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Introduction. Currently, for switching medium voltage circuits, vacuum circuit breakers are widely used, which have good arcing
properties and high breaking capacity. One of the problems of creating the drive mechanism of such apparatus is the need to
ensure the absence of contact welding when a through current of a short circuit of a given duration flows through them, which is
achieved due to a certain amount of contact pressure. One of the problems arising in the design of circuit breakers is the need to
fix the mechanism with a mechanical lock, which should hold the mechanism securely. This leads to significant specific
mechanical loads, which in turn reduces the reliability of the circuit breaker. One way to solve these problems is to create a drive
based on monostable or bistable electromagnetic actuators with highly coercive permanent magnets, which provide reliable
fixation of the position of the contacts. Purpose. Investigation of the improved design of a bistable electromagnetic actuator based
on permanent magnets of a medium voltage vacuum circuit breaker. Methods. Theoretical and experimental research and
comparative analysis of existing and developed electromagnetic actuators. Conclusions. A new design of an electromagnetic
bistable actuator with reduced overall dimensions is developed and tested. The electromechanical characteristics of the actuator
correspond to the technical specifications, which is confirmed by both theoretical and experimental studies. The proposed
actuator can be used as a drive mechanism for medium voltage vacuum circuit breakers. References 10, figures 17, tables 3.
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B cmamve uccneoosan Hogvlil OGucmadunbHLIL INEKMPOMAZHUM € GbICOKOKOIPUUMUGHBIMU NOCHOAHHBIMU MAZHUMAMU,
Komopulii npeononazaemcsa UCHONb306aAMb 6 Kayecmge aKmyamopa 6aKyyMHbIX @blKllouamesneil CPeOHUX HAnpAdCceHUl.
IlIpugooumcea meopemuueckoe u IKCNEPUMEHMAIbHOE UCCTIE006AHUE YCOBEPUIEHCEO06AHHOI KOHCMPYKUUU I1EKMPOMAHUMA
C Ueavio CPAGHUMENbHOZ0 GHANU3A €20 napamempos ¢ napamempamu umewuieica koucmpykyuu. Teopemuueckoe
uccnedosanue dazupyemca Ha MyabmuQu3uuecKoll mooenu, KOMopas 6KII0Yaem pacuem CHAmuiuecKko20 U OUHAMUYECKO20
INEKMPOMAZHUMHBIX NOJIEIl 6 HENUHEIIHOU NP060OAUell HEOOHOPOOHOU Cpede C yuemom ROCHOAHHBIX MAZHUMOG, HEJIUHEIHbIX
YDagHeHuil paspaoOHOll Uenu HAKONUMEIbHO20 KOHOCHCAMOpA, HETUHEIHbIX YPAGHEHUll O08UdNceHusn. DKcnepumeHmanbHole
uccne006anus, KOMopsie NPoGOOUNUCH HA PCATIBHOM GAKYYMHOM 6bIKIIOUAMmeENne, NOKA3AIU COOMEEMCIMEUe napamenpos Ho6020
OucmadunLHO20 IN1eKMpomazuuma paciemnvim nokazamenam. Hanpaenenue oansneiiuuux ucciedo6anuii npeocmagsnaiomcs 6
6uOe ONMUMUSAUUU 2eOMeMPUU INeKMmPomMazHuma u cxemsl ynpasienus. buon. 10, puc. 17, Tabm. 3.

Knrouesvie crosa: 6McTa0NIBbHBIN 3JI€KTPOMATHUT, AKTYaTOP, BAKYYMHBIH BBIKJIHYATe/1b, MyJIbTHGU3HYECKAS MOJEC/Ib.

Introduction. In recent years, vacuum switching PN
devices having unique arcing properties and high
breaking capacity [1] are widely used in medium voltage
circuits. One of the most important characteristics of such
apparatus is the rated short-time withstand current — the 4000
current that the circuit breaker must withstand for given
time in accordance with the test conditions [2] defined by
the standard, which is achieved due to a certain value of 2000
contact pressure. Under the electromagnetic actuator we
understand the device that creates the movement of
contacts when excited by an electric signal of an
electromagnetic field in an electromagnet. Here, the
movement of the contacts in one direction is provided by
the traction force of the electromagnet, and in the other
one by contact and disconnecting springs. Thus, the
electromagnet together with the contact springs forms an
electromagnetic actuator. From experimental data it is
known [1, 3] that to ensure the breaking capacity of the
circuit breaker of 20 kA, contact pressure should be of the
order 2 kN per pole or about 6 kN per three poles,
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Fig. 1. The dependence of the opposing force (P) as a function
of the stroke (s) of the armature

