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LOW-INPUT HIGH-EFFICIENCY
SYNCHRONOUS BUCK CONTROLLER
FEATURES APPLICATIONS

® Operating Input Voltage 2.25V to 5.5V
® Qutput Voltage as Low as 0.7 V
® 1% Internal 0.7 V Reference
°

Predictive Gate Drive
Drivers for Higher Efficiency
Externally Adjustable Soft-Start and
Overcurrent Limit

® Fixed-Frequency Voltage-Mode Control
- TPS40007, 300 kHz
- TPS40009, 600 kHz

® Source/Sink with V gy Prebias

® 10-Lead MSOP PowerPad ™ Package for
Higher Performance

® Thermal Shutdown
® |Internal Boostrap Diode

SIMPLIFIED APPLICATION DIAGRAM

™ N-Channel MOSFET

Networking Equipment
Telecom Equipment
Base Stations

Servers

DSP Power

Power Modules

DESCRIPTION

The TPS4000x are controllers for low-voltage,
non-isolated synchronous buck regulators. These
controllers drive an N-channel MOSFET for the
primary buck switch, and an N-channel MOSFET
for the synchronous rectifier switch, thereby
achieving very high-efficiency power conversion. In
addition, the device controls the delays from main
switch off to rectifier turn-on and from rectifier
turn-off to main switch turn-on in such a way as to
minimize diode losses (both conduction and
recovery) in the synchronous rectifier with TI's
proprietary Predictive Gate Drive ™ technology. The
reduction in these losses is significant and increases
efficiency. For a given converter power level, smaller
FETs can be used, or heat sinking can be reduced
or even eliminated.
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SLUS589B- NOVEMBER 2003 - REVISED FEBRUARY 2005

DESCRIPTION (continued)

The current-limit threshold is adjustable with a single resistor connected to the device. The TPS4000x
controllers implement a closed-loop soft start function. Startup ramp time is set by a single external capacitor
connected to the SS/SD pin. The SS/SD pin is also used for shutdown.

ORDERING INFORMATION

Ta FREQUENCY PACKAGED DEVICES MSOP (1) (DGQ)
300 kHz TPS40007DGQ
600 kHz TPS40009DGQ

—40°C to 85°C

(1) The DGQ package is available taped and reeled. Add R suffix to device type (e.g.
TPS40007DGQR) to order quantities of 2,500 devices per reel and 80 units per tube.

ABSOLUTE MAXIMUM RATINGS

over operating free-air temperature range unless otherwise noted(2)

TPS4000x UNIT
BOOT Vgw + 6.5
COMP, FB, ILIM, SS/SD -0.3t06.5
Input voltage range, V|N SW -31010.5 \Y;
SW (SW transient < 50 ns) -5
VDD 6.5
Operating junction temperature range, T —40 to 150
Storage temperature, Tstg -5510 150 °C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds 260

(2) 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.

DGQ PACKAGE (3)(4)
(TOP VIEW)

iLim 1410 10 |13 BOOT
FB 1> 9 |13 HDRV
COMP I3 8 111 SW
4 7
5 6

SS/sb I T 1 VDD
GND 1 T 1 LDRV

ACTUAL SIZE
3,05mm x 4,98mm

(3) See technical brief SLMA002 for PCB guidelines for PowerPAD packages.
(4)  PowerPAD™ heat slug should be connected to GND (pin 5).
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TPS40007
TPS40009

SLUS589B- NOVEMBER 2003 - REVISED FEBRUARY 2005

ELECTRICAL CHARACTERISTICS
temperature range, Tp = —40°C to 85°C, Vpp = 5.0 V, Ta = T3; all parameters measured at zero power dissipation
(unless otherwise noted)

