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General Description

The LM26003 is a switching regulator designed for the high
efficiency requirements of applications with stand-by modes.
The device features a low-current sleep mode to maintain ef-
ficiency under light-load conditions and current-mode control
for accurate regulation over a wide input voltage range. Qui-
escent current is reduced to 10.8 pA typically in shutdown
mode and less than 40 pA in sleep mode. Forced PWM mode
is also available to disable sleep mode.

The LM26003 can deliver up to 3A of continuous load current
with a fixed current limit, through the internal N-channel
switch. The part has a wide input voltage range of 4.0V to 38V
and can operate with input voltages as low as 3V during line
transients.

Operating frequency is adjustable from 150 kHz to 500 kHz
with a single resistor and can be synchronized to an external
clock.

Other features include Power good, adjustable soft-start, en-
able pin, input under-voltage protection, and an internal boot-
strap diode for reduced component count.

November 29, 2010

LM26003/LM26003Q

3A Switching Regulator with High Efficiency Sleep Mode

Features

m LM26003Q is an Automotive Grade product that is AEC-
Q100 grade 1 qualified (-40°C to +125°C operating
junction temperature)

High efficiency sleep mode

40 pA typical Iq in sleep mode

10.8 pA typical Iq in shutdown mode

3.0V minimum input voltage

4.0V to 38V continuous input range

1.5% reference accuracy

Cycle-by-cycle current limit

Adjustable Frequency (150 kHz to 500 kHz)
Synchronizable to an external clock

Power Good Flag

Forced PWM function

Adjustable Soft-start

TSSOP-20 exposed pad package

Thermal Shut Down

Applications

m  Automotive Telematics

= Navigation systems

m In-Dash Instrumentation

m Battery Powered Applications

m Stand-by power for home gateways/set-top boxes

Typical Application Circuit
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LM26003

Connection Diagram

VIN 1 ] [— 20 SW
VIN 2 - O -------------- . — 19 SW
viN 3 — ! I = 18 sw
AN 4 —] | . |= 17 BooT
pcoob 5 — | . = 16 voo
EN 6 — | . = 15 vBias
ss 70— | . = 14 svne
COMP 8 —] A —— 13 EPWM
FBo— T —— 12 FREQ
AGND 10 ——} —— 11 PGND

Exposed Pad
Connect to GND
30067602
Top View
20-Lead Exposed Pad TSSOP Package

Ordering Information

Order Number | Package Type | Package Package Marking Supplied As Features
Drawing
LM26003MH | TSSOP-20EXP [ MXAZ20A LM26003MH 73 Units in Rail

LM26003MHX LM26003MH 2500 Units in Tape and Reel

LM26003QMH | TSSOP-20EXP | MXA20A LM26003QMH 73 Units in Rall AEC-Q100 Grade 1

LM26003QMHX LM26003QMH 2500 Units in Tape and Reel | qualified. Automotive
Grade Production

Flow*

*Automotive Grade (Q) product incorporates enhanced manufacturing and support processes for the automotive market, including defect detection methodologies.
Reliability qualification is compliant with the requirements and temperature grades defined in the AEC-Q100 standard. Automotive grade products are identified
with the letter Q. For more information go to http://www.national.com/automotive.

Pin Descriptions

Pin # Pin Name |Description

1 VIN Power supply input for high side FET

2 VIN Power supply input for high side FET

3 VIN Power supply input for high side FET

4 AVIN Power supply input for IC supply

5 PGOOD |Power Good pin. An open drain output which goes high when the output voltage is greater than 92% of
nominal.

6 EN Enable is an analog level input pin. When pulled below 0.8V, the device enters shutdown mode.

7 SS Soft-start pin. Connect a capacitor from this pin to GND to set the soft-start time.

8 COMP Compensation pin. Connect to a resistor capacitor pair to compensate the control loop.

9 FB Feedback pin. Connect to a resistor divider between VOUT and GND to set output voltage.

10 AGND Analog GND as IC reference

11 PGND Power GND is GND for the switching stage of the regulator

12 FREQ Frequency adjust pin. Connect a resistor from this pin to GND to set the operating frequency.

13 FPWM FPWM is a logic level input pin. For normal operation, connect to GND. When pulled high, sleep mode
operation is disabled.

14 SYNC Frequency synchronization pin. Connect to an external clock signal for synchronized operation. SYNC
must be pulled low for non-synchronized operation.

15 VBIAS Connect to an external 3V or greater supply to bypass the internal regulator for improved efficiency. If not
used, VBIAS should be tied to GND.
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Pin# | Pin Name |Description
16 VDD The output of the internal regulator. Bypass with a minimum 1.0 pyF capacitor.
17 BOOT Bootstrap capacitor pin. Connect a 0.1 yF minimum ceramic capacitor from this pin to SW to generate
the gate drive bootstrap voltage.
18 SwW Switch pin. The source of the internal N-channel switch.
19 SW Switch pin. The source of the internal N-channel switch.
20 SW Switch pin. The source of the internal N-channel switch.
EP EP Exposed Pad thermal connection. Connect to GND.
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Absolute Maximum Ratings (vote 1)

If Military/Aerospace specified devices are required,

please contact the National Semiconductor Sales Office/

Distributors for availability and specifications.

