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AP3595

Dual Phase Synchronous Rectified Buck Controller

General Description

The AP3595 is a compact dual phase synchronous
rectified buck controller specifically designed to
deliver high quality output voltage. This device
operates at adjustable operation frequency and is
capable of delivering up to 60A output current.

This controller integrates internal MOSFET drivers
that support 12V+12V bootstrapped voltage for high
efficiency power conversion. The bootstrap diode is
built-in to simplify the circuit design and minimize
external part count.

The AP3595 features configurable gate driving
voltage for maximum efficiency and optimal
performance. The built-in bootstrap diode simplifies
the circuit design and reduces external part count and
PCB space. The output voltage is precisely regulated
to the reference input that is dynamically adjustable
by external voltage divider.

Other features include adjustable soft start, adjustable
operation frequency, and quick response to step-load
transient. With afore-mentioned functions, the IC
provides customers a compact, high efficiency,
well-protected and cost-effective solution.

This IC is available in QFN-4x4-24 package.

Features

*  Operate with Single Supply Voltage

*  Simple Single Loop Voltage Mode Control

* 12V+12V Bootstrapped Drivers with Internal
Bootstrap Diode

* Adjustable Over Current Protection by DCR
Current Sensing

*  Adjustable Current Balancing by Rpgon) Current
Sensing

*  Adjustable Operation Frequency from 50kHz to
IMHz Per Phase

»  External Compensation

*  Dynamic Output Voltage Adjustment

*  Adjustable Soft Start

*  QFN-4x4-24 Package

*  RoHS Compliant and 100% Lead (Pb)-free

Applications

*  Middle-High End GPU Core Power

*  High End Desktop PC Memory Core Power

* Low Output Voltage, High Power Density
DC-DC Converters

*  Voltage Regulator Modules

QFN-4x4-24

Figure 1. Package Type of AP3595
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Pin Configuration
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Figure 2. Pin Configuration of AP3595 (Top View)
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Pin Description

Pin Number

Pin Name

Function

REFIN

External Reference Input. This is the input pin of external reference
voltage. Connect a voltage divider from VREF to REFIN and FBRTN
to set the reference voltage

VREF

Output for Reference Voltage. This is the output pin of high precision

2V reference voltage. Bypass this pin with a 1puF ceramic capacitor to
FBRTN

RT/EN

Operation Frequency Setting. Connecting a resistor between this pin
and GND to set the operation frequency. Pull this pin to ground to
shut down the AP3595

IOFS

Current Balance Adjustment. Connect a resistor from this pin to
VREF or GND to adjust the current sharing

COMP

Error Amplifier Output. This is the output of the error amplifier (EA)
and the non-inverting input of the PWM comparators. Use this pin in
combination with the FB pin to compensate the voltage control
feedback loop of the converter

FB

Feedback Voltage. This pin is the inverting input to the error
amplifier. Use this pin in combination with the COMP pin to
compensate the voltage control feedback loop of the converter

FBRTN

Feedback Return. Connect this pin to the ground where the output
voltage is to be regulated

EAP

Non-inverting Input of Error Amplifier. Connect a resistor from this
pin to SS pin to set the droop slope

SS

Soft Start Output. Connect a capacitor to FBRTN to set the soft start
interval

10

CSN

Negative Input for Current Sensing Amplifier

11

CSP

Positive Input for Current Sensing Amplifier

12

PSI

Power Saving Mode. Connect this pin to VREF for always two phase
operation. Short this pin to ground for always single phase operation

13

BOOT]1

Bootstrap Supply for the Floating Upper Gate Driver of Channel 1.
Connect a bootstrap capacitor between BOOT1 pin and the PHASE1
pin to form a bootstrap circuit

14

HG1

Upper Gate Driver Output for Channel 1. Connect this pin to the gate
of upper MOSFET. This pin is monitored by the adaptive
shoot-through protection circuitry to determine when the upper
MOSFET has turned off

15

PHASEI

Switch Node for Channel 1. Connect this pin to the source of the
upper MOSFET and the drain of the lower MOSFET. This pin is used
as the sink for the Upper GATE driver. It is also monitored by the
adaptive shoot-through protection circuitry to determine when the
upper MOSFET has turned off

16

LG1

Lower Gate Driver Output for Channel 1. Connect this pin to the gate
of lower MOSFET. This pin is monitored by the adaptive
shoot-through protection circuitry to determine when the lower
MOSFET has turned off

