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PCB layout design for switching power supply IC is as important as the circuit design. Appropriate layout can avoid various
problems caused by power supply circuit. Major problems that arise from inappropriate layout may cause increase in noise
superposed by output and switching signal, the deterioration of regulator, and also lack of stability. Adopting an appropriate layout
will suppress these problems to occur.

Current Path

Figure 1-a to 1-c shows current path in a buck converter circuit. In Figure 1-a, the red line illustrates the main current flow in the
converter when switching element Q1is ON. CBYPASS is a decoupling capacitor for high frequency and CiN is the capacitor with
large capacitance. The instance when the switching element Q1 is turned ON, most of the steep part of current waveform is
supplied by CBYPASs and then from CIN.

In Figure 1-b, the red line illustrates the condition of current flow when the switching element Q1 is OFF. Free-wheel diode D1
turns ON and energy stored in inductor L gets released to output side. For Buck converter topology, since inductor is inserted at
output in series the output capacitor current is smooth.

Refer Figure 1-c, the red line shows the difference between Figure 1-a and 1-b. Current in this red line changes violently each
time the switching element Q1 changes from OFF to ON, and vice versa. These sharp changes induce several harmonics in the
waveform. This difference in system needs to be paid maximum attention during PCB layout and an important caution point.

PCB Layout Procedure
General points of PCB layout procedure are as follows.

1. Place input capacitor and free-wheel diode on the same PCB surface layer as the IC terminal and as close as possible to IC.

2. Include thermal via if necessary to improve heat dissipation.

3. Place inductor close to IC, no need to be as close as input capacitor. This is to minimize radiation noise from the switching
node and do not expand copper area more than needed.

4. Place output capacitor close to inductor.

5. Keep wiring of return path away from noise causing areas, such as inductor and diode.

Placing of input Capacitor and Free-wheel Diode

First of all, start placing the most important parts, such as the input capacitor and free-wheel diode. A Single ceramic capacitor
may serve as both CIN and CBYPAss for smaller capacitance value of input capacitor, in designs with small current power supply
(lo<1A). This is because the frequency characteristics get better, as ceramic capacitor’s capacitance value gets smaller. But
ceramic capacitor has different frequency characteristics, so confirming it for actual parts being used is important.

As in Figure 2, when a large capacitance value capacitor is used for CIN, generally it has bad frequency characteristics. Therefore
place a decoupling capacitor CBYPASS for high frequency with good frequency characteristics in parallel to CIN. For CBYPASS, use
surface mount type laminated ceramic capacitor with value of 0.1uF to 0.47uF, X5R or X7R type.

Figure 3-a shows layout example for a suitable input capacitor. Place CBYPASS near IC terminal on the top layer. As in Figure 3-b,
large capacitance capacitor CIN can be separated about 2cm from CBYPASS that supplies most of the pulse-current. When
difficulty in space occupied, and if cannot place CIN on the same surface as IC, it can be placed at the bottom layer through via
like in Figure 3-c. Risks regarding noise can be avoided with this, but there is a possibility of ripple-voltage to increase at
high-current, influenced by via resistance.

Figure 3-d shows the layout of CBYPASS and CIN placed on the reverse side. In such case, voltage noise is created by inductance
of the via, and the bypass capacitor operates as a reverse effect. Do not carry out this kind of layout design.
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Figure 1-a. Current path when switching element Q1 is ON

VIN BOO
VIN—> O
|: Q1
™ oFf
) COMP L
== CIN == CBYPASS ﬂv( VouT
FB GND
L )
Figure 1-b. Current path when switching element Q1 is OFF
VIN BOO
VIN =>4 r—
|: Q1
-
) COMP L
== CIN CBYPASS _ﬂV( VouT
FB GND
I O L D1 _,' Co
) J__ —e

Figure 1-c. Current difference, an important part in layout
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Figure 2. Frequency characteristics of Ceramic capacitor

Figure 3-f shows unsuitable layout. Voltage noise will be generated by the influence of wiring inductance for CypPass, VIN
terminal and GND terminal of IC has some distance. Shortening the wiring even by 1mm is highly recommended.

In case of buck converter, high frequency of several hundred MHz will be loaded to the ground of CiN even with CBYPASS placed
close to IC. Therefore placing ground of CIN and Co must be separated from each other by at least 1cm to 2cm.

Free-wheel diode D1 must be placed closer and on same surface of IC terminal. Figure 3-e shows suitable layout. With long
distance between IC terminal and diode, the spike noise will be induced due to wiring inductance, that will be piled up at the
output. Use short and wide wiring for free-wheel diode, and connect directly to GND terminal and switching terminal of IC. Do not
place it on bottom surface layer through via, as noise will be worse, which is influenced by via inductance.

Figure 3-f shows unsuitable layout. Wiring inductance increases due to distance between diode and switching terminal, and GND
terminal of IC and spike noise gets higher. To improve spike noise caused by unsuitable layout the RC snubber-circuit may be
added as a countermeasure. This snubber-circuit must be placed closer to switching terminal and GND terminal of IC (Figure
3-g). Placing it at the both ends of diode will not absorb spike noise generated by wiring inductance. (Figure 3-h).

