NCP3101C

Wide Input Voltage
Synchronous Buck Converter

The NCP3101C is a high efficiency, 6 A DC-DC buck converter
designed to operate from a 5 V to 12 V supply. The device is capable
of producing an output voltage as low as 0.8 V. The NCP3101C can
continuously output 6 A through MOSFET switches driven by an
internally set 275 kHz oscillator. The 40-pin device provides an
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optimal level of integration to reduce size and cost of the power DIAGRAM
supply. The NCP3101C also incorporates an externally compensated
transconductance error amplifier and a capacitor programmable °
soft—start function. Protection features include programmable short QFN40, 6x6 NCP3101C
circuit protection and input under voltage lockout (UVLO). The CASE 485AK | AWLYYWWG
NCP3101C is available in a 40—pin QFN package. 1740
Features A = Assembly Location
® Split Power Rail 2.7 V to 18 V on PWRVCC WL = Wafer Lot
® 275 kHz Internal Oscillator m - x;i( Week
® Greater Than 90% Max Efficiency G = Pb-Free Package
® Boost Pin Operates to 35 V
® Voltage Mode PWM Control ORDERING INFORMATION
® 0.8V 1% Intemal Refrence Voltage S e g i Wometon oo
® Adjustable Output Voltage
® Capacitor Programmable Soft—Start
® 85% Max Duty Cycle
® Input Undervoltage Lockout
® Resistor Programmable Current Limit
® These are Pb—Free Devices

Applications

® Servers / Networking

® DSP and FPGA Power Supply
® DC-DC Regulator Modules
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Figure 4. Pin Connections

Table 1. PIN FUNCTION DESCRIPTION

Pin No Symbol Description
1-4, 36-40 PWRPHS Power phase node (PWRPHS). Drain of the low side power MOSFET.

5-12 PWRGND Power ground. High current return for the low-side power MOSFET. Connect
PWRGND with large copper areas to the input and output supply returns, and
negative terminals of the input and output capacitors.

13 VCC Supply rail for the internal circuitry. Operating supply range is 4.5 V to 13.2 V.
Decouple with a 1 uF capacitor to GND. Ensure that this decoupling capacitor is
placed near the IC.

14,15,19,20,23 AGND IC ground reference. All control circuits are referenced to these pins.

16 FB The inverting input pin to the error amplifier. Use this pin in conjunction with the
COMP pin to compensate the voltage-control feedback loop. Connect this pin to the
output resistor divider (if used) or directly to output voltage.

17 COMP/DIS Compensation or disable pin. The output of the error amplifier (EA) and the
non-inverting input of the PWM comparator. Use this pin in conjunction with the FB
pin to compensate the voltage-control feedback loop. The compensation capacitor
also acts as a soft start capacitor. Pull the pin below 400 mV to disable controller.

18 NC Not Connected. The pin can be connected to AGND or not connected.

21 TGOUT High side MOSFET driver output.

22 CPHS The controller phase sensing for short circuit protection.

24 BST Supply rail for the floating top gate driver. To form a boost circuit, use an external
diode to bring the desired input voltage to this pin (cathode connected to BST pin).
Connect a capacitor (CggT) between this pin and the CPHS pin.

25 TGIN High side MOSFET gate.

26-34 PWRVCC Input supply pin for the high side MOSFET. Connect VCCPWR to the VCC pin or
power separately for split rail application..

35 BG The current limit set pin.

Table 2. ABSOLUTE MAXIMUM RATINGS

Pin Name Symbol Min Max Unit
Main Supply Voltage Control Input Vce -0.3 15 \Y
Main Supply Voltage Power Input PWRVCC -0.3 30 \Y
Bootstrap Supply Voltage vs Ground VBsT -0.3 35 \Y
Egots)trap Supply Voltage vs Ground (spikes < = VBST spike -5.0 40 V
ns
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Table 2. ABSOLUTE MAXIMUM RATINGS

NCP3101C

Pin Name Symbol Min Max Unit
Bootstrap Pin Voltage vs VpwRrpHs VBsT-VPWRPHS -0.3 15 \Y
High Side Switch Max DC Current | PHS 0 7.5 A
VpwRrpHs Pin Voltage VPWRPHS -0.7 30 \Y
VpwRrpHs Pin Voltage (spikes < 50 ns) VPWRPHSSP -5 40 \Y
CPHASE Pin Voltage VcPHS -0.7 30 \
CPHASE Pin Voltage (spikes < 50 ns) VGCPHSTR -5 40 \%
Current Limit Set and Bottom Gate VBag -0.3 Vce < Vg <15 \
Current Limit Set and Bottom Gate (spikes < 200 ns) VBagsp -2.0 Vce < Veagsp < 15 \%
Top Gate vs Ground V1g -0.3 30 \%
Top Gate vs Phase V1g -0.3 Ve < V1g <15 \
Top Gate vs Phase (spikes < 200 ns) VTGgsp -2.0 Voo < V1gsp < 15 \%
FB Pin Voltage VEB -0.3 Vce < Ve < 6.0 \Y
COMP/DISABLE VCOMP/DIS -0.3 Vee < Veowmpypis < 6.0 \Y

Rating Symbol Symbol Unit

Thermal Resistance, Junction-to—Ambient (Note 2) Roua 35 °C/W
Thermal Resistance, Junction-to-Case (Note 2) at ReJc 5 °C/W
85°C
Continuous Power Distribution (Tp = +85°C) Pp 1.8 w
Storage Temperature Range Tstg -55to 150 °C
Junction Operating Temperature Ty -40 to 150 °C
Lead Temperature Soldering (10 sec): RF 260 peak °C
Reflow (SMD styles only) Pb-Free (Note 1)

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.

NOTE: These devices have limited built-in ESD protection. The devices should be shorted together or the device placed in conductive
foam during storage or handling to prevent electrostatic damage to the device.

1. 60-180 seconds minimum above 237°C

2. Based on 110 * 100 mm double layer PCB with 35 um thick copper plating.
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NCP3101C

Table 3. ELECTRICAL CHARACTERISTICS (-40°C < T; < 125°C; VCC =12 V, BST - PHS =12V, BST =12V, PHS =24 V,
for min/max values unless otherwise noted).