May 2013 Rev. 1.1

BCD Semiconductor Manufacturing Limited



HD 7 A
L A1 |

Data Sheet

Dual Phase Synchronous Rectified Buck Controller

AP3595

Pin Description (Continued)

Pin Number

Pin Name

Function

17

PVCC

Supply Voltage for Gate Driver. This pin is the output of internal 9V
LDO. This pin provides current for gate drivers. Bypass this pin with
a minimum 1pF ceramic capacitor

18

VCC

Supply Voltage. This pin provides current for internal control circuit
and 9V LDO. Bypass this pin with a minimum 1uF ceramic capacitor
next to the IC

19

LG2

Lower Gate Driver Output for Channel 2. Connect this pin to the gate
of lower MOSFET. This pin is monitored by the adaptive
shoot-through protection circuitry to determine when the lower
MOSFET has turned off

20

PHASE2

Switch Node for Channel 2. Connect this pin to the source of the
upper MOSFET and the drain of the lower MOSFET. This pin is used
as the sink for the HG2 driver. It is also monitored by the adaptive
shoot-through protection circuitry to determine when the upper
MOSFET has turned off

21

HG2

Upper Gate Driver Output for Channel 2. Connect this pin to the gate
of upper MOSFET. This pin is monitored by the adaptive
shoot-through protection circuitry to determine when the upper
MOSFET has turned off

22

BOOT2

Bootstrap Supply for the Floating Upper Gate Driver of Channel 2.
Connect a bootstrap capacitor between BOOT2 pin and the PHASE2
pin to form a bootstrap circuit

23

VID

VID Input. This pin is used to adjust the reference voltage. Logic high
enables the internal MOSFET connected to RSET pin

24

RSET

Reference Voltage Setting. This pin is an open drain output that is
pulled low when VID sets to high. Connect a resistor from this pin to
REFIN pin to set the reference voltage

Exposed Pad
GND

Power Ground. Tie this pin to the ground island/plane through the
lowest available impedance connection
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Functional Block Diagram
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Figure 3. Functional Block Diagram of AP3595

Ordering Information

AP3S9S O O - O

Circuit Type —

Package
FN: QFN-4x4-24

G1: Green

TR: Tape & Reel

Package Temperature Part Number Marking ID Packing Type
Range
QFN-4x4-24 -40 to 85°C AP3595FNTR-G1 B3D Tape & Reel

BCD Semiconductor's Pb-free products, as designated with "G1" suffix in the part number, are RoHS compliant
and green.

May 2013 Rev. 1.1 BCD Semiconductor Manufacturing Limited
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Absolute Maximum Ratings (Note 1)

Parameter Symbol Value Unit
Supply Input Voltage Vee -0.3to 15 A"
DC -03to 15
PHASE to GND Voltage VPHASE A%
<200nS -5t0 30
DC v -0.3 to 103
HG to PHASE Voltage Vi BOOT";“:‘;E ‘ \Y%
<200 i
ns Veoorpuasetd
DC -0.3to Vcct0.3
LG to GND Voltage Vig \Y%
<200ns -5to Vect5s
BOOT to PHASE Voltage 15 \Y%
DC -0.3 to
BOOT to GND Voltage VBooT Venasetl5 Y,
<200nS -0.3t0 42
Input, Output or I/O Voltage -0.3to 6 A"
Power Dissipation Pp 2.5 Y
Thermal Resistance (Junction to o
Ambient) O1a 40 W
Storage Temperature Range Tste -65 to 150 °C
Junction Temperature T 150 °C
Lead Temperature (Soldering, 10sec) TLEAD 260 °C
ESD (Human Body Model) VusMm 2000 A%
ESD (Machine Model) Vamum 200 A"

Note 1: Stresses greater than those listed under “Absolute Maximum Ratings” may cause permanent damage to
the device. These are stress ratings only, and functional operation of the device at these or any other conditions
beyond those indicated under “Recommended Operating Conditions” is not implied. Exposure to “Absolute
Maximum Ratings” for extended periods may affect device reliability.

Recommended Operating Conditions

Parameter Symbol Min Max Unit
Supply Input Voltage Vee 10.8 13.2 v
Operating Ambient Temperature Ta -40 85 °C
Operating Junction Temperature T; -40 125 °C

May 2013 Rev. 1.1
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Electrical Characteristics
V=12V, Tp=25°C, unless otherwise specified.

