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Intersil Integrated FET DC/DC
Converters

Introduction

Designing a switching regulator can be a daunting task!
Decisions must be made concerning circuit configuration -
buck, boost, flyback, SEPIC, etc. A method of control must be
determined - Pulse Width Modulation (PWM), hysteretic, Pulse
Frequency Modulation (PFM), current mode, voltage mode,
etc. Once the method of control is determined, a controller
integrated circuit (IC) must be selected. Then, power switches
such as MOSFETs must be selected, their power dissipation
calculated, and the gate drive circuit designed. Inductance and
capacitance must be calculated, then the components must be
selected for saturation current, RMS ripple current, DCR, ESR,
physical size, etc. And then, just when you thought you were
done, loop compensation rears its ugly head! Is the circuit
stable? How do | ensure stability? Where are the bode plots for
the internal circuits of the controller IC? How does my load
effect stability? What about short circuit protection or current
limiting?

Just when you thought you were done with the design, the
PCB layout designer asks you about the PCB layout
requirements for the FETSs, the inductor, the loop compensation
components, the grounding scheme, etc. He says the inductor
and output capacitor you selected are too big for the space
allowed for the power supply and he wants to place the FETs 2
inches from the IC controller chip. And, what is a Kelvin
connection for the current sense resistor? What about the
thermal design? Where is the heatsink? Do you realize that
vias are really inductors?

Yes, designing a switching regulator can be a daunting task!
And, making the task even more difficult is the fact that most
embedded switching power supplies are designed by the
digital hardware engineer, and not by an analog or power
supply engineer.

The purpose of this Application Note is to show how the Intersil
Integrated FET DC/DC Converters can make the task of
designing an embedded step down (buck) DC/DC converter
much easier. Most of the difficult design decisions are included
in the regulator chip, such as FETSs, current sense elements,
loop compensation, current limiting, and over temperature
protection. By using fixed inductor and capacitor values, their
selection process is eliminated. FETs are internal so their
characteristics and internal connections are optimized for the
design. High frequency switching up to 1.5MHz allows the use
of very small inductors and capacitors. Finally, there are
evaluation boards and recommended PCB layouts for most of
the Intersil Integrated FET DC/DC Converters.

This Application Note will also share simple test circuits to
quickly evaluate loop stability without the headaches of Bode
plots and phase margin measurements. The correct technique
for connecting an oscilloscope probe to measure output noise
will be shown with actual scope photos of good and bad
probing techniques. To minimize the difficulty of sequencing
multiple power supplies, a simple circuit for tracking the output
voltages with a common ramp circuit will be shown.
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Intersil Integrated FET DC/DC

Converters
Intersil Integrated FET DC/DC Converter Product Family
(Parts highlighted are in this Application Note)
Vour
Vin RANGE RANGE louT FREQ. LOW Iq
DEVICE v) v) (MAX) (A) (kHz) POR | MODE | MARGIN | TRACK | SYNC PACKAGE
EL7535 25-5.0 0.8-V|N 0.35 1500 Yes 10 Ld MSOP
ISL6413 3.0-36 Fixed 1.8, |0.40.3,0.2 750 Yes Yes |24 LdQFN
2.84,2.84
ISL8010 25-55 0.8- VN 0.6 1500 Yes Yes |10 Ld MSOP
EL7534 25-55 0.8- VN 0.6 1500 Yes 10 Ld MSOP
ISL6410 3.0-36 Fixed 1.2, 0.6 750 Yes Yes |10 Ld MSOP, 16 Ld DFN
1.5,1.8
ISL6410A 45-55 Fixed 3.3, 0.6 750 Yes Yes |10 Ld MSOP, 16 Ld DFN
18,12
ISL6455 3.0-36 0.8-25 |0.6,0.3,0.3 750 Yes Yes |24 LdQFN
ISL6455A 45-55 0.8-3.3 |0.6,0.3,0.3 750 Yes Yes |24 LdQFN
EL7531 25-5.0 0.8-V|N 1 1500 Yes Yes |10 Ld MSOP
EL7536 25-5.0 0.8-V|N 1 1500 Yes 10 Ld MSOP
ISL8011 27-55 0.8- VN 1.2 1500 Yes 10 Ld DFN
EL7532 25-50 0.8- VN 2 1500 Yes 10 Ld MSOP
ISL8013 25-55 0.8- VN 3 1400 Yes |14 Ld HTSSOP
EL7554 3-6 0.8-V|N 4 200 - 1000 Yes Yes | Yes [28LdHTSSOP
ISL65426 | 2.375-5.5 Fixed 0.6, 6 1000 50 Ld QFN
12,15,1.8
Fixed 0.6,
1.8,2.5,3.3
EL7566 3-6 0.8- VN 6 200 - 1000 Yes Yes 28 Ld HTSSOP
AN1209 Rev 0.00 Page 3 of 38
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Intersil Integrated FET DC/DC

Converters
o—1l
Vi i
Cin =
L e e e e e e e e el b -
1 Compensation 1
1 1
1 ] 1
R1 i PWM I
1 Comparator —| 1
1 Control $1
T ® - Logic p 1 L
1 - 1
' _I__jrl/ + and T — Vour
R2 1 . — FET ! = Cour
1 Reference Error Amplifier Drivers !
1 Voltage | S2 1
1
L ! =
5 = ! B
= N,
1
1
1
1

Ramp
Voltage
1
L

FIGURE 1. SIMPLIFIED SCHEMATIC

Features and Advantages of Intersil
Integrated FET DC/DC Converters

Figure 1 is a simplified schematic for a typical buck regulator
using an Intersil Integrated FET DC/DC Converter.

Ease of Design

Notice the ease of use for this circuit since there are only 4
external components required for the design - an output
inductor (L), an output capacitor (CoyT), and two resistors (R1,
R2) to set the output voltage. Additionally, the circuit should
include bypass capacitors because this is a must.

Internal FETs

Notice the use of internal FETs so there is no need for FET
selection. The internal FETs are optimized for the circuit
parameters such as input voltage, load current, switching
frequency, etc. Also, since the FETs are internal, there are no
PCB traces required to connect the FETs to the controller.

Synchronous Rectification for High Efficiency

Synchronous rectification (S1 and S2) is used for high
efficiency in all the Intersil Integrated FET DC/DC Converter

only increases the loop stability (at the expense of transient
response and physical size).

Ceramic Capacitor Design

Due to the high switching frequency and internal loop
compensation, the use of small ceramic capacitors is possible
for both the input and output capacitor.

Small Form Factor

Very small physical size is possible due to tiny IC packages
(QFN and MSOP), high switching frequency (up to 1.5MHz)
which allows very small inductors and ceramic capacitors, and
excellent thermal performance. For example, the EL7532 is
available in the 10 Ld MSOP package, making the entire
converter occupy less than 0.18in2 of PCB area with
components on one side only.

Thermal Performance (6;5)

Thermal performance of the Intersil Integrated FET DC/DC
Converters has been greatly improved with the use of
improved thermal management packaging techniques such as
the QFN package and the fused lead MSOP.

products. The advantage of high efficiency is long battery life in PART# | loyt (A) PACKAGE 0a (CC/W) MAX T,
portable applications and very low temperature rise at high
ISL6410 0.6 10 Ld MSOP 128 150

currents.

. 0.6 16 Ld QFN 45 150
100% Duty Cycle Operation
The use of a P-channel FET for S1 allows 100% duty cycle ISL8010 06 10Ld MSOP s 125
operation so the output voltage range can include the input ISL6455 |0.6,0.3,0.3 /24 Ld QFN 36 150
voltage for very low dropout operation. ISL8011 1.2 8 Ld MSOP 160 150
Internal Loop Compensation EL7532 2 10 Ld MSOP Fused 15 125
Internal loop compensation frees the design engineer from Lead
struggling with the difficult task of ensuring closed loop ISL8013 3 14 Ld HTSSOP TBD 125
stability. It also simplifies the inductor and output capacitor EL7566 6 28 Ld HTSSOP 30 135
selection since there are fixed minimum values shown on the
device data sheet. Increasing the inductance or capacitance ISL65426 6 50Ld QFN 45 150
AN1209 Rev 0.00 Page 4 of 38
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Intersil Integrated FET DC/DC

External Frequency Synchronization

External frequency synchronization is possible with many of
the Intersil Integrated FET DC/DC Converters, providing the
user with the option of improved EMI performance in both
single or multiple DC/DC converter systems.

« External frequency synchronization allows the user to locate

the switching noise at a “magic” frequency to avoid system
interference in a single DC/DC converter system.

In a multiple DC/DC converter system, external frequency
synchronization can eliminate a beat frequency caused by
the two switching regulators operating at different
frequencies. Additionally, external frequency synchronization
can provide multi-phase switching to reduce ripple currents
and noise.

The ISL8010 and ISL8013 synchronization feature allows
the switching frequency to be increased to as high as
12MHz, allowing much smaller input and output filters to
reduce the EMI.

Table 1 summarizes the external frequency synchronization
capability of the devices highlighted in this application note.

Converters
TABLE 1.
FIXED
SWITCHING SYNC

PART # FREQUENCY | CAPABILITY | SYNC RANGE
ISL6410 750kHz Yes 500kHz-1MHz
ISL8010 1.4MHz Yes 12MHz, max
ISL6455 750kHz Yes 500kHz-1MHz
ISL8011 1.5MHz No
EL7532 1.5MHz No
ISL8013 1.4MHz Yes 12MHz, max
EL7566 200kHz-1MHz Yes 0.8 * Fset
ISL65426 1MHz No

Advanced Control Functions (UVLO, overcurrent
and over temperature protection, tracking, etc.)
Intersil Integrated FET DC/DC Converters offer advanced
control functions as shown in Table 2.

TABLE 2.
PART # ISL6410 | ISL8010 ISL6544 1ISL8011 EL7532 | ISL8013 | EL7566 | ISL65426

Output Current (amp) 0.6 0.6 0.6,0.3,0.3 1.2 2 3 6 6
Enable Input Yes Yes Yes Yes Yes Yes Yes Yes
Soft-Start Yes Yes Yes Yes Yes Yes Yes Yes
Overcurrent Protection Yes Yes Yes Yes Yes Yes Yes Yes
Thermal Protection Yes Yes Yes Yes Yes Yes Yes Yes
Adjustable Output Yes Yes Yes Yes Yes Yes Yes
Input UVLO Yes Yes Yes Yes Yes Yes Yes
Power Good Output Yes Yes Yes Yes Yes Yes
Sync Input Yes Yes Yes Yes Yes
Output Overvoltage Protection Yes Yes Yes Yes
Fixed Output Yes Yes
Power on Reset Output Yes Yes Yes
Temperature Indicator Yes
Output Undervoltage Protection Yes
Output Capacitor Discharge Yes
Tracking Yes
Margining Yes

AN1209 Rev 0.00 Page 5 of 38
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Intersil Integrated FET DC/DC
Converters

Technical Discussion
ISL6410 and ISL6410A (600mA)

The ISL6410 and ISL6410A are 600mA integrated FET
synchronous buck regulators using current mode PWM
technology. The ISL6410 should be used for an input voltage
of +3.3V £10%, and the 1ISL6410A should be used for an input
voltage of +5V +10%. A single pin (VSET) programs the output
voltage for 1.2V, 1.5V, or 1.8V (ISL6410) and 1.2V, 1.8V, or
3.3V (ISL6410A). An internally programmed switching
frequency of 750kHz allows the use of small value inductors
and capacitors; however, an external synchronizing frequency

Vin=5YV

of 500kHz to 1MHz can be used if desired. Internal loop
compensation is provided so there are no external components
required for stabilizing the feedback loop. Likewise, slope
compensation, as required for current mode control, is set
internally. Extensive control and protection features include
undervoltage lockout (UVLO), overvoltage, overcurrent, Power
Good monitor, external Enable, supervisory Reset output, and
thermal shutdown. The ISL6410 and ISL6410A are packaged
in either a 10 Ld MSOP package or 16 Ld QFN package.

