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Introduction

One of the design elements of medium voltage vacuum circuit breakers with electromagnetic actua-
tors is the drive shaft, or as it is also called, the synchronizing shaft. The shaft’s purpose is to transfer motion
and effort from the actuator to the contacts of the circuit breaker. The leader in the production of such circuit
breakers is the ABB concern, which was the first to present such a circuit breaker (VML) in 1990 [1]. In
Ukraine, such circuit breakers are manufactured by CJSC "Vysokovoltny Soyuz" and "AVM AMPER" [2].
Circuit breakers with electromagnetic actuators are simple in design, reliable and do not require preventive
maintenance for many years.

Works related to research, improvement and development of new design elements of medium volt-
age circuit breakers and contactors have been carried out for a long time at the department of electrical de-
vices of the National Technical University "Kharkiv Polytechnic Institute” [3—6]. One of the directions of
these works is the study of mechanical processes in vacuum circuit breakers.

Fig. 1 shows the construction of the drive shaft of the circuit breaker with a vertical arrangement of
vacuum chambers.

The actuator rotates the shaft through axis 3. The shaft’s axes 4 are connected to the moving contacts
of the vacuum chambers through thrust insulators with contact pressure springs.
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Fig. 1 shows that the shaft design
is quite complex, and as a result of apply-
ing significant efforts, the shaft will be
prone to complex deformation. At the
same time, contact failure, final contact
pressures and reactions in the shaft sup-
ports (reactions in the bearings) will be
somewhat different than in the case of a

Fig. 1. The drive shaft of the circuit breaker:

simplified calculation for a completely 1 - shaft mounting axes in bearings; 2 — planes of force application
rigid shaft. So, the main issue is the quan- of the disconnecting springs; 3 — thrust attachment axis of the
titative assessment of the specified differ- |  electromagnetic actuator; 4, 4’ — attachment axes of thrusts of movable
ences. contacts in the extreme and middle poles; X, y, z — coordinate system axes

Problem and purpose of the research — creation and use of mathematical and calculation models
for the numerical study of mechanical forces and deformations of an absolutely rigid and real drive shaft of a
medium voltage vacuum circuit breaker in a static mode for the quantitative comparison of the obtained nu-
merical results.

Calculation of the circuit breaker shaft for the adopted model

In the literature, the calculation of shafts is presented quite widely (the most fundamental studies are
given in [7-10]), but the problem is that there are no calculations of the shaft of the specified design under
the appropriate mounting conditions (Fig. 1). As shown in [11], calculations of complex real structures can
be carried out only by numerical methods, therefore, all detailed calculations in this paper were carried out
by the finite element method using the COMSOL Multiphysics software product.

Simplified calculation of an absolutely rigid shaft
Fig. 2 shows a model of an absolutely rigid shaft and the forces acting on it.

The system (Fig. 2) is statically determined. To establish the
unknown forces, it is necessary to write down the condition of shaft
equilibrium through the projection of forces on the coordinate axis and
the torque equation relative to the x axis.

Initial data: the length of the steel shaft is 574 mm; the section
shape is hexagonal with the diameter of the inscribed circle of 32 mm; the
ratio of the stroke of the actuator axis and the axes of thrust insulators is
1.5; the total force of the disconnecting springs (acting on surface 2,

Fig. 1) is 1000 N; the total force of the initial compression of the contact Fig. 2. Calculation model
springs (applied to axes 4, Fig. 1) is 6600 N (2200 N per pole); the stroke of an absolutely rigid shaft:
of axis 3 (Fig. 1) of the actuator after touching the contacts is 4 mm; the R —reactions in supports;
theoretical stroke of the axes of the thrust insulators after touching the Q — thrust force;
contacts (failure of the contacts with a completely rigid shaft, axis 4 in Fc— contact pressure forces;

Fig. 1) is 2.61 mm, the stiffness of the contact spring is 280 kN/m. Fp —forces of the disconnecting springs

In this case, the result will be as follows:
y:%‘3 Fc LCZZ Fp Lp : Rz:g'Fc_'—Fp; RXZO;
q
where R — reactions of the supports along the corresponding axes; L, Ly, Lq — the length of the shoulders
from the axis of the shaft to the points of application of the contact pressure forces, the disconnecting
springs, and the drive axis 3 (Fig. 1).
Moreover

R

F.=F+C.-w,
where Fo — initial contact pressure force; C. — stiffness of the contact spring; w — progress of contacts.
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Then the calculation formulas for determining the reactions in the shaft supports will take the following
form:
3-(F,+C.-w)-L.+2-F,-L
Ryzl- (Fo +CoW)- L P p;RZ=§-(F0+CC-W)+Fp;RX=O.
2 L 2
q

Shaft calculation using COMSOL Multiphysics

The calculated model of the shaft, imported into the COMSOL Multiphysics software product from
the graphic editor, coincides with Fig. 1. Boundary conditions: contact pressure forces and disconnecting
springs are applied to the corresponding surfaces of the shaft (surfaces 2, 4, Fig. 1); sliding conditions are set
on axis 1 and shaft ends; on axis 3 — displacement.

