Power Supplies for LED Driving
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2 Chapter 1

In most chapters, I will include a section called ‘Common Errors’. This section will
highlight errors that engineers have made, and how these can be avoided, with the
hope that readers will not make the same mistakes. It is said that people learn from
their mistakes, but it is also true that we can learn from the mistakes of others. Our
own mistakes are more memorable, but also more costly!

Usually the first problem for a designer is to choose between different topologies.
When is a buck preferred to a buck-boost or a boost? Why is a Cuk boost-buck better
than a fly-back type? This book will cover these topics at the beginning of the
switching supplies section.

Power supply design equations will be given and example d651gns o 1 Ql‘les
will be worked through. With switching power supphe eeded to
make the correct component choice; a wrong @ ake 00T power
supply and require a lot of correctlve a Ds ge ot of heatin a

small area, which makes the m% t d1 nt power supply
should be efficient 'r@M 00 much heszﬂ ffe
The ir? ta\’f changin ea%% component values into standard values,

which & more practical, will Be diScusSed. In many cases, customers want to use
standard off-the-shelf parts, because of ease of purchase and cost. Calculations rarely
produce a standard value, so a compromise has to be made. In some cases the
difference is negligible. In others it may be better to choose a higher (or lower) value.
All component value changes will introduce some ‘error’ in the final result.

Having proven worked examples in the book will help the reader to understand the
design process: the order in which the design progresses. It will also show how the
calculated component value compares with the actual value used, and will include a
description of why the choice was made.

1.2 Description of Contents

In Chapter 2, the description of some LED applications will show the breadth of the
LED driving subject and how LEDs’ physical characteristics can be used to an

advantage. It is also important to understand the characteristics of LEDs in order to
understand how to drive them properly. One of the characteristics is colour; an LED
emits a very narrow band of wavelengths so the colour is fairly pure. The LED color
determines the different voltage drop across the LED while it is conducting, and I will
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and the opto-coupler’s internal LED, the photo-transistor is conducting. If the string
goes open-circuit, there is no current through the opto-coupler’s LED and the photo-
transistor does not conduct.

3.3 Testing LED Drivers

Although testing an LED driver with the actual LED load is necessary, it is wise to use

a dummy load first. There are two main reasons for this: (1) cost of an LED, especially

high power devices, can be greater than the driver circuit; and (2) operating high \(
brightness LEDs for a long time under test conditions can cause eye strain and arﬂ

sight impairment (if LEDs viewed at close range). A further reaso ? my
loads can be set to limit the current and so enable fault-f C easier.

3.3.1 Zener Diodes \IS[“"de 2?;(

Figure 3.9 s w odes ¢ 1 dummy load. This is the simplest
and ¢ ? e he 1N53? ?_%W Zener diode (3.6 V typical at 350 mA).
This is not the perfect dummy This reverse voltage is slightly higher than the
typical forward voltage of 3.42V of a Lumileds ‘Luxeon Star’ 1 W LED. The 1N5334B
has a dynamic impedance of 2.5 ohms, which is higher than the Luxeon Star’s 1 ohm
impedance. The impedance will have an effect on some switching LED drivers that have
a feedback loop. For simple buck circuits, the impedance only has a small effect.

4x1N5334B=4x1W LED

AOC A AL )

Figure 3.9: Zener Diode Dummy Load.

An active load is more precise. A constant voltage load will have (in theory at least)
zero impedance, so simply adding a small value series resistor will give the correct
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3.5 Conclusions

A voltage regulated LED driver is preferred when there are a number of LED
modules that can be connected in parallel. Each module will have its own linear
current regulator. An example would be channel lighting, as used in shop name
boards.

A current regulated LED driver is preferred when it is desirable to have a number
of LEDs connected in series. A series connection ensures that all the LEDs have the
same current flowing through them and the light output will be approximately equal. \(

A switching driver with constant current output is the favored opt' h d@n-g

high power LEDs, for reasons of efficiency. An efﬁ01ency of 7 be achieved.

If a constant voltage source were used, the LEWQ, a high current
ould i

linear regulator in series, which is very in at dissipation
problems. O rkze‘g
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LM317
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Figure 4.1: LM317 Regulat{esa\e CO

A capacitor on the o Wrrﬁ‘xl o helps W&St@l'%’ 2‘& output voltage is
given by the %\""é A
P holoi) 1+R

Note, Iapy = 100 uA, worst case.

+ Iapy * R2

Variations of the LM317 regulator include fixed positive voltage versions (LM 78xx)
and negative voltage versions (LM79xx), where ‘xx’ indicates the voltage; i.e.
LM7805isa +5V 1A regulator.

The LM317 and its variants need a minimum input to output voltage difference to
operate correctly. This is typically in the range 1V to 3V, depending on the

current through the regulator (higher current requires a higher voltage differential).
This input to output voltage difference is equal to the voltage across the internal
constant current generator, since the OUT pin is at the same potential as the voltage
reference.

Low dropout voltage regulators use a PNP transistor as the power switch, with the
emitter connected to the IN terminal and the collector connected to the OUT
terminal, see Figure 4.2. They also have a ground pin that enables an internal
reference voltage to be generated independent of the input to output voltage
differential. A dropout voltage of less than 1V is possible.
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The HV9910B has two current sense threshold voltages — an internally set 250 mV
and an external voltage at the LD pin. The actual threshold voltage used during
switching will be the lower of the two. The low value of sense voltage allows the use of
low resistor values for the current sense, which means high efficiency.

The HV9910B IC operates down to 8 V input, which is required for some automobile
applications, and can accept a maximum of 450 V input, which makes it ideal for

offline applications. The IC has an internal regulator that supplies 7.5V to power to

the IC’s internal circuits from the input voltage, eliminating the need for an external

low voltage power supply. The IC is capable of driving the external MOSFET \(
directly, without the need for additional driver circuitry. CO ‘U

5.2 Buck Circuits for DC IMQ"S

{
For D;pélg‘u\o,n‘; éméz%g in R%e @"n ZIJsed.

