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ABSTRACT

Integrated load switches are a great way to reduce board space and improve switching performance and
protection over existing discrete MOSFET solutions. This application note goes into detail on how to
identify what features are present in a discrete MOSFET solution as well as the design advantages and
simplifications of integrated load switches.
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1 Overview

A simple, active-high discrete MOSFET circuit looks similar to Figure 1. Note that when the switch is ON,
there is a constant leakage current from V,, to ground through the resistor. Figure 2 shows that when the
switch turns on there is a high inrush current which causes an input voltage drop.
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Figure 1. Simple, Active-High Discrete Solution Figure 2. Uncontrolled Inrush Current

A controlled rise time prevents stress on the power supply and reduces input voltage drop during the
enabling of the switch. Discrete controlled rise time is shown in Figure 3.

Although the capacitor helps by controlling rise time, it also negatively affects the operation of the rail.
When the NMOS turns on and connects the gate of the PMOS to ground, current flows from the input
through the resistor to ground. This creates a momentary positive voltage at the gate of the PMOS which
generates a negative voltage at the output. This negative voltage spike can be seen in Figure 4.
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Figure 3. Simple, Active-High Discrete Solution With Figure 4. Negative Voltage From Capacitor
Controlled Rise Time
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Figure 5 shows a simple 4-pin, active-high load switch with an internally controlled rise time. This solution
takes less space than the discrete solution. See Example 1 for a detailed comparison of a simple discrete
solution versus a simple integrated load switch.

Power Supply VIN VOUT Load

ON GND
—EN
OFF Load Switch

Figure 5. 4-Pin Load Switch

All load switches offer a fixed or adjustable rise time which controls the inrush current and slew rate of the
device. A controlled slew rate results in a smooth output voltage ramp without negative voltage spikes or
drops in input voltage when the device turns on, as shown in Figure 6.
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Figure 6. 4-Pin Load Switch Turnon

2 Basic Parameters

The beginning process of selecting an integrated load switch is determining the basic operating
parameters for a rail: Vy, loyr, and the maximum Vg ; deviation. These three parameters are all co-
dependent on each other; in most situations, V,y and Iy of the rail are fixed and the V; deviation is set
based on system tolerances. The V; deviation is caused by voltage drop from current passing through
the on-resistance, Ry, of the load switch. Inrush current occurs when the load switch turns on and can be
controlled with a fixed or adjustable slew rate. For integrated load switches: V,y, lour, Ron, @nd slew rate
are all basic parameters that are given for each part.

2.1 On-Resistance

First, verify V,y and I, of the part fits the rail requirements and determine what is the maximum Vg
deviation for the rail. Then, solve for the maximum Ry, that is within the system tolerance based on the
maximum V; deviation.

If, for example, a 3.3 V rail that carries 1 A of current is allowed to deviate 0.1 V then the maximum Rgy
allowed is 100 mQ, see Equation 1.

RON-MA)(IMUM = AVMA)(IMUM/IOUT (l)

It is best to keep a safe margin when choosing Ry, given the allowable voltage drop on a rail, because
voltage drops can still occur at other stages on the rail.
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2.2

3.1

Inrush Current, Slew Rate, and Rise Time

The last basic parameter for a system is how much inrush current can be handled by the downstream
components. If inrush current is too high, it can damage downstream components when the switch turns
on. If inrush current is too low, the output rail rises too slowly. In order to control inrush current, slew rate
must be controlled.

Integrated load switches either have a fixed slew rate, which is handled internally to the part, or an
adjustable slew rate which is controlled based on the capacitance set on the CT or dV/dt pin. Each part
with adjustable slew rate has an estimate equation in the datasheet for calculating the slew rate based on
a given capacitance on the CT or dV/dt pin.

