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Abstract—Fault diagnosis and bounce reduction of electro-
magnetic actuators require one to obtain the electromechanical
transient characteristics (ETCs) in real-time. ETCs can be
measured by sensors, but due to their large size and intrusiveness,
the approach has its limitations. Acquiring ETCs through finite
element method (FEM) could be an alternative, except that
FEM is known to be time consuming. In contrast, real-time
measurement of coil current is not subjected to these restrictions,
yet, it has not been properly utilized for calculating ETCs. In this
regard, this paper analyzes the source of the armature Kinetic
energy, and thus proposes a model based on energy conservation
(ECM), describing the relationship between the mechanical and
electrical characteristics. Based on the model, ETCs can be
calculated from coil current, moving part mass, and the static
counterforce. To exemplify the effectiveness of the procedure, an
electromagnetic contactor is considered, and the results obtained
using the ECM are found fairly consistent with that obtained
using sensors. The merit of the proposed ECM lies in its non-
intrusive nature and its ability to circumvent the time-consuming
FEM in calculating ETCs.

Index Terms—Bounce reduction, coil current, electromagnetic
actuators, energy conservation, fault diagnosis, real-time systems,
sensors, transient characteristics.

I. INTRODUCTION

LECTROMAGNETIC actuators are’ widely used as in-

dustrial devices such as relays, contactors, circuit break-
ers, or solenoid valves. However, as the reliability of electro-
magnetic actuators has hithérto been a‘'concern, which may
greatly limit their lifespan, manufacturers today offer devices
that come with electronic controlunits, as an effort to reduce
problems’ (such as/arcing) associated with contact bounce.
Various feedback control techniques have been proposed [1],
[2], which are able to limit the coil power supply to reduce
the collision kinetic energy of the contact, and thereby reduce
bounce. Besides bounce reduction, real-time fault diagnosis,
which seeks to continuously monitor the health of the device,
is also seen as a vital measure to improve reliability [3]-[5].
Insofar as reliability and lifespan are concerned, it is known a
priori that the pick-up time, release time, and shock resistance
of an actuator are relevant properties. These properties are re-
lated to the electromechanical transient characteristics (ETCs)
of the actuator, which refer to the speed and displacement of
the armature, the electromagnetic force, and the counterforce
in transient process [6]. In that, obtaining the real-time ETCs
constitutes a preceding step in bounce reduction and fault
diagnosis of electromagnetic actuators.
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Real-time ETCs can be directly measured using sensors. For
instance, Liu et al. [7] used an acceleration sensor to measure
the displacement of the circuit breaker, in order to study
the dynamic resistance. On another occasion, a displacement
sensor was employed to acquire the displacement data of the
contact [8], as a means to estimate the remaining service life
of the breakers. Nevertheless, the installation of displacement
sensors requires a certain.amount of space (see Fig. 1), which
limits their uptake [9]. Additionally, the sealed case has to be
opened, such that the sensor’s laser can gain a field-of-view on
the subject that is being measured. Though it is an efficient
and accurate method for obtaining ETCs, sensors are bulky
and intrusive, which often place constraints on the size of the
subject and the application environment.

Sensor signal processing unit

REvENce "

Laser displacement sensor

Contactor\

Fig. 1. An example showing the size of a displacement sensor relative to a
contactor and a sensor signal processing unit.