10-30V DC
Te
4.7uF
g # /% 350mA LED
D1 /\
10BQO60
1 L1
of = VIN 470 uH
cs L
22uF 10V g HV9910 |4
RT
R1
5 PWM_D 100K
7 4 Qt
LD GATE[—e (;_\‘ VN3205N8
cs 2
3
:r GND § R2
0,62R

Y

Figure 5.3: Buck Converter for DC Applications.
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5.2.1 Target Specification
Input voltage =10 V-30 V

LED string voltage =4-8 V
LED current =350 mA

Expected efficiency =90%

5.2.2 Choosing the Switching Frequency and Resistor (R1)
The switching frequency determines the size of the inductor L1. A lar\g/
sses in

frequency will result in a smaller inductor, but W111 incre
the circuit. A typical switching frequency for lo 3&‘ phca ns is

fs=150kHz, which is a good compro Wo 99 e t the timing
resistor between the RT o \N é‘n tis nee g uency is 150 k2.
However, 1n 1mum in nly 80% of the maximum output

time th the switch is turned = VOUT and will also be 80%. However, in
continuous conduction mode, 1nstab111ty will result When the duty cycle goes over 50%.
To prevent instability, it is necessary to operate in constant off-time mode. This is
achieved with the HV9910B circuit by connecting the timing resistor between the RT pin
and the gate pin. The timing circuit only charges an internal capacitor when the timing
resistor is connected to 0 V; the gate pin is at 0 V when the MOSFET is turned off. Thus
the off-time is constant, so the switching frequency varies as the load voltage changes.

voltag k onverter f the MOSFET switch (proportion of the
oN 1s given by D

If we choose a timing resistor that gives a constant off-time of say 5 us, with an 80%
duty cycle the on-time will be 20 us. The switching frequency will be 40 kHz. At the
other extreme, with a 30 V supply and a 4 V load, the duty cycle will be just 13.33%,
so the on-time will be 767 ns. Now the switching frequency is 173.4 kHz. The average
switching frequency will be about 100 kHz, so we can base the selection of other
components on this. The timing resistor to give 5us off-time will be 100 k2.

5.2.3 Choosing the Input Capacitor (C1)

An electrolytic capacitor is good to hold the voltage, but the large ESR of these
capacitors makes it unsuitable to absorb the high frequency ripple current generated
by the buck converter. Thus, metallized polypropylene capacitors or ceramic

uk
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capacitors in parallel are needed to absorb the high frequency ripple current. The
required high frequency capacitance can be computed as

1 — 1o x Torr
(0.05% Vmin)

In this design example, the high frequency capacitance required is about 4.7 uF 50 V.

This capacitor should be located close to the inductor L1 and MOSFET switch

01, to keep the high frequency loop current within a small area on the PCB. In \(
practice, two such capacitors with a small inductor between them (t\make €®t \-)

are needed to limit EMI emissions.

5.2.4 Choosing the Indu 237

The inductor Valij\E en s on the elerpple current in the LEDs.
Assu pple (a s acceptable in the LED current.

The famlhar equation for an 1 ductor is E= LXg d’ . Considering the time when
the MOSFET switch is off so that the inductor is supplylng energy to the LEDs
E="Viep = Vomax =L >< . Another way of writing this is L =V, max X 4 d Here,
di is the ripple current = 0.3 X Iy max and dt is the off-time.

Then, the inductor L1 can be computed at the rectified value of the nominal input
voltage as

Vo,max X TOFF
0.3 %1 max

Ll =

In this example, L1 =380 uH and the nearest standard value is 470 uH. Since this value is
a little higher than the calculated value, the ripple current will be less than 30%.

The peak current rating of the inductor will be 350 mA plus 15% ripple:

ip =035x1.15=04A.

The RMS current through the inductor will be the same as the average current
(i.e. 350 mA).
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through the MOSFET, but the current is limited by the MOSFET current rating, so a
lower current rating can reduce the switching losses.

The peak voltage rating of the diode is the same as the MOSFET. Hence,

Vdiode = VieT = 562V

The average current through the diode is

Idiode =0.5x Io,max =0.175A

Choose a 600 V, 1 A ultra-fast diode. The UF4005 is a low cost ultra-fast ty @fpu\L
greatest efficiency a faster diode like STTH1RO06 should be useca v@lss ea
forward voltage drop of 1V at 350 mA, the condycti f ess than 350 mW

at low duty cycles. The switching loss could, be his vg (l)ut is less of a
problem in faster diodes becau*?@ e\cortduction ifo@s tér time period.
5.3.7?&@%!; the Serfed @ggoe(lzz)

The sense resistor value is given by

0.25

R=—"——
1.15 X Iy max

This is true if the internal voltage threshold of 0.25V is being used. Otherwise,
substitute the voltage at the LD pin instead of the 0.25V into the equation. A lower
voltage could be applied to the LD pin to enable a convenient value of R2 to be used,
as described earlier.

For this design, R2 =0.625 2. The nearest standard value is R2=10.62 ().

Note that capacitor C3 is a bypass capacitor for holding up the HV9910B internal
supply Vpp during MOSFET switching, when high frequency current pulses are
required for charging the gate. A typical value for C3 of 2.2 uF, 16 V is recommended,
although for AC applications smaller capacitors as low as 0.1 uF have been used
successfully. The switching frequency tends to be lower and so the MOSFET gate
current requirements are low. Also with a higher voltage on the input supply pin, the
voltage drop across the internal regulator during MOSFET switching is unlikely to
cause under-voltage drop out.
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Chapter 5

DC RAIL
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Y

Figure 5.7: Additional Load Switch.

(PWM input). Thus when the triac is off, the LED driver is also off. The combined
circuit is shown in Figure 5.8.

