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LINEAR VOLTAGE REGULATORS

Introduction

The linear regulator is the basic building block of nearly every power supply used in
electronics. The IC linear regulator is so easy to use that it is virtually foolproof, and
so inexpensive that it is usually one of the cheapest components in an electronic
assembly.

This paper will present information that gives the user greater understanding of how
a linear regulator works, and will help to de-mystify regulator specifications and
applications.

Some typical circuits will be presented to highlight the commercial regulators that are
currently available. The primary focus of the new product examples is in the area of
Low-dropout regulators, which offer great advantages over standard regulators in
many applications.

Linear and Switching Voltage
Regulator Fundamentals

Abstract

This paper will enable the user to understand the operation of switching and linear
voltage regulators. The most commonly used regulating modes will be covered.

For linear regulators, the Standard, Low-Dropout, and Quasi Low-Dropout
regulators will be covered (along with circuit examples).

In the switching regulator section, the Buck, Buck-boost, Boost, and Flyback
topologies will be detailed. Some examples will be given of products available for
the design and implementation of switching converters.
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Selecting the Best Regulator For Your Application

The best choice for a specific application can be determined by evaluating the
requirements such as:

Maximum Load Current

Type of Input Voltage Source (Battery or AC)

Output Voltage Precision (Tolerance)

Quiescent (Idling) Current

Special Features (Shutdown Pin, Error Flag, etc.)

MAXIMUM LOAD CURRENT

The maximum current required in an application should be carefully considered
when selecting an IC regulator. The load current specification for an IC regulator will
be defined as either a single value or a value that is dependent on input-output
voltage differential (this is detailed in the following section on protection circuits).

The regulator selected must be able to provide sufficient current to the load under
worst-case operating conditions, if system performance is to be reliable.

INPUT VOLTAGE SOURCE (BATTERY OR AC)

The available input voltage (battery or AC power) will strongly influence which type
of regulator is best suited for an application.

Battery: In battery-powered applications, LDO regulators are usually the best
choice because they utilize the available input voltage more fully (and can operate
longer into the discharge cycle of the battery).

For example, a "6V' lead-acid battery (a popular battery type) has a terminal voltage
of about 6.3V when fully charged, and about 5.5V at the end-of-discharge point. If a
designer wanted to make a regulated 5V supply powered from this battery, an LDO
regulator would be required (because there is only about 0.5V to 1.3V available
for dropout voltage).

AC: If a DC supply is generated from a rectified AC source, the dropout voltage of
the regulator is not as critical because additional regulator input voltage is easily
obtained by increasing the secondary voltage of the AC transformer (by adding turns
to the secondary winding).

In these applications, a standard regulator is usually the most economical choice
and can also provide more load current. However, in some cases the additional
features and better output voltage precision of some of the new LDO regulators
would still make them the best choice.
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OUTPUT VOLTAGE PRECISION (TOLERANCE)

Typical linear regulators usually have an output voltage specification that guarantees
the regulated output will be within 5% of nominal. This level of accuracy is adequate
for most applications.

There are many new regulators which have tighter output tolerances (better than 2%
is common), achieved through the use of a laser-trim process. Also, many of the
new regulators have separate output specifications that cover room temperature/full
operating temperature range, and full-load/light-load conditions.

QUIESCENT (IDLING) CURRENT

The quiescent current that a part draws from the source when idling (either shut
down or not delivering significant amounts of load current) can be of critical
importance in battery-powered applications.

In some applications, a regulator may spend most of its life shut off (in standby
mode) and only supply load current when a main regulator fails. In these cases, the
quiescent current determines the battery life.

Many of the new LDO regulators are optimized for low quiescent current (like 75 to
150 µA), and provide significant improvement over typical regulators which draw
several milliamps.

SPECIAL FEATURES

Many LDO regulators offer features that allow the designer greater flexibility:

Shutdown: A low-power shutdown pin allows a regulator to be switched off by a
logic gate or microcontroller. This feature also allows wiring a regulator for
"Snap-ON/Snap-OFF" operation, which will be covered in one of the design
examples presented later.

Load-dump Protection: Regulators used in automotive applications need built-in
protection against overvoltage transients (load-dump). In these cases the regulator
usually shuts down its output during the overvoltage transient, then recovers after it
has passed.

Reverse Input Voltage Protection: This prevents damage to the regulator when
the input voltage is reversed, essential in applications where the user can
accidentally reverse the polarity of the batteries.