Due to the aforementioned limitations of sensors, finite
element method (FEM), which is a computerized method for
predicting how a product reacts to real-world physical forces,
has been widely used as an alternative for obtaining ETCs.
FEM not only reduces the effort that is required for trial-and-
error on experiment design, setup, and optimization, but also
is able to observe more detailed data. FEM has been used to
calculate the nonlinear relationship among displacement, flux
linkage, and current [10]-[13], and to calculate the displace-
ment and coil current under various fault conditions [14]. In
principle, FEM-based ETCs estimation needs to solve a set of
differential equations based on Maxwell’s equations. Basically,
that is a complex, difficult, and time-consuming procedure
[15]. To reduce the computational time of FEM, fully coupled
simulation framework [16], re-meshing technique [17], fast
algorithm [18] and the equivalent circuit method of the coil-
coil type electromagnetic repulsion actuator [19] have been
developed successively. These efforts were found to be able
to reduce the computational time of FEM to some extent; at
any rate, that is still far from real-time applications.
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In order to be free from space constraints and to meet
the requirements for real-time calculation, a third class of
methods of acquiring ETCs is to infer it from coil current,
of which the measurement is much simpler than measuring
ETCs themselves. Methods of this sort include mainly the
sliding-mode observer (SMO) method and inference through
coil inductance. A nonlinear SMO was designed to observe
the spool position, which has led to significant reduction of
noise and braking of the paddle vibration [20] while achieving
soft landing of the solenoid valve [21], [22]. Notwithstanding,
owing to its complex and intricate computations, the compu-
tational stability of SMO is often limited. On the other hand,
some have suggested inferring ETCs via calculating the coil
inductance from the coil current, in that, its the computational
stability is not limited. Rahman ef al. [23] drew the boundary
on the position inductance table to ensure the accuracy of the
position estimation. The coil inductance varies with displace-
ment and current, which are related to electromagnetic force
[24], [25]. More generally, the relationship between inductance
and ETCs is the problem that needs to be addressed. Ramirez-
Laboreo and colleagues have contributed much in this regard;
their works include the estimation of coil inductance based on
gap [26], [27] or coil current [28], and magnetic flux model
considering eddy current, hysteresis and saturation [29]. These
works have shown that it is possible to estimate ETCs without
sensors, but based on the coil inductance. To further improve
the accuracy of estimation, and to calculate the armature
displacement in real-time, the relationship models between the
armature displacement and the coil inductance, the coil turns,
and the magnetic circuit cross-section, were established. These
parameters were used as the input of the the‘bounce reduction
algorithm [1], [2], [26], [30]. Notwithstanding, when the
circuit breaker operates under high current, the aerodynamic
repulsion force reduces the movement speed of the armature
and changes the armature displacement. These effects are not
reflected in the above-mentioned simplified models” of coil
inductance, since they ignore the influence of the armature
speed on the coil inductance.

To address the limitations<of the intricate computations
of SMO and the negligence of armature speed in simplified
models of coil‘inductance, it is necessary to develop a general
real-time method for ETCs computation based on the coil
current.A model based on energy conservation (ECM) is
herein proposed to establish the relationship between the
mechanical characteristics (electromechanical transient char-
acteristics) and the electrical characteristics (coil current). The
main contributions are as follows:

1) Only the coil current, the mass of moving parts, and the
counterforce are required (see in Section II-A Eq. (10)).
The model takes into account the interaction between
the speed and displacement of the armature, and the coil
current. In this regard, the ECM provides a more realistic
way to calculate ETCs in real-time as compared to the
simplified models.

2) The ECM is proposed to establish the relationship be-
tween the mechanical characteristics and the electrical
characteristics. Besides, it uses the coil current to cal-
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culate electromagnetic force, thereby circumventing the
needs for solving the complex Maxwell’s equations with
the FEM framework or SMO.

The remaining part of the paper is organized as follows.
Section II discusses the theory of the ECM, and Section III
describes its application. Section IV discusses the results and
compares the scope of existing methods. Section V presents
the conclusion and potential future extensions.

II. THEORY OF THE ECM
This section introduces the ECM in part A and key node of
the ECM in part B, and analyze coil inductance transients in
part C.

A. The ECM of the ETCs

The mathematical representation of a coil loaded with
voltage can be expressed as follows:
. d(t)
=7r-i(t)+ —— 1
u =1 1(t)+ TR (1)
) =1Ut) (1), 2

where u is the power supply voltage, r is the coil resistance,
i(t) is coil current, [(¢) is coil inductance, and v (t) is the
flux linkage of the electromagnetic system. Both » and r are
assumed to be constant.
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Fig. 2. Equivalent circuit of coil circuit.

The equivalent circuit of the coil, which consists of a resistor
and an inductor in series, is shown in Fig. 2. Once the coil is
energized, the electrical energy is converted into heat through
the resistance and magnetic energy through the coil. According
to the law of energy conservation, such energy balance is
expressed as follows:

Wpower = Wres + Wmag (3)

Wpower = /u -4(t)dt, )
Wres = / -2 (t)dt, (5)

where wpower 1s the energy provided by the power supply,
Wres 18 the power consumption of the resistor, and wmae 1S
the magnetic energy required to establish the magnetic field.

