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ABSTRACT

The buck converters with adopted voltage mode, current mode, constant on-time
control, and adaptive on time control (D-CAP™ mode) are discussed in detail in terms
of their control methods, and their transient performances. The advantages of the
D-CAP™ mode applicable to the portable applications are presented based on this
analysis. The jitter mechanism in the D-CAP™ mode is studied, and an improvement
method is introduced. The comparison of the jitter performance is presented with
TPS51124 which implemented the silicon solution of ramp compensation.

1 Introduction

There are varieties of control techniques used for buck converters. These control approaches consist of
voltage mode, current mode, hysteretic mode, constant on-time mode, constant off time mode, and
adaptive on-time mode (D-CAP™ mode). Both voltage mode and current mode require loop compensation
circuitry for achieving a stable operation at the wide range of input voltage range and are must be
redesigned based on the different power stage design.
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Figure 1. Voltage Mode

Also both control modes need a high performance Error Amplifier which increases the operation current of
IC[1] as shown in Figure 1] and Figure 3. This is an obstacle to achieving high efficiency at light load
operation.

In the present mobile application market, the fast transient is one of the most critical design parameters to
meet while minimizing the output capacitance and cost.

D-CAP is a trademark of Texas Instruments.
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Figure 2. Peak Current Mode

Another important requirement is the light load efficiency for extending the battery run-time. In order to get
high light load efficiency, the mode change is needed for both voltage mode and current mode. The
emulated diode mode in the discontinuous conduction mode (DCM) with fixed switching frequency does
not meet the light load efficiency requirement due to its relative high switching losses. Normally, the
hysteresis control mode or pulse frequency modulation (PFM) is used at DCM to reduce the switching
loss, gate drive loss, and to improve the light load efficiency as shown in Figure 4.
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This architecture has inherent drawbacks during the PFM mode to PWM mode transition. The transition is
not smooth due to the comparator to Error Amplifier switching during the mode change, In order to
achieve good light load efficiency, the Error Amplifier works in the idle condition in the skip mode. Because
of this, during the mode transition, the Error Amplifier can not respond fast enough to the mode change. It
causes an additional voltage dip due to the circuit wake-up delay as shown in Figure 5.

shows the constant on-time control block diagram. This control method uses the output ripple as
a PWM ramp signal to compare with the reference voltage to regulate the voltage, It has several
advantages over voltage mode and current mode. First, it does not require loop compensation network
and makes design easier. Second, it can achieve a fast transient response because it no longer employs
the error amplifier for voltage regulation. In addition, it has seamless transition from PFM in the light load
condition to pseudo PWM mode in the heavy load condition as shown in Figure §. However, the switching
frequency changes with input voltage and load condition which makes this kind of control modes
unattractive in the portable application. Adaptive on-time control (D-CAP™ mode) is able to dynamically
adjust the on-time duration based on the input voltage, output voltage, and load current so that it can
achieve relative constant frequency operation. It not only inherits the merit of ripple mode control scheme
mentioned above, but also keeps relatively stable switching frequency during its static operation which
minimizes the EMI interference at some sensitive bands of certain frequencies in the system.
shows the simplified block diagram of a buck converter using D-CAP™ mode.
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Figure 4. Voltage Mode Controller With Hysteretic Control Mode at Light Load
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Figure 7. D-CAP™ Mode Block Diagram

D-CAP™ Mode Operation[3]
D-CAP™ mode means Direct connection to the output CAPacitor

Basic Operation Principle

At the beginning of each cycle, the high side MOSFET (M1) is turned on. M1 is turned off after internal
one shot timer expires. This one shot time is determined by feed forwarding input voltage VIN and output
voltage VOUT to keep frequency fairly constant over input voltage range. Hence, it is called adaptive
on-time control. M1 is turned on again when feedback voltage is below the reference voltage. The
synchronous rectified MOSFET (M2) is turned on when the M1 is in OFF state to minimize the conduction
loss. M2 is turned off when inductor current reaches to zero current. This enables seamless transition to
the reduced frequency operation at light load condition so that high efficiency is kept over broad range of
load current.
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1.2 Stability Consideration

