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Abstract: The challenges of an HVDC breaker are to generate impulsiee$ in the order
of hundreds of kilonewtons within fractions of a millisechmo withstand the arising internal
mechanical stresses and to transmit these forces via amie#g-insulating device to the
contact system with minimum time delay. In this work, sel/enadels were developed
with different levels of complexity, computation time anctaracy. Experiments were done
with two mushroom-shaped armatures to validate the deedlgpnulation models. It was
concluded that although the electromagnetic force geioeratechanism is highly sensitive
to the mechanical response of the system, the developedrdstr hybrid model is able to
predict the performance of the breaker with good accuracy.
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1. Introduction

The increasing need for integrating renewable energy ssusuch as off-shore wind power and
power harnessed from photovoltaic cells installed in deskas rekindled interest in high voltage direct
current (HVDC) multi-terminal gridsl]]. China alone has plans to start around 30 HVDC transmission
projects within the next 20 yearg][ If realized, an HVDC system will be able to transport povirem
remote areas to consumers with very low losses. Howevdeatsbility relies entirely on the existence
of an HVDC breaker that is able to interrupt fault currentdwn very short time intervals3]. To be able
to interrupt fault currents promptly, an ultra-fast eleatiagnetic drive is needed to actuate the current
carrying contacts by generating impulsive forces withindneds of microseconds.

The mechanical part of a direct current (DC) circuit brealarsists of a contact system, an insulating
medium, a pull rod, an ultra-fast drive and a control unitshewn in Figurel. The contact system
consists of an inlet (1), a pair of stationary and movabldacs (2a and 2b) and an outlet (3). A pull
rod (4) connects the contact system to the drive. The drimsists of an armature (5) and opening and
closing coils (6a and 6b), respectively. Spring-basedblss (7) are used to keep the armature in close
contact with the opening drive coil or the closing coil. Wreefault current emerges, the control unit is
triggered so that the DC breaker's drive can actuate theactsipromptly.

Figure 1. A sketch of a DC breaker showing the current carrying costéz}, the pull rod
(4), the armature (5), the coils (6) and the bistables (7).

After separating the contacts of a DC breaker, an arc wilntteated. To extinguish it, one can use
parallel branches with semiconductors or an oscillatargudt to inject a high frequency current forcing
a current zero crossing as the contacts are separdiingije arc will then be extinguished at a current
zero crossing. However, after contact separation, thekbreaas to be able to withstand the voltage
appearing across it. Otherwise, the arc might reignitee@safly if the air gap separating both contacts
is not suf ciently large.

The modeling of such a breaker is challenging, since it shbalsimulated with all of the necessary
involved physics. As emphasized iB][ the interaction of different physics can now be undergtoo
thanks to the available computational power. Some exangflescent nonlinear coupling between
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mechanical stress and electric elds can be foundbii][ In this paper, novel multi-physics hybrid and
nite element method-based models are presented and cechpar

2. Mechanical Challenges of an HVDC Breaker

The interest in DC breakers has increased over the past \&88]. One of the main challenges of
an HVDC breaker is to separate the current carrying contaitkén a few hundreds of microseconds.
Otherwise, due to the low impedance of a DC gfifl|[ fault currents will rise quickly in magnitude and
become harder to interrupt.

Similar linear actuators for high applications involvinigh accelerations are being investigat&d] [

For a circuit breaker, an example of a typical requirementabe to interrupt a short circuit current by
accelerating the contacts from rest up to 25 m/s wig00us; corresponding to a peak acceleration in
the order of 10,000 g. Assuming the mass of the breaker's mgopart to be aroun@kg, this would
mean that the breaker will be subjected to an impulsive fofcg00kN after 250us. The combination
of large forces and very short time scales poses a mechahiaénge, in particular when compared to
a length scale in the order of meters.

In order to actuate the contact system this rapidly, an me@gnetic actuator that is capable of
generating large impulsive forces is required. These &mtsizan be used in breakers and for other
switching equipment, such as super conducting fault ctifirarters [12]. Several actuation schemes can
be developed to generate such forcE3{5]. The actuator studied in this paper consists of a multi-tur
at spiral coil (Figure 2), situated directly under a mushroom-shaped conductiveire (Figures).
Examples of similar actuation topologies applied to breskan be found in16-18]. Discharging a
capacitor bank comprising several series and parallelexed capacitors through the drive coil results
in a large current surge that, in turn, generates a substamignetic eld. The axial component of this
time-varying magnetic eld induces azimuthally-direcddy currents in the armature. Then, the vector
product of the phi-directional currents in the armaturenglwith the radial component of the magnetic
ux density results in an impulsive repulsive body forcegladenoted byen,.

