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The CS5301 is a three—phase step down controllerciwhi
incorporates aktontrol functions required to power high performanc
processors and high current power supplies. Proprietary multi-phase MARKING DIAGRAM
architecture guarantees balanced load currenitaigon and reduces
overall solution cost in high current applications. Enhancéd V

control architecture provides the fastest possible transient response, 2pnnnonnonngnann
excellent overall regulation, and ease of use. CS/-\OS_E3>27\éleP CS5301

The CS5301 multi-phase architecture reduces owipltage and DW SUFEIX AWLYYWWG
input current ripple, allowing for a significant reduction in inductor 1|‘J°” TTTTTTTTT Tl

values and a corresponding increase in inducteecuslew rate. This
approach allows a considerable reduction in inpdt@utput capacitor
requirements, as well as reducing overall solusiae and cost.

A = Assembly Location
Features WL = Wafer Lot
e Enhanced ¥ Control Method YY = Year
. . WW = Work Week
e 5-Bit DAC with 1% Accuracy G = Pb-Free Package
e Adjustable Output Voltage Positioning
® 6 On—-Board Gate Drivers
® 200 kHz to 800 kHz Operation Set by Resistor PIN CONNECTIONS
e Current Sensed through Buck Inductors, Sense Resistr V-S 1 32
Control COMP 50O — Rosc
. L Veg =V
e Hiccup Mode Current Limit FB ceL
. .p . Vpre = M Veewr
e |ndividual Current Limits for Each Phase CS1— — GATE(L)1
e On-Board Current Sense Amplifiers €S2 = GND1
CS3— [ Gate(H)1
e 3.3V, 1.0 mA Reference Output CSrer = 1 Vechiz
e 5.0V and/or 12 V Operation PWRGD — — Gate(H)2
e On/Off Control (through COMP Pi Vieo 5 — OND2
n ontrol (throug in) Vip1 o 4 Gate(L)2
e Power Good Output Vip2 M = VeelLzs
: ; Ve = [ Gate(L)3
° _ * D3
Pb-Free Package is Available Vina  oND3
PWRGDS ] 1 Gate(H)3
M= M Veens
REF — = LGND
ORDERING INFORMATION
Device Package Shipping T
CS5301GDW32 S0O-32 22 Units/Rail
CS5301GDWR32 SO-32 [1000 Tape & Reel
CS5301GDWR32G | SO-32 |1000 Tape & Reel
(Pb-Free)
tFor information on tape and reel specifications,
*For additional information on our Pb—Free strategy and soldering details, please including part orientation and tape sizes, please
download the ON Semiconductor Soldering and Mounting Techniques refer to our Tape and Reel Packaging Specifications
Reference Manual, SOLDERRM/D. Brochure, BRD8011/D.
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Figure 1. Application Diagram for Intel Pentium

MAXIMUM RATINGS*

® 4 Processor 12V to 1.7V, 42 A

Rating Value Unit
Operating Junction Temperature 150 °C
Storage Temperature Range —65 to +150 °C
ESD Susceptibility (Human Body Model) 2.0 kv
Thermal Resistance, Junction—-to—Case, Rgjc 14 °C/wW
Thermal Resistance, Junction—to—Ambient, Rgja 70 °C/W
Lead Temperature Soldering: Reflow: (SMD styles only) (Note 1) 230 peak °C

Maximum ratings are those values beyond which device damage can occur. Maximum ratings applied to the device are individual stress limit
values (not normal operating conditions) and are not valid simultaneously. If these limits are exceeded, device functional operation is not implied,
damage may occur and reliability may be affected.

1. 60 second maximum above 183°C.

*The maximum package power dissipation must be observed.
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MAXIMUM RATINGS (continued)

CS5301

Pin Name Pin Symbol Vmax VMIN ISOURCE ISINK
Power for Logic VeeL 16V -0.3V N/A 70 mA DC
Power Good Sense PWRGDS 6.0V -0.3V 1.0 mA 1.0 mA
Power Good Output PWRGD 6.0V -0.3V 1.0 mA 20 mA
Return for Logic LGND N/A N/A 2.0A, 1.0 us 200 mA DC N/A
Power for Gate(L)1 Vcerl 16V -0.3V N/A 1.5A, 1.0 us 200 mA DC
Power for Gate(L)2 and Gate(L)3 VceL2s 16V -0.3V N/A 1.5A, 1.0 us 200 mA DC
Power for Gate(H)1 and VceH12 20V -0.3V N/A 1.5A, 1.0 us 200 mA DC
Gate(H)2
Power for Gate(H)3 VceHs 20V -0.3V N/A 1.5A, 1.0 us 200 mA DC
Voltage Feedback Compensation COMP 6.0V -0.3V 1.0 mA 1.0 mA
Network
Voltage Feedback Input Ve 6.0V -0.3V 1.0 mA 1.0 mA
Output for Adjusting Adaptive VpRrp 6.0V -0.3V 1.0 mA 1.0 mA
Voltage Positioning
Frequency Resistor Rosc 6.0V -0.3V 1.0 mA 1.0 mA
Reference Output REF 6.0V -0.3V 1.0 mA 50 mA
High Side FET Drivers GH1-3 20V -0.3VvDC 1.5A, 1.0 us 200 mA DC 1.5 A, 1.0 us 200 mA DC

-2.0V for
100 ns
Low Side FET Drivers GL1-3 16V -0.3VvDC 1.5A, 1.0 us 200 mA DC 1.5 A, 1.0 us 200 mA DC
-2.0V for
100 ns

Return for #1 Driver GND1 0.3V -0.3V 2.0A, 1.0 us 200 mA DC N/A
Return for #2 Driver GND2 0.3V -0.3V 2.0A, 1.0 us 200 mA DC N/A
Return for #3 Driver GND3 0.3V -0.3V 2.0A, 1.0 us 200 mA DC N/A
Current Sense for Phases 1-3 CS1-CSs3 6.0V -0.3V 1.0 mA 1.0 mA
Current Limit Set Point ILm 6.0V -0.3V 1.0 mA 1.0 mA
Output Voltage CSRer 6.0V -0.3V 1.0 mA 1.0 mA
Voltage ID DAC Inputs ViDo-4 6.0V -0.3V 1.0 mA 1.0 mA

ELECTRICAL CHARACTERISTICS (0°C < Ta < 70°C; 0°C < T < 125°C; 4.7 V < Vel < 14 V; 8.0 V < Veey < 20 V;
CGATE(H) =3.3nF, CGATE(L) = 3.3 nF, Rrosc =53.6 k, Ccomp = 0.1 uF, Crgg = 0.1 uF, DAC Code 10000, Cycc = 1.0 uF, Iyjm=1.0V;

unless otherwise specified.)