Concerning wn,e during the energy conversion, part of the
initial energy is stored in the coil, and the other portion would
be converted into mechanical (kinetic) energy, which leads to
the armature movement, i.c.,

Wmag = Weoil + Wmech, (6)
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where wcoi; 1s the energy stored in the coil, wpecp 1S the kinetic
energy of the armature. It is then apparent that, in order to
calculate the kinetic energy of the armature movement, the
stored energy in the coil inductance must be known.

On the one hand, combining Egs. (3)—(6), one yields:

Wmech =Wmag — Weoil

:/@_wum¢mﬁ—mm

On the other hand, the kinetic energy of the armature is the
combined result of an electromagnetic force and a counter-
force provided by springs, of which the relationship can be
expressed as:

)

S’
where m and v are the mass and speed of the moving part,
respectively, Fioun is the counterforce provided by the spring,
AS is the displacement of the moving part in a time interval,
and g is gravitational acceleration. It follows from Egs. (7)
and (8) that:

= Wmech

— (Feoun +mg)AS, ®)

1
Winech :imUQ + (Feoun + mg)AS

= /(u —7r-i(t)) - i(t)dt — weoit-

Finally, differentiating Eq. (9) with respect to ¢ results in the
ECM of transient characteristics:

9

dwegil

dt

Weoi 18 calculated through Eq. (12) based on an discretization
of the armature speed, of which the details are to be elaborated
in Section II-B, and u , i(t) and r can be calculated based on
Section III-A1, m, F.ou, can be measured. in Section III-A2.
S, v and the transient force calculated by v are.the ETCs.

muv

l+(Fc0un+mg)U = UZ(t)— |:,,, . ZZ(t) +

i } .(10)

B. Assumption of the coil energy

Different from the air-core coil, the inductance of a coil
with armature is nonlinear with respect.to time, and how to
obtain the energy w..j absorbed by the coil inductance, see
Eq. (10), is.the primary problem of concern for the proposed
ECM. In Fig. 2, the voltage of the coil inductance is u—7-i(t)
and the current flowing invis.i(¢). Energy absorbed by a coil
with armature is expressed as follows:

Weoil :/Pcoildt

:/W—r%@fﬂﬂﬁ

=Wmag,

(1)

where P is the power stored in the coil. By substituting
Eq. (11) into Eq. (7), one has wyen = 0, which implies that
the armature is at rest. If the armature is in motion, it must
occupies a part of the coil voltage, which implies that Eq. (11)
is unsuitable to describe the current system. Consequently,
assumption about the coil with armature need to be made,
and the expression for w.j needs to be modified.
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About the coil with armature, which is expressed as nonlin-
ear inductance with respect to time, this paper considers the
following assumption. An inductance that is nonlinear with
respect to time can be divided into infinitesimal time intervals.
In each time interval, the inductance is a fixed value, as shown
in Fig. 3. And the voltage of the coil inductance is I(t) - d;—f’)
in a time interval and the current flowing in is i(¢). This
paper argues the discretization allows the coil energy in a time
interval to be expressed as:

Weoil = / Peodt
o
d@/ﬁ@@@

1 .2
5l (),

I[(t) is the inductance of the coil,/ which is time-varying
throughout the transient, but fixed in each time interval.

i(t)dt
(12)

I(H)

0 totitats tyts o tat t(S)

Fig. 3. Discretization of the inductance of a coil with armature.

When Eq. (12) is used with Eq. (6), the obtained wpech
includes the energy of the armature movement and the iron
loss. It should be noted that, in this article, we only discuss
electromagnetic parts, which consist of a coil, an iron core, an
armature, and a yoke iron, with high linearity, i.e. iron losses
can be ignored. Therefore, wmech 1S just the kinetic energy of
the armature.

Force the rod fixed
Fixed contact
Moving contact

Rod —— 3

Source

AAAY

Coil \;g

Fig. 4. Fixed armature setup.

