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Abstract

Gas foil bearings (GFBs) has been considered as an alternative to traditional bearings
in recent turbomachinery industries. However, the applications of Gas Foil Bearings
have been narrowed due to low damping and nonlinear characteristics. Moreover, the
presence of sub-synchronous and super synchronous frequencies introduces undesirable
nonlinear effects to the system. This necessitates a non-conventional bearing system,
which can overcome all these shortcomings. The current trend is to develop hybrid
bearings which combines conventional bearing (GFB) along with active magnetic bearing
as an electromagnetic actuator (EMA). The GFBs are used for normal operation and
the magnetic actuator can be used for the improvement of the stability and the load
capacity of the bearing. In the present study, a coupled dynamic model combining
the dynamics of GFB and EMA has been developed. The fluid film forces from the
GFBs and the electromagnetic forces from the EMAs are integrated into the equations
of motion of the rotor. The developed model has been used to investigate the stability
and unbalance response of the rotor supported on GFB. It has also been observed that
the sub synchronous vibration which is dominating in conventional GFB, is eliminated
using the hybrid GFB. Moreover, the hybrid GFB is capable of adapting to the sudden
unbalance. It has also been observed that a high magnetic force is required to control the
rotor for a set reference value other than the natural steady-state value of the response
of the rotor supported by GFB without the effect of EMA.

Further, the cost of the combined bearing system will be much higher compared to
its individual bearing. Therefore, in this work, a new electrical winding scheme for the
electromagnetic actuators of the hybrid Gas Foil Bearing has been proposed. The new
arrangement requires only two drives per bearing and the bias current has been provided
(in the same set of windings) through a simple rectifier with small series choke and shunt
capacitor. As the number of drives required is less, the proposed bearing will have low cost.
Implementing the new approach, the force vectors are achieved using only two current-
source drives whereas the usual conventional arrangement requires four such drives. The
new control approach removes the usual constraint of bias current. With the knowledge of
the state of the currents in the bearing and the bearing rotor position, the forces present in

the bearing are calculated at any one instant, and the controller is updated at high rates.
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R. .. ...... Reluctance of the magnetic core (A-turn/Wb)
R - - .. ... Resistance of the coil

Rycp . . . . .. Resistance of single half coil

R; . ... 0w Reluctance of the rotor (A-turn/Wb)

R, . . i Reluctance of the magnetic circuit (A-turn/Wb)
Ryer . . . . .. Reluctance matrix

Ry . ....... Reluctance of the poles

R, . ». ... Reluctance of the core of the bearing

Rgy==. .H. . . Reluctance of the air gap (A-turn/Wb)

So L. 1. 1%. . . Air gap (m)

LT 0% . WA Time (s), T = wt

h ..~ . T Thickness of the coil casing (m)

ting - . . b .. Thickness of the insulation on the coil (m)

fp + oo Thickness of the top foil (m)

T ........ Temperature (K)

VB . ..o Voltage vector of conventional AMB

Wp oo Width of the pole (m)

Wag,Wap . . . . Rotor weight at bearing locations A and B (N), WAB=#WAB
W oooooooo Winding resistance

We ... Winding width (m)

x0 .. ... .. Circumferential co-ordinates of the bearing, 6=x/r
,Z ... Axial co-ordinates of the bearing, Z = 55

L2
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Greek Symbols

o ... Biasing ratio

B ... ... Flux spliting

Y - Gas expansion exponent

O . . . ... Pole angle

A o Bearing number, A = (6“6"/})“) (r/c)2
oo Dynamic Viscosity (Ns/m?)

Ho « v o v Permeability of free space (H/m) or (N/A?)
R Permeability of the material (H/m) or (N/A?)
Wr o oo Relative permeability

O .. Angular Velocity (rad/s)

o ... Magnetic flux (Wb)

12 T Flux vector

v...=~. 8 Fluid Film State Variable v = PH

Y., = Flux Linkage

p ... e Density (kg/m?)
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1.1. Introduction

1.1 Introduction

The development of rotating machinery has been an influential factor in the modern
industrial revolution. This modern-day rotating machinery is exposed to severe kinds
of mechanical and environmental conditions. Even with best design practices and most
effective control methods, rotor vibration effects are so discreet and prevalent that occur-
rences of excessive vibration require attention. In this regard, bearings are recognized as
one of the significant components of the rotor-bearing system and one of the influencing
factors governing the vibration characteristics of rotating machinery. Modification of
bearings is also one of the economical and efficient means for improving the dynamic
performance of a rotating machine. Furthermore, an unconventional bearing is necessary

for high performance rotating machines system for stable and reliable operation.

Gas Foil Bearings (GFBs) has made a remarkable influence on the modern oil-
free turbomachinery propulsion and energy systems by increasing the reliability and
mechanical efficiency. GFBs are currently employed in air cycle machines and auxiliary
power units of aircraft. Few applications in which GFB has proven to be a potential
alternative are the high-speed dental drills, fuel cell compressors, microturbines and
pumps, cryogenic turboexpanders and turbochargers, single-use turbojet engines for
missiles, reusable target drones and unmanned vehicles. Computer peripherals, like,
read and write heads, high packing density magnetic memory devices, including tapes,
disks, and drums, are practically possible due to the implementation of gas lubrication.
Although the working fluid is generally the air, inert gas like helium and xenon also
commonly used. Moreover, the use of refrigerants, liquid oxygen, and liquid nitrogen are
also been reported [1]]. Therefore, the use of different process fluid makes the application
of GFBs over a wide range of temperatures. As the oil lubricating system is removed, The
overall weight of the system gets reduced due to the removal of oil lubricating system.

This in turn improves the performance and also reduces the maintenance cost.

Magnetic Bearings are also an oil-free technology, have the advantage of operating at
both zero and even at high speed. The contactless operation and absence of mechanical
wear make it suitable for vacuum, clean operation with lower maintenance cost and
longer lifetime. The absence of lubrication seals allows the larger and stiffer rotor shafts.
Magnetic bearings are currently employed in flywheels of space applications for energy

storage, watthour meters, high-speed centrifuges, blood pumps, microelectronics [2]].

It has been observed that AMBs and GFBs share many common characteristics,

and hence a combination of this two oil-free technology has been popular among the
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researchers. Therefore, a hybrid bearing that synergy the advantages of the two oil-
free bearings is a decent possibility. Rotors supported on these hybrid bearing will have
enhanced performance over a wide range of operating conditions. The capability of AMBs
to apply controllable forces will help to reduce the hitches arising out of unbalancing and

loading conditions and thereby increase the performance of the machine.

1.2 Basics of Gas Foil Bearing

Gas foil bearings are different from the rigid surface gas bearing since it consists of a
top foil and an underlying flexible foil structure beneath it [3]. The top foil is a thin
plane surface held over a series of underlying substructure acting as flexible support.
The flexible foil structure supports the top foil, which in turn supports the rotor. The
substructure is also helpful in providing the necessary passage for the flow of the cooling
air. However, sliding friction occurs between the top foil and the underlying sub-structure
and generates coulomb damping between the bump foil and sleeve, which can cause

instability in the system [4].

1.2.1 Working Principle

The working principle of the GFB is the same as the principle of air or gas bearing, where
the hydrodynamic pressure is the primary load-carrying function. The physics of the
generation of hydrodynamic pressure can be understood from the hydrodynamic theory
of lubrication as shown in Fig. [[.I(a). Considering two inclined surfaces separated by
a lubricating film and one of the surface moves relative to the other surface, a different
type of the velocity distribution can be observed. It can be clearly observed that there is a
discontinuity in the flow continuity. Since the flow has both pressure induced and velocity
induced component, and the continuity of the flow has to be satisfied. Therefore, the
discontinuity in the velocity leads to the generation of pressure between the two surfaces.
In any of the journal bearing, an eccentric condition is observed between the bearing
center and the journal center due to the weight of the rotor or external load forming a
wedge. As a result, a hydrodynamic pressure generated, as shown in Fig. [[.T[(b). As the
speed increases, the pressure increases, and when the lift-off speed is reached, the journal
becomes completely airborne supported on the hydrodynamic air film pressure.

In bump-type foil bearings, the top foil is supported on a flexible substructure called

the bump foil, which deforms elastically under the hydrodynamic air film pressure
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Figure 1.1: Generation of Hydrodynamic Pressure [/1]]

generated due to the rotation of the journal (Fig. [I.2). The deformation of the foils
drags the air between the top foil and the journal creating a film thickness larger than
the film thickness in the rigid gas bearing. Moreover, the underlying sub-structure has
the capability of accommodating the shaft run-out, misalignment, minor thermal growth,

and centrifugal growth of the journal.

Rotating Journal

-

Rotating Journal

-
Top Foil
ﬁ- <«—— Top Foll _ ‘ ’ . ‘;"// Bume Foll
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" N7 N\ /
| Bearing Sleeve | | Bearing Sleeve _|

Figure 1.2: Foil deflection due to Hydrodynamic Pressure [5]

1.2.2 Manufacturing Aspects of GFB

There has been a limited number of literature available on the manufacturing know-how
of the GFB. The GFBs are mainly the assembly of the three components which are the top

foil, the bump foil, and the bearing sleeve. The essential elements in the manufacturing

TH-2587 136103031 4



1. Introduction and Literature Review

process of GFBs consist mainly of the four steps [6].

1. Material Selection
The performance of the GFBs is greatly affected by the compliance of the under-
lying bump foil and the top foil, which in turn is dependent on the material and
geometry of the foils [7]. The limitations of the material will affect the overall
performance of the bearing. Therefore, choosing the proper foil material is essential
in the design and application of the GFBs. The foils should necessarily be able
to offer compliance, endure the temperature difference, and provide the required
damping at the supports. In general, Inconel has been used because of its satisfactory
modulus of elasticity and its ability to withstand elevated temperature [8H10]]. On
the other hand, for low temperature operation, a cheaper alternative could be
stainless steel. However, they are sensitive to certain coatings [6]]. Further, the top
foil and bump foil made from chromium molybdenum steel have also been reported
which could operate at 157°C-188°C [11}/12]. The Beryllium-Copper alloy exhibits
self lubricating properties and better metal working properties, which was exploited
to manufacture the bump foils by Xu et al. [[13] and Kulkarni et al. [[14]. However,
the exposure to Beryllium could lead to health issues limiting its use in specific foil
bearing applications. The estimation of load-carrying capacity with different top
foil materials of GFBs has revealed that carbon fiber reinforced composite material
as a promising material compared to structural steel and copper [15]].
2. Shaping of Foils

The annealed foils first have to be cut into the required dimensions. In order to
cut the foils, simple shearing processes are not recommended as it results in edge
distortion in the foils. Therefore, using the wire electrode discharge machining
(EDM) technique, the foils are cut in the required shape [[16]]. The cutting operation
is followed by a pressing operation. The bumps foils of desired pitch and variations
are pressed inside a corrugated die with the necessary foil geometry. Thus the
contour of the bump die is impressed on the bump foil, irrespective of the thickness
of the bump foil used. Therefore, the die has to be manufactured from a heat
resistant alloy usually, Inconel steel, which allows the die to resist thermal fatigue.
The foils are then rolled around a mandrel to get the required curvature and diameter.
One of the significant problems with the cold forming of the foils is the spring back
effect, which can produce inaccuracy in the foil geometry. Therefore, the die has to
be manufactured with perfection to provide an excellent surface finish, which in

turn is reflected on the foils.
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3. Heat Treatment
The heat treatment process is significantly dependent on the foil material and the
state of the shaped material. Nevertheless, several heat treatment processes are
available for any material. However, for foil bearings, the heat treatment process
should result in high spring properties and fatigue resistance. These properties are
required for the foils to function as a compliant structure. In this regard, DellaCorte
et al. [17] described a few of the possible heat treatment processes for Inconel
X-750 foils. Further, in the case of Stainless Steel, the heat treatment of the shaped
foils reduces the residual stress after the cold working. The main difference between
the heat treatment process of the Stainless Steel and the Inconel is the fact that
the heat treatment of Stainless Steel is done inside the pressed die, because the
Stainless Steel available in the market is partially hardened, while the annealed
Stainless Steels are not heat treatable for hardening purposes [6].
4. Coating

At low speed i.e., before the formation of the hydrodynamic pressure film and
during start-up and shut down, GFBs encounter wear and generate a high amount
of heat due to friction in the top foil [18]. Moreover, during bearing overloads,
the hydrodynamic film fails, and the top foil suffers wear and tear. Therefore,
an advanced coating system has to be implemented for compliant foil bearings
for higher operating speeds and temperatures [19,/20]. In this regard, DellaCorte
et al. [21] suggested a coating of PS304 with a sacrificial layer of MoS; to the
shaft and Al-Cu coating to the top foils to increase the load-carrying capacity and
minimise wear during repeated high temperature start/stop operation. Heshmat et
al. [20] demonstrated the efficiency of Korolon™coating. The top foil was coated
with a combination of Korolon™1350A and Korolon™Z800. Moreover, a thick
coating of chrome was applied to the journal surface, which reduced the friction
coefficient and wear during start up and shut down [20,22]. Lubell et al. [23]]
improved the coating process and optimised the composition of PS304 for better
characteristics of the foil bearing. Heshmat et al. [22] further suggested a nickel
chrome based coating as an alternative of PS304 for the operation of foil bearings
up to 820°C.
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Figure 1.3: Foil bearing fabrication procedure

1.3 Basics of Active Magnetic Bearing

Magnetic Bearings are the bearings that use magnetic forces to provide support (levitate)
to any ferromagnetic object without any mechanical contact. Based on the physical cause
of the magnetic field involved, the magnetic bearings are classified as reluctance force
bearings and Lorentz force bearings [2]]. The reluctance force is the force produced
due to the difference in magnetic permeability of the two materials in the presence of a

magnetic field while the Lorentz force is produced due to the movement of charges in a
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magnetic field. As the name suggests, Lorentz force bearings operate on the principle of
Lorentz force. Due to the ability to produce both rotary torque and levitation torque using
the Lorentz principle, the Lorentz force magnetic bearings are commonly employed
in self bearing motors.

Further, based on the control method applied, the magnetic bearings are classified
into the active magnetic bearing (AMBs) and passive magnetic bearings (PMBs) [24]]. In
AMB, the reluctance force is produced with the help of an electromagnetic stator, which
controls the ferromagnetic rotor. Power amplifiers are required to supply the necessary
currents to the electromagnets for controlling the rotor. In addition to these, displacement
sensors are required to provide feedback of the rotor position. On the other hand, in
the case of passive magnetic bearings, the magnetic forces produced by the interaction
of permanent magnets. Although passive magnetic bearings are relatively cheap and
lightweight, it has lower load capacity and poor dynamic properties. Moreover, using
an AMB one can have active control over the dynamics of the rotor-bearing system
which can be used in vibration isolation and passing critical speeds. However, the
saturation properties of the electromagnet core material limit the static and dynamic load
capacity of the AMBs. To generate an equivalent load-capacity compared to conventional
hydrodynamic bearing, the size has to be very large. The windage from the rotor is

also a limitation to the high speed of rotation.

1.3.1 Working Principle

In general, the reluctance force is generally employed in AMBs. In Fig. [I.4(a), the
working principle of the AMBs is shown. When the electrical coil wound around a
ferrous core (electromagnet) is energised with a current, the ferrous object is attracted
towards the electromagnet [25]]. The reluctance force is generated due to the magnetic
flux in the air gap while the currents in the coils regulate the flux. The attractive force
exerted on the rotor mainly depends on the current in the electromagnet and the air
gap between the electromagnet and the rotor. The attractive magnetic force, increases
as the air gap decreases. However, the weight of the rotor, does not change with the
increase or decrease of the air gap. Therefore, if the rotor gets close enough to the
electromagnet, the attractive magnetic force overcomes the weight of the rotor, and the
rotor will stick to the electromagnet. Conversely, if the air gap is large, the weight
of the rotor becomes more significant than the magnetic force, F,;qe produced by the

electromagnet and the rotor falls to the ground.
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Figure 1.4: Working principle and Components of AMB

Therefore, active control over the rotor position is necessary in the case of magnetic
bearings. At any instant, the position of the rotor is measured using a position sensor. The
signal from the position sensor is then fed into the controller, which controls the rotor in
the desired position. The controller then directs the signal to a power amplifier, which
transforms the signal into the electric current in the electromagnet, thus generating the
desired magnet force Fq. Figure El shows the basic components of an active magnetic
bearing. The components are briefly described below [26]:

1. Sensors

One of the essential components of the magnetic bearing is the position sensor. The
characteristics of the position sensors have a significant effect on the performance
of the magnetic bearings. The sensors must be contact-free and able to measure the
position of a rotating body. Hence, the geometry of the rotor at the sensor location
significantly affects the accuracy of the signal. Therefore, noise and disturbances
will be produced from a bad surface. In addition to it, the rotational frequency
or the multiples of its frequency may also get affected due to the errors in the
geometry. Moreover, depending on the application, different sensors are used to
measure the rotor speeds, currents, flux densities, and temperatures of the magnetic
bearing systems. Therefore, while selecting the sensors, factors such as measuring
range, sensitivity, resolution, and frequency range of the sensors have to be taken
into account depending on the application.

2. Controller

Active magnetic bearings are a mechatronic product, and for a mechatronic system,
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the controller is an indispensable part. In order to apply the desired force to the
shaft accurately, the controller has to be designed appropriately. The main aim of
the controller is to coordinate the transformation of sensor signals required by the
control algorithm and generate control current according to the control algorithm.
A control algorithm can be implemented using either analog, digital, or hybrid
controller. Although the Proportional Integral Differential (PID) controllers are
most commonly used in the industries, different control algorithms are also being
experimented on rotors equipped with active magnetic bearings [27]].
3. Power Amplifiers

The control signals are converted to the control currents using the power amplifiers.
The power amplifiers are the primary source of losses in the AMB, other than the
bearing magnets. Therefore, these losses must be kept low for obvious reasons.
There are two main types of power amplifiers, namely, analog amplifier and
switching amplifier. The analog amplifiers are simple in structure and are generally
used for sensitive applications or where the low power is required. On the other
hand, switching amplifiers are used in high power applications. Although a high
remagnetization loss is induced due to the eddy currents from the switching, it is
significantly more efficient than an analog amplifier. Thus the switching amplifiers
are most extensively used for industrial applications because of their low losses.
The switching amplifier switches the fixed voltage very fast so that the average
current of output and input voltage remains proportional. The output transistors
are either “on” or “off”. In general, four transistors are employed in one amplifier

channel to form an H-bridge, as shown in Fig. [1.5][28]].

A S1 / S3 /

Input v
Source "

s2 / 4/

Figure 1.5: H-Bridge [28|

4. Rotor
In general, the rotor is constructed with electrical steel lamination on a non-magnetic

shaft. They laminations improve the generation and maintaining the magnetic fields
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while reducing the hysteresis loss. Tight manufacturing tolerances are required
to avoid unbalances. Moreover, to prevent centrifugal stress due to high speed
rotation, the rotor lamination is required to have good mechanical properties.
5. Stator
The stator is the non-rotating part of the magnetic bearing mounted on the machine
housing. The stator consists of the iron core and generates the magnetic field. The
material of the iron core conducts the magnetic field to the air gap. The magnetic
permeability, as well as the magnetic saturation of the iron core, has to be high with
minimal eddy current losses [26]. Therefore, to minimize the Eddy current loss,
the core is usually made of insulated lamination sheets.
6. Winding

The current passing through the coils wrapped around the iron core is the source
of the magnetic field. The current determines the amount of magnetic force
generated. Therefore, the coils which have a good electrical property, reliable
electrical insulation, and high heat transfer capabilities are choosen to improve
the efficiency of the AMB [26]. The number of turns in the winding is in general,
dependent on the amount of magnetomotive force required. The winding scheme
describes in what way the coils are wounded around the poles while the connection
scheme describes in what way the single coils are connected to each other. The
winding schemes are dependent on the type of magnetic bearing and the selected
driving mode. The winding arrangement is made to reduce the remagnetization of

the rotor upon rotation [2].

1.3.2 Structural Configurations of AMBs

Based on the magnetic polarities observed as the rotor rotates, there are two primary
configurations of radial AMBs, namely heteropolar and homopolar [2]. In heteropolar
AMBs, all the magnetic flux is restricted to a plane perpendicular to the axis of rotor
rotation. Thus having alternate polarity in magnetic poles around the rotor, as shown in
Fig. [I.6(a). Heteropolar AMBs are commonly used because of its simplicity and low
cost. On the other hand, in the case of homopolar AMBs, some portion of the magnetic
flux is allowed to pass axially along with the rotor and stator. Thus it is possible for
all of the poles in a given plane to have the same polarity as shown in Fig. [[.6[(b). The
alternation of polarity occurs along the axial of the rotor. Homopolar AMBs experiences

less variation of the field around the circumference, which in turn reduces the Eddy
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current loss occurring due to the rotation of the rotor.

(b)

Figure 1.6: Configuration of radial AMBs

1.4 Literature Review

The literature gives a brief description of the historical developments on the GFBs. The
numerical models used in the modelling of GFBs have also been discussed. The literature
also discusses the combination of gas bearings with other types of bearings. Therefore,
the literature review is divided into the following sections and are discussed individually:

1. History of Foil Bearings

2. Types of Foil Bearings

3. Numerical Prediction Methods of Foil Bearings

4. Hybrid Gas Foil Bearings

1.4.1 History of Foil Bearing

In 1953, the phenomenon of hydrodynamic air film pressure was first observed in the
tape recording industry. It was observed that at high rotating speed, the magnetic tape
which passed over the recording heads lost its contact with the recording surface. The
loss of contact resulted in poor recording quality. Therefore, a year later, Baumeister
of IBM patented a device that reduced the tape float [29]. Further, Gross developed a
mathematical model of the tape float and suggested the use of gas film pressure in the
hydrodynamic bearings [30]. This concept fascinated NASA and the Office of Naval
Research. Thus, encouraging Gross to develop a foil bearing for reliable high speed and
high-temperature applications. Gross demonstrated the use of gas-foil bearing into the

high-speed turbomachinery, such as high-speed gas circulators and compressor-turbines

TH-2587 136103031 12



1. Introduction and Literature Review

for cooling gas-filled nuclear reactors. NASA’s Brayton cycle turbo-alternator-compressor
was the first to employ tension-type gas foil bearings which previously employed pivoted-
shoe gas bearings. In the foil bearing, thin metal foil under tension was used to create the
hydrodynamic wedge and support the rotor. The pivoted-shoe gas bearings were prone
to instabilities because of its low damping, but due to the implementation of the gas foil
bearing many of the rotordynamic issues in NASA’s Brayton was fixed. Thereafter, in all

of the subsequent units of the Brayton cycle of NASA, gas foil bearings were used [31]].

