80 BRFHERZEPSIIAN - BEEZFIaRAFRARS

HEARFE WEFrINR

Mar.1 2018 (Thu)

Automatic High Frequency Notch Generation in Noise
Spectrum of Switching Converters
with Pulse Coding Method

Yifei Sun, Yi Xiong, Nobukazu Tsukiji, Yasunori Kobori, Haruo Kobayashi

Gunma University
s Kobayashi Laboratory
w t172d004@gunma-u.ac.jp

BFE A

GUNMA UNIVERSITY

Kobayashi
Laboratory




OUTLINE

Introduction & Objective

Conventional Switching Converters

Pulse Coding Method in Switching Converter
Automatic PWC Control

- Relationship with the Clock frequency and the Notch frequency
- Direct generation of clock pulse from input frequency
- Simulated Noise Spectrum of PWM Signal

Conclusion and future work

2/33




3/33

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
B \ 4
{ Important to reduce switching noise
by decreasing main spectrum level
EMI

EMI:Electro-Magnetic Interference
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Research Objective

Reduce clock noise by spread spectrum
with shaking clock phase

Trouble

" Noise of clock frequency is spread

Radio ‘
| CK E

\ 2 NG . . .
‘ Some electronic devices would not like to be

Power [dB]

~affected at special frequency noise )
Frequency (Hz) _
Research Objective Radio receiver

Spread spectrum with both EMI'teduction 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

Frequency (Hz)

[dB]

Power

Achievement

(1)Reduction of EMI generated from clock
(2)Noise removal at specific frequency
(3)Automatic generation of notch frequency
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OUTLINE

« Conventional Switching Converters
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Conventional Switching Converter with Spread Spectrum

~ Spread Spectrum

N
Continuous modulation of periodic clock
—Reduction of EMI concentrating on
\ fundamental frequency Y,
( )
Vin Vout
P— »  Power Stage >
AV Error AMP
out
PWM <]<
[2]
Nan Generator 4_< :><_ PFM/PPM
. J

Switching Power

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



Spread Spectrum for EMI Reduction

Spread spectrum using pseudo analog noise  ~

L L :
| s ! 1 '] |
| A 66 L |
|
' Power R :
T Vin DIEX  Stage Zz % |
: vo |
| ! :
Am
PWM Com AVO R f
SWitChing SAW \__I_ Vref
Pulse wo—
Givr\lléroa(:or Modulated
. Clock
Analog Noise
Random L —
Pattern | LPF Pl |t Ggﬁ
Generator .

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

modulated

¢

* SAW is modulated by shaking
phase using analog noise & PLL!

Original
Clock
Modulated J
Clock :-I l H -I
A / /
saw |/ ,
v V. V
AVE oo . .
PWM
o Timing Chart

[3] PLL: Phase Locked Loop



Voltage[V]

Voltage[V]
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Spread spectrum for EMI Reduction

Maximum noise 3.5V

——

— 35 900kHz

LOTV 1all

10m bR o ot T

1 2
PWM signal spectrum without EMI reduction

Frequency [MHZz]

Maximum noise 2.0V

1 _— i
— E:OV! |900!kHz
i
10m | grumy
EJ I |
BUAL) L R LR LR W !
Frequency [MHz] 1 2

PWM signal spectrum with EMI reduction

©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
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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

_ _ > PWPC (PWC+PPC) method
» PWC(Pulse Width coding)method

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

Wy

bl

0/1 Signal

S ‘l’ _I_) Pulse width

Modulation |->

) circuit —> Pulse position —_—>
— L ralll
Pulse cycle

Complex coding method
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Diffuse Noise to Specific Frequency

Problem

Noise diffusing uniformly
(using analog modulation)

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

- EMI Reduction
- Control of diffused noise




Pulse Width Modulation in Switching Converter
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1 L
TEI TR i ]
A . < SEL
T vin D1 zz %
Vo /
SAW
SW AVo
Pulse SEL @ Amp
Vref
A--—$----=-=---=-- = PWM
I Coding I —
Ll puse |1 Pulse-H |,
| <+ | .
L [Seedor|™] Pulse-L | | Input High
] @SEL: High
PWM signal R @MUX select Vy
Ly, | @Generate pulse with
J_l T CK long width in comparator
o=
N * Dy>D,>D
Comparato Generator H 0 L
Dy, = Vo /Vin

% manually set Weand W

Input Low

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



Simulation Result with PWC Control

© Condition

Buck DC-DC converter

Vi, . 10V
Voue - 5V
L:200 uH
C:470 uF
Iout - 0.25A
fer + 500kHz

b WLZO.Z nS

 Wh=1.6 1S

» To=2.0pus

Pulse widths of the coding pulses
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Design clock pulse to determine the notch frequency