PARAMETER | TEST CONDITIONS | MmN TYP mAX [ uNiT
INPUT SUPPLY
VDD Input voltage range 2.25 5.5
VHGATE High-side gate voltage VBOOT ~ Vsw 6 v
Shutdown current SS/SD= 0V, Outputs off 0.25 0.45
IDD Quiescent current FB=08V 1.4 2.0 mA
Switching current No load at HDRV/LDRV 15 4.0
UVLO Minimum on-voltage 1.95 2.05 2.15 \%
Hysteresis 80 150 220 mV
OSCILLATOR
TPS40007 250 300 350
fosc Oscillator frequency TPS40009 225V <Vpp<5.00V 500 600 200 kHz
VRAMP Ramp voltage VPEAK — VWALLEY 0.80 0.93 1.07
Ramp valley voltage 0.24 0.31 0.44 v
PWM
Maximum duty cycle(2) LS Y Vpp = 3.3V STO% o4
TPS40009 ' 83.0%  93.0%
Minimum duty cycle 0%
Minimum controllable pulse width(1)(3) 100 150 | ns
ERROR AMPLIFIER
Line, Temperature 0.690 0.700 0.711
VFs  FBinputvoltage Tp = 25°C 0693 0700 o0707|
IFB FB input bias current 30 130 nA
VoH High-level output voltage FB=0V, loH= 1L.0mA 2.0 25
VoL Low-level output voltage FB =Vpp. loL=0.5mA 0.08 0.15 v
loH Output source current COMP =0.7V, FB = GND 6
loL Output sink current COMP =0.7V, FB= Vpp 8 mA
Gpw  Gain bandwidth(1) 10 MHz
AoL Open loop gain 55 85 dB
SHORT CIRCUIT CURRENT PROTECTION
ISINK ILIM sink current Vpp=5V 11 15 19 uA
ISINK ILIM sink current Vpp =225V 9.5 13.0 16.5 A
Vos Offset voltage SW vs ILIM(1) 2.25V <Vpp <5.00 -20 0 20 mv
VILIM Input voltage range 2 VDD \%
toN Minimum HDRYV pulse time in overcurrent | Vpp =3.3V 220 330 ns
smé%atlﬁggegggﬁ blanking pulse in over- 100 ns
tss Soft-start capacitor cycles as fault timer(1) 6

(1) Ensured by design. Not production tested.
(2)  Derate the maximum duty cycle by 3% for Vpp <3V
3 Operating at PWM on-times of less than 100 ns could lead to overlap between HDRV and LDRYV pulses.
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TPS40007
TPS40009

SLUS589B- NOVEMBER 2003 - REVISED FEBRUARY 2005

ELECTRICAL CHARACTERISTICS
temperature range, Tp = —40°C to 85°C, Vpp = 5.0V, Ta = T; all parameters measured at zero power dissipation
(unless otherwise noted)

PARAMETER | TEST CONDITIONS | MN TYP  mAX [ UNIT

OUTPUT DRIVER
RHDHI  HDRYV pull-up resistance }/S%%%ngéwlgo %?AV 3 5.5
RupLO HDRV pull-down resistance }/SE;’SKOI IO\C/)SrXYA: >3V, 15 3 Q
R pH| LDRV pull-up resistance Vpp =33V, ISOURCE = —100 mA 3 5.5
RipLo LDRYV pull-down resistance Vpp =3.3V, ISINK = 100 mA 1.0 2.0
tRLD LDRYV rise time 15 35
tFLD LDRYV fall time 10 25
tRHD _ HDRV rise time CLOAD =1 nF 15 5| °
tFHD HDRYV fall time 10 25
PREDICTIVE DELAY
Vswp  Sense threshold to modulate delay time -350 mV
TLDHD Maximum delay modulation range time LDRV OFF - to - HDRV ON 45 70 95

Predictive counter delay time per bit LDRV OFF - to - HDRV ON 2.8 4.3 6.2
THpLD Maximum delay modulation range HDRV OFF - to — LDRV ON 50 g0 10|

Predictive counter delay time per bit HDRV OFF - to - LDRV ON 3.0 4.8 6.6
SHUTDOWN
Vsp Shutdown threshold voltage Outputs OFF 0.21 0.26 0.31
VEN Device active threshold voltage 0.25 0.29 0.35 v
SOFTSTART
Iss Soft-start source current Outputs OFF 2.0 3.7 5.4 A
Vss Soft-start voltage to begin VoyT start 0.35 0.65 0.95 \Y
BOOTSTRAP

Vpp =3.3V 50 100

RBoOT Bootstrap switch resistance Vb =5V 35 70 Q
VouT PRE-BIAS

T e i on D Pras 1evel s 1 £g percent of 700 mv 90%
SW NODE
Isw Leakage current in shutdown | 2 UA
THERMAL SHUTDOWN
tsp Shutdown temperature(1) 165

Restart from thermal shutdown(1) -15 c

(1) Ensured by design. Not production tested.

(2) Derate the maximum duty cycle by 3% for Vpp <3 V.

®3) Operating at PWM on-times of less than 100 ns could lead to overlap between HDRV and LDRV pulses.
(4)  Prebiased output greater than 90% of final regulation may lead to sinking current from the prebias output.
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Terminal Functions

TERMINAL
110 DESCRIPTION

NAME | NO.

