NCP5322A

Two-Phase Buck Controller
with Integrated Gate
Drivers and 5-Bit DAC

The NCP5322A is a second—generation, two—phase cbem
controller which incorporates all control functions required to power
high performance processors and high current power supplies:
Proprietary multi-phase architecture guaranteesnloall load current
distribution and reduces overadlolution cost in high current
applications. Enhanced?™ control architecture provides the fastest
possible transient response, excellent overall regulation, and ease of
use. The NCP5322A is a second—generation PWM dterthiiecause
it optimizes transient response by combining tiadél Enhanced ¥
with aninternal PWM ramp and fast-feedback directly frogpggeto
the internal PWM comparator. These enhancements provide greater
design flexibility, facilitate use and reduce outpaltage jitter.

The NCP5322A multi-phase architecture reduces outpliage
and input current ripple, allowing for a significant reduction in filter
size and inductor values with a corresponding increase in inductor
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current slew rate. This approach allows a considerable reduction in 1 o8
input and output capacitor requirements, as well as reducing overall CO\'}"P E ° iSosc
: H FB CCL
solution size and cost. Vore I =V
CcS1 M 0 GATE(L)1
Features cs2d| 5 0 GND
e Enhanced ¥ Control Method with Internal Ramp CSper | 2 & |2 GATE(H)L
PWRGD | < U FmVccH
e Internal PWM Ramp Vipo o é & FnLGND
e Fast-Feedback Directly fromdbre Vip1 M 2 ® poss
. . 0 Vip2 O Fn Veel2
e 5-Bit DAC with 1.0% Accuracy Vipz O 1 GATE(L)2
e Adjustable Output Voltage Positioning Vips ™ 0 GND2
. Y= 0 GATE(H)2
e 4 On-Board Gate Drivers REF :,JVCCHZ( )
® 200 kHz to 800 kHz Operation Set by Resistor
e Current Sensed through Buck Inductors or Sense Resistors A = Assembly Location
e Hiccup Mode Current Limit N f‘\’(‘gfr Lot
® |ndividual Current Limits for Each Phase WW = Work Week
e On-Board Current Sense Amplifiers G = Pb-Free Package
e 3.3V, 1.0 mA Reference Output
e 5.0V and/or 12 V Operation ORDERING INFORMATION
e On/Off Control (through Soft Start Pin) Device Package Shipping 1
o Power Good Output with Internal Delay NCP5322ADW SO-28L 26 Units/Rail
® Pb-Free Packages are Available NCP5322ADWG SO-28L 26 Units/Rail
(Pb-Free)
NCP5322ADWR2 | SO-28L | 1000 Tape & Reel
NCP5322ADWR2G | SO-28L | 1000 Tape & Reel
(Pb-Free)

TFor information on tape and reel specifications,
including part orientation and tape sizes, please
refer to our Tape and Reel Packaging Specifications
Brochure, BRD8011/D.

*For additional information on our Pb—Free strategy and soldering details, please
download the ON Semiconductor Soldering and Mounting Technigues
Reference Manual, SOLDERRM/D.
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NCP5322A
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Recommended Components:
L1: Coiltronics P/N CTX15-14771 or T30-26 core with 3T of #16 AWG
L2: Coiltronics P/N TBD or T50-52B with 5T of #16 AWG Bifilar
CinpuT: 3 X Sanyo Oscon 16SP270M (270 uF, 16 V, 4.4 Agums, 18 mQ)
Court: 10 x Rubycon 16MBZ1500M10x20 (1500 pF, 16 V, 13 mQ)

or 8 x Sanyo Oscon 4SP820M (820 uF, 4 V, 12 mQ)
Cceramics: 12 x Panasonic ECJ-3YB0J106K (10 uF, 6.3 V)
Q1-Q4: ON Semiconductor NTB85N03 (28 V, 85 A)
Lycc: Murata P/N BLM21P221SG (220 Q at 100 MHz)

Figure 1. Application Diagram, 12 VV Only to 1.6 V at 45 A, 220 kHz
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NCP5322A

+12V O
L1 300 nH
+5.0V O Y Y M
D1 J_
T MBRA120LT3 Lo Cinput
ENABLE O I Cot I Electrolytics
0.1 uF L
Regk1 ZCSMT: =
3.40 k .2 n
Q1
M } {| —L Cvcc
Cempi T 1owF J
Crak2 Veg 29 nEF L2 825nH
470 pF _ISIGgnD Q2 Y Y Y\
11 =
1 |
SIGgnDp E
AAA
RDRP1§ = ROSC El (iOLIJT.
10.7 k 39.2 k e I’sl)flCS
= Al
COMP Rosc Cvcelx
VEB Veel 1.0 uF
Vbrp Veell {} Ceer
o I P GL1 Ceralnlucs
S cs —cs2 GND1 i
' AN REF CSRrer GH1 c
J_ . PWRGD O PWRGD  Vcch |} o | | =
o%isuEFF Vipo O Vipo LGND Cvcehix —i
' v SsS 1.0wF
. b1 O Vib1 = Q3
—> VGND Vip2 O Vip2 Veelz | E L3 825nH
Vips O VD3 GL2 NY Y\
Vipsa O Vip4 GND2
ILim GH2 Q4
REF VCCH2 __SlGGND I
R =
R LiM1 Crer NCP5322A Css L
LIM2 412 k 01 E 01uE T
1.0 k u i =
SIGGND IGGND __SIGGND
= Res1 =
50 k—=100 k
CSs1 SWNODE1
'A%
CS2 SWNODE2
AA'AY
Res2
Lce Cesp L 50k-100k
0.01 uF 0.01 uF
)

Recommended Components:

L1: Coiltronics P/N CTX15-14771 or T30-26 core with 3T of #16 AWG
L2: Coiltronics P/N CTX22-15401 or T50-52 with 5T of #16 AWG Bifilar
Lycc: Murata P/N BLM21P221SG (220 Q at 100 MHz)

Q1-Q4: ON Semiconductor NTB85N03 (28 V, 85 A)

Figure 2. Alternate Application Diagram, 5.0 V (with 12 V Bias) to 1.6 V at 45 A, 335 kHz
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NCP5322A

MAXIMUM RATINGS*

Rating Value Unit
Operating Junction Temperature 150 °C
Lead Temperature Soldering: Reflow: (SMD styles only) (Note 1): Pb Devices 230 peak oc
(Note 2): Pb—Free Devices 260 Peak
Package Thermal Resistance:
Junction—-to-Case, Rqgjc 15 °C/wW
Junction—-to—Ambient, Rgja 75 °C/IW

Storage Temperature Range —65 to +150 °C

ESD Susceptibility (Human Body Model) 2.0 kv
JEDEC Moisture Sensitivity Pb Devices Level 1 _
Pb—Free Devices Level 2

Stresses exceeding Maximum Ratings may damage the device. Maximum Ratings are stress ratings only. Functional operation above the
Recommended Operating Conditions is not implied. Extended exposure to stresses above the Recommended Operating Conditions may affect
device reliability.

1. 60 second maximum above 183°C.

2. 60 second maximum above 217°C.

*The maximum package power dissipation must be observed.

MAXIMUM RATINGS

Pin Name VMmax VMIN Isource Isink
COMP 6.0V -0.3V 1.0 mA 1.0 mA
VEg 6.0V -0.3V 1.0 mA 1.0 mA
VpRrp 6.0V -0.3V 1.0 mA 1.0 mA
CSs1, CSs2 6.0V -0.3V 1.0 mA 1.0 mA
CSRer 6.0V -0.3V 1.0 mA 1.0 mA
Rosc 6.0V -0.3V 1.0 mA 1.0 mA
PWRGD 6.0V -0.3V 1.0 mA 8.0 mA
VID Pins 6.0V -0.3V 1.0 mA 1.0 mA
LM 6.0V -0.3V 1.0 mA 1.0 mA
REF 6.0V -0.3V 1.0 mA 20 mA
SS 6.0V -0.3V 1.0 mA 1.0 mA
Veel 16V -0.3V N/A 50 mA
VecHx 20V -0.3V N/A 1.5 Afor 1.0 ps,
200 mA DC
Veelx 16V -0.3V N/A 1.5 Afor 1.0 ps,
200 mA DC
GATE(H)x 20V —-2.0 V for 100 ns, 1.5 Afor 1.0 us, 1.5 Afor 1.0 us,
-0.3VvDC 200 mA DC 200 mA DC
GATE(L)x 16V —-2.0 V for 100 ns, 1.5 Afor 1.0 us, 1.5 Afor 1.0 us,
-0.3VvDC 200 mA DC 200 mA DC
GND1, GND2 0.3V -0.3V 2.0 Afor 1.0 us, N/A
200 mA DC
LGND ov oV 50 mA N/A
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ELECTRICAL CHARACTERISTICS

NCP5322A

DAC Code 10000 (1.45 V), Cycc = 1.0 uF; unless otherwise specified.)

(0°C < Tp < 70°C; 0°C < T3 < 125°C; 9.0 V < Veep = Vechz < 20 V; 4.5 V <
VceL = Veerl = Veer2 <14 'V, Coate = 3.3 nF, RR(OSC) =32.4 kQ, Ccomp = 1.0 nF, Crgg = 0.1 uF, Cgg = 0.1 uF,

Characteristic Test Conditions ‘ Min Typ ‘ Max ‘ Unit ‘
Voltage Identification DAC

Accuracy (all codes) Measure Vgg = COMP +1.0 %

Viba | Vips | Vip2 | Vib1 | Vibo
1 1 1 1 1 - Fault Mode - Output Off \%
1 1 1 1 0 - 1.089 1.100 1.111 \%
1 1 1 0 1 - 1.114 1.125 1.136 \%
1 1 1 0 0 - 1.139 1.150 1.162 \%
1 1 0 1 1 - 1.163 1.175 1.187 \%
1 1 0 1 0 - 1.188 1.200 1.212 \Y
1 1 0 0 1 - 1.213 1.225 1.237 \%
1 1 0 0 0 - 1.238 1.250 1.263 \%
1 0 1 1 1 - 1.262 1.275 1.288 \%
1 0 1 1 0 - 1.287 1.300 1.313 \%
1 0 1 0 1 - 1.312 1.325 1.338 \%
1 0 1 0 0 - 1.337 1.350 1.364 \%
1 0 0 1 1 - 1.361 1.375 1.389 \%
1 0 0 1 0 - 1.386 1.400 1.414 \%
1 0 0 0 1 - 1.411 1.425 1.439 \%
1 0 0 0 0 - 1.436 1.450 1.465 \%
0 1 1 1 1 - 1.460 1.475 1.490 \%
0 1 1 1 0 - 1.485 1.500 1.515 \%
0 1 1 0 1 - 1.510 1.525 1.540 \%
0 1 1 0 0 - 1.535 1.550 1.566 \%
0 1 0 1 1 - 1.559 1.575 1.591 \%
0 1 0 1 0 - 1.584 1.600 1.616 \%
0 1 0 0 1 - 1.609 1.625 1.641 \%
0 1 0 0 0 - 1.634 1.650 1.667 \%
0 0 1 1 1 - 1.658 1.675 1.692 \%
0 0 1 1 0 - 1.683 1.700 1.717 \%
0 0 1 0 1 - 1.708 1.725 1.742 \%
0 0 1 0 0 - 1.733 1.750 1.768 \
0 0 0 1 1 - 1.757 1.775 1.793 \%
0 0 0 1 0 - 1.782 1.800 1.818 \
0 0 0 0 1 - 1.807 1.825 1.843 \Y
0 0 0 0 0 - 1.832 1.850 1.869 \Y
Input Threshold Vipa, Vip3, Vip2, Vip1, Vipo 1.00 1.25 1.50 \Y
Input Pull-up Resistance Vip4: Vip3, Vip2, Vip1: Vibo 25 50 100 kQ
Pull-up Voltage - 3.15 3.30 3.45 \%
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ELECTRICAL CHARACTERISTICS

Vcel = Veerr = Veerz2 <14 V; Coate = 3.3 nF, RR(OSC) =32.4 kQ, Ccomp = 1.0 nF, Crgg = 0.1 uF, Cgs = 0.1 uF,

NCP5322A

(0°C < Ty < 70°C; 0°C < T3 < 125°C; 9.0 V < Ve = Vechz < 20 V; 4.5 V <

DAC Code 10000 (1.45 V), Cycc = 1.0 uF; unless otherwise specified.)