5.5 Common Errors in AC Input Buck Circuits

The most common error is trying to drive a single LED from the AC mains supply.
The duty cycle is Voui/Vin, so for universal AC input 90V to 265V AC, the rectified
voltage is about 100 V to 375 V. The worst case is the higher voltage; consider driving
a white LED with 3.5V forward voltage. The duty cycle will be 3.5/375=0.9333%
duty cycle. If the switching frequency is 50 kHz, with 0.02 ms second period, the
MOSFET on-time will be just 186 ns. This time is too short for the current sense
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5.7 Hysteretic Buck

As an alternative to the peak current control buck, hysteretic control can be used.
This uses a fast comparator to drive the MOSFET switch. The input to the
comparator is a high side current sense circuit, where the voltage across a resistor
in the positive power feed to the LED load is monitored. This is shown in
Figure 5.10.

Flywheel Diode \(
b U

N

S
N LE

VIN Rcs D

\e
prevY™ oa0e

Figure 5.10: Hysteretic Current Control Circuit.

The MOSFET is turned on when the current level is at or below a minimum reference
voltage. The MOSFET is turned off when the current is at or above a maximum
reference voltage. This is shown in Figure 5.11. By this method, the average LED
current remains constant, regardless of changes in the supply voltage or LED
forward voltage.

+— Ves (high)

‘_Vcs (Average)

Vcs

+— Ves (Low)

Figure 5.11: Current Sense Voltage (Current in LED Load).
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Boost converters have some disadvantages, especially when used as LED drivers,
due to the low dynamic impedance of the LED string.

e The output current of the boost converter is a pulsed waveform. Thus,
a large output capacitor is required to reduce the ripple in the LED current.

e The large output capacitor makes PWM dimming more challenging. Turning
the boost converter on and off to achieve PWM dimming means the capacitor
will have to be charged and discharged every PWM dimming cycle. This
increases the rise and fall times of the LED current. \L
QM

e Open loop control of the boost converter to control the LED curreng
case of an HV9910-based buck control) is not possible. Closa-l u

stabilize the converter. This also complicate }S.[
will have to have a large bandwidth v&\&\ equired, nse times
e There is no control oye e@ ut curre 31t short circuit
condmons h from the 1@ tput via a diode and
ing off t FET will have no effect on the
gl c1rcu1t current. ?ké-

e There will be a surge of current into the LEDs if an input voltage transient
raises the input voltage above the LED string voltage. If the surge current is
high enough, the LEDs will be damaged.

red to
nce the controller

6.1 Boost Converter Operating Modes

A boost converter can be operated in two modes — either continuous conduction mode
(CCM) or discontinuous conduction mode (DCM). The mode of operation of the
boost converter is determined by the waveform of the inductor current. Figure 6.2(a) is
the inductor current waveform for a CCM boost converter whereas Figure 6.2(b) is the
inductor current waveform for a DCM boost converter.

The CCM boost converter is used when the maximum step-up ratio (ratio of output
voltage to input voltage) is less than or equal to six. If larger boost ratios are required,
the DCM boost converter is used. However, in discontinuous conduction mode, the
inductor current has large peak values, which increases the core losses in the inductor.
Thus DCM boost converters are typically less efficient than CCM boost converters,
can create more EMI problems and are usually limited to lower power levels.



68 Chapter 6

6.3.1 Design Specification

Input voltage range =22-26 V

LED string voltage range =40-70 V

LED current =350 mA

LED current ripple =10% (35mA)

LED string dynamic impedance = 18 ohms

Desired efficiency >90% CO \)\(

6.3.2 Typical Circuit
A typical b())l:st converter i cuﬁg QW e 66‘ 2 ’(
N
PYel padr., .

_Lc1 J_oz [cs §Z§LED
RS $ ,
RT VIN

OVP !
e |
R-slope HV9912 R9 |
SC |
|
REF  GATE 4@ a :
e lpwM D R |
R3 > R5 —IsyNc  CS—AA\AN— |
IREF R1 ZLED
CLIM
comp e
VDD FAULT
R4 < R6 L
oNp  FDBK
R2

Figure 6.5: Continuous Mode Boost Converter.
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The programming resistors can then be calculated as

10- R7 - f;
DS(A/ps) - 10° - R1

Rslope =

Assuming R7 =1k,

Ry = 10 - 1k - 200k
SOPe T 0.2682 - 106 - 0.15 \4
= 76.62kQ \e CO -U

Note: The maximum current that can be sourcgd ﬂ nis hmlted to

100 pA. This limits the minimum value g stor to f he equation

for slope compensatlon prod ,mpe ess than t val e, n R7 would have
cmmend

to be increased aqc 5‘% AR chosen in the range

25kQ-50

BaQ ( ésrecommendat agﬂated values can be scaled by 0.51. The selected

resistor values are

R7 =510,1/8 W, 1%
Rgiope =39k, 1/8W, 1%

6.3.16 Setting the Inductor Current Limit (R5 and R6)

The inductor current limit value depends on two factors — the maximum inductor
current and the slope compensation signal added to the sensed current. Another
resistor divider, connected to the REF pin, sets this current limit. The voltage at the
CLIM pin can be computed as

45-R7

slope

Verm > 1.35 - Lnmax - R1 +

This equation assumes that the current limit level is set at about 120% of the
maximum inductor current /;; nax and that the operating duty cycle is at 90%
(maximum for the HV9912).
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a:K2
Vin
b=— K +K
V. 1+ K3
¢ = Tofr
4 b3 427-a-2
A=12-V3. relae

a

1
L2: a[(lOSC‘i‘A)az

The actual off-tim {@\N] ‘Scomputed Xg&bﬂl@ the chosen inductor value
back 1? ‘k@ ns forPT é‘@ St T acs Trac and T ye.

