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LM2524D/LM3524D Regulating Pulse Width Modulator

Check for Samples: LM2524D, LM3524D

FEATURES « 60V output capability

 Fully interchangeable with standard LM3524 « Wide common mode input range for error-amp
family * One pulse per period (noise suppression)

* *1% precision 5V reference with thermal shut- * Improved max. duty cycle at high frequencies
down » Double pulse suppression

* Output current to 200 mA DC « Synchronize through pin 3

DESCRIPTION

The LM3524D family is an improved version of the industry standard LM3524. It has improved specifications and
additional features yet is pin for pin compatible with existing 3524 families. New features reduce the need for
additional external circuitry often required in the original version.

The LM3524D has a +1% precision 5V reference. The current carrying capability of the output drive transistors
has been raised to 200 mA while reducing Vcgsar @nd increasing Veg breakdown to 60V. The common mode
voltage range of the error-amp has been raised to 5.5V to eliminate the need for a resistive divider from the 5V
reference.

In the LM3524D the circuit bias line has been isolated from the shut-down pin. This prevents the oscillator pulse
amplitude and frequency from being disturbed by shut-down. Also at high frequencies (=300 kHz) the max. duty
cycle per output has been improved to 44% compared to 35% max. duty cycle in other 3524s.

In addition, the LM3524D can now be synchronized externally, through pin 3. Also a latch has been added to
insure one pulse per period even in noisy environments. The LM3524D includes double pulse suppression logic
that insures when a shut-down condition is removed the state of the T-flip-flop will change only after the first
clock pulse has arrived. This feature prevents the same output from being pulsed twice in a row, thus reducing
the possibility of core saturation in push-pull designs.
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Figure 1. Top View
Order Number LM2524DN or LM3524DN
See NS Package Number N16E
Order Number LM3524DM
See NS Package Number M16A

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.
All trademarks are the property of their respective owners.

PRODUCTION DATA information is current as of publication date. Copyright © 2004—2008, Texas Instruments Incorporated
Products conform to specifications per the terms of the Texas !

Instruments standard warranty. Production processing does not
necessarily include testing of all parameters.


http://www.ti.com/product/lm2524d?qgpn=lm2524d
http://www.ti.com/product/lm3524d?qgpn=lm3524d
http://www.ti.com
http://www.ti.com/product/lm2524d#samples
http://www.ti.com/product/lm3524d#samples

LM2524D, LM3524D I3 TEXAS

INSTRUMENTS

SNVS766D —MAY 2004—REVISED MAY 2008 www.ti.com

Block Diagram
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A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘Y '\ during storage or handling to prevent electrostatic damage to the MOS gates.

Absolute Maximum Ratings @

Supply Voltage 40V
Collector Supply Voltage

(LM2524D) 55V

(LM3524D) 40V
Output Current DC (each) 200 mA
Oscillator Charging Current (Pin 7) 5 mA
Internal Power Dissipation 1w
Operating Junction Temperature

Range @

LM2524D -40°C to +125°C

LM3524D 0°C to +125°C
Maximum Junction Temperature 150°
Storage Temperature Range —-65°C to +150°C

Lead Temperature (Soldering 4 sec.)
M, N Pkg. 260°C

(1) Absolute maximum ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not
apply when operating the device beyond its rated operating conditions.

(2) For operation at elevated temperatures, devices in the N package must be derated based on a thermal resistance of 86°C/W, junction to
ambient. Devices in the M package must be derated at 125°C/W, junction to ambient.
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Electrical Characteristics