BOOT 10 o Provides a bootstrapped supply for the topside MOSFET driver, enabling the gate of the topside
MOSFET to be driven above the input supply rail

COMP O | Output of the error amplifier

FB | Inverting input of the error amplifier. In normal operation the voltage at this pin is the internal reference level of 700 mV.

GND 5 _ | Power supply return for the device. The power stage ground return on the board requires a separate path from other
sensitive signal ground returns.

HDRV 9 o This is the gate drive output for the topside N-channel MOSFET. HDRYV is bootstrapped to near 2 x Vpp for good en-
hancement of the topside MOSFET.
A resistor is connected between this pin and VDD to set up the over current threshold voltage. A 15-uA current sink at
the pin establishes a voltage drop across the external resistor that represents the drain-to-source voltage across the

ILIM 1 | top side N-channel MOSFET during an over current condition. The ILIM over current comparator is blanked for the
first 100 ns to allow full enhancement of the top MOSFET. Set the ILIM voltage level such that it is within 800 mV of
Vpp; thatis, (Vpp — 0.8) < ljLim < VDD.

LDRV 6 O | Gate drive output for the low-side synchronous rectifier N-channel MOSFET
Soft-start and overcurrent fault shutdown times are set by charging and discharging a capacitor connected to this pin.
A closed loop soft-start occurs when the internal 3-puA current source charges the external capacitor. There is a 0.65-V
offset between external SS pin and internal soft-start voltage at the error amplifier input. This allows the device to be

SS/SD 4 | enabled before starting VoyT, thus ensuring that Vo soft starts smoothly. When the SS/SD voltage is less than 0.25
V, the device is shutdown and the HDRV and LDRYV are driven low. In normal operation, the capacitor is charged to
VDD. When a fault condition is asserted, the soft-start capacitor goes through six charge/discharge cycles, restarting
the converter on the seventh cycle.
Connect to the switched node on the converter. This pin is used for overcurrent sensing in the topside N-channel

sw 8 o MOSFET, and level sensing for predictive delay circuit. Overcurrent is determined, when the topside N-channel MOS-
FET is on, by comparing the voltage on SW with respect to VDD and the voltage on the ILIM with respect to VDD.
This pin is also used for the return of the topside N-channel MOSFET driver.

VDD 7 | Power input for the chip, 5.5-V maximum. Decouple close to the pin with a low-ESR capacitor, 1-uF or larger.

FUNCTIONAL BLOCK DIAGRAM

VDD
VDD 7J » VDD THERMAL 3
LC SHUTDOWN LDRY ——
T uvLO
2V — v
ERROR AMPLIFIER PWM COMP BOOT
FB |:2:|— >
< 0 ! :
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0.7 UVLO 9 | HDRV
REF L | osc J]_"_"_CLK pwMm | PREDICTIVE
0.65 V > > GATE <
DRIVE <
L
comp |:3J UVLO —] L%Vé'\l"c
3.7pA (VDD-1.2 V)
SS ACTIVE \i FAULT [8] sw
D SOFT > FAULT >
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APPLICATION INFORMATION

The TPS4000x series of synchronous buck controller devices is optimized for high-efficiency dc-to-dc
conversion in non-isolated distributed power systems. A typical application circuit is shown in Figure 1.

The TPS40007 and TPS40009 are the controllers of choice for general-purpose synchronous buck designs.
They are designed to startup into applications where the output voltage is pre-biased, and without having the
synchronous rectifier interfere with the pre-bias condition. PWM pulses are enabled when the soft-start voltage
crosses the feedback level dictated by the pre-bias output. Moreover, the pre-biased output ramps up smoothly
from its pre-bias value and into regulation.

VDD O— T T
3.0Vt055V 100 pF _Llo =

20 kQ
TPS40007

ILIM BOOT

FB HDRV

IHLP5050CE-01 VouT 1.8V

3.6 nF 7.68 kQ 10A

|

100 p SS/SD VDD

COMP SW

10 uF 243 Q

15.7 kQ

GND LDRV :1

% 10 kQ

3.3nF

UDG-03159

Figure 1. Typical Application Circuit
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APPLICATION INFORMATION

ERROR AMPLIFIER

The error amplifier has a bandwidth of greater than 5 MHz, with open loop gain of at least 55 dB. The COMP
output voltage is clamped to a level above the oscillator ramp in order to improve large-scale transient response.

OSCILLATOR

The oscillator uses an internal resistor and capacitor to set the oscillation frequency. The ramp waveform is a
sawtooth at the PWM frequency with a peak voltage of 1.25 V, and a valley of 0.31 V. The PWM duty cycle is
limited to a maximum of 94%, allowing the bootstrap capacitor to charge during every cycle.