Characteristic Test Conditions ‘ Min ‘ Typ Max ‘ Unit ‘

Power Good Output

Power Good Fault Delay CSrer = DAC to DAC + 15% 60 120 240 us

PWRGD Low Voltage CSrer = 1.0V, Ipwrgp = 4.0 mA - 0.25 0.40 \%

Output Leakage Current CSrer =1.45V,PWRGD =55V - 0.1 10 A

Lower Threshold - -15 -12 -9.0 %

Upper Threshold - 9.0 12 15 %

Voltage Feedback Error Amplifier

Vg Bias Current 1.0V < Vgg < 1.9 V. Note 3. 9.0 10.3 115 A

COMP Source Current COMP =05V t02.0V; 15 30 60 A
Vgg = 1.8 V; DAC = 00000

COMP Sink Current COMP =05V 1020V, 15 30 60 uA
Vgg = 1.9 V; DAC = 00000

COMP Clamp Voltage SS=0.25V to 2.5 V; Vgg = LGND; - - SS \Y
Measure COMP Voltage

COMP Max Voltage COMP Open; Vgg = 1.8 V; DAC = 00000 2.4 2.7 - \%

COMP Min Voltage COMP Open; Vgg = 1.9 V; DAC = 00000 - 0.1 0.2 \Y

Transconductance -10 pA < Icomp < +10 uA - 32 - mmho

Output Impedance - - 2.5 - MQ

Open Loop DC Gain Note 4. 60 90 - dB

Unity Gain Bandwidth 0.01 uF COMP Capacitor - 400 - kHz

PSRR @ 1.0 kHz - - 70 - dB

Soft Start

Soft Start Charge Current 0.2V<SS<30V 15 30 50 uA

Soft Start Discharge Current 0.2V<SS<3.0V 4.0 7.5 13 uA

Hiccup Mode Charge/Discharge Ratio - 3.0 4.0 - -

Soft Start Clamp Voltage - 3.3 4.0 4.2

Soft Start Discharge Threshold Voltage - 0.20 0.27 0.34

PWM Comparators

Minimum Pulse Width CS1=CS2 = CSggfr - 350 475 ns

Channel Start Up Offset V(CS1) = V(CS2) = V(VEg) = V(CSRep) =0 V; 0.3 0.4 0.5 Y
Measure V(COMP) when GATE(H)1,
GATE(H)2, switch high

GATE(H) and GATE(L)

High Voltage (AC) Measure VceoLx — GATE(L)y or - 0 1.0 \%
Veehx — GATE(H)x. Note 4.

Low Voltage (AC) Measure GATE(L)x or GATE(H)x. Note 4. - 0 0.5 \%

Rise Time GATE(H)x 1.0 V<GATE<8.0V; Vccux =10V - 35 80 ns

3. The Vgg Bias Current changes with the value of Rogc per Figure 5.
4. Guaranteed by design. Not tested in production.
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ELECTRICAL CHARACTERISTICS (continued)

NCP5322A

DAC Code 10000 (1.45 V), Cycc = 1.0 uF; unless otherwise specified.)

(0°C < Tp < 70°C; 0°C < T3 < 125°C; 9.0 V < Ve = Vechz < 20 V; 4.5V <
VCCL = VCCLl = VCCLZ <14V, CGATE = 3.3 nF, RR(OSC) =32.4 kQ, CCOMP =1.0 nF, CREF =0.1 MF, CSS =0.1 HF,

Characteristic Test Conditions ‘ Min ‘ Typ ‘ Max ‘ Unit
GATE(H) and GATE(L)
Rise Time GATE(L)x 1.0 V<GATE<8.0V;Vccx=10V - 35 80 ns
Fall Time GATE(H)x 8.0 V> GATE > 1.0 V; Veepx = 10 V - 35 80 ns
Fall Time GATE(L)x 8.0V >GATE >1.0V; Veoix = 10V - 35 80 ns
GATE(H)x to GATE(L)x Delay GATE(H)x < 2.0 V, GATE(L)x > 2.0 V 30 65 110 ns
GATE(L)X to GATE(H)x Delay GATE(L)x < 2.0 V, GATE(H)x > 2.0 V 30 65 110 ns
GATE Pull-Down Force 100 pA into GATE with no power applied - 1.2 1.6 \%
to VecHx and Ve = 2.0 V.
Oscillator
Switching Frequency Measure any phase (Rosc = 32.4 k) 340 400 460 kHz
Switching Frequency Measure any phase (Rosc = 63.4 k). Note 5. 150 200 250 kHz
Switching Frequency Measure any phase (Rposc = 16.2 k). Note 5. 600 800 1000 kHz
Rosc Voltage - - 1.0 - \%
Phase Delay - 165 180 195 deg
Adaptive Voltage Positioning
Vprp Output Voltage to DACoyt CS1 =CS2 = CSRer, Veg = COMP -15 - 15 mV
Offset Measure Vprp — COMP
Vprp Operating Voltage Range Measure Vprp — GND, Note 5. - - 2.3 \Y
Maximum Vprp Voltage (CS1=CS2) - CSRgr =50 mV, 260 330 400 mV
Vgg = COMP, Measure Vprp - COMP
Current Sense Amp to Vprp Gain - 2.6 3.3 4.0 VIV
Current Sensing and Sharing
CS1-CS2 Input Bias Current V(CSx) = V(CSRgp) =0V - 0.1 2.0 uA
CSRger Input Bias Current V(CSx) = V(CSRgp) =0V - 0.3 4.0 uA
Current Sense Amplifier Gain - 3.15 3.5 3.9 VIV
Current Sense Amp Mismatch (The 0 < (CSx - CSRrgr) £ 50 mV. Note 5. -5.0 - 5.0 mV
Sum of Gain and Offset Errors.)
Current Sense Input to Iy Gain 0.25V<Iym<1l.00V 5.5 6.75 8.5 VIV
Current Limit Filter Slew Rate - 4.0 10 26 mV/us
I im Operating Voltage Range Note 5. - - 1.3 \%
I, m Bias Current O<lym<1l0V - 0.1 1.0 A
Single Phase Pulse-by-Pulse Measure V(CSx) — V(CSggp) that Trips 90 105 135 mV
Current Limit Pulse—by-Pulse Limit
Current Share Amplifier Bandwidth Note 5. 1.0 - - MHz
General Electrical Specifications
VL Operating Current VEg = COMP (no switching) - 22 26 mA
Vel or Ve Operating Current Vgg = COMP (no switching) - 4.5 5.5 mA

5. Guaranteed by design. Not tested in production.
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ELECTRICAL CHARACTERISTICS (continued)

NCP5322A

(0°C < Ty < 70°C; 0°C < T3 < 125°C; 9.0 V < Ve = Vechz < 20 V; 4.5V <

VeeL = Veelr = Veerz < 14 V; Coate = 3.3 nF, Rrosc) = 32.4 K, Ccomp = 1.0 nF, Crer = 0.1 uF, Css = 0.1 uF,

DAC Code 10000 (1.45 V), Cycc = 1.0 uF; unless otherwise specified.)

Characteristic Test Conditions ‘ Min ‘ Typ ‘ Max ‘ Unit
General Electrical Specifications
VceHi or Vechz Operating Current VEg = COMP (no switching) - 3.2 4.5 mA
VccL Start Threshold GATEs switching, Soft Start charging 4.05 4.3 4.5
VccL Stop Threshold GATEs stop switching, Soft Start discharging 3.75 4.1 4.35
VccL Hysteresis GATEs not switching, Soft Start not charging 100 200 300 mV
VccnH1 Start Threshold GATEs switching, Soft Start charging 1.8 2.0 2.2
Vccni Stop Threshold GATEs stop switching, Soft Start discharging 1.55 1.75 1.90
VccH1 Hysteresis GATESs not switching, Soft Start not charging 100 200 300 mV
Reference Output
VRer Output Voltage 0 mA < I(Vgegp) < 1.0 mA 3.2 3.3 3.4 \%
Internal Ramp
Ramp Height @ 50% PWM CS1 =CS2 = CSggr - 125 - mV
Duty-Cycle
PACKAGE PIN DESCRIPTION
PACKAGE PIN #
SO-28L PIN SYMBOL FUNCTION
1 COMP Output of the error amplifier and input for the PWM
comparators.
2 Ve Voltage Feedback Pin. To use Adaptive Voltage Positioning
(AVP) select an offset voltage at light load and connect a
resistor between Veg and Voyt. The input current of the Vgg
pin and the resistor value determine output voltage offset for
zero output current. Short Vg to Voyr 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 Vgg to set amount AVP or leave this
pin open for no AVP. This pin’s maximum working voltage is
2.3 Vdc.

4-5 CS1-Cs2 Current sense inputs. Connect current sense network for the
corresponding phase to each input. The input voltages to
these pins must be kept within 105 mV of CSggg or pulse-
by—-pulse current limit will be tripped.

6 CSREr Reference for Current Sense Amplifiers, input to the Power
Good comparators, and fast feedback connection to the
PWM comparator. To balance input offset voltages between
the inverting and noninverting inputs of the Current Sense
Amplifiers, connect a resistor between CSgrgg and the output
voltage. The value should be 1/3 of the value of the resistors
connected to the CSx pins. The input voltage to this pin must
not exceed the maximum DAC (VID) setting by more than
100 mV or the internal PWM comparator may saturate.

7 PWRGD Power Good Output. Open collector output goes low when
CSRger (Vour) is out of regulation.

8-12 Vipa—Vipo Voltage ID DAC inputs. These pins are internally pulled up to
3.3 V if left open.
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PACKAGE PIN DESCRIPTION (continued)

NCP5322A

PACKAGE PIN #
SO-28L PIN SYMBOL FUNCTION

13 LM Sets threshold for current limit. Connect to reference through
a resistive divider. This pin’s maximum working voltage is
1.3 Vdc.

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

15 VeeHz Power for GATE(H)2.

16 GATE(H)2 High side driver #2.

17 GND2 Return for #2 drivers.

18 GATE(L)2 Low side driver #2.

19 VeeL2 Power for GATE(L)2.

20 SS Soft Start capacitor pin. The Soft Start capacitor controls
both Soft Start time and hiccup mode frequency. The COMP
pin is clamped below Soft Start during Start-Up and hiccup
mode.

