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ABSTRACT

The TPS568230 is an 8-A DC/DC synchronous buck converter with integrated FETs. The IC is based on
Texas Instruments’ proprietary D-CAP3™ control architecture and can support large duty cycle operation
up to 97%. This application report introduces how the TPS568230 device is designed to implement large
duty cycle operation, and how this feature improves load transient performance.
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Trademarks

2.1

D-CAP3 is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

Introduction

The TPS568230 device is a cost-effective, high-efficiency synchronous buck converter with integrated
FETSs. It uses D-CAP3™ control to provide fast transient response, good line and load regulation, has no
requirement for external compensation, and supports low ESR output capacitors. The TPS568230
includes an on-time extension feature which can support large duty cycle operation up to 97%.

TPS568230 Control Architecture

The D-CAP3™ mode control architecture has an internal compensation circuit and combines Adaptive On-
Time control (AOT control) for pseudo-fixed frequency operation.

Adaptive On-Time Control

Adaptive on-time control is a non-linear control architecture for buck regulators. At the beginning of each
switching cycle, the high-side MOSFET is turned on (Figure 1). This MOSFET is turned off after an
internal one shot timer expires. The ON time duration is set proportional to the output voltage, Vo, and
inversely proportional to the converter input voltage, V,, to maintain a pseudo-fixed frequency over the
input voltage operating range. The ON timer is reset and the high-side MOSFET is turned on again when
the feedback voltage falls below the reference voltage.

SW ***************** V|N

Ton — Terminated by On-Timer

Torr — Terminated by Ves < Veer

Figure 1. Adaptive On-Time Control (AOT Control)

In AOT control, the pseudo-fixed frequency is designed with the calculations in Equation 1 and Equation 2.
\
Ton =Dx Tgy= ——2—

Vv xFsw 1)

1
st = T
sw 2

Based on Equation 1, if Ty is adjusted with Vo, and V, the switching frequency Fg,, will be constant. For
the TPS568230 device, the switching frequency F,, is selectable at 600 kHz, 800 kHz, or 1 MHz.
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2.2 D-CAP3™ Control on TPS568230
Figure 2 shows the detailed control block diagram in the TPS568230 design.

Vin

Vin  Vour
Virer one-shot
+ . Control Logic
v I > ON-Timer
FB ‘_
ON 4
’_
Sw
On/Off control
On time extension DRV
Minimum Off control !
3 Valley current control OFF
Ampite :‘j

RAMP

Figure 2. Detail D-CAP3™ Control Block Diagram in TPS568230

To improve noise immunity with virtually no ripple on the output voltage, an additional RAMP is added. An
included error amplifier makes the output voltage very accurate.

In the control block of the TPS568230 device, the inductor valley current is monitored by measuring the
SW node voltage during low-side MOSFET ON-time, which leads a minimum off time requirement for the
high-side MOSFET. When the ON timer is expired, the high-side MOSFET is turned off and the low-side
MOSFET is turned on. The turning off of the high-side MOSFET causes the SW ringing. When measuring
the SW node voltage, a time delay needs to be included to let the internal SW node ringing dissipate. This
time delay results in the minimum off time for the high-side MOSFET.

T T
D= =1- 2 —1-Fy, x T

T Tsw 3)
Based on Equation 3, since Toff has a minimum value, it follows that the duty cycle, D, has a maximum
value. If the Fgy, is fixed, a smaller Torrmin, Means a larger duty cycle can be supported. Alternatively, if
the Torrmin IS fixed, a larger duty cycle can be supported with a smaller Fg,,.

SW

In the TPS568230 device, the maximum value of the minimum off time is 190 ns which results in a
maximum duty cycle of about 85% during normal operation.
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3 Large Duty Cycle Operation in the TPS568230

3.1 On-Time Extension Function

To support higher duty cycle operation, the TPS568230 includes an On-Time Extension function. This
function operates by increasing the HSFET On-Time beyond that during normal operation, thus lowering
the operating frequency and allowing large duty cycles to be maintained.