In 1969, Garrett AiResearch obtained a breakthrough in utilizing the foil bearings in
the air cycle machines. GFBs was first implemented in the environmental control system
of McDonnell Douglas DC-10. Thus, due to the development and implementation of
gas foil bearings, the Garrett AiResearch took the market of manufacturing the air cycle
machine in aircraft applications. In the early 1970s, Hamilton Standard partnered with
Mechanical Technologies Incorporated (MTI) entered the gas-foil bearing market with
their patented bump-type gas foil bearing design called the “Hydresil” [1}, 18, 32]. The
Hydresil bearing had a similar load carrying capacity as that of the AiResearch’s bearings.
However, the damping capacity was low. During the test flights, the Hydresil bearings
used in ACMs survived between 4 and 50 hrs., before failure. In later years, Hamilton
designed its foil bearings and succeeded in taking the market of ACMs in fighter and
commercial aircraft as well as in military tanks [|1,/18,33]. In a parallel development,
the foil bearings were tested for high speed and temperature in automotive gas turbines
in order to replace the internal combustion engine in passenger vehicles. Therefore, it
was found that the gas foil bearings could replace the oil-lubricated bearing in the power
generation. Further, in the 1980s, Capstone Turbines, a branch of Garrett AiResearch,

became the lead manufacturer of the oil-free microturbines [18,(33]].

Following this, from the year 1995, NASA’s Oil-Free turbomachinery team, MTI,
Mohawk Innovative Technology Incorporated, Schwitzer Corporation, and Caterpillar
began developing a completely oil-free turbocharge. Thus, the revolution of oil-free tur-
bomachinery started, and the gas foil bearings expanded its application in new industries.
The tested foil bearing could be operated at speeds up to 120,000 rpm and also functioned
at 650°C (12000°F). NASA’s Oil-free turbocharger introduced its bump-type foil bearings
in 1999 [33,34]]. Thus, in the last five decades, the foil bearing technology has almost
reached the matured state in various oil-free turbomachinery applications. It became the
critical component in air cycle machines, auxiliary power unit, closed Brayton cycle,

cryogenic turboexpanders and compressors as well as automotive turbochargers.
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1.4.2 Types of Foil Bearings

(a) (b)

Figure 1.7: Foil Bearing Configurations

Due to the increasing demand for high speed and reliability, the gas foil bearing had to
undergo tremendous design modification over the years. The tension-type of foil bearing
was the first type of gas foil bearing. In tension-type gas bearing, the hydrodynamic
pressure is formed in between the shaft and a thin metal foil forming three arcs. The
tension-type bearing could accommodate misalignment and provided better tolerance in
case of geometric anomalies. However, it had low load-carrying capacity. Therefore, a
more improved design was required [1,31,33]]. The static and dynamic performances
of the GFBs are depended mainly on the properties of the underlying sub-structure.
Therefore, several configurations such as bump type, leaf type etc. of the underlying sub-
structure have been investigated. One of the foil bearings is the bump foil bearing, which
had better performance and provided ease of manufacturing. The basic configuration
of the bump-type foil bearing consists of metallic bump strips and a metallic top foil
inside a rigid bearing housing [34]. The stress in the bump foil provides the load-carrying
stiffness while the majority of the damping is provided due to the relative motion of the
top foil and bump foil. In order to increase the load capacity, a different configuration of
the bump foil bearing has been developed. Most of the variation in the foil bearing design
is developed by MTI, AiResearch, and Hamilton Standard. In the Generation I type bump
foil bearing the bump foil is symmetric in both axial and circumferential direction. In
Fig[I.7h, the Generation I bump foil bearing has been shown. Generation II type bump
foil bearings could modify the bump foil in axial as well as circumferential direction to

alter the stiffness characteristics of the bearing. Further, the Generation III type bump
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foil bearings, the bump foil was varied in axial and circumferential directions to improve
the performance [17,35]. Moreover, in Generation III type foil bearings often a third foil
layer is added in between the top and bottom foil to provide additional stiffness to the
top foil and more rigidity in between the peaks of the bump foil layer and also increases

bearing damping due to the relative foil layer movements []1].

Heshmat et al. [36] suggested single-pad gas foil bearings configuration with sputtered
copper elements for higher load carrying capacity and the three-pad gas foil bearings with
variable stiffness gradient for whirl instability. The single pad foil bearing was modified
by circumstantially splitting the bump foil along the axial length of the bearing, which

provided enhanced alignment and axial compliance to the bearing.

Heshmat [7] introduced a multistage bump foil bearing to vary the stiffness gradient in
both radial and circumferential directions. The convergence or lobing effect of segmented
bump foil changes with load and becomes more prominent at higher speeds. It has been
observed that for a better stabilizing effect, the convergence has to be more prominent.

Therefore, at high speeds, improved stability is observed.

Further, gas bearings consisting of more than one segmented top foil without the
bump foil, while overlapping the nearby segmented foil has been invented [1,[35,37]. In
general, three to six segmented foils are present, depending on the diameter of the bearing.
In Fig [1.7b, a typical multi-leaf gas foil bearing has been shown. The multi-leaf foil
bearings have high bending resiliency, which reduces the shaft vibration. However, due
to low stiffness, the multi-leaf foil bearings have smaller load supporting capability [8].
The bump-type foil bearing has higher load carrying capacity due to high stiffness but
has a limited resiliency. Heshmat and Heshmat [38]] also incorporated a strip of backup
springs beneath the foils in a multi-leaf foil bearing. Using the spacer keys, the compliant
multi-leaf foils were attached to the bearing housing. The addition of the backup springs

improved the load-carrying capacity of the conventional multi-leaf bearing.

In another advancement, a multideck gas foil bearing consisting of multiple layers of
bumps has been developed [39,40]. In the protuberant foil bearing, the compliant structure
is hemispherical dimples instead of the axial bumps [40]. The deformation of the top
foil was increased in the protuberant foil, due to which minimum film thicknesses were
higher, which in turn resulted in lower frictional torque. Hou et al. [41]] used multi-decked
protuberant foil as an elastic support structure for developing a new kind of GFB. The
amplitude of vibration was minimized due to its multi-layered elastic sub-structure. The

sub-synchronous vibration was also found to get reduced at high speed.

Further, a different approach for the compliance of the foil has been achieved using
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wool-like metal mesh [42]. The damping capabilities of the metal mesh foil bearing was
found to be higher when compared to the damping capabilities of the bump type foil
bearing. Although the metal mesh bearing required higher frictional startup torque, lower
lift off-speed was required. Moreover, it was also observed that the stiffness of the metal

mesh bearing is less dependent on the frequency, unlike that of a bump-type foil bearing.

In another invention, the top foil was supported using a series of horizontal com-
pression springs. The spring encased in a rigid shell followed the same orientation of
the bump in the Generation I type foil bearings [43]]. Therefore, as the spring contracts
and expands due to pressure in top foil, the bearing structural stiffness is developed. An
essential advantage of the compression is that each spring can be tailored made to vary
the required stiffness around the circumference of the bearing. Moreover, as each spring
is independent of each other in their individual shell, the influence of circumferential
stiffness is absent, which is otherwise present in case of bump-type foil bearing. It was
also demonstrated that the compression spring foil bearing had high nonlinear stiffness,
while no increase in onset of instability was observed. However, the orbit of the rotor at

the critical speed was within the limit to cause any damage to the rotor bearing system.

Kim et al. [44]] developed a theoretical model for double bump foil bearings. The first
layer is more elastic, while the second layer delivers higher stiffness. The top foil layer is
activated at the initial stage of applying the load. The upper layer is deflected to discharge
the load. If a heavier than designed load is applied, the second, stiffer layer is activated.

Feng et al. [45] developed a multi-cantilever gas foil bearing in which a series of
foil cantilever supports the top foil. In the loading condition, the cantilever foil slides
through the rigid backing shell and provides the required damping. The investigation
revealed that in multi-cantilever bearing gas foil bearings, a large amount of nonlinear
static stiffness is present, and the dynamic stiffness is mostly dependent on the frequency.
It was observed that at low frequency the dynamic stiffness is small, but increases

with the increase in frequency.

Lee et al. [46]] combined multi-leaf foil bearing and bump foil bearing to develop
a new hybrid foil journal bearing. The multi-leaf foil increased the resiliency of the
hybrid bearing while bump foil acted as the stiffeners. Therefore, the hybrid bearing
had high damping as well as high load capacity.

Further, Lee et al. [47] introduced piezoelectric actuators beneath the top foil for better
stability and load-carrying capability. By the application of voltage to the piezoelectric
actuators, the dynamic coefficient of the smart foil bearing could be increased whenever

required. The working principle of a controllable gas foil bearing with piezoelectric
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materials have been described by Park and Sim [48]]. The clearance of the bearing is
controlled using the piezo stacks. As a result, the fluid-film thickness and pressure get
altered, which in turn have a great effect on the bearing dynamic coefficients.

Lee et al. [49] inserted a viscoelastic foil between the top foil and bump foil, which
enhanced the dynamic coefficients of the bump foil. It was observed that the viscoelastic
foil further improved the structural damping and reduced the bending critical speed.

Kim and Andrés [S0] investigated the performance of GFB supported on piecewise
linear elastic supports. A second bump strip or stop pin was inserted below a series
of bump foil. The less stiff bump foil is placed on top while the more rigid bump
foil constitutes the lower bump foil. This design provided tailor-made rotor dynamic
coefficients as the second bump foil provided an additional source of energy dissipation.
However, the cost of fabrication and complexity in assembly is increased.

Sim et al. [51] inserted three metal shims in between the bump strip layers and bearing
housing. The shims acted as preloads and enhanced the generation of hydrodynamic
pressure in the clearance. Moreover, the amplitude of sub-synchronous vibration was
reduced significantly for the modified configuration.

Swanson and O’Meara [52] invented a new wing type foil bearing. The multidi-
mensional array of multiple, formed, cantilever “wing foil” tabs formed the support
element. The vibrational energy could be dissipated using the wing foil. The tabs can
readily change their height and stiffness distribution. Moreover, the foil wings can be
produced from a wide range of materials.

Recently, Sadri et al. [S3]] suggested an adaptive 3 pad air foil bearing, in which
the bearing bore clearance could be changed depending on the operating conditions.
Piezoelectric actuators are employed to change the compliant supports.

Recently, Feng et al. [54] proposed a novel gas foil journal bearing with taper-groove
in the top foil. The results showed that the new arrangement helped in providing multi-
extra local dynamic pressure and decrease the gas end leakage. Thus an improvement
in static and dynamic properties could be observed. Moreover, the load capacity and
direct stiffness were increased with the increment of groove depth

Most recently, Feng et al. [S5]] developed a GFB with shape memory alloy springs
beneath the top foil. The stiffness of the shape memory alloy springs could be modified
by controlling its temperature. The temperature could be monitored and controlled using
a carefully designed electric heating and cooling system. The cooling method provided
the circumferential and axial cooling flow to control the phase transformation temperature

of the SMA springs. They demonstrated that substantial improvement in safety and
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performance could be achieved with proper distribution of shape memory alloy springs.

1.4.3 Numerical Prediction Methods of GFB

The dynamics of a rotor system is significantly dependent on the characteristics of the
bearing. Therefore, it is essential to understand and predict the behavior of the bearing
under different operating conditions. A mathematical model thus helps in the numerical
predicts of the rotor-bearing system. In this regard, in the case of hydrodynamic gas foil
bearing, the first step is to determine an efficient method to solve nonlinear Reynolds
equation for compressible flow. Then the foil deflection and deformation has to be
incorporated and solved, to accurately predict the behavior of the gas foil bearing.

Ruscitto et al. [[18]] presented a model for Generation I foil bearing and validated
it with the experimental results. The model showed good agreement in predicting the
minimum film thickness. However, when the applied load was above 60N, the attitude
angle showed lesser value. The stiffness and damping coefficients were predicted as
functions of the excitation frequency.

Heshmat et al. [56]] first used analytical equations in order to find the performance
parameters of the foil bearings. He assumed the fluid film to be isothermal and perfect gas.
The underlying sub-structure was considered to be linear without sagging between the
top foil and bump foil. Moreover, the structural stiffness was assumed to be evenly
distributed, while the deflection is solely dependent on the local forces. The non-
dimensional Reynolds equation was coupled to film thickness and discretized using
a finite difference equation. The boundary conditions were applied accordingly to
capture the lift-off pressure of the top foil. Further, Ku and Heshmat [57] theoretically
investigated the deformation of the bump foil under a given load distribution. Although
the theoretical model considered the friction forces, variable load distributions, and the
bump foil geometries, the top foil sag was neglected. Moreover, it was assumed that
the concentrated load was applied to the top center of the bumps with no deflection of
the foil segment between the bumps. The deformation was also considered constant and
uniform in the circumferential direction. The results of stiffness and deflection of the
bumps from the numerical followed similar trends with the experimental data. DellaCorte
and Valco [35] introduced a simple empirical method in order to approximate the bearing
loads for various types of foil bearings. They established that the bearing load capacity is
dependent on the axial length and diameter of the bearing, as well as the speed of the rotor.

DellaCorte et al. [3]] further presented a performance map, an analogy of the Stribeck curve

TH-2587 136103031 18



1. Introduction and Literature Review

for the foil bearing, based on the modified Sommerfeld number and the thermal power
generation. Thus, in initial years, this map has been used as a reference or guidelines for
designing foil bearings for safe operation. DellaCorte [58]] calculated the stiffness and
damping coefficients of the foil bearing using simple equations, which he derived from

the empirical results. This estimation helped enormously in the design of the foil bearing.

Peng and Carpino [59] predicted the stiffness and damping coefficients assuming
the gas to be perfect while ignoring the Coulomb friction between the foil and elastic
support. The Reynolds equation was perturbed, and the finite difference method was
used to discretized it, thus obtain the linearized dynamic coefficients of the elastically
supported foil bearings. Further, Peng and Carpino [60] extended the theoretical model by
incorporating the Coulomb damping in the foil structure model. This model demonstrated
the significance of the Coulomb damping in the overall damping of the bearing. The
Coulomb friction is mainly necessary when the speed, as well as the stiffness of the
fluid film increases. Carpino and Talmage [61]] developed a fully coupled finite element
model for the top foil supported on radial springs. The model combined the structural
deflections of the top and the bump foils with the fluid film pressure into a single finite
element. Different physical models of the bump foil structure and the top foil can be
implemented along with the fluid film model for the accurate prediction of the foil
bearings. In this regard, Peng and Khonsari [62], developed a model that incorporated the
compressibility of the air in the calculation of the pressure as well as the compliance of the
underlying structure. The model predicted the load capacity, similar to the experimental

results described by Heshmat [7].
Kim and San Andres [50,/63}64] developed a simple physical model in order to predict

the static and dynamic properties of the foil bearing. The Reynolds equation was coupled
with the deflections of the top and bottom foil, assuming a simple elastic foundation
model for the top and bottom foil. Further, using a finite element model to combine the
elastic deformation of the top foil and the bump foil, the stiffness and damping coefficients
for various parameters were predicted. A thermohydrodynamic model for predicting
the performance of the gas foil bearing has also been developed [65]]. Howard and San
Andres [|66] developed XLGFBTH, a foil bearing predictive tool at Texas A & M. The
predictive tool allowed to separate the sub-structure stiffness distribution from the primary

analysis in order to change to the geometry of the bearing.

Tordanoff et al. [|67]] presented coupled the simplified equation of the motion with
the Reynolds equation and foil assembly model using a non-linear model. Their work

showed that the dynamic behavior of the foil bearings could be increased by optimizing
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the friction between the foils. Further, Knowels [68] used numerical algorithms to analyze
the influence of foil thickness on the load capacity and power loss of the foil bearings.

Feng and Kaneko [69] developed an analytical model of bump type gas foil bearings
that included the effects of local deflection of the top foil, friction forces of the various
contact surfaces, the elasticity of the bump foil, and the interaction forces between the
bumps. The top foil was modeled using shell elements, while the bump foil has been
modeled as two rigid links with a radial spring between them.

Bensouilah et al. [70] included the dynamic deformations of the foil in their model.
A simple elastic foundation model with uniform stiffness was used to model the bot-
tom foil. The stiffness and damping coefficients for the given bearing properties and
operating conditions were predicted using the perturbation method. The finite difference
method was used to discretize the perturbed dynamic equation while Galerkin’s finite
element formulation was used to discretize the nonlinear stationary Reynolds equation.
Further, the principle of superposition was implemented to combine the two solutions. It
was demonstrated that the stiffness and damping coefficients get reduce due to the
dynamic deformation.

Lee et al. [[71]] simulated an actual gas turbine configuration using a 3D thermohy-
drodynamic model of a preloaded three-pad foil bearing in a turbine simulator. The
model applied transient energy equations in each component as well as the gas film.
The temperature predicted by the model showed good agreement with the experimental
results. Kim et al. [72] extended the 3D thermohydrodynamic model to include the
thermal analyses of the surrounding structures of the bearing. The flow recirculation
ratio for high axial cooling air pressures has been predicted using a computational fluid
dynamics (CFD) model for the leading edge groove region. The model demonstrated

the softening effect of the bump foil.

Feng and Kaneko [73]] used a sparse matrix to provide a 3D thermohydrodynamic
analysis of the bump foil, which was modeled as a link—spring structure earlier. The
present model included the thermal expansion of the bearing components as well as
the resulting variation of the stiffness of the bumps. Moreover, the heat convection
into cooling air from the side of the bearing and flowing through the hollow journal,
and temperature based material property variation was included in the model. Further,
Moraru and Keith [74]] increased the computational efficiency of the sparse mesh using

the Lobatto point quadrature algorithm.

Feng and Guo [75]] developed a model which included the dynamic friction. In order

to include the static characteristics of friction as well as frictional lag, breakaway force,
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and the Stribeck effect, the LuGre model was used to calculate the dynamic friction forces.

The model showed a good correlation with the experimental data.

Grau et al. [76] [53] implemented an implicit finite difference method instead of an
explicit method for the calculation of pressure at different time step in order to save time.
The explicit scheme required a large number of steps to ensure numerical stability. This
made the solution slow and rigorous. Bou-Said et al. [[77] predicted the stability of gas
foil bearing comparing linear and non-linear approach. The linear approach indicated
inadequacy beyond a specific operating range and therefore emphasized on using non-
linear methods to predict the dynamic performance of heavily loaded aerodynamic
bearings. Lez et al. [78] solved the differential system of equations assuming the pressure
variation between initial time and final time to be linear while updating the normal load
at each iteration of the Reynolds equation. Further, Lee et al. [79] performed a transient
analysis to predict the dynamic performance of airfoil bearings using the finite element
method. The time derivative was discretized using iterative backward difference method.
They pointed out that the time step has to be small in solving the time-dependent terms of
the Reynolds equation using backward difference approximations in order to ensure an
accurate solution. Wang et al. [80] used particle swarm optimization to compare different

parallel computing schemes for an airfoil bearing design.

Recently, Bonello and Pham [81]] presented an alternative dependent variable, which
allowed the solution of time-domain implicit at each time step to assure numerical stability.
The novel arbitrary-order Galerkin Reduction the simultaneous solution of all the state
variables and ensured the true nature of the coupled solution. Harmonic Balance method
has been used to solve the equations in the frequency domain in order to calculate the
self-excited periodic response. A significant reduction in the computation time has been

observed. Moreover, the structural damping could be incorporated in the analysis.

Along the same line, Larsen and Santos [[82] developed a Newton-like method for
solving the nonlinear compressible (Reynolds equation). The method showed faster
convergence when compared to the standard iterative procedure based on successive
under relaxation method. Following this, Larsen et al. [83]], while examining the stability
of GFB using the linearized method and the transient method, pointed out the inaccuracy
of the frequency domain method for stability analysis for the GFBs. However, Osmanski
et al. [84], demonstrated that the discrepancy between linearized method and non-linear
transient method could be removed through the inclusion of the foil states and the
governing equations of motion. They pointed out that the extended linearized perturbation

method with the incorporation of foil states provide more realistic results. However, it
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increases the computational effort due to a large number of first order equations. Therefore,
they suggested solving the coupled system of equations using the time-integration method.

Recently, Pronobis and Liebich [85] compared the stability limits of GFBs obtained
using time integration and the perturbation method. They confirmed the presence of
discrepancies between both the two methods. This discrepancy further increases with
the increase of foil compliance. Although, in order to reduce this discrepancy a new
formulation for the dynamic compliance coefficient was developed, the disparity could

not be eliminated entirely.

1.44 Hybrid Gas Foil Bearing

The top foil of the gas foil bearing and the journal has to suffer wear during the startup and
the shutdown, which is prominent in the case of the heavily loaded machine [[86,87]. In
order to overcome this demerit, a combination of hydrostatic and hydrodynamic bearing is
developed. The bearings are fitted with ports for hydrostatic injection of the compressed
air. At the startup, the ports are turned on till the bearing attains full hydrodynamic action,
after which the ports can be turned off or kept open for additional cooling. Technological
advancements make hybridization of the conventional bearings possible and extremely
attractive. Researchers have already established the fact that a hybrid bearing is much
more effective than the conventional one. A hybrid or non-conventional bearing can
harness the strengths of each bearing and diminish each other’s shortcomings. Several
techniques have been attempted and suggested to minimize or avoid resonant response by
applying suitable combinations of damping and stiffness coefficients of the bearing.
Barlow [88] first studied the effects of combined self-acting and external pressurization
in a planer foil bearing. The foil was wrapped around support along the sources of axis-
symmetrical line-pressure to provide the airflow. This configuration eliminated the
circumferential flow effects. Further, Kim and Park [89] fabricated a prototype of a hybrid
airfoil journal bearing where the air was supplied directly through the orifice holes in a
flexible tube mounted on the back of top foil. The hybrid bearing protected the coating
wear during start and stop. Moreover, the drag torque was reduced during start-up. Kim
and Lee [90] fused hydrodynamic pressure with hydrostatic lift in a three pad hybrid foil
bearing for a midsize turbomachine. Although the rotor was heavy, the hybrid bearing
was successful in eliminating the wear during start-up and shut down. Recently, Feng
et al. [91] built a prototype of hybrid bump and metal mesh foil bearings. The hybrid

bearing acquired the advantages of both metal mesh and bump foil bearings, i.e. provided
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better stability and could operate at high temperatures.

Morosi and Santos [92]] developed a hybrid permanent magnet-gas bearing, with
radially oriented magnetic rings. The permanent magnets removed the wear of top foil
during start-up and at low speed, whereas at high speed, the dynamics characteristic of
GFB was improved due to the offset of stator ring. Further, Morosi and Santos [93]]
demonstrated an active lubrication technique for gas journal bearing using piezoelectric
actuators. The piezoelectric actuators are attached to the back of the bearing sleeve to
control the lubricant, which in turn produced active forces and improved the dynamic
coefficients of the GFB.