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

22 VceH Power for GATE(H)1. UVLO Sense for High Side Driver sup-
ply connects to this pin.

23 GATE(H)1 High side driver #1.

24 GND1 Return #1 drivers.

25 GATE(L)1 Low side driver #1.

26 Veert Power for GATE(L)1.

27 VeeL Power for internal control circuits. UVLO Sense for Logic
connects to this pin.

28 Rosc A resistor from this pin to ground sets operating frequency
and Vgg bias current.
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NCP5322A
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TYPICAL PERFORMANCE CHARACTERISTICS
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APPLICATIONS INFORMATION

Overview currents in individual phases. Each phase is delayet 180
The NCP5322A DC/DC controller from ON  from theprevious phase. Normally, GATE(H) transitions to
Semiconductor was developed using the Enhancéd V a high voltage at the beginning of each oscillator cycle.
topology to meet requirements$ low voltage, high current  Inductor current ramps up until the combination of the

loads with fast transient requirements. Enhancecbvhbines current sense signal, the internal ramp and the outfiageo
the original \# topology with peak auent-mode control for  ripple trip the PWM comparator and bring GATE(H) low.
fast transient response and current sensing céyalbthe Once GATE(H) goes low, it will remain low until the
addition of an internal PWM ramp and implementation of beginning of the next oscillator cycle. While GATE(H) is
fast-feedback directlfrom Vcorghas improved transient  high, the Enhanced3oop will respond to line and load
response and simplified design. The NCP5322A iredud  variations. On the other hand, once GATE(H) is kiw,loop
Power Good (PWRGD) and MOSFET gate drivers to can not respond until the beginning of the next P\éyidle.
provide a “fully integrated solution” to simplify design, Therefore, constant frequency Enhancédmll typically
minimizecircuit board area, and reduce overall system cost.respond talisturbances within the off-time of the converter.
Two advantages of a multi-phase converter over a The Enhanced ¥architecture measures and adjusts the
single—phase converter are current sharing and increasedutput current in each phase. An additional in@8&r) for
apparent output frequency. Current sharing allows theinductor current information has been added to/thiop
designetto use less inductance in each phase than would befor each phase as shown in Figure 10. The triangdactor
required in a single—phase converter. The smaildudtor current is measured differentially across RS, amplified by
will produce larger ripple currents but the total per phase CSA and summed with the Channel Startup Offset, the
power dissipation is reduced because the RMS ¢ugriemver. Internal Rampand the Output Voltage at the non-inverting
Transient response is improvedcause the control loop will  input of the PWM comparator. The purpose of theriml
measure and adjusihe current faster in a smaller output Ramp is to compensate for propagation delays in the
inductor. Increased apparent output frequency igrathéss NCP5322A. This provides greater design flexibillty
because the off time and thpple voltage of the two—phase allowing smaller external ramps, lower minimum puls
converter will be less than that of a single—ptwseverter. widths, higher frequency operation, and PWM duty cycles
above 50% without external slope compensation. As the
sum of the inductor current and the internal rangpdase,
the voltage on the positive pin of the PWM comparases
and terminates the PWM cycle. If the inductor startycle
with higher current, the PWM cycle will terminate earlier
providing negative feedback. The NCP5322A provides a
CSn input for each phase, but theggSand COMP inputs

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 o )
value output inductor) and heat is spread among multiple@€ common to all phases. Current sharing is aclisieg
components. by referencing all phases to the sameyg&Sand COMP

The NCP5322A controller uses two-phase, fixed pins, sahat a phase with a larger current signal will toffn
frequency, Enhancedarchitecture to measuaed control ~ €arlier than a phase with a smaller current signal.

http://onsemi.com
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. CSRer
Vout : “Fast-Feedback” To F/F
(Veore) : Connection Channel Reset
At . Start-Up
T VB Offset S
- | comP
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Figure 10. Enhanced V 2 Control Employing Resistive Current Sensing and Additional Internal Ramp

Enhanced ¥ responds to disturbances ircdRke by external steady—state ramp at 0 &g is the Current Sense
employing both “slow” and “fast” voltage regulation. The Amplifier Gain (hominally 3.5 V/V), and the Channel
internal error amplifier performs the slow regudati Startup Offset is typically 0.40 V. The magnitudetioé
Depending on the gain and frequency compensatidoyse Ext_Ramp can be calculated from:
the amplifier’s external components, the error afieplwill B
typically begin to ramp its output to react to cjesiin the Ext_ Ramp =D - (VIN — VouT)/(Rcsn - Ccsn - fsw)
output voltage in 1-2 PWM cycleBast voltage feedback is For example, if \hyT at 0 Ais set to 1.630 V with AVP
implemented by a direct connection frongdke to the and the input voltage is 12.0 V, the duty cycle (D) will be
non-inverting pin of the PWM comparator via the 1.630/12.0 06.3.6%. Int_Ramp will be 125 m¥13.6/50 =
summation with the inductor current, internal ramp, and 34 mV. Realistic values fordy, Ccsnand gy are 60 K2,
Offset. A rapid increase in load current will produce a 0.01 uF, and 220 kHz using these and the previously
negative offset at Yorgand at the output of the summer. mentioned formula, Ext_Ramp will be 10.6 mV.

This will cause the PWM duty cycle to increase almost
instantly.Fast feedback will typically adjust the PWM duty VComPp = 1.630V + 040V + 34 mV
cycle in 1 PWM cycle. +3.5V/V-10.6 mv/2

As shown in Figure 10, an internal ramp (nominaf$ mvV = 2.083 Vdc.
at a 50% duty cycle) is added to the inductor current ramp |f the COMP pin is held steady and the inductor current
at the positive terminal of the PWM comparator. This changes, there must also be a change in the oudftage.
additional ramp compensates for propagation time delaysor, in a closed loop configuration when the outpurtrent
from the current sense amplifier (CSA), the PWM changes, the COMP pin must move to keep the same output
comparator, and thdOSFET gate drivers. As a result, the yoltage. The required change in the output volaag@OMP
minimum ON time of the controller is reduced and lower pin depends on the scaling of the current feedsiaeial and

duty cycles may be achieved at higher frequengiss, the is calculated as:
additional ramp reduces thdiaace on the inductor current
ramp and allows greater flexibility when choosing butput AV = Rs - GCsA - AlouT.

inductor and the Bs{Ccsn(n = 1 or 2) time constant of the The single—phase power stage output impedance is:
feedback components fron¥regto the CSn pin.

Including both current and voltage information in the
feedback signal allows the open loop output impedance of The multi-phase power stage output impedance is the
the power stage to be controlled. When the average outpusingle—phase output impedance divided by the number of
current is zero, the COMP pin will be: phasesThe output impedance tife power stage determines
how the converter will respond during the first few
microseconds of a transient before the feedback loop has
+ Int_Ramp + GCsA - Ext_Ramp/2 repositioned the COMP pin.

The peak output current can be calculated from:

Single Stage Impedance = AVouUT/AloUuT = Rs - GCsA

VCoOMP = VOUT @ 0 A + Channel_Startup_Offset

Int_Ramp is the “partial” internal ramp value at the
corresponding duty cycle, Ext Ramp is the peak-to—peak

http://onsemi.com
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IOUT,PEAK = (VCcOMP — VoUT — Offset)/(Rs - GCsa) I_I |_| |_|
Figure 11 shows the step response of the COMP pin at a SWNODE . | |

fixed level. Before T1 the converter is in normal syestdte |
operation. The inductor current provides a portion of the '

PWM ramp through the Curre8ense AmplifierThe PWM Ve (Vour) !
cycle ends when the sum of the current ramp, the “partial” :
internal ramp voltage signal and Offset exceedédtel of -
the COMP pin. At T1 the output current increases and the '

A1 A A1
output voltage sags. The next PWM cycle begins and the Internal Ramp: ! Lo . Lo
cycle continues longer than previously while the current csaoutw/ | ! v \—/\:_/\
signal increasesnough to make up for the lower voltage at  Exaggerated T '

the Veg pin and the cycle ends at T2. After T2 the output 0> —

voltage remains lower than at light load and the average COMP-Offset N Y —
current signal level (CSn output) is raised so thatuhe of e N4 s

the current and voltage signal is the same as hetlottiginal CSA Out + Ramp + CS
. REF  T1 T2
load. In a closed loop system the COMP pin would move
higher to restore the output voltage to the original level. Figure 11. Open Loop Operation
Rcsn ‘n=1lor2
SWNODF_ IV .
' ' : CSn
L3, |
: : Cesn ==
: RLn | :
[ R | '+ CSRer
Vour : “Fast-Feedback” To F/F
(Vcore) ! Connection Channel Reset
At ' Start-Up
Y Offset
I "B PWM
— . COMP
. DAC EA
X Out
" COMP

IF2k—

N

Figure 12. Enhanced V ¢ Control Employing Lossless Inductive Current Sensing and Internal Ramp
Inductive Current Sensing considered when setting then threshold. If a more

For lossless sensing, current can be sensed at®ss accuratecurrent sense is required than inductive sensing ca
inductor as shown in Figure 12. In the diagram, L is the provide, current can be sensed through a resistor as shown
output inductance and Rs the inherent inductor resistance. in Figure 10.
To compensate the current sense signal, the vafugssn

and G-spare chosen so that L/R= Respe Cespy If this Current Sharing Accuracy _

criteria ismet, the current sense signal will be the samesshap ~ Printed circuit board (PCB) traces that carry indac

as the inductor current and the voltage signalSu @ill current can be used as part of the current sense resistance
represent thinstantaneous value of inductor current. Also, depending on where the current sense signal is picked off.
the circuit can be analyzed as if a sense resi§talue R For accurate current sharirie current sense inputs should
was used as a sense resista)) (R sense the current at relatively the same poinedch phase

When choosing or designing inductors for use with @nd the connection to the Rigpin should be made so that
inductivesensing, tolerances and temperature effects should'© phase is favored. In some cases, especiallyiwitletive
be considered. Cores with a low permeability mateia ~ Sensing, resistance of the PCB can be useful éveasing
large gap will usually have minimal inductance ctemnith the_ current sense resistance. The_ total current sense
temperature and load. Copper magnet wire has afésistance used for calculatlons must include 4§ Pace
temperature coefficient of 0.39% p¥E. The increase in  resistance between the CSn input and theggSiput that

winding resistance at higher temperatures should becarries inductor current,

http://onsemi.com
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Current Sense Amplifier (CSA) input mismatch anel th

value of the current sense component will determine the

accuracy of the current sharing between phaseswors
case Current Sense Amplifier input mismatchk3s0 mVv
and will typically be within 3.0 mV. The differenée peak

currents between phases will be the CSA input mismatch
divided by the current sense resistance. If all current sense

components are @qual resistance a 3.0 mV mismatch with
a 2.0 nf2 sense resistance will producé.& A difference in
current between phases.

External Ramp Size and Current Sensing

The internal ramp allows flexibility of current sensme
constant. Typically, the current sensggRe Ccgn time
constant (n = 1 or 2) should be equal to or slavan the

inductor’s time constant. If RC is chosen to be smaller

(faster) than L/IR, the AC or transient portion of the current
sensingsignal will be scaled larger than the DC portiohisT
will provide a larger steady state ramp, but circuit

performance will be affected and must be evaluated

carefully. The current signal will overshoot duringnsients
and settle at the rate determined hysRe Ccspy It will
eventually settle to the correct DC level, but the error will
decay withthe time constant of &ne Ccspy If this error is
excessive it will effect transient response, adapti
positioning and current limit. During a positive current
transient, the COMP pin will be required to undershoot in
response tthe current signal in order to maintain the output
voltage. Similarly, the ¥Yrp signal will overshoot which
will produce too much transient droop in the outputage.
Single phase overcurrent will trip earlier than it would if
compensated correctly and hiccup mode current limit will
have dower threshold for fast rise step loads than lfmky
rising output currents.