The schematic in Figure 2 shows a typical ISL6410A DC/DC
converter for 5V to 3.3V at 600mA.

10p|=-L
I 10
1
=P 2| viN Pvcec
1uF

(750kHz2)
I lsz"i ° 3.3V at 600mA
=s 10pF -L
3.3V Enable 8| EN PGND | 10 T
GND| 3 l
: =s =P
Vin 6| VSET 5
._J-,.s_7- SYNC | 4 3.3V Power Good
i ISL6410A
FIGURE 2.
AN1209 Rev 0.00 Page 6 of 38
February 23, 2006 RENESAS



Intersil Integrated FET DC/DC
Converters

Technical Discussion
ISL6455, ISL6455A (600mA and two 300mA
LDOs)

The ISL6455 is a highly integrated triple output regulator which
provides a single chip solution for FPGAs and wireless chipset
power management. The device integrates a high efficiency
600mA synchronous buck regulator (adjustable) with two ultra
low noise 300mA LDO regulators (adjustable). Either the
ISL6455 or ISL6455A can be selected based on whether 3.3V
+10% or 5V +10% is required as an input voltage. The PWM
output voltage is resistor adjustable from 0.8V to 2.5V for the
ISL6455 with a +3.3V input, and 0.8V to 3.3V for the ISL6455A
with a +5V input. The ultra low noise LDO regulators are
resistor adjustable from 1.2V to V,y-0.3V (3.3V max).

The synchronous current mode control PWM regulator with
integrated N- and P-channel power MOSFETSs provides
adjustable voltages based on external resistor setting.
Synchronous rectification with internal MOSFETSs is used to
achieve high efficiency and reduced number of external
components. Operating frequency is typically 750kHz allowing

the use of smaller inductor and capacitor values. The device
can be synchronized to an external clock signal in the range of
500kHz to 1MHz. The PG_PWM output indicates loss of
regulation on the PWM output.

The ISL6455 also has two LDO adjustable regulators using
internal PMOS transistors as the pass devices. The EN_LDO
pin controls LDO1 and LDO2 outputs. The ISL6455 also
integrates a RESET function, which eliminates the need for
additional RESET IC required in uP, uC, or ASIC based
applications. The IC asserts a RESET signal whenever the V |y
supply voltage drops below a preset threshold, keeping it
asserted for at least 25ms after V| has risen above the reset
threshold. The PG_LDO output indicates loss of regulation on
either of the two LDO outputs. Other features include
overcurrent protection and thermal shutdown for all the three
outputs.

The ISL6455 provides an ultra compact DC/DC converter
design which uses small ceramic capacitors.

A typical schematic for 3.3V to 2.5V at 600mA and two low noise
outputs at 1.8V and 2.5V at 300mA is shown in Figure 3.

13 | sync pvcc | 21 Vin=33V
=s VIN | 22 _L
- { AuF 10 uF
PWM Enable 14 | EN T 1'
LDOEnable 24 | ENLDO 0=" =r (F =750 KHz)
E— LX A~ , Vout =25V at 600 mA
82uH _L
GN\D | 18 10 uF
PGND | 19 R1
=S =p 46.4K
vout | 16 = §
FB-PWM | 11 (45v)
33V 7,8| VINLDO i
PGPWM | 12 2.5V Power Good
10 uF  E— 10K
I SGND | 1
=S 1s
Voutl = 1.8V at 300 mA ) 6| vourt vourz | 9 = Vout2 = 2.5V at 300 mA
Low Noise, 60 uv 10 uF J_ 4| CC1 cc2 | 10 Low Noise, 20 uv,
¢ ) — _"—l =10 UF ¢ :
R3 033 uF GNDLDO | 5 033uF R5
523K 2 =s =s 13K
<>
(1184 v) 3| me-LDOL FBLDO2 | 2 (L184v)
R4 R6
10K ‘f PGLDO | 23 LDO Power Good 10K
=s 17 | cr RESETL | 15 Reset-L =s
01uF
I ISL6455
=S
FIGURE 3.
L E N E R AR AR EEEEEEEEEEEEEEEEsEEEEEEEEEEEEEEEEEE,
. 600mA 300mA 300mA POR with
: PWM LDO LDO delay
H Regulator
e
HIGH
INTEGRATION
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Intersil Integrated FET DC/DC
Converters

Technical Discussion
ISL8011 (1.2A)

ISL8011 is a high-efficiency 1.2A, 1.5MHz synchronous buck
regulator that is ideal for powering low-voltage microprocessors.
It is optimized for generating low output voltages down to 0.8V.
The supply voltage range is from 2.7V to 5.5V allowing the use
of a single Li+ cell, three NiMH cells or a regulated 5V input. It
has guaranteed minimum output current of 1.2A. 1.5MHz
pulse-width modulation (PWM) switching frequency allows the
use of small external components. Internal loop compensation
minimizes the number of external components and provides
ease of design. A 200ms Reset Timer is provided for system

reset applications. An Enable pin provides a low current
shutdown to less than 1uA supply current.

Protection features include digital soft-start to limit inrush
current, peak current limiting, short circuit protection, over
temperature monitoring, and output capacitor discharge in
shutdown.

The ISL8011 is packaged in a tiny 8 Ld MSOP package. The
high 1.5MHz switching frequency and all ceramic capacitor
designs provides an ultra small solution for point of load
regulation.

A typical application for the ISL8011 is shown in Figure 4;
notice there are only six external components required for this
design.

(1.5 MHz)
1.8uH
Input Voltage N . _1pin Phase Ia s . Vout=13V@12A
(27-55V) l
I PGND | 4 10 uF
10 uF 100K 1
=P SGND | 6 =
Reset . 3POR 1 R1
s 511K
Enable 2 EN 5 (8Vv)
1SL8011
R2
10K
s
FIGURE 4.
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Intersil Integrated FET DC/DC
Converters

Technical Discussion
EL7532 (2A)

The EL7532 is a synchronous, integrated FET 2A step-down
regulator voltage mode controller with internal compensation.
Efficiency can exceed 94% due to the synchronous rectifier
FET. It operates with an input voltage range from 2.5V to 5.5V,
which accommodates supplies of 3.3V, 5V, or a single Li-lon
battery source. The output can be externally set from 0.8V to
V|n with a resistive divider. The EL7532 features fixed-

frequency PWM mode control. The operating frequency is
typically 1.5MHz. Additional features include a 100ms Power-
On-Reset output, <1pA shut-down current, short-circuit
protection, and over-temperature protection.

The EL7532 is available in the 10 Ld MSOP package, making
the entire converter occupy less than 0.18in2 of PCB area with

components on one side only as shown in the schematic (Figure
5).

Vin=25-60V _ _
10 uF -I-
I 100
4 1.5 MHz)
=P 5VMDD  VIN VO -
1.8 uH
AuF I X | 3 ~ , 18Vat2a
=S 10uF ==
1.8V Enable 7EN PGND | 2 124K
SG\D | 1 l
=s =
mB | 10 &)
6 RSI POR | 8 Reset
e — 100K
=S
EL7532 %
=S
FIGURE 5.
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Intersil Integrated FET DC/DC
Converters

Technical Discussion
ISL8013 (3.0A)

ISL8013 is a high-efficiency 3.0A, 1.4MHz synchronous buck
regulator that is ideal for powering low-voltage microprocessors.
It is optimized for generating low output voltages down to 0.8V.
The supply voltage range is from 2.5V to 5.5V allowing the use
of a single Li+ cell, three NiMH cells or a regulated 5V input. It
has guaranteed continuous output current of 3.0A. 1.4MHz
pulse-width modulation (PWM) switching frequency allows the
use of small external components. A SYNC pin allows a
synchronizing frequency up to 12MHz for improved EMI
performance with smaller input and output filters, and multi-
phase operation for reduced ripple current and noise. Internal
loop compensation minimizes the number of external
components and provides ease of design. A Power Good

output (PG) monitors the output voltage. An Enable pin
provides a low current shutdown to less than 1uA supply
current.

Protection features include digital soft-start to limit inrush
current, peak current limiting, hiccup mode in overcurrent and
over temperature conditions.

The ISL8013 is packaged in a 14 Ld HTSSOP package for
high thermal performance. The high switching frequency and
all ceramic capacitor designs provides an ultra small solution
for point of load regulation.

A typical application schematic for a 3.3V to 1.8V output at 3A
is shown in Figure 6. The Ext Sync input is an optional feature
synchronizing two ISL8013 devices together or increasing the
clock up to 12MHz.

) (L5 MHz)
Input Voltage o o o 2,34 |Vin Vo B
(25-55 l T
100 LX [12,14 PR Vout=1.8V @3.0 A
10uF -_I- 10 L
=P ur ==
5 vdd
PGND 11,13
1uF =-p
SGND [0 <
10K I % R1
=s =
Power Good 1PG FB P S (8Vv) 124K
Enable 7EN Ro
Ext Sync 6 [SYNC 10K
(12 MHz, mex)
ISL8013 =
S
FIGURE 6.
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Intersil Integrated FET DC/DC
Converters

Technical Discussion
EL7566 (6A)

The EL7566 is a full-feature synchronous step-down regulator
capable of up to 6A and 96% efficiency. The device operates
from 3V to 6V input supply (VIN). With internal CMOS power
FETs, the device can operate at up to 100% duty ratio, allowing
for an output voltage range of 0.8V to nearly VIN An adjustable
switching frequency up to 1MHz enables the use of small
components, thereby reducing board area consumption to
under 0.72in? on one side of a PCB.

The EL7566 operates in constant frequency PWM mode, and
includes a SYNC input making external synchronization
possible. A soft-start feature is integrated in the EL7566 to limit
in-rush currents and allow for a smooth voltage ramp from zero
to regulation. Output voltage tracking is integrated to add
flexibility for synchronizing many supplies in multiple output
voltage configurations. The EL7566 also offers a voltage
margining capability that shifts the output voltage +5% for
validation of system card performance and reliability during

manufacturing tests. A junction temperature indicator
conveniently monitors the silicon die temperature, saving time in
thermal characterization. The IC will also automatically shut
down if the die temperature exceeds 135°C.

Loop compensation the EL7566 is external so that the output
voltage dynamics can be optimized for the application. Since
the EL6566 utilizes current mode control, the loop
compensation is a simple RC network.

For applications that only require a maximum of 4A output
current, the pin compatible EL7554 can be used; the EL7554
has all the same features as the EL7566 described above.