Voltages from the indicated pins to GND:

VIN -0.3V to 40V
SW (Note 7) -1V to 40V
VDD -0.3Vto 7V
VBIAS -0.3Vto 10V
FB -0.3V to 6V
BOOT Vgw-0.3V to Vg, +7V
PGOOD -0.3Vto 7V
FREQ -0.3Vto 7V
SYNC -0.3Vto 7V

EN

FPWM

Storage Temperature
Power Dissipation (Note 2)

Recommended Lead
Temperature

Vapor Phase (70s)
Infrared (15s)

ESD Susceptibility (Note 3)
Human Body Model

Operating Ratings (vote 1)

Operating Junction Temp.
Supply Voltage (Note 4)

-0.3V to 40V
-0.3Vto 7V
-65°C to +150°C
3.1W

215°C
220°C

2kV

-40°C to 125°C
3.0V to 38V

Electrical Characteristics Specifications in standard type are for T, = 25°C only, and limits in boldface type apply

over the junction temperature (T ) range of -40°C to +125°C. Unless otherwise stated, Vin = 12V. Minimum and Maximum limits
are guaranteed through test, design, or statistical correlation.

Symbol Parameter Conditions Min Typ Max Unit
(Note 5)
System
Igp (Note 6) Shutdown Current EN =0V 10.8 20 A
19g1eep_ve (NOte 6) | Quiescent Current Sleep mode, VBIAS = 5V 40 70 pA
19sjeep_vDD Quiescent Current Sleep mode, VBIAS = GND 76 125 pA
I9pwim_vB Quiescent Current PWM mode, VBIAS = 5V 0.16 0.23 mA
FPWM =2V
I9pwim_vDD Quiescent Current PWM mode, VBIAS = GND 0.65 0.85 mA
FPWM =2V
lgias_sieep (NOte 6) | Bias Current Sleep mode, VBIAS =5V 33 60 pA
lgias_PwM Bias Current PWM mode, VBIAS = 5V 0.5 0.7 mA
Ves Feedback Voltage 5V < Vin < 38V 1.217 | 1.236 | 1.255 \
Is FB Bias Current VFB =1.20V +200 nA
AV y1/AV Output Voltage Line Regulation 5V < Vin < 38V 0.00025 %I\
AVoyr/Algyr Output Voltage Load Regulation 0.8V < Vioup < 1.15V 0.08 Yol A
VDD VDD Pin Output Voltage 7V < Vin < 35V 5.50 5.99 6.50 \
lypp=0 mA to 5 mA
Iss_source Soft-start Source Current 1.5 25 4.6 HA
Vyias_ th VBIAS On Voltage Specified at IBIAS = 92.5% of | 2.64 2.9 3.07 \
full value
Switching
Ros(on) Switch On Resistance Isw = 2A 0.040 | 0.095 | 0.200 Q
lsw_off Switch Off State Leakage Current  [Vin = 38V, VSW = 0V 0.002 5.0 pA
fow Switching Frequency RFREQ = 62k, 124k, 240k +10 Y%
Verea FREQ Voltage 1.0 \
fgw range Switching Frequency Range 150 500 kHz
Vsyne Sync Pin Threshold SYNC rising 1.23 1.6 \
SYNC falling 0.8 1.10
Sync Pin Hysteresis 135 mV
Isyne SYNC Leakage Current 2 nA
Fsync_up Upper Frequency Synchronization | As compared to nominal fg,, +30 %
Range
Fsync_pn Lower Frequency Synchronization |As compared to nominal fg, -20 %
Range
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Symbol Parameter Conditions Min Typ Max Unit
(Note 5)
TorrmIN Minimum Off-time 300 ns
Tonmin Minimum On-time 190 ns
THs Eep Hys Sleep Mode Threshold Hysteresis | VFB rising, % of THyaxe 101.3 %
THywake Wake Up Threshold Measured at falling FB 1.236 \
COMP =0.6V
lsooT BOOT Pin Leakage Current BOOT =6V, SW = GND 0.001 5.0 pA
Protection
ILimPK Peak Current Limit 3.15 4.7 6.05 A
Ves_sc Short Circuit Frequency Foldback |Measured at FB falling 0.87 \"
Threshold
F_min_sc Min Frequency in Foldback VFB < 0.3V 45 kHz
V1H_pGoob Power Good Threshold Measured at FB, PGOOD 89 92 95 %
rising
PGOOD Hysteresis 2 6 8 %
lpcooD_HI PGOOD Leakage Current PGOOD =5V 1.25 nA
Rps_pcoop PGOOD On Resistance PGOOD sink current = 500 pA 150 Q
Vuvio Under-voltage Lock-Out Threshold |Vin falling , shutdown, VDD = | 2.70 2.96 3.30 \
VIN
Vin rising, soft-start, VDD = 3.70 3.99 4.30
VIN
TSD Thermal Shutdown Threshold 160 °C
0,4 Thermal Resistance Power dissipation = 1TW 32 °C/W
0 Ifpm air flow
Logic
Vihgy Enable Threshold Voltage Enable rising 0.8 1.18 1.4 \
Enable Hysteresis 180 mV
lEN_source EN Source Current EN =0V 4.85 pA
Vou_FrwMm FPWM Threshold 0.8 1.24 1.6 \"
lepwi FPWM Leakage Current FPWM = 5V 3 nA
EA
gm Error Amp Trans-conductance 400 675 1000 | pmho
lcomp COMP Source Current VCOMP = 0.9V 57 pA
COMP Sink Current VCOMP = 0.9V 57 pA
Veomp COMP Pin Voltage Range 0.575 1.365 \

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur, including inoperability and degradation of device reliability

€0092IN

and/or performance. Functional operation of the device and/or non-degradation at the Absolute Maximum Ratings or other conditions beyond those indicated in
the recommended Operating Ratings is not implied. The recommended Operating Ratings indicate conditions at which the device is functional and should not be
operated beyond such conditions.

Note 2: The maximum allowable power dissipation is a function of the maximum junction temperature, T; yax, the junction-to-ambient thermal resistance, 8,
and the ambient temperature, T,. The maximum allowable power dissipation at any ambient temperature is calculated using: Pp yax = (Ty max - Ta) /6,a- The
maximum power dissipation of 3.1W is determined using T, = 25°C, 8, = 32°C/W, and T yax = 125°C.