There are publications on the design and calculation
of electromagnetic actuators [4-6]. One of the problems
arising in the design of circuit breakers is the need to fix
the mechanism of the circuit breaker in extreme positions.
Actuators of vacuum circuit breakers, as a rule, use

respectively. Such contact pressures are provided by
Belleville springs, therefore, the mechanical opposing
characteristic has its own peculiarity (Fig. 1), which
consists in a jump in the opposing force at the moment of
contact touch. This leads to a slowdown in the velocity of
movement of the armature of the electromagnet and a
possible «freezing» of the drive mechanism [4] (if the
kinetic energy of the moving parts is not enough to
overcome the area where the electromagnetic force is less
than the opposing one).

neutral electromagnets or electric motors, the main
disadvantage of which is the presence of mechanical locks
— mechanical latches that securely hold the mechanism in
the on position. The main requirement for mechanical
latches is the small force required to release the free trip
mechanism when the circuit breaker is switched off,
which is associated with its velocity. This leads to
significant specific mechanical loads on the mechanical
element, which in turn reduces the reliability of the circuit
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breaker. In addition, electromagnetic and spring-motor
actuators are complex and require qualified service.

One way to solve these problems is to create an
actuator based on monostable (Fig. 2,a) or bistable
(Fig. 2,b) polarized electromagnets with highly coercive
permanent magnets, which provide reliable fixation of
contacts in extreme positions, consuming energy only in
transient modes. The advantage of such electromagnets is
the simplicity of design and reliability.

g I
b
Fig. 2. Sketches of monostable (@) and bistable (b) electromagnets

The designs of shown in Fig. 2 electromagnets are
similar. Each includes a movable armature (1), a
ferromagnetic shunt (2), a winding (3), a winding frame (4),
a core (5), a housing (6), permanent magnets (7) located
along the inner perimeter of the housing, and a base (8). In
the design of a bistable electromagnet, a non-magnetic rod,
which is connected to the movable contacts through the shaft
levers, also connects the upper and lower armatures, which
ensures synchronization of the movement of the armatures
when the electromagnet is triggered (not shown in Fig. 2).
The main differences of these electromagnets are as follows:

¢ in a bistable electromagnet, armature fixation in two
extreme positions is provided by permanent magnets, and
in a monostable one — by permanent magnets (on) and a
spring (off);

e a change in the position of the armature in a bistable
electromagnet occurs due to a change in the direction of
the current in the winding (polarized electromagnet), in a
monostable one — by applying voltage to the additional
winding.

The design and operation principle of a monostable
electromagnet (Fig. 2,a) are considered in [6, 7]. The
disadvantages of its design include:

o the charge voltage of the capacitor of the control
winding circuit of a monostable electromagnet is 380-400 V,
which is unsafe for maintenance personnel;

e significant (in relation to the dimensions of the
circuit breaker) dimensions;

e the presence of two windings (on and off);

e a significant amount of permanent magnets, which
increases the cost of the electromagnet.

These shortcomings are the reason for the
development of a new design of a bistable polarized
electromagnet (Fig. 2,b) [8].

Thus, the goal of the paper is to create a mathematical
multiphysics model for calculating the dynamic parameters
of a bistable electromagnet based on highly coercive
permanent magnets with improved characteristics for
medium voltage vacuum circuit breakers. In addition, in the
course of experimental studies, it is necessary to verify the
adequacy of the created model.

Problem definition. As mentioned above, a
monostable electromagnet has several disadvantages.
Therefore, when designing and studying a bistable polarized
electromagnet, the following tasks are formulated:

¢ to reduce the size and mass of the magnetic system;

e to reduce the mass of highly coercive permanent
magnets used, which will reduce the cost of the electromagnet;

e to reduce the charge voltage of the capacitor to a
practically safe value of 100-110 V, while ensuring reliable
operation of the circuit breaker (when the touch voltage
decreases from 400 V to 100 V, the total resistance of the
human body along the path «arm—arm» increases by about
2.7 times — from about 1300 Q to about 3500 Q, and the
direct current through the human body decreases by about 11
times — from about 310 mA to about 28 mA (see Fig. 2.2 on
p- 102 in [1]), which makes a contact scenario almost safe);

o to ensure high thermal stability of the circuit breaker
due to the holding force of the bistable electromagnet
armature with permanent magnets of at least 6.5 kN.

