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The design of modern electric machines is associated with an increase in the specific power
of machines, which leads to an increase in vibration loads and an increase in the width of the
vibration spectrum. This work is devoted to the problem of vibration damping in the frame
of electric motors, on which laboratory experiments are conducted, since the presence of such
vibrations negatively affects the accuracy of the data obtained from the sensors during the
experiments. In this connection, the thesis reviews various methods of vibration damping and
vibration isolation, the use of which is possible for electric machine frames. Work on the
bachelor thesis went this way: first, we examined the existing works on vibration damping,
then we considered the theoretical problems of the dynamics of the rotating rotor, the causes of
vibration, initiated by the rotating rotor, its interaction with the bearings on which it is supported,
and the vibrational activity of various actuators driven by the electric machine. Then active
and passive means of vibration damping were considered, which serve to reduce the vibrations
generated by the source. Then the ways of vibration control were considered, which serve to
isolate the object from the vibrations created by the source. In the conclusion of the work,
a comparative analysis of possible solutions for damping vibrations in the frames of electric

machines are made.
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1 INTRODUCTION

1.1 Motivation of the research

In this thesis, we study the problem of vibration in the frame of electric machines and methods
of reducing vibrations. The solution of the vibration problem of the motor frame is important to
groups for electric motors installed in the same room, since vibrations can be transmitted along
the building structures from one machine to the rest to disturb their work. Also, the solution of
the vibration problem is important for the electric motors of pumps installed on a high frame, as
this is necessary for the location of the supply pipes and fittings. For such frames, there is a lack
of rigidity, and in the case of the appearance of vibrations, their amplitude can reach dangerous
values and can lead to construction failure. Another application of engine vibration dampers
will be useful for motors with magnetic bearings, since such bearings have a guaranteed air gap
and the bearing capacity of the magnetic field in the bearings is significantly less than the rolling
elements or oil film, which can lead to the destruction of bearings as a result of mechanical
contact with significant oscillations of the rotor or stator, or in the unsuccessful combination of

both these oscillations.

The ideal end result of this work would be to find a way to damp the vibrations of the electric
machine frame, so that the amplitude of these oscillations does not exceed the permissible values
and the oscillation energy could be completely dissipated by the electric machine supports and
the building structure elements into which this electric motor is installed. It is also necessary
that the oscillations in both planes occur, both in the plane perpendicular to the floor and in the

plane of the floor.

The main difficulty is that dynamic dampers are effective only in a narrow frequency band and
apply them to systems that operate in a wide frequency range ineffectively, vibration dampers
that work on the principle of energy dissipation, work with approximately the same efficiency
over the entire frequency range, which leads to the fact that they are not effective at the moments

of resonance, when the amplitudes of the oscillations reach large values.

1.2 Previous research
If we look at the statistics of works on this topic over the past 10 years, we will see a continuous

growth of interest in this topic, the number of papers published on this topic has almost tripled



over the past decade. The reason for this is both the importance of the problem of damping
vibrations in electric machines and the development of computer technology, since a significant
part (about 17 %) of the work is devoted in one way or another to computer simulation of
vibration processes. This somehow shows another important direction of development in the

study of the problem. Statistics of works are given on the basis of Scopus database.

Year Author Affiiation | Country/Teritory | Document ttype | Subjectarea

Year = Documents Documents by year

Figure 1. Statistics of works are given on the basis of Scopus database with using keywords:

"electric machine", "vibration", "damping".

The closest work done in LUT on this topic: (Valkonen, 2008) and (Posa, 2016) In the first
work (Valkonen, 2008), vertically standing pumps are considered most, which, according to
the requirements of the location of the inlet pipes, are high above the installation surface, and
because of this the vibration amplitudes reach dangerous values. In the paper, the ways of
improving the frame construction for the installation of such engines are considered and, also,
the possibility of changing the method of fastening the motor to the frame, which can also
help reduce vibrations, is considered. In the work (Posa, 2016), the problem of vibrations of a
centrifugal pump driven by an electric motor was investigated. The paper discusses the problems
of how the electromagnetic forces are related to the vibrations in the motor, how these forces
depend on the structure of the motor, and how electromagnetic forces can be simulated in the

design of aggregates of this type.

1.3 Objectives

The ideal end result of this work would be to find a way to damp the vibrations of the electric
machine frame, so that the amplitude of these oscillations does not exceed the permissible values
and the oscillation energy could be completely dissipated by the electric machine supports and
the building structure elements into which this electric motor is installed. It is also necessary

that the oscillations in both planes occur, both in the plane perpendicular to the floor and in the



plane of the floor.

The main difficulty is that dynamic dampers are effective only in a narrow frequency band and
apply them to systems that operate in a wide frequency range ineffectively, vibration dampers
that work on the principle of energy dissipation, work with approximately the same efficiency
over the entire frequency range, which leads to the fact that they are not effective at the moments

of resonance, when the amplitudes of the oscillations reach large values.

1.4 Restrictions
In this paper, we focus on flexural oscillations of the rotor, and lateral vibration of the machine
frame. The question of quenching torsion vibration, it is considered in other works, in particular,

in works devoted to torsional vibration problems in reciprocating machinery.
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2 THEORETICAL BACKGROUND

2.1 Rotor dynamics

In engineering the rotor is defined as a body capable of making rotary motion around a fixed axis
in space. Another part of the system, which does not rotate, but performs auxiliary functions:
holding the axis of the rotor in a certain position in space, the supply / removal of energy is
called the stator. Areas of application of rotors are many: they are turbine shafts, shafts of

electric motors, spindles of machine tools.

