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Introduction

Buck-boost (step-down and step-up) converters are
widely used in industrial personal computers (IPCs),
point-of-sale (POS) systems, and automotive start-stop
systems. In these applications, the input voltage could be
either higher or lower than the desired output voltage. A
basic inverting buck-boost converter has a negative output
voltage with respect to ground. The single-end primary
inductor converter (SEPIC), Zeta converter, and two-
switch buck-boost converters have positive or non-inverting
outputs. However, compared with a basic inverting buck-
boost converter, all three non-inverting topologies have
additional power components and reduced efficiency. This
article presents operational principles, current stress and
power-loss analysis of these buck-boost converters, and
presents design criteria for an efficient non-inverting
buck-boost converter.

Inverting buck-boost converter

Figure 1 shows the schematic of a basic inverting buck-
boost converter, along with the typical voltage and current
waveforms in continuous conduction mode (CCM). In
addition to input and output capacitors, the power stage
consists of a power metal-oxide semiconductor field-effect
transistor (MOSFET), a diode, and an inductor. When the
MOSFET (Q1) is ON, the voltage across the inductor (L1)
is Vi, and the inductor current ramps up at a rate that is
proportional to Vyy. This results in accumulating energy in

Figure 1. Inverting buck-boost converter

the inductor. While Q1 is ON, the output capacitor sup-
plies the entire load current. When the Q1 is OFF, the
diode (D1) is forward-biased and the inductor current
ramps down at a rate proportional to V. While Q1 is
OFF, energy is transferred from the inductor to the output
load and capacitor.

The voltage conversion ratio of an inverting buck-boost
in CCM can be expressed as:
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where D is the duty cycle of Q1 and is always in a range of
0 to 1. Equation 1 indicates that the magnitude of output
voltage could be either higher (when D > 0.5) or lower
(when D < 0.5) than the input voltage. However, the
output voltage always has an inverse polarity relative to
the input.

Conventional non-inverting buck-bhoost
converters

The inverting buck-boost converter does not serve the
needs of applications where a positive output voltage is
required. The SEPIC, Zeta, and two-switch buck-boost
converter are three popular non-inverting buck-boost
topologies. The Zeta converter, also called inverse SEPIC,
is similar to SEPIC, but less attractive than SEPIC since it
requires a high-side driver that increases the circuit
complexity.
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A SEPIC converter and its ideal waveforms in CCM are
shown in Figure 2. The voltage conversion ratio of a
SEPIC converter is:
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Equation 2 indicates a positive output voltage and the
buck-boost capability.

Like an inverting buck-boost converter, a SEPIC con-
verter has a single MOSFET (Q1) and a single diode (D1).
The MOSFET and diode in a SEPIC converter have voltage
and current requirements similar to their counterparts in
an inverting buck-boost converter. As such, the power
losses of the MOSFET and diode are similar. On the other
hand, a SEPIC converter has an additional inductor (L.2)
and an additional ac-coupling capacitor (Cp).

In a SEPIC converter, the average inductor current of
L1 equals the input current (Iyy), whereas the average

Figure 2. SEPIC converter
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inductor current of L2 equals the output current (Inyr). In
contrast, the single inductor in an inverting buck-boost
converter has an average current of Iy + Ioyr The coupling
capacitor sees significant root-mean-square (RMS) current
relative to both input current and output current, which
generates extra power loss and reduces the converter’s
overall efficiency.

To reduce power loss, ceramic capacitors with low
equivalent series resistance (ESR) are desired, which
usually leads to higher cost. The additional inductor of a
SEPIC converter, coupled with the extra coupling capaci-
tor, increases printed circuit board (PCB) size and total
solution cost. A coupled inductor can be used to replace
two separate inductors to reduce PCB size. However, the
selection of off-the-shelf coupled inductors are limited
when compared to separate inductors. Sometimes a
custom design will be required, which increases cost and
lead time.
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A conventional two-switch buck-boost converter uses a
single inductor (Figure 3). However, it has an additional
MOSFET (Q2) and an additional diode (D2) compared to
an inverting buck-boost converter. By turning Q1 and Q2
ON and OFF simultaneously, the converter operates in
buck-boost mode, and the voltage conversion ratio also
complies with Equation 2. This confirms that the two-
switch buck-boost converter performs a non-inverting
conversion. The ideal waveforms of a two-switch buck-
boost converter operating in buck-boost mode and CCM
are shown in Figure 3. Q1 and D1 both see a voltage stress
of Vi, while Q2 and D2 both see a voltage stress of V.
Q1, Q2, D1, D2, and L1 all see a current stress of Iy + Ioyr
with inductor ripple current neglected. The relatively large

Figure 3. A two-switch buck-boost converter in buck-boost mode of operation
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number of power devices and high-current stress in buck-
boost mode prevent the converter from being very
efficient.

