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The ISL6398 is a smart and smallest 6-Phase Green PWM
controller, designed for networking, datacenter, and POL
applications. It includes programmable functions and
telemetries for easy use and system flexibility using SMBus,
PMBus, or 12c interface, which is designed to program NVM
banks up to 8 different compensations and system
parameters. This minimizes external components and
significantly reduces design complexity and PCB area, and
simplifies the manufacturing process.

The ISL6398 utilizes Intersil’s proprietary Advanced Linear EAPP
(Enhanced Active Pulse Positioning) Digital control scheme to
achieve the extremely fast linear transient response with fewer
output capacitors and overcomes many hurdles of traditional
digital approach, which uses non-linear, discrete control method
for both voltage loop and current balance loop and runs into beat
frequency oscillation and non-linear response. The ISL6398
accurately monitors the load current via the IMON pin and
reports this information via the READ_IOUT register for power
management. The ISL6398 features auto-phase shedding. In low
power operation, the magnetic core and switching losses are
significantly reduced with lower phase count operation, yielding
high efficiency at light load. When APA is triggered, the dropped
phase(s) are added back to sustain heavy load transient
response and efficiency. It optimizes the efficiency from light to
full load for Greener Environment without sacrificing the transient
performance.

The ISL6398 senses the output current continuously by a
dedicated current sense resistor or the DCR of the output
inductor. The sensed current flows through a digitally
programmable 1% droop resistor for precision load line control.
Current sensing circuits also provide the needed signals for
channel-current balancing, average overcurrent protection and
individual phase current limiting. The TM pin senses an NTC
thermistor’s temperature, which is internally digitized for thermal
monitoring and for integrated thermal compensation of the
current sense elements of the regulator.

The ISL6398 features remote voltage sensing and completely
eliminates any potential difference between remote and local
grounds. This improves regulation and protection accuracy. The
threshold-sensitive enable input is available to accurately
coordinate the start-up of the ISL6398 with other voltage rails.

Features
+ SMBus/PMBus/12C Compatible

- Programmable IMAX, TMAX, BOOT, and address
- Programmable soft-start rate and DVID rate
- Upto 1.5MHz

- NVM to store up to 8 Configurations with programmable
frequency, droop, auto, faults (OCP, UVP, CFP), etc.

- No firmware requirement and hassle

Advanced Linear EAPP Digital control scheme (patented)
- Digitally programmable compensation

- Auto phase shedding option for greener environment

- Variable frequency control during load transients to
reduce beat frequency oscillation

- Linear control with evenly distributed PWM pulses for
better phase current balance during load transients

- Voltage feed-forward and ramp adjustable options
- High frequency compensation option

- Active phase adding and dropping for enhanced light load
efficiency

Phase doubler and coupled-inductor compatibility
Differential remote voltage sensing with £0.5% accuracy
* Programmable minimum phase count operation

* Programmable slew rate of dynamic VID with dynamic VID
compensation (DVC)

Support 3-state 5V or 3.3V PWM DrMOS and driver
Zero current shutdown with ISL6627

Precision resistor or DCR differential current sensing
- Accurate load-line (Droop) programming and control

- Accurate current monitoring and channel-current
balancing with calibration capability

True input current sensing for catastrophic failure protection

Average overcurrent protection and channel current limiting

¢ High common mode current sense input (VCC-1.5V)

Open sensing and single point of loop failure protection
* Thermal monitoring and integrated compensation

* 1-to 6-Phase option and up to 2MHz per phase

Start-up into precharged load
Pb-free (RoHS Compliant)
¢ 40 Ld 5x5 Plastic Package

Applications
* High efficiency and high density digital power

¢ High performance multi-phase POL and network
¢ Cloud Computing, Router, Data Center and Storage

* General processor power
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ISL6398

Ordering Information

PART NUMBER PART TEMP. RANGE PACKAGE PKG.

(Notes 1, 2, 3) MARKING (°C) (Pb-Free) DWG. #
ISL6398HRTZ ISL6398 HRTZ -10 to +100 40 Ld 5x5 TQFN L40.5x5
ISL6398IRTZ ISL6398 IRTZ -40 to +85 40 Ld 5x5 TQFN L40.5x5
ISL6398EVAL1Z 120A 3-Phase Evaluation Board with On Board Transient

NOTES:
1. Add “T*” suffix for tape and reel. Please refer to TB347 for details on reel specifications

2. These Intersil Pb-free plastic packaged products employ special Pb-free material sets, molding compounds/die attach materials, and 100% matte
tin plate plus anneal (e3 termination finish, which is RoHS compliant and compatible with both SnPb and Pb-free soldering operations). Intersil
Pb-free products are MSL classified at Pb-free peak reflow temperatures that meet or exceed the Pb-free requirements of IPC/JEDEC J STD-020.

3. For Moisture Sensitivity Level (MSL), please see product information page for ISL6398. For more information on MSL please see techbrief TB363.
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ISL6398

Driver Recommendation

QUIESCENT GATE DRIVE # OF DIODE EMULATION
DRIVER CURRENT (mA) V) DRIVERS (DE) COMMENTS

ISL6627 1.0 5V Single Yes For dropped phases or all channels with Diode Emulation
(DE) for low stress shutdown or phase dropping.