The On-Time Extension function is implemented in two stages:

*  When the 1.2 < V/Vour £ 1.6, and the Vg is lower than internal Vgge, the T, will be extended one
time interval. (Figure 4)

*  When the V/Vour £ 1.2, and the Vg is lower than internal Vg, the Toy, will be extended two time
intervals. (Figure 5)

Figure 3 shows waveforms during normal operation. Figure 4 and Figure 5 indicate when the On-Time
Extension is triggered. It is obvious that the T,y duration is longer when the On-Time Extension is

activated.
one-shot l w w 1\ one- ] ] ] ] l
| shot
B B B - n Vin
[ Ton J;OFF
sw = — =—— GND ——GND
\/k\\k lout |
———-lour
2\
AN N
~ =~ Vour
. VA | _ | — Veer e = Vper

Figure 3. Normal Operation Without On-Time Extension Figure 4. One-time On-Time Extension (1.2 V <V, / Vg,
S16V)

S 1 O

S = L GND

T Vn

F——— lour

N

- —— Vour
VHEF

Figure 5. Two-times On-Time Extension (V/ Vour £1.2 V)

Table 1 shows the detailed summary. For the TPS568230 device, when the Vy / Vour < 1.2, the switching
frequency is designed to drop to about 500 kHz.
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If the first On-Time Extension is triggered, the switching frequency is half of 500 kHz, which is 250 kHz.
If the second On-Time Extension is triggered, the switching frequency is one third of 500 kHz, which is

167 kHz.
Table 1. Detailed Summary for On-Time Extension
Vin ! Vour Condition Veg Ton Condition Fsw(kHz)
Figure 3 ) . .
Vi ! Vour > 1.6 NA Without On-time extension 600
. Vg is not lower than the |nte_rna| Vgzer When the ON-timer Without On-time extension 600
Figure 4 expires
1.2<Vy/Vour=1.6 i i -ti
N/ Vour Veg is lower than the |nterngl Vger When the ON-timer One-time On-time extension 300
expires
Vg is not lower than the |nte_rna| Vgrer When the ON-timer Without On-time extension 500
expires
Veg is lower than the internal Vgge when the ON-timer
Figure 5 expires the first time; but is not lower than internal Vgee One-time On-time extension 250

Vour £1.2 when the ON-timer expires second time

Vgg is lower than internal Vger when the ON-timer expires
first time; and it is also lower than the internal Vgee when Two-times On-time extension 167
the ON-timer expires the second time

3.2 TPS568230 EVM Bench Test

The bench tests are done on the TPS568230EVM. For details, see the TPS568230EVM evaluation
module User's Guide. The bench test setup and configuration is listed in Table 2.

Table 2. Bench Setup for TPS568230

Vour(V) | L (uH) Cout (uF) CFF (pF) / C15 | RFF (kQ) / R14 | Rtop (kQ) / R9 | Rbot (kQ) / R8 Mode
5 15 | 5x 22 uF (1206, 10 V) 100 0 220 30 FCCM / 600 kHz

The waveforms in Figure 6 to Figure 11 show the behaviors with and without the ON-time extension
function triggered. Table 3 lists the summary for the figures.

Table 3. Summary for TPS568230 On-Time Extension Bench Test

Vour (V) | Figure lout (A) Vi (V) V! Vour Condition Ton Condition Fsw (kHZz)
Figure 6 8 12 Vin ! Vour > 1.6 Without ON-time extension 600
Figure 7 8 5.8 Vin/ Vour 1.2 Without ON-time extension 500
4.95 Figure 8 0 5.3 Vin/ Vour 1.2 One-time ON-time extension 250
Figure 9 8 5.6 Vin/ Vour 1.2 One-time ON-time extension 250
Figure 10 0 5.1 Vin/ Vour 1.2 Two-times ON-time extension 167
Figure 11 8 55 Vin/ Vour=£1.2 Two-times ON-time extension 167
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3.3 Summary for Bench Test Results
Based on the testing, without On-Time Extension triggered, the maximum duty is 85.3% under full loading.
With the On-Time Extension triggered, the maximum duty is up to 90% under full loading.
Table 4. Duty Summary for TPS568230
Max Duty (%)
Loading One-time On-Time Two-times On-Time
Extension Extension
0A 93.4 97
8 A 88.4 90
With On-Time Extension triggered, when loading is added to 8 A, the maximum duty cycle drops. This is
caused mainly by the power loss of the Ry oy, Of the HSFET and LSFET, and the power loss of the DCR
of the external inductor.
Figure 12 provides a load vs maximum duty relationship for the TPS568230 device.
9
8
7
6 V4
g 5
O 4 /
i /
> /
— VOUT =4.95V
1 —— ON tome extension happen area
(51V t05.6 V)
0
5 51 52 53 54 55 56 57 58 59 6
Vin (V)
Figure 12. TPS568230 V,y vs |, Curve
4 Load Transient Performance Improvement on TPS568230
4.1 Load Transient Improvement by On-Time Extension
In addition to improving line dropout performance, the On-Time Extension function also improves load
transient response. Figure 13 and Figure 14 indicate test results of the TPS568230 EVM module. The
setup is the same as previously indicated with work mode settings for ECO / 600 kHz. The figures show
the undershoot improvement during a light load to heavy load transient.
Figure 13 shows the V, 7.4 V, V1 5-V load transient waveform from 0 A to 8 A, the slew rate is 2.5 A/
Ms.
Figure 14 is the zoom in waveform for the instant the load transient happens.
When the load changes from 0 A to 8 A, the V,, will drop about 1.5 V to be about 6 V, this will allow the
two times On-Time Extension. From Figure 8, the SW signal indicates both a two-times ON-time
extension, followed by a one-time On-Time Extension. With this longer HSFET ON, compared with non-
On Time Extension, more energy is charged to the output to make the Vq; voltage drop less then when
the load change happens.
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Figure 13. Load Transient With On-Time Extension Figure 14. Zoom in for Load Transient Glance