Introduce Thermal Via

Copper area of PCB contributes to heat dissipation, but because it does not have enough thickness, the heat dissipation result
that meets area cannot be achieved from limited PCB size. Heat is dissipated using base material of board as a radiator. To
deliver heat to opposite layer of the board efficiently and to highly reduce heat resistance, the thermal via are introduced.

Thermal via dimension of HTSOP-J8, reverse-side thermal pad package is shown in Figure 4. To increase heat conductivity,
thermal via with small-diameter, inner diameter of 0.3mm which can fill solder, is recommended. With large diameter, problem of
solder suction may occur at reflow solder process. Spacing between thermal via is about 1.2mm and placed directly below the
thermal pad which is at the reverse-side of IC.

Place additional thermal via around IC like in Figure 3-a, if via below the IC’s reverse-side thermal pad are not enough. Heat sink
of HTSOP-J8 reverse-side thermal pad package is at ground potential, so EMI does not increase with wide copper pattern.
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Figure 3-a. Placement of suitable input capacitor Figure 3-b. No problem with CIN separated about 2cm
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Figure 3-e. Suitable placement of free-wheel diode

Figure 3-f. Unsuitable layout for diode
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Figure 3-g. Suitable placement of snubber circuit Figure 3-h. Unsuitable placement of snubber circuit
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Figure 4. Thermal via dimension of reverse side thermal pad package

Placing Inductor

Place inductor close to IC, no need to place it as close as the input capacitor, to minimize radiation noise from switching node,
and do not expand copper pattern area if not necessary. Increasing copper area is most likely to be thought of to improve wire
resistance and to cool down device, but enlarged area may work as an antenna and may lead to increase in EMI.

Permissible current flow is one of the guideline to determine wiring width. Figure 5 shows a graph of rising temperature due to
self-heating and conductor width when certain amount of current is flowing. For example, when 2A current is flowing through the
wire with conductor thickness of 35um, keeping conductor width of 0.53mm is suitable to prevent temperature to rise by 20°C.

Wiring can be affected by heat from surrounding parts and surrounding temperature, therefore using conductor width with enough
margins is recommended. As an example, for 1 ounce (35um) board conductor, width more than 1mm per 1A, and for 2 ounce
(70um) board conductor, width more than 0.7mm per 1A is used for wiring.

Figure 6-a shows layout considering wiring area from EMI point of view. Also, unsuitable layout which has unnecessary wide
copper area is shown in Figure 6-b.

Not placing ground layer directly below the inductor (Figure 6-c) is also a point to pay attention to, when placing inductor. Due to
the eddy current occurring in the ground layer, the inductor value decreases and the loss increases (decrease of Q) with set-off
effect from line of magnetic force. Signal line other than ground also has the possibility of propagating switching noise caused by
eddy current. It is better to avoid wiring directly under inductor. If wiring is unavoidable, please use closed magnetic circuit
structured inductor with small leak from line of magnetic force.
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Figure 5. Temperature increase by wiring conductor thickness and width, with current flow

Figure 6-a. Suitable wiring to inductor Figure 6-b. Unsuitable wiring to inductor
Unnecessary wide copper area

Figure 6-c. Unsuitable wiring directly below inductor Figure 6-d. Unsuitable wiring between inductor terminals
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Space between inductor terminals must also be paid attention. If distance between terminals are close like in Figure 6-d, high
frequency signal of switching node is induced to output through stray capacitance.

Place Output Capacitor Close to Inductor

Output current is smooth in buck converter as inductor is inserted to output in series. Place output capacitor close to inductor; no
need to place it as close as input capacitor. Because high frequency of several hundred MHz is loaded on ground of input, so
placing ground of CIN and Co 1cm to 2cm apart is recommended. If they are close to each other, high frequency noise of input
may be propagated to output through Co.

Wire Feedback Route

Feedback signal route is a wire which needs most attention in signal wiring. If this wire has noise, an error will occur in output
voltage and the operation will become unstable.

Figure 7-a, shows the points to be aware of when wiring feedback route.

a). Feedback terminal of IC which inputs feedback signal, is normally designed with high impedance. Output of this terminal and
resistor crossover network must be connected with short wire.

b). Part which detects the output voltage must be connected after output capacitor or at both ends of output capacitor.

c). Wiring the resistor-divider circuit nearby and parallel, makes it better for noise tolerance.

d). Draw wire far away from switching node of inductor and diode. Do not wire directly below the inductor and diode, and not
parallel to power supply line. Multilayer board must be also wired in the same way.

In wiring of Figure 7-b, the voltage drops due to resistor component of ground wiring and gets slightly affected by load regulation,
but if voltage alternation is within target specification, this drawing is worth examining. Layout example is shown in Figure 7-c.
Transfer the feedback route to bottom layer of PCB through via, and the layout away from the switching node.

Feedback route is laid parallel beside inductor in Figure 7-d. In this case, noise is induced to feedback route by magnetic field
generated around the inductor.
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Figure 7-c. Layout example of feedback route. Figure 7-d. Unsuitable feedback route layout
Wiring through bottom layer Wiring beside inductor

Ground

Analog small-signal ground and power-ground must be isolated. Laying power-ground without separating from top layer is very
ideal (Figure 8). Connecting isolated power-ground on bottom layer through via causes losses and aggravate the noise due to
the effect of inductance and resistance of via. Providing ground plane in PCB inner layer and bottom layer is to reduce and shield
DC loss, and to radiate heat better, but it is only a supplementary ground.