ISL6596 0.19 5v Single No For dropped phases or all channels without DE.

ISL6610 0.24 5V Dual No For dropped phases or all channels without DE.

ISL6610A

ISL6611A 1.25 5v Dual No Phase Doubler with Integrated Drivers, up to 12-Phase. For
all channels with DE Disabled.

ISL6617 5.0 N/A N/A No PWM Doubler for DrMOS, up to 12- or 24-Phase. For all
channels with DE Disabled.

ISL99140 0.47 5V Single Yes DrMOS with 40A current capability. ISL99140’s diode

emulation is not compatible with ISL6398. Both DrMOS and
ISL6398 should disable their diode emulation operation.

NOTE: Intersil 5V and 12V drivers are mostly pin-to-pin compatible and allow for dual footprint layout implementation to optimize MOSFET selection and
efficiency. The 5V Drivers are more suitable for high frequency and high power density applications.
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ISL6398

ISL6398 Internal Block Diagram
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ISL6398

Typical Application: 6-Phase VR with DrMOS and PMBus/SMBus/ 12c

VSEN_OVP vee
VSEN I
RGND VIN VI\NF
Risenint Riseninz T Rsenin
ISENIN- ANA WA A
VWi
ISENIN+ f—- +
VR_RDY D>— pu
VR_HOT# »— s VINE
ISL99140 \/
SM_PM_I2DA H—| vee B00T
SM_PMALERT# )—— L " JE}I_J
SM_PM_I2CLK Y I T PHASE g
VINF Pwm1 PWM | g J?
ISEN1- 39—
> -l
| EN_PWR_CFP ISEN1+
+5V VINF
ISL99140
CFP | vce ﬂ)'OT
ISL6398 I voJHH Tonase
-
IMON PwM4 PWM | g J?I
ISEN4- AMA
s # vy
I I ISEN4+
-
—rA—— PWM2,5
2X —— NVM_BANKS_BT
{ 4 ISEN2,5-
VRSEL_ADDR
- bl ISEN2,5+
AUTO 5V VINE
= ISL99140 Y LOAD
vee BOOT
uG JE}_-IL-PHASE
AR
| RSET PWM3 PWM | J? +
ISEN3- |—g—AA
T
ISEN3+
5V +5V VI\N’F
R ISL99140
| vVCcC }Iﬂ-‘OT
uG JE T pHase
TM_EN_OTP I T vy
NTC PWM6 PWM | o J?
ISEN6- [—3—A
T
GND ISEN6+
NTC: BETA = 3477 J_
-
FN8575 Rev 1.00 Page 6 of 57
Aug 13, 2015 RENESAS



ISL6398

Typical Application: 4-Phase VR with DrMOS and PMBus/SMBus/ 12c
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ISL6398

Typical Application: 6-Phase VR for General Processor Power
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ISL6398

Typical Application: 12-Phase VR for Over-clocking Applications
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ISL6398

Absolute Maximum Ratings

VCC,VR_RDY....ciiiiiii i iiiieiieiananns
ISENINE . ..o it
AllOtherPins ..............coiiiiiinennnn.

Recommended Operating Conditions

............. +5V +5%
...... -40°Cto +85°C

Supply Voltage, Vog - v v v v vvviiiii i
EEPROM Write and Store Command Temperature

Ambient Temperature

ISL6398HRTZ ...
ISL6398IRTZ.............iiiiiiiiaas

...... GND -0.3V to 27V
GND -0.3V to V¢ + 0.3V

Thermal Information

...... -10°C to +100°C
....... -40°Cto +85°C

Thermal Resistance (Notes 4, 5)

40 Ld 5x5 TQFN Package
Maximum Junction Temperature
Maximum Storage Temperature Range
Pb-Free Reflow Profile

0a (°C/W)
29

-65°C to +150°C
see TB493

0yc (°C/W)

CAUTION: Do not operate at or near the maximum ratings listed for extended periods of time. Exposure to such conditions may adversely impact product
reliability and result in failures not covered by warranty.

NOTES:

4. 0jp is measured in free air with the component mounted on a high effective thermal conductivity test board with “direct attach” features. See Tech

Brief TB379.

5. For 0c, the “case temp” location is the center of the exposed metal pad on the package underside.

Electrical Specifications Recommended Operating Conditions, Vge = 5V, Unless Otherwise specified. Boldface limits apply across the

operating temperature range.

