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WIDE-INPUT SYNCHRONOUS BUCK CONTROLLER

FEATURES

* Operating Input Voltage 10 V to 55 V

¢ Input Voltage Feed-Forward Compensation
e < 1% Internal 0.7-V Reference

e Programmable Fixed-Frequency, Up to 1-MHz
Voltage Mode Controller

¢ Internal Gate Drive Outputs for High-Side
P-Channel and Synchronous N-Channel
MOSFETs

e 16-Pin PowerPAD™ Package (8,;c = 2°C/W)

e Thermal Shutdown

e Externally Synchronizable

e Programmable High-Side Sense Short Circuit
Protection

e Programmable Closed-Loop Soft-Start

e TPS40060 Source Only/TPS40061
Source/Sink

APPLICATIONS

¢ Networking Equipment
e Telecom Equipment

* Base Stations

* Servers

DESCRIPTION

The TPS40060 and TPS40061 are high-voltage,
wide input (10 V to 55 V) synchronous, step-down
converters.

This family of devices offers design flexibility with a
variety of user programmable functions, including;
soft-start, UVLO, operating frequency, voltage
feed-forward, high-side current limit, and loop
compensation. These devices are also
synchronizable to an external supply.

The TPS40060 and TPS40061 incorporate MOSFET
gate drivers for external P-channel high-side and
N-channel synchronous rectifier (SR) MOSFETS.
Gate drive logic incorporates anti-cross conduction
circuitry to prevent simultaneous high-side and
synchronous rectifier conduction.
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A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘% '\ during storage or handling to prevent electrostatic damage to the MOS gates.

ORDERING INFORMATION
Ta LOAD CURRENT PACKAGE® PART NUMBER
SOURCE®) Plastic HTSSOP (PWP) TPS40060PWP
SOURCE/SIN® Plastic HTSSOP (PWP) TPS40061PWP

—40°C to 85°C

(1) The PWP package is also available taped and reeled. Add an R suffix to the device type (i.e., TPS40060PWPR). See the application
section of the data sheet for PowerPAD drawing and layout information.
(2) See Application Information section.

ABSOLUTE MAXIMUM RATINGS

over operating free-air temperature range unless otherwise noted®

TPS40060
TPS40061
VIN 60 V
VFB, SS/SD, SYNC -0.3Vto6V
VN Input voltage range —0.3V to 60V or VIN+5 V
Sw (whichever is less)
SW. transient < 50 ns -25V
Vour Output voltage range COMP, RT, KFF, SS -0.3Vto6V
Iin Input current KFF 5 mA
lout Output current RT 200 pA
T, Operating junction temperature range —40°C to 125°C
Tstg Storage temperature —-55°C to 150°C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds 260°C

(1) Stresses beyond those listed under "absolute maximum ratings" may cause permanent damage to the device. These are stress ratings
only, and functional operation of the device at these or any other conditions beyond those indicated under "recommended operating
conditions" is not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

RECOMMENDED OPERATING CONDITIONS

MIN NOM MAX | UNIT
VN Input voltage 10 55 \Y

Ta Operating free-air temperature -40 85| °C

PWP PACKAGE (1)

(TOP VIEW)
KFF CIJ10 16T 1ILIM
RTCI2 | 7‘ 15 FT VIN
BP5 T3 | | 1410 HDRV
SYNC T4 | THERMAL 13 P T BPN10
SGND CI]5 | PAP | 1213 sw
Ss/sb 6 | | 11T BP10
VFBCI]7 L__ _ 1 10T LDRV
comp I8 9 -1 PGND

(1) For more information on the PWP package, refer to Tl Technical Brief (SLMA002).
(2) PowerPAD™ heat slug must be connected to SGND (Pin 5), or electrically isolated from all other pins.

ELECTRICAL CHARACTERISTICS
T, =—-40°C to 85°C, V|y = 24 V., Ry = 165 kQ, I = 113 pA, fg,, = 300 kHz, all parameters at zero power dissipation
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ELECTRICAL CHARACTERISTICS (continued)
T, =—-40°C to 85°C, V|y = 24 V., Ry = 165 kQ, Ixer = 113 pA, fgy, = 300 kHz, all parameters at zero power dissipation

(unless otherwise noted)

(unless otherwise noted)

PARAMETER | TEST CONDITIONS | MIN  TYP  MAX| UNIT
INPUT SUPPLY
VN Input voltage range, VIN ‘ ’ 10 55 | \%
OPERATING CURRENT
) Quiescent current ‘ Output drivers not switching ’ 15 25 | mA

5-V REFERENCE

Vgps  Input voltage

55| v

OSCILLATOR/RAMP GENERATORW

fosc Frequency

270 300 330 | kHz

Vramp PWM ramp voltage @ 2

V4 High-level input voltage, SYNC 2 \%

Vi Low-level input voltage, SYNC 0.8

Isyne  Input current, SYNC 5 10| pA
Pulse width, SYNC Pulse amplitude =5 V 50 ns

VR RT voltage 232 250 268 V
Maximum duty cycle Veg =0V, 100 kHz < fgy< 1 MHz 85% 98%
Minumum duty cycle Veg 20.75V 0%

Ve  Feed-forward voltage 335 350 3.65 \%

lkee  Feed-forward current operating range @ 20 1100| pA

SS/SD (SOFT START)

Iss Soft-start source current 15 2.3 29| pA

Vss Soft-start clamp voltage 3.1 3.7 4.0 \%

topscq  Discharge time Cgss = 220 pF 1.6 2.2 2.9

tss Soft-start time Css =220 pF,0V<Vgg<16V 120 155 235 He

SS/SD (SHUTDOWN)

Vsp Shutdown threshold voltage

90 130 160

VeN Device action threshold voltage

170 210 260| mv

Hysteresis

80

10-V REFERENCE

Vgp1p Input voltage 9.0 9.7 10.7 \%
ERROR AMPLIFIER

Tp=25°C 0.698 0.700 0.704
Veg Feedback regulation voltage 0°C < Tp<85°C 0.690 0.700 0.707 \%

0.690 0.700 0.715

Ggw  Gain bandwidth 3 5 MHz
AyoL  Open loop gain 60 80 dB
lon High-level output source current Veomp =20V, Vg =0V 15 4.0 mA
loL Low-level output sink current Veomp =20V, Vg =1V 25 4.0
lsias  Input bias current Veg = 0.7V 100 300| nA
Vo High-level output voltage lon=0.5mA, Veig =0V 325 345 3.60 v
VoL Low-level output voltage loo =0.5mMA, Veg=1V 0.050 0.215 0.350

(1) KFF current (Ixgr) increases with SYNC frequency (fsync) and decreases with maximum duty cycle (Dyax)-

(2) Ensured by design. Not production tested.
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ELECTRICAL CHARACTERISTICS (continued)
T, =—-40°C to 85°C, V|y = 24 V., Ry = 165 kQ, Ixer = 113 pA, fgy, = 300 kHz, all parameters at zero power dissipation

(unless otherwise noted)