The waveforms in Figure 13 show a simulation of the
current sense signal and the actual inductor cudiaing a
positive step in load current witkalues of L = 500 nH, R
= 1.6 nf2, Rcsp= 20 k and €sp= 0.01uF. For ideal current
signal compensation the value g3 should be 31®R. Due
to the faster than ideal RC time constant theaa isvershoot
of 50% and the overshoot decays with a 2@0time
constant. With this compensation theyl pin threshold

Current Signal

bl

[ |
+

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

Figure 13. Inductive Sensing Waveform During a
Load Step with Fast RC Time Constant (50 us/div)

Current Limit

Two levels of overcurrent protection are provided. First,
if the voltage on the Current Sense pins (eithet @SCS2)
exceeds GSer by more than a fixed threshold (Single Pulse
Current Limit), the PWM comparator is turned ofhig
provides fast peak current protection for individolaases.
Second, the individual phase currents are summed and
low—-pass filtered to compare an averaged currgnisito
a user adjustable voltage on thgyl pin. If the |y voltage
is exceeded, thiault latch trips and the Soft Start capacitor
is discharged until the Soft-Start pin reaches 0.27 V. Then
Soft Start begins. The converter will continue peiate in
a low current hiccup mode until 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 reg®to an
overvoltage condition within 400 ns, causing the top
MOSFET to shut OFF and the synchronous (lower)

must be set more than 50% above the full load current toMOSFET to turn ON. This results in a “crowbar” actito

avoid triggering hiccup mode during a large output load
step.

clamp the output voltage and prevent damage tdotuk
The regulator will remain in this state until thesovoltage
condition ceases or the input voltage is pulled low

Transient Response and Adaptive Positioning

For applications with fast transient currents thigpot filter
is frequently sized larger thaipple currents require in order
to reduce voltage excursionsrithg load trasients. Adaptive
voltage positioning can redeigpeak—to—peak output voltage
deviations during load trareits and allow for a smaller
output filter. The output voltage can be set higtiem
nominal at light loads to reduce output voltagewhgn the
load current is applied. Similarly, the output agk can be set
lower than nominal duringeavy loads to reduce overshoot

http://onsemi.com
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when the load current is removed. For low current
applications a droop resistor can provide fastrabe@daptive
positioning. However, at high currents the loss idraop
resistor becomes excessive. For example; in a &hierter

a 1 nQ resistor to provide a 50 mV change in output gata
between no load and fulldd would dissipate 2.5 Watts.

erroramplifier. \Values less than 1 nF may cause oscillations
of the COMP voltage. These oscillations will increase the
output voltage jitter.

The capacitor (&p) between the COMP pin and the
inverting error amplifier input (the pg pin) and the parallel
combination othe resistors Rk and Rrp1 determine the

Lossless adaptive positioning is an alternative to using abandwidth of the error amplifier. The gain of the error

droop resistor, but mustspond to changes in load current.
Figure 14 shows how adaptive positioning works. The
waveform labeled normal shows a converter without

amplifier crosses 0 dB at a high enough frequeogive a
quick transient response, but well below the switching
frequency to minimize ripple and noise on the COMP pin.

adaptive positioning. On the left, the output voltage sagsA capacitor in parallel with the pg resistor (Ggk2) adds
when the output current is stepped up and later overshoots zero to boost phase near the crossover frequency to

when current is stepped back down. With fast (ideal)

improve loop stability.

adaptive positioning the peak to peak excursions are cut in Setting—up and tuning the error amplifier is a three step

half. In the slow adaptive positioning waveform thaput

process. First, the no-load and full-load adaptiokage

voltage is not repositioned quickly enough after current is positioning (AVP) are set using FBk1 and Rrpy

stepped up and the upper limit is exceeded.

I ST ——e g
/
\\—/
e NOrmal

—— FastAdaptive Positioning
--- SlowAdaptive Positioning
—— Limits

Figure 14. Adaptive Positioning

The controller can be configured to adjust the outp
voltage based otine output current of the converter. (Refer
to the application diagram in Figure 1). To setribeload
positioning, a resistor is placed between the dutpliage
and kg pin. The &g bias current will develop a voltage
across the resistor to adjust the no-load outptag®e. The
Vgg bias current is dependent on the value@ffas shown
in the datasheet.

During no load conditions thepgp pin is at the same
voltage ashe Vg pin, so none of the pg bias current flows
through the Wrp resistor. When output current increases
the Vprp pin increases proportionally and thgpé pin
current offsets the ps bias current and causes the output
voltage to decrease.

The response during the first few microsecondslo&d
transient are controlled primarily by power stage output

impedance and the ESR and ESL of the output filter. The

transition between fast and slow positioning istailed by

the total ramp size and the error amp compensation. If the

currentsignal size is too large or the error amp too slwre

will be a long transition to the final voltage aftetransient.
This will be most apparent with lower capacitance output
filters.

Error Amp Compensation & Tuning

The transconductance error amplifier requires acitpa
(Ccmp1 in the Applications Diagram) between the COMP
pin and GND. This capacitor stabilizes the transootahce

respectively. Second, the current sense time conata
error amplifier gain are adjusted witlp &,and Gyvp while
monitoring Vpyt during transient loading. Lastly, the
peak-to—peak voltage ripple on the COMP pin is érath
when the converter is fully loaded to insure low output
voltage jitter. The details of this process are covered in the
Design Procedure section.

Undervoltage Lockout (UVLO)

The controller has undervoltage lockout functions
connected to two pins. One, intended for the logic and
low-side drivers, with approximately a 4.2 V turn-on
threshold is connected to the:¥ pin. A second, for the
high side drivers, with approximately a 1.875 V threshold,
is connected to the \&n1 pin.

The UVLO threshold for the high side drivers vaméth
the part type. In many applications this function will be
disabled or will only check that the applicable glygs on
- not that is at a high enough voltage to run trererter. See
individual datasheets for more information on UVLO.

Soft Start Enable, and Hiccup Mode

A capacitor between the S@&tart pin and GND controls
Soft Start and Hiccup mode slopes. A @Flcapacitor with
the 30uA charge current will allow the output to ramp up a
0.3 V/msor 1.6 Vin 5.3 ms at start-up.

When a fault is detected due to an overcurrent condition
the converter will enter a low duty cycle hiccup mode.
During hiccup mode the converter will not switcbrfr the
time a fault is detected until the Soft Start capacitor has
discharged below the Soft Start Discharge Threshold and
then charged back up above the Channel Start Up Offset.
The Soft Start pin will disable the converter wipatied
below the maximum Soft Start Discharge Threshold
(nominally 0.27 V).

Power Good (PWRGD)

The open—collector Power Good (PWRGD) pin is driven
by a “window-comparator” monitoring dore This
comparator will transition HIGH if ¥porgis within+12%
of the nominal VID setting. After a 12@s delay, the
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comparators output will saturate the open—collectdput
transistor and the PWRGD pin will be pulled LOW.

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 boaffypically, 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 route 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.

Gate drives experience high di/dt during switctang the
inductance of gate drive traces should be minimized. Gate
drive traces should be kept as short and wide asqakatid
should have a return path directly below the gate trace.

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.

The current sense signals are typically tens of-mdlts.
Noise pick-up should be avoided wherever possible.
Current feedback traces should be routed away froisy
areas such as the switch node and gate drive signals. If the
current signals are taken from a location othen tfieectly
at the inductor any additional resistance between the
pick—off point and the inductor appears as partthef
inherent inductor resistances and should be considered in
design calculations. The capacitors for the curiesdback
networks should be placed as close to the curesisiespins
as practical. After placing the NCP5322A contral f@low
these guidelines to optimize the layout and routing

1. Place the 1F power supply bypass (ceramic)
capacitors close to their associated pinseM
Vccni (@nd/or \ecHa), Ve (and/or \ecl ).

2. Place the MOSFETSs to minimize the length of the
Gate traces. Orient the MOSFETSs such that the
Drain connections are awdpm the controller and
the Gate connections ar@sést to the controller.

3. Place the components associated with the internal
error amplifier (Rek1, Crk2, Camp, Rempi,

Ccmp1, Rorpi) to minimize the trace lengths to
the pins \¢g, Vprp and COMP.

4. Place the current sense componentsstRRcsa
Ccsi Cesz Resrer Cesren near the CS1, CS2,
and CRegpins.

5. Place the frequency setting resistopéR close to
the Ryscpin. The Ryscpin is very sensitive to
noise. Route noisy traces, such as the SWNODEs

10.

11.

12.

13.

14.

15.
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and GATE traces, away from they&: pin and
resistor.

. Place the Soft Start capacitorsdenear the Soft

Start pin.

. Place the MOSFETSs and output inductors to reduce

the size of the noisy SWNODEs. There is a trade—
off between reducing the size of the SWNODEs
for noise reduction and providing adequate
heat-sinking for the synchronous MOSFETS.

. Place the input inductor and input capacitorégrn

the Drain of the control (upper) MOSFETs. There
is a trade—off betweereducing the size of this
node to save board area and providing adequate
heat—sinking for the control MOSFETSs.

. Place the output capacit@edectrolytic and ceramic)

close to the processor socket or output connector.
The trace from the SWNODEs to the current sense
components (Bsi, Rcso) will be very noisy.

Route this away from more sensitive, low-level
traces. The Ground layer can be used to help
isolate this trace.

The Gate traces are very noisy. Route these away
from more sensitive, low-level traces. Keep each
Gate signal on one layer and insure that there is an
uninterrupted return path directly below the Gate
trace. The Ground layer can be used to help isolate
these traces.

Don'’t “daisy chain” connections to Ground from
one via. Allow each connection to Ground to have
its own via as close to the component as possible.
Use a slot in the ground plane from the bulk output
capacitors back to the input power connector to
prevent high currents from flowing beneath the
control IC. This slot should extend length—-wise
under the control IC and separate the connections
to “signal ground” and “power ground.” Examples
of signal ground include the capacitors at COMP,
CSker Soft-Start (SS), ¥cL, and REF, the

resistors at Bscand | v, and the LGND pin to

the controller. Examples of power ground include
the capacitors to §cH1 (and/or \ecHo) and

Vcer1 (and/or ey o), the Source of the
synchronous MOSFET, and the GND1 and GND2
pins of the controller.

The CRersense point should be equidistant
between the output inductors to equalize the PCB
resistance added to the current sense paths. This
will insure acceptable current sharing. Also, route
the CRegr connection away from noisy traces such
as the SWNODEs and GATE traces. If noise from
the SWNODESs or GATE signals capacitively
couples to the Ggrtrace the external ramps will

be very noisy and voltage jitter will result.