MIN MAX
PARAMETER TEST CONDITIONS (Note 7) | TYP |(Note 7) | UNITS

Vee SUPPLY CURRENT
Nominal Supply Vce = 5VDC; EN_PWR = 5VDC; Fgyy = 400kHz - 35 45 mA
Shutdown Supply Vce = 5VDC; EN_PWR = 0VDC; Fgyy = 400kHz - 27 33 mA
POWER-ON RESET AND ENABLE
Vcc Rising POR Threshold 4.22 435 | 4.55 v
V¢ Falling POR Threshold 4.00 4.10 4.22 \'
EN_PWR_CFP High Level Turn-OFF Threshold Externally Driven 3.5 3.6 3.7 \"
EN_PWR_CFP High Level Turn-ON Threshold Externally Driven 3.33 3.52 3.58 \'
EN_PWR_CFP Latch-OFF Level Internally Driven, 5mA Load 4.80 - - \
EN_PWR_CFP Internal Pull-Up Impedance - 12 34 Q
EN_PWR_CFP Rising Threshold 0.83 0.85 0.87 v
EN_PWR_CFP Falling Threshold 0.70 0.77 0.84 \'
DAC (VID+OFFSET)

DAC=1.5Vto 3.04V -0.5 - 0.5 %VID
S LI onc -0t 4oy s s

DAC = 0.25V to 0.795V -8 - 8 mV

DAC=1.5Vto 3.04V -0.55 - 0.55 %VID
AT SO oy PRO0SV 1Y T

DAC = 0.25V to 0.795V -9 - 9 mV

DAC =1.5Vt0 3.04 V -0.6 - 0.6 %VID
ST TSNSy PG-0BN 0L 0w w

DAC = 0.25V to 0.795V -10 - 10 mvV
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ISL6398

Electrical Specifications Recommended Operating Conditions, Vg = 5V, Unless Otherwise specified. Boldface limits apply across the

operating temperature range. (Continued)

RggT = 12.8kQ

MIN MAX
PARAMETER TEST CONDITIONS (Note 7) | TYP | (Note 7) | UNITS

OSCILLATORS

390kHz, F3[2:0] = Oh = Original, ISL6398HRTZ 355 390 425 kHz
Accuracy of Switching Frequency Setting

390kHz, F3[2:0] = Oh = Original, ISL6398IRTZ 348 390 425 kHz
Maximum Switching Frequency - 2.025 - MHz
Minimum Switching Frequency - 0.120 - MHz

DVID = 0.3125mV/us, Minimum 0.3125 - - mV/us

DVID = 2.5mV/us 2.5 3.0 3.4 mV/us
Soft-start Ramp Rate

DVID = 5.0mV/us 5.0 6.0 7.0 mV/us

DVID = 13.25mV/us, Maximum 13.25 - - mV/us
Minimum Dynamic VID Slew Rate DVID = 0.3125mV/ps, Minimum 0.3125 - - mV/us
Maximum Dynamic VID Slew Rate DVID = 13.25mV/ps, Maximum 13.25 - - mV/ps
Maximum Duty Cycle Per PWM 390kHz 95 98 99 %
PWM GENERATOR

VRRAMP_ADJ = 0.7V, ISENIN+ = 12V - 0.7 - Vv

VRRamP ADJ = 1.0V, ISENIN+ = 12V - 1.0 - Vv
Sawtooth Amplitude =

VRRAMP_ADJ = 1.2V, ISENIN+ = 12V - 1.2 - Vv

VRRAMP_ADJ = 1.5V, ISENIN+ = 12V - 1.5 - Vv
BUFFERED COMP AMPLIFIER
Open-Loop Gain Ry = 10k to ground - 96 - dB
Open-Loop Bandwidth - 20 - MHz
Maximum Output Voltage No Load 3.6 4.0 - \"
Output High Voltage 1mA Load 3.4 3.9 - v
Output Low Voltage 1mA Load 1.88 1.99 Vv
PWM OUTPUT (PWM[6:1])

PWM = Low with 1mA Load, for Fast Transition - 80 - Q
PWM[6:1] Sink Impedance PWM = Low with 1mA Load, ISL6398HRTZ 170 285 425 Q

PWM = Low with 1mA Load, ISL6398IRTZ 170 285 400 Q
PWM][6:1] Source Impedance PWM = High, Forced to 3.7V 60 125 210 Q
PWM Mid-Level 0.4mA Load, 5V PWM 36 40 44 %VCC
PWM Mid-Level 0.4mA Load, 3.3V PWM 24 28 31 %VCC
CURRENT SENSE AND OVERCURRENT PROTECTION
Sensed Current Tolerance (Ty=0°Cto +70°C) 73 78 82.5 HA
CS Offset and Mirror Error Included, — 40°C to +100°C 2 " P
Rsgt = 12.8KQ (Ty=- to , HRTZ, IRTZ) 7 7 HA
Average OC Trip Level at Normal CCM PWM Mode | (Ty =0°C to +70°C) 96 103 111 HA
CS Offset and Mirror Error Included, _ . .
Rsgr = 12.8kQ2 (Ty =-40°C to +100°C, HRTZ, IRTZ) 95 103 112 pA
Average Overcurrent Trip Level at PSI1/2/3 Mode | (Ty =0°C to +70°C) 92 107 122 HA
CS Offset and Mirror Error Included,

(Ty =-40°C to +100°C, HRTZ, IRTZ) 90 125 124 HA
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ISL6398

Electrical Specifications Recommended Operating Conditions, Vg = 5V, Unless Otherwise specified. Boldface limits apply across the

operating temperature range. (Continued)