PARAMETER ‘ TEST CONDITIONS MIN TYP  MAX| UNIT
CURRENT LIMIT
Ta=25°C 8.8 10.0 11.4
Isnk  Current limit sink current 0°C < Tp< 85°C 8.3 11.9| pA
-40°C < Tp< 0°C 7.5 115
_ Vium = 23.7 V, Vg = (Vium= 0.5 V) 330 500
tpeLay Propagation delay to output
Vium = 23.7 V, Vaw = (Viuw— 2 V) 275  375| ns
ton Switch leading-edge blanking pulse time ©) 100
torr Off time during a fault 7 cycles
Vos Overcurrent comparator offset voltage -200 -60 50| mvVv
OUTPUT DRIVER
tyear,  High-side driver fall time @) Chbry = 2200 pF, (Vin— Vepnio) 48 96
tyrise  High-side driver rise time®) Chpryv = 2200 pF, (Vin— Vepn1o) 36 72
tirac.  Low-side driver fall time®) Cipryv = 2200 pF, BP10 24 48 ns
t rise  Low-side driver rise time®) Cipry = 2200 pF, BP10 48 96
Vou  High-level ouput voltage, HDRV lnorv = 0.1 A, (Vin— Viapry) 1.0 1.4
Voo  Low-level ouput voltage, HDRV lnory = 0.1 A, (Viuprv— Vepnio) 0.75 v
Voy  High-level ouput voltage, LDRV lLprv = 0.1 A, (Vgpio— Vipry) 1.0 15
VoL Low-level ouput voltage, LDRV llpry = 0.1 A 0.5
Minimum controllable pulse width 100 150 ns
BPN10 REGULATOR
;/BPNl Output voltage Outputs off -75 -85 95| V
RECTIFIER ZERO CURRENT COMPARATOR (TPS40060 ONLY)
Vsw Switch voltage ‘ LDRYV output OFF -6 0 6 | mV
SW NODE
lleak  Leakage current® ‘ 1 | DA
THERMAL SHUTDOWN
Shutdown temperature ® 165
Tsp - °C
Hysteresis @) 25
UNDERVOLTAGE LOCKOUT
Vuvio Undervoltage lockout threshold voltage, BP10 | Rker = 10 kQ 6.25 6.5 7.5
Undervoltage lockout hysteresis 0.4 \%
Ve KFF programmable threshold voltage Rkrr = 82.5 kQ 9 10 11

(3) Ensured by design. Not production tested.
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Terminal Functions
TERMINAL
110 DESCRIPTION
NAME NO.
5-V reference. This pin should be bypassed to ground with a 0.1-pF ceramic capacitor. This pin may be used with
BP5 3 O
an external DC load of 1 mA or less.
10-V reference used for gate drive of the N-channel synchronous rectifier. This pin should be bypassed by a 1-uF
BP10 11 (e} ) . S .
ceramic capacitor. This pin may be used with an external DC load of 1 mA or less.
BPN10 13 o Negative 8-V reference with respect to VIN. This voltage is used to provide gate drive for the high side P-channel
MOSFET. This pin should be bypassed to VIN with a 0.1-pF capacitor
Output of the error amplifier, input to the PWM comparator. A feedback network is connected from this pin to the
COMP 8 I | VFB pin to compensate the overall loop. The comp pin is internally clamped above the peak of the ramp to
improve large signal transient response.
Floating gate drive for the high-side P-channel MOSFET. This pin switches from VIN (MOSFET off) to BPN10
HDRV 14 O
(MOSFET on).
Current limit pin, used to set the overcurrent threshold. An internal current sink from this pin to ground sets a
ILIM 16 | voltage drop across an external resistor connected from this pin to VIN. The voltage on this pin is compared to the
voltage drop (VIN -SW) across the high side MOSFET during conduction.
KEE 1 | A resistor is connected from this pin to VIN to program the amount of voltage feed-forward. The current fed into
this pin is internally divided and used to control the slope of the PWM ramp.
Gate drive for the N-channel synchronous rectifier. This pin switches from BP10 (MOSFET on) to ground
LDRV 10 |
(MOSFET off).
PGND 9 Power ground reference for the device. There should be a low-impedance connection from this point to the source
of the power MOSFET.
RT 5 | A resistor is connected from this pin to ground to set the internal oscillator ramp charging current and switching
frequency.
SGND 5 Signal ground reference for the device.
Soft-start programming pin. A capacitor connected from this pin to ground programs the soft-start time. The
capacitor is charged with an internal current source of 2.3 pA. The resulting voltage ramp on the SS pin is used
as a second non-inverting input to the error amplifier. The output voltage begins to rise when Vgg/gp is
SS/SD 6 || approximately 0.85 V. The output continues to rise and reaches regulation when Vgggp is approximately 1.55 V.
The controller is considered shut down when Vgg/sp is 125 mV or less. All internal circuitry is inactive. The
internal circuitry is enabled when Vgggp is 210 mV or greater. When Vgggp is less than approximately 0.85 V, the
outputs cease switching and the output voltage (V1) decays while the internal circuitry remains active.
sw 12 | This pin is connected to the switched node of the converter and used for overcurrent sensing. This pin is used for
zero current sensing in the TPS40060.
SYNC 4 | Synchronization input for the device. This pin can be used to synchronize the oscillator to an external master
frequency.
VEB 7 | Inverting input to the error amplifier. In normal operation the voltage on this pin is equal to the internal reference
voltage, 0.7 V.
VIN 15 | Supply voltage for the device.
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SIMPLIFIED BLOCK DIAGRAM
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APPLICATION INFORMATION

The TPS40060/61 family of parts allows the user to optimize the PWM controller to the specific application.

The TPS40061 is the controller of choice for synchronous buck designs which will include most applications. It
has two quadrant operation and will source or sink output current. This provides the best transient response.

The TPS40060 operates in one quadrant and sources output current only, allowing for paralleling of converters
and ensures that one converter does not sink current from another converter. This controller also emulates a
standard buck converter at light loads where the inductor current goes discontinuous. At continuous output
inductor currents the controller operates as a synchronous buck converter to optimize efficiency.

SW NODE RESISTOR

The SW node of the converter will be negative during the dead time when both the upper and lower MOSFETSs
are off. The magnitude of this negative voltage is dependent on the lower MOSFET body diode and the output
current which flows during this dead time. This negative voltage could affect the operation of the controller,
especially at low input voltages.

Therefore, a 10-Q resistor must be placed between the lower MOSFET drain and pin 12 (SW) of the controller
as shown in as Rgy-

SETTING THE SWITCHING FREQUENCY (PROGRAMMING THE CLOCK OSCILLATOR)

The TPS40060 and TPS40061 have independent clock oscillator and ramp generator circuits. The clock
oscillator serves as the master clock to the ramp generator circuit. The switching frequency, fg,, in kHz, of the
clock oscillator is set by a single resistor (Ry) to ground. The clock frequency is related to Ry, in kQ by
and the relationship is charted in Eigure 3.

1
R+ = — 23 | kQ
T —
(fsw x 17.82 x 106 )

PROGRAMMING THE RAMP GENERATOR CIRCUIT

The ramp generator circuit provides the actual ramp used by the PWM comparator. The ramp generator
provides voltage feed-forward control by varying the PWM ramp slope with line voltage, while maintaining a
constant ramp magnitude. Varying the PWM ramp directly with line voltage provides excellent response to line
variations since the PWM does not have to wait for loop delays before changing the duty cycle. (See Eigure 1)).

@

i ; VIN
i i
VIN i i
. |
|
‘ _ - _ - -
|
|
|
|
|
|
|
S L sw
VpEak RAMP
COMP - COMP
RAMP -- VVALLEY

fons > fong and dy > dz UDG-02131

Figure 1. Voltage Feed-Forward Effect on PWM Duty Cycle
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APPLICATION INFORMATION (continued)

The PWM ramp must be faster than the master clock frequency or the PWM is prevented from starting. The
PWM ramp time is programmed via a single resistor (Rxge) pulled up to V|y. Rkee is related to Ry, and the
minimum input voltage, Vymin through the following:

Rer = (Vin gminy = 35) x (65.27 x Ry + 1502) (@)

(2
where:

e V) is the desired start-up (UVLO) input voltage

* Ry is the timing resistor in kQ

See the section on UVLO operation for further description.

The curve showing the feedforward impedance required for a given switching frequency, fsy, at various input
voltages is shown in Figure 3.

For low input voltage and high duty cycle applications, the voltage feed-forward may limit the duty cycle
prematurely. This does not occur for most applications. The voltage control loop controls the duty cycle and
regulates the output voltages. For more information on large duty cycle operation, refer to Application Note
(SLUA310).