Characteristic Test Conditions Min Typ Max ‘ Unit ‘
Voltage Identification DAC (0 = Connected to GND; 1 = Open or Pullup to internal 3.3 V or external 5.0 V)

Accuracy (all codes) Connect Vgg to COMP, - - +1.0 %

VID code - 125 mV Measure COMP
Vipa | Vips | Vip2 | Vibr | Vioo V|p Voltage DACouyr Voltage -
1 1 1 1 1 - FAULT Mode-Output Off -
1 1 1 1 0 1.100 0.965 0.975 0.985 \Y,
1 1 1 0 1 1.125 0.990 1.000 1.010 \Y,
1 1 1 0 0 1.150 1.015 1.025 1.035 \Y
1 1 0 1 1 1.175 1.040 1.050 1.061 \Y
1 1 0 1 0 1.200 1.064 1.075 1.086 \Y,
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CS5301

ELECTRICAL CHARACTERISTICS (0°C < Ta < 70°C; 0°C < T < 125°C; 4.7 V < Vel < 14 V; 8.0 V < Veey < 20 V;
CGATE(H) =3.3nF, CGATE(L) = 3.3 nF, Rrosc =53.6 k, Ccomp = 0.1 uF, Crgg = 0.1 uF, DAC Code 10000, Cycc = 1.0 uF, Iyjm=1.0V;

unless otherwise specified.)

Characteristic Test Conditions Min Typ Max ‘ Unit ‘
Voltage Identification DAC (0 = Connected to GND; 1 = Open or Pullup to internal 3.3 V or external 5.0 V)
1 1 0 0 1 1.225 1.089 1.100 1.111 \Y
1 1 0 0 0 1.250 1.114 1.125 1.136 \Y
1 0 1 1 1 1.275 1.139 1.150 1.162 \Y
1 0 1 1 0 1.300 1.163 1.175 1.187 \%
1 0 1 0 1 1.325 1.188 1.200 1.212 \%
1 0 1 0 0 1.350 1.213 1.225 1.237 \%
1 0 0 1 1 1.375 1.238 1.250 1.263 \%
1 0 0 1 0 1.400 1.263 1.275 1.288 \%
1 0 0 0 1 1.425 1.287 1.300 1.313 \%
1 0 0 0 0 1.450 1.312 1.325 1.338 \%
0 1 1 1 1 1.475 1.337 1.350 1.364 \Y
0 1 1 1 0 1.500 1.361 1.375 1.389 \Y
0 1 1 0 1 1.525 1.386 1.400 1.414 \Y
0 1 1 0 0 1.550 1.411 1.425 1.439 \Y
0 1 0 1 1 1.575 1.436 1.450 1.465 \Y
0 1 0 1 0 1.600 1.460 1.475 1.490 \Y
0 1 0 0 1 1.625 1.485 1.500 1.515 \Y
0 1 0 0 0 1.650 1.510 1.525 1.540 \%
0 0 1 1 1 1.675 1.535 1.550 1.566 \%
0 0 1 1 0 1.700 1.560 1.575 1.591 \%
0 0 1 0 1 1.725 1.584 1.600 1.616 \%
0 0 1 0 0 1.750 1.609 1.625 1.641 \%
0 0 0 1 1 1.775 1.634 1.650 1.667 \%
0 0 0 1 0 1.800 1.658 1.675 1.692 \Y,
0 0 0 0 1 1.825 1.683 1.700 1.717 \Y,
0 0 0 0 0 1.850 1.708 1.725 1.742 \Y,
Input Threshold Vipa, Vip3, Vip2, Vip1, Vibo 1.00 1.25 1.50 \%
Input Pullup Resistance Vb4, Vip3, Vip2, Vip1, Vibo 25 50 100 kQ
Pullup Voltage - 3.15 3.30 3.45 \%
Power Good Output
Upper Threshold Force PWRGDS 1.9 (-5%) 2.0 2.1 (+5%)
Lower Threshold Force PWRGDS 0.95 % (V|p 0975 % (Vip | Vip-125 mV
=125 mV) -125 mV) or +2.6%
or —2.6% from nominal
from nominal PWRGD
PWRGD Threshold
Threshold
Viba | Vips | Vib2z | Vib1 | Vibo
1 1 1 1 0 - 0.926 0.951 0.975 \Y,
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CS5301

ELECTRICAL CHARACTERISTICS (0°C < Ta < 70°C; 0°C < Ty < 125°C; 4.7 V < Vgl < 14 V; 8.0 V < Veey < 20 V;
CGATE(H) =3.3nF, CGATE(L) = 3.3 nF, Rrosc =53.6 k, Ccomp = 0.1 uF, Crgg = 0.1 uF, DAC Code 10000, Cycc = 1.0 uF, Iyjm=1.0V;
unless otherwise specified.)

Characteristic Test Conditions Min Typ Max ‘ Unit ‘
Power Good Output
1 1 1 0 1 - 0.950 0.975 1.000 \Y,
1 1 1 0 0 - 0.974 1.000 1.025 \Y,
1 1 0 1 1 - 0.998 1.024 1.050 \Y,
1 1 0 1 0 - 1.021 1.048 1.075 \%
1 1 0 0 1 - 1.045 1.073 1.100 \%
1 1 0 0 0 - 1.069 1.097 1.125 \%
1 0 1 1 1 - 1.093 1.122 1.150 \%
1 0 1 1 0 - 1.116 1.146 1.175 \%
1 0 1 0 1 - 1.140 1.170 1.200 \%
1 0 1 0 0 - 1.164 1.195 1.225 \%
1 0 0 1 1 - 1.188 1.219 1.250 \Y
1 0 0 1 0 - 1.211 1.243 1.275 \Y
1 0 0 0 1 - 1.235 1.268 1.300 \Y,
1 0 0 0 0 - 1.259 1.292 1.325 \Y,
0 1 1 1 1 - 1.283 1.316 1.350 \Y
0 1 1 1 0 - 1.306 1.341 1.375 \Y
0 1 1 0 1 - 1.330 1.365 1.400 \Y,
0 1 1 0 0 - 1.354 1.389 1.425 \%
0 1 0 1 1 - 1.378 1.414 1.450 \%
0 1 0 1 0 - 1.401 1.438 1.475 \%
0 1 0 0 1 - 1.425 1.463 1.500 \%
0 1 0 0 0 - 1.449 1.487 1.525 \%
0 0 1 1 1 - 1.473 1.511 1.550 \%
0 0 1 1 0 - 1.496 1.536 1.575 \Y
0 0 1 0 1 - 1.520 1.560 1.600 \Y,
0 0 1 0 0 - 1.544 1.584 1.625 \Y
0 0 0 1 1 - 1.568 1.609 1.650 \Y,
0 0 0 1 0 - 1.591 1.633 1.675 \Y,
0 0 0 0 1 - 1.615 1.658 1.700 \Y,
0 0 0 0 0 - 1.639 1.682 1.725 \Y,
Switch Leakage Current PWRGD =5.5V - 0.1 10.0 uA
PWRGDS =1.60 V
Delay PWRGDS low to PWRGD low 25 50 125 us
Output Low Voltage PWRGDS =1.0V - 0.15 0.40 \%
IPWRGD = 4.0 mA
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ELECTRICAL CHARACTERISTICS (0°C < Ty < 70°C; 0°C < Ty < 125°C; 4.7 V < Vg < 14 V; 8.0V < Vecy < 20 V;

