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Startup Considerations

At low input voltages (down to 5V), the LM267x series of
switching regulators can take full advantage of the
buck-boost topology. Usually these regulators have a mini-
mum input voltage requirement of V, = 6.5V, because of the
internal 5V regulator which provides the internal bias for the
IC.

Since the ground of the device is connected to the output,
the resulting voltage from Vy to GND is the input voltage
plus the magnitude of the output voltage, typically totalling

over 8V. Please refer to the chapter "Device Ratings". There-
fore, the part initially has 5V at the input enabling the device
to start up, and as soon as the output goes negative the
input voltage of the device will raise eventually up to (V,\ +
Vour) Which is greater than 6.5V and well within the speci-
fication.

Inverting regulators often require high peak input currents
during startup. These can be minimized by using the
soft-start feature of the switching regulator IC.
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Selecting Inductors for
Buck Converters

Introduction

This Application Note provides design information to help
select an off-the-shelf inductor for any continuous-mode
buck converter application.

The first part shows how the designer should estimate his
requirements, specifically the required inductance

The next part takes an off-the-shelf inductor and shows how
to Iinterpret the specs provided by the vendor in greater
detail. A step-by-step procedure is provided.

Finally, all the previous steps are consolidated in a single
design table, which answers the question: “How will the
selected inductor actually perform in a specific application?”
The important point to note here is that though every induc-
tor is designed assuming certain specific ‘design conditions’,
that does not imply that these conditions cannot be varied. In
fact every inductor can be satisfactorily used for many appli-
cations. But to be able to do this, the designer must know
how to be able to accurately predict, or extrapolate, the
performance of the inductor to a new set of conditions, which
are his specific ‘application conditions’. It will be shown that
‘intuition’ can be rather misleading. A detailed procedure is
required and is presented in the form of the Design Table
(Table 2) and the Selection Flow Chart (Figure 2).

Background: The Inductor Current
Waveform

Refer to Figure 1, which shows the current through an in-
ductor in continuous mode operation (bold line). Consider its
main elements:

1. Ipe
— is the geometrical center of the AC/ramp component
—is the average value of the total inductor current
waveform

— is the current into the load, since the average current
through the output capacitor, as for any capacitor in
steady state, is zero

2. lpgak I8 Ipc+Al/2, and it determines the peak energy in
the core (e = ¥*L*I?), which in turn is directly related to
the peak field the core must withstand without saturat-
ing.

3. ltrouaH IS Ipc-Al/2 and determines the constant re-
sidual level of current/energy in the inductor. Note that it
depends on the load, even though it is not itself trans-
ferred to the load.

4. The AC component of the current is
Iac = Al = lpeak — ltroucH

5. The DC component Is the load current for the case
shown in the figure.

Ioc = lo
where | 1s the maximum rated load.

6. and v’ is defined as the ratio of the AC to DC compo-

nents (current ripple ratio) evaluated at maximum load,

National Semiconductor
Application Note 1197
Sanjaya Maniktala

lo. Note that by definition ‘r’ is a constant for a given
converter/application (as it is calculated only at maxi-
mum load), and 1t is also defined only for continuous
conduction mode.

Al

r =
lo

A high inductance reduces Al and results in lower ‘r’ (and
lower RMS current in the output capacitor), but may result in
a very large and impractical inductor So typically, for most
buck regulators, ‘r’ is chosen to be in the range of 0.25-0.5
(at the maximum rated load). See Appendix to this Applica-
tion Note. Once the inductance 1s selected, as we decrease
the load on the converter (keeping input voltage constant), Al
remains fixed but the DC level decreases and so the current
ripple ratio increases. Ultimately, at the point of transition to
discontinuous mode of operation, the DC level is Al/2 as
shown in Figure 1. So

e The current ripple ratio at the point of transition to discon-
tinuous mode is 2. Therefore, the upper limit for ‘r’ is also
2.

* The load at which this happens can be shown by simple
geometry to be r/2 times . So for example, if the induc-
tance is chosen to be such that ‘r'i1s 0.3 at a load of 2A,
the transition to discontinuous mode of operation will
occur at 0.15 times 2A, which i1s 300 mA.

Note: If the inductor I1s a ‘swinging’ inductor, its inductance normally in-
creases as load current decreases and the point of transition to
discontinuous mode may be significantly lower We do not consider
such inductors in this Application Note

Estimating Requirements for the
Application

There are two equivalent ways to go about calculating the
required inductance and the designer should be aware of
both.

BASIC METHOD TO CALCULATE L
From the general rule V = L*dl/dt we get during the ON time
of the converter:

where V y is the applied DC input voltage, Vg Is the voltage
across the switch when it is ON, D is the duty cycle and f is
the switching frequency in Hz. Solving for Al we can write ‘r’
as:

(Viy = Vsy = Vo) X D
T LXfX I

Now, for a buck regulator, we can show that the duty cycle 1s
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Estimating Requirements for the
Application (continued)
Vo * Vp

b —m——
Vin = Vsw * W

where Vp, is the forward drop across the catch diode (= 0.5V
for a Schottky diode).

‘r’ can be finally written as:
(Vi

r =
Vi

= Vgy = Vo) X (Vg + Vp)
= Vgy + Vp) XL X f X

and L is therefore

(i = Vey = Vo) X (Vg + Vp)

6
= X 10% uH
(Vg = Vsw + Vp) X r X £ X1y

where f is in Hz.

EXAMPLE 1

The input DC voltage is 24V into an LM2593HV buck con-
verter. The output is 12V at a maximum load of 1A. We
require an output voltage ripple of 30 mV peak-to-peak (=15
mV). We assume Vg = 1.5V, Vp = 0.5V and f = 150,000
Hz.

Since, for loop stability reasons, we should not use any
output capacitor of less than 100 mQ, and since we do not
wish to use an LC post filter, our Al must be

30mV
= ——— = 0.3A
100 mQ
So'‘ris
0.3
r=—=20.3
1.0

The required inductance is

(24 - 1.5 - 12) X (12 + 0.5) c
L= X 105 pH
(24 - 1.5 + 0.5) X 0.3 X 150000 X 1.0

The required energy handling capability is next calculated.
Every cycle, the peak current is

_ Al 0.3
IPEAK = |0 + —{ =1.0 + 7 A
lpeax = 1.15A

The required energy handling capability ‘e’ is
] 2
e‘EXLX[PEAK pd
where L is in yH. So
e =

1
7 X127 X 1.152 = 84 pJ

Note: During a hard power-up (no soft start) or abnormal conditions like a
short circutt on the output, the feedback loop is not effective in imiting
the current to the value used above for calculating the energy handling
capability The current is actually going to hit the internal current imit of
the device, Ig v In Figure 1, and this could be much higher than the
steady state value calculated above If the inductor has saturated, and
if the input DC voltage 1s higher than 40V the current could slew up at
a rate so high that the controller may not be able to imit the current at
all, leading to destruction of the switch Luckily, most off-the-shelf
inductors are designed with large inherent air gaps and do not saturate
very sharply even under overload conditions However we strongly
recommend that at least when the input voltage is above 40V, the
inductor should be sized to handle the worst case energy ec m:

1 2
ecLm = 5 XL X leuw” 4

where Lis in pH and I, is the internal limit of the regulator
in amps.

VOLTSECONDS METHOD TO CALCULATE L

Talking in terms of voltseconds allows very general equa-
tions and curves to be generated. Here we talk of voltspsecs
or ‘Et’ which is simply the voltage across the winding of the
inductor times the duration in psecs for which it is applied.

Note:

e Current ramps up to the same peak value whether V (the
applied voltage across inductor) is large but t (the time for
which V is applied) is small, or whether V is small but t is
large. So an infinite number of regulators with different
combinations of input and output voltages but having the
same voltseconds are actually the same regulator from
the viewpoint of basic magnetics design. Et is what really
counts. (The only exception to this is the Core Loss term
since this depends directly on the absolute value of the
frequency too, not just the Et)

¢ Also, Et can be calculated during the ON-time, (Vpsecs
gained), or during the OFF-time (Vpsecs lost). Both will
give the same result since there is no net change in
Vusecs per cycle in steady state.

e Also, remember that though Vpsecs is related to the
energy in the core, it does not tell us the total energy. The
Vusecs gives information only about the AC component
of ‘r', i.e., Al. Combined with the DC component Ipg, it
determines the peak current and energy of the inductor.
So both | and Et are the vanables on which our design
procedure and tables are based upon. But a given appli-
cation 1s completely defined by a certain I and Et (and
frequency for the core loss term), and so these cannot be
changed. Our only degree of freedom is L (or ‘r’) and we
fix it according to the guidelines in the Appendix.

From the general equation V = L*dI/dt we can write that V*dt
= L*dl. Here V*dt is the applied voltseconds. So by definition

Et = VAt = LAl Vusecs
where L is in pH. ‘v’ can therefore be written as

O
L X I

Solving for L

Et H
—p
rXly

L =

which gives us an alternate and more general way of calcu-
lating L.
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Estimating Requirements for the
Application (continueq)
EXAMPLE 2

We repeat Example 1 from the viewpoint of Et.
The ON-time is

D _ (12 + 0.5) X 108
f (24 - 1.5 + 0.5) X 150000

ton = hs

ton = 3.62 psecs

So Etis

Et = (Vin—Vsw—Vo) X ton = (24-1.5-12) x 3.62 Vusecs
Et = 38.0 Vusecs

L is therefore

Et
L=—
rXly

38.0

= ——— uH
0.3x1.0%
which gives us the same result as in Example 1 as expected.

SUMMARY OF REQUIREMENTS

¢ Aninductance of 127 pH (or greater, based on maximum
‘r of 0.3)

e DC load of 1A (to ensure acceptable temperature rise,
specify AT) OR steady state Energy handling capability of
84 pd

e Peak load of 4.0A (to rule out core saturation if DC input
voltage >40V) OR peak energy handling capability of
1016 pJ. (Max Current Limit of LM2593HV is 4.0A)

e FEt of 38 Vusecs
* Frequency 150 kHz

These can be communicated directly to a vendor for a
custom-built design.

Characterizing an Off-the-Shelf
Inductor

With reference to our design flow chart in Figure 2, the first
pass selection is based upon inductance and DC current
rating. We tentatively select a part from Pulse Engineering
because its L and I are close to our requirements, even
though the rest does not seem to fit our application (see
Table 1 and bullets below). In particular the frequency for
which the inductor was designed is 250 kHz, but our appli-
cation is 150 kHz. We are intuitively lead to believe that since
we are decreasing the frequency our core losses will go up,
and so will the peak flux density. In fact the reverse happens
in our case, and that is why it is important to follow the full
procedure presented below. ‘Intuition’ can be very mislead-
ing.

The vendor also states that:

e The inductor 1s such that 380 mW dissipation corre-

sponds to 50°C rise in temperature.

* The core loss equation for the core is 6.11 x 10718 x B27
x 2% mW where f is in Hz and B is in Gauss.

¢ The inductor was designed for a frequency of 250 kHz.

¢ Etyo0 Is the Vpsecs at which ‘B’ is 100 Gauss.

Note: For core loss equations it is conventional to use half the peak-to-peak
flux swing So, like most vendors, the ‘B’ above actually refers to AB/2
This must be kept iIn mind In the calculations that follow

The step-by-step calculations are:
a) AC Component of Current:
This can be easily calculated from

Et = LAl Vusecs
where L is in pH.
So
Et 59.4
Al = — = —— = 0.434A
L 137
b) ‘r:
So this inductor has been designed for the following ‘r’
Al _0.434
lo 0.99

r=0.438
at a load current of 0.99A.
c) Peak Current:

Al 0.434
beak = lo + 5 = 0.99 + A

lpeak = 1.21A
d) RMS Current:

ks =/ lo> * o
RMS o T3
_ , . 0.4342
ks = 4/ 0-99° + A
lams = 0.998A
e) Copper Loss:
This is

Pcu = lams® X DCR mW

where DCR is in mQ.

In most cases, to a close approximation, we can simply use
Ipc instead of Iqys in the above equation. Also sometimes,
the vendor may have directly given the RMS current rating of
the inductor.

Pcu = 0.9982 x 387 mW

Pcy = 385 mW

f) The AC Component of the B-Field:

This is proportional to the AC component of the inductor
current.
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Characterizing an Off-the-Shelf
Inductor (Continued)
The vendor has provided the information that an Et of Et;o0

= 10.12 Vpusecs produces 100 Gauss (B). So since the
inductor is designed for an Et = 59.4 Vpsecs, we get

Et 59.4
B=—— X100 = —— X 100 Gauss
Y00 10.12
B = 587 Gauss

But this is half the peak-to-peak swing by convention. So
AB = 2B = 1174 Gauss

CHECK: We can use the alternative form for AB as given in
Table 2. We asked the vendor for more details than he had
provided on the datasheet and we learned that the effective
area of the core, A, is 0.0602 cm? and the number of turns
is N = 84. So

100 « Et
AB = ———— Gauss
NeA,
100 «59.4
AB = ————— = 1175 Gauss
84 +0.0602

which is what we expected.

g) The DC Component of the B-Field:

This 1s proportional to the DC component of the inductor
current. In fact the instantaneous value of B can always be
considered proportional to the instantaneous value of the
current (for a given inductor).

The proportionality constant is known from f) above, i.e., a Al
of 0.434A produces a AB of 1174 Gauss. So the DC compo-
nent of the B-field must be

B AB Xlne G
= — auss
DC Al DC
where
Ipc = lo = 0.99A
1174
Bye = ——— X0.99 Gauss
0.434

Bpc = 2678 Gauss
h) Peak B-Field:
Since B is proportional to |, we can write for the peak B-field

_ AB
Boeak = Bpc + =, Causs

_ 1174
Bppak = 2678 + Gauss

Bpeak = 3265 Gauss
i) Core Loss:

The vendor has stated that core loss (in mW) is 6.11 x 1078
x B27 x f2°4 watts where f is in Hz and B is in Gauss.

AB %7
Peore = 6.11 X 10718 x [—§~} X 204 my

Pcore = 6.11 x 1078 x 58727 x 2500007 ®* mW
Pcore = 18.7 mW

j) Total Inductor Loss:

P =Py + Pcope MW

P =385 + 18.7 mW

P = 404 mW

k) Thermal Resistance of Inductor:

The vendor has stated that 380 mW dissipation corresponds
to a 50°C rise in temperature. So thermal resistance of the
inductor is

50
Rpy = oc/wW
TH ™ 380 /

1000

Ry = 131.6°C/W
1) Estimated Temperature Rise of Inductor:

P

AT = Ry X —— °C
TH™ 1000
404

AT = 131.6X oC
1000

AT = 53°C

Here the temperature rise ‘AT’ is the temperature of the core,
Tcore® Minus the worst case ambient temperature
‘Tameient- The ‘ambient’ is the local ambient around the
inductor.

m) Energy Handling Capability of Core:
1 2
e = Py XL Xlppak ™ 44
where L is in pH

1 2
e = 2 X137x1.21% p

e =100 pJ

As before, we warn that the energy in the core during hard
power-up or a short circuit on the outputs, may be signifi-
cantly higher.

In case of soft-start it should also be remembered that there
are several ways to implement this feature, and not all lead
to a reduction In switch or inductor current at start-up. The
worst condition is start-up with a short already present on the
output. The inductor waveforms should therefore be moni-
tored on the bench during all conditions to check this out.

Also it will be seen that all inductors of a ‘family’, 1.e., using
the same core will typically have the same rated energy
capability. So if this core is found to be inadequate, normally
the only way out is to move to a physically larger
core/inductor. Other options include the use of improved and
more expensive core materials.
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Characterizing an Off-the-Shelf
Inductor (continueq)

SUMMARY OF INDUCTOR PARAMETERS

* The inductor is designed for about 50°C rise in tempera-
ture over ambient at a load of 1A.

* The copper losses (385 mW) predominate (as is usual for
such inductors/core materials) and the core losses are
relatively small.

* The peak flux density is about 3200 Gauss, which occurs
at a peak instantaneous current of 1.2A.

* The rated energy handling capability of the core is
100 pJ.

Note: Most vendors do not explicitly provide the matenal used, though an
astute designer can figure this out by looking at the exponents of B and
f in the core loss equation provided, or of course simply by asking the
vendor In this case we know that the matenal 1s fernte and can
typically handle a peak flux density of over 3000-4000 Gauss before it
starts to saturate (Caution not all fernte grades are similar in this
regard and also that the saturation flux density Bgar falls as the core
heats up )

Evaluating the Inductor for the
Actual Application

Above we have the limits of the inductor operating under its
design conditions We will now extrapolate its performance
to our specific application conditions. Unprimed parameters
are the original ‘design values’, and the corresponding
primed parameters are the extrapolated ‘application values’.
The following are the design conditions (these may be al-
lowed to change):

¢ loc

e Et
o f

* Tameient

The ‘Application Conditions’ are:

* I'oc
e Et
o f

¢ Tamsient

In going from the ‘Design Conditions’ to the ‘Application
Conditions’ the following are considered constant

e L

* DCR

* Rth

¢ The core loss equation

And, finally, to ‘approve’ the inductor for the given application
we need to certify

* ‘t’is acceptable (choice of L)
* Bpeak OK.

* lpeak < leum-

* AT OK (evaluate Pgy + Pcoge)-

* Bcum < Bgar (if DC input voltage i1s >40V).

We assume the vendor has provided all the following inputs:
e Et (Vpsecs)

* Etyqo (Vpsecs per 100 Gauss)

e L(uH)

* Ipc (Amps)

e DCR (mQ)
o f(Hz)
* The form for core losses (mW) as a*B®*f°, where B is in

Gauss, f In Hz. Note that B I1s half the peak-to-peak flux
swing.

* Thermal resistance of inductor in free air ("C/W)

If any of these are unknown, the vendor should be con-
tacted. Table 2 condenses the step-by-step procedure given
earlier and also shows how to ‘extrapolate’ the performance
of the inductor.

EXAMPLE 3

This shows the complete selection procedure. Refer to Table
2and Figure 2. We have seen that the ‘Design Conditions’ of
the inductor are:

* Et =594 Vpsecs

e f=250,000 Hz

e Ipc = 0.99A

Our ‘Application Conditions’ are

e Et' = 38 Vusecs

e f = 150,000 Hz

e I'pc=1A

(We assume that T oygienT IS Unchanged so we can ignore it
above).

We need to verify that using the inductor in the given appli-
cation:

a) current ripple ratio ‘r’ is close to desired

b) peak flux density/current are within bounds
c) temperature rise is acceptable

Using Table 2:

a) 'r:

Design Value:

Et

Lelpe

59.4
r= ———
137+0.99

r=0.438
Extrapolated to our Application:

. I:Et‘-IDC:|
r=re P
Ete e

38+ 0.99
r'=0.438 s | ———
59.4 1

r=0277

We expected T’ to be slightly lower than 0.3 since the
chosen inductor has a higher inductance than we required
(137 pH instead of 127 pH). This is acceptable however as
the output voltage ripple will be less than demanded.

b) Peak Flux Density

Design Value:

10-145

www.national.com

L6LL-NV



AN-1197

Evaluating the Inductor for the
Actual Application (continued)

; _ 200
PEAK = T
B0

E
. I:('Dc oL) + ?‘:l Gauss

200 59.4
= — e . + —
BPEAK 0.12 |:(0.99 137) 2 :| Gauss

Bpeak = 3267 Gauss
Extrapolated to our Application:

[2- Lelpe + Et}

B = BP ¢| ——— | Gauss
PEAK EAK

20 Lol + Et

2413741 + 38
en = 3267+ 6
Bpeak 2.137+0.99 + 59.4 | 2USS

B'peax = 3084 Gauss
which is less than Bpgak and therefore acceptable.
c) Peak Current

To ensure that the regulator will deliver rated load, we need
to ensure that the peak current is less than the internal
current limit of the Switcher IC.