PWM signal spectrum using PWC control

1
fn 2N X T IN =1,2,3,:-+,n]
1
=N X = (0.71MHz
1.6us—0.2us
0.71MHz 1.4MHz
0.9V l l
> i ||
: \
c_..E o Ll .’ .Illm “““1 | ||l 1 I T ‘
S
'1‘ H
1000 |I|I "|H| AL { i |
A S bl |
Fregtiency(MHz) 20tz
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OUTLINE

 Automatic PWC Control



Automatic PWC Control

Set frequency of radio reception

1l
T#I TR s
L t Lt
T vin D1 3 %
Auto corresponding to Fin
change is necessary
SW AVo
‘ Pulse SEL Amp
omp
Vi
Notch frequency v |=————— = “

Automatic generation of : [

‘ Pulse-H and Pulse-L ~ ——-{-Selector T Pulse-H |1

n “1| Pulse-L | .
Research object Cpppp——— '
Control of diffused noise VH
] — | Automatic v __> |
!; @ PWC Senerator
. . Controller
Fin Vi Com

Radio receiver

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

. ‘l'm

Il‘ ..I'

Inn

II[‘

l

f"I'||

Frequency(MHZz)

200kHertz/div

PWM signal spectrum using PWC control

Better to generate Fn at

middle of Fck
\ 4

F. <F, < 2F4

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

Optimal
Fn — (N + OS)FCk

When N=1

| Optimal

F, = 1.5F
4
F

_n
3 2
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Relationship between Pulse-H and Pusle-L

J_ IL < Tk
T#1 W 4 T,
A - o Original j
= Vln D1 ==’ é CIOCk IE ,
Vo Ty i 5
r WL |
SW md. ST, e 1 !
om | i | !
Pulse SEL __Vref Wy i i i \ '
R e g - =
: | Pulse-H “— Timing Chart
1| Selector|,_| S~ i
| 14
Lo el W,=T, - T
Automatic '%— T, =Wy —-W, = 2XT,
PWC SAW \ mo Tk P
G t
5 Controller | =—— V
. VL . L (0]
Fin — Com TO = Do X Tck = V_ X Tck
(Seneratof in
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OUTLINE

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

Generate Tck from Tin using: 1 L
— TH I J
Fin=(N+0.5) - Fex A : .
T vin D13E = z
T..=(N+0.5) - N=1 D,=0.5 vo
— 1 )
W,=T,—-T, =D, X Tck+5 oW v
1 Pulse SEL omn Amp
WH — TO + Tp :DO X TCk- E Vref
¥ j———-—-=== =
: : |
= 2xT, | Auomatc genaatono|_{[ ] PR
———" Pulse-L | I
L - )
: : VH
Counter  Right §h|ft % ADD
1bit D ‘
N e
Generatol
Fin L . .
— || Right shift
ADD TL_1bit B w Com
T Tek SAW

ck e

Senerator
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Simulation Waveforms of Wy, W; Generation

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

Tck compare with VL or Vu

25
Tck=1.99us Tin=1.33us y y y y r y
Gy .9 7 7 i i 7
- Fa Fd yad rd L
A A (e AR A A
g AN/ AV/ANY, oA A A A A
0.5 .dl// A/ / 1// A/ / }f 4 _# = =
= > 0.35us
&L,/ / ,/ // Pulse-L; W 2
Time/mSecé.Ol 1.01 1.01 1.01 1.02 c ! - 1
Sirulation‘waveforin of Tck and Tifl 7 rE—" S m—m—— - -
1.6 7 ya 7 7 yi
1.2 Fi y i rd i
‘ 08 y y ,// 7 {/’ ;
TCk - 1-5Tin s v 7 7 17 7 7
Theoretical formula ; b e
Pulse-H =
Wy= 1.66us : R
WL= 033MS We” Time/:]Secsl.ooe 1.008 1.01 1.012 1.014 1.016
Simulation result  \ matched Simulation waveform of Wy and W,
WH = 167#5

WL = 035[15
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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 --- Fin=1.5-Fck
Fn=750 kHz, Fck=500 kHz, Fck < Fn < 2Fck

!