Ideally, the SWNODEs are exactly the same shape
and the current sense points (connectionsde;R
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and R-sp are made at identical locations to value will result in very large ripple currentsthre power
equalize the PCB resistance added to the current components (MOSFETs, capacitors, etc) resulting in
sense paths. This will help to insure acceptable increased dissipation and lower converter efficyeAdso,
current sharing. increased ripple currents will force the designeruse
16. Place the 0.{tF ceramic capacitors,§z and Gy, higher rated MOSFETS, oversize the thermal solution, and
close to the drains of the MOSFETs Q1 and Q2, use more, higher rated input and output capacitors - the
respectively. converter cost will be adversely effected.
One method of calculating an output inductor vatui
Design Procedure size the inductor to produce a specified maximuypplei

current in the inductor. Loweipple currents will result in

- ! less core and MOSFET losses and higher converter
The output capacitors filter the current from thepuot efficiency. Equation 3 may be used to calculatenirémum

inductor and provide a low impedance for transient load j,quctor value to produce a given maximum ripplerenir

current changes. Typically, microprocessor applications (o)) per phase. The inductor value calculated byethisgtion

will require both bulk (electrolytic, tantalum) and low g 4 minimum because values less than this witlpee more
impedance, high frequency (ceramic) types of capacitors.iinsie current than desired. Conversely, higher imatuct

The bulk capacitors provide “hold up” during tra@®i 5,65 will result in less #n the maximum ripple current.
loading. The low impedance capacitors reduce stestdie

ripple and bypass the bulk capacitance when the output LoMIN = (VIN — VourT) : Vout ®)

current changes very quickly. The microprocessor (o - 10,MAX - VIN * fsw)

manufacturers _usually speufy a minimum number of o. is the ripple current as a percentage of the maximum

ceramic capacitors. _The designer must determine theOutput currenper phase (0. = 0.15 for+15%, o = 0.25 for

number of bulk capacitors. . +25%, etc). If the minimum inductor value is usek t
Choose the number of butkitput capacitors tmeet the

Kt iant ; s The f la belowt q inductor curent will swing 0% about its value at the center
peak transient requirements. 1 ne formula belo € (1/2 the DC output current for a two—-phase converter).
to provide a starting point for the minimum numbgbulk

. i Therefore, for awo—phase converter, the inductor must be
capacitors (ur,min): designed oselected such that it will not saturate with a peak
Alomax () current of (1 +o)) ¢ 1o max/2.

AVO MAX The maximum inductor value is limited by the tramsi
response of the converter. If the converter isaeeha fast
transient response then the inductor should be made as small
as possible. If the inductor is too large its coirkeill change

too slowly, the output voltage will droop excessjyvenore

AVO MAX = (Alo MAX/AD) - ESL + Alo MAX - ESR (2) bulk capacitorsvill be required, and the converter cost will

Unfortunatel i fact d t $oebi be increased. For a given inductor value, its égtng to
niortunately, capacitor manutacturers do no spdoe determine the times required to increase or decrease the
ESL of their components and the inductance added by the

PCB traces is highly dependent on the layout and routing.cu;;ernitr']creasing current:

Therefore, it imecessary to start a design with slightly more

than the minimum number of bulk capacitors and perform AYNC = Lo - Alp/(VIN — VouT) (CRY)
transient testing or careful modeling/simulation to
determine the final number of bulk capacitors.

1. Output Capacitor Selection

NouT,MIN = ESR per capacitor -

In reality, both the ESR and ESL of the bulk capacitors
determine the voltage change during a load transient
according to:

For decreasing current:

. Atpec = Lo - Alo/(VouT) 3.2)
2. Output Inductor Selection

The output inductor may be the most critical component  For typical processor applications with output agits
in the converter because it will directly effece tthoice of €8S than half the input voltage, the current wilinmeeased
other components and dictate both the steady-state anétUch more quickly than it can be decreased. It beagore
transient performance of the converter. When selecting andifficult for the converter to stay within the regtion limits
inductor the designer must consider factors such as bcWwhen the load is removed than when it is applied esstee
current, peak current, output voltage ripple, core material, ©vershoot may result. -
magnetic saturation, temperature, physical size, and cost 'N€ output voltage ripple can be calculated ushwg t
(usually the primary concern). output inductor value derived in this Section \ju@), the

In general, the output inductance value should be as low"umber of output capacitors G¥tmin) and the per
and physically small as possible to provide the tbassient ~ capacitor ESR determined in the previous Section:
response and minimum cost. If a large inductandgevia VOUT,P—P = (ESR per cap / NOUT.MIN) * )

used the converter will not respond quickly to rapid isheas
! VIN — #Phases - V -D /(Lo - f
in the load current. On the other hand, too lowndoctance (VN ouT) / (LoMIN - fsw)|

http://onsemi.com
18



NCP5322A

This formula assumes steady-state conditions with no Al 4 is the peak-to—peak ripple current in the output
more than one phase on at any time. The second term ifinductor of value Lo:

Equation 4 is the total ripple current seen by the output

capacitors. The total output ripple current is thime

summation” of the two individual phase currents that are

AlLo = (VIN — VourT) * D/(Lo - fsw) (10)
For the two—phase converter, the input capacit&{dp

180 degrees out-of-phase. As the inductor current in onecurrent is then:

phase ramps upward, current in the other phasesramp
downward and providess canceling of currents during part 'CIN,RMS = [2D - (Ic,MIN? + Ic,MIN - Alc,IN
of the switching cycle. Therefore, the total output ripple
current androltage are reduced in a multi-phase converter.

3. Input Capacitor Selection

The choice and number of input capacitors is prignar
determined by their voltage and ripple current ratings. The
designer musthoose capacitors that will support the worst

case input voltage with adequate margin. To caleula

(11

+ Alc,IN2/3) + IN,AVG? - (1 — 2D)]1/2

Select the number of input capacitorg\]No provide the
RMS input current @iy rms) based on the RMS ripple
current rating per capacitoiRihs RATED):

NIN = ICIN,RMS/IRMS,RATED 12)

For a two—-phase converter with perfefficiency = 1),

number ofinput capacitors one must first determine the total the worst case input ripple—current will occur when the

RMS input ripple current. To this end, begin byccddting
the average input current to the converter:

IIN,AVG = lo,MAX - D/n (5)

where:

D is the duty cycle of the converter, D ¥1/V|N-

7 is the specified minimum efficiency.

lo,max is the maximum converter output current.

The input capacitors will discharge when the corfer
is ON and charge when the control FET is OFF awslio
Figure 15.

Alc N = Icmax ~ lemiN

FET Off,
Caps Charging

FET On,
Caps Discharging

Figure 15. Input Capacitor Current for a
Two—Phase Converter

The following equations will determine the maximunaa
minimum currents delivered by the input capacitors:

Ic,MAX = ILo,MAX/M — lIN,AVG (6)

IC,MIN = ILo,MIN/m — lIN,AVG @
ILo,MAX is the maximum output inductor current:

ILo,MAX = IO,MAX/2 + AlLo/2 ®)
ILo,miIN IS the minimum output inductor current:

ILo,MIN = lO,MAX/2 — AlLo/2 9)

converter ioperating at a 25% duty cycle. At this operating
point, the parallel combination of input capacitors must
support an RMS ripple current equal to 25% of the
converter's DC output current. At other duty cycles, the
ripple—current will be less. For example, at a duty cycle of
either 10% or 40%, the two—phase input ripple—curveill

be approximately 20% of the converter’s DC outpukent.

In general, capacitor manufacturers require deyatirthe
specifiedripple—current based on the ambient temperature.
More capacitors will be required because of the current
derating. The designer should be cognizant of the ESR of th
input capacitors. The input capacitor power loss can be
calculated from:

PCIN = ICIN,RMS?Z - ESR_per_capacitor/NjN  (13)

Low ESR capacitors are recommended to minimize $osse
and reduce capacitor heating. The life of an electrolytic
capacitor is reduced 50% for every°QOrise in the
capacitor’s temperature.

4. Input Inductor Selection

The use of an inductor between the input capacitors and
the power source will accomplish two objectives. First, it
will isolate the voltage source and the system ftioemnoise
generated in the switching supply. Second, it will limit the
inrush current into the input capacitors at power up. Large
inrush currents will reduce the expected life of the input
capacitors. The inductor’s limiting effect on theput
current slew rate becomes increasingly beneficial during
load transients.

The worst case input current slew rate will occur during
the first few PWM cycles immediately after a step-load
change is applied as shown in Figure 16. When the load is
applied, the output voltage is pulled down very quickly.
Current through the output inductors will not chang
instantaneously so thaitial transient load current must be
conducted by the output capacitors. The outputgeltwill
step downward depending on the magnitude of theubut
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current (bmax), the per capacitor ESR of the output
capacitors (ESByt), and the number of the output
capacitors (NyT) as shown in Figure 16. Assuming the load

22A

VOUT,FULL-LOAD = (14)

VOUT,NO-LOAD — (I0,MAX/2) - ESRouT/NouT

current isshared equally between the two phases, the output

voltage at full, transient load will be:

MAX dl/dt occurs in
first few PWM cycles.

. ILo /
Vit=0)=12V Q1 SWNODE

Vour

Vo(t=0)=1.630 V

Li
TBD

Ci_

3 x 16SP270 ]

I+

Lyl
Vei |
\

oY =
_/ 12V

ESRg;
18m/3=6.0m

g

Figure 16. Calculating the

When the control MOSFET (Q1 in Figure 16) turns ON,
the input voltage will be applied to the oppositerti@al of
the output inductor (the SWNODE). At that instant, the
voltage across the output inductor can be calculated as:

AVio = VIN — VOUT,FULL-LOAD (15)

= VIN — VOUT,NO-LOAD
+ (lo,MAX/2) - ESRouT/NouT

The differential voltage across the output induetdlt
cause itzurrent to increase linearly with time. The sletera
of this current can be calculated from:

di_o/dt = AV g/Lo (16)

Current changeslowly in the input inductor so the input
capacitors must initially deliver the vast majority of the
input current. The amount of voltage drop across the input
capacitors AV¢)) is determined by the number of input
capacitors (ly), their per capacitor ESR (E&R, and the
current in the output inductor according to:

ESRIN/NIN - dlio/dt - tON
ESRIN/NIN - dlo/dt - D/fsw

Before the load is applied, the voltage acrossirtpat
inductor (M) is very small - the input capacitors charge to
the input voltage, ). After the load is applied the voltage
drop across the input capacitofd/c;j, appears across the
input inductor as well. Knowing this, the minimum vabfe
the input inductor can be calculated from:

17

AVCi

Q2

Lo
700 nH
|+ Co
> 7 x 16MBZ1500M10X20

Y|

)

22,5 u(t) (§

ESR¢,
183m/7=19m

Input Inductance

LiMIN = VLi / diiN/dtmMAX (18)

= AVCj / diiN/dtmAX

dlin/dt max is the maximum allowable input current slew
rate.

The input inductance value calculated from Equati8n
is relatively conservative. It assumes the supply voltage is
very “stiff” and doesiot account for any parasitic elements
that will limit di/dt such as stray inductance. &Jshe ESR
values othe capacitors specified by the manufacturer’s data
sheets are worst case high limits. In reality input voltage
“sag,” lower capacitor ESRs, and stray inductanitieheip
reduce the slew rate of the input current.

As with the output inductor, the input inductor must
support the maximum current without saturating the
magnetic. Also, for an inexpensive iron powder ¢eueh
as the —26 or —52 from Micrometals, the inductéseeng”
with DC bias must be taken into account — inductant|
decrease abke DC input current increases. At the maximum
input current, the inductance must not decrease below the
minimum value or the dl/dt will be higher than expected.

5. MOSFET & Heatsink Selection

Power dissipation, package size, and thermal solution
drive MOSFET selection. To adequately size the bie
the design must first predict the MOSFET poweripi@son.
Once the dissipation is know the heat sink thermal
impedance can be calculdtdo prevent the specified
maximum case or junction tem@tures from being exceeded
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at the highest ambient temperature. Power dissiph#s two
primary contributors: conductidosses and switching losses.
The control or upper MOSFET will display both switadpi
and conduction losses. The synchronous or lower METS
will exhibit only conduction Isses because it switches into
nearly zero voltage. However, the body diode in the
synchronous MOSFET will suffer diode losses during th
non-overlap time of the gate drivers.