LM2524D LM3524D
Symbol Parameter Conditions Tested Design Tested Design Units
Typ Limit Limit Typ Limit Limit
@ ©)] @ ®
REFERENCE SECTION
VREF Output Voltage 5 4.85 4.80 5 4.75 VMin
5.15 5.20 5.25 Vimax
VRLine Line Regulation V|n = 8V to 40V 10 15 30 10 25 50 MVpax
VRLoad Load Regulation IL=0mAto 20 mA 10 15 25 10 25 50 MVpax
avyy | Ripple Rejection f=120 Hz 66 66 dB
AVRer
&)
los Short Circuit Vegeg =0 25 25 mA Min
Current 50 50
180 200 mA Max
No Output Noise 10 Hz<f< 10 kHz 40 100 40 100 MVims Max
Long Term Ta = 125°C 20 20 mV/kHr
Stability
OSCILLATOR SECTION
fosc Max. Freq. Rt = 1k, Cy = 0.001 pF 550 500 350 kHzpin
@
fosc Initial Rt = 5.6k, Cr = 0.01 pF 175 175 kHzpin
Accuracy @) 20 20
225 225 kHZzpax
Rt =2.7k, Cy = 0.01 pF 34 30 kHzpin
@ 38 38
42 46 kHZp1ax
Afosc Freq. Change V|y = 8 to 40V 0.5 1 0.5 1.0 Yomax
with Vi
Afosc Freq. Change Ta = -55°C to +125°C
with Temp. at 20 kHz Rt = 5.6k, 5 5 %
Ct=0.01 yF
Vosc Output Amplitude Rt = 5.6k, Cr = 0.01 pF 3 24 3 24 Vmin
(Pin 3) ®
tpw Output Pulse Rt = 5.6k, Cr = 0.01 pF 0.5 15 0.5 15 MSMax
Width (Pin 3)
Sawtooth Peak Rt = 5.6k, Cy = 0.01 pF 34 3.6 3.8 3.8 Vimax
Voltage
Sawtooth Valley Rt = 5.6k, Cr = 0.01 pF 1.1 0.8 0.6 0.6 Vmin
Voltage
ERROR-AMP SECTION
Vio Input Offset Ve = 2.5V 2] 8 10 | 2 [ 10 MViax

(1) Unless otherwise stated, these specifications apply for Ty = T; = 25°C. Boldface numbers apply over the rated temperature range:
LM2524D is —40° to 85°C and LM3524D is 0°C to 70°C. V|y = 20V and fosc = 20 kHz.

(2) Tested limits are guaranteed and 100% tested in production.

(3) Design limits are guaranteed (but not 100% production tested) over the indicated temperature and supply voltage range. These limits
are not used to calculate outgoing quality level.
(4) The value of a C; capacitor can vary with frequency. Careful selection of this capacitor must be made for high frequency operation.
Polystyrene was used in this test. NPO ceramic or polypropylene can also be used.
(5) OSC amplitude is measured open circuit. Available current is limited to 1 mA so care must be exercised to limit capacitive loading of fast

pulses.
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Electrical Characteristics (continued)

[€))

Product Folder Links:

LM2524D LM3524D

LM2524D LM3524D
Symbol Parameter Conditions Tested Design Tested Design Units
Typ Limit Limit Typ Limit Limit
B) 3) () (©)
Voltage
lig Input Bias Vem = 2.5V 1 8 10 1 10 HAMax
Current
lio Input Offset Vem = 2.5V 0.5 1.0 1 0.5 1 HAMax
Current
lcos) Compensation Ving) = Vingny = 150 mV 65 65 MAWMin
Current (Sink) 95 95
125 125 MAMax
lcoso Compensation Vineny =~ Vingy = 150 mV -125 -125 MAWMin
Current (Source) -95 -95
-65 -65 HAMax
AvoL Open Loop Gain R =, Vey=25V 80 74 60 80 70 60 dBwin
VCMR Common Mode 1.5 1.4 1.5 VMin
Input Voltage Range 5.5 5.4 5.5 VMax
CMRR Common Mode 90 80 90 80 dBwin
Rejection Ratio
Gpw Unity Gain AyoL =0dB, Vg = 2.5V 3 2 MHz
Bandwidth
Vo Output Voltage R == 0.5 0.5 VMin
Swing 5.5 5.5 VMax
PSRR Power Supply VN = 8 to 40V 80 70 80 65 dbpin
Rejection Ratio
COMPARATOR SECTION
toy | Minimum Duty Pin9=0.8V, 0 0 0 0 YoMax
tosc | Cycle [Ry = 5.6k, Cr = 0.01 pF]
&)
ton | Maximum Duty Pin 9 = 3.9V, 49 45 49 45 Yomin
tosc | Cycle [Rr = 5.6k, Cr = 0.01 pF]
3
toy | Maximum Duty Pin 9 = 3.9V, 44 35 44 35 Yomin
tosc | Cycle [Ry = 1k, Cy = 0.001 pF]
4)
Vcompz Input Threshold Zero Duty Cycle 1 1 \%
(Pin 9)
VcompPm Input Threshold Maximum Duty Cycle 35 35 \%
(Pin 9)
lig Input Bias -1 -1 MA
Current
CURRENT LIMIT SECTION
Vsen Sense Voltage Vpin 2) = Vipin 1) 2 180 180 mVyjin
150 mv 200 200
220 220 MVvax
TC-Vgense Sense Voltage T.C. 0.2 0.2 mvV/°C
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Electrical Characteristics (continued)