The schematic in Figure 7 shows a typical circuit for a high
frequency (550kHz) switching regulator for a 2.5V, 6A
microprocessor core voltage derived from a input voltage of 3-
6V. By using the STN and STP pins, a start-up ramp of 10ms is
achieved; see “Voltage Sequencing and Tracking” for tracking
waveforms. Output voltage margining of 5% is achieved with
the TM and SEL pins.

3-6V .
100 uF -J=
(10 s ranp) 19 20 21 T
200K =0p
VIN
A uF
I 26 |STN STP | 25
]
047UF 2 VREF vo| 4
1]
2.7uH
22 uF J—=22voo X B.9.10 25Vat6A
11,12, 13
(550 KHz) 270pF 27 |cosc 150 UF ==
1 21.5K
) I 1|covp PGND | 16,17,
4 10K 8200 pF SGND | 28
= =s =p
2.5V Enable 24 EN B | 3
(8v)
10K
Margin Enable 6™
Margin Up 7|SEL =S
PG| 23 2.5V Power Good
\4R 5 Junction Tenperature
Tj =75 +294%(1.2 - VTJ,
EL7566
FIGURE 7.
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Intersil Integrated FET DC/DC
Converters

Technical Discussion
ISL65426 (building blocks for dual outputs
at up to 6A total)

The ISL65426 is a high-efficiency, dual output monolithic
synchronous buck converter employing a constant frequency,
current mode architecture. Operating from an input bias
ranging from 2.375V to 5.5V, the single chip solution provides
two output voltages which are selectable or externally
adjustable from 0.8V to 80% of the supply voltage while
delivering up to 6A of total output current. Unique to the
ISL65426 is the ability to pin program both the output voltage
and output current.

The ISL65426 switches at a fixed frequency of 1MHz and
utilizes current-mode control with integrated compensation to
minimize the size and number of external components and
provide excellent transient response. The internal synchronous
power switches are optimized for good thermal performance,
high efficiency, and eliminate the need for an external Schottky
diode.

A unique power block architecture allows partitioning of six
blocks to support one of four configuration options. One master
power block is associated with each synchronous converter
channel. Four floating slave power blocks allow the user to
assign them to either channel as shown in Table 3. Proper
external configuration of the power blocks is verified internally
prior to soft-start initialization.

Additionally, the output voltage of each channel can be set with
an external resistor network or pin-programmed as shown in
Table 4.

TABLE 4.

Vout1 | VISET1 | VISET2 | Vout2 | V2SET1 | V2SET2
1.8V 1 1 3.3V 1 1
1.5V 0 1 2.5V 0 1
1.2v 1 0 1.8V 1 0
0.8V 0 0 0.8V 0 0

or Adj. or Adj.

Independent enable inputs allow for synchronization or
sequencing of the soft-start intervals of the two converter
channels. A third enable input allows additional sequencing for
multi-input bias supply designs. Individual power good signals
(PG1, PG2) indicate the regulation of the respective output
voltage. The ISL65426 integrates protection for both
synchronous buck regulator channels. If one or both channels
encounter a fault condition, both channels are shutdown. The
fault conditions include overcurrent, overvoltage, undervoltage,
and IC thermal monitor.

The schematic in Figure 8 shows a typical example generating
1.2V at 4A (FPGA core) and 2.5V at 2A (FPGA 1/O power) from
input voltages of 3.3V and 5.0V.

TABLE 3.
lout1 | CHANNEL1 |loyr2| CHANNEL 2
ISET1|ISET2| (A) |CONNECTIONS| (A) |CONNECTIONS
1 1 3 |LX1,LX2,LX3 3 |LX4,LX5,LX6
1 0 2 |LX1,LX2 4 |LX3, LX4, LX5,
LX6
0 1 5 |LX1,LX2, LX3, 1 |LX5
LX4, LX5
0 0 4 |LX1,LX2, LX3, 2 |LX5,LX6
LX4
AN1209 Rev 0.00 Page 12 of 38
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+5V ) _ 7] PVINL PVINS | 35 +33V
10 UF.L 8| PVIN2 PVING 36
13 | PVIN3
10 = 10uF
=P 30 [ PVINA
14,1516 | vCC =p
1TuF ==
26,27 GND
=S
50 | FB1 FB2 43
25uH 4.7 uH
12Vat4A aa s 5| LX1 LX5 34 0N 25Vat2A
6] LX1 LX6 37
220uF == ==220 uF
9] LX2 LX6 38
12 | LX3
31 | LX4 24, 25, 28, 29
32, 33, 39, 40
10,11,17,18 | PGND PGND 41, 42
=p % s =p
1.2V Enable 49 EN1 V1SET1L 19 sy
"
2.5V Enable 48 | EN2  VISET2 20
SystemEnable 47 | EN V2SET1 | 22
21 | ISET1 V2SET2 23
46 | ISET2
=s =s
PGl | 45 1.2V Power Good
PG2 | 44 2.5V Power Good
1SL65426
FIGURE 8.
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Technical Discussion pin as shown in the Table below. Additional features include a

ISL8010 (600m A with PWM/PEM Mode) Power-Good output, <1uA shut-down current, short-circuit
. ) protection, and over-temperature protection.
The ISL8010 is a synchronous, integrated FET 600mA step-
down regulator with internal compensation. It operates with an The ISL8010 is available in the 10 Ld MSOP package, making

input voltage range from 2.5V to 5.5V, which accommodates
supplies of 3.3V, 5V, or a Li-lon battery source. The output can
be externally set from 0.8V to VIN with a resistive divider.

the entire DC/DC converter occupy less than 0.18in2 of PCB
area with components on one side only. The 10 Ld MSOP
package is specified for operation over the full -40°C to +85°C
. temperature range.

The ISL8010 features automatic PFM/PWM mode control, or

PWM mode only. When operating in the PFM mode, the typical The schematic in Figure 9 shows a typical ISL8010 DC/DC

no load quiescent current is reduced to only 120uA. The PWM converter for 2.5V-6.0V to 1.8V at 600mA with less than 120uA
frequency is typically 1.4MHz and can be synchronized up to no load quiescent current.

12MHz. The operating mode is set by the state of the SYNC

Vin=25-6.0V . o
10 uF —L
I 100
4
=p (1.5 MHz)
5\vDD VIN VO
1.8 uH
A uF I LX Y'Y\ - 1.8 V at 600 mA
=s 10uF ==
1.8V Enable 7EN PGND =
SGND l 124K 470 pF
=S =P
B |10 ~ " (.8 V)
6 [SYNC PG| 8 Power Good
[ 100K
=s
ISL8010
=S
Sync Pin Operating Mode
High Forced PWM Mode
Low Aoto PWM/PFM Mode
Ext Clk Synchorize to Extemal Clock, 12 MHz max

SYNC Pin Programming

FIGURE 9.
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Intersil Integrated FET DC/DC Converters
Design Procedure

The Intersil Integrated FET DC/DC Converters product family
provides a highly integrated power system, with most devices
containing internal loop compensation. Therefore, the
component selection process is very simple since most
applications use fixed component values.

Inductor Selection

For the parts with internal loop compensation (ISL6410,
ISL6455, ISL8011, ISL8013, ISL65426, and EL7532) use the
inductor as shown in Table 5.

Once the inductance value is calculated, the inductor ripple
current and peak current should be calculated to select the
correct inductor. The selected inductor must have a saturation
current rating that is greater than I (max), and an average
current (or RMS current) that is greater than the load current.
Often inductor vendors supply different methods for specifying
these parameters, so care must be exercised in reading and
understanding the inductor data sheet.
Ve (1-Vg/Viy)

Fel
The peak inductor current is: I (max) = loyt + 2« dI_

The inductor ripple current is: dl, =

TABLE 5.
TYPICAL VENDOR PART
DEVICE | FREQ. | INDUCTANCE NUMBER
ISL6410 | 750kHz |8.2uH Coilcraft MSS5131-822MX

ISL6410A |750kHz |12uH Coilcraft MSS6122-123MX

ISL8010 | 1.5MHz |1.8uH Coilcraft 1008PS-182M
ISL6455 |750kHz |8.2uH Coilcraft MSS5131-822MX
ISL8011  [1.5MHz |1.8uH Coilcraft 1008PS-182M
ISL8013 | 1.4MHz [1.8uH Coilcraft MSS1260-222NX
EL7532 [1.5MHz |1.8uH Coilcraft 1008PS-182M

ISL65426 |[1MHz |2.5pH Coilcraft MSS1260-222NX
4.7uH (Note 1) |Coilcraft MSS1260-472MX

NOTE:

1. Since the ISL65426 is a building block part, the inductor value
should be based on the switching frequency, output current,
input voltage, and output voltage. The inductor shown is for the
typical application schematic.

Due to the internal compensation, the inductor values shown
should be used for the inductance. Lower phase margin (i.e.,
decreased stability) will result with lower inductor values.
Higher values of inductance could be used; however, they will
result in potential instability in the current mode control loop,
slower transient response, and potentially larger size.

For the EL7566 with external loop compensation, the
procedure outlined in the EL7566 data sheet should be used.

Output Capacitor Selection

The output capacitor must be a low ESR capacitor (<60mQ is
recommended) to minimize output voltage ripple, minimize
load step transients, and provide proper loop stability. In
addition, the output capacitor must have an RMS current rating
that is greater than the inductor RMS current. This can be
approximated by:

lco(RMS) = 0.3 « di,.

Since ceramic capacitors should be used for small size and
have very low ESR, the capacitor ripple current rating is almost
always satisfied.

The output voltage ripple will be equal to:

dVo=dl *ESR+dI /(8 *Cp*F).

For example, with the ISL8011 schematic, the output voltage
ripple will be 290mA « 3mQ + 290mA/(8 « 10uF « 1.5MHz) =
0.87mV + 2.4mV = 3.3mV! In reality, due to parasitic effects
(PCB trace resistance and inductance, vias, etc.), the output
voltage ripple may be slightly higher. However, the effect of a
ceramic capacitor’s very low ESR and high switching

frequency in reducing output voltage ripple is clearly illustrated
by this example.

Input Capacitor Selection

Since the input current in a buck converter is swinging between
zero and full load current, the input capacitor RMS current
rating can be as high as on-half the output load current. An
equation to calculate the exact RMS current rating required
can be found in the data sheets, but a safe assumption is to
choose the input capacitor with an RMS rating of 0.5 « gyt
The input capacitor should be 10uF minimum; higher capacitor
values will result in lower input voltage ripple. Ceramic
capacitors are preferred since they have very low ESR, and,
therefore, higher RMS ripple current capability.

Setting the Output Voltage

Set the output voltage by using logic levels (ISL6410,
ISL65426) as shown in the following tables or external
resistors (ISL6455, ISL8010, ISL8011, ISL8013, EL7532,
EL7566) as described below. The ISL65426 is unique because
its output voltages can be programmed with either logic levels
or external resistors.

For the ISL6410 and ISL6410A logic level output voltage
programming:

TABLE 6.
VSET ISL6410 VouT ISL6410A Vour
1 1.8V 3.3V
Open (n/c) 1.5V 1.8V
0 1.2V 1.2V

AN1209 Rev 0.00
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For the ISL65426 logic level output voltage programming:

TABLE 7.