Note 3: The human body model is a 100 pF capacitor discharged through a 1.5 kQ resistor into each pin.

Note 4: Below 4.0V input, power dissipation may increase due to increased RDS(ON). Therefore, a minimum input voltage of 4.0V is required to operate continuously
within specification. A minimum of 3.9V (typical) is also required for startup.

Note 5: Min and Max limits are 100% production tested at 25°C. Limits over the operating temperature range are guaranteed through correlation using Statistical
Quality Control (SQC) methods. Limits are used to calculate National’s Average Outgoing Quality Level (AOQL).

Note 6: Iq and ISD specify the current into the VIN and AVIN pins. IBIAS is the current into the VBIAS pin when the VBIAS voltage is greater than 3V. All quiescent
current specifications apply to non-switching operation.

Note 7: The absolute maximum specification applies to DC voltage. An extended negative voltage limit of -3V applies for a pulse of up to 200 ns, and -6V for a
pulse of up to 50 ns.
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12V, T, = 25°C.

Efficiency vs Load Current (300 kHz)
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1Q and IVBIAS vs Temperature (Sleep Mode)
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Typlcal Performance Characteristics unless otherwise specified the following conditions apply: Vin =

Efficiency vs Load Current (500 kHz)
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1Q and IVBIAS vs Temperature (PWM Mode)
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Startup Waveforms
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UVLO Threshold vs Temperature (VDD = VIN)
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Block Diagram
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Operation Description

GENERAL

The LM26003 is a current mode PWM buck regulator. At the
beginning of each clock cycle, the internal high-side switch
turns on, allowing current to ramp-up in the inductor. The in-
ductor current is internally monitored during each switching
cycle. A control signal derived from the inductor current is
compared to the voltage control signal at the COMP pin, de-
rived from the feedback voltage. When the inductor current
reaches its threshold, the high-side switch is turned off and
inductor current ramps-down. While the switch is off, inductor
currentis supplied through the catch diode. This cycle repeats
at the next clock cycle. In this way, duty-cycle and output volt-
age are controlled by regulating inductor current. Current
mode control provides superior line and load regulation. Other
benefits include cycle-by-cycle current limiting and a simpli-
fied compensation scheme. Typical PWM waveforms are
shown in Figure 1.

[ Vout
ALY mVIDiy A
~f
IL
500 MA/DIV,
<
| NN
N [T [T
1amiv | L UJ
'T 1
Vow
5V/Div
| 0
|
1 us/DIV

30067604

FIGURE 1. PWM Waveforms
1A Load, Vin = 12V

SLEEP MODE

In light load conditions, the LM26003 automatically switches
into sleep mode for improved efficiency. As loading decreas-
es, the voltage at FB increases and the COMP voltage de-
creases. When the COMP voltage reaches the 0.6V (typical)
clamp threshold and the FB voltage rises 1% above nominal,
sleep mode is enabled and switching stops. The regulator re-
mains in sleep mode until the FB voltage falls to the reset
threshold, at which point switching resumes. This 1% FB win-
dow limits the corresponding output ripple requirement to
approximately 1% of nominal output voltage. The sleep cycle
will repeat until load current is increased. Figure 2 shows typ-
ical switching and output voltage waveforms in sleep mode.

[Vout
N0 mVDiy, )
AR ZAENZ
400 mA/Div
SwW
5V/Div
100 ps/DIV

30067605

FIGURE 2. Sleep Mode Waveforms
25 mA Load, Vin =12V

In sleep mode, quiescent current is reduced to less than 40
PA (typical) when not switching. The DC sleep mode thresh-
old can roughly be calculated according to the equation be-
low:

fsw x L
D x 2 x (Vin — Vout)

2
X

=[ 1+ 0.23 1

Vin - Vout ]
L

ISleep

Where Imin = llim/16 (4.7A/16 typically) and D = duty-cycle,
defined as (Vout + Vdiode)/Vin.

When load current increases above this limit, the LM26003 is
forced back into PWM operation. The sleep mode threshold
varies with frequency, inductance, and duty-cycle as shown
in Figure 3.

900
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Y4
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300 =" —
I
200 N

15 uH

100 \ 15 pH
22 uH |
0 1

300kHz

0 5 10 15 20 25 30 35 40
Vin (V)
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FIGURE 3. Sleep Mode Threshold vs Vin
Vout = 3.3V

Below the sleep threshold, decreasing load current results in
longer sleep cycles, which can be quantified as shown below:

Dwake = lload/Isleep

Where Dwake is the percentage of time awake when the load
current is below the sleep threshold. Sleep mode combined
with low 1Q operation minimizes the input supply current. Input

www.national.com
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supply current in sleep mode can be calculated based on the
wake duty cycle, as shown below:

lin = 1q + (Iqg x Dwake) + (lo x D)
Where | is the gate drive current, calculated as:
lag = (9.2 x 109) x fgyy

And lo is the sum of lload, Ibias, and current through the
feedback resistors.

Because this calculation applies only to sleep mode, use the
.I(LSMFL\,B and I a5 g gep Values from the EC tgble. I.f VBIAS
is connected to ground, use the same equation with Ibias
equal to zero and | geep voD-

FPWM

Pulling the FPWM pin high disables sleep mode and forces
the LM26003 to always operate in PWM mode. Light load ef-
ficiency is reduced in PWM mode, but switching frequency
remains stable. The FPWM pin can be connected to the VDD
pin to pull it high. In FPWM mode, under light load conditions,
the regulator operates in discontinuous conduction mode
(DCM) . In discontinuous conduction mode, current through
the inductor starts at zero and ramps-up to its peak, then
ramps-down to zero again. Until the next cycle, the inductor
current remains at zero. At nominal load currents, in FPWM
mode, the device operates in continuous conduction mode,
where positive current always flows in the inductor. Typical
discontinuous operation waveforms are shown below.