Design Value:

| = |ye + Et A
PEAK = D¢ T 507

59.4
2137

IPEAK =0.99 +

lpgax = 1.21A

This corresponds to a B-field of 3267 Gauss as calculated
above.

Extrapolated to our Application:

(2¢Lelpe) + EY
"peak = TPEAK | 2 e 10) + EC

P (2+137-1.0) + 38
PEAK ™ (2+137+0.99) + 59.4
I'pgax = 1.14A

This corresponds to a B-field of 3084 Gauss as calculated
above and is less than Ig . (Min Current Limit of
LM2593HYV is 2.3A).

d) Temperature Rise:
Design Values:

2 £t?
Poy = DCR + (Inc” + 1 ) mW

2412

2
Poy = 387+(0.99% + —59i—2)mw
124137
Pcu = 385 mW
- b,
Poore = a* [ +100]”+ © mW

B4 00

where the vendor has provided that a = 6.11%107'8, b = 2.7
and ¢ = 2.04. So

- -18, 1 9.4 27 2.04
Peore = 611+ 10 -[10.12-100] . f mW

Poore = 18.7 mW

So
Pey + P
cuU CORE
T = Rthe —————— ©°C
A 1000
AT = 50 385+ 18.7
~ 0.380 1000
AT = 53°C

because the vendor has stated that 380 mW dissipation in
the inductor causes 50°C rise in temperature.

Extrapolated to our Application:

(120 o2+ L2) + Et2

P'oy = Poy ® mW
cu = Feut 7T el L2) + £

. 15 (12412 41372) + 382 »
' = . m
v (12+0.992 « 1372) + 59.42

P'cy = 389 mW

) Et' b i c
P'core = Peore * I:[E] (?) }mw
38 )27 (15000020
Ploore = 187 || =e | * mW
59.4 250000

P'core = 2 mW
So,

b s
AT = a7 o | eyt Pore |
Peu * Peore

389 + 2
"= | —— = |o
AT = 53 [385 ¥ 18.7] ¢

AT' = 51°C
which is considered to be acceptable in this application.
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Conclusions

By the detailed selection procedure above, we can expect
the selected inductor to work well for the given lower fre-
quency application example. As mentioned earlier, we would
have ‘intuitively’ thought that since the inductance and cur-
rent rating is about what we need, if we lowered the fre-
quency from 250 kHz to 150 kHz, the peak current and field
would increase. But they actually decrease as we can now
see. The reason being, that the inductor was designed for a
higher Et in mind (59.4 Vpsecs vs. our 38 Vpsecs). As stated
earlier, Et in effect, defines the regulator configuration itself,
so we did not just lower the frequency, we actually went to an
entirely different input-output voltage combination to what
the inductor had been originally designed for. As we can now
guess, the oniginal inductor had been probably designed for
a much higher applied voltage to what we subjected 1t to. But
this was not obvious at first sight. The full procedure as given
in Figure 2 and Table 2 is therefore necessary to avoid such
‘errors of intuition’.

The data sheets of National’s Simple Switchers also gener-
ally include simple nomograms and these are useful in most
cases, but limit the selection to certain previously specified
or custom built inductors and are also based on certain
assumptions. In particular, there are many factors to con-
sider when fixing a certain current ripple ratio ‘r’, which
happens to be the key input in the process of selection an
inductor. Nomograms are easy to use but assume a certain
‘r which may not be ideal for all purposes. In fact in the
example discussed above, we did in fact select an induc-
tance higher than what the homograms may have recom-
mended, because of output voltage ripple considerations.

In general, this Application Note should help in selecting a
more optimum and readily available off-the-shelf inductor.

Appendix: Optimizing the Size of
the Inductor

The size of the inductor I1s related to the energy handling
capability required. The energy handling capability 1s
Ve*L*lpeak?. For a given application, if we reduce induc-
tance, it seems that this would increase Al and thereby
lpeak, Which would cause the energy requirement to in-
crease since It depends on square of current. However, a
detailed calculation shows agin that reality 1s counterintui-
tive. The energy handling requirement is actually substan-
tially reduced if the inductance is decreased. In terms of ‘r’,
we can in fact write the energy handling capability as

lg * Et 2

0 2
slref—+1 J

where ‘T’ i1s Al/lg and Et is in Vpsecs.

For a given application, Et is fixed as I1s I, so the term in
square brackets gives ‘e’ the shape shown in Figure 3. We
can see that the energy handling requirement (size of induc-
tor) decreases as ‘r’ increases (L decreasing). The best
value is the ‘knee’ and so It is a good I1dea to target an ‘r’ of
30%—40%. No great improvement in the size of the inductor
will take place by increasing ‘r much more than this, but the
RMS current in the output cap, and also the RMS current in
the input capacitor (especially for large duty cycles), will

e =

increase substantially. The absolute value of the RMS ripple
current in the input capacitor is much higher than in the
output capacitor, and the designer should watch out for the
cost penalty on the input capacitor too! Refer to Table 3 for
the complete set of optimization equations expressed as a
function of ‘r'.

While optimizing, the following points need to be considered:

* For a given application, having defined input and output
voltages and load current, Et is fixed as are D and Io. So
the only degree of freedom is in selecting the ‘r'. The
equations In Table 3 are therefore written in terms of ‘r’.

e Table 3 provides the general equations required for opti-
mization but also provides the values at an ‘r’ of 0.3 in the
adjacent column as a benchmark. This is also equivalent
to the ‘flat top approximation’ often used for quick esti-
mates.

e Figure 3 plots the variation of each parameter, normal-
ized to the benchmark values (i.e., set to unity at an ‘r’ of
0.3).

¢ Note that when calculating dissipation in the switch, one
must consider whether the switch is a bipolar transistor or
a FET. Ifitis a FET, we need to apply I2*R where | 1s the
RMS switch current and R is the Rpg of the FET. If it 1s
bipolar, we need to use V*| where V is the saturation
voltage across the switch, and | is the average switch
current. That is why both have been provided in Table 3.
Also note that for a bipolar switch, the dissipation I1s
seems almost independent of ‘r’. In practice, the satura-
tion voltage drop depends on the instantaneous value of
current, so dissipation does Increase slightly with ‘r’.

¢ Referring to Figure 3 we can see that the RMS inductor
current hardly changes over a very wide range of ‘r’. That
is why, earlier in this Application Note, it was mentioned
that for the purpose of evaluating copper losses we may
use o2 instead of Igus?.

¢ The core losses also increase substantially with increas-
ing r. It can be shown that even if we keep the same
core size, the flux density B, will go up as rv. Going to
a smaller core could increase this further.

* The RMS capacitor currents in the input and output are
the main components to consider because they can in-
crease rapidly with ‘r’. So for example, if we increase ‘r' to
0.6 (from 0.3), the energy handling requirement of the
inductor falls by about 35% but the dissipation in the
output capacitors (if ESR is unchanged) will increase by
400%! Alternatively stated, we now need to select an
output capacitor with twice the ripple current rating.

e It must also be kept in mind that there is an output voltage
ripple AV = ESR x Al associated with the current ripple.
Now, the ESR of the output capacitor cannot usually be
decreased below 100 mQ-200 mQ (with voltage mode
control) for loop stability reasons. So for high loads (and
high ‘r’), the dissipation in the output capacitor will nec-
essarily be high since we cannot reduce ESR further.
This may call for physically large sized output capacitors
to handle the dissipation. In addition, the output voltage
ripple will be high too, and since we cannot reduce this by
reducing the ESR, we will need to add on a post LC filter.
So, for high load currents, it may become necessary to
decrease ‘' substantially. This in turn will lead to a large
inductor with slow transient response ability.
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Appendix: Optimizing the Size of
the Inductor (continued)

which depend on flux swing, or Al, not | (or ‘€’). So, while
Figure 3 is still valid, the criterion of ‘best choice’ may
change. It may be necessary to choose or restrict r’ to

We have implied that the physical size of the inductor is
related to its energy handling capability only. This in turn
suggests that we are talking of inductor designs that are
core-saturation limited. While this is usually true if the
core material is a ferrite, it may not be true of some
powdered iron inductors for example. The size of these
may be limited not by core saturation but by core losses,

much smaller values than the ‘knee’.

This completes the information required to optimize not only
the inductor but the buck regulator itself. The key factor
affecting cost/size of almost all the components is the cur-
rent ripple ratio ‘r’ and this needs to be carefully optimized as

discussed above.

CONTINUOUS MODE
(lg = MAX LOAD)

DISCONTINUQUS MODE
. (CRITICAL BOUNDARY)

20021258

FIGURE 1. Inductor Current Waveform

TABLE 1. Specifications of Available Inductor

Reference Values Control Values Calculation Data
Part Number
Ipc (Amps) Lpc (MH) Et (Vpsecs) DCR (nom) mQ Et00 (VHSECS)
P0150 0.99 137 59.4 387 10.12
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Calculate Required Inductance
(Desired Ripple)

Appendix: Optimizing the Size of the Inductor (continued)

Select Inductor

(First pass based on

L, Ipc)

Select Inductor
(First pass based on L, Ig; y)

Specs of Inductor
(Ipes Et 1, Ly Ipc,
DCR, Et;qq, Rth,

Core Loss Equation)

r '
Characterization of Inductor

(Bogak Peus Peore- Teorer @ 1)
Using Table 2

3

Evaluation of Inductor

(', B'peak> T'core)
Using Table 2

NO

r' N

Limits OK?

SELECTION
COMPLETE

DESIGN CONDITIONS
Iocs Bt 5 TampienT

APPLICATION CONDITIONS
U'pcs EYs £ T avpiENT

Calculate Bgyy or ec iy
(Check for core saturation)

20021259

FIGURE 2. Design Flow Chart for Selection of Inductor

10-149

www national com

L6LI-NV



AN-1197

FACTOR BY WHICH PARAMETERS VARY

4.5

3.5

)4

Energy Handling Requirement All parameters

normalized to

/ Tatr=0.3
L

F T T T
L, RMS Current in
= Output Capacitor —
RMS Current in Input Capacitor
(for various duty cycles)
1 ! 1 L/
Average Current in
Switch and Diode
\ 4 . — 0.5

- 23

T l
RMS Current in Inductor and Switch

_/
/

.2104 06 08 1
0.3

12 14 16 18 2
r=Al/Io

FIGURE 3. Optimization Chart for Setting 'r’

Appendix: Optimizing the Size of the Inductor (continued)

20021260

TABLE 2. Complete Design Table for Evaluating the Inductor for a Given Application

Design Parameters

Design Conditions

IDC! Et! f’ TAMBIENT

Application Conditions

I'nc = lo, Et', ', T' Amsient

AC Component of Current Amps Et £t
A= A'=AI°|:——:|
Et
Current Ripple Ratio ‘r' (AVlpc) Et Et'e |
= Vo DC
L*lpc ter [Et- I'Dc]
Peak Current in Inductor Amps Et (20 Lel0) + B
| = Jon + , _ “L*pc
PEAK DC " 5. I'pEak = IPEAK.l:——————(Z. L-IDC) " Et:‘
RMS Current in Inductor Amps 1/2
s = < el * i r | (122115 - L?) + Et2 /
RMS = DC = *
1212 RMS = RUS * | (1L o2 oL2) + EU

AC Flux Density Gauss Et 100 « Et £t
B = m 200 = AB' = AB-|—
B0 NeAg B Et
Peak Flux Density Gauss 200 (hoel) + £t ' 2eLelp, + EY
Boeak Bog L PC 2 Bpeak = Break *| 3o e * Et
Copper Losses mW _ ) £2 (12- "DCZ oL2) + Et2
Pey = DCR« (ipc® + ——) P =Py 55—
12+L (120 Ipe® +L%) + Et
Core Losses mW
PCOREza‘[ Et -100]b-f° ’ B TALEAT
400 P'core = Peore * || 5t ) |7

Energy in Core pJ

Et .2
2—L]

1
ezf"—'[ch +

' [(2- Lelpe) * EtT
e = ge| —mTF—

(20 Letpe) + E
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Appendix: Optimizing the Size of the Inductor (continued)
TABLE 2. Complete Design Table for Evaluating the Inductor for a Given Application (Continued)

Design Parameters

Design Conditions

IDC‘ Et! f! TAMBIENT

Application Conditions

I'oc = lo, Et, f', T'ameient

Temperature Rise (AT) ‘C

Peu * Peore

T = Rthe
A 1000

Ploy + P'COREj|

AT' = AT »
[Pcu + Peore

Et In Vpusecs, DCR in mQ, L in pH, f in Hz, Effective Area Ae in cm2, N 1s number of turns

TABLE 3. Optimization Table for Fixing Current Ripple Ratio ‘r’

. For ‘v = 0.3
Parameters As a Function of ‘r’ . L
(to a first approximation)
Energy Handling Capability pJ 5 22¢l5 Et
lo* Et 2 .
olre|=
8 r
RMS Current in Output Cap Amps r 0.09 ¢ Io

RMS Current in Input Cap Amps

lp*/De(1 - D)

RMS Current in Inductor Amps

lo

2
lge+f1+ 2
RMS Current in Switch Amps 2 lo* ﬁ
|0 . De |:1 + E:l
Average Current in Switch Amps lo*D lo*D
Average Current in Diode Amps lo * (1-D) lo * (1-D)

r = Al/lp, Et In Vpsecs
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LM2623 Ratio Adaptive,
Gated Oscillator Cookbook

LM2623 General Purpose, Boost
Converter Circuit

The next page shows the generic application circuit for
LM2623 boost converters. The LM2623 boost converter cir-
cuits are very conventional, except for the ratio adaptive
circuitry that is used to change the duty cycle. These com-
ponents adjust the duty cycle to match it to the input/output
voltage ratio requirements. R3 provides the drive current for
the oscillator (frequency increases with lower resistance val-
ues). C3 and R5 provide the duty cycle adjustment. The
default duty cycle when C3 and R5 are left out is about 17%.
The value of C3 generally determines the total amount of
charge transfer and resulting duty cycle adjustment. Smaller
R3 values require larger C3 values (more charge transfer) to
achieve the same duty cycle adjustment percentage. When
more than 17% is necessary and it is not necessary to adjust
the duty cycle dynamically (as the input to output voltage
ratio changes), R5 can be omitted. Adding R5 allows the
duty cycle to change as the input to output voltage ratio
changes due to the battery discharging in portable applica-
tions. In applications where the fresh or fully charged battery
voltage 1s close to the output voltage (2 cells generating
3.3V), the optimum duty cycle changes dramatically as the

National Semiconductor
Application Note 1221
John Fairbanks

battery discharges. Use of the correct R5 in these situations
will optimize the duty cycle for the voltage ratio and minimize
the ripple due to overshoot caused by stored energy in the
coil.

The table of values below the application circuit on the next
page should produce good performance for the application
requirements stated. Recommended inductor values are
based on input voltage, load current and operating fre-
quency. 4.7 pH works well in most LM2623 two cell applica-
tions. 6.8 pH works well in most LM2623 Lilon or three cell
applications. RF1 and RF2 set the output voltage by dividing
the output voltage for comparison to the reference at the pin
4 FB pin. CF1 couples the AC ripple from the output directly
into the comparator at pin 4. When in regulation, this triggers
the regulation limit each switching cycle. Triggering this limit
allows the comparator to make the voltage comparison from
the same direction (above the limit) each switching cycle.
This minimizes the hysteretic component of ripple. A 68 pF or
larger output capacitor is recommended to minimize ripple
resulting from overshoot due to stored energy in the coil. The
rectifier diode should be selected as a function of peak
currents and efficiency requirements.

LM2623 Boost Converter Circuit
Typical Applications
Digital Cameras

L DI-1 Amp
YYYN N
4.7 pH )

> RS €3
2 uF }—W\:—IH

8

3 SW 7 _
A P BOOT > _L
LM2623 ™[5 L P S N
R P Voo [ 3pF TS SRR I
SGND FB
<L RF2
— —l— j:L“mk
- 20039401
Vin Load Type Vour RFI R3 R5 c3 Cc2
2 Cells Analog/Digital 3.6V 182k 90k 35k 3.3 pF 100 pF Tant +
4.7 yF Cer
2 Cells Motor Drive 5V 300k 90k 22k 4.7 pF 68 pF Tant
3 Cells orLil Motor Drive 5V 300k 150k 35k 4.7 pF 68 pF Tant
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Dual Output Supply for CCD/LCD
from 2 Cell Input

This supply begins with a general purpose, 8V, boost con-
verter circuit Conventional, plus and minus doubler circuits
are then added to generate a regulated 16V and a tracking,
negative supply (nominally -7 5V) Since the -7.5V supply
tracks but is not regulated, a large capacitor (47 pF) 1s
required to keep the voltage close to a regulated value. The
16V supply is regulated, so a smaller capacitor value (1 uF)
can be used. Dual SOT-23 diode packages are recom-
mended to minimize component count in the doubler circuits.
Losses in the primary 8V stage are reflected in both the 16V

and -7.5V outputs, so a one amp schottky and 4.7 pF
capacitor are recommended here. The Vpp supply on the IC
can run off the 8V output or be supplied externally from a
minimum 3V source.

The circuit as shown will put out about 800 mW. Conversion
efficiency of the 8V primary stage is typically over 80% for
nominal loads. Efficiency of the final output stages will be in
the low to mid 70s for nominal loads. In typical applications,
the 16V usually goes through an LDO to satisfy the very low
ripple requirements of the CCD. The -7.5V supply may also
need to be followed by a linear regulator or filter to be used
for CCDs.

LM2623 Dual Output Converter Circuit
Typical Applications
Digital Cameras CCD/LCD Supply

W
BOOT
EN

| LM2623
PGND Voo
SGND 8

C4
1 puF D2
I 15v | To LDO
DI-1 Amp €5 7= 1 uF
N I
] =

7
—

2 CFl
| —e — Tant | 33pF RFI

6 1 24M
— =

4

I g

1

Battery or External
Source

3V to 5V

RF2
100k

20039402
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Transformer Coupled, (SEPIC)
Converter for LI-ION or 3 Cell Input

Transformer coupled solutions are commonly used in cases
where multiple output voltages are required. The application
shown below uses a single output winding to obtain 3.3V.
Because of the inherent stability of the on/off control system

in the LM2623, the control portion of the circuit does not
need to change when multiple output windings are added.
The circuit shown is a generic example for generating any
number of outputs from a single Lithium-lon cell, as long as
the 3.3V output is used for regulation. Efficiencies of 75% to
80% can be obtained for generation of 3.3V with this circuit
configuration.

LM2623 Sepic Circuit
Typical Applications
Digital Cameras

CTX 8-2
T
e
* Y g
I :
=l 300k RS c3

4.7 uf Di-1 Amp

1 puf

15.4k 2.2 pF
W
3
FRQ BOOT b
EN
| LM2623 N
PGND Voo = 68 uF
SGND F8 Tant
RF2 |
100k —

20039403
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White Led Driver Application

Circuits

Optimal drive circuits for LEDs require reasonable current
regulation and very high efficiency. Since the human eye
cannot detect small variations in light intensity, particularly
when adjacent LEDs are driven with the same current, tight
regulation tolerances used for processor voltage sources are
not necessary. Most power supply ICs use 1.2V bandgap
references and these are typically used to sense current for
current source applications. The application circuit shown on
the next page uses about .6V drop in series with LEDs to
sense current. This reduces the losses in a 2 LED circuit by
about 9% The LED current will usually be held within 10%
for input voltage, temperature, LED voltage and IC process
variations combined. Typical regulation 1s much closer than

that.