Toff,ac - Tfl,ac + TfZ,ac + Tf‘,ac
V.
== Tr,ac + Tf2,ac + Tf,ac
Vo

The actual ripple in the inductor current Ai, . is

Vo : Toff,ac

Aio,ac - L
2

7.1.4 Stability of the Boost-Buck Converter

The single-switch boost-buck converter can be considered as separate boost and buck
converters (in that order), which are cascaded, and both switches being driven with

the same signal (see Figure 7.8).
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L1 D1A L2
YA > Q1B A

vin( * ’ ' |
—) ( %CHA =Fct o /\DB |
| ] |

Figure 7.8: Boost-Buﬁ
(o

) O
The relaéoQSm Qe‘\@%vga in tﬁ}%gﬁre

V
—2 =D (buck converter)
Ve

(boost converter)

The capacitor voltage V. and the input/output relationship can both be derived using
the above equations

Vo Vo V.

Vii Ve Vi 1-—D

o

o

Vin Vin
c
= Ve= Vot Vin

Ve =

For the purposes of designing the damping network, it is easier to visualize the
converter in its two-switch format of Figure 7.7 rather than as the single-switch Cuk
converter. Hence, for the remainder of this section, the cascaded converter will be
used to derive the equations.
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cost or availability, a plastic film capacitor such as PET can be used instead, although
these are considerably bulkier.

The maximum steady state voltage across the capacitoris 44V (=28 V+ 16 V), and the
maximum transient voltage across the capacitor Ve max 18 70 V(=28 V+42 V). Ceramic
capacitors can easily withstand up to 2.5 times their voltage rating for the duration of
the load dump voltage. Also, the actual capacitance value of these capacitors reduces
based on the bias voltage applied. Ceramic capacitor types X7R and X5R are more
stable and the capacitance drop is not more than 20% at full rated voltage.

Thus, a 0.22uF, 50V X7R ceramic chip capacitor can be selected. O U\(

a\e-C
A2 s

OSFET voltage needs

Choosing the Switching Transistor (Q1 ) Otes

The peak voltage across the M 70 . Assu m
voltage rating to aGCOéW ge 1nduct 02
to be at le?te\, \ ,1_

P %T =1. 3 : Vc,max

=91V

The RMS current through the MOSFET will be at maximum level at low input
voltage (higher current levels and maximum duty cycle). The maximum RMS current
through the MOSFET is

IFET,max - (Iin,max + Io) "V Dmax
=1.77TA

A typical choice for the MOSFET is to pick one whose current rating is about three
times the maximum RMS current. Choose FDS3692 from Fairchild Semiconductors
(100V, 4.5 A, 5S0mS N-channel MOSFET). Note that the current rating is normally
quoted at 25°C; the current rating reduces as the temperature rises.

The total gate charge Q, of the chosen MOSFET is a maximum of 15nC. It is
recommended that the MOSFET total gate charge should not exceed 20 nC, as the
large switching times will cause increased switching losses. A higher gate charge
would be allowable if the switching frequency can be reduced appropriately.
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This power dissipation is a maximum value, which occurs only at minimum input
voltage. At a nominal input voltage of 13.5V, we can compute the input current using
the nominal values for the efficiency and the input voltage.

L 28-035
in.nom = 8 (13.5 — 0.5)
—0.942A
Prest = 0.942%.0.228 = 02 W \(

Thus, at nominal input voltage, the power dissipation reduces éawveg‘ﬁles toa

reasonable 0.2 W. O e
Choose the following values for the r 6W\ N 2‘3’(

xagkNym ination of &2 QZW 5% resistors
Q, 1

Ry —442kQ

Input Inductor Current Rating

The maximum current through the input inductor is fimmax = 1.15 - finjim = 2.4 A.
Thus, the saturation current rating of the inductor has to be at least 2.5 A.

If the converter is going to be in input current limit for extended periods of time,
the RMS current rating needs to be 2 A, else a 1.5 A RMS current rating will be
adequate.

Improving Efficiency

The input current sense resistor can be reduced in value, which gives reduced
power dissipation (loss). To allow this, it is necessary to add an extra resistor (RA)
between the anode of the flywheel diode and the current sense input of the HV9930
(AT9933). This resistor allows a reduction in the hysteresis required by the input
comparator. The additional resistor is shown in Figure 7.12.

In Figure 7.12, Rs; = R4, Rrer1 = R7, and Rcg; = the parallel combination R1//R3.
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L1 is chosen so its total current ripple (Aly,) is a fraction (B =20% to 50%) of 1.
The worst case for B occurs when Vi is at maximum, because Al; is at maximum
when [;; is at minimum. Assuming 3 =0.5:

2T (1 = Diax) - VIN_MAX

Ll_min =
lout

Choose a standard value nearest to that calculated for L1, and make sure its
saturation current meets the following condition:

o V¥

Aa_min Tout + 0.5 T- Dmig Kn_1y

eSS’
The calculation for L2 is similar to thaﬁ'\LlNO

previ® G oge 3™

Iout + 0.5 T Dpax - VIN_MAX
L2

Iry_sar)) I +0.5- Al =

Iy sar)) I1p +0.5-A12 =

If L1 and L2 are wound on the same core, you must choose the larger of the two
calculated inductor values. Using a single core, the two windings should be bifilar
(twisted around each other before being wound on the core) and thus will have the
same number of turns and the same inductance values. Otherwise, voltages across
the two windings will differ and Cp will act as a short circuit to the difference. If the
winding voltages are identical, they generate equal and additive current gradients.
In other words, there will be mutual inductance of equal value in both windings.
Thus, the inductance measured across each isolated winding (when there is nothing
connected to the other winding) should equal only half of the value calculated for
L1 and L2.

