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Standard electric circuit

Noise

IGBT Noise

Where noise come?
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Noise vs. frequency of J-PARC-MR

AMPLITUDE

AMPLITUDE

BEAM COMMISSIONING OF THE J-PARC MAIN RING

H. Kobayashi for the J-PARC MR group, J-PARC Center KEK and JAEA, Tokai. Ibaraki. JTapan
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What is noise??

Electric charge (Circumstance)
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Electric and magnetic fields are produced between two lines




3 conductor transmission lines

2 main lines
V1 I1
é |, +1,+1,=0
V2 |2
Vs |, Circumstance line
(Noise)

l,-1,= Normal mode  (Usually considered)

|,+],= Common mode (Usually neglected)

Usually two modes are coupled.

11 We should treat these two modes simultaneously.




Multiconductor transmission-line theory

C.R. Paul Book ‘Multiconductor transmission-line theory’
(780 pages)

Electric capacity C

N
— V.7 81, '..t BV 7..t
_Xj:cuv,(a.,t) (z,t) _ i yyes chitl )

i ox
Charge Potential j

Coefficient of inductance L

N
- Z LijIj(I, t)

Magnetic flux ~ Current

am(a t) Z aIJ z,t)

l,j=1...N are numbering of transmission lines.

Transmission line equation written in any textbook (N=2)



New transmission-line theory Toki-sato theory

1. We reverse one equation

Coefficient of potential P

AV (z, 1) N aI(x,t)
—1 = — J
P=C TR DL

1
In = E(Il o 12)

Normal mode V =V. -V

n 1 2

Common mode V_ = %(V1 +V)-Vv, I =1+1,=-I
L=L +1L,

o - 11
-+ P=P+P
c ¢ = 1702
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Coupled differential equations

oV, oI, ol. Py

ot " Ox "“or p

oV, ol ol

,C:—Pcn,n—Pc c ,

ot or ox

oV, ol, ol. Ln

5z - a m

V. oI, oI,

6z~ o o M
C=pP"

P11+ Py —2P12

1
5(1’11 — Pay) — P13 + Po3

1
Z(Pn + Py + 2Pj9 — 4Py3 — 4P53 + 4P33)

L1+ Lag —2L19

1
Z(L11 + Laa + 2L12 — 4L13 — 4L23 + 4L33)

1
§(L11 — L99) — L13 + L93 = Ly

Simple equation

Coefficient of potential (P)made calculation easy.
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Symmetric arrangement (1) ‘ (2)

P.,=P,, and P,;=P,;(same size and same distance)

Decoupling of normal and common modes.
oV, ol,

- —_p—_T 9%V, L, 0%V, 9%V,
ot by - = — = L.C,
Ox? P, Ot2 012
Vo _ _, Ol
or "ot (Textbook equation)
V. _ 0L 9V, L.9*V, I C 92V,
ot “ oz ox2  P. ot2  T°° o2
Ve _ 0L
r bt Propagate with light velocity
- L_...1
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2. Coefficients of potential and inductance

. 1 Q10>

VQ("‘):4mE 17, ) Coulomb law —> P
- 1113

V,(r):%_ . Amperelaw  ——> L

Neumann’ s formula

poo1 1
Lo1 = . ds: dl dl:
2 wsls-z/ 9‘/ ”/ ‘/ 217 — 1o
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Coefficient of inductance

poo1 21
L = d dso (1 —1
T s [ s [ dsating =57 =1
— 2’; 5.5, //(ln?l — In |F1s — 72| — 1)ds1ds2
= —(ln 20 -1 — E //ln |T1s — T2s|ds1ds2)

Geometrlcal mean distance (GMD)

ll'lb — E //ln |rls = r23|d81d82
21

Lot = 2"—7r(1n21—1—1n13) 5 (n=—1)
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Coefficient of potential

Charge distribution is same as the current distribution
dl(x t) &Q(x,t)

Neumann’s formula Jt
Py = d d dl; | dl-
4 4’T€l 515'7 / 91/ 9)/ 1/ )| r — 7‘)|
P ! (1 1)
21 = 5 ns -
2me b

P and L have the same geometrical expression

Py 1, Characteristic impedance
2
Lij tf szsz = Zij
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Three Conductor Transmission Line Theory and
Origin of Electromagnetic Radiation and Noise

Hiroshi Toki® * and Kenji Sato®™® T JPSJ 78 (2009)094201
Journal of physical Society of Japan

Normal and common modes usually couple.
Common mode is the source of noise.