The application circuit shown below is a balanced circuit that
draws essentially constant power from the battery. Constant
power with a constant voltage load results in constant cur-
rent drive. The oscillator 1s supplied current through R3. R1
shunts current away from the oscillator pin through the cur-
rent sense resistor, R2. The circuit is balanced when the
voltage across R2 is approximately .6V. The balance is such

that input voltage changes are offset by decreases in oscil-
lator “on time”. This results in constant power being drawn
from the battery. Small current fluctuations change the volt-
age across R2 and increase or decrease the oscillator drive
to compensate. This maintains the balance. The IC’s change
in frequency with temperature i1s very well matched to the
change in LED voltage with temperature. This also helps to
maintain the balance. The output pulse on the switch pin I1s
voltage divided through RF1 and RF2 and triggers the regu-
lation limit each time the switch pin swings positive. When
the coil discharges its energy, the output voltage reduces
and falls below the regulation limit. This turns the oscillator
back on again and the supply goes through another switch-
ing cycle. Discharging the coil energy each cycle makes the
off time vary in proportion to the on time. The power drawn
from the battery is then linear with increases or decreases in
on time (rather than varying as the “on time” squared). The
circuit needs to be balanced with nominal parts in a given
application. Once balanced, it should keep the current con-
stant within 10% for voltage, temperature and part varia-
tions. Conversion efficiencies (neglecting the sensing resis-
tor drop) will approach 90%. Over 80% of the input power is
actually converted into power driving the LEDs for most input
voltage and output loading conditions.

LM2623 White LED Driver Circuit

L D1-1 Amp
N o
33 uH ¢
S Rr3
< >
1 8 b3 Tan AN
= s W 4 REIPAN VN
= 22 uF osC FB > - .
CE —
| LM2623 6 > RP2 = PANZN
L L Yoo [ 100k
-7 < PGND SGND  BOOT [—¢ !
S Rt _ ]
T s 1
|
< JO
Battery or External - ~
Source |
R2 3V to 5V |
AvAvA' l
| 34.80
- 20039404
louT LED Vin R1 R3 RF1
20 mA 2 3 Cell or Lil 900k M 348k
17 3 3 Cell or Lil 1.2M 1.2M 348k
18 2 2 Cells 845k 845k 348k
17.5 3 2 Cells 1.38M 1.33M 348k

Note For small changes in lgyr, adjust R2 accordingly
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Boost Converter for Single Cell

Systems

The LM2623 has a guaranteed start-up voltage of 1.1V @
25°C. The start-up voltage is below the open circuit cell
potential of NiCad and NiMH over the entire operating range
(0 to 85°C). This allows it to be used-for single cell boost
converters in rechargeable systems (NiCad and NiMH). Both
the Vpp supply and the oscillator drive for the IC need to be

“boot-strapped” from the output after the supply starts up to
Insure proper operation. Use of a 3 amp rectifier 1s recom-
mended to minimize the voltage drop from input to output
during start-up to a few millivolts. The addition of R3A drives
the oscillator from the output voltage after the supply has
started up. Using both R3 and R3A is necessary to allow the
duty cycle to vary as the input voltage varies. Efficiencies of
75% to 80% are achievable for conversion from a single cell
to 3.3V with the circuit shown.

LM2623 1 Cell Converter Circuit
Typical Applications
Pager or Digital Cameras

c3
1€
L DI-3 Amp
7.2pF 1
. P N
J_ R3A < <R3 3.5 p “J
= o 301k S S 301k 8
= 9v-1.6V 22 uF AR
| 150
p— = o
3 . °
FRQ BOOT

—1 PGND

EN
LM2623 y s TN S 68 uf

DD P > 165k Tant
SGND FB

1 L
Crl < RFI

;;ImIN ~

I z RF2
f 100k

20039405
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SIMPLE SWITCHER® PCB
Layout Guidelines

Introduction

One problem with writing an Application Note on PCB layout
1s that the people who read It are usually not the ones who
are going to use it Even if the designer has struggled
through electromagnetic fields, EMC, EMI, board parasitics,
transmission line effects, grounding, etc., he will in all prob-
ability then go on with his primary design task, leaving the
layout to the CAD/layout person. Unfortunately, especially
when it comes to switching regulators, it is not enough to be
concerned with just basic routing/connectivity and mechani-
cal issues. Both the designer and the CAD person need
to be aware that the design of a switching power con-
verter is only as good as its layout. Which probably ex-
plains why a great many of customer calls received, con-
cerning switcher applications, are ultimately traced to poor
layout practices. Sadly, these could and should have been
avoided on the very first prototype board, saving time and
money on all sides.

The overall subject of PCB design is an extremely wide one,
embracing several test/mechanical/production issues and
also in some cases compliance/regulatory issues. There is
also a certain amount of physics/electromagnetics involved,
if a clearer understanding is sought. But the purpose of this
Application Note is to reach the audience most likely to use
it Though there 1s enough design information for the more

Quick-Set of Rules for SIMPLE SWITCHER PCB Layout (Buck)

National Semiconductor
Application Note 1229
Sanjaya Maniktala

experienced designer/CAD person, the Application Note in-
cludes a quick-set of clear and concise basic rules that
should be scrupulously followed to avoid a majority of prob-
lems. In particular, we have provided recommended start-
ing points for layout when using the popular LM267x,
LM259x and LM257x families (Figure 2) The focus is on
the step-down (Buck) Simple Switcher ICs from National, but
the same principles hold for any topology and switching
power application.

Most of the issues discussed In this Note revolve around
simply assuring the desired performance in terms of basic
electrical functionality. Though luckily, as the beleaguered
switcher designer will be happy to know, in general all the
electrical aspects involved are related and point in the same
general ‘direction’. So for example, an ‘ideal’ layout, 1.e. one
which helps the IC function properly, also leads to reduced
electromagnetic emissions, and vice-versa For example,
reducing the area of loops with switching currents will help in
terms of EMI and performance. However the designer is
cautioned that there are some exceptions to this general
‘trend’. One which is brought out in some detail here is the
practice of ‘copper-filling’, which may help reduce parasitic
inductances and reduce noise-induced IC problems, but can
also increase EMI.

WF—0.47 pF) as in Figure 2.

isolation as discussed

a) Place the catch diode and input capacitor as shown in Figure 2.
b) For high-speed devices (e.g. LM267x) do not omit placing input decoupling/bypass ceramic capacitor (0.1

¢) Connect vias to a Ground plane if available (optional, marked X’ in Figure 2)

d) If vias fall under tab of SMT power device, these are considered ‘thermal vias’. Use correct dimensions as
discussed to avoid production issues. Or place the vias close to but not directly under the tab.

e) Route feedback trace correctly as discussed, away from noise sources such as the inductor and the diode.

f) Do not increase width of copper on switching node injudiciously.

g) If very large heatsink area is required for catch diode (having estimated the heatsink requirement correctly) use

h) For higher power SMT applications, use 2 oz board for better thermal management with less copper area.
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Introduction (continued)
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FIGURE 1.

The AC and DC Current Paths

Referring to Figure 1a, the bold lines represents the main
(power) current flow in the converter during the time the
switch is ON. As the switch turns ON, the edge of the of the
current waveform is provided largely by CBYPASS, the re-
mainder coming mainly from CIN. Some slower current com-
ponents come from the input DC power supply (not shown)
and also refresh these input caps. Figure 1b represents the
situation when the switch is OFF. We can therefore see that
in certain trace sections, current has to start flowing sud-
denly during the instant of switch turn-off and in some sec-
tions it needs to stop flowing equally suddenly. Figure 1c
represents the ‘difference’, i.e. traces shown bold in this
Figure are those where the current flow changes suddenly.

During the turn-on transition the picture reverses, but the
‘difference’ trace sections are the same. Therefore during
either switch transition, ‘step changes’ of current take place
in these difference sections. These traces encounter the
harmonic-rich rising or trailing edges of the current pedestal
waveform. The difference traces are considered ‘critical’ and
deserve utmost attention during PCB layout. It is often stated
colloquially, that ‘AC current’ flows in these trace sections,
and ‘DC current’ in the others. The reason is that the basic
switching PWM frequency forms only a fraction of the total
harmonic (Fourier) content of the current waveform in the
‘AC’ traces. In comparison, where ‘DC current’ flows, the
current does not change in a stepped fashion and so the
harmonic content is lower. It is also no surprise that the DC
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The AC and DC Current Paths

(Continued)

sections are those in series with the main inductor, because
it is known that inductors have the property of preventing
sudden changes In current (this is analogous to a capacitor
which ‘resists’ sudden changes in voltage).

Summing up. In switching regulator layout, it is the AC
paths that are considered critical, whereas the DC paths
are not. That is the only basic rule to be kept in mind,
and from which all the others follow. This is also true for
any topology. Perform an analysis of the current flow for
any topology in the same manner as we did for the Buck, to
find the ‘difference traces’: and these traces are by defintion
the ‘critical’ ones for layout.

What is the problem with step current changes anyway? In a
resistor for example, this causes no unexpected/
unidentifiable problem. The voltage is given by V=IR, and so
for a given change of current, the voltage will change pro-
portionally. For example, a 0.5 cm wide Cu trace of thick-
ness 1.4 mil has a resistance of 1milliohm per cm length
(at 20 degC). So it seems that a 1 inch long trace with a
current changeover of 1A, would produce a change in volt-
age of only 2.5 millivolts across the trace, which is insignifi-
cant enough to cause the control sections of most ICs to
misbehave. But in fact the induced voltage is much larger.
The important thing to realize is that traces of copper on a
PCB, though barely resistive, are also inductive. Now, the
oft-repeated thumb-rule is that ‘every inch of trace length
has an inductance of about 20 nH’. Like the trace resis-
tance, that too doesn’t seem much at first sight. But it is this
rather minute inductance which is in fact responsible for a
great many customer calls in SIMPLE SWITCHER applica-
tions!

The equation for voltage across an inductance is V=L*dl/dt,
and so the voltage does not depend on the current but on the
rate of change of the current. This fact makes all the differ-
ence when the 1A change we spoke about occurs within a
very short time. The induced voltage can be very high, even
for small inductances and currents, If the dl/dt is high. A high
dl/dt event occurs during transition from Figure 1a to Figure
1b (and back) in all the AC trace sections (shown bold in
Figure 1c). The induced voltage spike appears across each
affected trace, lasting for the duration of the crossover.

To get a better feel for the numbers here: the change in
current in the AC sections of a typical buck converter is
about 1.2 times the load current during the switch
turn-off transition and is about 0.8 times the load current
during the switch turn-on transition (for an ‘optimally’
designed Buck inductor, as per inductor design guidelines in
the relevant Datasheets/Selection Software). The transition
time is about 30 ns for high speed Fet switchers like the
LM267x, and I1s about 75 ns for the slower bipolar switchers
like the LM259x series. This also incidentally means that the
voltage spikes in the high-speed families can be more than
twice that in the slower families, for a comparable layout and
load. Therefore layout becomes all the more critical in
high-speed switchers.

So, one inch of trace switching say 1A of instantaneous
current in a transition time of 30 ns gives 0.7V, as compared
to 2.6mV (that we estimated on the basis of resistance
alone). For 3A, and two inches of trace, the induced voltage
‘tries’ to be 4V! In Figure 1c, the small triangles along the
sections indicate the direction of the momentary induced
voltage, as the converter changes from the situation in Fig-
ure 1ato that in Figure 1b (switch turn-off). We can see that

assuming that the ground pin of the IC is the reference point,
the switching node (marked ‘SW’) tries to go negative (all its
series trace sections adding up). Similarly the input pin
(marked ‘VIN’ goes high through series contributions in all its
related sections. Figure 1c represents the picture during the
turn-off transition During the turn-on transition all the in-
duced voltage polarities shown are simply reversed. In that
case, the VIN pin is dragged low, and the switching node pin
is dragged high momentarily.

The astute designer will recognize that this was to be ex-
pected since any inductance, even If it is parasitic, demands
to be ‘reset’, which means that the volt-seconds during the
on-time must equal and be opposite in sign to the
volt-seconds during the off-time.The designer will also real-
1ze that till these parasitic trace inductances reset, they do
not ‘allow’ the crossover to occur. So for example, traces
which were carrying current prior to switch turn-off will ‘insist’
on carrying current till the voltage spikes force them to do
otherwise. Similarly, the traces which need to start carrying
current will ‘refuse’ to do so till the spikes across them force
them to do likewise. Since switching losses are proportional
to crossover time, even if these voltage spikes do not cause
anomalous behavior, they can degrade efficiency. For ex-
ample, in transformer-based flyback regulators, when the the
primary number of turns is much larger than the secondary
turns, designers may be surprised to learn how much the
secondary side trace inductances alone can degrade effi-
ciency. This is because any secondary side uncoupled
(trace/transformer leakage) inductances reflect into the
primary side as an equivalent parasitic inductance in
series with the switch. This adds an additional term to
the effective leakage as seen by the switch that equals
the secondary inductance multiplied by square of the
turns ratio (turns ratio being Np/Ns). Therefore the dissipa-
tion In the flyback clamp (zener/RCD) can increase dramati-
cally, lowering efficiency. One lesson here is that though
‘leakage inductance’ (from traces or the transformer) is con-
sidered ‘uncoupled’, in reality it can make its presence se-
verely felt from one side of the transformer to the other. So it
is not totally ‘uncoupled’ at all! In fact this happens to be the
main reason why flybacks with low output voltages (high
turns ratio) show poorer efficiency as compared to higher
output flybacks. Therefore, reducing critical trace induc-
tances is important for several reasons: efficiency, EMI, be-
sides basic functionality.

The momentary voltage spikes which last for the duration of
the transition can be very hard to capture on an oscilloscope.
But they may be presumed to be present if the IC is seen to
be misbehaving for no ‘obvious reason’. These spikes, if
present with sufficiently high amplitude, can propagate into
the control sections of the IC causing what we call here a
controller ‘upset’. This leads to the observed performance
anomalies, and in rare cases this can even cause device
failure. Since none of these spike-related problems can be
easily corrected, or band-aided, once the layout is initially
bad, the important thing is to get the layout ‘right’ to start
with.

The designer may well ask, why 1s it that these step current
changes are a problem with the parasitic trace inductances,
and not with the main inductor of the Buck converter? That is
because all inductors try to resist any sudden current
change. But since the main inductor has a much larger
inductance (and energy storage) as compared to the para-
sitic trace inductances, it therefore ends up ‘dominating’.
From V*dt=L*dl we can also see that if L i1s large, a much
higher voltseconds (V*dt) is required to cause a given
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(Continued)

change in current. The trace inductances therefore simply
‘give in’ first before the main inductor does. But they certainly
don’t go down without a fight...and the voltage spikes bear
testimony to this!

Notice that the currents in the signal traces in the schematic
are not shown. For example those connected to the com-
pensation node (marked ‘COMP’) or bootstrap (marked
‘BOOST’) carry relatively minute currents and therefore are
not likely to cause upsets. They are therefore not critical and
can be routed relatively ‘carelessly’. The feedback trace is
an exception, and will be discussed later. The Ground pin of
the IC is another potential entry point of noise pickup. Inex-
perienced designers often grossly under estimate the needs
of this pin, particulary for Buck converters. They assume that
since the main power flow in a Buck converter does not pass
through the ground pin, the ‘current through the ground pin is
very low’, and therefore the trace length leading up to this pin
is not critical. In fact, though the average current through this
pin is very low, the peak current or its dl/dt is not. Consider
the switch driver as shown schematically in Figure 1. Clearly
it needs to supply current to drive the switch. In any Fet
operated as a switch, large peak to peak instantaneous
current spikes are needed to charge and discharge the gate
capacitance. This is essential so as to cause the Fet to
switch fast, and this reduces the switching/crossover losses
inside the switch and improves the overall efficiency of the
converter. (Actually, in a practical IC, the ‘spike’ of current
comes from the bootstrap capacitor, and then the bootstrap
capacitor is quickly refreshed by the internal circuitry of the
IC ---- it is the refresh current that passes through the ground
pin). Further, as in any high-speed digital IC, parts of the
internal circuitry, clocks, gates, comparators etc., can turn on
and off suddenly, leading to small but abrupt changes in the
current through the ground pin. This can cause ‘ground
bounce’ which in turn can lead to controller upsets. There-
fore the length of the trace to the Ground pin also needs to
be kept as small as possible. This also implies that the input
capacitors, especially the bypass capacitor ‘CBYPASS’
should be placed very close to the IC, even for a Buck IC.

Placing Components ‘acap’ (as
Close as Possible)

One has heard this before: “component X needs to be
‘acap’”. Soon we are told the “component Y too needs to be
‘acap’”. Then “Z too”. And so on. Which would be physically
impossible because matter cannot occupy the same place at
the same time! So which one comes first? This is the million-
dollar predicament always facing switcher layout.

The troubling trace lengths are those indicated Figure 1c. To
keep them small, clearly two components need to be acap.
These are the input bypass capacitor and also the catch
diode. Consider the input capacitor section first.

In the schematic there are in two input capacitors shown.
These are marked ‘CIN’ and ‘CBYPASS’ respectively. The
purpose of the total input capacitance is to reduce the volt-
age variations at the input pin. The variations are mainly due
to the pulsed input current waveshape, as demanded by a
Buck topology. Note that for this particular topology, the
output capacitor current is smooth (because the inductor is
in series with it). In a Boost topology the situation is re-
versed: i.e. the input capacitor current is smooth and the
current into the output capacitor is pulsed. This makes the

demand for input decoupling less stringent than in a Buck (or
Buck-Boost). In a Buck-Boost or ‘flyback’, both the input and
the output capacitor currents are pulsed, and input decou-
pling is required not only for the control-section/drivers of the
IC but for the input current step waveform of the power
stage. Designers familiar with a Cuk topology know that in
this case both input and output currents are smooth. The
Cuk converter is therefore often called the ‘ideal DC to DC’
converter, and expectedly its parasitic inductances can be
largely ignored ---- because there are no AC trace sections in
the sense we described.

Now if the input power to a Buck converter was coming
through long leads from a distant voltage source, the induc-
tance of the incoming leads would seriously inhibit their
ability to provide the fast changing pulsed current shape. So
an on-board source of power is required right next to the
converter, and this is provided by the input capacitor. It
provides the pulsed current, and then is itself refreshed at a
slower rate (DC current) from the distant voltage source.

However, since the input capacitor is fairly large in size, it
may not be physically possible to place it as close as de-
sired. Especially for very high speed switchers such as the
LM267x series (note that a ‘high speed’ switcher as de-
fined here, is one with a very small crossover/transition
time, and it does not necessarily have to be one with a
high switching frequency). in addition, the Equivalent Se-
ries Resistance (‘esr’) and Equivalent Series Inductance
(‘esl’) of the main input capacitor may be too high, and this
can cause high frequency input voltage ripple on the VIN pin.

For the Buck converter schematic as shown in Figure 1, the
input pin connects not only to the Drain of the Fet switch, but
also provides a low internally regulated supply rail to the
control sections of the IC. But no real series pass regulator
can ‘hold off’ very fast changes in the applied input voltage.
Some noise will feed through into the control section and
then much will depend on the internal sensitivity of the IC to
noise (related to its design, internal layout, process/logic
family). It is therefore best to try to keep voltage on the VIN
pin fairly clean ---- from a high frequency point of view. Note
that it is not being suggested here that one responds to this
statement by increasing the input capacitance indiscrimi-
nately, because we are not talking about the natural input
voltage ripple which occurs at the rate of the switching
frequency (e.g. 100 kHz—260 kHz). Our concern here is the
noise occurring at the moment of the transitions, and this
noise spectrum peaks at around 10 MHz—-30 MHz, as deter-
mined by the transition/crossover time of the switch. The
crossover time has nothing to do with the basic PWM switch-
ing frequency, but does of course depend on the type of
switch used i.e. bipolar or Fet.