Because no great potential difference exists between the two windings, you can save
costs by winding them together in the same operation. If the windings’ cross-sections
are equivalent, the resistive losses will differ because their currents (I;; and 1;,) differ.
Total loss, however, is lowest when losses are distributed equally between the two

windings, so it is useful to set each winding’s cross-section according to the current it
carries. This is particularly easy to do when the windings consist of insulated strands
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D2
800uH STTH2Lo6U

s >
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R N | C10 Ri14

R3 R6  ps  10nF 100R
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T
preV!

8.2 Bi-Bred

The Bi-Bred is very similar to the Cuk boost-buck that we described in the previous
chapter, see Figure 8.2.

The main difference between the Cuk and the Bi-Bred is that, in a Bi-Bred, the input
inductor is in discontinuous conduction mode (DCM) and operation of the output
stage is in continuous conduction mode (CCM). The energy stored in each inductor is
proportional to the inductance value. This means that in the design, the input
inductor L1 must have a small enough energy stored to ensure that conduction stops
before the end of each cycle. This means that the input inductor value must be
relatively small. The output inductor L2 must have large enough energy stored (large
inductance value) so that the current only falls to about 85% of its nominal value at
the end of each switching cycle.

When power is first applied, MOSFET M1 is off and waiting for the first clock signal
to trigger the gate drive pulse. At this time the storage capacitor C3 immediately
begins to charge from the supply voltage through D1 and L1, although the voltage
will not rise very high because, when the MOSFET M1 switches on, the charging
current is redirected to the 0V rail. With M1 conducting, current continues to rise in
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.

A traditional fly-back converter uses a CLN/Qat legst :2,& ings (really,
h i

this is a transformer). Conmje gs one jssthe is connected
to the input power 1tch to g % Qr 1s the secondary, which
is con ?? . The crrcu o that magnetic energy is stored in
the 1n? uring the tim ?A 1tch is on, when current increases in the
e

primary winding. When th itch is off, the magnetic energy is released by current
flowing out of the secondary winding. This is shown in Figure 9.1.

The energy release is the ‘fly-back’, so called because in early television sets with a
cathode ray tube, a transformer winding was used to deflect the electron beam back
to the starting point on the screen. The electron beam had to ‘fly back’ quickly after
completing a scan across the screen, to avoid missing the next line of data to be
displayed.

Fly-back power supplies are relatively easy to design, but are more suited to constant
voltage outputs. This is because the energy is stored in bursts, in a large reservoir
capacitor, and controlling the average voltage across the capacitor can be achieved
with simple feedback.

Driving an isolated LED load is then possible if the secondary winding is
isolated from the primary winding. Some general-purpose applications can use
simple current limit techniques in the primary winding to control the output
current from the secondary winding. An opto-coupler will be required, to maintain
isolation between primary and secondary, if accurate control of the output current
is required.
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Figure 9.1: Fly-Back Principle.

Some fly-back converters use an inductor with a single winding. These are buck-
boost controllers and are an alternative to the boost-buck converters like Cuk and
SEPIC types that were discussed in Chapter 7. Clearly, isolation is not possible with
this type of converter.

9.1 Two Winding Fly-Back

A schematic of a typical fly-back circuit for driving LEDs is shown in Figure 9.2.
The dot alongside the transformer winding indicates the start of the winding. In
this case the start is connected to the MOSFET drain, which alternates between a
ground connection and open circuit. The voltage at the drain, and hence the
winding start point, varies considerably during switching. Conversely, the outer
layer (end of the winding) is at a fixed high voltage and tends to screen the inner
layers, which reduces radiated EMI.
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The output power is 10V x 0.35 A =3.5W and the efficiency can be guessed at as
being 85%. The input power is then 4.12 W. The input current at minimum input
voltage is then:

PIN 4.12
Iazy = —= = 0.09A
ANV T YN 46
2 Iay
I p—
K Duax

At 46 V;, and 41% duty cycle: u\(
Tow — 2-009 0.439A e CO
KT 041 ‘a_\
With 60 kHz switching, the period will be ﬁﬁ @‘a 1% Q e the switch

on-time will be 6.835 us. So we \‘?@ ry current t ﬁ in 6.835 ps.

\@\N Vi - di — 716uH
previg

The secondary has 1/3 the number of turns compared to the primary, so the
inductance of the secondary will be 1/9, or 79.55uH.

The other design parameter for the transformer is the size and AL factor of the ferrite
core. In a fly-back transformer an air gap between the two halves of the ferrite core
are necessary to prevent magnetic saturation, as the air gap increases, the AL factor
reduces. The flux density (B) will depend on the cross-sectional area of the core (A4c¢),
given in square meters. Suppose in this case we have some E20 cores available from
Ferroxcube. For E20/10/6 cores, the core cross-sectional area is 32 mm?. So
Ac=132%10"% m?. The number of turns can be calculated, based on the design
parameters above and using B=200mT as the maximum flux density:

Lpr; - Irx
N =————— (turns
Ac - Bvax ( )
716 - 107°-0.439
1= =4
N 32.107¢.0.2 ?
10-6
AL:LPR1_716 10 208 nH

N12 2401
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Of course the efficiency may suffer, and so a heatsink will be needed, but this is
sometimes very much better than trying to make a switching circuit in terms of cost
and physical size.

10.2.1 Buck Regulator Considerations

In Chapter 5 we first looked at the simplest switching regulator, the buck converter.

