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ABSTRACT

Electrical and electronic products today are required to be lighter and smaller, use less power, and cost less. Because
of these requirements, manufacturers are turning more and more to small high-frequency dc-to-dc converters for
power-supply solutions. The TL5001 is a pulse-width-modulation (PWM) control integrated circuit, which with a few
external components can be used to implement such converters that can operate at frequencies up to 400 kHz.

INTRODUCTION

The TL5001 integrated circuit incorporates all the PWM-control functions in a compact 8-pin package, including:

Oscillator/triangle-wave generator

PWM comparator with adjustable dead-time control input
Open-collector output-drive transistor

1-V temperature-stable reference

Wide-bandwidth error amplifier

Short-circuit protection (SCP)

Undervoltage lockout (UVLO)

In addition, the TL5001 operates over a 40-kHz to 400-kHz frequency range with supply voltages ranging from 3.6 V
to 40 V and typically consumes only 1 mA of supply current.

This application report demonstrates the design of three simple step-down (buck) converters. The designs include: two
converters operating from 12 V and delivering 5V at 3 A, 3.3 V at 3 A, and one that operates from 5 V and delivers
3.3V at0.75 A, using the TL5001 and a few external components.

D OR P PACKAGE

(TOP VIEW)
ouT [] 1 o 8 [] GND
Vee [] 2 7[]RT
COMP [| 3 6|] DTC
FB [] 4 5[] scP

Figure 1. Package Layout
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Figure 2. Functional Block Diagram

SCP = Short-circuit protection
UVLO = Undervoltage lockout protection



EXAMPLE 1: 12-V to 5-V at 3-A STEP-DOWN CONVERTER
Design Criteria

The schematic of the final design is provided in Figure 8.

Specifications
INPUE VOIRAGE FANGE, |V - . .ottt e e e e e e 10Vto 15V
OUIPUE VOIBGE, Y - - o oot ettt e e e e e e e e e e 5V
OUIPUL CUITENE, ) . ..o e OAto3A
Output ripple VOItAGE. . . . . ..o <50 mV
RegUIALION . . . 1%
EffiCIENCY o e >80%
Ambient temperature rangenT . . ..o oo 0°C to 55C

Surface-mount components should be employed wherever feasible. The dc/dc converter is implemented with a
continuous-mode, fixed-frequency-PWM step-down converter operating at 200 kHz.

Duty-Cycle Estimates

Before starting the detailed design, it is useful to estimate the duty cycle, D (ratio of the power-switch conduction time
to the period of the operating frequency), for various input voltages. The duty cycle for a step-down converter operating

in continuous mode is approximately:
D - Vo + Vy
Vi~ Vsat

Where
Vy = catch-rectifier conduction voltage (assumg=0.6 V)
Vgat= power-switch conduction voltage (assumg¥ 0.5 V)

The results can be recalculated if actual values are too far from the initial estimate.
The duty cycle for Y= 10, 12, and 15 V is 0.59, 0.49, and 0.39, respectively.

Output Filter
The output filter is a single-stage LC design.

Inductor
Choose the inductance value to maintain continuous-mode operation down to 10% of rated output current.
Al =2x0.1x 'O(max)= 2x 0.1x 3 = 0.6 A peak-to-peak
The ripple current is simply the product of the inductor voltage gpthie power-switch conduction time, divided by
the inductor value.
_ Vlnd X ton _ Vlnd DTs
L1 L1

Al

where Ts = period of the converter operating frequency.

The inductor voltage duringis the input voltage minusgy; the power-switch conduction voltage, minus the output

voltage. Solving for L1,

(vI ~ Vggt— VO)(D) () (15-05-5) (0.39) (5 x 10—6)
Alg - 0.6

L1 = = 30.87uH

Because the core is too large, there are not many off-the-shelf surface-mount devices for this degighné&%er
(27 turns of 22-gauge magnet wire on a Micrometals T50-26B powdered-iron toroid) was selected because it was readily
available.



Output-Filter-Inductor Selection

Magnetic component manufacturers offer a wide range of off-the-shelf inductors suitable for dc/dc converters, some

of which are surface mountable. There are many types of inductors available; the most popular core materials are
ferrites and powdered iron. Bobbin or rod-core inductors are readily available and inexpensive, but care must be
exercised in using them because they are more likely to cause noise problems than are other shapes. Custom designs
are also feasible, provided the volumes are sufficently high.

Capacitor

The output capacitor is selected to limit ripple voltage to the level required by the specification. The three elements of
the capacitor that contribute to ripple are: equivalent series resistance (ESR), equivalent series inductance (ESL), and
capacitance. Normally, in designs of this type, it is necessary to provide a great deal of capacitance to get ESR to
acceptable levels. ESL, which can be a problem at high frequencies, can be controlled by choosing low ESL capacitors,
limiting lead length (PCB and capacitor), and replacing one large device with several smaller ones connected in parallel.

Assuming all the inductor ripple current flows through the filter capacitor and the ESR is zero, the capacitance needed
to limit the ripple to 50 mV peak-to-peak is:

Alg 0.6

oo _ =75
8x 15X AVg () (200 x 103) (0.05)

Assuming the capacitance is very large, the ESR needed to limit the ripple to 50 mV peak-to-peak is:

AV
ESR= — O _005_g3 1
A|O 0.6

Capacitor ripple current is seldom a problem in low-voltage converters unless a large number of devices are paralleled.
However, to be on the safe side, the rms current is established as:

Al o(rms) = 0.6 X 0.289= 0.17 Arms

The output-filter capacitor(s) should be rated for: at least ten times the calculated minimum capacitance, an ESR 30%
to 50% lower than the calculated maximum, a 0.5-Arms-or-greater ripple-current rating at 100 kHzZGrah@s
7.5-V or greater voltage rating.

Use one 22QF 10-V OS-CON SA-series device, even though it is in a lead-mounted radial package. The ESR is
35 mQ (at 100 kHz) and the 8€ ripple-current rating is 2.36 Arms. Where package height and/or surface-mount
packaging is critical, two solid tantalum-chip 1@B-10-V devices with 100-@ ESR and 1.1-Arms ripple-current
rating from either the AVX TPS series or the Sprague 593D series connected in parallel work well.