Generally, a coil with armature is considered as nonlinear
inductance with respect to time. Even if the armature is fixed,
its inductance is time-varying. If the above assumption about
the coil with armature is reasonable to describe the movement
of the armature, Eq. (12) should also hold for the case of
the fixed armature. And then, it should be deduced that wyech
mentioned by Eq. (6) is always equal to zero in the transient,
i.e., the power P,y (shown in Eq. (13)) stored in the coil
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Fig. 5. Coil current (sampling voltage of w2 in Fig. 11) of fixed armature
and normal contactor.
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Fig. 6. Power of coil inductance and magnetic field.

inductance is equal to the power Pp,e (shown in Eq. (14))
consumed to establish the magnetic field; which is consistent
with the fact that the armature does not move in the case of
the fixed armature.

Pcoil R dwcoil/dt,
Prnag = dwpiis/dt.

13)
(14)

To perform.a quick sanity check on the assumption, the coil
current with afixed armature (see in Fig. 4) is sampled and
compared with that of a normal contactor. Figure 5 depicts
these two transients. Peoii and Fy,e show high correspondence
(see in Fig. 6), and hence suggests that wy,ech is close to zero,
confirming the validity of the assumption.

C. Analysis of coil inductance during the armature movement

Before we proceed to the detailed calculation, changes in
the coil inductance during the armature movement should be
analyzed. As shown in Fig. 7, comparing the transient of
coil current of the fixed armature and normal contactor, the
energy consumption, as enclosed by b—c—d—e—f-b, is due to
the motion of the armature.
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Fig. 7. Coil current and contact potential of the contactor.

When the coil with armature is loaded with current, the
inductance is expressed according Egs. (1) and (2) as follows:

_dy(t)/dt w—r-i(t)
M S =i e 1
I (t) ng(t) Ju—r-i dt (16)

i(t) i(t)
When the inductance fluctuates around a fixed value, Eq. (15)
holds. In the other case, Eq. (16) holds. It needs to be explained
here why Eq. (16) does not apply when the inductance
fluctuates around a fixed value. Differentiate () as follows:

dp(ty o di(t) ., di(t)

— - =) —m i) — (17
di(t)

“ar =Y (18)

At fixed value stage, due to iron loss, the inductance fluctuates
around a fixed value, Eq. (18) holds. If Eq. (16) were applied
in fixed value stage, the interference from eddy current, etc.
would be magnified and included in the inductance by its
integral arithmetic. In any case, Eq. (15) is more appropriate
than Eq. (16).

During the interval 0-t1, the coil current exhibits fast
growth. Due to the hysteresis effect, weak changes in mag-
netic induction provide negligible electromagnetic force. The
inductance is a fixed value, and Eq. (15) applies for this
period. At tq, the electromagnetic system begins to provide
electromagnetic force, but such force is not sufficient to move
the armature, the displacement and speed of the armature
are therefore zero, and the magnetoresistance, which affects
the inductance more than the electromagnetic force, has not
changed. Besides, a portion of the energy that should be used
to create the magnetic field is taken up, and the inductance is
reduced to accommodate this change. Fixed value inductance
changes into a variable linear inductance and Eq. (16) applies
in this period.

During the interval ¢;—t, the electromagnetic force provid-
ed by the electromagnetic system is less than the counterforce
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of provided by the counterforce spring at the initial position of
the armature. The armature does not move, and the inductance
gradually decreases. At to, the electromagnetic force provided
by the system is equal to the counterforce of the armature
at initial position. At this precise moment, changes in the
displacement and speed of the armature occur, resulting in
a change in magnetoresistance, the change in inductance
introduced by the electromagnetic force is hedged out, and
the inductance stops decreasing and begins increasing.

During the interval ¢5—t3, the electromagnetic force provid-
ed by the system is larger than the counterforce (only counter-
force spring provides) of the armature. As the armature moves,
its displacement and magnetoresistance increase gradually and
the inductance increases gradually. At t3, the armature begins
the over-travel, the inductance continues to increase.

During the interval t3—t4, the counterforce (as provided by
both the over-travel spring and counterforce spring) on the
armature increases further, the displacement of the armature
enters the over travel range, and the inductance continues to
increase. At t4, the displacement of the armature reaches its
maximum. As the armature bounces, the magnetoresistance
and inductance saturates to a fixed value. To visualize the
above-mentioned operating process, the electromagnetic force,
counterforce and inductance, as functions of time, are shown
in Fig. 8.