Parameter ‘ Symbol | Conditions | Min ‘ Typ ‘ Max | Unit
SUPPLY INPUT
Supply Input Voltage Vee 10.8 13.2 \'
Supply Current Icc gz}czl 2irltdSwi tlglfi}ng Open, 5 mA
Quiescent Current Iy No Switching, Ipcc=0mA 4 mA
Regulated Supply Voltage Vrce RT/EN=0V, Ipcc=0mA 8 9 10 \%
POR Threshold VrTH 8 9 10 A\
POR Hysteresis Vhys 1 A\
CHIP ENABLE/FREQUENCY SETTING
RT/EN Sourcing Current Irt/EN Vrren=GND 100 150 200 pA
RT/EN Voltage VRTEN Rpr=33kQ 1 \Y%
Switching Frequency Setting Range 50 1000 kHz
Free Run Switching Frequency fosc Rpr=33kQ 270 300 330 kHz
Switching Frequency Accuracy A fosc fosc=200kHz to 5S00kHz -15 15 %
OSCILLATOR
Maximum Duty Cycle 40 %
Minimum Duty Cycle 0 %
Ramp Amplitude Vosc V=12V 3.5 v
POWER SAVING MODE
g}}:;zzh()ld Voltage for Entering Dual Vestn Ve rising 12 v
;"ihnrgls:(f))lﬁiase\/oltage for Entering Vesi 1 Vi, falling 04 v
REFERENCE VOLTAGE
Reference Voltage Accuracy VREF Irer=100pA 1.98 2.0 2.02 \"
Reference Voltage Load Regulation AVigr Irer=0 to 2mA -5 5 mV
IVrerN-Vigl, Vec=12V, No
Output Voltage Accuracy AVig Load, Rprp=0, Vggrin=0.8V 5 mV
to 1.6V
ERROR AMPLIFIER
Open Loop DC Gain Ao Guaranteed by design 70 80 dB
Gain Bandwidth Product G dCeLSOiETSPF’ Guaranteed by 20 MHz
Slew Rate SR Guaranteed by design 15 20 V/us
Maximum Current (Sink and Source) Icomp Vceompr=1.6V 1.5 2.0 mA
May 2013 Rev. 1.1 BCD Semiconductor Manufacturing Limited
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Electrical Characteristics (Continued)
V=12V, Tp=25°C, unless otherwise specified.

Parameter ‘ Symbol | Conditions | Min ‘ Typ ‘ Max | Unit

SOFT START

Soft Start Current Iss During soft start 22 pA

Supply Current Iss cc After soft start end 200 LA

TOTAL CURRENT SENSE

Maximum Sourcing Current Iesn max 100 pA

GM Amplifier Offset Voltage -5 0 5 mV

Over Current Protection Threshold Iesn oce 60 LA

Droop Accuracy Iprp/Icsn 90 100 110 %

PSI Accuracy Ipsi/Icsn 90 100 110 %

PHASE CURRENT SENSE

Trans-conductance 1.0 mS
100kQ2 from IOFS to VREF 1.5

IOFS Voltage Vors v
100kQ from IOFS to GND 0.5

VID CONTROL INPUT

Logic High Threshold Level Vi 1.2 v
Logic Low Threshold Level Vi 0.4 A%
On Resistance of RSET MOSFET RRrset Vip=High 20 Q
Leakage Current of RSET Pin Trser Vrser=2V, Vip=0V 0.1 pA
GATE DRIVER
Upper Gate Sourcing Current Ihg sre Voot~ VpHase=6V 1.2 A
Upper Gate Sinking Resistance Rug snk Ig=100mA sinking 1.5 3 Q
Lower Gate Sourcing Current Iig sre Vpcc-Vig=6V 1.2 A
Lower Gate Sinking Resistance Rig snk I;c=100mA sinking 1 2 Q
Dead Time tpr 50 ns
PROTECTION
Over Voltage Protection Vis-Vss 300 mV
Under Voltage Protection Vrp-Vss -300 mV
Over Temperature Protection 150 °C
Over Temperature Hysteresis 20 °C
May 2013 Rev. 1.1 BCD Semiconductor Manufacturing Limited
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Typical Performance Characteristics

2.000

1.998

1.996

1.994

1.992 — liomo

1.990 = o™

Veer (V)

1.988

=0mA ——

1.986

1.984

1.982

1.980
4

Figure 4. Vger Line Regulation

9.10

14

9.05

9.00

pec (V)

> 895 \\

8.90 N
N

8.85

0 20 40 60 80
| (mA)