BOOTSTRAP/CHARGE PUMP

There is an internal switch between VDD and BOOT. This switch charges the external bootstrap capacitor for
the floating supply. If the resistance of this switch is too high for the application, an external schottky diode
between VDD and BOOT can be used. The peak voltage on the bootstrap capacitor is approximately equal to
VDD.

DRIVER

The HDRV and LDRV MOSFET drivers are capable of driving gate-to-source voltages up to 5.5 V. At V|n, =5V
and using appropriate MOSFETSs, a 20-A converter can be achieved. The LDRV driver switches between VDD
and ground, while the HDRYV driver is referenced to SW and switches between BOOT and SW.

SYNCHRONOUS RECTIFICATION AND PREDICTIVE DELAY

In a normal buck converter, when the main switch turns off, current is flowing to the load in the inductor. This
current cannot be stopped immediately without using infinite voltage. In order to provide a path for current to
flow and maintain voltage levels at a safe level, a rectifier or catch device is used. This device can be either a
conventional diode, or it can be a controlled active device if a control signal is available to drive it. The TPS4000x
provides a signal to drive an N-channel MOSFET as a rectifier. This control signal is carefully coordinated with
the drive signal for the main switch so that there is minimum delay from the time that the rectifier MOSFET turns
off and the main switch turns on, and minimum delay from when the main switch turns off and the rectifier
MOSFET turns on. This scheme, Predictive Gate Drive™ delay, uses information from the current switching
cycle to adjust the delays that are to be used in the next cycle. Figure 2 shows the switch-node voltage waveform
for a synchronously rectified buck converter. lllustrated are the relative effects of a fixed-delay drive scheme
(constant, pre-set delays for the turn-off to turn-on intervals), an adaptive delay drive scheme (variable delays
based upon voltages sensed on the current switching cycle) and the predictive delay drive scheme.

Note that the longer the time spent in diode conduction during the rectifier conduction period, the lower the
efficiency. Also, not described in Figure 2 is the fact that the predictive delay circuit can prevent the body diode
from becoming forward biased at all. This results in a significant power savings when the main MOSFET turns
on, and minimizes reverse recovery loss in the body diode of the rectifier MOSFET.

{5‘ TEXAS
INSTRUMENTS

www.ti.com 7



TPS40007
TPS40009

SLUS589B- NOVEMBER 2003 - REVISED FEBRUARY 2005

APPLICATION INFORMATION

\/
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Body Diode Conduction

i
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_ ~_ :
T— Fixed Delay 4T T

Adaptive Delay

P e — —

Predictive Delay UDG-03166

Figure 2. Switch Node Waveforms for Synchronous Buck Converter

SHORT CIRCUIT PROTECTION

Overcurrent conditions in the TPS4000x are sensed by detecting the voltage across the main MOSFET while
it is on.

Basic Description

If the voltage exceeds a pre-set threshold, the current pulse is terminated, and a counter inside the device is
incremented. If this counter fills up, a fault condition is declared and the device disables switching for a period
of time and then attempts to restart the converter with a full soft-start cycle.

J@ TeEXAS
INSTRUMENTS
8 Www.ti.com



TPS40007
TPS40009

SLUS589B- NOVEMBER 2003 - REVISED FEBRUARY 2005

APPLICATION INFORMATION

Detailed Description

During each switching cycle, a comparator looks at the voltage across the top side MOSFET while it is on. This
comparator is enabled after the SW node reaches a voltage greater than (Vpp—1.2 V) followed by a 100-ns
blanking time. If the voltage across that MOSFET exceeds the programmed voltage, the current-switching pulse
is terminated and a 3-bit counter is incremented by one count. If, during the switching cycle, the topside
MOSFET voltage does not exceed a preset threshold, then this counter is decremented by one count. (The
counter does not wrap around from 7 to O or from 0 to 7). If the counter reaches a full count of 7, the device
declares that a fault condition exists at the output of the converter. In this fault state, HDRV and LDRYV are turned
off, and the soft-start capacitor is discharged. LDRYV is maintained OFF during fault timeout to effectively support
pre-bias applications. The counter is decremented by one by the soft start capacitor (Cgg) discharge. When the
soft-start capacitor is fully discharged, the discharging circuit is turned off and the capacitor is allowed to charge
up at the nominal charging rate. When the soft-start capacitor reaches approximately 1.3 V, it is discharged
again and the overcurrent counter is decremented by one count. The capacitor is charged and discharged, and
the counter decremented until the count reaches zero (a total of six times). When this happens, the outputs are
again enabled as the soft-start capacitor generates a reference ramp for the converter to follow while attempting
to restart.

