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On-line Monitoring Using SVD in a Electron Beam Welding

Choong Sup Yoon*
*Dept, of Control and Instrumentation, Taejon National University of Technology, Taejon 305-320, Korea

Abstract

Time series analysis results show the SVD is a candidate of on-line monitoring of welding penetration
when the covariance matrix of a full penetration is used as a mapping function. As the reconstructed
embedding vectors from the chaotic scalar time series are manipulated by the covariance matrix, the
mapped time series lie on a hyper-ellipsoid which the lengths of semi-axes are the squared eigenvalues
of the covariance matrix in the case of full penetration. These visualize by two dimensional stroboscope
views. The other cases like partial penetration, are different in the sense of sizes and shapes. Here we
test two types of time series; the ion current and the X-ray. The ion current is better than the X-ray
as an on-line monitoring signal, because the difference of the eigenvalue spectrum of the ion(between
the pull penetration and partial penetration) is bigger than those of the X-ray

(Received October 19, 1999)

Key Words : SVD(Singular value decomposition), fon, X-ray, Time series

el FAsE S3Pela, APz Asty

1. M = o] & o] FPstA shFsolol g, §HF X-

ray7} &8 W&o AAAXNE AAdte ol

AAH S golAet 2 Ao TR ouAd T o] W & &gl Hal 7H o] R

(10'W/cm®) & o] &3ted &4 S A HolA &3 AP nEBE F ke FUARieA A& A
o Hl&] &Y BAL /I o 300mme] ¥ & gujE o] lagith, B dteAle €39 A
o e £40AM 0.1mm 4R 2E $471 7 & 2EQlez RUHY & F U W datd A
ot £ 84 Q¥ AFgstn PSE B FlnA o). 4 AEHY dde sy RE
Yo wos Aedn e A48 Adlee]  $3oR ST 2AdAE AN 98, A
E3] T2 £ v &4 71 S84 Y AU Fel He 1EF A% R A 83N
, }"ég;é(‘%}?}—r £4), ¥A (Al SUS 58 & e A3 E Ve AEE F oA
=), DEAFE(Ta, Mo, W 5), 4357 & F  F 2 X-ray AEE Y53t 3FdA e AzeH S
(Ti, Zr ), 21242 &4 Fol 7bsstth. ojdd vt d7lo J4€ TN e F2 udFe &
Eﬁ"é]-Q-E Qldte] WM, QAlY, 3 Folo ’5‘9‘ Aoz AT 8 FAAH A 7WE
da &850 gor, 1 e AsA, FL/A £ AHEHREY, ol g WHES vAFEA ] 7RI
obo74x] A gulEe} stz itk dHoRE ¥ E ERY B4 d4e #FEslde A7

ww&g&q

iﬁ_

KRB HSEE $18% F19E, 20004 27 97



98

&34

%A ERE FE87] offthe Aot} 4olM e
7t g o] &% MY A|AYE AZEA (nonlinear
time series analysis)€ &3t &2l ZUEH 7]
g arlstaal gt

2. 7|1&0lM2 B2 84

a
=
o

Fig. 12 A2 83719 dele HoadFEnt &5
A HEd Ade &5 gde AR 58 ¥4
Eﬂ FHI FFAPld &2 AR CFEEE Ao
]

_IIJ o =

W ARE €32 wud. o A¢e S

2 Wibe AASEE ¥ £59 0.6971K 714412
G 9m, AR BE Ao AFAN 4B 28
g, 2UE AU ARl g8 2 gAY

(Coulomb HZ)wj &) Zi¥ata] Bl A S} I &
ol FiE™, 3 Uiz HEe FolHA &3
' Ewo] HA] genth o] 33 AsE & AR
A Az eze Az dFA <% (focus)
Y] AT, &AL 9 § ouix] des
AFEL #53] AodHE Aol 7hEdtAR 10°