CS5301

CGATE(H) =3.3nF, CGATE(L) = 3.3 nF, Rrosc =53.6 k, Ccomp = 0.1 uF, Crgg = 0.1 uF, DAC Code 10000, Cycc = 1.0 uF, Iyjm=1.0V;

unless otherwise specified.)

Characteristic Test Conditions Min Typ Max ‘ Unit
Voltage Feedback Error Amplifier
Vg Bias Current, (Note 2) 09V <Vgp<l1l8V 5.5 6.0 6.5 uA
COMP Source Current COMP =05Vt020V, 15 30 60 uA
Vgg = 1.6 V; DAC = 00000
COMP Sink Current COMP =05Vt020V, 15 30 60 uA
Vgg = 1.8 V; DAC = 00000
COMP Discharge Threshold Voltage - 0.20 0.27 0.34 \%
Transconductance =10 uA < lcomp < +10 pA - 32 - mmho
Output Impedance - - 25 - MQ
Open Loop DC Gain Note 3. 60 90 - dB
Unity Gain Bandwidth 0.01 uF COMP Capacitor - 400 - kHz
PSRR @ 1.0 kHz - - 70 - dB
COMP Max Voltage Vgg = 1.65 V COMP Open; 2.4 2.7 - \%
DAC = 00000
COMP Min Voltage Vgg = 1.8 V COMP Open; - 0.1 0.2 \%
DAC = 00000
Hiccup Latch Discharge Current - 2 5.0 10 uA
PWM Comparators
Minimum Pulse Width Measured from CSx to GATE(H), - 350 515 ns
V(Vg) = V(CSrer) =0 V,
V(COMP) = 0.5 V, 60 mV step
applied between Vcsx and Verer
Channel Startup Offset V(CS1) = V(CS2) = V(CS3) = 0.3 0.4 0.5 \%
V(Veg) = V(CSrer) =0V,
Measure V(COMP) when
GATEL(H), 2(H), 3(H) switch high
GATE(H) and GATE(L)
High Voltage (AC) (Note 3). Measure Ve x — - 0 1.0 \%
GATE(L)
or VecHx — GATE(H)
Low Voltage (AC) (Note 3). Measure GATE(L) - 0 0.5 \%
or GATE(H)
Rise Time GATE(H)x 1.0V <GATE < 8.0V, Vcchx = 10V - 35 80 ns
Rise Time GATE(L)x 1.0V <GATE <80V, Vcox =10V - 35 80 ns
Fall Time GATE(H)x 8.0V > GATE > 1.0 V; Veepx = 10V - 35 80 ns
Fall Time GATE(L)x 80V >GATE>1.0V; Vcox =10V - 35 80 ns
GATE(H) to GATE(L) Delay GATE(H) < 2.0V, GATE(L) >2.0V 30 65 110 ns
GATE(L) to GATE(H) Delay GATE(L) < 2.0 V, GATE(H) > 2.0 V 30 65 110 ns
GATE Pull-down Force 100 pA into GATE Driver - 1.2 1.6 \%

with Veepx = Veecx = 2.0V

2. The Vgg Bias Current changes with the value of Rrosc per Figure 4.

3. Guaranteed by design. Not tested in production.
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CS5301

ELECTRICAL CHARACTERISTICS (0°C < Ta < 70°C; 0°C < T < 125°C; 4.7 V < Vel < 14 V; 8.0 V < Veey < 20 V;
CGATE(H) =3.3nF, CGATE(L) = 3.3 nF, Rrosc =53.6 k, Ccomp = 0.1 uF, Crgg = 0.1 uF, DAC Code 10000, Cycc = 1.0 uF, Iyjm=1.0V;

unless otherwise specified.)

Characteristic Test Conditions Min Typ Max ‘ Unit ‘
Oscillator
Switching Frequency Measure any phase (Rrosc = 32.4 k) 300 400 500 kHz
(Note 4)
Switching Frequency Measure any phase (Rrosc = 53.6 k) 220 250 280 kHz
Switching Frequency Measure any phase (Rrosc = 16.2 k) 600 800 1000 kHz
(Note 4)
Rosc Voltage - - 1.00 - \%
Phase Delay - 105 120 135 deg
Adaptive Voltage Positioning
Vprp Output Voltage to DACoyt Offset | CS1 = CS2 = CS3 = CSRgr, -15 - 15 mV
VFB = COMP,
Measure Vprp— COMP
Maximum Vpgrp Voltage |(CS1=CS2=CS3) = CSgef| = 360 465 570 mvV
50 mV, Vgg = COMP,
|Measure Vprp— COMP|
Current Sense Amp to Vprp Gain - 2.7 3.1 3.5 VIV
Current Sensing and Sharing
CSREer Input Bias Current - - 0.6 2.0 uA
CS1-CS3 Input Bias Current V(CSx) = V(CSRrgp) =0V - 0.2 2.0 uA
Current Sense Amplifiers Gain - 3.7 4.2 4.7 VIV
Current Sense Amp Mismatch 0V £ (CSx-CSRgfF) £ 50 mV -5.0 - 5.0 mV
Current Sense Amplifiers Input (Note 4) 0 - Vel — 2.0 \%
Common Mode Range Limit
Current Sense Input to Iy Gain 0.25V<iym<120V 5.0 6.5 8.0 VIV
Current Limit Filter Slew Rate (Note 4) 4.0 10 26 mV/us
ILm Bias Current ovV<lym<loVv - 0.1 1.0 uA
Single Phase Pulse by Pulse Current - 75 90 115 mV
Limit: V(CSx) — V(CSRrer)
Current Sense Amplifier Bandwidth (Note 4) 1.0 - - MHz
Reference Output
VRer Output Voltage 0 mA < I(VRep) < 1.0 mA 3.15 3.25 3.35 ‘ \% ‘