@

LM2524D LM3524D
Symbol Parameter Conditions Tested Design Tested Design Units
Typ Limit Limit Typ Limit Limit
) 3) () (©)
Common Mode -0. -0.7 VMin
7
Voltage Range V5 = V4 =300 mV 1 Vimax
SHUT DOWN SECTION
Vsp High Input Vpin 2 = V(pin 1) 2 1 0.5 1 0.5 VMin
Voltage 150 mV 15 15 VMax
Isp High Input l(pin 10) 1 1 mA
Current
OUTPUT SECTION (EACH OUTPUT)
Vces Collector Emitter Ic 100 pA 55 40 VMin
Voltage Breakdown
Ices Collector Leakage Vce = 60V
Current Vce = 55V 0.1 50 HAMax
Vcg = 40V 0.1 50
VeesaT Saturation le =20 mA 0.2 0.5 0.2 0.7 VMax
Voltage Ie =200 mA 15 2.2 15 25
Veo Emitter Output Ie =50 mA 18 17 18 17 VMin
Voltage
tr Rise Time VN = 20V,
Il = -250 pA 200 200 ns
Rc = 2k
tr Fall Time Rc =2k 100 100 ns
SUPPLY CHARACTERISTICS SECTION
AN Input Voltage After Turn-on 8 8 VMin
Range 40 40 VMax
T Thermal Shutdown ® 160 160 °C
Temp.
In Stand By Current Vi = 40V ) 5 10 5 10 mA

(6) For operation at elevated temperatures, devices in the N package must be derated based on a thermal resistance of 86°C/W, junction to
ambient. Devices in the M package must be derated at 125°C/W, junction to ambient.
(7) Pins1,4,7,8, 11, and 14 are grounded; Pin 2 = 2V. All other inputs and outputs open.
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Typical Performance Characteristics
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Functional Description

INTERNAL VOLTAGE REGULATOR

The LM3524D has an on-chip 5V, 50 mA, short circuit protected voltage regulator. This voltage regulator
provides a supply for all internal circuitry of the device and can be used as an external reference.

For input voltages of less than 8V the 5V output should be shorted to pin 15, V,y, which disables the 5V
regulator. With these pins shorted the input voltage must be limited to a maximum of 6V. If input voltages of
6V-8V are to be used, a pre-regulator, as shown in Figure 2, must be added.
I15
Vin

LM3524D
VREF

o
=
=]

3

*Minimum Cg of 10 pF required for stability.

Figure 2.

OSCILLATOR

The LM3524D provides a stable on-board oscillator. Its frequency is set by an external resistor, Ry and capacitor,
C+. A graph of Ry, Ct vs oscillator frequency is shown is Figure 3. The oscillator's output provides the signals for
triggering an internal flip-flop, which directs the PWM information to the outputs, and a blanking pulse to turn off
both outputs during transitions to ensure that cross conduction does not occur. The width of the blanking pulse,
or dead time, is controlled by the value of C+, as shown in Figure 4. The recommended values of Ry are 1.8 kQ
to 100 kQ, and for C+, 0.001 yF to 0.1 pF.