W/em® o)39) tiegd] g2 dux YEg dg 4t
9311;"'12)
e g &2 ¢

| £& U8 /A1 5% 3
Aol 84 &l FEE w, HApy —r%oﬂﬂ l
B34 gy el of g 848

wolet AMHEd, A&EE AR @9 I_Zﬂ

i

oft

@

Cathodg

\

I

o m

oK

Anode

electrode
COouSLIge

Gun
chamber

o
=2

@ﬂegﬁ

i

colle
Work ]
chamber; X-ray =
q@ detector

{ Workpiece
Keyhole

.
=]
BE

o
=

L

5

a
=)
=

e

Sposernons.
Welding direction

Fig. 1 Experimental setup

98

dquUA L A4 gz BE F49
ol F4E AA Ao 1AL AP, V)
E(keyhole)olgHe A& A HEA 7138 ez 9
gt ol2A Y F&F7IE 71E JHE £X
1 FE5%71E £EA 7] AEdr). o
£35719 8L WS¢ EFFHACE dojur JE
Aol %S Ve st &3 ARz JgE v
Atk #2d 245357 £3E 29 Y4 34371
(metal vapor) :FL%-%"% FAsta, AFA LR AR
H UAE F48te] Tekzel AHE HEEEA
Abo 2 EFOAAEY, 1 AF HAAFNAM U3t
AAY L oju] g Wz Bx] gu £4 8 =g
o E3 71 &M AR UAE FF @A g
£53H 2 Wl

$ARY 4

algt

s o] AP e ol & @ WA 4 2

29l BAlE AAYS SRNIES 22 gl 4@
AR &%, A& A%, g10lth o 7189 54
% FAY JAE FH) Y3kl A2 A 5ol
ANALTE. 3 % 7% 2Fe 45YSE BT 9
& Golsk A2 FHIAAN, ApAA <o) A3}
& EHozRy o] WA aFdty
Sl BAY AL A PHAE o §d Fed
QTP FEU 40N FE A AL A1 o
o 7134 Walel We 9 AN WHE 1T 4

i

3T, Fig. 2€ 7249 A¥E AAHE H43 &
& (shut off) ¥, sl A& dHE 7E2= 3o
4 a2dolth, VA AN HIAY =2y
(profile) & Yehll=d, §H&= A wet &

g, 58459 8502 AARY AL}

e RoM ZRAoE o Be &) WP Ay

9] $FUA & o} 2L HEE F& FV|E WS

A Hol FHE WY, o FEE Z2AM
[¢)

(projection)e|gta F-Er} whdd] FHFH oz 11
9 3% FVE ¥ BE & I 98s ¥ S

t] Al (depression) o] ZtaL H&
7189 o7t g8 =24 qﬁi’ﬂ"’u A
F7Vela o] EE £-8Fdlle YR F83h, W
d 34571842 71E(keyhole)d] 5&%, W,
T4 g o3 FrHed 01% £A A )¢
AT FA o] HFE 71&S e Ao FAR
o Fesitt M IR 84 Y 7é—r HE HFAY
v A5 28R E& Feo HE 43 A%s £
g e,
AAR D S4B F3gos sl A4

Journal of KWS, Vol. 18, No. 1, February, 2000



AR £ M SVDE o] &8 2k 2YEHY

99

Electron beam

Ion current : from

the positive ions
o 0® -100Vac
§ o
e :.L
| 0
) =2= UV light : emitting from
the plasma

X-ray : by impact
at the metals

@0

b Sound : changing the
density of metal vapor

1R light : emitting from §.
melting pool

Welding
direction

Fig. 2 The profile of the keyhole,

&3 2t A AR 5 B2 (back scattering) &
A1 &7 Zo| AxMEo] T3 A-Foltt. (1)
AAEe] BA B FEY o R/ @A Wi
AH WA E AAELS, dAAEC] UFE HAuE o
TEAUAE dF S43EA HAbE Y Yo 43t
A A} (primary electrons), (2) A7t 243 &8