\'/out‘
10 mV/Div
200| ILA/D'
mA/Div,
A

N ~ -~
Vsw
5V/Div
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FIGURE 4. Discontinuous Mode Waveforms
75 mA Load, Vin = 12V

At very light load, in FPWM mode, the LM26003 may enter
sleep mode. This is to prevent an over-voltage condition from
occurring. However, the FPWM sleep threshold is much lower
than in normal operation.

ENABLE

The LM26003 provides a shutdown function via the EN pin to
disable the device when the output voltage does not need to
be maintained. EN is an analog level input with typically 180
mV of hysteresis. The device is active when the EN pin is
above 1.18V (typical) and in shutdown mode when EN is be-
low this threshold. When EN goes high, the internal VDD
regulator turns on and charges the VDD capacitor. When
VDD reaches 3.9V (typical), the soft-start pin begins to source
current. In shutdown mode, the VDD regulator shuts down
and total quiescent current is reduced to 10.8 pA (typical).
Because the EN pin sources 4.85 pA (typical) of pull-up cur-

rent, this pin can be left open for always-on operation. When
open, EN will be pulled up to VIN.

If EN is connected to VIN, it must be connected through a 10
kQ resistor to limit noise spikes. EN can also be driven exter-
nally with a maximum voltage of 38V or VIN + 15V, whichever
is lower.

SOFT-START

The soft-start feature provides a controlled output voltage
ramp-up at startup. This reduces inrush current and elimi-
nates output overshoot at turn-on. The soft-start pin, SS, must
be connected to GND through a capacitor. At power-on, en-
able, or UVLO recovery, an internal 2.5 pA (typical) current
charges the soft-start capacitor. During soft-start, the error
amplifier output voltage is controlled by both the soft-start
voltage and the feedback loop. As the SS pin voltage ramps-
up, the duty-cycle increases proportional to the soft-start
ramp, causing the output voltage to ramp-up. The rate at
which the duty-cycle increases depends on the capacitance
of the soft-start capacitor. The higher the capacitance, the
slower the output voltage ramps-up. The soft-start capacitor
value can be calculated with the following equation:

Css = Iss x tss
SS= 1236V

Where tss is the desired soft-start time and Iss is the soft-start
source current. During soft-start, current limit and synchro-
nization remain in effect, while sleep mode and frequency
foldback are disabled. Soft-start mode ends when the SS pin
voltage reaches 1.23V typical. At this point, output voltage
control is transferred to the FB pin and the SS pin is dis-
charged.

CURRENT LIMIT

The peak current limit is set internally by directly measuring
peak inductor current through the internal switch. To ensure
accurate current sensing, AVIN should be bypassed with a
minimum 100 nF ceramic capacitor as close as possible to
AVIN and GND pins. Also the PVIN pin should be bypassed
with at least 2.2 pF to ensure low jitter operation.

When the inductor current reaches the current limit threshold,
the internal FET turns off immediately allowing inductor cur-
rent to ramp-down until the next cycle. This reduction in duty-
cycle corresponds to a reduction in output voltage.

The current limit comparator is disabled for less than 150 ns
at the leading edge for increased immunity to switching noise.
Because the current limit monitors peak inductor current, the
DC load current limit threshold varies with inductance and
frequency. Assuming a minimum current limit of 3.15A, max-
imum load current can be calculated as follows:

lloadmax = 3.15A -

Iripple

2
Where Iripple is the peak-to-peak inductor ripple current, cal-
culated as shown below:

(Vin = Vout) x Vout
fsw x L x Vin

Iripple =

To find the worst case (lowest) current limit threshold, use the
maximum input voltage and minimum current limit specifica-
tion.

www.national.com
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During high over-current conditions, such as output short cir-
cuit, the LM26003 employs frequency foldback as a second
level of protection. If the feedback voltage falls below the short
circuit threshold of 0.9V, operating frequency is reduced,
thereby reducing average switch current. This is especially
helpful in short circuit conditions, when inductor current can
rise very high during the minimum on-time. Frequency reduc-
tion begins at 20% below the nominal frequency setting. The
minimum operating frequency in foldback mode is 45 kHz
typical.

If the FB voltage falls below the frequency foldback threshold
during frequency synchronized operation, the SYNC function
is disabled. Operating frequency versus FB voltage in short
circuit conditions is shown in the typical performance charac-
teristics section.

In conditions where the on-time is close to minimum (less than
200 ns typically), such as high input voltage and high switch-
ing frequency, the current limit may not function properly. This
is because the current limit circuit cannot reduce the on-time
below minimum which prevents entry into frequency foldback
mode. There are two ways to ensure proper current limit and
foldback operation under high input voltage conditions. First,
the operating frequency can be reduced to increase the nom-
inal on-time. Second, the inductor value can be increased to
slow the current ramp and reduce the peak over-current.