In a buck circuit the load voltage must be less than 85% of the supply voltage,

otherwise the output becomes difficult to control. Buck circuits are used for ns \(

powered LED drivers, when driving a long string of LEDs. Buck c‘a r@o
uto

used where the input supply voltage is relatively low, s ‘Qéga

application, but where just one LED is being (“0

Buck regulators can be very eff; 90%95%, es 2 Ibad is a long
string of LEDs w1tha m %‘tgforw CG% é duty cycle). This is
because the in the ﬂ eeld a smaller proportion of the
total p? uSe the fly ﬂ% ly conducts during the MOSFET off-time,
which 18 a smaller proporu? tal switching cycle. The MOSFET dissipates
power during the on-time, when it is conducting, but the voltage drop across the
MOSFET switch is usually much lower than the forward drop of a fast rectifier.

motive

In order to operate correctly there must be some ripple in the output current. The
output current needs to reduce enough to allow the current sense comparators to be
reset. The output ripple current Alg is normally designed to be 20-30% of Io; the
output current falls far enough in each cycle so that noise in the current sense
comparator has little effect. If the ripple current is below 10% of I, the switching of
the MOSFET can be erratic. The output current in the LED string (/o) is given by the
equation:

1% 1
_ L
Rsense 2

Here Vry is the current sense comparator threshold, and Rggnsg i the current sense
resistor. The ripple current can introduce a peak-to-average error in the output current
setting that needs to be accounted for. When the constant off-time control technique is
used, the ripple current is nearly independent of the input supply voltage variation.
Therefore, the output current will remain unaffected by the varying input voltage.
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Parasitic elements could potentially cause false triggering of the LED driver I1C’s
current sense comparator, especially if an RC filter is not fitted between the
MOSFET source and the current sense (CS) pin. Minimizing parasitic elements is
essential for efficient and reliable operation of the buck converter.

Coil capacitance of inductors is typically provided in the manufacturer’s data books
either directly or in terms of the self-resonant frequency (SRF).

SRF=1/(2m\/L- Cy),
@O- Uk

Here L is the inductance value, and Cy is the coil capacitance. Ch

discharging this capacitance every switching cycle causes hi C‘ggﬁ(es in the
LED string. Therefore, connecting a small capacigo, gs@lcro the LED
string is recommended to bypass these mp&

1oned eazz

Using an ultra-fast_ rectlﬁ ﬁ&glode is ZXE achieve high
efficiency and rgd § of false 7 he current sense comparator.
When? YI turns g ch ges from forward conduction to off
(reversd bias), but this can immediately because charges have to move
inside the semiconductor material, which takes time. There is always a reverse
recovery current flowing in the opposite direction for a short period, Trg. Using
diodes with shorter reverse recovery time, Trg, and lower junction capacitance Cy
improves performance. The reverse voltage rating Vr of the diode must be
greater than the maximum input voltage of the LED lamp. The forward voltage-
drop of diodes with very fast recovery times is sometimes relatively high and can

lead to high conduction losses, so also consider this when making a diode
selection.

The total parasitic capacitance present at the DRAIN output of the MOSFET can be
calculated as:

Cp = CpraiN + Cpcp + CL + Cy

When the switch turns on, the total parasitic capacitance Cp is discharged into the
DRAIN output of the MOSFET. The discharge current is limited to the MOSFET
saturation current, so MOSFETSs with a high on-resistance and a lower saturation
current can sometimes produce lower overall losses. This is especially true if the duty
cycle is small, because the switch is conducting for a small proportion of the time and
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A fly-back, by definition, is a discontinuous conduction mode converter; energy is
taken from the power supply in the first step and then transferred to the output in the
second step, as shown in Figure 10.5. This means that EMI must be carefully filtered
at both the input and output. The output requires a large storage capacitor to
maintain current flow in the LEDs when the converter is on the first step. Dimming
the LED light by pulse width modulation (PWM) of the current is very difficult
because the stored energy in the capacitor tries to maintain current flow; thus only a

modest dimming range is possible.
O U

1A 800V T1

[: ~ ~ ~ BYV26C
_I_22 uF

HV9910NG
LD

13

PWM
GND

T1 Current flow

Input current

| ‘ ’ Output current

t

Figure 10.5: Discontinuous Fly-Back Current.
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V_Supply

LOAD

Cgd
| | Vds

oare @ DRAIN u\(

SOURCE

Vgs

——Cgs

Qg ~ %
W\e\h\b ET C|rcu|t %&ltgapaatance

The a\E age current into th 9&9& IC will be a small quiescent current plus the
product of gate charge and switching frequency.

I:IQ+Qg*FSW

This is important when calculating the power dissipation in a MOSFET driver
circuit. The power dissipation will be V_Supply * I, where [ is the current calculated
using the gate charge.

11.1.2 Bipolar Transistors

Bipolar transistors are used in switching and linear LED driver circuits. They operate
by a current magnification effect; the collector-emitter current is a multiple of the
base-emitter current. The base-emitter voltage is about 0.7 V, being the voltage drop
of a forward biased P-N junction. There is some base-emitter resistance, so the
forward voltage drop will increase slightly with base current.

Matched transistors can be very useful, particularly in current mirror circuits. A current
mirror is one where two or more branches carry identical currents; the current in one
branch depends on the current in another, hence the ‘mirror’. Transistors do not have to



188 Chapter 11

An inductor’s behaviour is to oppose any change in the current flowing through it.

This is because the energy stored in an inductor is given by E = %Ll 2. To change the
current instantly through an inductor would take infinite power. If we ignore physical
imperfections due to the construction of an inductor, when a voltage is applied across
it the current will increase linearly. If a load is then applied across the inductor, the
current falls linearly. If we alternately switch the voltage source and the load across
the inductor, the current will rise and fall, but remain fairly constant.

Inductors can be used to filter the power supply lines in switching LED drivers.

Because of their energy storage characteristics, they tend to oppose any change in u\(

current, so they present high impedance to unwanted interference. Comb

capacitors that are low impedance to unwanted interference or ‘PI’

filter considerably reduces the amplitude of hi (N gna'
gt value in, 1

Inductors can be a source of many p o)s ulky. This is
because they are usually %‘ ns or d@ enameled copper
wire that is wou Hgie core. The w&@&a acttively couple to each other,
which Q\‘ uces_a p. r across the coil. This capacitance

causesg; t€hing losses in aagles or poor filtering in supply input filters.

Above the self-resonant frequency, the impedance of the inductor falls due to the
capacitive reactance dominating.