TIMING RESISTANCE FEED-FORWARD IMPEDANCE
VS Vs
600 SWITCHING FREQUENCY SWITCHING FREQUENCY
800
500 \ 700 Vinz 25V
E? \ 9 600
8 400 8
8 8 500
@ ?
[%] Q.
& 300 \ E 400
> T
E \ g \ VIN =15V
= 200 g 300 AN
3 3 \
&£ 200 ViN=9V
S~ ~—
& 100 —~— —
\\ ~ % =
0 0
0 200 400 600 800 1000 200 400 600 800 1000

fsw - Switching Frequency - kHz fsw - Switching Frequency - kHz

Figure 2. Figure 3.

UVLO OPERATION

The TPS40060 and TPS40061 use both fixed and variable (user programmable) UVLO protection. The fixed
UVLO monitors the BP10 and BP5 bypass voltages. The UVLO circuit holds the soft-start low until the BP5 and
BP10 voltage rails have exceeded their thresholds and the input voltage has exceed the user programmable
undervoltage threshold.

The TPS40060 and TPS40061 use the feed-forward pin, KFF, as a user programmable low-line UVLO
detection. This variable low-line UVLO threshold compares the PWM ramp duration to the oscillator clock period.
An undervoltage condition existis if the device receives a clock pulse before the ramp has reached 90% of its full
amplitude The ramp duration is a function of the ramp slope, which is directly related to the current into the KFF
pin. The KFF current is a function of the input voltage and the resistance from KFF to the input voltage. The KFF
resistor can be referenced to the oscillator frequency as descibed in Equation J3:
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APPLICATION INFORMATION (continued)
Rer = (Vin @iy = 35) x (65.27 x Ry +1502) (Q)

3
where:
e V) is the desired start-up (UVLO) input voltage
e Ry is the timing resistor in kQ
The variable UVLO function utilizes a 3-bit full adder to prevent spurious shut-downs or turn-ons due to spikes or
fast line transients. When the adder reaches a total of seven counts in which the ramp duration is shorter the

clock cycle a powergood signal is asserted, a soft-start initiated, and the upper and lower MOSFETS are turned
off.

Once the soft-start is initiated, the UVLO cicruit must see a total count of seven cycles in which the ramp
duration is longer than the clock cycle before an undervoltage condition is declared (See Fiqure 4).

UVLO Threshold— — - — — —— — — _

s L L

comrane VYV VWY VY YNV

112|3(4|5]|6 |7 1|2 1|2(3(4|5]|6|7

PowerGood

UDG-02132

Figure 4. Undervoltage Lockout Operation

UNDERVOLTAGE LOCKOUT

VS
HYSTERESIS
3.0

2.5 /

/]

2.0 /

/
/

o

VyvLo - Output Voltage - V

Ny

0
10 15 20 25 30 35 40 45 50 45

VyvLo - Undervoltage Lockout Threshold - V

Figure 5.
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APPLICATION INFORMATION (continued)

The impedance of the input voltage can cause the input voltage, at the TPS4006x, to sag when the converter
starts to operate and draw current from the input source. Therefore, there is voltage hysteresis that prevents
nuisance shutdowns at the UVLO point.

With RT chosen to select the operating frequency and RKFF chosen to select the start-up voltage, the amount
of hysteresis voltage is shown in Figure 5.

PROGRAMMING SOFT START

TPS4006x uses a closed-loop approach to ensure a controlled ramp on the output during start-up. Soft-start is
programmed by charging an external capacitor (Cgg) via an internally generated current source. The voltage on
Css minus 0.85 V, is fed into a separate non-inverting input to the error amplifier (in addition to FB and 0.7-V
Vrep)- The loop is closed on the lower of the (Cgs— 0.85 V) voltage or the internal reference voltage ( 0.7-V
Vger)- Once the (Cgs— 0.85 V) voltage rises above the internal reference voltage, regulation is based on the
internal reference. To ensure a controlled ramp-up of the output voltage the soft-start time should be greater
than the L-C time constant as described in Equafion 4.

tsrarT = 270 X m (seconds) 4

There is a direct correlation between tstagt and the input current required during start-up. The faster tgrag, the
higher the input current required during start-up. This relationship is describe in more detail in the section titled,
Programming the Current Limit which follows. The soft-start capacitance, Csg, is described in Equafion 5.

For applications in which the V,y supply ramps up slowly, (typically between 50 ms and 100 ms) it may be
necessary to increase the soft-start time to between approximately 2 ms and 5 ms to prevent nuisance UVLO
tripping. The soft-start time should be longer than the time that the Vysupply transitions between 6 V and 7 V.

2.3 uA
Cqs = o7y % tstart (Farads) 5)
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APPLICATION INFORMATION (continued)
PROGRAMMING CURRENT LIMIT

This device uses a two-tier approach for overcurrent protection. The first tier is a pulse-by-pulse protection
scheme. Current limit is implemented on the high-side MOSFET by sensing the voltage drop across the
MOSFET when the gate is driven low. The MOSFET voltage is compared to the voltage dropped across a
resistor connected from VIN pin to the ILIM pin when driven by a constant current sink. If the voltage drop
across the MOSFET exceeds the voltage drop across the ILIM resistor, the switching pulse is immediately
terminated. The MOSFET remains off until the next switching cycle is initiated.

The second tier consists of a fault counter. The fault counter is incremented on an overcurrent pulse and
decremented on a clock cycle without an overcurrent pulse. When the counter reaches seven (7) a restart is
issued and seven soft-start cycles are initiated. Both the upper and lower MOSFETSs are turned off during this
period. The counter is decremented on each soft-start cycle. When the counter is decremented to zero, the
PWM is re-enabled. If the fault has been removed the output starts up normally. If the output is still present the
counter counts seven overcurrent pulses and re-enters the second-tier fault mode. See for typical
overcurrent protection waveforms.

The minimum current limit setpoint (I, ;) depends on tstart, Co, Vo, and the load current at turn-on (1,).

(Co % Vo)

- +1. (A
SS

v =
(6)

The current limit programming resistor (R, ;) is calculated using Equafion 7. Care must be taken in choosing the
values used fro Vqog and gk in the equation. In order to ensure the output current at the overcurrent level, the
minimum value of Iy and the maximum value of Vo5 must be used.
I X R \Vi
_ 'oc DS(on)[max] 0os
Rium = | i ()
SINK SINK %)

where:
e gk is the current into the ILIM pin and is nominally 8.3 pA, minimum
* loc is the overcurrent setpoint which is the DC output current plus one-half of the peak inductor current
* Vpgs is the overcurrent comparator offset and is 50 mV maximum

BP5, BPN10 AND BPN10 INTERNAL VOLTAGE REGULATOR

Start-up characteristics of the BP5, BP10 and BPN10 regulators are shown in Eigure 8. Slight variations in the
BP5 occurs dependent upon the switching frequency. Variation in the BPN10 and BP10 regulation
characteristics is also based on the load presented by switching the external MOSFETSs.
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APPLICATION INFORMATION (continued)
INTERNAL REGULATOR OUTPUT VOLTAGE
VS
INPUT VOLTAGE
12
0 BP10
>
o 8 /
g
° BP5
>
5 6 /
o
5
g >§
L BPN10
g4 //
> / \/
2 / /
/ /__,_,-——
0
2 4 6 8 10 12
V|n - Input Voltage - V
Figure 6.
HDRV
CLOCK
ViLim
| Vuin-Vsw

7 CURRENT LIMIT TRIPS \/

(HDRV CYCLE TERMINATED BY CURRENT LIMIT TRIP)

7 SOFT-START CYCLES

Figure 7. Typical Current Limit Protection Waveforms

CALCULATING THE BPN10 AN BP10V BYPASS CAPACITOR

The BPN10 capacitance provides a local, low impedance source for the high-side driver. The BPN10 capacitor
should be a good quality, high-frequency capacitor. The size of the bypass capacitor depends on the total gate
charge of the MOSFET and the amount of droop allowed on the bypass capacitor. The BPN10 capacitance is
described in Equation g.