Results of static calculation

The calculation was carried out assuming there is no de- s
formation of the housing in which the shaft supports are fas- | _ .. ~
tened. Fig. 3 shows the calculation results for absolutely rigid Eﬂ
and real shafts. As can be seen from Fig. 3, the obtained values | £ ~ ey
are different. The differences in contact thrust for a completely g 17 /’ 3
rigid and real shaft are shown in the Table 1. R -
From the Table 1, it follows that there is a deflection of | 2 . P e
the shaft, which is determined by the load applied to it. Such a | 2 /
deflection reduces the value of contact deflection compared to a § -~
completely rigid shaft by 0.56 mm, which leads to some reduc- A
tion in the force of final contact pressure. e
. . . Actuator stroke, mm
Table 1. Differences in the value of shaft deflection
Shaft model Initial stroke, mm Final stroke, mm Fig. 3. Dependence of contact thrust stroke
Absolutely on actuator stroke:
rigid shaft 0 2,61 1 for an absolutely rigid shaft;
Real shaft 056 205 2, 3 —for the real shaft (central and side thrust)

Fig. 4 shows the shape of the shaft deflection at the maximum stroke of the actuator on a scale of 20:1.
The presence of shaft deflection leads to a change in the reactions in the supports. Figs. 5, 6 show the
values of the reactions in the supports for absolutely rigid and real shafts.

Reaction values for absolutely rigid and
real shafts at the initial and final points of the ac-
tuator stroke are shown in Table 2.

Table 2. Differences in the value of the reaction

in the shaft supports
Reaction, N | Absolutely rigid shaft | Real shaft
Ry min 2343 2190 WAl A £
Ry max 3058 3358 _“\} =\} i e
Rz min 3800 3582 =
Rz max 4896 4574 Fig. 4. The shape of the shaft deflection at the maximum

stroke of the actuator on a scale of 20:1

From the Table 2, it can be seen that the difference in reactions is approximately 10% (for thinner
shafts, this difference will be greater). However, the main difference in the calculation results is that when
calculating a real shaft due to its deflection, an additional axial force Ry appears, which could not be present
when calculating a rigid shaft and which must be taken into account when choosing bearings.

Fig. 7 shows the change in the value of the axial force depending on the stroke of the actuator for an
absolutely rigid and real shaft.
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The value of the axial force varies in the range from Ry min= —335 N up t0 Rxmax= —1050 N.

Consideration of axial force is important when choosing a bearing. So, if the choice of radial bear-
ings is made according to the equivalent static load, this value is calculated according to the formula [12]:

P=F -X,+F,-Y,,
where P, — equivalent static load; Fr — radial load; X, — radial load factor equal to 0.6; F, — axial load; Y, —
axial load factor equal to 0.5.

Comparative calculation data are given in Table 3, from which it can be seen that for a hexagonal
shaft with an inscribed circle diameter of 32 mm, the equivalent static load on the bearing will be 13.5%
greater than for an absolutely rigid shaft.

As it was indicated above, the deflection reduces the value of contact dip and the force of contact
pressure in comparison with an absolutely rigid shaft. Fig. 8 shows the change in the force of contact pres-
sure as an actuator stroke function.

Comparative data of the results of calculations regarding the change in contact pressure forces are
given in Table 4.

For a real shaft, the total contact pressure is ~93% of the ideal contact pressure and does not signifi-
cantly affect the operation of the circuit breaker contacts.

/ 4800 ”~”
= / 4600 /
3000 y/,/ // /

Z.\ / Z 4400 /
‘i- 2800 .;é' . /
2 g
R —~ SR B S
é 2400 /// 2/ é d /2
/ 3800
2200
3600
’ 05 Jlkcmatl(.)sr strolie, nnzs ’ . ’ . Actua;cor stroke, 111.1.11 I
Fig. 5. Reaction Ry for shafts: Fig. 5. Reaction R; for shafts:
1 —rigid; 2 —real 1 —rigid; 2 —real
[ -~
1 Z 8500
S e -~
z =00 % 8000 /‘
a E / e
§ 400 2 \ % 7500 7 /
% -600 \ E /
:é -800 \ 8 /
\ E 6500
\ s
-1000 N = /
[ 0.5 1 1.5 2 2.5 3 3.5 4 6000 o 0.5 1 1.5 2 2.5 3 35 4
Actuator stroke, mm Actuator stroke, mm
Fig. 7. Axial reaction Rx in the actuator stroke function: Fig. 8. Total force of contact pressure:
1 —rigid shaft; 2 —real shaft 1 —rigid shaft; 2 — real shaft
Table 3. The value of the equivalent static force Table 4. The total value of contact pressure forces
Shaft model Po, N Shaft model F, N
Absolutely rigid shaft | 3463.5 Absolutely rigid shaft | 8792
Real shaft 3929.6 Real shaft 8147
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Conclusions

1. A mathematical model for calculating the deflections of the vacuum circuit breaker shaft has been
developed.

2. A comparative calculation of the absolutely rigid and real shafts was carried out. It is shown that,
due to the complex deformation, the failure of the contacts, the final contact pressures and reactions in the
supports differ from the "ideal"” ones.