Slew rate controls the rise time of the output and rise time limits the inrush current. Rise time and inrush
current are inversely proportional to each other as shown in Equation 2.
llNRUSH = COUT x dv/dt

Where
e Cgyr is the output capacitance
e dV is the output voltage
e dtis the rise time 2

Performance Features

There are two additional performance related features that may be present in a discrete solution: Quick
Output Discharge and Power Good. Quick Output Discharge is used to rapidly discharge load capacitance
so that the output voltage of a switch is not left floating. Power Good is an output that signifies the output
power rail in on.

Quick Output Discharge

In a discrete solution, Quick Output Discharge, QOD, is implemented using a pull-down FET (or BJT) and
pull-down resistor connected from V; to ground. When the pass FET turns off, the pull-down FET turns
on, and the pull-down resistor in series with the pull-down FET on-resistance are added in parallel to the
load resistance. This brings the overall resistance down, as seen by the load capacitance, see Figure 7.

VIN VOouT

T
I

ON

Figure 7. Discrete Quick Output Discharge Feature

In an integrated load switch, QOD is implemented with a bipolar transistor in series with a pull-down
resistor. When the load switch turns off, QOD turns on to discharge the load capacitance faster. The way
that the load capacitor is discharged depends on the biasing conditions of the transistor. See Figure 8.

» If the transistor is in forward-active mode, it acts as a constant current sink. This pulls current out of the
load capacitance at a constant rate regardless of output voltage.

» If the transistor is in saturation mode, it acts as a resistor in series with the pull-down resistor. This
pulls current out of the load capacitance based on the output voltage at a given time.

* Once the transistor reaches cutoff mode, the transistor opens the connection from the pull-down
resistor to ground. Current only follows through the load resistance now.

Selecting a Load Switch to Replace a Discrete MOSFET Solution SLVA887-April 2017

Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVA887

13 TEXAS

INSTRUMENTS

www.ti.com Performance Features

The transistor modes are controlled by the bias voltage conditions of the transistor. As voltage on the load
capacitance falls, the transistor moves from forward-active mode into saturation then into cutoff mode.

Integrated load switches with QOD reduce the need for additional external components, reducing area.

Power Supply VIN VOUT Load
QOD
_l_ discharge
N EN GND path
OFF Load Switch =

Figure 8. Load Switch With Quick Output Discharge

3.2 Power Good

Power Good, PG, is an output that signifies that the output power rail is up and running. A discrete
implementation can look similar to Figure 9. A second rail, V+, is needed for the discrete PG solution
otherwise the PG output is left floating at the output rail when the discrete solution is off. PG may also
require a third rail depending on the desired voltage of the PG output; Figure 9 assumes that the Vg
voltage is the desired voltage for the PG signal.

1

1 ]

VIN VOUT

V+

PG

L

Figure 9. Discrete Power Good Feature

When Vg7 is low: the voltage at the gate of the left FET is low, turning it off. This leaves the gate of the
right FET pulled up to V+, turning it on and pulling the PG output to ground.

When Vg7 is high: the voltage at the gate of the left FET is high, turning it on. This connects the gate of
the right FET to ground, turning it off and the PG output is pulled up to Vgyr.

An integrated load switch with PG (see Figure 10) provides the above functionality without the need for an
additional voltage rail or external MOSFETS, reducing board layout and system level complexity. A single
pull-up resistor can be connected from the output rail to the PG pin and the signal can be fed to:
downstream components, to let them know their input rail is on; other load switches, for power sequencing
operation; or even a micro controller, as a feedback signal that the rail is on.

Power Supply VIN VOUT Load
ON PG L
—EN GND
OFF Load Switch _‘lf‘

Figure 10. Load Switch With Power Good
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4

4.1

Protection Features

The next step to consider is, what protection features are currently in the discrete solution that need to be
present in the integrated solution? There are four main protection features that can be implemented in
discrete solutions: Reverse Current Blocking, Discrete Undervoltage Lock-Out, Undervoltage Lock-Out,
and Thermal Shutdown. Reverse Current Blocking prevents current flow from the output to the input.
Current limiting prevents the power supply from overloading. Undervoltage Lock-Out prevents a low
voltage from being passed to the output. Thermal shutdown is implemented to protect the switch and its
downstream components from excessive temperatures.