Inductors also possess some series resistance due to the intrinsic resistance of the
copper wire used. This resistance will cause losses in the power supply and thus limit
the efficiency. Heating effects due to this resistance can cause problems. Choosing an
inductor for the correct inductance value, without considering the ESR and self-
resonant frequency will give poor results.

Magnetizing (core) losses are also present and are due to the energy required to make
the magnetic fields in the core to align with each other. In a switching circuit these losses
are continuous and can cause core heating. These losses increase rapidly if

the magnetisation is forced to operate outside its linear region. The presence of an air gap
in inductor and transformer cores makes them suitable for high magnetic saturation
levels. Transformer cores that have no air gap and are prone to saturate easily.

The saturation current (/) quoted by manufacturers is usually at the point where
the inductance drops by 10%. If the current drops to or near zero each switching
cycle, the peak current should be kept well below the saturation level (I suggest
L. =0.5% I, but preferably 0.25* I,,). Take care, because sometimes the
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All conductors have some series inductance, simply due to having a certain length. This

is typically 6 nH per centimeter. In fact some high frequency circuits just use a thin wire

bond to form an inductor. Resistors are conductors and therefore have inductance too.

Some types have more inductance than others. Even a thick-film surface mount resistor

has inductance, although of considerably lower value than other types. Wire wound
resistors have a significant inductance because of their construction, when a wire is

wound into a coil its inductance increases in proportion to the number of turns

squared. Carbon or metal film resistors that have had a spiral gap cut through their

surface will have more inductance than a carbon composition type. All through-hole \L

components also have some inductance due to the wire leads at either end.
)

Resistors also have capacitance. The two ends have a certam cr @on area
and are spaced a certain distance apart, separate atn ectrlc This
capacitance is small, typically 0.2 pF, so h \&@t an L TVEr circuit
operating up to 1 MHz. At hig Mnc es and at a nce circuit
node this capacudnge ca\Nm 9

el
11 3P¥he PrmtedelalgBoard (PCB)

Regulations on the use of tin-lead solder have come into force for most applications,
for human health reasons. The notable exceptions are military and (ironically)
medical applications, although these will be forced to change due to the lack of RoHS
lead-free components. Heavy metals and carcinogenic materials will not be allowed in
electronic products, including IC packages. This means that soldering profiles have to
change — higher temperatures are needed for lead-free solder.

The circuit board on which the components are connected is important at high
frequencies and for surface mount circuits. At high frequencies, for example,
capacitance between tracks can cause a lower resonance frequency in a tuned circuit.
Surface mount circuits can have reliability problems due to thermal expansion of
the circuit board; components firmly attached to the tracks with solder can be
stressed if they do not have the same thermal expansion. There are several types of
board, with FR4 (fibreglass insulator) being the most common.

Through-hole construction is becoming less common, due to the reduced availability
of through-hole components. For slow speed circuit prototypes they are ideal for
fault finding and fast construction. For high speed circuits and production, surface
mount construction gives better performance and lower cost.
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Table 12.1: Wire Resistance Versus Temperature.

Temperature Multiplying factor
20°C 1
40°C 1.079
60°C 1.157
80°C 1.236
100°C 1.314

e(C
provise
depth is given in

Table 12.2: Skin Depth Versus Frequency.

rsm

Unfortunately, the resistance of wire also increases as the freque
through it increases. The phenomenon of the ‘skin effe
caused by the current flow tends to force the eleﬂe

wire. An alternating magnetic figcld curre

electric field, strongest att
them to the out th Wrre Thu in current produces a force that

a small scale.

gnet1c field
tside of the
nduces an

“thszf?r

ctrons and forces

Frequency Skin depth
50 Hz 9.36 mm

1 kHz 2.09 mm
100 kHz 0.209 mm
1 MHz 0.0662 mm
10 MHz 0.0209 mm

Kk

Fortunately, Terman has created a formula for a wire gauge (in millimeters) where
the skin effect increases resistance by 10%, which is a nominal limit that allows
reasonable losses:

2
D= ﬂ millimeters

VF
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The first two questions regar 1 Qd%rence between
EMI and EMC? ards appl @QQA questions relate to how
C

0 meet the ourse, meeting the standards often

equip gﬁﬁ
costs Qe (filter compon? ing and suppressors) so the aim is to just meet
safe

the standards with a small ty margin.

EMI is electro-magnetic interference. This is the amount of radiation emitted by some
equipment when it is operating. EMI is caused by emissions in the radio spectrum, which
not only interfere with radio systems but also can cause other equipment to malfunction.
One example is interference from portable radio transmitters like CB radios and cell
phones; when used near a gasoline station, the pump can indicate the wrong amount
being delivered. An often seen warning notice at a gasoline station says ‘using a radio
transmitter can cause a fire’, but in reality the most likely effect is to cause an error in the
fuel measurement. I did hear a story that CB radio users could reset the fuel counters by
an appropriately timed transmission, but maybe this was just wishful thinking!

So what is EMC? This is electro-magnetic compatibility, and is a measure of how
good a system is at rejecting interference from others. Medical systems have a high
immunity requirement, because the consequences of a failure are death or injury. Any
system connected to the AC mains power line must be immune to transient surges;
the degree of immunity depends on the application. Power meters connected to lines
where they enter a building are subject to the highest potential surges, so they have
very high immunity requirements. Internal lighting and domestic appliances have
very much lower immunity requirements.
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used uck circuit, th1 s an almost constant current in the LED.

When the gate pin of the HV9910B outputs a voltage of 7.5V, the MOSFET Q1
turns on causing current to flow thorough the inductor L1 and the LED. The drain
voltage is very low, just a small voltage due to the current flowing in the drain-source
channel of Q1 and in the current sense resistor R2. When Q1 turns off, current
through the inductor cannot stop so it flows through the flywheel diode D1.