LOAD

Figure 6. Vpcc Load Regulation

2.000

1.998

1.996

1.994

1.992

1.990

Veee (V)

1.988

1.986

1.984

1.982

1.980

0 5 10 15 20
| (mA)

LOAD

Figure 5. Vger Load Regulation

)
A
AN

Vie V)

Figure 7. Vpcc Line Regulation

14

May 2013 Rev. 1.1

BCD Semiconductor Manufacturing Limited



oD £/ A
EPN\. BV Data Sheet

Dual Phase Synchronous Rectified Buck Controller AP3595

Typical Performance Characteristics (Continued)
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Typical Performance Characteristics (Continued)
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Typical Performance Characteristics (Continued)
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Typical Performance Characteristics (Continued)
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Typical Application
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Application Information

1. Overview

AP3595 is a dual-phase synchronous-rectified buck
controller designed to deliver high quality output
voltage for high power applications. It is capable of
delivering up to 60A output current with embedded
bootstrapped drivers that support 12V+12V driver
capability. The built-in bootstrap diode simplifies the
circuit design and reduces external part count and
PCB space.

The output voltage is precisely regulated to the
reference input that is dynamically adjustable by
external voltage divider. The adjustable current
balance is achieved by Rpgon) cutrent sensing
technique.

AP3595 features comprehensive protection functions
including over current protection, input/output under
voltage protection, over voltage protection and over
temperature protection.

Other features include adjustable soft start, adjustable
operation frequency, and quick response to step load
transient. With aforementioned functions, the IC
provides customer a compact, high efficiency,
well-protected and cost effective solution.

2. Power on Reset

A Power On Reset (POR) circuitry continuously
monitors the supply voltage at VCC. Once the rising
POR threshold is exceeded, the AP3595 sets itself to
active state and is ready to accept chip enable
command. The rising POR threshold is typically 9V.

3. Soft Start

The AP3595 initiates its soft start cycle when the
RT/EN pin is released from ground once the POR is
granted as shown in Figure 24.

RT/EN

REFIN

/

SS = EAP

//.

Figure 24. Soft Start Cycle (Rprp=0)

As mentioned in the above section, the slew rate of
voltage transition at SS pin and Voyr during soft start
and Vggpn jumping is controlled by the capacitor
connected to the SS pin. This reduces inrush current
to charge/discharge the large output capacitors during
soft start and VID changing, and prevents OCP,
OVP/UVP  false trigger. The SS  buffer
sinking/sourcing capability is limited to 22pA during
soft start and 200pA after soft start end. Therefore,
the slew rate of voltage ramping up/down at SS, EAP
and FB pin during soft start or VID changing is
calculated as:

Ve, @V Ve  224A

dt  dt dt  Cg

During Soft Start

Ve  dVepe AV 2004A

dt  dt dt  Cg

After Soft Start

4. Pre-Bias Function

AP3595 features pre-bias start-up capability. If the
output voltage is pre-biased with a voltage Vpias, that
accordingly makes Vgg higher than reference voltage
ramping Vgap. The error amplifier keeps Vcomp lower
than the valley of the sawtooth waveform and makes
PWM comparators output low until the ramping Vgap
catches up the feedback voltage. The IC keeps both
upper and lower MOSFETs off until the first pulse
takes place.

5. Chip Oscillator Frequency Programming
A resistor Rgg connected to RT/EN pin programs the
oscillator frequency as:

10000
=———(kHz
osc RFS (kQ) ( )

Figure 25 shows the relationship between oscillation
frequency and Rgs.

1000

~

w
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H
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Figure 25. Switching Frequency vs. Res
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Application Information (Continued)

When released, the RT/EN pin voltage is regulated at
1V. Pulling the RT/EN pin to ground shuts down the
IC.

6. Current Balance

AP3595 extracts phase currents for current balance
by parasitic on-resistance of the lower switches when
turned on as shown in Figure 26.

lesy

PHASE! - Current

Balance

Sample
&Hold

+

lcs2

|

|

|

|

| Reference
: Voltage
|

|

|

Figure 26. Rps(on)y Current Sensing Scheme

The GM amplifier senses the voltage drop across the
lower switch and converts it into current signal when
it turns on. The sampled and held current is expressed
as:

Lesx = Lix X Rpgon) % 107 +12pA

Where I;x is the phase x current in Ampere, Rpgon)
is the on-resistance of low side MOSFET, 12uA is a
constant current to compensate the offset voltage of
the current sensing circuit.

