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Abstract

This article deals with the numerical modelling of the dynamic response of the rotating electrical machine on the
application of the magnetic forces. The special attention is paid to the modelling of the magnetic forces that act
on the stator winding of the machine and the computational model of the modal properties of the stator winding.
The created computational model was used to investigation of the influence of the nominal air gap thickness and
the air gap eccentricity on the sound power radiated by outer surface of the stator of the machine. The obtained
results show that the nominal air gap thickness has slightly greater influence on the sound power of the machine
than eccentricity of the air gap.
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1. Introduction

Magnetic fields in the air gap between the rotor and the stator of the rotating electrical machines
induce magnetic forces that act on the machine structure. These forces have character of the
time-varying load, which is consists of a number of harmonic components different amplitudes
and frequencies. The amplitudes and the frequencies of the harmonic components affect among
other: a number of pole pairs of the stator winding of the machine, a number of the stator
winding slots per pole and phase, a number of the rotor winding slots, saturation effect and last
but not least the air gap thickness and the air gap eccentricity.

A computational modelling of the dynamic response of the rotating electrical machine on
the magnetic forces is two-stage process. First, the time dependence of the magnetic forces,
which act on the stator and the rotor winding, must be obtained. The dynamic response of the
machine excited by magnetic forces is calculated in the second step.

Computational models of the magnetic forces can be divided into analytical and numerical.
The analytical computational models usually determine the size of magnetic forces based on
the geometrical dimensions of the windings of the machine and the amplitude of the first or of
the first few harmonics of magnetic flux density. The great advantage of these computational
models is their simplicity and a direct physical interpretation. The analytical computational
models fail to take into account of some effects which may have, under certain circumstances, a
significant influence on the size of the magnetic forces, for example saturation effect of the stator
and the rotor winding core, slotting effect, effect of the equalizing currents, which are inducing
in the winding in the case of the parallel paths. The analytical computational models are used
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for example in [10-12, 14]. The numerical computational models determine the size of the
magnetic forces from actual distribution of the magnetic field of the machine in each load step;
therefore, these computational models are much more complex than analytical computational
models and besides saturation effect, slotting effect and effects of the equalizing currents can
take into account also losses due to leakage reactance etc. The numerical computational models
are consuming computational time; therefore they started to be used more widely in the last
decade. The numerical computational models are used for example in [2,8, 17].

Most of the published studies on the computational modelling of the dynamic behaviour of
the rotating electric machines are focused on the examining of the influence of the magnetic
forces on the dynamic behaviour of the rotor. The magnetic forces act also on the stator wind-
ing. Vibrations of the stator excited by magnetic forces may not have significant effect on the
durability of the machine, but may cause excessive noise of the machine; therefore the numeri-
cal computational model of the dynamic response of the stator of the rotating electrical machine
excited by the magnetic forces is proposed in this paper. This computational model is used to
investigation of the influence of the nominal air gap thickness and the air gap eccentricity on
the sound power level of the machine.

2. Magnetic forces

The computational model of the magnetic forces based on the solution of the coupled electro-
magnetic problem by finite element method was chosen as the most suitable. This computa-
tional model consists of two sub computational models: computational model of the magnetic
circuit of the machine and computational model of the electric circuit of the machine. The com-
putational model of the magnetic forces was created in the commercial finite element software
ANSYS. In this case ANSYS 14.0 was used. Calculations have been performed for three-phase
vertical induction generator; its basic parameters are listed in Table 1.