: :‘iﬁx}i-rﬂ HEHE o|AAA(secondary
electrons), (3) @eoll 93 A&t W2 (thermal
electrons). ¥ ‘f*Wﬂﬁ AREo] &3 2T o 2
&AxzRE dYsHE X-Ho] g}, o] X-AL da
AAEC] A48 o F713h, X-He &3 aa g
JE A7 dv A2 d8A Ao A HAE &
Z712%E @A o8 A (Z=zrholtt. v
Soz Yol WS ZelzuldA S ste 29
A gt F& S 7 HeMel vk, o Y=
4 B} (heat radiation), =3 o] Ut}

53] o] 2A /e 71& A% 2T BAVL sl 7
%9 Ase AN #EE £ Slv) 1Y Zekzn
o] & AF7I XE& 39, 718 BYFe A o]
HAsle] Bkttt AL onldit}, o] udy e
o] AAEE, £ ATE Tt v &
t}. &, °1%xﬂﬁ“‘r7} Y=L 83 HLE AAGstol ok
g, o] A Fe AFAR, AFAAEY M| EAO
2 43 4% “‘5 g 238 4 Yas”, EF oA
Fo Fo B SHATY &S Yol & F71 Y. o9}
Zo] oleA R A 2 AFFE ST 8HE
e 2HERAE S 5 v

RERISHEERE H18% 1%, 20004 24

3. MEER H d=siY

2 Ago A8 AA FX e FYE22 60kV
9 7}—‘*74 &H 100mAS] A AR/EZ Ho 6kWH
& F Stk F 7Y AA 7 ARREH A= 0
’.‘_%a A&7 H?S}OC] txd g Zg W
o] A% 4 (gun chamber)d| A712 o2 ZBjA]
AR U (Fig. 1), o] 2dFE A3 H3t9
o] FH(ion collector)dE ~80Va2 76‘7‘4 ‘1’:}9—
RERH ol FHP AHAE H1
AFY Fo2 G, v X-A A&
A (survey meter) & Aol X8t
3}, oldd® A A7 L J&E2d A
Z78t7] fisted AR AX o 2H At ’1‘_‘51
g &3ttt

FHol €347 (4 &% (full penetration)#
B5-89] (partial penetration))a* A7) 93t AlH
o A A AFE SHUSE 4P ¥
499 A¢= 5mm—4 Al A FA ol 20mAS] A ARH]
AF('C1 ) 10mme FA) 30mA('C2 )& A%
93, 849 A Smm F7A9 30mA AR
AF(C3)E 24 ¥R 448l A58 =53
. A% 85 F7)8 10kHzE AR89 1, 4SS
9 JpEAge e xAes 2489 AHLE Al

}!4

L0 3 o

22
}o{t

:IFL i

I YR ) )

AL =2 EEF AT0510]t}
Fig. 32 5% 439 d8E HoFa a,

Fig. 4& 4096712 dlo)€ rﬂﬂ FFT(Fast
Fourier Transform)e]th. C18] o]& #AFe A,

10Hz8) %7149 29E Bolz3 9}, %e A
AFE Qo] 719 gole gAd FAHA o}
I &N WAGE FEZY) BYFIE BAEA o
o Ed Y48 2E527)E ¥E Yo 2L ¥4
SHA AAFANN 28 AR QRS Foold]

Ion
e DO

ClL

X-ray
=
Showm

Ion

c2
— ) SGIOUI O = bO

X-ray
=

timé(sec)
Fig. 3 Ion current and X-ray signal

99



100

&% 4

10
5 5
(&}
0
0 10 20 30 40 50 60 70 8 90 100
1 - AU AU
g S 5 L&/\
a 0 ; - “ \ &
0 10 20 30 40 50 60 70 80 90 100
300
o 200
8 1ug i
300 500 1000 1500
= 200 ]
(&)
108 A,MHJPIJ R AT S b
0 500 1000 1500
- 300 X
& o 200 ]
2O 1001 et bibbeis bt
300 500 1000 1500
6 da iRl s 1

1000 1500

Fig. 4 Power spectrum

Zaizel Au R AFEUA ApFog Zojz|A "},
o] 3t AR UA & AR HEHA o} 7| &S
YA Eg)