Figure 2. A picture showing a spirally-shaped coil and its contacts.
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Figure 3. Mushroom-shaped conductive armature with threads on #m'sextremity to
screw in a pull rod.

This actuator cannot be directly connected to the metabhiotacts. One strict requirement of
an HVDC breaker is to actuate its contacts using an eletjricesulating material to prevent the
fault currents to ow elsewhere. An insulating material ttledectrically isolates the contacts from the
armature and yet allows the transmission of forces betweem tis required. This component is the
above-mentioned pull rod ((4) in Figud® and is usually made of composite materials or ceramics.
The impulsive forces are generated in the armature and bawe st transmitted through the pull rod
before they arrive at the desired locatioe,, the metal contacts. The main part of the body forces are
generated within the rst few millimeters inside the armatuwhich is located directly on top of the
coil. Depending on the system voltage level, the pull rodtbdsave a certain minimum length, denoted
by Lp;. The usual length of such pull rods is aro@Dmm. The time it takes for a wave to propagate
through the armature to the contacts denotetl Ry can be estimated using the velocity of waves (
in a homogeneous isotropic medium with:

_ I—Pr
=V (1)
S - S
K +4G=3 _ E(l V)
T @+v)(1 2v)

ttravel

Vo = )
whereK , G, , E andv are the bulk modulus, shear modulus, density of the mediwuand's modulus
and Poisson’'s ratio.

In this study, a pull rod manufactured of berglass-reirted epoxy (FR4) is investigated, since its
properties are signi cantly superior to the traditionalter@al used for such applications. It is electrically
insulating and mechanically very strong with a Young's mladwf 24GPa and a yield tensile stress
exceeding310MPa. It has a shear modulus bf GPa and a density of 1850 kginfFurthermore, it can
be machined in any desired shape and size, even if smoothmekape should be striven for. If the
travel time in the aluminum armature is neglected, thenithe it takes for the wave to travel from one
end of the pull rod to the other is arout@0us, which is in the time scale of the HVDC breaker. This
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time may be even longer if a longer pull rod is used or the pdlis manufactured of a material with
a lower Young's modulus. Therefore, in the following sengpdifferent models are examined in order
to study the in uence of the pull rod mechanics on the forceegation mechanism and the displacement
of the armature.

3. Electromagnetic Modeling

The modeling of the actuator is divided into two parts, awirmodel and a nite element method
(FEM) model, that are implemented in the software COMSOL tiulsics (Version 4.3b, COMSOL
AB, Stockholm, Sweden), as shown in Figutd19]. An electrical source consisting of series and
parallel-connected capacitors, a thyristor and cablesleadnecting to a Thomson coil (TC) is modeled
as a lumped circuit. On the other hand, the TC actuator thapdses a primary stationary coil and
a mobile conductive armature is modeled using an FEM modbaks& two models are then coupled
together and solved simultaneously.

Re F\)stray I-stray
—M—

Lra

I
|
S
NI
1
bInyewy

Figure 4. A SPICE circuit coupled to an FEM model for a Thomson coil. Toed and
the armature are modeled using FEM, since the resistancendadtance of the coil and
armature,Rtc andL+c, are nonlinear and changing dynamically as the armatureesov
away. The capacitor, diode, thyristor and cables are mddsiéumped parameters.

To generate a large impulsive current, several parallelsangs-connected capacitors are charged
to a voltage denotedc.. The capacitor bank can be modeled as an effective capeeitarseries with
its effective resistance denoted By.. As for the thyristor and the leads connecting the capaboik
to the actuator, their impedance is lumped together andydatid byRsyay andLsyay, respectively.

A free wheeling diode is furthermore placed in parallel vitie capacitor bank to prevent the build up
of a negative voltage, since an electrolytic capacitor rhastharged with only one polarity.

