRs
ViN
s xCav xR
T=1— Ha (s) = AV X Ray
fsw 1+sXx CAVx Rav

VREF

30091962

K., is the dc modulator gain and R; is the current-sharing gain.
K¢ is the input voltage feed-forward term, which is internally
set to a value of 0.232 V/V. The IAVE filter is accounted for
by H,(s), which provides additional damping of the modulator
transfer function.

R,y sets the gain of the current averaging amplifier. A fixed
value of 8 kQ)/phase must be used for proper scaling. Since
the effective resistance is in parallel, each LM3753/54 should
have a 4.02 kQ 1% resistor at IAVE for 2-phase/controller op-
eration. C,,, sets the IAVE filter time constant of the current
sharing amplifier. For optimal performance of the current
sharing circuit, the IAVE filter is designed to settle to its final
value in five switching cycles. The optimal IAVE time constant
is defined as:

T =Cuy X Ray

Avalue of C,, = 1/(Rpy X fgyy) per phase must be used for the
optimal time constant. Each LM3753/54 should have a value
of two times the normalized single phase value of C, at IAVE
for 2-phase/controller operation. In this manner, the IAVE
time constant maintains a fixed value of T for any number of
phases.

Typical frequency response of the gain and the phase for the
power stage are shown in Figure 14 and Figure 15. It is de-
signed for V| = 12V, Vo 1 = 1.2V, Iyt = 25A per phase and
a switching frequency of 300 kHz. For 2-phase operation
Ray = 4.02 kQ and C,, = 1000 pF. The power stage compo-
nent values per phase are:

L =0.44 pH, R_ = 0.52 mQ, Cy; = 440 pF, Rgy = 2.5 mQ,
Cor =44 UF, Ry, = 1.5 mQ, Rg =R, =0.52 mQ and Ry =
Vour/ loyt = 48 mQ.
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FIGURE 14. Power Stage Gain
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FIGURE 15. Power Stage Phase

Assuming a pole at the origin, the simplified equation for the
error amplifier transfer function can be written in terms of the
mid-band gain as:

N 1+ WzEA 1 s
c _ Aw s WFz
Vo Knr 1+ — =
Wrp WHF
Where
Recomp Chr
Am=—S"— Kyp =1+ ——
Reat Ccomp
WzEA = L = 1
EAS —————— WpzE———————————
Ccomp x Rcomp Crr x (Rrr + Rrgr)
Wee = w Chr + Ccomp
P n HF =
Crr X Ree Chr X Ccomp X Rcove

In general, the goal of the compensation circuit is to give high
gain, a bandwidth that is between one-fifth and one-tenth of
the switching frequency, and at least 45° of phase margin.

Control Loop Design Procedure

Once the power stage design is complete, the power stage
components are used to determine the proper frequency
compensation. Knowing the dc modulator gain and assuming
an ideal single-pole system response, the mid-band error am-
plifier gain is set by the target crossover frequency. Based on
the ideal amplifier transfer function, the zero-pair is set to
cancel the complex conjugate pole of the output filter. One
pole is set to cancel the ESR of the output capacitor. The
second pole is set equal to the switching frequency. A cor-
rection factor is used to accommodate the modulator damping
when the output filter pole is within a decade of the target
crossover frequency.

The compensation components will scale from the feedback
divider ratio and selection of the bottom feedback divider re-
sistor. A maximum value for the divider current is typically set
at 1 mA. Using a divider current of 200 pA will allow for a
reasonable range of values. For the bottom feedback resistor
Regg = Vger / 200 pA = 3 kQ. Choosing a standard 1% value
of 3.01 kQ, the top feedback resistor is found from:

Vour
Rrar = Rres X ( Vorr 1)
REF

For Vgoyr = 1.2V and Ve = 0.6V, Regr = 3.01 kQ.

Based on the previously defined power stage values, calcu-
late general terms:

ViN

Ri=AxRs T=1

D =
fsw

]
(0.5—D)xRixIL+KFF

Kmn =

For the design example D =0.1, R;=0.026Q, T =3.33 ps and
K, =3.22.

Calculate the output filter pole frequency and the ESR zero
frequency from:

1 1
- wz=———
{LXCO COXRC

For the output filter pole using Cy = C; + Cyp, wp = 68.5 krad/
sec. Since Cy, >> Cq,, the ESR zero is calculated using
Co¢ and R, as w, = 909 krad/sec.