If two or more LM3524D's must be synchronized together, the easiest method is to interconnect all pin 3
terminals, tie all pin 7's (together) to a single Ct, and leave all pin 6's open except one which is connected to a
single Ry. This method works well unless the LM3524D's are more than 6" apart.

A second synchronization method is appropriate for any circuit layout. One LM3524D, designated as master,
must have its RtCt set for the correct period. The other slave LM3524D(s) should each have an R{C set for a
10% longer period. All pin 3's must then be interconnected to allow the master to properly reset the slave units.
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The oscillator may be synchronized to an external clock source by setting the internal free-running oscillator
frequency 10% slower than the external clock and driving pin 3 with a pulse train (approx. 3V) from the clock.
Pulse width should be greater than 50 ns to insure full synchronization.
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Figure 3.
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Figure 4.

ERROR AMPLIFIER

The error amplifier is a differential input, transconductance amplifier. Its gain, nominally 86 dB, is set by either
feedback or output loading. This output loading can be done with either purely resistive or a combination of
resistive and reactive components. A graph of the amplifier's gain vs output load resistance is shown in Figure 5.

% R =
t
RL=1M\\
2 RL = 300k |\
‘é 60 L
g RL=1lUl]k ‘\
w10 R =30k
©
: AN
=
=)
> 20 \

| R = RESISTANCE FROM PIN 9 \
TO GND
! 1

1 1

10 100 1k 10k 100k 1M 10M
FREQUENCY (Hz)

Figure 5.

The output of the amplifier, or input to the pulse width modulator, can be overridden easily as its output
impedance is very high (Zg = 5 MQ). For this reason a DC voltage can be applied to pin 9 which will override the
error amplifier and force a particular duty cycle to the outputs. An example of this could be a non-regulating
motor speed control where a variable voltage was applied to pin 9 to control motor speed. A graph of the output
duty cycle vs the voltage on pin 9 is shown in Figure 6.
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The duty cycle is calculated as the percentage ratio of each output's ON-time to the oscillator period. Paralleling
the outputs doubles the observed duty cycle.

50
40 ,/

. /

20

DUTY CYCLE (%)

1 15 2 25 3 35 4
VOLTAGE ON PIN 9 (V)

Figure 6.

The amplifier's inputs have a common-mode input range of 1.5V-5.5V. The on board regulator is useful for
biasing the inputs to within this range.

CURRENT LIMITING

The function of the current limit amplifier is to override the error amplifier's output and take control of the pulse
width. The output duty cycle drops to about 25% when a current limit sense voltage of 200 mV is applied
between the +C, and —C, sense terminals. Increasing the sense voltage approximately 5% results in a 0% output
duty cycle. Care should be taken to ensure the —0.7V to +1.0V input common-mode range is not exceeded.

In most applications, the current limit sense voltage is produced by a current through a sense resistor. The
accuracy of this measurement is limited by the accuracy of the sense resistor, and by a small offset current,
typically 100 pA, flowing from +CL to —CL.

OUTPUT STAGES

The outputs of the LM3524D are NPN transistors, capable of a maximum current of 200 mA. These transistors
are driven 180° out of phase and have non-committed open collectors and emitters as shown in Figure 7.
Ca

OUTPUT
ENABLE

PWM

Figure 7.
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Typical Applications
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Figure 8. Positive Regulator, Step-Up Basic Configuration (lywmax) = 80 mA)

Design Equations
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Figure 9. Positive Regulator, Step-Up Boosted Current Configuration
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Figure 10. Positive Regulator, Step-Down Basic Configuration (Iywmaxy = 80 mA)
Design Equations
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lo Vin fosc
C, = (Vin — Vo) VoT2
© 8 AV, VLI
oo = 2
0(MAX) IN Vo (6)
‘VAVA'
Re —
VNO gf»—fY'EY'\——o Vo
PIN 1 J b3
< L ]
S5 INV Vr
NI Viy 3
. S
S5k sk oose Eg
L - - C .
L B
H-e LM3524D iy ]
R Ea Ao
Cr ] e
& 5 COMP A
:E Ry l ¢
< 50k
Cr
—|— 0.001 uF T
3 & O GND
Figure 11. Positive Regulator, Step-Down Boosted Current Configuration
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VIO . .
PIN 1
% 5k S 5k = J R1
t INV A o1
3 5k NI ViN R2
] o—osc Eg D1
— +C, C 0-|<—0—o vV,
bowvssao Pl °
—1-CL Ca
Ry Ep
Cr so o 3 L1
J_ p— GND CcoMP
Ry
=
o 50k =Co
T 0.001 ;LFT
GND O—8———8- ® O GND