The nite element method is used to model the spiral coil aheé trmature solving the
electromagnetic and mechanical equations at every tinge sE®ncentric rectangles representing the
width and depth of each coil conductor turn are drawn in a divoensional axi-symmetric geometry,
avoiding the need to use 3D simulations and signi cantlyu@dg computation time. The voltag¥.(;)
across the spiral coil in the FEM model serves as the comeptint to the circuit model. The total coil
voltages at the terminals of the circuit are distributedasithe different coil turns by:

3)
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X1 - -
Veoil = Vil (4)
Z=1
I, = J,:ds (5)
ler = l1=1lo=:0= 1, (6)

in such a way so as to ensure that the currgqti6 each turm is identical to the currents in the other
turns. HereJq, is the externally-applied current density dueg, the voltage across each coil turn,
is the electrical conductivity], is the current density anglis the surface area of each conductor turn.

The average radius of each turn is denoted by
The induced current density in the conductive mobile armeatlienoted byJi.,,m moving with

a relative velocity is given by:
Ji;arm = e(E + v B) (7)

whereE is the electric eld and is the magnetic ux density. As for the stationary base dtslinduced
current density reduces to:

Jicoil = eE (8)

Figure 5. The current densit00us after the discharge of the capacitor bank is distributed
in only small portions of the geometry. Positive currentgiges appear in the top part of
the coil conductors, while negative currents are induceal mece of the armature situated
directly above the coil.

The total current density in the coil and the armature carxpeessed by:
Jeoil = Je+ Jicoil 9)

(10)

Jarm = Jizarm
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respectively. An example of the current density distribattan be seen in Figuke Based on Maxwell's
equations,

r H=1J (11)
@
E= — 12
r ot (12)
B=r A (13)
the magnetic equation for the primary cdilC,, can be written as:

@ 1

e@t+ —r (r A)=J¢ (14)

whereA is the magnetic vector potentid, the magnetic eld intensity) the current density, the
nabla operator, the magnetic permeability arld the externally-applied current density. The magnetic
equation for the mobile armaturéCs) is given by:

e@ +
@t
The magnetic ux density upon the discharge of the capabiémk can be seen in Figuée A current
in the presence of a perpendicularly-oriented magnetid relsults in a body forcé&.,, also know as
a Lorentz force (see Figui@, where:

1r r A) v (r A)=0 (15)

fon=J B (16)

The force density is not homogeneously distributed and isegged only in the head of the
mushroom, implying a high risk of deformations. In order &saglve these very small skin depths,
triangular elements with a size around half a millimeter ased to mesh the zone where the force
is generated. Although increasing the memory demandsndecader elements are used to catch
the gradients.

Figure 6. The magnetic ux densityl00us after the discharge of the capacitor bank reaches
5T and is highest in the air gap separating the coil and the tanaa



Actuators2015 4 321

Figure 7. Force densityl00us after the discharge of the capacitor bank. The coil isssubg
to compressive forces, while the armature is subjected txetly-directed body force that
is mostly concentrated in the rst few millimeters closeasthe coil.

This transient may last for several milliseconds. In thisdelpa variable time step is implemented
using very small time steps only when needed to ensure cgpenee. The smallest time step is around
50ns and is only required when the voltage of the capacitor hankhes zero, activating the highly
nonlinear model of the free wheeling diode. Otherwise, a&tstep of aroundOps is enough to have
a good resolution.

The computed displacement is used to implement a moving /,éshh is vital to account for the
movement of the armature. As the armature repels, skin dgapmthnductance increase. Therefore, the
net resistance of the material decreases, since a larges-sextion of the conductor is utilized. The
technique used is based on the arbitrary Lagrangian—Ewdénod, whereby the mesh is progressively
stretched until a quality limit is violated. The mesh qualitr a speci ed element stretching factor
serve as criteria to stop the simulation, re-mesh and iatat@ the results from the previous mesh to the
newly-generated mesh.

4. Mechanical Modeling

The developed magnetic model and the computed electroriadgorces are used as inputs to the
mechanical model at every time step. Several FEM-based Isnvagde compared to determine which
models can simulate the performance of the breaker withcgerit accuracy. Model 1 is used as
a benchmark model, since it most accurate, but too demaralimgpeated usage.