Characteristic Conditions Min Typ Max Unit
Power Power Channel PWRVgc - GND 2.7 18 \%
Input Voltage Range Voo - GND 4.5 13.2 \%
Boost Voltage Range Vst - GND 45 26.5 \Y
SUPPLY CURRENT
Quiescent Supply Current VEg=0.85V Vcomp =0.4V, 4.1 mA

No Switching, Voc = 13.2V
Quiescent Supply Current Vg =0.85V Vgomp = 0.4V 3.2 mA
No Switching, Vg =5.0 V
Ve Supply Current VEB = Voowmp = 1V, Switching, Voo =13.2V 9.1 15 mA
Ve Supply Current Ve = Vcowmp = 1V, Switching, Veg =5V 4.8 8.0 mA
Boost Quiescent Current VEg = 0.85 V, No Switching, Vgg = 13.2V 63 uA
Shutdown Supply Current Veg =1V, VCOMP= 0V, No Switching, Vgc = 13.2V - 4.1 - mA
UNDER VOLTAGE LOCKOUT
Ve UVLO Threshold Vcc Rising Edge 3.8 - 4.3 \
Vgc UVLO Hysteresis - - 364 - mV
BST UVLO Threshold Rising BST Rising - 3.82 - \
BST UVLO Threshold Falling - 3.71 - \Y
SWITCHING REGULATOR
VFB Feedback Voltage, 0°C<Ty<70°C, 45V <Vgc<132V 0.792 0.800 0.808 \Y
Control Loop in Regulation -40°C < Ty<125°C,45< Voo <132V 0.788 0.800 0.812
Oscillator Frequency 0°C<Ty<70°C,45V <Vgc<13.2V 250 275 300 kHz
-40°C < Ty < 125°C, 4.5 < Vg < 13.2V 233 275 317
Ramp-Amplitude Voltage 0.8 1.1 14 \%
Minimum Duty Cycle - 7.0 - %
Maximum Duty Cycle 88.5 %
TG Falling to BG Rising Delay Vec=12V,Tg<2.0V,Bg>20V 46 ns
BG Falling to TG Rising Delay Vec=12V,Bg<20V, Tg>20V 41 ns
PWM COMPENSATION
Transconductance 3.1 - 3.5 mS
Open Loop DC Gain Guaranteed by design 55 70 - DB
Output Source Current Vg < 0.8V 80 140 200 uA
Output Sink Current Veg > 0.8V 80 131 200
Input Bias Current - 0.160 1.0 uA
ENABLE
Enable Threshold (Falling) 0.37 0.4 .43 \%
SOFT-START
Delay to Soft-Start 1 - 5 ms
SS Source Current Vg < 0.8V - 10.6 - uA
Switch Over Threshold Vg =08V - 100 - % of
Vref

OVER-CURRENT PROTECTION
OCSET Current Source Sourced from BG Pin before Soft-Start - 10 - uA
OC Threshold Rgg = 5 kQ - 50 - mV
OC Switch-Over Threshold - 700 - mV
Fixed OC Threshold - 99 - mV
PWM OUTPUT STAGE
High-Side Switch On-Resistance Vec=12VIip=1A - 18 - me
Low-Side Switch On-Resistance Vec=12VIip=1A - 18 - me
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Fsw, FREQUENCY (kHz)

Vyef, REFERENCE VOLTAGE (mV)

SOFT-START CURRENT (uA)

NCP3101C

TYPICAL OPERATING CHARACTERISTICS
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lcc, SUPPLY CURRENT SWITCHING

TRANSCONDUCTANCE (mS)

DUTY CYCLE (%)

NCP3101C

TYPICAL OPERATING CHARACTERISTICS
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DUTY CYCLE (%)

NCP3101C

TYPICAL OPERATING CHARACTERISTICS
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NCP3101C

DETAILED OPERATING DESCRIPTION

General

NCP3101C is a high efficiency integrated wide input
voltage 6 A synchronous PWM buck converter designed to
operate from a 4.5 V to 13.2 V supply. The output voltage of
the converter can be precisely regulated down to 800 mV
+1.0% when the VFB pin is tied to the output voltage. The
switching frequency is internally set to 275 kHz. A high gain
Operational Transconductance Error Amplifier (OTEA) is
used for feedback and stabilizing the loop.

Input Voltage

The NCP3101C can be used in many applications by
using the Ve and PWRVCC pins together or separately.
The PWRVCC pin provides voltage to the switching
MOSFETS. The V¢c pin provides voltage to the control
circuitry and driver stage.

If the V¢ and the PWRVCC pin are not tied together, the
input voltage of the PWRVCC pin can accept 2.7 V to 18 V.
If the Vcc and PWRVCC pins are tied together the input
voltage range is 4.5 V to 13.2 V.

Duty Cycle and Maximum Pulse Width Limits

In steady state DC operation, the duty cycle will stabilize
at an operating point defined by the ratio of the input to the
output voltage. The NCP3101C can achieve an 82% duty
ratio. The part has a built in off-time which ensures that the
bootstrap supply is charged every cycle. The NCP3101C is
capable of a 100 ns pulse width (minimum) and allows a
12 V to 0.8 V conversion at 275 kHz. The duty cycle limit
and the corresponding output voltage are shown below in
graphical format in Figure 18. The green area represents the
safe operating area for the lowest maximum operational
duty cycle for 4.5 V and 13.2 V.

)

12.5

1.5

10.5

/|

9.5 V4

8.5
Dpnax = 0.82
7.5

6.5 4/

5.5

INPUT VOLTAGE (V,

Drnax = 0.88

4.5

35 45 55 65 75 85 95

OUTPUT VOLTAGE (V)
Figure 18. Maximum Input to Output Voltage
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Input voltage range (VCC and BST)
The input voltage range for both VCC and BST is 4.5 V
to 13.2 V with reference to GND and PHS, respectively.

Although BST is rated at 13.2 V with reference to PHS, it can
also tolerate 26.5 V with respect to GND.