Figure 12. Boosted Current Polarity Inverter

Design Equations

_ ,ﬁ)
Rpfsk(1 oo

fosc = Aot
1= 2.5V|N Vo

fosc (Vo + ViN) o
loVo

C  e—
© " AVofosc (Vo + VIN) (7)

BASIC SWITCHING REGULATOR THEORY
AND APPLICATIONS

The basic circuit of a step-down switching regulator circuit is shown in Figure 13, along with a practical circuit
design using the LM3524D in Figure 16.

v
In SAT

ViNO

— VA L1
af — ™M =0V
. Lco l'o
VD[ o1 I R
Figure 13. Basic Step-Down Switching Regulator

The circuit works as follows: Q1 is used as a switch, which has ON and OFF times controlled by the pulse width
modulator. When Q1 is ON, power is drawn from V,y and supplied to the load through L1; V, is at approximately
V|n, D1 is reverse biased, and C, is charging. When Q1 turns OFF the inductor L1 will force V, negative to keep
the current flowing in it, D1 will start conducting and the load current will flow through D1 and L1. The voltage at
Vis smoothed by the L1, C, filter giving a clean DC output. The current flowing through L1 is equal to the
nominal DC load current plus some Al which is due to the changing voltage across it. A good rule of thumb is to
set Ale_p =40% x |0.

Al+ Al-

IL lo \vy\(\//\ 40%1,

| |

e toy—+~ torr ~

—

Figure 14. Relation of Switch Timing to Inductor Current in Step-Down Regulator
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d; VLT
From the relation V| = L— Al = —t
dt L1
VIN — Vo) t Vo t
Al = Vin — Vo) ON. 5~ = YoloFF
L1 L1 (8)

Neglecting Vgat, Vp, and settling Al " = Al 7;

! t
o = v ()| = v ()
©

where T = Total Period
The above shows the relation between V, V, and duty cycle.

- __fon
IiInDc) = louT(De) ,

ton + toFF (10)
as Q1 only conducts during toy.
ton
PN =I VN = (lodcy) (—) vV
IN IN(DC) VIN o(DC) ton + torF IN
Po = IoVo (11)
The efficiency, n, of the circuit is:
aMAX = 2o _ loVo
PN (on),, . (VsaTton * Voitorr)
o IN — o
T T
_|_Vo _ _
= Vo + 1 for VgaT = Vp1 = 1V.
(12)

NMAX will be further decreased due to switching losses in Q1. For this reason Q1 should be selected to have the
maximum possible f{, which implies very fast rise and fall times.

CALCULATING INDUCTOR L1

o = A1) X L1 (Al x L1
ON = VN — Vo) * OFF Vo
AlLH)y X L1 (Al 7) X
o + topp = T = AT X LT (A1) X Lt
(VIN — Va) Vo
_ 0.4l,L1 0.41oL1
(VIN = Vo) Vo (13)

Since Al + = Al,” = 0.4l,

Solving the above for L1

25V (Vin — Vo)
loVINf

L1

(14)
where: L1 is in Henrys
f is switching frequency in Hz

Also, see LM1578 data sheet for graphical methods of inductor selection.

CALCULATING OUTPUT FILTER CAPACITOR C,:

Figure 14 shows L1's current with respect to Q1's toy and toer times (V4 is at the collector of Q1). This curent
must flow to the load and C,. C,'s current will then be the difference between I, and I,.