A A
Force(N) Inductance(H) ;

0 ty fp et it(s)
— — —- Electronmagnetic force :
—— Conuterforce
>>>>>>>>>>>>>> Inductance

Fig. 8. Electromagnetic force, counterforce and inductance in the movement.

III. APPLICATION.OF THE ECM

| Fixed contact
L —Moving contact
- Over travel spring

| — Rod

| Yoke iron

L Counterforce spring
Coil
Armature

Fig. 9. [Internal structure of the contactor.

The empirical part of the paper considers a 270V/200A
contactor. The cross-sectional view of the contactor is shown
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in Fig. 9. As electric current flows through the coil of the
contactor, it generates the electromagnetic force that moves the
armature. This is achieved by switching on and off the contact
that control the main circuit. Various components in the con-
tactor can be divided into an electromagnetic part and a contact
part. The electromagnetic part provides electromagnetic force
when the coil is loaded with voltage. It consists of a coil,
an iron core, an armature, and a yoke iron. The contact part
provides the counterforce, and it consists of moving contacts,
fixed contacts, and springs.

A. Required data

If we are to calculate ETCs the coil current from Eq. (10),
the mass of the moving parts and the counterforce are required,
. Therefore, this section describes the procedure of measuring
these quantities.

1) Measuring power. supply voltage, coil current and coil
resistance: Using an oscilloscope, sensor resistor, power, and
switch, the coil current sampling circuit is built, as shown
in Fig. 10. The contactor is equivalent to a combination of
inductance, resistance, and a switch. The equivalent circuit of
the contactor is depicted in Fig. 11. u; can be obtained directly
from the supply voltage, which corresponds to u in Eq. (10).
The oscilloscope triggers the sampling to obtain the potentials
ug and ug. The value of r5 is known, and the coil current (%)
is obtained by dividing uo with 75:

it) = ua(t). (19)
T2

The oscilloscope samples the potentials uo and ug, and the
results are shown in Fig. 12. ug can be used to characterize
the opening, closing, bounce, over travel starting point of the
contactor. The formula for obtaining r; is shown in Eq. (20),
which corresponds to 7 in Eq. (10). uo’ is the steady state
value of ugy, and when ¢t is greater than 0.05 s (see in Fig. 12),

uy remains stable:

Uy

— Ta. (20)

ua' /1o

ource of contact

Source of coil

Oscilloscope

Bensor resistor of
contact circuit

Contactor

sensor resistor of
coil current

Switch

Fig. 10. Coil current sampling circuit experiment.
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switcht Contactor re%?sl{%aggnh spring provide the counterforce jointly. At this instance,
e T contacts no longer move, and thus the overall mass of
I I the moving parts decrease. The moving parts include
Source | %: Source of counterforce spring, over-travel spring, armature, and iron

of coil -) ) : '§| contact ) core, except contacts.
indEqu‘i;Y]%'S n|t (t),ry w: The time-varying curves of counterforce at to—t4 is shown

v u, o - in Fig. 8. Measure the stiffness coefficient and the initial
S%%si?[:ﬁrséﬁto,r,ff Si'giﬁgc’?i'ﬁtc?ﬁ{’f compression force of counter spring and over-travel spring to
obtain the counterforce as follows:

\/ Feomn = kspringS + F}nitiala (21)

Oscilloscope ] 5.36,0< 85 <8
Finicat = { 1343120804899, 5 < 5 32

where Kqpring is the stiffness coefficient of the spring, measured

Fig. 11. Coil current sampling equivalent circuit.