UDG-02136

12
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APPLICATION INFORMATION (continued)

Qg
Cepnio = Ay (F) ®
The 10-V reference pin, BP10V needs to provide energy for the synchronous MOSFET gate drive via the BP10V
capacitor. Neglecting any efficiency penalty, the BP10V capacitance is described in Equafion 3.
QgSR
Ceriov = 1y (P ©

SYNCHRONIZING TO AN EXTERNAL SUPPLY

The TPS4006x can be synchronized to an external clock through the SYNC pin. The SW node rises on the
falling edge of the SYNC signal. The synchronization frequency should be in the range of 20% to 30% higher
than its programmed free-run frequency. The clock frequency at the SYNC pin replaces the master clock
generated by the oscillator circuit. Pulling the SYNC pin low programs the TPS4006x to freely run at the
frequency programmed by Ry.

Internally, the SYNC pin has a pull-down current between 5 pA and 10 pA. In order to synchronize the device to
an external clock signal, the SYNC pin has to be overdriven from the external clock circuit. Normal logic gates or
an external MOSFET with a pull-up resistor of 10 kQ is adequate.

Internally there is a delay of between approximately 50 ns and 100 ns from the time the SYNC pin is pulled low
and the HDRV signal goes high to turn on the upper MOSFET. Additionally, there is some delay as the
MOSFET gate charges to turn on the upper MOSFET, typically between 20 ns and 50 ns.

The higher synchronization must be factored in when programming the PWM ramp generator circuit. If the PWM
ramp is interrupted by the SYNC pulse, a UVLO condition is declared and the PWM becomes disabled. Typically
this is of concern under low-line conditions only. In any case, Rxge needs to be adjusted for the higher switching
frequency. In order to specify the correct value for Rgge at the synchronizing frequency, calculate a ‘dummy'
value for RT that would cause the oscillator to run at the synchronizing frequency. Do not use this value of RT in
the design.

1
R _ — 23| k@
T -
(dummy) (fSYNC x 17.82 x 106 )

(10)
Use the value of Rygymmy) to calculate the value for Rygg.
Rkre = (VIN(min) - 35 V) X (65.27 X Reydummy) + 1502) k€2 a
where:
e RyisinkQ

This value of Rgge ensures that UVLO is not engaged when operating at the synchronization frequency.

SELECTING THE INDUCTOR VALUE

The inductor value determines the magnitude of ripple current in the output capacitors as well as the load
current at which the converter enters discontinuous mode. Too large an inductance results in lower ripple current
but is physically larger for the same load current. Too small an inductance results in larger ripple currents and a
greater number of (or more expensive output capacitors for) the same output ripple voltage requirement. A good
compromise is to select the inductance value such that the converter doesn't enter discontinuous mode until the
load approximated somewhere between 10% and 30% of the rated output. The inductance value is described in
Equation 14.

(Vin = Vo) X Vg

L= (H)
Vi X Al X g, (12)

where:
* Vy is the output voltage
» Al is the peak-to-peak inductor current
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APPLICATION INFORMATION (continued)
CALCULATING THE OUTPUT CAPACITANCE

The output capacitance depends on the output ripple voltage requirement, output ripple current, as well as any
output voltage deviation requirement during a load transient.

The output ripple voltage is a function of both the output capacitance and capacitor ESR. The worst case output

ripple is described in Equafion 13.

N 1
AV = Al [ESR + (8 STy % fsw)] (Vo_p)

The output ripple voltage is typically between 90% and 95% due to the ESR component.

(13)

The output capacitance requirement typically increases in the presence of a load transient requirement. During a
step load, the output capacitance must provide energy to the load (light to heavy load step) or absorb excess
inductor energy (heavy-to-light load step) while maintaining the output voltage within acceptable limits. The
amount of capacitance depends on the magnitude of the load step, the speed of the loop and the size of the
inductor.

Stepping the load from a heavy load to a light load results in an output overshoot. Excess energy stored in the
inductor must be absorbed by the output capacitance. The energy stored in the inductor is described in
Equation 14 and Equation 185.

ELz%xLxIZ )

(14)
where:
2 2 2
12 = [(|OH) - (|OL) ] ((Amperes) )
(15)
where:
* oy is the output current under heavy load conditions
e g is the output current under light load conditions
Energy in the capacitor is given by the following equation:
1 2
Ec 2><C><V @)] (16)
where:
2 2 2 2
V2= (v = (v (vors?) an

where:
* V;is the final peak capacitor voltage
» V,is the initial capacitor voltage

By substituting Equation 14 into Equafion 13, substituting Equation 19 into Equafion 13, setting

equal to and solving for Cg, yields the following equation.
2 2
Lx | (lon) = (o)
Co = (F)

- ]

Loop Compensation

(18)

Voltage-mode buck-type converters are typically compensated using Type Il networks. Since the TPS40060
and TPS40061 use voltage feedforward control, the gain of the PWM modulator with voltage feedforward circuit
must be included. The modulator gain is described in Eigure 4, with V,y being the minimum input voltage
required to cause the ramp excursion to cover the entire switching period.
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APPLICATION INFORMATION (continued)

<

Avop = N A _ 20 x log [N
Mob = y_ 9 Amop(b) = 9\ v
S S (19)
Duty dycle, D, varies from 0 to 1 as the control voltage, V., varies from the minimum ramp voltage to the
maximum ramp voltage, Vs. Also, for a synchronous buck converter, D = V5 / V. To get the control voltage to
output voltage modulator gain in terms of the input voltage and ramp voltage,
Vo Ve o Vo _ Vi

Vin Vs Ve Vs (20)
Calculate the Poles and Zeros

For a buck converter using voltage mode control there is a double pole due to the output L-C,. The double pole
is located at the frequency calculated in Equafion 21].

flo= ————"" (H2)

2 X JL X Cq 1)

There is also a zero created by the output capacitance, Cp, and its associated ESR. The ESR zero is located at
the frequency calculated in Equation 22.

_ 1

2= 2nxEsRxc, (1 22)

Calculate the value of Rg5sto set the output voltage, V-
0.7 X R1
Rppe = o242 B2
BIAS _
Vour — 0.7 (23)

The maximum crossover frequency (0 dB loop gain) is calculated in Equafion 24,

f
fo=Y (Hertz
c=7 ) (24)
Typically, fc is selected to be close to the midpoint between the L-C, double pole and the ESR zero. At this
frequency, the control to output gain has a —2 slope (-40 dB/decade), while the Type Ill topology has a +1 slope
(20 dB/decade), resulting in an overall closed loop —1 slope (-20 dB/decade). shows the modulator
gain, L-C filter, output capacitor ESR zero, and the resulting response to be compensated.

A Type Il topology, shown in Figure 10, has two zero-pole pairs in addition to a pole at the origin. The gain and
phase boost of a Type Ill topology is shown in Figure 1. The two zeros are used to compensate the L-Cq
double pole and provide phase boost. The double pole is used to compensate for the ESR zero and provide
controlled gain roll-off. In many cases the second pole can be eliminated and the amplifier's gain roll-off used to
roll-off the overall gain at higher frequencies.
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APPLICATION INFORMATION (continued)
PWM MODULATOR RELATIONSHIPS MODULATOR GAIN
Vs
SWITCHING FREQUENCY
ESRZero, +1 9/
| Amob=VIN/Vs /
M /
° \
=
3 \
§ \ Resultant, - 1
°
=]
3
s \
\
11 [ [ 1 \ \
D=Vc/Vs LCFilter,-2 1Py \\V
\
HAN
\
100 1k 10k 100 k
fsw - Switching Frequency - Hz
Figure 8. Figure 9.
Cc2
(optional)
|
C1l ) R2

.:—{ }—’\N\/—"

C3 R1

VFB
Rpias

VREF UDG-02189
Figure 10. Type Ill Compensation of Configuration Figure 11. Type Ill Compensation Gain and Phase
The poles and zeros for a type Ill network are described in Equafion 23.
1 1
fry = 5——=s——r (H fo=a—t — (H
21~ mxRroxc1 (2 22~ xxrixcs 2 (25)
1 1
fog = 5——os—ns (H fopy = o———L ——— (H
PL= oxxRrzxcz (2 P2~ orxRrR3xca (1P

The value of R1 is somewhat arbitraty, but influences other component values. A value between 50kQ and
100kQ usually yields reasonable values.