Ico =1, = 1o (15)

From Figure 14 it can be seen that current will be flowing into C, for the second half of toy through the first half of
torr, OF a time, ton/2 + tope/2. The current flowing for this time is Al /4. The resulting AV, or AV, is described by:
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1 Al t t

c”a
_ Al (tON + tOFF)
4C 2
VolT — ton) VoT

and ton =
L1 ON

Since Al = v
IN

(-3
_ Vo ViN (T) _ (VIN = Vo) VoT?
2

AVop.p =
op-p 4C L1 8ViNCol1

Vo VoT?
8AV,V|NLT

Co

1
switching frequency
AV, is p-p output ripple (16)

where: Cis in farads, T is

For best regulation, the inductor's current cannot be allowed to fall to zero. Some minimum load current |,, and
thus inductor current, is required as shown below:

VIN — Vo) ton _ [ (VIN = Vo) Vo
211 2fV|NL1

loMIN) =

7

(Vin=Vo) ton

Alj+=
L L1

qu T\
~N— N —— o (MIN)

Figure 15. Inductor Current Slope in Step-Down Regulator

A complete step-down switching regulator schematic, using the LM3524D, is illustrated in Figure 16. Transistors
Q1 and Q2 have been added to boost the output to 1A. The 5V regulator of the LM3524D has been divided in
half to bias the error amplifier's non-inverting input to within its common-mode range. Since each output
transistor is on for half the period, actually 45%, they have been paralleled to allow longer possible duty cycle, up
to 90%. This makes a lower possible input voltage. The output voltage is set by:

Vo=VNI<1 +E),

where Vy, is the voltage at the error amplifier's non-inverting input.
Resistor R3 sets the current limit to:
200 mV 200 mV
Rs o015 oA (19)

Figure 17 and Figure 18 show a PC board layout and stuffing diagram for the 5V, 1A regulator of Figure 16. The
regulator's performance is listed in Table 1.
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AN
R1 L1
5k 500 uH V=5V
YiNo ar* Y YY9 0 @ly= 1A
> 8V } f=20kHz
<’R10
1 Q2
ke
R4 RS 15 5?3 IE
Sk Sk g v 12 )
VW VWV VR EF IN C A
2l e
R2 A
+ Sk +
c4 L= - A 1 13 c5 - i
10 uF —— CZ;_- v;vgv INV CB 0.1 uF P 08__
0.1 uF 6.5k LM3524D 1 500 uF
R Ep
Ct —4 D1
001 uF 4 A \sso
1l
i Cr *
c2 _rg' COMP =CL 5—
0.01 uF
R7 8
30k
: O GND
R3
0.15
RETURN O AN
*Mounted to Staver Heatsink No. V5-1.
Q1 =BD344
Q2 = 2N5023
L1 = >40 turns No. 22 wire on Ferroxcube No. K300502 Torroid core.
Figure 16. 5V, 1 Amp Step-Down Switching Regulator
Table 1.
Parameter Conditions Typical
Characteristics
Output Voltage VN =10V, |, = 1A 5V
Switching Frequency VN =10V, | = 1A 20 kHz
Short Circuit V)y = 10V 1.3A
Current Limit
Load Regulation VN = 10V 3mv
lo=0.2-1A
Line Regulation AV =10 - 20V, 6 mV
Io = 1A
Efficiency VN =10V, | = 1A 80%
Output Ripple VN =10V, |, = 1A 10 mVp-p
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Figure 17. 5V, 1 Amp Switching Regulator, Foil Side

RS _l_cz cs Vour
A gl c6 GN0
T_RM_ -"'c3 _4'_ —“-
“% RETURN
LM3524 o R10 ,
< By b "
F %”%” ¢ D'* .r
RS
b uf L @
i i £ BCE

Figure 18. Stuffing Diagram, Component Side

THE STEP-UP SWITCHING REGULATOR

Figure 19 shows the basic circuit for a step-up switching regulator. In this circuit Q1 is used as a switch to
alternately apply V|y across inductor L1. During the time, toy, Q1 is ON and energy is drawn from Vy and stored
in L1; D1 is reverse biased and I, is supplied from the charge stored in C,. When Q1 opens, torg, voltage V1 will
rise positively to the point where D1 turns ON. The output current is now supplied through L1, D1 to the load and
any charge lost from C, during tgy is replenished. Here also, as in the step-down regulator, the current through
L1 has a DC component plus some Al,. Al is again selected to be approximately 40% of I, . Figure 20 shows the
inductor's current in relation to Q1's ON and OFF times.