Typically, the loop transfer function is derived as a function of the output voltage. If in D-CAP™ mode, the
output voltage is directly compared by the PWM comparator. Theoretically, the gain and the bandwidth of
a comparator are infinite. As a result, the loop gain from the output node becomes infinite. This means
that the loop transfer function which uses the output node voltage as a state variable is not derivable and
is not measurable as well. As for the loop transfer function for stability analysis, a loop transfer function
which uses an intrinsic capacitance node voltage as a state variable is derivable.

shows a simple block diagram of D-CAP™ mode DC/DC converter. In the steady-state, the
output voltage is given by:

Vo = Vc + Ic X ESR = const. 1)

shows a simple block diagram of current mode DC/DC converter. In the steady-state, the voltage
before the sensing resistor is given by:

Vx = Vo + I, x Rs = const. 2

Basically, both equations are the same excluding effects from the load. As far as stability consideration,
this means that D-CAP™ mode is same as current mode which uses ESR as sensing resistor.

The pulse width modulator including the inductor is linearized as a transconductance of 1/Rggg. The loop
transfer function is given by the next equation.

_ 1
H(s) = s X Rggg X Co

(3)
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Figure 8. D-CAP™ Mode Converter Simple Diagram
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Figure 9. Current Mode Converter Simple Diagram

The equation is usable up to half of the switching frequency because of state averaging method limitation.
The sufficient condition of stability can be achieved by setting the 0-dB frequency below half of the
switching limitation as below.
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K ~ 21 xR
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4
The value from 3 to 4 is appropriate for K.

Jitter at D-CAP™ Mode

Compared to the other topologies, adaptive constant on-time control shows great advantages from the
load transient performance. However, its jitter performance still needs to be optimized. It requires
minimum output ripple in order to be stable. There is a misunderstanding on how to reduce the jitter
because of this requirement.

Does the jitter performance directly relate to the magnitude of the ripple? To answer this question, go back
to determine how it regulates the output voltage. The turn-on of the top side MOSFET occurs when the
falling edge of the scaled output ripple drops to the reference voltage. Essentially, the noise added on the
down slope of the output ripple will affect when the top side MOSFET is being turned on. If this noise is
significant, turn-on edge jitter can be significant as well.
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As shown in Figure 10, due to noise on the down slope of the output ripple, tO period of uncertainty can be
observed at turn-on edge of the top MOSFET. This uncertainty causes the on-time jitter. From the above
analysis, it is clear the magnitude of the output ripple does not affect the jitter. Then, why are most ripple
mode converters requiring the minimum amount of output ripple as stated in many of our competitor's data
sheets?

Output Ripple —/—>

Figure 11.

Zoom in the turn on edge of top MOSFET in the Figure 1], by increasing the down slope of the output
ripple, jitter time is reduced from tO to t1. The down slope of the output ripple of the feedback pin is
described by the following equations.
L x ﬂ =-Vo
dt (5)
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Where L is the output filter inductance, Vo is output voltage. describes the relationship
between the output voltage and the inductor current rate of change during off-time. Move L to the left and
multiply Esr on the both side of the equation, where Esr is ESR value of the output cap, provides the
following equation.

Esrﬂ - -Esr x Vo

dt L (6)
Shuffle Equation 6.
. -Esr x Vo x dt
Esrxdi =

L ™

The assumption used here is that the output capacitance is big enough so that the out ripple will only be
decided by the ripple current and ESR of the output cap. Rearrange and multiply R2/(R1+R2)
on both sides of the equation, where R1, R2 are the voltage divider resistors shown in Eigure 1.

-Esr x Vo R2
Sr = X
L R1+R2 (8)
Where Sr is down slope of the scaled output ripple on feedback pin
Vref = Vo X R—2
since R1 +R2
S = -Esr x Vref
L 9)
From Equation 9 and Equation 7, it is discovered that Sr and the magnitude of the output ripple both are
Esr

proportional to L. However, in order for the ripple mode converter to be stable, it is not the magnitude of
the output ripple that matters, but the down slope of the feedback voltage.