Table 1. Basic parameters of the machine

Items Values Unit
Rated power 380 kW
Rated voltage 6300 \"
Rated current 55 A
Frequency 50 Hz
Number of pole pairs 12 -
Revolutions of the rotor 253 1/min
Outer diameter of the stator winding 1250 mm
Inner diameter of the stator winding 1040 mm
Inner diameter of the rotor winding 850 mm
Stator core length 790 mm
Stator slot number 144 -
Rotor slot number 176 -
Connection of the stator windings coils Y -

2.1. Fundamental equations

The computational model of the magnetic circuit of the machine assumes that the magnetic
field is constant along the centreline of the stator. This assumption reduces number of degrees

124



M. Dondt / Applied and Computational Mechanics 7 (2013) 123-136

of freedom of this computational model significantly, because it is not necessary to create three-
dimensional model of the magnetic circuit of the machine but merely two-dimensional. Eq. (1)
describes the distribution of the magnetic field in the two-dimensional region
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This equation can be derived from Maxwell equations and constitutive relations describing ma-
terial properties, as [5] shows. Here A is the magnetic vector potential, Is, Uy are column
vectors of the currents of the stator winding and electric potential differences of the rotor bars,
Ng is the number of turns in series in each coil of the stator winding S is the cross section
of the stator coil, [ is the length of the rotor bar. Time is denoted as ¢, v and y are magnetic
reluctivity and electric conductivity. The stator winding of the machine is connected to the line
voltage that is source of the magnetic field and magnetic field of the stator causes the rotor
currents; therefore the stator voltage equation

Rl + ZSNS //—dS Us=0 )

and rotor voltage equation

RRIR + RRO' / —dS — UR =0 (3)

must be coupled with the magnetic field equation (1). In these equations Ug, Iy are column
vectors of the electric potential differences of the stator coils and currents of the rotor bars, R,
Ry are the matrices of DC resistances of the stator coils and the rotor bars.

The electrical circuit of the rotor cage consists of the rotor bars (L) and shorting rings. The
shorting rings are divided into segments; each segment connects the ends of two adjacent bars
and is modelled by a ring segment resistance ([?;) and a ring segment inductance (L;), as Fig. 1
shows. Two equations are obtained by application of Kirchhoff’s Laws for electrical circuit of
the rotor cage

Iring - MIR =0, “4)
d
MUR + RringIring + Lring &Iring = 07 (5)

Ri Ri Li

Fig. 1. Electrical circuit of the rotor
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where M is the connection matrix associated with the rotor cage, Ly, i the column vectors of
the ring segments currents, R, and Ly, are the matrices of the ring segments resistances and
the ring segments inductances.

According to [3], the ring segment resistance and the ring segment inductance can be calcu-
lated from Egs. (6) and (7)

Li

Li = poliA;, (7)

Ri:pc

where p. is the electrical resistivity of the ring segment, /; is the median length of the ring
segment, A; is the area of the ring segment cross section, i is the permeability of air and \; is
the geometrical permeance of the ring segment, which can be calculated from Eq. (8)
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Here D, is the median diameter of the shorting ring, /N, is the number of rotor bars, L, is the
length of the rotor winding core, p is the number of the pole pairs, a is the cross section height
of the shorting ring and b is the cross section width of the shorting ring.

Egs. (1)—(5) create computational model

_KH(A) K12 K13 0 0 A 0
K21 (A) K22 0 0 0 IS US
K31 (A) O K33 K34 0 . UR == 0 (9)
0 0 0 Ku Ky Ir 0
0 0 Ks3 0 Kss| [Ling| |0

with the unknowns A, Ig, Ug, IR, L, and the source vector Ug. This computational model
is solved by time-stepping finite element method. More information about this computational
model can be found for example in [1,2,4, 5]. The electromagnetic forces acting on the wind-
ing of the machine can be calculated from distribution of the magnetic field in the air gap for
example by Maxwell stress tensor method [4]

1 [[B>-1B> BB
— T 2 =Y
Fet—rmag = MO/S{ BB, B:-ip*|™%% (19)

where B, and B, are the components of magnetic flux density in Cartesian coordinate system,
B = \/BZ+ B2 and n is unit-vector normal to the boundary s.