The design shown in Fig. 2,5 [8] is obtained on the
basis of numerous preliminary calculations and studies.
For the final decision on the parameters of the prototype,
comparative calculations of the dynamic characteristics of
a bistable polarized electromagnet with a monostable one
have been carried out. Also, experimental studies of the
new actuator have been carried out when it was installed
in a vacuum circuit breaker. All calculations are carried
out with the same parameters of the opposing force, the
mass of contacts, levers and traction insulators, the
mechanical work of the forces opposing the movement
(the same armature stroke and contact failure) and the
specific characteristics of permanent magnets (coercive
force and residual magnetic flux density).

The multiphysics model of the actuator given in [6, 9]
is based on the Maxwell equations and written in terms of the
magnetic vector potential for a nonlinear conducting moving
medium taking into account the field of permanent highly
coercive magnets with boundary conditions — the zero value
of the magnetic vector potential at the remote boundary and
the axial component of the field on the axis of symmetry. The
problem is solved by the Finite Element Method in
axisymmetrical formulation, and for discretization in time
domain the implicit multistep Adams-Moulton method of the
4th order with adaptive selection of time step values is used.
The PDE system solved to obtain electromagnetic field
distribution is supplemented by a separate system of
nonlinear equations of the discharge circuit of the storage
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capacitor and a system of nonlinear equations of motion
[6, 9], the form of which is determined by the electrical circuit
for connecting the winding to the energy source and the
kinematics of the mechanical system under consideration. In
the calculations, all moving masses and the opposing force
are reduced to the armature of the electromagnet. Since the
calculation is carried out in the COMSOL Multiphysics code,
the assumptions made during the calculation are minimal: the
frictional forces in the bearings (axes) and the change in the
resistance of the winding as a result of heating due to their
smallness are not taken into account. The calculation consists
of two stages: static calculation and dynamic one. To
calculate the dynamics, the initial data are the results of a
static calculation.

The nature of the movement is significantly affected
by a change in the reduced mass of the armature (Fig. 3),
which is associated with the closure of contacts at the
moment of impact. Assuming that the impact is inelastic
and «stretched» it in time by 0.4 ms, we can write:

d(m-v) 'Ts _ @~v+m'ﬂ .TS =[@~v2+m~ﬂ)_1; , (1)

where m is the mass reduced to armature; v is the velocity
of movement; s is the armature displacement; 1 is the

directional unit vector.
m, kg

as) N
a4}
a2

al
1.8f
1.6
3af
3

dm/ds, kg/m
of
-1000+
-2000+
-3000}
-4000}
-5000}
-6000|
-7000|
-B000+
-2000+
-10000+
11000
12000+
-13000
-14000}
4 -15000}
5, mm

MR W W

L8}
18

00114 0.0116 0.0118 0012 0.0122 0.0124

Fig. 3. Change in mass (@) and its derivative () as functions of
the displacement at the moment of the contacts touch

Table 1 shows the parameters of the windings of the
electromagnets and the supply circuit. The initial voltage
at the capacitor U, is chosen as the minimum voltage for
the operation of electromagnets.

Table 1
Parameters of electromagnet windings and supply circuit
Parameter Monostable Bistable
U, V 400 105
number of turns w 700 270
R,Q 19 1.53
C, uF 10000 60000

The results of a comparative calculation of the
dynamic characteristics of actuators. The results of
calculating the movement of the armature of the
electromagnets as a function of time when switched on
are shown in Fig. 4, and the results of calculating the
driving force (it means the difference between the traction
force developed by the electromagnets and the opposing
force) as a function of time — in Fig. 5.

From the graphs it follows: the increase in the total
force of a monostable electromagnet occurs more quickly,

which, combined with a slightly lower mass of the
armature and a smaller time constant determines its higher
velocity. The graphs show a significant decrease in the

driving force at the moment of the contacts touch.
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Fig. 4. Displacement of the armature of monostable (a) and
bistable (b) electromagnets as a function of time
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Fig. 5. Comparative characteristics of the driving force F' created
by monostable (a) and bistable (b) electromagnets

The influence of changes in the reduced mass during
the movement of the system is illustrated by the velocity
graphs (Fig. 6), which show its jump at the moment of
contact closure. In this case, the kinetic energy of the
remaining moving parts of the actuator (armature, levers,
contact holder) increases which should be enough to
overcome the area in which the driving force is negative.
Otherwise, the system may «freeze».

