Examples of Applications with the
Pulse Width Modulator TL5001

Author: Ingrid Kohl

Literature Number: SLVAEQ5
Date: 02/05/98



Contents

IMPORTANT NOTICE

Texas Instruments (T1) reserves the right to make changes to its products or to discontinue any semiconductor product or

service without notice, and advises its customers to obtain the latest version of relevant information to verify, before placing

orders, that the information being relied on is current.

TI warrants performance of its semiconductor products and related software to the specifications applicable at the time of sale

in accordance with TI's standard warranty. Testing and other quality control techniquekzacktatthe extent TI deems

necessary to support this warranty. Specific testing of all parameters of each device is not necessarily performed,eexcept thos
mandated by government requirements.

Certain applications using semiconductor products may involve potential risks of death, personal injury, or severe property or
environmental damage (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR WARRANTED TO BE
SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR SYSTEMS OR OTHER CRITICAL
APPLICATIONS.

Inclusion of TI products in such applications is understood to be fully at the risk of the customer. Use of Tl products in such
applications requires the written approval of an appropriate Tl officer. Questions concerning potential risk applications

should be directed to Tl through a local SC sales office.

In order to minimize risks associated with the customer’s applications, adequate design and operating safeguards should be
provided by the customer to minimize inherent or procedural hazards.

Tl assumes no liability for applications assistance, customer product design, software performance, or infringement of patents
or services described herein. Nor does Tl warrant or represent that any license, either express or implied, is granted under an
patent right, copyright, mask work right, or other intellectual property right of Tl covering or relating to any combination,
machine, or process in which such semiconductor products or services might be or are used.

Copyright© 1982, 1997, Texas Instruments I ncorporated



Contents

I 1o o [T 1 o R 1
2. StEP-DOWN CONVEITEIS ... ittt ettt e e e et e e et e e e e et e e e nn e n e e e e e e e ennrnaa s 2
2.1 The INdUCLOr @S @n ENEIGY SLOME ...cciiiii e 3
2.2 The free-wheeling diode.........coooiiiiiiii 4
2.3 The SWItChING traNSISTON ......ccciieeiiie e e e e e et e e e e e e e aarra s 5
2.4 OULPUL CAPACITANCE ....coe i 5
3. The Driver Circuit for the Switching TranSiStOr ... 6
4. Drain-Source VoRage LIMItING ......ccooeviiiiiiii et e e e e e et e e e e e e e e anae e e e e e 8
5. Pulse Width MOAUIALION .........coiiiiiiiiii 10
6. Circuit Description Of the TLEO0L.........ccuuiiii i e e e e e e e e e e et e e e e e e enarana s 10
7. Circuit Design Calculations with the TLB00L .........ccuuuuiiiiiiiieieeie e e e e e earae 12
T L PUISE AULY FALIO .. 12
T2 INAUCLANCE ... 13
7.3 OULPUL CAPACITANCE ....cci i i e 13
7.4 Potential divider at the OULPUL........coooiiiii 14
7.5 Calculation of the 0SCillator frEQUENCY .........vviiiiiciiiee e 14
7.6 OVErIOad PrOtECHION.....cci i 15
7.7 Dead Time Control (DTC) ...ooeeieieeeeeeeeeeeee e 15
7.8 COMPENSALING NEIWOIK .....eeeeeeeiiiii e e e ee et e e e e e e e e e e e e e e e e e e e e e e e e esaaa e e eeeeeeeaennnnnes 17
7.9 Complete CIrCUIt Iagram........cooeiee e 21
7.10 LiSt OF COMPONENES ... 23
8. EffICIENCY oo 24
8.1 Losses in the SWItChiNG tranNSIStOr .........civiviiiii e e 24
8.2 L0SSES INthe dIOUE ... 24
8.3 LOSSES iN the INAUCTON ... ... e e e e e e s e e e e e e e e eeannnes 24
8.4 Overall 10SSeS iN the CIFCUIL.......ccooii i, 24
9. Layout GUIEIINES........cooiiiiiiii 25
10. Additional applicatioNs PrOPOSAIS ........ccovviiiiiiiii e e e e e e e e e e e e e e eaee 26
10.1 Step-Up Converter With the TL500L ........cvviiiiiiiiiiiiiiiiiiieiiieeeeeeeeeeeee e ee e e e e eeeeeeeeeeeees 26
10.2 Step-Down Converter for IoW OULPUL CUMTENTS ..........uueueeieieeiiiiiiiiiieiieieeeieseeeeeeseeesseeeeneeene 27
LL. SUMIMIBINY .ttt ettt e e ettt et e e e e e e et e e st e et e e ettt e e e e e e e e e et e e e e neeeeeeenn 29
D = (=TT T USRI 29

Examples of Applications with the Pulse Width Modulator TL5001 iif



Contents

Figure 1.1:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 3.1:
Figure 3.2:
Figure 4.1:
Figure 5.1:
Figure 5.2:
Figure 6.1:
Figure 7.1:
Figure 7.2:
Figure 7.3:
Figure 7.4:
Figure 7.5:
Figure 7.6:
Figure 9.1:

List of Figures

Block diagram of a Switched Mode POWEF SUPPIY ....uuiiiieiiiieiiii e e e e e e 1
Schematic diagram of @ Step-DoOWN CONVEITET .........cooiiiiiiiiiiiie e 2
Inductor current, with continuous and intermittent OPeration ..........cccccccvvveviiiiiiiiiiiiiiiiiiieeeee, 3
Switching behavior 0f @ diOde ...........uuiiii i e 4
Curves of current and voltage in the CapaCItOr...........coovi i 6
Driver CIFCUIL FOr MOSET .....uuiiiiieeiiieiieis e et e e e e e e e e et s e e e e e e e e et s e e e e e eeeasranaeeeeeeeennes 7
Rise of gate voltage using pull-up resistor or driver CirCUIt ...........ocevvveviiiiiiiii e e 8
Limiting the Gate-SoUrce VORAGE ............uuuuiiii e 9
Schematic diagram of a pulse width modulator..............coooiiii i, 10
Principle of Pulse Width Modulation ..............cooiiiiiiiiiiii e e e e e 10
Functional diagram Of the TLSOOL .........uuuuuuuuiiiiiiiiiiiiiiiiiiiibebbbbbbbbbbbbbbebbb bbb eebeeeeebeeeeeee 11
Oscillator frequency as a function of reSIStor Rt........coovviiiii, 14
Dead time control With SOft STAIT ... 16
Amplification and frequency characteristics of the OUtpUt CIrCUIt..............ccvvvviiiiiiiiiiiiiiiiiennnnn. 18
ComMPENSALING NEIWOTK ... 19
Bode diagram of the compensating NEtWOIK ............coviiiiiiiiiiiiii e e e e 19
Complete circuit diagram of the voltage regulator.............ccoo e, 22
Layout fOr SWItCNING FEQUIALOIS ... ..uuuuuutiiuiiitiiiiiiittiibbbbbbbb bbb bbb bbb beeebeeeeeeeeee 26

Figure 9.2: Layout proposal for the TL500L.........cceuiiiiii e e e e e e e e e e e e e e e eearra e e e eeeeeane 26
Figure 10.1: Step-Up Converter With the TL500L ........cciviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee et 27
Figure 10.2: Step-Down Converter for [OW OULPUL CUITENTS .........uuuuureeieiiriiiieireiieeieeseeseeeseseeeeeeeeeeeeeeneeeeeee 28

Examples of Applications with the Pulse Width Modulator TL5001 iv



Examples of Applications with the Pulse Width Modulator
TL5001

1. Introduction

Switched-mode techniques are used more and more nowadays for the design of power supplies.
Switch mode power supplies have considerably higher efficiency when compared to designs
employing linear regulators, and can be used for higher output powers. The rectified input
voltage in a switching regulator is chopped by means of a switch. The LC network after the
switch smoothes this voltage, resulting in a DC voltage at the output. This voltage is controlled
by a regulator, such that the end result is a regulated output voltage (see figure 1.1)

O—— Rectifier Switch LC Network
F 3
Vin Vout
Regulator
\ 4 v
1 1
Figure 1.1: Block diagram of a Switched Mode Power Supply

As a result of the high switching frequencies which are involved, very small components can be
used. This allows the construction of compact and low-cost power supplies. However, the high
frequency switching signals also potentially create interference, and this can only be avoided
with careful attention to the design and layout of the circuit.

The configurations of the components which are external to the regulator allow the design of
various types of switching regulators. In the following section a step-down converter will be
described, in which the output voltage is lower than the input.
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Step-Down Converters

2. Step-Down Converters

The circuit diagram of a step-down converter is shown in figure 2.1.

Vos
V‘n Switching Transistor L Vocul)_
i
S Y — |
|
Q [
VDI T D — CFiIter Ij RL
[
[
[
[
C —_—— -
GND
Figure 2.1: Schematic diagram of a Step-Down Converter

The actual voltage converter is made up of a switch (in this case, the transistor Q), the
inductor L, the diode D, and the capacitor C. If the switch is closed (transistor Q conducting),
current flows via the inductor L to the load. When the switch is open (transistor Q not
conducting), the polarity of the voltage across the inductor is reversed, and the current flows via
the free-wheeling diode D to the load. The switching transistor is controlled by the output of the

regulator.

During the switch-on time tg, (transistor Q conducting), the voltage across the inductor can be

calculated as follows:

Al
Ve -V =-L— (vin—vDS—vout)tonz—Lml

Vin "Vbs ~Vout T 71
on

n_

Vp is the forward voltage of the diode.

Vps is the Drain-Source voltage of the switching transistor, but this will be neglected below.

If the switch is open (transistor Q non conducting), the voltage across the inductor will be:

Al
Vout *Vp = _Lt ’(Vout * VD) tofe = L LD
off
The result of equations (1) and (2) is:
Vout Vb ton ton

= = =D
Vin Vout tontlo T

This shows that the output voltage Vs can be adjusted by means of the pulse duty ratio D.
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Step-Down Converters

2.1 The inductor as an energy store

In this circuit the inductor functions as a store of energy. During the time period tg,, the current in
the inductor rises linearly, up to a value of I nax. During the time period ty, the current through
the inductor falls again, but retains its direction of flow. A distinction must be made between the
two different operating modes: continuous and discontinuous operation (see figure 2.2a and b).

outmax_ |

Gutpin |

a) Continous Operation

A

Lmax

outmax |

b) Discontinuous Operation

Figure 2.2: Inductor current, with continuous and discontinuous
operation

With continuous operation, the current in the inductor does not fall to zero. The change of
current in the inductor can be expressed as follows:

1 1
al= [(Vin - Vout) ton = [(Vout * VD) Loff (4)

The changeover from continuous to discontinuous operation occurs when the curve of the
current loyimin in figure 2.2a just touches the zero line. Solving expression (3) for ty, and inserting
into (4) gives the minimum output current for continuous operation as follows:
Al T Vout * Vb
loutmin =% =5 WVin ~ Vout) V. +V (5)
in D
If the output current sinks further, the flow of current in the inductor will be interrupted. In order to
avoid this, the pulse duty ratio must be changed; otherwise the output voltage will rise. Since the
pulse duty ratio is limited to a finite switch-on time of the switching transistor, the inductance of
the inductor should be chosen to insure that the current in the inductor is not interrupted at the
minimum rated current.
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Step-Down Converters

The important factors to be considered when designing the inductor are the minimum and
maximum load current, the switching frequency, and the voltage drop across the inductor.