During this soft-start interval (whether or not the controller is attempting to do a fault recovery or starting for the
first time), pulse-by-pulse current limiting is in effect, but overcurrent pulses are not counted to declare a fault
until the soft-start cycle has been completed. It is possible to have a supply attempt to bring up a short circuit
for the duration of the soft start period plus seven switching cycles. Power stage designs should take this into
account if it makes a difference thermally. Figure 3 shows the details of the overcurrent operation.

(+) VTs i—)
' N aane NN
1yl
1]
Internal PWM e Short Circuit Protection

£/ Threshold Voltage
fffffffff [ — 7% - —

R - |/

External
Main Drive

Normal Overcurrent

Cycle Cycle UDG-03165

Figure 3. Short Circuit Operation
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APPLICATION INFORMATION

Figure 4 shows the behavior of key signals during initial startup, during a fault and a successfully fault recovery.
At time tO, power is applied to the converter. The voltage on the soft-start capacitor (Vcgs) begins to ramp up.
At t1, the soft-start period is completed and the converter is regulating its output at the desired voltage level.
From t0 to t1, pulse-by-pulse current limiting is in effect, and from t1 onward, overcurrent pulses are counted
for purposes of determining a possible fault condition. At t2, a heavy overload is applied to the converter. This
overload is in excess of the overcurrent threshold. The converter starts limiting current and the output voltage
falls to some level depending on the overload applied. During the period from t2 to t3, the counter is counting
overcurrent pulses, and at time t3 reaches a full count of 7. The soft-start capacitor is then discharged, the
counter is decremented, and a fault condition is declared.

VDD
A

Vess
~13V |
~06V —

FAULT

ILOAD

VouTt

COUNTER

[1]2]s]4]5]6]7]

UDG-03160

Figure 4. Overcurrent/Fault Waveforms

When the soft start capacitor is fully discharged, it begins charging again at the same rate that it does on startup,
with a nominal 3.7-uA current source. When the capacitor voltage crosses 1.3V, it is discharged again and the
counter is decremented by one count. These transitions occur at t3 through t9. Not shown in Figure 4 is that
between t3 and t9, LDRV is maintained OFF. At t9, the counter has been decremented to 0. The fault logic is
then cleared, the outputs are enabled, and the converter attempts to restart with a full soft-start cycle. The
converter comes into regulation at t10.

10
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APPLICATION INFORMATION

SETTING THE CURRENT LIMIT

Connecting a resistor from VDD to ILIM sets the current limit. A 15-pA current sink internal to the device causes
a voltage drop at ILIM that becomes the short circuit threshold. Ensure that (Vpp—0.8 V) < V| ijm< Vpp. The
tolerance of the current sink is too loose to do an accurate current limit. The main purpose is for hard fault
protection of the power switches. Given the tolerance of the ILIM sink current, and the Rpson) range for a
MOSFET, it is generally possible to apply a load that thermally damages the converter. This device is intended
for embedded converters where load characteristics are defined and can be controlled.

A local capacitor (with a value 50 pF to 150 pF) placed across the resistor between VDD and ILIM may improve
coupling a common mode noise between VDD and ILIM.

SOFT-START AND SHUTDOWN

These two functions are combined on the SS/SD pin. There is a VBE offset (0.65-V) between the external SS/SD
pin and internal soft-start voltage at the error amplifier input, allowing the device to be enabled before starting
VouT as shown in Figure 5. This reduces the transient current required to charge the output capacitor at startup,
and allows for a smooth startup with no overshoot of the output voltage.

SS/SD
(200 mV/ div) ]

FB
(200 mV/ div) |
/ ]

/s
/S
v
/[

t — Time — 1 ms/div

Figure 5. Offset Between SS/SD and FB at Startup
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APPLICATION INFORMATION

A shutdown feature can be implemented as shown in Figure 6. The device shuts down when the voltage at the
SS/SD pin falls below 260 mV. Because of this limitation, it is recommended that a MOSFET be used as the
controlling device, as in Figure 6. During shutdown, the total leakage current on the SW pin (Igyy) is less than
2 uA. When Vgg/gp is greater than 290 mV, the device is enabled with normal SW active bias currents.

