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Motivation

TMF contacts using for higher gaps

= Vacuum circuit breaker as SF6-free technology

» Long gap distance for higher voltage level: Most of them focus on AMF

= But TMF common uses in medium voltage level, because more inexpensive and show lesser contact resistance in
closed position

= The aim is to test the highest possible gap for TMF contacts, where the TMF effect can be further explored

= Therefore, Optical and electrical investigation for evaluation of arc voltage, mode and movement carried out

= Gaps up to 45 mm and current of 31.5 kA rms (45 kA peak) with two different materials CuCr25 and CuCr35+
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Experimental setup

Vacuum interruption for single and double break

= Servo motor with a drive for programmable gap
‘ trajectories

» High-speed camera for optical investigation of the arc

Arc Voltage

Pumping connection
Observation window ping

Copper shields il )
Ceramic
Contact movement insulator
_|:|_ ] Lkt i : r K Supplied current
J ‘ Y @__-_
|§ : Bellows ‘;.
~—y
Moveable switching rod Fixed switching rod Spring
Contact pieces
Pressure measurement
connection
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3% Technische
% Universitat Influence of contact material for rotating vacuum arcs using increased gaps above
: 24.09.2024 9V 9 9ap Foli A DRD
25 Braunschweig 09.20 20 mm | Timo Meyer olie 6 R0

O sces

Institut fiir Hochspannungstechnik
und Energiesysteme



Experimental setup

Methodology
5 T T
» Contact gaps of approx. 20 mm, 30 mm (t1) and 45 mm 4 — ! !
(t2) at current zero are tested 04 - 357 : LT o
] 1
35 - :g:p; i | | s
= For 45 mm, the frequency is lowered to 35 Hz = ! .,-"!‘ =
1 1
s ; 2 i - 40 B
1 = " ot
= Two materials were tested: CuCr25 & CuCr35+ o e ' &
s X T |30 o
= o 1 1 g
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= Gap 1 velocity approx. 2.4 ms & Gap 2 velocity 3 or 3.7 s | L 20 S
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Experimental setup

Mirror arrangement

= Mirror arrangement for a 3D-Model of the arc
= Evaluation of arc speed and rotation

» 12-bit high-speed-camera records 30k frames per
second (fps)

Observation wim_i_nw

Fixed [
switching rod s
Switching
Pumping chamber

connection —
B Moveabie
switching rod

B P ressUre
measurement

Contact pieces

Electrodes

Ve v = Mirror

Switching /

chamber
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Investigation

Design of Expermients

» For each gap distance (20/30/45 mm) one contact pair up to 31.5 kA rms
» Two materials CuCr25 & CuCr35+
= 80 experiments carried out

e TMFI50 Hz | TME/35
TMF /50 Hz Hz
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Long gap as single interruption

Equipped with CuCr35+

= 20 kKArms & 34 mm at 50 Hz
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Long gap as single interruption

Equipped with CuCr35+

= 31,5kKArms & 44 mm at 35 Hz
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Number of arc rotation

= Number of arc rotation CuCr25 = Number of arc rotation CuCr35+
20 20
18 18 - e
16 16 o)
= 14
i) c 14
= o
g 12 ° E °
5 k S 12
fv S
5 10 i S0 .
a L ® —
£ : = % s ?
Z 6 ° S
[ ) [ ] z 6
4 L J
. 4
2 9 o *°
[ ]
10 15 20 . . 25 30 35 10 15 20 25 30 35
i_rms in kA ) .
i_rms in kA

e20mm e30mm e45mm 0T B0 i s

Current (RMS) Contact gap Current Contact gap
20 mm (50 Hz) 30 mm (50 Hz) 45 mm (35 Hz) (RMS) 20 mm (50 Hz) 30 mm (50 Hz) 45 mm (35 Hz)
20 kA 52+1.17 5+245 18.86 + 1.26 20 kA 1.80 + 0.51 1.99 + 0.29 419 +1.30
31.5 kKA 7 +0.82 81294 - 31.5 kA 10.36 + 0.90 17.79 + 0.41 14.18 + 2.1
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The arc mode

50 = . 250
The time course of the arc mode 0 3 2239
40 § 200
35 8 -'3 8 175
= During the emergence of arc, different modes are E o | S = 5
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» Detected with High-Speed-Camera 2 / o
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Arc appereance diagram

Why using an arc appereance diagram?