4. Guaranteed by design. Not tested in production.
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CS5301

ELECTRICAL CHARACTERISTICS (0°C < Ty < 70°C; 0°C < Ty < 125°C; 4.7 V < Vg < 14 V; 8.0V < Vecy < 20 V;

CGATE(H) =3.3nF, CGATE(L) = 3.3 nF, Rrosc =53.6 k, Ccomp = 0.1 uF, Crgg = 0.1 uF, DAC Code 10000, Cycc = 1.0 uF, Iyjm=1.0V;
unless otherwise specified.)

Characteristic Test Conditions Min Typ Max ‘ Unit

General Electrical Specifications

VccL Operating Current Vgg = COMP(no switching) - 22 26 mA

VL1 Operating Current Vgg = COMP(no switching) - 4.0 5.5 mA

VceL23 Operating Current VEg = COMP(no switching) - 8.0 11 mA

VccHi2 Operating Current VEg = COMP(no switching) - 5.5 7.0 mA

Vcch3 Operating Current VEg = COMP(no switching) - 25 35 mA

VccL Start Threshold GATEs switching, COMP charging 4.05 4.50 4.70

VceL Stop Threshold GATEs stop switching, COMP 3.75 4.30 4.60
discharging

VccL Hysteresis GATEs not switching, COMP not 100 200 300 mVv
charging

VccHi2 Start Threshold - 3.2 35 3.8

VccHiz Stop Threshold - 2.9 3.2 3.5

VccHiz Start Hysteresis - 200 300 400 mvV

http://onsemi.com
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PACKAGE PIN DESCRIPTION

CS5301

PACKAGE PIN # PIN SYMBOL FUNCTION

1 COMP Output of the error amplifier and input for the PWM comparators.

2 VEg Voltage Feedback Pin. To use Adaptive Voltage Positioning (AVP) select an
offset voltage at light load and connect a resistor between Vgg and Voyt. The
input bias current of the Vgg pin and the resistor value determine output voltage
offset for zero output current. Short Vgg to Voyt for no AVP.

3 VpRrp Current sense output for AVP. The offset of this pin above the DAC voltage is
proportional to the output current. Connect a resistor from this pin to Vg to set
amount AVP or leave this pin open for no AVP.

4-6 CS1-CS3 Current sense inputs. Connect current sense network for the corresponding
phase to each input.

7 CSRer Reference for current sense amplifiers. To balance input offset voltages between
the inverting and noninverting inputs of the Current Sense Amplifiers, connect a
resistor between CSggr and the output voltage. The value should be 1/3 of the
value of the resistors connected to the CSx pins.

8 PWRGD Power Good Output. Open collector output goes low when CSggr is out of
regulation.

9-13 Vip4~Vipo Voltage ID DAC inputs. These pins are internally pulled up to 3.3 V if left open.

14 PWRGDS Power Good Sense. Connect to Output.

15 LM Sets threshold for current limit. Connect to reference through a resistive divider.

16 REF Reference output. Decouple with 0.1 uF to LGND.

17 LGND Return for internal control circuits and IC substrate connection.

18 VceHs Power for GATE(H)3.

19 Gate(H)3 High side driver #3.

20 GND3 Return for #3 drivers.

21 Gate(L)3 Low side driver #3.

22 VeeLes Power for GATE(L)2 and GATE(L)3.

23 Gate(L)2 Low side driver #2.

24 GND2 Return for #2 driver.

25 Gate(H)2 High side driver #2.

26 VeeH12 Power for GATE(H)1 and GATE(H)2. UVLO Sense for High Side Driver supply
connects to this pin.

27 Gate(H)1 High side driver #1.

28 GND1 Return #1 drivers.

29 Gate(L)1 Low side driver #1.

30 VeeLr Power for GATE(L)1.

31 Veel Power for internal control circuits and UVLO Sense for Logic.

32 Rosc A resistor from this pin to ground sets operating frequency and Vg bias current.
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APPLICATIONS INFORMATION

FIXED FREQUENCY MULTI-PHASE CONTROL

In a multi-phase converter, multiple converters are
connected imparallel and are switched andifferent times.

This reduces output current from the individual converters

and increases the apparent ripple frequency. Besauseal
converters are connected in parallel, output ctigam ramp

up or down faster than a single converter (with the same
value output inductor) and heat is spread among multiple

components.

The CS5301 uses a three—phase, fixed frequency,

Enhanced ¥ architecture. Each phase is delayed® &

the previous phase. Normally GATE(H) transitiongthat
the beginning of each oscillator cycle. Inductor current
ramps up until the combination of the current sesigeal
and the output ripple trip the PWM comparator and bring
GATE(H) low. Once GATE(H) goes low, it will remain low
until the beginning of the next oscillator cycle. While
GATE(H) ishigh, the enhancedoop will respond to line
and load transients. Once GATE(H)ow, the loop will not
respond again until the beginning of the next cycle.
Therefore, constant frequency Enhancédmil typically
respond within 1/3 of the off-time for a three-phase
converter.

The Enhanced ¥ architecture measures and adjusts
current ineach phase. An additional input (¢ ®r inductor
current information has been added to tRdoép for each
phase as shown in Figure 9.

|
]
| 1
OJ_NYY\_W\'_'_
SWNODE iy I csy
_________ ! | ::>—+
L !
S
Rs¥ OFFSETO+
CSrer N PWM

COMP

Figure 9. Enhanced V 2 Feedback and Current
Sense Scheme

The inductor current is measured acrogsarplified by

current increases the voltage on the positive fiiheoPWM
comparator rises and terminates the PWM cycle. If the
inductor starts the cycle with a higher current, the PWM
cycle will terminate earlier providing negative feedback.
The CS5301 provides a ¢8put for each phase, but the
CSRer Ve and COMP inputs are common to all phases.
Current sharing is accomplished by referencinpladses to

the same ¥g and COMP pins, so that a phase with a larger
current signal will turn off earlier than phases withreater
current signal.

