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Low Voltage, 8 Pin, Synchronous Buck Controller
Ideal for 2A to 10A, Small Footprint, DC-DC Power Converters

SP6121

FEATURES

m Optimized for Single Input Voltage - 3V to 5.5V

m High Efficiency: Greater than 95% possible Vec [11] LTe] porv
m Accurate, 500kHz Fixed Frequency Operation ow[z]]  SP6121  [[7]norv
m Fast Transient Response ves (31 8 Pin SOIC [T6]1ser
| SOOMA, IQ (25MA in ShUtdOWn) comp [4T ] [T57] tsense
m Internal, 0.4 V/ms, Soft Start Circuit

m Precision 1% Reference

m Resistor Programmable Output Voltage APPLICATIONS

m Lossless Adjustable Current Limit with m Supply Bias for

m High Side Rps(on) Sensing - DSP

m 0% to 100% Duty Cycle Range - Microprocessor Core

m High Side PMOS Switch Negates Need for - /0 & Logic

m External Charge Pump m Video Cards

m Output Over Voltage Protection m Board Level Supply in

m Hiccup Mode Current Limit Protection Distributed Power Systems

DESCRIPTION

The SP6121 is a fixed frequency, voltage mode, synchronous PWM controller designed to work
fromasingle 5V or 3.3V input supply, providing excellent AC and DC regulation for high efficiency
power conversion. The operating frequency is internally set at 500kHz, permitting the use of
small, surface mount inductors and capacitors. Requiring only few external components, the
SP6121 packaged in an 8-pin SOIC, is especially suited for low voltage applications where cost,
small size and high efficiency are critical. With its low voltage capability and inherent 100% duty
cycle operation, the SP6121 allows low dropout operation in the event of a low input supply
voltage condition.

TYPICAL APPLICATION CIRCUIT
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Q1 = FAIRCHILD FDS6375
Q2 = FAIRCHILD FDS6690A
DS = STMICROELECTRONICS STPS2L25BU

L1 = PANASONIC ETQ-P6FLR6SFA
Cour = SANYO 4TPB470M
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ABSOLUTE MAXIMUM RATINGS

These are stress ratings only and functional
operation of the device at these ratings or any other
above those indicated in the operation sections of

Vee e A%
All other pins ......ccoociveiiiieeee. -0.3V to V¢c+0.3V
Peak Output Current < 10us

PDRYV, NDRV ...ttt 2A
Storage Temperature ...........coocuvveeee -65°C to 150°C
Lead Temperature (Soldering, 10 sec) .......... 300°C
ESD RatiNg ..vvveeivieeiiiee e 2kV HBM

the specifications below is not implied. Exposure to
absolute maximum rating conditions for extended
periods of time may affect reliability.

ELECTRICAL SPECIFICATIONS

Unless otherwise specified: 0°C < Ta < 70°C, 3.0V < V¢c < 5.5V, Ccomp = 22nF, Cpprv = Cnpry = 3.30F, Vg = 1.25V, Iset = Isense = Vee, GND=0V

PARAMETER | MIN | TYP | MAX | UNITS | CONDITIONS

QUIESCENT CURRENT

Ve Supply Current - 0.5 1.0 mA | No Switching

V¢ Supply Current (Disabled) - 25 60 uA | COMP =0V

ERROR AMPLIFIER

Error Amplifier Transconductance 600 us

COMP Sink Current 15 35 65 uwA | Vg =1.35V, COMP=0.8V, No Faults

COMP Source Current 15 35 65 WA | Vg =1.15V, COMP=1.8V

COMP Output Impedance 3 MQ

Vg Input Bias Current 100 nA

ERROR AMPLIFIER REFERENCE

Initial Accuracy 1.238 | 1.250 | 1.262 \% Trimmed with Error Amp in Unity Gain

Error Amplifier Reference over 1.225 | 1.250 | 1.275 \%

Line, Load and Temperature

OSCILLATOR & DELAY PATH

Internal Oscillator Frequency 440 500 560 kHz

Maximum Duty Cycle 100 - - % COMP =2V

Minimum Duty Cycle - - 0 % COMP =0.8V

Minimum PDRYV Pulse Width 100 ns | Ve > 4.5V, Ramp up COMP voltage
until PDRYV starts switching

CURRENT LIMIT

Internal Current Limit Threshold 125 160 195 mV | Viger- Visenser Ta = 25°C

ISET Sink Current 25 30 35 WA | Vigep =5V, T, =25°C

Current Limit Threshold and 0.33 %I/C

ISET Temperature Coefficient

Current Limit Time Constant 15 us

ISENSE Input Bias Current - - 100 nA

SOFT START, SHUTDOWN, UVLO

Internal Soft Start Slew Rate 0.4 V/ms | Measured at COMP pin on the
transition from shutdown

Internal Soft Start Delay Time 15 ms | COMP charging to PDRV switching

COMP Discharge Current 150 300 uA | COMP = 0.5V, Fault Initiated

COMP Clamp Voltage 0.6 0.7 0.8 \% Veg =13V

COMP Clamp Current 100 wA | COMP =0.5V, Vg =1.15V
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ELECTRICAL SPECIFICATIONS: Continued

Unless otherwise specified: 0°C < T < 70°C, 3.0V < V¢c < 5.5V, Ccomp = 22nF, Cpprv = Cnpry = 3.30F, Vg = 1.25V, Iset = Isense = Vee, GND=0V