The trend of the development of technology at present is such that it requires an increase in the
rotational speed of rotors used in such systems. In machinery this is useful because it is possible
to achieve the necessary rotational speeds with a small tool diameter (for example, machining
small diameter holes) and also the ability to process materials that require high cutting speeds
during processing (aluminum and magnesium alloys). In electric motors and turbines, increasing
the rotational speed makes it possible to reduce the weight and dimensions of the engines used,

while maintaining the same power.

In the theory of the dynamics of the rotor are determined the critical rotational speeds, that is,
those speeds at which the frequency of rotation coincides with one of the natural frequencies of
the oscillations of the rotor shaft. The rotor can have several critical rotational speeds, associated
with a bending natural frequency, an axial natural frequency, and a torsional natural frequency.
Axial vibrations are usually not related to flexural and torsional vibrations, the natural frequencies
of axial oscillations are higher than those of other modes, and the perturbations caused by such
oscillations are usually insignificant. The operating of the rotor at critical speeds is dangerous,
since it is the source of periodic excitations that can cause very strong vibrations both rotating

and non-rotating parts of machines. (Genta, 2007, p. 280.)

Because of the arising vibrations in the early stages of the production of machines using a rotating
rotor, the stiffness of the rotor was calculated so that the entire range of operating frequencies

of the machine lay below the critical speed.

Later, an even larger increase in the speed of rotation was required, which led to a change in
the approach to the design of the rotors. Rotors of modern machines operate at frequencies of

large first critical speed. Therefore, the requirements for system design have changed, it is now
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necessary that the zone of increased vibration be narrow, the amplitude of the oscillations during
the passage of this zone did not exceed dangerous values, and with further increase in frequency
the rotor rotated with stable small vibrations. The first in this area was the Swedish scientist
De Laval in year 1883, who designed a rotor for a milk separator that needed high rotation
speeds. To make such a separator, a steam turbine was used, with a speed of up to 40,000
rpm, and to reduce vibrations during the passage of the critical speed, the De Laval applied a
flexible shaft that could flex with increasing frequency, which saved the turbine bearings from
destruction (reference to the book on history). In modern machines it is used as a flexible rotor,
the use of non-rigid supports for the shaft, which allows to pass the critical speed modes without
the occurrence of vibrations dangerous for the construction of the machine. Also, the trend
of modern electric machines is to use magnetic bearings equipped with displacement sensors
for the position of the rotor shaft, and a control system that allows the use of active vibration

damping by changing the characteristics of the magnetic field in magnetic bearings.

In addition to critical speeds, there are other causes of vibration sources in the rotating rotor.
One of them is the self-excited oscillation of the rotor appearing in certain modes of operation.
The reason for the oscillations is that the energy, which system can dissipate, for example due
to the internal friction of the rotor material, is compensated from the kinetic energy of the rotor,

which leads to instability.

2.2 The causes of vibration
Before considering methods of eliminating vibrations, it will be useful to consider the main

causes of the appearance of vibrations arising in electric machines.

The first group of reasons for the occurrence of vibrations is in one way or another connected
with the rotor, but by its balancing, the interaction with the bearings on which it is mounted, the

vibrations that arise in the bearings themselves and the gyroscopic effect of the rotor.

2.2.1 Rotor balancing

Types of rotors

Before describing the balancing of rotors, let’s define the basic concepts used in the description
of rotors. The rotor is a body held in space by its supporting surfaces. Supporting surfaces are
the surfaces of pins or surfaces, replacing them. The straight line joining the centers of gravity

of the contours of the cross sections is called the axis of the rotor. According to the number of
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supports, the rotor is two- and many supporting. Also, the rotors are classified by the location
of a significant part of its mass. The mass can be located between the supports, it can be located
outside one of the extreme supports, then the rotor is called the cantilever, and can be located
behind the two extreme supports, then the rotor is called the double-cantilever. (Chelomey et al.,

1981, p. 35.)

Conditions of dynamic equilibrium
The body, which is not subject to external forces, rotates at a constant angular velocity w around
one of its main axes, is in a state of dynamic equilibrium if its main vector of unbalancing forces

and the moment of unbalanced forces is zero:

XF; = wZZm,-r,- = wZZDi = w?’D = wzmres, =0 (D)

IM; =37 X F; = 0°Smir; X z; = 0°ED; X zi = w*Mp )

In the equations 1, 2 m; unbalanced point mass, r; - eccentricity of unbalanced point mass, D;
imbalance of unbalanced point mass, m, = Xm; rotor mass, est = Zm;r;/m, eccentricity of the

rotor, D and Mp - the main vector and main moment imbalances.

Types of rotor unbalance
Depending on the location of the rotor axis z’ and its main central axis of inertia z are
distinguished by three types of imbalance: static imbalance, moment imbalance and dynamic

imbalance.

In case of static imbalance axes z and 7z’ are parallel to each other. With moment imbalance, the
axis of the rotor and its principal axis of inertia intersect at the point of the center of mass of
the rotor. Dynamic unbalance is a combination of static and moment imbalance simultaneously,

rotor axes z’ and z intersect not at the center of mass or cross. (Chelomey et al., 1981, p. 36.)



13

(a) Static imbalance (b) Moment imbalance (¢) Dynamic imbalance

Figure 2. Types of rotor unbalance. (Chelomey et al., 1981, p. 36.)

2.2.2 Rotor-bearings interaction

In general, any rotor used in practice rotates in a mounting. The mounting of the rotor is
conventionally divided into hard mounted and soft mounted. The subdivision for hard and soft
mounting is conditional, since the stiffness of any bearings is limited, and rigid is called an
embedding in which the ratio of the stiffness of the rotor to the stiffness of the bearings is such
that the bearings can be considered infinitely rigid. Rigid and soft bearings are used in different
situations, rigid ones are needed in cases where it is necessary to ensure the exact location of

the shaft, for example, in the spindles of machine tools.