Including both current and voltage information in the
feedback signal allows the open loop output impedance of
the power stage to be controlled. If the COMP pin is held
steady and the inductor current changes, there alssbe
a change in the output voltage. Or, in a closed loop
configuration when the output current changesodMP
pin must move to keep the same output voltage. 8dpgned
change in the output voltage or COMP pin depends on the
scaling of the current feedback signal and is calculated as

AV = Rg X CSA Gain x Al
The single—phase power stage output impedance is:
Single Stage Impedance = AV/Al = Rg x CSA Gain.

The multi-phase power stage output impedance is the
single—phase output impedance divided by the number of
phasesThe output impedance tife power stage determines
how the converter will respond during the first fgsvof a
transient before the feedback loop has repositioned the
COMP pin.

The peak output current of each phase can also be
calculated from;

VcoMP — VFB — VOFFSET
Rsg x CSA Gain

Figure 10 shows the step response of a single plitsthe
COMP pin at a fixed level. Befe T1 the converter is in
normal steady state operation. The inductor cupentides
the PWM ramp through the Current Share AmplifidreT
PWM cycle ends when the sum of the current sigodtage
sighal and OFFSET exceed the level of the COMPAtim1
the output current increases and the output vokags. The
next PWM cycle begins anddltycle continues longer than
previously while the current signal increases ehdagnake
up for the lower voltage at the-i pin and the cycle ends at
T2. After T2 the output voltageemains lower than at light
load and the current signal levelraised so that the sum of
the current and voltage signal is the same asthtloriginal

Ipkout (per phase) =

CSA and summed with the OFFSET and Output \Voltage a load. In a closed loop sgsh the COMP pin would move
the non-inverting input of the PWM comparator. The higher to restore the outputltage to the original level.

inductor current provides the PWM ramp and as inductor

http://onsemi.com
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SWNODE ﬂ

Ves (VouT)

CSA Out

COMP - Offset \/\/I
CSA Out + Vg | |

| |
T1 T2

Figure 10. Open Loop Operation

Inductive Current Sensing

For lossless sensing, current can be sensed atmss
inductor ashown in Figure 11. In the diagram L is the output
inductance and Ris the inherent inductor resistance. To
compensate the current sense signal the values of R1 and
are chosen so that L/R= R1x C1. If this criteria is met the

current sense signal will be the same shape as the inducto
current, the voltage signal at CSwvill represent the
instantaneous value of inductor current and tleaiitican be
analyzed as if a sense resistor of valyev8s used assense
resistor (R).

PWM
COMP

Figure 11. Lossless Inductive Current Sensing with
Enhanced V 2

When choosing or designing inductors for use with
inductive sensing tolerances and temperature sffdgwiuld
be considered. Cores with a low permeability mateni a
large gap will usually have minimal inductance clewnith
temperature and
temperature coefficient of 0.39% p&e. The increase in
winding resistance at higher temperatures should be

http://onsemi
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load. Copper magnet wire has a

considered when setting then threshold. If a more
accuratecurrent sense is required than inductive sensing ca
provide, current can be sensed through a resistor as shown
in Figure 9.

Current Sharing Accuracy
PCB traces that carry inductor current can be asquhrt
of the current sense resistance depending on where the
current sense signal is picked off. For accurate current
sharing, theurrent sense inputs should sense the current at
the same point for each phase and the connection to the
CSkershould be made so that no phase is favored. (e so
cases, especially with inductive sensing, resistance of the
pcb can be useful for increasing the current sense
resistance.) The total current sense resistance used for
calculations must include any pcb trace between the CS
inputs and the G&rinput that carries inductor current.
Current Sense Amplifier Input Mismatch and the gadfi
the current sense element will determine the accuracy of
current sharing between phases. The worst case Current
Sense Amplifier Input Mismatch is 5.0 mV and will
typically bewithin 3.0 mV. The difference in peak currents
etween phases will be the CSA Input Mismatch edity
the current sense resistance. If all current sdaseeats are
o equal resistance a 3V mismatch with a 2.0 & sense
resistance will produce a 1.5 Afdifence in current between
phases.

Operation at > 50% Duty Cycle

For operation at dutgycles above 50% Enhanced Will
exhibit subharmonic oscillation unless a compensation
ramp isadded to each phase. A circuit like the one offefhe
side of Figure 12 can lz&lded to each current sense network
to implement slope compensation. The value of R1 can be
varied to adjust the ramp size.

Gate(L)X Switch Node

Q
§3.0k

1.0 nF 01 uF
0.1 puF |
CS
MMBT2222LT1 REF
Slope Comp Existing Current
Circuit Sense Circuit

Figure 12. External Slope Compensation Circuit
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Ramp Size and Current Sensing

Because the current ramp is used for both the PWM ramp

and to sense current, the inductor and senseaesaties

will be constrained. A small ramp will provide a quick
transientesponse by minimizinthe difference ovewhich

the COMP pin must travel between light and heavy loads,
but a steady state ramp of 25 mVp—p or greatspisally
required tgorevent pulse skipping and minimize pulse width
jitter. For resistive current sensing, the comborabf the
inductor and sense resistor values must be chosen tdgrovi
a large enough steady state ramp. For large induatoes

the sense resistor value must also be increased.

For inductive current sensing, the RC network muesttm
the requirement of L/R= Rx C to accurately sense the AC
and DC components of the current the signal. Again the
values for L and Rwill be constrained in order to provide
a large enough steady state ramp with a compensatesht
sense signal. A smaller L, or adar R than optimum might
be required. But unlike resistive sensing, withuictilve

Current Signal

bl

[ |
+

L "'.--l'-'l:l.iilll;l-‘l-*.lllnll
Inductor Currént

Figure 13. Inductive Sensing waveform during a Step
with Fast RC Time Constant (50 us/div)

sensing, small adjustments can be made easily with the

values of R and C to increase the ramp size if eged

If RC is chosen to be smaller (faster) thanL/the AC
portion of the current sensing signal will be scaled larger
than the DC portion. This will provide a largerastg state
ramp, but circuit performance will be affected amdst be
evaluated carefullyThe current signal will overshoot during
transients and sedtlat the rate determined byx/C. It will
eventually settle to the correct DC level, but the error will
decay with the time constant of R C. If this error is
excessive it will effect transient response, adapti
positioning and current limit. During transientg t6OMP
pin will be required to overshoot along with the current
signal inorder to maintain the output voltage. Thery pin
will also overshoot during transients and possghbyv the
response. Single phase overcurrent will trip earlier than it
would if compensated correctly and hiccup mode current
limit will have a lower threshold for fast rise stepdis than
for slowly rising output currents.