PARAMETER MIN | TYP | MAX | UNITS| CONDITIONS

SOFT START, SHUTDOWN, UVLO: continued

Shutdown Threshold Voltage 0.2 0.3 0.4 \% Measured at COMP Pin

Shutdown Input Pull-up Current 5 uA | COMP = 0.2V, Measured at COMP pin

V. Start Threshold

269 | 279 | 2.89 \

V¢ Stop Threshold

259 | 269 | 2.79 \

Vc Hysteresis

- 100 - mV

GATE DRIVERS

PDRV Rise Time

- 40 | 110 | ns |V >45V

PDRV Fall Time

- 40 | 110 | ns |V >45V

NDRYV Rise Time

- 40 | 110 | ns |V.. >45V

PDRV Fall Time

- 40 | 110 | ns |V >45V

PDRYV to NDRV Non-Overlap Time 80 ns | Vg >4.5V

NDRYV to PDRV Non-Overlap Time 50 ns | Vge >4.5V

PIN DESCRIPTION

PIN NO. | PIN NAME

DESCRIPTION

1 Vce

Positive input supply for the control circuitry and gate drivers. Properly bypass this pin
to GND with a low ESL/ESR ceramic capacitor.

GND

Ground pin. Both power and control circuitry of the IC is referenced to this pin.

3 VEs

Feedback Voltage Pin. It is the inverting input of the Error Amplifier and serves as the
output voltage feedback point for the buck converter. The output voltage is sensed and
can be adjusted through an external resistor divider.

4 COMP

Output of the Error Amplifier. It is internally connected to the non-inverting input of the
PWM comparator. A lead-lag network is typically connected to the COMP pin to
compensate the feedback loop in order to optimize the dynamic performance of the
voltage mode control loop. Sleep mode can be invoked by pulling the COMP pin below
0.2V with an external open-drain or open-collector transistor. Supply current is reduced
to 25pA (typical) in shutdown. An internal 5uA pull-up ensures start-up.

5 Isense

Current Limit Sense pin. Connect this pin to the switching node at the junction between
the two external power MOSFET transistors. This pin monitors the voltage dropped
across the Rps(on) of the high side P-channel MOSFET while it is conducting. When
this drop exceeds the sum of the voltage programmed through the Isgt pin plus the
internal 160mV threshold, the overcurrent comparator sets the fault latch and termi-
nates the output pulses. The controller stops switching and goes through a hiccup
sequence. This prevents excessive power dissipation in the external power MOSFETSs
during an overload condition. An internal delay circuit prevents that very short and mild
overload conditions, that could occur during a load transient, activate the current limit
circuit.

6 IseT

Current Limit Threshold pin. An external resistor connected between this pin and the
source of the high side P-channel MOSFET adds to the internal current limit threshold
of 160mV. If a current limit threshold in excess of 160mV is required, the external
programming resistor can properly be chosen based on the internal 30uA pull down
current available on the Isgt pin. Both this 30uA current source and the 160mV built-in
current limit threshold have a positive temperature coefficient to provide first order
correction for the temperature coefficient of the external P-channel MOSFET'S Rpg(ony-

7 NDRV

High current driver output for the low side MOSFET switch. It is always low if PDRV is
low or during a fault.

8 PDRV

High current driver output for the high side MOSFET switch. It is always high if NDRV
is high or during a fault.
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FUNCTIONAL DIAGRAM
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THEORY OF OPERATION

General Overview

The SP6121 is a constant frequency, voltage
mode, synchronous PWM controller designed
for low voltage, DC/DC step down converters.
It isintended to provide complete control for a
high power, high efficiency, precisely regulated
output voltage from a highly integrated 8-pin
solution.

The internal free-running oscillator accurately
sets the PWM frequency at 500kHz without
reguiring any external elements and allows the
useof physically small, low valueexternal com-
ponentswithout compromising performance. A
transconductance amplifier isused for the error
amplifier, which comparesan attenuated sample
of the output voltage with aprecision reference
voltage. The output of the error amplifier
(COMP), is compared to a0.75V peak-to-peak
ramp waveform to provide PWM control. The
COMP pin provides access to the output of the
error amplifier and allows the use of external
components to stabilize the voltage |oop.

High efficiency is obtained through the use of
synchronousrectification. Synchronousregula-
torsreplacethe catch diodeinthe standard buck
converter with a low Rpsiony N-channel

MOSFET switch allowing for significant effi-
ciency improvements. The SP6121includestwo
fast MOSFET driverswithinternal non-overlap
circuitry and drives a complementary pair of
power transistors, P-channel on the high side,
and N-channel on the low side. The use of a P-
channel high side device minimizescomplexity
and external component count by eliminating
theneed for acharge pumpthat woul d otherwise
be required to fully enhance an N-channel de-
vice. Italsoallows inherent 100% duty cyclefor
low dropout operationintheevent of alow input
supply voltage condition.

The SP6121 includes an internal 0.4V/ms soft-
start circuit that provides controlled ramp up of
the output voltage, preventing overshoot and
inrush current at power up.