It is advisable to carry out a further comparative
analysis by the magnetizing force of the windings, which is
shown in Fig. 7. The winding currents are presented in Fig. 8.

With almost the same magnetizing force of the
windings (the opposing characteristic is the same), the
currents of electromagnets vary significantly due to
different winding data (windings sizes, wire diameter,
number of turns, etc.).
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Fig. 6. Velocity of the armature movement of the monostable (a)
and bistable () electromagnets
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It should be noted that the graphs of currents allow
to evaluate the actuator operating parameters [4].
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Fig. 7. Magnetizing force of the monostable (a) and bistable (b)

electromagnets
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Fig. 8. Currents of windings of the monostable (a) and

bistable (b) electromagnets

The minimum of the current curve approximately
corresponds to the actuator operating time, and the current
fluctuation in the winding circuit means a possible
«freezing» of the drive mechanism, which is
unacceptable, since it causes the circuit breaker contacts
to not switch on completely, leading to an accident. Such
a case is shown in Fig. 9 (solid line is the touch line of the
contacts) when the capacitor charge voltage U, in
calculation is insufficient for the actuator to operate.
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Fig. 9. Current and stroke of the armature during emergency
switching on of the electromagnet:
a — winding current; b — electromagnet armature stroke

From Fig. 9 it follows that before reaching its final
position, the electromagnet armature, levers, traction
insulators and contacts started the reverse movement and
passed the touch point of the contacts in the opposite
direction. Then the contacts opened, the opposing force
decreased (see Fig. 1), and the contacts again began to move

in the direction of closure, «hanging» at the point of contact.
This means that when short circuit current is switched on, the
contacts and vacuum chambers can be damaged as a result of
burning on the contacts of a powerful electric arc. Closing
the contacts of the circuit breaker with small contact pressure
is a serious accident, significantly reducing the thermal
stability of the circuit breaker both during the flow of rated
and emergency currents.

Since the function of switching an electric circuit by
a circuit breaker assumes both connecting consumers to
energy sources and disconnecting them from these
sources, the next step is to study the process of
disconnecting a load by a circuit breaker. Figure 10 shows
the time dependence of the armature displacement of a

new bistable electromagnet during switching off.
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Fig. 10. Dependence of the displacement of the armature of the
electromagnet during switching off

An analysis of this dependence shows that the
breaker contacts open in about 7 ms, and the off process
takes place within 16-17 ms which is approximately two
times faster than switching on (Fig. 4,0 and Fig. 10).

Of interest is also the form of the total force acting on
the armature of the electromagnet which is shown in Fig. 11.
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Fig. 11. The total force acting on the armature of an
electromagnet when switched off as a function of time

The velocity graph is shown in Fig. 12. As follows
from the graph, at the moment of opening the contacts,
the velocity of the system decreases due to the attachment
to the armature of the mass of contacts, levers and traction
insulators.

Indicative is the graph of the current in the winding
circuit, which, due to the counter-EMF of armature
movement, takes negative values, i.e. recharges the
capacitor (see Fig. 13).
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Fig. 12. The electromagnet armature velocity during switching off
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Fig. 13. Winding current change during switching off

This follows from the fact that, according to Ohm law
i U,+E , @)
r
where U. is the voltage on the capacitor; F is the counter-
EMF of movement; r is the resistance of the winding and
connecting wires.
But at the same time

do do
E=—-w—=—w-—.y, (3)
dt ds
where w is the number of turns; @ is the magnetic flux;
s is the displacement of the armature; v is the velocity.

Therefore, if the velocity is high, then the counter-
EMF can be larger in magnitude than the voltage on the
capacitor. In this case, the current will be negative.

It should be noted that due to the opposing springs,
the magnetizing force sufficient to switch off is
approximately 1.5 kA, while to switch on is about 10 kA.
Figure 14 shows the nature of the change in voltage on
the capacitor during switching off.
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Fig. 14. Capacitor voltage change during switching off

As follows from Fig. 14, due to the large capacitance,
the voltage during the switching off time of aboutl6 ms
varies slightly (by less than 1 V), and the decrease in voltage
during the total switch on duration is about 20 V).