The unity gain frequency is described in Equation 26.
_ 1
fc=2ixRixcaxg Hed (26)

where G is the reciprocal of the modulator gain at f..
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APPLICATION INFORMATION (continued)

The modulator gain as a function of frequency at f¢, is described in Equafion 24.
2

f
AMOD(f) = AMOD x (ch) and G =
C

1
AMOD(f) @7
Care must be taken not to load down the output of the error amplifier with the feedback resistor, R2, that is too
small. The error amplifier has a finite output source and sink current which must be considered when sizing R2.
Too small a value does not allow the output to swing over its full range.

VC (max)

Q) = 3-4?nV = 1.725 kQ

R2 iy = ——o &)
MN) 1 souRcE (min) 2.0 mA 28)

dv/dt INDUCED TURN-ON

MOSFETSs are susceptible to dv/dt turn-on particularly in high-voltage (Vps) applications. The turn-on is caused
by the capacitor divider that is formed by Cgp and Cgs. High dv/dt conditions and drain-to-source voltage, on the
MOSFET causes current flow through Cgp and causes the gate-to-source voltage to rise. If the gate-to-source
voltage rises above the MOSFET threshold voltage, the MOSFET turns on, resulting in large shoot-through
currents. Therefore the SR MOSFET should be chosen so that the Cgp capacitance is smaller than the Cgg
capacitance. A 2-Q to 5-Q resistor in the upper MOSFET gate lead shapes the turn-on and dv/dt of the SW node
and helps reduce the induced turn-on.

HIGH-SIDE MOSFET POWER DISSIPATION

The power dissipated in the external high-side MOSFET is comprised of conduction and switching losses. The
conduction losses are a function of the Igys current through the MOSFET and the Rpg(pn) 0of the MOSFET. The
high-side MOSFET conduction losses are defined by Equafion 29.
2
Pconp = (lrms) X Rosien X (1 + TCq x [T, — 25°C]) (W) 9)
where:
» TCgis the temperature coefficient of the MOSFET Rpgon)

The TCy varies depending on MOSFET technology and manufacturer but is typically ranges between 0.0035
ppm/°C and 0.010 ppm/°C.

The Igms current for the high side MOSFET is described in Equation 30.

lrms = lo X Vd (AmperesRMS) (30)

The switching losses for the high-side MOSFET are descibed in Equation 31].
P switsw) = (VIN X oyt X tsw) X fgy (Watts) o

where:
* lpis the DC output current
* tgw is the switching rise time, typically < 20 ns
» fsw is the switching frequency

Typical switching waveforms are shown in Eigure 12,
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APPLICATION INFORMATION (continued)

—d—Ple—1d—>»

BODY DIODE | BODY DIODE
CONDUCTION | I CONDUCTION
|
| | _
! |
! |
Sw } |
! |
! |
| |
! |
0 | |
1 [— 1 e [ —— | __
I P/_Il
| | — L
ft !
ANTI-CROSS SYNCHRONOUS
CONDUCTION RECTIFIER ON HIGH SIDE ON UDG.02170

Figure 12. Inductor Current and SW Node Waveforms

The maximum allowable power dissipation in the MOSFET is determined by the following equation.

T,-T
J A
Py = (6) (W)
In (32)
where:
Pr = Pcono t Pswisw) (W) (33)

and ©,, is the package thermal impedance.

SYNCHRONOUS RECTIFIER MOSFET POWER DISSIPATION

The power dissipated in the synchronous rectifier MOSFET is comprised of three components: Rpgn)
conduction losses, body diode conduction losses, and reverse recovery losses. Rpg(on,) conduction losses can be

found usin and the RMS current through the synchronous rectifier MOSFET is described in
9 4.
lrms = lo X V1 —d (ARMS) (34)
The body-diode conduction losses are due to forward conduction of the body diode during the anti-cross
conduction delay time. The body diode conduction losses are described by Equation 33.
Ppc = 2 X Ig X Ve X tpg ay X fgy (W) (35)
where:

* Vg is the body diode forward voltage
* tpeLay IS the delay time just before the SW node rises

The 2-multiplier is used because the body-diode conducts twice during each cycle (once on the rising edge and
once on the falling edge)

The reverse recovery losses are due to the time it takes for the body diode to recovery from a forward bias to a

reverse blocking state. The reverse recovery losses are described in Equation 36.
Prr = 0.5 X Qgg X Vi X fgy, (W) (36)
where:

* Qgr is the reverse recovery charge of the body diode
The total synchronous rectifier MOSFET power dissipation is described in Equation 37.
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APPLICATION INFORMATION (continued)
pc T Prr T Pcono (W) (37)

= P

SR

TPS40060/TPS40061 POWER DISSIPATION

The power dissipation in the TPS40060 and TPS40061 is largely dependent on the MOSFET driver currents and
the input voltage. The driver current is proportional to the total gate charge, Qg, of the external MOSFETSs.
Driver power (neglecting external gate resistance, refer to [2] can be calculated from Equation 38

= Qg X Vpg X fgy (W) (38)
And the total power dissipation in the device, assuming MOSFETs with similar gate charges for both the

high-side and synchronous rectifier is described in Equafion 39.

2 x Pp
=~V —*'o)XVn W)
DR (39)
or

Pr=[(2 x Qq x fay) + 1o| X Viy (W) @0)

where:
* g is the quiescent operating current (neglecting drivers)
The maximum power capability of the device's PowerPad package is dependent on the layout as well as air

flow. The thermal impedance from junction to air, assuming 2 oz. copper trace and thermal pad with solder and
no air flow.

@, = 36.51°C/W

The maximum allowable package power dissipation is related to ambient temperature by [Equafiion 36
Substituting Equation 37 into Equation 40 and solving for fg,, yields the maximum operating frequency for the
TPS40060 and TPS40061. The result is:

(To=Ta) | |
(034% Vpp) Q
foy = (Hz)
W (2 X Qg) (41)
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LAYOUT CONSIDERATIONS
THE PowerPAD™ PACKAGE

The PowerPAD package provides low thermal impedance for heat removal from the device. The PowerPAD
derives its name and low thermal impedance from the large bonding pad on the bottom of the device. For
maximum thermal performance, the circuit board must have an area of solder-tinned-copper underneath the
package. The dimensions of this area depends on the size of the PowerPAD package. For a 16-pin TSSOP
(PWP) package the dimensions of the circuit board pad are 5 mm x 3.4 mm. The dimensions of the package
pad are shown in Figure 13.

Thermal vias connect this area to internal or external copper planes and should have a drill diameter sufficiently
small so that the via hole is effectively plugged when the barrel of the via is plated with copper. This plug is
needed to prevent wicking the solder away from the interface between the package body and the solder-tinned
area under the device during solder reflow. Drill diameters of 0.33 mm (13 mils) works well when 1-0z copper is
plated at the surface of the board while simultaneously plating the barrel of the via. If the thermal vias are not
plugged when the copper plating is performed, then a solder mask material should be used to cap the vias with
a diameter equal to the via diameter of 0.1 mm minimum. This capping prevents the solder from being wicked
through the thermal vias and potentially creating a solder void under the package. Refer to PowerPAD Thermally
Enhanced Packagel? for more information on the PowerPAD package.