4.1. Model 1: Full Multi-Physics Model

To model the behavior of the breaker when subjected to sugiulsive forces, both actuators,
comprising the coil, the armature and the pull rod attacleethé metal contacts, are meshed and
simulated. Due to the presence of large displacements adénaie strains and introducing a notation
common to mechanical formulation, even if these somewhatieavith the electro-magnetic notations
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above, the Green-Lagrange strain teriS@and the second Piola—Kirchhoff stress terfSare usedZQ].
Cauchy's rst equation of motion is given by:

. D2U
DiVP + Fen= o Di2 (17)
whereP is the rst Piola—Kirchhoff stress tensor,
DivP = FS (18)

with F the deformation gradient arfd denoting to the total derivative. The electromagneticdsrn
the material reference frame,

Fem = Jfem (19)
are computed by multiplying the calculated electromagrfetices in the spatial coordinatks, by:
J = detF (20)

the determinant df. In Equation 17), o is the density of the reference material ahdhe displacement
vector de ned as:

U=x X (21)

wherex and X are position vectors in the current and reference con gonat respectively. The
deformation gradient and the Green—Lagrange strain temsaromputed by:

F=GradU + | (22)
1
E = E(GradTu +GradU + Grad"UGradU) (23)

wherel is the identity matrix an@rad' is the gradient transpose operator with respect to the rahter
reference frame.

To be able to generate such impulsive forces without extendeformations, the armature is
manufactured out of a material that is both electricallydumtive and mechanically strong. Therefore,
the aluminum alloy T651 7075 was assumed for the simulatginse it is suf ciently strong, although
not the most electrically conductive. It is represented lasear elastic model:

S=C:E (24)

whereC is the fourth order stiffness tensor antithe double contraction operator. The same equations
are used to model the pull rod. This stress-strain relatimulsl be used as long as the stresses in the
material do not exceed the yield stress, at which comporstatsto deform plastically. The breaker
must be designed in a way such that it does not operate inghisrr in order to allow several breaking
events before replacement.

In COMSOL Multiphysics, the problem is simulated as an axnimetric continuum problem, with
a model comprising of 26,000 quadratically-interpolatksieents.
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4.2. Model 2: Hybrid Multi-Physics First Order Model

Model 2 is referred to as a hybrid model, since the coil andatimeature are modeled using FEM,
i.e., by Equations 17) to (24). However, the pull rod is modeled as a rst order spring-snasdel
with one spring of stiffnesk bounded by two masses, denoted and m,, respectively, on each of
its terminals, as shown in FiguBB. This is a simpli cation of the Kelvin—\Voigt modelf1], whereby
damping is disregarded at this stage. The rst mass is ieddsetween the spring and the stem of the
armature and is given by; = m=2, while the second mass is inserted in the end and is repessbgt
m, = m=2 + M, wherem is the mass of the pull rod arM is the mass of the attached contact system.
To get a value for the stiffness of the pull rod, the stresseke material are considered to be purely
axial, giving the linear stress-strain relation:

= 811: E = — (25)

whereE is the Young's modulus, is the strain in the materiaF;, the force acting on the pull rod ad
its cross-sectional area. A simpli ed model of the force apaing is thereby:

Fspring = K X (26)

wherek is the stiffness andx its elongation. For a pull rod of length, the axial stiffness can be
represented by:

k= -2 (27)

using the reference geometry.

A generalization of this model into ansegment hybrid model is shown in Figu8€. If the pull rod
is chosen to be divided into springs, then the stiffness of each spring willide and each mass will be
- The nal mass will be equal to one of the partially-distribd masses in addition to the mass of the

n+l "
attached copper contact.

4.3. Model 3: Pull Rod Assumed In nitely Stiff

In this model, the pull rod is assumed to be in nitely stiff.hds, a lumped mass representing the
masses of the pull rod and the copper contacts is attachedtlglito the bottom of the stem of the
armature. Equation4.() to (24) are used to model the response of the armature only.

4.4. Model 4: Armature and Pull Rod Assumed In nitely Stiff

This model assumes that the entire structure is rigid andatdme deformed. As a result, none of
the developed mechanics equations are used. Instead,henBld@ctromagnetic equations are used to
compute the body forces in the armature at each time insté@fitwards, this body force is integrated

to compute the velocity and the position of the armature as:
2727
dv

Frdrd dz = Mtota (28)
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X = vdt (29)

whereMy is the summation of the mass of the armature, the pull rodladdpper contacts.

m/2 m/(n+1)
k nk
» mi2 + M mi(n+1)
nk
m/(n+:1) M
(A) (B) (®)

Figure 8. A sketch showing the modeling of the armature (in silverg, pull rod (in green)
and the contacts (in dark red): by a full multi-physics mogke); by a rst order hybrid
model B); and by a generalized segment hybrid model3). The pull rod's total mass is
represented byn and its stiffness along elongation ky The mass of the copper contact is
represented biyl .