If the rotor is designed to operate at supercritical speed, the rotor bearings are made soft to allow
the transition of the critical speed. In this case, the rotor in supercritical speed works in a rigid
mode, which allows using the self-centering of the rotor, and in the sub-critical region the rotor

operates in a soft mode, which allows to ensure stability.

The problem of all bearing types used is their non-isotropy, which in real bearings can be
observed even in cases where the bearing is axially symmetric. Also, the problem of all bearings
in nonlinear behavior. Usually in the region of small oscillation amplitudes linearization of the
bearing behavior is applied, however in the region when the amplitudes of the oscillations

increase the linearization is not applicable.

Fluid bearings have problems with dynamic stability, which are associated with the behavior of
the fluid film in the bearing. The most common phenomena are oil whirl and oil whip. The first
phenomenon is associated with the curling of the rotor, which has a frequency approximately

equal to half the rotational speed of the rotor, and it is superimposed on other whirling movements,
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often synchronized with whirling caused by an unbalanced mass. At a speed about twice the

first critical speed, the motion turns into a very strong, often destructive, movement called oil

whip. (Genta, 2007, p. 309.)

7
/ Oil whip
e
Oil whirl

Field of instablllty

/& SN )
) |

|
— |

Qer Threshold Q
of instability

Figure 3. Oil whip and oil whirl on the Campbell diagram. (Genta, 2007, p. 310.)

2.2.3 Rotor inertia and gyroscopic action

The inertia of the rotor and the gyroscopic effect affect the natural frequencies, critical speeds
and imbalance of the rotor, including reverse whirling. In the case of the natural rotor frequency
(zero speed), the diametrical or rotational inertia provides an additional natural frequency
associated with the degree of freedom of rotation. In addition, the inertia effect reduces the first
natural frequency. In a rotating body, the inertia effect generates both forward and backward
rotation speeds. These critical torsional speeds in the forward direction are generally higher
(the amplification effect), and the reverse whirling critical speed is lower than the natural rotor
frequency. At the forward critical speeds, a large torsional amplitude motion occurs due to
imbalance, while the reverse critical speeds are insensitive to the imbalance of the rotor. (Genta,

2007, pp. 94-107.)
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2.2.4 Bearings as a source of vibration

The bearing system on which the rotor is suspended can also serve as a source of vibration in the
system. For example, the (Lynagh et al., 2000) study shows how roller bearings can be a source
of vibration, particularly in the case of high-speed rotors, due to the presence of imbalances in

the masses of the rotating elements.

2.2.5 Other vibration sources
Power transferring mechanisms
As a second group of sources of vibration in electric machines, it is possible to identify the
mechanisms used to transfer power from the motor shaft. This group includes the clutch serving

to connect shafts, gear boxes, and similar elements.

In cases where transmissions are used to transfer energy from the motor shaft, the source of

vibration may be a gearbox.

As mentioned in (Smith, 1983, pp. 75-77.) the pair of gears can be a source of vibration, the
cause may be defects in the surface of the gears, the disadvantages of the lubrication system
resulting in impacts due to oil trapping in the gearing. To reduce the level of vibrations can be
achieved by replacing the spur gear with a helical gear, increasing the accuracy of the geometric

shape and dimensional accuracy. (Smith, 1983, p. 77.)

Also, according to a study (Tuma, 2009), vibration reduction in gearboxes can be accomplished

by using vibration damping casings.

Flows of gases and liquids driven by a machine
Electrically driven machines are often used to drive pumps, so vibrations in pipelines that can
occur due to resonant acoustic phenomena in pipelines and turbulent fluid flow are an important

source of vibration.

2.3 Vibration damping theory

Forced oscillations with one degree of freedom

For the convenience of the exposition, we introduce some concepts and equations used in the
characterization of various materials and systems used in vibration damping. To illustrate, let

us consider an example of forced oscillations with one degree of freedom.
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The equation of motion for the mass m written in the form:

mx + bx + cx = Qg cos(wt — @) 3)

As a result of solving the equation, the amplitude of the oscillations:

a= “4)

eyf(1-2) + (2)?

We introduce the notion of an absorption coefficient equal to the lost energy ¥ to the largest

value of the potential energy I1

ca
IM=— 5
- 5)
The absorption coeflicient:
2¥Y
v=" ©6)
ca
Using 6 equation 4 can be expressed in form
4= Qo 7

e (1= )+ (%)’

Value b and ¢ in 4, 7 are functions of frequency and amplitude, b = b(a, w) ¥ = ¥(a, w).
Therefore, in the general case, these relations are equations, the solution of which determines

the required amplitude. For the resonant amplitude achieved by a small damping at a frequency

W = Wo:
Qo
- =Y 8
ap b (®)
2rQ
a =0 ©)
Introducing the relation
2
5= 2P (10)
me()
Equation 8 can be expressed:
nQ
ap="—2 (1n

Also, to consider damped oscillations, it is convenient to use the concepts of critical damping

Cer = 2mawy = 2Vkm
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and damping ratio:

£ =clee =c/2Nkm (12)

Depending on the value of the coefficient { oscillations can be subdivided into:
* underdamped - { < 1, in this case oscillations decays exponentially
* critically damped - { = 1, fastest return to equilibrium point without oscillation
» overdamped - { > 1, no oscillation, returns to equilibrium position exponentially

Displacement (mm)

%

1.0q1 Y\

0.0 /h\ N~ Time (s)

IRVA

—10 - .-

F

s

Figure 4. Underdamped system response. Figure source: (Inman, 2008, p. 26.)

