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Point-of-load converters often have high voltage conversion ratios (10:1)




Why increase switching frequency?

Inductors are usually the
largest component.

1) Smaller size

Converter volume: 1,270 mm/ Converter volume: 157 mm?3
Inductor volume: 232 mm3 Inductor volume: 19.2 mm?3

2) Faster response 3) Lower BOM cost



Inductor size reduction
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High frequency operation = 15 times smaller inductors!




Agenda

Series cap buck
converter prototype

 High frequency buck

converter limitations

» Series capacitor buck

converter

« Example results
Integrated

— 12V in, 10A out application circuit

Inductors

Series capacitor
« Size comparison



High frequency (HF) buck converter
l[imitations

Buck converter

* High switching loss
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HF converters on the market today have low conversion
ratios (<5-to-1) and low current (<1A)




Series capacitor buck topology

v'Benefits

Series capacitor v'Single conversion stage
v'Lower switching loss
v'Cap soft charge/discharge
v"Auto current balancing
v'On-time doubled

 Drawbacks

Two-phase, series cap buck topology — 50% duty cycle limitation
* Theoretical: V,, in = 4%Vt

in,min

* Practical: Vi, i, = 9%V

P.S. Shenoy, M. Amaro, D. Freeman, and J. Morroni, “Comparison of a 12V, 10A, 3MHz buck converter and a series
capacitor buck converter,” in Proc. IEEE Applied Power Electron. Conf., pp. 461-468, Mar. 2015.



Steady-state operation: Step 1

Voltage (V)
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Steady-state operation: Step 2
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Steady-state operatlon Step 3
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Steady-state operation: Step 4
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Reduced switching loss

 Reduced switch

Energy loss per switching cycle

voltage/current 50
— )

overlap loss T — v 12V /
» Loss due to switch 2 Fu AN

output 9

: = 20 V6V

capacitance 5 E 989 0]

reduced by 67% “"/' """"""""""""""""""""
« Enables higher % 5 10 15

frequency V. (V)

operation

P.S. Shenoy, M. Amaro, D. Freeman, and J. Morroni, “Comparison of a Buck Converter and a Series Capacitor Buck
Converter for High Frequency, High Conversion Ratio Voltage Regulators,” IEEE Trans. Power Electron., 2016.



AUtO curre nt Shari ng Current sharing: La=100nH, Lb = 200nH
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« Series capacitor forms
current feedback

Inductor Current (A)
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mechanism
 Robust to variations in L,
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Output Current (A)

* No sensing/control loops

XA

g (1Adiv)

Qb

1) ILB, 2)ILA, 3) PWM, Vo=1.8V,l0=4.0A

P.S. Shenoy, et al., “Automatic current sharing mechanism in the series capacitor buck converter,” in
Proc. IEEE Energy Conversion Conf. Expo., Sept. 2015.



Measured efficiency comparison
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Higher efficiency at ~4 times the switching frequency




Fast load transient response

Load step up Load step down
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* 12V in, 1.0V out; 500A/us full load steps; 2MHz per phase
* Deviation in V_; <25mV; Settling time <4pus
» Excellent dynamic current sharing



Closed loop performance
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Electromagnetic Interference (EMI)
12V in, 1.2V out, 10A load, no snubber
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Where’s the heat?

12V in, 1.2V out, 10A, room temperature, no air flow

Series capacitor

circuit

Integrated

The inductors are (still) not the thermal bottleneck




Current density comparison
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A 3x to 7x improvement in total solution current density

P.S. Shenoy, et al., “A5 MHz, 12V, 10 A, Monolithically Integrated Two-Phase Series Capacitor Buck
Converter,” in Proc. IEEE Applied Power Electron. Conf., Mar. 2016.



Series capacitor buck total solution size

10A inductor for a regular buck
10.2x10.2x4.7mm = 489mm?3

10A series cap buck prototype
16x10x1.85mm* = 296 mm3

*Includes
PCB
thickness

X

The series capacitor buck converter is 40% smaller than the
inductor alone on a 10A buck evaluation board!




Summary

« Buck converters have fundamental limitations.

 An HF series capacitor buck converter has been
demonstrated for a 12V in, 10A out application.
—High efficiency, fast transient response, low EMI
—Inductor size is 15 times smaller
— Current density over 50A/cm3
—Power density at 1.2V out is 1.25kW/in?3

* No compound semiconductors (GaN, GaAs, etc.)
or special magnetics are needed!
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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
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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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