VouTt1 | VISET1 | VISET2 | Vout2 | V2SET1 | V2SET2
1.8V 1 1 3.3V 1 1
1.5V 0 1 2.5V 0 1
1.2V 1 0 1.8V 1 0
0.8V 0 0 0.8V 0 0

or Adj or Adj.

To set the output voltage with external resistors, a pair of
feedback resistors are used to monitor the output voltage and
regulate the output voltage with a fixed voltage reference as
shown in Figure 10.

Usually, R2 is set to a convenient value such as 10kQ, and R1
is then calculated. Since tight initial output voltage is required,
R1 and R2 should be 1% tolerance (or better if required). Often
the R1 calculation will yield a non-standard 1% resistor value
so the next highest standard 1% value is used in order to raise
the output voltage slightly which can compensate for | « R
drops on the PCB. If tighter initial tolerance is required than
can be achieved with standard 1% values, a high value resistor
across R1 could be used to tweak the effective value of R1 to
the exact calculated value. Alternately, a new value for R2
could be used and R1 could be recalculated until the minimum
output voltage error is achieved.

The value of VRrgr is different for the various regulators as
summarized in Table 8.

TABLE 8.
Vvin \Vin LX PN . Vou PART NUMBER VREF
-L ISL6455 PWM 0.45v
-|_- PGND 1— ISL6455 LDO's 1.184V
=P =P
SGN\D R1 ISL8010 0.80V
L = s ISL8011 0.80V
N ISL8013 0.80V
Enmor
Anplifier is R EL7532 0.80V
Ve T EL7566 0.80V
=S =S
ISL65426 0.80V
Inteqgrated FET DC/DC Converter
FIGURE 10. Miscellaneous Control Connections
The output voltage is set by the following equation: Connect the control pins as required for the application.
VOUT = VREF ¢ (1+R1/R2), 0r
Vout—VRepr)
R1 = R2e—QUT "REF’
VREF
TABLE 9.

PART # ISL6410 1ISL8010 ISL6544 1ISL8011 1ISL8013 EL7532 EL7566 1SL65426
OUTPUT CURRENT (A) 0.6 0.6 0.6,0.3,0.3 1.2 3 2 6 6
Enable Input Yes Yes Yes Yes Yes Yes Yes Yes

Sync Input Yes Yes Yes Yes Ext ckt

Power Good Output Yes Yes Yes Yes Yes Yes

Power on Reset Output Yes Yes Yes Yes

Power on Reset Timer Yes Yes

Temperature Indicator Yes

Tracking Yes

Margining Yes
AN1209 Rev 0.00 Page 16 of 38
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Ramp is generated with R1 and C1, which is connected to the

Voltage Sequencing and Tracking

Many of today’s microprocessors, gate arrays, and other logic
devices require multiple supply voltages for their core and I/O
voltages. To eliminate latch-up conditions internal to the logic

devices, the power supply voltages may need to be turned on
and off in a particular sequence. Sequencing the power supply

STN pin.

voltages can be accomplished by using the Enable pins of the Tek A Lt I:uimplete M TRER
Intersil Integrated FET DC/DC Converters products and the
Intersil Voltage Sequencing Controllers such as the ISL61xx R
product family. Source
However, often there is also a voltage tracking requirement for
the microprocessors, gate arrays, and other logic devices. For o4 * Sope
example, “the differential voltage between the 2.5V core Hising
voltage and 3.3V I/O voltage must be less than 0.7V under all
conditions”. A tracking requirement like this can not be r-r|I
satisfied by sequencing the 3.3V and 2.5V power supplies
because it will violate the 0.7V maximum voltage differential Coupling
specification.
Therefore, it is often prudent to track all the output voltages in a CH2 100 M 5.00ms LHZ .7 360m’Y
I-3ep-03 10:47 <10Hz

system to a common ramp so they all track together in turn on
and turn off. The EL7566 and EL7554 have the ability for

voltage tracking via the STN and STP pins so it is an easy task
to provide voltage tracking. In the circuit (Figure 12), the Track

The waveform in Figure 11 shows the relationship between the
Track Ramp (STN pin) and the output voltage.

TOP TRACE - TRACK RAMP (STN PIN)
BOTTOM TRACE - OUTPUT VOLTAGE

FIGURE 11.

33V
150 uF -L
R1
100K 19,20,21 I
Track Ramp VIN =P
C1 AW
I 26 |sTN sP | 25
M7y 2 \VREF vo| 4
2.7 uH
22uF 22 VoD LX B.9,10 ~ ‘ 18Vat6A
" h1, 12, 13
(550 KHz) 270 pF 27_|cosc =
it 150 uF T 12.7K
) " I tlcovP  PoND | 16,17,
L. 10K 8200pF sG\D | 28 l
= =S =p
24 EN B3 =
(8v) %
10.2K
6™
7[SEL =s
PG| 23
via | s
EL7566
FIGURE 12.
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Vout set for 2.5V
) - . o Voutl =25V
Vin=+5V in Vout
% R1 EL7566 Demo Board #1
Rload
100K
™ STP
l Gnd <
Ct _]_
20uF I =
Track R
fack ranmp Vout set for 1.8 V
- Vout2 =1.8V
n Vout
EL7566 Demo Board #2
Rload
™ STP
G_I.d <
FIGURE 13.
To illustrate the tracking capability of two output voltages, two The VRgf voltage can be shared with other DC/DC converter
EL7566 Eval Boards were connected together as shown in ramp circuits in a multi-output voltage system. If there are other
Figure 13, and the following output voltage tracking waveform DC/DC converters in the same system with a different internal
(Figure 14) was measured. reference voltage (i.e., 0.60V, 1.25V, etc.) or if offset tracking is
required, the resistor ratios (R1:R3, and R2:R4) can be
Tel T @ Ao Complete M Pos: 19.40ms CH2 adjusted to ensure the desired tracking.
+
Coupling The output voltage waveform in Figure 15 uses a triangular
wave as the Track Ramp; notice the output voltage tracking
B Lirnit occurs on both the turn on ramp and the turn off ramp.
On
20mHz
Tek .1 Tria'd M Pos: 20.00ms CH2
Walts/Dis +* -
Coarse] oupling
Prabe B Lirnit
- Off
+ 100KHz
4 Ineert el
e _ t
0ff 2l B ﬁﬁv
CH2 S00m ey b 5.00ms CH2 . 360mb
3-Sep-05 1445 <10H: Prabe
TOP TRACE - Vgur1, 2.5V
BOTTOM TRACE - Vgyra, 1.8V
by
FIGURE 14. ol
CH2 .00 k1 5.00rms CHZ & 280rt
Other devices without the tracking functions can be used with 10-5ep-0508:43 2145450z
the circuit shown in Figure 17 to provide the voltage tracking. It TOP TRACE - TRACK RAMP
must be noted that this will only work with Intersil Integrated BOTTOM TRACE - OUTPUT VOLTAGE
FET DC/DC Converters that use external resistors to set the
output voltage since you must have access to the feedback FIGURE 15.

resistors.
By superimposing the Track Ramp and the Output Voltage, the
waveform in Figure 16 illustrates the tracking accuracy.
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Tek I Trig'd M Pos: 20.00ms CH2
+*
Coupling
OC
N
e o B -
- .
A
Probe
Invert
0ff
CHZ 1004 M 5.00rns CH2 25 280mY
10-5%ep-05 05:50 21,47 25Hz
TOP TRACE - TRACK RAMP
BOTTOM TRACE - OUTPUT VOLTAGE
FIGURE 16.
Vin=5.0V
10 uF -L
100
-I—- < 1.5 MHz)
=P sfoo ww wol o @
1.8uH
AUF I x| 3 e~ . 25Vat2A
=S 10uF =
25V Enable 7EN PGND | 2 R1
SGND | 1 215K
=s =p
FB | 10 ®v)
6 RSI POR | 8 Reset
T R2
TS <
100K
EL7532 +5v
Vref=.8V
Tracking Circuit
S
R3
Track Ranp
215K 100K
FIGURE 17.
A complete analysis of the EL8186 op amp tracking circuit is
available on request.
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PCB Design/Layout Considerations

The PCB layout must be considered an active component in
any switching regulator design due to concerns with stability,
low noise, and thermal management. Disaster will result if the
PCB layout is left to the hands of a PCB designer who uses
automatic placement and auto-routing software. There is no
way around it - the hardware design engineer must be involved
in all aspects of the PCB layout.

Most of the Intersil Integrated FET DC/DC Converters products
have data sheets and Evaluation Boards which show a proven
PCB layout. Use them if possible!

The PCB layout starts with a well drawn schematic. A
schematic tells a story; it is more than just a way to generate a
Net List for the PCB. The schematic should show ground
systems, Kelvin connections, proper component placement,
and all the components must be shown locally to the DC/DC
converter circuit. Critical bypass capacitors should not be
shown 10 pages from the controller chip!

First, a two ground system must be established. A Power
Ground (PGND) should connect all the high frequency and
high current paths. The PGND must be a plane or copper flood
area. A Signal Ground (SGND) should connect all the low
current signal interconnections. A plane or copper flood area
can be used but is not required for the SGND connections. The
PGND and SGND must be connected together at only one
point - usually at the controller chip PGND pin. Often, a 0Q
resistor will be used to create a separate SGND Net List and
force a single point connection to PGND.

Second, all the power components (Controller chip, inductor,
output capacitor, and input capacitor) should be placed on the
same side of the PCB to eliminate the need for
interconnections with vias that are both resistive and inductive.
The input voltage, output voltage, and ground can be stitched
to inner layers with multiple vias after the DC/DC conversion
process has taken place. The idea is to eliminate high
frequency switching currents from flowing through vias, if
possible.

Third, the ground side of the input capacitor, PGND pin, and
output capacitor should be as close together as possible to

avoid switching noise generated by discontinuous current flow.

Fourth, all the “sensitive” nodes should be as short as possible.
Critical components must be located as close to the controller
chip as possible; these include feedback resistors, decoupling
capacitors, and loop compensation components. Fortunately,
the use of a highly integrated controller minimizes the number
of external components.

Fifth, it must be recognized that the PCB is the thermal
management system (heatsink) and the proper amount of
copper etch must be placed around the controller chip to
dissipate the heat that is generated. Thermal management is
discussed on many of the Intersil Integrated FET DC/DC

Converters product data sheets; in addition, there are two very
good Applications Notes.