L= % (Vin B Vout) 6)

2.2 The free-wheeling diode

The diode in a switching regulator is used as a free-wheeling diode, maintaining the inductor
current, when the switching transistor is turned off. The changeover from the conducting to the
blocking state is of great significance with switching regulators, due to the increasing switching
losses with increasing frequency. When the transistor is switched on, the diode continues
conducting until the reverse recovery time has passed. During this time period, the power
dissipation is very high. For this reason fast recovery diodes are needed, which should in
particular have a very rapid turn off time.

For applications of this kind, Schottky or epitaxial diodes are appropriate.

Schottky diodes are particularly suitable, because of their low forward voltages and the fast
switching times which result from their use of metallic boundaries within the semiconductor.
Since they have a low breakdown voltage, Schottky diodes can only be used for low output
voltages.

Epitaxial diodes have very fast reverse recovery time, and as a result of their high breakdown
voltage can also be used for higher output voltages. Their forward voltage is, however, higher
than that of Schottky diodes.

2.2.1 Switching behavior of a diode

A

le

-dl
dt
{0/ =t
10%
Q
i diy
dt
IRM -— ————
I 4
Figure 2.3: Switching behavior of a diode
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Step-Down Converters

When changing over from the conducting into the blocking state, the current in the diode falls

dl
with a slope of —d—'t:. This slope depends on the turn-on speed of the switching transistor. As

dl
soon as the current has reached the maximum reverse current Igy, it rises again at d_I? The

current collapses during this period. If the edge is very steep, the collapse of the current takes
place very fast, and together with the inductance in the circuit results in high-frequency
oscillations. To prevent this from happening, fast soft-recovery diodes can be used which - as a
result of their soft switch-off characteristics - avoid the generation of high-frequency interference.
Another way of damping these oscillations is to connect a RC network in parallel with the diode.

2.3 The switching transistor

The transistor operates as a switch: either blocking or fully conducting. In this mode of operation,
the power dissipation in the transistor is very low, and occurs almost exclusively during the
changeover from the conducting into the blocking state. To allow the use of high switching
frequencies, in switching regulators a transistor is needed which can be switched on and off very
fast.

With bipolar transistors, both types of charge carriers are needed to carry current. During the
changeover from the conducting to the blocking state, the charge carriers in the base region
must first be removed, resulting in relatively long switch-off times.

In contrast, MOS field-effect transistors use only one type of charge carrier in the conduction of
current. Resulting in significantly shorter switching times. The switching time of a MOSFET
depends primarily on the Gate-Drain (Miller) capacitance, and which must be charged and
discharged during each switching cycle. In order to ensure that this happens very quickly (in a
few ns), the gate of the transistor must be controlled by a driver circuit, which provides the
current needed to charge and discharge the capacitance, reducing the switching time.

2.4 Output capacitance

The function of the output filter capacitor is to smooth the output voltage, and to stabilize it
against sudden changes in the load.

A large capacitance results in a reduction of the ripple at the output.

The value of this capacitance can be calculated from the following expression:
_Q

VRipple

C (7)

Filter ~
The value Viippie is the maximum change of the output voltage, and Q is the charge transferred
from the capacitor Cgy, to the load during one cycle.

The capacitor will be charged provided that the current in the inductor is larger than the load
current lyy. The area shaded in figure 2.4 corresponds to the change of the charge Q in the

capacitor Crijter-

Examples of Applications with the Pulse Width Modulator TL5001 5



The Driver Circuit for the Switching Transistor

A
lc
|
| | 1
1 | |
IQ | |
Iout ; ;
Al/2 & I |
| |
P >« > >
|
} I tost I ton I t
Figure 2.4: Curve of current in the capacitor
101 10 1A1
Q=AI0=—EFAI10—-H=—-— (8)
2[R 2f00 8 f
Al
C—. = Q = (9)
Filter = v/ _. 8f V.
Ripple Ripple

The series resistance Regsg and the series inductance Rgg, of the filter capacitor should be as
small as possible, in order not to increase the ripple on the output voltage. For this reason, a
capacitor should be used which has a very low loss resistance, and which also has the
necessary high capacitance.

R B VRippIe
ESRmax =~ |
out

As a result of their wound aluminum foil construction, aluminum electrolytic capacitors have a
very high series inductance. To reduce this, several capacitors are connected in parallel at the
output. As a result of these precautions, the loss resistance Regsg will also be reduced, resulting
in a low level of output ripple. The use of tantalum electrolytic capacitors has the additional
advantage that they have both a very low series inductance and also a particularly low series
resistance.

3. The Driver Circuit for the Switching Transistor

The open-collector output stage of integrated driver circuits for switching regulators used with a
pull-up resistor (see figure 3.1a) is not able to deliver the currents needed to charge and
discharge the Miller capacitance of the switching transistor. An external driver circuit (see figure
3.1b) should be used. This provides the current needed to charge and discharge the input
capacitance of the switching transistor, reducing switching time and increasing efficiency.
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The Driver Circuit for the Switching Transistor

Vee Qgen Vee Qgen

o nt b
R, 0—|:1I—l_

Control Circuit for Q Control Circuit for Q
Switching Regulator out Switching Regulator out

a) Control with pull-up resistor b) Control with external driver circuit

Figure 3.1: Driver circuit for MOSFET

The principle of operation of this circuit can be described as follows.

When the output transistor Qg is in a conducting state, the transistor Q; will be driven into
conduction, and the Gate-Source voltage of the MOSFET raised correspondingly. The voltage at
node 3 will be V., =V . —V,,;, and Vgggq) at node 2. In this state, the transistor Q, will be non-

conducting.