as:
4 759.96,0 < S < Sy
Fspring = { 1419116, 5, < S V/m, (23)
0.2 Finiar 18 the initial compression force of the spring, S is
I the displacement of the armature, and Sy is the contact gap.
> 12 . . .
T Results show that-the mass of the moving parts including the
:%’ contacts is 22.69 x 10~ kg, and the mass of the moving parts
g without the contacts is 15.15 x 1072 kg as given by:
0 1 22,69 x 1073,0 < S < Sy
—u){0 = ’ .
X { 1515 x 103,85 < S ke 24
_--U3
0 0.02 0.04 0.06 B. Calculation flow
Time(s) Flow chart for calculating the armature speed is shown in
. . ' Fig. 14.
Fig. 12. Coil current u2, contact potential u3.
Armature starting  Moment of Fully closed ( Begin )
movement t, contact t; armature t, ReaUi
= 7] equired
L, (NI gt
- = " 0 0 " 0 o 0
T" 4 d Over a) Finding the initial point
Gapof & B N travel of coil current
contacts v
b) Fitting coil current
o : : There are two kinds
Armature moving .~ Displacementof A~ ¢) Calculating coil < ituati
upward ’ Brmature t inductance of situations.
Fig. 13. Process of armature movement. d) Calculating the power of
armature
- Simultaneous
. . Calculating th d of :
2) Measuring \the counterforce and the mass of moving ¢) Caleu gr:r?gturg SPeed ol calculation
parts: In our device, the counterforce is provided by two
springs. The operation of the armature is shown in Fig. 13. e) Calculating displacement
The process is divided into two stages. of armature

1) From the moment when the armature starts moving (i.e.,
ty) to the moment of contacting (i.e., t3), only the
counterforce spring provides counterforce. The moving
parts include contacts, counterforce spring, over travel Fig. 14. Flow chart for calculating ETCs.
spring, armature and iron core. The over-travel spring
is also in the initial compression state, but it does not a) The initial value of us acquired by the oscilloscope is
provide force. not at the origin, and the initial point needs to be found.

2) From the moment of contacting (¢3) to a fully closed b) From Eq. (10), it can be understood that the differential
armature (t4), over-travel spring and the counterforce calculation is required. Since the noisy discrete data acquired

End
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by the oscilloscope is not suitable for differential calculation,
the data is smoothed and curve fitted, so that can be used for
differential calculation.

c¢) The calculation of the coil inductance varies with its
value, depending on whether it fluctuates around a fixed value
or not. Due to the hysteresis effect, the inductance of the
coil fluctuates about a fixed value for the interval 0—t; after
energization. After that, the inductance is a variable, so that
there are two ways to calculate the inductance, as mentioned
in second paragraph of Section II-C. At the interval 0, it
varies according to Eq. (15), and the calculation method is
shown in Eq. (25). At the interval t1—ty4,, it varies according
to Eq. (16), and the calculation method is shown in Eq. (26):

Uy — U — ijTl

I1(t) = — - L0 <t < tq, (25)
YT G — i) [t — tioa) !
lo(t) = (1~ us = ljrl)(itj —tim) ¥ 0 <t <1y,
J
(26)

where t; represents the current time, ¢;_; is ¢t; — At, At is
the time interval.
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Fig. 15. <Processed inductance of the coil.

The coil inductance is shown in Fig. 15. The inductance of
the coil is approximately a fixed value for ¢ < ¢;, and after
that the inductance starts to decrease. From Fig. 8, it can be
observed that when ¢ is less than ¢;, I(t) is equal to ljunction as
shown in Fig. 15. When ¢ is greater than ¢, [(¢) is equal to
l2(t), as per Eq. (26).

d) The calculated armature power is shown in Fig. 16. When
t is less than %,, the power of the armature fluctuates slightly
about zero, due to the parasitic capacitance in the test loop
and the iron losses, and does not cause any disturbance that
is large enough to affect ETCs. Therefore, these fluctuations
can be ignored and the power is zero if ¢ is less than ?,.

e) Due to the discrete nature data collected by the oscillo-
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Fig. 16. Armature power in the transient process.
scope, Eq. (10) is discretized as:
Vy — Vi1
mu; L=t
tj -3 tj_l
+ {kspring[vj(tj - tj—l) + Sj—l] + Enitial + mg}Uj
, , Lli% —lj—1dj1°
=u1i; — z?(rl +rg) 4 =29 ) (27)
2 tj - tj_l

IV. RESULTS AND DISCUSSION

To validate the ECM, the results are compared with those
obtained using the FEM- and sensor-based approaches. The
test platform built for the verification the ECM is shown
in Fig. 17. Whereas the coil current is measured using the
oscilloscope, the armature displacement is measured by the
laser displacement sensor. The speed and displacement of
the armature are compared with the values obtained from
FEM- and sensor-based approaches, see Fig. 18 and Fig. 19,
respectively.