X: Minimum PowerPAD = 1,86 mm H H H H H H H H H H
Y: Minimum PowerPAD = 1,75 mm Thermal Pad

f [
X \ h/ 450 mm 6,60 mm
v

| 430 mm 6,20 mm

I |

O |
EEELLE

Figure 13. PowerPAD Dimensions

MOSFET PACKAGING

MOSFET package selection depends on MOSFET power dissipation and the projected operating conditions. In
general, for a surface-mount applications, the DPAK style package provides the lowest thermal impedance (8;,)
and, therefore, the highest power dissipation capability. However, the effectiveness of the DPAK depends on
proper layout and thermal management. The 6;,specified in the MOSFET data sheet refers to a given copper
area and thickness. In most cases, a thermal impedance of 40°C/W requires one square inch of 2-ounce copper
on a G-10/FR-4 board. Lower thermal impedances can be achieved at the expense of board area. Please refer
to the selected MOSFET's data sheet for more information regarding proper mounting.

GROUNDING AND CIRCUIT LAYOUT CONSIDERATIONS

The device provides separate signal ground (SGND) and power ground (PGND) pins. It is important that circuit
grounds are properly separated. Each ground should consist of a plane to minimize its impedance if possible.
The high power noisy circuits such as the output, synchronous rectifier, MOSFET driver decoupling capacitor
(BP10), and the input capacitor should be connected to PGND plane at the input capacitor.

Sensitive nodes such as the FB resistor divider, Ry, and ILIM should be connected to the SGND plane. The
SGND plane should only make a single point connection to the PGND plane.

Component placement should ensure that bypass capacitors (BP10, BP5, and BPN10) are located as close as
possible to their respective power and ground pins. Also, sensitive circuits such as FB, RT and ILIM should not
be located near high dv/dt nodes such as HDRV, LDRV, BPN10, and the switch node (SW).
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DESIGN EXAMPLE

e Input voltage: 18 Vpe to 55 Vpe

e Output voltage: 3.3 V £2%

e Output current: 5 A (maximum, steady-state), 7 A (surge, 10-ms duration, 10% duty cycle maximum)
e Output ripple: 33 mVpp at5A

e Output load response: 0.3 V => 10% to 90% step load change

e Operating temperature: —40°C to 85°C

e fow =130 kHz

1. Calculate maximum and minimum duty cycles

_ Yoma __ g 447

VIN(min) (42)

\V
_ " O(min) _
dyin = = 0.0588  dyuy =

VIN(max)

2. Select switching frequency

The switching frequency is based on the minimum duty cycle ratio and the propagation delay of the current limit
comparator. In order to maintain current limit capability, the on time of the upper MOSFET, tgyy, must be greater
than 330 ns (see Electrical Characteristics table). Therefore

VO(min) _ tON

= or
VIN(max) TSW (43)

( VO(min)
VIN max
1 A INmax) /.

(44)
Using 400 ns to provide margin,

_ 0.0588 _
fsw = Zoone = 147 kHz s

Since the oscillator can vary by 10%, decrease fgy, by 10%
fsw = 0.9 x 147 kHz = 130 kHz
and therefore choose a frequency of 130 kHz.

3. SelectA |

In this case Al is chosen so that the converter enters discontinuous mode at 20% of nominal load.
AI=IO><2><O.2=5><2><O.2=2.OA (46)

4. Calculate the power losses

Power losses in the high-side MOSFET (Si9407AGY) at 55-V,y where switching losses dominate can be
calculated from through Equafion 49.

laws = lo X /d = 5 x /0.0588 = 1.2 A 47)
substituting Equation 30 into Equation 29 yields

Pconp = 1.22 X 0.12 x (1 + 0.007 x (150 — 25)) = 0.324 W (48)
and from Equafion 31], the switching losses can be determined.
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DESIGN EXAMPLE (continued)
PSW(fSW) = (VIN X lg X tsw) X fsw =55V X5A X 20ns X 130kHz = 0.715 W

(49)
The MOSFET junction temperature can be found by substituting Equation 33 into Equation 33
Ty = (Pconp * Psw) X 034 + Ta = (0.324 + 0.715) x 40 + 85 = 127°C (50)

5. Calculate synchronous rectifier losses

The synchronous rectifier MOSFET has two (2) loss components, conduction, and diode reverse recovery
losses. The conduction losses are due to Izys losses as well as body diode conduction losses during the dead
time associated with the anti-cross conduction delay.

The Izys current through the synchronous rectifier from

lams = lo X V1 — d =5 x /1 — 0.0588 = 4.85 Agys 51)

The synchronous MOSFET conduction loss from is:
_ 2 _ 2 _

Pconp = lrms. X Rps(on) = 4:85% X 0.011 x (1 + 0.007(150 — 25)) = 0.10 W ©2)
The body diode conduction loss from is:

Poc =2 X lg X Vg X tpgay X fgw = 2 X 5.0A X 0.8V x 100 ns X 130 kHz = 0.104 W (53)
The body diode reverse recovery loss from is:

Prr = 0.5 X Qrg X V |y X fgyy = 0.5 X 30nC X 55V x 130 kHz = 0.107 W (54)
The total power dissipated in the synchronous rectifier MOSFET from is:

Psgr = Prr + Pconp + Ppe = 0.107 + 0.1 + 0.104 = 0.311 W (55)
The junction temperature of the synchronous rectifier at 85°C is:

Ty = Pgg X 0;5 + To = (0.311) x 40 + 85 = 97°C (56)

In typical applications, paralleling the synchronous rectifier MOSFET with a Schottky rectifier increases the
overall converter efficiency by approximately 2% due to the lower power dissipation during the body diode
conduction and reverse recovery periods.

6. Calculate the Inductor Value

The inductor value is calculated from
(48 —33) x 33
48 x 2.0 x 130 kHz _ 118 uH 57)

A standard inductor value of 10-pH is chosen. A Coev DXM1306-10RO or Panasonic ETQPF102HFA could be
used.

L:

7. Setting the switching frequency
The clock frequency is set with a resistor (Ry) from the RT pin to ground. The value of Ry can be derived from

following Equation 59, with fsyy in kHz.

_ 1 ~ _
Rr = (fSW X 17.82E — 06 23) kQ = 408 kQ, use 412kQ

(58)

8. Programming the Ramp Generator Circuit

The PWM ramp is programmed through a resistor (Rgge) from the KFF pin to V|y. The ramp generator also
controls the input UVLO voltage. For an undervoltage level of 14.4V (20% below the 18 Vi\min) Rker IS

calculated in Equafion 59.
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DESIGN EXAMPLE (continued)
Ryep = (VIN(min) - 3.5)(65.27 X Ry + 1502) Q = 133.7 kQ, use 133 kQ

(59)

9. Calculating the Output Capacitance (Cp)

In this example. the output capacitance is determined by the load response requirement of AV = 0.3V foral A

to 5 A step load. C, can be calculated using Equation 18
10 uH x (52 - 12) 197 uE
o~ = u
(3.32 - 3.0?) (60)
Using calculate the ESR required to meet the output ripple requirements.
_ 1
3Bmy = Z'O(ESR 8 x 127 yF x 130 kHz) 61

ESR =12.7 mQ

In order to get the required ESR, the capacitance needs to be greater than the 127-pF calculated. For example,
a single Panasonic SP capacitor, 180-pF with ESR of 12 mQ can be used. Re-calculating the ESR required with
the new value of 180-pF is shown in Equafion 62.

_ 1
33mv = 2'0(ESR T8 % 180 uF x 130 kHz)

(62)
ESR =13.8 mQ
10. Calculate the Soft-Start Capacitor (Cgs)
This design requires a soft-start time (tstart) Of 1 ms. Cgg is calculated in Equation 63.
_ 23uA B B
Css = 57y X 1Ms = 3.28nF = 3300 pF 63
11. Calculate the Current Limit Resistor (R, )
The current limit set point depends on tsrart: Vo, Co and |, oap at start up as shown in Equation 7.
180 uF x 3.3 B
> =1 +7.0="T6A (64)
Set I,y for 10.0 A minimum, then from
\
Ry = 10x 014 , Yos o _10x014  BOMV) o _ o016 174 k0
lsink Isink 8.3 uA 8.3 uA (65)
12. Calculate Loop Compensation Values
Calculate the DC modulator gain (Ayop) from Equation 19.
Ayon = 29 =5
MOD 2 (66)
Amop(e) = 20 X log (5.0) = 14 dB 67)
Calculate the output poles and zeros from Equation 21 and Equation 24 of the L-C filter.
fle = 1 = 3.7kHz
271 ,/10 uH x 180 uF (68)
and
1
f, = = 74 kH
Z = 27 x 0.012 x 180 uF z (69)

Select the close-loop 0 dB crossover frequency, f-. For this example f- = 10 kHz.
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DESIGN EXAMPLE (continued)
Select the double zero location for the Type Il compensation network at the output filter double pole at 3.7 kHz.