The waveforms in Figure 13 show a simulation of the
current sense signal and the atinductor current during a
positive step in load current with values of L =05,
R.=1.6n, R1 =20k and C1 = .QiF. For ideal current
signal compensation the value of R1 should beC3De to
the faster than ideal RC time constant there @/arshoot of
50% and the overshoot decays with a 28@me constant.
With this compensation the i, pin threshold must be set
more than 50% above the full load current to atriggjering
hiccup mode during a lge output load step.

Current Limit

Two levels of overcurrent protection are providady
time the voltage on a Current Sense pin exceegg 18/
more than the Single Phase Pulse by Pulse Currertt theni
PWM comparator for that phaiseturned off. This provides
fast peak current protection for individual phaséhe
outputs of all the currents are also summed and filtered to
compare an averaged current signal to the voltage on the
I v pin. If this voltage is exceeded, the fault latghbs and
the Soft Start capacitor is discharged by a#Gsource
until the COMP pin reaches 0.2 V. Then Soft Start begins.
The converter will continue to operate in this madél the
fault condition is corrected.

Overvoltage Protection

Overvoltage protection (OVP) is provided as a result of
the normal operation of the Enhancetidéntrol topology
with synchronous rectifiers. The control loop resi®to an
overvoltage condition within 400 ns, causing the top
MOSFET’s to shut off and the synchronous MOSFEd's t
turn on. This results in a “crowbar” action to clamp the
outputvoltage and prevent damagehe load. The regulator
will remain in this state until the overvoltage condition
ceases or the input voltage is pulled low.

http://onsemi.com
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UvLO voltage is not repositioned quickly enough after current is
The CS5301 has undervoltage lockout functions aiiede  stepped up and the upper limit is exceeded.
to two pins. One intended for the logic and lowesdillivers

with a 4.5 V turn—on threshold is connected toMige;, pin. N

A second for the high sideiders has a 3.5 V threshold and i} e H\»

is connected to the Aén12 pin. \ ST N
The UVLO threshold for the high side drivers wassgro \ i

at a low value to allow for flexibility in the part. In many

applications this function will be disabled or vatly check —Normal

that the applicable supply is on — not that is at h bigpugh — FastAdaptive Positioning
voltage to run the converter. --- SlowAdaptive Positioning

For the 12 VIN converter (see Figure 1) the UVLOfpin Limits
the high side driver is pulled up by the 5.0 V dyfihrough Figure 14. Adaptive Positioning

two diode drops) and the function is not used. The diode The CS5301 uses two methods to provide fast and
between the COMP pin and the 12 V supply holdSHO&P accurate adaptive positioning. For low frequency
pin near GND and prevents start—up while the 12ippéy positioning the VFB and VDRP pins are used to adjust the
is off. In an application where a higher UVLO threkl is output voltage with varying load currents. For high
necessary aircuit like the one in Figure 15 will lock out the frequency positioning, the current sense input pins can be

converter until the 12 V supply exceeds 8.0 V. used to control the power stage output impedanbe. T
transition between fast and slow positioning isiathd by
VID Codes and Power Good the error amp compensation.

The internal VID and DAgGyT levels are set up so that the
reference for the control loop is nominally 125 mV below
the VID code (see the block diagram). The nominal lower
Power Good threshold is 2.5% below the QA& level.
The nominal upper Power Good threshold is fixe2.atv
for all VID codes. This scheme is intended to seteetvID
level asthe maximum output voltage and the DAG level
as the minimum output voltage.

The CS5301 can be configured to adjust the output
voltage based on the output current of the converter, as
shown in Figure 1.

To set the no-load positioning, a resistor (R9) is placed
between the output voltage angg/pin. The kg bias
currentwill develop a voltage across the resistor to desge
the output voltage. Thepg bias current is dependent on the
value of RRosg as shown in Figure 4.

TRANSIENT RESPONSE AND ADAPTIVE During no load ponditions thepkp pin is at the same

POSITIONING voltage ashe Vg pin, SO none of thepg bias current flows
through the Vrp resistor (R8). When output current
increases the pyrp pin increases proportionally and the
VpRrp pin current offsets thepg bias current and causes the
output voltage to further decrease.

The Vg and \brp pins take care of the slower and DC

For applications with fast transient currents thepat
filter is frequently sized larger thaipple currents require in
order to reduce voltage excursions during transients.
Adaptive voltage positioning can reduce peak—pedgud

voltage deviations during load transients and allow for avoltage positioning. The first feus are controlled primarily
Il tput filter. Th tput volt be set hi : : e
smalleroutput filter. The output voltage can be set higfter by the ESR and ESL of the output filter. The transition

light loads to reduce output voltage sag when the Ioadb i fast and sl itioning i rolled
current is stepped up and set lower during heavy loads to etween fast and siow positioning 1S controlle fayramp

reduce overshoot when the load current is stepped up. FofIze and :]he erroramp con:peniatlon._lllf;he r;mmg_too
low current applications a droop resistor can provide fast arge or_t e error amp oo slow t ere wiil be a “993'“0”
accurate adaptive positioning. However, at higlherus the to the flnal_ voltage after a transient. Th|s will be most
loss in a droop resistor becomes excessive. Fongeain appare.nt with lower capacn_ance ou .tpu.t filters.

a 50 A converter a 1.0 @ resistor to provide a 50 mV .Not(.e.. Largdevels of adaptive positioning can cause pulse
change in output voltage between no load and full load width jitter.

would dissipate 2.5 Watts. Error Amp Compensation

Lossless adaptive positioning is an alternative to using a The transconductance error amplifier can be cordito
droop resistor, but must respond quickly to chamgésad  provide botha slow soft-start and a fast transient response.
current. Figure 14 shows how adaptive positioning works. ¢4 in Figure 1 controls soft-start. A QuE capacitor with
The waveform labeled normal shows a converter witho  the 30uA error amplifier output capability will allow the
adaptive positioning. On the left, the output voltage sagsoytput to ramp up at 0.3 V/ms or 1.5 V in 5.0 ms.
when the output current is stepped up and later overshoots R10 is connected in series with C4 to allow the error
when current is stepped back down. With fast (ideal) ampilifier to slew quickly over a narrow range during load

adaptive positioning the peak to peak excursions are cut inransients. Here the 30\ error amplifier output capability
half. In the slow adaptive positioning waveform thaput

http://onsemi.com
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works against 10 R (R10) to limit the window of fast
slewing t0300 mV — enough to allow for fast transients, but
not enough to interfere with soft—start. This windwill be
noticeable as a step in the COMP pin voltage augtaThe

01

\oltage feedback should be taken from a point ef th
output or the output filter that doesn’t favor ame phase.
If the feedback connection is closer to one induittan the
others the ripple associated with that phase maeap

size of this step must be kept smaller than the Channelarger than the ripple associated with the other phases and

Startup Offset (nominally 0.4 V) for proper softait
operation. lfadaptive positioning is used the R9 and R8 form
a divider with the Wrp end held at the DAC voltage during
startup, which effectively makéise Channel Startup @&t
larger.