For the upper or control MOSFET, the power dissimat
can be approximated from:

PD,CONTROL = (IRMS,CNTL? * RDS(0n)) (19)
+ (ILo,MAX - Qswitch/lg * VIN - fsw)
+ (Qoss/2 * VIN * fsw) + (VIN * QRR " fsw)

The first term represents the conduction or IR Bgggen

the MOSFET is ON while the second term represents the

switchinglosses. The third term is the losses associatéd wit
thecontrol and synchronous MOSFET output charge when
the control MOSFET turns ON. The output losses ansed
by both the control and synchronous MOSFET but are
dissipatednly in the control FET. The fourth term is theslos
due to the reverse recovery time of the body diode in the
synchronous MOSFET. The first two terms are usually
adequate to predict the majority of the losses.

Where kms cnTL is the RMS value of the trapezoidal
current in the control MOSFET:

IRMS,CNTL = [D * (ILo,MAX2 + ILoMAX * ILoMiN ?9)
+ ILo,MIN2)/3]1/2
ILo,MAX IS the maximum output inductor current:

ILo,MAX = lO,MAX/2 + AlLo/2 1)
ILo,mIN IS the minimum output inductor current:
ILo,MIN = 10,MAX/2 — AlLo/2 (22)

lo,max is the maximum converter output current.
D is the duty cycle of the converter:

D = VOUT/VIN @3)

Al o is the peak—to—peak ripple current in the output
inductor of value Lo:

AlLo = (VIN — VourT) - D/(Lo - fsw) (24)

Rbs(on) is the ON resistance of the MOSFET at the
applied gate drive voltage.

Qswitch IS the post gate threshold portion of the
gate—-to—source charge plus the gate—to—drain chatge
may be specified in the data sheet or approxinfabed the
gate—charge curve as shown in the Figure 17.

Qswitch = Qgs2 + Qgd (25)
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Figure 17. MOSFET Switching Characteristics

lg is the output current from the gate driver IC.

V)N is the input voltage to the converter.

fswis the switching frequency of the converter.

Qg is the MOSFET total gate charge to obtaifsRn)
Commonly specified in the data sheet.

Vg is the gate drive voltage.

QRrR is the reverse recovery charge oflthveer MOSFET.

Qossis the MOSFET output charge specified in the data
sheet.

For the lower or synchronous MOSFET, the power

dissipation can be approximated from:

PD,SYNCH = (IRMS,SYNCHZ - RDS(on))

26
+ (Vidiode - |0,MAX/2 - t_nonoverlap - fsyy) (26)

The first term represents the conduction or IR Bggdgen
the MOSFET is ON and the second term representidte
losses that occur during the gate non—overlap time.

All terms were defined in the previous discussionthe
control MOSFET with the exception of:

IRMS,SYNCH = [(1 — D) @7

- (ILo,MAX2 + ILo,MAX * ILo,MIN + ILo,MIN?)/3]1/2

where:

Vfgiodeis the forward voltage of the MOSFET's intrinsic

diode at the converter output current.

t_nonoverlap is the non—overléime between the upper

and lower gate drivers to prevent cross conduclibis.
time isusually specified in the data sheet for the control
IC.

When the MOSFET power dissipations are known, the
designer can calculate the required thermal impedance to
maintain a specified junction temperature at thestvoase
ambient operating temperature

0T < (T3 —TAa)/PD (28)
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where; maximuminput voltage, maximum loading, and component
07 is the total thermal impedand& € + Ogp). variations (i.e. worst case MOSFETp&on). Also, the
03¢ is the junction—-to—case thermal impedance of the inductors and capacitors share the MOSFE&atsinks and
MOSFET. will add heat and raise the temperature of the circuit board

Osa is the sink-to—ambient thermal impedance of the and MOSFET. For any new design, its advisable te@ lzav
heatsink assuming direct mounting of the MOSFET (no much heatsink area as possible — all too often new designs

thermal “pad” is used). are found to be too hot and require re—design w ad
T; is the specified maximum allowed junction heatsinking.
temperature.

Ta is the worst case ambient operating temperature. - Adaptive Voltage Positioning

For TO-220 and TO-263 packages, standard FR—4 There are two resistors that determine the Adaptive
copper clad circuit boards will have approximate thermal Voltage Positioning: Rsk1 and Rrp Rek establishes the

resistancessa) as shown below: no—load “high” voltage position andgRp determines the
' full-load “droop” voltage.

Resistor Rgk1 is connected betweenc¥reand the g

Pad Size Single-Sided pin of the controller. At ndoad, this resistor will conduct the
(in4/mm <) 1 oz. Copper . . .
internal bias current of thepg pin and develop a voltage
0.5/323 60-65°C/W drop from \&oRrgto the \Eg pin. Because the error amplifier
0.75/484 55-60°C/W regulates ¥g to the DAC setting, the output voltage,
1.0/645 50-55°C/W Vc_ORE Wi_II_be _higher by_ the_ amount IBIA%g ® Rrgk1.-
. This condition is shown in Figure 18.

1.5/968 45-50°C/w To calculate Rgk1 the designer must specify the no—load
2.0/1290 38-42°C/W voltage increase above the VID settidd/(o-Loap) and

2 5/1612 33-37°C/W determine the g bias current. Usually, the no—load voltage

increase is specified in the design guide for the processor
As with any power design, proper laboratory testing thatisavailable from the manufacturer. Theghbias current
should be performed to insure the design will dissipate theiS determined by the value of the resistor frogsgto

required power under worst case operating conditions.9round (see Figure 5 in the data sheet for a gafph
Variables considered during testing should include !BIASvrB versus Rsd. The value of Rgk1 can then be

maximum ambient temperature, minimum airflow, Calculated:

R ()
CS1 ACS]_ u
M O + COMP -~ VID Setting
- _ )
L1 Crer == Gvprp O/
0A CSs1 Error IBIASypg =
Amp =
C
Rcs2 Rprp Rvrek
cS2 AM——O—AW—0
Vprp =VID Vg =VID Vcore
Gvprp
_— > &
Iprp =0 Irek = IBIASyEp
)

7
CSrer Vcore = VID + IBIAS g * Ryrpk

Figure 18. AVP Circuitry at No-Load

REBK1 = AVNO-LOAD/IBIASVER (29) a voltage drop from Mg to Vcore across fgk — the
converter’s output voltage will be reduced. This conditon
shown in Figure 19.

To determine the value ofjRp the designer must specify
the full-load voltage reductidinomthe VID (DAC) setting
(AVouT,FuLL-LoAD) and predict the voltage increase at the
Vprp pin at full-load. Usually, the full-load voltage
reduction is specified in the design guide for the processor
that is available from the manufacturer. To predict the

Resistor Rrp is connected between theyNp and the
Vg pins. At no—load, the yrp and the g pins will both
be at the DAC voltage so this resistor will condmeto
current. However, at full-load, the voltage at Yhgrp pin
will increase proportional to the output inductor’s current
while Veg will still be regulatedo the DAC voltage. Current
will be conducted from ¥rpto Vrg by Rorp This current
will be largeenough to supply thepg bias current and cause
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voltage increase at thep¥p pin at full-load AVpgrp), the AVouTFuLL-LoAD is the full-load voltage reduction
designer must consider the output inductor's resistancefrom the VID (DAC) settingAV ouT FULL-LOAD iS not the
(Rp), the PCB trace resistance between the curresesen voltage change from the no—load AVP setting.

points (Rbcp), and the controller IC’s gain from the current

sense to the prp pin (Gyprp): 7. Current Sensing

For inductive current sensing, choose the currense
AVDRP = I0,MAX " (RL + RPCB) - GvDRP  (30) T
network (Resn Ccosn N = 1 or 2) to satisfy

The value of Rrp can then be calculated:

Rcsn - Ccsn = Lo/(RL + RPCB) (32)
RDRP = AYDRD
(IBIASyFB + AVOUT,FULL-LOAD/RFBK1) -
R S
cs1 cs1 _/
A O i
v 'Y COMP 1 VID Setting
G
L1 — N 2/
Imax/2 Cesi irr;(:)r IBIASyEFg =
\J
Vprp =VID+  Vgg=VID Vcore
L2 L Gwprp  'Max ® RL® Gvprp
Imax/2 ¢, » »
1 Iprp IFBK
J
CSRer Iprp = Imax ® RL ® Gyprr/Rprp

Irek = IprP ~ IBIASyEp

Veore = VID = (Iprp ~ IBIASyFg) * Rvrek
=VID - Iyax * RL * Gvpre * Rrek/Rprp + IBIAS g * Repi

Figure 19. AVP Circuitry at Full-Load

Tek Run: 500k5/s{ 1I_Sa\mple 1 o Tek Run: 500k5/s{ 1I_Sa\mple 1 o
F : : : . Az 70mY : : : - Az 70mY
Tout : NL:@Z 34mv Tout ) 'ML@: 34my
1+ 1+
Vout }MM
WMJWM | ! : o Vout (
3+ RP
Chi 200V & 50.0mV~ M 100ps Chi ¥ SS0mMV 15 )un 2001 Chi 200V & 50.0mV~ M 100ps Chi ¥ SS0mMV 15 )un 2001
Ch3 200mvae 09:21:18 Ch3 200mvae 09:20:28
Figure 20. V prp Tuning Waveforms. The RC Time Figure 21. V prp Tuning Waveforms. The RC Time
Constant of the Current Sense Network Is Too Long Constant of the Current Sense Network Is Too Short

(Slow): V prp @and V oyt Respond Too Slowly. (Fast): V prp and V oyt Both Overshoot.
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T

g : - : - Az 70mY
Tout WWTM:@: 2amy

1+
%AM Vout fw

VDRP

Chi 200V & 50.0mV~ M 100ps Chi ¥ SS0mMV 15 )un 2001
ch3  200mvas Sdi6s

Figure 22. V prp Tuning Waveforms. The RC Time
Constant of the Current Sense Network Is Optimal:
Vprp and V gyt Respond to the Load Current Quickly
Without Overshooting.

NCP5322A

For resistive current sensing, choose the currenses
network (Resn Ccsn N =1 or 2) to satisfy

Rcsn - Ccsn = Lo/(Rsense) (33)

This will provide an adequate starting point ferdgand
Ccsn After the converter is constructed, the valu&g§n
(and/or Gsp) should be fine-tuned in the lab by observing
the Vprp signal during a step change in load current. The
Rcsn ® Ccsn network should be tuned to provide a
“square—-wave” at the prp output pin with maximum rise
time and minimal overshoot as shown in Figure 22.

Equation 32 willbe most accurate for better iron powder
core material (such as the -8 from Micrometals). This
material is very consistent with DC current and frequency.
Less expensive core materials (such as the -52 from
Micrometals) change their characteristnith DC current,

AC flux density, and frequency. This material will yield
acceptable converter performance if the currerdeséime
constant is set lower (longer) than anticipated. As a rule of
thumb, use approximately twice the resistancesgror
twice the capacitance (€5 when using the less expensive
core material.

8. Error Amplifier Tuning

After the steady-state (static) AVP has been set and the
current sense network has been optimized the Error
Amplifier must be tuned. Basically, the gain of theor
Amplifier should be adjusted to provide an acceletab
transient response by increasing or decreasing the Error
Amplifier’s feedback capacitor ({yp in the Applications
Diagram). The bandwidth of the control loop will vary
directly with the gain of the error amplifier.