Therefore a high frequency ‘bypass’ or ‘decoupling’ capacitor
with small or no leads, shown as ‘CBYPASS’ in Figure 1, is
to be placed very close to the VIN and GND pins of the IC.
This is usually a 0.1 pF-0.47 pF (monolithic) multilayer
ceramic (typically X7R type, size 1206 or the more recent
‘inverted’ termination version of this popular size, the ‘0612’
---- also note that smaller sized ceramic caps generally have
higher esr/esl, but check before use). Since now this com-
ponent provides the main pulsed current waveshape, the
bulk capacitor shown as ‘CIN’, may be moved slightly further
up (about an inch) without any deleterious effect. For lighter
loads, and if it is possible to place the input bulk capacitor
very close to the IC, the high frequency bypass capacitor
may sometimes be omitted. But for high-speed switchers
like the LM267x, the input ceramic bypass capacitor is
considered almost mandatory for any application.
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Placing Components ‘acap’ (as
Close as Possible) (continued)

The position of the catch diode is also critical It too needs to
be acap. Now, every topology has a node called the ‘switch-
ing node’. This is the ‘hot’ or ‘swinging’ end of the switch. For
integrated switchers, this node can also be an easy entry
point for noise feed-through into the control sections. Note
that the problem is not caused by the simple fact that the
voltage at this node swings, for 1t is designed for exactly that
situation in mind. The problem is with the additional noise
spikes niding on top of the basic square voltage waveform,
arising from the trace inductances as explained earlier.
Therefore, it is essential to place the catch diode very
close to the IC and connect it directly to the SW pin and
GND pins of the IC, with traces that are very short and
fairly wide In some erroneous layouts, where the catch
diode was not appropriately placed to start with, the con-
verter could be ‘bandaided’ by a small series RC snubber.
This consists typically of a resistor (low inductive type
preferred) of value 10Q-100Q and a capacitor, which
should be ceramic of value 470 pF-2.2 nF. Larger capaci-
tance than this would lead to unacceptably higher dissipation
(=1/2%C*V2+f), chiefly in the resistor, and would serve no
additional purpose. However, note that this RC snubber
needs to be placed very close to and across the Switch-
ing pin and Gnd pin of the IC, with short leads/traces.
Sometimes designers think that this is ‘across the diode’,
because on the schematic there is no way to tell the differ-

ence. However, particularly when the diode is a Schottky, the
primary purpose of such a snubber is to absorb the voltage
spikes of the trace inductances. Therefore its position must
be such that it provides bypassing of the critical or AC trace
sections of the output side as shown in Figure 1c (right hand
side of the switcher) ----which means it must be close to the
IC. Of course, as mentioned previously, it is best to get the
layout right to start with, rather than adding such extra
components.

Remaining component placements can be taken up only
after the input bypass capacitor and the catch diode are
firmly in place and are both acap. The traces to either of
these two components should be short, fairy wide, and
should not go pass through any vias on the way to the IC.
For SMT boards this implies that the input capacitor and
catch diode are on the same layer as the IC. In Figure 2
suggested PCB starting points are provided for several
switchers. All of them focus on placing these two critical
components correctly. These layouts are strongly recom-
mended for most applications. The ‘X’ marks suggest the
recommended location where vias can be used to con-
nect to a Ground Plane (if present).The remaining compo-
nents can be placed relatively carelessly (though in doing so,
there may be slight impact, for example on the accuracy of
the output voltage rail and its ripple, but nothing compared to
what can happen if the input decoupling cap and catch diode
are incorrectly placed). Trace routing is now discussed in
more detail.
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Placing Components ‘acap’ (as Close as Possible) (continued)

LM 2671, 2672, 2674, 2675, 2594, 2597

LM 2575, 2576, 2591, 2592, 2596

LM 2590, 2593, 2599

LM 2595

*
*

o

Not to scale
Confirm availability
Suffixes omitted

*** All traces on same

layer (ground 1s shaded)

20042602

FIGURE 2. Recommended Layout Starting Points

Routing the Traces

As mentioned above, it is not advisable to route any of the
critical traces through ‘vias’. Vias are considered useful from
a purely CAD perspective for ‘layer jumping’, but are often
used indiscriminately as they seem an easy solution to con-
nectivity problems. But they also add impedance, and that is
exactly what we are trying to avoid. The inductance of a via
is given by

-h 4h
L—5(1+Ind)nH

where ‘h’ Is the height of the via in mm (equal to the thick-
ness of the board, commonly 1.6 mm), and ‘d’ is the diam-
eter in mm. Therefore a single via of diameter 0.4 mm on a
standard 1.6 mm board gives an inductance of 1.2 nH. It may
not sound much, but it is almost twice that of a wire of the
same length and diameter. It has been seen empirically
that for the high speed LM267x series, if the bypass
capacitor is connected through vias to the IC, occa-
sional field problems do arise.So if vias have to be used

for some reason, several vias in parallel will yield better
results than a single via. And larger via diameters would
help further (unless they are being used as ‘thermal
vias’ --- discussed later).

It is also said that “the traces also need to be ‘wide’ and
‘short’ ”. The necessity of short traces Is clearly understood,
usually intuitively, by most engineers. In fact the thumbrule of
20 nH per inch’ also implies that trace inductance is almost
proportional to length. However, a common ‘intuitive’ mis-
take is to assume that inductance is inversely propor-
tional to the width of the trace. So some engineers mis-
takenly ‘add copper’ lavishly to critical traces (though there
are some other reasons why this may be being done, and
these will be discussed later). A first approximation for the
inductance of a conductor having length ‘I and diameter ‘d’ is

L= 2l«(n % - 0.75) nH

where | and d are in centimeters. Note that the equation for
a PCB trace is not much different from that of a wire.
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Routing the Traces (continued)

2
L= 20+(In ;' - 0.5+ o.zzssz) nH

where ‘W’ is the width of the trace. For PCB traces, L hardly
depends on the thickness of the copper ( 1 oz or 2 oz board).
Both the above equations are plotted in Figure 3. It will be
seen that for a given length, a PCB trace of width X’ has
higher inductance than a wire of diameter X. In fact the
width of a PCB trace has to be about 1.78 times the
diameter of a wire for the same inductance.

A wire of AWG 20 has a diameter of 32 mils (or 0.081 cm).
So for a length of one inch (1000 mils or 2.54 cm) L equals
21 nH (which is the usual thumbrule). We can see that L is
almost proportional to length. But if we double the diameter
to 0.16 cm, L equals 17 nH, which 1s not much different from
21 nH. This indicates a non-linear relationship. Referring to
Figure 3, where the above function is plotted out (dotted
lines are for a PCB trace), we can see that the
diameter/width of a wire/trace has to typically increase
by a factor of 10 for the inductance to halve. The rela-
tionship of L to d is therefore logarithmic in nature. The
reason for this is the effects of mutual inductance between
parallel sections/strips of the conductor.
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I=2cm solid = wire
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FIGURE 3. Inductance of Wire of Length ‘1’

‘Beefing up’ traces to reduce the effects of parasitic induc-
tances should be a last resort. Decreasing the length of
the trace should be the first step. Increasing the width of
certain traces can in fact become counterproductive. In
particular, the trace from the switch node to the diode is ‘hot’
from an EMI point of view. This is not only because of the AC
(high frequency) current it carries, but because of its voltage,
which is a switched waveform. Any conductor with a varying
voltage, irrespective of the current, becomes an antenna if
its dimensions are large enough. Radiated emissions from
this antenna can cause undesirable common-mode interfer-
ence in its vicinity. Therefore this calls for the area of the
copper around the switching node to be reduced, not in-
creased. Large planes of switched voltage also cause ca-
pacitive noise coupling into nearby traces. On a typical SMT
board, if the opposite side happens to be a ‘ground plane’,
noise from the switching node can couple through the FR4
dielectric of the PCB into the Ground plane. No Ground

plane is ‘perfect’, and therefore this injected high frequency
noise can also cause the ground plane to not only radiate,
but to pass noise onto the IC through ‘ground bounce’. Some
people suggest that a copper island, exactly the same size/
shape as the switching-node island be created on the oppo-
site side of the PCB, connected through several vias. This is
supposed to prevent ‘capacitive cross-talk’ to other traces
and to enhance thermal dissipation. But this obviously also
leads to the breaking-up/partioning of the Ground plane. This
defeats the very purpose of Ground plane as it can cause
strange effects arising due to the odd current flow patterns in
the now divided Ground plane. In general, the Ground
plane should be kept continuous/unbroken as far as
possible, or it could behave like a slot antenna. For the
switching node therefore, the best option is to keep the
amount of copper around it to the actual minimum re-
quirement.

Some basic physics to be reminded of here: electric fields
are caused by electric charge, and magnetic fields by cur-
rents. But if an electric field varies with time, it produces a
corresponding magnetic field. However magnetic fields are
associated with currents. Therefore AC voltages (varying
electric fields) on opposite planes of copper on a PCB cause
a ‘displacement current’ (capacitive coupling current)
through the FR4 dielectric. Similarly, a varying magnetic field
causes an electric field. So for example in a transformer,
when we pass AC current (varying magnetic field) in a wind-
ing, we get Faraday induced voltages (electric field). When-
ever voltage or current is switched, an electromagnetic field
is generated, which produces EMI. And this EMI is inadvert-
ently ‘helped’ by antenna structures. Therefore, on a PCB
layout, the area enclosed by all current loops carrying
‘AC (switched) current’ must be kept small. Similarly the
area of copper planes with ‘AC (switched) voltage’ must
be kept small. Both can behave as antennae. In addition,
traces carrying switching currents/voltages must also
be kept away from ‘quieter’ traces to avoid cross-
coupling. Further, since ‘sharp edges’ are known to
cause an increase in field strengths, two 45 degree
bends in a trace are preferred to a single 90 degree
bend.

Copper Filling: when to Stop

Adding copper lavishly to traces serves some purpose oc-
casionally, sometimes none at all, and sometimes it even
works against the design in an unintended manner. There
may be no simple hard and fast rules here. Judiciousness
needs to be applied. But first it is instructive to consider
some of the ‘reasons’ why copper is lavished, and to the
degree it is really required. Most often the requirements are
actually much less than predictions based on ‘gut instinct’:

We will take each of these separately:

A) CURRENT HANDLING CAPABILITY

If we multiply the width of a trace with its thickness we get
the ‘cross sectional area’ of the conductor. This determines
the resistance (per unit length) of the conductor and the
consequent self-heating. This leads to an estimable tem-
perature rise. It is important to note that the ‘current handling
capability’ is therefore not a ‘stake in the ground’ as some
people think, but is related to a permissible temperature rise.
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Copper Filling: when to Stop

(Continued)

Mil Standards call for maximum 20°C rise, but 30°C-40°C
are also common. Figure 4 is a chart which helps in the
correct estimation.

Current Density Curve for Outer Layer PCB Copper
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FIGURE 4. MIL-STD-275E Curves for Current Density
vs. Temperature Rise

Commercial PCB’s are often referred to as ‘1 0z’ or ‘2 0z’ for
example. This refers to the weight of copper in ounces per
square foot deposited on the copper clad laminate. 1 oz is
actually equivalent to 1.4 mils copper thickness (or 35
pm). Similarly 2 oz is twice that. We are only considering
outer layers (not internal layers) in this Application Note, and
therefore at most double-sided (2 layer) boards.

Using the thickness of the copper trace we can find the trace
width required. For example for 1 oz copper board (1.4 mils
copper thickness), and allowing 20°C rise in temperature, for
4A of current we need 75/1.4=54 mils (1.4 mm) wide trace.
For a 2 oz board we need exactly half of that i.e. 0.7 mm
width.

However note that a 1 oz double sided board will pass
through an electroless copper plating process stage (before
solder mask is applied) to create the vias (/PTH: Plated
Through Hole), and so it may end up effectively as being
considered closer to a 1.4 oz copper board. Therefore it is a
good idea to check this out with the PCB manufacturer
before even starting the layout. Also note that even a single-
sided board passes through a hot air solder level finishing
stage (after solder mask), where a thin Tin-Lead layer is
deposited on the ‘unmasked’ (no solder mask) copper areas.
This does Increase the effective thickness of these traces,
but doesn’t help as much as copper plating, since Tin-Lead
has 10 times higher resistivity than copper.

When estimating resistive heating, it is important to
know the average current in the traces. For a Buck con-
verter, in the AC traces of the input sections (the left hand
side of the IC in Figure 1c) the average current is lo*D,
where lo is the load current and D the duty cycle. For the AC
traces of the output section (the right-hand side), the aver-
age current is lo*(1-D). So if the load current is 3A, and the
duty cycle (=Vo/Vin) is say 0.4, then the average current on

the input side 1s 1.2A only On the output side it is 1.8A. In
neither case Is this equal to the load current of 3A! So the
trace should be sized correctly and according to such a
calculation.

Note that the expected temperature rise stated above is
based on ‘self-heating’. But a trace can become very hot
simply due to heat from a nearby component. In that case,
even a 30°C (additional) rise due to self-heating may be
unacceptable. And the ‘acceptable’ rise also depends on
worst-case ambient temperature, and also the rated tem-
perature of the board laminate (keep below 120°C for FR4)

A quick thumb rule that closely follows the above discussion
is:

For moderate temperature rise (less than 30°C) and currents
less than 5A

* Use at least 12 mils width of copper per amp for 1 oz
board .

* Use at least 7 mils width of copper per amp for 2 oz board

B) TRACE INDUCTANCE

We have seen that the preferred method to reduce trace
inductance is to reduce length, not increase width. Beyond a
certain point, widening of traces does not reduce inductance
significantly. Nor does 1t depend much on whether we use 1
0z or 2 oz boards. Neither does it depend on whether the
trace is unmasked or not (to allow solder/copper to deposit
and thereby increase effective conductor thickness). But if
for some reason the length cannot be reduced, another way
to reduce inductance is by paralleling of forward and return
current traces.

Inductances exist because they can store magnetic energy.
Therefore conversely, if the magnetic field is somehow
cancelled, the inductance too vanishes. By paralleling
two current traces, each carrying current of the same mag-
nitude but in opposite direction on a PCB, the magnetic field
is greatly reduced. These two traces should be parallel and
very close. They can be run side-by-side on the same side
for a single-sided board. If a double-sided PCB is being
used, the most effective solution is to run the traces parallel
and on opposite sides of the PCB. The traces can and
should be fairly wide in this case to improve therr mutual
coupling and create the required field cancellation. Note that
if a ground plane is used on one side, the return auto-
matically ‘images’ the forward current trace and pro-
duces field cancellation and reduction in inductance.

The designer may well ask: what happens to the inductance
equation for trace length we presented earlier? ---that didn’t
seem to indicate that paralleling should help. The problem
with the simple trace inductance equation is that it is an
approximation. There is simply no such thing as an inde-~
pendent straight piece of wire carrying current in a
given direction --- current must return and so there are
only current loops. This follows from basic Physics ---
charge cannot accumulate and must return: in this case to
the opposite terminal of the emf source responsible for the
flow of current. So whenever we talk about the inductance of
just a single wire, basically we are talking about a very large
loop. Since inductance of a current carrying loop s propor-
tional to the area enclosed by the loop, If the loop area is
made very small, inductance too is reduced.
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(Continued)

C) THERMAL MANAGEMENT

Natural convection depends on the amount of surface area
that is In contact with the air. If a conductive plate serving as
a ‘heatsink’ 1s thick enough to ensure perfect thermal con-
duction Into the far recesses of the plate, the temperature
nse would have been simply inversely proportional to the
total exposed area. PCB copper planes too are in that sense
an aid to convection, the difference being that they are not
thick enough to ensure perfect conduction. Therefore at
some point, we will reach a point of diminshing returns: very
large increases In the copper area will produce smaller and
smaller improvement in the thermal resistance. This occurs
roughly for a square of side 1 inch on a 1 0z copper board.
Some improvement continues till about 3 inches, especially
for 2 oz boards and better, but beyond that, external heat-
sinks are required. Ultimately, a reasonable practical value
attainable for the thermal resistance (from the case of the
power device to the ambient) is about 30°C/W.

That 1s not to say that heat 1s lost only from the copper side.
The usual laminate (board material) used for SMT applica-
tions is epoxy-glass ‘FR4’ (also known as GF or G10) which
1s a fairly good conductor of heat. More commercial and
cost-effective applications use cheaper board materials like
CEM1, CEM2, CEMS etc., which are fortunately not much
worse as thermal conductors than FR4. So some of the heat
from the device side does get to the other side where it
contacts the air. Therefore putting a copper plane on the
other side (this need not even be electrically the same
node, it could be the ground plane) also helps, but only
by about 10%-20% as compared to a copper plane on
only one side. A much greater reduction of thermal
resistance by about 50%-70% can be produced if ‘ther-
mal vias’ are used to conduct heat to the other side. This
thermally ‘shunts’ or bypasses the board matenial to get the
heat to the other side where there is more exposure to air
movement.

The tab of the power packages of the Simple Switcher
devices Is fortunately at Ground potential, so having large
copper planes around the tab will not produce EMI. The tab
can be left floating, but If it is used, it must be physically
connected directly to the GND pin of the IC as indicated in
Figure 2 If a double-sided board is used, several small vias
can be sunk right next to the IC Ground in positions marked
X’ on to a ‘Ground plane’ on the other side of the PCB.
These vias therefore not only help in the correct electrical
implementation of grounding, but also can serve as thermal
shunts. They are therefore appropriately called ‘thermal
vias’. It is recommended that they be small (0.3 mm-0.33
mm barrel diameter) so that the hole is essentially filled
up during the plating process, thus aiding conduction to
the other side. Too large a hole can cause ‘solder wick-
ing’ problems during the reflow soldering process. The
pitch (distance between the centers) of several such
thermal vias in an area is typically 1 mm-1.2 mm and a
grid of thermal vias can be created right under the tab.
Since the thermal vias also ‘steal’ heat away from the area
during the reflow cycle, occasionally leading to poor solder
joints, some recommend that vias (thermal or otherwise)
should be close to, but never directly under the tab/legs/pins
of any component.

From the point of view of the internal construction of a typical
switcher IC, there is no reason to make the trace around the
switching node wide since very little heat can come out this

way. As mentioned earlier, this node can act as an antenna
and cause radiation problems. However, there are situations
where a large amount of copper on the switching node may
Jjust be unavoidable. The tab of most power diodes is the
cathode. To sink heat from the diode, a large heatsink or
copper plane must be connected to the tab. Unfortunately for
a conventional positive to positive Buck topology (unlike the
positive to positive Boost or the negative to positive
Buck-Boost) the cathode/tab of the diode corresponds to the
switching node, which is not ‘quiet’. Therefore we have a
conflict of interest here between thermal requirements and
EMI. For EMI-sensitive applications, a rather non-typical
diode with the anode internally connected to the tab can be
sought. Or, if an external heatsink I1s being used, it is recom-
mended that there be electrical (not thermal') isolation be-
tween the power device and the (grounded) heatsink. Mica
or ‘Sil-pads’ are possible choices here. If the diode must be
SMT, an isolated SMT package may be a good choice.