71&0] YEEFE v ¢ B33 e NIE Y&
g 4 gled, ol Be Z2AAY Iy Ho] &
o dAsAThE AL HAFY 13 B F4537
o] &2 0|23 JH 9 F&5& AP R EX e
e BEo] AFAy) A% Ao gy EI A

Ao AFxe AYA R 10T gof 0|3
o] F4& AAE AR c|BATEH dE @
T YE2 o] 23lE F&E FHI MEAIIA
HH, o] 23} Fule g4 AFAlold] ArHez

ARo2 Be AFE 52/ Tt o) E A8 9
gt AAH &3V A FEEe A9E &
Ao g AYA Y, Fig. be ofa w4 AEH &
74N AANAF, &Y AF, o)edF €
X-ray& HolFu),

ol FE dHFERe EAe 1.5%27}) 245

Beam
= -

0 05 1 15 2
0 ,

§-0.1’

Y
0 0.5 1 15 2
3 , . .

o 2
: : .

time(sec)

Fig. 5 The occurrence of arc~discharge

100

=4 ole F&¢] $ud e AR oA ofawA
o] IAY3tE F-E& £70| HA guth o] At A
AR £47] 5oz AXNE A ATz WP
A Atk AFH e ALAFA = ol T
< 2e¥ 4 Qo
o] A F9F X-ray AZEQ A7 WFY xo|& A
3 A#FAA F4(cross—correlation function)® 1
el & 3tk €39 A$e C1 % 29 vlE) BLE
AIZIZEA ] W oo HEecH(Fig. 6). ol& €39
MEol FAste AL HAEd, £ F 459 A
¥ Jd=2% g velle ABA S (correlation
coefficient)9 #2 Cl19 #A¥ 0.7930, C2+
0.5616, 28l2L C32 0.4111°]%, 7189 EXHA
o] BRAFE FAATY #HL AL & & e
d, ole F AaEY BAAY gt I A&
ofulgict,
! Pl
s S s v
o T N

05 AN AU N SSUUNT SR S
20,02 -0.015 -0.01 -0.005 0 0005 0.01 0015 0.02

)

1

0.5 b M /\ ..........................

[0} SXLRCSRTS S SR JURU v S URN SOOINRRE SN

-0.5 .
-0.02 -0.015 -0.01 -0.005 0

1

c2

0.005 0.01 0.015 0.02

0.5 premreee R TR o VOUTE SRR SO
3 0 foeee T ..m/ \ .......................
-0.5 i i
-0.02 -0.015 -0.01 -0.006 0
tau

]

0.005 0.01 0.015 0.02

Fig. 6 The cross-correlation of the ion current and
X-ray

4. HIME AlHE A

7t AlzdoA Y5 Aoe Hdgdoln
ErE Aot vy &AL 2 "o’ kA a 3l
¥ 24 &4 (deterministic) 1AL ol &
F&o| et} o’ EAFEL ndg A
(fractal dimension), AEZH (entropy), o=
I A4 (Lyapunov exponent) 5°] l&d o] Al
AL HolEE AT (reconstruct) Foz2M 7153l
o}, o] AFLE “nAY dA AEE 2§ U
oeole] & B HE Fruro g AFAo| drt g
£ Tanken”®] o| 8¢ & Aot} 1 o] 7fj8e
v} 2t

ARZRE &I 274 A3(s()), j=1,.....)8
me A5t w9 A7t 744 (time delay) &2 A4

rorr

Journal of KWS, Vol. 18, No. 1, February, 2000



A S04 SVDE o83 239 2UE

& o AFAE AR (X)) E B 2o BANE £
AT,

X (1) = (s(1), S+, (142 D), v s(1+(1-1) 1)
K(2)= (52), 5241), SC+2T), s+ 1) (1)

i)(i) = (8(1), SG+T), SAH2T), vovvernneen S(i+(m-1) ©))