Tek Run: 250k5/5r 1_Sa\mple
T

AL 8omvY
@; —40my

N |

1+ { lout
e !E e AUt Overshoots - Vout
3»wy/:: COMP slews too slow;-:—\v’ COMP

Chi 200V & 50.0mV~ M 20005 ChiF  720mV 15 )un 2001
ch3  100mvas GdNgiaE

Figure 23. The Value of C ppp Is Too High and the
Loop Gain/Bandwidth Too Low. COMP Slews Too
Slowly Which Results in Overshootin V. oyt

If Camp is too large théoop gain/bandwidth will be low,
the COMP pin will slew too slowly, and the outpaitage
will overshoot as shown in Figure 23. On the ottend, if
Camp is too small the loop gain/bandwidth will be higfme
COMP pin will slew very quickly and overshoot. Igtator
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“wind up” is the cause of the overshoot. In thisedhe
output voltage will transition more slowly because COMP
spikes upward as shown in Figure 24. Too much loop
gain/bandwidth increase the risk of instability. In general,
one should use the lowest loop gain/bandwidth asipke

to achieve acceptable transient response - this will insure

good stability. If Gyp is optimal the COMP pin will slew
quickly but not overshoot and the output voltage will
monotonically settle as shown in Figure 25.

After the control loop is tuned to provide an acceptable
transient response the steady-state voltage ripple on th
COMP pin should be examined. When the converter is

operating at full, steady-state load, the peak-to—peak

voltageripple on the COMP pishould be less than 20 iy
as shown in Figure 26. Less than 10gp\6 ideal. Excessive
ripple on the COMP pin will contribute to output voltage
jitter.

Tek Run: 250k5/5r 1_Sa\mple
T

A: Bomy
@: —40my
lout
1
“1‘;’____4-—— Mout-'h; Vout
COMP slews quickly, rings
thi & M 200ps ChHi &

200V & 50.0mV'

720mV 15 Jun 2001
€h3 T00mvas

10:20:42

Figure 24. The Value of C pyp Is Too Low and the

Loop Gain/Bandwidth Too High. COMP Moves Too

Quickly, Which Is Evident from the Small Spike in Its

Voltage When the Load Is Applied or Removed. The

Output Voltage Transitions More Slowly Because of
the COMP Spike.

Tek Run: 250k5/5r 1_Sa\mple
T

AL BOmvY
@ —40mVy
. 4 lout
. ‘),onut settles-quickly J Vout
Jf\ /k»-w_ comp
COMP slews optimally
thi & M 200ps ChHi &

200V & 50.0mV'

720mV 15 Jun 2001
€h3 T00mvas

09:59:15

Figure 25. The Value of C ppp Is Optimal. COMP Slews
Quickly Without Spiking or Ringing. V. gyt Does Not
Overshoot and Monotonically Settles to Its Final Va  lue.
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Figure 26. At Full-Load (28 A) the Peak-to—Peak
Voltage Ripple on the COMP Pin Should Be Less
than 20 mV for a Well-Tuned/Stable Controller.
Higher COMP Voltage Ripple Will Contribute to
Output Voltage Jitter.

9. Current Limit Setting

When the output of the current sense amplifier (CO1 or
CO2 in the block diagram) exceeds the voltage eri iy
pin the part will enter hiccup mode. For inductive sensing,
the I v pin voltage should be set based on the inductor’s
maximum resistance (Rax ). The design must consider
the inductor’s resistandacrease due to current heating and
ambient temperature rise. Also, depending on the current
sensgoints, the circuit board may add additional resise.
In general, théemperature coefficient of copper is +0.393%
per°C. If using a current sense resistogéRsg, the Lim
pin voltage should be set based on the maximum wéline
sense resistor. To set the level of thg Ipin:

ViLIM = (IoUT,LIM + AlLo/2) - R - GiLim ~ (34)

where:

louT,Lim is the current limit threshold of the converter;

Al /2 is half the inductor ripple current;

R is either (Rmax + Rpcp) Or RseNsE;

GiLiv is the current sense tgp\ gain.

For the overcurrent protection to work properlye th
current sense time constant (RC) should be slightly larger
than the RL time constant. If the RC time constatatddast,
during step load changes the sensed current wanefir
appear larger than the actual inductor current and will
probably trip the current limit at a lower level than etpd.

10. PWM Comparator Input Voltage

The voltage at the positive input terminal of tH&/iA
comparator (see Figure 10 or 12) is limited by the internal
voltage supply of the controller (3.3 V), the size of the
internal ramp, and the magnitude of the channel startup
offset voltage. To prevent the PWM comparator from
saturating, the differential input voltage fromgggsto CSn
(n =1 or 2) must satisfy the following equation:
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VCSREF,MAX + VCOn,MAX + 310mV - D = 245V
(39)

where:
VCSREF,MAX = Max VID Setting w/ AVP @ Full Load
Vcon,MAX = [Vcsn — VCSREF] - GCSA,MAX

= (Io,MAX/2 + Alg/2) - RMAX
- GCSA,MAX

RMAX = RSENSE of (RL,MAX + RPCB,MAX)

11. Soft Start Time
If the Soft Start time is defined from the instant the Soft

Start pin is released (i.e. the converter is enabled) to when
the output reaches the VID setting with AVP then the Soft

Start time (§9 can be calculated from:

Tss = Vcowmp * Css/Iss (36)

where:

VcoMP = VOUT @ 0 A + Channel_Startup_Offset
+ Int_Ramp + Gcsa - Ext_Ramp/2

Cssis the capacitor from the Soft-Start pin to LGND;

Ext_Ramp = D» (Vin — VouT) / (Rcsn® Cesne fsw);
Issis the Soft-Start charge current from the dataishe

Design Example

Typical Design Requirements:
Vin =12.0 Vdc
VouT = 1.60Vdc (hominal)
VoutRriPPLES 10 mVbp max
VID Range: 1.100 Vdc - 1.850 Vdc
lomax = 45 A at full-load
louT,Lm =52 A min at 55C (shutdown threshold)
dljn/dt = 0.50 Afis max
fsw =220 kHz
n = 81% min at full-load
Tamax = 60°C
TJ’MAX =125C
tss< 10.0 ms (Soft Start time)
AV oyt at no-load (static) =
+30 mV from VID setting = 1.630 Vdc
AV oy at full-load (static) =
—-35 mV from VID setting = 1.565 Vdc
AV yr at full-load (transient) =
—65 mV from VID setting = 1.540 Vdc

1. Output Capacitor Selection

First, choose a low—cost, low—ESR output capacitor
such as the Rubycdr6MBZ1500M10X20: 16 V, 1500F,
2.55 ARpms, 13 2, 10x 20mm. Calculate the minimum
number of output capacitors:

Alp,MAX @
AVQ,MAX

13mQ - 45 A/(1.630 V — 1.540 V)
6.5 or 7 capacitors minimum (10, 500 uF)

NOUT,MIN = ESR per capacitor -

2. Output Inductor Selection

Calculate the minimum output inductance atvlax
according to Equain 4 with+20% inductor ripple current
(o0 =0.20):

(VIN — VouT) * VouTt ®3)
(o - 1o,MAX - VIN - fsw)
(12V — 1.565 V) - 1.565 V

(02 -45A - 12V - 220 kHz)

= 687 nH

LOMIN =

To save cost, we choose the inexpensive-538 core
from Micrometals: 43.5 nH/R 3.19 cm/turn. According to
the Micrometals catalog, at 22.5 A (per phase) the
permeability of this core will be approximately 7@¥othe
permeability at 0 A. Therefore, at 0 A we must achieve at
least 687 nH/0.7 or 981 nH. Using five turns of #16AWG
bifilar (2 mQ/ft) will produce 1.1uH.

Use Equation 4 to insure the output voltage ripple will
satisfy the design goal with the minimum number of
capacitors and the nominal output inductance:

VouT,Pp-p = (ESR per cap / NOUT,MIN) *
[(VIN — #Phases - VouT) - D/ (LomIN * fsw))
= (13mQ/7) -
[(6B.O0V —2-1.6V)- (1.6 V/5.0V)/(1.1uH - 220 kHz)|
= (1.86 mQ) - {2.38 A}
= 443 mV

4)

The output voltage ripple will be decreased whetpaiu
capacitors are added to satisfy transient loading
requirements.

We will need the nominal and worst case inductor
resistances for subsequent calculations:

RL = 5turns - 3.19 cm/turn - 0.03218 ft/cm - 2 mQ/ft
= 1.03 mQ

The inductor resistance will be maximized when the
inductor is “hot” due to the load current and the ambient
temperature is high. Assuming a°@temperature rise of
the inductor at full-load and a 35 ambient temperature
rise we can calculate:

RL,MAX = 1.03mQ - [1 + 0.39%/°C - (40°C + 35°C)]

= 1.33 mQ

The output inductance at full-load will be:
Lo = 0.70 x 1.1 yH = 770 nH
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3. Input Capacitor Selection
Use Equation 5 to determine the average input otitoe
the converter at full-load,;

IIN,AVG = lO,MAX - D/n (5)
= 45A - (1.565V/12 V)/0.81 = 5.87 A

Next, use Equations 6 to 10 with the full-load icidunce
value of 770 nH:

Al o = (VIN — VouT) - D/(Lo - fsw)

10)
~ ~ @sesv/izv)
= (12V = 1.565V) * @70 nH - 220 kHz)
= 8.03 App
ILo,MAX = lO,MAX/2 + AlLo/2 ®)
= 45A/2 + 8.03 App/2 = 26.5 A
ILo,MIN = lO,MAX/2 — AlLo/2
9
= 45A/2 — 8.03 App/2 = 185 A ©)
Ic,MAX = ILo,MAX/M — lIN,AVG ©)
= 26.5A/0.81 — 5.87 A = 20.63 A
IC,MIN = ILo,MIN/M — lIN,AVG ™

= 185A/0.81 — 5.87 A = 12.63 A

For the two—phase converter, the input capacit&dp

current afull-load is then (Note: D = 1.565 V/12 V = 0.13):

ICIN,RMS = [2D - (Ic,MIN2 + IC MIN * AlC,IN (1)

+ Alc,IN2/3) + IN,AVG2 - (1 — 2D)]1/2

[0.26 - (12.632 + 12.63 - 8.00 + 8.002/3)

+5.872 - (1 — 0.26)]1/2

9.69 ARMS

At this point, the designer must decide betweeringav
board space by using higher-rated/more costly capaditor

the input and output capacitors, and a maximum dytle
(D =(1.850 V + 30 m¥yp)/12.0 iy = 0.157).
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Figure 27. Actual DC/DC Converter Circuitry With the
Calculated Input Inductor and Minimum Filtering
Components. The Measured Slew—-Rate (dl \/dt) of
the Input Current (0.064 A/ us) Is Much Lower Than
Expected (0.1 A/ ns) Because of Input Voltage Drop,
Parasitic Inductance, and Lower Real ESRs Than

Specified in the Capacitors’ Data Sheets.