Choose a target crossover frequency f; greater than the min-
imum control loop bandwidth from the OUTPUT CAPACI-
TORS section. The optimum value of the crossover frequency
is usually between 5 and 10 times the filter pole frequency.
With fo = wp / (2 x TT) = 10.9 kHz, this places f; between 54.5
kHz and 109 kHz. The upper limit for f; is typically set at 1/5
of the switching frequency.

wp =

we=2xnxfc wsw =2 X T X fgw

Choosing f = 60 kHz for the design example w = 377 krad/
sec. The switching frequency is wg,, = 1.88 Mrad/sec.
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For output capacitors with very low ESR, if the target
crossover frequency is more than 10 times the filter pole fre-
quency, bandwidth limiting of the error amplifier may occur.
See the Comprehensive Equations section to incorporate the
error amplifier bandwidth into the design procedure.

For reference, the parallel equivalent Cy and R at any fre-
quency can be calculated from:

C2= C02 R2 = Rcz

C1= Co1 R1 = Rc1

1 yo 1
“wxC1 T wxC2

w=2xmxf X1

JR12+ x12 x JR2% + X2
J(R1 +R2)2 + (X1 + X2)

A=’[an'1(&>+tan'1(X2>-tan'1<x1 +X2>

R1 R2 R1+R2

1

WXZxSnA) Re =2 x cos(A)

Co=

At the target crossover frequency X1 = 0.00603, X2 = 0.0603,
Z =0.00592 and A = 1.213. The parallel equivalent C = 478
uF and Rg =2.1 mQ.

Calculate the error amplifier gain coefficient and the compen-
sation component values. The (1 - wp/wg) term is the cor-
rection factor for the modulator damping.

G we Core = 1
7 Kmx wp P~ wsw X Ge X Regr
Wsw wp
= — -1 1-—
Ccomp = CHF x ( o ) X ( wc)
1
Reomp = ———<—
wp x Ccomp
wp 1

Rrr = RraT X Crr
wz -

wz X Rrp

For the design example, the calculated values are G = 1.71,
Cye =103 pF, Coomp = 2236 pF, Roomp = 6527Q, Ry =245
and Cgr = 4483 pF.

Using standard values of Cyr = 100 pF, Cyo\p = 2200 pF,
Rcomp = 6.2 kQ, R = 240Q and Cgr = 4700 pF, the error
amplifier plots of gain and phase are shown in Figure 16 and
Figure 17.
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FIGURE 16. Error Amplifier Gain
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FIGURE 17. Error Amplifier Phase

The complete control loop transfer function is equal to the
product of the power stage transfer function and error ampli-
fier transfer function. For the Bode plots, the overall loop gain
is the equal to the sum in dB and the overall phase is equal
to the sum in degrees. Results are shown in Figure 18 and
Figure 19. The crossover frequency is 57 kHz with a phase
margin of 73°.
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FIGURE 18. Control Loop Gain
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FIGURE 19. Control Loop Phase

For the small-signal analysis, it is assumed that the control
voltage at the COMP pin is dc. In practice, the output ripple
voltage is amplified by the error amplifier gain at the switching
frequency, which appears at the COMP pin adding to the
control ramp. This tends to reduce the modulator gain, which
may lower the actual control loop crossover frequency. This
effect is greatly reduced as the number of phases is in-
creased.

Efficiency and Thermal
Considerations

The buck regulator steps down the input voltage and has a
duty ratio D of:

_Vour 1
Vin M

Where n is the estimated converter efficiency. The efficiency
is defined as:

"= Pout
Pout + ProTaL_Loss

The total power dissipated in the power components can be
obtained by adding together the loss as mentioned in the
OUTPUT INDUCTORS, OUTPUT CAPACITORS, INPUT
CAPACITORS and MOSFETS sections.

The highest power dissipating components are the power
MOSFETSs. The easiest way to determine the power dissipat-
ed in the MOSFETSs is to measure the total conversion loss
(P — Pout) then subtract the power loss in the capacitors,
inductors, LM3753/54 and VDD regulator. The resulting pow-
er loss is primarily in the switching MOSFETs. Selecting
MOSFETSs with exposed pads will aid the power dissipation
of these devices. Careful attention to Rpg,y at high temper-
ature should be observed.

If a snubber is used, the power loss can be estimated with an
oscilloscope by observation of the resistor voltage drop at
both the turn-on and turn-off transitions. Assuming that the
RC time constant is << 1/ fg:

P =1 xCx (Vp2 + Vy2) X fgyy

Vp and V| represent the positive and negative peak voltage
across the snubber resistor, which is ideally equal to V .