1.4 Ramp Compensation in the D-CAP™Mode

After analyzing the mechanism of the jitter in the D-CAP™ mode, ramp compensation is chosen to
improve the jitter performance.
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Figure 12.

In Eigure 12, 10-mV ramp compensation is added on the feedback pin. The down slope of the scaled
output ripple on the feedback pin is increased which helps the jitter performance of the D-CAP™ mode.
shows two waveforms, one with ramp compensation and the other without. The one with the
ramp compensation shows much improved jitter performance.
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TI's D-CAP™ for mobile application has the stable switching frequency at normal operation, smooth
transition between skip mode to PWM mode, fast transient response, easy of use and improved jitter

performance.

Reference

1. Dan Mitchell, Bob Mammano designing stable control loops Unitrode Power Supply Design Seminar

2001pp. 5-1,5-30

2. R. Redl and N.O.Sokal, Current-mode control, five different types, used with the three basic classes of
power converters: Small-signal ac and large-signal dc characterization, stability requirements, and
implementation of practical circuits, in IEEE Power Electron. Spec. Conf. Rec., 1985, pp.771-785

3. Tetsuo Tateishi The D-CAPT™ mode operation and an implementation of the OOATM skip mode, TI's

Integrated Power conference 2005

8

Adaptive Constant On-Time (D-CAP™) Control Study in Notebook Applications

SLVA281B-July 2007 —-Revised December 2007
Eubmit Documentafion FeedbacH



http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVA281B

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All products are sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's
standard warranty. Testing and other quality control techniques are used to the extent TI deems necessary to support this
warranty. Except where mandated by government requirements, testing of all parameters of each product is not necessarily
performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should
provide adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask
work right, or other Tl intellectual property right relating to any combination, machine, or process in which TI products or services
are used. Information published by TI regarding third-party products or services does not constitute a license from Tl 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 TI under the patents or other intellectual property of TI.

Reproduction 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. Reproduction of this information with alteration is an
unfair and deceptive business practice. Tl is not responsible or liable for such altered documentation. Information of third parties
may be subject to additional restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by TI for that product or service
voids all express and any implied warranties for the associated T| product or service and is an unfair and deceptive business
practice. Tl is not responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would
reasonably be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement
specifically governing such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications
of their applications, and acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related
requirements concerning their products and any use of Tl products in such safety-critical applications, notwithstanding any
applications-related information or support that may be provided by TI. Further, Buyers must fully indemnify Tl and its
representatives against any damages arising out of the use of Tl products in such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is
solely at the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in
connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products
are designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any
non-designated products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Amplifiers Bmplifier.fi.con Audio [nww ircom/audid
Data Converters Automotive [www ii-com/automofivg
DSP [sp Broadband
Interface Digital Control [yww ii.com/digitalcontro]
Logic [oaiciiconi Military [vww T com/militany
Power Mgmt Rowerirconj Optical Networking [xww i.com/opficalnetworR
Microcontrollers Security
RFID Telephony [yww Ti.com/telephony
Low Power Video & Imaging [vww ti.com/vided
Wireless

Wireless [ww ircomiwirelesd

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2007, Texas Instruments Incorporated


http://amplifier.ti.com
http://www.ti.com/audio
http://dataconverter.ti.com
http://www.ti.com/automotive
http://dsp.ti.com
http://www.ti.com/broadband
http://interface.ti.com
http://www.ti.com/digitalcontrol
http://logic.ti.com
http://www.ti.com/military
http://power.ti.com
http://www.ti.com/opticalnetwork
http://microcontroller.ti.com
http://www.ti.com/security
http://www.ti-rfid.com
http://www.ti.com/telephony
http://www.ti.com/lpw
http://www.ti.com/video
http://www.ti.com/wireless

	1 Introduction
	1.1 D-CAP Mode Operation[3]
	1.2 Stability Consideration
	1.3 Jitter at D-CAP Mode
	1.4 Ramp Compensation in the D-CAPMode

	2 Conclusion
	3 Reference