Reverse Current Blocking

Reverse Current Blocking, RCB, is implemented in order to protect the power supply on the input side of
the switch as well as the switch itself. In a discrete solution, RCB prevents current flow from Vg1 to Vi
only when the switch is turned off. This is done using back to back FETs, see Figure 11.

VIN VOUT

ON ‘

Figure 11. Discrete Reverse Current Blocking Feature

An integrated load switch can implement RCB using an internal comparator which allows for always-on
RCB. This means that load switches with RCB prevents current flow from Vo to V,y when the switch is
turned off and in situations where the load switch is on with V; greater than V. Integrated load switches
with always-on RCB allow for a smaller solution size, lower on-resistance, and broader protection over the
discrete implementation. See Figure 12.

lRC

Power Supply VIN VOUT ‘ Load

T

0V ——EN GND
Load Switch _—l_—

Figure 12. Load Switch With Reverse Current Blocking
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4.2

Current Limiting

Current limiting is implemented to protect the power supply from delivering more current than it is capable
of. Overloading the power supply can damage the supply, the system, or the load. Current limiting in a
discrete solution can be done using a current sense resistor that feeds into a comparator op-amp. The
comparator output is connected to the NMOS which turns the pass FET on or off, as seen in Figure 13.
This type of current limiting can cause output voltage oscillations based on the delay between the
comparator turning off the NMOS, when there is too much output current, and turning the NMOS back on,
once the output current is below the limit. The oscillation can be tapered, but not removed, by adding a
resistor and capacitor to the output of the comparator; this also increases on time and off time of the
solution.

VIN VOouT

v |1

1 ]

Figure 13. Discrete Current Limiting Feature

Integrated load switches take a similar approach of current limiting without the issue of output voltage
oscillations. Integrated load switches heavily reduce the board space required over the discrete
implementation, except for a single resistor connected from the current limit pin, 1,,,, to ground. The
external resistor value can be changed to alter the amperage level of the adjustable current limit. See
Figure 14.

Power Supply VIN VOouT Load
ON

J_ —EN _l_ ILIM
OFF GND %
Load Switch =

Figure 14. Load Switch With Current Limiting
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4.3

4.4

Undervoltage Lock-Out

Undervoltage lock-out, UVLO, is implemented to protect the downstream components on the rail from
being damaged when the input voltage drops below a safe or intended level. UVLO, in a discrete solution,
is done with a voltage divider branching off from the input voltage which feeds into a comparator op-amp.
The reference for the comparator is set to the lowest acceptable voltage that the load switch must pass
from input to output. The output of the comparator is connected to the NMOS which turns the pass FET on
or off. Figure 15 shows the discrete implementation. When the input voltage, through the voltage divider,
goes below the reference voltage of the comparator, the pass FET is turned off and the output is
disconnected from the input.

VIN VOUT

v [ 1

|
.

VIN

Figure 15. Discrete Undervoltage Lock-Out Feature

Integrated load switches incorporate all of the discrete components internally except for the voltage divider
connected to the input. Some integrated load switches have a fixed, internally set UVLO reference voltage
as well as an externally adjustable UVLO. When using the fixed UVLO setting, no external resistors are
needed, reducing board space and part count even further. See Figure 16.

Power Supply VIN VOUT] Load

vl

UVLO
ON (internal)

——EN GND
OFF Load Switch

Power Supply VIN VOUT] Load

T

EN/UVLO GND
Load Switch

Figure 16. Load Switch with Undervoltage Lock-Out

Thermal Shutdown

Thermal shutdown, Tgp, protects the device from internally or externally generated excessive
temperatures. Thermal shutdown can be implemented discretely using an temperature sensor IC or by
using a thermistor and a comparator op-amp. Both of these options add board space and cost to the
discrete solution.