© Condition T e o
100fH l
Buck DC-DC converter = v
Vi, + 10V T -
Vout + 9V 51% m.mh T’ TN T TR
L:200 puH | |
C:.47/70puF '| l g
Out : 0.25A | f |
. 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

@®Case 2 : Fin=1.25MHz , N=2 --- Fin=2.5-Fck
Fn=1.27 MHz, Fck=500 kHz, 2Fck < Fn < 3Fck

1I

@COndition o Fn=12?MHz SEE e ——— 4|-:n-=-5.ﬂér;.frl-—lz |
100m1—
Buck DC-DC converter r: . l l
Vi, - 10V = 1 ak.
L:200uH > o
C: 47OI:1|: lim." Illi ni L ) . T
[y 0.25A Qi (B R le :
F.. . 1.25MHz | 4] [ ] A | | LI |
Frequency(MHz) ' ) © ez

Simulated spectrum with EMI reduction
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Transient Response with F;,, Change in Case 2

© Output stability

© Condition

2.37ml,, at F;, = 1.25MHz

Ripple:

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

= 1MHz
= 750kHz

5mVpp at Fin

2.77mV,, at Fiy,
Overshoot : 5mV

= 750kHz

=F in

1.25MHz

Settling Time= Ous

Fin

Static ripple is about 0.1% of the output voltage 1/,

stable

[Alabeljon

5mV/

2.(/mV

n N>

\/
Z. o1V

Vo

Transient response with Fin change
Response speed is important when tuning or switching communication channels
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Simulated Noise Spectrum of PWM Signal Case 3

@®Case 3: Fin=1.75MHz , N=3 --- Fin=3.5-Fck
Fn=1.8 MHz, Fck=500 kHz, 3Fck < Fn < 4Fck

|
|
I:n:l.8MHZ 4Fn=7.2MHg

| :l AN Y l

© Condition

Buck DC-DC converter
Vout : 5V | i bl |

L : 200 l'l' H ) H“IM“HMJMIJ\JI\MHIJ L ‘MI'HIIL ]m“h Ll |.”L..I.Jiilil| T AT R
C:470 pF \ ‘ ‘

Iout : O.25A 10u ! | ! | !| H

F. . 1.75MHz I

. Vdltage[V]

0 1 2
Frequency(MHz)

Simulated spectrum with EMI reduction



SpectumPW) 1Y

_ Voltage[V]

29/33

Simulated Noise Spectrum of PWM Signal Case 3

10m T i

A5Fn=78.75MHz | 47FnN=82.25MHz |
N 44Fn=77MHz 46Fn=80.5MHz 48Fn=84MHz

- = ! I

I

i.L .|||J|||l|u dvo J\|||\ﬁ\ I_JIJIIHJL\\ ol oo |ﬂlllH iy I.Jhl..“m.| . L‘LI Ao Sl b

Voltage[V]

u
u
u T
400n l

200n

100m

Frequency(MHz) 78 80 82 S
Tl -II==------.._______---__>
— /
\\ /
\. ./

a |

“Iiih.l.lll.l.- . .
o, Wit s Ll

40 60 80 100

ZorHertz div

0
Frequency(MHz)20

It is good for radio receiver to receiving high frequency signal without other
communication devices interference
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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
« Automatically generate the notch frequency from Fin

¥

Create notch characteristics occurred around Fj,

Using| F;, = (N + 0.5)F | discussion on direct generation
of notch in N=1,2,3 situation using PWC method
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Future Work

* 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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Qand A

QL1.Is any consider about filter design?
A: filter in this buck converter using RC filter, connect between Vo and diode, can
makes the output point becoming the dc voltage that no rush and without ripple .

Suggestion: The transistor respond is important when turn on and off in switching.

The select of switching frequency is important. The longer the switch time, the
greater the loss. Shorting the switching period can reduce the volume of the filter,
but it will increase the total loss. So we need to choose between these two
evaluation.
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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 Wn and Wi

= -
F
=
1

jomm=s
fem==

[T i o(ole]
R . | S

i
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................................................................................................... EMIVekD-
...................................................................................... uas ...l
................................................................................... EODE=UNSIGNED"
..................................................................................... DAC
................................................................................. o0 OuT)
e CODEFUNSIBMED . « « « « « vt oo DE . |
........................... B - 0 e e e e
.......................... e e o7 - |-
........................ e e oo oo . ... ... .CODEFUNSIGMED. . . . .
........................ e g e hRIN | DD
LZ1
Fmin e e ... B 2.
..... L—_lms T
----- v - CODEUNSIGNED - o
.................. . ... B [Em
..... ..o ADC ] g2 o EMIckd
..... IN - X =N [EMIcke - - - - - -
..... b [} N 7 R Fm - EMIck2
. L [EMIgkd. - - - - -
n—jf-% = EMIgks -
= EMlgks - - - - . -
oL | EMIekT
CUBOFL—— e e e e
L NOFL——
.
R e SRR
e
P T T T
=
L
........................................... E=NSIGNED
............................................. ADC | .
e T T s e s

B
...................... ——EN - -
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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

i 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 gther electronic devices

!; Set frequency of radio reception

Radio receiver ‘

Auto correspond to Fin change iIs necessary