If the output transistor Qg becomes non-conducting, then the transistor Q; will also be at a high
resistance. The voltage at node 2 increases. Since the voltage across the capacitor can not be
changed instantaneously, the voltage at the nodes 2 and 4 will also rise. The transistor Q, will
conduct. As a result of this kind of feedback (Bootstrap), the transistor Q, will be driven very
quickly into full conduction.

The difference in the slope of the edges of the rate of rise of the gate voltage Vgarte is shown in
figure 3.1, with and without a driver circuit.
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Drain-Source Voltage Limiting

25
|_
ELJ 20 [—
wn
Qe
- /
S /
©
O
I
o 5
% ==with pull-up resistor
O o . . . J:t
> =—with driver circuit

5

0 05 1 15 2 25 3

Time [us]

Figure 3.2: Rise of gate voltage using pull-up resistor or driver
circuit

The difference is particularly apparent in the rising edge. In the circuit with the pull-up resistor,
the rise time depends on the resistor R; and the input capacitance of the switching transistor

Coate’ T=Rpyy, [C When using a driver circuit, the rise time does not depend on the pull-

up resistor, but instead on the switching time of the transistors Q; and Q,. The voltage Vg at

the gate of the switching transistor therefore rises very quickly, and the input capacitance of the
MOSFET Cgge is very quickly charged and discharged.

Gate *

4. Drain-Source Voltage Limiting

With MOS transistors the maximum Gate-Source voltage is usually 20 V. With circuits such as
that shown in figure 3.1, the Gate-Source voltage of the switching transistor in the conducting
state is about the same as the input voltage Vcc. When using an input voltage Ve > 20V an
additional circuit must therefore be used to limit the Gate-Source voltage to the maximum
permissible value.

The circuit shown in figure 4.1 limits the Gate-Source voltage of the MOSFET to a value which is
below the maximum permissible voltage.
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Drain-Source Voltage Limiting

The Zener diode Z; determines the maximum Gate-Source voltage at the MOSFET. The Zener
voltage V7 of the diode Z, is chosen to be high enough to ensure that the MOSFET is driven
sufficiently hard to attain the desired on-resistance Rpson, . The transistor J; operates as a
current source. If the transistor Qg is switched on, and the transistor J; thus conducting, then
the voltage V.. =V, = Vp, + Vag o Will appear at node 1. If the transistor is non-conducting,

then the voltage at node 1 will again rise to that of the supply voltage Vcc.

Vee Qsen V.

O ¢ \ 4 J_ 06

ouT

TL5001 —KQM

I

Figure 4.1: Limiting the Gate-Source voltage
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Pulse Width Modulation

5. Pulse Width Modulation

As mentioned above, in a switching regulator the transistor operates as a switch. Pulse width
modulation is the method used to control this switching transistor, the on and off time of which is
controlled as a function of the output voltage (see figure 5.1).

to Switching Transistor

Error Amplifier
ref igigh V..
PWM
Oscillator Signal R1
Figure 5.1: Schematic diagram of a pulse width modulator

The output voltage Vy: which is to be regulated is divided by a resistive divider network Ri/R>,
and compared with the internal reference voltage in the error amplifier. The difference between
the required and the actual value is amplified, and compared in the pulse width modulator with
the oscillator signal (see figure 5.1). The output signal of the pulse width modulator is a square-
wave pulse, of constant frequency and variable pulse duty ratio. If the amplitude of the output
signal of the error amplifier is greater than that of the oscillator signal, then there will be a High
signal at the output of the pulse width modulator; if it is less, there will be a Low signal (see
figure 5.2).

Output of
Error Amplifier

-

Oscillator Signal 4

Output of
PWM-Comparator

v

Figure 5.2: Principle of Pulse Width Modulation

6. Circuit Description of the TL5001

The TL5001 includes all of the function necessary in the design of a reliable switching regulator.
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Circuit Description of the TL5001

e RT(7) DTC (6) OUT (1)
Undervoltage O O
detection
COMP
N/t
Te
<
tav &
oy
2.5V Vref3
L] R 1.5V Vref2 ®—‘I
ef
1V Vreft
PWM/DTC
R1 Comperator
COMP
Error SCP oeo AA i
Amplifier | Comparator 1 o, - -
) COMP 2 Qo
> N/ + I»—D_K
1+
FB (4) ] 'i' 4 HQZ
COMP (3)
SCP
Comparator 2
COMP
Ni#
§CP (5) -
l external o N
SCP-Capacitor »
GND (8)
Figure 6.1: Functional diagram of the TL5001

The actual value of the output voltage of the switching regulator is fed back to the input FB
(Feedback) of the device, and compared with the internally generated reference voltage Vs in
the error amplifier. If the voltage at the input FB (Feedback) is below the reference voltage, then
the error amplifier output voltage will be pulled in the direction of the supply voltage of the
amplifier; in the opposite case, it will be pulled towards the negative supply voltage (GND). This
output signal is now compared in the PWM/DTC comparator with the sawtooth signal of the
oscillator OSC and the voltage at the DTC input. If the oscillator signal level is lower than the two
other voltages, then the output signal of this comparator will become High; in the opposite case,
it will become Low. With a High signal, the output transistor Qgyt will become conducting, and
the output OUT will be pulled to ground potential. By means of a constant voltage at the DTC
input, which must lie between the minimum and maximum value of the oscillator output voltage,
the pulse duty ratio can be limited to a specific value.