Integrated load switches can offer thermal shutdown without an increase in size to the solution. When the
device temperature triggers Tgp the switch is turned off. The switch automatically turns on again if the
temperature of the die drops below the T4y threshold; this is called thermal hysteresis. Thermal shutdown
on a load switch is not only useful to protect the switch itself but can also be used to protect downstream
components which may be facing similar high temperatures. If a device also has a power good output,
when thermal shutdown is triggered the PG signal goes low. This can be used to communicate to the
system that a fault has occurred.
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Let's take a simple, discrete PMOS solution with a controlled rise time; no other features are included. The
load switch needs to meet the following requirements:
e Input Voltage: 5V
e Output Current: 4 A
» Max Output Voltage Deviation: 3%
* Rise time: approximately 500 ps
From the above: the maximum V; deviation is 150 mV resulting in a maximum on-resistance of 37.5
mQ, based on Equation 1. This discrete solution requires 1 resistor, 1 capacitor, 1 PMOS FET, and 1
NMOS FET, as shown in Figure 17.
VIN VOUT
\ 4 .
VIN
—
VIN discharge path
ON
Figure 17. Discrete PMOS Solution Circuit
As the NMOS turns on, there is going to be a momentary positive voltage on the gate which in turn results
in a momentary negative voltage on the output. Using typical 6-pin SOT packages for the FETs and 0402
package sizes for the passives, the total solution size comes to 17.24 mm?.
The TPS22975N can handle the 5 V input, supports up to 6 A of current, has a typical on-resistance of 16
mQ, and has an adjustable rise time. The rise time can be set at 520 pus with a 220 pF capacitor on the
CT pin. The TPS22975N has the same simple functionality as the discrete circuit above while also
providing thermal shutdown. The integrated solution requires: 1 TPS22975N and 1 capacitor (520 pF); the
total solution size comes to 4.5 mm?, as much as 26.1% of the size of the discrete solution. The integrated
solution is shown in Figure 18.
Power Supply VIN VOUT Load
ON
e cT
OFF __|_
VBIAS GND{
TPS22975N =
Figure 18. TPS22975N Solution
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6 Example 2

Let's take a feature-full discrete PMOS solution with controlled rise time, reverse current blocking,
undervoltage lock-out, and power good. See Figure 19.

VIN VOuT

y 1 ¢ T
| TL+
-

Figure 19. Discrete Feature Full Circuit

This solution requires: 2 PMOS, 3 NMOS, 1 comparator op-amp, 1 zener diode, 2 capacitors, and 9
resistors. The resistor and capacitor packages are assumed to be 0402s. A second rail, V+, is needed for
PG. A third rail could be required depending on the desired voltage for the PG output, the above circuit
assumes that the output voltage is the desired value for PG. Table 1 lists out each discrete component
and their area. The discrete solution comes to 55.64 mm? total area.

Table 1. Size of Feature Full Discrete Parts

Device Package Size (mm?) Quantity Area (mm?)
PMOS 6-pin SOT 8.12 2 16.24
NMOS 6-pin SOT 8.12 3 24.36
Comparator Op-Amp QFN 2.52 1 2.52
Zener Diode SOD-123 7.02 1 7.02
Capacitor 0402 0.5 2 1
Resistor 0402 0.5 9 4.5
TOTAL 55.64

The TPS22953 offers adjustable controlled rise time, reverse current blocking, undervoltage lockout, and
power good as well as thermal shutdown. The integrated solution requires: 1 TPS22953, 5 resistors, and 1
capacitor. It only requires 1 voltage rail, but a second higher voltage Vg5 rail can be used. Table 2 lists

out each component and their area.