Overestimating the amount of the copper plane for device
cooling is a common mistake, and can lead to excessive
EMI. The heating in a Buck converter diode is based on
the average current through the diode, not the load
current. Note that a typical Schottky diode has a forward
voltage drop of 0.5V. If the load current is 5A and the duty
cycle is 0.4, the dissipation is only 5*0.5%(1-0.4)=1.5W. If
the temperature of the board (the copper area around the
tab) is to be say a maximum of 100°C, and the maximum
ambient is 55°C, the allowed temperature rnse here is
100-55=45°C. For 1.5W of estimated dissipation, the re-
quired board (or case) to ambient thermal resistance is
45/1.5=30"C/W. This as we have seen is achievable on a
PCB. To calculate the required area, we can use as a good
approximation an equation derived from empirical equa-
tions for a plate of area ‘A

A = 985 x Rth~143 x P~%-28 gq.inches

Here P 1s in Watts and Rth is the required thermal resistance
in *C/W. Solving for our example

A = 985 x 307" 43 x 1 57028 gq.inches
A = 6.79 sq.inches

If this area is square in shape, the length of each side needs
to be 6.79°5 = 2.6 inches. If the area called for exceeds 1
sq inch, a 2 oz board should be used. Clearly a 2 oz board
should be used in the example, as it reduces the thermal
‘constriction” around the power device and allows the large
copper area to be more effectively used for convection. Note
that we are considering only a copper plane exposed to air
on one side of the PCB. Breaking up the Ground plane to
create islands on the other side to connect to was not
considered a good option as it leads to odd return current
patterns.

The Ground Plane

With double-sided boards, it is a common practice to almost
completely fill one side with ground. There are people who
usually rightly so consider this a panacea or ‘silver bullet’ for
most problems. As we have seen, every signal has a return,
and as its harmonics get higher, the return ‘wants’ to be
directly under the signal path, thus leading to field cancella-
tion, and reduction of inductance. It also helps thermal man-
agement as it couples some of the heat produced by power
devices on one side of the board to the other side. The
Ground plane also capacitively links to noisy traces above it,
causing some ‘softening’ of transients and thereby some
reduction in noise/EMI ---unless the cross-coupling is so
severe as to start causing the Ground plane itself to
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The Ground Plane (continued)

radiate. Vias can be sunk under the ground terminal of all
power components in to the Ground plane, and this reduces
DC resistance offset errors on the output voltage too for
example. As mentioned, in Figure 2, ‘X’ marks have been
placed to indicate that if there is a double sided board in use,
and a Ground plane is present, then vias can be added at
these points. They are optional, and so if a low cost
single-sided board is preferred, they can be omitted. But if
these vias are also doubling over as ‘thermal vias’ for the
switcher IC, as when they are under the tab of an SMT
power device, they should be sized appropriately as previ-
ously discussed.

However, a Ground plane should be an ‘add-on’ to the
recommendations in Figure 2. It does not substitute the
correct placement of the two critical components. Much
effort should go into not breaking or partitioning this plane.
Further, in general, if too much switching power flow occurs
through such a plane, it can create ‘ground bounce’ and
cause controller upsets. Therefore in higher power applica-
tions, with the added luxury of multi-layer PCBs, separate
signal and power ground planes are used. But for the lower
power SIMPLE SWITCHER family, a single Ground plane is
all that may be required. And if the layout is carried out
conscientiously, keeping all the recommendations in mind,
even a single-sided board should suffice.

Signal Traces: Feedback

The only critical signal trace is the feedback trace. First
consider only the Adjustable versions of the Simple Switch-
ers. One end of the trace connects to a low impedance node,
which is the output rail or a resistive divider at the output.
The other end connects to the feedback pin, which is the
high impedance input of the error amplifier. If this trace picks
up noise (capacitively or inductively) as it passes between
these two nodes, it can lead to erroneous output voltages,
and in extreme cases even instability or device failure. There
seem to be just two options for this

1. Keep the feedback trace short if possible so as to mini-
mize pickup AND/OR

2. Keep it away from noise sources (e.g. switching diode,
inductor)

Keeping the trace short may not be feasible. In fact the
feedback trace may be deliberately kept slightly longer
so as to route it away from potential noise sources. It
should not pass under the inductor or diode in particu-
lar. If a double-sided SMT board is being used, a good
strategy is as follows:

¢ use a via at the output resistive divider to bring the trace

to the other side

* run the trace to cut through the surrounding ground plane
areas, taking care not to pass it under the inductor/diode
and not parallel to any power trace on either side of the
board (though it can cross them perpendicularly)

¢ and then very close to the IC, use another via to bring out
the trace to the component side where it connects to the
feedback pin of the IC

Refer to Figure 5a which shows the situation for the Adjust-
able part. The trace which picks up noise is bold. However, if
we consider a fixed voltage part, we learn an important thing.
This is Figure 5b. Note that the feedback trace here is not
marked bold. The reason is that a trace can pick up noise
only if at least one end of it is a high impedance node. In
Figure 5b, the feedback pin goes to a resistive divider rather
than directly to the input of the error amplifier. So it is
relatively immune to noise pickup. The only section where
noise can be picked up is inside the IC (shown bold), and this
is a very short path. Applying the same principle to an
Adjustable part provides another interesting way to route the
feedback trace. One way is shown in Figure 5c. Here the
length of the ‘feedback trace’ is very short, so it is relatively
noise-free. The feedback resistors are physically close to the
IC and the trace from the output to the upper resistor has low
impedances on either side, and so does not pick up noise.
However, the connection of the lower resistor to ground is
not ideal as the resistive drop across the section marked
‘lo*R’ will affect the output voltage load regulation slightly.
Another way is in Figure 5d, and this resolves both
issues. This is therefore recommended. If a ground plane
is used however, both Figure 5¢c and Figure 5d are actually
the same if vias are correctly placed to couple into this plane.
For Figure 5d, if possible, it is a good idea to run the top and
bottom traces to the resistive divider parallel and close to
each other, so as to minimize any further chance of noise
pickup.
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Signal Traces: Feedback (continued)
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FIGURE 5. Feedback Traces (bold lines susceptible to noise)
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Stresses in Wide Input
DC-DC Converters

Introduction

Experienced power supply designers previously working
with one topology who turn their attention to another, know
they must shift mental gears quite dramatically. The “rules of
the game” change and therefore major design issues will
arise if this this fact is not recognized at the very outset.

“Equations for all topologies are available, and one just
needs to use them”—correct? No, in fact though one of the
things this Application Note also provides is such a set of
design equations, that is not enough.

Equations are by nature “single-point” computations. So if for
example we input a given operating condition: say V,\ = 15V,
Vour = 5Y, lo = 1A, we can use the appropriate Buck
converter equation to calculate the input capacitor RMS
current—valid for this specific condition. But under a more
practical scenario suppose V,y could vary between 8V and
22V, with 15V just representing a vague “nominal” value?
What is then the most appropriate input voltage to use to
calculate the worst-case input capacitor current? We will find
that no set of equations, however complete, guides us to that
information directly. So if Designer A “picks” the lowest input
voltage 8V, Designer B picks the highest input voltage 22V,
and Designer C picks the nominal value of 15V, all of them
are actualy wrong. For the correct answer here is V = 10V.

Take another example: should the inductor be designed at
the highest input or the lowest input voltage of the range?
For a Buck 1t didn’t seem to matter too much at what input
voltage we design the inductor, but If one applies the same
nonchalance to a Boost or a Buck-Boost, there may be no
power supply to put through any further testing.

The important point is even while delivering this constant
maximum load, the internal currents of the power supply do
change their shape, peak values, RMS and average values
considerably in response to changes in input voltage. The
purpose of this Note is to figure out how these values vary for
each topology and to thereby fix a “worst case” design or test
condition for each of them. A logical design procedure finally
emerges based on the topology on hand.

As mentioned, a comprehensive table of design information
(Table 2) is provided for all the three main topologies: the
Buck, the Buck-Boost and the Boost. Unlike most other
references in literature, this table is cast in terms of ‘r’. This
actually makes the table very designer-friendly because it
recognizes that the only real degree of design freedom
available is the inductor current ripple ratio ‘r’. The criterion
for selection of ‘r’ (in fact its actual value too) happens to be
the same for any topology, at any application condition, and
for any switching frequency. Once ‘r is fixed (usually be-
tween 0.3-0.5), everthing else is more or less pre-
determined. We only have to pay heed to the appropriate
input voltage end at which to set ‘r’, as this can change from
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one topology to another. It will also be noticed that the design
table includes the drops across the switch and diode for all
the topologies, something that is not commonly available in
related literature. We must realize that because of the ever-
shrinking output voltages, these ‘negligible’ forward “drops”
have actually become increasingly important today.

The design procedure based on the design table considers a
power supply operating at a constant (maximum) load with a
fixed output voltage, whose input voltage is varied. We can
predict its response to the resulting variation in duty cycle,
and thereby figure out the worst case input test or design
condition. Conclusions are summarized in Table 1. The
equations are essentiaily cast in terms of the output voltage
(Vo), max load (“Io”) and Duty Cycle (“D”), and inductor
current ripple ratio (“r”). The input voltage “V,\” is not In-
cluded directly in the stress formulae, as “D” is intended to
reflect the input voltage variation. The most important fact to
keep in mind in this article when relating D to V, is that for
all topologies, low D corresponds to high V,y and a high D to
low V,y (since output voltage Is considered fixed).

Inductor Current Waveforms

An inductor current waveform consists of an AC/ramp com-
ponent “Al”, and a DC/average component “Ipc”, the latter
being the geometric center of the ramp. Note that in literature
the ‘AC’ value i1s usually taken to be half the ramp, but here
we are just equating them for convenience. The essential
difference between the topologies is that for the Buck, the
average inductor current equals the load current at all times,
but for the Boost and the Buck-Boost, it is the average diode
current that equals the load current. So as from Table 2, it
can be shown that
Ioc = lo = constant BUCK
= o ! B /BUC
IDC~1—DO<1—D 00ST K-BOOST

It 1s clear that the average inductor current for the Boost and
the Buck-Boost becomes very high if D approaches 1. Re-
member that this corresponds to decreasing input voltage
“Vin_min”- Therefore the inductor design must be conducted
at the lowest input voltage for these topologies. For the Buck
there is hardly any dependency of the inductor current to
input voltage since the average current depends only on the
load (which 1s considered fixed in our analysis). So for a
Buck regulator, as a first pass selection, we often simply pick
an inductor with a current rating equal to the load, Irrespec-
tive of input voltage. These vanations are included Iin the
plots shown in Figure 1. Read these in consultation with the
listing provided in Table 1.
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Inductor Current Waveforms (continued)
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TABLE 1. The Worst Input Voltage Condition for Design/Test of a Given Parameter
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Parameter Buck Boost Buck-Boost

Al (Iac in Inductor) Vin_max Vin_so Vin_max
12 1 12

Core Loss Vin_max Vin_so Vin_max

Inductor Energy/Core Saturation Vin_max/Vin Vin_min Vin_miN
8 1 1

Average Current in Inductor Vin Vin_min Vin_min
8 3 3

RMS Current in Inductor Vin_max/Vin Vin_min Vin_min
8 3 3

Copper Loss/Temperature of Inductor Vin_max/Vin Vin_miN Vin_mIN

RMS Current in Input Capacitor Vin_so Vin_s0 Vin_min
10 1 6

Input Voltage Ripple Vin_max/Vin Vin_max Vin_min
8 12 3

RMS Current in Output Capacitor Vin_Mmax Vin_min Vin_min
12 6 6

Output Voltage Ripple Vin_max ViN_min ViN_min
12 3 3

RMS Current in Switch Vin_min Vin_min Vin_min
7 2 2

Average Current in Switch Vin_miN Vin_min Vin_min
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Inductor Current Waveforms (continued)

TABLE 1. The Worst Input Voltage Condition for Design/Test of a Given Parameter (Continued)

Parameter Buck Boost Buck-Boost

Peak Current in Vin_max Vin_min Vin_min
Switch/Diode/Inductor 9 4 5
Average Current in Diode Vin_max Vin Vin

12 8 8
Temperature of Diode Vin_max Vin Vin

12 8 8
Worst Case Efficiency Vin_max Vin_min Vin_min

Numbers in the columns refer to corresponding numbered curves In Figure 1.
VN means any input voltage Is appropnate
Vin_so Is Input voltage at which D=0 5

The AC component of the inductor current, “Ioc”, or “Al”
cannot be fully ignored even for a Buck. This parameter is
important, firstly, because along with I, it determines the
peak value of the inductor current. This peak value needs to
be known so as to accurately evaluate the energy handling
requirement of the inductor (defined as 4*L*IPpgax). If we do
not size the inductor accordingly, the core may saturate. But
more importantly, for all topologies, this AC component is
completely responsible for the core loss. Core loss does not
depend on Ipg, so long as the inductor is not saturating).

Now, for all the topologies, there is an applied voltage “Voy~

across the inductor when the switch is ON. This causes a

certain resulting AC ramp component “Al” across the induc-

tor based on the fundamental equation Vo = L*Al/(D/f) or Al

= Von*D/(L*), where f is the frequency. As the input voltage

falls, Vondecreases helping to lower the ramp component,

but at the same time D increases and this helps to promote

the ramp. So the interesting question can be asked: what

eventually happens to Al as input voltage falls?

The equation for Al are provided in Table 2. We see that

Al = (1 - D) BUCK/BUCK-BOOST

Al =< De(1 - D)

So plotting these out in Figure 1, we see that

Al - maximum at highest input voltage for
Buck/Buck-Boost

Al = maximum at Vy_sq (or closest voltage) for Boost

where Vy_so is defined here as the input voltage at which

D=50% for the topology under consideration. This value is

also provided in Table 2. If the input voltage range does not

include Viy_so, We must choose either Viy_vin OF Vin_max:

whichever happens to be closer to Vy 5.

We also define a useful parameter called the current ripple

ratio “r’ which is the ratio of the AC to the DC value of the

inductor current, with the converter delivering maximum
load. So

Al Al
== == BUCK
be o
Al Al
r=-—=-"1(1-D) BOOST/BUCK-BOOST
be o

This parameter “r" is important as it determines among other
things, the inductance “L”, and the physical size of most of
the power components. It can be shown that the size of the
inductor is reduced by increasing “r". However an “" of
0.3-0.4 represents the most optimum choice for any topol-

ogy. The reader can refer to AN-1197 for a deeper under-
standing of how the current ripple ratio relates to the optimi-
zation. That particular Application Note is based on the Buck
converter, but the same principles apply to all the topologies.
In any case, allowing for a greater current ripple than the
optimum of 0.3-0.5 (by reducing inductance) does not appre-
ciably reduce the size of the inductor, but does increase the
size/requirements of either or both the input/output capaci-
tors. Now, having designed the inductor for a given value of
“r" at the appropriate input voltage end, as discussed earlier,
as we vary the input voltage over the expected range, “r’
changes accordingly. The equations in Table 2 are cast
essentially in terms of “r” and D, as these are the two main
parameters that vary with input voitage. The variation of “r’
with D is also provided, thus making D the only actual
variable in our analysis. The value of the required inductance
(based on a chosen “r") can be found in Table 2, and the
physical size of this inductor can be also calculated from the
required energy handling capability as listed. More on induc-
tor design later.

Input Capacitor Currents

A key parameter is the RMS current, “l,\”, through the input
electrolytic capacitor. It determines the basic/minimum se-
lection criterion since the capacitor must be rated at least for
the worst case RMS current that may pass through it. A
capacitor operated with an RMS current higher than its rated
value, is not guaranteed to have any specific life by most
manufacturers. Life expectancy vs. temperature curves/
equations as provided, are then not considered to be valid.

From Table 2, for small “r’, we can see that this goes as

hnoc YD+ (1 - D) BUCK

r D: (1 - D)?
<
1-D 1-D

=D-(1 - D) BOOST

1 ’
NS (1—_—5.40-(1 -D) = % BUCK-BOOST

Plotting these out in Figure 1, we can see that

Iy = maximum at Vy s, (or closest voltage) for
Buck/Boost

iy = maximum at lowest input voltage for Buck-Boost

So the temperature of the output capacitor must also be
evaluated at the above input voltages. If the input voltage
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Input Capacitor Currents (continued)

range does not include Vi 5o, Wwe must choose either
Vinemin OF Vin_wmax, Whichever happens to be closer to
IN_50"

We are also concerned with the peak to peak current, lpp_ |y
through the input capacitor as this determines the input
voltage ripple AV =lpp \n*ESR)y, where ESR,y is the
Equivalent Series Resistance of the input capacitor. This
Input ripple is a major component of the EMI spectrum at the
input of the power supply.

From Table 2, for small “r", we can see that this goes as

lpp_iv = constant  BUCK

r (1 - D)?
PPN T < oD

= (1 -D) BOOST

pp N & Fa—— BUCK-BOOST
Plotting these out in Figure 1, we can see that

lpp_in — constant/maximum at highest input voltage for
Buck

lpp_in = maximum at highest input voltage for Boost
lpp_n = maximum at lowest input voltage for Buck-Boost

For a Buck stage, the input voltage ripple is almost a con-
stant with respect to input voltage variations, provided “r’ is
very small. However since “" does increase somewhat at
high input voltages, it is preferable to evaluate this param-
eter at the highest input voltage.

Output Capacitor Currents

The Output Capacitor also needs to be at least big enough to

handle the worst case RMS current through it, “loyr”.

From Table 2, for small “r", we can see that this goes as
lout < re (1 - D) BUCK

[D
loyr |7  BOOST/BUCK-BOOST

Plotting these out in Figure 1, we can see that
lout = maximum at highest input voltage for Buck
lowest input voltage

lour = maximum  at for

Boost/Buck-Boost
So the temperature of the output capacitor must also be
evaluated at the above input voltages.
We are also concerned with the peak to peak current,
Ipp_out through the output capacitor as this determines the
output voltage ripple AVoyr = lpp_out"ESRouT, Where
ESRoyr is the Equivalent Series Resistance of the output
capacitor. This output ripple is a major component of the
noise spectrum at the output of the power supply.
From Table 2, for small “r", we can see that this goes as

Ipp_out = re (1 - D) BUCK
1
bp_our * 7T p BOOST/BUCK-B0OST

Plotting these out in Figure 1, we can see that
lpp_out = maximum at highest input voltage for Buck

lbp_out Maximum  at  lowest for

- Boost/Buck-Boost

Switch RMS/Avg Current

For a MOSFET Switch we need to calculate the conduction
loss as given by 12qs*rds. The crossover losses are lowest
at the minimum input voltage. But since they are usually a
small fraction of the conduction losses, and are thus ignored
here. The Igys of the switch varies in the following manner

From Table 2, for small “r’, we can see that this goes as

ks & VD

input  voltage

BUCK

VD
Rws © 77—  BOOST/BUCK-BOOST

Plotting these out in Figure 1, we can see that

lams = maximum at lowest nput voltage
Buck/Boost/Buck-Boost

It should however be noted that for a Buck, the dissipation in
the Switch at low input voltages goes up only slightly, but for
the remaining topologies, this dissipation is expected to go
up steeply at low input voltages, leading to a large drop in
efficiency. In Table 2, the average switch current is also
provided, for calculation of dissipation in bipolar switches. It
can be shown that the above conclusions for RMS are also
valid for the average value of the switch current (which is
required to calculate the conduction loss for a bipolar
switch).

Talking about efficiency leads to the other main component
of loss in a power supply, the diode loss. We will now see
how this varies, and what it implies for the effect of input
variations on the efficiency of the power supply.

for

Average Diode Current/Efficiency

For a diode we need to calculate the forward loss as given by
Iava™Vp, where “Vp” is the drop across the diode when it
conducts. For the Boost and the Buck-Boost, the average
diode current is the load current, so it is not going to change
with duty cycle. But for the Buck it does vary.

From Table 2, we can see that this goes as

lave =< (1 - D) BUCK

lava = constant  BOOST/BUCK-BOOST

Plotting these out in Figure 1, we can see that
lave = maximum at highest input voltage for Buck
lave = constant for Boost/Buck-Boost

We saw that the dissipation in the switch of a Buck remains
almost constant as input voltage increases, and now we see
that the diode dissipation however increases as we do so.
So we expect the efficiency of a Buck regulator to fall at high
input voltages on account of increased diode dissipation. For
the Boost and Buck-Boost, the diode dissipation does not
change as input voltage falls, but the switch dissipation
increases dramatically. So we expect the efficiency of a
Boost or a Buck-Boost to fall at low input voltages on ac-
count of increased switch dissipation (unless crossover
losses are very large, in which case the reverse is occasion-
ally found to be true).
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Average Diode Current/Efficiency
(Continued)

For diode temperatures, we need to test a Buck regulator at
the highest input voltage. For the other topologies, it does
not matter. This is shown as “V,\” in Table 1, implying any
input voltage.