Current limiting isimplemented by monitoring
the voltage drop across the Rpgon) of the high
side P-channel MOSFET whileitisconducting,
thereby eliminating the need for an external
senseresistor. The over-current comparator has
a built-in threshold of 160mV that can be pro-
grammed to higher values using a single exter-
nal resistor, connected to the Isgr pin, whose

Rev. 7/2/03

SP6121 Low Voltage, 8 Pin, Synchronous Buck Controller

© Copyright 2003 Sipex Corporation



THEORY OF OPERATION: continued

valueisselected to match the MOSFET charac-
teristics. When the over-current threshold is
exceeded, the over-current comparator setsthe
fault latch and terminatesthe output pulses. The
controller stops switching and goes through a
hi ccup sequence. Thispreventsexcessive power
dissipation in the external power MOSFETSs
during an overload condition. Aninternal delay
circuit prevents that very short and mild over-
load conditions, that could occur during aload
transient, activate the current limit circuit.

A low power sleep mode can be invoked in the
SP6121 by externally forcing the COMP pin
below 0.3V. Quiescent supply current in sleep
mode is typically less than 25uA. An internal
5uA pull-up current at the COM P pin bringsthe
SP6121 out of shutdown mode.

The SP6121 also includes under-voltage lock-
out and over-voltage protection. Output over-
voltage protectionisachieved by turning of f the
high side switch, and turning on the low side N-
channel MOSFET full time.

Enable

Low quiescent mode or “Sleep Mode” is initi-
ated by pulling the COMP pin below 0.3V with
an external open-drain or open-collector tran-
sistor. Supply current isreduced to 25uA (typi-
cal) in shutdown. On power-up, assuming that
Vcc has exceeded the UVLO start threshold
(2.79V), an internal 5uA pull-up current at the
COMP pin brings the SP6121 out of shutdown
mode and ensuresstart-up. During normal oper-
ating conditions and in absence of a fault, an
internal clamp prevents the COMP pin from
swinging below 0.6V. Thisguaranteesthat dur-
ing mild transient conditions, due either to line
or load variations, the SP6121 does not enter
shutdown unlessit is externally activated.

During Sleep Mode, the high side and low side
MOSFETSs are turned off and the internal soft
start voltage is held low.

UVLO

Assuming that there is not shutdown condition
present, then the voltage on the V¢ pin deter-
mines operation of the SP6121. As V¢ rises,
the UVLO block monitors V¢ and keeps the
high side and low side MOSFETS off and the
internal SSvoltagelow until Vccreaches2.79V.

If no faults are present, the SP6121 will initiate
asoft start when V¢ exceeds 2.79V.

Hysteresis (about 100mV) in the UVLO com-
parator provides noise immunity at start-up.

Soft Start

Soft startisrequired on step-down controllersto
prevent excessinrush current through the power
train during start-up. Typically thisismanaged
by sourcing a controlled current into a timing
capacitor and then using the voltage across this
capacitor to slowly ramp up either the error amp
referenceor the error amp output (COMP). The
control loop creates narrow width driver pulses
whilethe output voltageislow and allowsthese
pulses to increase to their steady-state duty
cycleastheoutput voltageincreasestoitsregu-
lated value. Asaresult of controlling theinduc-
tor volt*second product during startup, inrush
current is also controlled.

In the SP6121 the duration of the soft-start is
controlled by an interna timing circuit that
provides a 0.4V/ms slew-rate, which is used
during start-up and over-current to set the hic-
cup time. The SP6121 implements soft-start by
ramping uptheerror amplifier referencevoltage
providing a controlled slew-rate of the output
voltage, thereby preventing overshoot and in-
rush current at power up.

The presence of the output capacitor creates
extracurrent draw during startup. Simply stated,
dV out/dt requires an average sustained current
in the output capacitor and this current must be
considered while calculating peak inrush cur-
rent and over current thresholds. An approxi-
mate expression to determine the excessinrush
current duetothedV oy7/dt of the output capaci-
tor Cout is:

Vour
1Cout = Cout*(0.4V/ms) * ———
out = Cout*( ) 125

As Figure 1 shows, the SS voltage controls a
variety of signals. First, provided all the exter-
nal fault conditions are removed, an interna
5uA pull-up at the COM P pinbringsthe SP6121
out of shutdown mode. The internal timing
circuit is then activated and controls the ramp-
up of the error amp reference voltage. The
COMP pin is pulled to 0.7V by the interna
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THEORY OF OPERATION: continued

clamp and then gradually charges preventing
the error amplifier from forcing the loop to
maximum duty cycle. As the COMP voltage
crosses about 1V (valley voltage of the PWM
ramp), the driver beginsto switch the high side
MOSFET with narrow pulses in an effort to
keeptheconverter output regulated . The SP6121
operatesat low duty cycleasthe COMPvoltage
increases above 1V. Asthe error amp reference
ramps upward, the driver pulses widen until a
steady state value is reached and the output
voltageisregulated to thefinal valueending the
soft start charge cycle.