If an overload (e.g. a short circuit) occurs at the output of the switching regulator, the output
voltage will fall very rapidly, together with the voltage at the input FB. The output signal of the
error amplifier will exceed 1.5V, and generate a Low level at the output of the SCP1
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Circuit Design Calculations with the TL5001

comparator. The transistor Q; will become non-conducting and the voltage across the resistive
divider network Ry / R, will rise, and charge the external SCP capacitor connected to the SCP
terminal. If the voltage across the SCP capacitor rises above 1V, then the output of the SCP2
comparator will become High, and switch off the output transistor Qgoyt Vvia the inverter and the
AND gate. The switching regulator will be turned off, and an overload of the circuit avoided.
Simultaneously, the transistor Q, will be turned on. As a result of the feedback with transistor Q,,
the short circuit protection will also remain active even when there is no longer a short circuit at
the output. The overload protection can only be removed when the supply voltage Vcc has fallen
to the extent that the under voltage protection has been switched on, or the SCP capacitor has
been discharged in another way.

An additional function which has been integrated into the circuit is the undervoltage protection,
which is activated at a supply voltage Vcc < 3 V. Below this voltage, reliable operation of the
device can no longer be guaranteed. To avoid incorrect operation in this situation, the output
transistor is switched off. In the region between the minimum permissible supply voltage of 3.6 V
and the operating point of the under voltage protection (= 3 V), the regulator will continue to
operate, but the regulation characteristics will no longer be defined. In order to avoid a
continuous switching on and off of the under voltage protection at low supply voltages, a
hysteresis of 200 mV has been built into the device. The danger also exists at too low supply
voltages that the operating voltage of the external switching transistor will not be reached. This
will then remain non-conducting continuously, and regulation will no longer be possible.

The design of circuits using the TL5001 will be described in more detail in the following section,
where the necessary calculations are discussed.

7. Circuit Design Calculations with the TL5001

The design of a regulator circuit with the following characteristics is discussed below.

INPUL VOITBIGE Vi ettt ettt e e et e e e e e e et e e e e e e e e aans 24-40V
OULPUL VOIBGE Vgt ceeeeeeeeeeieieieee et 5V
L0 L0140 10 | o [ (=T o | A P PP 5A
SWILCHING frEQUENCY T .. e e e e e e e e e ae e e e e e e eeenees 200 kHz

The description of the individual components which follows is made assuming the circuit in figure
7.6.

7.1 Pulse duty ratio

The output voltage is derived from the average value of the input voltage, as a result of being
switched on and off with a pulse duty ratio of D.

Vout =P (10)
For an input voltage in the range of 24 - 40 V, the pulse duty ratio will be:
_Vout*Vp _sV*OTV _Vout*™Vp _sV+OTV
Pmax =7, =T oav A Pmin=Ty ~ T aov
in min in max

Vp = Forward voltage of the diode

Examples of Applications with the Pulse Width Modulator TL5001 12



Circuit Design Calculations with the TL5001

The switch on-time t,, of the switching transistor can be derived from the pulse duty ratio and
the chosen switching frequency.

Dmax _ 024 Din  0.14
t = = =12ps ; t .= = =0.7 us
onmax =" ¢ = 500 kHz H onmin = f 200 kHz H

7.2 Inductance

The inductance must be chosen to be sufficiently large to ensure that the regulator operates
continuously over the required range of load current. The circuit should be designed such that
continuous operation down to 10% of the maximum output current ly,mayx IS assured.

The minimum alternating current Al in the inductor (see figure 2.4) will therefore be as follows:

AImin =2 m'lmoutmax =1A

For the pulse duty ratio, the larger of the values calculated above should be used. This then
results in the following value for the inductance:

(v. -V )Dmax 24V -5V)D.24
L =1nout = ( ) = 22 uH (11)
Al T 1A [200 kHz

7.3 Output capacitance

The ripple voltage across the output capacitance is determined by the size of the filter capacitor.
This ripple voltage superimposed on the output should be < 1 % of the DC output voltage.

The maximum permissible ripple voltage Vrippie at the output is:

VRippIe = Vout [0.01=5V[0.01=50 mV
According to Formula (9), the following value results (assuming ESR=0):
Q Al 2A
Cout =y T8y = 8200 kHzsomy 2 HF
Ripple Ripple z m

In addition, account must be taken of the series resistance Rgsg of the capacitor. This increases

the alternating voltage superimposed on the output. Since the series resistance of an electrolytic
capacitor depends on the voltage rating and the capacitance, a capacitor is recommended
having a voltage rating which is double the required output voltage, and a capacitance which is
about ten times the calculated value.

In this case, a capacitor with a capacitance of 220 uF has been chosen.

7.4 Potential divider at the output

In order to regulate the output voltage, it is first divided down to 1V with a resistive divider
network, and then compared in the error amplifier of the pulse width modulator with the internal
reference voltage Ves1.
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Circuit Design Calculations with the TL5001

Vout _Re *R
Y

refl R?

In this application, the output voltage is 5 V. The maximum resistance is determined by the input
current of the error amplifier. With the TL5001, this is 160 nA. If the error resulting from this
current should be < 1%, then the lateral current in the resistive divider network must be at least

100 times more than the input current of the error amplifier. In this case, a lateral current of
about 0.5 mA has been chosen. The values of the resistors which then result are as follows:

R6 =7.5kQ
R7 =1.87 kQ

7

The resistors must be of close tolerance (1 %), in order that the required value of the output
voltage can be achieved.

7.5 Calculation of the oscillator frequency

The frequency of the oscillator is determined by a resistor R; at the output RT. The oscillator
frequency can be varied over a range of 40 kHz to 400 kHz. The necessary values of resistance
can be read from figure 7.1. For a frequency of 200 kHz, a resistance value of R; =47 kQ is
chosen.