External Enable/Disable

Once the input voltage has exceeded the boost and UVLO
threshold at 3.82 V and Vc threshold at 4 V, the COMP pin
starts to rise. The PWRPHS node is tri-stated until the
COMP voltage exceeds 830 mV. Once the 830 mV
threshold is exceeded, the part starts to switch and is
considered enabled. When the COMP pin voltage is pulled
below the 400 mV threshold, it disables the PWM logic, the
top MOSFET is driven off, and the bottom MOSFET is
driven on as shown in Figure 19. In the disabled mode, the
OTA output source current is reduced to 10 uA.

When disabling the NCP3101C using the COMP / Disable
pin, an open collector or open drain drive should be used as
shown in Figure 20.

0.83V

Figure 19. Enable/Disable Driver State Diagram
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J1-RE | Tl
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Figure 20. Recommended Disable Circuits

Power Sequencing

Power sequencing can be achieved with NCP3101C using
two general purpose bipolar junction transistors or
MOSFETs. An example of the power sequencing circuit
using the external components is shown in Figure 21.
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Figure 21. Power Sequencing
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NCP3101C

Normal Shutdown Behavior

Normal shutdown occurs when the IC stops switching
because the input supply reaches UVLO threshold. In this
case, switching stops, the internal soft start, SS, is
discharged, and all gate pins go low. The switch node enters
a high impedance state and the output capacitors discharge
through the load with no ringing on the output voltage.

External Soft-Start

The NCP3101C features an external soft start function,
which reduces inrush current and overshoot of the output
voltage. Soft start is achieved by using the internal current
source of 10 uA (typ), which charges the external integrator
capacitor of the transconductance amplifier. Figures 22
and 23 are typical soft start sequences. The sequence begins
once Vcc surpasses its UVLO threshold. During Soft Start
as the Comp Pin rises through 400 mV, the PWM logic and
gate drives are enabled. When the feedback voltage crosses
800 mV, the EOTA will be given control to switch to its
higher regulation mode with the ability to source and sink
130 pA. In the event of an over current during the soft start,
the overcurrent logic will override the soft start sequence
and will shut down the PWM logic and both the high side and
low side gates of the switching MOSFETS.

0.83V

—— 0.4V
Vcomp

Enable

0.8V

T~

Vib

SS

120uA
4

10uA
Isqurkce/ AN 41 OuA

sin

~10uA J

Start up Normal

Figure 22. Soft-Start Implementation
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UvLO

Under Voltage Lockout (UVLO) is provided to ensure that
unexpected behavior does not occur when V¢ is too low to
support the internal rails and power the converter. For the
NCP3101C, the UVLO is set to ensure that the IC will start
up when VCC reaches 4.0 V and shutdown when V¢ drops
below 3.6 V. The UVLO feature permits smooth operation
from a varying 5.0 V input source.

Current Limit Protection

In case of a short circuit or overload, the low—side (LS)
FET will conduct large currents. The low-side Rpg(on) sense
is implemented to protect from over current by comparing
the voltage at the phase node to AGND just prior to the low
side MOSFET turnoff to an internally generated fixed
voltage. If the differential phase node voltage is lower than
OC trip voltage, an overcurrent condition occurs and a
counter is initiated. If seven consecutive over current trips
are counted, the PWM logic and both HS-FET and LS-FET
are turned off. The converter will be latched off until input
power drops below the UVLO threshold. The operation of
key nodes are displayed in Figure 24 for both normal
operation and during over current conditions.
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NCP3101C

LS Gate Drive
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Figure 24. Switching and Current Limit Timing

Overcurrent Threshold Setting

The NCP3101C overcurrent threshold can be set from
50 mV to 450 mV by adding a resistor (RSET) between BG
and GND. During a short period of time following V¢
rising above the UVLO threshold, an internal 10 pA current
(IOCSET) is sourced from the BG pin, creating a voltage
drop across RSET. The voltage drop is compared against a
stepped internal voltage ramp. Once the internal stepped
voltage reaches the RSET voltage, the value is stored
internally until power is cycled. The overall time length for
the OC setting procedure is approximately 3 ms. When
connecting an RSET resistor between BG and GND, the
programmed threshold will be:

locser * Rser 10 nA* 13 kQ
oo = g T TR AT g Y
DS(on)
TocsET = Sourced current
IocTH = Current trip threshold
Rps(on) = On resistance of the low side MOSFET
RsET = Current set resistor

The RSET values range from 5 kQ to 45 kQ. If RSET is
not connected or the RSET value is too high, the device
switches the OCP threshold to a fixed 96 mV value (5.3 A)
typical at 12 V. The internal safety clamp on BG is triggered

as soon as BG voltage reaches 700 mV, enabling the 96 mV
fixed threshold and ending the OC setting period. The
current trip threshold tolerance is =25 mV. The accuracy is
best at the highest set point (550 mV). The accuracy will
decrease as the set point decreases.

Drivers

The NCP3101C drives the internal high and low side
switching MOSFETS with 1 A gate drivers. The gate drivers
also include adaptive non-overlap circuitry. The
non-overlap circuitry increases efficiency which minimizes
power dissipation by minimizing the low—side MOSFET
body diode conduction time.

A block diagram of the non-overlap and gate drive
circuitry used is shown in Figure 24.

=> BST
UVLO
FAULT —Q \ b >> TG
f ] PHASE
-—2v
___<::§—-2v
—> Ve
& Dc = N >> 8a
PWM —__J
ouT > GND
UVLO

FAULT =

Figure 25. Block Diagram

Careful selection and layout of external components is
required to realize the full benefit of the onboard drivers.
The capacitors between Vcc and GND and between BST
and CPHS must be placed as close as possible to the IC. A
ground plane should be placed on the closest layer for return
currents to GND in order to reduce loop area and inductance
in the gate drive circuit.
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NCP3101C

APPLICATION SECTION

Design Procedure

When starting the design of a buck regulator, it is
important to collect as much information as possible about
the behavior of the input and output before starting the
design.

ON Semiconductor has a Microsoft Excel® based design
tool available online under the design tools section of the
NCP3101C product page. The tool allows you to capture
your design point and optimize the performance of your
regulator based on your design criteria.