Vin

Figure 19. Basic Step-Up Switching Regulator
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Al Al-
N —a
I 1(00) \\/ \// =40% | (o)
=V
[ ton————torF—~
Vi oV

| T |

Figure 20. Relation of Switch Timing to Inductor Current in Step-Up Regulator

VT Vint
From Al = % N %10“

and Al — = Yo = ViN) torF
] -
Since Al + = Al =, Vinton = Volorr = Vintorr

and neglecting Vgar and Vp;

Vo = V|N <1 + tO—N>
torF 1)

The above equation shows the relationship between V, V, and duty cycle.

In calculating input current lyypc), Which equals the inductor's DC current, assume first 100% efficiency:
PN = linc) VIN

t
PouT = loVo = lo Vi (1 + tﬂ)
OFF (22)
for n= 100%, POUT = PlN
t
lo VIN (1 + tﬂ) = Iinoey VIN
OFF
t
Ny = lo (1 + ﬂ)
torrF (23)

This equation shows that the input, or inductor, current is larger than the output current by the factor (1 +
ton/torr)- Since this factor is the same as the relation between V, and V\y, liypc) can also be expressed as:

IN(DC) = o Vv
IN

(24)

So far it is assumed n = 100%, where the actual efficiency or nyax Will be somewhat less due to the saturation
voltage of Q1 and forward on voltage of D1. The internal power loss due to these voltages is the average |,
current flowing, or Iy, through either Vgar or Vp;. For Vsar = Vpy = 1V this power loss becomes liypc) (1V). Nvax
is then:

—_ Po _ Volo _ Volo
MAX.™ Py T Vgl + 1y (1V) t
IN olo * Iy (1V) Vo'o*'o(‘+ﬂ)
torr (25)
t
FromV, = VN (1 + ﬂ)
toFr
max = Vin
max ViN + 1
(26)

This equation assumes only DC losses, however nyax is further decreased because of the switching time of Q1
and D1.

In calculating the output capacitor C, it can be seen that C, supplies |, during toy. The voltage change on C,
during this time will be some AV, = AV, or the output ripple of the regulator. Calculation of C, is:
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loton loton
AVy = orC, =
° G ° AV,
T \%
From Vo = V| (—);tOFF =Ny
torF Vo

1
where T = ton + topp = T

vV Vo — V,
ton=T-N1-7T <°—'N) therefore:
Vo Vo

LT (Vo - VIN)
o]
Co = Vo — lo Vo — ViN)
AV, fAVoV, 27)
where: C, is in farads, f is the switching frequency,
AV, is the p-p output ripple
Calculation of inductor L1 is as follows:
L1 = VA"\II—IOJ\J since during ton;, (28)
Vv is applied across L1
Alp.p =041 = 0411 =041, (\\//—I(r)\l)' therefore:
L1 = —Vinton and since toy = Tl — Vi)
041y | =2 Vo
°\Vin
L = 25VIN (Vo — Vin)
floVo2
(29)

where: L1 is in henrys, f is the switching frequency in Hz

To apply the above theory, a complete step-up switching regulator is shown in Figure 21. Since Vy is 5V, Vggr is
tied to V5. The input voltage is divided by 2 to bias the error amplifier's inverting input. The output voltage is:

R2

Vout = (1 +%) X Viny = 2.5 X (1 +a)
(30)

The network D1, C1 forms a slow start circuit.

This holds the output of the error amplifier initially low thus reducing the duty-cycle to a minimum. Without the
slow start circuit the inductor may saturate at turn-on because it has to supply high peak currents to charge the
output capacitor from 0V. It should also be noted that this circuit has no supply rejection. By adding a reference
voltage at the non-inverting input to the error amplifier, see Figure 22, the input voltage variations are rejected.