Polyakov et al. [94]] introduced an actively adjustable radial gap in gas foil bearings.
The hybrid bearing was designed combining the ball bearing and the GFB. The electro-
magnetic coils placed on the bearing housing (two for each foil) was capable of controlling
the deformation of the foil, thus improving the dynamic characteristics of GFB.

A hybrid bearing exploiting the advantages of GFBs and AMBs is a possibility for
application in high-speed turbomachinery. The AMB can support the load at zero and
low speed while the foil bearing can support the load at high speed. The foil bearing
can be housed inside or adjacent to the magnetic bearing. When the rotor is started or
shutdown, the magnetic bearing supports the journal, which eliminates the low-speed
wear of the top foil and journal surfaces. One added advantage of the hybrid bearing is
that the GFBs provide better damping to the rotor drop than the rolling element backup
bearing. The load of the journal can also be shared between the bearings and hence
increase the overall load capacity [95]. In this context, a few developments have been
made in combining GFBs and AMBs.

Scharrer [96] patented a magnetically active tape type foil bearing combining the
tape type foil bearing with magnetic bearings. The levitation of the shaft was dependent
on the magnetic field, while the foil bearings provided support to the shaft in case

of failure in the magnetic field.

Heshmat et al. [97] introduced a hybrid bearing that combined the bump foil and
the magnetic bearing. The load sharing mechanism was investigated on hybrid foil
magnetic bearing arrangement. The mechanism to share the load depending on the
rotor position without calculating the rotor trajectory corresponding to various rotor spin
speeds. Swanson et al. [95]] further investigated the capabilities of the control algorithm
of load sharing in the hybrid bearing system during high-speed operation. Although
the total bearing weight was reduced, the load-carrying capacity of the hybrid bearing

system increased by three folds.
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Further, Lee et al. [98] invented an airfoil magnetic hybrid bearing. The airfoil
bearing was positioned in-between the bearing housing and the rotating shaft to form the
dynamic pressure as the shaft rotated at high speed. The inner surface of the housing
consisted of a magnetic core positioned radially. The coils wounded to the cores levitated
the rotating shaft using an attractive magnetic force generated by the current. The
airfoil bearings substituted the need for auxiliary bearing whereas the AMB provided
the damping force whenever needed.

Looser et al. [99] implemented the concept of hybrid aerodynamic gas bearing in
a small-sized self-sensing active magnetic damper for supporting the load. The hybrid
bearing allowed a counteract in mitigating the instability caused because of the self-
excited in the gas bearing, which in turn enabled high-speed operation. Although the
complexity of the system got a nominal increment, the cost was reduced. The self-sensing
electromagnetic damper acted directly on the rotor and enabled stable operation at high

speed without lowering the gas bearing load capacity, or stiffness.

1.4.5 Control of Hybrid Gas Foil Magnetic Bearing

As the magnetic bearing in a hybrid foil-magnetic bearing is active, the control becomes
an indispensable part. The journal should be operated at certain eccentricity and attitude
angle in order to achieve proper sharing of the loads. The hydrodynamic force of Gas
Foil Bearing does not act on a concentric rotor, whereas the magnetic bearing tries to
move the journal to the reference position using a controller. Therefore, it is necessary
to develop a control algorithm to overcome the disparity.

Tian et al. [[100] suggested a control algorithm for the control of hybrid foil magnetic
bearing in steady-state. The algorithm was successful in identifying the operating location
for hybrid foil magnetic bearing irrespective of properties of foil bearings and operating
speed. Pham et al. [[101] proposed a PD controller for the hybrid foil magnetic bearing
instead of PID, so that the synergy is not disrupted due to the integral control. The
optimized tuning gains helped in achieving a 50% reduction of energy consumption in the
driving motor along with a 26% improvement in the bending at a critical speed. Pierart
and Santos [[102] compared the simple proportional integral derivative controller and
the optimal controller. The methodologies highlighted the importance of the control
scheme in controlling a flexible rotor supported on the hybrid gas bearing. A significant
increase in the system damping ratio was observed. Jeong and Lee [[103]] implemented

a PD controller to investigate the optimum eccentricity of the hybrid bearing for proper
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distribution of load. They recommended that for the proper distribution of load in the
hybrid foil magnetic bearing the eccentricity has to be maintained in between 0.2 and
0.5. Further, Jeong et al. [[104] controlled the rigid mode unstable vibration at 20,000
rpm, and also the asynchronous vibration due to aerodynamic instability using the hybrid
foil magnetic bearing in a 225kW class turbo blower. The control of the rotor using the
hybrid foil magnetic bearing showed better stability against unbalance and hydrodynamic
instability in the range of 12,000—15,000 rpm. Recently, Tian et al. [105]] implemented an
adaptive control method for the hybrid foil magnetic bearing with the aim of simplifying
the controller design and enhance the performance of the rotor-bearing system. The
golden section controller was used to adapt the variation of the parameter of the GFB.The
simulations showed that the new control method provides better performance results

when compared to the conventional PD controller.

1.5 Research Gap

The review of the literature demonstrates the development of the GFB to meet the
necessities of the industry. Various modifications of the underlying substructure have
been considered to increase the load capacity and also to increase the damping. How-
ever, it has not been possible to increase its load capacity after a certain limit due
to the presence of the sub-synchronous frequency. In the case of the GFBs, the sub-
synchronous frequency has been found to be dependent on the stiffness of the bump foil
and clearance. However, limited literature has been found with the aim of eliminating
this sub-synchronous frequency.

It has been found in the literature that several attempts have been made to combine the
hydrodynamic gas foil bearing with hydrostatic gas foil bearing. Further, attempts have
also been made to develop a hybrid bearing combining a Gas Foil Bearing (GFB) with an
Active Magnetic Bearing (AMB). Few researchers have successfully built the prototype
of this hybrid GFB and investigated its behavior in various conditions. However, there is
not much work done on the numerical modeling of the hybrid GFBs. Jeong et al. [106]
and Yang et al. [107] investigated the dynamic coefficients of the combined bearing,
considering the linearised stiffness and damping of the two bearings to be independent.
This linearized stiffness and damping coefficients of the GFBs have been used to simulate
the rotor response of the hybrid GFBs.

In view of the above, a coupled numerical model of a hybrid GFB, combining

the dynamics of a GFB and an AMB, needs to be developed in the time domain
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and investigated.

1.6 Motivation

In a Gas Foil Bearing (GFB), the development of the wedge effect producing the
hydrodynamic force is relatively small due to the leakage. Moreover, higher speed is
required for developing sufficient pressure to support the rotor. It has also been observed
that a GFB encounters friction between the top foil and journal surfaces during start-up
and shutdown and occasionally during overload situations. GFBs have low damping
coefficients due to which the vibration control becomes imperative in rotors supported
on GFBs. A possible solution to the above problems could be the introduction of an
electromagnetic actuator (EMA) for the active control of the rotor-bearing system. This
EMA is also referred as AMB in this thesis. The dynamic coefficients of the bearing
can be modified by implementing actively controlled bearings to a rotor shaft system
and thereby increasing the stability of the system. This bearing system will suppress the
vibration of the rotating shaft and also mitigate any undesirable forces transmitted from
the foundation. It is possible to install the existing GFBs and EMA separately.However,
it requires additional spaces. The proposed bearing system can be useful if there is a
limitation in space in installing the GFB and AMB separately.
Nonetheless, both GFBs and AMBs are oil-free technology, and therefore, environment-

friendly. The operation of hybrid GFBs and AMBs will utilize the strength of each bearing
and compensate for each other’s weaknesses. It is cumbersome to build a prototype model

every other time and optimize it for better results.

1.6.1 Scope and Objectives

A numerical approach would be helpful to study the behaviour of the hybrid bearing
efficiently. Therefore, the present work is dedicated to develop a coupled numerical
model for a hybrid gas foil bearing. The capabilities of hybrid bearing that synergies the
GFBs and AMBs are investigated in this work. The main aim of this thesis is to develop
a coupled numerical model of the hybrid GFB and provide a time domain analysis of
hybrid gas foil bearing. It will be achieved by fulfilling the below-mentioned objectives:
1. Develop an efficient method to solve the nonlinear time domain Reynolds equation
of a Gas Foil Bearing (GFB).
2. Investigate the stability of a rigid rotor supported on GFB with and without the
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effect of an Electromagnetic Actuator (EMA).

3. Investigate the non-linear dynamics of a rigid rotor supported on Hybrid Gas Foil
Bearing (HGFB) which combines a GFB and an AMB.

4. Investigate the bridge configured winding for the AMB also referred as electromag-

netic actuator for a low-cost hybrid GFB.

1.7 Organisation of the thesis

Chapter 1 presents a brief introduction of GFB and AMB, along with their working
principle. It also describes an exhaustive literature review involving the developments of
GFB, and hybrid GFB. Further, the research gap and the aim of the present study have
been described.

Chapter 2 describes the mathematical model of the rotor and GFB. The discretisation of
the governing equations of GFB and its solution procedure is discussed in detail.
Chapter 3. The design procedure of an actuator for hybrid GFB has been discussed. The
basic equations for the active magnetic bearing have also been derived.

Chapter 4 deals with the stability analysis of hybrid GFB. The stability of conventional
GFB and hybrid GFB has been compared. Two cases (1) when the EMA of the hybrid
bearing is switched ON from the start and (2) when the EMA is not switched ON from
the start.

Chapter 5 presents the nonlinear dynamic analysis of hybrid GFB. The rotor response for
sudden unbalance for both conventional GFB, and hybrid GFB has been investigated. FFT
plots have been drawn for investigating the frequency components of both the bearings.
Chapter 6 describes the new winding scheme for the AMB. The electrical connections
and electrical dynamics of the new winding scheme have been presented.

Chapter 7 concludes the present work with important observations and proposes the future

scope of the work.
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2.1. Introduction

2.1 Introduction

In the previous chapter, an exhaustive literature review on Gas Foil Bearings (GFBs)
has been described. Further, the details about the various types of hybrid gas bearings
have been described. In this chapter, the governing equations of the GFBs have been
provided. Two discretization procedures of the governing Reynolds equation have been
presented. The methodology to solve the time dependent terms of the Reynolds has also
been described. The method adopted to model the top foil has been presented. The effect
of grid sizes on the results has been provided. Moreover, the mathematical formulation
of the rotor supported on two bearings has been described. Further, the results from
the numerical model have been compared with the published literature. The design and

modelling of Active Magnetic Bearings (AMBs) have been provided in the next chapter.

2.2 Governing Equations of Gas Foil Bearings

In Fig[2.1] the schematic of a bump type gas foil bearing has been shown. The Reynolds
equation for a Gas Foil Bearing with bump type foil with respect to the co-ordinate

axis X and Y can be written as,
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where, x and z are the circumferential and axial coordinates on the plane of the bearing.
Substituting, x—,9, 7= Z/(L/Z)v dx=1rdb, dz= (L/2> 97 and U =rm in

Eqn[2.1] we get,

d m o 0 /S dph dph
(p p)+( (p P )_QL:P 02

ro6 \12urd0) " (L/2)oz \ 12u (L/2)oz) 2 96  or

In the case of gas bearings, the variation of density with pressure has to be considered.
Therefore, considering the operating gas to be isothermal and perfect gas, the relationship

between density and pressure can be written as,
p=PRT

where, R is the gas constant, and 7 is the absolute temperature. From the polytrophic
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2. Modelling of GFB

Top Foil
Bump Foil

MG 5 2 5 2y 2 ¥ 2
\Im‘l [ —

Figure 2.1: (a)Schematics of GFB (b) Bump foil deflection

relation pp~7 = constant where, ¥ = polytropic gas expansion exponent, we get,

_ 1
P=pv

1
or, p =p7¥
Further for isothermal flow, ¥y = 1, therefore,

p=p (2.3)
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2.2. Governing Equations of Gas Foil Bearings

Therefore, using the relation of Eqn. the Eqn. can be written as,

19 (pFap\, 1L 9 (phdp)_@dph _aph
r200 \ 12196 (L/2)2az 12u 07

200 ot
1 J ;9p\ | (2r)? 0 ;0p wdph _ dph
12072 [ae (ph a9)+ 2 az\"5z)| " 2390 ~ ar

2
J (ph3 ap) +D—i (wﬁ@) —6uwr2@ = 12ur2@

20 7 06 ot

82
ph3 8—9‘3 +

The film thickness equation for the given configuration can be written as [5],
h=C+ecos(6 — @) +w;

or,

h=C+ecos0Ocos¢ +esinOsin¢ +w;

or,

h=C+excos 0 +eysin 0 + w;

(2.4)

(2.5)

(2.6)

2.7

(2.8)

(2.9)

(2.10)

where, e, = ecos ¢ and ey, = esin ¢ and wy is the deflection of the foil structure (Fig ).

The modelling of the top foil has been described in the Section [2.4]

Since, the bearing is open to air on both sides, therefore, the pressure takes the value

of ambient pressure at the ends of the bearing. Moreover, the atmospheric pressure

is present at the weld point, which joins the top foil and the bump foil to the bearing

housing. Therefore, the boundary conditions for solving the Reynolds Equation can

be mathematically represented as,

p=~F, at 6=0 and 27

p=~FP, at z=0 and L

(2.11)

The governing Reynolds equation can be discretized using various methods, to obtain a

numerical solution for the pressure generated. Discretization implies creating a grid of m x

n where m is the number of nodes in 0 direction and » in z direction. Hence, a set of m x n
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2. Modelling of GFB

state equations is formed, solving which the pressure field is obtained. The dimension of
the pressure matrix p in the spatial domain in the matrix form will be (m+1) x (n+1).

In general, Finite Difference Method or Finite Element Method is employed.

2.3 Discretization of Reynolds Equation

The derivatives of the differential equation and the boundary conditions are replaced by
their finite-difference approximations and the resulting systems of equations are solved
by any standard procedure. An exfoliated view of bearing is shown in Fig. [2.2] The
area is divided into a number of mesh sizes (AB x AZ). A mesh of m nodes along
circumferential direction and n nodes along the axial direction is created. Suppose, (i, j)
is any arbitrary point in the matrix representation, its position in the vector representation

can be written as ¢ = (j — 1) (m+ 1) +i. The four adjacent nodes associated with node
(i,j)are (i+1,j), (i—1,j), (i,j+1) and (i,j— 1) as shown in Fig.

7z
A
n+1
O
@@ j+1)
. .' 4 + ¥ ® . o
J A7 (i-1,)) (Z )) (i+1,))
‘ . .
AO (@ Jj-1)
> ()
i=1, j=1 j— m+1

Figure 2.2: An exfoliated view of a bearing showing the mesh size and nodes

Hence, the P, ; is the pressure at any point (7, j). H; ; is the film thickness at any point

(i,j) and Py j,Pi—1,j, P, j+1,F; j—1 are pressures at four adjacent points.
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2.3. Discretization of Reynolds Equation

The finite difference approximations to the various derivatives can be described as:

) Pi+1,))F2P (i) —Pli-1,j) 4 Pi+1,j) —P(i-1,j) p<i+1«./>hixi+1<.f)’p<i*1~f>h?i71./>
P ), ) (26 (2A0) (2A0)

D\2 3 PG j+1) 2P ) —Pj-1) D\2 ( PGij+D)~P(ij—1) p(,,+1>h(, i+1) " Plij— l)hu 1
+(Z) (p(i,j)h(i,j))( ’ (Az)j )+(Z) ( ’ (2AZ) ’ )< ’ (2AZ) =

A (P<i+1<,j>h<i+1-,j>—l’o‘—l‘j)h( > 127220 8(ph)

(2A9)
(2.12)
3 3
1(30) ()

By (o) R, ()
+(P(l+171 (i—1,j) ( el Hl] 1,)11? lj)) (2.13)
-l-%f(l’( bj+1) ~ Plirj1)) ( o ”HAZ[;({] s ”)

6o (” l+~>h<t+121>(w;f4 2D = 12220

Therefore in matrix form it can be written as,

( yir 1 ( A
Pij—-1) ap 0 0 0 as P(ij—1)
P(i-1,)) 0 an 0 as O P(i—1,j)
P(i.j) aszl 4z dsz ds4 dss j P(i.j) f
P(i+1,)) 0 app, 0 ayy O P(i+1,))

| Paj+y ) [ast 0 0 0 ass I p(i,j+l)\ J 2.14)

P(i,j-1)

P(i-1,j)

P(i+1,))
L P j+1) J
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2. Modelling of GFB

where,
3 3
D2hz I Dzhi,'—l h_l7A
an =7 4((A’Z)% ajs = _L_24EAJZ)% axp = 4&9)’%
. > W n
_ ( 11) _ D7 (i) (i,7)
2h 2203 . 2 h
— _ W) DTG J) — _GJj) — D” "G))
a33 - (AG)Z L2 (AZ) a34 (A9)2 a35 L2 (AZ)Z
mo B 2 h.
— _ _xL)) — _(i+1)) — _D° TG+
asn 4(A9)2 asq 4(A9)2 asi 7 4(AZ)2
B,
D2 i,j+1
Therefore Eqn[2.14] can be written as,
dph
_il 20p
(p ) A¢ pG+bgp = 12ur — (2.15)

T
N .
where, pq_{ Pj-1) P-1j) PGj) PG+1,)) P(i,j+1)} and its size 1s 5X1;

: -
D2 i )] _ DM
L? 4(Az)* 0 0 0 L? 4(Az)*
mo .
i—1, 1
0 4EA9)j% 0 4EA9)1) 0
3 3 3 3 3 3
Ae — | p? M) h(m‘) My DMy M i) p? "ig)
1 2 (az)*  (86)? a6  L*(Az)> (a8  I* (az)?
i) I,
0 _ G J> 0 (i+1, J) 0
4(86)° 4(26)°
) D2 Mijen
Faaz? O 0 0 Faazy |

Ay is a 5x5 non-symmetric matrix;

bz — 0 6,’.1.(1)72]’1(1',171') O _6p,a)r2h(i+1‘j)
2(A0) 2(A0)

0 } 1s a row vector of size 1x5
Therefore, the bearing forces,

/D 27

/ / pcos 0d0dZ (2.16)

/D 2

/ /psm@d@dz .17
_L/D
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2.3. Discretization of Reynolds Equation

2.3.1 Non-Dimensional form of Equations

In Reynolds Equation given in Eqn. can be further normalized by using the following

substitutions as follows:

pracy 285+ (248) (APRARCY) +
(0 [pracr g < (4p) (gonancr)]

23 | 533 92P oP\ (oPH? D\2 | 5133 0%P oP\ ( oPH?
e |PRSE+ (%) (%58 )+ () [PrRgz + () (%5°) ]

__ 9 (2.19)
—6uwr P4 = 12ur?p,C201
po 5t (35) (58) - 0 P+ (3 (49)
762 J6 70 L 072 JZ JZ
(2.20)
6uwr’ 9PH __ 12ur? 9PH
T PCE 90 T PCT ot
573 02P P\ ( 9PH? D\2 | pg3d%P P\ ( oPa> dPH
PH" 552 + (%)( 26 )+(Z) [PH ﬁJr(ﬁ) (_az ” —ASe
(2.21)
_ JPH
=25
6L r
where A = P.C2

D D D >3 D 73 D 73
(13. NN ) (P<i+1,j)+2P(i.j>—P<i—1,j)) + <P<i+1,j>—”(i—w>> (1.0 Hiier,p P10 Hiio1,p)
@), ) (A6)° (246) (2A6)

ot

D\2 (. g3 . (P t2Piy—Pij-

+(Z) < (l'J)H(i,j)) ( (82)*

+(Q)2 By iny—Pi; )\ [ P o0 —Paj-0i
L (24Z) (242)

—A (

i1 Hiier n—Piq aHi—1 PH
(i+1,) OH,{%AQSZ L) 1J)>_|_2A3(P )
(2.22)
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2. Modelling of GFB

which can be rearranged as,

283 . 2 (283 = \2
i,j) D (i)
SICORCREDICE
73 P<i+1,j>+15(i—u>) D\2i73 (’S(i,j+1>+’3<i,j—1)>] .
+[ G ')( wor ) (D) H ) (T )
_l H; —P Hglf j
B (P, ,w»( ettt 22
(z<j+1>H<i,j+1)_P(iv.i—‘)ﬁgi,jfl)
( ) ( (ij+1) — Pl j- 1))

4(Az)*
—A PI‘H J)H(tJrl,./)_P(i_lvj)H(lf 1,j) o
2(A0)

J(PH)
at
In matrix form the Eqn. [2.23] can be written as,

=~

=D

¢ vir T _ ’
Pij 1 an 00 0 as || Pij
Pi 1 0 an 0 au 0 Pi-1,))
P j as) azx a3 a4 ass Py j)
Piit1,j) 0 dp 0 du 0 Piit1,j)
| Bejry ) [@s1 0 0 0 B \PW*” ) (2.24)
P j1)
Pi1j)
+10 % 0 —% 0 P j) s
P(iJrl,j)
| Pt )
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2.3. Discretization of Reynolds Equation

where,
73 73 73
- pr iy - pHiiy o Hiy
H . > H . H .
— -1, - pH J)
dog = — 45;6)’2) as1 =73 (Aé;)z as = (A(é;z
73 73 73 73
azz = —ZH([’Q - D—zzzH(i’jz) az4 = H(i’j)z azs = D—22 H(i’j)z
(A0) L7 (Az) (A0) L7 (Az)
A . A . > H? .
gy = — L) Ay =22 g5 = -2 L)
4(A0) 4(A0) L* 4(AZ)
73
__ prHijn

Hence, Eqn. in (4, j)’h node or ¢'" node can be written in a quadratic form as,

Further, using, H =

ness is given as,

— - ey —
where, &, = &, &, = & and W; =

JPH
—2A—

57 (2.25)

(Pe)" AL Ps +b¢ Pt

h / Cand P=p / P, in Eqn. the non-dimensional film thick-

H=1+¢é,cos 0 +é,sinb +w, (2.26)

Wi

C

The bearing forces in the non-dimensional form can be described as,

or,

TH-2587 136103031

L/D 2

F.— P2 / Pcos0d0dZ 2.27)
0

(2.28)

Pcos0d0dZ (2.29)
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2. Modelling of GFB

L/D 27
= / / Psin0d0dz (2.30)
*L/D 0
where, F, = PF’;z and F, = PE:z

2.3.2 Alternative Formulation of the Reynolds Equation

The Eqgn. @ in non-dimensional form can also be written as,

9 (5-39P\  d (5-39P\ . APH __ O(PH)
—<H—)+—-(PH ﬁ) AW_ZA o7 (2.31)

(2.33)
The above formulation has been referred to as P formulation hereafter. In another formu-
lation, ¥ = PH has been substituted in Eqn. and the effect has been investigated.