MIN MAX
PARAMETER TEST CONDITIONS (Note 7) | TYP |(Note 7) | UNITS
Peak Current Limit for Individual Channel (Ty=0°Cto +70°C) 118 125 133 HA
CS Offset and Mirror Error Included,
Rsgr = 12.8kQ (Ty=-40°C to +100°C, HRTZ, IRTZ) 116 125 134 HA
IMON OCP Trip Level 2.9 3.0 3.1 v
IMON VOLTAGE IMAX (FF) TRIP POINT Higher than this will be “FF” 2.45 25 2.56 \
READ_IIN (1F) Maximum Threshold - 10 - HA
Input Peak Current Trip Level 13.9 15 16.5 HA
THERMAL MONITORING
VR_HOT# Pull-down Impedance - 9.2 13 Q
TM Voltage at VR_HOT# Trip TMAX = +100°C (see Table 6), Programmable via Tmax - 39.12 - %\VCC
VR_HOT# and Thermal Alert# Hysteresis - 3 - °C
Leakage Current of VR_HOT# With external pull-up resistor connected to Vog - - 1 HA
Over-Temperature Shutdown Threshold 0.91 0.94 0.97 Vv
Over-Temperature Shutdown Reset Threshold 1.04 1.07 1.11 Vv
VR READY AND PROTECTION MONITORS
Leakage Current of VR_RDY With pull-up resistor externally connected to Voc - - 1 HA
VR READY Low Voltage 4mA Load - - 0.3 \
Voltage below VID E1[3:0] = Oh) 65 105 146 mV
Voltage below VID E1[3:0] = 1h) 93 141 191 mV
Voltage below VID E1[3:0] = 2h) 121 178 236 mV
Undervoltage Protection Threshold (UVP) Voltage below VID E1[3:0] = 3h) 149 214 281 mv
Can Be Disabled by DFh Voltage below VID E1[3:0] = 4h) 177 | 252 | 330 | mv
Voltage below VID E1[3:0] = 5h) 207 291 378 mV
Voltage below VID E1[3:0] = 6h) 233 328 426 mV
Voltage below VID E1[3:0] = 7h) 288 402 519 mV
Voltage below VID E1[3:0] = Oh) 10 41 72 mV
Voltage below VID E1[3:0] = 1h) 35 72 109 mV
Voltage below VID E1[3:0] = 2h) 61 103 146 mV
Undervoltage Warning Threshold (UVP Warning) | Voltage below VID E1[3:0] = 3h) 84 135 | 186 mv
Can Be Disable by DFh Voltage below VID E1[3:0] = 4h) 109 | 168 | 226 mv
Voltage below VID E1[3:0] = 5h) 133 202 268 mV
Voltage below VID E1[3:0] = 6h) 157 234 307 mV
Voltage below VID E1[3:0] = 7h) 201 298 389 mV
Undervoltage Protection Reset Hysteresis Higher than UVP - 19 - mV
Undervoltage Warning Reset Hysteresis Higher than UVP Warning - 17 - mV
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Electrical Specifications Recommended Operating Conditions, Vg = 5V, Unless Otherwise specified. Boldface limits apply across the

operating temperature range. (Continued)

MIN MAX
PARAMETER TEST CONDITIONS (Note 7) | TYP |(Note 7) | UNITS
Prior to the End of Soft-start (D8h[4:3] = Oh) 1.51 | 158 | 1.70 v
Prior to the End of Soft-start (D8h[4:3] = 1h) 1.75 1.86 1.95 \"
Prior to the End of Soft-start (D8h[4:3] = 2h) 2.20 2.29 2.40 Vv
Prior to the End of Soft-start (D8h[4:3] = 3h) 3.10 | 332 | 3.50 v
End of Soft-start, the voltage above VID D8[2:0] = Oh) 91 135 177 mV
Overvoltage Protection Threshold (OVP) End of Soft-start, the voltage above VID D8[2:0] = 1h) 125 177 225 mV
Can Be Disabled by DFh End of Soft-start, the voltage above VID D8[2:0] = 2h) 158 | 218 | 274 | mV
End of Soft-start, the voltage above VID D8[2:0] = 3h) 191 260 323 mV
End of Soft-start, the voltage above VID D8[2:0] = 4h) 254 342 424 mV
End of Soft-start, the voltage above VID D8[2:0] = 5h) 318 425 526 mV
End of Soft-start, the voltage above VID D8[2:0] = 6h) 347 460 580 mV
End of Soft-start, the voltage above VID D8[2:0] = 7h) 395 549 697 mV
Prior to the end of Soft-start, lower than OVP 55 110 180 mV
Overvoltage Protection Reset Hysteresis
During operation, lower than OVP - 83 - mV
End of Soft-start, the voltage above VID D8[2:0] = Oh) 22 54 83 mV
End of Soft-start, the voltage above VID D8[2:0] = 1h) 60 96 129 mV
End of Soft-start, the voltage above VID D8[2:0] = 2h) 97 138 176 mV
Overvoltage Warning Threshold (OVP) End of Soft-start, the voltage above VID D8[2:0] = 3h) 132 179 225 mV
Can Be Disabled by DFh End of soft-start, the voltage above VID D8[2:0] = 4h) 205 | 264 | 324 | mv
End of soft-start, the voltage above VID D8[2:0] = 5h) 273 347 427 mV
End of soft-start, the voltage above VID D8[2:0] = 6h) 308 389 476 mV
End of soft-start, the voltage above VID D8[2:0] = 7h) 377 474 578 mV
Overvoltage Warning Reset Hysteresis Lower than OVP Warning - 42 - mV
SMBus/PMBus/12C
Signal Input Low Voltage - - 0.8 Vv
Signal Input High Voltage 2.1 - vce Vv
Signal Output Low Voltage 4mA loading on Alert# - - 0.4 \'
ALERT# Pull-down Impedance - 28 50 Q
DATA Pull-down Impedance - 28 50 Q
CLOCK Maximum Speed 1.5 - - MHz
CLOCK Minimum Speed - - 0.05 MHz
Time-out 25 30 35 ms
EEPROM
Number of NVM_BANK - 8 -
NVM_BANK Loading Time Including POR delay and Resistor Reading Time - 16 20 ms

