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OUTLINE

* Introduction & Objective



Research Background -

6 Switching converters
i grm®Y  Supply many kinds of voltage by switching power
l i \ 0 A9-BS ‘
Power of switching converter
@ has become large
P <L
) Switching noise has strongly spread
C - In wide frequency range
N \ 4
{ Important to reduce switching noise
by decreasing main spectrum level
EMI

EMI:Electro-Magnetic Interference
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Research Objective

Usually we reduce clock noise by spread spectrum
with shaking clock phase at random by analog noise
Trouble
°? Noise of clock frequency is spread to all frequencies
around clock & its harmonics

Some electronic devices like radio receivers
would not like to be affected at special
ncy (Hz) L_ -

frequency noise
4

Power [dB]

Research Objective

Spread spectrum with both EMI reduction and
control the diffusion of noise

[1]JEMI: Electro-Magnetic Interference
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Research Summary

Proposed method

Spread spectrum method using pulse coding

g

Design modulation circuit
In order to generate notch frequency automatically

Notch
_.' }ham.
Achievement : /\/\
Frequency (Hz)
(1)Reduction of EMI generated from clock
(2)Noise removal at specific frequency

(3)Automatic generation of notch frequency

Power [dB]
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OUTLINE

« Conventional Switching Converters with Spread
Spectrum



8/34

Conventional Switching Converter with Spread Spectrum

~ Spread Spectrum

N
Analog modulation of periodic clock
—Reduction of electro-magnetic noise
\_ concentrating on fundamental frequency

4 ™)
Vin Vout
— » Power Stage >
AV Error AMP
out
PWM |« <]<

2]

TN |Generator 4_< :><_ PFM/PPM
\. J

Switching Power

[2] PFM: Pulse Frequency Modulation PPM: Pulse Position Modulation



Spread Spectrum for EMI Reduction

Spread spectrum using pseudo analog noise  ~

L L :
I T ? EE * R :
| A |
:__ Power ) R :
IT vin 01F  Stage o % |
| Vo |
| |
| ! |
pwm | COMP; .
Vo /
SWitching SAW \__l_ Vret
Pulse — -
aw-too
Generator Modulated
. Clock
Analog Noise
Random L —
Pattern > LPF PLL & -
Generator .

Buck converter with modulated clock
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To reduce EMI noise, clock pulse is

modulated

% Clock to SAW generator is modulated
by shaking phase of original clock
at random using analog noise & pLL®

* SW pulse frequency is modulated

and reduce EMI noise

Original
Clock

Modulated
Clock

SAW

y

AV

PWM

Timing Chart

[2] PLL: Phase Locked Loop



Voltage[V]

PWM signal spectrum without EMI reduction

Voltage[V]
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Spread spectrum for EMI Reduction

Maximum noise 3.5V

——

{8 sy 4550

Frequency [MHZz]

Maximum noise 2.0V

900kHz

LO“PV 1all

1

2

=

1
— EOV!

H

|

|

=
o
3

fi
|l
i
] | |

'F.requenc'y [MHz]
PWM signal spectrum with EMI reduction

. !
' | |

1

2

©Simulation conditions
Input : 12V
Output : 6V
Clock frequency : 200kHz

Without EMI reduction

> Noise is concentrated in basic and
harmonic frequencies

With EMI reduction

» Peak level of clock frequency
Is reduced a lot

L

Noise is concentrated by diffusion

Bottom levels are increased NG

Spectrum ‘ Fast Fourier Transformation (FFT) of PWM signal
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OUTLINE

* Pulse Coding Method in Switching Converter
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Coding Method

- Single coding method -

Pulse width - period - position
select one to modulation

- Complex coding method —

Pulse width - period - position
select two to modulation

» PWC method
» PCC(Pulse Cycle coding) method
» PPC(Pulse Phase coding) method

> ASM (PWC+PCC) method
» DPM (PPC+PCC) method

|
|
|
|
|
|
|
|
|
|
|
|
: > PWPC (PWC+PPC) method

0/1 Signal
! N Pulse width _L
1 Modulation "
10 circuit » Pulse position —> H ‘ |H
j—> Pulse cycle —|