Table 4. DESIGN PARAMETERS

Design Parameter Example Value
Input voltage (VCC) 10.8Vt013.2V
Output voltage (VouT) 33V
Input ripple voltage (VCCRgippLE) 300 mV
Output ripple voltage (VouTRIPPLE) 40 mV
Output current rating (IouT) 6A
Operating frequency (Fsw) 275 kHz

The buck converter produces input voltage V¢ pulses
that are LC filtered to produce a lower DC output voltage
Vourt The output voltage can be changed by modifying the
on time relative to the switching period T or switching
frequency. The ratio of high side switch on time to the
switching period is called duty ratio D. Duty ratio can also
be calculated using VoyT, Ve, Low Side Switch Voltage
Drop VLsp, and High Side Switch Voltage Drop Vhsp.

Foew = = eq. 2
swT T (eq.2)
T T
D=ﬂ(1_D)=ﬂ (eq. 3)
T T
\ +V \Y
D - . OU\'; LS\D/ - D= VOUT_)
- +
cC HSD LSD cc (eq. 4)
33V
27.5% = ——
12V
D = Duty cycle
Fsw = Switching frequency
T = Switching period
ToFF = High side switch off time
Ton = High side switch on time
Vusp = High side switch voltage drop
VCC = Input voltage
VisD = Low side switch voltage drop
Vour = Output voltage

Inductor Selection
When selecting an inductor, the designer may employ a
rule of thumb for the design where the percentage of ripple

current in the inductor should be between 10% and 40%.
When using ceramic output capacitors, the ripple current can
be greater because the ESR of the output capacitor is small,
thus a user might select a higher ripple current. However,
when using electrolytic capacitors, a lower ripple current
will result in lower output ripple due to the higher ESR of
electrolytic capacitors. The ratio of ripple current to
maximum output current is given in Equation 5.

Al
ra=-— (eq.5)
lout
Al = Ripple current
IouTt = Output current
ra = Ripple current ratio

Using the ripple current rule of thumb, the user can establish
acceptable values of inductance for a design using
Equation 6.

\
Lo OUT .4 _p)
T lour*ra*Fy
(eq. 6)
12V
56 uH = *(1 — 27.5%)
6.0 A*26% * 275 kHz
D = Duty ratio
Fsw = Switching frequency
IouTt = Output current
Lour = Output inductance
ra = Ripple current ratio
15
13
£ 1N\
w N \
@)
zZ N
E \\ N 13V
2 7 N S
2 \\ NG 7V \\ - 5.6 uH
5 ™ ~ —~
3 e —r—— N
110 13 16 19 22 25 28 31 34 37 40

RIPPLE CURRENT RATIO (%)
Figure 26. Inductance vs. Current Ripple Ratio

When selecting an inductor, the designer must not exceed
the current rating of the part. To keep within the bounds of
the part’s maximum rating, a calculation of the RMS current
and peak current are required.
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NCP3101C

ra2
I =lgr*. /1 +——
RMS ~— 'ouT 12
(eq.7)
26%2
6.02A =6A* /1 + 6%
12
Iout = Output current
IrMs = Inductor RMS current
ra = Ripple current ratio
O,
o = lour™ (1 + %) ~678A=60A(1+ %)
(eq. 8)
IouT = Output current
Ipk = Inductor peak current

ra = Ripple current ratio

A standard inductor should be found so the inductor will
be rounded to 5.6 uH. The inductor should support an RMS
current of 6.02 A and a peak current of 6.78 A.

The final selection of an output inductor has both
mechanical and electrical considerations. From a
mechanical perspective, smaller inductor values generally
correspond to smaller physical size. Since the inductor is
often one of the largest components in the regulation system,
a minimum inductor value is particularly important in space
constrained applications. From an electrical perspective, the
maximum current slew rate through the output inductor for
a buck regulator is given by Equation 9.

Vo =V 12V - 33V
T
SlewRate, o7 = ——— 21 - 1586A = ——
Lout 5.6 uH
(eqa. 9)
Lour = Output inductance
Vce = Input voltage
Vour = Output voltage

Equation 9 implies that larger inductor values limit the
regulator’s ability to slew current through the output
inductor in response to output load transients. Consequently,
output capacitors must supply the load current until the
inductor current reaches the output load current level.
Reduced inductance to increase slew rates results in larger
values of output capacitance to maintain tight output voltage
regulation. In contrast, smaller values of inductance increase
the regulator’s maximum achievable slew rate and decrease
the necessary capacitance at the expense of higher ripple
current. The peak—to—peak ripple current is given by the
following equation:

Vour(t = D)
lpp = ———=—

Lout *Fsw
3.3 V(1 — 27.5%)
5.6 uH * 275 kHz

(eq. 10)

1.56 A =

D = Duty ratio
Fsw = Switching frequency

Ipp = Peak—to—peak current of the inductor
Lout = Output inductance
Vour = Output voltage

From Equation 10 it is clear that the ripple current
increases as Loyr decreases, emphasizing the trade—off
between dynamic response and ripple current.

The power dissipation of an inductor falls into two
categories: copper and core losses. Copper losses can be
further categorized into DC losses and AC losses. A good
first order approximation of the inductor losses can be made
using the DC resistance as shown below:

LPcy pc = Rus 2*DCR — 199 mW = 6.022*5.5 mQ
(eq. 11)

IrMS = Inductor RMS current
DCR = Inductor DC resistance
LPcu pc = Inductor DC power dissipation

The core losses and AC copper losses will depend on the
geometry of the selected core, core material, and wire used.
Most vendors will provide the appropriate information to
make accurate calculations of the power dissipation, at
which point the total inductor losses can be captured by the
equation below:

LPiot = LPcy pe + LPcu ac * LPcore —

(eq. 12)
204 mW = 199 mW + 2 mW + 3 mW

LPcu pc = Inductor DC power dissipation
LPcu ac = Inductor AC power dissipation
LPcore = Inductor core power dissipation

Output Capacitor Selection

The important factors to consider when selecting an
output capacitor are DC voltage rating, ripple current rating,
output ripple voltage requirements, and transient response
requirements.