NOTES:

6. These parts are designed and adjusted for accuracy with all errors in the voltage loop included.

7. Compliance to datasheet limits is assured by one or more methods: production test, characterization and/or design.
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Functional Pin Descriptions

Refer to Table 19 on page 53 for Design and Layout
Considerations.

VCC - Supplies the power necessary to operate the chip. Connect
this pin directly to a +5V supply with a high quality ceramic
bypass capacitor. The controller start to operate, when the
voltage on this pin exceeds the rising POR threshold and shuts
down when the voltage on this pin drops below the falling POR
threshold.

GND - The bottom metal base of ISL6398 is return of VCC supply.
It is also the return of the PMBus as well as all PWM output
drivers. Connect it to system ground; also externally connect pins
13, 14, and 15 to system GND.

ISENIN+, ISENIN- - These pins are current sense inputs to the
differential amplifier of the input supply. The sensed current is
used for input power monitoring and power management of the
system. When not used, connect ISENIN+ to VIN and a resistor
divider with a ratio of 1/3 on ISENINz pin, say 499kQ in between
ISENINZ pins and then 1.5MQ from ISENIN- to ground

(see Figure 29). Refer to “Input Current Sensing” on page 30 for
configuration details. Regardless input current sense is used or
not, ISENIN+ should be connected to input voltage (V|y) for
feed-forward compensation to maintain a constant loop gain
over the input line variation.

EN_PWR_CFP - This pin is a threshold-sensitive enable input and
a catastrophic failure protection (CFP) output. Connecting the
power train input supply to this through an appropriate resistor
divider provides input undervoltage protection and a means to
synchronize the power sequencing of the controller and the
MOSFET driver ICs. When EN_PWR_CFP is driven above 0.85V
but below 3.3V, the controller is actively depending on status of
the TM_EN_OTP, the internal POR, and pending fault states.
Driving EN_PWR_CFP below 0.75V or above 3.7V will turn off the
controller, clear all fault states (except for CFP fault) and prepare
the ISL6398 to soft-start when re-enabled. In addition, this pin
will be latched high (VCC) by the input overcurrent (monitored by
ISENINz) or VR overvoltage event. The latch resets by cycling VCC
and cannot reset by TM_EN_OTP or EN_PWR_CFP since when the
catastrophic failure (CFP) is triggered, the input power is
removed from VR so is the VTT voltage rail and it is PGOOD
signal. To keep CFP active, VCC should be biased with a standby
supply. This feature means to provide protection to the case that
the VR with shorted high-side MOSFET draws insufficient current
to trigger the input supply’s over current trip level, this pin will
send an active high signal (CFP) to disconnect the input supply
before catching fire or further damage of PCB. Refer
“Catastrophic Fault Protection” on page 30 for more details.

VSEN_OVP - This pin monitors the regulator output for
overvoltage protection. Connect this pin to the positive rail
remote sensing point of the microprocessor or load. This pin
tracks with the VSEN pin. If a resistive divider is placed on the
VSEN pin, a resistive divider with the same ratio should be placed
on the VSEN_OVP pin to track UVP and OVP.

VSEN - This pin compensates the voltage drop between the load
and local output rail for precision regulation. Connect this pin to
the positive rail remote sensing point of the microprocessor or
load. It also is the APA level sensing input.

RGND - This pin compensates the offset between the remote
ground of the load and the local ground of this device for
precision regulation. Connect this pin to the negative rail remote
sensing point of the microprocessor or load.

VR_RDY - VR_RDY indicates that soft-start has completed and the
output remains in normal operation. It is an open-drain logic output.
When OCP, UVP, OVP, or CFP occurs, VR_RDY is pulled low.