FREQUENCY ADJUSTMENT AND SYNCHRONIZATION

The switching frequency of the LM26003 can be adjusted be-
tween 150 kHz and 500 kHz using a single external resistor.
This resistor is connected from the FREQ pin to ground as
shown in the typical application. The resistor value can be
calculated with the following empirically derived equation:

Reneq = (6.25 X 1010) X fg, 1042

600
500

400 \
300 \

200 \\
S~

SWITCHING FREQUENCY (kHz)

100

0 50 100 150 200 250 300

Rrreq (kQ)

30067612

FIGURE 5. Switching Frequency vs Rggeq

The switching frequency can also be synchronized to an ex-
ternal clock signal using the SYNC pin. The SYNC pin allows
the operating frequency to be varied above and below the
nominal frequency setting. The adjustment range is from 30%
above nominal to 20% below nominal. External synchroniza-
tion requires a 1.23V minimum (typical) peak signal level at
the SYNC pin. The FREQ resistor must always be connected
to initialize the nominal operating frequency. The operating
frequency is synchronized to the falling edge of the SYNC
input. When SYNC goes low, the high-side switch turns on.
This allows any duty-cycle to be used for the sync signal when

synchronizing to a frequency higher than nominal. When syn-
chronizing to a lower frequency, however, there is a minimum
duty-cycle requirement for the SYNC signal, given in the
equation below:

fsync

Sync_Dmin>1 -
fnom

Where fnom is the nominal switching frequency set by the
FREQ resistor, and fsync is a square wave. If the SYNC pin
is not used, it must be pulled low for normal operation. A 10
kQ pull-down resistor is recommended to protect against a
missing sync signal. Although the LM26003 is designed to
operate at up to 500 kHz, maximum load current may be lim-
ited at higher frequencies due to increased temperature rise.
See the Thermal Considerations section.

VBIAS

The VBIAS pin is used to bypass the internal regulator which
provides the bias voltage to the LM26003. When the VBIAS
pin is connected to a voltage greater than 3V, the internal
regulator automatically switches over to the VBIAS input. This
reduces the current into VIN (Iq) and increases system effi-
ciency. Using the VBIAS pin has the added benefit of reducing
power dissipation within the device.

For most applications where 3V < Vout < 10V, VBIAS can be
connected to VOUT. If not used, VBIAS should be tied to
GND.

If VBIAS drops below 2.9V (typical), the device automatically
switches over to supply the internal bias voltage from Vin.

When the LM260083 is powered with the circuit's output volt-
age through VBIAS, especially at low output voltages such as
3.3V, output ripple noise can couple in through the Vbias pin
causing some falling edge jitter on the switch node. To avoid
this, additional bypassing close to the VBIAS pin with a low
ESR capacitor can be implemented. The circuit diagram in
Figure 7 shows this bypass capacitor C8.

LOW VIN OPERATION AND UVLO

The LM26003 is designed to remain operational during short
line transients when input voltage may drop as low as 3.0V.
Minimum nominal operating input voltage is 4.0V. Below this
voltage, switch Rpg oy, increases, due to the lower gate drive
voltage from VDD. The minimum voltage required at VDD is
approximately 3.5V for normal operation within specification.

VDD can also be used as a pull-up voltage for functions such
as PGOOD and FPWM. Note that if VDD is used externally,
the pin is not recommended for loads greater than 1 mA.

If the input voltage approaches the nominal output voltage,
the duty-cycle is maximized to hold up the output voltage. In
this mode of operation, once the duty-cycle reaches its max-
imum, the LM26003 can skip a maximum of seven off pulses,
effectively increasing the duty-cycle and thus minimizing the
dropout from input to output. Typical off-pulse skipping wave-
forms are shown below.

11
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FIGURE 6. Off-Pulse Skipping Waveforms
Vin = 3.5V, Vnom = 3.3V, fnom = 305 kHz

UVLO is sensed at both VIN and VDD, and is activated when
either voltage falls below 2.96V (typical). Although VDD is
typically less than 200 mV below VIN, it will not discharge
through VIN. Therefore when the VIN voltage drops rapidly,
VDD may remain high, especially in sleep mode. For fast line

voltage transients, using a larger capacitor at the VDD pin can
help to hold off a UVLO shutdown by extending the VDD dis-
charge time. By holding up VDD, a larger cap can also reduce
the Rpgony (@nd dropout voltage) in low VIN conditions. Al-
ternately, under heavy loading the VDD voltage can fall sev-
eral hundred mV below VIN. In this case, UVLO may be
triggered by VDD even though the VIN voltage is above the
UVLO threshold.

When UVLO is activated the LM26003 enters a standby state
in which VDD remains charged. As input voltage and VDD
voltage rise above 3.99V (typical) the device will restart from
soft-start mode.

PGOOD

A power good pin, PGOOD, is available to monitor the output
voltage status. The pin is internally connected to an open
drain MOSFET, which remains open while the output voltage
is within operating range. PGOOD goes low (low impedance
to ground) when the output falls below 89% of nominal or EN
is pulled low. When the output voltage returns to within 95%
of nominal, as measured at the FB pin, PGOOD returns to a
high state. For improved noise immunity, there is a 5 ps delay
between the PGOOD threshold and the PGOOD pin going
low.

www.national.com

12




Design Information

EXAMPLE CIRCUIT

Figure 7 shows a complete typical application schematic. The
components have been selected based on the design criteria

given in the following sections.

SETTING OUTPUT VOLTAGE

The output voltage is set by the ratio of a voltage divider at
the FB pin as shown in the typical application. The resistor

Where Vfb = 1.236V typically.

A maximum value of 150 kQ is recommended for the sum of
R1 and R2.

As input voltage decreases towards the nominal output volt-
age, the LM26003 can skip up to seven off-pulses as de-
scribed in the Low Vin Operation section. In low output voltage
applications, if the on-time reaches Ton,,,, the device will
skip on-pulses to maintain regulation. There is no limit to the
number of pulses that are skipped. In this mode of operation,
however, output ripple voltage may increase slightly.

values can be determined by the following equation:
R1
R2=————
(Vout _1)
Vib
VIN: 4V — 38V
oo °
_LC1O lCQ SR7
T 100 uFIS-B WF 200 il . SW
= 2 VOUT: 3.3V/3A
vDD VIN SW
dCc2 3
VIN SW
R4 I100 nF P + ?270 -
200 kQ AVIN BOOT i
5 £—°
PGOOD © & PGOOD VDD L C1 =
6
EN o EN vBias 2 I 10 uF
14 1
SYNC O—¢ SYNC FPWM 3
7
0 Eg ss FREQ [
8 11 ZR5 c8
COMP PGND < =
J. 1557 —} | AcND [ T 10KF
c3 c4 o EP
22 nF 20pF | 21]
R3S 33,8 RIg J'c11
GND 12.1 kQ kQ > 56.2 k() & -[ % = ** optional component

30067616

FIGURE 7. Example Circuit
3A, 300 kHz

INDUCTOR

The output inductor should be selected based on inductor
ripple current. The amount of inductor ripple current com-
pared to load current, or ripple content, is defined as Iripple/
lload. Ripple content should be less than 40%. Inductor ripple
current, Iripple, can be calculated as shown below:

(Vin — Vout) x Vout
fsw x L x Vin

Iripple =

Larger ripple content increases losses in the inductor and re-
duces the effective current limit.