C12 is included for error amp stability. A capaatioad
is required on the error amp output. Use of valess than
1.0 nF may result in error amp oscillation of sevéiHz.

C11 and the parallel resistance of thesVesistor (R9)
and the Vrp resistor (R8xare used to roll off the error amp
gain.The gain is rolled ofét high enough frequency to give
a quick transient response, but low enough to aessdB
well below the switching frequency to minimize rig@and
noise on the COMP pin.

+12 'V

COMP

§ 100 k

100 k

Figure 15. External UVLO Circuit

Layout Guidelines

With thefast rise, high output currents of microprocessor
applications, parasitic inductance and resistahoeld be
considered when laying out the power, filter and feedback
signal sections of the boarfypically, a multi-layer board
with atleast one ground plane is recommended. If the tayou
is such that high currents can exist in the ground plane
underneath the controller or control circuitry, the ground

plane can be slotted to reroute the currents away from the

controller. Theslots should typically not be placed between
the controller and the output voltagein the return path of
the gate drive. Additional power and ground planes or
islands can be added as required for a particular layout.

Outputfilter components should be placed on wide planes
connected directly to the load to minimize resistive drops
during heavy loads and inductive drops and ringiagng
transients. Ifequired, the planes for the output voltage and
return can be interleaved to minimize inductance between
the filter and load.

http://onsemi
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poor current sharing can result.

The current sense signal is typically tens of miltilts.
Noise pick-up should be avoided wherever possible.
Current feedback traces should be routed away froisy
areassuch as switch nodes and gate drive signals. Tthe pa
should be matched as well as possible. It is especially
important that all current sense signals be picked off at
similar points for accurate current sharing. If the current
signal istaken from a place other than directly at the itmluc
any additional resistance between the pick—off pariat the
inductor appears as part of the inherent indu@sistance
and should be considered in design calculationsa€aps
for the current feedback networks should be plasedose
to the current sense pins as practical.

DESIGN PROCEDURE

Current Sensing, Power Stage and Output Filter
Components
1. Choose the output filter components to meet peak
transient requirements. The formula below can be
used to provide an approximate starting point for
capacitor choice, but will be inadequate to calculate
actual values.

AVPEAK = (Al/AT) X ESL + Al x ESR

Ideally the output filter should be simulated with
models including ESR, ESL, circuit board parasitics
and delays due to switching frequency and converter
response. Typically both bulk capacitance
(electrolytic, Oscon, etc.,) and low impedance
capacitance (ceramic chip) will be required. Thik bu
capacitance provides “hold up” during the converter
response. The low impedance capacitance reduces
steady state ripple and bypasses the bulk capeeitan
during slewing of output current.

For inductive current sensing (only) choose the
current sense network RC to provide a 25 mV
minimum ramp during steady state operation.

VouT/VIN
fx Cx 25 mV
Then choose the inductor value and
resistance to satisfy L{R= Rx C.

For ideal current sense compensation the ratioamfd_

R_ is fixed, so the values of L and_ Rwill be a
compromise typically with the maximum valug R
limited by conduction losses or inductor temperature
rise and the minimum value of L limited by ripple
current.

R = (VIN — VouT) X

inherent

.com
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3. For resistive current sensing choose L ardtdR Adaptive Positioning

provide a steady state ramp greater than 25 mV. 7. To set the amount of voltage positioning above the
VOUT/VIN DAC setting at no load connect a resistoygg)
L/Rs = (VIN — VOuUT) X T EmV between the output voltage and thes\pin. Choose
Rvre as;

Again the ratio of L and Ris fixed and the values of

. . RyvEB = NL Position/VER Bias Current
L and Rs will be a compromise. /

4. Calculate the high frequency output impedance See Figure 4 for ig Bias Current.
(ConverterZ) of the converter during transientgsTh 8. To set the difference in output voltage between no
is the impedance of the Output filter ESR in patall load and full load, connect a resistory{fp)
with the power stage output impedance (PwrstgZ) between the ¥rp and g pins. Rprp can be

calculated irtwo steps. First calculatbe difference
between the Yrpand g pin at full load. (The ¥g
voltage should be the same as the DAC voltage during
closed loop operation.) Then choose thgkb to
source enough current acrosgeR for the desired
change in output voltage.

and will indicate how far from the original level
(AVR) the output voltage will typically recover to
within one switching cycle. For a good transient
responseAVR should be less than the peak output
voltage overshoot or undershoot.

AVR = ConverterZ x loyT AV\DRP = R X IQUT X CS to VpRp Gain

ConverterZ = —Ewrsigi X E:E where:
WrStgZ + R = R_or R for one phase;
where: lourt is the full load output current.
PwrstgZ = Rg x CSA Gain/3 RVDRP = AVVDRP X Ry(FB)/AVOUT
Multiply the converterZ by the output current step DESIGN EXAMPLE

size to calculate where the output voltage should  chogsghe component values for lossless current sensing,
recover to within the first switching cycle after a agaptive positioning and current limit for a 250 kHz, M55
transient. If the ConverterZ is higher than the value gg A converter. The VID code is set to 1.6 V. Adegti
requiredto recover to where the adapt_ive positioning positioning is set for 100 mV above DAGT (or 25 mV

is set the remainder of the recovery Wil controlled  belowVID) at no load and 75 mV below the no load positio
by the error amp compensation and will typically with a 60 A load. The peak output voltage transgmuld
recover in 10-2@s. be less than 100 mV during a 60 A step current. The

AVR = AlQyUT x ConverterZ overcurrent limit is nominally 75 A.