) _Jdy  0H D\? 2 _Jdy A1 oy d(y)
55 ¥ 175 vaa}) *(7) 22 |v {555 - vaz || =236 e

(2.34)
7OV Y | . 07y dy ol 29% | (D\279y oy
Hag5e +HV S —wag5e — v 59 + (2) Ao, 57 2.35)
D\2 g4, 9°W _ (D\2, 0¥ 9H _ (D\2, 29%0 _ A0y 2(y) .
HE) HY G — (D) var 57 — (2) v 5a =AG6 +2A
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2.3. Discretization of Reynolds Equation

3 Vit j—Vi-1,j | | Wit1,j—Wi-1,j Vi1, =2V j+Vi-1,j
H,j[ 270 ] [ 5o }+H71‘/’w[ A0

o WiV | [Hiy—Hioy |2 [Higrj—2H; j+Hi
Vi j 770 A0 Vi A6?

Vi1, % Virl,j—Vi-1,j 2 Vit1,j =2V j+ Vi1, )
+(2) By | Vgt | [ttt 4 (R) 2y | Y20 (2.30)

_(IZ)) Yi,j

- A[Bg] 4 ondly

D
L
Wz+1, Vio1j | [Hiv1,—Hi-1,) _(l_))2 2 [Hipr=2Hi+Hi 1
2AZ L ij AZ?

a, > o, a, 2
{ aaer (Vir1)” = Zag> Vi1 jWim1j T 3300 (Vie1,7) }

Hij 280 e B
A_‘//w‘//erl,J A92 VijVij+ xgzVijVi-1,j

T tlioyy) o (Hipg=Hiag) Hip1,j=2H; j+Hi 1 j
+ 4A62 WI,J WH—I,] + 4702 l//l,J l//l—l,j ll/l7j AG2
D\2. o [Hij1—2H; j+H;
_(Z) ‘//i,j[ ij Alej isj L

(%)2 {%("”’J“)z - %%Hl%ﬂ + %(%H)z}

~NO

S—
S}
Y
T

w v B 28y e B
A2 VijVij+l — 21 Vi jVij+ a2 Vi jVij-1

2 —H; ; H; i i, H;, i i
_l_(%) <%%,J%,]+l+%w,1%,]—l) :A[M} +2A gr)
2.37)
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2. Modelling of GFB

( ) T - . 4 A
Vi j—1 Aip 0 0 0 Ajs Vi j—1
Yi-1,j 0 Ap 0 Ay O Vi1,
Vi j A3l Az Aszz Azg Aszs vij (T
Yirl,j 0 Ay, 0 Ay O Vitl,j
| Vijr1 ) [Ast 00 0 Ass | | Vij+1 |
( )
Yij-1
Vi1,
0 A0 A 0|3 wy o=20%%
Vitl,j
| Vij+1
where,
A=t oa = g+ o)
Ap = 4(12,-)2 Ap = _4(%;)2
Ay = _4£iéj)2 Ayy = 45,-5)2
Asz = _Hiﬂ,igflifl,j _ (%)2&',#;&;71

(2.38)

Hence, Eqn. in (4, j)th node or ¢'" node can be written in a quadratic form as,

T e e
(ve) A s+ by =20 5Y
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2.4. Modelling of the Top Foil

2.4 Modelling of the Top Foil

The top foil is supported by the bump foil as shown in Fig. 2.1] For the modelling of
the top foil under loading condition, it can be represented by Fig. [2.3] The top foil
structure has been modelled as a flat plate supported on axially and radially distributed
linear springs located at every bump pitch as shown in Fig. 2.3] To calculate the elastic
deformation of the foil structure the foil structure has been formulated based on Classical
Plate Theory (CPT) using the methodology given in [108]]. Thus neglecting the inertia

effects, the governing equation for the deflection of the top foil is given as,

2 2
% (Dnaa +Dip %% W‘) +§72 (D12 532 L+ Dy % W’) +2.2 (2D66,; - ) +Kpw = (P — pa)
(2.40)
where, Ky is the bump foil stiffness and w; is the deflection of the top foil.

P, Py

Details of one FE Element

Figure 2.3: Configuration of top foil supported on bump strips and details of one element

Normalizing Eqn. [2.40|using, S = F a/ KC w, =Wt /C and other terms described above,

we get,
02 (D/ %W, ;7 w,)
_ 202 11597 T D' 12574 | +
w=sP-1)—| % 70 oz (2.41)
92 d ;9w
z (D/ %% +D'n W’) +4303 (D 66aeaz>
Wherea D/ll - PR4D11’ D/12 PR2L2D129 D/22 PL4D22’ D/66 PR2L2D66 and Dll -

Dy = %,Dlz = 12(1)1E—tu2)’ Degg = Glz in which, v is the Poisson’s ratio, E is the
Young’s modulus of the top foil, # is the thickness of the top foil and G is the shear modu-
lus.

The domain is discretized as (m+ 1) x (n+ 1) for solving the Reynolds equation,

which in turn used for calculating the hydrodynamic gas pressure using finite difference
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2. Modelling of GFB

scheme. The same discretization of the domain is used for calculating the foil deflection
using finite element method. The finite element equation for an element in matrix

form can be written as [109]],

[KgPT] {Wg‘PT} = {FCePT} (2.42)

where, [K&y;] is the elemental stiffness matrix, {w¢,; } is the vector of primary nodal
variables or generalized displacements, and {F5% } is the force vector. The elemental

stiffness matrix [K¢y;| can be written as,

[Ker] = / (Bo]” [C] [B2] dx (2.43)
2 2 2
St Gt TP D'y D' 0
where, [B,] = %ZZA; (3)221\;2 a;giz and, [C]= | D'\, D5 0
9*N 9°N. 9*N
| 2560z 2900z T 23007 | 1o R’ B D's6 1o
T
in which {N}" = { Ny Ny --- Np } and Ny,N,,N3,--- ,Nj are the shape func-

tions.

The force vector {F$;} is calculated as,

(R} = [ P{N)a¥ (2.44)
¥

where, the pressure at a point on the domain is calculated as,

P:N{Pi,j‘FNéPiJH +N§Pi+17j+] +Nz/1Pi+1,j (2.45)

and, {N} ={ Ny N, N3 .. Nigo Nii Npo }are the interpolation functions.

The shape functions for the nodes (i, /)", (i, j+1)", (i+1,j+1)" and (i+1, j)"
nodes are denoted as Ni, Né, N;, N‘/1 respectively thus constituting four-noded quadri-

lateral elements.

The size of the global matrix for a particular 2D CPT will be [3(m+1) (n+1)] x

[3(m+1) (n+ 1)] considering three degrees of freedom per node. Therefore, the assem-
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2.5. Crank Nicholson Method

bled equation for the entire domain can be written as,

[Kcpr{Wepr } = {Fepr } (2.46)

where, [Kcpr] is the assembled stiffness matrix, {w,,, }is the nodal deflections and slopes

and {Fcpr} is the force vector.

Thus the nodal foil deflection is calculated using the finite element method and incorpo-
rated in Eqn. [2.26] to calculate the non-dimensional film thickness. This non-dimensional

film thickness in turn is used in Eqn. 2.25|to compute the hydrodynamic pressure.

2.5 Crank Nicholson Method

In the explicit scheme the time dependent terms of the Partial Difference Equations (PDEs)
are lagging in time in the integration of rotor Ordinary Differential Equations (ODEs),
hence does not preserve the true simultaneously coupled nature of the state variables.
The Crank Nicholson Method is an implicit method for time dependent problems, which
implies solving an equation involving both the current state of the system and the later
one [110]. It is a second-order finite difference method and is unconditionally stable.
Thus, the time derivative on right hand side of Eqn. [2.15] Eqn. [2.25| and Eqn. [2.39

is approximated using Crank Nicholson Method.

Therefore, {y}* "' = {y (*!)} has been solved at time r*~! and {y}* = {y ()}
to be solved at time t* = t*~1 + Ar. Then, from Crank-Nicolson Method, the nodal

av/ k (91[/ k—1

—-— —_— 2.47
( T ) * < at (247)
Where, ¥ = ph for Eqn. and w = PH for Eqn. and Eqn. [2.39|

Therefore, . el
o[t = [(‘3—‘5) - (g—‘Q ] (248)

values of the next time step as,

= w1+ 5

Thus, Eqn.
k P k
)] s ) D ) = 1205 2

TH-2587 136103031 44



2. Modelling of GFB

and,
k-1 _ - - - Julh!
[ A A R A A A [nurza—ﬂ (2.50)

Adding Eqn. [2.49) and 2.50, we get,

()] [45)" 1)+ [og ) )~ 2407 [{W‘} -

7 Y 0 R | kelp enk=1 24 k—1 >
L] T I It ) 2 [ ]
Therefore, Eqn. @] can be written as,
(o))" M m + [og 10— 4 [y =
k=1 5e1k—1 k=17 501k—1 k—1 (252)
) g i g )+ [t
and Eqn. can be written as,
k
(we)"] (e [wel “+ [bg ) [we)“ — 4 [{wy] = .

([T g v ) v o

In Eqn. 2.5} Eqn. 2.52]and Eqn. 2.53]there are no more time derivatives. Furthermore,
all the terms on the right hand side are either known from source terms or from the field

solution at the previous time step.

2.6 Rotor Supported on GFBs

In Fig. [2.4] the schematics of the rotor bearing system has been shown. The system of
equations describing the motion of the rigid rotor at the centre of gravity considering
the shaft mass, transverse mass moment of inertia and the gyroscopic moment can

be written as [|83]],
MY =F, (2.54)
My" =F, (2.55)
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2.6. Rotor Supported on GFBs

Y
i Z
X
meyY . _GIBB
= d - B G v e WMom I I
B L, i Ly >‘
|‘ L]
Figure 2.4: Schematic of rotor with GFB
10" — L0y = M, (2.56)
LyY' + L.o¢" =M, (2.57)
In matrix form equation of motion at center of gravity can be written
Mc6l {4 " cc } +[Geal {d e} = {Feat + {Wea} (2.58)
M 0 0 O 00 O 0
0O M 0 O 00 O 0
where, [Mcg] = (Gegl =
0 0 I, O 00 O I,
0 0 0 I, 0 0 Lo 0
( ) ( - B -
XcG Fy
ycG Fy
{gcct = {Fet =
¢ M,
Y M,
J \

The equations of motion can be written in bearing location A and B using the following

linear transformation,

TH-2587 136103031
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2. Modelling of GFB

1 0 O Ly 1 0 1 0
01 —Ly O 0 1 0 1
[Tl] = and [Tz] = So that, {QAB} =
1 0 0 —LB 0 _LA 0 LB
01 Lg O Ly 0 —Lgp O
¢ \ - - -
XCG
ycG
[T1] or {qap} = [Ti]{gcc}
Y
¢
\ y,
( 3\
F
1 Fy —1
and {FAB} = [TQ] or {FAB} = [TQ] {FCG}
M,
My

Therefore, using the transformation matrix, [71] and [73] the equation of motion at

the centre of gravity can transformed into the bearing location A and B as,

Mcq) [Th]™ {qI/AB}+ o [Gegl) {CIAB} (L] {Fag} +[T2] {Wag} (2.59)

It can also be shown that, [T5] ' = [T;] 7
Therefore, the Eqn. [2.58] at the bearing location can be written as,

(M) {q"ap} + (—@[Gas]) {d'ap} = {FaB} +{Wan} (2.60)

where, [Myg] = [T1] 77 [Mcg] [Ti] 7", [Gug) = [T1] 7 [Geg] [Th] ™
In which,
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2.6. Rotor Supported on GFBs

LM + I, 0 LaLgM — I, 0
0 LM + Iy 0 LaLgM — I,
LaLgM — Iy 0 LiM + 1, 0
0 LALgM — Ly 0 LAM + Iy
0 I, 0 I,
I, 0 IgA0
[Gagl = 12 ;
0 I 0 I,
I, O I 0
( \ 4 \
XA Fra
YA Fya Fia L/D 2z | pcos0dOdz
{qaB} = s {Fag} = ; = J
XxB F Fya L psin0d0dz
VB Fyp J
\ / \
In non-dimensional from the equations of motions can be written as, {gap} = {qéB}
and T = wt hence,
Fes L2 b os0d0dZ
= Pur’ / (2.61)
Fyp ~L/p0 | Psin0d6dZ
FxA 1 FxA
therefore, =5
FsiA FyA
Thus
Fea L2l pcos0dodz
= / / (2.62)
Fya 00 Psin0d0dZ

d{q d{q .
(@ an} = § {aas} = DL = 0950 = 0 {Gan)
ie, {q"ap} = ©* {Gan}
Therefore, Eqn. [2.60| can be non-dimensionalised as,
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F, W,
fﬁg {0 as B {P:fz} * {PaArI;} (263)
. G . _ _

[11‘3/1?»12;] e {gap} — w; }33] co{qap} = {Fap} +{Was} (2.64)
cw? cw?

P2 5 [Mag] {qap} — Por —— [Gasl {qap} = {Fa} +{Was} (2.65)

[Mug) {qsp} — [Gag) {ans} = {Fap} + {Wag} (2.66)

where [MAB] [MAB] [G_AB} = Ic%rz [GAB], {FAB} = # {FAB} and {WAB} = # {WAB}

2.7 Results and Discussion

The time step for the present simulation has been taken as 10~>. Therefore, to simulate
the rotor for a duration of 2 seconds, the number of time steps required is 200000. The
code was written in MATLAB® on a standard desktop computer with Intel® Core™

15 Processor.

22.45

Attitude Angle, ¢

22.35

223( 1 | | 1 | | | 1
20 30 40 50 60 70 80 90 100 110 120

No. of grid points in 6 directions

Figure 2.5: Variation of attitude angle due to grid size 6 in direction

In the discretization process, the size of the grid influence the predicted results. Finer
grid size provides better prediction. However, as the grid size increases, the computational
time increases. Therefore, first a grid analysis has been done. The effect of grid size
(m x n) on the attitude angle has been investigated. In Fig. the variation of attitude
angle due to variation in m with n = 10 has been shown. It has been observed that as

the no of grid points are increased in 6 direction, i.e. when m is increased the attitude
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Figure 2.7: Validation of the attitude angle vs static load

angle increases. However, after m = 100, the attitude angle remains constant. Further,
m = 100 is kept constant and »n is varied. The variation of attitude angle due to variation
of n has been shown in Fig. [2.6] It has been observed that as n is increased from 4 to 15,
the attitude angle decreases. After n = 15 the attitude angle becomes constant, suggesting
no effect on the attitude angle. Therefore the grid size of 100 x 15 has been choosen for
the current work as finer grid has no effect on the results.

In order to validate the current formulation, the attitude angle of the journal versus
the applied load at 30000 rpm has been depicted in Fig. Figure shows the
predicted attitude angle using the current formulation and the attitude angle obtained
by San Andrés and Kim [5]]. Similar trend between the two results has been obtained
with a small difference. The difference may be due to the different solution strategy used
to solve the governing equation. Further, the simulation of the orbit has been validated

with Larsen et al. [111]]. The trajectory of the rotor, rotating at 12000 rpm using the
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current formulation has been shown in Fig. Although the trajectory simulated using
the present formulation, and the trajectory simulated by Larsen et al. [111] has a little

discrepancy, the trajectory converges to the same equilibrium point.
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Figure 2.8: Validation of the rotor trajectory

In Table [2.2]the effect of grid sizes on the journal revolution has been presented. The
time for computing the first 100 rev at 12000 rpm has been recorded. Further, the time for
computing the next 100 rev has been recorded. It has been observed that the time required
for computing the journal response of first 100 rev is always more than the time to compute
the next 100 rev. Further, the computational time increases with the increase in grid size

In Fig. [2.9]the trajectory of the rotor rotating at 10000 rpm has been shown. The
trajectory is somewhat different for both the cases, but the trajectory converges to the
same equilibrium point. In Fig. [2.10] the trajectory of the rotor rotating at 16200 rpm
simulated using the two simulation has been shown. It has been observed that with
P formulation the rotor shows unstable operation (Fig. [2.10a), however with the y

formulation the rotor shows stable operation. However the cause of the damped effect
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Table 2.1: Parameters of the GFBs and the rotor system [83]]

Parameter Values
Bearing Radius, R 19.05 mm
Bearing Length, L 38.10 mm
Bearing Clearance, C 32 um
Bump Foil Stiffness, K/ 9.26 GN/m?
Ambient Pressure, P, 1 x 10° Pa
Air Viscosity, u 1.95 x 107> Pa.s

Table 2.2: Effect of grid size

Grid Size | Formulation | Time required for first 100 rev (s) | Time required for next 100 rev (s)
P Formulation 2930 2350
50x10
y Formulation 2775 2175
P Formulation 2960 2378
50x15
y Formulation 2791 2219
P Formulation 3412 2745
100x 10
y Formulation 3234 2650
P Formulation 3456 2811
100x 15
v Formulation 3523 2731

occurring due to the y formulation is not well understood. A further study is required
to identify this cause. In view of the above, P formulation is considered to be reliable

for carrying out further analysis in the latter chapters.

2.8 Inferences

In this chapter, the description of gas foil journal bearing and the solution strategy has
been given. The discretization of the governing Reynolds equation using the central
finite difference method has been shown. Moreover, an alternative formulation for the
discretization of the Reynolds equation has been described. The time dependent terms
of the Reynolds Equation have been discretized using the Crank Nicholson Method.
The nonlinear system of equation obtained using the finite difference method has been
solved using the Newton-Raphson method. The equation of motion of the rigid rotor in

the bearing location has also been described. The validation of the current formulation
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Figure 2.10: Trajectory of the rotor at 16200 rpm (a) with P formulation (b) with y formulation

has been provided. The effect of the two formulation on the stability analysis of the
GFB has been discussed. The trajectories computed using the two formulation showed
disparity although converged to the same equilibrium point. It is not clearly known
how the damping effect is more prominent in y formulation compared to P formulation.
Therefore, P formulation is used in latter chapters for future analysis.

In the next chapter the design and modelling of active magnetic bearing has been de-

scribed.
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3.1. Introduction

3.1 Introduction

In the previous chapter, the mathematical modelling of the Gas Foil Bearings (GFBs) has
been presented. Since, the present is a combination of the GFBs and Active Magnetic
Bearings (AMBs), the design and modelling of the AMBs are an indispensable part of
the analysis of the hybrid GFBs. AMBs are electromagnetic actuators that work on the
principle of electromagnetic suspension. The main objective of designing an AMB is
the generation of magnetic forces that develop provides the required forces to support
the rotor as well as to eliminate any externally applied forces. The design of AMBs
is an iterative process as the design of each individual element of the AMB will have
a strong influence on the design of other elements.

This chapter includes the design procedures adopted for conventional AMBs. Further,
modelling of AMB using the Reluctance Network Method has been described in details.
The active magnetic bearing has been considered as hetero-polar with eight poles and

the generation of radial forces has been described.

3.2 Preliminary Design Procedure of AMB

In general, the required load capacity of the bearing has to be known while designing
any active magnetic bearing. The load carrying capacity of the AMB is defined as the
maximum force that the bearing can produce in any given direction. The load capacity of
the bearing depends primarily on the type of the ferromagnetic material and the geometric
design of the bearing magnet. The magnetic bearing’s load capacity is limited due to the
bearing coil current. Depending on the system, high coil current might only be maintained
over a specific time period in order to prevent the power amplifier and the bearing coils
from overheating. Therefore, the magnetic bearing has to be designed in such a way
that the load capacity is well above the maximum expected external disturbance force.
Hence, it can be understood that, unlike the conventional ball or fluid film bearings, the
magnetic bearing does not provide any overload capability. Considering all the poles to
be symmetric, the load carrying capacity along the vertical direction is given as [112],
n BZA

Frax = J? Gin e, (3.1)
max ]; 210 j

where, B; is the magnetic flux density, A, is the cross sectional area of the flux path

and Ly is the permeability of free space.
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Few other parameters which are to be pre-decided are tabulated below, along with its

effect on the bearing design.

Table 3.1: Effects of free design parameters [|113]]

Parameter Effect

* 0.5 for split flux and 1 for unsplit flux

» Split flux uses the iron efficiently, hence smaller size
bearings but high rotating losses and complicated current
control

* Unsplit flux has low rotating losses and simpler current
control

Flux Splitting, f3

* For larger shaft size the no. of poles should be increased
Number of poles, n, * Lesser no. of poles yields smaller stator outside diameter
for small journal radius

* The iron ratio is the ratio between the sum of the arc
lengths of the pole faces to the available circumference

* The lower limit is 0 while upper limit is based on leakage
rules as 27 (r; + So) (1 — f;) > 380

 Large iron ratio reduces the area available for coils and
can therefore, increase the stator outer diameter

* Small iron ratio implies inadequate ferromagnetic mate-
rial and leads to larger axial length

Iron Ratio, f;

* By is the saturation of the ferromagnetic material, where
the magnetic flux does not increase even though the
current producing the magnetic field is increased.

* Higher By, gives higher load capacity with lesser ferro-
magnetic material, however, bigger coils are required to
take the advantage

* Using Si-alloyed transformer sheets, the maximum flux
density of 1.6 Tesla is recommended

* Using Cobalt alloys, the maximum flux density of 2.4
Tesla is recommended

Saturation Flux, By,

* The biasing ratio is the ratio between the bias current and
the current at which the stator iron begins to saturate
Biasing Ratio, o * Higher o (up to 0.5) offers better slew rates and ensure
linear operation.
* Increase « increases the stiffness and the coil size

Few design constraints and design procedure to be considered while designing the

geometry of the bearing actuator are listed below,
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Figure 3.1: Geometry of the radial AMB
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1. For a given specific design objective there is a best choice of iron ratio for each
number of legs, which is sensitive to the required capacities and the iron saturation
density. The iron ratio can be found as [[113],

_ biny

Ji=—_ (3.2)

2. Inorder to prevent the saturation of the back-iron or journal prior to saturation of
the pole, the r; — r, > Bw), has to be maintained. The radius of the journal can

therefore be found from the relation [113]],

rj—ry > 2B (rj+So) sin (Z—ﬁ) (3.3)
14
or,
rj—rr>2B (rj+So) sin <%> (3.4)

3. The pole width allows flux lines from the back of the core to the journal to pass
without saturation. The flux splitting parameter dictates the width of the pole. Once,

the journal radius, r; is known, the pole width can be found as [113]],

wp :2(rj+So) sin (%) 3.5

4. The area of the actuator can be calculated from the load capacity. Therefore, once

the width of the pole is known, the axial length of the actuator can be found as,

A
Layp = P (3.6)
Wp

5. Therefore, the radius of the pole can be calculated as
rp =rj+S0 3.7

6. The winding width should be less than or equal to maximum winding width to
avoid overlapping of adjacent electromagnets. The winding width of the coil is

given by [[114]]

W,, < B [{ (rj+So) cos (%) —l—tp}tan (%51 +52) — %wp} (3.8)

where, 6, = 7 / 8—1 / 261, t, = BoHp, and PBy,B, are constants less than unity.
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Assembly ratio f3; is used here to prevent W, from reaching its maximum value
even if both parts are equal. The assembly ratio 3, is used to prevent assembling
errors of AMBs in fabricating processes.