2.2. Finite element model of the magnetic circuit of the machine

Fig. 2 shows the model of the geometry of the magnetic circuit of the machine. The frame of
the stator does not have a significant effect on the distribution of the magnetic field inside the
machine; hence the stator is represented by the stator pack in this computational model only.
The stator winding core and the rotor winding core are made of electrical steel M400-50A.
This material is characterized by nonlinear dependence of the magnetic flux density on the
magnetic field intensity, which is described by B-H curve in Fig. 3. The magnetic behaviour of
the other materials has been described by relative permeability. The material characteristics of
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Fig. 3. B-H curve of electrical steel M400-50A

Table 2. Material characteristics: Relative permeability, Electrical resistivity

Item Material pr -] ¢ [2m]
Stator winding Cooper 0.99999 1.72-1078
Rotor bars Cooper 0.99999 1.72-1078
Wedges Sklotextit g10 1.0 -
Rotor shaft Steel 8000 -
Others Air 1 -

the rotor bars and the stator windings are supplemented by the electrical resistivity. The material
characteristics are presented in Table 2.

The model of the geometry was discretized by PLANES3 elements, which are intended for
low-frequency electromagnetic analysis. The air gap between the stator and the rotor of the
machine was divided into two parts. The part of the air gap adjacent to the rotor was discretized
with the rotor. The part of the air gap adjacent to the stator was discretized with the stator.
The finite element mesh of the rotor and the stator was generated separately in order to ensure a
relative motion of the rotor due to the stator. Both meshes were coupled by constraint equations.
The largest gradient of the magnetic potential is expected in the air gap; therefore the finite
element mesh is here the densest.

The rotor bars were discretized by kind of the PLANES3 element that is intended for mas-
sive conductors. The coils of the stator winding were discretized by kind of the PLANES3
element that is intended for stranded coils. Other parts of the magnetic circuit of the machine
were discretized by basic version of the PLANES3 element.
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2.3. Finite element model of the electrical circuit of the machine

Elements CIRCU124 are used for modelling the electrical circuits in ANSYS. Fig. 4 shows the
electrical circuit of the stator winding of the machine. This circuit consists of the three-phase
voltage source (U, V', W) and the stator coils (Lg). The electrical circuit of the rotor has been
described in the paragraph 2.1. The part of the electrical circuit of the rotor Fig. 1 shows.

Fig. 4. Electrical circuit of the stator

3. Coupling of the magnetic circuit with the electrical circuit

According to [1] the ANSYS software allows a direct coupling between the magnetic circuit
model and the electrical circuit model of the machine. The element PLANES3, which was
used for discretization of the rotor bars, has three degrees of freedom per node: a magnetic
potential, an electric current passing through the rotor bar (CURR) and an electrical potential
drop between the ends of the rotor bar (EMF). The elements CIRCU124, which represent the
rotor bars in the electrical circuit of the rotor, are determined by three nodes, as Fig. 5 shows.
The nodes I and J are the nodes of electrical circuit and have one degree of freedom a voltage.
The node K has two degrees of freedom: CURR and EMF. This node is identical with the
arbitrarily chosen node of the area, which represents the appropriate rotor bar in the magnetic
circuit of the machine. The CIRCU124 element represents the rotor bar as a whole. Thus, all
nodes of the rotor bar region must be coupled in the magnetic circuit of the machine in CURR
degree of freedom and EMF degree of freedom. The same procedure must be used for coupling
the stator windings coils in the electrical circuit model with the magnetic circuit model.

Fig. 5. Coupling of the magnetic circuit with the electrial circuit
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3.1. Solution of the electromagnetic problem and calculation of the magnetic forces

ANSYS software allows solving electromagnetic problems by nonlinear time-harmonic analy-
sis or by time-stepping method. According to [1], the nonlinear time-harmonic analysis is less
time-consuming than time-stepping analysis. In case of the nonlinear time-harmonic analysis,
the rotor of the machine is treated as a stationary and the relative motion of the rotor with respect
to the stator is taken into account by slip transformation. The essence of the slip transformation
is explained in [2, 18] and is based on the change of the rotor cage resistance depending on the
slip. This approach takes into account harmonics related with the supply voltage and winding
construction only, but harmonics related with the rotor motion are ignored; hence the solution
of the created task was performed time-stepping method. A length of the time step was used
4 - 1075 s and the constraint equations, which coupled the finite element mesh of the rotor and
the stator, were modified at the end of each time step to match the rotation of the rotor during
the time step.