* AN1096, “Thermal Design Considerations - EL75XX”

» TB379, “Thermal Characterization of Packaged
Semiconductor Devices”

Proper Scope Probe Grounding Techniques

Essential to the design and evaluation process is the ability to
properly measure the output noise and load transient
response. These are difficult to measure because they are low
level signals in the presence of high common mode voltage,
high frequency switching currents, and large electromagnetic
fields. Simply clipping a scope probe onto a measurement
point and the use of a 4” ground lead will not suffice as shown
in the output voltage waveform (Figure 18), taken from the
EL7566 Eval Board.

t Pos: 0.000s TRIGGER

Tek ... ] Stnl:'+

Type

Source
CH1

Slope
Fising

hode

Coupling
k4 S00ns
26-fug—05 0&52

FIGURE 18. POOR Vgyt RIPPLE MEASUREMENT

In order to make this measurement for output voltage ripple
and noise, the ground lead of the probe must not be used;
instead, the ground collar on the probe must make direct
contact to the output ground measurement point. It may be
necessary to take the probe apart to gain access to the ground
collar. A probe clip should not be used to make the connection
to the measurement point; instead, the tip of the probe must be
connected directly to the measurement point. Often there are
accessories with the probe to make these direct
measurements easier. The waveform in Figure 19 is the same
circuit and test conditions as the waveform above, but the
probe is connected properly.
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ki Paos: 0.000s TRIGGER

Tek o
Type

Source
CH1

Slope
Rising

Maode

Coupling

kA S00ns
26-Aug-05 05:54

FIGURE 19. PROPER Vgyt RIPPLE MEASUREMENT

Power Calculations and Efficiency Estimation

This section will describe an empirical approach to estimate
the power dissipation of main components that determine the
overall efficiency of the converter and the temperature rise of
the controller chip.

The major contributors to power dissipation are listed in Table
10, with equations to approximate the power:

TABLE 10.

Input capacitor ESR power loss P1= (IOU-|-/2)2 *ESR

Top side FET ON resistance power loss, |P2 = lgy72 * Ron * DC
(where DC = Duty cycle = Vout/VIN)

Top side FET transition power loss,
(where Ts = rise and fall time on the LX
pin)

Bottom side FET ON resistance power |P4 =Igy2+Ron *(1-DC)
loss

P3=V|N‘|OUT‘TS'F

Inductor DCR and AC power loss, P5=2+lgyt?* DCR

(assumes DC losses = AC losses)

Total controller chip power dissipation = P1+P2+P3+P4+P5.

As an example, consider the Evaluation Board for the EL7566
for:

Converters
1. P1=(4.7/2)2+0.018 =0.10W
2. P2=(4.7)2+0.03+0.36 = 0.24W
3. P3=5¢4.7+10ns * 525kHz = 0.12W
4. P4=(4.7)2+0.025¢ (1-0.36) = 0.35W
5. P5=2+(4.7)2+(0.012) = 0.53W
Total Power loss =1.34W

Calculated Efficiency = output power/(output power + total power loss)
=1.8V4.7A/(1.8V +4.7A + 1.34W)
=86.3%

Measured Efficiency = 1.8V « 4.7A/(5.0 « 1.93A)
=87%

The EL7566 power dissipation, P2 + P3 + P4 = 0.71W. The
temperature rise of the EL7566 can be estimated by using
04 = 30°C/W from the data sheet curve. The temperature rise
will be 0.71W « 30°C/W = 21.3°C; the EL7566 case
temperature was measured at 53°C at an ambient temperature
of 28°C for a measured temperature rise of 25°C. The
estimated temperature rise is a good approximation for reality.

As shown, by simple measurements of LX pin rise time and fall
time, it is possible to estimate the power dissipation of circuit
components, temperature rise of the controller chip, and
overall efficiency.

Loop Compensation Evaluation with Load Step Test

Even though most of the Intersil Integrated FET DC/DC
Converters products have internal loop compensation, it is
prudent to evaluate the overall loop stability with the actual
input circuitry, PCB layout and load. The classic approach to
check loop stability is to measure the system transfer function
by breaking the feedback loop, inserting a test signal into the
network, and measuring the gain and phase of the overall
system transfer system. Bode plots are generated to
graphically show the phase and gain characteristics and
measure the phase margin. This process has been automated
with computerized network analyzers, but the process is still
difficult at best. As a result, it is usually ignored in the design
evaluation process and rarely understood by all but the serious
analog guru.

A much simpler approach to evaluating loop stability uses a
load step to inject a stimulus into the overall closed loop
system, and then the transient response is measured for

TABLE 11.
v v o ESR 0.018 excessive ringing (potential instability) or slow response (over
+

IN S IN 0180 compensated). This approach is valid because there is a direct
Vout +1.8V Top FETRON  |0.03Q transformation from the H(s) frequency domain to the h(t) time
louT 4.7A Bottom FET RON |0.0250 domain via the Laplace Transform. Fortunately, it is not

necessary to evaluate a Laplace Transform to evaluate loop
DC 36% Inductor DCR 0.012Q o

stability!
Switching Frequency |525kHz . .

. . The easiest method to test load transient response uses an
Rise, Fall Time 10ns (measured) Electronic Load. But if you do not have access to this piece of
Input Current 1.93A (measured) equipment, a simple circuit (Figure 20) can be used to inject a

load step into the output of a DC/DC converter (or any power
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supply), and an oscilloscope measures the resultant transient
response.

R1 sets fixed load = Vout/R1

Vout
R2 sets load step = Vout/R2
SR R2
= ]
Q1
J2 to Scope
IRF7413 J1 to Pulse Generator
51 10Hz, 10% Duty cycle
Qut
Gnd
DC/DC Converter
Under Test
FIGURE 20.

In this circuit, R1 sets a fixed base level load current =
Vout/R1 and R2 sets the load step amplitude = Vo1/R2.

As an example of this technique, the EL7566 Evaluation Board
was tested with the load step circuit as shown above; R1 = 1Q
for a fixed load current of 1.8A, and R2 = 0.62Q for a load step
of 2.9A. Therefore, for these tests the load was stepped from
1.8A to 4.7A in less than 250ns (the pulse generator slew rate
controls the load di/dt). The loop compensation components
(RO, CO) were adjusted to show various conditions of stability.

The scope waveform in Figure 21 shows stable loop

When the control loop is over-compensated, the loop is stable,
but the recovery time is much longer as shown in Figure 22;
note the time base change to 500us/div.

K Pas: 00005

Tek I TRIGGER

Trig"d
+*
Type

Source

Slope

Mode

Coupling

CH2 & 280mm
26.5924Hz

CH2 S0ord M SO00s
26—hua-05 0336

TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE
RO =7.68k C0=0.1uF

FIGURE 22.

If the control loop is under-compensated, the control loop
exhibits a tendency to ring which indicates the approach of an
unstable condition as shown in Figure 23.

compensation; there is a sag in the output voltage when the Tek T Trig'd k1 Pos: 00003 TRIGGER
load step is applied and the recovery is fast with no overshoot ¥ Type
or ringing. y
24 =
Tel . Trig'd M Pos: 0.000s TRIGGER Source
+
Type
Slope
ot Rising
z v - Sure
Mode
Sl:upe
Coupling
Mode
CHZ 500y M 100us CHZ & 2a0nt
26-8ug-05 0937 26.5969Hz
Coupling TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE
CH2 500mY M 100us CH2 .~ 280m RO=7.68k  CO=28200pF
26-hug-05 0557 28.6218Hz FIGURE 23.
TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE ) . . ) ]
RO=7.68k  CO = 8200pF As an example of using this technique in evaluating a DC/DC
FIGURE 21 converter circuit, the EL7532 Evaluation Board was tested with
' the load step test circuit (Figure 24).
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Load Step
2A
24 inch Leads Vin e | Vout
55A
s <§ R1 <§ R TS =-
— Vin c2 c L&’) 33 1.35
_-10 F 10 uF T J2t0S «
! ! o Seope IRF7413 a J1 to Pulse Generator
51 10 Hz, 10% Duty cycle
24 inch Leads —— o
Gnd Gnd
EL7532 Ev aluation Board
Under Test
FIGURE 24.
The scope waveform in Figure 25 shows the load transient Tek L Trig'd M Pas: 0000
response with V)y = 5.0V. -
Tek . Trig'd M Pos: 0,000s I AL
- +
ol In. w 2' J —
i
i 1
24 e |
Lin|
Coarse]
0ff
CH2 500y M 25008 CH2 & 280
Ot 25—Aug-05 0355 25.8576Hz
CH2 S00my M S00s CH2 & 250mY TOP TRACE - LOAD STEP

25-hug-05 0353 28.6452Hz

FIGURE 25.

However, when the input voltage, V|y was decreased from
5.0V to 3.3V, the load transient response showed increasing
peaking, and broke into an oscillatory response as shown in
the following scope waveform (Figure 26) with V|y = 3.3 V.

BOTTOM TRACE - OUTPUT VOLTAGE

FIGURE 26.

Obviously this is not an acceptable situation! Since there was
48’ of lead length between the input power supply and the
Evaluation Board, a 1000uF capacitor was added across the
ViNn and Gnd terminals of the Evaluation Board to stabilize the
input supply. Instantly the oscillatory response went away, and
the following stable load step response was recorded with the
input voltage adjusted from 3.3V to 5.0V as shown in Figures
27 and 28.
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Tek T Tria'd i Pas: 0,000s Tek T Trig"d K Pas: 00005
- +
ot iC P i
| +
el ¥ s :
0n 0n
Coarse Coarse]
0ff 0ff
CHZ 500ms b 20.0us CH2 & 280mY CH2 500 M S000s CHZ & 2a0nmt
28-#ug-05 10:07 28.7130Hz 28-fug-05 1015 28.678THz
TOP TRACE - LOAD STEP TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE BOTTOM TRACE - OUTPUT VOLTAGE
FIGURE 27. V|y = 5.0V FIGURE 29. V|y =3.3V
To decrease the output voltage ripple, C1 was added back with
Tek i Trig'd M Pos: 0,000s the 100uF output capacitor still in place; the following load
* transient response was recorded (Figure 30). Notice the output
IS ripple has decreased dramatically due to the low ESR of the
ceramic output capacitor (C1), the load transient response is
Z* o stable, and the voltage sag is three times less due to the
additional bulk capacitance.
Tek T Trig'd 14 Pos: 0.000s
+
IF e ¥ F AL
¥ ! |
n|
CHZ S00ms b 5008 CH2 & 280
28-#ug-05 10:03 28.7240Hz
TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE
FIGURE 28. V| = 3.3V
0ff
ThIS simple load transient te.s.ts show th.e |mponance of input CHE Sa0my M 500008 RS Sy
filter parameters on the stability of a switching regulator, as T— g5 10:25 28 Fd3dHz
discussed in Appendix B.
TOP TRACE - LOAD STEP
To further evaluate the stability of the EL7532 Evaluation BOTTOM TRACE - OUTPUT VOLTAGE
Boarq, a 100uF output capa0|tor. (POS-QAP #6TPE100M) was FIGURE 30. Vy = 3.3V
used instead of the 10pF ceramic capacitor (C1) on the
Evaluation Board. The Figure 29 waveform was recorded;
notice the increased output ripple as a result of the increased
ESR of the output capacitor. The load transient response
shows a slight overshoot, but there is no ringing or tendency to
oscillate so this is a stable response. Notice that two
parameters have been measured with this test - output ripple
and stability!
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Design Software Available; i-Sim

i-Sim PE is the Personal Edition of the Intersil’s i-Sim product
simulation tool. This is available as a free download from
Intersil that you can install and run on your Windows based
PC. Design software capabilities include:

* An applications-based Intersil Power Management Product

Typical Applications Circuits

miniPCI or CardBus WLAN Power Supply for 3.3V to
1.2V, 2.5V, and 2.8V

Input Voltage:

3.3V £10%

Output Voltage: 1.2V at 600mA or 1.8V at 600mA (R1 = 30k)

Selector with dynamic input fields to match your input and
output requirements. A reference schematic will be
generated based on your selections.