Output-Filter-Capacitor Selection

Three capacitor technologies: low-impedance aluminum, organic semiconductor, and solid tantalum, arg suitable
for low-cost commercial applications such as this one. Low-impedance aluminum electrolytics are the lowest cost
and offer high capacitance in small packages, but ESR is higher than the other two and there are currently no surface-
mount devices suitable for this application. Organic semiconductor electrolytics, such as the Sanyo OS-CQON series,
have become very popular for the power-supply industry in recent years. These capacitors offer the best of both
worlds — a low ESR that is stable over the temperature range and high capacitance in a small package. Mlost of the
OS-CON units are supplied in lead-mounted radial packages; surface-mount devices are available but myich of the
size and performance advantage is sacrificed. Solid-tantalum chip capacitors are probably the best choice if a
surface-mounted device is an absolute must. Products such as the AVX TPS family and the Sprague 598D family
were developed for power-supply applications. These products offer a low ESR that is relatively stable pver the
temperature range, high ripple-current capability, low ESL, surge-current testing, and a high ratio of capjcitance
to volume.




Power-Switch Design

The power-switch design includes: selecting the power switch, catch rectifier, and rectifier-snubbing network (if
needed), calculating power dissipations and junction temperatures, and ensuring the semiconductors have proper heat
sinking.

Power Switch

The design uses a p-channel MOSFET to simplify the drive-circuit design and minimize component count. Based on
the preliminary estimate pkon) should be less than 0.5 ¥ 3 A = 167 nf2 with a 10-V gate drive and the
drain-to-source breakdown voltage appropriate for a 15-V supply. Surface-mount packaging is also desirable.

The IRF9Z34S is a 60-V p-channel MOSFET in a power surface-mount packaggsyify= 140 nf2 maximum with
a 10-V gate drive.

Power dissipation, which includes both conduction and switching losses, is given by:
_12
Pop=1gX% "DS(on) * D+05xV, xlgxt  ¢Xfg

Where t, = total MOSFET switching time (turn-on and turnoff) apghon)is adjusted for temperature.

Assuming the drive circuit is adequate fart= 100 ns and the junction temperature is°C2&ith a 58C ambient,
the ipg(on)adjustment factor is 1.6.

Pp = (32)(0.14>< 1.6)(0.59 + (0.5)(10)(3)(0.1 x 10—6)(200>< 103)
Pp = 119+ 0.30= 149 W

Conduction losses are dominant in this application but may not be in others. It is good practice to check dissipation at
the extreme limits of input voltage to find the worst case.

The thermal impedancegiy, = 40°C/W for FR-4 with 2-0z copper and a one-inch-square pattern.
Ty=Ta + (Rgyax Pp) = 55 + (40x 1.49) = 115C

Bipolar Versus MOSFET Power Transistors

Each of the three designs presented in this report could be implemented with bipolar or MOSFET transistprs as the
power switch. Bipolars are inexpensive and can perform well in low-voltage applications such as these, but flesigning
a drive circuit to realize the performance is not a trivial effort. Furthermore, complex base-drive schemes can
eliminate much, if not all, of the cost advantage. MOSFETs were selected for this application becausg the fast
switching times required for high-frequency operation are acheived with relatively simple, low-componernt-count
gate drive circuits, and the focus in this report is the controller design.




Catch Rectifier

The catch rectifier conducts when the power switch turns off and provides a path for the inductor current. Important
criteria for selecting the rectifier include: fast switching, breakdown voltage, current rating, low-forward voltage drop
to minimize power dissipation, and appropriate packaging. Unless the application justifies the expense and complexity
of a synchronous rectifier, the best solution for low-voltage outputs is usually a Schottky rectifier.

The breakdown voltage must be 20 V or greater to handle the 15-V input; the current rating must be atleast 3 A (normally
the current rating will be much higher than the output current because the power limits the number of acceptable
devices); and a surface-mount package is extremely desirable.

The 50WQO03F is a 5.5-A, 30-V Schottky in a DPAK, power surface-mount package. Care must be taken to ensure that
the rectifier maximum junction temperature is not exceeded. The first step in determining the rectifier junction
temperature is to estimate worst-case power dissipation. Neglecting leakage current and assuming the ripple current in
the inductor is much less than the output current, the catch-rectifier power dissipation is:

where \j is the rectifier conduction drop. Worst-case dissipation occurs at high line where D is minimum. The
50WQO03F has a maximum forward drop of 0.55 V at a forward current of 3 A and a junction temperatut€of 125

Pp =3Xx0.55x (1-039)=1W

The thermal impedancegRRy, = 5F°C/W when mounted on FR-4 with 2-0z copper and a one-inch-square pattern.
Ty=Ta + (Rgyax Pp) = 55 + (50x 1) = 105C

Catch-Rectifier Snubber Network

Step-down converters almost universally suffer from ringing on the voltage waveform at the node where the
power-switch drain, output inductor, and catch-rectifier cathode connect. The ringing, which results from driving
parasitic inductances and capacitances with fast rise-time waveforms, ranges in severity from objectionable to
unacceptable depending on component selection and PCB layout. An RC-snubber damping network in parallel with the
catch rectifier is by far the simplest way to minimize or eliminate the problem. Since deleting components from a
printed-circuit layout is usually easier than adding them, the safest strategy is to include the network in the initial design
and delete the components if they prove unnecessary.

The initial design is straightforward, but the PCB layout may necessitate component-value adjustments during the
prototype phase. The capacitor value chosen is 4 to 10 times greater than the rectifier junction capacitance; higher values
improve the snubbing but dissipate more power. The 50WQO3F has a typical junction capacitance of 180 pF, and a
snubber-capacitor value should be between 750 pF and 1.8 nF. Use C8 = 1.2 nF for convenience. Rectifiers normally
ring in the range from 1 to 50 MHz. Choose the snubber resistor, R10, for a 50-ns time constant:

9 9
R10=20x 1070 _ 50 X 10™ _ 44 70 — Use 43Q
C8 1.2x 1079

Because the capacitor is charged and discharged each cycle, the power dissipation in R10 is:

@(c8|Vv,2) (f—zs) = (2)(1.2 x 109)(152)(M) = 54 mW

Controller Design

The controller-design procedure involves choosing the components required to program the TL5001 and includes
setting the oscillator frequency, the dead-time control voltage, the soft-start timing, and the short-circuit-protection
timing. The sense-divider network and loop-compensation designs are also addressed in this section.

Oscillator Frequency

Resistance value R1 is selected to set the oscillation frequency to 200 kHz. Select K1 frof3 the graph shown
in Figure 3.
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Dead-Time Control

Dead-time control provides a minimum period of time during each cycle when the power switch cannot be on; i.e., it
limits the duty cycle to some value less than 100%. Even though dead time is not necessary in this application, a small
amount is provided to minimize the surge current that would result from a short circuit while the protection circuit is
timing out.