» The arc appearance diagram used to classify the arc = Automated evaluation with python
mode by instantaneous gap and current

» The change of mode marks a point in the diagram

CuCr35 at 50 Hz

= Aim
— Determination of the required mode (avoidance of
strong contact erosion)

— Additional examination of the contact trajectories to
investigate the higher gaps

Jet
® °
..
5 10 15 20 25 30 35 40 45 50
constricted fin kA
e constricted e Jet e diffuse
ity
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Arc appereance diagramm by each frame

= The automated evaluation enable an evaluation of each frame
» Every 30 us detected the arc mode

CuCr35; 31.5 kA; 25 mm (C26) CuCr35; 31.5 kA; 35 mm (C22)
45 45
40
40
35
35
30 30
25 25
20 20
15 15
10 10
5
0 0
0 10 20 30 40 50 0 10 20 30 40 50

® Anode &/for Cathode let @ Constricted @ Diffuse No Arc @ Plasma Jet ®Anode &/or Cathode Jei @Conskicled ®Difluse NoArc @Plasma Jet

Anode &/or Cathode Jet: 3.17 ms Anode &/or Cathode Jet: 6.83 ms
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Jet mode

Duration of jetmode increases by gap

» Jet mode increase by higher contact gap, while » Jet mode by different material and current

constricted mode nearby constant = Increasing gap shows a longer duration of Jet mode

CuCr35 at 31.5 kA

10 Jet mode
S 10
L]
9 9
%) 8 o 8
IS IS
s 7 £ 7
g 6 8o
: % ; } ?
e 5 e 5
[ ©
G G
4 4 ?
5 4 § :
® 3 g 3 ; T
> =2
g ¢ 1
0
0 15 20 25 30 35 40 45 50
15 20 25 30 35 40 45 50 WY —
gap in mm a5
Jet CuCr35 at 31.5 kA e Jet CuCr25 at 20 kA
o Jet CuCr35at 31.5kA e Constricted CuCr35 at 31.5 kA cuetbubren @ eLubresa
e Jet CuCr35 at 20 kA e Jet CuCr25 at 31.5 kA
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Conclusion

» Results: = Qutlook:
— Tested with CuCr25 and CuCr35+ up to 31.5 kA — Comparison with AMF
— The increased contact gap has no negative effect on — Arc mode verification by arc voltage
the arc rotation or arc speed _ Opening of two gaps for higher gaps
— TMF-contact is feasible for long gap applications _ TRV and post-arc investigation
— The advant_ages of low Iosges an_d inexpensive _ Step curves
manufacturing of TMF-designs still apply ‘
. Endschalthub ~ }-----------rr
— The arc voltage of longer gaps have an increased Wiederkehrende
oscillation Spanning
— Higher gaps results to longer duration of jet mode 3
9 9ap 9 J Max. zulassiger Offnungskurve
— Important for the number of arc rotation is the arc LA PP S
ogenkontraktion i
mode | Schaltstrom
Min. Hub fur |
Bogenkontraktion | /-
S Zeit
SViLa, Kontrahierender
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Jetmode

» Jetmode in relation to the arcing time

Jet mode
0,7
L]
0,6
®
0,5 °
[ ]
(8]
504 ®
ol ] ®
= ) °
50,3
[ ]
0,2
0,1
0,0
15 20 25 30 35 40 45 50
gap in mm
e Jet CuCr35 at 31.5 kA @ Jet CuCr25 at 20 kA
e Jet CuCr35 at 20 kA e Jet CuCr25 at 31.5 kA
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Contact erosion

= CuCr25 = CuCr35

= More molten surface due to the higher Cu part and
their lower melting temperature
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Determination v_gap