1M
C Wop=ay
" DT Resisiance = I
7 Ta = 25°C
I |
) ‘\""-
3 RN
o H‘\
T ok i
q | A | e

L =
— ..
L -
o \.\
‘©
@
O

1

%
w°

id k
10k 1040 & 1M

R, - Resistance determining frequency [Q]

Figure 7.1: Oscillator frequency as a function of resistor R;

7.6 Overload protection

As mentioned above, the pulse width modulator TL5001 has built-in overload protection, which is
activated when there is an overload at the output.
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If an overload (e.g. a short circuit) is applied to the output of the switching regulator, the output
voltage will collapse. The output signal of the error amplifier (see figure 6.1) will become High.
As a result, the output of the SCP comparator 1 will be pulled to Low. The transistor Q, will turn

off, and the voltage across the resistive divider network R;/R, will rise toward 2.5V. The
capacitor Cgcp connected to pin5 [SCP] will charge up until the voltage at the SCP

comparator 2 reaches a value of 1V. The output of this comparator will become High, and
switch off the output via an inverter.

The voltage at the capacitor Cscp rises with an exponential function to:

O _tQ0
— — _a T . _ _ _
Vgep 0185V =V o % e % } Vigtg =25V -0.185 V=232V

- |—+

U Vv

0 0
p —0.185 V =2315 V%—e % (12)

SC

The time constant T with which the capacitor is charged depends on the capacitor Cscp and the
resistor Rgcp:

T=R [C

SCP ~“SCP

If this formula is inserted in (12) and solved for Cgcp, the value of the timing capacitor can be
obtained which must be connected to pin 5, as a function of the desired time delay tscp.

CSCP =12.46 [ﬂSCP

When finally determining the time delay tscp, care must be taken that it is longer that the
initiation time of the circuit, otherwise the overload protection will be prematurely activated, and
the voltage regulator will not operate.

In this circuit a delay time tscp = 50 ms was chosen, which corresponds to a capacitance of
C =0.68 yF in figure 7.6.

7.7 Dead Time Control (DTC)

The pulse duty ratio can be limited by means of the dead time control. This makes it possible to
prevent the switching transistor from being switched on during the complete cycle. This is
achieved by the use of a resistor connected between Pin 6 and ground. A constant current Ipt
(figure 6.1) at Pin 6 generates, a voltage drop across the resistor Rpt, which compared by the
PWM/DTC comparator with the oscillator signal and the voltage at the output of the error
amplifier. The use of the dead time control is however not absolutely necessary with a step-
down converter, in contrast to step-up converters and flyback regulators.

In this circuit, the maximum pulse duty ratio D is 24 %. For the pulse duty ratio of the dead time
control, a sufficiently large value can be chosen, in order to ensure that the performance of the
regulator is not adversely affected by limitation of the pulse duty ratio. In this case, the maximum
pulse duty ratio is 50%.
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Figure 7.2: Dead time control with soft start

As described in Section 6, the pulse duty ratio is 0 % when the voltage Vpr < 0.7 V, and 100 %
when the voltage Vpr = 1.3 V or more. The voltage Vpt, which must be dropped across resistor
Rpt in order to achieve a dead time of 50%, can be determined from figure 7.2 (normal
operation).

Vg =D (Voscmax - VOSCmin)+ Voscmin = 05135 V-0.7v)+07 v =1025 v
The voltage Vpr is generated by the voltage drop caused by the current Ipt (figure 5.1) flowing in
the external resistor Rpt. The same current also flows in the resistor R; at the oscillator input RT.
The external resistance Rpt can be calculated with the formula:
V,

_ DT
RDT = (Rt +1.25 kQ) 1V
In addition to limiting the pulse duty ratio, the DTC input can also be used to implement a soft
start of the circuit. At the moment of switching on, the output voltage will not have reached its
nominal value. The control amplifier attempts to balance this differential voltage as fast as
possible. The result is that the pulse duty ratio immediately reaches its maximum value, leading
to a very high current, and therefore a possible overload of the circuit. To prevent this, a
capacitor Cpt is connected in parallel with the resistor Rpt to the input 6 (DTC). As a result,
when switching on, the supply voltage Vpr increases slowly and the pulse duty ratio rises with a
time delay T =Ry, [C; (see figure 7.2). In this way, the current when switching on is limited. In

order to prevent the overload circuit from operating when switching the regulator on, and the
appearance of an apparent overload (output voltage = 0 V), the time constant 1pt should be

chosen to be about 10 times larger than the time constant Tgcp.

In this case, a time constant of 5 ms will be assumed. The resulting capacitance is:
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7.8 Compensating network

There is a LC network at the output of the switching regulator, which behaves like a second-
order low pass filter. A second-order low pass filter has the property that the phase shift is 180°.
If this signal is now applied to the inverting input of the error amplifier, unstable behavior will
result. Compensation is added to the error amplifier to delay the phase reversal until the close
loop gain is below 0 dB. In order to design the negative feedback loop correctly, the pole points
and zero points of the output circuit must first be calculated.

The transfer function of the output circuit at low frequencies is as follows:

Vour . 1
2

F(s) = (s = 27)

Vin,  s‘LC+1

The result of this is a double pole at:
1 1

f. = =
1 2nm /Lcout 2m0/28 pH220pF

At higher frequencies, the influence of the series resistance Regsg Of the output capacitor Cgyy
becomes apparent. This results in a zero at:

1 1

f. = =
2
ZHRESRCOUt 21[0.035Q [220pF

The total amplification of this configuration without negative feedback is determined by the
maximum change of the output voltage of the circuit, which results from a change of the output
voltage of the error amplifier.