A9} o] AFAE WEl e mAD B4 & AL
Aasta, i€ WIAI)E A X (trajectory)E VERE
T 33 Aol 22 A (Y DY) AEE vin
HA W3 (diffomorphism)¥ Zo] Hr} = Y74
g A=t Bl (attractor) & A, A48 AE
FAA M B7 vEhdt orlN mE Y
(embedding) xFd ol gt stz Lol AA 7} o]

e MidEne AL dulsh m=2-] +12 A
Ak FEsTE Aol FHEAT

A3t fsted = A AH YL S Fale
Aol FoEY Fastth, AI7ZEA0] wg AHRHE
(correlation integral) #& Wl YAl et} 73t
of 3 "R FF HaHo| He & AAdez A
Ao AAF B ti g go] FolA,

€)= £ 10 X OT () ®

o714 8+ step functiono|™ |F(i)“)?0) =
AEHE 9} A Pt F FAlold #EEgt
AYE Ui, & "”47—‘1-‘%-‘-’- WA eQl TE A3
o, F UWFAY & 7 HollAl wiEete] 723lo g
gl Fig. 791 dlelel 7,50070) g A&
B}, ol RH m=109 %94, ol&

-rays®l A, AYALo] m=671A& A
N FEH LMol v=5H Wele], xho] m=70]
T=6& AUt
Holl it FnEH 12014 A|e FNN
(false nearest neighbor) W& 283t} o] 4
HE Aol alolM T B e 2HA AR 2}
1S 27718 F e M2 2F-0l =X gt
Ag oulgtt, & FNN9 71 0%< A9E vdz)
dog AR Fig. 8 =69 ALY 2o
2 FNN HE RAFEd, m=994 FNN H]&o]
0%2.2 go{A},

AAH &9 ZAold U sexd FAH
(quantitative) 7] #(ZdE A5, AERY] ol

oX FE [
rﬂ‘- flo 2 v e n!io
L r.s]o

REIEBEREEE H184% F 1R, 20004 2R

101
-2
-4
= o
= S
B a6
g g
@ 2 g
8 g
= §-10
& £
Q Q
&) ©-12
14 14
-16 16
2 4 6 8 10 12 2 4 6 8 10 12
delay delay
Fig. 7 The correlation integral
100
S
Z
£
7 8

Dimension{delay =6)

Fig. 8 The percentage of FNN
(solid line : ion, dashed line: X-ray)

ZL X A F)E AAT BYEHY A&svdE
AHAQ Ay} Be Aike] F& Ao stn gt
7V, ABAF| e JFolA T A3} Zo| &3
(scaling) 9049 =AY X4 DE =Yg A-gn
6‘};}13)'

C(¢g) oc g? 3

9 2& FH g FHolE o]AF 2 X-rayel
et Fig. 99 &g =7} dojx e HH 73k
o 71717 =g Aot 9ok & 2AY W90
B oe<e<eg)olA 2(3)e] Yol W A7 HA
(self-simililarity)e] A€E . & 4 vk C39
A% ok 39 & /A1 Cl13t 29 A9 ¢ 2.5
9] &g 7Hxlt,

AlAE dlolele it T84 P (covariance
matrix)2 3 o] Fojxo,

N-ml
s(r-m+i) - s(n-m+i) @

C= Nm+l

n=1

101



102

ton{tau==6, dim=9) X-ray(tau=6, dim=9)

0 0
5 5
© ©
g -0 £-10
@ =
[=7 (=9
2 £
L -5 2 15
o [a)]
bo ol
2 2
-20 -20
-25 -25
10 -5 0 -10 -5 0

log2(epsilon) log2(epsilon)

Fig. 9 Estimation of fractal dimension
(left: C2, middle: C1, and right: C3)