The output capacitor must be rated to handle the ripple
current at full load with proper derating. The RMS ratings
given in datasheets are generally for lower switching
frequency than used in switch mode power supplies, but a
multiplier is usually given for higher frequency operation.
The RMS current for the output capacitor can be calculated
below:

26%

—

vi2

COpps = lour—=— 0.45A = 6.0 A (eq. 13)
V12

CorMS = Output capacitor RMS current
IouT = Output current
ra = Ripple current ratio

The maximum allowable output voltage ripple is a
combination of the ripple current selected, the output
capacitance selected, the Equivalent Series Inductance
(ESL), and Equivalent Series Resistance (ESR).

The main component of the ripple voltage is usually due
to the ESR of the output capacitor and the capacitance
selected, which can be calculated as shown in Equation 14:
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14)

]
\Y = | *ra(CO + —) (eq.
ESR.C = 'ouT ESR q
- 8*Fsw ™ Cour

19.6 mV = 6*26%( 12 mQ + !
8*275 kHz * 820 uF

Cogsr = Output capacitor ESR
Cour = Output capacitance
Fsw = Switching frequency
Iout = Output current

ra = Ripple current ratio

The ESL of capacitors depends on the technology chosen,
but tends to range from 1 nH to 20 nH, where ceramic
capacitors have the lowest inductance and electrolytic
capacitors have the highest. The calculated contributing
voltage ripple from ESL is shown for the switch on and
switch off below:

ESL*Ipp*Fow

VesLon = D (ea. 19)
10 nH*1.56 A*275 kHz
15.6mV =
27.5%
ESL*Ipp*Fgy
VesLorr = T (eq. 16)
10 nH*1.56 A*275 kHz
592 mV =
(1 — 27.5%)
D = Duty ratio
ESL = Capacitor inductance
Fsw = Switching frequency
Ipp = Peak—-to—peak current

The output capacitor is a basic component for fast
response of the power supply. For the first few microseconds
of a load transient, the output capacitor supplies current to
the load. Once the regulator recognizes a load transient, it
adjusts the duty ratio, but the current slope is limited by the
inductor value.

During a load step transient, the output voltage initially
drops due to the current variation inside the capacitor and the
ESR (neglecting the effect of the ESL). The user must also
consider the resistance added due to PCB traces and any
connections to the load. The additional resistance must be
added to the ESR of the output capacitor.

AVour_gsr = ltran X (COESR + RCON) -

111 mV = 3A x (12mQ + 25mQ) (eq. 17)

Cogsr = Output capacitor Equivalent Series
Resistance
ITRAN = Output transient current

Voltage deviation of Vgyr due to the
effects of ESR

A minimum capacitor value is required to sustain the
current during the load transient without discharging it. The
voltage drop due to output capacitor discharge is given by
the following equation:

AVouT_ESR =

2
(ITRAN) X Loyt

AVout-pis = —(eq. 18)

2*Dyax *Cour * (Vec ~ Vour)
(3A)° x 5.6 uH
2*82%*820 uF x (12V — 3.3 V)

416 mV =

Cour = Output capacitance

Dmax = Maximum duty ratio

ITRAN = Output transient current

Lout = Output inductor value

VCC = Input voltage

Vour = Output voltage

AVouT_DIS = Voltage deviation of Vgyr due to the

effects of capacitor discharge

In a typical converter design, the ESR of the output
capacitor bank dominates the transient response. Please note
that AVourt_pisand AVout gsr are out of phase with each
other, and the larger of these two voltages will determine the
maximum deviation of the output voltage (neglecting the
effect of the ESL).

Table 5 shows values of voltage drop and recovery time
of the NCP3101C demo board with the configuration shown
in Figure 27. The transient response was measured for the
load current step from 3 A to 6 A (50% to 100% load).

Input capacitors are 2 x 47 uF ceramic and 1 x 270 pF
OS-CON, output capacitors are 2 x 100 uF ceramic and
OS-CON as mentioned in Table 5. Typical transient
response waveforms are shown in Figure 27.

More information about OS—CON capacitors is available
at http://www.edc.sanyo.com.
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Table 5. TRANSIENT RESPONSE VERSUS OUTPUT
CAPACITANCE (50% to 100% Load Step)

Drop Recovery Time

COUT OS-CON (uF) (mV) (us)
0 384 336

100 224 298

150 192 278

220 164 238

270 156 212

560 128 198

820 112 118

1000 112 116

™

RECOVERY TIME

iLoad step

Figure 27. Typical Waveform of Transient Response

Input Capacitor Selection

The input capacitor has to sustain the ripple current
produced during the on time of the upper MOSFET,
therefore must have a low ESR to minimize losses. The
RMS value of the input ripple current is:

INgys = lour X D X (1 — D) —

268A = 6.0A,/27.5% x (1 — 27.5%) (eq. 19)
D = Duty ratio
IINrMmS = Input capacitance RMS current
IouT = Load current

The equation reaches its maximum value with D = 0.5.
Loss in the input capacitors can be calculated with the
following equation:

2
Poin = CINggg X (”NRMS)

71.8 MW = 10mQ x (2.68 A)° (eq. 20)

CINgsr = Input capacitance Equivalent Series

Resistance

IINRrMS = Input capacitance RMS current
Pcin = Power loss in the input capacitor

Due to large di/dt through the input capacitors, electrolytic
or ceramics should be used. If a tantalum capacitor must be
used, it must be surge protected, otherwise capacitor failure
could occur.

Power MOSFET Dissipation

Power dissipation, package size, and the thermal
environment drive power supply design. Once the
dissipation is known, the thermal impedance can be
calculated to prevent the specified maximum junction
temperatures from being exceeded at the highest ambient
temperature.

Power dissipation has two primary contributors:
conduction losses and switching losses. The high—side
MOSFET will display both switching and conduction
losses. The switching losses of the low side MOSFET will
not be calculated as it switches into nearly zero voltage and
the losses are insignificant. However, the body diode in the
low-side MOSFET will suffer diode losses during the
non-overlap time of the gate drivers.