TM_EN_OTP - Input pin for the temperature measurement.
Connect this pin through an NTC thermistor to GND and a resistor
to VCC of the controller. The voltage at this pin is inversely
proportional to the VR temperature. The device monitors the VR
temperature based on the voltage at the TM pin. Combined with
“TCOMP” setting, the sensed current is thermally compensated.
The VR_HOT# asserts low if the sensed temperature at this pin is
higher than the maximum desired temperature, “TMAX”". The NTC
should be placed close to the current sensing element, the output
inductor or dedicated sense resistor on Phase 1. A decoupling
capacitor (0.1pF) is typically needed in close proximity to the
controller. In addition, the controller is disabled when this pin’s
voltage drops below 0.95 (typically) and is active when it is above
1.05V (typically); it can serve as Enable and Over-Temperature
functions, however, when it is used as an Enable toggle input,
bit2 of STATUS_BYTE (78h) will flag OT, CLEAR_FAULTS (03h)
command must be sent to clear the fault after VR start-up. If not
used, connect a 1MQ/2MQ resistor divider or tie to Vc.

PWM][6:1] - Pulse width modulation outputs. Connect these pins
to the PWM input pins of the Intersil driver IC(s). The number of
active channels is determined by the state of PWM[6:2]. Tie
PWM(N+1) to VCC to configure for N-phase operation. The PWM
firing order is sequential from 1 to N with N being the number of
active phases. If PWMA1 is tied high, the VR is disabled.

ISEN[6:1]+, ISEN[6:1] - The ISEN+ and ISEN- pins are current
sense inputs to individual differential amplifiers of VR. The
sensed current is used for channel current balancing, overcurrent
protection, and droop regulation. Inactive channels should have
their respective current sense inputs, ISEN[6:#]- grounded, and
ISEN[6:#]+ open. For example, ground ISEN[6:5]- and open
ISEN[6:5]+ for 4-phase operation. DO NOT ground ISEN[6:1]+. For
DCR sensing, connect each ISEN- pin to the node between the RC
sense elements. Tie the ISEN+ pin to the other end of the sense
capacitor (typically output rail). The voltage across the sense
capacitor is proportional to the inductor current. Therefore, the
sensed current is proportional to the inductor current and scaled
by the DCR of the inductor and RggT-

BUF_COMP - Buffered output of internal COMP.

VR_HOT# - Indicator of VR temperature reaching above TMAX set
by PMBus E8[2:0]. It is an open-drain logic output. Normally open
if the measured VR temperature is less than TMAX, and pulled
low when the measured VR temperature exceeds TMAX.

RSET - A resistor connected from this pin to ground sets the
current gain of the current sensing amplifier. The RSET resistor
value can be set from 3.84k(2 to 60.4kQ and is 64x of the
equivalent R ggy resistor value. Therefore, the effective current
sense resistor value can be set between 60Q and 943Q.
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IMON - IMON is the output pin of sensed, thermally compensated
(if internal thermal compensation is used) average current of VRO.
The voltage at the IMON pin is proportional to the load current and
the resistor value. When it reaches to 3.0V, it initiates an overcurrent
shutdown, while 2.5V IMON voltage corresponds to READ_IOUT
(8Ch) maximum reading. By choosing the proper value for the
resistor at IMON pin, the overcurrent trip level can be set lower than
the fixed internal overcurrent threshold. During dynamic VID, the
OCP function of this pin is disabled to avoid false triggering. Tie it to
GND if not used. Refer to “Current Sense Output” on page 25 for
more details.

AUTO - A resistor from the pin to ground sets the current
threshold of phase dropping for operation. The AUTO mode can be
permanently disabled by pulling this pin to ground or PMBus D4h[2].
See Table 2 on page 17 and Table 8 on page 32 for more details.

SM_PM_I2CLK - Synchronous clock signal input of
SMBus/PMBus/12C.

SM_PM_I2DATA - I/0 pin for transferring data signals
SMBus/PMBus/I2C and VR controller.

SM_PMALERT# - Output pin for transferring the active low signal
driven asynchronously from the VR controller to SMBus/PMBus.

VRSEL_ADDR - Register pin used to program VR address
(PMBus) and to determine 5m/step or 10mV/step mode.

NVM_BANK_BT - Register pin to select NVM memory bank to use
(up to 8 configuration banks) and boot voltage, which can be set
by this pin or the value stored in NVM bank.

Operation

The ISL6398 is the smallest 6-Phase PWM controller. It utilizes
Intersil’s proprietary Advanced Linear EAPP (Enhanced Active Pulse
Positioning) digital control scheme that can process voltage and
current information in real time for fast control and high speed
protection and realize digital power management capability and
flexibility. It achieves the extremely fast linear transient response
with fewer output capacitors and overcomes many hurdles of
traditional digital approach, which uses non-linear, discrete control
method for both voltage loop and current balance loop and runs into
beat frequency oscillation and non-linear response. The ISL6398 is
designed to cloud computing, networking, datacenter, and POL
applications. The system parameters and required registers are
programmable and can be stored into selected NVM_BANK via
PMBus, no firmware required. It allows up to 8 memory banks, i.e.,
8 different applications. This greatly simplifies the system design
for various platforms and lowers inventory complexity and cost by
using a single device.

In addition, this controller is compatible with phase doublers
(ISL6611A and ISL6617), which can double or quadruple the phase
count. For instance, the multi-phase PWM can realize up to
24-phase count system. A higher phase count system can improve
thermal distribution and power conversion efficiency at heavy load.