The dead time is set by connecting a resistor, R2, between DTC and GND. A constantggifients| out of DTC
generating a voltage,pf. IpT is controlled by the current khat flows out of RT (this current is normally equakto |

but varies slightly with frequency and the peak amplitudgpf)yThe maximum duty cycle is 0.59. Typically, the actual

duty cycle is set slightly higher to allow for parameter tolerances. For this design, a duty cycle of 0.70 is chosen.
See Figure 4 to find the maximum and minimum ramp-voltage levglgodos)and Vo(ooey R2 is calculated from the
following expression (BT, R; in kQ, D in decimal):

= (43 + 1.25)[0.7(1.4— 0.6) + 0.6] = 51.3 kQ
A value of 51 K is used for R2.
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Figure 4. PWM Triangle-Wave-Amplitude Voltage Versus Oscillator Frequency

Soft-Start Timing
Soft start is implemented by adding a capacitor in parallel with the dead-time control resistor, R2. A start-up time of
5 ms is chosen.

tr _5x103
C5==2%9 72— 01uF
R2 " 51 x 103 t

SCP Timing

In normal operation, SCP and the timing capacitor, C4, are clamped to approximately 185 mV. Under short-circuit
conditions, C4 is allowed to charge. If the voltage across C4 reaches 1V, the SCP latch is activated and the converter
is shut down. The protection-enable perigg, must be longer than the dc/dc converter start-up time, or the converter

will never come up. Because the soft start is designed to bring the converter up withig5=7§, tns should work

well. C4 is given by ffein s, C4 inuF);

C4 = 12.46X tpe = 12.46x 0.075= 0.935uF = 1 yF

Output Sense Network

The output sense network is a resistive divider connected between the converter output and ground with the divider
output connected to the TL5001 FB terminal (refer to Figure 6). The divider ratio is chosen for a 1-V output (the TL5001
reference voltage) when the converter output is at the desired value.

Establishing the proper divider ratio is critical, but selecting values for the sense network is somewhat arbitrary.
Choosing the values too high can result in converter-output-voltage accuracy problems because the error-amplifier
input-bias current loads the network. Values that are too low can dissipate too much power, drain too much power from
limited power sources such as batteries, or lead to loop-compensation-capacitor values that are too high to be practical.
As arule, a divider current approximately 1000 times greater than the maximum error-amplifier input current is chosen.
Resistors with 1% tolerances and low and/or reasonably well-matched temperature coefficients are recommended to
minimize the output voltage tolerance.

Because the worst-case TL5001 input bias current isp@5the divider current should be approximately
1000% 0.5pA = 0.5 mA. In regulation, the voltage across R6 is 1 V and the voltage across 55V =4 V.

1V
R6 = 55 ma =~ 2 k2

R5=(VO_1V)= 5-1 _gko
0.5mA 05 x 103

Since they are readily available and provide the right divider ratio, R5 = @.50d¢ R6 = 1.87® are used.




Loop Compensation

The loop-compensation design procedure consists of shaping the error-amplifier frequency response with external
components to stabilize the dc/dc converter feedback control loop without destroying the control-loop ability to respond
to line and/or load transients. A detailed treatment of dc/dc converter stability analysis and design is well beyond the
scope of this report; however, several references on the subject are available. The following is a simplified approach to
designing networks to stabilize continuous-mode buck converters that works well when the open-loop gain is below
unity at a frequency much lower than the frequency of operation.

Ignoring the error-amplifier frequency response, the response of the pulse-width modulator and power switch operating
in continuous mode can be modeled as a simple gain block. The magnitude of the gain is the change in output voltage
for a change in the pulse-width-modulator input voltage (error-amplifier COMP voltage). Typically, increasing the
COMP voltage from 0.6 V to 1.4 V increases the duty cycle from 0 to 100% and the output voltage from 0 V to
approximately 12 V at the nominal input voltage. The gagsfy, is:

AV (12 -0
APWM = Av =
o(comp) (1.4-0§
Similarly, the gain is 22 dB at low line and 25 dB at high line. Converters with wider input ranges, 2:1 or more, need
to check for stability at several line voltages to ensure that gain variation does not cause a problem.

The output filter is an LC filter and functions accordingly. The inductor and capacitor produce an underdamped
complex-pole pair at the filter resonant frequency and the capacitor EpBU{R a zero in the response above the
resonant frequency. The complex poles are located at:

1 _ 1 = 2.06 kH
2nic 5, \/(27 x 10-6)(220 x 10-6) ‘

The zero is located at:

= 15 = 24 dB at nominal input

1 1
= = 20.7 kHz.
2aRLC (o n)(0.035(220 x 10—6)

Figure 5 includes gain and phase plots of the open-loop response (error amplifier not included) obtained from a simple
SPICE simulation.
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Figure 5. Uncompensated Open-Loop Response

The presence of the complex-pole pair is evident from the resonant peaking in the gain at 2 kHz and the rapid phase
transition in the vicinity of 2 kHz. The zero is hard to see in the gain plot but shows up well in the phase response; the
complex poles provide —180f phase shift at 20 kHz and the zero addsfdba net of —13%



Unless the designer is trying to meet an unusual requirement, such as very wide band response, many of the decisions
regarding gains, compensation pole and zero locations, and unity-gain bandwidth are largely arbitrary. Generally, the
gain at low frequencies is very high to minimize error in the output voltage; compensation zeros are added near the filter
poles to correct for the sharp change in phase encountered near the filter-resonant frequency; and an open-loop
unity-gain frequency is selected well beyond the filter-resonant frequency but 10% or less than the converter operating
frequency. In this instance, a unity-gain frequengy ¢f approximately 20 kHz is chosen to provide good transient
response. Figure 6 shows a standard compensation network chosen for this example.

C1
hY
/1

R4 c2
R7 C3 \|

B Error Comp

Amp
Vo \ To PWM
R6 1V /

Figure 6. Compensation Network
Assuming an ideal amplifier, the transfer function is:

AedS) = _[ 1 ] [S(R5 + R7) C3+ 1] (S R4 C2+ 1)
© S R5(C2+ C1)][ (s R7 C3+ 1)[S R4(C1| C2) + 1]

The integrator gain, 1/[RE(C2 + C1)], establishes the open-loop unity-gain frequency. The zeros are located at
approximately the same frequency as the output-filter poles to compensate for the gain reduction and phase shift. The
pole at 1/(Zt[R7 [C3) is positioned at approximately the same frequency as the zero in the output filter to maintain the
20 dB-per-decade roll-off in the gain response. The final pole atTRZ[C1 || C2) is placed at a frequency between

half of the operating frequency and the operating frequency to minimize high-frequency noise at the pulse-
width-modulator input. The last pole is not always necessary but should be included in the design until the need is
established.

The sum of the gains of the modulator, the LC filter, and the error amplifier is 0 dB at the unity-gain frequency. The gain
of the modulator/LC filter at 20 kHz may be calculated or obtained from a bode plot using straight-line approximations
or from a simple SPICE simulation. As shown in Figure 5, the modulator/filter gain is —12 dB at 20 kHz.