5. Model Validation by Experiments

One aim of the following experiments was to primarily studhe tin uence of bending on the
performance of the drive and, secondly, to see its effecthencurrent pulse. Another aim was to
validate the full multi-physics model (Model 1) and the imtely stiff model (Model 4) using two
differently-dimensioned armatures.

To verify the simulation models, an experimental setup wak tith two armature variants shown
in Figure9. The rst armature is slim and is prone to bending when subp¢o an impulsive force,
while the other is larger and thereby more robust and rigiodthEarmatures were however designed to
withstand the maximum stresses.

The experimental setup can be seen in Figl®e The mushroom-shaped armature is lying on top
of a at spiral coil, which is connected to a capacitor bank.la#ge steel structure was used to avoid
vibrations and clamp down the setup rmly to a very heavy Istable. At this stage, the pull rod is
omitted, and the masses are directly attached to the arenafwo steel masses, weighiBgkg and
1:5kg, were rmly attached to the slim and large armatures, eetipely. Two capacitor banks with



Actuators2015 4 325

capacitances @3mF and11mF capable of being charged 500V and 900V were used for the slim
and large armatures, respectively.

Figure 9. A picture showing the slim and large mushroom-shaped amasitélthough both
are designed to withstand the mechanical stresses, oneiideeand prone to bending, while
the other is more robust and stiffer.

Figure 10. A picture showing the experimental setup. The slim mushraomature is sitting
on a at spiral coil that is connected with large cables to paztor bank. It is mounted with
a3:6kg steel mass.

A Pearson probe was used to measure the current pulsesallyniiccelerometers were used to
measure the acceleration of the armature. However, sigteducelerations and collisions are involved
in these experiments, the accelerometers break quickbgedd, a high speed camera with frame rates
of 100,000 fps was used to Im the armatures. Afterwards,ithages were calibrated and tracked to
determine the velocity and the bending of the armature.

The simulated and measured current pulses for the slim arenare shown in Figurél. Since
bending is expected, Model 1 is used. At low voltages, theetiipulse has only one peak &0us
and looks smooth. However, when the charging voltage, aerklly the energy, was increased, the
current pulse became distorted. A clear distinct camel haungent pulse can be seen followin§@0Vv
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discharge. Two peaks appear, on&a0us and one a850us. The second current peak is even higher
than the rst one.

10
j ——exp 100 V|
8 — -sim 100 V
— | —exp 200 V|
< ‘ :
=, 6f J— —sim 200 V| 1
% | exp 300V
= 4= =sim 300 V|_.
o ‘ ] —exp 400 VS
‘ sim 400 V|
21 |—exp 500 V[ 7
~ -sim 500 V[_|
O L ; .4

0 0.5 1 15 2 2.5 3
Time [ms]

Figure 11. A picture showing the measured currents (solid lines) ardiimulated currents

(dashed lines) of the slim armature for increasing chargoitages in steps of 100 V.

To explain the camel hump behavior of the current pulse, #raimg of the mushroom armature
was measured and compared to simulations; see Fiurd he camera was focused on the head of
the mushroom only. The wing of the armature, as indicatedthy ip Figure 13, and the top at part
of the armature were tracked. The difference between thvesepbints is de ned by bending. The
simulations were able to predict the experimental resulis a/good degree of accuracy. Although there
are small differences in absolute values, the trend of tineling is captured. Two sources of error are
due to Iming the mushroom with an angle and the loss of fodtsr&00us. This trend can be seen in
the current pulse. The second current peal@=iius, is due to the wing of the armature bending back
when the internal elastic forces exceeded the repulsitrelaagnetic force. The mutual coupling is
increased with smaller air gaps. The overall inductance bgehe system becomes smaller, causing the
current to rise towards a second peak.

The measured and simulated velocities of the slim armaturéifferent charging voltages are shown
in Figure14. It can be seen that the model predicts the behavior of thatarewell.