3. The main difference in the calculations is the appearance of the axial component force in the sup-
ports, which significantly affects the choice of bearings under the condition of equivalent static load.

4. The cross section of the shaft is chosen in such a way that the calculated deformations do not sig-
nificantly affect the force of the final contact pressure and, therefore, the operation of the circuit breaker.

5. Calculations in the software product COMSOL Multiphysics were carried out based on the as-
sumption of a non-deformable circuit breaker body in which the shaft supports are attached. Otherwise, the
contact failure and contact pressure will be less than ones obtained in this calculation.
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Bnume ypaxyBaHHs MeXaHiuHOI 1edpopMalii Ha pe3yJIbTaTH PO3PAXYHKY
NPHUBOHOTO BaJy BAKYYMHOI0 BHMHKAa4Ya

€. L. Baiina, M. I'. IlanteasT, A. O. Ky3bpmin

Hanionansauii TeXHiYHUN yHiBEpCHTET «XapKiBCHKUI MOMITEXHIYHUHA IHCTUTYT
61002, Ykpaina, M. Xapkis, Byn. Kupnndosa, 2

OO0HuUM 3 BAJICTUBUX HANPAMKIE MEOPEMUYHUX, PO3PAXYHKOGUX MA eKCNePUMEHMANbHUX O0CHIONCeHb
CMOCOBHO YOOCKOHANEHHS Ul PO3POOKU HOBUX eeMEHMIE KOHCMPYKYII CYUACHUX eIeKMPULHUX anapamis, y nepuLy uyepzy
BUMUKAYIE | KOHMAKMOPIE CepeOHiX Hanpye, € 6UBYEHHS He Juule eNeKMPOMACHIMHUX, d U MEeXAHIYHUX npoyecie y
3aznaueHux erekmpuynux anapamax. Cmamms npucesyena CmeopeHtio Ui 6UKOPUCMAHHIO 0OYUCTIOBAIbHUX MOOenell
07151 PO3PAXYHKY MEXAHIYHUX 3YCUIb | Oepopmayiti abCOIIOMHO HCOPCMKO20 U PeabHO20 NPUBOOHO20 ALY BAKYYMHO20
BUMUKAYA CEPeOHbOl Hanpyeu y CMAMu4HOMY pedCUMi 3 Memoio KiIbKICHO20 NOPIGHAHHS OMPUMAHUX HUCETbHUX
pesynomamis. Po3paxynkosi 0ocaiodcents UKOHYIOMbCs 3a 00NOMO2010 MemOOy CKIHYeHUux eremenmie. ¥ cmammi Ha
niocmaei po3poodaeHuUx Mooeneil NPo8edeHO NOPISGHSIbHUN AHAL3 PO3PAXYHKY MEXAHIYHUX HANPYINCEHb V NPUBLOHOMY
84Ty 6AKYYMHO20 GUMUKAYA Y CHMAMUYHOMY DPedlcumi O abCONIOMHO HCOPCKO20 U pedibHo2o eany. Ompumani
Ppe3yabmamu KOMN ‘10mepHo20 MOOeN08AHHs 0eMAallbHO HABeOeHi Y mabIuunitl ma 2papiunitl opmax, y momy 4ucii
npeocmasneno Gopmy npocuUHy 6aid 6aKYYMHO20 GUMUKAYA CepeOHbol HANpY2U NPU MAKCUMATbHOMY X00i akmyamopa
eleKmpuyHo2o anapamda, wo 00caioxcyemvcs. Ilpodemoncmposano, wo mexaniuna Oegopmayis 6any GUKIUKAE
3MEHWEHHs NPO6aALy KOHMAKMIG | CUl KOHMAKMHO20 HAMUCKAHHS, ajle Npu NPAasuibHo 0OpAHOMY NONepedHOMY
nepemumny yi 3HAUeHHs He € KPUMUYHUMUY | MAL0 @Nauaioms Ha pobomy sumukada (0auzvko 20% i 7% 6i0nogiono).
Tloxaszano, wo 6 pe3yrvmami 6ueUHy 8aLy 6 ONOPAX 3'AGIAIOMbCS O0OAMKOBI OCbOSI 3YCUILIS, SIKI ICMOMHO 6NAUBAIOMNb
Ha 6uOIp NIOWUNHUKIG 3a eKBIBANEHMHUM CIAMUYHUM HABAHMAICEHHSIM.

Knrwwuosi crosa: eaxyymui sumuxayi, Hanpysicenns, oeghpopmayis 6aid, YUCETbHUL AHALI3, MEMOO CKIHYEHHUX
elleMenmie.
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