Make sure thaAVR is less than the expected peak gu:rer:tps_lctensgg, PowertStage and
transient for a good transient response. utput Fiiter --.omponents i

5. Adjust L and R or Rg as required to meet the best ; érs]sum((a: ]:50?101;:0utput filter ESR.
combination otransient response, steady state output - ~nooset = LU

: Loy _ B VouT/VIN
voltage ripple and pulse width jitter. R = (VIN — VouT) X 5 C X 25 MV
Current Limit ~ (12 - 1.55) x 1.55/12
When the sum of the Current Sense amplifiergdyaL ) 250 k x 0.01 pF x 25 mV
exceeds the voltage on they pin the part will enter hiccup = 21.5kQ = Choose 20 kQ
mode. Fotinductive sensing the s pin voltage should be L/RL = R X C = 20kQ x 0.01 uF = 200 us
set based on the inductor resistance (or current sense Choose R = 2.0 mQ
resistor) amax temperature and max current. To set the level L=RLXRXC=20mQ x 200us = 400 nH
of the L pin: 3. nfa
' =20mQ x 4.2/3.0 = 2.8 mQ
where:
i PwrstgZ x ESR
Ris R or_RS; o ConverterZ = TWISIgE X EoR
louTLim) is the current limit threshold. PWfSt%Z + ESRQ
. 28m x 1.5m
For the overcurrent to work properly the inductor = = 1.0mQ
. 2.8 mQ + 1.5 mQ
time constant (L/R) should kethe Current sense RC.
AVR = ConverterZ x loyuT

If the RC is too fast, during step loads the current
waveformwill appear larger than it is (typically for a

few hundredus) and may trip the current limit at a 5. n/a
level lower than the DC limit.

1.0mQ x 60 A = 60 mV

http://onsemi.com
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Current Limit 8. AVpDRp = RL X louT
6. VILIM = RL X lOUT(LIM) B Zocfnrgr: %gnAse;%VlDRP Gain
x CSto I v Gain _ 372 mv '
=20mQ x 75A X 6.5 =
= 975 mV RVDRP = AVDRP X RVFB/AVouUT

Adaptive Positioning

372mV x 16.7 kQ/75 mV

= 82 kQ
7. RyEB = NL Position/VEg Bias Current
= 100 mV/6.0 uA = 16.7 kQ
+1% v +5'8 \Y +1%V
D1 D3
BAT54S BAT54S L4
. ’L‘P . YN
l J_ 300 nH
dc1 c3 c2
D2 = Cl12 R10 T 1.0uF 1.0 uF 1.0 uF +
BAsi6LTL A 10 nF]' 10K T ]:: jf Cis6
— cs1~
- € Q!
T . a! R I HRE
c11 | R3
1.0 nF — } A 1.0 uF
0.1 uF 56.2 K
C10 = —
2
1.0 nF Ul 1" Q C17-24
R9 R8 / . |
36.5kS S 191k Ld v osc _]_ . l_‘o
x 4SP560M
VbrpP Veer [ L
R11 CSs1 Gate(L)1 =
10 k CSs2 GND1
— WA Ccs3 Gate(H)1 03
+5.0V CSrer O VccHiz Cs2
PWRGD B Gate(H)2 T Lo
R12 Vipo S GND2 ~Y N
PWRGD 20 K Vip1 Gate(L)2 J 1.0 uF
o Vip2 Veeles [
Vv Vip3 Gate(L)3 Q4
& VD4 GND3 C25-32
Y PWRGDS Gate(H)3 ' i
& ILim VeehHs J_ 8 x 10 uF
v REF LGND
ID2 =
o —
Vip3 -
& cs Q5 (g3
Vipa 0.1 uF
o L3 VCoRE
L J 1.0 uF °
R7 6
R5 R6 Q
30k 30k 30k
1 ce L c7
T .01 MF T .01 MF CS3 -
L cs -
[~ .01 uF
cs1 Ccs2
A co

I.Ol uF

Q1-Q6, NTB85NO03 or NTB85N03T4 by ON Semiconductor

Figure 16. Additional Application Diagram,

™ Processor

12 Vt0 1.75V, 45 A for AMD Athlon
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AMD Athlon is a trademark of Advanced Micro Devices, Inc.

NOTES:
1. DIMENSIONING AND TOLERANCING PER ANSI
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Y14.5M, 1982.

. CONTROLLING DIMENSION: MILLIMETER.
. DIMENSIONS D AND E DO NOT INCLUDE MOLD

PROTRUSION.

. MAXIMUM MOLD PROTRUSION 0.15 PER SIDE.
. DIMENSION B DOES NOT INCLUDE DAMBAR

PROTRUSION. ALLOWABLE DAMBAR
PROTRUSION SHALL BE 0.13 TOTAL IN EXCESS
OF B DIMENSION AT MAXIMUM MATERIAL
CONDITION.

MILLIMETERS
| DM MIN | MAX
A | 22 | 254
Al | 010 | 025
B | 036 | 051
c| o015 | 03
D | 2057 | 20.88
E| 742 | 760
G 1.7 BSC
H | 1029 | 1064
L | 053 [ 104
M 0° | 8°

ON Semiconductor and ‘J are registered trademarks of Semiconductor Components Industries, LLC (SCILLC). SCILLC reserves the right to make changes without further notice
to any products herein. SCILLC makes no warranty, representation or guarantee regarding the suitability of its products for any particular purpose, nor does SCILLC assume any liability
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation special, consequential or incidental damages.
“Typical” parameters which may be provided in SCILLC data sheets and/or specifications can and do vary in different applications and actual performance may vary over time. All
operating parameters, including “Typicals” must be validated for each customer application by customer’s technical experts. SCILLC does not convey any license under its patent rights
nor the rights of others. SCILLC products are not designed, intended, or authorized for use as components in systems intended for surgical implant into the body, or other applications
intended to support or sustain life, or for any other application in which the failure of the SCILLC product could create a situation where personal injury or death may occur. Should
Buyer purchase or use SCILLC products for any such unintended or unauthorized application, Buyer shall indemnify and hold SCILLC and its officers, employees, subsidiaries, affiliates,
and distributors harmless against all claims, costs, damages, and expenses, and reasonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death
associated with such unintended or unauthorized use, even if such claim alleges that SCILLC was negligent regarding the design or manufacture of the part. SCILLC is an Equal
Opportunity/Affirmative Action Employer. This literature is subject to all applicable copyright laws and is not for resale in any manner.
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