This gives grounds to assert that the standard
operation OFF-ON-OFF will be successfully performed
provided that the energy source (capacitor) is
disconnected from the electromagnet winding in a timely
manner using, for example, the position sensor when the
circuit breaker changes its state.

An experimental study of the developed design of
a bistable electromagnet. For experimental studies, a
prototype bistable electromagnet has been manufactured,
which is installed in the casing of a vacuum circuit
breaker. A capacitor bank is used as the power source of
the electromagnet, and the electric circuit is closed to the
winding of the electromagnet and is not turned off until
the capacitor bank is completely discharged.

Figure 15 shows the oscillogram of the switching on
of the electromagnet at U,y = 105 V.

Figure 16 shows the oscillogram of the switching off
of the electromagnet at U,y = 60 V.
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Fig. 15. The oscillogram of the switching on of a bistable
actuator, where the horizontal time scale is 5 ms/div; the vertical
current scale is 10 A/div
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Fig. 16. The oscillogram of the switching off of a bistable
actuator, where the horizontal time scale is 5 ms/div; the vertical
current scale is 10 A/div

A comparative analysis of the calculated and
experimental temporal characteristics of the bistable
actuator is shown in Table 2, where I, is the first
maximum of the current of the electromagnet winding.

Table 2
Comparative analysis of calculated and experimental temporal
characteristics of a bistable actuator

Switching on Switching off
Calculation | Experiment | Calculation | Experiment
Laxs A 39.0 43.0 3.6 4.0
¢, ms 38.0 38.0 9.5 16.0

The discrepancy between the experimental and
calculated data (especially in time during the switching
off process) can be for various reasons, the most likely of
which are the following:
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¢ uncertainty of the electrical resistivity of the material
of the magnetic circuit;

e parameters of permanent magnets;

e friction forces in hinges and bearings;

e change in contact failure due to repeated switching
operations, etc.

The uncertainty of the electrical resistivity of the
material of the magnetic circuit is the dominant factor,
which is confirmed by the results of studies in [10].

During testing, with insufficient capacitor charge
voltage, the electromagnet did not switch on completely, at
which the armature became «stuck» at the value of the
failure. The oscillogram of this process is shown in Fig. 17,
which confirms the data obtained by calculation (see Fig. 9).
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Fig. 17. The process of fuzzy switching on of an electromagnet
Comparative mass and dimensional characteristics

of monostable and developed bistable electromagnets are
presented in Table 3.

Table 3
Comparative mass and dimensional characteristics of electromagnets
Monostable | Bistable
Diameter, mm 150 140
Height, mm 110 90
Electromagnet mass, kg 11.5 8.63
Copper mass, kg 0.44 0.73
Permanent magnets mass, kg 0.49 0.33
Conclusions.
1. The created mathematical multiphysics model

allows to determine the basic dynamic parameters of a
bistable electromagnet: switching on and switching off
times, armature velocity, etc.

2. The developed design of a bistable electromagnet,
compared with the known monostable design, has outer
diameter smaller by 6.7 %, lower by 18.2 % height,
which, in this case, is a decisive factor for a limited space
inside the housing of the vacuum circuit breaker. The
mass of the new electromagnet is also decreased by 25 %.

3. The analysis of static traction characteristics with de-
energized windings in the drawn position of the armature
gives the following values: the well-known monostable
electromagnet — 8.5 kN; a new developed bistable
electromagnet — 6.9 kN with the required 6.5 kN. The force of
8.5 kN is unreasonably high for this type of circuit breaker.
Such a load requires strengthening of the circuit breaker
housing, drive rods and shaft. From this point of view, the
developed bistable electromagnet is more preferable.

4. The ratio of the holding force to the total mass of the
electromagnet in the new design is 800 N/kg, while for a
monostable electromagnet this indicator is 740 N/kg. At

How to cite this article:

the same time, the mass of the permanent magnets
decreased by 32.6 %.

5. Since the switching off time of the actuators is
mainly determined by the force of the opposing springs,
the difference in switching off time is insignificant. The
switching off time is 16 ms, and the switching on time is
37 ms, which is comparable to the switching on time of
the vacuum circuit breakers manufactured by ABB.
Therefore, the result obtained for the developed bistable
electromagnet is completely acceptable.

6. The results of investigations allow to talk about the
prospects of using the developed design of the
electromagnet as an actuator of medium voltage vacuum
circuit breakers.
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