Larger inductance values result in lower output ripple voltage
and higher efficiency, but a slightly degraded transient re-
sponse. Lower inductance values allow for smaller case size,
but the increased ripple lowers the effective current limit
threshold.

Remember that inductor value also affects the sleep mode
threshold as shown in Figure 3.

When choosing the inductor, the saturation current rating
must be higher than the maximum peak inductor current and
the RMS current rating should be higher than the maximum
load current. Peak inductor current, Ipeak, is calculated as:

Iripple
Ipeak = lload +L

For example, at a maximum load of 3A and a ripple content
of 10%, peak inductor current is equal to 3.15A which is safely
at the minimum current limit of 3.15A. By increasing the in-
ductor size, ripple content and peak inductor current are
lowered, which increases the current limit margin.

The size of the output inductor can also be determined using
the desired output ripple voltage, Vrip. The equation to deter-
mine the minimum inductance value based on Vrip is as
follows:

13
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(Vin = Vout) x Vout x Re
Vin x fsw x Vrip

MIN =

Where Re is the ESR of the output capacitors, and Vrip is a
peak-to-peak value. This equation assumes that the output
capacitors have some amount of ESR. It does not apply to
ceramic output capacitors.

If this method is used, ripple content should still be verified to
be less than 40% and that the peak currents do not exceed
the minimum current threshold.

OUTPUT CAPACITOR

The primary criterion for selecting an output capacitor is
equivalent series resistance, or ESR.

ESR (Re) can be selected based on the requirements for out-
put ripple voltage and transient response. Once an inductor
value has been selected, ripple voltage can be calculated for
a given Re using the equation above for LMIN. Lower ESR
values result in lower output ripple.

Re can also be calculated from the following equation:

< AVt
e =-=—
MAXT AL

Where AVt is the allowed voltage excursion during a load
transient, and Alt is the maximum expected load transient.

If the total ESR is too high, the load transient requirement
cannot be met, no matter how large the output capacitance.

If the ESR criteria for ripple voltage and transient excursion
cannot be met, more capacitors should be used in parallel.
For non-ceramic capacitors, the minimum output capacitance
is of secondary importance, and is determined only by the
load transient requirement.

If there is not enough capacitance, the output voltage excur-
sion will exceed the maximum allowed value even if the
maximum ESR requirement is met. The minimum capaci-
tance is calculated as follows:

L x (AVt - [V - (altx Re)z)
Vout X Re2

Cmin =

It is assumed the total ESR, Re, is no greater than Reyy.
Also, it is assumed that L has already been selected.

Generally speaking, the output capacitance requirement de-
creases with Re, Alt, and L. A typical value greater than 120
WF works well for most applications.

INPUT CAPACITOR

In a switching converter, very fast switching pulse currents
are drawn from the input rail. Therefore, input capacitors are
required to reduce noise, EMI, and ripple at the input to the
LM26003. Capacitors must be selected that can handle both
the maximum ripple RMS current at highest ambient temper-
ature as well as the maximum input voltage. The equation for
calculating the RMS input ripple current is shown below:

lload x \/ Vout x (Vin — Vout)

Irms = -
Vin

For noise suppression, a ceramic capacitor in the range of 1.0
UF to 10 pF should be placed as close as possible to the PVIN
pin. For the AVIN pin also some decoupling is necessary. It
is very important that the pin is decoupled with such a capac-
itor close to the AGND pin and the GND pin of the IC to avoid
switching noise to couple into the IC. Also some RC input fil-
tering can be implemented using a small resistor between
PVIN and AVIN. In figure 7 the resistor value of R7 is selected
to be 0Q but can be increased to filter with different time con-
stants depending on the capacitor value used. When using a
R7 resistor, keep in mind that the resistance will increase the
minimum input voltage threshold due to the voltage drop
across the resistor.

The PVIN decoupling should be implemented in a way to
minimize the trace length between the Cin capacitor gnd and
the Schottky diode gnd. A larger, high ESR input capacitor
should also be used. This capacitor is recommended for
damping input voltage spikes during power on and for holding
up the input voltage during transients. In low input voltage
applications, line transients may fall below the UVLO thresh-
old if there is not enough input capacitance. Both tantalum
and electrolytic type capacitors are suitable for the bulk ca-
pacitor. However, large tantalums may not be available for
high input voltages and their working voltage must be derated
by at least 2X.

BOOTSTRAP

The drive voltage for the internal switch is supplied via the
BOOT pin. This pin must be connected to a ceramic capacitor,
Cboot, from the switch node, shown as C6 in the typical ap-
plication. The LM26003 provides the VDD voltage internally,
so no external diode is needed. A maximum value of 0.1 pF
is recommended for Cboot. Values smaller than 0.022 pF may
result in insufficient hold up time for the drive voltage and in-
creased power dissipation.