The ISL6398 also supports coupled (2-Phase Cl) inductor design.
Refer to Intersil’s application note, AN1268 for detailed coupled
inductor discussion.

Multiphase Power Conversion

High Power processor load current profiles have changed to the
point that the advantages of multiphase power conversion are
impossible to ignore. The technical challenges associated with
producing a single-phase converter (which are both cost-effective
and thermally viable), have forced a change to the cost-saving
approach of multiphase. The ISL6398 controller helps reduce the
complexity of implementation by integrating vital functions and
requiring minimal output components. The typical application
circuits diagrams on pages 6 through 9 provide the top level views of
multiphase power conversion using the ISL6398 controller.

Interleaving

The switching of each channel in a multiphase converter is timed to
be symmetrically out-of-phase with each of the other channels. In a
3-phase converter, each channel switches 1/3 cycle after the
previous channel and 1/3 cycle before the following channel. As a
result, the 3-phase converter has a combined ripple frequency three
times greater than the ripple frequency of any one phase, as
illustrated in Figure 1. The three channel currents (IL1, IL2 and IL3)
combine to form the AC ripple current and the DC load current. The
ripple component has three times the ripple frequency of each
individual channel current. Each PWM pulse is terminated 1/3 of a
cycle after the PWM pulse of the previous phase. The DC
components of the inductor currents combine to feed the load.

To understand the reduction of ripple current amplitude in the
multiphase circuit, examine Equation 1, which represents an
individual channel’s peak-to-peak inductor current.

L - N~ Vour) Vour

p-p (EQ. 1)

L-Fgw- VIN

In Equation 1, Vj\ and Vgyr are the input and output voltages
respectively, L is the single-channel inductor value, and Fgyy is
the switching frequency.

IL1 +1L2 + L3, 7A/DIV]
I ]
|_IL1, 7ADIV
o R
PWM1, 5V/DIV |
il : IL2, 7TAIDIV
1
Tt 'r
R I |pwm2, sviDIvV
%% /| IL3, TAIDIV t l
[ R ] T
pwms, svoiv | | || | ]
4 1ps/DIV

FIGURE 1. PWM AND INDUCTOR-CURRENT WAVEFORMS FOR
3-PHASE CONVERTER
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In the case of multiphase converters, the capacitor current is the
sum of the ripple currents from each of the individual channels.
Compare Equation 1 to the expression for the peak-to-peak
current after the summation of N symmetrically phase-shifted
inductor currents in Equation 2, the peak-to-peak overall ripple
current lg(p.p) decreases with the increase in the number of
channels, as shown in Figure 2.

1
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DUTY CYCLE (Voyut/Vin)
FIGURE 2. RIPPLE CURRENT MULTIPLIER VS. DUTY CYCLE

Output voltage ripple is a function of capacitance, capacitor
Equivalent Series Resistance (ESR), and the summed inductor
ripple current. Increased ripple frequency and lower ripple
amplitude means that the designer can use less per-channel
inductance and few or less costly output capacitors for any
performance specification.
lep-p)~ [V"-OFZLJ—T‘KRCM
sSw

K _(N-D-m+1)-(m—(N-D))
RCM N-D

(EQ. 2)

for m-1<N-D<m

m = ROUNDUP(N - D, 0)

Another benefit of interleaving is to reduce input ripple current.
Input capacitance is determined in part by the maximum input
ripple current. Multiphase topologies can improve overall system
cost and size by lowering input ripple current and allowing the
designer to reduce the cost of input capacitors. The example in
Figure 3 illustrates input currents from a three-phase converter
combining to reduce the total input ripple current.

INPUT-CAPACITOR CURRENT, 10A/DIV
A A r /

¥

CHANNEL 1

INPUT CURRENT
N 10A/DIV
CHANNEL 2$
INPUT CURRENT
10A/DIV
CHANNllsL 3 |
INPUT CURRENT
N 10A/DIV .
” 1ps/DIV

FIGURE 3. CHANNEL INPUT CURRENTS AND INPUT-CAPACITOR
RMS CURRENT FOR 3-PHASE CONVERTER

The converter depicted in Figure 3 delivers 36A to a 1.5V load from
a 12V input. The RMS input capacitor current is 5.9A. Compare this
to a single-phase converter also stepping down 12V to 1.5V at 36A.
The single-phase converter has 11.9AR\s input capacitor current.
The single-phase converter must use an input capacitor bank with
twice the RMS current capacity as the equivalent three-phase
converter.

Figures 37, 38 and 39, as described in “Input Capacitor
Selection” on page 52, can be used to determine the input
capacitor RMS current based on load current, duty cycle, and the
number of channels. They are provided as aids in determining
the optimal input capacitor solution. Figure 40 shows the single
phase input-capacitor RMS current for comparison.