The magnetic forces acting on the winding were calculated from distribution of the magnetic
field in the air gap of the machine by Maxwell stress tensor method that is directly implemented
in ANSYS.

3.2. Results

The type of the air gap eccentricity considered in this article is in Fig. 6. Proposed compu-
tational model was programed parametrically by ADPL language commands. This approach
enabled easy modification of the nominal air gap thickness gy and the parameter of the air gap
eccentricity 0, which is defined as § = z.,/go. The time dependence of the magnetic forces,
which act on the stator winding of the machine, was calculated for nominal air gap thickness
go = 1.2,1.0 and 0.8 mm and values of parameter 6 = 0,0.2 and 0.4. Figs. 7 and 8 show the
part of this dependence for values of parameters go = 1.2 mm, 6 = 0 and gp = 1.2 mm, J = 0.4.
The influence of the air gap eccentricity on the distribution of the electromagnetic forces along
the stator winding can be seen from these figures. The magnetic forces are periodically dis-
tributed along the stator winding in the case of the machine with the symmetric air gap. In the
case of the air gap eccentricity, the magnetic forces increase in the vicinity of the minimal air
gap thickness and decrease in the vicinity of the maximal air gap thickness, as Fig. 8 shows.

ROTOR
STATOR ROTATION AXIS

Xex

Fig. 6. Type of the air gap eccentricity

4. Dynamic response of the stator on the electromagnetic forces

The time dependences of the magnetic forces, which were obtained in the previous step, were
used to investigation of the influence of the air gap thickness and the air gap eccentricity on
the sound power level radiated by the outer surface of the stator of the machine. The dynamic
response of the stator of the machine on the electromagnetic forces was calculated as first. The
sound power level radiated by outer surface of the stator was calculated from this response. The
calculations were carried out in ANSYS again.
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Fig. 7. Part of the time dependence of the magnetic forces: g9 = 1.2 mm, § = 0, a) radial component of
the magnetic forces, b) tangential component of the magnetic forces
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Fig. 8. Part of the time dependence of the magnetic forces: g9 = 1.2 mm, § = 0.4, a) radial component
of the magnetic forces, b) tangential component of the magnetic forces

4.1. Dynamic response of the stator excited by electromagnetic forces

Fig. 9 shows the model of the geometry of the stator of the machine. This model was created
with regard to the modal properties of the stator of the real machine; therefore covers of the
ventilation holes, holes for mounting of the generator in the machine room and other parts that
do not have significant influence on the total stiffness of the stator were not modelled.

Fig. 9. Model of the geometry of the stator
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A frame and shields of the stator are weldments made of a structural steel. A mechanical
behaviour of this material was described by constitutive relations that assume a homogeneous
isotropic linear elastic behaviour of this material. A stator pack consists of stator sheets with
slots for a stator winding. Stator winding is placed in two layers in the slots. Each layer is
formed by eight rectangular copper rods. These rods are separated by a layer of insulating
varnish Ultimeg 2000. The stator winding is covered by a resin Nomex E56 and ensured by
the wedges in the stator winding slots. Detailed treatment of the stator pack would results
in a very long computational time of the dynamic response of the stator; therefore the stator
winding is modelled as the hollow cylinder made of the homogenous isotropic linear elastic
material in practise [9, 13, 16]. The main idea of this approach is to replace the stator pack by
the simple body with similar modal properties in the radial direction. The modal properties in
the axial direction are not important, because magnetic force component in this direction is not
significant. The publications [9, 13, 16] do not describe a process for determining the material
characteristic of the stator pack replacement. Experimental modal analysis of the stator pack is
not available too. Hence the procedure proposed in [7] was used. The natural frequencies of
the stator pack in radial direction can be calculated approximately by the computational modal
analysis of the two dimensional model of the stator pack cross section with detailed treatment
of the stator winding. Procedure for calculating of the material characteristics of the stator pack
replacement is as follows. The Poisson ratio does not have a significant influence on the modal
properties of the stator pack replacement; hence it was set to typical value 0.3. The density of
material of the stator pack replacement was calculated from the ratio of the weight of the real
stator pack and the volume of the stator pack replacement. The computational modal analysis
of the cross section of the stator pack replacement was performed in the next. The tensile
modulus of the stator pack replacement was searched so that the first two natural frequencies of
the stator pack replacement were as closed as possible to the first two natural frequencies of the
real stator pack. Naturally, calculation accuracy is affected by several uncertainties. The most
significant uncertainty is probably assumption of the homogenous isotropic material behaviour.
However this approach is the simplest way to determine tensile modulus of the stator pack
replacement. Material characteristics used in calculation of the stator pack replacement are
presented in Table 3.