Starting with the high—side MOSFET, the power
dissipation can be approximated from:

Pb Hs = Pconp * Psw_ ot (eq. 21)

PconD = Conduction losses
Pp ns = Power losses in the high side MOSFET
Psw _ToT = Total switching losses

The first term in Equation 21 is the conduction loss of the
high—side MOSFET while it is on.
2
Pconp = (IRMS_HS) " Rps(on)_Hs

Irms_Hs = RMS current in the high side MOSFET
Rps(oN)_Hs = On resistance of the high side MOSFET
Pconp = Conduction power losses

(eq. 22)

Using the ra term from Equation 5, Irys becomes:

_ ra® o3
lrms Hs = lour = (/P |1+ 5] (€923

D = Duty ratio

ra = Ripple current ratio

Iout = QOutput current

IrMS_HS = High side MOSFET RMS current

The second term from Equation 21 is the total switching loss
and can be approximated from the following equations.

Psw 1ot = Psw * Pps * Prr (eq. 24)

Pps = High side MOSFET drain to source
losses

Prr = High side MOSFET reverse recovery
losses

Psw = High side MOSFET switching losses
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= High side MOSFET total switching
losses
The first term for total switching losses from Equation 24
are the losses associated with turning the high-side
MOSFET on and off and the corresponding overlap in drain
voltage and current.

Psw_toT

Psw = Pron * Prorr

1 (eq. 25)
=5 (lour* Vin * Fsw) * (tmise + trac)
Fsw = Switching frequency
Iout = Load current
Psw = High side MOSFET switching losses
Pron = Turn on power losses
PTOFE = Turn off power losses
tFALL = MOSFET fall time
tRISE = MOSFET rise time
VCC = Input voltage

When calculating the rise time and fall time of the high
side MOSFET it is important to know the charge
characteristic shown in Figure 28.

— 10 '
2 at A
w
2
P
QI ‘/VGS
w /
O B /
g .
2 -~
| | 1
;:';._ 4 Qes™=— Qap—1,”
; |
wven| |/
£ 2l—y b=7TA
[ 4] Vop =15V
@ T;=25°C |
J
2o _—
0 2 4 5] 8 10 12

Qg, TOTAL GATE CHARGE (nC)

Figure 28. High Side MOSFET Gate-to-Source and
Drain-to-Source Voltage vs. Total Charge

Qep Qap
tRisE = = (eq. 26)
6t (Vast — Vru)/(Ruseu + Re)
Ig1 = Output current from the high-side gate
drive
QgD = MOSFET gate to drain gate charge
Ryspu = Drive pull up resistance
Rg = MOSFET gate resistance
tRISE = MOSFET rise time
VBsT = Boost voltage
V1 = MOSFET gate threshold voltage
Qgp Qgp
tPaLL =7 = (eq. 27)
G2 (Vs - VTH)/(RHSPD + Rg)
Igz = Output current from the low—side gate
drive
QD = MOSFET gate to drain gate charge

Rg = MOSFET gate resistance
Rusprp = Drive pull down resistance
tFALL = MOSFET fall time

VBsT = Boost voltage

VTH = MOSFET gate threshold voltage

Next, the MOSFET output capacitance losses are caused
by both the high—side and low-side MOSFETs, but are
dissipated only in the high—side MOSFET.

1

Pps =5 Coss " Vin 2 Fsw (eq. 28)
Coss = MOSFET output capacitance at 0 V
Fsw = Switching frequency
Pps = MOSFET drain to source charge losses
VCC = Input voltage

Finally, the loss due to the reverse recovery time of the
body diode in the low—side MOSFET is shown as follows:

Prr = Qrr " Vin * Fsw (9. 29)
Fsw = Switching frequency
Prr = High side MOSFET reverse recovery losses
Qrr = Reverse recovery charge
Vce = Input voltage

The low-side MOSFET turns on into small negative
voltages so switching losses are negligible. The low-side
MOSFET’s power dissipation only consists of conduction
loss due to Rpg(on) and body diode loss during non—overlap
periods.

Pp s = Pconp * Peopy (eq. 30)

PeoDY = Low side MOSFET body diode losses
Pconp = Low side MOSFET conduction losses
Pp s = Low side MOSFET losses

Conduction loss in the low—side MOSFET is described as
follows:
2

R (eq. 31)

Pconp = <IRMS_LS) DS(on)_LS

IrRMS_LS = RMS current in the low side
RpsoN)_Ls = Low-side MOSFET on resistance

PconDp = High side MOSFET conduction losses
B ra2 30
lams_ts = lout - (1-D)-(1+ ey (eq. 32
D = Duty ratio
IouT = Load current
IrRMS_LS = RMS current in the low side
ra = Ripple current ratio

The body diode losses can be approximated as:

Peoby = Vep - lout - Fow * (NOL  + NOLy, ) (eq. 33)

Fsw Switching frequency

Iour Load current

NOLyL = Dead time between the high—side
MOSFET turning off and the low-side
MOSFET turning on, typically 46 ns

NOL1 g = Dead time between the low—side
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MOSFET turning off and the high—side
MOSFET turning on, typically 42 ns
Low-side MOSFET body diode losses
Body diode forward voltage drop

Pgopy
VED

Control Dissipation
The control portion of the IC power dissipation is
determined by the formula below:

Pc =lcc™Vee (eq. 34)

Icc = Control circuitry current draw
Pc = Control power dissipation
Vce = Input voltage

Once the IC power dissipations are determined, the
designer can calculate the required thermal impedance to
maintain a specified junction temperature at the worst case
ambient temperature. The formula for calculating the
junction temperature with the package in free air is:

TJ=TA+PD-F19\JC (eq. 35)

Pp = Power dissipation of the IC

Rgjc = Thermal resistance junction—to—case of
the regulator package

Ta = Ambient temperature

Ty = Junction temperature

As with any power design, proper laboratory testing
should be performed to ensure the design will dissipate the
required power under worst case operating conditions.
Variables considered during testing should include
maximum ambient temperature, minimum airflow,
maximum input voltage, maximum loading, and component
variations (i.e., worst case MOSFET Rpgon))-

