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Step-Down Converter with Input Overvoltage Protection

Juergen Neuhaeusler

ABSTRACT

DCDC converters typically are used to reliably and precisely regulate a supply voltage for an application
circuit ensuring best operation performance of this application circuit. Very often the DCDC converters are
powered from voltage rails where the voltage varies to a large extent. This voltage variation usually
defines the topology of the DCDC converters and the parameters for its input circuit, mainly the power
switches connected to the input voltage rails.

If a wide input voltage range needs to be covered, the power switches need to be able to handle the high
current at low input voltage as well as the high voltage. This makes them big and expensive. Bigger
switches also need more power for switching them — this directly translates in a potentially lower efficiency
of the DCDC converter circuit. So, if the high voltage only occurs for short periods of time it may make
sense to use a lower voltage rated DCDC converter. The converter can be perfectly sized for the nominal
operating voltage range and an overvoltage protection circuit can be added at its input to handle the high
voltage events. This overvoltage protection may clamp the voltage at the input of the DCDC converter, or
just disconnect the DCDC converter from its supply. Disconnecting the supply is only possible if the supply
of the application circuit can be maintained using a buffer.

In case the overvoltage events are predictable and the application circuit does not need to operate during
the overvoltage events, the circuit could also be turned off by the overvoltage protection circuit. A nice
example for such a configuration is the supply of any electronic circuit in a car which does not need to be
active during starting of the engine. This application report describes a circuit which addresses the input
overvoltage problem this way using a highly efficient and small step-down converter which is typically
used in such environments. It also details the design and selection of the key components and provides
measurement results showing the performance of the circuit.

1 Overview

In this example the overvoltage protection circuit is designed for a step-down converter implemented
based on the TPS62130. The complete circuit is shown in Figure 1.
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Figure 1. Circuit Schematic

The objective of this circuit is to provide an accurate 5-V supply at the output of the DCDC converter and
disconnect the supply voltage of the converter in case the supply exceeds the maximum recommended
operating input voltage of the TPS62130. An example of an implementation is in the Tl reference designs

library.
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Detailed Description

As shown in Figure 1, the circuit consists of a step-down converter design based on the TPS62130 in its
default configuration. It is supplied through the overvoltage protection circuit. The overvoltage protection
circuit is using a path transistor, Q,, to connect the input voltage to the supply voltage at normal operation
and disconnect it in the event of an overvoltage. For Q,, a p-channel MOSFET is used. Q, must be able to
block the input overvoltage, so its maximum drain-to-source voltage should be higher than the maximum
overvoltage expected. Since Q, needs to handle the complete input current of the circuit, its on-resistance
needs to be low enough to allow the input current flow without adding excessive losses and lowering the
efficiency of the whole circuit too much. The on-resistance of Q;, Rysono1, fOr given maximum losses, P,
can be estimated using Equation 1:

PLQI

RDSoan = I 2
IN max Q)

linmax 1S the maximum input current. The maximum input current is expected to flow at minimum input
voltage.

The gate of Q, is pulled to ground with the resistor R, turning Q, on by default. The Zener diode D,
protects the gate of Q, from overvoltage. So the Zener voltage of D,, V,p; must be selected lower than the
maximum gate-to-source voltage of the MOSFET Q,. The maximum current flowing through Dy, Ip;max IS
limited by the resistance of R,. It can be calculated using Equation 2:

V
I —

IN max VZDI
Dlmax ~—
R4 (2

In this equation V. IS the maximum input voltage expected, V,p, is the Zener voltage of the Zener
diode, D, and R, is the resistance of the resistor R,.

The losses in the Zener diode D,, P, can be calculated using Equation 3:

P, = -l

LDI1 zp1 "4 D1 (3)

The PNP transistor Q, is used to turn off the path transistor Q. If current is flowing through the base
emitter diode it will discharge the gate of Q,, turning Q, off. In this state, current is flowing through emitter
and collector of Q,. This current is limited by the resistance of resistor R,. To calculate the resistance
value for a given maximum current |, flowing through the resistor R,, Equation 4 can be used. The
maximum losses Pz, in R, can be calculated using Equation 5:

Viv

R 4 — max
14 (4)

2
PLR4_R4'I4 (5)
I, has its maximum value at the maximum input voltage V..« at the overvoltage condition.

If there is current flowing through emitter and base of Q, this current is also flowing through base and
emitter of Q,. This is turning the NPN transistor Q; on with the effect that the enable signal of the DCDC
converter TPS62130 is pulled low. This is turning the DCDC converter off and keeping it off. The current I,
flowing through collector emitter of Q, is limited by the resistance of resistor R,. This current is also the
dominating current discharging the input capacitors of the DCDC converter TPS62130 in case the
overvoltage protection circuit has disconnected the input voltage. It can be calculated using Equation 6:
I — V]N
* R
3 (6)

V,\ Is the voltage across the input capacitors of the TPS62130 and R; is the resistance value of the
resistor R,.
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The threshold voltage at which the overvoltage protection circuit triggers is defined by the Zener voltage of
the Zener diode D,, the voltage drop across the emitter base diode of Q,, the voltage drop across the
base emitter diode of Q;, and the voltage drop across the base resistors of Q, and Q;. Compared to the
voltage drop across the diodes, the voltage drop across the resistors close to the threshold voltage is low
due to the low current flowing. This simplifies the calculation of the required Zener voltage V,p, of D, to
Equation 7:

Vs = ovp — VBEQ2 - VBEQ3 7

Voue is the threshold voltage at which the overvoltage protection circuit triggers the supply voltage
disconnect. The voltages Vgeq, and Vg, are the base emitter voltages of the bipolar transistors Q, and

Qa.