Complex coding method
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Diffuse Noise to Specific Frequency

Problem
Noise diffusing uniformly

Power [dB]

! Notch

Frequency (Hz)

l Using digital modulation

Noise diffuses to specific frequency
‘ Frequency band where
noise does not spread

Notch band created in important frequency band

- Reduction EMI
- Control of diffused noise
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Pulse Width Modulation in Switching Converter

IL

-L —_—
TEL HE i
A L ]
T vin D1 oz %
Vo
SW AVo
Pulse SEL Amp
omp
‘ Vref
I- - d __________ I -
I Coding | I
: Selector |[* Pulse-L |
|
PWM signal I c O?gﬁ;:;tor
SEL Signal |
MUX § QD
<71 CK
«:__T_'_ "'
Comparato SAW U
Generator

SEL

PWM

Input High
MSEL: High
@MUX select

@ Generate pulse with
long width in comparator

* DH>D0>DL
D, =V, /Vin

Input Low

(DSEL: Low
@MUX select 1,
3 Generate pulse
with short width
In comparator

% In this situation, manually set W.and W



Simulation Result with PWC Control

© Condition

Buck DC-DC converter
Vi + 10V

Vout - BV

L:200 uH
C:.:470uF

[out + 0.25A

fer + 500kHz

— W.=0.2 us

 Wh=1.6 1S

» To=2.0us
Pulse widths of the coding pulses
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Design a clock pulse to determine the notch frequency

PWM signal spectrum using PWC control

1
fn =N X =T IN =1,2,3,:-+,n]
1
= N X = 0.71MHz
1.6us—0.2us
0.71MHz 1.4MHz
0.9V l
> i ||
: |
c_..E o Ll .’ .Illm “““1 | ||l 1 I T ‘
S
aim
100y | I|' "IH HH | il
Mo T |
Pregtiency(MHz) 20erald



16/34

OUTLINE

 Automatic PWC Control



Automatic PWC Control

Set frequency of
radio reception

$

Auto correspond to Fin
change is necessary

Fad

Radio receiver

1 L
TH TI N
A L .
T vin D1 z %
SW Vo
Pulse SEL Amp
omp
Vref
: . v e 1=
Automatic generation of ! !
Pulse-H and Pulse-L ~ ——-{-Selector T Pulse-H |1
n “1| Pulse-L | .
R I
VH
: > |
S— Automatic SAW __>
@ PWC Senerator
) Controller
Fin Vi Com

SAW
Senerator
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OUTLINE

- Relationship between Clock frequency and Notch frequency
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Relationship with Clock and Notch

F.. - 500kHz

Voltage[V]

0.9V
L

0.71MHz

1.4MHz

. ‘l'm

l

Il‘ ..I'

II[‘

l

f"I'||

0 02 0.
Fregldency(MHz)

4 06

200kHertz/div

WM signal spectrum using PWC control

Better to generate Fn at

middle of Fck
\ 4

Fo <F, < 2Fq

NF. <F,, < (N+ 1)F4

U

Fn — (N + OS)FCk

Optimal

When N=1

| Optimal

Fn —_ 1'5Fck

_n
3 2
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Relationship with Clock and Notch

Vin T:+L‘T L
A A | Original
R
L 013 &= | = Clock
Vin VO : i
L i
Av R
> omp Wi 10717 ]
Pulse SEL __Vref : l : l
r"'L """""" = .
I Coding | «— ) I Timing Chart
I ™| Pulse % :
' Selector | |_Pulse-l
L-b——d == ! WL —_ TO — Tp
3 . Wy =T, +T,
0]
TOZDOXTck:V__XTck I, =Wy =W, = 2XT,
mn