Displacement (mm)

0'4 7 1. IU = 0.3. VU = D
1 2 XU = D. VU = l
0,2 | 3r IU — _0.3. v[} = O
2

0.0
—0.2 3
—0.4 T T T T T ] Time (S]

0 1 2 3 4 5 6

Figure 5. Overdamped system response for different initial condition. Figure source: (Inman,

2008, p. 27.)
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Displacement (mm)

%

1.0 — "

0.0 U*uﬁw Time (s)

-1.0—+ .-

Figure 6. Critically damped system for different initial condition. Figure source: (Inman,

2008, p. 28.)

3 METHODS

3.1 Elimination of imbalances in rotating parts of an electrical machine
To a significant reduction in the level of vibration results in the balancing of rotating parts of

machines, in our case the rotor of an electric machine

3.1.1 Rotor balancing

Methods of static rotor balancing

Static balancing methods are characterized by a method for determining the amount of the
corrective mass. In most devices for static balancing, the property of the center of mass of the

rotor is used to occupy the lowest position at stable equilibrium.

For static balancing of rotors horizontal prisms, disk balancing devices, rolling bearings are
used. For balancing on horizontal prisms (7) rotor is mounted on hardened prisms, when rolling
along the prisms it occupies a position slightly different from the lowest, due to the friction
between the rotor pins and the surfaces of the prisms. This difference can be calculated based
on the known coeflicient of friction and is taken into account as a correction for balancing.
The disadvantages of balancing on prisms are: the need to set them strictly horizontally and
impossible to use for rotors with different pin diameters, since the length of the raceways in this

case will be different. In such cases, disk devices are used for static balancing (8) or a device
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with rolling bearings.

‘}4
s

Figure 7. Device for static balancing of the rotor with horizontal prisms. (Chelomey et al.,

1981, p. 44.)

Figure 8. Device for static balancing of the rotor with one or two disks. (Chelomey et al.,

1981, p. 44.)

Methods of dynamic rotor balancing
Dynamic balancing of rotors is a measurement of the oscillations of the mechanical system

associated with the rotor, the characteristics of which can determine the imbalance of the rotor.

Systems for dynamic balancing are classified according to the number of degrees of freedom of

the rotor. Schemes of mechanical systems are given in 9.

Balancing of flexible rotors
The rotor is divided into rigid and flexible depending on the balancing methods used. A rigid

rotor is known which can be balanced at a speed less than the first critical speed, and the residual
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Figure 9. Classification of mechanical systems for dynamic balancing of rotors with respect to
the number of degrees of freedom of the rotor axis: a - with a fixed axis, b - with one degree of
freedom (with a fixed axis of oscillations of the rotor axis), c - three degrees of freedom (with a
fixed plane of oscillation of the axis of the rotor), d - with six degrees of freedom (with spatial

motion of the rotor axis) (Chelomey et al., 1981, p. 49.)

imbalances of which do not exceed the permissible values at all rotational speeds to the highest

operating speed.

Accordingly, the rotor is considered to be flexible, which can not be balanced at the rotational
speed of the lower first critical speed. When balancing flexible rotors, the effect of unbalanced
forces varies with the change in the rotational speed, not only quantitatively, but also qualitatively.
Imbalance and corrective masses can cause different deflections and reactions, the relationships
between which vary depending on the speed of rotation, and the equilibrium achieved at one

speed can be violated by another.

3.2 Passive vibration damping

Some kinds of damping are always present in any mechanical system. There are three main
mechanisms for damping in mechanical systems: damping of the material, which is made of
the elements of the system, structural damping, damping in the connections of the system,
and liquid damping, or damping occurring at the intersection of fluid and elements of the
mechanical system. In the beginning, consider the first group of vibration dampers, passive

vibration dampers, that is, those that do not require energy for their work.

3.2.1 Viscous friction damping
Viscous damping of oscillations characterized viscous resistance coefficient » and can be
described by equation

F,(x) = bx (13)
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Such a characteristic has the dissipative forces arising at small oscillations in a viscous medium
and they find application in hydraulic dampers. Athigh velocities there is a quadratic dependence

of the dissipative force on the velocity:

F, = bx'zsgn(x) (14)

Squeeze Film Damper
A special case of viscous friction is friction in a fluid, which finds application in some vibration
dampers. In fluid damping, the energy dissipation occurs due to the viscous effect of the liquid

and due to the turbulent effect when the body moves in a liquid

Turbulent
Effects
(Wake)

Viscous
Effects
(Boundary)

Figure 10. Mechanics of fluid damping. Figure source: (De Silva, 2007, p. 20.)

Squeeze film damper is a vibration damping device based on friction in a liquid filling channels
in a sleeve into which a bearing is inserted. This type of absorber is widely used in technology
since the 1970s, the first applications were to reduce the vibrations of rotors in gas turbine

engines in aircraft construction. (Mohan and Hahn, 1974)

3.2.2 Coulumb (dry) friction damping

Damp dry vibration dampers operate on the principle of energy dissipation by performing work
with the force of Coulomb friction. Dry friction dampers have become widespread due to the
simplicity of the design and maintenance, and also due to the relatively small size. Disadvantages

of dry friction absorbers is the inconsistency of the frictional moment as a result of wear or
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contamination of rubbing surfaces, as well as the possibility of skewing and jamming of friction

pairs. (Rivin, 2003, pp. 227-229.)