COMP
V|- =~ —=
0.7V|~——

0.3V|~
ov

Internal SS

Voltage dVss/dt = 0.4V/ms

Error Amp

Reference
Voltage Vout = V(rer) * (1+R1/R2)

125v | —— — T T T T T =

oV
I(L)

Inductor
Current

0A
V(Vee)

FAULT

ov

V(Vee)

SWN
Voltage

ov

TIME

Hiccup Mode

When the converter enters a fault mode, the
SP6121 holds the high side and low side
MOSFETSs off for afinite period of time. Pro-
vided that the SP6121 isenabled, thistimeisset
by theinternal charge of the SS capacitor. Inthe
event of an over-current condition, the current
sense comparator sets the fault latch, which in
turn discharge the internal SS capacitor, the
COMP pin and holds the output drivers off.
During this condition, the SP6121 stays off for
the time it takes to discharge the COMP pin
down below the 0.3V shutdown threshold. As
soon as the COMP pin reaches 0.3V, the fault
latch is reset and the SP6121 is alowed to
attempt restart just likeduringanormal soft start
cycle. The COMP pin hasto charge back to 1V
before any output switching can take place. At
this point, the regulator attempts to restart nor-
mally by delivering short gate pulses to the
output switches. If the over-current condition
persists, the regulator will be kept off for the
total timethat it takesto chargetheinternal soft-
start capacitor to within 1V from the input
supply voltageV ¢ plusthetimerequired by the
COMP voltage to cross the 1V threshold. This
total timeistypically severa milli-seconds and
minimizes thermal stressto the regulator com-
ponents as the over-current condition persists.

The waveforms that describe the hiccup mode
operation are shown in Figure 2.

V(1seT)V(ISENSE)

160 mv

ov

COMP
Voltage

3V

PDRV
Voltage

ov

TIME

Figure 1. SP6121 Soft Start Waveforms

Figure 2. SP6121 Hiccup mode waveforms
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THEORY OF OPERATION: continued

Over Current Protection

Over current protectiononthe SP6121 isimple-
mented through detection of an excess voltage
condition across the high side PMOS switch
during conduction. Thisistypically referred to
ashighsideRpg(on) detection and eliminatesthe
need of an external sense resistor. The over
current comparator charges an internal sam-
pling capacitor each time Vsemy - V(sensg)
exceedsthe 160mV (typ) internal threshold and
thePDRV voltageislow. Thedischarge/charge
current ratio on the sampling capacitor is about
2%. Therefore, provided that the over current
condition persists, the capacitor voltage will be
pumped up during each time PDRV switches
low. This voltage will trigger an over current
conditionuponreachingaCMOSinverter thresh-
old. There are many advantages to this ap-
proach. First, thefiltering action of thegated &/
H scheme protectsagainst falseand undesirable
triggering that could occur during aminor tran-
sient overload condition or supply line noise.
Furthermore, the total amount of timeto trigger
the fault depends on the on-time of the PMOS
switch. Ten, luspulsesareequivalent totwenty,
500ns pulses or one, 10us pulse, however, de-
pending on the period, each scenario takes a
different amount of total timeto trigger afault.
Therefore, the fault becomes an indicator of
average power in the PMOS switch.

Althoughthe160mV internal thresholdisfixed,
the overall Rpgon) detection voltage can be
increased by placing aresistor from lszt to the
source of the PMOS. A 30uA sink current pro-
grams the additional voltage.

In order for the current limit circuit to operate
properly and accurately, thel set and | sense pins
must be Kelvin connected to the high side
PMOS s source and drain pins.

The 160mV threshold and 30uA Iset current
have 3300 ppm/°C temperature coefficientsin
an effort tofirst order match thethermal charac-
teristics of the Rpgony of the PMOS switch. It
assumed that the SP6121 will be used in com-
pact designs where there is a high amount of
thermal coupling between the PMOS and the
controller.

Output Drivers

The SP6121, unlike some other bipolar control -
ler IC's, incorporates gate drivers with rail-to-
rail swingthat help prevent spuriousturn ondue
to capacitivecoupling. Thedriver stage consists
of one high side PMOS, 4Q driver, PDRV, and
one low side, 4Q, NFET driver, NDRV, opti-
mized for driving external power MOSFET'sin
asynchronous buck topology. The output driv-
ers also provide gate drive non-overlap mecha-
nism that provides a dead time between PDRV
and NDRYV transitionsto avoid potential shoot-
through problems in the external MOSFET's.

Figure 3 showstypical waveformsfor theoutput
drivers. As with all synchronous designs, care
must be taken to ensure that the MOSFETs are
properly chosen for non-overlap time, enhance-
ment gatedrivevoltage, “on” resistanceRpsony.
reversetransfer capacitance Crss, input voltage
and maximum output current.

GATE DRIVER TEST CONDITIONS

5V 900

PDRV(NDRV)
10 % —
5V

NDRV(PDRV)
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PDRV
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oV

V(Vce)
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-0V
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=

TIME

Figure 3. SP6121 Output Driver Waveforms.
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APPLICATION INFORMATION

Inductor Selection

There are many factorsto consider in selecting
theinductor including cost, efficiency, sizeand
EMI. Inatypical SP6121 circuit, theinductor is
chosen primarily for value, saturation current
and DCresistance. I ncreasingtheinductor value
will decrease output voltageripple, but degrade
transient response. Low inductor valuesprovide
thesmallest size, but causelargeripplecurrents,
poor efficiency and more output capacitance to
smooth out thelarger ripple current. Theinduc-
tor must also be able to handle the peak current
at the switching frequency without saturating,
and the copper resistance in the winding should
be kept aslow as possible to minimizeresistive
power loss. A good compromise between size,
lossand cost isto set theinductor ripple current
to bewithin 20% to 40% of the maximum output
current.