Error Flag: This flag is used to alert monitoring or control circuitry that the output
has dropped about 5% below its nominal value. It is intended as a "warning flag"
that can alert a controller that supply voltage may be low enough to cause erratic
operation of the CPU or associated logic circuits.
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Protection Circuits Built Into IC Linear Regulators

Linear IC regulators contain built-in protection circuits which make them virtually
immune to damage from either excessive load current or high operating
temperature. The two protection circuits found in nearly all linear IC regulators are:

Thermal Shutdown

Current Limiting

CHAIN OF COMMAND

The thermal shutdown, current limiter, and voltage error amplifier make up three
distinct and separate control loops that have a definite hierarchy (pecking order)
which allows one to "override" the other. The order of command (and importance) of
the loops is:

1) Thermal Limit (IC is regulating junction temperature/power dissipation)

2) Current Limit (IC is regulating load current)

3) Voltage Control (IC is regulating output voltage)

This hierarchy means that a linear regulator will normally try to operate in "constant
voltage" mode, where the voltage error amplifier is regulating the output voltage to a
fixed value. However, this assumes that both the load current and junction
temperature are below their limit threshold values.

If the load current increases to the limiting value, the current limiting circuitry will take
control and force the load current to the set limiting value (overriding the voltage
error amplifier). The voltage error amplifier can resume control only if the load
current is reduced sufficiently to cause the current limiting circuits to release control.
This is covered in detail in the "Current Limiting" section.

A rise in die temperature (regardless of cause) approaching the limit threshold
(about 160°C) will cause the thermal shutdown to cut drive to the power transistor,
thereby reducing load current and internal power dissipation. Note that the thermal
limiter can override both the current limit circuits and the voltage error amplifier.
Thermal shutdown is detailed in the next section.

It is important to understand that a regulator holds its output voltage fixed only
when it is in constant voltage mode. In current limiting, the output voltage will
be reduced as required to hold the load current at the set limiting value.

In thermal limiting, the output voltage drops and the load current can be reduced to
any value (including zero). No performance characteristic specifications apply
when a part is operating in thermal shutdown mode.
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Circuit Operation:

The load current is sensed by the "I SENSE" resistor, which develops a voltage that
is directly related to the current. This voltage is level shifted (and amplified) by the
differential amplifier.

The voltage at the output of the differential amplifier is a ground-referenced signal
that is proportional to the load current. This "load current" signal coming from the
differential amplifier is applied to the inverting input of the current limit error amplifier,
while the non-inverting input is connected to a reference voltage. The value of this
reference voltage would be equal to the voltage at the output of the differential
amplifier when the regulator is driving maximum current (at the current limit point).

Note that as long as the load current is below the limit threshold, the output of the
current error amplifier is high (and the voltage error amplifier keeps the regulator in
constant voltage mode).

When the load current reaches the limit threshold, the output of the current error
amplifier drops low and starts sinking current away from the output of the voltage
error amplifier (this puts the regulator in constant current mode).

When current limiting occurs, the regulator output voltage will drop below its nominal
value, which will be sensed by the voltage error amplifier as an undervoltage
condition. The voltage error amplifier will drive its output high in an attempt to raise
the output voltage, but the current error amplifier can sink all of the current coming
from the voltage error amplifier. Like the thermal limiter, the current limiter overrides
the voltage error amplifier to prevent damage to the IC.

The load line shown in Figure 8 illustrates how the output voltage is held constant up
to the point where the load current reaches the limit value, where the regulator
crosses over into constant current mode. When operating in constant current
mode, the IC regulates the load current to the "limit" value, which means the output
voltage may be any value down to zero volts.

It should be made clear that the thermal limiter can always override the current
limiter, and can reduce the output voltage and current to any value necessary
to maintain a junction temperature of about 160°C.

For example, if the LP2952 (which is rated for 250 mA) is shorted from the output to
ground, a current will flow from the output which is greater than 250 mA but
less than 530 mA (see "Current Limit specification on the data sheet).

However, if the input voltage is high enough to generate sufficient power to activate
the thermal limiter, that current will drop off as the LP2952 regulates its die
temperature to about 160°C.

Important: Current limit circuits are (by necessity) very high-speed circuits, and
input bypass capacitors on the regulator are always recommended to prevent
possible device failure due to interaction with the input source impedance.
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