3.2.3 Damping in the material itself of the frame and parts of the electric machine

A solution to the problem of vibrations would be to create an machine frame from materials
that have properties to dissipate the energy of the vibrations, in which case there would not
be a need for separate devices for damping vibrations. Such metal materials are called High
Damping Alloys, and have the properties to dissipate energy due to a specific atomic structure.
(Nashif and Jones, 1985, p. 112.). Examples of such alloys can be Fe-Al alloys, considered
in the work (Chudakov et al., 2012). On some vibrations, the logarithmic damping decrement
0 = 28%% was obtained, also an example of such an alloy is the HIDAS alloy having high strength

characteristics and a logarithmic attenuation decrement within 6 = 10 - - - 20% (Igata, 2006).

Also, gray cast iron has a high vibration damping ability, which can also be used as a material

for making the motor frame. (Airila, 1995, p.116)

3.2.4 Vibration damping in the structural elements of the electric machine

The oscillations of the system are also affected by losses within the structure itself. These losses
are due to friction in kinematic pairs, as well as in press, splined, threaded, riveted, etc. joints
that are present in the construction. In spite of the fact that such joints are generally considered
to be immobile, in reality, when they are loaded, small slippage on contact surfaces inevitably
occurs; on the corresponding relative displacements, the friction force does work, which leads

to energy dissipation and, as a consequence, to damping.

Quantitatively, the intensity of the structural damping can be estimated with the aid of the
energy that is scattered during one cycle ', or with its dimensionless analogue of the absorption

coeflicient ¢ and also with the damping decrement 6

In view of the large number of factors influencing the decay process and, as a consequence,
the complexity of the theoretical calculation, the parameters of structural damping are usually
found experimentally. The results of the studies vary widely, but nevertheless allow some
general conclusions to be drawn. The oscillation frequency practically does not affect the
absorption coeflicient, and also with increasing contact pressure the absorption coeflicient

gradually decreases. (Chelomey et al., 1981, pp. 140-145.)
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Absorption coefficient in plane joints

For flat joints, it was experimentally established that the energy absorption coefficient for
steel-steel and steel-cast iron pairs is practically the same, in the pressure range 1 [dots2M Pa
it does not depend on the pressure, and does not depend on the joint dimensions and increases

slightly with an increase in the contact area surfaces.
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Figure 11. Dependence of the absorption coefficient on the contact pressure, 1 - joints with
narrow contact zones, 2 - joints with wide contact zones, units of measurement along the x axis

kgf/cm?, 8kgf/cm?* ~ 0.78M Pa, figure source: (Chelomey et al., 1981, p. 142.)

Absorption coefficient in threaded joints at bending vibrations

In threaded joints, the absorption coefficient is approximately the same in both dry and semi-dry
(using the joint grease) and fluctuates within ¢ = 0.006. . . 0.4 and is practically independent of
the tightening force in the range P = 30... 145kN. (Chelomey et al., 1981, p. 143.)

Absorption coefficients in keyed and splined joints

Since shafts of electric machines are widely used key and spline joints for power transmission
and torque, we will consider how effective such connections are for damping vibrations. The
absorption coeflicient is practically independent of the amplitude of the oscillations and is in the
keyed joint 0.004 . ..0.008 in the spline connection 0.01...0.012. (Chelomey et al., 1981, p.
143.)



24

Bearings as vibration absorbers

Some types of bearings are traditionally used in high-speed rotors, since they have good
properties to absorb vibration energy. For instance, as shown in the study (Barrett et al.,
1978) journal bearing bearings should be uncoupled, so it is recommended to use bearings such
as tilting pad journal bearings and squeeze film journal bearings. Also, to achieve optimal
absorption, the bearings can be calculated based on the ratio of the stiffness of the bearings and

the stiffness of the rotor, according to the method proposed in the work.

3.2.5 Magnetostrictive damping

Magnetostrictive vibration damper

Magnetostrictive materials can be used to damp vibrations and for mechanical vibrational energy
into electrical. In the study (Deng et al., 2015) piezoelectric rings were used, in which the main
elements are the rods from iron-gallium and terbium-irondysprosium alloys, which convert the
energy generated by vibrations into electrical energy. The rings, as seen in the illustration 12,
are installed directly into the bearing seats. The illustration of 13 shows the internal structure of

the piezoelectric ring.

A2

P

=

Driveline dampers

Figure 12. (a) Vibration ring locations in a typical transmission; (b) NASA’s piezoelectric

vibration ring. (Deng et al., 2015)
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Figure 13. Compression spoke design of a magnetostrictive vibration ring. (Deng et al., 2015)

3.2.6 Inertial vibration dampers

Tuned mass damper

The simplest tuned mass damper is a rigid body, elastically attached to a damping object at a

point whose oscillations are to be extinguished. The dissipative losses in the absorber have a

significant effect on the resulting characteristics of the absorber. The schemes of the dynamic

absorber are shown in Fig. 14.

Figure 14. Dynamic vibration damper for lateral and torsional vibrations. Figure source:

(Chelomey et al., 1981, p. 327.)
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Roller inertial dynamic absorbers

The possibilities of tmd can be extended by providing a excitation frequency compensating
in a wide range. This is achieved, in particular, in the use of non-isochronous elements as
dampers, having the ability to adjust the frequency of their movements to the excitation frequency.
Essential nonisochorism is possessed by elements capable of making movement within closed
surfaces: a cylinder in a cylindrical cavity, a ball in a cylindrical or spherical cavity, a ring worn

on a rod.

Attachment of such elements to the vibrating object leads to the fact that the movement they
perform is synchronized with external excitation. In this case, the periodic reaction created by

the rotating element counteracts the external vibrational disturbance.

Figure 15. Dynamic damping scheme for longitudinal oscillations by a roller absorber. Figure

source: (Chelomey et al., 1981, p. 331.)
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Figure 16. Scheme of a roller absorber to compensate for oscillations caused by disturbance of

a non-balanced mass with variable eccentricity. Figure source: (Chelomey et al., 1981, p. 331.)
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6(t)

Figure 17. Schemes for the compensation of periodic perturbations with a complex spectrum.

