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Abstract: Power capacitors are widely used in power transmission systems. During their operation,
an electric force acting on the electrodes of the power capacitors actuates mechanical vibrations and
radiates an audible noise. Considering a power capacitor as a general system, the frequency response
with the electric force as the input and mechanical vibration as the output have been measured by
engineers in recent years and used to evaluate the acoustic and mechanical features of products.
Accidentally, it was found that the frequency of the capacitor vibration was not consistent with
its excitation due to electro-mechanical coupling. This electro-mechanical coupling had not been
considered in previous vibration models of power capacitors. Therefore, a new vibration model of
power capacitors was built up in this paper and a so-called multi-frequency vibration characteristic
was revealed. A theoretical analysis showed that the electric force and mechanical vibration of the
power capacitors were coupled, which resulted in the multi-frequency vibration. The vibration
frequency response was measured and the result was consistent with the vibration model proposed
in this paper. Once the frequency of the electric force was near half the natural frequency of the power
capacitor, a predominant multi-frequency vibration was triggered and the power capacitor was in a
superharmonic resonance.

Keywords: power capacitor; mechanical vibration; electro-mechanical coupling; superharmonic
resonance

1. Introduction

The audible noise of power capacitors originates from mechanical vibration, which
is excited by an alternating electric force inside the capacitor cores [1-3]. Due to the
negative effects of audible noise, its assessment and mitigation have been taken seriously
in power transmission systems [4,5]. Mechanical vibration, as the acoustic source of a
power capacitor, needs to be understood first; for example, its generating mechanism
and frequency response under the excitation of different electric forces. Therefore, it was
deemed significant to build a vibration model of a power capacitor core under various
electrical excitations.

Electric forces, as the excitation of mechanical vibration, cannot be directly measured
from a power capacitor so most researchers have utilized the square of the voltage on a
capacitor to characterize the electrical forces [6-9] based on the relation between the electric
force F. and the terminal voltage u(f), as shown in Equation (1):

1dG » 2
Fo=: = 1
e 2 dL u (t) au (t> ( )
where F. is the electric force acting on the electrodes of a capacitor, Cy is the capacitance
of a capacitor layer between two electrodes, and L is the thickness of an element layer.
The coefficient « is donated as the rate of change of the capacitance with the thickness.
Equation (1) is the mathematical foundation of many vibration models of power capacitors
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such as the black-box model and the frequency domain finite element model. A black-box
model was used to predict the sound pressure level of power capacitors. The black-box
model consisted of several transfer functions used to describe the relation between the
voltage applied on a capacitor and the vibration on surfaces [6-8] but the vibration inside
the capacitor core could not be not provided. The transfer function method is used under the
assumption of a linear time-invariant system, which may not be exact for a power capacitor.
For the vibration inside a capacitor, numerical finite element models are usually employed
in the frequency domain. Electric forces derived from the voltage on a capacitor, as shown
in Equation (1), were input into a finite element model to calculate the corresponding
mechanical vibration [10]. The calculation was conducted in the frequency domain. In the
result, the frequency of vibration was definitely equal to that of the electric force, which
was not fully consistent with the experimental observations [11,12].

In previous studies, it has been supposed that the coefficient x was time-independent
for a specific power capacitor and the frequencies of the mechanical vibration and acoustic
noise were consistent with the frequency of the electric force. However, the coupling effect
between the mechanical vibration and the electric force was not accommodated in the
previous models. On one hand, the electric force was the excitation of the mechanical
vibration; on the other hand, the mechanical vibration made the coefficient & change with
time and affected the electric force. The electro-mechanical coupling had a significant effect
on the frequency response of the capacitor vibration. Therefore, a new vibration model of a
power capacitor core is proposed in this paper. This vibration model took into account the
coupling between the electric force and the mechanical vibration and implied new features;
for example, that the frequency of vibration was not equal to that of the electric force.