Laser displacement sensor

Source of contact T

Source of coil Contactor Oscilloscope

Senor resistor of coil cutrent

Fig. 17. Test platform for model verification.

In FEM, on the one hand, takes in known inputs include
dimensions, the static counterforce and the magnetic prop-
erties of the material, and on the other hand, obtains the
speed and displacement of the armature, the coil current, the
transient electromagnetic force, the transient counterforce and
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the contact pressure by solving Maxwell’s equations. Here, the
FEM can be regarded as three steps: (1) Altair Flux calculates
the eletromagnetic force under different current and armature
displacement; (2) ADAMS (Automatic Dynamic Analysis of
Mechanical Systems) sets the measured counterforce; (3) the
continuous changes of armature speed and displacement under
step voltage excitation are calculated by interpolation. The
eletromagnetic force obtained is steady-state data after the
current and displacement are set by Altair Flux, without
taking into account the interaction between the speed and
displacement of the armature, and the coil current. The FEM
is a forward process that requires additional consideration
of complex interactions for more precise requirements, while
ECM is a reverse process that does not need to calculate
interactions because the coil current, which is the starting
point of the calculation, contains information after complex
interactions. Therefore, the FEM is not as accurate as ECM
(see Fig. 18 and Fig. 19).

— ECM II\ l
—--FEM I' \‘ (x 001717 |
1 Sensor I, \'i Y 0.9969

—IA : t4
) I
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e |
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0.01 0.013 0.016 0.019
Time(s)

Fig. 18. Comparison of speed in ECM, FEM;.and sensor.
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Fig. 19. Comparison of displacement in ECM, FEM, and sensor.

The ECM and measured armature displacements (and the
speeds) clearly demonstrate an overall high correspondence,
despite some differences at the armature’s maximum displace-
ment. This is owing to the fact that when the armature collides
with the yoke iron, the counterforce suddenly increases and the
armature bounces; this is, however, not accounted for by the
ECM. The contact gap and the total armature displacement

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEE|

of the sensor are 1.1 mm and 2.45 mm respectively, while
these of the ECM are 1.12 mm and 2.53 mm respectively.
Figure 20 shows the mechanical properties of the armature,
which can be obtained by further calculating the speed and
displacement of the armature. The electromagnetic force Fiy,g
reaches the maximum value at 0.01706 s. When the resultant
force is negative, the armature decelerates and continues to
move forward until it reaches the maximum displacement.
Finally, the armature collides with the yoke and bounces until
it stabilizes.

X 0.01706
40 F ‘ 5 ]
— Resultant force L"S' .
— Gravity !\
I:coun /, !
1
20 [ = ,/‘/ 1}
mag . | e =" | X 001706 | 1
————————————————— Y 7.774 "

Force(N)

D
S
0 =
X'0.01654
Y -0.09379
20}

0.0135 0.015 0.0165
Time(s)

Fig. 20. Force in transient process of the contactor operation.
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Fig. 21. Relative errors of speed and displacement.

Speed and displacement divided by the respective maximum
value is shown in Fig. 21. When the armature approaches the
end of over-travel, the relative error of speed increases sharply.
This could be attributed to the increase of measurement error
of the counterforce provided by the over-travel spring. The
relative error of displacement increases gradually, and the
increment is stable.

Errors of the ECM mainly comes from three aspects in
descending order: (1) iron losses, (2) measurement errors of
moving part mass, counterforce and current, and (3) time
interval of the calculation. Relevant tests are carried out on
750V/630A contactor, comparisons of speed and displacement
is shown in Fig. 22 and Fig. 23 respectively, and the relative
errors are shown in Fig. 24. The relative error of speed rises
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sharply, which is caused by the bounce at the end of the over-
travel and exceeds the armature displacement considered by
the ECM. At the end of the over-travel, the relative error of
speed is 9.902%, which is less than 10% of maximum speed.
Therefore, it is reasonable to believe that even for the high-
voltage circuit breaker, the error should be less than 10% under
the condition of low iron losses.

Due to the use of division instead of differentiation, the time
interval of the calculation will also cause errors. According
to the test data in Fig. 6, the analysis on time interval of the
calculation is carried out as shown in Fig. 25. This error occurs
only before the armature is closed. As the calculation interval
decreases, the error reduces.