TPS40007/9
v ) 37uA

ERROR AMPLIFIER
T +—1
Css
SHUTDOWN
_I p—
1 . - con

Figure 6. Shutdown Implementation

COMP

|+ +

UDG-01163

Long soft start times may experience extended regions where the PWM pulse width is less than 100 ns. This
could lead to momentary overlap between HDRV and LDRV. As a result, there is a momentary increase in
ground or supply noise. It is important to ensure that the ground return of the synchronous rectifier be connected
directly to the ground return of the input bank of bypass capacitors, in order to minimize ground noise from
interfering with the controller during soft start. Also, if an external shutdown transistor is used in the application,
it is important to place a local bypass capacitor between its gate and source on the board in order to minimize
noise from interfering with the controller during soft-start.

OUTPUT PRE-BIAS

The TPS4000x supports pre-biased Vot voltage applications. In cases, where the Vo voltage is held up by
a pre-biasing supply while the controller is off, full synchronous rectification is disabled during the initial phase
of soft starting the Vot voltage. When the first PWM pulses are detected during soft-start, the controller slowly
activates synchronous rectification by starting the first LDRV pulses with a narrow on-time. It then increments
that on-time on a cycle-by-cycle basis until it coincides with the time dictated by (1-D), where D is the duty cycle
of the converter. This scheme prevents the initial sinking the pre-bias output, and ensures that the VoTvoltage
starts and ramps up smoothly into regulation. Note, if the Vot Vvoltage is pre-biased, PWM pulses start when
the error amplifier soft-start input voltage rises above the commanded FB voltage.

Figure 7 depicts the waveforms of the HDRV and LDRV output signals at the beginning PWM pulses. When
HDRYV turns off, diode rectification is enabled. Before the next PWM cycle starts, LDRV is turned on for a short
pulse. With every cycle, the leading edge of LDRV is modulated, and the on-time of the synchronous rectifier
is increased. Eventually, the leading edge of LDRV coincides with the falling edge of HDRV to achieve full
synchronous rectification.

At most, synchronous rectifier modulation takes place for the first 128 cycles after PWM pulses start. Note that
during the synchronous rectifier modulation region, the controller monitors pulse skipping. If the main HDRV
skips a pulse, the controller also skips a LDRV pulse. Pulse skipping could be experienced if the loop response
is much faster than the commanding soft-start ramp, especially when soft start times are long. The output
voltage ratchets up as the soft-start ramp catches up to it. Appropriate setting of loop response curbs this effect.

During normal regulation of the Vo voltage, the controller operates in full two-quadrant source/sink mode.

12
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APPLICATION INFORMATION

Figure 8 shows startup waveforms of a 1.2-V Vg7 voltage under different pre-bias scenarios. The first trace
is when the output voltage starts with zero pre—bias. The second and third traces, respectively, the pre-bias
levels are 0.5V and 1.0 V.

- PREBIAS=0.5V

vorv 1| emessov
t—Time - 2 ps/div t - Time — 500 ps/div
Figure 7. Figure 8.
MOSFET Drivers at Beginning of Soft-Start Startup Waveforms

The recommended VgyT Vvoltage pre-bias range is less than or equal to 90% of final regulation. That is, a
pre-bias level between 90% and 100% of final regulation could lead to sinking the pre-bias supply. If the VoyT
voltage is initially set to higher than 100% of final regulation, the controller forces sinking current at the end of
soft-start in order to bring the output quickly into regulation.

The following pages include design ideas for a few applications. For more ideas, detailed design information,
and helpful hints, visit the TPS40000 resources at http://power.ti.com.
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APPLICATION INFORMATION

VbD
3.3V

—L 22 uF
1

1

1nF

8.66 kQ

—— 22uF
TPS40009
ILIM  BOOT (10 FDS6894A
|I—
>
FB HDRV |9 H 1.0uH
— \Y
1uF ouT
T " O 1.2V
COMP sw |8 5A
22Q
22 uF | 22 puF
SS/SD VDD FDS6894A - =
|_
I
GND LDRV | 6 - |—< —|’0.0033 uF
PWP —_—H .
7
12.1kQ
= —— 470 pF

Figure 9. Small-Form Factor Converter for 3.3 Vto 1.2 V at 5 A.

UDG-03164
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APPLICATION INFORMATION

TPS40007
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Figure 10. High-Current Converter for 3.3 Vto 1.2 V at 10 A.
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Figure 11. Ultra-Low-Input Voltage Converter for 25V to 1.2V at5A
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Figure 12. TPS40007EVM-001 Ultra-High-Efficiency Converter for 3.3 Vto 2.5V at 10 A
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Layout Considerations

Successful operation of the TPS4000x controllers is dependent upon proper converter layout and grounding
techniques. High current returns for the SR MOSFET’s source, and ground connection of the input and output
capacitors, should be kept on a single ground plane. Bypassing capacitors at the device should return closely
to the GND (pin 5) of the device. The GND (pin 5) and PowerPAD™ should connect together at the device and
return to the main ground plane.