Compensation Network

To create a stable power supply, the compensation
network around the transconductance amplifier must be
used in conjunction with the PWM generator and the power
stage. Since the power stage design criteria is set by the
application, the compensation network must correct the
overall output to ensure stability. The output inductor and
capacitor of the power stage form a double pole at the
frequency shown in Equation 36:

1

2n* Loyt *Cour

1
2n* /5.6 uH * 820 uF

Output capacitor

Double pole inductor and capacitor
frequency

Lout = Output inductor value

Fic
(eq. 36)
2.35kHz =

Cour =
Fic =

The ESR of the output capacitor creates a “zero” at the
frequency a shown in Equation 37:

1

F = .
ESR
2n* COggr* Coyr
(eq. 37)
16.2kHz = ! —
2n*12 mQ * 820 uF
COEgsr = Output capacitor ESR
Cout = Output capacitor
Frc = Output capacitor ESR frequency

The two equations above define the bode plot that the
power stage has created or open loop response of the system.
The next step is to close the loop by considering the feedback
values. The closed loop crossover frequency should be
greater then the Frc and less than 1/5 of the switching
frequency, which would place the maximum crossover
frequency at 55 kHz. Further, the calculated Fggr frequency
should meet the following:

F
S
Fsw = Switching frequency
Fgsr = Output capacitor ESR zero frequency

If the criteria is not met, the compensation network may
not provide stability, and the output power stage must be
modified.

Figure 29 shows a pseudo Type III transconductance error
amplifier.

IN
IZ

|

Figure 29. Pseudo Type Illl Transconductance Error
Amplifier

The compensation network consists of the internal error
amplifier and the impedance networks Zjn (R1, Ry, Rg, and
Cp) and external Zgg (R, Cc, and Cp). The compensation
network has to provide a closed loop transfer function with
the highest 0 dB crossing frequency to have fast response
and the highest gain in DC conditions to minimize the load
regulation issues. A stable control loop has a gain crossing
with =20 dB/decade slope and a phase margin greater than
45°. Include worst—case component variations when
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determining phase margin. To start the design, a resistor
value should be chosen for R, from which all other
components can be chosen. A good starting value is 10 k€.
The NCP3101C allows the output of the DC-DC
regulator to be adjusted down to 0.8 V via an external
resistor divider network. The regulator will maintain 0.8 V
at the feedback pin. Thus, if a resistor divider circuit was
placed across the feedback pin to Vour, the regulator will
regulate the output voltage proportional to the resistor
divider network in order to maintain 0.8 V at the FB pin.

Vourt

R

R2

Figure 30. Feedback Resistor Divider

The relationship between the resistor divider network
above and the output voltage is shown in Equation 39:

R, =R, - (VV%) (eq. 39)
ouT REF
Ry = Top resistor divider
R» = Bottom resistor divider
Vour = Output voltage
VREF = Regulator reference voltage

The most frequently used output voltages and their
associated standard R and Ry values are listed in Table 6.

Table 6. OUTPUT VOLTAGE SETTINGS

Vo (V) Ry (k) R2 (k)
0.8 1.0 Open
1.0 2.55 10
1.1 3.83 10.2
1.2 4.99 10
15 10 11.5
1.8 12.7 10.2
2.5 215 10
3.3 31.6 10
5.0 52.3 10

The compensation components for the Pseudo Type III
Transconductance Error Amplifier can be calculated using
the method described below. The method serves to provide
a good starting place for compensation of a power supply.
The values can be adjusted in real time using the
compensation tool comp calc, available for download at
ON Semiconductor’s website.

The poles of the compensation network are calculated as
follows if RF is reduced to zero.

The first pole is set at the ESR zero.

1

[ (eq. 40)
2n - Rg - Cp

The second pole is set at zero crossover frequency.

1

‘R

.12,
R, +R Ce
1 2

Fpo = =

41
on (eq. 41)

The first zero should be set at the LC pole frequency.

1

21~ (eq. 42)
2n - Rg - Cg

The second zero is determined automatically by Fp,.
1

2~ 52 R, G, (eq. 43)

http://onsemi.com

18



NCP3101C

In practical design, the feed through resistor should be at 2X
the value of Ry to minimize error from high frequency feed
through noise. Using the 2X assumption, R will be set to
20 k€2 and the feed through capacitor can be calculated as
shown below:

. (Ry + Ry) - (31.6 kQ + 10 kQ) (eq. 44)
= — 214 pF =
F
2% (Ry *Re + Rp* Re + Ry * Ry)*foross 2% *(31.6 KQ*20 KQ + 10 kQ*20 kQ + 10 kQ *31.6 kQ) * 27 kHz
Cr = Feed through capacitor
feross = Crossover frequency
Ry = Top resistor divider
Ry = Bottom resistor divider
Rp = Feed through resistor

The crossover of the overall feedback occurs at Fpg:

F _ <R1 + RF) Vramp
" (2n°*Cp (R, + Re)*Ry + Ry *Re|*(Re + Ry) FLe™Vin (04, 45
(31.6 kQ + 20 kQ) 11V
18.9 kHz = * -
(277 * (214 pF)7[(31.6 kQ + 20 k) * 10 kQ + 31.6 kQ *20 kQ][20 kO + 31.6 k) 235 KHZ*12V

Cr = Feed through capacitor
feross = Crossover frequency
FLc = Frequency of the output inductor and capacitor
Fpo = Pole frequency
Ry = Top of resistor divider
Ry = Bottom of resistor divider
Rp = Feed through resistor
VCC = Input voltage
Viamp = Peak-to—peak voltage of the ramp
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The cross over combined compensation network can be
used to calculate the transconductance output compensation
network as follows:

— 1 * R2 * gm ( 46)
CTE - eq.
Fro R2*Ry
1 10 kQ
43.3nF = * *3.4mS
18.9kHz 10kQ + 31.6 kQ
Cc = Compensation capacitor
Fpo = Pole frequency
gm = Transconductance of amplifier
Ry = Top of resistor divider
R» = Bottom of resistor divider
RC = — 1 —
V2
2*Fc*Cc” (E + feross * COggp ™ COUT)
5.05 kQ = (eq. 47)
1
2235 kHz * 43.3 nF * (;2 + 27 kHz* 12 mQ * 820 uF)
Cc = Compensation capacitance
COgsr = Output capacitor ESR
Cour = Output capacitance
feross = Crossover frequency
FLc = Output inductor and capacitor frequency
Rc = Compensation resistor
Co—C COgsr N
P OUT R xp#y
(eq. 48)
2mQ
309 pF = 820 yF*———
5.05kQ*2*x
COgsr = Output capacitor ESR
Cour = Output capacitor
Cp = Compensation pole capacitor
Rc = Compensation resistor

Calculating Soft-Start Time

To calculate the soft start delay and soft start time, the
following equations can be used.