«

First, use Equation 15 to calculate the voltagesscthe

output inductor due to the 45 A load current being shared

equally between the two phases:
(15)

AVLp = VIN — VOUT,NO-LOAD
+ (lo,MAX/2) - ESRouT/NouT
12V — 185V + 45A/2 - 13 mQ/7

10.19V

Second, use Equation 16 to determine the raterodmu
increase in the output inductor when the load is firstiegpl
(i.e. Lo has not changed much due to the DC cUrrent

d||_0/dt = AVLo/LO (16)
=10.19 V/1.1 uH = 9.26 VV/us

Finally, use Equations 17 and 18 to calculate timénmum

saving cost by using more lower-rated/less costly inputinductance value:

capacitors. To save boasgace, we choose the SP (Oscon)

series capacitors by Sanyo. Part number 16SP27QR270
16 V, 4.4 ARums, 18 2, 10x 10.5 mm. This design will
require 9.69 A/4.4 A = 2.2 or|N'=3 capacitors on the input
for a conservative design.

4. Input Inductor Selection

ESR|N/N|N - diLo/dt - D/fsw 17)
18 MQ/3 - 9.26 V/us - 0.157/220 kHz

39.7 mV

AVCij

LiMIN = AVCi / dIIN/dtMAaX (18)

. . - . 39.7 mV/0.50 A/us = 80 nH
The input inductor must limit the input current slew rate / /u

to less than 0.5 A during a load transient from O to 45 A. Next, choose the small, cost effective T30-26 ¢
A conservative value will be calculated assuming th Micrometals (33.5 nH/R) with #16 AWG. The design

minimum number of output capacitorsddir = 7), three  requires only 1.54 turns to achieve the minimum inductance
input capacitors (N, = 3), worst case ESR values for both
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value. Allow for inductance “swing” at full-load by using Irms syYNCH = [(1 — D) - (27)

three turns. The input inductor’s value will be:
P (ILo,MAXZ + ILo,MAX - ILo,MIN + ILo,MIN?)/3]1/2

[(1 — 0.13) - (26.52 + 26.5 - 18.5 + 18.52)/3]1/2
21.1 ARMS

Lj = 32 - 33.5nH/N2 = 301 nH

This inductor is available as part number CTX15-7147
from Coiltronics.

Equation 26 is used to calculate the power disisipatf

The IPBO5NO3L from Infineon is chosen for both the
control and synchronous MOSFET due to its lopsf3n) PD,SYNCH = (IRMS,SYNCH? * RDS(on)) (26)
and low gate-charge requirements. The following + (Vfdiode - 10,MAX/2 - t_nonoverlap - fsw)
parameters are derived from the IPBO5NO3L datatshee

Rdpn=3.9m2 @ 10 V = (21.12 ARMS " 3.9 MQ)

QswitcH=25nC + (0.86V - 45A/2 - 65 ns - 220 kHz)

QRR =45nC _ _

Qoss= 35 nC = -1.74 w + 0.28W = 2.02W -

Vidiode= 0.86 V @ 25 A Equation 28 is used to calculate the heat sink thermal

0;c=1.0C/W impedances necessary to maintain less than the specified
NCP5322A Parameters maximum junction temperatures at’6@0ambient:

ic=15A BCNTL < (125 — 60°C)/1.6 W — 1.0°C/W = 40°C/W

Vg=10V

t_nonoverlap = 65 ns BSYNCH < (125 — 60°C)/2.02W — 1.0°C/W = 31°C/W

The RMS value of the current in the control MOSEET If board area permits, a cost effective heatsink could be

calculated from Equation 20 and the previously derived formedby using a TO-263 mounting pad of at least 1%5 in
values for D, Imax, and | yn at the converter’s maximum for the upper MOSFET and 2.Rifor the lower MOSFET

output current: on a single-sided, 1 oz. copper PCB. The total reduad
area would be slightly less if the area were digdidgenly
IRMS,CNTL = [D - (ILo,MAX? + ILo,MAX " ILo,MIN 0 between top and bottom layers with multiple thermias
+ ILo,MIN?)/3]1/2 joining the two areas. To conserve board space, AAVID
offers clip—on heatsinks for TO-220 thru—hole paya
= 0.36 - [(26.52 + 26.5 - 18.5 + 18.52)/3]1/2 Examples ofhese heatsinks include #577002%10.75’ x
= 8.15 ARMS 0.25’, 33*C/W at 2 W) and #591302 (0.7%0.5” x 0.5",
. . - 29°C/W at 2 W).
Equation 19 is used to calculate the power dissipaif
the control MOSFET: 6. Adaptive Voltage Positioning
3 5. (19) First, to achieve the 220 kHz switching frequence
PD,CONTROL = (IRMS,CNTL - RDS(on)) Figure 4 to determine that a 682kesistor is needed for
+ (ILo,MAX * Qswitch/lg * VIN - fsw) Rosc Then, use Figure 5 to find the-ybias current at the
+ (Qoss/2 - VIN - fsw) + (VIN - QRR - fsw) corresponding value ofdgc In this example, the 65k
Roscresistor results in apg bias current of approximately
= (8.152 ARMS " 3.9 mQ) 5.0uA. Knowing the \£g bias current, one can calculate the
+ (26.5A - 25nC/1.5A - 12V - 220 kHz) required values for Bsk1 and Ryrp using Equations 29
through 31.

+(35nC/2 - 12V - 220 kHz)
+ (12 V - 45 nC - 220 kHz)

The no-load position is easily set using Equatign 2

RFBK1 = AVNO-LOAD/IBIASVFB (29)
= 0.26W + 1.17 W + 0.05W + 0.12 W _ 430 mV/5.0 A
= 1.60 W
= 6.04 kQ

The RMS value of the current in the synchronous
MOSFET iscalculated from Equation 27 and the previously
derived values for Dy b max, and | o min at the converter’s
maximum output current:

For inductive current sensing, the designer musutzte
the inductor’'s resistance (R and approximate any
resistance added lblge circuit board (Rcpg). We found the
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inductor’s nonmal resistance in Section 2 (0.822n In this with minimal overshoot and fast rise time due to a step
example, we approximate 0.50¢hfor the circuit board change in load current as shown in Figures 20-22.
resistance (Bcg). With this information, Equation 30 can

be used to calculate the increase at tggppin at full load: 8. Error Amplifier Tuning

The error amplifier is tuned by adjustingg to provide
AVDRP = Io,MAX - (RL + RpCB) - GVDRP (30) an acceptable full-load transient response as shown
= 45A - (1.03mQ + 0.50 mQ) - 3.3 V/V Figures 23-25. After a value forafip is chosen, the
peak-to—peak voltage ripple on the COMP pin is érath

=227 mv under full-load to insure less than 20 ppas shown in
Rprp1can then be calculated from Equation 31: Figure 26.
RDRP = AVDRP C0) 9. Current Limit Setting
(IBIASVFB + AVOUT,FULL-LOAD/RFBK1) The maximum inductor resistance, the maximum PCB
= 227 mV/(5.0 uA + 35 mV/6.04 kQ) resistance, and the maximum current—sense gaimoams
in Equation 34 determine the current limit. The maximum
= 21.0 kQ e 1. . .
current, buT,Lim, Was specified in the design requirements.
The maximum inductor resistance occurs at full-laad
7. Current Sensing the highest ambient temperature. This value wasifouthe
Choose the current sense network§RCcsn N=10r2)  “Oytput Inductor Section” (1.06 ). This analysis
to satisfy: assumes the PCB resistance only increases due to tlye chan
Resn - Cesn = Lo/(RL + RpCB) (32) in ambient temperature. Component heating will also

_ _ _ increase the PCB temperature but quantifying tiéceis
Equation 32 willbe most accurate for better iron powder jifficult. Lab testing should be used to “fine tire
core material (such as the -8 from Micrometals). This gyercurrent threshold.

material is very consistent with DC current and frequency.
Less expensive core materials (such as the —52 fromRPCB,MAX = 0.50 mQ - (1 + 0.39%/°C - (60 — 25)°C)
Micrometals) change their characteristnith DC current, = 0.57 mQ
AC flux density, and frequency. This material will yield
acceptable converter performance if the currerdeséime
constant is set lower (longer) than anticipated. As a rule of
thumb, use approximately twice the resistancesgRor " GiLim
twice the capacitance (€5 when using the less expensive = (52 A +8.03A/2) - (1.33mQ + 0.57 mQ)
core material. . 675 V)V

The component values determined thus far are LbwH,
R =1.03 n§2, and B¢ = 0.50n§2. We choose a convenient = 0.718 Vdc
value for Gs1(0.01uF) and solve for Bs3;

ViLim = (louT,LiM + AlLo/2) - (RLMAX + RPCB,MAX)

Set the voltage at theyly pin using a resistor divider from
Rcsn = 1.1 uH/(1.03 mQ + 0.50 mQ)/0.01 uF the 3.3 V reference output as shown in Figure 28. If the
- 71 kQ resistor from |y to GND is chosen as 1 k (F2), the

_ ) ) o resistor from |; to 3.3 V can be calculated from:
Equation 32 willbe most accurate for higher quality iron

powder core materials such as the -2 or -8 from RLIM1 = (VREF — VILIM)/(VILIM/RLIM2)
Micrometals. The permeability of these more expensive = (3.3V — 0.718 V)/(0.718 V/1 kQ)
cores is relatively constant versus DC current, AC flux
density and frequencizess expensive core materials (such
as the -52 from Micrometals) change their charisties

= 3596 Q or 3.57 k2

. 3.3V,
versus DQcurrent, AC flux densityand frequencyThe less EF _
expensive materials may yield acceptable converter T wl Vi 1° 'gM Pin

performance if the current sense time constant is set
approximately ¥—2x longer than anticipated. For example, RuM2
use up to twice the resistance-@y or twice the capacitance 1k
(Ccsn when using the less expensive core materialelf w =
use —52 material for this design, the value gRmay need
to be increased t03271 kQ or 142 1.

After thecircuit is constructed, the values of & and/or
Ccsnshould be tuned to provide a “square-wave” gy

Figure 28. Setting the Current Limit
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10. PWM Comparator Input Voltage N Ext Ramp = D - (VIN = VouT)
_Use quatlon 35 to check the voltage level 'Fo tredtive — p= (Rcsn - Cesn - fsw)
pin of the internal PWM comparators. The design Ehoat
(12V - 1.630 V)

saturate the PWM comparator at maximum DAC output = 0.135 -
voltage (+1%error), AVP at full-load, 100% duty cycle (D 60k - 0.01 F - 220 kHz)
= 1), and worst—-case maximum internal ramp (310 mV at =11mV

100% duty cycle):
VCSREF,MAX = Max VID Setting w/ AVP @ Full-Load
=1.01-1850V —-30mV = 1.834V

Then calculate the steady—-state COMP voltage:

VCcoMP = VouT @ 0 A + Channel_Startup_Offset
+ Int_Ramp + Gcsa - Ext_Ramp/2

VCon,MAX = 1.630V + 0.40 V + 0.135 - 250 mV
= (lo,MAX/2 + AlLo/2) - RMAX - GCSA,MAX +35V/V-11mV/2
= (52A/2 + 8.03A/2) - (1.33 mMQ + 0.57 mQ) = 2.083V
-3.90V/V Then choose a convenient value for the Soft—Start time
(7.5ms) and solve Equation 37 for the Soft-Start capaci
= 0.222V :
Css
VCSREF,MAX + VCOn,MAX + 310mV - D (35) Css = tss * Iss/Vcomp @7
= 1.834V + 0.222V + 310 mV = 7.5ms - 30 uA/2.083 V
= 2.366 V —

0.108 puF or 0.1 uF

This value is acceptable because it below the specified

maximum of 2.45 V. Issis the Soft-Start charge current from the dataishe

11. Soft Start Time
To set the Soft Start time, first calculate theeexdl ramp
size at a duty—cycle of D = 1.630 V/12 V = 0.135:
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