A Schematic Editor which allows complete customization of
your application schematic and provides a Bill of Materials
for the design. The schematic can be downloaded for a fully
back-annotated version of any on-line schematics that you
have created.

A Parts Library for common circuit elements for placement
and modification to capture your exact circuit and parasitic
elements. You also have the ability to create your own library

2.5V at 300mA
2.8V at 150mA

Enables: 1.2V shutdown

2.5V and 2.8V shutdown
Power Good: 1.2V power good

2.5V and 2.8V power good
Reset Output: 3.3V input monitor and Reset

Due to the use of a switching regulator for the 1.2V output, the
overall efficiency for this circuit is 84%. If an all LDO circuit is
used, the efficiency drops to 54.5%.

of parts using existing templates. At the time of this writing,
there are over 80 Intersil parts that are part of the library;
more are being added on a regular bases.

+ A Simulation Tool with the capabilities for DC, AC, and load-

step transient analysis. Post simulation analysis allows
probe placement and mathematical operations on node
voltages and currents.

13 | syne pvce | 21 _ Vin=33V
L VIN | 22 L
= AuF 10 uF
1.2V Enable 14 | EN T I
LDOEnable 24 | ENLDO 0=" =P (F=750 KHz)
LX AV Vout =1.2 V at 600 mA
82uH _L
GN\D | 18 10 uF
PGND | 19 R1
2 169K
- S = R
vout | 16 = =P §
FB-PWM | 11 (45v)
Vin=33V 7.8| VINLDO -
PGPWM | 12 1.2V Power Good
10 uF 1 10K
I SGND | 1
=s 1s
Voutl =25V at 300 mA i i 6| vourl vouz | 9 = Vout2 = 2.8 V at 150 mA
10 uF .L 4] CC1L CC2 | 10 Low Noise, 20 uv'
— —||—| =10uF ¢ :
R 033uF GNDLDO | 5 O33WF | R5
11.3K =5 =5 13.7K
(1184 V) 3| FB-LDOL FBLDO2 | 2 (1184 V)
R4 R6
10K PGLDO | 23 LDO Power Good 10K
=s 17 | cr RESETL | 15 Reset-L =s
01uF
I ISL6455
=S

FIGURE 31. miniPCI OR CardBus WLAN POWER SUPPLY
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Ultra Small Size Processor Power Supply with
Output Voltage Tracking for 3.3V to 1.8V and 2.5V

Input Voltage: 3.3V £10%
Output Voltage: 2.5V at 1.5A
1.8V at 1.0A
Tracking: 1.8V and 2.5V outputs track each other 200ms after
power-up
Reset Output: System RESET-L 200ms after 1.8V and 2.5V
outputs regulated
Vin=33V I
% R1 I Cl =p
10uF  ~
100
< 4
(L5 MHz)
© 5DD VIN VvO| 9
1.8uH
AU == 7N x| 3 A 25Vat15A
L1 L
10uF {R2
6[rsl PGND | 2 T é 84.5K Y
=S SGND 1 l
8 =s =p
POR FB | 10 =
(8v)
{R3 R7
EL7532 é4o.2|< 8V 127K
Al ‘
R9
10K 5
CSI ISL8186 Vee
: =P (01 Rarp) 3RST  MR[ 4
10 uF —
L 40.2K 84.5K o J_
N (1.5 MHz) F IS Gnd Gnd
L2 = 1] 2
1.8uH A3
2EN Phase Y 18VatlA =S
LM3724-3.08
10 uF ==C6
{ R10
PGND | 4 é 49.9K
% R14 SGND ]
10K
=s =-p
3pPor B |5 W 1
(8v) R11
1SL8011 40.2K A5
A4 1SL8186
_ R13
RESET
40.2K 49.9K
FIGURE 32.
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ADSL Modem for +5V to 1.8V, 2.5V, Ultra Low Noise
2.5V, and Low Noise 3.3V

Intersil Integrated FET DC/DC

Converters

Input Voltage:

5.0V £#10%

Output Voltage: 1.8V at 2A

2.5V at 600mA (Core)

2.5V at 150mA with ultra low noise output
3.3V at 200mA with low noise output

Vin=5.0V - °
10 uF -L
I 100
4
=P (1.5 MHz)
- DD VIN VO| 9
1.8uH
A uF LX 3 Y\ - 1.8Vat2A
l:s 10uF =
1.8V Enable 7 |EN PGND 2 124K
SGND | 1 l
=s =
B[ 10 - = P
(8v)
6 |RSI POR | 8 Reset
100K
=S
EL7532
=S
FIGURE 33.
13 | SYNC PVCC 21 Vin=5.0v
J:_ s VIN 22 L
- A uF 10 uF
Core Enable 14 | EN T 'I_'
LDOEnable 24 | ENLDO 0=" =P (F=750 Khz) Vout =2.5 v at 600 ma
LX Y\ .
8.2 uH L Core
GN\D | 18 ’ 10 uF
PGND | 19 R1
=S =p 46.4K
VouT 16 - .
BPWM | 11 (.45 V)
50v 7,8| VINLDO R2
PGPWM [ 12 Core Power Good
10 uF 1 10K
I SGND 1
=s LS
Voutl =3.3 v at 200 ma o o VOUT1 VOUT2 9 f Vout2 =2.5v at 150 ma
10 uF CC1 CcC2 | 10 Ultra Low Noise, 20 uv,
J= —ﬂl—‘ == 10uF ¢ ‘
033 uF GNDLDO | 5 OBV | R5
17.8K =s 11.3K
(1.184v) 3| FB-LDO1L FB-LDO2 2 (1.184 v)
R6
PGLDO | 23 LDO Power Good 10K
=s 17 | cT RESET-L | 15 Reset-L =5
01 uF
I 1SL6455
=S
FIGURE 34.
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USB Wireless LAN (WLAN) Power Supply for +5V to

3.3V, 1.8V, and 2.84V
Input Voltage:
Output Voltage: 3.30V at 80mA
1.80V at 330mA (MAC)
2.84V at 120mA (ZIF)
2.84V at 100mA (Memory)

5.0V £10%, 500mA maximum input current

By using the ISL6413 SYNC pin, the switching frequency is
synchronized for 1.5MHz (ISL8010) and 750kHz (ISL6413).
The estimated input current from the 5.0V (USB) is less than
350mA. The soft-start feature of the ISL8010 ensures less than
500mA input current on start-up.

+5| \Y]
Vin=5.0V (USB) . . Icik Q LX/2
10uF -L . .
I 100 4 (1.5 MHz) J_ Divide by Two Hip Fop
=5
=P 5MDD VIN Vol 9
1.8uH (600 rra)
1uF I x| 3 VA 33Vat80m
=S 10uF ==
3.3V Enable 7EN PGND 2 T
SGND | 1 l 316K 470 pF
Bl T il (8v)
(PFM/PWM nmode)
6 [SYNC PG| 8 3.3 PowerGood
L s
1SL8010
PowerSave-L 5| EN PVCC
12 | EN-LDO VIN J_
I 10 uF
LX/2 SYNC LX PR Vout =18V at 330 mA (MAC,
10uH
GN\D [ 19 ==10 uF
PGND 20
SGND | 24 % s =p
VOuUT 18
33 VIN LDO
—-T-— PGPWM | 1 1.8V Power Good
4.7 uF
I PGLDO | 6 2.84 V Power Good
Voutl =2.84 V at 120 mA 14 | vouTl VOouUT2 16 Vout2 =2.84 V at 100 mA
10 uF l 13 | cC1 cc2 17 .033 uF l
I I 10 uF
.033 uF GNDLDO 15
=s
8 CT RESET 11 Reset
=S
- 01uF RESET-L 7 Reset-L
1SL6413
FIGURE 35.
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Programming Soft-Start

Designing for minimum size with a high level of integration
does have its drawbacks. Flexibility can suffer due to pin
limitations, especially in the lower current devices, such as the
ISL8010 and EL7531. One potential limitation in these ICs is
the lack of programmable soft-start; they have an internally
fixed soft-start time. Some applications require large output
capacitance to meet their design constraints. If the capacitance
is too large, the inrush current during soft-start may exceed the
current limit of the IC. Figure 36 illustrates the inrush current in
a DC-to-DC buck application.

Vin - dVidt =Vt

_|
gl

I

FIGURE 36.

Using the voltage to current relationship for capacitors
(Equation 1) will determine the amount of current needed to
initially charge the output capacitance (Cg) from 0V to the
desire output voltage.

lc = CedVg/dt (EQ. 1)

The ISL8010 soft-start time (tgg) is between 250us and 400us
(dependent on input voltage) and the current-limit is
approximately 1.5A. Substituting the values of Icvax), Vo and
tsg into Equation 1 will determine the maximum capacitance
the ISL8010 can handle for a specific application.

Example:

Ic(max) = 1.5A

tgs (worst case) = 250us

Vo (desired) = 2.5V

-+ Comax) = (1.5/2.5) « 250x106 = 150uF

This example shows that for an output voltage of 2.5V, the
maximum allowable capacitance for the ISL8010 is 150uF.
Figures 37 and 38 graphically show the allowable ranges for
output capacitance and voltage to successfully keep start-up

inrush current below the current limit threshold for the ISL8010.

500
500

400

300
Co(Vout)
200

100

0
1 123 146 169 192 215 238 261 284 307 33
1 Vot 33

FIGURE 37.

lo(Cout, 1291

Iof Cout,2.5)
1
IofCout,3.3)

1.5

0.5

100 200 300 400 500

10 Cout 500
FIGURE 38. INRUSH CURRENT vs Cq AND Vg

NOTE: Some of these capacitance values exceed the data sheet
recommended values for loop stability. Each design case that exceeds
the recommended values must be qualified in the end application.

If an IC without programmable soft-start (e.g. ISL8010) is used
in an application where the required output capacitance is
large enough to produce inrush currents in excess of the
current limit threshold, an external solution must be
implemented to reduce the soft-start time, and therefore
reduce the inrush current.
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Vin
r—--—--- I —‘—"CIT_L
| Vin e _ =
| | r |
\ [ ! _ [
| Rss I Conpensation I
\ [ L ! [
| | R1 | EWM ot 1 |
onparator
| PNP | | P E |
Css ! N Control P |
I T ' o ~ Logic L Vou
| | I + and ] ~ oul
| I R2 | Reference '_r/r]/ ) |
Voltage — wm== . FET == Cout
| | | T Enor Amplifier Drivers |
1 82
I T 1 '
| | = | il N | il
_______ | Ranp T =
Soft Start Circuit I Voltage I
| |
| |
I Oscillator I I
| = |
L e e e e e - — |

FIGURE 39. EXTERNAL PROGRAMMABLE SOFT-START CIRCUIT

Figure 39 illustrates a circuit implementation to allow
programmable soft-start.