Figure source: (Chelomey et al., 1981, p. 331.)

Figure 18. The scheme of compensation of side vibration loads at use of roller dampers.

Figure source: (Chelomey et al., 1981, p. 331.)

As can be seen in the illustrations 15, 16, 17, 20 dampers can be performed with various forms
of internal cavities. Choosing the cavity shapes can be regulated within certain limits by the

frequency range in which the absorber is effective. (Chelomey et al., 1981, p. 332.)

3.3 Active vibration damping
The active vibration dampers differ from the passive ones in the first place in that an external
power source is required for their operation (De Silva, 2007, p. 205). Vibration protection

with the help of passive systems is ineffective when excited in the low frequency region, as
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well as under the action of vibration with a wide spectrum. In such cases, the system receives
active vibration isolation. Control in such systems is reduced to compensation by an additional
source of energy of external forcing forces that cause vibration of the protected object, or in

compensation of object displacements.

Active systems of vibration isolation are used to protect technical objects in those cases when
particularly stringent requirements are imposed on the permissible level of vibration, for example,

with vibration isolation of precision machines.

Active system of vibration isolation contains sensitive elements, controlling amplifying and
performing devices. Sensors are used as sensing elements, recording the excitation and reaction
forces or its kinematic parameters: displacement, velocity, acceleration. Sensor signals are used
to generate control signals carried out by the elements of the feedback loop, after amplifying the

signals are fed to the actuator creating the control action.

Disturbances

l

——(—{ Controller (—  System

Measurements

Figure 19. Cotnrol system example

Depending on the type of the actuator, hydraulic, pneumatic and electromagnetic systems of
active vibration isolation are distinguished. The choice of type is determined by the requirements:
so, if it is necessary to provide high static rigidity, it is advisable to use a hydraulic system, the
use of pneumatic systems is advisable to achieve low static rigidity. Electromagnetic systems
have a low inertia and allow a wide range of amplitude-frequency characteristics. (Chelomey

et al., 1981, pp. 246-255.)

Active magnetic bearings
Active magnetic bearings can be used not only to support and reduce friction in shaft supports,
but also as a device capable of damping vibrations by changing the characteristics of the magnetic

field in bearings, based on sensor data. In the study (Lei, 2008) the rotor of the flywheel with an
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operating speed of 20000 rpm is considered. The use of a magnetic suspension and a magnetic
suspension control system made it possible to provide stability, disturbance rejection, vibration
damping of the rotor when its rotational speed varied from 0 to 20000 rpm. The advantages of
active magnetic bearings for supercritical rotors are particularly noticeable, since such a rotor
passes several critical speeds, for each of which it would be necessary to apply different passive

vibration dampers to achieve an allowable amplitude of oscillations.

3.4 Hybrid vibration damping

The use in systems of dynamic vibration damping of elements with their own sources extends
their functional properties. It is possible to easily adjust the absorber’s parameters in a wide
range in connection with the change in the operating disturbances, to perform continuous tuning
of the damping parameters, and to find and implement the best laws for compensating reactions.

(Chelomey et al., 1981, pp. 336-338.)

For example, the figure 21 shows a scheme of the tuned mass damper using an electromagnet to

adjust the stiffness of the suspension for the longitudinal vibration damper.

Figure 20. Scheme of using an electromagnet to adjust the stiffness of the suspension of the
damper. 1 - the core, 2 - the case with the coil, the differences of the two schemes in the fixing

of the case: to the fixed base or to the damping object (Chelomey et al., 1981, p. 336.)

There are also dampers, called active mass damper and hybrid mass damper. The principle of
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the first is based on the use of a force actuator operating in parallel with a spring and a damper,
located between the inertial mass and the supporting structure, see figure 21. The actuator is
usually tuned to a frequency much less than the modes that are to be damped. This allows
to achieve efficient operation of the absorber over the entire frequency range.(Hagedorn and
Spelsberg-Korspeter, 2014, p. 180.) The principle of the hybrid mass damper is the same as that
of the active mass damper, but it is tuned to the frequency w, closer than w, trying to combine
the advantages of passive and active devices, to achieve the following characteristics (Hagedorn
and Spelsberg-Korspeter, 2014, p. 181):

* improved performance

* improved resistance to structural changes

» improved reliability, especially in the event of a power failure

me=€m,
(a) m (b) m Inertial actuator
’ DVA ¢ AMD: @, < O,
ka + Ca g = %dljlj f HMD: @, <®,;
7771 m,l
Structure

k, J~ c ® k, l |

Figure 21. (a) Dynamic vibration absorber: w, ~ wi. (b) Active mass damper (v, << w1)

and hybrid mass damper (w, < w;) (Hagedorn and Spelsberg-Korspeter, 2014, p. 181.)

3.5 Vibration isolation

3.5.1 Basic elements of vibration isolation

In the computational model of a vibration protection system, it is possible to distinguish three
basic parts: a disturbance source, a protection object, and a vibration isolating device. Vibration
protection device is the most important part of the vibration protection system, its purpose
is to create a mode of motion in which the minimal impact of the disturbance source on
the protection object is realized. To illustrate the basic relationships that characterize the
vibration-proof properties of vibration protection, consider a one degree of freedom vibration
isolator. (Chelomey et al., 1981, pp. 170-171) The reaction force in such an insulator is

proportional to the deformation § and deformation rate J:

R =c¢6+bd (15)
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Coefficient ¢ in named as system stiffness and b in system damping coeflicient. The stiffness
coeflicient determines the natural frequency of the system w( = +/c/m. The damping properties

of the system are characterized by a damping factor:
n=— (16)

and relative damping:

7)

Figure 22. The computational model of the simplest vibration protection system with one
degree of freedom, m, x respectively, the mass and coordinate of the carried body, £ the
coordinate of the base, c, b the stiffness and damping factor of the vibration isolator. Figure

source (Chelomey et al., 1981, p. 171.)