Operating-mode optimization of a two-switch
buck-boost converter

The two-switch buck-boost converter is a cascaded combi-
nation of a buck converter followed by a boost converter.
Besides the aforementioned buck-boost mode, wherein @1
and Q2 have identical gate-control signals, the two-switch
buck-boost converter also can operate in either buck or
boost mode. By operating the converter in buck mode
when Vi is higher than Vg, and in boost mode when Vi
is lower than Vg, the buck-boost function is then realized.
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In buck mode, Q2 is controlled to be always OFF, and
output voltage is regulated by controlling Q1 as in a typi-
cal buck converter. The equivalent circuit in buck mode
and corresponding ideal waveforms in CCM are shown in
Figure 4. The voltage conversion ratio is the same as that
of a typical buck converter:

M= Your _ D, 3)
Vi
where D is the duty cycle of Q1. In buck mode, the output
voltage is always lower than the input voltage since D is
always less than one.

Higher efficiency is possible in buck mode compared to
the buck-boost mode for three reasons. First of all, Q2 is
always OFF in buck mode, which means there is no power
dissipated in it. Second, Q1, D1, and L1 see a lower cur-
rent stress of only Iy in buck mode compared to Iy +
Iyt In buck-boost mode, which potentially reduces power
loss. Third, although conduction loss of D2 stays the same,

Figure 4. Buck-mode operation of the two-switch buck-boost converter
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the reverse recovery loss is eliminated in the buck mode
because D2 always conducts.

By keeping Q1 always ON, D1 is reverse biased and
stays OFF, and the two-switch buck-boost converter then
operates in boost mode. Similar to the typical boost con-
verter, the output voltage is regulated by controlling Q2.
The equivalent circuit in boost mode and corresponding
ideal waveforms in CCM are shown in Figure 5. The volt-
age conversion ratio is the same as that of a typical boost
converter:

v
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where D is the duty cycle of Q2. In boost mode, the output
voltage is always greater than the input voltage because D
is always greater than zero. Similarly, higher efficiency
could be achieved in boost mode than in buck-boost

mode due to fewer operating power devices and lower
current stress.
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Texas Instruments

23


http://www.ti.com/aaj

Analog Applications Journal

Implementation of an efficient two-switch buck-
boost converter

The two-switch buck-boost converter can function in
buck-boost, buck or boost modes of operation. Various
combinations of operating modes can be used to accom-
plish both a step-up and step-down function. Appropriate
control circuitry is required to ensure the desired modes
of operation. Table 1 summarizes a comparison between
four different combinations of operating modes. The buck-
boost mode alone features the simplest control, but has
low efficiency for both step-up and step-down conversion
over the Vyy range.

Table 1. Comparison of operating modes

CONTROL | EFFICIENCY | EFFICIENCY
OPERATION MODES COMPLEXITY (le > VOUT) (le < VOUT)
Buck-boost Simple Low Low
Buck and buck-boost Moderate High Low
Buck-boost and boost Moderate Low High
Buck, buck-boost, and . . .
boost Complicated High High

buck-boost operating modes

Figure 6. Two-switch buck-boost converter features buck and
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The combination of buck, buck-boost and boost modes
has the potential to achieve high efficiency over the Viy
range. However, its control is very complicated due to
multiple modes of operation and the resulting transitions
between different modes. In many applications, the input
voltage usually drops below output for only a short period
of time. In such applications, the efficiency of step-up con-
version is not as critical as step-down conversion. As such,
the combination of buck and buck-boost modes is a good
trade-off between control complexity and efficiency.

Figure 6 shows a practical implementation of a two-
switch buck-boost converter that uses the LM5118 dual-
mode controller from Texas Instruments. This converter
acts as a buck converter when the input voltage is above
the output voltage. As the input voltage decreases and
falls below the output voltage, it transits to buck-boost
mode. There is a short gradual transition region between
buck mode and buck-boost mode to eliminate distur-
bances at the output during transitions.