The PNP transistor in this circuit provides a low impedance
path between the output voltage and the feedback pin. This
has the effect of regulating the output very near the reference
voltage of 0.8V. As the voltage on Cgg is charged through the
resistor Rgg, the base voltage of the PNP transistor rises. The
collector current will be continually reduced as the base
voltage increases, causing more current to flow in R1 and
subsequently increase V. The output voltage will track the R-
C ramp on Cgg until the PNP is completely turned off, and all
the current from Vg to FB is flowing in R1. At this point, the
soft-start circuit has no effect, and the converter acts normally.
Figure 40 shows the start-up event with the addition of the R-C
network and PNP transistor.

EN

T=Rgs*Css

--------------- ~0.7V

FIGURE 40.

As shown in Figure 40, the time constant of the start-up (T) is
the product of the magnitudes of Rgg and Cgg. Making either
of these two values larger will slow the soft-start time, and
subsequently reduce the inrush current according to
Equation 1.

Conclusion

Hopefully this Application Note has made designing a
switching regulator with Intersil Integrated FET DC/DC
Converters a little less daunting. The use of internal loop
compensation has eased the burden of loop stability, easy to
use Tables have been shown for inductor selection, setting the
output voltage, and Feature selection. Simple test circuits for
evaluating loop stability and input filter stability have been
shown and demonstrated. PCB layout guidelines and
techniques have been discussed for the PCB designer.
Circuits such as output voltage tracking have been shown to
reduce the headaches with power on sequencing and latch-up
in digital ICs.

The Appendixes that follow discuss the theory and analysis of
buck regulators using PWM control and the often ignored input
filter stability.
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FIGURE 41. A TYPICAL POWER SUPPLY DESIGN BENCH (BUT, WHERE’S THE PIZZA?)

Appendix A - Buck Mode Regulator
Analysis

A buck mode switching regulator is used to very efficiently
reduce a higher input voltage to a lower output voltage such as
5V to 3.3V or 2.5V to 1.8V. While this can be done with a pass
transistor operating in the linear mode (ie, linear regulator or
LDO), a buck mode switching regulator does the conversion
process with very little power loss — high efficiency. Efficiency
is defined as the ratio of output power to input power; i.e.:

E = Pout/PIN
(Vout * lout/(ViN * IIN)

For a linear regulator (assuming no quiescent current losses):

lout = liny @nd
E = Vout/VIN

For a 5V to 3.3V linear regulator, E = 3.3V/5V = 67%; one third
of the power is lost as heat! It gets even worse at high input
voltages; for example, for a 12V to 3.3V linear regulator, E =
3.3V/12V = 28%. Even for moderate load currents, a heat sink
or thermal management is almost always required. For a
battery operated system, the lost power makes a linear
regulator very impractical.

The buck mode switching regulator performs an almost
lossless voltage conversion with efficiency exceeding 95%; for
a 10W DC/DC converter this is only 0.5W power lost.

Buck Mode Regulator Theory

The basic topology for a buck mode regulator is shown in
Figure 42.

Vin

l

S1 L1
Vout
C1
S2

FIGURE 42.

Complement switches S1 and S2 are driven with pulse-width
modulation (PWM) to regulate the output voltage, Voyt. S1is
usually a bipolar transistor or MOSFET; S2 is either a diode or
MOSFET. Inductor L1 and capacitor C1 provide energy
storage and filter the output voltage to a DC level. The output
voltage is set by the duty cycle of the PWM as shown in the
following.
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Duty Cycle Relationship

Assuming ideal elements (i.e., no voltage drop in the switches,
infinitely fast switches, and no IR losses in L1 or C1), the
inductor energy must be conserved in each switching cycle.
The Energy In during the S1 ON time must equal the Energy
Out during the S1 OFF time.

Energy In during S1 ON time = Energy Out during S1 OFF
time.

E = % Li2 for an inductor
% Li(on)2 = - % Li(off)

Notice the Energy Out must be negative since it is energy
released during the OFF time, and not stored energy.

i(on)2 = - i(off)2
For an inductor, i(t) = 1/L (v(t) dt
Since V| and Vgt are constants in the integration,

ifon) =1/L + (Vin—VouT) * ToN

i(off) = 1/L + (0 - Vour) * TorrF

1L+ (ViNn=Vour) * Ton=- 1L+ (0-Vour) * Torr
(ViIN—Vout) * Ton = Vourt * Torr

Torr = Tp — Ton Where Tp is the period of the switching
frequency

(Vin—Vour) * Ton = Vour * (TP - Ton)
Solving for Voyut/VIN
VouT/VIN = Ton/Tp = Duty cycle

This equation is one of the fundamental relationships for a
buck mode regulator; it says that the inductor value, capacitor
value, and load current do not affect the basic duty cycle
relationship, and only the duty cycle and input voltage
determine the output voltage. Notice the load current has no
effect on the duty cycle relationship for a buck mode regulator.
If second order effects are considered (switch voltage loss,
DCR losses in the inductor, ESR losses in the capacitor, etc.)
then there will be a minor deviation from the duty cycle
relationship.

Generating the PWM Signal

Most switching regulators use a PWM control method to adjust
the duty cycle with a negative feedback loop to stabilize the
output voltage. The PWM generator compares a ramp voltage
with the output of an error amplifier to adjust the duty cycle in
order to regulate the output voltage as shown in Figure 43.

Vout

Error Amplifier

PWM Out

L Reference Ramp
= Voltage Voltage
FIGURE 43.

The source of the ramp generator is critical to the topology and
design of a buck mode regulator.

Voltage Mode Control

In a voltage mode regulator, the ramp voltage is derived from a
triangle wave generator (see Figure 44). EL7532 is an
example of a voltage mode buck regulator.

Vin
PWM
% Error Amplifier Comparator
S1
- Control Ln Vout
ontro Ay | Vou
< —— + Logic
— ==Cout
S2
= Reference
Ramp = =
Voltage

oee @ |
L
L

Oscillator

FIGURE 44. VOLTAGE MODE PWM GENERATOR

The advantages of a voltage mode buck are simplicity, no
power loss in a current sensing element, and no need for slope
compensation (this will be explained in more detail in the
current mode control section to follow). The main
disadvantages of voltage mode control are reduced dynamic
line regulation, the open loop gain is a function of the input
voltage, and a nasty two pole roll-off caused by the output
inductor (L) and output capacitor (CoyT). The disadvantages
can be overcome with circuit design techniques, but the
advantage of simplicity goes away. Additionally, to implement
overcurrent or short circuit protection, it is necessary to sense
the output current, which requires additional circuitry.
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Current Mode Control

In a current mode regulator, the ramp voltage is directly
proportional to the inductor current. The inductor current
information is derived with various methods. The most popular
techniques are a current sense resistor in series with the
inductor, the DC resistance (DCR) of the inductor, and the ON
resistance of the FETs (S1 or S2). In Figure 45, the inductor
current is sensed across the ON resistance of S1, the top side
switch. A current sense amplifier is used so the sense voltage
can be very small to minimize power loss. The ramp voltage at
the output of the current sense amplifier is used as the control
ramp in the PWM generator. EL7566, EL6455, and EL6410 are
examples of current mode buck regulators.

The advantages of current mode control are cycle by cycle
current limiting, fast dynamic response to input voltage
changes, and the output filter is a single pole response since
the output inductor is inside the feedback loop. The
disadvantages of current mode control are increased circuitry,
the need to sense the inductor current which may add
dissipative elements (sense resistors), and the need for slope
compensation to eliminate sub-harmonic oscillations for duty
cycle > 50%.

The Intersil Integrated FET Product line has both voltage mode
and current mode products. The internal circuitry of the
regulators is designed to overcome the disadvantages of both
control techniques, making the choice invisible to the user.

PWM

Error Amplifier Comparator

= Reference

Control Vout
Logic

Cout

Voltage Ramp
Voltage

L
-un—Jm?'
o}

Current Sense Amplifier

FIGURE 45. CURRENT MODE PWM GENERATOR
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Continuous Mode vs Discontinuous Mode Operation

In a buck regulator, the average inductor current is equal to the
load current since there can be no DC current in the output
capacitor.

L Vout
Ta'e o\ . Iloarlj
lind
J‘ Cout Load
s2 I g
lind (ave) = lload
FIGURE 46.

Consider the inductor current during S1 ON time:
i(t) = 1/L J (v(t) dt
The voltage imposed across the inductor is V| - Voyt

Since VN and VgyT are constants in the integration, iy, (t) =
1L« (Vin—Vour) * t, which is a linear ramp during the S1 ON
time.

The peak-peak inductor current during the S1 ON time is:
di=1/L+(ViN-Vour) * Ton

From the duty cycle relationship, duty cycle = Voy1/V|N =
Ton/Tp

or, Vout/Vin =Ton * F

Ton =Vout/ViNn*F

ar - Yin*Vour) *Vour
FeLeV iy

dl is referred to as the inductor ripple current; typically the
design engineer will set the inductor ripple current to be
20-40% of the load current.

When S1 is first turned ON, the inductor current is:

IinD = lLoaD - 72+ dl
At the end of the ON cycle, the inductor current is:

linp = ILoap * 72+ dI

As the load current is varied up and down, the average value of
the inductor current moves up and down also. The inductor
ripple current waveform does not change since there is no load
current dependency. In reality, there will be a slight change in
the inductor ripple current due to slight changes in S1 and S2
ON state voltage drop and the changes in the inductor’s
inductance due to DC current in the inductor.

For an input voltage of 5.0V, an output voltage of 1.8V, and a
load current of 4.7A, the waveform in Figure 47 was recorded
for a typical buck regulator:

Tek - Trig'd M Pos; —20,00ns CH2
*

Coupling

E% Lirnit
"W Otf

100MHz

\alts/Div

Probe

2% Irert
0t
CHZ2 00y M 500ns
10-Jun-05 12:53

TOP TRACE - LX NODE
BOTTOM TRACE - INDUCTOR CURRENT (1A/DIV)

FIGURE 47.

Notice as the load current is reduced to 0.70A, the average
value of the current waveform is reduced; however, the
inductor ripple current and duty cycle do not appreciably
change.
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FIGURE 48.

As the load current is decreased or the input voltage is
increased, at some point the inductor current will go to zero
during S1 OFF time; this will occur when:

Vout* (1 -Vout/Vin)
2eF el

ILoaD <
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This is a critical point in the operation of a buck mode regulator.
If S2 is a diode as shown in Figure 49, the inductor current will
remain at zero during the remainder of S1 OFF time. At this
point, the buck mode regulator enters Discontinuous Mode
operation because the inductor current has dropped to zero.
The switch node (S1, S2. and L) node will show a ringing
waveform that is often confused as noise or loop instability.

Vin
ﬁ S1
L Vout
AN ° Iloacli
-LCout Load
S2 I
FIGURE 49.

A typical discontinuous mode waveform is shown in the scope
photograph (Figure 50); notice the ringing on the LX pin when
the inductor current goes to zero during the switch off time.
This condition is often mis-diagnosed as being a loop instability
or “noise problem” because of the ringing or difficulty with a
scope trigger producing a stable waveform.

M Paos: —20.00ns CH2

Tek .. Tri'sl"iiIr

Coupling

B Lirnit
011
100k4Hz

CHZ 10.0m% b S00ns
10-Jun—05 13:22

TOP TRACE - LX NODE
BOTTOM TRACE - INDUCTOR CURRENT (1A/DIV)

FIGURE 50.