PWM Modulation Scheme

The ISL6398 adopts Intersil's proprietary Enhanced Active Pulse
Positioning (EAPP) modulation scheme to improve transient
performance. The EAPP is a unique dual-edge PWM modulation
scheme with both PWM leading and trailing edges being
independently moved to give the best response to transient
loads. The EAPP has an inherited function, similar to Intersil's
proprietary Adaptive Phase Alignment (APA) technique, to turn
on all phases together to further improve the transient response,
when there are sufficiently large load step currents. The EAPP is
a variable frequency architecture, providing linear control over
transient events and evenly distributing the pulses among all
phases to achieve very good current balance and eliminate beat
frequency oscillation over a wide range of load transient
frequencies.

To further improve the line and load transient responses, the
multi-phase PWM features feed-forward function to change the
up ramp with the input line (voltage on ISENIN+ pin) to maintain
a constant overall loop gain over a wide range input voltage. The
up ramp of the internal sawtooth is defined in Equation 3.

Vin'Vram P_ADJ

VRAMP = T2V (EQ. 3)
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With EAPP control and feed-forward function, the ISL6398 can
achieve excellent transient performance over wide frequency
range of load step, resulting in lower demand on the output
capacitors.

Under steady state conditions, the operation of the ISL6398
PWM modulator is similar to a conventional trailing edge
modulator. Conventional analysis and design methods can
therefore be used for steady state and small signal analysis.

PWM Operation

The timing of each channel is set by the number of active
channels. The default channel setting for the ISL6398 is six. The
switching cycle is defined as the time between PWM pulse
termination signals of each channel. The cycle time of the pulse
signal is the inverse of the switching frequency. The PWM signals
command the MOSFET driver to turn on/off the channel
MOSFETSs.

The ISL6398 can work in a O to 6-Phase configuration. Tie
PWM(N+1) to VCC to configure for N-phase operation. PWM firing
order is sequential from 1 to N with N being the number of active
phases, as summarized in Table 1. For 6-phase operation, the
channel firing sequence is 1-2-3-4-5-6, and they are evenly
spaced over 1/6 of a cycle. Connecting PWM6 to V¢ configures
5-phase operation, the channel firing order is 1-2-3-4-5 and the
phase spacing is 1/5 of a cycle. If PWM2 is connected to V¢,
only Channel 1 operation is selected. If PWM1 is connected to
Vce: the VR operation is turned off.

TABLE 1. PHASE NUMBER AND PWM FIRING SEQUENCE

PWM# TIED ACTIVE PHASE
N PHASE SEQUENCE TO Vee AT OA LOAD
5 1-2-3-4-5 None PWM1/3
4 1-2-3-4 PWM5 PWM1/3
3 1-2-3 PWM4 PWM1/2
2 1-2 PWM3 PWM1/2
1 1 PWM2 PWM1
0 OFF PWM1 OFF

The controller starts phase shedding the next switching cycle. The
controller reduces the number of active phases according to the
logic state on Table 2. “NPSI” register and AUTO pin program the
controller in operation of standard (Sl), 2-phase coupled, or
(N-x)-phase coupled inductors. Different cases yield different PWM
output behaviors on both dropped phase(s) and operational
phase(s) as load changes. When APA is triggered, it pulls the
controller back to full phase operation to sustain an immediate
heavy transient load. Note that “N-x” means N-x phase(s) coupled
and x phase(s) are uncoupled.

For 2-Phase coupled inductor (Cl) operation, both coupled phases
should be 180° out-of-phase. In low power conditions, it drops to
2-phase and the opposite phase of the operational phase turns
on its low-side MOSFET to circulate inductor current to minimize
conduction loss when Phase 1 is high.

In low power condition, VR is in single-phase CCM operation with
PWM41, or 2-phase CCM operation with PWM1 and 2, 3 or 4, as
shown in Table 1. The number of operational phases is
configured by “NPSI” register, shown in Table 2.

TABLE 2. PHASE DROPPING CONFIGURATION AT LOW POWER

NPSI AUTO MINIMUM
D2[1:0] CODE PHASE COUNT
Oh Sl1 Sl, (N-1)-Cl 1-Phase
1h SI2 Sl, (N-2)-Cl 2-Phase
2h Cl1 2-Phase CI 1-Phase

3h Cl2 2-Phase CI 2-Phase

NOTE: For 2-Phase Cl option, the dropped coupled phase turns on LGATE
to circulate current when PWM1 is high. Programmable via PMBus.

While the controller is operational (Vg above POR, TM_EN_OTP
and EN_PWR_CFP are both high, valid VID inputs), it can pull the
PWM pins to ~40% of Vgg (~2V for 5V V¢ bias, for 5V PWM) or
~28% of Vg (for 3.3V PWM) during various stages, such as
soft-start delay, phase shedding operation, or fault conditions
(OC or OV events). The matching driver's internal PWM resistor
divider can further raise the PWM potential, but not lower it
below the level set by the controller IC. Therefore, the controller's
PWM outputs are designed to be compatible with DrMOS and
Intersil drivers that require 3.3V and 5V PWM signal amplitudes,
programmed by PMBus.

DrMOS and Driver Compatibility

In operational mode, the ISL6398 can actively drive PWM into
tri-state level (mid level), which can be programmed to be
compatible with 3.3V or 5V PWM input DrMOS or Drivers. The
ISL6398’s PWM “LOW