In this example, the nominal output voltage is 12 V.
When Vyy is above 15.5 'V, the converter operates in buck
mode. When Vyy falls below 13.2 'V, the converter operates
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in buck-boost mode. When Vyy is between 15.56 V and 13.2
V, the converter operates in the transition mode. Figure 7
shows voltage waveforms of switch node 1 (SW1) and
switch node 2 (SW2). In buck mode (Vi = 24 V), SW2
voltage stays constant which suggests that Q2 is kept OFF.
In contrast, Q2 as well as Q1 are switching in buck-boost
mode (Viy =9 V). Figure 8 shows the efficiency with
respect to input voltage at 3 A of load current. The
improved efficiency for step-down conversion is achieved
by operating the converter in buck mode.

Conclusion

SEPIC, Zeta, and two-switch buck-boost converters are
three popular non-inverting buck-boost topologies that
provide a positive output as well as a step-up/down func-
tion. When operating in the buck-boost mode, all three
converters can experience high-current stress and high-
conduction loss. However, by operating the two-switch
buck-boost converter in either buck mode or boost mode,
the current stress can be reduced and the efficiency can
be improved.
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Figure 7. Voltage waveforms at switch nodes
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Figure 8. Efficiency with respect to the input voltage

95

lour =3 A

90
’J
85

80

75

70

Efficiency (%)

65

60

55

50
8 12

16 20 24 28 32 36 40 44 48 52 56 60
Input Voltage (V)

Texas Instruments

25


http://www.ti.com/aaj
http://www.ti.com/3q14-SNVA022
http://www.ti.com/3q14-LM5118
http://www.ti.com/3q14-LM5022
http://www.ti.com/subscribe-aaj

Analog Applications Journal

TI Worldwide Technical Support

Internet

Tl Semiconductor Product Information Center
Home Page

g2e.ti.com

Product Information Centers
Americas Phone +1(512) 434-1560

Brazil Phone 0800-891-2616

Mexico Phone 0800-670-7544

Fax +1(972) 927-6377
Internet/Email

Europe, Middle East, and Africa
Phone

European Free Call 00800-ASK-TEXAS
(00800 275 83927)

International +49 (0) 8161 80 2121

Russian Support +7 (4)9598 10 701

Note: The European Free Call (Toll Free) number is not active in
all countries. If you have technical difficulty calling the free call
number, please use the international number above.

Fax +(49) (0) 8161 80 2045

Internet wyw.ti.com/asktexag

Direct Email asktexas@ti.com

Japan

Fax International +81-3-3344-5317

0120-81-0036

Internet/Email  International  support.ti.com/sc/pic/japan.htm
Domestic

Domestic

fwww til.co.jp/pio

© 2014 Texas Instruments Incorporated. All rights reserved.

13 TeEXAS
INSTRUMENTS

Asia
Phone Toll-Free Number

Note: Toll-free numbers may not support
mobile and IP phones.

Australia 1-800-999-084
China 800-820-8682
Hong Kong 800-96-5941
India 000-800-100-8888
Indonesia 001-803-8861-1006
Korea 080-551-2804
Malaysia 1-800-80-3973
New Zealand 0800-446-934
Philippines 1-800-765-7404
Singapore 800-886-1028
Taiwan 0800-006800
Thailand 001-800-886-0010
International  +86-21-23073444
Fax +86-21-23073686
Email tiasia@ti.com or ti-china@ti.com
Internet support.fi.comv/se/pic/asia.ntl

Important Notice: The products and services of Texas Instruments
Incorporated and its subsidiaries described herein are sold subject to Tl's
standard terms and conditions of sale. Customers are advised to obtain the
most current and complete information about Tl products and services
before placing orders. Tl assumes no liability for applications assistance,
customer’s applications or product designs, software performance, or
infringement of patents. The publication of information regarding any other
company’s products or services does not constitute TI's approval, warranty
or endorsement thereof.

A021014

E2E and OMAP are trademarks and DLP and SIMPLE SWITCHER are registered
trademarks of Texas Instruments. All other trademarks are the property of their
respective owners.

SLYT584


http://support.ti.com
http://e2e.ti.com
http://support.ti.com/sc/pic/americas.htm
http://www.ti.com/asktexas
http://support.ti.com/sc/pic/japan.htm
http://www.tij.co.jp/pic
http://support.ti.com/sc/pic/asia.htm

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.

Products Applications
Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2015, Texas Instruments Incorporated


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