3.5.2 Efficiency of vibration isolation

The efficiency of vibration protection is understood the degree of implementation minimization
by the vibration protection device of the effects of the source of excitation on the object of
protection. In most cases, the object of protection and the source of disturbances have different
masses, so in particular if a much larger mass has an object, then it is usually considered
immobile, the motion of the system in such a case is caused by external forces applied to the

source, representing F' = F(¢). If a large mass has a source of disturbance, then the motion has
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the role of kinematic excitation of the system. In our case, the object of protection, the floor and
the elements of the building structure, have a much larger mass, so we will concentrate on the

case of force excitation. (Chelomey et al., 1981, pp. 172-181.)

With force harmonic excitation:

F(t) = Fysint

base coordinate

£@)=0

where Fy, w respectively, the amplitude and frequency of the excitation force.

The purpose of protection consists in both decreasing amplitudes Ry force transferred to a fixed

object:
Fo /wé + 4n?w?
Ry = (18)
\/(a)(z) — w?) + 4n’w?
and in the decrease in the amplitude X steady-state oscillations of the source
F
Xo = c (19)

m\/(a)g - w?) + 4n?w?

Quantitatively, the degree of implementation of vibration protection can be characterized using

dimensionless efficiency coefficients

R cXop
kp=—ky = — 20
R= k= (20)

Dependence of the coefficients on the dimensionless parameters z = w/wq and v has the form:

1 +4v2z2 1
kr = skx = 21
K \/(1 22 a2t \/(1 - 22)? + 4272 @

Since the efficiency coefficients depend on the frequency, we can be said about the effectiveness

of vibration protection at a particular frequency or in a given frequency range.
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3.5.3 Rubber-metal vibration isolators
A resilient element of vibration isolators of this type is a rubber array connected to the details

of the metal reinforcement by means of vulcanization. (Chelomey et al., 1981, p. 199.)

Rubber-metal vibration isolators have advantages, such as (Chelomey et al., 1981, p. 200):

* simplicity of construction

* a wide range of changes in their elastic characteristics

* in the possibility of arbitrary orientation of vibration isolators with respect to the base
Special properties of rubber determine also the disadvantages inherent in insulators of this type

(Chelomey et al., 1981, p. 200):

the change in mechanical properties during long-term operation, the so-called aging of
rubber
* inadequate reliability of joining rubber with metal fittings

* dependence of elastic characteristics on temperature and humidity of the environment

difficulty in using in an atmosphere containing vapors of oil, gasoline, etc.

3.5.4 Spring-loaded vibration isolators
The elastic element of spring vibration isolators is a conical or exponential spring, the purpose
of the spring shape is to ensure that the static characteristic of the spring is nonlinear. The
nonlinearity of the characteristic is needed to expand the frequency range in which the use of
such a vibration isolator will be effective. In comparison with rubber-metal vibration isolators,
spring-loaded ones have a number of advantages (Chelomey et al., 1981, p. 206):

* asignificantly greater service life

* small dependence of elastic characteristics on external conditions
Also disadvantages of this type of insulators are:

 providing vibration isolation only in the direction of the axis of the insulator

* small internal friction in the material of the spring, and therefore usually used additional

devices for damping.
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4 DISCUSSION

4.1 Principles and different approaches to vibration damping

When setting the problems of vibration damping in the mechanical system under investigation,
two subsystems are usually distinguished: the source of vibrations and the object of vibration
protection, illustrated at figure 23. The source of vibrations is that part of the system in which
the physical processes causing oscillations are found, and the object of vibration protection is

called the part of the mechanical system, the oscillations of which need to be reduced.

Object of ] Connectors [
vibration l
isolation J

Oscillation
source

Figure 23. Source of oscillation - object of vibration isolation scheme

Within the framework of the material considered earlier, it is possible to distinguish three basic
approaches that can be used to extinguish vibrations in the frames of electric machines. The
first approach is to reduce the vibrational activity of the source of oscillations, the main types
of such sources were considered earlier in the chapter "The causes of vibration" . The second
approach is to use a particular type of vibration damper, and the latter approach is to reduce the
connections between the oscillation source and the object of vibration protection. The figures

25 and 24 shows a diagram illustrating each of the approaches.

[ Oscillation O,bJ eCF of Vibration
vibration

source . . damper
isolation

Figure 24. Vibration damping approach

R : : Obiject of
Oscillation Vibration .J .
. . vibration
source isolation

isolation

Figure 25. Vibration isolation approach

Let us consider each of these approaches in more detail.
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4.2 Reducing the vibrational activity of the source of oscillations

~ | Critical speeds
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| the machine
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Figure 26. Scheme of methods for reducing vibrations of an oscillation source

A significant group of sources of vibration in electric machines is somehow connected with the
rotor of the electric machine. In order that the rotor is not a source of undesirable vibrations,
the rotors should be both statically and dynamically balanced. Since modern electric machines
tend to increase the specific power, which leads to an increase in the speed at which the electric
machine operates. Therefore, the rotors of modern electric machines often operate in the
overcritical region. In this regard, in order for the rotor to be balanced in operation at speeds

greater than the first critical, special methods for balancing flexible rotors can be used for this.

Also an important part of the machine, calling for the appearance of vibrations, is bearings,
therefore it is important to avoid bearings for high-speed electric motors having in their design

movable elements and to use sliding bearings, gas or magnetic bearings.