Output voltage Vo is determined by the clock duty
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OUTLINE

- Direct generation the clock pulse from input frequency
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Generating Tck using Direct Calculation

Generate Tck from Tin using: 1 L
= S
Fin=(N+0.5) - Fex A N I
T vin D13E = z
Tck:(N+O.5) - Tin N=1 | ve
1.
W, =T, — T, =DoxTck+-Tin SW AVo
21 ] Pulse SEL T LAmp
Wy =T, + T, =DoxTck- ~Tin { vref
— v === === =
. . 1
f= 2x7T, | Aonascgerraion o[y |+ ]
° ——F——=1" Pulse-L
Tin L ——
Tin % VH
 Right shift ADD
Latch 1hit S |
SAW L+
5enerator
Fin L . .
— || Right shift
ADD TL_1bit SUB v Com
Tck SAW

Senerator
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Simulation Waveforms of Wy, W; Generation

We set F;,, = 750kHz == Automatic generated F., = 500kHz

Tck compare with Vi or VH

25
Tck=1.99us Tin=1.33us y y y y r y
2/ 16 7 7 4 7 Z
5 Z z Z Z Z
T A A A2
g AW AV/ANY, HAAA— A A
05 4.// A/ / 1// A/ / A 4 _# = = =
3 > 0 -l';lLl:
[}L/ / / / Pl.jlse-L2 \vnvll
Time/mSecs 1.012 1.014 1.016 1.018 1.020 1 ——
. . . 0
Simulation waveform of Tck and Tin > ” v » v v
1.6 7 yi 7 7 7
B //I //I f// ,// /{J
Theoretical formula o 7 2
- i yd i {/ i i
Wy= 1.66us .
W= 0.34us Pulse-H 1670
“' "
. 1
Expe“mental reSU|t Time/mcSecs 1.006 1.008 1.01 1.012 1.014 1.016
Wy = 1.67us Simulation waveform of Wy and W,

W; = 0.35us
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OUTLINE

- Simulated Noise Spectrum of PWM Signal
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Simulated Noise Spectrum of PWM Signal Case 1

According to | Fin = (N + 0.5)F ¢
Case 1 : FIn=750kHz , N=1
Fn=750 kHz, Fck=500 kHz, Fck < Fn < 2Fck

!

© Condition o]  FnH 7500,
100fH l
Buck DC-DC converter = v
Vi, - 10V T -
Vout + 9V 51% m.mh T’ TN T TR
L:200puH | |
C:470uF || g
Out . 0.25A | f l |
. 750kHz Frequency(MHz)

Simulated spectrum with EMI reduction

Assume to suppress influence on AM radio in 750kHz
= A notch was generated around 750kHz
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Simulated Noise Spectrum of PWM Signal Case 2

According to | Fi, = (N + 0.5)F

Case 2 : FIn=1.25MHz , N=2
Fn=1.27 MHz, Fck=500 kHz, 2Fck < Fn < 3Fck

©Condition = Fn=1.27MHz AFn=5.06MH=z |
100m+—
Buck DC-DC converter r: . l l
Vi, - 10V = 1 ak
L:200uH > - .
C: 47OI.:1|: liml." || Tl LR G .
Iout - 0.25A M= "'-'. 5; T ’li" j
Fin © 1.25MHz I 41 M ML S ma 1N R | |

f:requency'(MHz) E ' ) ez

Simulated spectrum with EMI reduction
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Transient Response with F;,, Change

© Output stability

© Condition

2.37mly, at F;, = 1.25MHz
2.77mV,, at F;, = 1MHz

Ripple:

F,, = 1.25MHz =F;, = 1 MHz

F,, =1.25MHz =F,,= 750kHz

Sml,, at F,, = 750kHz

Overshoot : 5mV

Settling Time= Ous

Cm\/ M-IT
VT

JiTl

2.77m\V

2.37mV/

_004-
AV /a

TNEETN

Time/mSecs

Transient response with Fin change

Response speed when tuning or switching communication channels
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 Discussion about Do