7. The height of the bobbin [114]],

0 571/2
Hy, = — (r;+Sp) cos (é) i+ {(r—wp)z— (%JFWW) } (3.9)

Since the inner area surrounded by the bobbin and the cross sectional area of the

coil are identical, the number of turns per coil yields [[114]

Nﬂ:(rw + tins)z

o = (W —te) (Hy —21c) (3.10)

where, N is the number of turns, r, is the radius of the wire, #;,, thickness of
insulation on coil, 7. thickness of the coil casing

8. The area of wire cross section is determined depending on the limits of current and
its density. The current density is limited to the maximum value in the wire, and

the wire cross section is then expressed as [113]

Iy

Acond = -]_0 (3.11)

9. The required slot area, Ay, for these sections with an assumed filling factor, k z;;;

is given by [114]
. Nacona

Aslot - k (3 12)
fill
where, k;; is the fill factor (O <kfiy < 1)
10. Stator outer diameter r, can be calculated as [[114]]
re=2(rj+So+t+Hy+w,) (3.13)
11. The coil space radius can also be calculated as [|114],
e ="rs—Ywp (3.14)

It is also important to note that the available coil area A,, and the required coil area,
A has to be matched, i.e. A, = nNA., where 7 is a factor more than 1 but less than

2. The required coil area depends on the selection of the coil size, number of turns
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which are further dependent on the required magnetic flux density.

The available coil area for a full coil fill is given as [113]],

4= <rg£_r§tanl_(rc_r,,>w,,) / ) (3.15)

np np
while for removable coil, the available coil area is given as [113],

ATE [rptanl—ﬂ] (re — 1) (3.16)
n, 2

Solving Eqn. and [3.14] we can obtain the radius of the coil space

12. Winding Resistance [/114]]
PLo

W, = (3.17)
Acond
13. The copper loss consumed by the winding is calculated as [2]],
P =R(iy, +i3 ) +R (i3, +i2) (3.18)
Pew =2R (i§+i%) +2R (ig +17) (3.19)

»l
>

le
<€

Figure 3.2: Schematic of slot area

In Fig. @, the schematic of the slot area has been shown. Therefore, based on these

dimensions, the dimensions of the slot for the winding can also be calculated as [[115]],
4
hgg =n(D+2g) — —w(r+So) — (3.20)
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The area of the slot is thus given as [115],

gt + h
Agor =y 22 (3.21)
hya ~ 1 + 2hy tan (g) (3.22)

3.3 Analysis of Radial AMB

In the previous section, the steps and factors to be considered while designing the
actuator of the Magnetic Bearing have been discussed. The design parameters influence
the generation of magnetic forces. In analyzing the behavior of a magnetic actuator,
the primary objective is to determine the forces generated by the actuator in response
to voltages applied to its coils and motion of the actuated device. The generation of
force is generally done using three methods i.e. analytically, reluctance method or
finite element method. However, the basics of all the method is similar. The finite
element method provides an accurate prediction of the AMB, however it is not very much
attractive for dynamic simulations due to its high computational cost. The reluctance
network method provides satisfactory results with less computational effort. In this
section, the basic equations for finding the magneto motive force using the reluctance

network method have been described.

3.3.1 Electrical Equivalent Circuit

The magnetic field in an actuator is generated by an electric current. The Ampere’s current
law gives the relation between the magnetic field, Hy,¢ and the current enclosed by the
closed integration path, /. If a current / excites the coil wounded around the actuator with

N number of turns, the magneto motive force is given as [112],
%Hmag.dl = Ni = MMF (3.23)

The magnetic flux density, B; generated is dependent on the material properties. In
case of diamagnetic material, the relative permeability (i, is less than 1 while in case
of paramagnetic materials u, is greater than 1. The magnetic flux density is related
to the magnetic field as [112] ,

B; = pourH (3.24)
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where, L is the permeability of free space.

Figure [3.3[(a) shows an electromagnet used to suspend a rotor with a magnetic force.
Considering the actuator core has a width w), with stack length /, the flux path in the core
as /1 and [, while flux path length in the rotor as /3 , if the winding has N turns with the
instantaneous current, / flowing the MMF produced will be NI.

The reluctance of the magnetic circuit is given as [112],

Lyp
Ry = —— (3.25)
m Ly Ap
where, [y, is the flux path length, u,, is the permeability in the material (u,, = uou,)
and A, is the cross sectional area of the flux path.

The inverse of the magnetic reluctance is permeance. Therefore, the permeance

is given as [112],

p = Hndp (3.26)
lfp
(b)
NI R
R 5, R s,
Rl

Figure 3.3: (a)Magnetic Force of Single Actuator (b) Equivalent Magnetic Circuit

The MMEF, flux and reluctance of a magnetic circuit can be treated as the voltage,

current and resistance in an electric circuit. The electrical equivalent circuit for the
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magnetic circuit of the above electromagnet is shown in Fig. [3.3(b). The main difference
between the magnetic circuit and the electrical circuit is that the magnetic reluctance is
energy storage rather than a loss component. The MMF generated by the winding current
is represented as NI resembling the DC voltage source. R, represents the reluctance of the
magnetic core, R; represents the reluctance of the rotor and Ry, represents the reluctance

of the air gap. Thus the magnetic reluctances of the circuit can be written as [[112],

S0 — Xm

Ry = 3.27
S0 = g (3.27)
where, x,, is the small displacement from the equilibrium position
20 +1
.= it (3.28)
Holrwpl
R (3.29)
’ Hottrwpl .

where, U, is the relative permeability.
In general, the reluctance of the airgap is significantly larger than the reluctance of
the iron, so that the magnetic reluctance in the iron can be neglected in the following

calculation. Therefore the flux ¢ is given as,

" 2Rs, 2 So—xm

(3.30)

The flux linkage ¥ of the coil, product of flux ¢ and the number of turns per coil

N 1is given as [112],

N2Iw,l

g Y0t

(3.31)

The inductance is defined as flux linkage divided by the current value L = "7/ thus,

N2 uow)l
Le=——"P1" 3.32
€= 3 (80— ) (3.32)

3.3.2 Forces Generated within the Magnetic Bearings

In the present investigation, the active magnetic bearing has been considered as hetero-
polar with eight poles as shown in Fig. [3.4] In Fig. 3.4] the poles 1 and 2 are at the
right hand side of the bearing, pole 3 and pole 4 are at the top, poles 5 and 6 are at the
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Stator

Figure 3.4: Schematic of the radial AMB

left hand side of the bearing, while poles 7 and 8 are at the bottom of the bearing. The
reluctance network of the AMB has been shown in Fig. [3.5] The reluctance network
shows 32 different reluctances.

{RSO 1,Rs92, Rsy35 -vee.- Rsog} denotes the reluctances in the airgap. This can be cal-
culated as [112],

So
Rs,i = (3.33)
" HoAy
where, the suffix i represents the pole number.
{Rs1,Rz,R3, ...... Ryg} denotes the circumferential reluctances of the flux paths in

the circumferential direction through the back of the core of the bearing. These are

all identical and can be calculated as [112]],

_ w(rstrp)
8.u0.ur(rs_rp)l

(3.34)

si

The other circumferential reluctances representing the flux paths of the bearing rotor

is represented as {R LR, Rj3, ... R jg}. These are also identical and calculated as,

_ m(rtn)
8oLy (rj—r,)l

Ji (3.35)
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{R o1, Ry, Rp3, ... R pg} represents the radial reluctance of the flux path through the
poles. In reality, these reluctances changes with the flux density, however their effect is
considered to be very small that in the present work. Therefore it has been considered

as constant and always equal. These are calculated as [112],

Fe—rF
= (re p) (3.36)
Hottrwpl
Thus, the reluctance matrix can be written as,
Ry (—Rj1) (—Rp) (=Rj3) - (=Rp) (—Rjs)
(—Rj1) Ry — (Rs2+Rp2) 0 0 — (Rsy1 +Rp1)
(—Rj2) = (Rs2+Rp2) R33 — (Rsy3 + Rp3) 0 0
RneT = (7Rj3) : = (RSOS +RP3) Ryy . 0 0
(—Rﬂ) 0 0 0 .. Rgg - (RSOS +Rp8>
i (—Rjg) = (RS()] -I-Rp]) 0 0 . — (RS08 +Rp8) Rgg i
(3.37)

where,
Rii=Rj1+Rpp+Rj3+Rjs+Rj5+Rjs+Rj7+R;3
Ry = Rgy1 + Rp1 +Rso + Rp2 + Rj1 + Ry
R33 = Rsp2 +Rp2 +Rsy3 + Rp3 + Rjp + Ry

R44 = Rsy3 + Rp3 + Rsya +Rpa + Rj3 +Rg3

Rgg = Rsy7 4 Rp7 4 Rso8 + Rps + R j7 4 Ry
Rg99 = Rgy3 + Rpg + Rsy1 +Rp1 + Rjg + Rgg

The nine independent flux quantities of the reluctance network shown in Fig. is
denoted as {¢;, 912, P23, ...... , 078, 931 }. Therefore defining ® as the vector of all magnetic

flux quantities in the bearing,

C=1¢; b2 I3 ¢4 Pas P56 P67 O s (3.38)
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Further, defining Ij; as the particular vector of currents in the circuit as,

T
In=10 20, —(ho+ha) 2Bs —(Ba+1Is6) 2Is6 —(Ise+1s) 2hs —(hs+12)
(3.39)
Thus, the magnetic flux at any instant of time can be written as,
b= (RNET)_I X NIM (340)

As all the currents in the bearings are known at any instant, Eqn. [3.40]can be used
to determine the state of flux in the bearing. Assuming, that the flux is uniform over the

area, the force acting each pole face can be calculated as [112],

X

2
F = m(¢i,j+l — i1, (3.41)

where, ¥ is a factor slightly lower than 1, reflecting the fact that the pole-face is not

flat and where @39 and ¢p | are to be interpreted as .

a .
x is defined as, y = (gcose.de)/a = %

Therefore the net vertical force, F;4g—x and net horizontal force, F;;4¢y, are calculated

from the individual pole forces, {Fi,F>,F3,....,F3} as,

e = f Fisin ((2i—3) 7/8)
=1 (3.42)

8
. ElFicos ((2i—3)7/8)

Assuming a linear system, the total magnetic energy stored in the bearing at any

instant of time is given as [[112],

1
Emag = EclnTRNETcp (3.43)

3.3.3 Electrical Connection in the Active Magnetic Bearing

The areas between the stator poles are the slots in which the windings arrangements are
made. The currents are provided in this winding arrangements for the development of the
magnetic flux. The winding current is the sum of the bias current and the feedback/control

current (for radial positioning). In general, the bias current is DC, however, if the bias
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Figure 3.5: Reluctance network of the radial AMB

current has sinusoidal and co-sinusoidal variations in the X — and Y —oriented windings
then a revolving magnetic field is generated. The eight poles (1,2,3,..7,8) are divided
into four electromagnets, EMA-1, EMA-2, EMA-3 and EMA-4 as shown in Fig. @
The normal winding arrangements for the electromagnets, EMA-2 and EMA-4 are
shown in Fig. [3.6] In EMA-2, two short pitch coils are wound around two stator
poles. These coils are connected in series so that only two terminals are required for
one magnet. With a current i, in a coil, MMF, flux and attractive radial force Fy are
generated. EMA 2 generates radial force in the positive Y-axis direction whereas EMA 4
generates radial force in the negative Y -axis direction. Therefore, EMA-2 and EMA-4
are working in differential mode. Similarly, EMA-1 and EMA-3 produce X-axis radial
force also in differential mode.

The winding arrangement mentioned above can also be realised using two half coils

with N turns in each pole as shown in Fig. [3.7. In this arrangement, the half coils HCPj24
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Stator Yoke

)l(—>Y

Stator Pole

Figure 3.6: Electrical Configurations of the radial AMB

and HCP),p are wounded in poles 1 and 2, and are connected in series. Similarly, HCP344
and HCP;4p are wounded in poles 3 and 4, and so on. Thus, there are total of 16 half
coils. A single independent drive provides the power in the half coils pairs. Therefore,
four independent drives are required to power the half coil pairs. The half coil pairs
HCP24,HCP25, HCPs564 and HCPsgp controls the horizontal forces along Y-axis while
HCP344,HCP34p,HCPs34 and HCPygp controls the vertical forces along X - axis.

RHS Pair of Half- LHS Pair of Half- Top Pair of Half- Bottom Pair of

Coil-Pairs Coil-Pairs Coil-Pairs Half-Coil-Pairs

Figure 3.7: Half coil pairs of the radial AMB
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The four independent currents in the circuit in vector can be represented in vector form

as,
T
Ig:= { Ly By Iss Ing ] (3.44)

A new current vector with all the half coil currents can be represented as,

T
Iy = {Im Lo Iua Bap Isea Isep 1788 1783] (3.45)

The vector of half coil current, I4 is transformed to the current vector, I); using the

implicit transformation matrix as,

IM =: TMBIB = TMBTBAIA = TMAIA (346)
0 0 O O
2 0 0 O
-1 -1 0 O i T

where, Typ=| 0 —1 —1 0 , Iga = and

0O 0 0 2

-1 0 0 -1

Taaa = Tup X Tpa

The four voltages corresponding to the four independent currents are represented

in the vector form as,

T
Vp = { Vi Vag Vsg Vig } (3:47)
The resistance of the coils can be defined as,
Reoil :diag <|: 2Rycp 2Rpcp 2Rycp 2Rycp :|) (3.48)

TH-2587 136103031 70



3. Modelling of AMB

where, Rycp is the resistance of the single half coil.

The inductance of the circuit can be defined as,

Le = N?Tys" (Ryer) ' Tus (3.49)

Le =N*Tys" (Rver ™' (Rver) Rver ™) Tus (3.50)

where, Rygr is implicit from Eqns. -

Therefore, the electrical dynamics of the winding arrangement can be represented as,

Vi = Reoitlp + Lelp + Lol (3.51)

3.4 Control Strategy

In the previous sections, the magnetic bearing force Fjqg—x and Fy,4¢ —, has been described
as a linearized function of the coil currents and the reluctances of the bearing. The
reluctances of the AMB’s requires feedback inorder to have a proper control over the
rotor. In general, PID control scheme is utilized for each bearing unit or separately for
each bearing axis to control the rotor. However, it is to be noted that the bearings and
sensors are non-collocated, i.e. that their axis differ by a certain distance, as shown in Fig.
[3.8| Most of the industrial AMBs are of this non-collocation type. However, as the sensors
are mostly of eddy current or inductive type, they can usually not be integrated into the
bearing. Therefore, the location of the sensors has also to be taken in consideration. The

displacements of the rotor at the location of sensor A and sensor B can be written as,

XsenA = XCG +SaY
XsenB = XCG — SBY

(3.52)
YsenA = YCG + SA(P

YsenB = YCG — SB(P
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Sensor A

»

<l
«

Figure 3.8: Schematic of rotor with AMB

Therefore [3.52] in matrix form, it can be describe as,

Therefore,

where, {Sap} =

(

XsenA

YsenA

XsenB

YsenB

XsenA

YsenA

XsenB

YsenB
\ y,

\

0 1

XCG

ycG

\

(3.53)

(3.54)

The displacements of the rotor at the sensor location can be transformed to the
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bearing locations as,

( \ - - p \
XsenA 1 0 0 Sa XA
YsenA 0 1 —Su 0 L va
(= (73]
XsenB 1 0 0 —SB XB
YsenB 0 1 Sp 0 VB
N / = - \ /
( 3\ - 4 -
L L
XsenA 1 0 O Sa I -ELB 0 ” fLB 0
YsenA 0 1 =S4 0 0 lﬁ 0 LALJfLB
g 1o 0 =5 0 - LA+LB 0 I JlrLB
1 1
\ YsenB | I 01 S 0 11 e 0 — 0
Therefore,
( ) i 7 ¢ 3
XsenA Lp+Sa 0 Lqa— Sy 0 XA
YsenA 1 0 Lg+Sa 0 Ls—Sa YA
XsenB LB_SB 0 LA+SB 0 XB
YsenB 0 Lp—Sp 0 Ls+Sp VB
Ny g - 4\ J

(3.55)

XA

YA

XB

YB
(3.56)

(3.57)

In this work, a Proportional Derivative (PD) controller is used instead of Proportional

Integral Derivative (PID) controller, since the integral control of the PID tries to maintain

the rotor center at a predefined equilibrium position against the variation of the applied

loads. However, in the hybrid bearing the equilibrium position is allowed to vary according

to the equilibrium position of the GFBs. Therefore, the PD controller has been used.
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Therefore the control current implemented at the bearing location is determined as,

)

ixA
iy 1
L
ixB
\ _/

K, O
0 K
L

0 O

0O O

0O 0 O
K, 0 0
0 K, 0
0 0 K,
Lg+Sa
0
Lg—Sp
0

Lp+Sa

Lg—Sp

Lp—+Sa 0 La—Sa

0 Lp+Sa 0

LB—SB 0 LA ‘|‘SB

0 Lp—Sp 0

0

0

Lo — Sy

0 Ly —Sa

0 Ls+Sp 0

0 Ls+Sp

1

0 XA

Lo —Sa YA

0 XB

Lo+ Sp | VB
XA
VA
XB
VB

(3.58)

The control current iy4 is provided to /1, and Is while iy4 is supplied to the /34 and

I;g for bearing A. Similarly, for bearing B, i,p is provided to /1, and Is¢ while i\ is

provided to 34 and I7g.

3.5 Inferences

In this chapter, the basic description of the AMBs has been provided. The preliminary

design procedure of the AMB has been described. Further, the reluctance network method

for calculating the magnetic forces has been outlined. The electrical winding scheme

of the conventional AMB has also been illustrated.
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4.1. Introduction

4.1 Introduction

Rotors supported on Gas Foil Bearings (GFBs) have low damping and non-linear
characteristics, which limits its application. A possible solution could be an integration
of GFBs with Active Magnetic Bearings (AMBs). In the literature, it has been seen that
the hybridization of conventional GFBs with AMBs has been increasingly popular and
has led to many innovative improvements [93}[103]]. However, the design of hybrid GFB
is still sophisticated and mostly empirical. Hence a numerical investigation is required in
order to understand the dynamics of a rotor supported on GFBs integrated with AMBs.

In the previous chapters, the two bearings were discussed independently. In this
chapter, the coupled model of the GFB and the AMB has been described. The fluid
film forces of the conventional GFB and the electromagnetic forces from the AMB are
integrated into the equations of motion of the rotor. A time domain simulation using
the coupled model has been carried out to compare the stability of the rotor supported
on conventional GFBs (without the effect of EMA) and hybrid GFBs (with the effect
of EMA). Further, the effect of application of EMA after an arbitrary time has also
been discussed. Moreover, the control current required to control the rotor at different

positions has been investigated.

4.2 Mathematical Model

Electromagnetic
Actuator

Bump Foil

Top Foil

Figure 4.1: Hybrid Bearing Assembly

The assembly of a hybrid GFB for the present investigation is shown in Fig. .1 The
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4. Stability Analysis

top foil and bump foil are placed in between the actuator and the rotor. The top foil and the
bump foil has been assumed to be made of non-magnetic material like INCONEL X-750,
such that it does not obstruct the path of the magnetic flux. However, the air gap increases
due to the incorporation of the top foil and the bump foil. Higher air gap requires higher
current to produce the required magnetic flux. In Fig. the cross sectional view and the

co-ordinate system of the hybrid GFB considered for the present study have been shown.

)
«

Electromagnetic
Actuator

Bump Foil

Top Foil

\

Figure 4.2: Cross section and co-ordinate system of the hybrid Bearing Assembly

A shaft supported on two hybrid GFBs, as shown in Fig. 4.3] has been considered
for the study. The coupled equations of motion at the bearing location A and B as

described in Chapter 2, can be written as,

(M) {q//AB} + [Gas] {q/AB} = {Fap}+ {FmangB} + {Wag} 4.1)
LM + 1, 0 LaLgM — I,y 0
| 0 LIM + I, 0 LaLgM — I
where, [Msp| = 7 ,
LaLgM — I, 0 LM +1,, 0
0 LaLgM — I, 0 LAM + I,
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- A s 3\ r
0 _IZZ 0 IZZ Fia Fmag—xA
IZZ 0 _IZZ 0 FyA FmagfyA
(Gag) = 13 AFaB} = >+ { Frnag—AB } = <
0 IZZ 0 _IZZ Fip Fmag—xB
_IZZ 0 IZZ 0 E)B FmagfyB
| . . J \ / \
w
0
and {WAB} =
w
0
\ Y,
< SA > SB > Y
Z
Hybrid Hybrid
GFB A GFB B X

<«— Sensor A

Sensor B —>H -

A

»

<
«

v

Figure 4.3: Schematic of rotor with hybrid GFB

The equations of motion of the journal are also non-dimensionalised in a similar
procedure as followed for Reynolds equation so that both equations can be coupled in

non-dimensional form. Therefore, Eqn. @ can be written in non-dimensional form as,

(Map){Gas}+ [Gag) {das} = {Fas} + { Fnag—an } + {Wag} (4.2)

The non-dimensional terms are defined as,
- 2 — 2 — _
[Myp] = ,% [Myg), [Gag] = ,% (Gagl, {Fap} = ﬁ {Fug}, {Fnag-aB} = ,ﬁ {Fnag—a8}
and {WAB} = #{WAB}
The bearing reaction force F, and F, has been found by integrating the fluid film

TH-2587 136103031 78



4. Stability Analysis

pressure as discussed in Chapter

_ 2n rL/R _
Fx:—/o /0 P(6,7) cos(0)dZd6 4.3)

_ 2 rL/R _ )
F=— /0 /O P(6,7)sin(6)dZd0 4.4)

The magnetic force Fmag,x and Fmag,y are obtained using the reluctance method as
described in Chapter [3 in which,

Fisin ((2i—3) 7 /8) (4.5)
1

8
Fmagfx =

1

Ficos ((2i—3)7/8) (4.6)
1

8
Fmagfy =

1

4.3 Results and Discussion

The purpose of the present work is to investigate a hybrid gas foil magnetic bearing
combining GFB and AMB, which has been designed to enhance the performance
characteristics of GFBs. Therefore, several parameters are already decided based on
the dimension of GFB. Hereafter in this chapter, the AMB will be referred as EMA, as
the AMB has been used along with GFB and not as an independent component. The
specific parameters of GFB and the rotor system has been presented in Table @.1] and
are taken from [116]. Further, the parameters which are considered for designing the
actuator is given in Table Figure [4.4]represents different parameters of the bearing
which have to be designed for the development of hybrid GFB.