Select the double pole location for the Type Ill compensation network at the output capacitor ESR zero at 73.7
kHz.

The amplifier gain at the crossover frequency of 10 kHz is determined by the reciprocal of the modulator gain
AMOD at the crossover frequency from Equation 27.

2
f 2
_ c\| _ 3.7 kHz\ _
Amop@ = Amop X (fc) =5X (10 kHz) = 0.68

(70)
And also from Equafion 27
1 1
G = = —— =146
AMOD(ﬂ 0.68 (71)
Choose R1 =100 kQ
The poles and zeros for a Type Il network are described in Equation 23 and Equation 28.
= —l . = 1 =
2= gixRixca ~ ©® 7 2w x 100 ka x 3.7 khz ~ 30 PF, choose 470 pF (72)
= —1 . = 1 =
P2 = i xR3xC3 " R® 7 2 xa70pF x 733 kHz - +62 K choose 4.64 kQ (73)
j— 1 . — 1 =
fe= axRIxc2xG ~ %~ 27 x 100 kG X 3.20 x 1.a6 kHz _ 109 PF, choose 100 pF (74)
_ 1 . _ 1 -
fpy = T X R2 X C2 R2 7% X 100 pF X 73.3 kHz 21.7 kQ, choose 21.5 kQ 75)
_ 1 . _ 1 _
1= grxRzxct ~ ' T Zix 2i5kQ x 37 kAz 2000 PR, choose 1800 pF (76)
Calculate the value of Rgjag from Equation 23 with R1 = 100 kQ.
O7V><R1 _ 0.7V x 100kQ
Rgias = _07\/ 33V 07V = 26.9 kQ, choose 26.7 kQ -

CALCULATING THE BPN10 AND BP10V BYPASS CAPACITANCE

The size of the bypass capacitor depends on the total gate charge of the MOSFET being used and the amount
of droop allowed on the bypass capacitor. The BPN10 capacitance, allowing for a 0.5-V droop on the BPN10 pin

from Equation g is shown in Equafion 78,
Qu _30nC _ 4 F

Cepnio = Ay = 05 (78)
and the BP10V capacitance from is shown in Equafion 79.
Q
_ S9SR _ 57 nC _
Capiov = Ay o5~ = 114nF 79

For this application, a 0.1-pF capacitor was used for the BPN10V and a 1.0-puF was used for the BP10V bypass
ccapacitor. shows component selection for the 18-V through 55-V to 3.3-V at 5-A dc-to-dc converter
specified in the design example.

GATE DRIVE CONFIGURATION

Due to the possibility of dv/dt induced turn-on from the fast MOSFET switching times, high Vg voltage and low
gate threshold voltage of the Si4470, the design includes a 2-Q in the gate lead of the upper MOSFET. The
resistor can be used to shape the low-to-high transition of the SWitch node and reduce the tendancy of
dv/dt-induced turn on.
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DESIGN EXAMPLE (continued)
RKEE RiLiv
133 kQ TPS40060PWP 174kQ
+ O KFF ILIM
Rt 412 kQ
AAYAY RT VIN
VIN _—
BP5 HDRV
0.1 pF Si9470
—o0—14 syne  BPNI1O
=i 30BQO60
10 puH
— SGND SwW L
J7 S m i o.
SS/ISD  BP10 _ R1 Co
3300 pF e 470 R3 | 100kQ | 180 uF
VFB LDRV 4.64 ks‘zg —
C1 1800 pF
>—| l—’\/\/\/—‘ COMP  PGND —_— C3 Vour
1 o 470 pF
PGND o -
|| 215KQ G
Rpias
Il c2 26.7 kQ
100 pF
N =
UDG-02161
Figure 14. Design Example, 48 V to 3.3 V at 5 A dc-to-dc Converter
REFERENCES

1. Balogh, Laszlo, Design and Application Guide for High Speed MOSFET Gate Drive Circuits, Texas
Instruments/Unitrode Corporation, Power Supply Design Seminar, SEM-1400 Topic 2.

2. PowerPAD Thermally Enhanced Package Texas Instruments, Semiconductor Group, Technical Brief: TI

Literature No. SLMAO002
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PACKAGE OPTION ADDENDUM

PACKAGING INFORMATION

Orderable Device status (¥ Package Type Package Pins Package Qty Eco Plan @ Lead/ MSL Peak Temp (3) Samples
Drawing Ball Finish (Requires Login)

TPS40060PWP ACTIVE HTSSOP PWP 16 90 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40060PWPG4 ACTIVE HTSSOP PWP 16 90 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40060PWPR ACTIVE HTSSOP PWP 16 2000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40060PWPRG4 ACTIVE HTSSOP PWP 16 2000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40061PWP ACTIVE HTSSOP PWP 16 90 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40061PWPG4 ACTIVE HTSSOP PWP 16 90 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40061PWPR ACTIVE HTSSOP PWP 16 2000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

TPS40061PWPRG4 ACTIVE HTSSOP PWP 16 2000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR
& no Sh/Br)

® The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sh/Br) - please check http://www.ti.com/productcontent for the latest availability
information and additional product content details.

TBD: The Pb-Free/Green conversion plan has not been defined.

Pb-Free (RoHS): TlI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between
the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.

Green (RoHS & no Sbh/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight
in homogeneous material)

® MSL, Peak Temp. -- The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
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PACKAGE OPTION ADDENDUM

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

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
* —» =K e— P1—
% { I
iy’
& & & || 8o
x | l
A T {
Cavity (€ A0 P,
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
v w Overall width of the carrier tape
P1 Pitch between successive cavity centers
E W1
TAPE AND REEL INFORMATION
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
TPS40060PWPR HTSSOP| PWP 16 2000 330.0 12.4 6.9 5.6 1.6 8.0 12.0 Q1
TPS40061PWPR HTSSOP| PWP 16 2000 330.0 12.4 6.9 5.6 1.6 8.0 12.0 Q1
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TAPE AND REEL BOX DIMENSIONS
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*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS40060PWPR HTSSOP PWP 16 2000 367.0 367.0 35.0
TPS40061PWPR HTSSOP PWP 16 2000 367.0 367.0 35.0
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MECHANICAL DATA

PWP (R—PDSO—G16)

PowerPAD ™ PLASTIC SMALL QUTLINE

0,30
’« ﬂ rﬁ 0,19
16 9

lElin

FT&RMAL QD“ /
| | 450 6,60 0,5 NOM .-
Ty, | WA
- i L \
O |
H H H H H H H H Seating Plane l CGugiei%ne "L ///
TN g

1 8 N 0,25,
5,10 0_g T—l__ -
y 490 ) 0,75
0,50
T
o ) A e—
| T g sestng pne g | A
Yy 5 Y,
L 1,20 MAX 0,15 JA —-
00 [~]o,10
40732253/ 05/11
NOTES:  A. All linear dimensions are in millimeters.
B. This drawing is subject to change without notice.
C. Body dimensions do not include mold flash or protrusions. Mold flash and protrusion shall not exceed 0.15 per side.
D. This package is designed to be soldered to a thermal pad on the board. Refer to Technical Brief, PowerPad
Thermally Enhanced Package, Texas Instruments Literature No. SLMAQOZ for information regarding
recommended board layout. This document is available at www.ti.com <http: //www.ti.com>.
E. See the additional figure in the Product Data Sheet for details regarding the exposed thermal pad features and dimensions.
E. Falls within JEDEC MO-153

PowerPAD is a trademark of Texas Instruments.
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THERMAL PAD MECHANICAL DATA

PWP (R—PDSO—G16) PowerPAD™ SMALL PLASTIC OUTLINE

THERMAL INFORMATION

This PowerPAD™ package incorporates an exposed thermal pad that is designed to be attached to a printed
circuit board (PCB). The thermal pad must be soldered directly to the PCB. After soldering, the PCB can
be used as a heatsink. In addition, through the use of thermal vias, the thermal pad can be attached
directly to the appropriate copper plane shown in the electrical schematic for the device, or alternatively,
can be attached to a special heatsink structure designed into the PCB. This design optimizes the heat

transfer from the integrated circuit (IC).