AP3595 tunes the duty cycle of each channel for
current balance according to the sensed inductor
current signals as shown in Figure 27. If the current
of channel 1 is smaller than the current of channel 2,
the IC increases the duty cycle of the corresponding
phase to increase its phase current accordingly, vice
versa.

RAMP1 COMP
M/ o e
RAMP2
m e PWM2
les2 + +

lesa —

Figure 27. Current Balance Scheme of AP3595

7. Power Saving Interface (PSI)

The AP3595 supports dual phase or single phase
which is controlled by Vpg. If Vps>1.2V, AP3595
will operate in dual phase mode. If Vpg<0.4V,
AP3595 will operate in single phase mode. There is
2ms delay at the transient from dual phase to single
phase, and no delay time from single phase to dual
phase.

8. Current Sense by DCR

PHASE1 PHASE2

Iorelpsiloce

VOUT

ICSN
-~

Figure 28. Output Current Sensing Block

The above figure shows the output current sensing
block of AP3595. The voltage Vg across the current
sensing capacitor Ccg can be expressed as

Ves = lour X Roc /2,
if the following condition is true:

2xL/Rpe = Regp X Cpg

Where L is the output inductor of the buck converter,
Rpc is the parasitic resistance of the inductor, Rcgp
and Cqg are the external RC network for current
sensing.

The GM amplifier will source a current Icgy to the
CSN pin to let its inputs virtually short circuit.

lesn X Resn =Ves
Therefore the output current signal Icgy can be
expressed as:

lour X Roc
2 x Regy

The output current signal I¢gy is used to droop tuning
and output over current protection.

I CSN

9. Short Circuit Protection (SCP)
The AP3595 has over current protection (OCP) and
output under voltage protection (UVP) functions.

May 2013 Rev. 1.1
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Application Information (Continued)

9.1 OCP Function

The sensed current signals are monitored for over
current protection. If Icgy is higher than 60uA, the
over current protection OCP is activated. Take the
above case for example, the OCP level is calculated
as:

2 x 60 1A x 2kQQ
2mQ

=120A

Iocp =

The OCP is of latch-off type and can be reset by
toggling RT/EN or VCC POR.

9.2 UVP Function

The output feedback voltage Vg is also monitored
for under voltage protection after soft start. The UV
threshold is set as Vgp-Vgs<-0.3V. The under
voltage protection has 30us triggered delay. When
UVP is triggered, both high side and low side are
shutdown immediately.

OCP and UVP are latched functions. the IC can
power off, and then power on or use RT/EN reset to
restart again.

10. Over Voltage Protection (OVP)

The output voltage Vg is continuously monitored
for over voltage protection. When it is 300mV
higher than setting, the OVP function is triggered.
The over voltage protection has 30us triggered
delay. When OVP is triggered, the LGATE will go
high and the HGATE will go low to discharge the
output capacitor.

11. Droop Setting

In some high current applications, a requirement on
precisely controlled output impedance is imposed.
This dependence of output voltage on load current
is often termed droop regulation. The droop control
block generates a voltage through external resistor
Rprp (Which is between SS and EAP) and then sets
the droop voltage. The droop voltage, Vpgp, is
proportional to the total current in two channels
(For more information about the Icsy and Ipgp,
please refer to the current sense section). As shown
in the following equation:

Veg =Ves = lpre X Rogp
Where Ipgp is the droop current which is mirrored

from Icgn. The output voltage also can be described
as:

lour X DCRIX Ryge
2x Ry

Vg =Vss = lpge X Rpge = Vs —

12. Offset Current Setting

The AP3595 integrated IOFS allows the offset
current to adjust phase current. The IOFS pin
voltage is nominal 0.5V when connecting a resistor
to GND and 1.5V when connecting a resistor to
VREF. Connecting a resistor from IOFS pin to
GND generates a current source as:

loss =0.5V /R

This current is added to phase 1 current signal Iggy,
for current balance. Consequently, phase 2 will
share more percentage of output current.
Connecting a resistor from IOFS pin to VREF pin
generates a current source as:

lors = (2V —1.5V)/R

This current is added to phase 2 current signal Isgn
for current balance. Consequently, phase 1 will
share more percentage of output current.