The current I, flowing through the Zener diode during overvoltage events is limited by the resistance of
the base resistors at Q, (Rgq,) and Q; (Rpqg)- It can be calculated using Equation 8:

VI - VBEQZ B VBEQ3

i =
D2
RBQI + RBQZ (8)
This also allows calculation of the losses P, the Zener diode D, needs to handle. Equation 9 shows the
details:
Py =V, 1p, ©)

3 Example

In the current example the TPS62130 should be protected against overvoltage at its input. The protection
should be capable of handling an input voltage up to a maximum of 40 V (V\yma)- The nominal operating
input voltage in this example is in the range from 12 V up to 16 V. According to the TPS62130 datasheet
(SLVSAGY), it can supply up to 3 A at its output, so its maximum DC input current is in this range. If the
output voltage of the TPS62130 is programmed to 5 V, its maximum output power is 15 W. Assuming that
the overvoltage protection circuit should not cause more than 1% in efficiency loss, the maximum power
dissipated in the path transistor, Q,, must be lower than 150 mW. All the control currents in the circuit
should be in the range between 0.1 mA to 1 mA to keep the losses low and maintain a reasonable noise
immunity of the protection circuit.

With those parameters the specification for Q, can be determined:

*  Rpsenor = 17 mQ (Equation 1)

e Minimum drain to source breakdown voltage for Q; (Viymax = 40 V).

The resistor R, is limiting the current flowing through Q,. For a given current of 0.4 mA, its parameters are
calculated:

R, =100 kQ (Equation 4)

* P.rs =16 mW (Equation 5)

The resistor R; is limiting the input capacitor discharge current. For a given resistance of 100 kQ (same as
R,), the current is calculated:

* I3=0.2 mA (Equation 6)

If the Zener diode D, is used to protect the gate of Q,, the parameters for selecting D, are:

* V,p, is the maximum gate voltage of Q,, 15 V is selected

*  lpimax = 0.25 MA (Equation 2)

* P.p; =3.75 mW (Equation 3).

The Zener diode D, defines the overvoltage protection threshold. Its parameters are calculated as follows:
* Vg, = 15V (Equation 7, with 0.7 V for Ve, and Viegs)

* lp, = 1.2 mA (Equation 8 with 10 kQ for Rgg, and Rgqs)

* P.p, =18 mW (Equation 9)
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Test Result

Figure 2 shows the voltages at different nodes in the overvoltage protection circuit of this circuit example
at a line transient from 20 V to 12 V and back to 20 V. The transient time is 1 ms. The load current at the
output of the DCDC converter is set to 2 A.
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Figure 2. Line Transient

In Figure 2: the input voltage, the voltage at the input of the converter, the voltage at the EN pin of the
converter, and the output voltage of the converter is shown. As soon as the input voltage drops below the
overvoltage protection threshold, the converter is enabled. It starts operating and smoothly ramps up its
output voltage to the nominal regulated voltage of 5 V. When the input voltage increases again and the
overvoltage protection threshold is reached, the enable voltage is pulled low and the converter
immediately stops operating. Since there is no significant load anymore during turn off of the path switch
Q,, the input voltage is still increasing until Q, is completely off. The maximum voltage reached during this
turn off delay is still below the absolute maximum input voltage rating so the converter is protected.

Circuit Optimization

The threshold of the overvoltage protection circuit obviously was set to the correct voltage level. Above 16
V, the overvoltage protection circuit turns the TPS62130 off. But why did Q, not disconnect the converter
at the same time?

For Q; to pull EN low, only a small current is required (I; = 0.2 mA). This means as soon as current starts
to flow through the base emitter diode of Q, the collector current will be immediately at the required level
to pull EN low. There is also no significant capacitance at the EN input of the TPS61230 which could delay
turning off the converter.

At Q, this is different. It will not turn off until the gate voltage has decreased below its turn off threshold
voltage, which is in the range of 1.5 V for a typical MOSFET. Since Q, needs to handle up to 3 A current
at an on resistance in the range of 15 mQ, a power MOSFET has been selected. Those MOSFETSs have a
significant capacitance from gate to source. This capacitance needs to be discharged below the turn off
threshold voltage. The current drawn from the capacitor defines the speed of discharge. Higher current
means faster discharge. The discharge current flows through Q, and is defined by the gain of Q, and the
base current.

Due to a very low voltage across the base resistors of Q, and Q; at the time the input voltage reaches the
overvoltage protection threshold, the base current in Q, is limited to a very low level. The gain of Q, further
limits the discharge current for the gate of Q,. This finally means Q, will be turned off with a significant
delay.
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If for Q,, a transistor with a higher gain is selected, the turn off will be faster. Allowing a higher base
current in Q, has a similar effect. To reduce the delayed turn off to a minimum, MOSFETs with a low gate
charge should also be selected for Q,. If the gate charge of Q, is further reduced by limiting the gate
voltage to a lower value for turn on, it can be turned off faster as well. This can be done by using a Zener
diode with a lower Zener voltage for D, for example using 5.1 V instead of 15 V.

Figure 2 shows the turning off of Q, with the modifications described. The input voltage change time in this
experiment was set to 5 ps. The converter input voltage waveform does not show a significant overshoot
anymore. Almost at the same time the converter is disabled, the supply voltage of the TPS62130 is
disconnected from the input voltage and does not increase further.
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Figure 3. Line Transient after Optimization
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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 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. 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.

TI 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.

TI 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 TI 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 TI 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, TI 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 Tl components are authorized for use in FDA Class Ill (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.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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