This also tells us at what input voltage we need to check
efficiency check of a power supply. It clearly varies from
topology to topology. See Table 1.

Inductor Energy

The “Energy Handling Capability” is e=14*L*I2pg k. This pa-
rameter literally “sizes” up the inductor for a given applica-
tion. Note that the size is not determined just by inductance,
since almost any inductance can be theoretically achieved
on any core, simply by winding the appropriate number of
turns on it. The complete equations for “e” are provided In
Table 2. For our analysis here, we first make an approxima-
tion for the rather complicated term involving “r". Assuming
“r” to be small this term becomes

2 2
|:2 :l |:2:| :
rel—=+ 1| mre|—-| x—
r r r

From Table 2, for small “r’, we can see that the Energy
handling Capability goes as

1-0D
Boc( )=1 BUCK
r (1-0D)
D-(1-D 1
e Et o ( )30< 2 BOOST
(1-D)+r p-(1-0P3 (1-0)
1 -D 1
e Et o ( ) BUCK-BOOST

D (1 -D)3°((1 - p)?

Plotting these out in Figure 1, we can see that
e — constant/maximum at highest input voltage for Buck
e — maximum at lowest input voltage for Boost/Buck-Boost

Note that for both the Boost and the Buck-Boost, the re-
quired energy handling capability increases dramatically as
duty cycle approaches 0.6. This is known to designers of
front-end PFC stages. Such stages are typically of Boost
topology, providing an internal 400VDC rail from a worldwide
AC input. It is seen that the size of the required inductor goes
up sharply as the minimum nput voltage falls, and so the
inductor design should be carried out at the minimum input
voltage. As for the Buck, some designers use the maximum
input voltage, some the minimum, and some simply use the
nominal input voltage. It really does not matter too much,
provided “r” is, and remains, small as we assumed. In reality,
“r” does Increase as Input voltage increases (thereby caus-
Ing a shght increase in peak value), so it is preferable to
design the inductor of a buck regulator for the highest input
voltage.

Inductor Avg/RMS Currents

If “” is small, the average and RMS values of the inductor
current are the same, “I,”. The copper loss in the inductor is
1.%*R, where “R” is the winding resistance. The copper loss is
usually very large compared to the core loss (which depends
on Al, as discussed earlier), and largely determines the
temperature rise of the inductor.

From Table 2, for small “r’, we can see that the RMS/Avg
current goes as

I, =< constant BUCK

1
| o< ——— BOOST/BUCK-BOOST
L (- /

We can see that for the Boost and Buck-Boost, if D is large,
I, increases. Therefore when evaluating copper loss or tem-
perature rise of the inductor for these, we need to use the
minimum input voltage. For the Buck, since “r’ does increase
with increasing input voltage, the RMS value of the inductor
current Is also higher, and so we should use the maximum
input voltage.

I = constant/maximum at highest input voltage for Buck

1. = maximum at lowest input voltage for Boost/Buck-Boost

Peak Switch Current

This parameter is important because every controller has a
current limit for the switch, and if the calculated peak ex-
ceeds the lowest value possible of the switch current limit,
anywhere in the input voltage range, the required output
power cannot be delivered. The peak current in a Buck is just
a little higher than the load current, and so for example, the
LM2593HV “Step Down (Buck) regulator” IC from National
Semiconductor, which is designed for “2A load”, has a mini-
mum set value of 2.3A for the switch current limit. Yet, as
seen In Figure 2, and from the datasheet of this device, this
Buck IC can be operated as a “positive to negative” regula-
tor, which is actually a standard Buck-Boost topology. In this
mode, the peak current values are much higher, as can be
seen from Table 2, and in fact depend not only on load, but
on the duty cycle/input voltage too. We now try to see how
the peak current values vary for all the topologies, with
changes in input voltage.

From Table 2, for small “r’, we can see that the peak current
goes as

'REAK“[‘ +%]°‘[2 +(1- D)]= (3 - D) BUCK

og]feo0-on]

lppak -0 & -0 BOOST
[eg] fee0-or)
lpEak & oo <« PR— BUCK~BOOST

Plotting these in Figure 1 we see that for the Boost and the
Buck-Boost the peak value of switch current occurs at maxi-
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Peak Switch Current (continued)

mum duty cycle (minimum input voltage), whereas for the
Buck this occurs at lowest duty cycle (highest input voltage).
Therefore Current Limit must be tested at minimum input
voltage for the Boost and the Buck-Boost, but for the Buck
we must go to the highest input voltage. We conclude
lpeak — maximum at highest input voltage for Buck

lpeak = mMaximum at lowest input voltage for
Boost/Buck-Boost

Therefore the designer can use Table 2to calculate the peak
current, but must do so at the lowest input voltage for the
Boost and Buck-Boost, to ensure that it 1s less than the
current limit. For a Buck, the peak current must be calculated
and compared to the current limit at the highest input volt-
age.

Example

The LM2593HV (5V fixed output version) is to be used to
generate a -5V output from an input voltage ranging
from 4.5V to 20V. This is a 150 kHz Buck Regulator IC
with a switch current limit of 2.3A (min). What is the
maximum load it can deliver in this positive to negative
configuration. (Assume Vp, = 0.5V and Vg, = 1.5V).

The inductor design must be done at the minimum input i.e.
4.5V for a Buck-Boost topology according to the guidelines
in Table 1. We fix an “r” of 0.3 as this always represents an
optimum size for the inductor. The worst-case peak current
in the switch for a buck-boost (which this is) corresponds to
the curve #5 from Table 1. Looking for this curve in Figure 1
shows that this reaches its maximum at high duty cycle (low
input voltage). Therefore we can proceed with this peak
switch current calculation at the minimum input voltage, at
which we will also perform the inductor design.

The duty cycle is calculated from Table 2

The peak current in the switch is

_ b r
beak =7-p 1% 2

So setting lpgak = 2.3A, we can solve for Io

oo beak " (1 = D) 2.3-(1 - 0.65)
0 (1 +%] [1 +%]

lo = 0.7A

So we can assure ourselves of only a maximum load of 0.7A
in this configuration. The required L can be evaluated from
Table 2

Va +
L:_g.____D (1-D)2 ,LLH
lperef
L= ——2*05 (652,105 uy

0.7 -0.3+150000

L=214pyH

This is the minimum inductance for the application If the
inductance is higher than this, the calculated peak current
may exceed the current limit of the device, causing foldback.
Remaining parameters/ratings can be calculated in a similar
way, by looking at Table 2, but using the guidelines from
Table 1.

Note that if we want to estimate core losses in the inductor,
which depends on the AC swing Al, this has a maximum at
highest input voltage, not at minimum input voltage. So we
would need to first set r = 0.3 at the lowest input voltage,
then calculate the required inductance, and then finally to
use the equations for Al, to calculate 1t at the highest input
voltage. Basically “L” forms the required “bridge” to go from
one voltage end to another, because once we fix its value, it
remains so. Everything else can change.

b= Vo *+ Vo _ 54+ 0.5
Vi * Vo - Vey * Vp  45+5-1.5+05
D =0.65
1N5823
1 Vi
> 4’[.; *
INPUT VOLTAGE
+4 5V to +20V D1 10k S R1
= a70uF |t @
¢t T

LM2593HV FEEDBACK

-5.0

L1 33 uH

It
-l-c

1N5825 220 uf
T S
& & & -5V
OUTPUT

ERROR FLAG OUTPUT

OR POWER OK

20050372

FIGURE 2. Buck Regulator IC Used in a Buck-Boost Application
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Example (Continued)

TABLE 2. Design Table: r = Allp¢, Et in Vusecs, L in pH, f in Hz, All voltages and currents are magnitudes.

Parameter Buck Boost Buck-Boost
Duty Cycle Yot Yo Vo~ Yin* W Yo * Yo
Vin T Vsw + W Vo = Vsw + Vp Vin * Vo = Vsy * Vb
Vin_so (V) (2¢Vo) + Vgw + Vp = 2V 1 Vo Vo + Vgw + Vp = Vo
E.[VO'*VSW"'VD]QT
Output Voltage, VineD = VgweD - Vpe _ on - . _ oD - N - . -
p 9 N sw o Viy = VgD - Vp+(1-D) Ve D = Vgy+D = Vpe (1 -D)
Vo (V) (1-D)
1-D 1-D
Et (Vusec) Vy +V, Vo = Voy + V, Vo *+ V,
O_f___D..(1_D).106 _0_~__§L_E.D.(1_D).106 %.(1_0).105
L (uH) Vo + V, Vo = Voy + V, Vo + V,
020, -D)-10° w.p.u_n)z.“ﬁ _o__D.(1..D)2.106
lo=ref lp*ref o= r-f
r Vo + V, Vo = Vo + V. Vo + V
0 D 6 0 SW D 2 6 0 D 2 6
———— (1 -D)-10 —————— «D-(1 - D)* - 10 ——— (1 - D)*+10
lg+L+f g+ L+t lpeL+f
Al (A) Vo + V Vo = Voy + V Vo + V,
07 D o) .10 | 2 SW T D N~ p).q0f O Dy -p).10f
Y D) - 10 To D-(1-D)-10 o c(1-0)-t0
RMS Current in |
Input Cap (A) r2 ° . o
o* D-1—D+§ 1-D /12

lpp in Input
Capacitor (A)

RMS Current in

Output Cap (A) lo J12
lpp in Output lo®r
Capacitor (A) T-p°
Energy 2
Handling lo - Et or .[£+ 1] lo - Et .
Capability 8 r 8-(1-0)
(uJoules)
RMS Current in
2
Inductor (A) TN P LT P LI P
0 12 1-D 12 1-D 12
Average Current lo '0 I0
in Inductor (A) 1-0 1-D

RMS Current in
Switch (A)

Peak Current
Switch/Diode/
Inductor (A)

Average Current in lo*D

Switch (A) b7 Orm—
Average Current in lo*(1 - D) lo lo
Diode (A)
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Inductive Based Switching
Regulator Circuits Provide
High Efficiency White LED

Drives

Introduction

White LEDs are quickly becoming the light of choice for
backlighting of small color displays because of their falling
costs, longer life, and smaller size. The problem this pre-
sents Is that the white LED has a high voltage drop (3.1V to
4.0V depending on manufacturer) as compared to the mono-
chrome displays’ green LED with a voltage drop of 1.8V to
2.7V. Whereas the green LED can be powered directly from
the commonly used Li-lon battery, with a linear regulator,
and a ballast resistor, the white LED used for backlight or
frontlight purposes will requires the battery voltage be
boosted.

National has many solutions for driving LEDs including
switched capacitor converters and inductive based switching
regulators. This application note will describe some methods

National Semiconductor
Application Note 1250
Clinton Jensen

of driving white LEDs using inductive based switching regu-
lators and some of the benefits of each. The main areas of
concern for most designers of portable equipment are effi-
ciency, size, cost, functionality, and LED current matching.
Balancing these competing demands will help designers
make the nght choice for his or her application.

The Switching Regulator

A boost switching regulator set up as a constant current
source can drive several white LEDs in series, keeping
brightness constant even over a wide variation in supply
voltage.

Figure 1, Figure 2 and Figure 3 show some designs using
the LM2622 PWM boost regulator and the LM2704 PFM
boost regulator.

L1
Vn(Li-lon) 10uH D1
M6
A o)
" R
Vi FSLCT
Cy = LM2622 GQ& 1 .
THRl I SBN B AT R
\/ GND
Cey Rer
470nFT (61.9 ? Rser
for
20mA)

FIGURE 1. Basic LED Driver for Two to Eight LEDs at up to 30mA Each
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10-175

www.national com

0SCI-NV



AN-1250

The Switching Regulator (continued)

Viy L1
(Li-lon) 10uH D1
1 )
& o)
Vi FSLCT
Cp—— LM2622 (}
TN y —— Cour
1uF SHDN B T wF
V, GND
=! @
Ce
4 7nF
Ce, Rser
680pF Re (61.9 Reer
30k for
20mA)

20052302

FIGURE 2. LED Driver with Improved Compensation for Faster Setup

Viy 22L H D
2.5V-4.2v W
5 1 e
Vi SwW T
C'N - o COUT
Ceﬁéﬁz Lm2704 z 1Ci:a-Framic
_n\_/ N_41'SHDN 4
o eno FBER
2 S R2
¥ 620

v

20052303

FIGURE 3. High-Efficiency LED Driver with Low Components Count Drives Two to Eight LEDs at up to 20mA Each

Figure 1 is capable of driving 2 to 8 white LEDs at up to
30mA each. When using 4 or fewer, the second string of
LEDs (not connected to the FB pin) is eliminated. The de-
sired LED current is set using the equation:

lp = (1.26V/Rger)
When all of the LEDs are in series with each other (using up
to 4), there is perfect current matching through each.
When a second string of LEDs is added it too will have
perfect current matching through its LEDs, but not with the
first string of LEDs. The current matching between the two
strings will depend on how well the LED forward voltages
match. Probability works to your advantage because the
sum of four LEDs VF tend to balance widely varying VF in
individual LEDs.

An inductive switching regulator also has a relatively high
efficiency of typically 70% to 85% over the Li-lon input
voltage range (see Graph 1 for actual LM2622 measure-
ments). However, higher efficiency comes at the expense of
using an inductor for energy storage versus switched capaci-
tor solutions that use only capacitors. The circuit of Figure 1
is best suited for static LED currents so dimming via a PWM
(pulse width modulated square wave at the shutdown pin)
signal is not recommended. This is due to the slow startup
time of the circuit, which does not allow a sufficiently fast
PWM signal to eliminate visible blinking. Figure 1 1s a re-
duced component count version of Figure 2 at the expense
of functionality.
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The Switching Regulator (continued)

Figure 2 is identical in description to Figure 1, with the only
difference being a change in how It 1s compensated. This
requires an extra capacitor and resistor on the VC pin, but
provides a faster startup time. The brightness of the LEDs
can now be controlled using a PWM signal on the shutdown
(SHDN) pin. This signal can be anywhere from 60Hz to
200Hz and the brightness 1s controlled by the duty cycle of
the PWM signal (50% duty cycle equals approximately 50%
LED current).

Figure 3 shows the LM2704 PFM (pulse frequency modu-
lated) regulator. The LM2704 circuit has the same benefits of
current matching and high efficiency as the LM2622 circuit
but with a few advantages. Since it is a PFM architecture, 1t
has a slightly better efficiency than the LM2622 . It Is also

80 T
V=42V
IN "
ol
/0
75 %
g / VIN =25V
>
2 Jl
w 70
Q
w
'S
w
65
60
0 10 20 30 40
LED CURRENT (mA)

20052304

LM2622 Efficiency (4 LEDs)

more inherently stable which means a lower component
count since the compensation R’s and C’s are no longer
required. The LM2704 circuit is also physically smaller since
it comes in a SOT-23 package versus the MSOP package of
the LM2622. he costs of these advantages are a lower
current output and a larger input capacitor The LM2704 1s
only capable of driving up to 8 LEDs at 20mA each, but this
is plenty for most applications. PFM circuits are also more
susceptible to noise and require more energy storage at the
input. This requires the use of a large input capacitor relative
to the PWM architecture.

In conclusion, the switching regulator approach is desirable
for applications that require 2 to 8 LEDs, the highest effi-
ciency, basic brightness functionality, and precise current
matching.

900 1
V) =42V
850 N 1 PP
N AT V=33V
™V, =2.5V
80.0 \v W IN

EFFICIENCY (%)
~
[}
o

70.0

65.0

0.0
05 5 10 15 20 25 30 35 40 45

lour (MA)

20052305

LM2704 Efficiency (4 LEDs)
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Switched Capacitor
Circuits Provide Efficient
and Functional White LED
Drive

Introduction

Since the conception of cellular phones, PDAs, and hand-
held computers, there has been a continuing push for more
useful and dynamic displays. One of the more drastic
changes in miniature display technology has emerged due to
the availability of Internet content, pictures, and videos on
ever-shrinking personal devices. The promise of more con-
tent and functionality has caused a migration toward higher
resolution color displays. This presents some added design
issues, however, as a color LCD display requires white
backlighting as opposed to the more standard green. The
current options are using a cold cathode fluorescent lamp
(CCFL), an electroluminescent backlight, or newer white
LEDs. White LEDs are quickly becoming the light of choice
because of their falling costs, longer life, and smaller size.
The problem this presents is that the white LED has a high

V\(Lr-lon)

National Semiconductor
Application Note 1251
Clinton Jensen

voltage drop (3.1V to 4.0V depending on manufacturer) as
compared to the green LED with a voltage drop of 1.8V to
2.7V. Whereas the green LED can be powered directly from
the commonly used Li-lon battery, with a linear regulator,
and a ballast resistor, the white LED used for backlight or
frontlight purposes will requires the battery voltage be
boosted.

National has many solutions for driving LEDs including
switched capacitor converters and inductive based switching
regulators. This application note will describe some different
switched capacitor methods of driving white LEDs and the
benefits of each. The main areas of concern for most de-
signers of portable equipment are efficiency, size, cost, func-
tionality, and LED current matching. Balancing these com-
peting demands will help designers make the right choice for
his or her application.

Switched Capacitor Voltage Regulator

This circuit is capable of supplying 90mA at 4.1V output (see
the LM3355 for up to 50mA output current). The number of
LEDs that may be driven depends on the LED current de-
sired in each. The current is set using the equation:
Ip = (4.1V - VE)/Rger

where VF is the forward voltage drop of the LED chosen. As
the LEDs are in parallel, the current matching is not perfect.
The current matching will depend on the forward voltage
drop of each LED and how well they match. This circuit is
smaller than a switching regulator solution yet still maintains

I Vin Vour
SD < < < <
so o2+ _..L C, ;: Reer ;: Reer :: Reer :: Reer
0.33pF
Cn —= Ci+ LM3 —+c
ot & L I B R S oF
0.33pF’]\—
C1- GND
) 4 ) 4 ) 4 Yy
Cr GND (}(2‘ (Q‘ CQ\
o L |
T

20052401

FIGURE 1. Switched Capacitor Voltage Regulator

an average efficiency of about 70% (actual efficiency to
LEDs, some power is dissipated by the ballast resistors)
over the Li-lon input voltage range. The brightness of the
LEDs in this circuit may be controlled using a 60Hz to 200Hz
PWM signal on the shutdown (SD) pin.

The switched capacitor voltage regulator approach is desir-
able for applications requiring 1 to 10 LEDs, high efficiency,
brightness control functionality, lower cost and small solution
size. However, this solution suffers from poor brightness
matching due to varying LED currents.
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Switched Capacitor Current Regulator

The second method presented here Is a switched capacitor
current regulator. Current regulation is achieved by using a
switched capacitor boost circuit to drive a set of current
sources. Figure 2 shows the LM2792 switched capacitor
LED dnver.