Triggered

4.2 Bench Test Result of Load Transient in TPS568230

Based on Section 4.1, with the On-Time Extension function, the load transient performance is improved
for undershoot especially with a large duty operation. Figure 15 and Figure 17 show the load transient
performance for 6 V V,y 10 5 V Vg in the TPS568230EVM. The EVM test setup is the same as with
Table 2.

498.0us @ 76.00mV
1.501ms @ —120.0mv
A2.000ms A196.0mV

498.9us €@ 63.00mV
1.501ms @ -54.00mv
A2.000ms All7.0mV

[

i
i

lo . 1

® 50V v @ T 2000 PR .: =15 Aug 2019 ® 50V v @ — 200st T5oce7s 5: T=TTsAug 2019
b 500V % @ 5.00A & ][uwim 0805 5M points  4.00 A ][17:35;55 ] @ 500V % @ 5.00A & ][uwim 0805 5M points  6.60 A J[n:;s:z; ]
Viy =6V, Vour =4.95V, Slew Rate = 2.5 Alus Viy=6V, Vour =4.95V, Slew Rate = 2.5 Alus
Figure 15. Load Transient From 0 A-4 A Figure 16. Load Transient From 4 A-8 A
: 498 'wux: ® 88.00mv
1.501ms @ 144.0mv
A2.000ms A232.0mV
3 ‘ o
500V & @ TR 200ps '2.'socs:/sv . 7 )15 Aug 5075
5.00V & @ s500A & ][uw’.m 080us  SM points 4.00 A }[17:34:18 ]
Vin =6V, Vour =4.95V, Slew Rate = 2.5 Alus
Figure 17. Load Transient From 1.6 A-6.4 A
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Summary

Table 5 is the summary for the bench result, and it clearly shows a better load transient performance.

Table 5. Summary for TPS568230EVM Load Transient Bench Test

Load Transient Test Results
Vin Vour Slew Rate
0-4 A 4 A-8 A 1.6 A-6.4 A
6 4,95 25A/us -1.09% to 1.27% —2.42% to 1.53% —2.90% to 1.78%

5 Summary

The TPS568230 device is designed with the On-Time Extension function and can support large duty cycle
operation up to 97%. With this improvement, load transient performance is also improved.

6 References
Texas Instruments, TPS568230 4.5-V to 18-V Input, 8-A Synchronous Step-Down Voltage Regulator

1.

2.
3.
4.

Data Sheet

Texas Instruments, TPS56C230 4.5-V to 18-V, 12-A Synchronous Step-Down Converter Data Sheet
Texas Instruments, TPS568230EVM evaluation module User's Guide
Texas Instruments, TPS56C230EVM 12-A, Regulator Evaluation Module User's Guide

6.1 Also From TI

The TPS56C230 device is a 12-A, synchronous step-down voltage regulator with an input range of 4.5V
to 18 V. It includes the same ON-time extension function. With a 500-kHz switching frequency and 180-ns
minimum off time, it can support large duty cycle operation up to 97%. As with the TPS568230 device, the
load transient performance is improved a lot by involving the ON-time extension feature.
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