The switching frequency and theinductor oper-
ating point determine the inductor value asfol-
lows:

V()UT (VIN(max) - VOUT)
Voo Fs K. T

IN (max) r © OUT (max)

L=

where;
Fs = switching frequency

K; = ratio of the peak to peak inductor ripple
current to the maximum output current

The peak to peak inductor ripple current is:

_ VOUr (VIN(max) - VOUT)
- v, F.L

IN(max)

1

Oncetherequiredinductor valueisselected, the
proper selection of core materia is based on
peak inductor current and efficiency require-
ments. The core material must be large enough
not to saturate at the peak inductor current

Ipp

OUT (max) + 2

1 =1/

PEAK

and provide low coreloss at the high switching
frequency. Low cost powdered iron cores have
agradual saturation characteristic but canintro-

duce considerable ac coreloss, especially when
the inductor value is relatively low and the
ripple current is high. Ferrite materials, on the
other hand, are more expensive and have an
abrupt saturation characteristic with the induc-
tance dropping sharply when the peak design
current isexceeded. Nevertheless, they are pre-
ferred at high switching frequencies because
they present very low core loss and the design
only needs to prevent saturation.

The power dissipated in theinductor isequal to
the sum of the core and copper losses. To mini-
mi ze copper | osses, thewinding resistanceneeds
to be minimized, but this usually comes at the
expense of alarger inductor. Corelosseshavea
more significant contribution at low output cur-
rent where the copper losses are at a minimum,
and can typically be neglected at higher output
currentswherethe copper lossesdominate. Core
loss information is usually available from the
magnetic vendor.

Thecopper lossintheinductor can becal cul ated
using the following equation:
1} R

L (RMS)

P

L(Cu) — WINDING

where I, (rug is the RMS inductor current that
can be calculated as follows:

_ 1 | 2
ILrMs = louT(max) /1 +—§(-|WTM)

Output Capacitor Selection

The required ESR (Equivalent Series Resis-
tance) and capacitancedrivethe selection of the
type and quantity of the output capacitors. The
ESR must be small enough that both the resis-
tivevoltagedeviation dueto astep changeinthe
load current and the output rippl e voltage do not
exceed the tolerance limits expected on the
output voltage. During an output load transient,
the output capacitor must supply all the addi-
tional current demanded by the load until the
SP6121 adjusts the inductor current to the new
value. Therefore the capacitance must be large
enough so that the output voltage is held up
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while theinductor current ramps up or down to
thevalue corresponding to thenew load current.
Additionally, the ESR in the output capacitor
causes a step in the output voltage equal to the
ESR value multiplied by the change in load
current. Because of the fast transient response
provided by the SP6121 when exposed to output
load transient, the output capacitor istypically
chosen for ESR , not for capacitance value.

The output capacitor’ sESR, combined with the
inductor ripple current, is typicaly the main
contributor to output voltage ripple. The maxi-
mum allowable ESR required to maintain a
specified output voltageripplecan becal cul ated

by:

where;
AVout = peak to peak output voltage ripple
Ipp = peak to peak inductor ripple current

The total output ripple is a combination of the
ESR and the output capacitance value and can
be calculated as follows:

AVourt :/(M) “+ (IppRes)?

CoutFs

where;
D = duty cycle equal to Vout/Vin
Cout = output capacitance value

Recommended capacitors that can be used ef-
fectively in SP6121 applications are: low-ESR
aluminum electrolytic capacitors, OS-CON ca-
pacitors that provide a very high performance/
size ratio for electrolytic capacitors and low-
ESR tantalum capacitors. AVX TPS series and
Kemet T510 surfacemount capacitorsare popu-
lar tantalum capacitorsthat work well in SP6121
applications. POSCAP from Sanyo is a solid
electrolytic chip capacitor that haslow ESR and
high capacitance. For the same ESR value,
POSCAP haslower profile compared with tan-
talum capacitor.

APPLICATIONS INFORMATION: Continued

Panasonic offersthe SP seriesof specialty poly-
mer aluminum electrolytic surface mount ca-
pacitors. These capacitors have a lower ESR
than tantal um capacitors, reducing thetotal num-
ber of capacitancerequired for agiventransient
response.

Input Capacitor Selection

Theinput capacitor should beselected for ripple
current rating, capacitance and voltage rating.
Theinput capacitor must meet theripplecurrent
requirement imposed by the switching current.
In continuous conduction mode, the source cur-
rent of thehigh-side MOSFET isapproximately
asguarewave of duty cycleVoyt/ Vin. Most of
this current is supplied by the input bypass
capacitors. The RMS value of input capacitor
current is determined at the maximum output
current and under the assumption that the peak
to peak inductor ripplecurrentislow, itisgiven
by:

leingms) = louTmax) vD(T - D)

Theworse case occurswhen theduty cycleD is
50% and gives an RMSS current value equal to
IOUT/2. Select input capacitors with adequate
ripple current rating to ensure reliable opera-
tion.

The power dissipated in the input capacitor is:
P, =1 R

CIN CIN (rms) ESR(CIN)

This can become a significant part of power
losses in a converter and reduce the overall
energy transfer efficiency.