D
V,\(Li-lon)
P
VIN ouT
I
c, D1 1 _c
1uF TN :-R';LD
C LM2792 D2 ul
N T C1-
1wF ZTN
<—— BRGT
GND lser
Reer

-

20052402

FIGURE 2. Switched Capacitor Current Regulator

This circuit uses a switched capacitor doubler (2X) circuit to
power the current sources. It is capable of driving 1 to 2
LEDs at up to 32mA total (16mA each LED when using two).
The current is set using the resistor RSET and the BRGT pin
(refer to the datasheet for a description on setting current
using RSET and the BRGT pin). Because current sources
are used, the LED current matching is exceptional, within
one percent. This circuit yields a smaller solution size than
the voltage regulator and it provides more functionality, al-
though at the cost of a significantly lower efficiency. The
brightness can be controlled one of two ways. A PWM signal
between 100Hz and 1kHz may be used at the shutdown
(SD) pin as In the previous two examples. An analog voltage
can be applied to the BRGT pin as well. This provides the
ability to control the brightness with much better linearity.
The BRGT pin also allows a variety of lighting patterns and
effects since a continuous analog waveform of any desired
shape can be used for controlling LED brightness.

For driving up to 4 LEDs the LM2794 or LM2795 may be
used. These circuits are similar to the LM2792 in that they

have all the same functionality. The difference is that a three
halves (3/2X) charge pump is used to power the current
sources. This provides higher efficiency (see Graph 1) since
the current sources will have a reduced voltage drop across
the transistors. They are capable of supplying a total of
60mA for up to 4 LEDs. The LM2794 and LM2795 also do
not require the diode D shown in the LM2792 schematic. The
only other difference is that where the LM2792 requires
some signal at the BRGT pin to set the LED current, the
LM2794 and LM2795 LED currents can be set using only
RSET if desired. LM2794 and LM2795 are identical except
for the polarity of the shutdown pin, to make 1t easier for
designers to Incorporate these solutions into existing sys-
tems.

The switched capacitor current regulator approach is desir-
able for circuits requiring 1 to 4 LEDs, precise current match-
ing, small solution size, lowest cost and the highest function-
ality and control.
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Switched Capacitor Current Regulator (continued)
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Comparison of LM2792 and LM2794/5 Efficiency

www national com

10-180




DDR-SDRAM Termination
Simplified Using a Linear
Regulator

With the advent of DDR-SDRAM as the industry standard for
memory In desktop computers, laptops and videocards,
power management has become a focal point for system
designers. Active termination of bus interconnects has re-
quired the use of another regulator, increasing cost and
system complexity. To specifically address this issue, Na-
tional Semiconductor has just released the LP2995 DDR
Termination Linear Regulator, offering a linear topology in a
marketplace dominated by switchers. The implementation of
this architecture has been made possible by careful exami-
nation of the system requirements. It is the intent of this
article to illustrate the actual requirements of DDR-SDRAM
termination and compare the two solution topologies.

With the memory migration from SDRAM to DDR-SDRAM,
higher bus speeds and data transfer rates are attainable. As

National Semiconductor
Application Note 1254
Chance Dunlap

a consequence of the increased bandwidth, transmission
problems have begun to appear The length of the memory
interconnects, coupled with the multiple stubs that are re-
quired for supporting DIMMs result in signal reflection caus-
ing data corruption. This problem has required more atten-
tion as speeds have increased from DDR200 (100MHz
clock) to DDR266 (133MHz clock) to the newly released
DDR333 (166MHz clock) Concerned with the integrity of the
signals at these high frequencies, JEDEC sought to create
an industry standard for low voltage, high speed signaling as
an improvement over LV, . The result was an active termi-
nation scheme called SSTL (Stub Series Termination Logic).

Vier =125V
+
LP2995 01uF
vDDQ =2 5V 0——————\/DDQ v I
REF
V=25V AVIN Vsense
PVIN Ver j_ O V=125V
K +
50uF GND 2204F
T T |

20052703

FIGURE 1. Implementation of SSTL

The JEDEC definition of SSTL-2 for 2.5V memory called for
an active termination using a V4 output voltage. This volt-
age Is required to track a reference, VREF, which is created
by dividing the memory power rail exactly in half. With the
JEDEC specification defining the voltage tolerance on the
individual rails, power delivery calculations have been left to
the system designers. It is easily identifiable that V. needs
to sink and source current, the problem is determining the
magnitude. Historically, numbers were generated based on a
macroscopic viewpoint of the system using static worst-case
conditions. These approximate calculations defined the so-
lution, by stating the following requirements:

* Vo must sink and source current
e Maximum output current is 3A

Based on this definition, only one clear choice existed. a
synchronous switcher had to be used. To meet these exact-
ing requirements a plethora of switchers were designed to
tackle this exact application from various manufacturers. The
end solution was typically a synchronous PWM buck control-
ler. A representation of a typical circuit implementing this
topology can be seen in Figure 2.
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FIGURE 2. Synchronous PWM Switcher Topology

The synchronous buck switcher, while providing a feasible
solution does not present an ideal or even optimal DDR
termination regulator. Limitations exist that are inherent with
the topology and the practical implementation. Several ex-
amples include:

Board Space: Due to the complexity of this solution a con-
troller with high pin count is required to drive two external
MOSFETs. Coupled with an inductor and the associated
capacitors this implementation can occupy a significant
amount of board area. This can be extremely critical in
laptops and videocards where real estate is at a premium.

Cost: The high component count required for the application
translates directly into increased cost.

Performance The most fundamental requirement for any
DDR termination regulator is performance. While the task of
creating a 1.25V reference signal within a +/-200mV window
is trivial, the challenge in designing a switching power supply
is limiting the switching noise and EMI. Signal interference
resulting in data loss is possible if switching harmonics are
present on the bus. Though not impossible to limit, it poses
an increase in cost and development time to reduce the
effects.

The initial assumption that 3A were required for the maxi-
mum output current, resulting in the selection of the buck
switcher, was actually an oversight. The cause of this prob-
lem was that the worst-case conditions were incorrect result-
ing in over design of the regulator. To counter this problem,
National Semiconductor approached the power delivery cal-
culations from a memory architecture and control point of
view to define an entirely new solution. From an in-depth
analysis of the PC memory it becomes apparent that 3A are
not required. The exact analysis is not included in this article
due to length, however, several of the key points have been
highlighted:

¢ DDR-SDRAM is a dynamic system, static assumptions of
a 133MHz clock (266MHz data rate) are not realistic
when applied to the regulator requirements.

¢ Theoretical peak calculations are not obtainable for sus-
tained durations. Data cannot be clocked every edge
indefinitely. Delays such as CAS latencies are an impor-
tant assessment in every memory access.

¢ Significant current cancellation can occur from comple-
mentary signals such as data strobes.

* Two line conditions are insufficient for a complete model,
tri-stating and transitional periods need to be incorpo-
rated.

* Even periodic refresh affects the average output current
required by the regulator.

Coupled with technical analysis, confirmed by empirical
measurements, National Semiconductor found that the av-
erage currents required are closer to 200mA. Worse case
conditions, simulated by intensive memory burn-in tests,
result in little deviation from this figure. This new design
target meant that an entirely new topology can be used:
LINEAR, bestowing all its advantages.

Leveraging the results found from the measurements, Na-
tional Semiconductor addressed the shortcomings of the
switcher topology and created a new standard in DDR bus
termination by releasing the LP2995. The LP2995 utilizes an
exclusive linear topology to create the Vit output voltage
and the reference output, VREF, for the chipset and DIMMs.
A typical application circuit for the LP2995 can be seen in
Figure 3
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FIGURE 3. LP2995 Typical Application Circuit

Re-examining the limitations of the switcher and comparing
it to the LP2995, the benefits of a linear topology are imme-
diately recognizable.

Size: The external component count has been drastically
reduced, permitting the solution to occupy a minimal amount
of space. Combined with the LP2995 in an LLP package
(Leadless Leadframe Package) an optimal solution can be
obtained.

Cost: Removal of the external components creates an In-
stant system cost reduction by 60%.

Performance: By its nature as a linear topology, there is no
Iinternal oscillator or switching noise to take into consider-

ation. This results in increased performance, as data integ-
rity can be improved with the absence of switching noise on
Vit

Through careful analysis of the actual memory requirements
National Semiconductor was able to provide the optimal
solution for DDR termination, the LP2995. Designed with
consideration of the end user it offers the highest level of
integration while increasing the system performance and
lowering the total system cost. The LP2995 offers the perfect
solution for any DDR-SDRAM application where space, per-
formance and cost are critical constraints.
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High Stability Regulators

Monoalithic IC’s have greatly simplified the design of general
purpose power supplies. With an IC regulator and a few
external components 0.1% regulation with 1% stability can
be obtained. However, if the application requires better per-
formance, it is advisable to use some other design approach.

Precision regulators can be built using an IC op amp as the
control amplifier and a discrete zener as a reference, where
the performance is determined by the reference. Figures 1, 2
show schematics of simple positive and negative regulators.
They are capable of providing better than 0.01% regulation
for worst case changes of line, load and temperature. Typi-
cally, the line rejection is 120 dB to 1 kHz; and the load
regulation is better than 10 pV for a 1A change. Temperature
is the worst source of error; however, it is possible to achieve
less than a 0.01% change in the output voltage over a -55°C
to +125°C range.

The operation of both regulators is straightforward. An inter-
nal voltage reference is provided by a high-stability zener
diode. The LM108A" operational amplifier compares a frac-
tion of the output voltage with reference. In the positive
regulator, the output of the op amp controls the ground
terminal of an LM1092 regulator through source follower, Q.
Frequency compensation for the regulator is provided by
both the R, C, combination and output capacitor, Cs.

The negative regulator shown in Figure 2 operates similarly,
except that discrete transistors are used for the pass ele-
ment. A transistor, Qy, level shifts the output of the LM108 to
drive output transistors, Q; and Q4. Current limiting is pro-
vided by Q,. Capacitors C5 and C, frequency compensate
the regulator.

National Semiconductor
Linear Brief 15
Chance Dunlap

In the positive regulator the use of an LM109 instead of
discrete power transistors has several advantages. First, the
LM109 contains all the biasing and current limit circuitry
needed to supply a 1A load. This simplifies the regulator.
Second, and probably most important, the LM109 has ther-
mal overload protection, making the regulator virtually
burn-out proof. If the power dissipation becomes excessive
or if there is inadequate heat sinking, the LM109 will turn off
when the chip temperature reaches 175°C, preventing the
device from being destroyed. Since no such device is avail-
able for use in the negative regulator, the heat sink should be
large enough to keep the junction temperature of the pass
transistors at an acceptable level for worst case conditions of
maximum ambient temperature, maximum input voltage and
shorted output.

Although the regulators are relatively simple, some precau-
tions must be taken to eliminate possible problems. A solid
tantalum output capacitor must be used. Unlike electrolytics,
solid tantalum capacitors have low internal impedance at
high frequencies. Low impedance is needed both for fre-
quency compensation and to eliminate possible minor loop
oscillations. The power transistor recommended for the
negative regulator is a single-diffused wide-base device.
This transistor type has fewer oscillation problems than
double diffused transistors. Also, it seems less prone to
failure under overload conditions.

Vour = 10V
lour <1A

Qi
2N4343

‘tDetermines zener current May be adjusted to minimize thermal dnft
$Sold tantalum

FIGURE 1. High Stability Positive Regulator
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Some unusual problems are encountered in the construction
of a high stability regulator. Component choice I1s most im-
portant since the resistors, amplifier and zener can contrib-
ute to temperature drift. Also, good circuit layout I1s needed to
eliminate the effect of lead drops, pickup, and thermal gra-
dients.

The resistors must be low-temperature-coefficient wire-
wound or precision metal film. Ordinary 1% carbon film, tin

oxide or metal film units are not suitable since they may drift
as much as 0.5% over temperature. The resistor accuracy
need not be 0.005% as shown In the schematic; however,
they should track better than 1 ppm/°C. Additionally, wire-
wound resistors usually have lower thermoelectric effects
than film types. The resistor driving the zener is not quite as
critical; but it should change less than 0.2% over
temperature.

.
— cat
™ 10,4

> R8t
4: 510
<o5%

. N

A
VW@
A

c

VWV

a3
2N2219

tour <1A

°
[ I ol ™
= 250F
~ mS @Y I AAA
3 L

“"FT m%

INPUT e

>
S RS

A

V
o
P

‘TDetermines zener current May be adjusted to minimize thermal dnift
$Solid tantalum

00846502

FIGURE 2. High Stability Negative Regulator

The excellent dc characteristics of the LM108A make it a
good choice as the control amplifier. The offset voltage drift
of less than 5 pV/°C contributes little error to the regulator
output. Low input current allows standard cells to be used for
the voltage reference instead of a reference diode. Also the
LM108 is easily frequency compensated for regulator appli-
cations.

Of course, the most important item is the reference. The
IN829 diode is representative of the better zeners available.
However, it still has a temperature coefficient of 0.0005%/°C
or a maximum drift of 0.05% over a —-55°C to +125°C tem-
perature range. The drift of the zener is usually linear with
temperature and may be varied by changing the operating
current from its nominal value of 7.5 mA. The temperature
coefficient changes by about 50 pV/°C for a 15% change in
operating current. Therefore, by adjusting the zener current,
the temperature drift of the regulator may be minimized.

Good construction techniques are important. It is necessary
to use remote sensing at the load, as is shown on the
schematics. Even an inch of wire will degrade the load
regulation. The voltage setting resistors, zener, and the am-
plifier should also be shielded. Board leakages or stray
capacitance can easily introduce 100 pV of ripple or dc error
into the regulator. Generally, short wire length and
single-point grounding are helpful in obtaining proper opera-
tion.

References

1. R.J. Widlar, “IC Op Amp Beats FETs on Input Current,”
National Semiconductor AN-29, December, 1969.

2. R.J. Widlar, “New Developments in IC Voltage Regula-
tors,” in 1970 International Solid-State Circuits Confer-
ence Digest of Technical Papers, Vol. XIil, pp. 158—159.
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+5 to =15 Volts DC
Converter

Introduction

It is frequently necessary to convert a DC voltage to another
higher or lower DC-voltage while maximizing efficiency. Con-
ventional switching regulators are capable of converting from
a high input DC voltage to a lower output voltage and satis-
fying the efficiency criteria. The problem is a little more

is desired. Particularly, generating DC voltage with opposite
polarity to the input voltage usually involves a complicated
design.

This brief demonstrates the use of the switching regulator
idea for a +5 volts to —15 volts converter. The converter has

00846701

Vss — Vsat

Al = L

Vss

X Ton ==~ Ton

(1
Turning OFF the transistor the inductor current has a path
through the catch diode and this in turn builds up a negative
voltage across R, .
The figure also shows the current and voltage levels versus
time. A capacitor in parallel to the resistor will prevent the
voltage from dropping to zero during the transistor ON time.
Assuming a large capacitor, we can also write the current
change as:

_ Your — Vo

Al
L

Voutr
X Torr = == X TorF
@)

troublesome if a higher output voltage than the input voltage-

National Semiconductor
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an application as a power supply for MOS memories in a
logic system where only +5 volts is available. However, the
principle used can be amplied for almost any input output
combination.

Operation

The method by which the regulator generates the opposite
polarity is explained in Figure 2. The transistor Q s turned
ON and OFF with a given duty cycle. If the base drive I1s
sufficient the voltage across the inductor is equal to the
supply voltage minus Vgar. The current change in the induc-
tor is given by:

hnouctor

4
g

II.OAI:T

00846702

FIGURE 1. Switching Circuit for Voltage Conversion

In order to get a general idea of the operation for certain
input output conditions, we will develop a set of equations.

During the transistor ON time, energy Is loaded into the
inductor. In the same time interval, the capacitor is drained
due to the load resistor R,.

Drop in capacitor voltage:

_ lLoap X Ton

\"
A C

®)
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Operation (Continued)

Vour

00846701

by INDUCTOR

00846702

FIGURE 2. Switching Circuit for Voltage Conversion

During the Toge time the stored energy In the inductor is
transferred to the load and capacitor. A rough estimate of
Torr can be expressed as:

Vss
ToFF = o> X T,
OFF Vour ON

4
The capacitor voltage will be restored with a average current
given by:

AV X C _ l.oap X Vout
Ic= T = N
OFF SS

()
The total inductor current during the OFF time can be written
as:
IinoucTor = lLoap + lc (6)
Inspecting Figure 2. We find:

which yields:

Ton = 2 X L Xl oap X Vout
Vss?
(8
Taking into account that the efficiency is in the order of 75%
the final expression is:

15 X L X lgoap X VouT
S~ a—
(9)
The above equations will be applied to the regulator shown
at Figure 3. The regulator must deliver 15 volts at 200 mA
from a +5 volt supply. Using a 1 mH inductor the Ty time for
Q, is 0.18 ms from Equation (9). Toge is 60 ps from Equation
(4) and the oscillator frequency to:

1
Ton + TorF

= 4 kHz

) Al Vsg X Ton
CTZ T Taxi
Vs = +5V O
>
4
RS >
a3 10K S s
:, 36K W\~ 2
2N5153
3
55\\, S
S 0o
N
ol o—2 //
10,000 pF 1
T ( [
< R4
S 1k —MN
6
20K
= QA1 02§
:: 62K IN3880 ]
y [
2M2222 o1
vz =63V
L &
Sr v
S 51K

00846703

FIGURE 3. Switching Regulator for Voltage Conversion
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Operation (continued)

Pour
=22 >75%
w=p

F = 6 kHz 80% DUTY
VRippLE = 100 mV @200 mA OUT
I = 200 mA MAX
Vout = —15V

R
Vout = (V2 + VBe (R—; +1))

The LM311 performs like a free running multivibrator with
high duty cycle. The IC is designed to operate from a stan-
dard single 5 volt supply and has a high output current
capability for driving the switching transistor Q,. The duty
cycle is given by the voltage divider R; and R, and the
frequency of C, in conjunction with Rs.

By setting the duty cycle higher than first calculated, the
output voltage will tend to increase above the desired output
voltage of 15 volts. However, an extra loop performed by Q,
and the zener diode In conjunction with the resistor network
will modify the oscillator duty cycle until the desired output
level is obtained.

The output voltage is given by:
vour = (v + vee) (4 1)

Data and results obtained with the design:

Vin = 5 volts
Vour = -15 volts
lout = max 200 mA
Efficiency =75%
Frequency = 6 kHz 80% duty cycle
VaippLE =100 mV @ 200 mA load

Line regulation: Vin = 5V to 10V < 3% Vour
lLoap = 200 mA
Vin =5V < 3% Vour

lLoan = 0 — 100 mA

Load regulation:

www national com
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General Purpose Power
Supply

Introduction

A general purpose lab type constant voltage/constant cur-
rent power supply is easily made using standard integrated
circuits. The circuit shown will provide up to 25V at up to 10A
output with both the output voltage and current adjustable
down to zero. Although relatively simple, very high perfor-
mance is obtained.

Lab supplies must withstand considerable abuse. Good con-
trol of maximum output current 1s mandatory both to protect
the supply and the powered circuitry. One of the shortcom-
ings of many commercial supplies is the use of a large output
capacitor to help frequency compensate the regulator loop
This output capacitor can discharge many times the peak
output current of the supply into the load as well as degrade
the ac output impedance when the supply is used as a
constant current source. (Of course, the output capacitor
helps keep the ac output impedance low when the supply is

National Semiconductor
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used as a constant voltage source.) The circuit shown has
good response both as a constant voltage or constant cur-
rent source.

The use of the LM395 monolithic power transistor as the
pass element considerably simplifies the design power. The
LM395 acts as a 2A current imited, thermally hmited, high
gain power transistor. Since only a maximum of 10 pA is
needed to drive the pass elements and complete overload
protection s included on the chip, external biasing and pro-
tection circuitry 1s minimized. Only two control op amps are
needed—one for voltage control and one for current control.
In constant voltage operation, a reference voltage I1s fed from
voltage control pot, R1, through a high frequency filter into
the non-inverting input of an LM308 op amp. The output of
the LM308 drives seven paralleled LM395’s as emitter fol-
lowers to obtain a 10A capability.