The rotor is assumed to be perfectly balanced. All simulations have been performed
by dropping the rotor from the bearing center while the rotor is rotating at constant speed.
The dynamic forces of the hydrodynamic bearing are not possible if the rotor is concentric.
The AMB, however, tries to align the rotor at the center of bearing, in case the center of
the bearing is given as the reference position. Therefore, an offset position of the rotor
has to be set to preserve the true nature of gas foil bearing. The equilibrium position of
the rotor has been considered same as that of the GFB, thus the load is supported by both
EMA and GFB. The equilibrium point for the convergence of the trajectory has been
found to be as, &, = 0.8 and &y, = 0.35i.e. 3.2 x 10> m and 1.4 x 10~>m.
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Bump Foil
Top Foil

Figure 4.4: Schematic of the hybrid GFB

4.3.1 Case 1: The effect of EMA applied from start

Figure[4.5a) and Fig. 4.5(b) show the rotor trajectories when the rotor is rotating at 20000
rpm for the conventional GFB (without EMA effect) and the hybrid GFB (with EMA
effect) respectively. The effect of the EMA is applied at the start of the simulation. The
trajectories presented in Fig. .5(a) and Fig. 4.5(b) are different, however, both the orbits
show stable operations. The corresponding full spectrum FFT plots of rotor response
is shown in Fig. [4.5(c). The FFT plot of the conventional GFB shows the presence of
a spike at the sub-synchronous frequency of 116.1 Hz which is about one-third of the
synchronous frequency. Another small peak at 238.3 Hz can also be observed. However,
with the application of EMA the amplitude of sub-synchronous frequency reduces. The

rotor has a forward sense of rotation as the magnitude of forward whirl component is
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Table 4.1: Parameters of the GFBs and the rotor bearing system [|116]]

Parameter Values
Bearing Radius, R 33.5 mm
Bearing Length, L 53.00 mm
Bearing Clearance, C 40 um
Bump Foil Stiffness, K/ 8.8 GN/m’
Ambient Pressure, P, 1 x 10° Pa
Air Viscosity, i 1.95 x 107> Pa.s
Ly 202.1 mm
Lp 197.9 mm
SA 163.1 mm
Sp 158.4 mm
Mass, M 21.1166 kg
L = Ly 525.166 x 1073 kgm?
I, 30.079 x 1073 kgm?

more than the backward whirl component as observed in Fig. [.5[c). Moreover, all
other frequency components are eliminated. Figure 4.6(a) and Fig. 4.6|b) show the
trajectories when the rotor is rotating at 25600 rpm supported on the conventional GFB
and the hybrid GFB. It has been found that the rotor with the conventional GFB becomes
unstable as depicted in Fig. .6(a). However, the trajectory of the rotor when the effect
of EMA is applied, is stable as seen in Fig. 4.6(b). The corresponding FFT plots is
shown in Fig. 4.6(c). The FFT plot of the conventional GFB show the presence of the
sub-synchronous frequency at 152.6 Hz. It can be observed that in case of conventional
GFBs the amplitude of the sub-synchronous vibration when the rotor speed is 25600
rpm is much higher than the amplitude of the sub-synchronous vibration when the rotor
speed is 20000 rpm. This is perhaps is the probable cause of instability in the system.
The presence of sub-synchronous at one third of the synchronous frequency has also
been reported by [77,(78,/117]. In GFBs, the sub-synchronous frequency is very much
dependent on the bump foil stiffness, nominal clearance and bump foil loss factor [118].
Therefore, it is important to reduce this sub-synchronous vibration in GFB. The PD gains

of the EMA provides an additional stiffness to the system thus increasing the stability
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Table 4.2: Parameters of the EMA

Parameter Values
Rotor Radius, 7, 0.0288 m
Journal Radius, r; 0.04 m
Radius of the pole faces, r) 0.0411 m
Radius of depth of cails, 7, 0.066 m
Stator Outer Radius, 7 0.0772 m
Width of the pole, w, 0.0223 m?
No. of turns per half coil, N 160
Bias current in each half coil, iy 5A
Mean air gap, So 0.0011352 m
Per pole coverage of circumference, o 0.7
Pole face area, A 0.0012 m?
Resistance of the circuit, R, 03Q
Inductance of the circuit, L, 0.005 H

of the rotor thus increasing the stability of the rotor. The increase in stiffness due to
EMA is closely associated with the proportional gain while the damping of the system
is associated with the derivative gain. It has been observed that the amplitude of the
response of the sub-synchronous frequency is reduced by about 87%. Therefore, the sub-
synchronous vibrations can be reduced implementing the EMA in GFB and the rotor can
be operated over a wide range of speed. In Fig. the forces generated due to fluid film
and electromagnetic actuator when the rotor is rotating at 20000 rpm has been shown. It
has been observed that the hydrodynamic forces generated is more in case of conventional
GFB. However, due to the incorporation of EMA, the hydrodynamic forces gets reduced.
Thus the load is shared between the GFB and EMA. Figure {.8]shows the forces generated
due to fluid film and electromagnetic actuator when the rotor is rotating at 25600 rpm.The
hydrodynamic force increases with the increase of speed. This increment in hydrodynamic
force can lead to instability. However, due to the implementation of EMA, the forces
gets reduced. It has also been observed that with the application of little magnetic force,
the unstable rotor becomes stable. The hydrodynamic force and magnetic force follow

similar trend under different operating conditions hence, it has not been shown.
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Figure 4.5: (a) Rotor trajectory conventional GFB (b) Rotor trajectory hybrid GFB (c)Full
spectrum FFT when the rotor is rotating at 20000 rpm

4.3.2 Case 2: The effect of EMA applied at an arbitrary time

In the previous section, the results obtained from the simulation when the effect of the
EMA is applied at the beginning have been discussed. It is proposed to investigate when
the effect of EMA is applied at a later time. This helps in understanding the utility of
the effect of EMA so as to switch on the EMA whenever needed.

In Fig. 4.9] the time history plot of the displacement along X-axis and Y-axis when
the rotor is rotating at 20000 rpm is shown. The effect of EMA is applied after 0.7 sec.
It has been observed that the amplitude of the vibration is diminished as the effect of
EMA is applied. The time history of the displacement along X-axis and Y-axis when the
rotor is rotating at 25600 rpm are shown in Fig. .10]and the amplitudes of the vibration

increases as the time progresses. The effect of EMA is applied when the amplitudes
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Figure 4.6: (a) Rotor trajectory conventional GFB (b) Rotor trajectory hybrid GFB (c)Full
spectrum FFT when the rotor is rotating at 25600 rpm
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Figure 4.7: Forces generated when the rotor is rotating at 20000 rpm
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Figure 4.8: Forces generated when the rotor is rotating at 25600 rpm

of the vibration increase beyond a threshold value at a certain time say 0.7 sec in this
case. It can be observed that the amplitudes of the vibration reduces as the effect of
the EMA is applied. Therefore, the EMA can be switched "ON" whenever required

and suppress the amplitude of the vibration.
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Figure 4.9: Non-dimensional displacements when the rotor speed is 20000 rpm.

In Fig @.TT|the full spectrum FFT of the response when the rotor is rotating at 20000
rpm before and after the application of EMA is shown respectively. It has been observed
that before the application of EMA, the sub-synchronous vibrations are present at 116.9
Hz. However, after the application of EMA, the high amplitude of the response of
sub-synchronous vibrations which was previously observed at 116.9 Hz gets reduced.
Similar observation has been made in case of rotor rotating at 25600 rpm (Fig[4.12). The
amplitude of sub-synchronous frequency has been reduced due to the effect of EMA

and improve the stability of the rotor system.
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Figure 4.10: Non-dimensional displacements when the rotor speed is 25600 rpm.
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Figure 4.11: Full spectrum fast Fourier transform of the response when the rotor speed is 20000
rpm: (a) before electromagnetic actuator (EMA) applied and (b) after EMA applied.
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Figure 4.12: Full spectrum fast Fourier transform of the response when the rotor speed is 25600
rpm: (a) before electromagnetic actuator (EMA) applied and (b) after EMA applied.

4.3.3 Control Effort

The effect of the EMA has been discussed while explaining Case 1 and Case 2 in
the previous section. It has been observed that the control effort plays a major role in
controlling the rotor. In this section, the currents for controlling the rotor at 20000 rpm and
25600 rpm for both the cases, i.e. Case 1 and Case 2 mentioned in the previous section are
investigated. The control effort also depends on the gains. In the present investigation, the
proportional gain is taken as 500 A / m and the derivative gain is considered as 25 As / m.

In Fig. .13] the total current required to control the rotor along the X-axis neglecting
the first 0.1s is shown. It has been observed that higher currents are required to control

the rotor at 25600 rpm than the rotor rotating at 20000 rpm. As the rotor is unstable at
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25600 rpm, higher control current is required to control the unstable rotor. It has also
been noticed that the current required is less when the effect of EMA is not applied
from the start. When the effect of EMA is not applied from start the current required

is similar for both the speeds.

71— 71 T T J when EMA is switched on from start while the rotor is rotating at 20000 rpm
—when EMA is switched on from start while the rotor is rotating at 25600 rpm
when EMA is not switched on from start while the rotor is rotating at 20000 rpm
— -when EMA is not switched on from start while the rotor is rotating at 25600 rpm
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Figure 4.13: Total current required.
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Figure 4.14: Non-dimensional displacement of rotor along X axis when the rotor speed is 25600
rpm for reference x, = 0.6.

Further, a different reference value other than the natural steady state equilibrium
position of GFB has been set and investigated. The new reference value has been choosen
as x, = 0.6 and x, = 0.9 along X axis while it is kept constant along Y axis i.e. y, = 0.35

in non-dimensional form. In Fig. d.14] the effect of EMA on the displacement along X
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Figure 4.15: Non-dimensional displacement of rotor along X axis when the rotor speed is 25600

rpm for reference x, = 0.9.
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Figure 4.17: (a) Current along X axis when the rotor speed is 25600 rpm for different reference
(b) Magnetic force along X axis when the rotor speed is 25600 rpm for different reference.
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axis for different values of K, for the reference point x, = 0.6 when the rotor is rotating at
25600 rpm is shown. In Fig. .15] the effect of EMA on the displacement along X axis for
different values of K, for the reference point x, = 0.9 when the rotor is rotating at 25600
rpm is shown. It has been observed that without the effect of EMA the amplitude of
displacement is increasing. With the application of low magnetic force, the rotor became
stable when the reference value is same as the natural steady state equilibrium position
i.e. x, = 0.8 along X axis and y, = 0.35 along Y axis in non-dimensional form. The error
in positioning the rotor in a set reference point and original displacement is more when
the K, is low as shown in Fig. @} However as the K), is value 1s increased the error
becomes less. As such the response showed 30% of error from the set reference point
to the actual steady state displacement when the K, is 500 A /m. As the K), is increased
to 500000 A / m, the rotor moves to the set reference point and the error is reduced to
4.01% in case when the reference point is set as x, = 0.6 while the error is reduced to
5.04 % in case of x, = 0.9. The low K,, value produces low magnetic force, which is
not sufficient to displace the rotor to the desired reference value. The reason for the
requirement of high magnitude of the magnetic force is that the magnetic force has to
act for supporting the rotor and move it to a desired reference value besides overcoming
the hydrodynamic force. In any fluid film bearing, the hydrodynamic force generated
due to the fluid film pressure supports the rotor weight. However, in hybrid Gas Foil
Bearing the load has to be shared between the GFB and the EMA. The hydrodynamic
force without the effect of EMA increases at 25600 rpm which causes the instability.
The current required to control the rotor at the required position has been shown in Fig.
@.T7(a). It has been observed that when the equilibrium position of the rotor is set other
than the natural steady state of GFB, high current is required. It is also important to
note that when the reference point is changed from the natural steady state of GFB, the
hydrodynamic force decreases as the rotor is solely supported by the EMA. As a result,
high magnetic force is required to maintain the rotor in the desired position. This has
been shown in Fig. b). Thus, it has been shown that with the incorporation of EMA,

an unstable rotor can be made stable with very little effort.

4.4 Inferences

In the present chapter, a coupled model of GFB with and without the effect of EMA has
been developed. The developed model has been used to investigate the effect of EMA
on stability of the fully balanced rotor supported on GFB. In this regard, the following
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two cases have been investigated: Case 1, i.e. when the effect of EMA is applied from
start and Case 2 i.e. when the effect of EMA is applied at an arbitrary time. It has been
demonstrated that using the EMA with a very small control current an unstable rotor can
be made stable. The implementation of an electromagnetic actuator with a GFB reduces
the amplitude of the response of the sub-synchronous frequency component for both the
cases. As such 87% reduction in the amplitude of sub-synchronous vibration has been
observed. The control current required to control the rotor in Case 2 i. e. when the effect
of the EMA is not applied from the start, is less when compared to the control current
in Case 1 i.e. when the effect of the EMA is applied from the start. Moreover, higher
control current is required when the speed of the rotor increases. It has been observed that
high magnetic force is required to control the rotor for a set reference value other than the
natural steady state value of the response of the rotor supported by GFB without the effect
of EMA. At low magnetic force the error between the set reference point and the natural
reference point is about 30 %. Therefore, in order to reduce the power consumption, the

reference value has to be set as the natural steady state value.
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5.1. Introduction

5.1 Introduction

In the previous chapter, the stability of the rotor supported on hybrid Gas Foil Bearings has
been discussed without considering the effect of mass unbalance. However, modern-day
rotating machinery is exposed to severe kind of mechanical and environmental conditions.
Controlling these vibrations and improving the dynamic behavior of the rotor are very
important for the efficient and safe running of the machines. These vibrations can be
reduced by applying some damping at the rotor supports. In this regard, the performance
of a hybrid gas foil bearing (HGFB) adjoining conventional Gas Foil Bearing (GFB)
along with Active Magnetic Bearing (AMB) as an electromagnetic actuator (EMA), to
withstand unbalance has been investigated in the present chapter. Moreover, the ability to

sustain sudden unbalance occurring in the rotor-bearing system has been investigated.

5.2 Mathematical Model

Sensor A

©shaft

LA LB

[
Lol

Figure 5.1: Schematic of rotor bearing assembly
The system of equations with unbalance at the bearing location A and B can be written
as,

(M) {q" ap} + (GaB) {d an} = {Fa} + {Fnag—-a} + {Fun} + {Was} (5.1
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5. Unbalance Response

LM + 1, 0 LaLgM — I, 0
| 0 LAM + Iy 0 LaLgM — I,
where, [Myp| = 7 ,
LaLgM — I, 0 LIM + 1, 0
0 LoLpM — I, 0 LAM + I
r - A ( 3\ ¢ )
0 _IZZ 0 IZZ Fia Fmag—xA
IZZ 0 _IZZ 0 FyA F;nagfyA
[Gag) = 1 AFaB} = oA Fnag-ag} =
0 IZZ 0 _IZZ Fip FmagfxB
—I 0 I, 0 FyB Fmag—yB
[ \ T N N ) /
w Mey, ? cos wt
0 L Mey, w’sinot
{WAB} = < and {Fub} = [Tl]
w Mey w? cos ot
0 Mey, w’sinot
\ Vs \ J

5.3 Results and Discussion

5.3.1 Effect of unbalance eccentricity

The rotor bearing parameters used in the present investigation is given in Table d.T|and
Table 4.2] The steady state part of the journal response has been analysed and hence,
the time series data of the initial 500 revolutions of the rotor has not been considered.
Further, the simulations are performed with the various amount of unbalance at 20000
rpm. It has been mentioned earlier that hydrodynamic fluid film forces of the GFB
bearings does not get generated in a concentric rotor. However, in general the AMB,
tries to force the rotor to the centre of the bearing. Therefore, in order to uphold the load
sharing characteristic of the hybrid GFBs an equilibrium position other than the bearing
centre has to be set. The equilibrium point of the steady state of the rotor response,
has been chosen as 0.8 along X -axis and 0.35 along Y -axis which is the steady state
response of the rotor without unbalance.

In Fig. [5.2] the trajectory, Poincaré plot and full spectrum of the non-dimensional
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Figure 5.2: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor response
when the rotor supported on conventional GFB with an unbalance eccentricity of 1 x 10719 m

displacements of the rotor when the rotor is supported on conventional GFBs with an
unbalance eccentricity of 1 x 107!% m is shown. It has been observed that the rotor
traverses a quasi-periodic as seen in Fig. [5.2p and can be confirmed from the Poincaré
plot (5.2b). In the full spectrum Fast Fourier Transform (FFT) plot, high amplitude of
the sub-synchronous frequency at 116.5 Hz and 238.9 Hz has been observed. In Fig. [5.3]
the trajectory, Poincaré plot and full spectrum of the non-dimensional displacements of
the rotor when the rotor is supported on hybrid GFBs with an unbalance eccentricity of
1 x 10719 m is shown. The rotor show different trajectory in case of hybrid although the
unbalance eccentricity is same. It has been observed that the sub-synchronous frequency
at 116.5 Hz is absent in case of hybrid GFB. However, another sub-synchronous frequency
146.1 Hz has been observed. This is probably because at low unbalance eccentricity the
hydrodynamic force is more dominating rather than the unbalance force.

Figure[5.4]shows the trajectory, Poincaré plot and full spectrum of the non-dimensional
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Figure 5.3: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 1 x 10710 m

displacements of the rotor when the rotor is supported on conventional GFBs with an
unbalance eccentricity of 1 x 1078 m. At this unbalance eccentricity, a small peak of the
synchronous frequency can be observed (Fig. [5.4c). The trajectory is quasi-periodic as
observed in Fig. [5.4p and Fig. [5.4p. Nevertheless the sub-synchronous frequency at 116.5
is still the dominating frequency. In Fig. [5.5]the trajectory, Poincaré plot and full spectrum
of the non-dimensional displacements of the rotor when the rotor is supported on hybrid
GFBs with an unbalance eccentricity of 1 x 1078 m is shown. The trajectory and Poincaré
plot is also quasi-periodic. In the case of hybrid GFB, the FFT plot also show a small
peak of synchronous frequency. It has been observed that the amplitude of the response
of the synchronous frequency increases as the unbalance increases while the amplitude
of the sub-synchronous frequency at 238.9 Hz decreases. At an unbalance eccentricity

of 1 x 1077 m, the sub-synchronous frequency at 238.9 Hz gets completely eliminated.
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Figure 5.4: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor response
when the rotor supported on conventional GFB with an unbalance eccentricity of 1 x 1078 m

However, the trajectory is still periodic and the sub-synchronous frequency at 116.5 Hz
is still the dominating frequency. This has been shown in Fig. [5.6] Figure [5.7] shows
the trajectory, Poincaré plot and full spectrum of the non-dimensional displacements of
the rotor when the rotor is supported on hybrid GFBs with an unbalance eccentricity
of 1 x 1077 m. It has been observed that the amplitude of the response of the sub-
synchronous is equal to the amplitude of the synchronous frequency in case of the hybrid
GFB. In case of hybrid GFB, the sub-synchronous frequency occurs at is 145 Hz.

As the unbalance eccentricity is increased further, the amplitude of the response
of the sub-synchronous frequency is further reduced and the synchronous frequency
becomes the dominating frequency. In Fig. [5.§] the trajectory, Poincaré plot and full
spectrum of the non-dimensional displacements of the rotor when the rotor is supported

on conventional GFBs with an unbalance eccentricity of 1.5 x 10~/ m has been shown.
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Figure 5.5: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with a unbalance eccentricity of 1 x 1078 m

The trajectory plot show the rotor traversing a periodic motion. Moreover, in the FFT
plot, high amplitude of synchronous frequency can be observed. In the case of hybrid
GFB, the rotor trajectory is also periodic as observed in Fig. [5.9] In the FFT plot,
it can be observed that, the sub-synchronous frequency is absent (Fig. [5.9c). As the
unbalance eccentricity is further increased in case of conventional GFB, the amplitude of
the response of the sub-synchronous frequency at about 116 Hz is reduced further. At an
unbalance eccentricity of 2 x 107%, the amplitude of the response of the sub-synchronous
frequency is almost eliminated in case of the conventional GFB (Fig. [5.10k). The rotor
motion is still periodic as observed from trajectory plot and Poincaré plot shown in Fig.
[5.10R and [5.10p respectively. In the case of hybrid GFB, the rotor motion is periodic
and the sub-synchronous frequency is absent as shown in Fig. [5.11]

In Fig. [5.12] the trajectory, Poincaré plot and full spectrum of the non-dimensional
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Figure 5.6: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor response
when the rotor supported on conventional GFB with an unbalance eccentricity of 1 x 10~ m

displacements of the rotor when the rotor is supported on conventional GFBs with an
unbalance eccentricity of 3 x 1076 m is shown. The trajectory and Poincaré plot shows
periodic motion of the rotor. However, it has been observed that the sub-synchronous
frequency again start to reappear at 143.1 Hz. In Fig. [5.13] the trajectory, Poincaré plot
and full spectrum of the non-dimensional displacements of the rotor when the rotor is
supported on the hybrid GFBs with an unbalance eccentricity of 3 x 107® m is shown.
The rotor motion is still periodic as observed from trajectory plot and Poincaré plot in
case of hybrid GFB. The FFT plot show one single peak of the synchronous frequency.
Further, it has been observed that at an unbalance eccentricity of 4.14 x 10~% m, the rotor
traverses period two motion as observed in Fig. [5.14p. The Poincaré plot show two distinct
points confirming the period two motion. Moreover, the amplitude of response of the

sub-synchronous frequency is higher than the amplitude of response of the synchronous
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Figure 5.7: (a) Trajectory, (b) Poincaré plot and (c¢) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 1 x 10~/ m

frequency. In case of the hybrid GFB, as the unbalance eccentricity is increased, the radius
of the rotor orbit increases. However, the rotor motion is still periodic. The trajectory,
Poincaré plot and full spectrum of the non-dimensional displacements of the rotor when
the rotor is supported on hybrid GFBs with an unbalance eccentricity of 4.1 x 107% m is
shown in Fig. [5.13] The FFT plot show presence of only synchronous frequency.