A vibration model of a power capacitor core with an electro-mechanical coupling
was built; the mathematical equations derived are shown in Section 2. According to the
vibration model, new features corresponding with the electro-mechanical coupling were
analyzed such as the frequency spectrum of the vibration (Section 3). As shown in Section 4,
the vibration of the capacitor cores was measured and the theoretical features derived from
the electro-mechanical coupling were observed in the experiment.

2. Vibration Model of a Power Capacitor Core

The power capacitor consisted of a stainless steel case, two bushings, and internal
capacitor elements. The capacitor element was composed of two aluminum foils as elec-
trodes and polypropylene films as insulations, which were wound and flattened into a
rectangular shape. From a larger view of the capacitor elements, it could be considered to
be a numerous plate capacitor in a series, as shown in Figure 1.

%+ + ¥

electrodes in stack

a plate capacitor
power capacitor in series

Figure 1. Diagram of a capacitor core.
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In the above structure, the distance between the aluminum foil plates of the capacitor,
which was 20~30 um [13], was much smaller than the length of the core. The overall
length of a capacitor core is generally larger than 0.5 m composed of a large number of
parallel stacked electrode plates. Therefore, it can be modeled and analyzed as a continuous
structure with infinite degrees of freedom.

Based on the theory of continuum mechanics, a vibration model of a power capacitor
was established in this paper. In elasticity, an elastic body is a spatially continuous structure
and there are compression and shear interactions between its internal materials. However,
differing from general elastic continuous structures, there are electric forces between the
electrodes in power capacitors that are related not only to the voltage applied but also to
the distance between the aluminum plates. When a capacitor plate vibrates, the distance
between the plates simultaneously changes, which has an impact on the electric forces.
Meanwhile, the electric forces actuate the capacitor plate to vibrate. Therefore, the electric
force and mechanical vibration of the power capacitor are coupled. Thus, the coupling
effects of the electric field and mechanical vibration should be considered at the same time
in a vibration model.

In this paper, the principle of least action was used to model the vibration of a capacitor
core. The form of the vibration model and the corresponding reference coordinate system
are shown in Figure 2.
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Figure 2. Diagram of vibration model of power capacitor core.

The origin of the reference coordinate system was set at the centroid of the capacitor
core. The length of the core was in the x-axis direction and the cross-section was parallel
to the yOz plane. Under electrical excitation, the electric forces interacted between the
electrode plates, which were the internal forces in the system. According to the theorem
of centroid motion, the position of the centroid located on the cross-section at half of the
length does not change with time, which is equivalent to a fixed constraint. The dielectric
materials (polypropylene film and capacitor oil) between the two electrodes were regarded
as equally belonging to the two electrodes on both sides; a layer of an electrode together
with its attached dielectric could then be used as a micro-element of the elastic continuum.
The number of micro-elements was infinite and the vibration model of the filter capacitor
core could be described by partial differential equations.

When the mechanical vibration was excited by the electric force in the power capac-
itor, the total action of this capacitor system was the sum of the electrical action and the
mechanical action, as below:

5= /: (/Ol [?A@f)z - ;1&4(33{)2 n %CO(C, £)u? (1)) dxdt @)

where S is the total action of the capacitor system, p is the mass density of the capacitor core,
¢ is the displacement of the micro-element, E is the elastic modulus of the capacitor core,
Cy is the capacitance of a capacitor layer between two electrodes, and u(t) is the voltage
applied on the capacitor. The first term in the above integral formula was the kinetic energy
density of the capacitor in space. The second was the density of the elastic potential energy.
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The third was the electrical potential energy of a single layer capacitor, which could be
expressed as:

EY = 1Co(& Hu3(t) = 3—Ammii?(t)

P o
LAu2(r) — LA (1) + 354 (%) ()

®)

%

where E(CO) is the electrical potential energy of a single layer capacitor, ¢ is the dielectric

constant of the capacitor, and d is the distance between two electrodes under no electrical
excitations. This electrical potential energy was retained up to a second-order term of
polynomials to maintain the same order as the elastic potential energy.