(Cp + Cg)*09V

tssdelay = |
SS (eq. 49)
(0.309 nF + 43 nF)*0.83 V
3.59 ms =
10 A

Cp = Compensation pole capacitor
Cc = Compensation capacitor
Iss = Soft start current

The time the output voltage takes to increase from 0 V to a
regulated output voltage is tgs as shown in Equation 50:

(Cp + Cg)*D*Vramp

tss = | -
S8 (e9. 50)
(0.309 nF + 43 nF)*27.5%*1.1V
1.31ms =
10 A
Cp = Compensation pole capacitor
Cc = Compensation capacitor

D = Duty ratio

Iss = Soft—start current
tss = Soft—start interval
Viamp = Peak—to—peak voltage of the ramp

AV

|
\
‘ 900 mV

Vcomp

Vout
Figure 31. Soft Start Ramp

The delay from the charging of the compensation network
to the bottom of the ramp is considered tggger,y. The total
delay time is the addition of the current set delay and tgggclay,
which in this case is 3.2 ms and 3.59 ms respectively, for a
total of 6.79 ms.

Calculating Input Inrush Current

The input inrush current has two distinct stages: input
charging and output charging. The input charging of a buck
stage is usually not controlled, and is limited only by the
input RC network and the output impedance of the upstream
power stage. If the upstream power stage is a perfect voltage
source, then the input charge inrush current can be depicted
as shown in Figure 32 and calculated as:

% |PK

CURRENT

TIME
Figure 32. Input Charge Inrush Current
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| _ Vin
ICinrush_PK —
- CINggR
(eq. 51)

120 A = 12

0.1

5*CIN *C
| * oatex [—— =1 "N

_ YN
ICin_RMS = ~EaRn
- CINESR toELAY TOTAL

(eq. 52)
12V 5%0.1 Q*330 uF
592A=—— *0316* [ ———F—
01Q 6.76 ms
CiN = Input capacitor
CINESR = Input capacitor ESR
tpeLAay_ToTaL = Total delay interval
Vce = Input voltage

Once the tppLAY TOTAL has expired, the buck converter
starts to switch and a second inrush current can be
calculated:

(Cout * Croap) *Vour

IOCinrush_F{MS =

t'ss (eq. 53)
Dy I *D
/3
Cout = Total converter output capacitance
CLoAD = Total load capacitance

D = Duty ratio of the load
IcL = Applied load at the output
Iocinrush RMS = RMS inrush current during start—up
tss - = Soft start interval
Vour = Output voltage

From the above equation, it is clear that the inrush current
is dependant on the type of load that is connected to the
output. Two types of load are considered in Figure 33: a
resistive load and a stepped current load.

Current 1 . Lm\l Load
e P INIRIN
i s & 2ol (D)
“ L 1]

Figure 33. Load Connected to the Output Stage

If the load is resistive in nature, the output current will
increase with soft start linearly which can be quantified in
Equation 54.

| RMS — 1 *VOUT | _ Vour
CLR— == CR_PK =~
/3 Rour - Rour
1 33V 3.3V (eq. 54)
191 mMA = —*—— 330mMA = ——
/3 10Q 10Q
Rour = Output resistance
Vour = Output voltage
IcLrR_RMS = RMS resistor current
Icr_PK = Peak resistor current
3.3V

Output

Current

-«

>

tss
Figure 34. Resistive Load Current
Alternatively, if the output has an under voltage lockout,

turns on at a defined voltage level, and draws a consistent
current, then the RMS connected load current is:

Vour ~ Vour 1o,
lowi = /v - lour
out
3.3V-10V
835 mA = —*1A
3.3V

(eq. 55)

IouT = Output current
Vour = Output voltage
Vour_T0 = Output voltage load turn on
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1.0V 3'3‘\/

Output
Voltage

Output
Current

>

-

tss

Figure 35. Voltage Enable Load Current

If the inrush current is higher than the steady state input
current during max load, then an input fuse should be rated
accordingly using I%t methodology.

Layout Considerations

When designing a high frequency switching converter,
layout is very important. Using a good layout can solve
many problems associated with these types of power
supplies as transients occur.

External compensation components (R1, C9) are needed
for converter stability. They should be placed close to the
NCP3101C. The feedback trace is recommended to be kept
as far from the inductor and noisy power traces as possible.
The resistor divider and feedback acceleration circuit (R2,
R3, R6, C13) are recommended to be placed near output
feedback (Pin 16, NCP3101C).

Switching current from one power device to another can
generate voltage transients across the impedances of the
interconnecting bond wires and circuit traces. The
interconnecting impedances should be minimized by using
wide, short printed circuit traces. The critical components
should be located together as close as possible using ground
plane construction or single point grounding. The inductor
and output capacitors should be located together as close as
possible to the NCP3101C.
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Figure 36. Schematic Diagram of NCP3101C Evaluation Board
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NCP3101C

ORDERING INFORMATION

Device Temperature Grade Package Shipping’
NCP3101CMNTXG For -40°C to +125°C QFN40 2500 / 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.

Microsoft Excel is a registered trademark of Microsoft Corporation.
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MECHANICAL CASE OUTLINE

PACKAGE DIMENSIONS

QFN40 6x6, 0.5P
CASE 485AK-01
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DIMENSIONS: MILLIMETERS
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