°- vt

10k

AAA

UNREGULATED
1w

25V - 35V
224F S
Sou

VWV

LM395
(7 PARALLEL)

LM113
b I ¥
R2 S
*®S
CURRENT
a ADJUST -
2N2905
>
SR3
>
S sk
<

01 A Ry
1N821 ? 10k

VOLTAGE
ADJUST

QUTPUT

1N4002

0 1uF
R13
410

*Sohd Tantalum **Lights dunng current himit

Feedback 1s taken through R10 directly from the output with
the overall gain set at 5 by the ratio of R10 to R7. An
additional LM395 is driven from the negative power supply
lead of the LM308 to provide some output current sink
capability (2A) so the supply can be quickly programmed
even with large capacitive loads. Frequency compensation is

1N4002

S
-5V T0 -10v

T 22uFr

00847701

achieved with C3 for the LM308 and C4 for the overall loop.
Resistor R11, capacitors C5 and C6 and network R15-C9
suppress parasitic high frequency oscillations

When the circuit 1s used in the constant current mode, the
LM101A overcomes the constant voltage loop to control the
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output. Output current is sensed in R9 and compared with
the voltage between V* and the arm of R2. R2 is connected
across an LM113 low voltage reference diode to provide a
0V to 1.2V reference for OA to 12A output. When the output
current is below the set level, the LM101A output is positive,
reverse biasing D3 and the LM308 control the outpput.
When the current increases to the control point the output of
the LM101A swings negative and decreases the drive to the
output pass devices through D3, limiting the current. (Note
that no separate positive supply is needed since the com-
mon mode operative range of the LM101A is equal to the

positive supply.) Diode, D2, clamps the output of the
LM101A when it is not regulating, decreasing the switchover
time from voltage to current mode operation.

A few special precautions are needed in construction for
proper operation. All LM395’s should be mounted on the
same heat sink to insure good current sharing. Also, a large
heat sink is necessary since 300W will be dissipated under
worst case conditions. Since the LM395’s are high devices,
the supply bypasses should be near the power transistors.
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Adjustable 3-Terminal
Regulator for Low-Cost
Battery Charging Systems

With the introduction of the LM317, a 3-terminal adjustable
regulator, 1t becomes relatively easy to design
high-performance, low-cost battery charging systems. Even
single battery cells can be charged on this new regulator,
which is adjustable down to 1.2V. The internal protection
circuitry can be used to limit charging current as well as to
protect against overloads. The output voltage Is easily ad-
Justed so multiple voltage chargers can be made.

The ability to accurately adjust the output voltage of the
LM317 makes 1t especially attractive for constant voltage
battery charging applications. Batteries are most quickly
charged by “constant-voltage” charging circuits; however,
close control of the charging voltage is necessary to prevent
overcharging, especially with nickel cadmium cells. The in-
ternal protection circuitry of the LM317 1s helpful in protecting
against accidental overload conditions commonly occurring
In charging systems.

Internal Current Limit

The peak charging current or output current is controlled by
the internal current imit of the LM317. This current hmit will
work even If a battery is connected backwards to the output
of the charger. Should a fault condition exist for an extended
period of time, the thermal imiting circuitry will decrease the
output current, protecting the regulator as well as the trans-
former A constant voltage charger circuit is shown in Figure
1. The output voltage 1s set with resistors R2 and R3 and
given by

R3
Vour = 125(1 + E

R4
r——"WA\—-—19
| |

R1

Lm317

R2

| | 240

R3

o *—

00848401

FIGURE 1. Constant Voltage Charging Circuit

Since, In low cost applications, no filter capacitors are used
on the output of the rectifier, the battery is only charged on
the peaks of the sine wave. This requires the peak output
voltage from the transformer to be at least 50% greater than
the battery voltage plus 3V. However, little cost premium
should result since the average current from the transformer
is lower than capacitive input filter circuits. Optional resistors
R1 and R2 are used to further control the charging charac-
tenstics. Resistor R1 controls the output impedance of the

National Semiconductor
Linear Brief 35
Chance Dunlap

charger allowing a “taper-charge” characteristic to be gener-
ated. The LM317 can also be used to imit the peak charging
current to a partially charged battery at a value other than the
regulator current imit. With R1 in the circuit, the output
impedance is:

R3
Zour = R1 (1 + =
our R( nz)

Inciuding R1 In the feedback loop decreases the value of
resistor needed for a particular output impedance reducing
cost and power dissipation.

For example, with a 6V gelled electrolyte battery the regula-
tor can be set to give a 6.9V output. Nominally, the battery is
discharged to about 5V, making R1 0.4Q output impedance
and limiting the charging current to 0.5A at the start of
charging rather than the internal current limit of the regulator.
With a fully discharged battery or under short circuit condi-
tions, the peak output current is still 2A for the LM317K with
the resistor dissipating 1.6A as opposed to 8W if a 2Q
resistor were used directly Iin series with the battery.

Resistor R4 can be included to provide a low “topping-up”
current for a charged battery.

This regulator configuration provides some other important
features to the charger. If input power is removed and a fully
charged battery 1s connected to the charger output, there is
no damage. Under these conditions about 5 mA of current
will be drawn by divider R2, R3. Since there is no ground
connection to the LM317 regulator, very little current flows
through the LM317. In this respect, the LM317 differs from
other 3-terminal regulators, which can be damaged by ap-
plying power to the output terminal with the input
open-circuited. If the battery is connected backwards, the
LM317 will current mit and thermal limit normaily, protecting
the charger.

Decreasing Current Limit

Adding a single NPN transistor can be used to decrease the
current limit of the charge as shown in Figure 2.

00848402

FIGURE 2. Constant Voltage Charger
with Peak Current Limiting
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Decreasing Current Limit (continued)

Resistor R1 senses the output current and turns on Q1 when
loutr R1 equals about 0.6V. Transistor Q1 pulls the adjust-
ment terminal negatively decreasing the output voltage and
controlling the output current. A limitation of this circuit is that
it does not work for direct short circuits. The output voltage
must be above about 0.6V for the external current limiting to
be active. The internal current limit of the LM317, of course,
is still operative. This is not usually a problem since batteries
charge to above 0.6V very quickly. Resistors R4, R5 and R6
protect the regulator and transistor for both direct short
circuits or reverse battery connections.

e 4

00848403

FIGURE 3. Charger with No Battery Loading when
Power is “OFF”

As illustrated in Figure 3, in float or standby applications, it is
desirable to remove all loading from the battery when input
power is “OFF.” When power is “ON,” Q1 is saturated,
grounding the voltage setting divider R2, R3 and the circuit
works in a similar manner to the charger circuit in Figure 1.
When power is “OFF,” Q1 is open, eliminating any loading on
the battery. A separate pair of low current diodes D1, D2 are
necessary to bias Q1, rather than the power bridge rectifier.

If R1 was tied to the output of the bridge, reverse current flow
through the LM317 would keep Q1 “ON” and loading the
battery.

A simple constant current charger for any type of battery is
shown in Figure 4. A resistor R1 between the adjustment
terminal and the output of the regulator sets the output
current at:

e = 1:28
ouT = 13
R1
— M317  p—AAA~—
—

00848404

FIGURE 4. Constant Current Charger

Current can be set at anywhere between 10 mA and 1.5A by
appropriate resistor choice. Current regulation is very tight at
any current level since only 50 pA flows out of the adjustment
terminal. This circuit 1s also immune to damage from shorts
or reverse battery connections. The input voltage for regula-
tion should also be about 1.5 times the battery voltage plus
3V.

Uniquely Suited

The ability to adjust the output of the LM317 3-terminal
regulator makes it uniquely suited for battery charging sys-
tems. Little has been included about charging specific types
of batteries, since the characteristics of the charger should
be matched to the battery. These charger circuits, although
very simple, perform well. They are easily modified for volt-
age, current or even temperature coefficient by making the
divider string temperature sensitive. More complex chargers
can be made since the output of the LM317 is easily con-
trolled by driving the adjustment terminal. Finally, the charg-
ers are inherently protected against overloads and fault con-
ditions.
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A New Production
Technique for Trimming
Voltage Regulators

Three-terminal adjustable voltage regulators such as the
LM317 and LM337 are becoming popular for making regu-
lated supplies In instruments and various other OEM appli-
cations. Because the regulated output voltage 1s easily pro-
grammed by two resistors, the designer can choose any
voltage in a wide range such as 1.2V to 37V. In a typical
example (Figure 1) the output voltage will be

R2
Vout = VRer (m + 1) +R2elrpy

28Vpg
in|
LM117/LM317
(BLOCK Vout
DIAGRAM) v oUT 2v
+
VReF <ZR1
- >
- 125V S28:1%
ADJ
l'ADJ
LRz
2,05k £1%

00849501

FIGURE 1. Basic Regulator

In many applications, when R1 and R2 are inexpensive 1%
film resistors, and the room temperature accuracy of the
LM117 1s better than £3%, the overall accuracy of 5% will
be acceptable. In other cases, a tighter tolerance such as
+1% 1s required. Then a standard technique I1s to make up
part of R2 with a small trim pot, as in Figure 2. The effective
range of R2 1s 2.07k +10%, which is adequate to bring Vot
to exactly 22.0V. (Note that a 200Q rheostat In series with
1.96 kQ %1% would not necessarily give a +5% trim range,
because the end resistance and wiper resistance could be
as high as 10Q or 20Q; and the maximum value of an
inexpensive 10% or 20% tolerance trimmer might be as low
as 180Q or 16012.)

In some designs, the engineering policy may frown on the
use of such trim pots, for one or more of the following
reasons:

e Good tnm pots are more expensive.
* Inexpensive trim pots may be drifty or unreliable.

* Any trim pot which can be adjusted can be misadjusted,
sooner or later.
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To get a tighter accuracy on a regulated supply, while
avoiding these disadvantages of trim pots, consider the
scheme in Figure 3.

Vin =28 Vg 10%
[

ouT Vout

LM317 2.0V

R1

ADJ <
» 124 £1%

AAA

>
R2
> 1.82k 1%

A prnnAAA
v v

R3
> 500
OUTPUT ADJUST

00849502

FIGURE 2. Regulator with Small Adjustment Range

Rl SR SR RS

s kL3 82k
> +1% > 5% > 5% 5%
> R2

1.96k
1%

00849503

FIGURE 3. Regulator with Trimmable Output Voltage

When first tested, Vo will tend to be 4% to 6% higher than

the 22.0V target. Then, while monitoring Vg, snip out R3,

R4, and/or R5 as appropriate to bring Vo1 closer to 22.0V.

This procedure will bring the tolerance inside +1%:

e If Vour is 23.08V or higher, cut out R3 (if lower, don’t cut
it out).

e Then if Vour is 22.47V or higher, cut out R4 (if lower,
don’t).

e Then if Voyr is 22.16V or higher, cut out R5 (if lower,
don’t).

The entire production distribution will be brought inside

22.0V 1%, with a cost of 3 inexpensive carbon resistors,
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much lower than the cost of any pot. After the circuit is
properly trimmed, it is relatively immune to being misad-
justed by a screwdriver. Of course, the resistors’ carcasses
must be properly removed and disposed of, for full reliability
to be maintained.

An alternate scheme shown in Figure 4 has R6, R7, and R8
all shorted out inttially with a stitch or jumper of wire. The trim
procedure is to open up a link to bring a resistor into effect.
The advantage of this circuit is that Vo1 starts out ower
than the target value, and never exceeds that voltage during
trimming. In this scheme, note that a total “pot resistance” of
215Q is plenty for a 10% trim span, because the minimum
resistance is always below 1Q, and the maximum resistance
is always more than 200Q —it can cover a much wider range
than a 200Q2 pot.

The circuit of Figure 5 shows a combination of these trims
which provides a new advantage, if a £2% max tolerance is
adequate. You may snip out R4, or link L1, or both, to
accommodate the worst case tolerance, but in most cases,
the output will be within spec without doing any trim work at
all.

This takes advantage of the fact that most +1% resistors are
well within £%5%, and most LM337’s output voltage toler-
ances are between ~2% and +12%, to cut the average trim
labor to a minimum. Note that L1 could be made up of a 2.7Q
+10% resistor which may be easier to handle than a piece of
wire.

In theory, a 10% total tolerance can be reduced by a factor of
(2" - 1) when n binary-weighted trims are used. In practice,
the factor would be (1.8" ~ 1) if £10% trim resistors are
used, or (1.9" — 1) if £5% resistors are used. Forn = 2, a
10% tolerance can be cut to 3.8% p-p or £1.9%. For n = 3,
the spread will be 1.7% p-p or £0.85%, and most units will
be inside +0.5%, perfectly adequate for many regulator
applications.

National Semiconductor manufactures several families of
adjustable regulators including LM117, LM150, LM138,
LM117HV, LM137, and LM137HV, with output capabilities
from 0.5A to 5A and from 1.2V to 57V. For complete speci-
fications and characteristics, refer to the appropriate data
sheet or the 1982 Linear Databook.

Vin
|
ouT
LM317 Vouyr =220V
124 £1%
196k £1%
RG
LINK 1 120 5%
R7
LINK 2 62 £5%
R8
LINK 3 3345%
00849504

If Vour 1s lower than 20 90V, snip link 1 (if not, don’t)
Then if Vout 1s lower than 21 55V, snip link 2 (if not, don’t)
Then if Voyr 1s lower than 21 82V, snip link 3 (if not, don’t).

FIGURE 4. Alternate Trim Scheme

L

R2
1.21k 1%

o
-9

R1 S R4

>
124:1% S 3.9k :5%

ADJ
LM337 Vour = ~14.0V 2%
I 1
TANTALUM
=Vn = 22V I

00849505
If IVoyrl 1s smaller than 13 75V, snip L1 and 1t will get bigger by 6%

Then if IVoyrl 1s bigger than 14 20V, snip R4 and it will get smaller by 3%

FIGURE 5. Circuit Which Usually Needs No Trim to Get
Vour Within £2% Tolerance
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High Voltage Adjustable
Power Supplies

High Voltage Adjustable Power
Supplies

The floating-mode operation of adjustable three-terminal
regulators such as the LM117 family make them ideal for
high voltage operation. The regulator has no ground pin;
instead, all the quiescent current (about 5 mA) flows to the
output terminal. Since the regulator sees only the
input-output differential, its voltage rating — 40V for the
standard LM117 series and 60V for the high voltage
LM117HV series — will not be exceeded for outputs of
hundreds of volts. However, the IC may break down when
the output is shorted unless special design approaches are
used to protect against it.

Figure 1 shows how it's done. Zener diode D1 ensures that
the LM317H sees only a 5V input-output differential over the

Vi 2170V g

Loy

R1
100k
1/2w
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entire range of output voltage from 1.2V to 160V. Since
high-voltage transistors by necessity have a low B, a Dar-
lington is used to stand off the high voltage. The zener
impedance 1s low enough that no bypass capacitor is re-
quired directly at the LM317 input. (In fact, no capacitor
should be used here if the circuit is to survive an output
short!) R3 limits short circuit current to 50 mA. The RC
network on the output improves transient response as does
bypassing the ADJUST pin, while R4 and D2 protect the
ADJUST pin during shorts.

Since Q2 may dissipate up to 5W normally or 10W during a
short circuit, 1t should be well heat sunk. For higher output
currents substitute a pass device in a TO-3 or TO-220 pack-
age in place of the TO-202 NSD134 and reduce R3. Of
course, if the required output current is less than 25 mA, R3
can be increased to reduce the size of the heat sink needed.

LM317H Vout
IN  ORLM317MP  OUT @— 12V T0
160V @ 25 mA
ADJ .
2710

D2
1N4001

VOLTAGE
ADJUST

S Ra
1002 20k

Q1, Q2 NSD134 or similar
C1, C2 1 pF, 200V MYLAR
*Heat Sink

FIGURE 1. Basic High Voltage Regulator

An improved approach is shown in Figure 2. Here an
LM329B 6.9V zener reference has been stacked in series
with the LM317’s internal reference. This both improves
temperature stability, since the LM329B has a guaranteed
TC of £20 ppm/°C, and improves regulation, because more
loop gain is available from the LM317.

L =
I— 1.0 uF

00733501

These techniques can be extended for higher output volt-
ages and/or currents by either using better high voltage
transistors or cascoding or paralleling (with appropriate emit-
ter ballasting resistors) several transistors. The output short
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LB-47

High Voltage Adjustable Power
Supplies (Continued)
circuit current, determined by R3, must be within Q2’s safe

area of operation so that secondary breakdown cannot
occeur.

o o

Vi =170V [

R1
100k
1/2w
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219
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AAN 1 CZB
_ RS I‘" HF
m ot TRy o 18
1N400 10082 * =
e A7

20k VOLTAGE

1.0 4F
| K 5w /< ADJUST
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Q1, Q2 NSD134 or similar
C1, C2 1 pF, 200V MYLAR
*Heat Sink

FIGURE 2. Precision High Voltage Regulator
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Add Kelvin Sensing and
Parallel Capability to
3-Terminal Regulators

Paralleling of 3-terminal regulators is generally not recom-
mended because the devices do not share current equally.
If, for instance, you try to make a 3 amp regulator using three
1 amp regulators, the device with the highest output could be
carrying 2.5 amps in a current imit mode The regulator with
the second highest output would be carrying only 0.5 amps,
and the third regulator would be totally off. The reliability of
such a system is poor because of the combination of high
temperature and high current in the first regulator. A simple
way to improve sharing is to insert a low value resistor in
series with each output. The problem with this approach is
that load regulation is very poor if the resistors are made
large enough to ensure adequate sharing.

A new technique for current sharing overcomes the load
regulation problem and, as an added bonus, provides re-
mote sensing capability not available in the standard
3-terminal regulators. This Is a great advantage when the
regulators must be mounted off-card with their outputs fed
through a connector. Total cost of added components Is less
than 50¢.

National Semiconductor
Linear Brief 51
Michael Maida

Figure 1 shows the new Kelvin sense scheme using the
LM338 5 amp adjustable regulator. A1 forces a voltage drop
across R3 equal to the voltage across the parasitic resis-
tance, r,. The current through R3 flows into the output of A1
and out the negative supply pin. This creates a voltage drop
across R4 just equal to the voltage across rg, cancelling the
effect of ry on load regulation There is an error in Voyur
created by the quiescent current of A1, but for a 5V output,
this error is only about 0.7%. Voltage loss across rg must be
limited to 300 mV to avoid current imiting in A1. If larger
drops must be accommodated, R3 and R4 will have to be
increased. C1 is necessary only if intermediate values of
capacitance (2 pF-20 pF) are put directly across the load.
Any of the positive adjustable regulators may be used in
place of the LM338.

w38 Jour 1
Wy—]  5AMP AAN +VgyT @ 5 AMPS
REGULATOR
ADJ * PARASITIC LINE AND
CONNECTOR RESISTANCE
< <
>R1 §R3
< <
S S
LOAD

-Vin VouT

FIGURE 1.

Figure 2 combines Kelvin sensing with paralieling, where the
voltage loss across the current sharing resistors is corrected
by the sensing connection. rgy through rgz are equal lengths
of #22 gauge lead wire which act as ballasting resistors.
These resistors can be kept small because LM338 adjust-
ment pins are paralleled, forcing the outputs to track to within
about 60 mV. r, consists of the parasitic resistance of any
additional output lead plus connector loss. The total loss for

00849801

r.4 may be up to 0.25V without loss of proper Kelvin sensing.
Note that if U1 has the lowest reference voltage of the three
regulators, full Kelvin sensing might not become effective
until output current has increased above a threshold value of
several amps. If this is undesirable, the adjustment pin of U1
may be connected to a 5Q tap on R1, increasing its effective
reference voltage by 50 mV. The current load for U1 would
be 1.5 amps higher, however.
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