LM3753/54 and VDD REGULATOR OPERATING LOSS

These terms accounts for the currents drawn at the VIN and
VDD pins, used for driving the logic circuitry and the power
MOSFETSs. For the LM3753/54, the VIN current is equal to the
steady state operating current l,y. The VDD current is pri-
marily determined by the MOSFET gate charge current I,
which is defined as:

lac = Qa_toraL X fsw
Pp=(Viy X lyn) + (Vpp X lge)
Qg_toraL is the total gate charge of the MOSFETSs connected
to each LM3753/54. P, represents the total power dissipated
in each LM3753/54. |l is about 15 mA from the Electrical
Characteristics table. The LM3753/54 has an exposed ther-
mal pad to aid power dissipation.
The power dissipated in the VDD regulator is determined by:

Pr=(Vin = Vop) X lgc_toTaL
lgc_ToTaL is the sum of the MOSFET gate charge currents for
all of the controllers.

Layout Considerations

To produce an optimal power solution with a switching con-
verter, as much care must be taken with the layout and design
of the printed circuit board as with the component selection.
The following are several guidelines to aid in creating a good
layout.

KELVIN TRACES for GATE DRIVE and SENSE LINES

The HG and SW pins provide the gate drive and return for the
high-side MOSFETSs. These lines should run as parallel pairs
to each MOSFET, being connected as close as possible to
the respective MOSFET gate and source. Likewise the LG
and PGND pins provide the gate drive and return for the low-
side MOSFETSs. A good ground plane between the PGND pin
and the low-side MOSFETSs source connections is needed to
carry the return current for the low-side gates.

The SNSP and SNSM pins of the Master should be connected
as a parallel pair, running from the output power and ground
sense points. Keep these lines away from the switch node
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and output inductor to avoid stray coupling. If possible, the
SNSP and SNSM traces should be shielded from the switch
node by ground planes.

SGND and PGND CONNECTIONS

Good layout techniques include a dedicated ground plane,
usually on an internal layer adjacent to the LM3753/54 and
signal component side of the board. Signal level components
connected to FB, TRACK/SS, FREQ, IAVE, EN and PH along
with the VCC and VIN bypass capacitors should be tied di-
rectly to the SGND pin. Connect the SGND and PGND pins
directly to the DAP, with vias from the DAP to the ground
plane. The ground plane is then connected to the input ca-
pacitors and low-side MOSFET source at each phase.

MINIMIZE the SWITCH NODE

The copper area that connects the power MOSFETSs and out-
put inductor together radiates more EMI as it gets larger. Use
just enough copper to give low impedance for the switching
currents and provide adequate heat spreading for the MOS-
FETs.

LOW IMPEDANCE POWER PATH

In a buck regulator the primary switching loop consists of the
input capacitor connection to the MOSFETSs. Minimizing the
area of this loop reduces the stray inductance, which mini-
mizes noise and possible erratic operation. The ceramic input
capacitors at each phase should be placed as close as pos-
sible to the MOSFETSs, with the VIN side of the capacitors
connected directly to the high-side MOSFET drain, and the
PGND side of the capacitors connected as close as possible
to the low-side source. The complete power path includes the
input capacitors, power MOSFETS, output inductor, and out-
put capacitors. Keep these components on the same side of
the board and connect them with thick traces or copper
planes. Avoid connecting these components through vias
whenever possible, as vias add inductance and resistance. In
general, the power components should be kept close togeth-
er, minimizing the circuit board losses.

Comprehensive Equations

POWER STAGE TRANSFER FUNCTION

To include all terms, it is easiest to use the impedance form
of the equation:

Vo _ K XZg
QC Zo+Z + K, xR x H(s) x H (s)
Where:
_ 1
Km_(O.S—D)xR.xI+K
L FF
Ryx(1+sxCyxR.)
_ "o 0™ Rc =
Z.= Z, =sxL+Ry.

O 1+sxCyx(Ry+Rs)

Roc = Rosion)_ni XD + Rpgon) Lo X (1 =D) + R+ Rg

With:

V 2
0 s
D=—> R =AxRq H{s)=——>
Vin I wy,
sxC,, xR n
T=fL Ha(s)=—1+ pé/ ';V W, =5
sw S X Ly X Ray

ERROR AMPLIFIER TRANSFER FUNCTION

Using a single-pole operational amplifier model, the complete
error amplifier transfer function is given by:

Ve 1
~ =-Gg, (s)x
8 EA

fo) 1 S
1+ +—=|x[1+G (s))
(AOL wBW) ( F8

Where the open loop gain Ay = 3162 (70 dB) and the unity
gain bandwidth wgy, = 2 X TT X fgy,.