When D1 conducts, the drain of Q1 is clamped to the positive supply rail. So the
voltage waveform on the MOSFET drain is a rectangular wave. The fast rising and
falling edges create a broad spectrum of harmonics.

Current flows are shown in Figure 13.2. Analysis shows that the gate current flows
from ground, through V44 supply capacitor C4, through the IC and out of the gate
drive pin, through the gate and current sense resistor and back to ground. Analysis
of the LED current gives a path from ground, through the decoupling capacitors
C1 and C2, through the LED and inductor, through Q1 and the current sense
resistor R2, and back to ground. Both currents have fast rising and falling edges.

Not shown is the current that flows through the flywheel diode D1. There is a forward
current when Q1 is off, due the energy stored in the inductor, which keeps the LED
current flowing. There is also a momentary reverse current that flows when Q1 first
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current also returns from the cathode of D1. Thus the high frequency flywheel
current loop is from Q1 drain, through diode D1 and back to ground via C2; this
is in a small area to keep the impedance low and EMI radiation to a minimum.
As with the ground connection, the high frequency current path is kept away from
the low frequency current flowing into capacitors C5 and CI1.

Figure 13.6 shows both sides of the circuit board overlaid. Notice that the earth
plane is below the drain area of Q1 and inductor L1. Both Q1 and L1 have high
frequency, high voltage switching, and a ground plane below helps to reduce the
radiation from this area by screening underneath and making the node low
impedance. Of course the capacitive coupling adds to the switching losst,;l@ ‘\)

this cannot be avoided. a\e .

Figure 13.6: PCB Top and Bottom Layers.

13.2.2 Cuk Circuit Example

A Cuk circuit is a boost-buck converter that performs well in a DC input application.
An example of a Cuk circuit is given in Figure 13.7.

As with the buck circuit already described, and any other switching circuit, the aim in
printed circuit board design is to keep the switching currents flowing in as small a
loop as possible. An earth plane under the main switching elements will also help
reduce radiation.

Radiation couples easily into free space when the impedance of the signal source is
similar (the impedance of free space is 377 ohms). Dipole antennas radiate and receive
signals easily because their metallic elements are resonant at the transmit frequency and
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thus high impedance at the ends of the elements. Similarly, if the circuit area containing
the high voltage switching signals is high impedance it will radiate interference. An
earth plane under the circuit lowers the impedance and reduces radiation. The PCB
designer should take this into account when designing the circuit board.

High frequency emissions are caused by the fast rising and falling edges of the
MOSFET drain voltage. These can be reduced in amplitude by slowing down the
switching of the MOSFET. Not only does this reduce high frequency emissions, it
also reduces high frequency ringing that is caused by the drain-gate capacitance
resonating with stray circuit inductance. A resistor (R5) has been connected in series
with the gate; this slows the rise-time of the gate drive signal as the MOSFET gate
capacitance charges (the resistor and gate form a low-pass RC filter). Slowing the
MOSFET switching speed reduces the efficiency of the LED driver circuit, but saves
the cost of additional filters.

Filtering the input power connections is likely to be required. Figure 13.8 gives an
example of a filter needed to meet demanding automotive specifications.

I will now describe the input filter, starting at the input of the switching circuit and
working outwards towards the power source.
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Finally, a small value ceramic capacitor C11 is connected differentially across the
power supply input to provide a low impedance path at the higher frequencies. I will
now discuss the output filter, shown in Figure 13.9.

25uH, 1A
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—_— —— —— C2-C4 R5 ( % Q3 SZ D3

R1//R3 R8//R12
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2 Vvin GATE GND |6

cs1 VDD
PWM 5 HV9930
M

7
PWI CSs2
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ot é\

The output may need a filter, particularly when there is a considerable wire length
between the driver and the LED load. If the distance is very short, the only

filter needed is a differential capacitor (C10) across the load. Distances greater than
10 cm (4 inches) can cause common mode signals to be created due to stray coupling
between the LED and ground. Thus we may require a common mode inductor, L5,
and a second differential capacitor C23. Small value ceramic capacitors C21 and C21
provide a shunt path to circuit ground for high frequency signals developed across L3
and the parallel current sense resistors R8 and R12.

As well as a ground plane on the circuit board to reduce the impedance of the
switching circuits at high frequency, a screen over the components may be needed.
The position of such a screen is shown in Figure 13.10.

The screen over the switching area, and an earth plane underneath, provides a
metal enclosure that stops EMI radiation. However, there will always be some
leakage due to signals being carried outside the enclosure by connections to the
remainder of the circuit. Even the PWM control wire will radiate unless a simple
RC filter is added to it.
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Thermal resistance is given ?degrees kelvin per watt of heat flow and has symbol 6.
(Note, a 1 degree kelvin temperature rise =1 degree Celsius temperature rise.) The
end points of the resistance are given as subscripts; for example, from junction to
case, the thermal resistance is labelled as 0;c. For example, let 6;c=1.2 K/W,
0cy=0.1K/W, and 654 =2.4 K/W (I have given my own notation H = heatsink), so
the case to heatsink resistance is 0.1 K/W. When the device is dissipating 10 W, with a
total thermal resistance of 3.7 K/W, the silicon junction temperature will be 37 degree
hotter than the ambient temperature. If the ambient temperature is 25°C, the silicon
junction will be raised to 62°C.

Like electrical resistance, having parallel thermal resistance paths reduces the overall
resistance (see Figure 14.4). Two paths, each of 2 K/W, will create an effect single
path of 1 K/W. This makes calculation of the exact temperature more difficult, since
thermal paths are not as obvious as electrical paths. However, for a first
approximation calculating the temperature drop along obvious thermal paths will
give a sufficiently accurate result. Less obvious thermal paths usually have much
higher thermal resistance and have little effect on the temperature.

Because parallel paths reduce the thermal resistance, in general a large surface area can
dissipate heat much better than a small area. Conversely, a small surface area cannot
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