Layout not isolating power ground Layout isolating power ground
L L
CIN Co IC CIN IC Co
| PGND [TAGND | [PGND [AGND | PGND |
PGND
N N
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Figure 8. Layout of power ground

When placing ground plane on bottom layer, and in PCB inner-layers of a multilayer board, connection of input power-ground and
the ground for free-wheel diode with high frequency switching noise, must be taken care. With power-ground plane in 2 layer to
reduce losses like in Figure 9, connect top layer and 2 layer with many via and reduce impedance of power-ground. Also, with
common-ground in 3¢ layer, signal-ground in 4" layer, connect only the power-ground around output capacitor with lower
high-frequency switching noise, to power-ground and 39/ 4" layers. Never connect the power-ground with high noise of
free-wheel diode and the input.
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Figure 9. Power ground connecting method for multilayer board
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Resistance of Copper and Inductance

1. Resistance of Copper

Figure 10 shows resistance value per unit area of copper. This resister value is for copper thickness 35um, width 1mm, and
length 1mm.

General resistance can be calculated by following formula.

R=2" 10 [may (1) 07
txw
I : Conductor length [mm] 065 /
w : Conductor width [mm] —~ 06 /
. (@
t : Copper thickness [um] £ /
p : Resistivity of copper [ cm] é 0.55 /I
p(T=25°C) = 1.72 pQcm s 05 /
p(T) = p(Ta=25°"C)x{1+0.00385(T-25)} [uQcm] & /
. ® 0.45 4
T : Temperature 2 t = 35um
X 04 w=1mm
Calculating from resistance value Rp per unit area referring to I=1mm
graph on the right, 0.35
R=Rp x1-x>2 Q)] @) 0.3
w ot -50 -25 0 25 50 75 100
Rp : Resistance value referred from graph [mQ] Temperature : T (°C)

I : Conductor length [mm] Figure 10. Resistance value per unit area of copper
w : Conductor width [mm]

t : Copper thickness [um]

For example resistance value at 25°C, width 3mm, length 50mmis R =R, L x? =0.49x 0,35 8.17 [mQ]
w

Voltage drop when 3A current is flowing becomes 24.5mV. In case of temperature at 100°C the resistance value increases
29% and voltage drop becomes 31.6mV.

2. Inductance of Copper

Inductance of copper is calculated by following formula. In PCB wiring the inductance value does not totally depend on
thickness of copper.

L=0.2xIxn-2* 402235, W 05| [nH] 3)
w+t |
| : Conductor length [mm] 10
w : Conductor width [mm] . I I
i 9 Width (mm)
t : Copper thickness [mm] 0.2
8 —
Calculated value of copper inductance is shown in Figure 11. 2’5 \/’
—~ AN
This graph shows that inductance value does not drop as much E 7 2 X
as expected even with doubled line width. To control the effect - 6 3 Vi ~’7
from parasitic inductance wiring shorting is the best solution é 5 i 0 A X/Xk
C
©
When current that propagate print pattern of inductance L [H] ‘g 4 \X)\&Y_ /’/’
changes i [A] to time t [s], following voltage occurs in both ends E 3 / >/ P
of print pattern. 9 //_ Y 4 1~
- /AN
V=Lx3 v () 1 A ZZ
dt v
For example, when 2A current flow in 6nH print pattern for 10ns 0
the following voltage is generated. o 1 23 L 4 th5I ( 6 )7 8 9 10
ength: | (mm
~ 2
IV|=6x10"° XW =12 [V] (5) Figure 11. Inductance of Copper
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Resistance and Inductance of Via

1. Resistance of Via
Resistance of via can be calculated by following formula. Figure
12 shows via resistance value when board thickness 1.6mm metal
planting thickness 0.015mm (15um)

Ry = pxh x0.01 [MQ] ©)
2 2
s da) 9—’(
2 2 "
: Board thickness [mm]
: Via diameter [mm]
tm : Through hole metal planting thickness [mm]

p : Copper resistivity [u % cm]
p(T=25°C) = 1.72 pQcm

p(T) = p(Ta=25°C)*{1+0.00385(T-25)}
T : Temperature

[uQcm]

2. Inductance of Via
According to Frederick W. Grover the inductance of via can be
calculated by following formula. Figure 13 shows the result.

4xh

L:%x[mej [nH] @

h : Board thickness [mm]

d :Via diameter [mm]
Wire bending in right angle makes EMI worse even with small
inductance. Refer to “Corner wiring” described at end of this page.

3. Allowable Current of Via
n multiplied by diameter of Via is equivalent to line width.
Allowable current value can be expected from the graph on Figure
5, the temperature increases with conductor current, but current
capacity will drop compared to conductor thickness 35um graph
for via metal planting thickness is 18um.

In previous wiring passage, conductor width of more than 1mm/A
was recommended in wiring when conductor thickness was 35um.
But in case of via, half of the thickness is metal planting, so
conductor width of more than 2mm/A is recommended. Figure 14
shows example of allowable current.

Number of via must be placed so the value of allowable current,
resistance, inductance satisfies with the standards of the usage.