During low Vin operation, when the on-time is extended, the
bootstrap capacitor is at risk of discharging. If the Cboot ca-
pacitor is discharged below approximately 2.5V, the LM26003
enters a high frequency re-charge mode. The Cboot cap is
re-charged via the synchronous FET shown in the block dia-
gram. Switching returns to normal when the Cboot cap has
been recharged.

CATCH DIODE

When the internal switch is off, output current flows through
the catch diode. Alternately, when the switch is on, the diode
sees a reverse voltage equal to Vin. Therefore, the important
parameters for selecting the catch diode are peak current and
peak inverse voltage. The average current through the diode
is given by:

Ipave = lload x (1-D)

Where D is the duty-cycle, defined as Vout/Vin. The catch
diode conducts the largest currents during the lowest duty-
cycle. Therefore ID,\g should be calculated assuming maxi-
mum input voltage. The diode should be rated to handle this
current continuously. For over-current or short circuit condi-
tions, the catch diode should be rated to handle peak currents
equal to the peak current limit.

The peak inverse voltage rating of the diode must be greater
than maximum input voltage.

A Schottky diode must be used. It's low forward voltage max-
imizes efficiency and BOOT voltage, while also protecting the
SW pin against large negative voltage spikes.

When selecting the catch diode for high efficiency low output
load applications, select a Schottky diode with low reverse
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leakage current. Also keep in mind that the reverse leakage
current of a Schottky diode increases with temperature and
with reverse voltage. Reverse voltage equals roughly the in-
put voltage in a buck converter. At hot, the diode reverse
leakage current may be larger than the current consumption
of the LM26003.

COMPENSATION

The purpose of loop compensation is to ensure stable oper-
ation while maximizing dynamic performance. Stability can be
analyzed with loop gain measurements, while dynamic per-
formance is analyzed with both loop gain and load transient
response. Loop gain is equal to the product of control-output
transfer function (power stage) and the feedback transfer
function (the compensation network).

For stability purposes, our target is to have a loop gain slope
that is -20dB /decade from a very low frequency to beyond
the crossover frequency. Also, the crossover frequency
should not exceed one-fifth of the switching frequency, i.e. 60
kHz in the case of 300 kHz switching frequency.

For dynamic purposes, the higher the bandwidth, the faster
the load transient response. The downside to high bandwidth
is that it increases the regulators susceptibility to board noise
which ultimately leads to excessive falling edge jitter of the
switch node voltage.

Alarge DC gain means high DC regulation accuracy (i.e. DC
voltage changes little with load or line variations).

To achieve this loop gain, the compensation components
should be set according to the shape of the control-output
bode plot. A typical plot is shown in Figure 8 below.
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FIGURE 8. Control-Output Transfer Function

The control-output transfer function consists of one pole (fp),
one zero (fz), and a double pole at fn (half the switching fre-
quency).

Referring to Figure 8, the following should be done to create
a -20dB /decade roll-off of the loop gain:

1. Place a pole at OHz (fpc)
2. Place a zero at fp (fzc)
3. Place a second pole at fz (fpc1)

The resulting feedback (compensation) bode plot is shown
below in Figure 9. Adding the control-output response to the

feedback response will then result in a nearly continuous
-20db/decade slope.
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FIGURE 9. Feedback Transfer Function

The control-output corner frequencies can be determined ap-
proximately by the following equations:

1
fz = 2n x Re x Co
1 0.5
fp: +
20xnixRoxCo 2xmnxLxfswxCo
_fsw
fn = >

Where Co is the output capacitance, Ro is the load resistance,
Re is the output capacitor ESR, and fsw is the switching fre-
quency.

The effects of slope compensation and current sense gain are
included in this equation. However, the equation is an ap-
proximation intended to simplify loop compensation calcula-
tions.

Since fp is determined by the output network, it shifts with
loading. Determine the range of frequencies (fpmin/max)
across the expected load range. Then determine the com-
pensation values as described below and shown in Figure
10.

8
COMP

—e

C4 2

C1

To Vout
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FIGURE 10. Compensation Network

1. The compensation network automatically introduces a low
frequency pole (fpc), which is close to 0 Hz.

15

www.national.com

€0092IN



LM26003

2. Once the fp range is determined, R5 should be calculated
using:

Rs_gx(m +R2)
~gm R2

Where B is the desired feedback gain in v/v between fp and
fz, and gm is the transconductance of the error amplifier. A
gain value around 10 dB (3.3v/v) is generally a good starting
point. Bandwidth increases with increasing values of R3.

3. Next, place a zero (fzc) near fp using C5. C5 can be de-
termined with the following equation:

1
T 2X 7 X fpyux X R3

C5

The selected value of C5 should place fzc within a decade
above or below fpmax and not less than fpmin. A higher C5
value (closer to fpmin) generally provides a more stable loop,
but too high a value will slow the transient response time.
Conversely, a smaller C5 value will result in a faster transient
response, but lower phase margin.

4. A second pole (fpc1) can also be placed at fz. This pole can
be created with a single capacitor, C4. The minimum value
for this capacitor can be calculated by:

1

C4= 2xnxfzxR3

C4 may not be necessary in all applications. However if the
operating frequency is being synchronized below the nominal
frequency, C4 is recommended. Although it is not required for
stability, C4 is very helpful in suppressing noise.

A phase lead capacitor can also be added to increase the
phase and gain margins. The phase lead capacitor is most
helpful for high input voltage applications or when synchro-
nizing to a frequency greater than nominal. This capacitor,
shown as C11 in Figure 10, should be placed in parallel with
the top feedback resistor, R1.

C11 introduces an additional zero and pole to the compen-
sation network. These frequencies can be calculated as
shown below:

1
T I —
A X xR1xC11
fff_fszxVout
PP="" Vo

A phase lead capacitor will boost loop phase around the re-
gion of the zero frequency, fzff. fzff should be placed some-
what below the fpz1 frequency set by C4. However, if C11 is
too large, it will have no effect.