The simulated and measured current pulses for the largetamenare shown in Figuré5. In this
case, since the armature was designed to minimize bendiegigid simulation model (Model 4) was
used. For low voltages, the measured and simulated curtdsggpare almost identical. However, for
larger voltages, the simulated currents peak at an eairiierih comparison with the measured current
pulses. Evidently, even such a bulky armature will bend dowgate when subjected to impulsive forces
of this magnitude. In reality, any kind of elasticity willselt in a larger system inductance, delaying the
peak of the current pulse. Furthermore, the current pulsal eéharging voltages have only one peak.
Unlike the previous case, this indicates that very littladiag exists.
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Figure 12. Comparison of the measured and simulated bending of the nmusharmature
upon the discharge of a capacitor bank charged with 500 Vb&heing cannot be measured

for longer time scales, since the picture loses focus withel@isplacements, rendering the
tracking unreliable.

(A) (B)

L/

ptB

ptC

Figure 13. A 3D picture showing the velocity pro le of the system in (mé&dter 150us. B)
Zoom in of the entire actuator shown iA), The armature that is situated directly on top of
the coil is threaded into a pull rod and attached rmly. Pdhis located at the outermost
extremity of the mushroom armature. Point B is located atdp@f the stem of the armature,
i.e., just below the rounded corner joining the head of the mushrto its stem. Point C is
located on the bottom of the pull rode., where the copper contacts are attached.



Actuators2015 4

Figure 14. A picture showing the measured velocities (solid lines) #mel simulated
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velocities (dashed lines) of the slim armature for incnegsiharging voltages in steps of

100 V.

Figure 15. A picture showing the measured currents (solid lines) ardiimulated currents
(dashed lines) of the large armature for increasing chgrgaftages in steps of 100 V.
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The simulated and measured armature velocities for thee largnature are shown in Figufe.
For such an armature, Model 4 can de nitely be used to simsutae velocity of the armature
with high accuracy. A small discrepancy exists at high \g@& due to the inevitable presence of
small deformations.

18 —————T
e - - =S - _____L____
6t . 7 - |- -sim300V .
__________ —exp 300V _
14F [, N\ i~~~ ~SiM 400 \| 1
; —exp 400 \
L 12F A A A N e e .7 1= -sim 500 V}
g N —exp 500 V
= 10} == o sim 600 \f 1
2 " exp 600 V
o .
S 8f |- -sim 700V T
2 —exp 700 VY
6 |- -sim800\ ]
"|— exp 800 ™
41 |- -sim900 \f |
ol ~ ¥ — exp 900 [
0 / 1 1 1 1
0 1 2 3 4 5

Time [ms]
Figure 16. A picture showing the measured velocities (solid lines) #mel simulated
velocities (dashed lines) of the large armature for inégrepsharging voltages in steps of
100 V. The simulation error increases with increasing imel forces, since even the large
armature is elastic and will therefore bend eventually.

6. Results and Discussion

Following the model validations in the previous section,udl ppd was added, and different cases
were simulated. From Model 1, the velocity distributiontve armature and the pull rdd0us after the
discharge of a capacitor bank can be seen in Figj8r&he extremities of the mushroom attain velocities
up to 38 m/s, while the velocity of the load attached at theédmotof the pull rod is still zero. This large
velocity gradient was expected and was estimated initfediyjn Equation {).

Figure1l7 shows the displacements of different points of the armatorgact system as computed by
Model 1. The difference between the displacements of Pdirasd B show that bending occurs in the
range of several millimeters, while the difference betwPeimts B and C show that the armature and
the pull rod elongate prior to any movement of the actual ldiachn be seen th&00us after discharge,
Point A of the armature is displaced Bynm, whereas the contacts are still stationary.
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Figure 17. The displacements of three different points charactegitite dynamic motion
of the breaker. The bending of the head of the mushroom cawomewted by subtracting
the axial displacement of ptB from that of pt A. SimilarlygetBlongation of the pull rod and
the stem of the mushroom armature can be computed by subgrdéice displacement of pt
C from that of pt B.

The generated current impulse in the coil is highly sersitovthe stiffness of the system, but also
to the chosen model. The repulsion of the head of the mushi@uses a premature air gap, which
decreases the mutual inductance between the coil and thetiaam This leads to a larger system
inductance, limiting the sharp increase of the currentgulsis effect can be seen in Figuk8, when
comparing the current pulses computed from Models 1 and 4.tifite derivative of the current pulse
decreases, leading to a shift in the current peak in time amielceease in magnitude. If the pull rod
is assumed to be in nitely stiff, then only bending and elatign of the armature are present, and the
effect on the current pulse is slightly mitigated. A curreegk, slightly delayed in time and lower in
magnitude, occurs in Model 3. As for Models 1 and 2, they giwalar current pulses. Thus, a system
that is subjected to both bending and elongation yields ai@wrrent pulse and, thereby, a considerable
decrease in ef ciency.