As the unbalance eccentricity is further increased to 5 x 10~° m the rotor shows
a peculiar trajectory in case of conventional GFB as shown in Fig. [5.16] .Moreover,
multiple frequency components has been observed (Fig. [5.16f). The amplitude of the
response of the sub-synchronous frequency at 145 Hz, is higher than the amplitude of
the response of the synchronous frequency. In case of hybrid GFB, the rotor motion is

periodic with only a synchronous peak at 333.2 Hz as shown in Fig. [5.17] Further, at an

TH-2587_136103031 101



5.3. Results and Discussion
0.802 0.802 ®) ,

0.804 0.804

0.806 0.806
~
. &~

15 0.808 £ 0.808
Ny

0.81 0.81

a
0.812 0.812

0.814 0.814
0.282 0.284 0.286 0.288 0.29 0.282 0.284 0286 0.288 0.29 0.292 0.294

0.292  0.294
€y éy(nT)
10° E T T T
- (©)
o l0'F 4
Sk
5
= X 3335
g 107 Y 0.004391
< .0 X -333.5
Té 107 Y 0.0004304 3
S I X -117.5 § (1,1;7{: 05
20k Y 6.217e-05 {5 Z995¢
) E i
£
A 107¢
=
S
Z

-500 400 -300 -200 -100 0 100 200 300 400 500
Frequency, Hz

Figure 5.8: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor response
when the rotor supported on conventional GFB with an unbalance eccentricity of 1.5 x 10~7 m

unbalance eccentricity is increased to 6.5 x 10~ m, the trajectory of the rotor supported
on conventional GFB becomes random as observed in Fig. [5.18p and Fig. [5.18b. The
FFT plot show high amplitude of the response of the positive component of the sub-
synchronous and synchronous frequency at 148.8 Hz and 333.5 Hz respectively. However,
the negative component of the synchronous frequency is absent. Figure [5.19] shows
the trajectory, Poincaré plot and full spectrum of the non-dimensional displacements of
the rotor when the rotor is supported on hybrid GFBs with an unbalance eccentricity
of 6.5 x 107® m. The rotor trajectory is periodic and the dominating frequency is the
synchronous frequency as anticipated. It has been observed that further simulation in
case of conventional GFB has not been possible with higher eccentricity as the rotor
trajectory becomes more unstable and the Reynolds equation fails to converge. However,

the trajectory has been periodic with lower amplitude of the response of the synchronous
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Figure 5.9: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with a unbalance eccentricity of 1.5 x 1077 m

frequency in case of hybrid GFB suggesting the rotor could sustain higher unbalance.
Further, in order to investigate the limit of the hybrid GFB only the response of
the hybrid GFB has been simulated for higher unbalance eccentricity. At an unbalance
eccentricity of 3 x 107> m the rotor supported on hybrid GFB show period 2 motion
as shown in Fig. [5.20h. Two distinct points could be observed in the Poincaré plot
(Fig[5.20p). In the FFT plot a small peak of the sub-synchronous peak can be observed
at 166.7 Hz as shown in Fig. [5.20c. In Fig. [5.21]the trajectory, Poincaré plot and full
spectrum of the non-dimensional displacements of the rotor when the rotor is supported
on hybrid GFBs with an unbalance eccentricity of 4.2 x 10~> m has been shown. At this
unbalance, the trajectory becomes multi-periodic. In the FFT plot multiple peaks of sub-

synchronous frequency has been observed. It has been found that further increment in the
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Figure 5.10: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on conventional GFB with an unbalance eccentricity of
2x10%m

unbalance lead to instability. Therefore, for the current AMB configuration, the limit of
the unbalance can be increased from 6.5 x 107° m to 4.2 x 107> m. However, by tuning

the Proportional and Derivative gains, the stability of the rotor can be further increased.

Effect on control current

The control current is an important factor in controlling the displacement of the rotor
to keep it in the required position. The variation of the control currents have to be kept
minimum in order to have a linearized magnetic force. Therefore, the total current has
to be estimated. In general, for a linearized magnetic force the control current has to be

of smaller magnitude compared to the applied bias current. Therefore, to consider the
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Figure 5.11: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 2 x 107® m

linearized magnetic force the variation of control current is allowed to be a variation of
+0.5A of the bias current. The total current necessary in order to control the rotor for
various mass unbalance for the first 0.48 s to 0.5 s has been shown in Fig. [5.22]. Figure
[5.22] show the effect of mass unbalance on the current along X axis for bearing A while,
Fig. [5.22p show the variation of current along Y axis for bearing A. The current required
to control the rotor is higher when the unbalance eccentricity is higher. It has been
observed that at 4.2 x 10> mm the maximum current required is about 6A implying the
limit of linearized magnetic force. Therefore, to avoid magnetic saturation of the actuator
the unbalance has to be kept within certain limit. When the unbalance eccentricity is
2 x 107> the maximum current is about 5.5 A. Therefore, inorder to have a linearised

magnetic force, the unbalance eccentricity has to be limited to 2 x 107>,
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Figure 5.12: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on conventional GFB with an unbalance eccentricity of
3x107%m

Effect on Fluid Film Thickness

In a hydrodynamic bearing the fluid film plays an important role in developing the
hydrodynamic pressure and avoid contact of the bearing inner surface with the journal.
In Fig. [5.23] the variation of the minimum film thickness for an unbalance eccentricity
of 1 x 107% m is shown. In the conventional GFB, high oscillations of the minimum
film thickness can be observed, however, in case of the hybrid GFB, the oscillations of
the minimum film thickness is reduced. When the unbalance eccentricity is increased
to 4.6 x 10~° m, the fluctuation of the minimum film thickness is further increased and
becomes negative indicating a contact between the journal and bearing surface as shown
in Figl5.24] In case of hybrid GFB, the fluctuation of the minimum film thickness is
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Figure 5.13: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 3 x 107® m

reduced but the smallest value of the minimum film thickness is nearly zero indicating
the journal almost touches the bearing surface. However, when the mass unbalance
is increased to 2 x 10~ m, the minimum film thickness value decreases further and
becomes negative (Fig. [5.25). Therefore, the rotor supported on hybrid GFB is able

to withstand higher amount of unbalance.

5.3.2 Effect of sudden unbalance

A rotor has to withstand different kinds of aberrations during operations. A sudden
unbalance may be triggered in the rotor system due to blade loss or loose nut that may
come out during operation. Therefore, an investigation has been made to study the effect

of sudden unbalance on the rotors supported on hybrid GFBs. Hence, mass unbalance
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Figure 5.14: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on conventional GFB with an unbalance eccentricity of
4.14%x107%m

has been introduced into the system after the rotor has been allowed to run up to a certain
time. In the current investigation the unbalance has been introduced after 0.5 s. The speed
of the rotor has been kept constant at 20000 rpm. Other parameters used in the present
investigation is given in Tabled.T]and Table[d.2] The reference point of the AMB is set as
the natural equilibrium position of the GFB i.e. 0.8 along X-axis and 0.35 along Y -axis.

In Fig. [5.26}, the time history of the non-dimensional response of the rotor supported
on convention GFBs rotating at 20000 rpm is shown while a sudden mass unbalance
of 10 g mm applied exactly at 0.5 s. It has been observed that at a mass unbalance of
10 ¢ mm, the amplitude of the non-dimensional rotor response along the X-axis has
been increased due to the application of mass unbalance. Similar response has been

observed in the amplitude of the rotor response along the Y-axis. In case of hybrid
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Figure 5.15: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 4.14 x 10~°
m

GFBs, the amplitude of the non-dimensional response is much smaller compared to
the conventional GFBs as observed in Fig. [5.26b . Figure [5.27] shows the trajectory
of the rotor supported on conventional GFB before and after the application of sudden
unbalance of 10 g mm. The trajectory changes from quasi-periodic to periodic due to
the application of sudden unbalance. This has also been observed in case of hybrid
GFB as shown in Fig. [5.28] In Fig. [5.29|the full spectrum FFT of the non-dimensional
response of the rotor supported on conventional GFBs before and after the application of
the mass unbalance of 10 g mm has been shown. Before the application of unbalance,
only the sub-synchronous frequency has been observed at 116.2 Hz. However, both
sub-synchronous peak and the synchronous peak have been observed after the application
of mass unbalance at 116.2 Hz and 333.5 Hz respectively. Figure [5.30| shows the full
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Figure 5.16: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on conventional GFB with an unbalance eccentricity of
5x107%m

spectrum FFT of the non-dimensional response of the rotor supported on hybrid GFBs
before and after the application of the mass unbalance of 10 g mm. Before the application
of mass unbalance, no significant peaks have been observed. The low amplitude of the
response of the sub-synchronous frequency has been observed at 116.2 Hz and 145.3
Hz. After the application of mass unbalance, the synchronous frequency at 333.5 Hz
appears and dominates the other frequency components.

The mass unbalance is then increased gradually in order to investigate the limit of
sudden unbalance in the rotors supported on conventional GFBs and hybrid GFBs. The
amplitude of the rotor displacement increases as the unbalance is increased. The non-
dimensional response of rotor supported on conventional GFB due to the application of

sudden unbalance of 63 g mm has been shown in Fig. [5.3Th. At the mass unbalance
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Figure 5.17: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 5 x 107® m

of 63 g mm the rotor displacement becomes high suggesting contact between the top
foil and journal. However, in case of the hybrid GFBs, even though the amplitude of
vibration increases it has been well within the limit (Fig. [5.31b). The trajectory of
the rotor supported on conventional GFBs and hybrid GFBs after the application of
mass unbalance has been shown in Fig. [5.32] The trajectory of the rotor supported on
conventional GFB show chaotic behaviour while the rotor supported on hybrid GFB show
periodic behaviour with small obrit radius. The comparison of the non-dimensional rotor
response supported on conventional GFB and hybrid GFB after the application of 63 g
mm mass unbalance has been shown in Fig. [5.33] It has been observed that a peak of
high amplitude at sub-synchronous frequency and synchronous frequency occurs in case

of conventional GFBs. However, the sub-synchronous frequency is suppressed in case
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Figure 5.18: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on conventional GFB with an unbalance eccentricity of
6.5x10°m

of hybrid GFB. The synchronous frequency peak is observed at 332.8 Hz. It has been
found that further application of mass unbalance into the rotor supported on conventional
GFB lead to further increment in the rotor displacement and instability.

The mass unbalance has been further increased to investigate the limit of hybrid GFB.
In Fig. [5.34p the non-dimensional response of the rotor supported on hybrid GFB due the
application of the mass unbalance of 86 g mm has been shown. The rotor response show
high amplitude of displacement. This probably show the limit of hybrid GFBs with the
present configuration. The rotor trajectory after the application of the mass unbalance
of 86 g mm is shown in Fig. [5.34p. The trajectory shows multi periodic motion with
high orbit radius. The corresponding FFT plot is shown in Fig. [5.34k. High amplitude
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Figure 5.19: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 6.5 x 1075 m

of the response of the rotor has been observed at 166.7 Hz and 333.4 Hz.

Therefore, it can be concluded that the hybrid bearing is capable of withstanding
sudden unbalance and also capable of suppressing the sub-synchronous vibrations. The
limit of the sudden unbalance has been increased from 63 g mm to 86 g mm due to

the implementation of hybrid GFB.

5.4 Inferences

In this chapter, the unbalance response of the rotor supported on hybrid gas foil bearings
(hybrid GFBs) combining a gas foil bearing (GFB) and active magnetic bearing (AMB)

has been investigated and compared with the conventional GFB.
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Figure 5.20: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 3 x 107> m

At low unbalance, the sub-synchronous is the dominating frequency in case of the
conventional GFB. As the unbalance is increased in the case of conventional GFB,
the synchronous frequency becomes dominant. However, at high unbalance the rotor
supported on conventional GFBs shows the presence of high amplitude of the response
of the sub-synchronous frequency as well as synchronous frequency which causes the
instability. The sub-synchronous vibrations are eliminated due to the implementation of
the hybrid GFBs. It has been demonstrated that the limit to withstand unbalance has also
been increased due to the implementation of the hybrid GFB. The trajectory of the rotor
supported on hybrid GFBs show periodic motion. However, the radius of the orbit of the
rotor increases with the increase of unbalance eccentricity. The unbalance eccentricity
limit has been increased from 6.5 x 107° m to 2 x 10~ m due to the implementation of

hybrid GFBs. It has been observed that in order to keep the rotor within the permissible
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Figure 5.21: (a) Trajectory, (b) Poincaré plot and (c) FFT plot of the non-dimensional rotor
response when the rotor supported on hybrid GFB with an unbalance eccentricity of 4.2 x 107> m

level higher control current is required for higher unbalance eccentricity. The value of
minimum film thickness is also high in case of hybrid GFBs which avoids the contact
between the rotor and bearing surface. It has also been demonstrated that the hybrid
GFBs are also capable of withstanding higher sudden mass unbalance.

In the next chapter, a new winding scheme has been proposed. The new winding
scheme requires only two drives to control the rotor. This winding scheme will therefore
have lesser cost. A comparison between the response of the rotor supported on hybrid
bearing with conventional winding scheme and the new winding scheme has been

provided in the next chapter.
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Figure 5.26: Non-dimensional response of rotor supported on (a) conventional GFBs (b) hybrid
GFBs due to a sudden unbalance of 20 g mm
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6.1. Introduction

6.1 Introduction

In the previous chapters, the response of the rotor supported on hybrid GFBs has been
investigated. The investigations showed the advantages of the implementation of the GFB.
However, the cost of conventional Gas Foil Bearing increases due to its requirement of
precise manufacturing method and the coating material for the top foil and bump foil. In
case of Active Magnetic Bearing, the normal electrical arrangement includes a multiplicity
of independently controlled current sources usually at least four drives per bearing which
increases its cost. Therefore, the hybrid Gas Foil Bearing will have much higher cost.
An alternative way for minimizing the cost of hybrid GFBs can be by reducing the
required number of drives. Therefore, a different winding approach for the AMBs where
only two drives per bearing are required has been proposed for the hybrid GFBs that
would bring down its cost. The winding arrangement of the active magnetic bearing
follows a bridge-configured pattern, which is similar to the winding arrangements for
self-bearing motors and induction machines [|119-123]. The new winding arrangement
requires a very different approach to the controller structure. The current-to-force model
is directly applied in the fast loop, instead of translating a command force vector into
a corresponding vector of required currents and then running a fast loop to achieve
the control currents. Therefore, using this current-to-force model, the controller is
continuously calculating the force exerted on the horizontal and vertical directions. Then
compare it with the command force vector at any given time, driving the rates of change of
currents in the two independent current-source drives accordingly. The revised controller
strategy is based on the ability to utilize lower-cost components to power the magnetic
bearing. In this chapter the implementation of the bridge configured winding connection
for the electromagnetic actuator of the hybrid GFBs has been described. The dynamics
of the rotor supported on hybrid GFBs comparing the conventional winding of the
active magnetic bearing and bridge configured winding has been presented. Moreover,
the advantages and disadvantages of the proposed winding scheme for the hybrid gas

foil bearing have been discussed.

6.2 New Winding Connections

In Fig the conventional arrangement of the active magnetic bearing has been shown.
The half-coil-pairs {HCPjos, HCP 25, HCPs¢a, HCPs¢p} controls the horizontal forces.

The half-coil-pairs controls the vertical forces. In the conventional arrangement, the
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Figure 6.1: Bridge configured Winding arrangement of radial AMB
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Figure 6.2: Bridge connections of the AMB
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6.3. Magnetic Energy and the Electrical Dynamics

two half coils HCPj;4 and HCPy>p are connected in series and are powered from a
single independent drive. Similarly, the other half coils are connected in series and
with an independent current drive. Therefore, four drives are required for controlling
the rotor in the required position. In Fig[6.1] the half coil pairs of the proposed bridge
configured circuit of the hybrid GFB has been shown. Two Wheatstone bridge type
circuits, each consisting of four half coil pairs (HCP), are present with one common
feed. The half-coil-pairs {HCPy4, HCPy25,HCPs¢s, HCPs6p} controlling the horizon-
tal forces are connected, forming the Wheatstone bridge. Similarly, the half coils
{HCPs344,HCP345, HCPs34, HCPs3p} which controls the vertical force are connected,
as shown in Fig[6.2] Each bridge utilizes a single drive capable of pushing current across
it in either direction. The internal power circuitry, of the drive has the structure of a
current source. Thus, only two independent drives are required rather than four in a

conventional arrangement. However, each of the two drives must have its own DC link.

6.3 Magnetic Energy and the Electrical Dynamics
The total magnetic energy stored in the bearing at any instant of time under the assumption
of magnetic linearity, is given as [112],

1
Emag = ECIDTRNETCID (6.1)

The directions of current flow in the bridge configured winding has been shown in Fig.
6.3 Inorder to express the electrical dynamics of the new AMB winding configuration, a
further current vector, /¢, associated voltage vector, V¢ and the transformation matrix, 73,C
has been defined. The vector I comprises of the three currents, /p;,; is the bias current, Iy

is the current to control the horizontal force, Iy is the current to control the vertical force.

IC = |: Igius Iy Iy } (62)

The associated voltage vector can be represented as,

Ve = [ VBias Vuo W ] (6.3)

where, Vpi4s 1s the voltage corresponding to the bias current, Vg is the voltage corre-
sponding to current controlling the horizontal force, Vi is the voltage corresponding

to current controlling the vertical force. The current vector is I, is related to the
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Figure 6.3: Current directions of the AMB with bridge configured winding

current in the half coils as,

Iy = TAC X I (64)

where, 14 is the vector of 8 half coil currents HCPyy4, HCP 2, HCP344,...HCP734, HCPygp
shown in Fig. [6.2]and given as,

T
IA =

Ioa Tiop Baa Bap Isea Issp Isp lgp | ands
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However the current in the current vector I are not independent. Current Iy is

related to the current vector I as,

Ip :=Tps X Iy (65)

r 0011000O0O0

where, Ig := and Ty =

Ly B4 Is¢ Ing

000O0O0OO0TI1

However, this current has to be transformed to the current in the reluctance network.

Thus,
Iy = Tys % Is (6.6)
where, Iy = |0 20 —(l2+ha) 2By —(Ba+Ise) 2056 —(Ise+1s) 2hs —(hs+112)
- o 0 0 O -

2 0 0 O

-1 -1 0 O

o 2 0 0
and Typ=|0 -1 =1 0

o o0 2 0

0 O -1 -1

O o0 o0 2

-1 0 O —1
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Thus the electrical dynamics of the new connection scheme are then given as,
Ve =Rclc + Lcjc + Lclc (6.7)
where, Re = diag ([ (Rx +2Rucp) Rucp Ruce D

Ly 0 O

Le = N*Tyc” (Ryer) 'Tuc+| o0 0o o |.and

0 00
Le =N*Tyc" (Rver ' (Rver) Rver ') Tuc
in which, Ry is the external resistance of the bias-current circuit and Ly is the inductance

of the external circuit.

6.4 Results and Discussion

In this section, a comparison between the two winding scheme has been provided. The
conventional winding scheme is described in section [3.3| The new winding winding

arrangement as described in section [6.2] has been described.

The parameters of the gas foil bearing (GFB) and the rotor bearing system for the
current simulation has been given in Table 4.1 In Table d.2] the parameters of the
Active Magnetic Bearing (AMB) are given. Although the current source drives are
modelled as ideal components with no internal power losses but, in reality, these drives
have losses that increase with both power and current. In the case of the conventional
winding arrangement, to achieve the horizontal force, the sum (71, + Is6) is kept constant
at 10A while the difference (11, — Is6) is adjusted. Similarly, the vertical force is achieved
through maintaining the sum (/34 + I7g) at 10A while the difference (I34 — I7g) is adjusted
to achieve the required vertical force. By contrast, in the case of the new connection, Iy
and Iy are adjusted to control the bearing force while Ip;, is allowed to vary naturally
around a value that returns to 10A if Iy and Iy stay constant at any value. Two cases
of the rotor have been investigated. In the first case, the rotor has been assumed to be
perfectly balanced, i.e. the unbalance eccentricity e, is assumed to be O while in the

second case, the unbalance eccentricity is varied.
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Figure 6.5: Full spectrum FFT of the rotor while rotating at 20000 rpm
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Figure 6.7: Full spectrum FFT of the rotor while rotating at 25600 rpm
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Table 6.1: Results with Conventional Winding Scheme for different speed

Conventional Winding Scheme

Drive 1 Drive 2 Drive 3 Drive 4
Speed (rpm)
Max Min Max Min Max Min Max Min
20000 4.855 | 4.853 |4.949 |4946 |5.147 | 5.145 | 5.054 5.051
Current(A)
25600 4865 | 4863 |4.949 |4946 |5.137 | 5.135 | 5.054 5.051
20000 7.203 | 7.061 7.369 | 7.188 | 7.895 | 7.217 | 7.898 6.978
Voltage(V)
25600 7.197 | 7.097 | 7.342 | 7.213 | 8.007 | 7.076 | 8.053 6.819
) 20000 34.966 | 34.270 | 36.465 | 35.558 | 40.625 | 37.141 | 39.901 | 35.255
Drive Power(W)
25600 35.014 | 34.513 | 36.336 | 35.680 | 41.123 | 36.445 | 40 .684 | 34.451

6.4.1 Effect on Stability

In Fig. [6.4] the trajectory of the rotor supported on the conventional GFB and hybrid
GFB with conventional winding and bridge configured winding while rotating at 20000
rpm has been shown. The trajectory shows stable operation in all three cases. It has
been observed that the rotor supported on the hybrid bearing becomes stable within a
short span of time while compared to the conventional GFB. The rotor supported on
hybrid GFB with conventional winding and bridge configured winding shows a similar
trajectory. The corresponding full spectrum FFT is shown in Fig. [6.5]. It has been
observed that both the winding scheme could successfully reduce the high amplitude of
sub-synchronous frequency occurring in the case of conventional GFB. The amplitude
of frequency due to both the winding scheme is similar, suggesting that equal magnetic
forces have been generated using both the winding scheme.

Further, a case where the rotor supported on conventional GFB is unstable has been
investigated. Figure [6.6] shows the comparison of the trajectories of the rotor supported
on conventional GFB and the hybrid GFBs (conventional winding and bridge configured
winding) while rotating at 25600 rpm. It has been observed that the rotor supported
conventional GFB is unstable as the radius of the rotor trajectory is increasing. However,
the rotor supported on hybrid bearings are stable. As expected, the trajectory of both
the conventional winding and bridge configured winding is similar. In Fig. the
corresponding FFT plot has been shown. The response of conventional GFBs shows
two high amplitude of sub-synchronous vibration. However, no significant peaks have
been observed in case of both the hybrid bearings.