Proper operation of the Predictive Gate Drive™ circuits is dependent upon detecting low-voltage thresholds on
the SW node. To ensure that the signal at the SW pin accurately represents the voltage at the main switching
node, the connection from SW (pin 8) to the main switching node of the converter should be kept as short and
as wide as possible. If the SW trace should traverse multiple board layers between the device and the
MOSFETs, multiple vias should be used.

Gate drive outputs, LDRV and HDRYV, should be kept as short as possible to minimize inductances of the traces.
While the controller does not require the usage of external resistors between the driver pins and the gates of
the MOSFETSs, adding small resistors in series with very high gate charge MOSFETs could minimize the effects
of high frequency ringing.

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. The circuit
board must have an area of solder-tinned-copper underneath the package. The dimensions of this area depend
on the size of the PowerPAD™ package (See Thermal Pad Mechanical Data on page 21)
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
@) Drawing Qty @ ©) @ (/5)
TPS40007DGQ ACTIVE MSOP- DGQ 10 80 Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40007 Samnles
PowerPAD & no Sb/Br) e
TPS40007DGQG4 ACTIVE MSOP- DGQ 10 80 Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40007 Samnles
PowerPAD & no Sb/Br) e
TPS40007DGQR ACTIVE MSOP- DGQ 10 2500  Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40007 Samnles
PowerPAD & no Sb/Br) P
TPS40007DGQRG4 ACTIVE MSOP- DGQ 10 2500 Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40007
PowerPAD & no Sh/Br) L
TPS40009DGQ ACTIVE MSOP- DGQ 10 80 Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40009 Samnles
PowerPAD & no Sh/Br) L
TPS40009DGQG4 ACTIVE MSOP- DGQ 10 80 Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40009 Samnles
PowerPAD & no Sh/Br) L
TPS40009DGQR ACTIVE MSOP- DGQ 10 2500 Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40009 Samples
PowerPAD & no Sh/Br)
TPS40009DGQRG4 ACTIVE MSOP- DGQ 10 2500  Green (RoHS CU NIPDAUAG Level-1-260C-UNLIM -40 to 85 40009 Samples
PowerPAD & no Sh/Br) Pe

® 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 Sb/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): Tl'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 Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sh 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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® There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

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

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

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

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
* —» =K e— P1—
% { I
T
@ ’@ @ T 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)
TPS40007DGQR MSOP- DGQ 10 2500 330.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1
Power
PAD
TPS40007DGQR MSOP- DGQ 10 2500 330.0 12.4 53 3.3 1.3 8.0 12.0 Q1
Power
PAD
TPS40009DGQR MSOP- DGQ 10 2500 330.0 12.4 53 3.3 1.3 8.0 12.0 Q1
Power
PAD
TPS40009DGQR MSOP- DGQ 10 2500 330.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1
Power
PAD

Pack Materials-Page 1
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TAPE AND REEL BOX DIMENSIONS
,/”?/
4
// S
/\g\‘ /}#\
. 7
- //' "\.\ 7
Tu e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS40007DGQR MSOP-PowerPAD DGQ 10 2500 364.0 364.0 27.0
TPS40007DGQR MSOP-PowerPAD DGQ 10 2500 346.0 346.0 35.0
TPS40009DGQR MSOP-PowerPAD DGQ 10 2500 346.0 346.0 35.0
TPS40009DGQR MSOP-PowerPAD DGQ 10 2500 364.0 364.0 27.0

Pack Materials-Page 2



MECHANICAL DATA

DGQ (S—PDSO-G10) PowerPAD ™ PLASTIC SMALL OUTLINE

0,27

= e
alilatils

[ TieruAL PaD | 0,23 NG
\ 0,13 "
SIZE AND SHAPE 310 505
SHOWN ON 290 475
| SEPARATE SHEET | ’
L
1 5
3,10
20 ™
4 // p S
// ( \\. \
|
v t]_[:]_[:]_[:]_[:]_[j & Seating Plane & \ J&// Ji\'
L 1,10 MAX 5 JA [&]0.0] JA S

4073273 /F 11/11

NOTES:

All linear dimensions are in millimeters.

Body dimensions do not include mold flash or protrusion not to exceed 0,15.

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. SLMAOO2 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.
F. Falls within JEDEC MO-187 variation BA-T.

A.
B. This drawing is subject to change without notice.
C
D

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

DGQ (S—PDSO0-G10) PowerPAD™ PLASTIC SMALL 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. SLMAQOO2 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.

