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ABSTRACT
This applications report describes the voltage feedforward function of several TI
controllers and how to improve the voltage feedforward performance. This report refers
to many buck controller devices offered by Texas Instruments. They and their
datasheet references are listed in .

1 Improving Voltage Feed-Forward

The TPS4005x/6x and 7x families of synchronous buck controllers are designed to operate over a wide
range of input voltages. Compensating wide input voltage mode buck converters can be difficult because
the modulator gain changes with input voltage. Modulator gain is defined as the change in DC output
voltage per change in the control voltage and in a voltage mode control BUCK is typically given by

Fquation 1.
Avop = Vin Y
SVramp 1 VrRamP
ot fsw  Dmax )

In a many controllers, the control ramp (Vramp) is a fixed peak-to-peak ramp voltage generated by the
timing oscillator. The ramp voltage is compared with a control voltage to generate a PWM signal to drive
the main and synchronous switches. When the ramp amplitude is fixed, the modulator gain varies directly
with the input voltage. In a converter with a fixed ramp amplitude and a 10-V to 40-V supply voltage, the
modulator gain varies by 4:1 or 12 dB over the input voltage range. Because modulator gain affects the
total loop gain, and thus the loop bandwidth, a designer must compensate the control loop for the entire
input range, making error amplifier compensation design more complicated and often forcing lower
bandwidth during normal operation to ensure stability at the design limits.

To address these design issues, the TPS4005x/6x/7x families of buck controllers have a voltage
feed-forward function that adjusts the ramp amplitude with the input voltage. illustrates how this is
accomplished.
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Figure 1. TPS4005X/6X/7X Voltage feed-forward Circuit

In each of these devices, the KFF pin forces a voltage on the pin and mirrors the sink current inside the
controller into a fixed capacitor to form the ramp voltage used by the PWM comparator. When this pin is
connected to VIN through a fixed resistor, the current through the resistor is approximately proportional to
VIN. Combined with the fixed frequency clock, the current produces a voltage ramp whose amplitude is
proportional to the current through the resistor, and thus VIN.

In addition to the voltage feed-forward function, the TPS4005x/6x/7x families use the KFF pin for a UVLO
function. An internal comparator holds the output drivers off until the ramp voltage exceeds a reference
value at the end clock cycle. Because this ramp peak value is dependant on the feed-forward current
(Iker) and the clock period, it provides a frequency dependant undervoltage lockout (UVLO) by requiring a
minimum Il for the converter to generate output pulses. This allows the user to program the desired
UVLO turn-on voltage through feed-forward resistor xg¢) selection.

The dual functionality of the KFF pin links the UVLO and voltage feed-forward functions. While the
feed-forward current adjusts the slope of the ramp voltage, the range of control voltages is fixed by the
error amplifier, as a result, the maximum duty cycle drops as the input voltage increases. While this
provides an effective volt-second clamp to prevent inductor saturation, it also limits the output to input
ratio. Under many conditions this is not an issue because a lower duty cycle is required at higher input
voltages. However, in applications requiring high output voltage, low UVLO and a wide input voltage
range, a small error term can cause a controller to fall out of regulation at high input voltage.

Inside the integrated circuit, a bias voltage is required to mirror the current. With a voltage present on
KFF, Ikee is proportional to V\y-Vkee, creating a small error in the ratio between the output voltage and Ixgr.
This error term causes the maximum duty-cycle to fall faster than the input voltage rises, resulting in a
lower maximum output voltage at high input voltage than at lower input voltage. Figure 2, shows the
maximum output voltage (Voyr(max) 0f @ TPS40061 controller at 300 kHz with UVLO set for 10 V, the
maximum output voltage drops from almost 9 V at UVLO to 6.24 V at the maximum input voltage of 55 V
because of the reduced maximum duty cycle at higher input voltages.
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Figure 2. TPS40061 Maximum Duty Cycle and Output Voltage verses Input Voltage (UVLO =10 V)

When connected as shown in , the current flowing into the KFF pin is given by Equafion 2.
er = VN Vkee
R R
KFF  NKFF @)

_ illustrates the small error term generated by the voltage present on the KFF pin. Because this
term is constant, it can be cancelled by an additional current lersup), @s shown in Equafion 3.

oo - N~ VKEE | _ Un
KFF = TIKFF(sup) T R
KFF KFF @)
To satisfy the desired ratio between Ixer and VIN, the supplemental current must cancel the error term.
The required relationship of Ixgg(syp) is shown in Equation 4.
VKFF
IKFF(sup) = R
KFF ()

By adding a single resistor from a low-noise, fixed reference voltage, such as the controller's low-voltage
bias pin, the supplemental current can be added to Ik, improving the voltage feed-forward accuracy and
forcing the maximum duty-cycle to track the inverse of the input voltage.

shows the voltage feed-forward circuit with the additional resistor to provide the supplemental
current lxeresup)-
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Figure 3. TPS4005X/6X/7X Voltage feed-forward Circuit w/ Supplemental Resistor

Using the circuit from and existing equations from the device datasheets it is possible to select
Rkrrnew) @Nd Ryepsup) to provide the same UVLO function previously noted and improve the voltage
feed-forward functionality. Before determining the value of the additional resistor, it is necessary to
calculate the nominal Rxgr. Use the equation found in the device's datasheet because the I required for
turn on varies with the device and the switching frequency. This value serves as the basis for selecting a
NeW Ryermew) @nd the supplemental Rggg(syp) to provide the same Ixgr at UVLO turn-on so the circuit
continues to turn-on at the same input voltage.