Substituting Equation (3) into Equation (2), and conducting a variation of the total
action of the system, it was obtained that:

ax dé
) 02¢ 4)
= Aft Jol-p%% + (E— 1a2(1)) S5)08dxdt
—A [P [(E - &ud(r) %L | 3 5 (D]0E(1, D

Given that 4S = 0, based on the principle of least actions, the multiplying terms of
0¢ and 6¢(1,t) were equal to zero in Equation (4). Thus, a differential equation along with
the boundary conditions was derived, which represented the mechanical vibration of the
power capacitor core as:

2 2
o5 = (E— &u(D) 5
0

ot ox2
¢(0,t) =0 - ®)
(E— g2 (1) %55 = — (1)

The right hand side of the partial differential equation demonstrates that there was a
coupling between the mechanical vibration and the electric field of the capacitor core, which
could be regarded as a time-dependent elastic modulus of the capacitor core structure. This
coupling could generate the capacitor to produce more high-frequency components of the
mechanical vibration and cause the frequency spectrum to become more complex.

3. Theoretical Analysis of the Frequency Response of the Capacitor Vibration
According to the vibration model of the capacitor core, the mechanism of multi-
frequency vibration was analyzed via solving the vibration equation. In order to obtain the
solution, a perturbation method was used to deal with the coupling term of the equation.
Given that u = eU?/(2do°E) as the dimensionless parameter that characterized the
effect of the coupling between the vibration and the electric field, and that v = —eU? / (4dyE)
to characterize the degree of electrical excitation, the vibration equation turned to:

ag =c [1 y(1+cosa)Et)] §
¢0,t) = (6)
1 —u(l+ coswEt)] G v(1 4 cos wgt)

where c is the speed of the vibration wave and wg, is the angular frequency of the electric
force, which had a relation with the angular frequency of the voltage w as wg = 2w when
the capacitor was applied to a sinusoidal voltage.
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According to the perturbation method, the vibrational displacement of a capacitor
core can be expressed as:

E(x, t ) = Eo(x,t) + ulr(x, t) + p2a(x, ) + ... )

where §(x,t;u) is the displacement of the capacitor core at position x and y determines the
form of ¢ functions. §o(x,t) is the presumptive solution when neglecting the coupling effect,
ie, u=0. ¢i(xt), wherei=1,2,3,..., are corrective solutions to supplement the (i —1)
solutions stated before.

Substituting Equation (7) to Equation (6), it was obtained that:

2 2
% yaale +y2aa§22 =21 —u(l —i—coswEt)](aafzo +u axl +yzaax§zz +...)
{1 —u(l+ coswgt)](ag%(;’t) + yagla(xl’t) + ,uzagza(]f’t) +...) = v(1 + coswet)

(8)
By setting the coefficients of the polynomial of y to be zero, a series of partial differen-
tial equations was obtained; e.g., for the yo term, the corresponding equations were:

P8 _ 298
ot2 ox2
¢o(0,) =0 9)

78‘:%(;’0 = v(1 4 cos wgt)
and the stationary solution of Equation (9) was:

1 .
Colx,t)=v (kcoskl sinkx cos wgt + x) (10)

where k was the wave number of the mechanical vibration and k = wg/c. Equation (9) was
the presumptive solution when neglecting the coupling effect and this vibration had the
same angular frequency wg with the electric force on the capacitors. When the electric
force angular frequency wg approached the natural frequency of the capacitor structure,
i.e., cos(kl) = 0, Equation (10) became infinity and the power capacitor was in mechanical
primary resonance with a series of natural frequencies as:

(

wy = +im)i=0,1,23, .... (11)

~\ﬁ
N

For the u! term, the corresponding equations were:

2 2 2

aa% = czaa% —c2(1 +cosa)Et)%
¢1(0,t)=0 (12)
agg(;,t) (1+ coswet) gO(l )

Substituting Equation (10) into Equation (12), the equation for the first-order corrective
solution ¢1(x,t) was obtained as:

2%& 208 2
. = C e T

¢1(0,)=0 (13)

aéla(xz,t) = v(3 4+ 2cos wgt + 5 cos 2wEt)

K sinkx(} + coswgt + § cos 2wet)
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The effects of the coupling term in Equation (6) acted as the excitation term in Equa-
tion (13), having a constant component, a wg component, and a 2wg component. Thus, the
stationary solution of Equation (13) was:

&(x,t) = %ﬁ(xcoskxnL %) cos wet

: ) . (14)
v sin kx 2 sin 2kx v ( sinkx
+5 (= 3tcosk + 3rcosakr) €08 2wt + 5 (Egs +2%)

From Equation (14), a clue of the new frequency component of the vibration could
be observed. The first-order corrective solution had a frequency spectrum of wg and 2wg
components. In the same way, the Nth-order corrective solution had a component with the
angular frequency (N + 1)wg.