The input voltage ripple primarily depends on
theinput capacitor ESR and capacitance. Ignor-
ing theinductor ripplecurrent, theinput voltage
ripple can be determined by:

loutvaxyVout(Vin - Vour)
FCinVin2

The capacitor type suitable for the output ca
pacitors can also be used for the input capaci-
tors. However, exercise extracaution when tan-
talum capacitors are considered. Tantalum ca
pacitorsareknownfor catastrophicfailurewhen
exposed to surge current, and input capacitors
are prone to such surge current when power

AVIN = loutvaxResreiny +
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supplies are connected ‘live' to low impedance
power sources. Certaintantalum capacitors, such
as AVX TPS series, are surge tested. For ge-
neric tantalum capacitors, use 2: 1 voltage derat-
ing to protect the input capacitors from surge
fall-out.

MOSFET Selection

The SP6121 drives a PMOS MOSFET on the
high sideand an NMOSMOSFET synchronous
rectifier onthelow side. UsingaPMOS switch
on the high side negatesthe need for an external
charge pump and simplifiesthe application cir-
cuit.
The losses associated with MOSFETS can be
divided into conduction and switching losses.
Conduction losses are related to the on resis-
tance of MOSFETS, and increase with the load
current. Switching losses occur on each on/off
transition when the MOSFETSs experience both
high current and voltage. Since the bottom
MOSFET switches current from/to aparalleled
diode (either its own body diode or a Schottky
diode), the voltage across the MOSFET is no
more than 1V during switching transition. Asa
result, its switching losses are negligible. The
switching losses are difficult to quantify dueto
all thevariablesaffecting turn on/off time. How-
ever, making theassumptionthat theturn onand
turn off transitiontimesare equal, thetransition
time can be approximated by:

tr= CissVin_

lc '

where;
Ciss is the PMOS's input capacitance, or the
sum of the gate-to-source capacitance, Cgs, and
thedrain-to-gate capacitance, Cgp. Thisparam-
eter canbedirectly obtainedfromtheMOSFET’ s
data sheet | is the gate drive current provided
by the SP6121 (approximately 1A at V|\=5V)
and V,y istheinput supply voltage.

Therefore an approximate expression for the
switching losses associated with the high side
MOSFET can be given as.

Psrmax) = (Vingmax) + V)l outmenttFs,
where;
tt = the switching transition time
Ve = free wheeling diode drop

APPLICATIONS INFORMATION: Continued

Switching losses need to be taken into account
for high switching frequency, since they are
directly proportional to switching frequency.
The conduction losses associated with top and
bottom MOSFET s are determined by

2
Pcrmax) = Rosionl outimaxy D

Permax) = RDS(ON)IOUT(max)Z(l - D),
where;

Pcrmaxy = conduction losses of the high side
MOSFET

PcLmax) = conduction losses of the low side
MOSFET

Ros(on) = drain to source on resistance.

Thetotal power losses of thetop MOSFET are
the sum of switching and conductionlosses. For
synchronous buck convertersof efficiency over
90%, allow no more than 4% power losses for
high or low side MOSFETSs. For input voltages
of 3.3V and 5V, conduction losses often domi-
nate switching losses. Therefore, lowering the
Rpsiony of the MOSFETSs aways improves
efficiency even though it gives rise to higher
switching losses due to increased Ciss .

Total gate chargeisthe charge required to turn
the MOSFETSs on and off under the specified
operating conditions (Vgs and Vps). The gate
charge is provided by the SP6121 gate drive
circuitry. (At 500kHz switching frequency, the
gate charge is the dominant source of power
dissipationinthe SP6121.) Atlow output levels,
this power dissipation is noticeable as a reduc-
tioninefficiency. Theaveragecurrent required
todrivethehighsideandlow sideMOSFETSsis:

le@ay) = QeHFs+ QaLFs
where;
QcH = gate charge of PMOS
QoL = gate charge of NMOS

Considering that the gate charge current comes
from the input supply voltage VIN, the power
dissipatedinthe SP6121 duetothegatedriveis:

Peate brive = Vinl@y)

Ros(on) varies greatly with the gate driver volt-
age. TheM OSFET vendorsoften specify Rpsion)
on multiple gate to source voltages (Vgs), as
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well as provide typical curve of Rpgon) versus
Vgs. For 5V input, use the Rpsg(ony specified at
4.5V Vgs. At the time of this publication, ven-
dors, such as Fairchild, Siliconix and Interna-
tional Rectifier, have started to specify Rpson)
atVgslessthan3V. Thishasprovided necessary
data for designs in which these MOSFETSs are
driven with 3.3V and made it possible to use
SP6121 in 3.3V only applications.

Thermal calculation must be conducted to en-
sure the MOSFET can handle the maximum
load current. The junction temperature of the
MOSFET, determined as follows, must stay
below the maximum rating.

P

MOSFET (max)
TJ(max) = TA (max) + R ’
6 J4

where;
Tamax) = Maximum ambient temperature

PmosrET(max) = Maximum power dissipation of
the MOSFET

Rgia = junction to ambient thermal resistance.

Raaa of the device depends greatly on the board
layout, as well as device package. Significant
thermal improvement can be achieved in the
maximum power dissi pation through the proper
design of copper mounting pads on the circuit
board. For example, in a SO-8 package, plac-
ing two 0.04 square inches copper pad di-
rectly under the package, without occupying
additional board space, canincreasethe maxi-
mum power from approximately 1 to 1.2W.
For DPAK package, enlarging the tap mount-
ing pad to 1 square inches reduces the Ry
from 96°C/W to 40°C/W.