To decouple the two modes, two lines should
have the same size and same distance from
circumstance.

However, it is hard usually to satisfy this
condition.
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Source of noise Common mode is a problem.

- = I + [=]

«—

J

Nearby circuit

Y J/000000000200027
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How to decouple from the circumstance?

Introduce one more line and make the
Influence from the circumstance minimized.

Q O . .

2 main lines
Q O
> 9 Third line

-
\
N
N
[
\
~

Circumstance line

We can verify then that a symmetrized three line system
makes the normal mode decouples from the circumstance.

11.6.29 toki@rikentheory 17



Confine EM fields in a circuit

Middle line

Connect here The middle line is a part of circuit.

Arrange electric loads symmetrically around the middle line.
(Decouple normal and common modes.)

Sato-Toki; NIM(20006)
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HIMAC method (Sato-Toki circuit)

Symmetrization
T\ TN - - - - TN
® @ 7;7 ® ® ® ¢ 0 @
C\D T T T T = —
I 4“”65‘" SN ST - - - ST\ -e——
Power  Noise filter Magnet (Load)

ppm noise level
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Synchrotron magnet power supply network with normal and
common modes including noise filtering

K. Sato, H. Toki™

I I
2 : . .
— — 3 line lumped circuit
O O
U1 I,-], -], “Uz Ui an app aiz ayg U
O M, O Vi a) ax» a3 axy Vs
Vv, | ‘Vz I | |au an an au I
O O Ji as1 ag a43 Aas J>
— —
1 I

Normal mode (We calculate this part)
Common mode (We do not handle this part)

Ui+ V; bit bia b1z bis U+ V>
I +J, by, by byy by I,+J>
Ui—Vi | | ba by by by Uy — V>
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Normal and common modes decouple
with symmetric arrangement.

u (bll b1z bz b14\
° £ ° by by by by
bs1 bz b3z b
o Kb41 bap baz bag /
(1 (Zu+Za)/2 0 (Zu—Z4)/2)
0 1 0 0
o Z o o @-zon2 1 @i+ zo)2
Z, \o 0 0 1 )

When Z,= Z, the non-diagonal term becomes zero.
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Normal mode (I+J) magnet

l "
o—= > — Upper line
o= | Ll . Middel line

=
e I I B i —  Lower line

Common mode (I-J) is not used.
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Physics of symmetrization of J-PARC (MR)

AMPLITUDE

AMPLITUDE
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Include EM radiation

Vs |,

4

V2 |2 Vﬂ
[ +1,=0

*\We can work out new multiconductor transmission-line
equation with radiation starting from Maxwell equation.
*Again the Sato-Toki symmetrization decouples the
normal mode from the common and antenna modes.
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Noiseless electric circuit (Noise is EM wave)

_ Va _ Va

N Pt I

N——an, —%*
<i‘\7°v u<i4v°v

P F L, P, RM L

Transmission-lines have P, L, R, M effects




History of Transmission-line theory

Kirchhoff (1857) : Electric transport equation (1 line)

[
I=—4yl(&Q+ 22 al) a_ L Yy =Iln—

r\ox ¢y ot ox ot o

* Heviside(1876:1886) : 2 lines and use C

.8 a8 .08

d VAV A VAV A B VAV

y =Iln— — —
o

baseline

Maxwell (1873) wrote a textbook

Discuss both P and C
V,+V, is meaningless and take C

Vi= EPiij Q; = E GV,
J J



Conclusion @

» 3-conductor transmission-line theory

* \We calculate coefficients of coupled
differential equations using P and L.

» Usual electric circuit couples always with
circumstance.

3 line electric circuit with symmetric
arrangement makes noise free circuit.

(Sato-Toki symmetrization)
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