Corner Wiring
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1.8 |- e (.4 =< tm=0.015mm
1.7 = 0.6 = 7
. e e\
Y . A
D>: 1.3 7 \
— 1.2 / \ \
g 1.1 \ \ \
5 ! -
» 0.9 1\
7]
o 0.8 \
X o7 | \
06 |
05 /7/
04
0.3
-50 -25 0 25 50 75 100

Temperature : T (°C)

Figure 12. Resistance of Via
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Figure 13. Inductance of Via

- Conductor width Allowable

Via diameter d dx c t
(mm) T urren

(mm) (A)

0.3 0.94 0.4

0.4 1.26 0.6

0.6 1.88 0.9

0.8 2.51 1.2

1 3.14 1.5

Figure 14. Example of allowable current of via

Bending corner wiring in right angle can cause current waveform to reflect and to be disordered for impedance changes at the
corner. Wire with high frequency such as switching node causes EMI to degenerate. Corner must be bent at 45° or circularly.

With bigger diameter of bending, smaller will be the change in impedance.

rroee

Figure 15. Layout of Corner wiring
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Notice

10)

11)

12)

13)

14)

Notes

The information contained herein is subject to change without notice.

Before you use our Products, please contact our sales representative and verify the latest specifica-
tions :

Although ROHM is continuously working to improve product reliability and quality, semicon-
ductors can break down and malfunction due to various factors.

Therefore, in order to prevent personal injury or fire arising from failure, please take safety
measures such as complying with the derating characteristics, implementing redundant and
fire prevention designs, and utilizing backups and fail-safe procedures. ROHM shall have no
responsibility for any damages arising out of the use of our Poducts beyond the rating specified by
ROHM.

Examples of application circuits, circuit constants and any other information contained herein are
provided only to illustrate the standard usage and operations of the Products. The peripheral
conditions must be taken into account when designing circuits for mass production.

The technical information specified herein is intended only to show the typical functions of and
examples of application circuits for the Products. ROHM does not grant you, explicitly or implicitly,
any license to use or exercise intellectual property or other rights held by ROHM or any other
parties. ROHM shall have no responsibility whatsoever for any dispute arising out of the use of
such technical information.

The Products are intended for use in general electronic equipment (i.e. AV/OA devices, communi-
cation, consumer systems, gaming/entertainment sets) as well as the applications indicated in
this document.

The Products specified in this document are not designed to be radiation tolerant.

For use of our Products in applications requiring a high degree of reliability (as exemplified
below), please contact and consult with a ROHM representative : transportation equipment (i.e.
cars, ships, trains), primary communication equipment, traffic lights, fire/crime prevention, safety
equipment, medical systems, servers, solar cells, and power transmission systems.

Do not use our Products in applications requiring extremely high reliability, such as aerospace
equipment, nuclear power control systems, and submarine repeaters.

ROHM shall have no responsibility for any damages or injury arising from non-compliance with
the recommended usage conditions and specifications contained herein.

ROHM has used reasonable care to ensur the accuracy of the information contained in this
document. However, ROHM does not warrants that such information is error-free, and ROHM
shall have no responsibility for any damages arising from any inaccuracy or misprint of such
information.

Please use the Products in accordance with any applicable environmental laws and regulations,
such as the RoHS Directive. For more details, including RoHS compatibility, please contact a
ROHM sales office. ROHM shall have no responsibility for any damages or losses resulting
non-compliance with any applicable laws or regulations.

When providing our Products and technologies contained in this document to other countries,
you must abide by the procedures and provisions stipulated in all applicable export laws and
regulations, including without limitation the US Export Administration Regulations and the Foreign
Exchange and Foreign Trade Act.

This document, in part or in whole, may not be reprinted or reproduced without prior consent of
ROHM.

Thank you for your accessing to ROHM product informations.
More detail product informations and catalogs are available, please contact us.

ROHM ROHM Customer Support System

SEMICONDUCTOR

http://www.rohm.com/contact/
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SEMICONDUCTOR

Switching Regulator IC Series

Inductor Calculation for Buck Converter IC

No.12027ECY01

This application note covers the steps required in choosing the inductor and to calculate the value used in buck regulator IC
circuits.

e Buck (Step-Down) Converter
Switching regulators are used in a variety of applications to provide stable and efficient power conversion. A buck converter
is a specific type of switching regulator that steps down the input voltage to a lower level output.

Fig. 1 shows a typical buck converter circuit when switching element Q1is ON. When N-ch MOSFET Q1is ON, current
flowing from input V| to coil L charges the output capacitor Co and supplies output current lo.  In this scenario, the current
flowing through coil L produces a magnetic field and electric energy is converted to magnetic energy to be stored.

Fig. 2 illustrates the same circuit when switching element Q1 is in an OFF state. When Q1 is OFF, free-wheeling diode D1 is
activated, and the energy stored in coil L is released.

a N
O"IE 811\1 Vew O"IE OQI;F

ViNn

1 IR

T Ds _1_ % Rc Vour Vb T D: T RL Vour

E
ﬂ
E

Vin

Fig. 1: Basic Buck Converter Circuit Fig. 2: Basic Buck Converter Circuit
Switching Element ON Switching Element OFF

o Inductor Current Waveform
Fig. 3 shows the inductor’s current waveform. loutis the average inductor current value. When switching element Q1 is
ON, current flow is shown during ON period ton of Q1, and voltage V\on) of coil L can be calculated by the following equation:

Viony = ~(Vin = Vsw —Vour) (1)
VIN: Input Voltage (V)
Vsw: Q1 ON-state Voltage Drop (V)
VourT: Output Voltage (V)

The relation between current I and voltage VL of coil L, which has self-inductance, can be calculated using the equation

below:
Vi = —Lﬂ ) Vi (oFF)
dt A d|L=—V"(ON) dt d|L=—L dt
I
From equation (2), it is clear that by applying additional voltage } \
to the inductor, the reverse-current direction increases by slope

VIL. le 4

Current flowing through the coil during ton can be calculated
using equation (1), (2), and by the following method; ILT lour Al
represents current right before switching element Q1 turns ON,

ILP represents current right before switching element Q1 turns
OFF. lur
(sz —Vin + VOUT)X ton >
lp =l =- @) t
L ton torr
;er\ll?tcr;]eir)](;s(;tﬁe%:;?ige(t)?:rlr:nlne current flow in coil L when the Fig. 3: Inductor Current Waveform
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Inductor Calculation of Buck Converter Application Note

From Fig. 2, the coil voltage when Q1 in OFF- state is VL(OFF), can be calculated using the following method:

Viorr) = Vb + Vour 4)

VD: Forward Voltage Drop across D1 (V)
VouT: Output Voltage (V)

Using equations (2) and (4), the current flowing through coil L when Q1 is OFF is as follows:

Lo — _(VD+VOUT)XtOFF (5)
P —It = L

Current flow in the coil L is almost the same as the output current; consequently,
ILp +1ir =2xloyr (6)
From equations (3) and (6), ILP during Q1 ON-state is

(VIN —Vsw = Vour )X ton

2xL "

Itp =lour +
Using equations (5) and (6), ILP can be calculated during the period when the switching element is OFF:

(Vo + Vour )x torr ®8)
2xL

Ip =lour +

e On-Duty Calculation
On-duty D is the ratio of time the switching element is ON ton versus the switching oscillatory cycle Tsw:

D= ton __ town

= = ton xfew =1-(torr xfow) 9)
Tsw  ton *+tore

Using (7), (8), and (9), the duty can be calculated using the expression below:

Vb + Vour

D=——" ">~
Vin = Vsw + Vo

(10)

By ignoring the voltage drop Vsw of the switching element and voltage drop of the diode in equation (10), it is clear that on-
duty is fixed by the ratio of output voltage over input voltage:

V
D= —\(/)UT (11)
IN

o Maximum Coil Current Value
Use equations (9) and (10) to determine ton:

D Vp +V
ton == T (12)
fsw (VIN —Vaw + VD)X fsw

The equation below determines the maximum value of ILP by substituting (12) into (7):

o= 4 (Vi = Vsw — Vour )* (Vo + Vour)
LP out (VlN _VSW +VD)><2XLXfSW

(13)

Equation (14) is used to determine the minimum value ILT by substituting (13) into (6):

be =l — (Vin = Vsw = Vour )x (Vo + Vour)
LT out (V|N _VSW + VD)XZXLXfSW

(14)
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Inductor Calculation of Buck Converter Application Note

Current-difference between max. and min. (ILP—ILT) is as follows:

(p —l7)= (Vi = Vsw = Vour )* (Vo + Vour) (15)
i (Vin = Vew + Vo )x L xfaw

Equations (13) and (15) show that large inductance L and high switching frequency will reduce maximum current (ILP)and
current difference between max. and min. (ILP—ILT).

e Inductance L Value Calculation
Define the ratio of current-difference flowing in coil L (ILP-ILT) versus output current louT as current ripple-ratio “r’.

_AL -l (16)
IOUT IOUT

Substitute (15) into (16):

(VIN - Vsw — Vour )X (VD + VOUT)

r=
(VIN - Vsw +VD)><fsw xLxloyr

(17)

Then, solve (17) for L to calculate the inductance value:

L= (Vin = Vsw — Vour )* (Vo + Vour) (H) (18-1)
(VIN - Vsw +VD)><fsw xr xloyr

When the output voltage is high, the calculation can be simplified.

L= (VIN - VOUT)>< Vour (H) (18-2)
V|N X fSW XTI X |OUT

The inductor value can be increased to reduce the ripple-ratio; however, this will typically result in an inductor size that is

physically too big for practical use. Consequently, “r’ is usually set between 0.2 and 0.5 for buck converters.

e Maximum Current Flow through the Coil
Maximum current flow through the coil can be calculated using the following equation:

rxlout

\Y x(Viy =V
leeak :|OUT + 5 (A) or :IOUT+ ouT ( IN OUT) (A) (19)

2XV|N XfSW xL

Current flowing through the coil is a combination of output current and ripple-current. When an abnormality occurs (ex.
output short) in a transient load condition and there will be a power surge due to the absence of soft-start feature, and it is
possible that the actual current flow through the inductor will exceed the maximum calculated current. Under transient
conditions, coil current may increase up to the IC’s switching current limit. Therefore, the safest approach is to select an
inductor with a saturation current rating that exceeds the switching current limit, and not the maximum coil current.

o Effective RMS current flowing through the coil
Effective current value of triangular wave can be calculated by the following method.