Schottky Diode Selection

When paralleled with the bottom MOSFET, an
optional Schottky diode canimproveefficiency
and reduce noise. Without this Schottky diode,
the body diode of the bottom MOSFET con-
ducts the current during the non-overlap time
when both MOSFETSs are turned off. Unfortu-
nately, the body diode has high forward voltage
and reverse recovery problem. The reverse re-
covery of the body diode causes additional
switching noises when the diode turns off. The

APPLICATIONS INFORMATION: Continued

Schottky diode alleviates this noise and addi-
tionally improves efficiency thanks to its low
forward voltage. Thereverse voltage acrossthe
diode is egual to input voltage, and the diode
must be able to handle the peak current equal to
the maximum load current.

The power dissipation of the Schottky diodeis
determined by

Poiope = 2VrloutTnoLFs
where;

TnoL = hon-overlap time between PDRV and
NDRYV.

Ve = forward voltage of the Schottky diode.

COMP CCinawv
MM

R1
— SP6121

Cl

Figure 4. The RC network connected to the COMP pin
provides a pole and a zero to control loop.

Loop Compensation Design

Thegoal of loop compensation isto manipul ate
loopfrequency responsesuchthatitsgain crosses
over Odb at a slope of -20db/dec. The SP6121
has a trans-conductance error amplifier and re-
quires the compensation network to be con-
nected between the COMP pin and ground, as
shown in Figure 4.

Thefirst step of compensation designisto pick
the loop crossover frequency. High crossover
frequency isdesirablefor fast transient response,
but often jeopardize the system stability. Cross-
over frequency should be higher than the ESR
zero but less than 1/5 of the switching fre-
quency. TheESR zeroiscontributed by the ESR
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associated with the output capacitorsand can be
determined by

_ 1
foesm = 27CoutRERR

Crossover frequency of 20kHz is a sound first
try if low ESR tantalum capacitors or poscaps
are used at the output. The next step isto calcu-
|ate the complex conjugate pol es contributed by
the LC output filter,

1
feec) =
- 27V LCout

The open loop gain of the whole system can be
divided into the gain of the error amplifier,
PWM modulator, buck converter, and feedback
resistor divider. In order to crossover at the
selected frequency fco, the gain of the error
amplifier hasto compensate for the attenuation
caused by the rest of the loop at this frequency.
IntheRC network shownin Figure4, theproduct
of R1 and the error amplifier transconductance
determinesthisgain. Therefore, R1 can bedeter-
mined from the following equation that takes
into account the typical error amplifier
transconductance, reference voltage and PWM
ramp built into the SP6121.

Rl = 975Vourt fco fzEw)
VIN frLc)?

InFigure4, R1land Clprovidesazerofz; which
needs to be placed at or below fpy ). If fz1 is
made equal to fpc) for convenience, the value
of C1 can be calculated as

— 1
¢l 2rfpc)Re
The optional C2 generatesapole fp; with R1 to
cut down high frequency noise for reliable op-
eration. This pole should be placed one decade
higher than the crossover frequency to avoid
erosion of phase margin. Therefore, theval ue of
the C2 can be derived from

1
207nfcoRy

Cc2=

Figure 5 illustrates the overall loop frequency
response and frequency of each pole and zero.

APPLICATIONS INFORMATION: Continued

Tofine-tunethecompensation, itisnecessary to
physically measure the frequency response us-
ing a network analyzer.

Gain

-20db/dec

0db/dec

-20db/dec

SN

A N

-20db/dec

e N

-20db/dec

m
R Y

S

>

3

-3-

=

el

Figure5. Frequency response of a stable system and its
error amplifier.

Overcurrent Protection

Over current protection onthe SP6121isimple-
mented through detection of an excess voltage
condition across the high side PMOS switch
during conduction. Thisistypicaly referred to
as high side Rpgon) detection. By using the
Rps(on) of Q1 to measure the output current, the
current limit circuit eliminatesthe senseresistor
that would otherwise be required and the corre-
sponding loss associated with it. Thisimproves
theoverall efficiency and reducesthe number of
components in the power path benefiting size
and cost. Rpgion) sensing is by default inaccu-
rate and is primarily meant to protect the power
supply during afault condition. Theovercurrent
trip point will vary from unit to unit as the
Rpsony of Q1 varies. The SP6121 provides a
built-in 160mV threshold between the | s and
| sense pins. If acurrent limit threshold in excess
of 160mV isrequired, anexternal programming
resistor, Rset can be added between I sg1 pinand
V\n as shown in Figure 6.
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SP6121
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Figure 6. Current Limit Setting

Thevalueof Rszr canbeproperly chosenbased on
thedesiredcurrentlimit point Iy ax andtheinternal
30uA pull down current available on the I g1 pin
according to the following expression:

_ |MAXRDS(ON) - 160mV
Reer = lseT

where,
| se1 = 30uA (typ) sink current fromthelsgr pin.

Kelvin-Sense connections should be made di-
rectly at the drain and source of Q1.