0.8

—ECM
—==-Sensor

Speed(m -'31)
=

0.06 0.07 0.08

Time(s)

0.04 0.05 0.09

Fig. 22. Comparison of speed in ECM and sensor for 750V/630A contactors.
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Fig. 23. Comparison of displacement in ECM and sensor for 750V/630A
contactor.

The analysis made in this paper is based on the assumption
described in Section II-B. Judging from the existing experi-
mental results, the ECM is suitable for electromagnetic part
with high linearity in which iron loss could be ignored. It is
necessary to verify that it is suitable for situations with low
linearity. The maximum error of two different target objects
did not exceed 10% as shown in Fig. 21 and Fig. 24, it can be
hypothesized that a relative error of more than 10% implies
an electromagnetic part with significant low linearity, i.e. iron
losses cannot be ignored, in which case the ECM cannot be
applied.
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Table I tabulates the differences among existing methods
of a similar nature. Since the pros and cons are self-evident
from the table, we do not elaborate too much on this account.
In short, the proposed ECM can be used for fault diagnosis,
design verification and the armature control of the electromag-
netic actuators. The speed and displacement of the armature
calculated from the coil current can be used to judge whether
the armature is moving or not. Further calculating the speed
of the armature’s movement can provide the resultant force on
the armature, and then get the retention force on the closing
and on the releasing end of the armature. These can be used
to verify the vibration resistance design.

V. CONCLUSION

In this paper, using the law of energy conservation, we
have analyzed the source of the electromagnetic force and the
armature power in an electromagnetic contactor. The example
showed that the displacement and speed of the armature can
be calculated using only the coil current, the mass of moving
parts and the static counterforce. Since the coil current can
be measured without opening the sealed shell, the ECM is
non-intrusive. In particular, the movement of the armature was
analyzed in detail, and the ECM between the electromagnetic
power and armature speed has been established without sim-
plifying the calculation. Using the coil current as the initial
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TABLE 1
FEATURES OF EXISTING METHODS

Item Real-time Application conditions Results Applicable scopes
applications
Sensors Yes Objects are large enough to install ~ The speed and displacement of the arma-  The fault diagnosis of the large-
sensors and intrusive. ture, the speed and displacement of the  size electromagnetic actuators.
contacts.
FEM No The dimensions, the static counter- The speed and displacement of the ar-  The design and optimization of the
force and the magnetic properties of ~ mature, the contact displacement and the  electromagnetic actuators.
the material. speed, the coil current, the transient elec-
tromagnetic force, the transient counter-
force and the contact pressure, etc.
Simplified Yes The coil current, the coil turns, the  The displacement of the armature. The armature control of the elec-
Models magnetic circuit cross-section, the tromagnetic ' actuators.
coefficients obtained by experimental
fitting. And the armature speed need
be ignored.
SMO Yes The coil current and the driving volt-  The speed and displacement of thé arma-  The armature control of the elec-
age. Pay attention to their stability. ture, the resultant force. tromagnetic actuators.
ECM Yes The coil current, the moving part The speed and displacement of the arma- . Fault diagnosis, design verification

mass and the static counterforce.

ture, the transient electromagnetic. force,
the transient counterforce.

and the armature control of the
electromagnetic actuators.

point for calculation, the ECM overcomes the calculation of
electromagnetic force through the magnetic circuit, thereby,
reducing the complexity of calculation.

Furthermore, the ECM considers that the speed and dis-
placement of the armature during the movement changes the
magnetoresistance in the electromagnetic system, that is, the
inductance of the coil changes. This means that the.change
in the armature during the movement is reflected through the
change in coil current, regardless of whether the current is
a DC or an AC. A future work may be using the ECM for
calculating the dynamic welding force when the contacts arc
occurs during the release process of ‘@ medium voltage circuit
breaker, which is difficult to realize online testing by existing
means.

It should be noted that.the ECM is sensitive to the data
fluctuations, and therefofe requires accurate sampling of the
coil current. There are'17515 time steps, and each time interval
is le-6 seconds in the verification example. An FPGA could
meet the real-time requirement.

ECM can be used for direct acting electromagnetic actuators
such as relay, contactor and solenoid valve. In the case of
non-direct acting-actuators;-the model needs to be modified
according to the way of torque transmission.
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