10FS

10FS

13. PWM Compensation

The output LC filter of a step down converter
introduces a double pole, which contributes with
-40dB/decade gain slope and 180 degrees phase
shift in the control loop. A compensation network
among COMP, FB, and Vgyr should be added. The
compensation network is shown in Figure 32. The
output LC filters consist of the output inductors and
output capacitors. For two-phase convertor, when
assuming that Vp=Vpn=Vn, LI=L2=L, the
transfer function of the LC filter is given by:

14+ 5% Ry xCoyr

Gain . =
" 8P x(1/2)LxCoyr + 5% Rege X Coyr +1

The poles and zero of the transfer functions are:

1
- 2><72'><\/(1/2)L><COUT
1

2x 7 x Regg X Coyyr

fic

fESR

The fic is the double-pole frequency of the
two-phase LC filters, and fzsr is the frequency of
the zero introduced by the ESR of the output
capacitors.
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Resr
Figure 29. The Output LC Filter
A
PLC
-40dB/dec
z
&

Frequency(Hz)

Figure 30. Frequency Response of the LC Filters

The PWM modulator is shown in Figure 31. The
input is the output of the error amplifier and the
output is the PHASE node. The transfer function of
the PWM modulator is given by:

VIN

A osc

Comparator

o VA

Output of Error
Amplifier Driver

Figure 31. The PWM Modulator

The compensation network is shown in Figure 32. It
provides a close loop transfer function with the
highest zero crossover frequency and sufficient phase
margin. The transfer function of error amplifier is
given by:

—// R2+—
Gain,,, = Veowr _sC1 ( )
out Rl//(R3+—)
sC
1
I T ey
_ +R3 N R2 x C2 (R1+R3)xC3
R1x R3xCl1 s(s+ Cl+C2 )x (s + )
R2xC1xC2 R3xC3

The pole and zero frequencies of the transfer function
are:

1
2 2xzxR2xC2
B 1
22 2x 2 x(R1+R3)xC3
fo 1
; 2x7sz2x(CIXC2)
Cl+C2
3 1
P2 2x 7xR3xC3
i
R3 C3 I
el
Vour O—9 ©
RT  FB
e L >0 Voow
&

Figure 32. Compensation Network

The closed loop gain of the converter can be written
as:

Gain . xGaing,, x Gain

Figure 33 shows the asymptotic plot of the closed
loop converter gain, and the following guidelines will
help to design the compensation network. Using the
below guidelines will give a compensation similar to
the curve plotted. A stable closed loop has a
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-20dB/decade slope and a phase margin greater than
45 degree.

1. Choose a value for R1, usually between 1kQ and
5kQ.

2. Select the desired zero crossover frequency.

fo = (1/5~1/10)x fq,

Use the following equation to calculate R2:

Ro=Vose . fo gy

IN LC

3. Place the first zero f;; before the output LC filter
double pole frequency fj c.

f,, =0.75x f .

Calculate the C2 by the equation:

c2- 1
2xwxR2x f . x0.75

4. Set the pole at the ESR zero frequency fggr:

fPl = fESR

Calculate the C1 by the following equation:
C2
Cl

T 2x7xR2xC2x fog —1

5. Set the second pole fp, at the half of the switching
frequency and also set the second zero fz, at the
output LC filter double pole fic. The compensation
gain should not exceed the error amplifier open loop
gain. Check the compensation gain at fp, with the
capabilities of the error amplifier.

fo, =0.5x fg,

fzz = ch

Combine the two equations will get the following
component calculations:

R3 - R1
1:SW -1
2x fo
3o b
mxR3x fg,

= “#—— Compensation Gan
= ™,
5 20100

(Vo AV o)

Converter Gain

PWM & Filter Gain—

Y

Frequency(Hz)

Figure 33. Converter Gain and Frequency

14. Output Inductor Selection

The duty cycle (D) of a buck converter is the function
of the input voltage and output voltage. Once an
output voltage is fixed, it can be written as:

D :VOUT /VIN

For two-phase converter, the inductor value (L)
determines the sum of the two inductor ripple current,
Alpp, and affects the load transient response. Higher
inductor value reduces the output capacitors’ ripple
current and induces lower output ripple voltage. The
ripple current can be approximated by:

Al — Vin = 2Vour x Vour
Pt xL

Where fsw is the switching frequency of the
regulator.

Although the inductor value and frequency are
increased and the ripple current and voltage are
reduced, a tradeoff exists between the inductor’s
ripple current and the regulator load transient
response time. A smaller inductor will give the
regulator a faster load transient response at the
expense of higher ripple current. Increasing the
switching frequency (fsw) also reduces the ripple
current and voltage, but it will increase the switching
loss of the MOSFETs and the power dissipation of
the converter. The maximum ripple current occurs at
the maximum input voltage. A good starting point
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is to choose the ripple current to be approximately
30% of the maximum output current. Once the
inductance value has been chosen, select an inductor
that is capable of carrying the required peak current
without going into saturation. In some types of
inductors, especially core that is made of ferrite, the
ripple current will increase abruptly when it saturates.
This results in a larger output ripple voltage.