" 75%/15% Method [Diss Kihn] = Maximum Speed [Diss Weber]
Gap mm Current A 5
50 15000 o —— Linear 10 mm
45 : : 13500 E 44 —— Linear 30 mm
=
40 — — - 12000 é . —— Linear 40 mm
35 y T S - 10500 8
" Average opening velocity Gap at i 0
E between 15 % and 75 % current zero < g 2
E2s | 5 - —f 7500
.E_ = ! = § 14
§20 "~ Final gap - ! - NI =N 6000
L e L oo e e i ey o e e e +—-——s--—.-—--——::_:-.v—-'—-——-rd-—--. 'w]
15 7117 j - 75 % | ; (8] _-"'FH_ o | N N [ 4500 G T T T T T
10 s : 3000 00 25 50 75 100 125 150
g H Time in ms
5 e 1 1500
o . = | 15% i | g
g e _ _ _ ! T Figure 3.6: Corresponding velocity for selection of
14 0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 opening curves (cf. figure 3.5)
Time in ms
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Nutzung des Diagramms zur Steuerung der Offnungskurve

Arcing contact gap/mm
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= Bogen wird durch starke Anodenspots aufgeheizt und eine starke Kontakterosion entsteht [1;2]

» These: Jet sorgt fur groRere Geschwindigkeit des Bogens, weil die Oberflache starker aufgeheizt wird und es somit zu
starkeren Lorentz-Kraften kommt und der Bogen schneller rotiert.

[1] Anode Modes in Vacuum Arcs: Update; H. Craig Miller; 2017
[2] Vacuum Arcs; H. Craig Miller; 2023
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Bogenerscheinungsdiagramm TMF

Fully diftuse arc : : :
8 4 N Fully diffuse arc
\ 5 ' A
N, Sinal ; ] Single arc runs \
7 ingle running arc: [—; sporadically on )‘
Jet column or \ 7 Ncontacts or shield |7
6 Break Aptadied N N [N / k One fixed jet
i 6 Break Pn A column or
e E up / split and run
E 5 stage | ~— : E 5 \\ stage / NG \ \
a [ — g \ N \ Transition to
E \ 1= g ! _
0 g __4. Transm_on region —H g 4 \ \ Jet column
= i Formation of jet column / a V
£ —~1 S Two ditfuse
J P O
S 3 T Two diffuse | : 3 {7 Lcolumns ]
columns T I“ \ | | | / /
Second arc 2 constricted 7 2 Second column / i Two constricted
strikes or = \\ / columns |/ 3 strikes or splits off /] ;' columns
splits 1 [ 7 1 ¥ I ] 4 T
T ——— i
+’ One or two fixed co[umnsT:'? 3 |\Dnelor IW(? fixed Icolumlns *

00 10 20 30 40 50 60 10 2 10 20 40 0

Instantaneous current, kA
Instantaneous current, kA

FIGURE 3.26 Columnar arc appearance diagram between spiral TMF, spiral contacts for an opening speed

FIGURE 3.25 Columnar arc appearance diagram between spiral TMF, spiral contacts for an opening speed 1‘ opening delays of 2.4—4 4 ms into the current half-cycle and final contact gaps of 7-8 mm [83].

20ms™
16ms L opeming delays of 0.48—2 3 ms into the current half-cycle and final contact gaps of 4—8 mm [83]. =

[1] The vacuum interrupter; Paul G. Slade; 2021
[2] Separation of spiral contacts and motion of vacuum arcs at high currents; M.B.
oLy Schulman; 1993
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Auszuge aus Dissertation Weber
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Figure 5.17: Percentages in four main arc modes in dependence of traveled contact
distance (in averaged groups) at various currents during active arcing
phase
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Figure 5.15: Arc existence diagram with detected modes based on machine learning
algorithm applied on 52 tests; CuCr25 contact pieces with 68 mm diam-
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Auszuge aus Dissertation Weber
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Figure 5.14: Arc speed (left) and number of rotation (right) in dependence of traveled
contact distance during active arcing phase
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Spannungsverlauf

= Hochpunkt Beobachtung: » Tiefpunkt Beobachtung:
— Bogen zerteilt sich — Bogen formiert sich zu einer Jetsaule
— Im Hochpunkt kleinerer Leitwert als Tiefpunkt
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