The compensation network has two zeros at 2 kHz to cancel out the LC filter poles. These two zeros contribute a gain
of 40 dB at 20 kHz; therefore, the gain contributed by the compensation-network integrator needs to be
—28 dB [0 — (-12 +40) = —28]. The integrator gain of —28 dB translates to a voltage gain of 0.0398.
1
(2 m(f1)(RB)(C2+ C1)

= 0.0398(at fr = 20 kHz)

In practice, C2 >> C1,

— 1 _ 1 _
c2= (2n)(f)(R5)(0.0398)  (6.28)20 x 103)(7.5 x 103)(0.0398) 0.027 uF

R4 is chosen to position a zero at 2 kHz.

R4a=_— L _ 1 = 2.95 kQ = Use 3.0 I2
(@N(C2)  (6.28/2 x 103)(0.027x 1079) >

10



R7 and C3 are chosen to provide a zefg, &t 2 kHz and a polepf, at 20 kHz.

_ 1 _ 1
21 = 52R5 1 R7) €3~ [20(R5)(C3] + [(20(R7)(C3]

. 1
Pl (2n) (R7) (C3)

After algebraic manipulation:

(2m)(R7)(C3) = %

11 11
ca—.z P 2x10°  20x103 0.0096uF = Use C3= 0.01 uF
= = = . u, = se = . M
(@RS (6.28)7.5 x 103)

7= 1 = 1 — 796 Q = Use 820Q
(2m)(p)(C3)  (6.28(20 x 103)(0.01 x 10-6)

C1 is chosen to provide the polppfat 100 kHz. Assuming C3 >> C1.

Cl= 1 - 1 = 531 pF = Use 470 pF
(2n)(fP2)(R4) (6.28(100 x 103)(3000)

Results of the compensated-loop response are shown in Figure 7.

90°

60 Y
\\
™
\~~~
40 N 0°
\\ Gairy‘ \
NN
g 20 N e
I
N
c
g \\\
.,
nln 0 \\\ -180°
Phase Pt \\
= N
|1 \~
-20 ‘ -270°
\‘//’——- §\~ ™
-40 —-360°
10 100 1k 10k 100 k

f— Frequency — Hz

Figure 7. Compensated-Loop Response
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Summary

The schematic (Figure 8), bill of materials, and test results for the completed design are provided in this summary.

\ Vo
(10 V to15 V) Q1 — (5V,3A)
® o oo
L1
27 uH R7
+ 820 Q
co =~| Loe
220 pF
Cc7 ;:+ 10”\/ 7.50 kQ
100 pF 1%
20V ae
c3
CR1
50WQO3F < R10 0.01 uF
Cc1 43 Q
470 pF
GND ————¢ cs
¢ < 0.0012 pF
c2
R6
Ra 0027 WF .—/I 1.87kQ
M\ —1(—o 1%
3.0kQ
4 3 |2 o o o
U1
TL5001
5 6 7 8
+ R2 R1
Ca==<
10 F s 51kQ S 43kQ
0.1 pF
® ®

Q1 - IRF9Z34S
Q2 - PMBT2222APH
Q3 -PMBT2907APH

All diodes are PMBD914PH, unless otherwise specified.
R3 — Not used

Figure 8. 12-V to 5-V at 3-A Converter



Table 1. Example 1: Bill of Materials

REF DES PART NO. DESCRIPTION MFG
Ul TL5001 IC, PWM Controller Texas Instruments
C1 Capacitor, Ceramic, 470 pF, 50V, 10%

Cc2 Capacitor, Ceramic,  0.027 pF, 50V, 10%
C3 Capacitor, Ceramic,  0.01 pF, 50V, 10%
C4 Capacitor, Tantalum, 1.0 pF, 20V, 10%
C5 Capacitor, Ceramic,  0.10 pF, 50V, 10%
C6 Capacitor, Ceramic, 220 pF, 50V, 10%
C7 20SA100M Capacitor, Aluminum, 100 pF, 20V, 20% Sanyo
Cc8 Capacitor, Ceramic, 0.0012pyF, 50V, 10%
C9 10SA220M Capacitor, Aluminum, 220 pF, 10V, 20% Sanyo
CR1 50WQO3F Diode, Schottky, 30V, 55A International Rectifier
CR2-4 | PMBD914PH Diode, Switching, 100V, 200 mA
L1 T50-26B Core, Inductor, 27 pH, 27 Turns #22 MicroMetals
Q1 IRF9Z34S Transistor, MOSFET, p-ch, 60V, 18A, 0.14Q [International Rectifier
Q2 PMBT2222APH | Transistor, NPN, 30V, 150 mA
Q3 PMBT2907APH | Transistor, PNP, 40V, 150 mA
R1 Resistor, CF, 43 kQ, 1/4W, 5%
R2 Resistor, CF, 51 kQ, 1/4W, 5%
R4 Resistor, CF, 3.0kQ, 1/4 W, 5%
R5 Resistor, MF, 7.50 kQ, 1/4W, 1%
R6 Resistor, MF, 1.87 kQ, 1/4W, 1%
R7 Resistor, CF, 820 Q, 1/4W, 5%
R8 Resistor, CF, 10 kQ, 1/4W, 5%
R9 Resistor, CF, 2.2 kQ, 1/4W, 5%
R10 Resistor, CF, 43 Q, 1/4W, 5%
Table 2. Example 1: Test Results
PARAMETER TEST CONDITIONS MEASUREMENT

Load regulation V=12V, lop=0~3A 0.4%

Line regulation lo=15A, V|=10~15V 0.4%

Output ripple (peak-to-peak) |V|=12V, lop=3A 10 mV

Efficiency V=12V, lp=3A 81.7%

13



EXAMPLE 2: 12-V to 3.3-V at 3-A STEP-DOWN CONVERTER

Design Criteria

The schematic of the final design is provided in Figure 9. This design is very similar to that in Example 1 and thus much
of the detail is not repeated.

Specifications
INPUE VOIRAGE FANGE, |V . . . oo ettt 10Vto15V
OUIPUE VOITBGE, ¥ - - oo oot e e e e e e 3.3V
Output cuIrent,dy . ... o OAto3A
Output ripple VOItAGE. . . . ..o e <50 mV
EffiCIENCY ..o >70%
Ambient temperature rangenT . . ..o ot 0°C to 55C

Surface-mount components should be employed wherever feasible. The dc/dc converter is implemented with a
continuous-mode, fixed-frequency-PWM step-down (buck) topology operating at 200 kHz.
Duty-Cycle Estimates
Estimate the power-switch duty cycle over the range of input voltages using:
o - Vo + Vy
Vi~ Vgat

Where
Vq = catch-rectifier conduction voltage (assumg=0.6 V)
Vgat= power-switch conduction voltage (assumg¥ 0.5 V)

The results can be recalculated if actual values are too far from the initial estimate.
The duty cycle for Y= 10, 12, and 15 V is 0.41, 0.34, and 0.27, respectively.