Table [6.1] and Table [6.2] reports the current, voltage and power in the drives for

different rotor speeds with the conventional winding and bridge configured winding
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Table 6.2: Results with Bridge Configured Winding Scheme for different speed

Bridge Configured Winding

Drive for Bias Current Drive 1 Drive 2
Speed (rpm)
Max Min Max Min Max Min

20000 10.000 10.000 -0.291 | -0.292 | -0.104 | -0.104
Current(A)

25600 10.000 10.000 -0.271 | -0.273 | -0.104 | -0.105

20000 14.715 14.715 -0.196 | -0.233 | -0.074 | -0.080
Voltage(V)

25600 14.715 14.715 -0.175 | -0.225 | -0.058 | -0.059
) 20000 147.154 147.154 0.068 | 0.057 | 0.008 | 0.008

Drive Power(W)
25600 147.154 147.154 0.061 | 0.048 | 0.010 | 0.006

respectively. As described earlier, in the case of the conventional connection arrangement,
the sum of currents from drive 1 and drive 3 is maintained constant at 10A while the
difference in currents of drive 1 and drive 3 is adjusted to achieve the required horizontal
force. Similarly, the sum of currents from drive 2 and drive 4 is maintained constant
at 10A while the difference in currents of drive 2 and drive 4 is adjusted to achieve the
required vertical force. In the case of new winding arrangement, the current in drive
1 and drive 2 are adjusted to control the bearing force while the current from drive for
bias current is allowed to vary naturally around a value that returns to 10A if current
in drive 1 and drive 2 stay constant at any value. It has been observed that, the ranges
of current and voltages encountered by the drives are almost identical in the two cases.
However, a major difference can be observed in the ranges of power drawn from (or

reinjected into) the drives in the two cases.

6.4.2 Effect on Unbalance Eccentricity

In order to compare the effect of the unbalance on the rotor supported on hybrid GFB
with two winding scheme, the rotor speed is kept constant at 20000 rpm, while the
unbalance eccentricity is varied. The time series data of the initial 500 revolutions of
the rotor has not been considered in order to consider the steady state part of the journal
response. In Fig. the rotor orbit with an unbalance eccentricity of 1 x 10~/ m has
been shown. The orbit of the rotor supported on conventional GFB is large. Both the
winding scheme of the AMB is capable of controlling the rotor orbit as observed in Fig.
[6.8] The trajectory of the rotor is quasi periodic in case of conventional GFB, while in

case of both the hybrid GFBs the trajectory is periodic. In the FFT plot shown in Fig.

TH-2587_136103031 133



6.4. Results and Discussion

0.77 T .

""" Conventional GFB
= =Conventional hybrid GFB
idge configured hybrid GFB

0.78
0.79

0.8
0.81
0.82

0.83 [}

4 1 1 1
0.24 0.26 0.28 0.3 0.32 0.34

€y

Figure 6.8: Trajectories of the rotor rotating at 20000 rpm with an unbalance eccentricity of
1x107"m

"""" Conventional GFB

- -Conventional hybrid GFB
X -116.6 X 116.6 —Bridge configured hybrid GFB|
Y 0.01698 1Y 0.02473 3

X 3335 |
Y 0.003086

X -333.5
Y 0.000234

Non Dimensional Amplitude

»
L A)
1

(A

|
-300 -200 -100 0 100 200 300 400 500

Frequency, Hz

Figure 6.9: Full spectrum FFT of the rotor rotating at 20000 rpm with an unbalance eccentricity
of 1 x 107" m

TH-2587_136103031 134



6. Bridge Configured Winding

++++ Conventional GFB
= -Conventional hybrid GFB (b)
= Bridge configured hybrid GFB

+ Conventional GFB

- -Conventional hybrid GFB
—Bridge configured hybrid GFB

107" X 3335 el

(2)

10”2 X -333.5

0.8 Y 0.003069

15 0.81
0.82

083

Non Dimensional Amplitude

0.84

0.85 - - M I I
025 02 027 028 029 03 031 032 105 -400 300 200 -100 0 100 200 300 400 500
€y

Frequency, Hz

Figure 6.10: Trajectory and Full spectrum FFT of the rotor rotating at 20000 rpm with an
unbalance eccentricity of 1 x 107® m

1.05 , : : : : 10°

(a) = ~Conventional hybrid GFB (b - -Conventional hybrid GFB
X — Bridge configured hyrid GFB —Bridge configured hybrid GFB
9 107! X 333.5
0.95 b= X -333.5 Y 0.1842
h-1 Y 0.01898
0.9 s,
2107
0.85 <
<
.l 08 = H),x X -166.7 X 166.7
o g Y 0.0004306 Y 0.0004198
075 5
2
E 10
0.7 A Bt e
§ — . Tttt
0.65 -
’ 2 10°k=ms !
0.6
055 . . . | . . . . 10 I I I
005 0.1 015 02 025 03 035 04 045 05 -500 -400 300 2200 -100 0 100 200 300 400 500
€y Frequency, Hz

Figure 6.11: Trajectory and Full spectrum FFT of the rotor rotating at 20000 rpm with an
unbalance eccentricity of 1 x 107> m

[6.9] the rotor supported on conventional GFB shows high amplitude of sub-synchronous
vibration along with the high amplitude of synchronous vibration. However, in the case
of the hybrid bearings, only the synchronous frequency can be observed. The amplitude
of the synchronous vibration is also lower than the amplitude of synchronous vibration
in conventional GFB. As the unbalance eccentricity is further increased the rotor orbit
size increases for all the three cases. The rotor orbits for an unbalance eccentricity of
1 x 107% m has been shown in Fig. . The size of the orbit of the rotor supported on
conventional GFB is the highest while the radius of the orbit with conventional winding
scheme shows the lowest. The corresponding FFT plot is shown in Fig. [6.10b. It has been
observed that the synchronous frequency is the dominating frequency at high unbalance
eccentricity. The amplitude of synchronous frequency for the hybrid bearings are similar
and lower than the conventional GFBs. Therefore it has been observed that both the
winding scheme of the AMB can suppress the sub-synchronous vibration occurring in the
rotor supported on conventional bearing and increase its stability range. The comparison
of the rotor response at high unbalance eccentricity of 1 x 10~ has been shown in Fig.

[6.11] It has been observed that the orbit radius of the rotor supported on the hybrid
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Figure 6.12: Force trajectory actually achieved and difference in forces for different unbalance
eccentricity using hybrid GFB with conventional winding scheme

GFB with the conventional winding scheme is smaller compared to the hybrid GFB
with bridge configured winding. In the FFT plot shown in Fig. [6.11p, a small peak
of sub-synchronous frequency has been observed at 166.7 Hz. Therefore, it can be
observed that the hybrid GFB with conventional winding shows better control over the
rotor trajectory as well as the sub-synchronous vibration.

The achieved force and the difference between the targeted force and achieved force
using the conventional winding scheme for an unbalance eccentricity of 1 x 10~/ m is
shown in Fig. [6.12h and Fig. [6.12b respectively. At low unbalance the difference between
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Figure 6.13: Force trajectory actually achieved and difference in forces for different unbalance
eccentricity using hybrid GFB with bridge configured winding

the targeted force and achieved force has been observed to be about 3.022 N. As the
unbalance eccentricity is increased, the difference gets further increased. The forces
achieved using the conventional winding scheme for hybrid GFBs for the unbalance
eccentricity of 1 x 107% m and 1 x 107> m has been shown in Fig and Fig.
respectively. The corresponding difference in the targeted force and the achieved force is
shown in Figl6.12ld and Fig. [6.12f. It has been observed that at high unbalance eccentricity
of 1 x 107 m the difference becomes as large as 301.862 N.

Similar, observations have been made in case of hybrid GFB with bridge configured

TH-2587_136103031 137



6.4. Results and Discussion

Table 6.3: Results with Conventional Winding Scheme for different unbalance eccentricity

Conventional Winding Scheme
Unbalance Drive 1 Drive 2 Drive 3 Drive 4
Eccentricity (m) Max Min Max Min Max Min Max Min
1x 1077 4.868 4.860 4.952 4.943 5.140 5.132 5.057 5.048
Current(A) 1x 1076 4.907 4.822 4.990 4.906 5.178 5.093 5.094 5.010
1x1073 5.290 4.440 5.372 4.526 5.560 4.710 5.474 4.628
1x 1077 9.500 4.814 9.586 4973 9.888 5.273 9.795 5.056
Voltage(V) 1x107° 30.531 -16.232 30.263 -15.719 29.858 -14.715 24.921 -15.026
1x 1073 240.264 | -227.290 | 236.394 | -223.324 | 231.360 | -214.126 | 233.024 | -216.286
1x1077 46.212 23.411 47.434 24.602 50.787 26.981 49.487 25.540
Drive Power(W) 1x107° 148.632 | -78.891 149.824 | -77.741 153.374 | -75.564 151.214 | -75.888
1x1073 1181.771 | -1100.686 | 1180.221 | -1103.607 | 1193.833 | -1101.893 | 1185.274 | -1092.456

Table 6.4: Results with Bridge Configured Winding Scheme for different unbalance eccentricity

Bridge Configured Winding Scheme
Unbalance Drive for Bias Current Drive 1 Drive 2
Eccentricity (m) Max Min Max Min Max Min

1x 1077 10.000 10.000 -0.287 -0.297 -0.99 -0.109

Current(A) 1x107° 10.001 9.999 -0.243 -0.341 -0.056 -0.152
1x107° 10.006 9.994 0.203 -0.774 0.381 -0.576

1x1077 14.716 14.715 0.836 -1.265 0.962 -1.115

Voltage(V) 1x107° 14.722 14.709 10.343 | -10.774 | 10.324 | -10.478
1x107 14.773 14.647 105.227 | -105.741 | 103.876 | -104.095

1x1077 147.161 147.148 0.370 -0.243 0.117 -0.100

Drive Power(W) 1x107° 147.219 147.088 3.256 -2.981 1.238 -1.118
1x107 147.737 146.466 54.616 | -44.103 | 35.538 | -28.955

hybrid GFB. In Fig. [6.13] the using the bridge configured winding scheme for an
unbalance eccentricity of 1 x 1007 m, 1 x 107® m and 1 x 107> m has been shown.
The maximum difference observed in case of 1 x 107> m is 280.25 N. Hence, only
a little variation can be observed between the two winding schemes in terms of the
achieved forces .

Table [6.3] and Table [6.4] reports the current, voltage and power in the drives for
different unbalance eccentricities with the conventional winding and bridge configured
winding respectively. As the unbalance increases a substantial difference in voltage
encountered by the drives has been observed in case of hybrid bearings with conventional
winding. The voltages in the two drives of bridge configured winding schemes also

increases with the increase in unbalance eccentricity. Further, in case of hybrid bearings
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with conventional winding scheme, there is a large variation of power drawn from (or
reinjected into) the drives. However, in case of hybrid bearings with bridge configured

winding this variation of power is less.

6.5 Inferences

In this chapter, a Wheatstone-Bridge type connection pattern for the winding of the
actuator has been implemented for the hybrid GFBs. It has been shown that, due to the
implementing this winding scheme, the required force vector has been attained using
only two current-source drives rather than four drives in case of conventional hybrid
GFBs. Thus reducing the cost of hybrid GFBs. It is important to note that in the case
of conventional winding scheme, the current always flows through the drive in the same
direction . In the case of the bridge-configured arrangement, the current reverses its
direction with no significant additional cost associated with the capability to pass the
bi-directional current. Moreover, in the control approach the usual constraint of bias
current has been removed in the new winding scheme. With the knowledge of the state of
currents in the bearing and the bearing rotor position, the forces present in the bearing
is calculated at any one instant and the controller is updated at high rates. The main
disadvantage of the new connection arrangement is that the two drives do not share a

common ground and must have its own DC link.

TH-2587_136103031 139



TH-2587_136103031



Conclusion and Future Work

Contents
(71 Introductionl . .. ... ... ..ttt 142
(72 Observations| . . . . ... ......... ... 143
[7.2.1 = Observation on stability analysis| . . . . . . . ... ... ... 143
[7.2.2  Observation on unbalance analysis|. . . . . . ... ... ... 144
[7.2.3  Observation on the new bridge configured winding| . . . . . . 145
(7.3 Conclusionl . .. ... ...ttt 146
74 Scopefor Future Work| . .. ..................... 147

TH-2587_136103031 141



7.1. Introduction

7.1 Introduction

Gas Foil Bearings (GFBs) and Active Magnetic Bearings (AMBs) are novel oil-free
bearings used in high speed rotating machines. The combination of GFB and AMB
has been under rigorous investigation in recent years. In the first chapter, the basic
introduction of the GFBs and AMBs has been described. Further, based on the literature
review presented in Chapter 1, the aim and objectives of the present work has been stated.
Earlier investigations indicated that the stability of the GFBs are reduced due to the
presence of sub-synchronous frequency. Many researchers have attempted to eliminate
or minimise this sub-synchronous frequency using different approaches. Widespread
applications of the Gas foil bearings (GFBs) have been restricted due to its low load
carrying capacity and low damping. Further, the wear of the top foil during start and stop
generally reduces its lifespan. A probable solution for eliminating those demerits of GFBs
is the incorporation of electromagnetic actuator along with the GFB. It is noteworthy that
most of the numerical investigations carried out earlier considered the linearised stiffness
and damping of the GFBs and AMBs to predict the response of hybrid GFBs. In view
of this, a coupled numerical model in the time domain, combining the dynamics of the
GFB and AMB has been developed. Further, a different winding scheme for the actuator
with an aim of reducing the cost of the hybrid GFB has been suggested. In the second
chapter, the modelling of GFBs has been described. The finite difference method has
been used to discretise the spatial domain of the Reynolds equation. The time dependent
term of the Reynolds Equation has been discretised using the Crank Nicholson Method.
The numerical modelling of AMBs has been described in third chapter. The factors
to be considered in order to design an AMB has also been described. The reluctance
network method has been used to calculate the magnetic forces generated in the AMB.
A coupled model combining the dynamics of GFB and AMB has been developed as
presented in chapter four. The developed model has been used to investigate the effects of
the electromagnetic actuator (EMA) on the stability of a fully balanced rotor. The control
current required to control the rotor at the desired position has also been investigated.
In the fifth chapter, the unbalance response of the rotor supported on the conventional
GFB and hybrid GFB has been compared. Further, the effect of sudden unbalance on the
dynamic behaviour of the rotor has been presented. Due to the requirement of precise
manufacturing process, the cost of GFB increases. The cost of AMB increases due to the
requirement of four independent drives. Therefore, the cost of the hybrid GFB further

increases. A new winding scheme for the actuator with an aim of reducing the cost of
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hybrid GFB has been presented in the sixth chapter. The new winding scheme follows
a Wheatstone bridge type circuits. By implementing this approach, the required force
vector has been achieved using only two current-source drives rather than four drives.

The requirement of only two drives probably bring down the cost of the hybrid GFB.

7.2 Observations

This thesis exemplifies the combination of two oil-free bearings vis a vis GFBs and AMBs
also referred to as hybrid GFBs. A coupled numerical model of a GFB and AMB also
referred to as an electromagnetic actuator (EMA) has been developed. The fluid film
forces and the magnetic forces are incorporated into the rotor equations of motion. The
fluid film forces are obtained solving the Reynolds equation. The magnetic forces of
the AMB are calculated using the reluctance network method. A rotor supported on two
bearings has been considered for the simulating the rotor response. Based on the results

obtained from the analysis, following observations are made:

7.2.1 Observation on stability analysis

In the stability analysis, the rotor has been considered to be perfectly balanced and the
response of conventional GFB and hybrid GFB has been compared. The following
observations were made:

1. Based on the rotor bearing parameters, the rotor supported on conventional GFBs
showed instability at 25600 rpm. However, the rotor supported on hybrid GFBs
showed stable operation at this speed. Therefore, the implementation of electromag-
netic actuators with GFBs can increase the range of operating speed significantly.
This increment in operating speed limit can be very high when rotor has no
unbalance because the magnetic actuator can control the rotor position at the
operating point.

2. The amplitude of the response of the sub-synchronous frequency has been reduced
due to the implementation of the hybrid GFB. As such, 87% reduction in the
amplitude of the response of the sub-synchronous frequency has been observed.
This results in the improvement of the stability of the rotor supported by GFB.

3. It has been demonstrated that an unstable rotor can be made stable by using the
EMA with a minimal control current. Higher control current is required when the

speed of the rotor increases. The control current required to control the rotor when
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the effect of the EMA is applied after observing the undulation of the response is
less compared to when the effect of the EMA is applied from the start. Therefore
the use of EMA at an instant when the rotor vibration increases can control the
effect of unbalance with minimum control current.

4. It has been observed that a high magnetic force is required to control the rotor for a
set reference value other than the natural steady-state value of the response of the
rotor supported by GFB without the effect of EMA. An error of about 30% in the
response has been observed when the reference point is changed from the natural

steady-state value to another reference point.

7.2.2 Observation on unbalance analysis

Generally, due to manufacturing tolerances unbalance is inherently present in the system
and can lead to instability in a GFB. The developed coupled model has been used to
investigate the capability of the hybrid gas foil bearing to mitigate the effect of unbalance
force and in turn, instability. Accordingly, the unbalance responses of a rotor supported on
GFBs and hybrid GFBs are compared based on the amount of unbalance. The effects of
unbalance on the control current and film thickness have also been investigated. Moreover,
the impact of sudden unbalance has been investigated. The following are the observations

made based on the unbalance response of the rotor:

1. The limit to withstand unbalance of the rotor has been found to have increased
with the use of hybrid GFBs. The rotor supported only on conventional GFB could
withstand only m of unbalance eccentricity while the hybrid GFB could withstand
up to m of unbalance eccentricity.

2. At low unbalance eccentricity, the rotor supported on conventional GFBs showed
quasi-periodic behaviour with high amplitude of the response of the sub-synchronous
frequency. As the unbalance is increased in the case of conventional GFB, the
amplitude of the response of the synchronous frequency becomes dominant.

3. At high unbalance eccentricity, the rotor trajectory supported on conventional GFBs
becomes mutli-periodic. The FFT plot of the rotor response shows high amplitude
of the sub-synchronous frequency and synchronous frequency.

4. The rotor supported on hybrid GFBs shows periodic motion. However, the radius
of the orbit of the rotor increases with the increase in unbalance.

5. The FFT plot of the rotor response supported on hybrid GFBs shows only syn-

chronous peak at low unbalance while at high unbalance the sub-synchronous peak
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can also be observed along with the synchronous frequency.

6. Higher control current is required for higher unbalance in order to control the rotor.

7. The minimum film thickness goes below zero in conventional GFBs for higher
unbalance cases, which implies contact taking place between the journal and the
top foil surface. However, the value of minimum film thickness in the hybrid GFBs
is higher than the conventional GFBs, for which the hybrid GFB can withstand
higher unbalance without any contact of the journal and top foil. Therefore, the use
of EMA with GFB to support a rotor ensures contactless operation of the journal
and the top foil and thereby the rotor is enabled to withstand higher unbalance.

8. The hybrid GFBs are also capable of withstanding a higher amount of sudden
unbalance. The rotor supported on hybrid GFBs could sustain an unbalance up to
86 g mm whereas the rotor supported on conventional GFBs could sustain 63 ¢ mm

of unbalance.

7.2.3 Observation on the new bridge configured winding

The cost of hybrid GFB would be much higher as the cost of both GFB and AMB are
individually high. However, this cost could be brought down by utilizing only two drives.
A different winding scheme is possible for the AMBs in which only two drives are
utilised per bearing and bias current is provided (in the same set of windings) via a simple
rectifier with a small series of choke and shunt capacitor. Implementing the new winding
scheme, the required force vector can be attained using only two current-source drives
rather than four drives in the case of hybrid GFBs with conventional winding scheme.
Further, a new control strategy based on being able to utilise lower-cost components
to power the magnetic bearing has been proposed. Applying the new control strategy,
the limits on maximum force and maximum slew-rates can be changed from those of
conventional bearing arrangement. The following observations were made based on the

implementation of the new winding arrangement:

1. The magnetic forces achieved from the new winding scheme is similar to the
magnetic forces produced with the conventional winding.

2. The current always flows through the drive in the same direction in case the
conventional winding scheme. In the case of the bridge-configured arrangement,
the current reverses its direction with no significant additional cost associated with
the capability to pass the bi-directional current.

3. The new control approach removes the usual constraint of bias current. With the
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knowledge of the state of the currents in the bearing and the bearing rotor position,
the forces present in the bearing are calculated at any one instant, and the controller

is updated at high rates.

7.3 Conclusion

The following conclusion can be drawn from the current work.

1. The effect of sub-synchronous whirling can be suppressed by using EMA with
GFB. This results in the improvement of the stability of the rotor supported by
GFB.

2. Use of EMA at an instant when the rotor vibration increases can control the effect
of unbalance with minimum control current.

3. The use of only EMA without GFB to support a rotor-system requires high control
current, and it enhances the maintenance cost. However, using GFB with EMA
reduces the requirement of control current, thus reduces the maintenance cost.

4. Use of EMA with GFB to support a rotor ensures contactless operation of the
journal and the top foil, and thereby the rotor is enabled to withstand higher
unbalance.

5. The new winding scheme is economical and it does not deteriorate the characteris-
tics of the hybrid bearing compared to conventional winding.

6. The use of new winding scheme also eliminates the constraint of constant bias

current.

In view of the above, the new winding scheme is economical, and it does not
deteriorate the characteristics of the hybrid bearing compared to conventional winding.
Therefore recommended for use in hybrid GFB. However, there is a drawback of the new
arrangement. In the conventional winding scheme, the four current-source drives can have
a common single DC bus, since all four independent circuits share a common ground.
However, it is not straightforward in case of the new winding arrangement. It is at least
theoretical for the two source drives of the new winding arrangement to share energy
between their respective “DC buses” using a system where a capacitor is charged-up to
approximately twice the instantaneous voltage across one DC bus (using an inductor to

provide the voltage overshoot) and then discharged to empty into the other DC bus.
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7.4 Scope for Future Work

Based on the work presented in the thesis, some of the future works which may be
undertaken are as follows,,
1. Since the current analysis is based on numerical modelling, therefore, it is pertinent
to validate the results through an experiment.
2. Other types of GFBs, like wire mesh type, multi-leaf type, can be modelled with
EMA.
3. A cylindrical shell model of the top foil can be modelled for more accurate results.
4. Further research is recommended to do away with the disadvantage of the new
bridge configured winding scheme, i.e., to have common ground instead of two
separate DC link.
5. In order to provide design guidelines, generalization of the different aspects for

unbalance and stability can be been made.
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