714 N& A HelHel A% ekt o F
pae 049 9207 dEd 28A @e Aol
HA WEE A2 Q0E o8k ol nAA B

AE o] &3t d43le & SVD(Singular Value
Decomposition)olgi &, PCA(Principal
Component Analysis), Karhumen-Leve W%,
Empirical Orthogonal Functions 9 t}& o[ &
o8 B#A 1 gt} 712 SVD #14L vjAy dE =
AMEE AL Q1o AlzEle] & JEE FA Ye AT (H
o] & I/HA)E AAY ¢ AUt} Fig. 102 ol&A
F 2 X-rayel g ufA 2HEHE HAF,

=

L2

ey v v

3

o 0.1 ¥

2 0.05 * ¥
© +

& 0 ¢ 2 g2 P

B 12

&0 <L,

5 8 *

L

s a2 og g

: AL IS
% °
50

-1 0 1 2 3 4 5 6 7 8 9
eigen basis

Fig. 10 Eigenvalue spectrum (0:Cl, *:C2, x:C3)
B = A QA 282 BUEEY 7Y E et
Aok 4 gAL9de] TR m xm PEE o

A=Y -TL‘ETPF: A 7134 B dolHE AHeEt] T3
g AL HeolH A4E & HAeZ ASs)
FolA "]7}2]@‘4 g2kl whel A8k 2
Zgelor 3 FEA FEAA F& o AVIN F
24 382 AMGE HolEst BAHCE 2-Bd
(hyper-ellipsoid) 2%¥& 7FW #4444 E& BAF

9l
),
o]

102

A A 7 mofo] HolAW HEEH 2 1 9
2 Vepdch. sjustd, w62 WEHE AudE
o2 AFsa nRA% AFEE NMELZ J
2-et9 & SIS W AFAAE dHolEHE 9
-l ol M & B EH 7] giiol|c), V
Fig. 112 75070¢) €39 d 1E1°ﬂ e 2% 2E

A G HoFey A48 Beor Xy
01 Alt} A Fig, 12% 75007114 C3¢9 HolgE
o] &3t FEA FHE FI thFol 750719 C3
olEi g} F& IS o 2% AEZH Az:vE
et} o] aYAAN xS DHAI S E gl ol
g Zolth, y&o gk aHX Fho] Fol AFE(i2,
i3, ... i9) ¥ZFo] AZ3F Y] HokE 717

TS

Boorlr X o R

i2
=
A
»h
<
) i3
_ o =N
E‘ -
4
— j] — DN
A
% e
kY
i5
— (=3 — DN

101 2 -1 012=-1 01 2-10 1 2
10 10 10 10
%o m %o T m 0 %
S & ¥
e 2 % HE
0% 100 10T o
10 10 10 10

- - - -1
1910 0 101910 0 10 10 0 10 10 0 10
1 1 x1

X x1 X
Fig. 11 The stroboscopic view of C3

i2
=
i3
-
. 4
— O e [}
i5

T = ]

10t%0 0
x1 x1 x1 x1

Fig. 12 Stroboscopic view of the mapped C3
(i : the state of ion, x: the state of X-ray)

o 0 100 o 101%0 0 10

Journal of KWS, Vol. 18, No. 1, February, 2000



A 8394 SVDE o] 43 22}l BT 103
Fig. 135 75071 C2 Hlol8 & FE4t dEof AMY 2. H. Schultz, “Electron Beam Welding , Abington
Zol ~2ERR A:YE HoRrh gA L9 AL} Publishing(1983)

Hlmsle] Bul 37): Dol 3 Bl9le] Rk iR m 3.J. Mesquita, H. Gouveia and Pinto, “An Integrated

2)]] E'ET]—E]- T3 o] MBS ANE AEZE AT Model for Keyhole and Temperature Calculation in

g& X-rayd] A Hlmste 1 xpe]ge] $-Ldir,
ol (39 oleAF AHEHY C2 ¢ C19 AHE
F 2Z7] WE7t X-raye AEG B2 o7t ¢17] o)
wo[th(Fig. 10 Fx). AlA &9 BHAA o] F
AN E X-ray A 2o 448507 #2890 73
et ol o Sttt #E 5 it