If in the design of the whole unit in which the electric machine is used there are gear boxes and
couplings, care should be taken that these devices introduce minimal additional vibrations into

the system and do not coincide with the rotor’s own frequencies to prevent resonant phenomena.
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In the case when the electric motor is used to drive different types of pumps, the source of
oscillations can be: turbulent gas flow in the pipeline, fluid or gas interaction with the pump
blades, resonance phenomena in the pipelines. To reduce vibrations, it is desirable to change

the design of the pipeline to reduce the vibrational activity of such sources.

The scheme 26 shows the main directions for reducing the vibrational activity, clarified in this

thesis.

4.3 Applying vibration damping systems

“_h'\(On bearing support%—@queeze Film Dampea

|
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|'| elements
'

Between the machine Vibration-ejecting
and the actuator couplings

\ ~ [ Inertial vibration
\ dampers
\ Using external damping Inertial dampers with
— device active elements
T
\
Active magnetic
- bearings

Figure 27. Scheme of methods for applying vibration damping

Another approach is vibration damping. Types of vibration dampers that are used in practice,
were considered in the previous parts. There are types of vibration dampers located on the
bearings supports, their advantages are that the introduction of such dampers does not involve
a large-scale change in the design of the electric machine frame, the disadvantages are the
relatively small amplitudes of oscillations that can be dissipated by these types of vibration

dampers.

Also vibration damping is possible due to internal friction in the material of which the frame

is made. Advantages of this solution can be considered the absence of the need for separate
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devices for damping the vibrations, the disadvantages are the low mechanical properties of such
materials, if we consider the gray cast iron mentioned earlier, which leads to a decrease in the
specific strength and to an increase in the mass of the structure. Vibration damping can be
carried out by structural elements of the engine frame, if the frame consists of separate parts
connected to each other by collapsible joints, then vibration damping is realized due to dispersion
of vibration energy due to frictional forces at micro-shifts of parts relative to each other. Just
as it was said before, some types of bearings have good absorptive capacities, which can allow

them to be used as vibration dampers.

It is also possible to use active vibration damping couplings between the electric motor shaft
and the actuator if the main cause of the oscillations are the physical processes of the actuator

itself.

One of the most promising areas can be called passive or active inertial dampers and the use of
active magnetic bearings. The disadvantage of inertial dampers is the requirement for additional
space for their location and operation, which can cause an undesirable increase in the dimensions

of the machine.
The figure 27 shows the main directions of application of vibration dampers.

4.4 Applying vibration isolation system

Rubber-metal vibration
isolators or Spring-
loaded vibration
isolators

Isolating in
fundanentals

Figure 28. Scheme of methods for applying vibration isolation

Another important direction is the isolation of the source of vibration, in this case the electric

machine from the elements of the structure of the room in which it is installed. If the engine
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elements does not experience dangerous loads from vibrations, it is sufficient to isolate the
electric machine using properly designed rubber-metal or spring supports or active vibration
isolation systems that can adjust the parameters of the elastic elements entering into the bottom

to achieve the minimum effect of the electric machine on the environment.

Also, in addition to these types of vibration isolators, it is possible to use separate constructions
of foundation slabs, which are also used for installation of precision processing machines.

(Kaminskaya, 1975, pp. 168-180.)
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5 CONCLUSION

The theoretical positions concerning dynamics of a rotating rotor, its interaction with bearings
and the influence of a gyroscopic effect were considered in this thesis. The methods of vibration
damping, including active, passive and hybrid methods were considered. Also, various ways of
dissipating of energy of oscillations by structural elements of a frame of an electric machine,

and ways of vibration isolation.

The types of vibration dampers installed on the bearings, will allow using the same frame, it
will only require changing bearing supports. Many of the types of vibration dampers considered
are widely used in other industries, for example, squeeze film dampers are used widely in gas
turbines, some, such as those using magnetostriction, are still in the experimental development
stage. The use of such solutions as the use of materials with high internal friction, or the use of
a frame made from separate sections is applicable when developing the frames of the projected

electric machines.

Some types of absorbers considered are effective only in a narrow frequency band, in particular,
this applies to inertial dampers, and in cases when the electric machine has several rotational
speeds in its operation, several inertial damping devices must be used, tuned to different
frequencies. It is also possible to use active and hybrid inertial dampers, which can change
the parameters of the components entering the system to achieve effective damping over a wider
frequency range. Types of absorbers, the principle of operation which is based on the dispersion
of the energy of oscillations, are effective over a wide frequency range. To these absorbers it is
possible to carry the frame itself, if it is made of materials with high internal friction, and also
rubber-metallic and spring-loaded insulators. An important advantage of the latter is that they

are widely used in industry, are effective and are manufactured in a wide range of characteristics.

Logical development of the work can be the design and creation on the basis of conducted
research of a working prototype for damping vibrations in the frame of an electric machine. A

number of the following steps can be planned in this direction.

The first step should be a more detailed consideration of the balancing of the flexible rotor. Rotors
of modern electric machines operate in the orevcritical region, so special balancing methods are

used for them, which are not considered in the present thesis with the need for completeness.
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The next step should be to consider the specific models of electric motor frames, in order to
understand whether there is enough space in them to install concrete vibration dampers, for
example inertial. It is necessary to consider whether there are enough space for such vibration
dampers inside the frame, and, when they are installed outside the frame, how much they increase
the dimensions of the machine. An effective method of damping vibrations is the use of a control
system for active vibration damping. To assess the applicability, the next step is to find out the
oscillation frequencies at which the largest amplitudes are observed in order to find out whether,
in principle, the application of such systems is possible, whether the performance of computers

and the speed of the actuators will be sufficient to suppress such oscillations.
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