The Intersil Integrated FET products (EL7532, EL7566,
ISL6410, etc.) do not use a diode for S2. To reduce the diode
voltage drop and improve efficiency, these parts employ a
technique known as Synchronous Rectification where the
diode is replaced with a low ON resistance FET. The
improvements in efficiency are dramatic; depending on the
input and output voltages, the efficiency can improve from 85%
to over 95%.

Converters
Vin

S1

L Vout

A o Iloacli
Cout Load
S2 I
FIGURE 51.

However, there is a penalty to be paid for the efficiency
improvement! Once the bottom side FET (S2) has been turned
on with a gate drive voltage, it does no care which direction
current is flowing in its channel. Current can flow from Drain to
Source or from Source to Drain. Unlike using a diode for S1,
the inductor current will continue to flow after the point of
“discontinuous mode” operation is reached as shown in the
scope waveform below under no load conditions.

Telk . Trig'd b Pos: —20,000s CH2
-

Coupling
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LTt
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FIGURE 52.

Even with no output current (i.e., no load operation), there can
be significant current flowing in the FETs and inductor resulting
in a large power loss without generating any output power. In
this mode, the input current can still be substantial even though
the output current is very small. This can cause very poor
efficiency when operating under very light load conditions.

Several of the Intersil Integrated FET regulators (ISL8010,
EL7531) employ a PFM (Pulsed Frequency Mode) mode of
operation to reduce the power loss when operating at very light
load currents. The regulators can automatically switch between
standard PWM or PFM mode when the load current is
reduced.

AN1209 Rev 0.00
February 23, 2006

ENESAS

Page 35 of 38



Intersil Integrated FET DC/DC

Converters
In the automatic PFM/PWM operation, when the load is light, 100
the regulator operates in the PFM mode to achieve high 95 | Vo=25V
efficiency. The top P-channel MOSFET is turned on first, and 90 | Vo=18V E/
the inductor current increases linearly to a preset value before z 8 / — "~
it is turned off. Then, the bottom N-channel MOSFET turns on, > 80 > Vo =15V
and the inductor current linearly decreases to zero current. The % 75 = Vo=1.2V
N-channel MOSFET is then turned off, and an anti-ringing g (7;2 ﬁ Vo=1.0V
MOSFET is turned from the LX pin to V. In the PFM mode, b o Vo=08V
the inductor current is a triangular pulse, and the frequency of 55
the pulses is mainly a function of the output current. The higher 50
the load current, the higher the frequency of pulses until the 45 Vi = 3.3V
inductor current becomes continuous. At this point, the 40
controller automatically changes to PWM mode of operation. 1 10 o (MA) 100 600
The waveforms in Figures 53 and 54 show the ISL8010 FIGURE 55. PFM MODE OPERATION
operating at a load current 100mA in PFM mode and operating
at a load current of 600mA in PWM mode. 100
fecray 90
80
M M ML M r LX T 70
| l L ‘ / (2V/DIV) > 60
! ) ¥ ¥ g
A A A | % 50
4 / \ / / / (G.5A/DIV) L 40
Y30
Pl ST ST S Mo "
(50mV/DIV) 10
1 2ps2.88Y 2 2ps B.50A B 2ps s0m/ O  STOPPED 0
1 10 100 600
2us/DIV Io (MA)

FIGURE 53. PFM MODE OPERATION (lgyt = 100mA)

FIGURE 56. PWM MODE OPERATION

Appendix B - Input Filter Stability

Input filter stability is another factor that is often ignored, but

[leCroy

| m M rOlmm must be considered in a buck regulator due to the negative

) ‘ : [ L‘ L} LX input impedance of a switching regulator. The use of small

o (2v/DIV) value ceramic capacitors for the input filter capacitor makes
this issue even more important.

BEANEANTA N AN P b AN "6 SAIDIV

) ©. ) The output impedance (ZgyT) of the input source impedance

] and input filter must be much less than the input impedance

WWWWWWMM-WW AVo (Z)N) of the switching regulator.

(10mV/DIV)
ZouTt <<Z|\
1 6ps200V I .55 0.50 A 2 .5ps 10.0nY O sTorrED Switching Regulator
0.5us/DIV Vin _nl,_l\n Vin Vout Voul
FIGURE 54. PWM MODE OPERATION (loyt = 600mA) |
in
. . ' ' <éRloaol
As the following ISL8010 graphs show, the efficiency I I p:
improvement at light load currents is very significant when | ESR I
operating in the PFM/PWM mode. :_ :
FIGURE 57.
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Converters
The input filter output impedance, ZoyT, will have a peak Tok N Trig'd b Pos: 00005
impedance of +
Zout = LIN/(ESR « C\) - L
The switching regulator input impedance, Z;y = VinZ/(VouT * ¥ L
0

louT) '
Therefore, L|N/(ESR ° C|N) << V|N2/(VOUT . IOUT)
Consider the stability problem encountered in the EL7532 Loase
Load Transient Tests as described previously in this application
note.

LN = 4.8uH (approx. 48" of wire, or 2 foot lead)

Cin = 10uF, ESR = 0.01Q nft

VIN = 3.3V CHZ S00m% M 5003 CH2 .~ 280mY

Vout = 1.8V, I oap = 2A 28-fug-05 1007 28.7130Hz

Zout = 4.8uH/(0.01 « 10pF)
= 48Q
ZiN = 3.3%/(1.8V « 2A) = 2.80

Since 48Q (ZoyT) is NOT much less than 2.8Q (Zjy), the input
filter produced an unstable condition and the oscillations
shown in the scope pictures resulted.

i Pas: 0,000s

Tek Al Trig'd
+

| MG

J +

2¥

011
CH2  Z2a0mh
28.8376Hz

CHZ 500 b 250 us
25-Aug-05 0355

TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE

FIGURE 58.

When a 1000uF capacitor was added to the input terminals,
the input filter output impedance, ZgT, was reduced to:

Zout = 4.8uH/(0.01Q2 + 1000uF)
= 0.48Q

Now, ZoyT (0.48Q) is less than Z)\ (2.8Q), and the input filter
provided a stable system.

TOP TRACE - LOAD STEP
BOTTOM TRACE - OUTPUT VOLTAGE

FIGURE 59.

The use of high frequency and small size DC/DC converters
make the use of ceramic capacitors for the input capacitor
highly desirable. However, due to their very low ESR and low
capacitance value, ceramic input capacitors can lead to
instability with the DC/DC converter.

With this in mind, there are three things which can be done to
improve the input filter stability issue:

1. When you are evaluating a DC/DC converter on the lab
bench, be sure the input source impedance is similar to the
final system design.

2. Ensure the lead inductance between the input voltage
source and the DC/DC converter circuit is as small as
possible. This is particularly important when evaluating a
DC/DC converter with a lab power supply and long test
leads. It is not cheating to stabilize the lab power supply
output with a 1000uF capacitor at the test fixture!

3. Increase the input capacitance value.

4. Increase the ESR of the input capacitor either with a small
value resistor in series with the input capacitor or using a
capacitor with a higher ESR. This is often not a good choice
since increasing the capacitor ESR will result in a larger
temperature rise of the capacitor due to ripple current and
higher reflected input noise.
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Notice

1. Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products and application examples. You are fully responsible for
the incorporation or any other use of the circuits, software, and information in the design of your product or system. Renesas Electronics disclaims any and all liability for any losses and damages incurred by
you or third parties arising from the use of these circuits, software, or information.

2. Renesas Electronics hereby expressly disclaims any warranties against and liability for infringement or any other claims involving patents, copyrights, or other intellectual property rights of third parties, by or
arising from the use of Renesas Electronics products or technical information described in this document, including but not limited to, the product data, drawings, charts, programs, algorithms, and application
examples.

No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics or others.

4. You shall not alter, modify, copy, or reverse engineer any Renesas Electronics product, whether in whole or in part. Renesas Electronics disclaims any and all liability for any losses or damages incurred by
you or third parties arising from such alteration, modification, copying or reverse engineering.

5. Renesas Electronics products are classified according to the following two quality grades: “Standard” and “High Quality”. The intended applications for each Renesas Electronics product depends on the
product's quality grade, as indicated below.

"Standard": Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home electronic appliances; machine tools; personal electronic
equipment; industrial robots; etc.
"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control (traffic lights); larg: le corr { i ; key financial terminal systems; safety control equipment; etc.

Unless expressly designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas Electronics document, Renesas Electronics products are
not intended or authorized for use in products or systems that may pose a direct threat to human life or bodily injury (artificial life support devices or systems; surgical implantations; etc.), or may cause
serious property damage (space system; undersea repeaters; nuclear power control systems; aircraft control systems; key plant systems; military equipment; etc.). Renesas Electronics disclaims any and all
liability for any damages or losses incurred by you or any third parties arising from the use of any Renesas Electronics product that is inconsistent with any Renesas Electronics data sheet, user’'s manual or
other Renesas Electronics document.

6. When using Renesas Electronics products, refer to the latest product information (data sheets, user's manuals, application notes, “General Notes for Handling and Using Semiconductor Devices” in the
reliability handbook, etc.), and ensure that usage conditions are within the ranges specified by Renesas Electronics with respect to maximum ratings, operating power supply voltage range, heat dissipation
characteristics, installation, etc. Renesas Electronics disclaims any and all liability for any malfunctions, failure or accident arising out of the use of Renesas Electronics products outside of such specified
ranges.

7. Although Renesas Electronics endeavors to improve the quality and reliability of Renesas Electronics products, semiconductor products have specific characteristics, such as the occurrence of failure at a
certain rate and malfunctions under certain use conditions. Unless designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas
Electronics document, Renesas Electronics products are not subject to radiation resistance design. You are responsible for implementing safety measures to guard against the possibility of bodily injury, injury
or damage caused by fire, and/or danger to the public in the event of a failure or malfunction of Renesas Electronics products, such as safety design for hardware and software, including but not limited to
redundancy, fire control and malfunction prevention, appropriate treatment for aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult
and impractical, you are responsible for evaluating the safety of the final products or systems manufactured by you.

8. Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas Electronics product. You are responsible for carefully and

sufficiently investi i laws and ions that regulate the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive, and using Renesas Electronics
products in compliance with all these applicable laws and regulations. Renesas Electronics disclaims any and all liability for damages or losses occurring as a result of your noncompliance with applicable
laws and regulations.

9. Renesas Electronics products and technologies shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable domestic or foreign laws
or regulations. You shall comply with any applicable export control laws and regulations promulgated and administered by the governments of any countries asserting jurisdiction over the parties or

transactions.

o

. Itis the responsibility of the buyer or distributor of Renesas Electronics products, or any other party who di

party in advance of the contents and conditions set forth in this document.
11. This document shall not be reprinted, reproduced or duplicated in any form, in whole or in part, without prior written consent of Renesas Electronics.

12. Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas Electronics products.

(Note 1) “Renesas Electronics” as used in this document means Renesas Electronics Corporation and also includes its directly or indirectly controlled subsidiaries.

(Note 2) “Renesas Electronics product(s)” means any product developed or manufactured by or for Renesas Electronics.
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