Substituting Equations (10) and (14) into Equation (7), the mechanical vibration of the
capacitor core was:

2nt) = of ({55 + § (visshy + Mgl iy 1 coswet )

+[5(—gpinky,  2sindkey 4 Jcos2wpt + (x +px+..) ..}

It could be seen that the coupling between the mechanical vibration and the electric
field caused a so-called multi-frequency vibration phenomenon. The frequencies of vi-
bration were integer multiples of the frequency of the voltage applied on the capacitors.
According to the theory of small oscillation [14], the vibration displacement of the capacitor
core is a small amount relative to its structural size. According to Equation (15), in general,
the multi-frequency components caused by coupling were higher level small quantities
with respect to the parameter y, making it difficult to measure the multi-frequency vibra-
tion on every capacitor. However, under the condition of resonance, the multi-frequency
vibration became predominant.

The term of cos(2wgt) in Equation (15) was expressed as:

sin kx 2 sin 2kx

(2wg)  — yE(—

(: F - UZ( 3k coskl + 3kc052k1) cos 2wt
"

2

sin kx + 2 sin 2kx (16)

73kcos(wTEl)

3kcos(2wTEl) ] C0S 2wt

When cos(2kl) = 0, the 2wg component moved the level of u! to the level of u°. This

status is named the superharmonic resonance in mechanics, having a frequency of excitation

equal to 0.5 times the natural frequency [15]. For the capacitors, the relation was expressed as:

2n—1)me  wy
wr — = 17

E T ) (17)

Therefore, Equation (17) was the trigger of the predominant multi-frequency vibration

on the power capacitor. At this status, the power capacitor structure was in superhar-
monic resonance.

4. Measurement of the Capacitor Vibration

Firstly, the vibration on a capacitor unit was measured to verify the above vibration
model of the power capacitor core. The experimental setup is shown in Figure 3. A
harmonic source was utilized to generate a sinusoidal voltage with a frequency ranging
from 50 Hz~1500 Hz and an amplitude of 0 V~350 V. As the voltage amplitude was too low
for the power capacitors, a transformer, equipped with an amorphous alloy core with less
loss at a high frequency, was used to extend the voltage range to 0 V~12 kV. The capacitor
unit, with ratings of 8.15 kV and 8.9 pF, was subjected to a 550 Hz 690 V sinusoidal voltage.
Limited by the capacity of the source, a high-voltage reactor was employed as compensation.
The reactor was adjusted to form a parallel circuit with the capacitor at 550 Hz. In the
test, the vibration velocity on the bottom surface of the capacitor was measured by a laser
Doppler vibrometer (Ploytec, Baden-Wiirttemberg, Germany).
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As a 550 Hz sinusoidal voltage was applied to the capacitor, the frequency of vibration
could be derived according to previous studies [1,6,7]. Substituting;:

u(t) = U cos(27t-550-t)

into Equation (1):

s o al?  al?
F, = alU” cos”(271-550-t) = - + - cos(27-1100-£) (18)
nsfo
|_ [ 1
1 T
I | Laser
| G vibrometer
000 I -
= 3 .
o .: Y
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| I ] <l
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=/
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of source — o o

Figure 3. Experimental setup for vibration measurement of a capacitor unit.

Thus, the vibration spectrum should be 1100 Hz if the electro-mechanical coupling was
not considered, which is the method used by most previous studies. The frequency spectrum
of the vibration velocity of the capacitor in the test is demonstrated in Figure 4. Although the
voltage on the excitation of the capacitor was at the frequency of 550 Hz, the corresponding
vibration had frequencies that were integer multiples of that of voltage. The result was
consistent with the multi-frequency characteristic derived in the vibration model.