= 2,027 kHz

=20.7 kHz

The output voltage of the error amplifier will be assumed to be between 0.6 V and 1.4V, this
being slightly above or below the maximum and minimum values of control voltage. The pulse
duty ratio of the oscillator is adjusted over a range of 0 and 100 %, by means of an input voltage
of 0.7 to 1.3 V. If the minimum voltage of 0.6 V appears at the output of the error amplifier, the
pulse duty ratio will be 0%, and the output voltage of the regulator will fall to 0 V. At the
maximum voltage, the pulse duty ratio will be increased to 100 %, and the input voltage will be
switched directly to the regulator output. The amplification A can then be calculated as follows:

_ AVOUtmaX _ ZOV_OV

A= =
A VComp 14Vv-06V

=250 Ayp =20og 25 = 28 dB (13)

d

The Bode diagram for the uncompensated control loop is sketched in figure 7.3.
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Figure 7.3:  Amplification and frequency characteristics of the
output circuit

The complex pole pair provides a 180° phase shift at f;. The zero from the ESR can be seen at
the frequency fs.

The simplest solution would be to choose the amplification such that the critical frequency is less
than 0 dB. This could be implemented with a simple integrator having a reduction of amplification
of 20dB / decade. The disadvantage of this method is that, at a low degree of amplification, the
output transient response is very poor. For this reason, the frequency at which the amplification
is unity should be as high as possible.

A better solution is to arrange the negative feedback as shown in figure 7.4. This compensation
network has 3 pole points and two zero points, which can be fixed by means of the correct
calculation of the values for the individual components.
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Figure 7.4: Compensating network

The Bode diagram for this compensation network is shown in figure 7.5.
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Figure 7.5: Bode diagram of the compensating network

The behavior of this feedback arrangement can be described as follows.

The first pole of the feedback is at a frequency of 0. The transfer function is determined by the
resistor Rs and the capacitor C, ; C3 can be neglected, since C,>>Cs.

1
R.c, ©
SRty

The reduction of the amplification of an integrator is 20 dB/decade, and the phase shift is -90 °.
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In order to compensate the phase shift of 180° due to the pole of the LC network, the
compensating network must have a double zero at this frequency f;. This means that the

amplification must rise at 20dB/decade from the frequency f;. The phase shift in this region is

+90 ©, corresponding to the behavior of a differentiator. At the zero points of the transfer function,
the behavior of the circuit will change from that of an integrator (-20 dB/decade), to that of a
differentiator (+20 dB/decade). This means that the resistance Rz in the feedback loop will be

larger than the impedance of the capacitor C4, and the impedance of the capacitor C; will be
larger than Re.

The zero of the transfer function is therefore:

SEIR3 EC4+1:O and s[IR5 [([37+1:O

The next step is that the zero, which results from the series resistance Rgsg of the output
capacitor at the frequency f,, must be compensated with a pole. From this pole, the amplification

falls at a rate of 20dB/decade. There is therefore a constant amplification and a phase shift of Q°
in the frequency range of f, to f3. The pole is then attained when the resistance R8 becomes

larger than the resistance of the capacitor C7. The pole then becomes:

S[IR7 E:7 +1=0

Finally, a pole is introduced at the frequency fs, which lies between the previous pole and the

oscillator frequency, in order to reduce the amplification at higher frequencies. The pole point is
active when the resistance of the capacitor C3 exceeds the resistance Rs. This pole is defined as

follows:

S[IR3 H:3 +1=0

In order to correctly calculate the values for the resistors and capacitors, it must now be
established that the total amplification is 0 dB at a frequency of f,.

The amplification of the circuit at the frequency f, (20 kHz) without feedback is -12 dB. This

requires the amplification of the compensating network to be +12 dB at this frequency. At the
frequency fq, the amplification will be 20 dB lower than at f, (see figure 7.5): in other words, it will

be -8 dB. C, can be calculated from this as follows.

-8 dBH
1 _ a8 20 B _ _ 1 _
=10 =0398 0 C, = =27 nF
2Tt[1I[ER5 [T, 4 0.389 212 kHz 7.5 kQ
In the next step, R3 can be calculated from the zero at 2 kHz:
R,[C,+1=0 0 R = = 2.9 kQ
S = = = = .
3774 3 2n[C, 2ml2kHz,[27nF

Calculations are now given for the values of all the remaining components in the compensating
network.

1
2100 kHz, (B kQ

sR,[C,+1=0 0 C,4 =

= =531 pF
373 37 2nl, R P

3
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1 1

sR. [C,+1=0 0 C,= = =10 nF
S 7 272 kHz Ry 2712 kHz, (7.5 kQ

R, [C,+1=0 O R 1 ! 795Q

S = = =
77 7 2720 kHz [T

7 27120 kHz1 10 nF

Since the values which result above are not available in the commonly used range of component
tolerances, the following standard values were used:

R3=3kQ
R7=820Q
C3 =470 pF
Cq=27nF
C7=10nF

7.9 Complete circuit diagram

The complete circuit diagram which results is shown in figure 7.6.
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Figure 7.6: Complete circuit diagram of the voltage regulator
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7.10 List of components

Part Number Component Value Manufacturer

Ul TL5001 Texas Instruments

R1 Carbon Film Resistor 10 kQ

R2 Carbon Film Resistor 2.2kQ

R3 Carbon Film Resistor 3kQ

RDT Carbon Film Resistor 43 kQ

Ry Carbon Film Resistor 43 kQ

R5 Carbon Film Resistor 7.5 kQ (1%)

Re Carbon Film Resistor 1.87 kQ (1%)

R7 Carbon Film Resistor 820 Q

Rg Carbon Film Resistor 100 Q

C1 Electrolytic Capacitor 100 pF 63V

Co Ceramic capacitor 100 nF 63V

C3 Ceramic capacitor 470 pF

Ca Ceramic capacitor 27 nF

Csg Tantalum electrolytic capacitor 1pF

Ce Ceramic capacitor 220 pF

CoT Ceramic capacitor 100 nF

Cy Ceramic capacitor 10 nF

Csg Ceramic capacitor 100 nF

Cout Tantalum electrolytic capacitor 4AX4TPF 10V

D1 -Da Diode 1N914

Dz Zener Diode 22V

Q1 NPN Transistor 2N2222

Q2 PNP Transistor 2N2709

J1 JFET BF245C

Qsch P channel MOSFET BUZ171 Siemens

Dsch Diode BYP100 Siemens

L Inductor 35 uH Vacuumschmelze Hanau
A6161-X002-80
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8. Efficiency

The efficiency n is defined as the ratio of the output to the input power. With switching
regulators, the efficiency is primarily determined by the characteristics of the external
components.