Output Filter
The output filter is a single-stage LC design.
Inductor
Choose L1 to limit the peak-to-peak ripple current to 10% of the maximum output current.

AIO =2x0.1x 'O(max)= 2% 0.1x 3 = 0.6 A peak-to-peak

Inductance is given by:

L1 = (V) = Vgar— V) x D Xﬁo

Maximum ripple current occurs at the maximum input voltage. Solving for L1:

(V) = Vsat= Vo)D) (15 - 05 3.3(0.27(5 x 10-

L1 =
Al 0.6

= 25.2uH

For convenience, use the same inductor as in example 1; therefore, lLH= 27

Capacitor

Assuming all the inductor ripple current flows through the capacitor and ESR is negligible, calculate the capacitance
needed to limit the ripple voltage to 50 mV peak-to-peak.

Al
C= o __ - 0.6 = 75 uF
8xTsx AVg  (8)(200 x 108)(0.05)

14



Assuming the capacitance is at least 10 times greater than the calculated value, the ESR to limit the ripple to 50 mV
peak-to-peak is:

AV,
ESR= — O _005_ g3 1o
Alo 0.6

The rms capacitor-ripple current is:

Capacitor current= 0.289 X AIO = 0.289x 0.6 = 0.17 Arms

For convenience, use the same RE)10-V, 35-nf2 OS-CON SA-series device that was used in Example 1. Alternate
choicesinclude a 100F, 16-V, 45-nf2 device in the same family but one case-size smaller, and two of the solid tantalum
1004uF, 10-V devices described in example 1.

Power-Switch Design

The power-switch design procedure includes selecting the power switch, the catch rectifier, and the rectifier-snubbing
network (if needed), calculating power dissipations and junction temperatures, and ensuring the semiconductors have
proper heat sinking.

Power Switch

The surface-mount p-channel device used in Example 1 should work in this design also. The IRF9Z34S has a 60-V
drain-to-source breakdown and a 14Q-maximum psonyWith a 10-V gate drive.

Assume that the worst-case junction temperature i¥Clba 53C ambient temperature and the drive circuit provides
a 100-ns total switching time (turn-on and turnoffjsfon)increases by a factor of 1.6 at 125

(32)(0.14x 1.6)(0.43 + (0.5)(10)(3(0.1 X 10—6)(200>< 103)
0.83+ 0.30= 1.13 W

Pb

Pb
The thermal impedancegiy = 40°C/W for FR-4 with 2-0z copper and a one-inch-square pattern.
TJ: TA + (RGJAX PD) =55+ (40>< 1.13) =100C

Catch Rectifier

Since the requirements are so similar, consider the same device used in Example 1, the 50WQO03F. The device is a 5.5-A,
30-V Schottky diode in a DPAK, power surface-mount package.

Worst-case dissipation occurs at high line where D is minimum. The 50WQO03F has a maximum forward drop of 0.55 V
at a forward current of 3 A and a junction temperature of@25

Pp=3x055x (1 —039)=1W

The thermal impedancegRy = 50°C/W when mounted on FR-4 with 2-0z copper and a one-inch-square pattern.

T;=55 + (50 1) = 105C

Catch-Rectifier Snubber Network

The capacitor value chosen is 4 to 10 times greater than the rectifier junction capacitance; higher values improve the
snubbing but dissipate more power. The 50WQO03F has a typical junction capacitance of 180 pF, and the
snubber-capacitor value should be between 750 pF and 1.8 nF. Use C8 = 1.2 nF for convenience. Rectifiers normally
ring in the range from 1 to 50 MHz. Choose the snubber resistor, R10, for a 50-ns time constant:

50 x 109 _ 50 x 10~9
c8 1.2x 1079

R10 = = 41.7Q = Use 43Q

15



Because the capacitor is charged and discharged each cycle, the power dissipation in R10 is:

(2)(08)(v|2)(%5) - (2)(1.2 x 10—9)(152)(M2103) = 54 mW

Controller Design

The controller-design procedure involves choosing the components required to program the TL5001 and includes
setting the oscillator frequency, dead-time control voltage, soft-start timing, and short-circuit-protection timing. The
sense-divider network and loop-compensation designs are also addressed in this section.

Oscillator Frequency

Select resistor R1 = 43Xkusing the graph in Figure 3 to set the oscillator frequency to 200 kHz.

Dead-Time Control

The dead-time-control resistor, R2, is chosen to limit the duty cycle to approximately 0.55, well above the anticipated
0.41 maximum duty cycle. See Figure 4 to find the maximum and minimum ramp-voltage Ieyeto¥)and Vo 0y
R2 is calculated from the following expressiomRR; in kQ, D in decimal):

R2 = (R1 + 1.25) [D(Vo(loo%)— Vo(o%)) + VO(O%)]

where R1 and R2 are irffk
R2 = (43 + 1.29[0.55(1.4 — 0.6) + 0.6] = 46 kQ = 47 kQ

Soft-Start Timing
As in Example 1, choose C5 = QUE to bring the output voltage into regulation in approximately 5 ms.

SCP Timing
As in Example 1, choose C4 = 1B to set the protection enable period to approximately 75 ms.

Output Sense Network

The worst-case input bias current for the TL5001 isy@b5therefore, the divider current should be approximately
1000x 0.5pA = 0.5 mA. In regulation, the voltage across R6 is 1 V and the voltage across 85i$ V =2.3 V.
Choose R5 = 7.50(k so that the compensation values in Example 1 can be used in this design as well.

(VO_lV)_ 33-1

_ 1V _
R6 = 0307 mA 3.26 K2 = Use 3.24 K2

Loop Compensation

Because the output-filter components, the PWM gain, and R5 are the same as in Example 1, the same compensation
design can be used for this application (refer to Example 1 for details).

16



Summary

The schematic (Figure 9), bill of materials, and test results for the completed design are provided in this summary.