2 2
| _ \/ Ip”™ +lr” +lp >y (20)
Lrms 3

By substituting equations (13) and (14) into (20), we arrive at the following:

2
1 Vin — Vsw -V Vp +V
lLme = lour? + —— x (Vin = Vsw = Vour ) (Vp + Vour) (A) 21)
12 (Vin = Vew + Vp )xLx fgy
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Inductor Calculation of Buck Converter Application Note

e Example for Coil selection:

Determine the operating conditions of the buck converter:

- VIN = 12V Input Voltage

- VouT =3.3V  Output Voltage

- louT = 2A Output Current

- r=0.3 Output Current Ripple Ratio

- Vsw = 0.30 ON State Voltage Drop of Switching Element Q1

- VD=0.26* Forward Voltage Drop of Free Wheel Diode

- fsw = 380 kHz Switching Frequency

* For synchronized rectifier type power conversion, specify ON-state voltage drop of lower side element Q2 (Fig. 4).

Calculate the inductance value of the coil by substituting the above parameters into equation (18-1) or (18-2).

(12-0.30 -3.3)x (0.26 + 3.3)
(12-0.30 +0.26)x 380000 x 0.3 x 2

As per equation (18-1), L = =10.663 (uH)

(12-3.3)x3.3

As per equation (18-2), L =
12x380000x0.3x2

=10.493 (uH)

Using equation (19), the maximum current flowing through the coil is as follows:

lLpeak =louT +

As per equation (21), the effective current value flowing through the coil is

2
o = 02, 1 (12—0.30—3.3)><(0.26+é3.3) _2.008 (A)
12 | (12-0.30 +0.26)x 10.663 x10~° x 380000

Coil selection should be based on the results of the calculations. For this design, 10uH is chosen as the closest standard
inductance value. If the selected inductor value is different from the calculated result, adjust the current ripple value “r’
using equation (17), and substitute the revised value into equation (19) to recalculate the maximum current flowing through

the coil.
B (12-0.30-3.3)x(0.26 +3.3) _0.329
(12-0.30 +0.26)x 380000 x10x 106 x2
lepoc =2+ % ~233 (A)
O_I [ Q1
] oFF
Vi
-4 L lo
Vin =
_—
/WU\ . >
of, |4
O-I ﬁ (?lil _VD T Co Re | Vour
Fig. 4: Basic circuit configuration of a buck converter using
synchronous rectification power conversion. In this
example, the upper switching element is in OFF-state.
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Capacitor Calculation for Buck converter IC
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This application note explains the calculation of external capacitor value for buck converter IC circuit.

@Buck converter —
Figure 1 is the basic circuit of buck
converter. When switching element Q: is |CIN/[\
ON, current flows from Vi through the
coil L and charges the output smoothing OFF
capacitor Co, and the output current lo is ~ Viy ( p— == Cn
|

supplied. The current which flows into
field, and electric energy is transformed \

Vour

the coil L at this time induces a magnetic
into magnetic energy and accumulated

for storage. \_
When switching element Q:is OFF, Current which flows at ton Current which flows at torr

free-wheeling diode D turns ON and
energy stored in L is then released to the
output side.

Figure 1 Basic buck converter circuit

] . . ton ton ton
Rated voltage of input capacitor must be higher than the

. . torr torr
maximum input voltage. >t

Also rated ripple-current of the capacitor must be higher than X
the maximum input ripple-current of the IC. 1 A A A lo

Although the average value of an input current becomes Ioo

@ Calculation of Input capacitor
Q torr

smaller in proportion to the transformation ratio, momentarily > ¢
the same current equal to output current flows through the buck
converter as shown as Ioo in Figure 2. 4\\ > > >
L . . L. TN TN N lo
This will be averaged by the input capacitor, but as it is clearly Io \l
shown as len of Figure 2, the alternating ripple-current flowing in >

the input capacitor, is higher than Ico of the output.
Effective value of len can be calculated by following equation: 4\\ AN AN AN

Iy = \/M{IOZ (1 — M) + %AILZ} [Anus]

VINMIN) VINMIN)

1 >t

~

Figure 3 shows the ripple heat generation characteristics of a
ceramic capacitor (by Murata Manufacturing Co.). Whether it

lco

can be used as input capacitor or not is decided by this graph
and the absolute maximum rating of ripple-current. 4\ / / /

Be well aware of the temperature and DC bias impressed to
the capacitor when using ceramic capacitor.

len | > ¢

Figure 2 Current waveform of each part
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Capacitor Calculation for Buck converter Application Note

Change of capacitance value due to temperature can obtain stable temperature characteristic by using high permittivity
ceramic capacitor with the characteristics of X5R and X7R.

Capacitance value reduces when DC bias at both sides of ceramic capacitor increases. Figure 4 shows the DC bias
characteristics (by Murata Manufacturing Co.).

Example: Characteristic of Ceramic Capacitor (make: Murata Manufacturing Co.)
GRM32ER7YA106KA12 10uF+£10%, 35V, X7R
100 T T T 10

| I I I
|~ fsw = 1MHz
- 0.5 Rated voltage 0 \

AN
o
//

/

TEMPERATURE RISE (°C)
5
\\
CAP. CHANGE (%)
)
o

-50

o 1 2 3 4 5 6 7 0O 10 20 30 40
CURRENT (A) DC BIAS (V)

Figure 3 Ripple heat generation Figure 4 DC bias characteristic
characteristic

Input ripple voltage of regulator is decided by the value of input capacitance. Input ripple voltage AV can be calculated by the
following equation.