The LM3524D can also be used in inductorless switching regulators. Figure 23 shows a polarity inverter which if
connected to Figure 21 provides a —15V unregulated output.
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Vo =15V
V, 0
5O } 0 @0.5A
D2
MR850
345
ViN
VRer
<R4
S 2.4k
NI
<R3 R1
A 324 24 LM3524D N L
SuF == == A | 01 pF == == 500 uF
0.1 uF
3K
A'AVA' RT EB D1
002 uF IN914
I} O gp WP ¢
50k
+
0.001 ur_l_ T gLF

GND O ! ! O GND

L1 => 25 turns No. 24 wire on Ferroxcube No. K300502 Toroid core.
Figure 21. 15V, 0.5A Step-Up Switching Regulator

P N TO NON=INVERTING
INPUT OF LM3524

— (M336
(Vo = 2.49V)

)

Figure 22. Replacing R3/R4 Divider in Figure 21 with Reference Circuit Improves Line Regulation
100 uF  1N914B

FROM JUNCTION +
OF L1, D2

1N914B

GNDO- g

Figure 23. Polarity Inverter Provides Auxiliary =15V Unregulated Output from Circuit of Figure 21
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PACKAGING INFORMATION

& no Sh/Br)

Orderable Device Status Package Type Package Pins Package Qty Eco Plan Lead/Ball Finish  MSL Peak Temp Op Temp (°C) Top-Side Markings Samples
@ Drawing @ @) @
LM2524DN/NOPB ACTIVE PDIP NFG 16 25 Pb-Free CU SN Level-1-NA-UNLIM -40to 125 LM2524DN m
(RoHS)
LM3524DM ACTIVE SoIC D 16 48 TBD Call Tl Call Tl 0to 80 LM3524DM m
LM3524DM/NOPB ACTIVE SoIC D 16 48 Green (RoHS CU SN Level-1-260C-UNLIM 0to 80 LM3524DM
& no Sh/Br) = -
LM3524DMX ACTIVE SoIC D 16 2500 TBD Call TI Call Tl 0to 80 LM3524DM
LM3524DMX/NOPB ACTIVE SoIC D 16 2500 Green (RoHS CU SN Level-1-260C-UNLIM 0to 80 LM3524DM m
& no Sh/Br)
LM3524DN ACTIVE PDIP NFG 16 25 TBD Call Tl Call Tl 0to 80 LM3524DN m
LM3524DN/NOPB ACTIVE PDIP NFG 16 25 Green (RoHS SN Level-1-NA-UNLIM 0to 80 LM3524DN -

Samples

@ The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.
LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.
NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check http://www.ti.com/productcontent for the latest availability

information and additional product content details.
TBD: The Pb-Free/Green conversion plan has not been defined.

Pb-Free (RoHS): Tl's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between

the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.

Green (RoHS & no Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight

in homogeneous material)

@ MSL, Peak Temp. -- The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.

@ Only one of markings shown within the brackets will appear on the physical device.
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Important Information and Disclaimer:The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
i |
& go W
Reel | | l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 4
T
=
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
LM3524DMX SoIC D 16 2500 330.0 16.4 6.5 103 | 2.3 8.0 16.0 Q1
LM3524DMX/NOPB SoIC D 16 2500 330.0 16.4 6.5 103 | 2.3 8.0 16.0 Q1
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// S
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. P -
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*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
LM3524DMX SoIC D 16 2500 349.0 337.0 45.0
LM3524DMX/NOPB SoIC D 16 2500 349.0 337.0 45.0
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MECHANICAL DATA
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NOTES:  A. Al linear dimensions are in inches (millimeters).
B. This drawing is subject to change without notice.
@ Body length does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall
not exceed 0.006 (0,15) each side.
@ Body width does not include interlead flash. Interlead flash shall not exceed 0.017 (0,43) each side.
E. Reference JEDEC MS—012 variation AC.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

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

Tl does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license 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 significant portions 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. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

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

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of Tl components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, Tl components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation —www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video
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