For additional information on the PowerPAD package and how to take advantage of its heat dissipating
abilities, refer to Technical Brief, PowerPAD Thermally Enhanced Package, Texas Instruments Literature
No. SLMAOO2 and Application Brief, PowerPAD Made Easy, Texas Instruments Literature No. SLMAQO4.
Both documents are available at www.ti.com.

The exposed thermal pad dimensions for this package are shown in the following illustration.

e N

c,46 —G?Max.
1,75 $

_l—— b=t ‘N— Exposed Thermal Pad

Top View

Exposed Thermal Pad Dimensions

4206332—-6/AC 07/12

NOTE: A. All linear dimensions are in millimeters
@ Exposed tie strap features may not be present.

PowerPAD is a trademark of Texas Instruments
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LAND PATTERN DATA

PWP (R—PDS0O—-G16) PowerPAD™ PLASTIC SMALL OUTLINE

Example Board Layout Stencil Openings
Via pattern and copper pad size Based on a stencil thickness
may vary depending on layout constraints of .127mm (.005inch).

Reference table below for other

Increasing copper area wil solder stencil thicknesses

enhance thermal performance
(See Note D)

4x1,5 — |=—14x0,65 16x0,25 —=— =—

0= 00000

% 16x1,95
2,46 3,4 5,6 5,6 2,16 Y
3X1,5 —+ + X (See Note E)

R T S ]

solder mask

over copper\

N\\=
G

/ T— Example Solder Mask

fo— 2,31 = Defined Pad 140,65 —= =

/ - 50 —= (See Note C, D)
/ Example
/Non Soldermask Defined Pad
J///// \\\\ Example )
//’ \ 5°"2§;eM§z'§(e°F§”'”9 Center PO\‘Ner Pad Solder Stencil Opening
/ ——] |=—(,3 Stencil Thickness X Y
/ A \ 0.1mm 2.5 2.65
f i 0.127mm 2.31 2.46
=\ ! _‘N 0.152mm 215 2.3
‘\\ 1,6 2 o< 7~ Pad Geometry 0.178mm 2.05 2.15

/
N 0,07 /
N All Aroung/

.
S~ —

m———-

4207609-3/R 07/12

NOTES:  A. All linear dimensions are in millimeters.

B. This drawing is subject to change without notice.

C. Customers should place a note on the circuit board fabrication drawing not to alter the center solder mask defined pad.

D. This package is designed to be soldered to a thermal pad on the board. Refer to Technical Brief, PowerPad
Thermally Enhanced Package, Texas Instruments Literature No. SLMA0O2, SLMAQOO4, and also the Product Data Sheets
for specific thermal information, via requirements, and recommended board layout. These documents are available at
www.ti.com <http: //www.ticom>. Publication IPC—7351 is recommended for dlternate designs.

E. Laser cutting apertures with trapezoidal walls and also rounding corners will offer better paste release. Customers should
contact their board assembly site for stencil design recommendations. Example stencil design based on a 50% volumetric
metal load solder paste. Refer to IPC—7525 for other stencil recommendations.

F. Customers should contact their board fabrication site for solder mask tolerances between and around signal pads.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46C and to discontinue any product or service per JESD48B. Buyers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All
semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale supplied at the time
of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by Tl for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of Tl components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, Tl components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

Tl has specifically designated certain components which meet ISO/TS16949 requirements, mainly for automotive use. Components which
have not been so designated are neither designed nor intended for automotive use; and Tl will not be responsible for any failure of such
components to meet such requirements.

Products Applications

Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom www.ti.com/communications
Data Converters dataconverter.ti.com Computers and Peripherals www.ti.com/computers
DLP® Products www.dlp.com Consumer Electronics Www.ti.com/consumer-apps
DSP dsp.ti.com Energy and Lighting www.ti.com/energy

Clocks and Timers www.ti.com/clocks Industrial www.ti.com/industrial
Interface interface.ti.com Medical www.ti.com/medical

Logic logic.ti.com Security www.ti.com/security

Power Mgmt power.ti.com Space, Avionics and Defense  www.ti.com/space-avionics-defense
Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video

RFID www.ti-rfid.com

OMAP Mobile Processors  www.ti.com/omap Tl E2E Community e2e.ti.com

Wireless Connectivity www.ti.com/wirelessconnectivity

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2012, Texas Instruments Incorporated


http://www.ti.com/audio
http://www.ti.com/automotive
http://amplifier.ti.com
http://www.ti.com/communications
http://dataconverter.ti.com
http://www.ti.com/computers
http://www.dlp.com
http://www.ti.com/consumer-apps
http://dsp.ti.com
http://www.ti.com/energy
http://www.ti.com/clocks
http://www.ti.com/industrial
http://interface.ti.com
http://www.ti.com/medical
http://logic.ti.com
http://www.ti.com/security
http://power.ti.com
http://www.ti.com/space-avionics-defense
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/omap
http://e2e.ti.com
http://www.ti.com/wirelessconnectivity

	FEATURES
	APPLICATIONS
	DESCRIPTION
	SIMPLIFIED APPLICATION DIAGRAM
	ABSOLUTE MAXIMUM RATINGS
	RECOMMENDED OPERATING CONDITIONS
	ELECTRICAL CHARACTERISTICS
	APPLICATION INFORMATION
	SW NODE RESISTOR
	SETTING THE SWITCHING FREQUENCY (PROGRAMMING THE CLOCK OSCILLATOR)
	PROGRAMMING THE RAMP GENERATOR CIRCUIT
	UVLO OPERATION
	PROGRAMMING SOFT START
	PROGRAMMING CURRENT LIMIT
	BP5, BPN10 AND BPN10 INTERNAL VOLTAGE REGULATOR
	CALCULATING THE BPN10 AN BP10V BYPASS CAPACITOR
	SYNCHRONIZING TO AN EXTERNAL SUPPLY
	SELECTING THE INDUCTOR VALUE
	CALCULATING THE OUTPUT CAPACITANCE
	Loop Compensation
	Calculate the Poles and Zeros

	dv/dt INDUCED TURN-ON
	HIGH-SIDE MOSFET POWER DISSIPATION
	SYNCHRONOUS RECTIFIER MOSFET POWER DISSIPATION
	TPS40060/TPS40061 POWER DISSIPATION

	LAYOUT CONSIDERATIONS
	THE PowerPAD PACKAGE
	MOSFET PACKAGING
	GROUNDING AND CIRCUIT LAYOUT CONSIDERATIONS

	DESIGN EXAMPLE
	1. Calculate maximum and minimum duty cycles
	2. Select switching frequency
	3. SelectΔ I
	4. Calculate the power losses
	5. Calculate synchronous rectifier losses
	6. Calculate the Inductor Value
	7. Setting the switching frequency
	8. Programming the Ramp Generator Circuit
	9. Calculating the Output Capacitance (CO)
	10. Calculate the Soft-Start Capacitor (CSS)
	11. Calculate the Current Limit Resistor (RILIM)
	12. Calculate Loop Compensation Values
	CALCULATING THE BPN10 AND BP10V BYPASS CAPACITANCE
	GATE DRIVE CONFIGURATION
	REFERENCES