V| Vo
(10 Vtol5V) Q1 P— (33V,3A)
® ® ® —®
L1 +
27 pH /I\ R7
co 820 Q
+ 220 pF R5
7 v 7.50 kQ
100 pF 1%
20V 1
C3
Cl CR1 0.01 uF
470 pF 50WQO3F R10
< 43 Q _I—
—e
GND c2 cs
Ra 0.0274F 0.0012 uF
e R6
3.0kQ 3.24kQ
1%
4 3|2 P o—o
Ul
TL5001
5 6 7 8
ca_1* R2 R1
1.0 uF s 47kQ S 43KQ
0.1pF
L L L
Q1 -IRF9Z34S

Q2 - PMBT2222APH

Q3 - PMBT2907APH

All diodes are PMBD914PH, unless otherwise specified.
R3 — Not used

Figure 9. 12-V to 3.3-V at 3-A Converter
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Table 3. Example 2: Bill of Materials

REF DES PART NO. DESCRIPTION MFG
Ul TL5001 IC, PWM Controller Texas Instruments
C1 Capacitor, Ceramic, 470 pF, 50V, 10%

Cc2 Capacitor, Ceramic,  0.027 pF, 50V, 10%
C3 Capacitor, Ceramic,  0.01 pF, 50V, 10%
C4 Capacitor, Tantalum, 1.0 pF, 20V, 10%
C5 Capacitor, Ceramic,  0.10 pF, 50V, 10%
C6 Capacitor, Ceramic, 220 pF, 50V, 10%
C7 20SA100M Capacitor, Aluminum, 100 pF, 20V, 20% Sanyo
Cc8 Capacitor, Ceramic, 0.0012pyF, 50V, 10%
C9 10SA220M Capacitor, Aluminum, 220 pF, 10V, 20% Sanyo
CR1 50WQO3F Diode, Schottky, 30V, 55A International Rectifier
CR2-4 | PMBD914PH Diode, Switching, 100V, 200 mA
L1 T50-26B Core, Inductor, 27 pH, 27 Turns #22 MicroMetals
Q1 IRF9Z34S Transistor, MOSFET, p-ch, 60V, 18A, 0.14Q [International Rectifier
Q2 PMBT2222APH | Transistor, NPN, 30V, 150 mA
Q3 PMBT2907APH | Transistor, PNP, 40V, 150 mA
R1 Resistor, CF, 43 kQ, 1/4W, 5%
R2 Resistor, CF, 47 kQ, 1/4W, 5%
R4 Resistor, CF, 3.0kQ, 1/4 W, 5%
R5 Resistor, MF, 7.50 kQ, 1/4W, 1%
R6 Resistor, MF, 3.24 kQ, 1/4W, 1%
R7 Resistor, CF, 820 Q, 1/4W, 5%
R8 Resistor, CF, 10 kQ, 1/4W, 5%
R9 Resistor, CF, 2.2 kQ, 1/4W, 5%
R10 Resistor, CF, 43 Q, 1/4W, 5%
Table 4. Example 2: Test Results
PARAMETER TEST CONDITIONS MEASUREMENT

Load regulation V=12V, lop=0~3A 0.7%

Line regulation lo=15A, V|=10~15A 0.9%

Output ripple (peak-to-peak) |V|=12V, lp=3A 8 mv

Efficiency V=12V, lo=3A 74.7%




EXAMPLE 3: 5-V to 3.3-V at 0.75-A STEP-DOWN CONVERTER
Design Criteria

The schematic of the final design is provided in Figure 13 . Example 1 gives a more detailed explanation of the same
design procedure used in this section.

Specifications
INput VOItage range, |V . . ..o 475V 105.25V
OUIPUE VOITBGE, Y - . o oo e e 3.3V
OUIPUL CUITENE, ) ..o i 0Ato0.75A
Output ripple VOItagE. . . . ..o e <50 mV
REQUIALION . .. 1%
T =T T >70%
Ambient temperature rangeaT . .. ... —-20°Cto 65C

Surface-mount components should be employed wherever feasible. The dc/dc converter is implemented with a
continuous-mode, fixed-frequency-PWM step-down (buck) converter operating at 200 kHz.
Duty-Cycle Estimates
Estimate the power-switch duty cycle over the range of input voltages using:
D - Vo + Yy
Vi~ Vgat

Where
V¢ = catch-rectifier conduction voltage (assumg=\0.5 V)
Vgat= power-switch conduction voltage (assumg¥ 0.25 V)

The results can be recalculated if actual values are too far from the initial estimate.
The duty cycle for Y= 4.75, 5, and 5.25 V is 0.84, 0.80, and 0.76, respectively.

Output Filter

The output filter is a single-stage LC design.

Inductor
Choose L1 to maintain continuous-mode operation to 20% of the rated output current.

AIO =2x0.2X IO(max) =2 X 0.2 % 0.75= 0.3 A peak-to-peak
The inductor value is calculated using

L (Vi = Vsat— Vo DTs

where Ts is the period of the converter operating frequency.
Maximum ripple current occurs at the maximum input voltage. Solving for L1:

(5.25— 0.25 — 3.3)(0.76)(5 X 10—6)
- 0.3

Use L1 = 2QuH (Coiltronics CTX20-1, 1.15 A dc-current rating, surface-mount package). Using the new value for L1,
Alg is recalculated:

L1 = 215pH

(V) = Vsar= VoJPTs  (5.25- 0.25- 3.3(0.76(5 x 10°)
L1 20 x 1076

AIO = = 323 mA peak-to-peak
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Capacitor

Assuming all the inductor ripple current flows through the capacitor and ESR is zero, the capacitance needed to limit
the ripple voltage to 50 mV peak-to-peak is:

Alg B 0.323

C = =
8xTsx AVg  (8)(200 x 103)(0.05)

= 4.04uF

If the capacitance is at least ten times greater than the calculated value, the ESR to limit the ripple to 50 mV peak-to-peak
is:

AV
_ O _ 0.05 _
ESR=R, ToazsT M
Capacitor ripple current is seldom a problem in low-voltage converters unless a large number of devices are paralleled.
However, the capacitor current is calculated as follows:

Irms = 0.289X Al 5 = 0.289x 0.323= 0.093 Arms

The output filter capacitor(s) should provide at least ten times the calculated minimum capacitance and an ESR 30%
to 50% lower than the calculated maximum to provide some margin for ESL, PCB leads, temperature, and aging. The
200-kHz, 88C ripple current should be 0.25 Arms or greater, and the voltage rating should be at least 6.3 V.

For this case, a 100F, 10-V tantalum electrolytic with an ESR of 0.1QGmaximum was chosen.

Power-Switch Design

The power-switch design procedure includes selecting the power switch, the catch rectifier, and the rectifier-snubbing
network (if needed); calculating power dissipations and junction temperatures; and ensuring the semiconductors have
proper heat sinking.

Power Switch

This design uses a p-channel MOSFET to simplify the drive-circuit design and minimize component count. Based on
the preliminary estimatepgon) should be less than 0.25-v0.75 A = (333 ) with a 5-V gate drive and a
drain-to-source breakdown voltage appropriate for a 5-V supply. A low gate-to-source threshold voltage and
surface-mount packaging are also desirable.