10 6
w HHIHE
1,32 f | )
i — = 1 Exposed Thermal Pad
-
4 (I
I
1 5
< » 1,88
1,47

Top View

Exposed Thermal Pad Dimensions

4206324-2/H 12/14

NOTE: A. All linear dimensions are in millimeters

PowerPAD is a trademark of Texas Instruments
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LAND PATTERN DATA

DGQ (S—PDSO-G10) PowerPAD™ PLASTIC SMALL OUTLINE

// v Solder Mask Opening

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

I“"_8XO 5 solder stencil thicknesses
)

Increasing copper area will *
enhance thermal performance
(See Note D)

(See Note E)

_,? 06 107 H2 1,57 |Y 4,2

=i

Example - 0,25 I.I 8XO,5

Non Soldermask Defined Pad ]

P - h \ Example

(See Note F)

—{|-—01

Center Power Pad Solder Stencil Opening
Stencil Thickness X Y
0.1mm 2.0 1.7

0.127mm 1.88 1.57
Pad Geometry

0,05 | 0.152mm 1.75 1.45
m Around / 0.178mm 1.65 1.35

4207733-2/F 02/19

NOTES:

F.

All linear dimensions are in millimeters.

This drawing is subject to change without notice.

Customers should place a note on the circuit board fabrication drawing not to alter the center solder mask defined pad.
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. SLMAOO2, SLMAOO4, 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.ti.com>. Publication IPC-7351 is recommended for alternate designs.

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 507% volumetric
metal load solder paste. Refer to IPC-7525 for other stencil recommendations.

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

PowerPAD is a trademark of Texas Instruments
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THERMAL PAD MECHANICAL DATA

DGQ (S—PDSO0-G10) PowerPAD™ PLASTIC SMALL 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. SLMAQOO2 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.

10 6
e AT
163 | )
. T T e T Exposed Thermal Pad

2 g

T

4 ___J
(- | J
1 5
< > 1:
Top View

Exposed Thermal Pad Dimensions

4206324-7/H 12/14

NOTE: A. All linear dimensions are in millimeters

PowerPAD is a trademark of Texas Instruments
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LAND PATTERN DATA

DGQ (S—PDSO—-G10)

PowerPAD™

PLASTIC SMALL OUTLINE

Example Board Layout
Via pattern and copper pad size
may vary depending on layout constraints

Solder Mask
Over Copper

8X(0,5)

Example
Non Soldermask Defined Pad

Example

(See Note F)

O __(ro,05)
= YP

|
(0,05)
All Sides

Stencil Openings based on a stencil

Increasing copper area will

enhance thermal performance

(See Note D)

Example Solder Mask

Solder Mask Opening

Pad Geometry

™

10X(1

M A S (1,83)
(R0,05) X ‘
TYP

thickness of 0.127mm (0.005inch).
Reference table below for other
solder stencil thicknesses

(See Note E)

[==—8x(0,5)

[T

JE——
~—~
o~
I~
N~—

Defined Pad
(See Note C and D)
SYMM
¢
10X(0,3)
Center Power Pad Solder Stencil Opening
Stencil Thickness X Y
0.1mm 213 2.06
0.127mm 1.89 1.83
0.152mm 1.73 1.67
0.178mm 1.60 1.55

4207733-5/F 02/15

NOTES: All linear dimensions are in millimeters.

This drawing is subject to change without notice.

Customers should place a note on the circuit board fabrication drawing not to alter the center solder mask defined pad.
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. SLMAOO2, SLMAOO4, 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.ti.com>. Publication IPC-7351 is recommended for alternate designs.

Laser cutting apertures with trapezoidal walls and dlso rounding corners will offer better paste release.
contact their board assembly site for stencil design recommendations.

Customers should

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.

PowerPAD is a trademark of Texas Instruments
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IMPORTANT NOTICE

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

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

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

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

TI's provision of technical, application or other design advice, quality characterization, reliability data or other services or information,
including, but not limited to, reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to
assist designers who are developing applications that incorporate Tl products; by downloading, accessing or using Tl Resources in any
way, Designer (individually or, if Designer is acting on behalf of a company, Designer's company) agrees to use any particular TI Resource
solely for this purpose and subject to the terms of this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its Tl Resources. Tl has not conducted any testing other than that specifically
described in the published documentation for a particular TI Resource.

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

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS. TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNER AGAINST ANY CLAIM,
INCLUDING BUT NOT LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF
PRODUCTS EVEN IF DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL Tl BE LIABLE FOR ANY ACTUAL,
DIRECT, SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN
CONNECTION WITH OR ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER Tl HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

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

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

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

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

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated
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