15. Output Capacitor Selection

Output voltage ripple and the transient voltage
deviation are factors that have to be taken into
consideration when selecting output capacitors.
Higher capacitor value and lower ESR reduce the
output ripple and the load transient drop. Therefore,
selecting high performance low ESR capacitors is
recommended for switching regulator applications. In
addition to high frequency noise related to MOSFET
turn-on and turn-off, the output voltage ripple
includes the capacitance voltage drop AVcoyr and
ESR voltage drop AVgsg caused by the AC
peak-to-peak sum of the inductor’s current. The
ripple voltage of output capacitors can be represented
by:

Al
AVCOUT = F=F

8% Coyr x fgy

AVegr = Alp_p X Reg

These two components constitute a large portion of
the total output voltage ripple. In some applications,
multiple capacitors have to be paralleled to achieve
the desired ESR value. If the output of the converter
has to support another load with high pulsating
current, more capacitors are needed in order to reduce
the equivalent ESR and suppress the voltage ripple to
a tolerable level. A small decoupling capacitor in
parallel for bypassing the noise is also recommended,
and the voltage rating of the output capacitors must
be considered too.

To support a load transient that is faster than the
switching frequency, more capacitors are needed for
reducing the voltage excursion during load step
change.

For getting same load transient response, the output
capacitance of two-phase converter only needs to be
around half of output capacitance of single-phase
converter.

Another aspect of the capacitor selection is that the
total AC current going through the capacitors has to
be less than the rated RMS current specified on the
capacitors in order to prevent the capacitor from
overheating.

16. Input Capacitor Selection

Use small ceramic capacitors for high frequency
decoupling and bulk capacitors to supply the surge
current needed each time high-side MOSFET turns
on. Place the small ceramic capacitors physically
close to the MOSFETs and between the drain of
high-side MOSFET and the source of low-side
MOSFET.

The important parameters for the bulk input capacitor
are the voltage rating and the RMS current rating. For
reliable operation, select the bulk capacitor with
voltage and current ratings above the maximum input
voltage and largest RMS current required by the
circuit. The capacitor voltage rating should be at least
1.25 times greater than the maximum input voltage
and a voltage rating of 1.5 times is a conservative
guideline. For two-phase converter, the RMS current
of the bulk input capacitor is roughly calculated as
the following equation:

l... =-T x [2Dx(1-2D)

RMS —
For a through hole design, several electrolytic
capacitors may be needed. For surface mount design,
solid tantalum capacitors can be used, but caution
must be exercised with regard to the capacitor surge
current rating.

I ouT

17. MOSFET Selection

The AP3595 requires two N-Channel power
MOSFETs on each phase. These should be selected
based upon Rpsoon), gate supply requirements and
thermal management requirements.

In high current applications, the MOSFET power
dissipation, package selection, and heatsink are the
dominant design factors. The power dissipation
includes two loss components: conduction loss and
switching loss.

The conduction losses are the largest component of
power dissipation for both the high-side and the
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low-side MOSFETs. These losses are distributed
between the two MOSFETs according to duty factor
(see the equations below). Only the high-side
MOSFET has switching losses since the low-side
MOSFETs body diode or an external Schottky
rectifier across the lower MOSFET clamps the
switching node before the synchronous rectifier turns
on. These equations assume linear voltage current
transitions and do not adequately model power loss
due to the reverse-recovery of the low-side MOSFET
body diode. The gate-charge losses are dissipated by
AP3595 and don’t heat the MOSFETs. However,
large gate-charge increases the switching interval tgy,
which increases the high-side MOSFET switching
losses. Ensure that all MOSFETs are within their
maximum junction temperature at high ambient
temperature by calculating the temperature rise
according to  package thermal  resistance
specifications. A separate heatsink may be necessary
depending upon MOSFET power, package type,
ambient temperature and air flow.

For the high-side and low-side MOSFETs, the losses
are approximately given by the following equations:

Pricn.spe=lourx(1+T¢) %RpsonxD+
0.5xIourXVinXtsw>fsw

Prow-sipe=Tour” X(1+Tc)X(Rpsony) *(1-D)

Where Igyris the load current, Tc is the temperature
dependency of Rpgony, fsw is the switching frequency,
tsw is the switching interval, D is the duty cycle.