Table 3. Material characteristics: Density, Tensile modulus, Poisson ratio

Item Material p kg - m™3] E [Pa] 1 [-] Reference
Frame, shields Structural steel 7850 2.1-10"  0.30
Stator sheets M400-50A 7700 2.1-10"% 030  [15,19]
Stator winding Cooper 8960 1.2-10%  0.35
Insulation varnish Ultimeg 2000 1090 3.45-10°  0.40 [15]
Resin Nomex E56 670 2.46-10°  0.40 [15
Wedges Sklotextit G11 1900 1.05- 10 0.41 [15]
Replacement of stator pack 6227 2.84-10° 0.30

A casing of the generator was discretized by SHELL181 elements, other parts of the stator
were discretized by SOLID185 elements. The finite element mesh was created with respect to
the evenness of the mesh.

Loading of the stator winding by the magnetic forces was modelled prescribing the time-
varying forces to the nodes on the inner surface of the replacement of stator pack. These time-
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varying forces were determined on the basis of the time dependences of the magnetic forces,
which were obtained in the previous chapter. It must be remembered that the time dependences
of the magnetic forces are related to the unit length of the stator pack in this chapter.

The connection of the generator with the base plate in the machine room was modelled by
prescribing zero displacements and rotations to the nodes on the contact area of the flange of
the generator.

The solution of the dynamic response of the stator excited by magnetic forces was performed
in the time domain by Newmark method. A length of the time step was used 1.6 - 10=* s. The
initial displacements and velocities of the nodes of the stator are not known; hence were set
to zero at the beginning of the calculation. The calculation of the dynamic response had two
phases in order suppress of the transients. The gradual loading from zero to full load during first
five revolutions of the rotor was used in the first phase. A stabilization of the dynamic response
occurred in the second phase of the calculation. This phase lasted for ten revolutions of the
rotor.

4.2. Sound power level

The sound power level radiated by outer surface of the stator of the machine was evaluated
from the dynamic response of the stator excited by magnetic force. The sound power level
was calculated by the basic method that is described in [16]. The sound power radiated by the
surface, which is discretized by the finite element mesh, can be calculated from Eq. (11)

/1@2
Wa _ _pOCOUZ nor i (11)
= ZA?, (12)
i=1

where pj is the density of the air, ¢y is the speed of the sound in the air, ¢ is radiation efficiency,
A; is the surface of the face of the element 7 that create outer surface of the stator, T, ; is the
volume velocity of the i-th face, N is the number of faces of the element which create outer
surface of the stator. The radiation efficiency of the examined machine is not known. According
to [6] and [16] o = 1 was used. Naturally, this approach maximizes the estimation of radiated
sound power. The volume velocity

1 M
Unori = MA’L ]Z:; Unorijs (13)

where v, ;; 18 the normal velocity of the j-th node ¢-th face and M is the number of the nodes
that belong the i-th face of the element. The sound power level is then calculated from Eq. (14)

Ly, =10log W
Tef

(14)

where W, is the reference value of the sound power. The reference value of the sound power
is typically 1 - 1072
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4.3. Results