The goal of the circuit is to provide an Ixge Which is directly proportional to VIN and programmed by

RiceF(new) aS given in EQUAToN 8.

| _ Vn
KFF (total) = Reernom)
(5)

As discussed earlier, the controllers use g to determine the UVLO voltage, because the controller must
start at the same UVLO voltage, the current needs to be the same as with the datasheet calculated
resistor at the UVLO voltage, as shown in Equation g.

lkFF(datasheet) (UVLO) = lkrr(totat) (UVLO)

(6)
Substituting _ Equation 2 for the datasheet Ipr(gatasheery @nd Equation § for Ixertoray bOth at Vyiy = Vuvio,
resulting in Equafion 7
Vuvio ~Wkrr _ Vuvio
RKFF(datasheet) RKFF(new) @)

If Equation 7 is rearranged and solved for Rxernew) Value to provide the same UVLO voltage as calculated
from the datasheet, Equation gis obtained:

R ___ Vo g
KFF(new) — V. V. KFF(datasheet)
UVLO ~ VKFF 3
®
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Once Rgermew) is calculated, it is necessary to calculate the supplemental resistor to solve Equation 4.
From the schematic in » Ikrr(sup) 1S given by )
| _ Vrer — Vkrr
KFF(sup) — R
KFF(sup) ©)
Substituting Equation 9 into Equation 4, Equation 1] is obtained.
Vrer —Vkrr _ _ VkrE
RkrFisup)  RKFF(new) (10)
is rearranged to solve for Rk, to produce Equafion 17].
VRer — VkrF
RiFrsup) ==, RKFF(new)
KFF (11)

Equaftion § and Equation 7 along with the Rxge equation from the devices' datasheets (see [Table 1))
provide the necessary values for Rkgrnew) and Rker(sup) t0 design a programmable UVLO buck controller
with improved voltage feed-forward. Rxgg(new) @Nd Rigr(sup) Provides the same Igee and UVLO turn-on
voltage as the Rgge calculated from the datasheet, but the voltage feed-forward current directly tracks the
input voltage providing more accurate voltage feed-forward and a constant maximum output voltage,
eliminating the high-voltage drop-out regulation issue with wide-input, high-output voltage converters using
the TPS4005x/6x/7x controllers.

In the 82.5-kQ resistor used for has been replaced with a 124-kQ resistor and a 57.6kQ
supplemental resistor has been added from the 5-V reference to produce the following Voyrmax vValues
Figure 4.

10

8 /
\ 124 kQ + 57.6 kQ
7 7\

I Sy
6

VOUT(max) - Maximum Output Voltage - V
(3]

82.5 kQ
4
3
2
1
0
10 20 30 40 50 55

V|\ - Input Voltage -V
Figure 4. TPS4005X/6X/7X Voltage feed-forward Circuit w/ Supplemental Resistor

A slight dependence on VIN is remains due to the rounding required by the limited resistor value
availability, however, even with these values, an output voltage of 8.5 V can now be maintained over the
full 10-V to 55-V input range.

Special thanks to Mark Dennis and Norm Mosher of Texas Instruments who originally determined this
issue with the Voltage feed-forward Controllers and Pete Goudreau who independently developed this
technique, as well as Richard Garvey, Brian Lynch, Ed Walker and Pete Goudreau for reviewing the
paper.
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Table 1. Device Reference
NUMBER DEVICE NAME " UmBER
TPS40050
TPS40051 Wide Input Synchronous Buck Controller SLUS540
TPS40053
TPS40054
TPS40055 Wide Input Synchronous Buck Controller SLUS593
TPS40057
TPS40060 )
Wide Input Synchronous Buck Controller SLUS543
TPS40061
TPS40070 . - .
High Efficiency Midrange Input Synchronous Buck Controller w/Voltage Feed-Forward SLUS582
TPS40071
TPS40074 Midrange Input Synchronous Buck Controller w/Voltage Feed-Forward SLUS617
TPS40075 Midrange Input Synchronous Buck Controller w/Voltage Feed-Forward SLUS676
TPS40077 High Efficiency Midrange Input Synchronous Buck Controller w/Voltage Feed-Forward SLUS714
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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 Improving Voltage Feed-Forward
	2 REFERENCE