29/34

Discussion about Do

« When Vin=17v, Vout=5v, FIn=750kHz situation

.+ D, = Yout _ (3 mmy Wu = 03T +0.5Ti
Vin W, = 0.3T, — 0.5T;,
« When N=1 m) W, =0.3T, — 0.5T;,, = —0.065NG

The relationship between the input frequency Fin and the static duty ratio Do
Top, = (N+05)XT;,, Ty > Wy = (N + 0.5)T;,D, £ 0.5T;;, > 0
T; T;

. > D, >
(2N + 1)

~ 2N
°7 2N+ 1)

When N=1, < D, <>

N=2, =< D, <2
5
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or Do>% Situation

1
3
750kHz, PWC situation

Processing Method in Do<

=5v, FIin=

=17/v, Vout

When Vin

D,=0.3

> ~
= —
LN
S <
[l [
S
~
= s
=~
_ et
=
— T A.Il”.l..l.”u
e
| e |
L ..nﬂllll.ll.llllll.h
llul‘u
| =T | ]
) st M :
! e
L | MU
p— I |
| nnnll“u
- nnmulu\
— \.HII.\IHU
pu— HJ”U
- ===
- 1]
L =1
L nMHnHu
L MUU
[NoBeyoN ¢ ¢
e
~
o
™
(@)
LO
o
-
—
o
G =~ a2
O N ‘O
—_ O O
@ _
—
o Il |
IS

The duty of select signal is 50% situation

\

PRV

Duty of select pulse g

The ripple of Vo will be change?

AV, Is a little bigger

g ] S

The duty of select signal is 42.86% situation



31/34

OUTLINE

 Conclusion and future work
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Conclusion

* Developed pulse coding control in order to generate
notch characteristics at desired frequency

* Analyze spread spectrum with notch characteristics
« Automatic generate the notch frequency from Fin

¥

Create notch characteristics occurred around Fj,

Using| Fj, = (N 4+ 0.5)F |, discussion on direct
generation of notch in N=1,2 situation

Discussion about Do
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Future Work

« Automatic notch generation using complex pulse
coding
PWPC: PWC(Pulse Width Coding)+PPC(Pulse Phase Coding)

1 1
Tp—TL PPC: = 2(Ty-TL)

PWC: F,=

* Notch generation using PCC(Pulse Cycle Coding)
method

* Investigate why the large notch at 4Fn appear.
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Thank you for Listening
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Q&A

Q1: Does the efficiency of the power supply change by pulse coding?
A:.Only coding the PWM signal of the power stage, Since its frequency and
average pulse width are the same, the efficiency does not change.

Q2: Can this coding method and calculation formula be applied to other
control methods?

A:lt can be applied similarly in the control method that can perform PWM
modulation.
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Automatic Notch Generation using Direct method (N=1)

| Direct generation of Wn and Wi |
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Automatic Notch Generation using Direct method with EMI Reduction (N=2)

Direct generation of Wi and Wi

h
R
i

o=

=

I . G
| B ] SRR

i
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Processing Method In Do<§ or Do>§ Situation

« D,=0.3
WL Is set to O, design Wx only
 Simulation about the Vse
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Application of Automatic Generation of the Notch Frequency

) Switching frequency and harmonics used in in-vehicle DC-DC converter
must not overlap reception frequency bands of AM, FM of radio

demand

- Goal
Recepﬂo_n frquency =~ Notch frequency
from radio receiver

¥

Automatic generation of
notch frequency

§ \ £

\‘{/ It is possible to greatly reduce influence

Frequency band where
noise does not sprea

DC-DC converter g other electronic devices

!; Set frequency of radio reception

Radio receiver ‘

Auto correspond to Fin change is necessary