Table 2. Size of Feature Full Integrated Parts

Device Package Size (mm?) Quantity Area (mm?)
TPS22953 10-pin WSON 6 1 6

Resistor 0402 0.5 5 25
Capacitor 0402 0.5 1 0.5

TOTAL 9
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The integrated solution, Figure 20, comes to 9 mm? total area, as much as 16% of the size of the discrete

solution.
TPS22953/54

Power
IN out

Supply
IN ouT
BIAS SNs

. Rent
Cin —_— E EN ;RL
REN2 < PG
GND
PAD T
T Cr

1

Figure 20. TPS22953 Typical Application

7 Example 3

Let's take a look at a simple power muxing discrete MOSFET solution with controlled rise time and
reverse current blocking. See Figure 21.

VIN1

I N
I I |

ONL vouT

VIN2

Figure 21. Discrete Power Muxing Circuit

This solution functions as a power mux but it does have 3 major performance and safety faults. This circuit
cannot switch both supplies at the same time, turning one off while turning the other on, because the turn
off time of the MOSFETSs is substantially longer than the turn on time. In order to reduce fall time, the
capacitor must be reduced but this increases inrush current which could damage downstream
components. Secondly, because the switches cannot be switched at the same time, two enable signals
are needed to control the power mux. Lastly, as shown before, a controlled rise time implemented in the
circuit above causes a negative voltage spike on the output when the power supply changes.
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This solution requires: 4 PMOS, 2 NMOS, 2 resistors, and 2 capacitors. 6-pin SOT packages are used for
the FETs and 0402 packages will be used for the passives. Table 3 lists out each discrete component and

their area. The discrete solution comes to 50.72 mm? total area.

Table 3. Size of Power Muxing Discrete Parts

Device Package Size (mm?) Quantity Area (mm?)

PMOS 6-pin SOT 8.12 4 32.48

NMOS 6-pin SOT 8.12 2 16.24
Resistor 0402 0.5 2
Capacitor 0402 0.5 2

TOTAL 50.72

The TPS2115A is a power muxing integrated solution which includes reverse current blocking and controls
inrush current though current limiting and a fixed rise time (See Figure 22). This integrated solution allows
for automatic or manual switching and can be controlled with zero enable pins (automatically), or by one
or two enable pins depending on the level of desired control. In comparison to the circuit above, only one
enable pin is needed. Thermal shutdown is also included in this integrated solution as well as a switch
status output pin (similar to power good) which is held high when input 1 is being passed to the output and
is held low when input 2 is being passed to the output.

Power Supply 1 J 1
STAT IN1 I
DO ouT - { Load
—— D1 IN2

I+

ILIM GND
TPS2115A 1

“FJWVT

Power Supply 2

Copyright © 2017, Texas Instruments Incorporated

Figure 22. TPS2115A Manual Power Muxing Application

The integrated solution requires: 1 TPS2115A, 2 resistors, and 2 capacitors. The TPS2115A package is
an 8-pin SON and the passives uses 0402 packages. The total integrated solution size is 11 mm?, as
much as 21.7% of the discrete solution.

Conclusion

All'in all, integrated load switches offer space conscious solutions with the options of additional
performance and protection features without digging into available board space. Integrated load switches
allow current limiting, without the threat of output oscillations, and true always-on reverse current blocking,
which protects the load switch and power supply when the load switch is on or off. Integrated load
switches allow for cleaner and safer output voltage ramps over simple discrete solutions without the threat
of inrush current affecting the downstream components.
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1. TPS22975 5.7V, 6A, 16mQ Load Switch with Adjustable Rise Time & Optional QOD for Cost-
Conscious Applications

2. TPS22953 5.7V, 5A, 14mQ Load Switch with Voltage Monitoring and Reverse Current Protection
3. TPS2115A Autoswitching Power Mux
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(individually or, if you are acting on behalf of a company, your company) agree to use it 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 TI Resources.

You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such Tl products as used in such applications. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.

You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the Tl 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 TlI 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 TI 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 YOU 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 TI 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 TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).
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