P

out

P

n

r]:

8.1 Losses in the switching transistor

The losses in the switching transistor depend partly on the energy dissipated while the transistor
is being switched, and partly on the voltage drop between Source and Drain while the transistor
is switched on. Since the transistor is either switched off or in a saturated state, the last
mentioned part is very small.

The losses which result while the transistor is being switched can be calculated from the current
that is consumed during switching, and from both the duration of the switching process and the
frequency. The static losses when switched on are determined by the resistance Rpson between
Source and Drain. The power dissipation of the transistor is therefore made up of the sum of the
switching and the static losses.

2 t
= Pstat + den = (Iout) |:IRDSon E + ante |1/GS [ﬂ

P on
ton + toff

Tran

8.2 Losses in the diode

The voltage drop across the diode in a conducting state is mostly responsible for the losses in
the diode. The losses as a result of the diode can be calculated as the product of the forward
voltage and the load current taken from the output.

E toff
I:)Diode = VD |:I]out

1:on + toff

The switching losses which occur at the change over from a conducting into a non conducting
state are so small in comparison with the losses during the conducting phase, that they can be
ignored.

8.3 Losses in the inductor

The inductor is an additional factor influencing the efficiency of the switching regulator. The
losses in the inductor result from the resistance R, of the windings (copper losses).

2
I:)Inductor = (lout) |:IRCU

8.4 Overall losses in the circuit

The overall power dissipation in the circuit is the sum of the losses mentioned above in the
individual components.

Examples of Applications with the Pulse Width Modulator TL5001 24



Layout Guidelines

I:)Total = I:)Tran + I:)Diode + I:)Inductor
The overall efficiency which results is:
PO
"=p +p
0 Total

9. Layout Guidelines

The mechanical construction of the circuit is just as important as the calculation of the
component values for the switching regulator. When designing the layout of the printed circuit
board for the regulator, care must be taken that the high frequency switching signals do not
generate interference, either in the circuit or in the environment outside.

The metallization which conducts these high frequency switching signals on the circuit board
should be kept as short as possible, such that interference can be neither emitted to the outside
world nor coupled into the circuit. This will also reduce the inductance of the connections. As a
result of the very short switching times the current is changing very rapidly, such that even low
values of inductance in the connections can result in considerable voltage drops.

The ground lines of the power section and of the integrated circuit should be run separately, so
that the high currents in the output circuit can not influence the regulating circuitry. Both ground
lines must however be connected together at a single point, such that different potentials for the
two grounds can not occur.

A capacitor of about 0.1 - 1 pF should be connected between the Source pin of the switching
transistor and ground, which is able to carry the necessary current when switching occurs. Also
in this case it is important to keep the wiring short, and to site the capacitor as close as possible
to the Source pin.

The residual ripple in the output voltage results largely from the high inductance and the serial
resistance Rgsg Of the electrolytic capacitor. An improvement can be obtained here by
connecting several smaller capacitances in parallel, as these will reduce both the inductance
and the series resistance Rgsg. The capacitors are connected in a star configuration to the

grounding point and to the output voltage line.
The circuit arrangement described above can be seen in figure 9.1.
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Figure 9.1: Layout for switching regulators

Figure 9.2 shows a proposal for the layout of a printed circuit board.
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Figure 9.2: Layout proposal for the TL5001

10. Additional applications Proposals

10.1 Step-Up Converter with the TL5001

It is also possible to design a step-up converter with the pulse width modulator TL5001. In a
step-up converter, energy is stored in the inductor when the switching transistor is conducting.
While this is happening, no energy is supplied to the output. In the non-conducting state, the
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energy stored in the inductor is passed via the diode to the output circuit. The result is that the
output voltage is higher than the input voltage. In order to control the n-channel transistor, the
output signal OUT from the integrated circuit must be inverted. In this example a special MOS
driver TPS2816 is used, which inverts the signal and also supplies the current needed by the
switching transistor in order to switch over.

TL5001

1]
1

L ﬁr VOUT
- } — 0
1 c,
R4
R6
TPS2816 —
REG_IN __ REG_OUT—¢ [ = Cg
1IN 10UT| e b
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Figure 10.1: Step-Up Converter with the TL5001

10.2 Step-Down Converter for low output currents

If only low currents are needed at the output, then a switching transistor with a very low gate
capacitance such as the TPS1101 can be used. In this case no external driver circuit is needed

to charge and discharge the gate capacitance. A circuit proposal for a step-down converter of
this type can be seen in figure 10.2.
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Figure 10.2: Step-Down Converter for low output currents
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11. Summary

This Application Report has explained the operation of the pulse width modulator TL5001, and
given examples of several applications. This integrated circuit makes it a simple task to design
various configurations of switching regulator.

Besides discussing the operation of this pulse width modulator, practical considerations which
arise in the development and construction of switching regulators have also been covered.

The three examples of applications:

* astep-down converter,

e an step-up converter,

e and a down converter for low output currents,

demonstrate the use of the TL5001, and include practical proposals for constructing switching
regulators.
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