The generated force impulse is inversely proportional ® square of the length of the air gap
separating the top of the coil from the bottom of the armatubs Figure19 shows, a stiff system
gives a signi cantly larger peak force than a system subgtd bending and elongation. Model 4 gives
the highest peak force, followed by Model 3. Models 1 and 2 gimilar peak force values, but the
generated force impulses differ slightly in shape.

The displacements of the contasrsustime is given in Figure20. As explained above, Models
1 and 2 give similar displacements, but oscillate out of phakherefore, after inspecting the current
impulses, the force impulses and the displacements usirdgeMbas a benchmark, it can be deduced
that Model 2 gives similar results and can predict the bahravi the contacts with good accuracy.
However, Models 3 and 4 are not good enough, since they diragge the generated electromagnetic
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forces. Model 4 overestimated the peak force by almost 100%del 3 can be used if a stiff pull rod
is used, while Model 4 can be used if both the armature anduhequ are designed not to bend and

elongate. They cannot, however, be considered as geneetiiple for the present simulations with
demands for accurate deformation and short time scales.
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Figure 18. The arising current pulse in the four models following thectiiarge of the
capacitor bank in the spirally-shaped coil.
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Figure 19. The arising force impulse in the four models following theatiarge of the
capacitor bank in the spirally-shaped coil.
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Figure 20. The displacement of the load with respect to each model.

Investigation of Using Models with Finer Segmentations

Since Model 2 gave excellent results, three more models developed, denoted as Models 5, 6,
and 7. These are hybrid models similar to Model 2, but give aeme ned modeling of the pull rod
by dividing it into 2, 3 and 10 spring segments; see Figlird-igure21 shows a representative main
displacement of the contact from all models. It can be ierthat although the complexity of the
system is increased with ner segmentations of the pull i does not necessarily lead to better
results. The results obtained from these extra models avgg\rer, consistently closer to those from the
accurate Model 1 than the results from Models 3 and 4.
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Figure 21. The displacement of the load with respect to each model. M&dest order
hybrid model. Model 5: second order hybrid model. Model @rdtorder hybrid model.
Model 7: Tenth order hybrid model.
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7. Conclusions

In an HVDC system, a breaker should be able to interrupt tautents before they reach large values.
It has been shown that the entire system, including the ameaie pull rod and the contacts, has to be
taken into consideration in the design process, since #ssaharge in uence on the magnitude of the
generated force impulse and the ef ciency of the actuatoynian electrical point of view, fast contact
separation in the order of a couple of millimeters is crudidith the developed multi-physics and hybrid
models, the highly transient and complex magneto-mechaimieraction can be captured and modeled.
The modeling can be used to build a high-end HVDC breaker thighdesired speci cations.

A system that is in nitely stiff will have a signi cantly higer ef ciency, since it will fully utilize the
potential of the electromagnetic drive. Deformations esil® armature to repel prematurely, causing
larger air gaps and thereby limiting the build up of the foiro@ulse before it attains its full potential.
Optimizing the armature alone without consideration ofgbk rod and the contacts is useless if the pull
rod is allowed to elongate excessively. The breaker shoallddsigned in such a way that deformations
should be limited to fractions of a millimeter.

The developed hybrid rst order multi-physics model haswshgromising results and can predict
the performance of the breaker with suf cient accuracy. @aned to the full multi-physics simulation
model, it requires signi cantly less computational powadawill solve the problem in a shorter period
of time. Furthermore, the model does not need to be re-meshetten, since only the armature has to
be fully modeled. The increasing complexity obtained bydsulding the pull rod into several segments
is shown to be of limited importance for the accuracy of thewations. This developed model can
be used to design the shape and the energizing source of tiltaacto boost its ef ciency. One
limitation of the simpli ed hybrid model is that it can onlyebused if the push/pull rod has a linear
stress-strain relationship.

Future work will be dedicated to the development of an oation model to minimize the mass of
the pull rod, while constraining its internal stresses dscekiongation, to reduce the degradation of the
force impulse. Furthermore, the effect of adding dampingarallel to the spring in the hybrid model
will be investigated.
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