TheRpson) sensing schemeimplementedinthe
SP6121 provides two additional features that
enhance the performance of the overcurrent
function. First, aninternal sampleand holdfilter
connected after the main current-sense com-
parator, preventsthat noise spikes or very short
and mild overload conditions, that could occur
during aload transient, spuriously activate the
current limit circuitry. This typicdly diminates
the need of using any external filtering that would
be otherwise required. Additiondly, since the

APPLICATIONS INFORMATION: Continued

boththe30uA sink current present at thel st pin
and the 160mV built-in current limit threshold
have been designed with a positive temperature
coefficient of about 0.33%/Cto providefirst order
correction for current limit versus temperature.
This compensation relies on the high amount of
thermal coupling that typically exists between the
high side switch Q1 and the SP6121 due to the
compact size of the power supply. With thisfirst
order compensation, the current limit trip point
doesnot needtobesettoanincreasedlevel atroom
temperature to guarantee a desired output current
level at higher temperatures.

Output Voltage Program

As shown in Figure 7(A), the voltage divider
connecting to the Vg pin programs the output
voltage according to

- Ry)
Vout 125(1 + =7

where 1.25V istheinterna reference voltage.

Select R2intherangeof 10k to 100k, and R1 can
be calculated using

R2(Vour - 1.25)
1.25

For output voltage less than 1.25V, a simple
circuit shown in Figure 7(B) can be used in
which Vger is an external voltage reference
greater than 1.25V. For simplicity, usethe same
resistor value for R1 and R2, then R3 is deter-
mined as follows,

Rl =

(Vrer - 1.25)R1

" i R3=—F557"—~—"

Robsion) has a positive temperature coefficient, 2.5V - Vour

Vour > 1.25V Vrer  Vour<1.25V
o o
o e e R3
g&m R1 gsinav R1
SEgo1 " | Ve spelDl |
j:Z j:z
A B

Figure 7(A) A voltage divider connected to the Vg pin programs the output voltage. (B) A simple circuit using one
external voltage reference programs the output voltages less than 1.25V.
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LAYOUT GUIDELINE

PCB layout playsacritical rolein proper func-
tion of theconvertersand EM| control. Inswitch
mode power supplies, loops carrying high di/dt
giveriseto EMI and ground bounces. The goal
of layout optimization isto identify theseloops
and minimize them. It isa so crucia on how to
connect the controller ground such that its op-
eration is not affected by noise. The following
guideline should be followed to ensure proper
operation.

1. A ground planeisrecommended for minimiz-
ing noises, copper losses and maximizing heat
dissipation.

2. Beginthelayout by placing the power compo-
nentsfirst. Orient the power circuitry to achieve
aclean power flow path. If possiblemakeall the
connections on one side of the PCB with wide,
copper filled areas.

3. Connect the ground of feedback divider and
compensation components directly to the GND
pin of the IC using a dedicated ground trace.
Then connect this pin as close as possible to the
ground of the output capacitor.

4. TheV cc bypasscapacitor should beright next
to the Ve and GND pins.

5. Thetraceconnecting thefeedback resistorsto
the output should be short, direct and far away
from the switch node, and switching compo-
nents.

6. Minimize the trace between PDRV/NDRV
and the gates of the MOSFETS to reduce the
impedance drivingthe MOSFETS. Thisisespe-
cially important for the bottom MOSFET that
tends to turn on through its Miller capacitor
when the switch node swings high.

7. Minimizetheloop composed of input capaci-
tors, top/bottom M OSFET sand Schottky diode.
This loop carries high di/dt current. Also in-
crease the trace width to reduce copper losses.

8. Maximizethetracewidth of theloop connect-
ing the inductor, output capacitors, Schottky
diode and bottom MOSFET.

9. lset and | sense connectionsto Q1 for current
limiting must be make using Kelvin connec-
tions.
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PACKAGE: 8 PIN nSOIC

DIMENSIONS (Inches)

Minimum/Maximum 8-PIN
(mm)
A 0.053/0.069

(1.346/1.748)

Al 0.004/0.010
(0.102/0.249
B 0.014/0.019
(0.35/0.49)
D 0.189/0.197
(4.80/5.00)
E 0.150/0.157
(3.802/3.988)
e 0.050 BSC
(1.270 BSC)
H 0.228/0.244
(5.801/6.198)
h 0.010/0.020
(0.254/0.498)
L 0.016/0.050
(0.406/1.270)
1%} 0°/8°
(0°18°)
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ORDERING INFORMATION

Part Number Operating Temperature Range Package Type

SP6121CN ..... e 0°C O +70°C i 8-Pin nSOIC

SPB121CN/TR i 0°Cto +70°C ..oovvererenn, (tape and reel) 8-Pin nSOIC
Cirmav

Vit

ANALOG EXCELLENCE
Sipex Corporation

Headquarters and
Sales Office

233 South Hillview Drive
Milpitas, CA 95035

TEL: (408) 934-7500
FAX: (408) 935-7600

Sales Office

22 Linnell Circle
Billerica, MA 01821
TEL: (978) 667-8700
FAX: (978) 670-9001
e-mail: sales@sipex.com

Sipex Corporation reserves the right to make changes to any products described herein. Sipex does not assume any liability arising out of the
application or use of any product or circuit described herein; neither does it convey any license under its patent rights nor the rights of others.

Rev. 7/2/03 SP6121 Low Voltage, 8 Pin, Synchronous Buck Controller © Copyright 2003 Sipex Corporation

16