PCB Layout

Good board layout is critical for switching regulators such as
the LM26003. First, the ground plane area must be sufficient
for thermal dissipation purposes, and second, appropriate
guidelines must be followed to reduce the effects of switching
noise.

Switch mode converters are very fast switching devices. In
such devices, the rapid increase of input current combined
with parasitic trace inductance generates unwanted Ldi/dt
noise spikes at the SW node and also at the VIN node. The
magnitude of this noise tends to increase as the output current
increases. This parasitic spike noise may turn into electro-
magnetic interference (EMI) and can also cause problems in
device performance. Therefore, care must be taken in layout
to minimize the effect of this switching noise.

The current sensing circuit in current mode devices can be
easily affected by switching noise. This noise can cause duty-
cycle jitter which leads to increased spectrum noise. Although
the LM26003 has 150 ns blanking time at the beginning of
every cycle to ignore this noise, some noise may remain after
the blanking time. Following the important guidelines below
will help minimize switching noise and its effect on current
sensing.

The switch node area should be as small as possible. The
catch diode, input capacitors, and output capacitors should
be grounded to the same local ground, with the bulk input
capacitor grounded as close as possible to the catch diode
anode. Additionally, the ground area between the catch diode
and bulk input capacitor is very noisy and should be some-
what isolated from the rest of the ground plane.

A ceramic input capacitor must be connected as close as
possible to the AVIN pin as well as PVIN pin. The capacitor
between AVIN and ground should be grounded close to the
GND pins of the LM26003 and the PVIN capacitor should be
grounded close to the Schottky diode ground. Often, the AVIN
bypass capacitor is most easily located on the bottom side of
the PCB. It increases trace inductance due to the vias, it re-
duces trace length however.

The above layout recommendations are illustrated below in
Figure 11.

Vin GND Vout

p— =

e

| 4

€1
T

U GND

30067632

FIGURE 11. Example PCB Layout

It is a good practice to connect the EP, GND pin, and small
signal components (COMP, FB, FREQ) to a separate ground
plane, shown in Figure 11 as EP GND, and in the schematics
as a signal ground symbol. Both the exposed pad and the
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GND pin must be connected to ground. This quieter plane
should be connected to the high current ground plane at a
quiet location, preferably near the Vout ground as shown by
the dashed line in Figure 11.

The EP GND plane should be made as large as possible,
since it is also used for thermal dissipation. Several vias can
be placed directly below the EP to increase heat flow to other
layers when they are available. The recommended via hole
diameter is 0.3mm.

The trace from the FB pin to the resistor divider should be
short and the entire feedback trace must be kept away from
the inductor and switch node. See Application Note AN-1229
for more information regarding PCB layout for switching reg-
ulators.

Thermal Considerations and TSD

Although the LM26003 has a built in current limit, at ambient
temperatures above 80°C, device temperature rise may limit
the actual maximum load current. Therefore, temperature rise
must be taken into consideration to determine the maximum
allowable load current.

Temperature rise is a function of the power dissipation within
the device. The following equations can be used to calculate
power dissipation (PD) and temperature rise, where total PD
is the sum of FET switching losses, FET DC losses, drive
losses, Iq, and VBIAS losses:

PD1oraL = PsWuc + Pswpc + PQG + qu + Pygias

Vin x 10-9)
1.33

PswAC =Vin x lload x fsw x (

Pswpc = D x lload2 x (0.095 + 0.00065 x (TJ- - 25))
Pqg =Vinx 9.2 x 109 x fsw
Pq=VinxIq
Pygias = Vbias X lypjas

Given this total power dissipation, junction temperature can
be calculated as follows:

Tj=Ta + (PDrgra. X 84)

Where 6,,=32°C/W (typically) when using a multi-layer board
with a large copper plane area. 6, varies with board type and
metallization area.

To calculate the maximum allowable power dissipation, as-
sume Tj = 125°C. To ensure that junction temperature does
not exceed the maximum operating rating of 125°C, power
dissipation should be verified at the maximum expected op-
erating frequency, maximum ambient temperature, and min-
imum and maximum input voltage. The calculated maximum
load current is based on continuous operation and may be
exceeded during transient conditions.

If the power dissipation remains above the maximum allow-
able level, device temperature will continue to rise. When the
junction temperature exceeds its maximum, the LM26003 en-
gages Thermal Shut Down (TSD). In TSD, the part remains
in a shutdown state until the junction temperature falls to with-
in normal operating limits. At this point, the device restarts in
soft-start mode.

17

www.national.com

€0092IN



LM26003

Physical Dimensions inches (millimeters) unless otherwise noted
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warranty. Testing and other quality control techniques are used to the extent Tl deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from Tl to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by TI for that product or service voids all
express and any implied warranties for the associated Tl product or service and is an unfair and deceptive business practice. Tl is not
responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Audio www.ti.com/audio Communications and Telecom www.ti.com/communications
Amplifiers amplifier.ti.com Computers and Peripherals www.ti.com/computers
Data Converters dataconverter.ti.com Consumer Electronics Www.ti.com/consumer-apps
DLP® Products www.dlp.com Energy and Lighting www.ti.com/energy
DSP dsp.ti.com Industrial www.ti.com/industrial
Clocks and Timers www.ti.com/clocks Medical www.ti.com/medical
Interface interface.ti.com Security www.ti.com/security
Logic logic.ti.com Space, Avionics and Defense  www.ti.com/space-avionics-defense
Power Mgmt power.ti.com Transportation and Automotive www.ti.com/automotive
Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video
RFID www.ti-rfid.com
OMAP Mobile Processors www.ti.com/omap
Wireless Connectivity www.ti.com/wirelessconnectivity
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