. c2
2 2 2p 2f
1 1 1 1t
) e <= 2
5K BENE WEE EEYE
o v
-1 -1 -1 -1
-1 ¢ 12 -1 01 2-1012¢-1201 2
2 2 2 2
1 1 1 1
L el X x
0 % 0 & of ot of W
-1 -1 -1 -1
-1 01 2 -1 012 ~1 01 2-1101 2
10 10 71 10 10 )
o o g - : ,
ENIR s [Bo} # AELK b, 120} 5
o ¥ '+ N
Mt abl ST Latn
- - -10 -10
1(-)10 0 10191 0 0-16 O 10°-10 0 10
w5 10 10 10
Yadin o, A ad
it 4 b o] % ad o .
%o, b |520[ H %0f * * %0 ; ]
SR Al y N + o
s b @
- - -10
1910 0 101010 0 101"10 0 1910 Q 10
x1 x1 x1 x1

Fig. 13 Stroboscopic view of the mapped C2

4. 4 =
71 AEPAQ AT 719 nAgH 8AE
AgAog FANZ| B BAEA &4 dA4S 7]
3tedE A AT B dFgqE e @

Hg B3 AAL dolHE ATHR ) AN F
o o3F B 7] B RFE o)&dte] FHE
93 HEEAe FTRY & A9k, oD P2 Py
e AR A R dolg) Ao} 22 BUHoE
AEF % kAl Aok, EE A2l Ao B
3} 2719 Wkt MARAQ B A4S FHL

e A& GAEUT
ST )

1. 8. Schiller and ete., “Electron Beam Technology’, John
Wiley and Sons(1982)

KA HEAES 5184 19, 20004 24

Flectron Beam Welding”, Second European Conference
on Joining Technology(1994), pp. 777-787.

4. G.1. Leskov and V.M. Nesterenkov, ‘Plasma Flows and
Thermal and Hydrodynamic Processes in the Vapour
Gas Channel in the Electron-Beam Welding of Metals™,
Automation Welding, No. 6(1978), pp. 20-23.

. V.M. Nesterenkov, “The Effect of Oscillations of the
Electron Beam on the Nature and Intensity of Plasma

[$21

Flows in the Vapour-Dynamic Channel”. Automation

Welding, No. 8(1978), pp39-40.

6. G.I. Leskov, V.M. Nesterenkov and L.I. Zhivaga,
“Currents of Plasma During the Electron-Beam Welding
of Plate Steel Structures’,
4(1980). pp. 16-19.

7. K.Q. Mauer,
Current Pulsation Frequency and Current in the Work

Automation Welding, No.
‘Relationship Between Secondary Electron

During Electron Beam Welding and Geometry of the
Weld", Automation Welding, No. 3(1982), pp. 47-49.

8. V.M. Nesterenkov,
Beam Welding on Ionic Current Parameters” .
Automation Welding, No. 3(1982), pp. 28-30.

9. F. Takens,
Turbulence”’, Springer lecture notes in mathematics,
Vol. 898(1981), pp. 366-381.

10 W. Liebert and H.G. Schuster, “Proper Choice of the
Time Delay for the Analysis of Chaotic Time Series’,
Physics Letters A, Vol. 142, No. 2,3(Dec. 1989), pp.
107-111.

11. H. Kantz and T. Schreiber,
Analysis’, Cambridge Nonlinear Science Series 7,
Cambridge University Press(1997).

12. M. B. Kennel and etc.,
Dimension for Phase-space Reconstruction using a

“Effects of Geometries of Electron-

“Detecting Strange Attractors in

‘Nonlinear Time Series

‘Determining Embedding

Geometrical Construction’, Physical Review A, Vol. 45,
No. 6 (March, 1992), pp. 3403-3411.
13. P. Grassberger and I. Procaccia, "Measuring the
Strangeness of Strange Attractors’, Physica 9D{(1983),
pp. 189-208.
14. D.S. Broomhead and G.P. King,
Qualitative Dynamics from Experimental Data”,

Physica 20D(1986), pp. 217-236.

“Extracting

103