14
i 550 Hz
1 1100 Hz
1650 Hz
] ‘ 2200Hz 2750 Hz
T T T T T T T T T T T T T T T | T T T T | T T

0 200 400 o600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
fHz

=
-
1

v/(mm/s)

=

=

et
|

Figure 4. Vibration velocity on the bottom surface of a capacitor unit under 550 Hz 690 V sinusoidal
voltage excitation.

The frequency response of the vibration under an electrical excitation was measured.
Limited by the frequency and amplitude imposed by the harmonic power supply, a ca-
pacitor core without oil impregnation was employed. The capacitor core was a stack of
20 elements with a capacitance of 22 uF, as shown in Figure 5.
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The experimental setup consisted of a harmonic source, a transformer, and a laser
Doppler vibrometer, as shown in Figure 6. In the test, a series of sinusoidal voltages
with different frequencies was applied to the core so no reactors were used as a parallel
compensation. The vibration velocity as a response at the end of the core was measured by
a laser Doppler vibrometer under voltages with different frequencies.

Conductor
welded to
electrodes

Insulated
paper

Capacitor Plasti
astic
element Dielectric binding
—_— -
/// P film hoops
e A !
_— &
(—/—Y)° ///_ J
N\ ~ —

Capacitor stack

Figure 5. Capacitor core without oil impregnation.

Transformer
—_——_—— Laser
! vibrometer
] | |
-
000 I I i
[]
Harmonic | I
source l |
| I
| I
=)
Output I I
of source — W I Capacitor stack

Figure 6. Experimental setup for capacitor stack vibration measurement (no reactor for compensation).

By gradually changing the frequency of the excitation voltage, the response curve of
the mechanical vibration with the frequency of the voltage squared could be drawn, as
shown in Figure 7. According to the vibration model, the theoretical frequency response of
the vibration velocity (shown in Figure 8) was calculated by:

1 eU? 1 elU? T WE
Hy(wg) = 4d%\/ﬁtankl = 4d%\/§tan<2 wn(1)> (19)
where w,, (1) is the first-order natural frequency of the capacitor core given by Equation (11)
withi=0.

A series of peak points could be observed in the frequency response curve, as seen
in Figure 7, and the corresponding frequencies were the structural natural frequency of
the capacitor core. The frequency interval between each natural frequency was equal and
there was an anti-resonance point with a small response between two adjacent natural
frequencies. The above natural frequency distribution was consistent with Equations (10)
and (11) derived from the vibration model. Compared with Figure 8, the amplitude of
the frequency response was different from the model. For the actual capacitor, a certain
damping effect existed due to friction and the vibration response could not reach infinity
as deduced by the model. This damping effect strengthened with the increase in the
frequency, making the response amplitude smaller, which was also consistent with the
results measured, as shown in Figure 7.
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Figure 7. Frequency response of core vibration.
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Figure 8. Frequency response of core vibration calculated by the theoretical model (first-order natural
frequency wn!) was used as normalization to describe the frequency on horizontal axis).

In order to continue to investigate the multi-frequency vibration, the vibration of the
capacitor core in the actual power capacitor was measured. The capacitor adopted had a
rated voltage of 8.9 kV, a rated current of 30.15 A, and a nominal capacitance of 10.786 pE.
The length of the core was 670 mm and the section size was 355 mm. The capacitor cores
were impregnated with oil and encapsulated in stainless steel. In order to approach the
actual state of the core as closely as possible, the core was kept in the impregnated state in
oil during the test measurement. The top cover of the capacitor was cut off, the capacitor
was kept vertical, and a small amount of oil was extracted from the top so that a part of
the end of the capacitor core was exposed for measuring its vibration. The rest remained
immersed in the oil.