__ lomaxyXVour
AViy = P —— (Iomaxy X ESRyax) [Vesl @)

Vin: Input voltage [V]

Vour: Output voltage [V]

lomax): Maximum load current [A]

C,y: Input capacitor [F]

fsw: Switching frequency [Hz]

ESRy4x: Maximum equivalent series resistance ESR [Q] of input capacitor
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Capacitor Calculation for Buck converter Application Note

@ Calculation example of input capacitor
For this design example, parameters listed in Tablel will be used. As for the input capacitor, Murata Manufacturing Co.
makelOpF / 35V ceramic capacitor is considered for reference.

Parameter Value
Input voltage range  Vin 7V to 28V
Output voltage Vour 3.3V
Input ripple voltage AV 300mVv
Output ripple voltage AVo 33mV (1% of output voltage)
Output rating current  lo 3A
Inductor ripple current Al 0.9A (30% of output rating current)
Operation frequency fsw 1MHz

Tablel Design parameter

Calculate input ripple current by substituting each parameter to the equation (1).

|4 \4 1 3.3 3.3 1
Ieiy = \/%{102 (1 - i) + —AILZ} = J7{32 (1 - 7) + % 0.92} =1.508 [ArMs] (3)

VinmiINy VIN(MIN) 12
From Figure 3 ripple current capacitance obtains enough margins.

Next, calculate input ripple voltage by substituting each parameter to equation (2). At this point consideration for DC bias
characteristic of ceramic capacitor is necessary. In this example, since the maximum voltage impressed to capacitor is 28V,
48% will be reduced from rating capacitance value as from Figure 4. Also, ESR of ceramic capacitor is 2mQ.

_TomaxyxVourt

AViy=—"""Tr—""+-+ (IO(MAX) X ESRMAX)

CINXfswXVIn

_ 3x3.3
T (10X1076X0.52)X1x106x28

+ (3x2x%x1073) =74 [mVp-p] 4)

Ripple voltage of minimum input voltage can be shown as below method.

3x3.3
(10x10~6x0.96)x1Xx106%X7

AViy = +(3x2x107%) = 153.3 [mVr-p] ®)

The design requirement for input ripple voltage below 300mV can be confirmed. Maximum voltage at both ends of input
capacitor is Vinuax) + AVin/2. To obtain more voltage margins, give consideration of using two 4.7uF / 50V capacitors in parallel.
Also, be cautious for actual input ripple voltage that may get higher than the calculated value, due to output impedance of the
voltage source (preceding circuit) and parasitic component resulting from the PCB layout.
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Capacitor Calculation for Buck converter Application Note

@ Calculation of output capacitor
Important elements in designing output capacitor are rating voltage, ripple rating current, and ESR (equivalent series
resistance). Ripple current and voltage impressed to the capacitor must be less than the maximum rating. ESR is an
important element to decide the output ripple voltage with the inductor current.
The effective value of ripple current, the alternating component included in the output current, can be calculated by the
following equation as it is a triangular waveform like Ico of Figure 2.

[ = 1 Vo UT(VIN(MAX) ~Vour)
12 LXfswXVINMAX)

[Arms] (6)

Vinmax): Maximum input voltage [V]

Vour: Output voltage [V]

fsw: Switching frequency [Hz]

Output ripple voltage is the composite waveform created by the ripple current of the inductor flowing through the output
capacitor depending on electrostatic capacitance, ESR, and ESL. It can be calculated by the following equation.

1
8XCOXfSW

AVorpr = Al ( + ESR) + ESLM [Ve-p] @

Vinmax): Maximum input voltage [V]

Al Inductor ripple current [A]

Co: Output capacitor [F]

fsw: Switching frequency [Hz]

ESR: Equivalent series resistor of output capacitor [Q]
ESL: Equivalent series inductor of output capacitor [H]

When using leaded type aluminum electrolytic capacitor with high ESR and ESL as an output capacitor, notice that ripple by
ESR and ESL may get bigger than the ripple by capacitance.

wwwrohm.com _ 40f6 2014.02 - Rev. C
© 2014 ROHM Cao., Ltd. All rights reserved.



Capacitor Calculation for Buck converter Application Note

@ Calculation example of output capacitor
For this design example, parameters listed in Table 1 will be used. As for the input capacitor, Murata Manufacturing Co.
make 22pF / 25V ceramic capacitor is considered as reference. Calculate ripple current by substituting each parameter to
equation (6). Use 4.7uH value for coil L.

1 Vour(Vinemaxy—Vour) 1 3.3(28-3.3)
==X = —X = (.
leo Vi2 LXf swXVINMAX) VIZ 7 4.7x1076x1x106x28 0.18  [Arws] (®)

From Figure 5 ripple current capacitance obtains enough margin.

Next, calculate output ripple voltage by substituting each parameter to equation (7). At this point consideration for DC bias
characteristic of ceramic capacitor is necessary. In this example, because the voltage impressed to capacitor is 3.3V, 2% will
be reduced from rating capacitance value as in Figure 6. Also, ESR of ceramic capacitor is 2mQ and ESL is 0.4nH.