The ideal transfer function is expressed in terms of the mid-
band gain as:

w
ZEA 1+S

A, 1+ S w
WM Fz
G, (8) = X
BA Kip 1+ -3 145
Fp Whr

The feedback gain is then:

6 (et 1T e
Fe KipxKeg 44 S 4 5
FP Whe
Where:
A = Rcomp K o=1+ Che
VM T B
Regr " Ceomp
w _ 1 W = 1
= ' L
254 Coomp X Roomp Cre X (Rep * Regy)
o =1 o = Cor + Coomp
PP Cre xRy WP Cyr X Coomp X Rooup
Koo Rees 1
= FB
P8 Regg * Regr Crr X (Reg + Keg X Regr)

ERROR AMPLIFIER BANDWIDTH LIMIT

When the ideal error amplifier gain reaches the open loop
gain-bandwidth limit, the phase goes to zero. To incorporate
the amplifier bandwidth into the design procedure, determine
the boundary limit with respect to the ESR zero frequency:

,\03%
Wzg = | Wy X K X wp

Based on the relative ESR zero, the crossover frequency is
set at 1/3 of the bandwidth limiting frequency.

If w, > wyg, calculate the optimal crossover frequency from:
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1

) 0.333
fC_mx<wBWXKmwa )

LM3753/54

. 1 Wgyy X K X wp? 05
CT(2xmx3 w,

If wy < w4, calculate the optimal crossover frequency from:

Using this method, the maximum phase boost is achieved at
the optimal crossover frequency.

In either case, the upper limit for f; is typically set at 1/5 of the
switching frequency.
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Typical Application
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All controllers in the system are the same part. The Master and Slave are differentiated by how they are connected in the system.

FIGURE 20. Typical Application
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Design Examples
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For more National Semiconductor product information and proven design tools, visit the following Web sites at:

Products Design Support
Amplifiers www.national.com/amplifiers WEBENCH® Tools www.national.com/webench
Audio www.national.com/audio App Notes www.national.com/appnotes

Clock and Timing www.national.com/timing Reference Designs

www.national.com/refdesigns

Data Converters www.national.com/adc Samples www.national.com/samples
Interface www.national.com/interface Eval Boards www.national.com/evalboards
LVDS www.national.com/Ivds Packaging www.national.com/packaging

Linear Regulator Controller

Power Management www.national.com/power Green Compliance

www.national.com/quality/green

Switching Regulators | www.national.com/switchers Distributors

www.national.com/contacts

LDOs www.national.com/Ido Quality and Reliability

www.national.com/quality

LED Lighting www.national.com/led Feedback/Support

www.national.com/feedback

Voltage References www.national.com/vref Design Made Easy

www.national.com/easy

PowerWise® Solutions www.national.com/powerwise | Applications & Markets

www.national.com/solutions

Serial Digital Interface (SDI) [ www.national.com/sdi Mil/Aero

www.national.com/milaero

Temperature Sensors www.national.com/tempsensors [ SolarMagic™

www.national.com/solarmagic

PLL/VCO www.national.com/wireless PowerWise® Design

University

www.national.com/training
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OR COMPLETENESS OF THE CONTENTS OF THIS PUBLICATION AND RESERVES THE RIGHT TO MAKE CHANGES TO
SPECIFICATIONS AND PRODUCT DESCRIPTIONS AT ANY TIME WITHOUT NOTICE. NO LICENSE, WHETHER EXPRESS,
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TESTING AND OTHER QUALITY CONTROLS ARE USED TO THE EXTENT NATIONAL DEEMS NECESSARY TO SUPPORT
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SYSTEMS WITHOUT THE EXPRESS PRIOR WRITTEN APPROVAL OF THE CHIEF EXECUTIVE OFFICER AND GENERAL

Life support devices or systems are devices which (a) are intended for surgical implant into the body, or (b) support or sustain life and
whose failure to perform when properly used in accordance with instructions for use provided in the labeling can be reasonably expected
to result in a significant injury to the user. A critical component is any component in a life support device or system whose failure to perform
can be reasonably expected to cause the failure of the life support device or system or to affect its safety or effectiveness.
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