The TPS1101D is a 15-V p-channel MOSFET in an SO-8 packagq;)@;m: 0.19 n©2 maximum, with a 4.5-V gate
drive.

12
Pp = IOerS(on)X D+05xV x IOXtH_foS

Where 4+ = total MOSFET switching time (turn-on and turnoff) aD@(ron)is adjusted for temperature. Assuming
the drive circuit is adequate fer = 100 ns and the junction temperature is’00Rith a 65C ambient, the adjustment
factor is 1.3 andgg(on)= 1.3x 0.19 = 0.25.

Pb
Pp = 113+ 38 = 151 mw

[(0.752)(0.25)(0.801 + [(0.5)(5)(0.7560.1 x 10—6)(200 x 103)]

The thermal impedancegia = 158 C/W for FR-4 with no special heat-sinking considerations.
Tj=Ta + (RGJAX PD) =65+ (158x 0.151) = 89C
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Catch Rectifier

The power dissipation in this design is very low because of a relatively low output-current requirement and the
high-power-switch duty cycles. Consequently, a small surface-mount Schottky device such as the MBRS140T3 is more
than adequate. The MBRS140T3 is rated for 1 A of forward current and a 40-V breakdown. The conductig drop, V

is 0.35-V at 1-A forward current and a 2@Qjunction. The power dissipation is:

Po = onvdx(l—D)
Pp = 0.75x 0.35% (1 — 0.76) = 63 mW

In the absence of thermal-impedance data for this package with FR-4 mounting, a reasonable estimate of junction
temperature is not practical. However, some assurance can be derived from considering the thermal impedance
necessary to limit the junction to I which is comfortably below the 125 maximum rating. The thermal
impedance, Rja, needed to raise the junction temperature from th€ &ibient to 100C with 63 mW of dissipation

is:

T,-T
_To-TA _100-65_
Roan =P, ~ o0oe3 >0 GW

There should be no problem since even signal diodes are in the 80800 C/W range. Some preliminary testing to
establish thermal performance is highly recommended for applications where the margins are lower.

Controller Design

The controller-design procedure involves choosing the components required to program the TL5001 and includes
setting the oscillator frequency, dead-time control voltage, soft-start timing, and short-circuit-protection timing. The
sense-divider network and loop-compensation designs are also addressed in this section.

Oscillator Frequency
From the graph in Figure 3, choose R2 = 48t& set the oscillator frequency to 200 kHz.

Dead-Time Control
The maximum duty cycle in this application is 84% and because there is no benefit in limiting the duty cycle a few points
below 100%, the dead-time control resistor is omitted.

Soft-Start Timing

The DTC input can be used to soft start the converter even though dead-time control is not implemented. The soft-start
capacitor is charged with a constant current approximately equal to the current flowing from the RT terminal. The output
voltage should be in regulation by the time C5 has charged to 1.4 V. Choose C5 such that the output voltage comes up
in 6 ms.

Charging current= 4% \k/Q = 23.3pA
(23.3>< 10-6)(6 x 1073
C5= 14 = 0.1 uF
SCP Timing

As in Example 1, choose C4 =uF to set the protection enable period to approximately 75 ms.

Output Sense Network

The worst-case input bias current for TL5001 is [@% therefore, the divider current should be approximately
1000x 0.5pA = 0.5 mA. In regulation, the voltage across R6 is 1 V and the voltage across®5 W= 2.3 V. For
this design, R5 is set at 7.5Q k

(VO_lV)_ 33-1

__1v _
R6 = 0307 mA— 3.26 K2 = Use 3.24 R
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Loop Compensation
Refer to Example 1 for more detailed explanation.

The open-loop response without the error amplifier consists of the gain of the PWM/power swjjgh @d the output
filter response. The gain,piyn, IS:

AV _
APWM = AVO( o - _6-0 = 6.25 = 15.9 dB at nominal input

comp) (L4109

Similarly, the gain is 15.5 dB at low line and 16.3 dB at high line.
The output filter produces an underdamped complex-pole pair at the filter’s resonant frequency, and the capacitor ESR
puts a zero in the response above the resonant frequency. The complex poles are located at:

1___ 1 = 3.56 kH
27 lC 5, o \/(20 x 10—6)(1oo>< 10—6) ‘

The zero is located at:

1 1
= = 15.9 kHz.
2n RC (2n)(o.1)(100>< 10—6)

Figure 10 includes gain and phase plots of the open-loop response (error amplifier not included) obtained from a simple
SPICE simulation.

60 270°
40 180°
Gain /"\
Q20 = \ 90° o
c N\ s
3 \\ o
a Phase N e|>
I -0 A 0°
0] \
\ \{
-20 DN —90°
\ // ™N
"
—40 —180°
10 100 1k 10 k 100 k

f— Frequency — Hz
Figure 10. Uncompensated Open-Loop Response

Choose a unity-gain frequency of approximately 20 kHz to provide good transient response. Figure 11 shows a standard
compensation network chosen for this example.
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R4 cs8 R3 C6

FB Error Comp

0 To PWM

1V

R6

Figure 11. Compensation Network
Assuming an ideal amplifier, the transfer function is:

AedS) = _[ 1 ] [S(R5 + R4) C8+ 1] (S R3 C6+ 1)
© S R5(C6+ C7)|| (s R4 8+ 1) [S R3(C6| C7) + 1]

The integrator gain, 1/[RB(C6 + C7)], is used to set the open-loop unity-gain frequency. The zeros are located at
approximately the same frequency as the output-filter poles to compensate for the gain reduction and phase shift. The
pole at 1/(2t[R4 [C8) is positioned at approximately the same frequency as the zero in the output filter to maintain the
20 dB-per-decade roll-off in the gain response. The final pole atR2C6 || C7) is placed between half the operating
frequency and the operating frequency to minimize noise at the pulse-width-modulator input.

The sum of the gains of the modulator, the LC filter, and the error amplifier is 0 dB at the unity-gain frequency. The gain
of the modulator/LC filter at 20 kHz may be calculated or obtained from a bode plot using straight-line approximations
or from a simple SPICE simulation. As shown in Figure 10, the modulator/LC filter gain is —8 dB at 20 kHz.

The compensation network has two zeros at 3.6 kHz to cancel out the LC filter poles. These two zeros contribute a gain
of 29 dB at 20 kHz; therefore, the gain contributed by the compensation-network integrator needs to be
—21dB [0 — (-8 + 29) =-21]. The integrator gain of —21 dB translates to a voltage gain of 0.089.

1
(2m)(f1)(RB)(C6+ C7)

= 0.089 (at fr =20 kHz)

6 = 1 1 = 0.0119yuF = Use C6 = 0.012 uF.