Note that both MOSFETs have conduction losses
while the high-side MOSFET includes an additional
transition loss. The switching interval, tgy, is the
function of the reverse transfer capacitance Crgs. The
(14+Tc) term is a factor in the temperature dependency
of the Rpgon) and can be extracted from the “Rpgon
vs. Temperature” curve of the power MOSFET.

18. Layout Consideration

In any high switching frequency converter, a correct
layout is important to ensure proper operation of the
regulator.

With power devices switching at higher frequency,
the resulting current transient will cause voltage spike
across the interconnecting impedance and parasitic

circuit elements. As an example, consider the turn-off
transition of the PWM MOSFET. Before turn-off
condition, the MOSFET is carrying the full load
current. During turn-off, current stops flowing in the
MOSFET and is freewheeling by the low side
MOSFET and parasitic diode. Any parasitic
inductance of the circuit generates a large voltage
spike during the switching interval. In general, using
short and wide printed circuit traces should minimize
interconnecting impedances and the magnitude of
voltage spike.

Besides, signal and power grounds are to be kept
separating and finally combined using ground plane
construction or single point grounding. The best
tie-point between the signal ground and the power
ground is at the negative side of the output capacitor
on each channel, where there is less noise. Noisy
traces beneath the IC are not recommended. Figure
34 illustrates the layout, with bold lines indicating
high current paths; these traces must be short and
wide. Components along the bold lines should be
placed close together. Below is a checklist for your
layout:

1. Keep the switching nodes (HGx, LGx, BOOTx,
and PHASEx) away from sensitive small signal
nodes since these nodes are fast moving signals.
Therefore, keep traces to these nodes as short as
possible and there should be no other weak signal
traces in parallel with theses traces on any layer.

2. The signals going through theses traces have both
high dv/dt and high dI/dt with high peak charging and
discharging current. The traces from the gate drivers
to the MOSFETSs (HGx and LGx) should be short and
wide.

3. Place the source of the high-side MOSFET and the
drain of the low-side MOSFET as close as possible.
Minimizing the impedance with wide layout plane
between the two pads reduces the voltage bounce of
the node. In addition, the large layout plane between
the drain of the MOSFETSs (Vi and PHASEX nodes)
can get better heat sinking.

4. For experiment result of accurate current sensing,
the current sensing components are suggested to
place close to the inductor part. To avoid the noise
interference, the current sensing trace should be away
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from the noisy switching nodes.

5. Decoupling capacitors, the resistor-divider, and
the boot capacitor should be close to their pins. (For
example, place the decoupling ceramic capacitor as
close as possible to the drain of the high-side
MOSFET). The input bulk capacitors should be
close to the drain of the high-side MOSFET, and
the output bulk capacitors should be close to the
loads.

—_T_ Vine=Vin

BOOT1 |_4L

HG1

PHASE1

CSP 1

6. The input capacitor’s ground should be close to
the grounds of the output capacitors and the
low-side MOSFET.

7. Locate the resistor-divider close to the FB pin to
minimize the high impedance trace. In addition, FB
pin traces can’t be close to the switching signal
traces (HGx, LGx, BOOTx, and PHASEX).

Csg
C5N CAVAY T

Figure 34. The Layout of AP3595
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QFN-4x4-24

Unit: mm(inch)

0.200(0.008) _0.500(0.020)
3.900(0. 154) MIN BSC
4.100(0.161) PIN#1 IDENTIFICATION
N19 | N24 See DETAIL A
. JUyyUU~
\ [ ) [ C N7
Pin 1 Mark ) i -
3.9000.154) = | N
4.100(0. 161) ) | C
) ? -
N13[D) | (@
NNNNN
| N7
_0.300(0.012) | 0.180(0.007) E
0.500(0.020)
0.700(0.028) 0.000(0.000 0.300(0.012)
0.800(0.031) W 0.153(0.006)
' ' J 0.253(0.010)
DETAIL A
I N N Iy Iy I
ZRZRS o & 1 o b
Pin 1 Options
D
Symbol E
min(mm) | max(mm) | min(inch) | max(inch) | min(mm) | max(mm) | min(inch) | max(inch)
Option1| 2.600| 2.800| 0.102| 0.110| 2.600| 2.800| 0.102| 0.110
Option2 | 2.350| 2.550| 0.093| 0.100| 2.350| 2.550| 0.093| 0.100
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