The influence of the nominal air gap thickness on the sound power radiated by outer surface of
the stator was investigated as first. The machine with the symmetric air gap was considered in
these calculations. Fig. 10 shows the time dependence of the sound power level generated by
the magnetic forces for the nominal air gap thickness gy = 1.2, 1.0 and 0.8 mm. It can be said
that the decrease of the nominal air gap thickness from 1.2 mm to 1.0 mm leads to increase the
sound power level approximately by one to two decibels, which corresponds the increase of the
sound power by 25 %, around local minimums even by 75 % as Fig. 11 shows. In the case of
the decrease of the nominal air gap thickness from 1.2 mm to 0.8 mm, the sound power increase
about 60 %, around local minimums even by 180 %. The increase of the sound power is not too
great around the local maximums of the sound power due to saturation effect of the stator core,
which reduces the amplitude of the electromagnetic forces.
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Fig. 11. Increase of the sound power radiated by outer surface of the stator due to the decrease of the
nominal air gap thickness

The influence of the air gap eccentricity on the sound power of the machine was investigated
as further. Obtained results are presented in Figs. 12, 13 and 14. The upper parts of these
figures show the time dependences of the sound power level radiated by outer surface of the
stator for different nominal air gap thicknesses and values of the parameter 6 = 0, 0.2 and
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0.4. The bottom parts of these figures compare the sound power of the machine in the case of
the air gap eccentricity with the sound power of the machine in the case of the symmetric air
gap. It is obvious, from these figures that the air gap eccentricity increases the sound power
of the machine especially around local minimums of the time dependences of the sound power
level. It is interesting that the increase of the sound power in these areas is slightly larger for
0 = 0.2 than 6 = 0.4. This can be attributed to the debit of the degree of the saturation of
the magnetic circuit of the machine in the vicinity of the minimal air gap thickness, which is
greater in the case of 6 = 0.4 than in the case 6 = 0.2. This fact confirmed by the comparison
of the curves, which describe the increase of the sound power of the machine due to air gap
eccentricity. The degree of saturation of the magnetic circuit of the machine is greater in the
case of go = 0.8 mm than in the case gy = 1.0 or 1.2 mm too, hence the local maximums of
the curves, which describe the increase of the sound power of the machine due to the air gap
eccentricity, decrease significantly less for § = 0.4 than for § = 0.2 with decreasing nominal
air gap thickness.

In summary the nominal air gap thickness has slightly greater influence on the sound power
of the machine than eccentricity of the air gap, because reduction of the nominal thickness of
the machine increase magnitude of the magnetic forces along the entire circumference of the
stator winding of the machine, whereas the air gap eccentricity increase the magnetic forces
around minimal air gap thickness only, as Fig. 8 shows. Nevertheless the air gap eccentric-
ity must not be neglected, because the radial components of the magnetic forces which act on
the stator and the rotor winding of the machine are not cancelled out each other and the re-
sulting magnetic force (unbalanced magnetic pull) causes additional load of the rotor of the
machine.

5. Conclusions

The calculation procedure of the dynamic response of the rotating electrical machine stator,
which is excited by the magnetic forces, was presented. The special attention was paid to the
computational model of the magnetic forces that act on the stator winding of the machine,
because application of the numerical computational model of the magnetic field, based on so-
lution of the coupled electromagnetic problem by finite element method, is not quite common
yet. New approach was used also in the modelling modal properties of the stator pack.

The proposed computational model of the dynamic response of the rotating electrical ma-
chine stator excited by the magnetic forces was used to investigation of the influence of the nom-
inal air gap thickness and the air gap eccentricity on the sound power of the machine. Obtained
results show that the nominal air gap thickness has slightly greater influence on the sound power
of the machine than the eccentricity of the air gap, because reduction of the nominal thickness
of the machine increase magnitude of the magnetic forces along the entire circumference of the
stator winding of the machine, whereas the air gap eccentricity increase the magnetic forces
around the minimal air gap thickness only. The influence of the saturation effect of the stator
and the rotor winding core on the sound power of the machine was demonstrated too.

The computational model of the dynamic response of the machine on the magnetic forces
will be further completed by the rotor. This enhancement allows to include flexibility of the
rotor and the bearing pedestals to the calculation and enables also to study the influence of the
air gap eccentricity on the additional loads of the bearings of the rotor.
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