- (2n)(fT)(R5)(O.089)= (6.28) 20 x 103)(7.5 x 103)(0.089)

R3 is chosen to position a zero at 3.6 kHz.
1
(6.28)3.6 x 103)(0.012>< 10—6)

R3 = 3.69 K2 = Use 3.6 I

= 1 =
(2m)()(C6)

R4 and C8 are chosen to provide an additional zgr@tf3.6 kHz and a polepfat 15.9 kHz.

1 1 1 _ 1
fz fp |36x103 15.9x103

Cc8 = -
(2m)(R5) (6.28)7.5 x 103)

= 0.0046uF = Use C8= 0.0047uF

4=—1_ - 1 ~ 213 K2 = Use 2.0 I©
(2)(fp)(C8)  (6.28(15.9x 103)(0.0047 10-6)

C7 is chosen to provide the pole at 100 kHz. Assuming C6 >> C7,
1 1

©r= (Zn)(fp)(R3) - (6.28(100 x 103)(3600)

= 442 pF= Use 470 pF

Results of the compensated-system response are shown in Figure 12.
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Figure 12. Compensated-Loop Response

Summary

The schematic (Figure 13), bill of materials, and test results for the completed design are provided in this summary.

\ L 4
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10V 01
GND — TPS1101D
= L1
20 pH
AN Vo
3.3V
c3 CR1
y| 0-1WF MBRS140T3 +
I ? c2
= 100 pF
C4 Vce 10V
\| 1.0 yF 5 1
*— scp ouT =
COMP 3 R4
s U1l i co J_ 2.0kQ
TL5001
| 0L 6 0.012 pF
G bTC R3 cs
2.6 kO 0.0047 pF
R2 4 :
43 kQ 7 FB
[ RT
GND
ls
NOTES: Frequency = 200 kHz N

Duty cycle = 100% MAX
Soft-start timing = 6 ms
SCP timing = 75 ms

Figure 13. 5-V to 3.3-V/0.75-A Converter
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Table 5. Example 3: Bill of Materials

REF DES PART NO. DESCRIPTION MFG
Ul TL5001 IC, PWM Controller Texas Instruments
C1,C2 TPSD107M010R0100 | Capacitor, Tantalum, 100 pF, 10V, 20% AVX
Cc4 Capacitor, Ceramic, 1.0 pF, 50V, 10%

C3,C5 Capacitor, Ceramic, 0.1 pF, 50V, 10%
C6 Capacitor, Ceramic,  0.012 pF, 50V, 10%
C7 Capacitor, Ceramic, 470 pF, 50V, 10%
c8 Capacitor, Ceramic,  0.0047 pF, 50V, 10%
CR1 MBRS140T3 Diode, Schottky, 20V, 1A Motorola
L1 CTX20-1 Inductor, Toroid, 20 pH Coiltronics
Q1 TPS1101D Transistor, MOSFET, p-ch, 15V, 0.19Q Texas Instruments
R1 Resistor, CF, 470 Q, 1/4W, 5%
R2 Resistor, CF, 43 kQ, 1/4W, 5%
R3 Resistor, CF, 3.6 kQ, 1/4W, 5%
R4 Resistor, CF, 2.0 kQ, 1/4W, 5%
R5 Resistor, MF, 7.50 kQ, 1/4W, 1%
R6 Resistor, MF, 3.24 kQ, 1/4W, 1%
Table 6. Example 3: Test Results
PARAMETER TEST CONDITIONS MEASUREMENT
Load regulation V=5V, lo=0~750 mA 1.4%
Output ripple (peak-to-peak) lo =750 mA <20 mV
VI=5YV, lo=750mA, Q1 =SI9405 74.4%
Efficiency
V=5V, lo=750mA, Q1=TPS1101 84.1%%

tThe higher efficiency achieved with the TPS1101 is due to lower gate capacitance, which speeds up
switching and reduces switching loss.
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Appendix A
5-V Prototype-Board Waveforms

The following photos were taken using the 12-V to 5-V prototype breadboard that was designed and documented as

presented in the first section of this application report. The results are typical of those seen on the other designs in this
paper.

Minimum Dead Time (maximum duty cycle)

The dead time of the output switch was measured with the feedback resistance disconnected.

Vertical: 2 V/div
Horizontal: 1us/div

Coupling: dc
|¢——— 823 Acqs ———P|
Stop: 50 MS/s T
: Ch1 Period
. 5.122 ps
Chl +Duty !
i : 83.8%
O O S +
1 :._j: R
Chl 2V M1 ps Chl_~ ov
Figure A-1
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Output Switch Drain to Ground Voltage

The input of the low-pass output filter is shown in Figure A—2. The high-level voltage is equal to the input voltage minus
Vbs(on) The low-level voltage is one diode drop below ground.

Vertical: 2 V/div
Horizontal: 1us/div
Coupling: dc

|¢—— 528 Acqs ———P|
Stop: 50 MS/s T

-
-
DI

------- s = oo

Figure A-2
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Output Voltage Rise Time (electronic load)

The soft-start circuit slows the rise of the output voltage to prevent excessive overshoot.

Vertical: 1 V/div
Horizontal: 2 ms/div
Coupling: dc

|¢&—— Sample ——— |

Run: 25 kS/s T

PR

+ H
Chi 1v M 2 ms Chi_—~ 4.04V

Figure A-3



Output Voltage Rise Time (resistive load)

This photo shows the response to a resistive load.

Vertical: 1 V/div
Horizontal: 2 ms/div
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Coupling: dc

|¢&—— Sample ——— |

Run: 25 kS/s T
T H T H ¥
........................................... ...
PR
+ H
Chl 1v M 2 ms Chi_—~ 4.04V

Figure A—4



Output Voltage Ripple

The output ripple is shown in Figure A-5. The triangular-shaped ripple is clearly a function of the ESR of the output
capacitor.

Vertical: 2 mV/div
Horizontal: 2us/div
Coupling: ac

|¢—— 262 Acqs ———P
Stop: 25 MS/s

Chi 2mv_ M2 pus Chi_~ ov

Figure A-5
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Output Dynamic Response

The response of the output to step-load changes is shown in Figure A—6. The electronic load was stepped from 1.5 A
to 3A.

Top Waveform: \h Bottom Waveform: ¢
Vertical: 100 mV/div Vertical: 1 A/div
Horizontal: 0.5 ms/div Horizontal: 0.5 ms/div
Coupling: ac Coupling: dc

|€&— 4808 Acqgs ————]
Stop: 100 kS/s T

Chl 100mVv Ch2 10mV M500 us  Chl_~ 66 mV

Figure A—6
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