In the test, the vibration of the oil-immersed core was measured from the vertical
direction by a laser Doppler vibrometer. Sinusoidal voltages with different frequencies
were applied, starting from 50 Hz to 1000 Hz with an interval of 5 Hz. The frequency of
the electric field force started at 100 Hz, the frequency interval was 10 Hz, and the ending
frequency was 2000 Hz. The vibration velocity component of the capacitor equal to the
frequency of the electric force was measured and its frequency response curve was obtained,
as shown in Figure 9.

As can be seen from Figure 6, in the frequency range of 100 Hz~2000 Hz, there was
only the first natural frequency, which was 1180 Hz. Compared with the frequency response
curve of the dry core in Figure 7, the natural frequency of the oil-immersed core became
higher. This was because the layers of the dry core were filled with air; the internal air was
squeezed out when the element was compressed whereas the layers in the oil-immersed
core were filled with capacitor oil. The oil gaps between the layers were about 30 pum,
which was too small for the viscous oil to flow. This led to a stiffness of the oil-immersed
core greater than that of the dry core and its natural frequency increased accordingly. For
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the core vibration model of the power capacitor, there was still a second-order natural
frequency of 3540 Hz in the higher frequency band.

x10"
4

2
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|

(%
L

|H,[/mms"-

0 —_ T T T T .

0 400 800 1200 1600 2000
I}‘E:'HZ

Figure 9. Frequency response function of vibration of a capacitor core immersed in oil (vibration

components consistent with electric force frequency were extracted).

The coupling between the electric field and the mechanical vibration of the oil-
immersed core was further investigated. The component with its frequency equal to
two times of that of the electric force in the vibration was extracted; the frequency response
function curve is shown in Figure 10.
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Figure 10. Frequency response function of oil core vibration of a capacitor (vibration components
with doubled electric force frequency were extracted).

In Figure 10, when the frequency of the electric force was close to 0.5 times of the
measured natural frequency of 1180 Hz, a significant peak appeared in the vibration
frequency response curve, indicating that the superharmonic resonance was excited. In
addition, for the second-order natural frequency of 3540 Hz, there was also a peak in the
frequency response curve near to 0.5 times the frequency. This verified that the vibration
model was also applicable to an oil-immersed capacitor core.

5. Conclusions

In this paper, the multi-frequency vibrations of power capacitor cores were analyzed by
constructing a vibration model of a capacitor core. The following conclusions were obtained:

(1) The physical basis of the multi-frequency vibration of the power capacitors was the
coupling between the electric force and the mechanical vibration, which made the
vibration equation of the capacitor behave as a variable coefficient differential equation;

(2) The power capacitor had multiple natural frequencies and the frequency difference
between two adjacent natural frequency points was the same;

(3) When the frequency of the electric force was close to 0.5 times the natural frequency,
it triggered the capacitor to produce a predominant multi-frequency vibration and the
electric force at this frequency excited the superharmonic resonance of the power capacitor.
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o Rate of change of capacitance with thickness

Co Capacitance of a capacitor layer between two electrodes
c Speed of the vibration wave in a capacitor core

dy Distance between two electrodes under no electrical excitations
E Elastic modulus of a capacitor core

E(CO) Electric potential energy of a single layer capacitor

€ Dielectric constant of the dielectrics in a capacitor

Fe Electric force acting on the electrodes of a capacitor

k Wave number of vibrations in a capacitor core

¢ The displacement of micro-elements in a capacitor core

Co(x,t)  Presumptive solution of displacement of micro-elements when neglecting
the coupling effect

&i(x,t)  Theith corrective solution of the displacement of micro-elements

L The thickness of an element layer

l Half of the length of a capacitor core

P Mass density of a capacitor core

S Total action of a capacitor system

U Dimensionless parameter to characterize the coupling between the vibration
and electric field, which is y = eu? /(2doe)

u(t) Voltage applied on a capacitor

v Dimensionless parameter to characterize the degree of electrical excitation,
which is v = —eu? / (4dy2e)

w Angular frequency of a voltage applied to a capacitor

WE Angular frequency of the electric force

wn Natural frequency of a capacitor core in radian units

wn®  First-order natural frequency of a capacitor core in radian units
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