AVorpy = Al (5———— + ESR) + ESL %040

8XCoXfsw L

28
4,7x1076

_ 1 -3 -9
=09 (8x(22><10—6><0.98)><1x106 +2x10 ) +0.4x10 (

)=94MVes]

Output ripple voltage requirement is 33mV, meaning that the above value satisfies. But, the actual output ripple voltage can
be influenced by ESR, ESL elements of capacitor and by parasitic element originated in PCB layout, causing difference from
the calculated value.

Example: Characteristic of Ceramic Capacitor (make: Murata Manufacturing Co.)
GRM32ER71E226ME15 22pF£20%, 25V, X7R

100 } } T 10
~ fsw=1MHz 0
_ [ 0.5 Rated voltage \
[0 B C -10
u ~ g -20 \
x ) W -30
“J / E \
210 7 Z 40
E - T
< O -50
& / o
o < -60
2 / S N
W -70
-80
1 -90
0 1 2 3 4 5 6 7 0 10 20 30
CURRENT (A) DC BIAS (V)
Figure 5 Ripple heat generation Figure 6 DC bias characteristic
characteristic
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Application Note

@Equation of buck converter

éfective value of ripple current flowing in input capacitor

Ioiy = J {102 (1 - ) +

- Input ripple voltage

1

La12} Aawsl

Vour
ViNmiINy

Vour
VINmMIN)

__ lomaxyxXVour

AViy + (IO(MAX) X ESRyax) [Vesl

CINXfswXxVIn

~

(V,N: Input voltage [V]

Vin vy Minimum input voltage [V]

Vour: Output voltage [V]

I,: Output rating current [A]

Al,: Inductor ripple current [A]
(Usually set between 20% and 50% of lo)

lomaxy: Maximum load current [A]

C,y: Input capacitor [F]

fsw: Switching frequency [Hz]

ESRy4x: Maximum equivalent series resistance

\ (ESR) of Input capacitor [Q]

/

lein /]\ ,90-| Qu
ON I _L_ lo
(__ OFF —> W L > ;
Vin | = = Cn /]\
T o md J
D Co RL Vour

v

Buck converter

@f‘fective value of ripple current flowing in output capacitor

1 VOUT(VIN(MAX) ~Vour) [Arus]
RMS

LXfswXVINmax)

Viz

leo =

* Output ripple voltage

1
AVorp = AlL (

ViNmax)
8xCoXfsw

+ ESR) + ESL -0

[Vp-p]

\

/V,N(MAX): Maximum input voltage [V] \
Vour: Output voltage [V]
fsw: Switching frequency [Hz]
AL : Inductor ripple current [A]

(Usually set between 20% and 50% of lo)
C,: Output capacitor [F]
ESR: Equivalent series resistance of

output capacitor [Q]

ESL: Equivalent series inductance of

output capacitor [H]

-

J
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Notes

The information contained herein is subject to change without notice.

Before you use our Products, please contact our sales representative and verify the latest specifica-
tions :

Although ROHM is continuously working to improve product reliability and quality, semicon-
ductors can break down and malfunction due to various factors.

Therefore, in order to prevent personal injury or fire arising from failure, please take safety
measures such as complying with the derating characteristics, implementing redundant and
fire prevention designs, and utilizing backups and fail-safe procedures. ROHM shall have no
responsibility for any damages arising out of the use of our Poducts beyond the rating specified by
ROHM.

Examples of application circuits, circuit constants and any other information contained herein are
provided only to illustrate the standard usage and operations of the Products. The peripheral
conditions must be taken into account when designing circuits for mass production.

The technical information specified herein is intended only to show the typical functions of and
examples of application circuits for the Products. ROHM does not grant you, explicitly or implicitly,
any license to use or exercise intellectual property or other rights held by ROHM or any other
parties. ROHM shall have no responsibility whatsoever for any dispute arising out of the use of
such technical information.

The Products are intended for use in general electronic equipment (i.e. AV/OA devices, communi-
cation, consumer systems, gaming/entertainment sets) as well as the applications indicated in
this document.

The Products specified in this document are not designed to be radiation tolerant.

For use of our Products in applications requiring a high degree of reliability (as exemplified
below), please contact and consult with a ROHM representative : transportation equipment (i.e.
cars, ships, trains), primary communication equipment, traffic lights, fire/crime prevention, safety
equipment, medical systems, servers, solar cells, and power transmission systems.

Do not use our Products in applications requiring extremely high reliability, such as aerospace
equipment, nuclear power control systems, and submarine repeaters.

ROHM shall have no responsibility for any damages or injury arising from non-compliance with
the recommended usage conditions and specifications contained herein.

ROHM has used reasonable care to ensur the accuracy of the information contained in this
document. However, ROHM does not warrants that such information is error-free, and ROHM
shall have no responsibility for any damages arising from any inaccuracy or misprint of such
information.

Please use the Products in accordance with any applicable environmental laws and regulations,
such as the RoHS Directive. For more details, including RoHS compatibility, please contact a
ROHM sales office. ROHM shall have no responsibility for any damages or losses resulting
non-compliance with any applicable laws or regulations.

When providing our Products and technologies contained in this document to other countries,
you must abide by the procedures and provisions stipulated in all applicable export laws and
regulations, including without limitation the US Export Administration Regulations and the Foreign
Exchange and Foreign Trade Act.

This document, in part or in whole, may not be reprinted or reproduced without prior consent of
ROHM.
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