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High Frequency Benefits 

Inductors are usually the 

largest component. 

1) Smaller size

2) Faster Response
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3) Lower BOM Cost

Converter Volume: 157 mm3

Inductor Volume: 232 mm3

2-5 MHz Series Cap Buck

500 kHz Buck 



Current Density Comparison 

Current density of over 60 A/cm3 and power density of 1.25 kW/in3

Series Cap Buck: 1.2 mm height 

Conventional Buck: 4.8 mm height 

IC Inductors 
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Series Capacitor Buck Topology 

Benefits 

Single conversion stage 

Switching at reduced Vds 

Series cap soft charge/discharge 

Automatic current balancing 

Duty ratio doubled 

• Drawback 

– 50% duty cycle limitation 

• Theoretical: VIN,MIN = 4×VOUT 

• Practical: VIN,MIN = 5×VOUT 
Two-phase, series cap buck converter 

Series capacitor 

P. S. Shenoy, M. Amaro, J. Morroni and D. Freeman, “Comparison of a Buck Converter and a Series Capacitor Buck Converter for 

High-Frequency, High-Conversion-Ratio Voltage Regulators,” IEEE Trans. Power Electron., vol. 31, no. 10, pp. 7006-7015, Oct. 2016. 
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Steady-State Operation: Interval 1 

Series cap voltage (differential) 

Inductor & series cap currents 

Switch node voltages 
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Steady-State Operation: Interval 2 

Series cap voltage (differential) 

Inductor & series cap currents 

Switch node voltages 
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Steady-State Operation: Interval 3 

Series cap voltage (differential) 

Inductor & series cap currents 

Switch node voltages 
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Steady-State Operation: Interval 4 

Series cap voltage (differential) 

Inductor & series cap currents 

Switch node voltages 
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Example Design Specifications 

Parameter Conditions Min Typ Max Unit 

VOUT Output voltage ±3% of typical 1.164 1.2 1.236 V 

IOUT Output current 0 8 10 A 

VIN Input voltage ±10% of typical 10.8 12 13.2 V 

ΔVOUT Transient response 5-A load step 25 mV 

Other aspects to consider: 

• Overall converter size 

• Power (heat) dissipation 

• Solution cost 
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Choosing the Switching Frequency 

• Higher frequency operation 

reduces overall converter size 

 Lower inductance required 

 Fewer decoupling capacitors 

• Tradeoff: efficiency decreases 

with increased switching 

frequency 

• Select 2 MHz per phase for this 

example 

12 VIN, 1.2 VO Efficiency Comparison 
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Inductance Impact on Efficiency 

• Inductance equation 

 

 

 K = ΔIL/IL where IL is current at full load 

 K is usually between 0.1 and 0.4 
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• Higher inductance tends to increase 

peak efficiency 

• Lower inductance has higher full load 

efficiency 
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Inductor Size 

• Larger inductors tend to 

result in higher efficiency 

 Thicker wire 

 Lower winding resistance 

 Benefit seen in mid to high 

load current range 

 Measured results for 

 Same inductance 

 Same vendor 

 Same core material 
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Inductor Vendor 

• Finding the right inductor 

vendor matters 

 Various core material, 

construction, etc. 

 Should not judge an inductor 

by DC resistance alone 

• Measured results for 

 Same inductance 

 Same size 

• If possible, experimentally 

test inductors 
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Series Capacitor Selection 

• Select the cap value to keep voltage 

ripple <8% at full load, lowest VIN 

 Ex: 10 A load, 2 MHz, 10.8 VIN, 1.2 VO 

 

 

 

 

• Tradeoff: Startup delay to precharge 

the series cap 

 10 mA precharge current into 1 µF cap 

 625 µs to precharge to 6 V (VIN,typ/2) 
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DC Voltage and Temp Impact on Ceramic Caps 

Capacitance varies with temperature Capacitance decreases with DC voltage  

Select a capacitor taking capacitance variation into account 
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Check at VIN/2 



Series Capacitor Self Heating 

• Ensure series cap temperature stays 

within limits 

– Calculate series cap RMS current 

– Check datasheet/online tools 

• Ex: 10.8 VIN,MIN, 1.2 VO, IL,RMS = 5.02 A 

 

 

 

– 2.2 µF cap, 1206 (3.2 x 1.6 x 1.15 mm) 

– Result: 15.8°C temp rise 

• X7R capacitors with 125°C operating 

temperature rating recommended 

 

Capacitor temp rises with current 
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Output Capacitor Selection 

• Load step down: 

– Ex: ΔIo,max = 5 A, L = 330 nH,  

Vo = 1.2 V, ΔVo,max = 25 mV, VIN,min = 10.8 V 

 

 

 

• Load step up: 

 

 

 

• Select largest value and take variation in 

to account 
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Reference Design PMP15008 

  

Board Image “Tiny, Low Profile 10 A Point-of-load Voltage Regulator” 

Total solution size is 135 mm2 and 1.25 mm tall 
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Schematic 



Efficiency and Power Loss 

2 MHz per phase, 1.2 VOUT, room temperature, no air flow, two layer board 

Over 90% efficiency at 9 V input, less than 3 W loss at full load 
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Thermal Image 

Less than 35°C temp rise at 12 V input, 8 A output 

Integrated 

Converter  

Series Capacitor 
Inductors 
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Load Transient Response 

±25mV 
VOUT (ac coupled), 20mV/div 

VOUT (ac coupled), 20mV/div 

IOUT, 2A/div 

IOUT, 2A/div 

10µs/div 10µs/div 

2% variation in VOUT during 5 A load change 
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High Bandwidth and Ample Phase Margin 

Over 50 degrees 

of phase margin 

 

Over 300 kHz 

bandwidth 

Bode plot taken with 12 V input, 5 A output 
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Additional Resources 

• View the reference design “Tiny, 

Low Profile 10A Point-of-load 

Voltage Regulator.”  

• Download the application note 

“Introduction to the Series 

Capacitor Buck Converter.” 

• Watch the video training series 

“Designing with TI’s Series 

Capacitor Buck Converter.” 
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SUMMARY 

• High frequency operation of switching converters supports 

size reduction and performance improvements 

• The series capacitor buck converter has unique properties 

that facilitate efficient high frequency operation 

• Design recommendations for a multi-MHz series cap buck 

converter enable easy implementation 

• Experimental results demonstrate the stable, fast, efficient 

capabilities of an example voltage regulator 
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IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(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 TI Resources does not expand or otherwise alter TI’s applicable published warranties or warranty disclaimers for TI
products, and no additional obligations or liabilities arise from TI providing such TI Resources. TI 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 TI products as used in such applications. TI 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 TI 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 TI 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 IS” 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 TI 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, TI 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).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2018, Texas Instruments Incorporated
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